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CONFERENCE PROGRAM
3 October 2016
09:00 - 10:30
INTRODUCTION
Chair: V. Bednyakov
09:00
09:20
09:55

N. Russakovich. Opening Talk
S. Bilenky. Neutrino in the Standard Model and beyond
D. Kazakov. High energy behavior of maximally supersymmetric
gauge theories
10:30-10:50

Coffee break

10:50-12:30 SECTION: "STANDARD MODEL AND BEYOND"
Chair: V. Glagolev
10:50
11:30
12:00

G. Prodi. The gravitational wave observatory and its first discoveries
A. Krolak. First detection of gravitational wave signals
S. Dubnicka. 3UHGLFWLRQ RI ȁ-hyperon magnetic FF and ratio
|GEȁ/GMȁ| in time-like region
12:30-14:30

Lunch time

14:30-16:00 SECTION: "ADVANCES IN THEORETICAL PHYSICS"
Chair: D. Kazakov
14:30
15:00
15:30

A. Gladyshev. Search for supersymmetry: the present status
M. Krivoruchenko. Longitudinal vector form factor in the pion-beta
decay
O.V. Nitescu. 1HZ SKDVH VSDFH FDOFXODWLRQV IRU ȕ+ and EC decay
modes
16:00-16:20

Coffee break

16:20-17:20 SECTION: "ADVANCES IN THEORETICAL PHYSICS"
Chair: A. Gladyshev
16:20
16:50

P. Matak. Left-left squarks mixing in K+ĺʌ+ȞȞ decay
N. Gromov. Particles evolution in the early universe
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12:30-14:30
14:30-16:00 PARALLEL
BEYOND"
Chair: S. Dubnicka
14:30
15:00
15:30

Lunch time

SECTION:

"STANDARD

MODEL

AND

N. Raicevic. HERA Results on proton structure and hard QCD
L. Adamczyk. Diffractions at HERA
M. Pesek. Polarized Drell-Yan measurement at COMPASS
16:00-16:20

Coffee break

16:20-17:50 PARALLEL SECTION: "NEW FACILITIES, DETECTORS,
COMPUTING AND DATA ANALYSES TECHNIQUES"
Chair: N. Atanov
16:20
16:50
17:20

V. Baranov. Particle tracking in the PEN experiment
A. Simonenko. The increase of the light collection from scintillation
strip with hole for WLS fiber using various types of fillers
Yu. Usov. 3He-4He dilution refrigerators, results, traditions, 50 years
anniversary
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4 October 2016
09:00 - 10:30
SECTION
PHYSICS”
Chair: R. Bernabei

“NEUTRINO

AND

ASTROPARTICLE

09:00

Z. Djurcic. Deep underground neutrino experiment: status and
prospects
09:30 D. Naumov. Latest results from the Daya Bay reactor neutrino
experiment
10:00 Z. Djurcic. Physics results from NOvA neutrino oscillation
experiment
10:30-10:50
10:50 - 12:30
SECTION
PHYSICS”
Chair: D. Naumov
10:50
11:30
12:00

Coffee break

“NEUTRINO

ASTROPARTICLE

R. Bernabei. Dark matter particles in the galactic halo
I. Tkachev. Axions as dark matter
J.K. Hwang. Elementary particles, dark candidate and new extended
Standard Model
12:30-14:30

14:30-16:00
SECTION
PHYSICS”
Chair: I. Tkachev
14:30
15:00
15:30

AND

Lunch time

“NEUTRINO

AND

ASTROPARTICLE

T. Yano. The recent results from Super-K
V. Paolone. Overview of recent results from the T2K experiment
D. Svirida. DANSS reactor antineutrino project: status and proof of
principle
16:00-16:20

Coffee break

16:20-17:50 SECTION: "ADVANCES IN THEORETICAL PHYSICS"
Chair: G. Lykasov
16:20

M. Ivanov. Heavy quark physics and XYZ states in covariant quark
model
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16:50
17:20

A. Liptaj. Rare decay of heavy mesons in covariant confined quark
model
A. Afanasiev. How to differentiate function based on integration
operation
12:30-14:30

14:30-16:00 PARALLEL
BEYOND"
Chair: M. Ivanov
14:30
15:00
15:30

Lunch time

SECTION:

"STANDARD

MODEL

AND

D. Madigozhin. Searches for lepton number violation and resonances
in the K+ĺʌȝȝGHFD\VDWWKH1$H[SHULPHQW
M. Mirra. Neutral pion form factor measurement by the NA62
experiment
J. Pinzinno. Search for K+ĺʌ+ȞȞ at NA62
16:00-16:20

Coffee break

16:20-18:20 PARALLEL SECTION: "NEW FACILITIES, DETECTORS,
COMPUTING AND DATA ANALYSES TECHNIQUES"
Chair: B. Sabirov
16:20
16:50
17:20
17:50

A. Volkov. New type straws: properties and quality
N. Khomutov. Using the cathode surface of straw tube for measuring
the track coordinate along the wire and increasing rate capability
P. Zarubin. Diffraction dissociation of relativistic nuclei in nuclear
track emulsion
I. Zarubina. Recent applications of the technique of nuclear track
emulsion
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5 October 2016
09:00 - 10:30
SECTION “STANDARD MODEL AND BEYOND”
Chair: G. Mitselmakher
09:00
09:30
10:00

A. Ivanov. Search for new physics with CMS
I. Yeletskikh. Search for new physics at TeV scale in dilepton final
states at ATLAS experiment
G. Lykasov. Heavy quark distributions in nucleon: collider tests
10:30-10:50

Coffee break

10:50 - 12:30
SECTION “STANDARD MODEL AND BEYOND”
Chair: B. Kopeliovich
10:50
11:30
12:00

O. Igonkina. Search for new exotic phenomena with the ATLAS
detector at the LHC
I. Tsukerman. Review of Higgs results from the ATLAS experiment
G. Mitselmakher. Review of Higgs results from the CMS experiment
12:30-14:30

Lunch time

09:00 - 10:30
PARALLEL
SECTION
ASTROPARTICLE PHYSICS”
Chair: V. Paolone
09:00
09:30
10:00

“NEUTRINO

AND

J. Kisiel. ICARUS experiment: status and perspectives
V. Pantuev. Direct search of keV sterile neutrino in tritium beta decay
E\µ7URLWVNȞ-mass” experiment
A. Babic. Neutrinoless double-beta decay with emission of single
electron
10:30-10:50

Coffee break

EXCURSION
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6 October 2016
09:00 - 10:30
SECTION “STANDARD MODEL AND BEYOND”
Chair: V. Glagolev
09:00
09:30
10:00

F. Happacher. The Mu2e experiment at Fermilab
I. Logashenko. A new measurement of the anomalous magnetic
moment of muon at Fermilab
A. Dubnickova. Reduction of total precise error of Muon g-2 anomaly
DQG 4(' Į 02Z) by unitary&analytic model description of
pseudoscalas meson nonet EM structure
10:30-10:50

Coffee break

10:50 - 12:30
SECTION “STANDARD MODEL AND BEYOND”
Chair: R. Tsenov
10:50
11:30
12:00

R. Shicker. ALISE results in pp, pA and AA collisions at the LHC
Yu. Kulchitsky. Two-particle Bose-Einstein correlations in pp
collisions at 0.9 and 7 TeV measured with the ATLAS detector
N. Pukhaeva. Bose-Einstein correlation and color reconnection in
particle physics
12:30-14:30

Lunch time

14:30-16:00
SECTION “STANDARD MODEL AND BEYOND”
Chair: A. Dubnickova
14:30
15:00
15:30

D. Pocanic. PEN and Nab: new precision tests of lepton and quarklepton universality
G. Rutar. ,QVHDUFKRIȝĺHȖILQDOUHVXOWRIWKH0(*H[SHULPHQW
R. Tsenov. A very intense neutrino super beam experiment for
leptonic CP violation discovery based on the European spallation
source linac
16:00-16:20

Coffee break

16:20-17:50 SECTION: "ADVANCES IN THEORETICAL PHYSICS"
Chair: V. Melezhik
16:20

B. Kopeliovich. Breakdown of QCD factorization in hard hadronic
diffraction
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16:50
17:20

L. Csernai. Shear, turbulence and its observable consequences in
heavy ion reactions
M. Nardi. Heavy flavors in nucleus-nucleus and proton-nucleus
collisions
10:30-10:50

Coffee break

10:50 - 12:30
PARALLEL SECTION “ADVANCES IN THEORETICAL
PHYSICS”
Chair: M. Hnatic
10:50
11:30

12:00

L. Jenkovszky. Alastic and inelastic diffraction at the LHC
C. Adamuscin. Numerical values of fF, fD, fS coupling constants in
SU(3) invariant interaction lagrangian of vector-meson nonet with
1/2+ octet baryons
E. Bartos. Proton charge padius and its consistency with the
experiments
12:30-14:30

Lunch time

14:30-16:00 PARALLEL SECTION: " ADVANCES IN THEORETICAL
PHYSICS "
Chair: L. Jenkovszky
14:30
15:00
15:30

M. Hnatic. Quantum field theory methods in classical physics
O. Solovtsova. Twenty years of the analytic perturbation theory in
QCD
V. Melezhik. Quantum simulations with sold atoms^ from solid state
to high energy physics and cosmology
16:00-16:20

Coffee break

16:20-17:50 PARALLEL SECTION: "NEW FACILITIES, DETECTORS,
COMPUTING AND DATA ANALYSES TECHNIQUES"
Chair: N. Khomutov
16:20
16:50
17:20

B. Sabirov. New technology application to modernization of Electronpositron linear collider (ILC)
N. Atanov. Solar-blind photodetectors with AlGaN photocathodes for
light registration in UVC range
A. Zaitsev. Manifestation of the unstable nuclei in relativistic
dissociation of the 10B and 11C nuclei
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7 October 2016
09:00 - 10:30
SECTION “NEW
MATTER STUDY”
Chair: S. Dubnicka
09:00
09:30
10:00

COLLIDERS

Coffee break

10:50 – 11:50
SECTION “NEW
MATTER STUDY”
Chair: L. Jenkovszky

11:30

BARYONIC

R. Tsenov. Status of the NICA project
M. Pandurovich. The CLIC physics potential
V. Ryabov. Recent results from PHENIX experiment at RHIC
10:30-10:50

10:50

FOR

COLLIDERS

FOR

BARYONIC

D. Kotov. PHENIX results on leading particles and jets measured in
Cu+Au collisions at RHIC
L. Jenkovszky. Closing
EXCURSION
20:00

FAREWELL PARTY
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6(&7,21 “NEUTRINO, ASTROPARTICLE
PHYSICS, STANDAR' MODEL AND
BEYOND”

Overview of neutrino masses and mixing
S. M. Bilenky
Joint Institute for Nuclear Research, Dubna, R-141980, Russia
Abstract
The status of neutrino oscillations is presented. The Standard
Model and the Weinberg eﬀective Lagrangian mechanism of the neutrino mass generation are discussed from the point of view of economy
and simplicity.

1

Introduction

Idea of neutrino masses, mixing and oscillations was proposed by B. Pontecorvo in 1958 in Dubna [1]. This idea was further developed in the seventies by B. Pontecorvo, V. Gribov and myself [2, 3]. Diﬀerent experiments
on the search for neutrino oscillations were proposed at that time.
It took about thirty years of heroic eﬀorts of many people to discover
neutrino oscillations, ﬁrst in the atmospheric Super-Kamiokande experiment
[4] then in the solar SNO experiment [5] and in the reactor KamLAND
experiment [6]. Strong indications in favor of neutrino transitions in the sun
were found earlier in the pioneer Davis solar neutrino experiment [7] and
in the solar neutrino experiments Kamiokande [8], GALLEX [9] and SAGE
[10]. Discovery of neutrino oscillations was conﬁrmed by the K2K [11],
MINOS [12], T2K [13] and NOvA [14] accelerator neutrino experiments,
by the Daya Bay [15], RENO [16] and Double Chooz [17] reactor neutrino
experiments and by the solar neutrino experiment BOREXINO [18].
Discovery of the neutrino oscillations is the major recent discovery in
the particle physics. In spite the full understanding of the origin of small
neutrino masses and peculiar neutrino mixing requires new experimental
data and, apparently, new theoretical ideas it is a common belief that small
neutrino masses is a ﬁrst beyond the Standard Model phenomenon found
in the particle physics. In 2015 for the discovery of the neutrino oscillations
T. Kajita and A. McDonald were awarded by the Nobel Prize.
In this talk I will consider
1. Present status of neutrino oscillations.
2. Role of neutrino in the Standard Model.
3. The most plausible (and the simplest) beyond the Standard Model
mechanism of the generation of small neutrino masses.
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2

Status of neutrino oscillations

Analysis of neutrino oscillation data is based on the assumption that neutrino interaction is the SM charged current and neutral current interaction
given by the Lagrangians

g CC
α
CC
LCC
ν̄lL (x)γα lL (x)
I (x) = − √ jα (x)W (x) + h.c., jα (x) = 2
2 2
l=e,μ,τ
(1)
and

g
C
jαN C (x)Z α (x), jαN C (x) =
ν̄lL (x)γα νlL (x). (2)
LN
I (x) = −
2 cos θW
l=e,μ,τ

In the case of the neutrino mixing we have (see, for example, the review
[19])
3

Uli νiL (x), l = e, μ, τ
(3)
νlL (x) =
i=1

Here U is the unitary Pontecorvo-MNS [1, 20] mixing matrix and νi (x) is
the ﬁeld of the neutrino with mass mi .
If the total lepton number L is conserved, νi are Dirac particles (L(νi ) =
−L(ν̄i ) = 1). In this case the PNMS mixing matrix U D is characterized
by three mixing angles θ12 , θ23 , θ13 and one CP phase δ. If there are no
conserved lepton numbers, νi are Majorana particles. The 3 × 3 mixing
matrix has in this case the form
U M j = U D S(ᾱ) ,

(4)

where S(ᾱ) is the phase matrix which is characterized by additional two
Majorana phases: Sik (ᾱ) = Si δik , S1 = 1, S2,3 = eiᾱ2,3 .
The CC Lagrangian (1) determines the notion of the ﬂavor neutrinos
νe , νμ , ντ . Flavor muon neutrino νμ is a particle which is produced together
with μ+ in the decay π + → μ+ +νμ or induces the reaction νμ +N → μ− +X
etc. The state of the ﬂavor neutrino νl with momentum p is given by a
coherent superposition of the states of neutrinos with deﬁnite masses
|νl  =

3


Uli∗ |νi  .

(5)

i=1

Here |νi  is the state of neutrino with mass mi , momentum p and energy

m2
Ei = p2 + m2i  E + 2Ei (p2  m2i ). This relation is a consequence of
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the Heisenberg uncertainty relation. The relation (5) means that we can
not resolve production of ultrarelativistic neutrinos with diﬀerent masses in
weak decays and neutrino reactions.
Small neutrino mass-squared diﬀerences can be resolved in special experiments with a large distance between neutrino source and neutrino detector.
A possibility to resolve neutrino mass-squared diﬀerences is based on the
time-energy uncertainty relation [21]
ΔE Δt ≥ 1 .

(6)

In the neutrino case
ΔE = |Ei − Ek | 

|Δm2ki |
, Δt = t  L.
2E

(7)

Here Δm2ki = m2i − m2k and L is the distance between neutrino source and
detector. From (6) we obtain the following condition
|Δm2ki |
L≥1.
2E

(8)

Thus in order to reveal the production of neutrinos with energy diﬀerence
|Ei − Ek | we need to perform an experiment at a source-detector distance
L which satisfy the inequality (8).
If at the time t = 0 the ﬂavor neutrino νl is produced at the time t > 0
the neutrino state is given by



|νl t = e−iHt |νl  =
|νi  e−iEi t Uli∗ =
|νl  (
Ul i e−iEi t Uli∗ ) . (9)
l

i

i

Here H is the free Hamiltonian. From (9) for the probability of the νl → νl
transition we ﬁnd the following expression


Ul i e−2iΔpi Uli∗ |2 = |δl l − 2i
Ul i e−iΔpi sin Δpi Uli∗ |2 ,
P (νl → νl ) = |
i=p

i

(10)
Δm2pi L
4E .

where p is an arbitrary ﬁxed index and Δpi =
For the probability of ν̄l → ν̄l transition we have

Ul∗ i e−iΔpi sin Δpi Uli |2
P (ν̄l → ν̄l ) = |δl l − 2i

(11)

i=p

From (4) follows that
j M j∗
D∗
= UlD
.
UlM
 i Uli
 i Uli
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(12)

We conclude from (10), (11) and (12) that the study of neutrino oscillations
does not allow to reveal the nature of neutrinos with deﬁnite masses (Dirac
or Majorana?) [22].
It follows from (10) and (11) that νl → νl (ν̄l → ν̄l ) transition probability is given by the following expression
P(νl → νl )(P(ν̄l → ν̄l )) = δl l − 4
+8





|Uli |2 (δl l − |Ul i |2 ) sin2 Δpi

i

[Re

(Ul i Uli∗ Ul∗ k Ulk )

cos(Δpi − Δpk )

i>k

± Im (Ul i Uli∗ Ul∗ k Ulk ) sin(Δpi − Δpk )] sin Δpi sin Δpk .

(13)

Usually neutrino masses are labeled in such a way that
m2 > m1 ,

Δm212 = Δm2S > 0 ,

(14)

where Δm2S is called the solar mass-squared diﬀerence. From analysis of the
neutrino oscillation data it was found that another neutrino mass-squared
diﬀerence Δm2A , which is called atmospheric, is about 30 times larger than
the solar one. There are two possibilities for the third mass m3 and, correspondingly, for the neutrino mass spectrum
1. Normal ordering (NO) m3 > m2 > m1 ,
2. Inverted ordering (IO) m2 > m1 > m3 ,

Δm223 = Δm2A .
|Δm213 | = Δm2A .

Determination of the character of the neutrino mass spectrum is one of the
major problem of the present and future neutrino oscillation experiments.
Future reactor neutrino experiments JUNO [23] and RENO-50 [24], in which
a distance between reactors and the detector will be about 60 km, are
planned to solve this problem. From (13) for the probability of the reactor
ν̄e ’s to survive in the case of the normal and inverted neutrino mass spectrum
we ﬁnd the following expressions
PNO (ν̄e → ν̄e ) = 1 − sin2 2θ13 sin2 ΔA
−(cos4 θ13 sin2 2θ12 + cos2 θ12 sin2 2θ13 ) sin2 ΔS
−2 sin2 2θ13 cos2 θ12 cos(ΔA + ΔS ) sin ΔA sin ΔS .

(15)

PIO (ν̄e → ν̄e ) = 1 − sin2 2θ13 sin2 ΔA
−(cos4 θ13 sin2 2θ12 + sin2 θ12 sin2 2θ13 ) sin2 ΔS
−2 sin2 2θ13 sin2 θ12 cos(ΔA + ΔS ) sin ΔA sin ΔS .

(16)

and
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The values of the neutrino oscillation parameters obtained from the global
analysis of existing neutrino oscillation data are presented in the Table I.
Table I. The values of the neutrino oscillation parameters [25]
Parameter
sin2 θ12
sin2 θ23
sin2 θ13
δ (in ◦ )
Δm2S
Δm2A

Normal Ordering
0.306+0.012
−0.012
0.441+0.027
−0.021
0.02166+0.00075
−0.00075
(261+51
−59 )
−5
(7.50+0.19
)
eV2
−0.17 · 10
+0.039
−3
(2.524−0.040 ) · 10 eV2

Inverted Ordering
0.306+0.012
−0.012
0.587+0.020
−0.024
0.02179+0.00076
−0.00076
(277+40
−46 )
−5
(7.50+0.19
)
eV2
−0.17 · 10
+0.038
−3
(2.514−0.041 ) · 10 eV2

Thus existing data do not allow to distinguish the normal and inverted
neutrino mass ordering and we see from Table I that
1. Neutrino oscillations parameters are known with accuracies (3 -10)%.
2. The CP phase δ is practically unknown.
The major aims of future neutrino oscillation experiments are
• to determine neutrino oscillation parameters with 1% accuracy,
• to establish the neutrino mass ordering,
• to measure the CP phase δ.
Apparently, future neutrino experiments could reveal a true mechanism of
generation of small neutrino masses and peculiar neutrino mixing which is
very diﬀerent from the quark mixing. In the last part of this brief overview
we will discuss the plausible mechanism of the generation of small (Majorana) neutrino masses.

3

Neutrino in the Standard Model

I will start with a few historical remarks. In 1928 Dirac proposed the fourcomponent equation for a relativistic spin 1/2 particle. Now we know the
origin of four components: the four-component Dirac ﬁeld ψ(x) (in the
framework of QFT) is the ﬁeld of particles and antiparticles.
In 1929 Weyl put the following question: can we ﬁnd for a relativistic
spin 1/2 particle a two-component equation? Weyl introduced the twocomponent spinors
ψL (x) =

1
(1 − γ5 )ψ(x),
2

ψR (x) =
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1
(1 − γ5 )ψ(x).
2

(17)

and showed that ψL (x) and ψR (x) satisfy the following two-component
equations (which are called Weyl equations)
iγ α ∂α ψL (x) = 0,

iγ α ∂α ψR (x) = 0

(18)

The Weyl equations, however, are not invariant under the space inversion


L,R (x )

= ηγ 0 ψL,R (x),

(19)

where x = (x0 , −x) and η is a phase factor.
In the thirties (and many years later) there was a common belief that
the conservation of the parity is a law of nature. This was the reason why
the Weyl equations were rejected.
After discovery of the parity violation in weak decays it was assumed
that neutrino is a massless, Weyl particle and neutrino ﬁeld is νL (x) or
νR (x) (the two-component neutrino theory by Landau [26], Lee and Yang
[27] and Salam [28]).
From the two-component theory followed that
1. the large violation of parity in the β-decay and other weak processes
had to be observed,
2. the helicity of neutrino (antineutrino) had to be equal to -1 (+1) in
the case of νL (x) and +1 (-1) in the case of νR (x).
The crucial test of the two-component neutrino theory was performed by
the classical Goldhaber et al experiment[29] in which the neutrino helicity was measured. The authors of the experiment concluded: “our result
is compatible with 100 % negative helicity of neutrino” (neutrino ﬁeld is
νL (x)).
The ﬁeld νL (x) is the ﬁeld of left-handed Dirac neutrino (L = 1, h =
−1) and right-handed Dirac antineutrino (L = −1, h = 1). However,
theories with massless Dirac and Majorana neutrinos are equivalent. Thus
νL (x) can be considered as a ﬁeld of left-handed (h = −1) and right-handed
(h = 1) Majorana neutrino. Let us stress that the two-component neutrino
is the most economical possibility: two degrees of freedom. In the general
Dirac case there are four degrees of freedom.
The Standard Model started with the theory of the two-component,
massless, left-handed neutrino. It is based on the following principles
1. The local gauge SUL (2) × UY (1) invariance of massless ﬁelds.
2. The uniﬁcation of the weak and electromagnetic interactions.
3. The Brout-Englert-Higgs mechanism of mass generation.
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The Standard Model is in a perfect agreement with experiment: its most
impressive prediction, existence of the scalar Higgs boson, was conﬁrmed
by recent LHC experiments. We will present some arguments that the
Standard Model teach us that the simplest, most economical possibilities
are likely to be correct.
Neutrinos are produced in weak decays together with leptons. SUL (2)
is the simplest symmetry which allows to unify leptons and neutrinos (and
up and down quarks). The ﬁelds of left-handed, massless, Weyl ﬁelds of
neutrinos and leptons are components of doublets
  
  
  
νμL
νeL
νeL
lep
lep
lep
.
(20)
=
,
,
=
=
τL
eL
μL
eL
eL
μL
The leptonic electromagnetic current is given by the expression


¯l γα l +
¯l γα l )
jαEM = −(
L
L
R
R
l=e,μ,τ

(21)

l=e,μ,τ

in which left-handed and right-handed lepton ﬁelds enter. Thus in order to
include the electromagnetic interaction we have to enlarge the symmetry
group. The minimal enlargement is SU (2)L × UY (1) group, where UY (1)
is the group of the hypercharge Y determined by the Gell-Mann-Nishijima
relation
1
(22)
Q = T3 + Y,
2
where Q is the charge and T3 is the third projection of the isospin.
From the requirements of the local SU (2)L × UY (1) invariance follow
that gauge vector ﬁelds must exist. The standard electroweak interaction
of fermions and vector gauge W ± , Z 0 bosons and γ-quanta


g
g
CC
α
LI = − √ jα W + h.c −
j NC Z α − jαEM Aα
(23)
2
cos
θW α
2 2
is the minimal (compatible with the local gauge invariance) interaction.
TheStandardModelmechanismofmassgenerationistheBrout-EnglertHiggsmechanismofthespontaneoussymmetrybreaking[30,31]. Itisbased
ontheassumptionoftheexistenceofscalarHiggsﬁelds. InordertogeneratemassesofW ± andZ 0 vectorbosonsthreeGoldsonedegreesoffreedom
areneeded. Thusa minimal possibility is a doublet ofcomplex Higgs ﬁelds
(four degrees of freedom). In such a theory it is predicted that one neutral
scalar Higgs boson must exist. This prediction was perfectly conﬁrmed by
the LHC experiments.
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Lepton (and quark) masses and mixing are generated by the SUL (2) ×
UY (1) invariant Yukawa interaction. For leptons we have
√  lep

φ + h.c.
(24)
ψ̄l1 L Yl1 l2 l2R
Llep
Y =− 2
l1 ,l2

Here


φ=

φ+
φ0


(25)

is the Higgs doublet and Y is a complex 3 × 3 Yukawa matrix. If we choose


0
φ=
(26)
v+H
√
2

√

where v = ( 2GF )−1/2  246 GeV is the vacuum expectation value (vev)
of the Higgs ﬁeld and H is the ﬁeld of the Higgs boson, the electroweak symmetry will be spontaneously broken and Yukawa interaction (24) generates
the Dirac mass term


¯l Yl l l v + h.c = −
ml l̄ l,
(27)
LD = −
1L
1 2 2R
l=e,μ,τ

l1 ,l2

where
ml = yl v.

(28)

Hereml istheleptonmass,andtheYukawacouplingyl istheeigenvalueof
the matrix Y.
ThecharacteristicfeatureoftheBrout-Englert-Higgsmechanismofthe
massgenerationisaproportionality of the lepton masses to the vacuum expectationvaluev(massesofquarks,W ± andZ 0 bosonsarealsoproportional
to v).
The Uniﬁcation of the weak and electromagnetic interactions requires
thatintheStandardModelLagrangianenterleft-handedandright-handed
ﬁeldsofchargedfermions. ThusforthegenerationoftheDiraclepton(and
quark)massesviatheYukawainteractionwedonotneedadditionaldegrees
of freedom.
Neutrino have no direct electromagnetic interaction. In order to generateneutrinomassesviathestandardmechanismofthespontaneoussymmetry breaking we need to assume that in Standard Model Lagrangian enter
notonlyleft-handedneutrinoﬁeldsbutalsoright-handedﬁelds(additional
degrees of freedom). On the basis of general arguments of economy and
simplicity it is natural to assume that neutrinos in the Standard Model are
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massless, two-component, left-handed Weyl particles.1 In order to generate
neutrino masses and mixing we need a new beyond the Standard Model
mechanism.

4

The most economical beyond the Standard
Model mechanism of neutrino mass generation

A neutrino mass term is a Lorenz-invariant product of left-handed and righthanded components of neutrino ﬁelds. Can we build a neutrino mass term
if we use only left-handed ﬁelds νlL ? The answer to this question was given
many years ago by Gribov and Pontecorvo [2]. It is possible to built a
neutrino mass term in which only ﬂavor ﬁelds νlL enter, if we assume that
the total lepton number L is not conserved. In fact, in this case we can built
the following mass term
1 
ν̄l L Ml l (νlL )c + h.c..
(29)
LM = −
2 
l ,l

Here the conjugated ﬁeld (νlL )c = C(ν̄lL )T is right-handed component (C is
the matrix of the charge conjugation) and M is a 3 × 3 symmetrical matrix.
The Lagrangian (29) is not invariant under the global phase transformations (does not conserve the total lepton number L). As a result, after
the diagonalization of the mass matrix
M = U m UT ,

U † U = 1, mik = mi δik , mi > 0

(30)

we come to the standard Majorana mass term
LMj = −

3
1 
mi ν̄i νi
2 i=1

(31)

Here
νi = νic = C ν̄iT
1 If

(32)

we assume that neutrino masses are generated by the Higgs mechanism, in this
case we have mi = yiν v. Absolute values of neutrino masses at present are not known.
From existing upper bounds on neutrino masses and from neutrino oscillation data we
can conclude that the heaviest neutrino mass m3 is in the range (5 · 10−2 ≤ m3 ≤ 1 eV)
and the Yukawa constant y3ν is in the range ( 2 · 10−13 ≤ y3ν ≤ 4 · 10−12 ). For other
particles of the third family we have yt  0.7, yb  1.7 · 10−2 , yτ  0.7 · 10−2 . Thus,
the neutrino Yukawa coupling y3ν is more than nine orders of magnitude smaller than
Yukawa couplings of other particles of the third family. It is very unlikely that neutrino
masses are of the same origin as masses of lepton and quarks.
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is the ﬁeld of the Majorana neutrino with the mass mi . The ﬂavor ﬁeld νlL
is given by the mixture of the ﬁelds of the Majorana neutrinos with deﬁnite
masses
3

Uli νiL , l = e, μ, τ.
(33)
νlL =
i=1

The approach to the neutrino masses and mixing, we have considered, is
purely phenomenological one. Neutrino masses mi and elements of the
mixing matrix U are parameters which must be determined from experiments. The relation (33) gives a framework which allow us to analyze the
data of neutrino oscillation experiments, experiments on the search for neutrinoless double β-decay etc. We have no any explanation of the smallness
of neutrino masses.
However, it is important to stress that the Majorana mass term (29)
is only possible mass term which can be built with the help of left-handed
neutrino ﬁelds νlL .
We will consider now the eﬀective Lagrangian approach [32] which allow
us
• to obtain the Majorana mass term for neutrinos,
• to ﬁnd some explanation of the smallness of neutrino masses,
• to predict existence of heavy Majorana fermions.
The method of the eﬀective Lagrangian is a powerful, general method which
allows to describe eﬀects of a beyond the Standard Model physics. The
eﬀective Lagrangian is a nonrenormalizable dimension ﬁve or more operator
invariant under the SUL (2) × UY (1) transformations and built from the
Standard Model ﬁelds. In order to generate the neutrino mass term we
need to built an eﬀective Lagrangian which is quadratic in the neutrino
ﬁelds.
Let us consider the SUL (2) × UY (1) invariant product
lep
φ̃) ,
(ψ̄lL

(34)

lep
where ψlL
is the lepton doublet (see (20) ) and φ̃ = iτ2 φ∗ is the conjugated
Higgs doublet. After the spontaneous breaking of the electroweak symmetry
we have
v+H 
lep
.
(35)
φ̃) = √ ν̄lL
(ψ̄lL
2
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From this expression it is obvious that the SUL (2)×UY (1) invariant eﬀective
Lagrangian [32]
Leﬀ
I =−

1  lep
(ψ̄l1 L φ̃) Xl1 l2 C (ψ̄llep
φ̃)T + h.c.
2L
Λ

(36)

l1 ,l2

generates a neutrino mass term. The operator in Eq. (36) has a dimension
ﬁve. Thus Λ has a dimension of a mass and X  is a dimensionless 3 × 3
symmetrical matrix. Let us stress the following
1. The Lagrangian (36) is the only possible dimension ﬁve eﬀective Lagrangian which can generate a neutrino mass term.
2. The eﬀective Lagrangian (36) does not conserve the total lepton number L.
3. The constant Λ characterizes a scale of a beyond the Standard Model
physics.
After the spontaneous symmetry breaking the Lagrangian (36) generates
the Majorana mass term
LM = −

1 v2 
ν̄l1 L Xl1 l2 (νl2 L )c + h.c..
2 Λ

(37)

l1 ,l2

The symmetrical matrix X can be presented in the diagonal form
X = U x UT ,

U † U = 1,

xik = xi δik , xi > 0.

(38)

From (37) and (38) we have
LM = −

3

1
mi ν̄i νi ,
2 i=1

νlL =

3


Uli νiL

(39)

i=1

Here
νi = νic = C ν̄iT

(40)

is the ﬁeld of the neutrino Majorana with the mass
mi =

v2
xi ,
Λ

(41)

where xi is the eigenvalue of the matrix X.
As we discussed before, the Standard Model masses are proportional
tov246GeVwithdimensionlesscoeﬃcients.StandardModelneutrino
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masses can be small only if coeﬃcients of proportionality are extremely
small.
Majorana neutrino masses generated by the eﬀective Lagrangian (36)
are proportional to Λv v. We have in this case an additional factor
v
scale of SM
=
.
Λ
scale of a new physics

(42)

Smallness of neutrino masses can be ensured if we assume that a scale Λ of
a new lepton number violating physics is much larger than the electroweak
scale v. This is a natural assumption, no ﬁne-tuning is required.
Uncertainties connected with the factors xi do not allow to determine
the scale of a new physics Λ in a model independent way. Nevertheless
Λ  v apparently is the most plausible possibility. In fact, let us assume
hierarchy of neutrino masses (m1  m2  m3 ). In this case for the third
family we ﬁnd
v2
v2
 x3 
.
(43)
Λ  x3
m3
Δm2A
From this relation we have
Λ  1.2 · 1015 x3 GeV.

(44)

If we assume that Λ  TeV in this case x3  10−12 (too small, ﬁne tuning).
If x3  1 in this case Λ  1015 GeV (GUT scale).
The eﬀective Lagrangian (36) could be a result of an exchange of virtual
heavy Majorana leptons between lepton-Higgs pairs.2 In fact, let us assume
that exist heavy Majorana leptons Ni (i = 1, 2, ...n), singlets of SUL (2) ×
UY (1) group, which have the following SUL (2) × UY (1) invariant Yukawa
interaction
√  lep

NiR + h.c. .
(45)
LYI = − 2
ψ̄lL φ̃ yli
l,i

yli

Here
are dimensionless Yukawa coupling constants and Ni = Nic is the
ﬁeld of Majorana leptons with mass Mi .
In the second order of the perturbation theory at Q2  Mi2 (Q is the
momentum of the virtual Ni ) we obtain eﬀective Lagrangian
Leﬀ = −


l1 ,l2

(ψ̄llep
φ̃) (
1L


i

yl1 i

1 
y ) (φ̃T (
M i l2 i

lep c
l2 L ) )

+ h.c..

(46)

2 The classical example of an eﬀective Lagrangian is the Fermi Lagrangian of the βdecay. As we know today, this Lagrangian is generated by the exchange of the virtual
chargedW ± -bosonsbetweene−ν andp−npairs. ItisaproductoftheFermiconstant
whichhasdimensionM −2andthedimensionsixfour-fermionoperator.

26

This Lagrangian coincides with the Weinberg eﬀective Lagrangian (36). The
matrix Λ1 X  is given by the relation

1 
1 
X l1 l 2 =
yl1 i
y l2 i
Λ
M
i
i

(47)

After the spontaneous symmetry breaking from (46) we ﬁnd the following
Majorana mass term
LM = −


v2
1 
ν̄l1 L (
y l1 i
yl2 i )(νl2 L )c + h.c..
2
M
i
i

(48)

l1 ,l2

Here y = VL† y  where the matrix VL connects ﬂavor and primed neutrino
ﬁelds (νL = VL νL ).
It follows from (48) that the scale of a new lepton-number violating
physics is determined by masses of heavy Majorana leptons. In spite for
uncertainties connected with Yukawa coupling constants yli , it is natural to
assume that Mi  v. Let us notice that the mechanism of the generation of
neutrino masses, we have considered, is equivalent to the standard seesaw
mechanism [33].
The eﬀective Lagrangian (seesaw) mechanism of the neutrino mass generation imply that
1. neutrinos with deﬁnite masses νi are Majorana particles. Investigation
of the neutrinoless double β-decay of some even-even nuclei is the
most sensitive way of determination of the nature of neutrinos with
deﬁnite masses. The probability of
process is proportional to the
this
3
2
mi . From existing data it
eﬀective Majorana mass mββ = i=1 Uei
−1
follows that |mββ | ≤ (1.4 − 4.5) 10 eV. In future experiments the
sensitivity |mββ |  a few 10−2 eV will be reached (see review [34])
2. the number of neutrinos with deﬁnite masses must be equal to the
number of the ﬂavor neutrinos (three), i.e. no transitions of ﬂavor neutrinos into sterile states are allowed. Indications in favor of
such transitions were obtained in several short baseline experiments:
LSND (ν̄μ → ν̄e ), MiniBooNE (νμ → νe , ν̄μ → ν̄e ), reactor (ν̄e → ν̄e )
and source (νe → νe ). However, in the recent experiments (MINOS,
DayaBay, IceCube) no indications in favor of transitions into sterile
states were found and strong tension with old data were obtained.
More than 20 new accelerator, reactor and source experiments on the
search for sterile neutrinos are in preparation at present (see [35, 36]).
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3. heavy Majorana leptons with masses much larger than v must exist.
Such leptons can be produced in the early Universe. Their CP violating decays is one of the most attractive explanation of the barion
asymmetry of the Universe (see review [37]).

5

Conclusion

We reviewed here brieﬂy the status of neutrino mixing and oscillations.
We stressed that from the success of the Standard Model we can conclude
that in the framework of general principles, the Standard Model is based on,
Nature chooses the simplest possibilities. Massless, two-component, Weyl
particle is the simplest possibility for the Standard Model neutrino.
There is one possible lepton number violating eﬀective Lagrangian which
(after spontaneous symmetry breaking) generates the Majorana neutrino
mass term, the only possible neutrino mass term in the case of the lefthanded neutrino ﬁelds. Neutrino masses in the eﬀective Lagrangian approach are naturally small because a new, lepton-number violating scale Λ
is much larger than the electroweak scale v. The eﬀective Lagrangian which
generate the neutrino mass term is the only eﬀective Lagrangian of the dimension ﬁve (proportional to Λ1 ). This means that neutrino masses are the
most sensitive probe of a new physics at a scale which is much larger than
the electroweak scale.
I acknowledge the support of the RFFI grant 16-02-01104 and I am
thankful the theory group of TRIUMF for the hospitality.
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interaction types of such relic particles. Here main results, obtained
by exploiting the model independent DM annual modulation signature for the presence of DM particles in the galactic halo by DAMA,
are summarized. Some other recent eﬀorts and results on DM investigation are mentioned as well.
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1 Introduction
Experimentalobservationsandtheoreticalargumentspointedoutthatmost
of the matter in the Universe has a non baryonic nature and is in form of
DM particles. Many candidates, having diﬀerent nature and with diﬀerent
andvariousinteractiontypes,havebeenproposedasDMparticlesintheoriesbeyondtheStandardModelofparticlephysics. DependingontheDM
candidate,theinteractionprocessescanbevarious. Moreover,manyexperimentalandtheoreticaluncertaintiesexistandmustbeproperlyconsidered
inasuitableinterpretationandcomparisonamongexperimentsaimingthe
direct detection of DM particles.
LargeeﬀortsarededicatedallovertheworldtoinvestigatetheDMwith
diﬀerent strategies and techniques that can give complementary information. In particular, the DM indirect search – that is the study of possible
productseitherofdecayorofannihilationinthegalactichaloorincelestial
body of some DM candidate – is performed as by-product of experiments
located underground, under-water, under-ice, or in space. The interpretation of such a study is strongly dependent on the chosen assumptions for
the modeling of the background and is restricted to some DM candidates
with peculiar features and within some particular scenario. On the other
hand, experiments at accelerators may prove – when they can state a solid
model independent result – the existence of some possible DM candidates,
but they could never credit by themselves that a certain particle is a/the
only solution for DM particle(s). Moreover, DM candidate particles and
scenarios (even e.g. in the case of the neutralino candidate) exist which
cannot be investigated at accelerators.
InordertopursueawidelysensitivedirectdetectionofDMparticlesin
the galactic halo, a model independent approach, a ultra-low-background
suitabletargetmaterial,averylargeexposureandthefullcontrolofrunning
conditions are strictly necessary.

2 DM model independent signature
ToobtainareliablesignatureforthepresenceofDMparticlesinthegalactic halo, it is necessary to exploit a suitable model independent signature:
with the present technology, one feasible and able to test a large range of
crosssectionsandofDMparticlehalodensities,istheso-calledDMannual
modulation signature [1]. The annual modulation of the signal rate originates from the Earth revolution around the Sun. In fact, as a consequence
of its annual revolution around the Sun, which is moving in the Galaxy
travelingwithrespecttotheLocalStandardofResttowardsthestarVega
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near the constellation of Hercules, the Earth should be crossed by a larger
ﬂux of DM particles around ∼2 June (when the Earth orbital velocity is
summed to the one of the solar system with respect to the Galaxy) and
by a smaller one around ∼2 December (when the two velocities are subtracted). Thus, this signature has a diﬀerent origin and peculiarities than
eﬀects correlated with seasons (consider the expected value of the phase as
well as the other requirements listed below). This DM annual modulation
signature is very distinctive since the eﬀect induced by DM particles must
simultaneously satisfy all the following requirements: (1) the rate must contain a component modulated according to a cosine function; (2) with one
year period; (3) with a phase that peaks roughly around ∼ 2nd June; (4)
this modulation must be present only in a well-deﬁned low energy range,
where DM particles can induce signals; (5) it must be present only in those
events where just a single detector, among all the available ones in the used
set-up, actually “ﬁres” (single-hit events), since the probability that DM
particles experience multiple interactions is negligible; (6) the modulation
< 7% in case of
amplitude in the region of maximal sensitivity has to be ∼
usually adopted halo distributions, but it may be signiﬁcantly larger in case
of some particular scenarios such as e.g. those in Ref. [2, 3]. This signature
is model independent and might be mimicked only by systematic eﬀects
or side reactions able to simultaneously satisfy all the requirements given
above; no one is available. At present status of technology it is the only
DM model independent signature available in direct DM investigation that
can be eﬀectively exploited.

3

DAMA DM annual modulation results with
highly radiopure NaI(Tl)

The DM annual modulation signature has been exploited with large exposure – using highly radiopure NaI(Tl) as target material – by the former
DAMA/NaI ( 100 kg sensitive mass) experiment [4, 5, 6, 7, 8, 9, 10, 11,
12, 13], and by the currently running DAMA/LIBRA ( 250 kg sensitive
mass)[14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30],within
the DAMA project. The DAMA project is dedicated to the development
and use of low background scintillators for underground physics.
Inparticular,theexperimentalobservableinDAMAexperimentsisthe
modulated component of the signal in NaI(Tl) target and not the constant
part of it, as done in the other approaches.
ThefulldescriptionoftheDAMA/LIBRAset-upandperformancesduringthephase1andphase2(presentlyrunning)andotherrelatedarguments
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have been discussed in details in Refs. [14, 15, 16, 17, 19, 20, 26, 21, 30]
and references therein. Here we just remind that the sensitive part of this
set-up is made of 25 highly radiopure NaI(Tl) crystal scintillators (5-rows
by 5-columns matrix) having 9.70 kg mass each one. In each detector two
10 cm long UV light guides (made of Suprasil B quartz) act also as optical
windows on the two end faces of the crystal, and are coupled to two low
background photomultipliers (PMTs) working in coincidence at single photoelectron level. The low background 9265-B53/FL and 9302-A/FL PMTs,
developed by EMI-Electron Tubes with dedicated R&Ds, were used in the
phase1; for details see Ref. [14, 8, 10, 30] and references therein. The detectors are housed in a sealed low-radioactive copper box installed in the center of a low-radioactive Cu/Pb/Cd-foils/polyethylene/paraﬃn shield; moreover, about 1 m concrete (made from the Gran Sasso rock material) almost
fully surrounds (mostly outside the barrack) this passive shield, acting as a
further neutron moderator. A threefold-levels sealing system prevents the
detectors to be in contact with the environmental air of the underground
laboratory [14]. The light response of the detectors during phase1 typically
ranges from 5.5 to 7.5 photoelectrons/keV, depending on the detector. The
hardware threshold of each PMT is at single photoelectron, while a software energy threshold of 2 keV electron equivalent (hereafter keV) is used
[14, 8]. Energy calibration with X-rays/γ sources are regularly carried out
in the same running condition down to few keV [14]; in particular, double coincidences due to internal X-rays from 40 K (which is at ppt levels in
the crystals) provide (when summing the data over long periods) a calibration point at 3.2 keV close to the software energy threshold (for details
see Ref. [14]). The radiopurity, the procedures and details are discussed in
Ref. [14, 15, 16, 17, 21, 30] and references therein.
The data of DAMA/LIBRA–phase1 correspond to 1.04 ton × yr collected in 7 annual cycles; when including also the data of the DAMA/NaI
experiment the total exposure is 1.33 ton × yr collected in 14 annual cycles. In order to investigate the presence of an annual modulation with
proper features in the data, many analyses have been carried out. All these
analyses point out the presence of an annual modulation satisfying all the
requirements of the signature [15, 16, 17, 21, 30]. In Fig. 1, as example, it is
plotted the time behaviour of the experimental residual rate of the singlehit scintillation events for DAMA/LIBRA–phase1 in the (2–6) keV energy
interval. When ﬁtting the single-hit residual rate of DAMA/LIBRA–phase1
together with the DAMA/NaI ones, with the function: A cos ω(t − t0 ), connd
sidering a period T = 2π
ω = 1 yr and a phase t0 = 152.5 day (June 2 ) as
expected by the DM annual modulation signature, the following modulation
amplitude is obtained: A = (0.0110 ± 0.0012) cpd/kg/keV, corresponding
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Figure 1: Experimental residual rate of the single-hit scintillation events
measured by DAMA/LIBRA–phase1 in the (2–6) keV energy interval as a
function of the time. The superimposed curve is the cosinusoidal function
behaviour A cos ω(t − t0 ) with a period T = 2π
ω = 1 yr, a phase t0 = 152.5
nd
day (June 2 ) and modulation amplitude, A, equal to the central values
obtainedbybestﬁtonthedatapointsoftheentireDAMA/LIBRA–phase1.
ThedashedverticallinescorrespondtothemaximumexpectedfortheDM
signal(June2nd ),whilethedottedverticallinescorrespondtotheminimum.
to 9.2 σ C.L..
When the period, and the phase are kept free in the ﬁtting procedure,
themodulationamplitudeis(0.0112±0.0012)cpd/kg/keV(9.3σC.L.),the
period T = (0.998±0.002) year and the phase t0 = (144±7) day, values
wellinagreementwithexpectationsforaDMannualmodulationsignal. In
particular,thephaseisconsistentwithaboutJune2nd andisfullyconsistent
with the value independently determined by Maximum Likelihood analysis
[17].
Forcompleteness,werecallthataslightenergydependenceofthephase
could be expected in case of possible contributions of non-thermalized DM
componentstothegalactichalo,suchase.g. theSagDEGstream[12,31,32]
and the caustics [33]. For more details see Ref. [17].
The modulation amplitudes singularly calculated for each annual cycle
ofDAMA/NaIandDAMA/LIBRA–phase1arecompatibleamongthemand
are normally ﬂuctuating around their best ﬁt values [15, 16, 17, 21, 30].
The DAMA/LIBRA–phase1 single-hit residuals of Fig. 1 and those of
DAMA/NaI have also been investigated by a Fourier analysis. The data
analysis procedure has been described in details in Ref. [21]. A clear peak
corresponding to a period of 1 year is evident for the (2–6) keV energy
interval; the same analysis in the (6–14) keV energy region shows only
aliasing peaks instead. Neither other structure at diﬀerent frequencies has
been observed (see also Ref. [21]).
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Sm (cpd/kg/keV)

Absence of any other signiﬁcant background modulation in the energy
spectrum has been veriﬁed in energy regions not of interest for DM; e.g.
the measured rate integrated above 90 keV, R90 , as a function of the time
has been analysed [17]. Similar result is obtained in other energy intervals.
It is worth noting that the obtained results account of whatever kind of
background and, in addition, no background process able to mimic the DM
annual modulation signature (that is able to simultaneously satisfy all the
peculiarities of the signature and to account for the measured modulation
amplitude) is available (see also discussions e.g. in Ref. [14, 15, 16, 17, 20,
21, 25, 34, 35, 36, 37, 38, 39, 40]).
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Figure 2: Energy distribution of the Sm variable for the total cumulative
exposure 1.33 ton×yr. The energy bin is 0.5 keV. A clear modulation is
present in the lowest energy region, while Sm values compatible with zero
are present just above. In fact, the Sm values in the (6–20) keV energy
interval have random ﬂuctuations around zero with χ2 equal to 35.8 for 28
degrees of freedom (upper tail probability of 15%).
A further relevant investigation in the DAMA/LIBRA–phase1 data has
been performed by applying the same hardware and software procedures,
used to acquire and to analyse the single-hit residual rate, to the multiplehit one. In fact, since the probability that a DM particle interacts in more
than one detector is negligible, a DM signal can be present just in the
single-hit residual rate. Thus, the comparison of the results of the single-hit
events with those of the multiple-hit ones corresponds practically to compare between them the cases of DM particles beam-on and beam-oﬀ. This
procedure also allows an additional test of the background behaviour in the
same energy interval where the positive eﬀect is observed. In particular,
while a clear modulation, satisfying all the peculiarities of the DM annual
modulation signature, is present in the single-hit events, the ﬁtted modulation amplitude for the multiple-hit residual rate is well compatible with zero:
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−(0.0005 ± 0.0004) cpd/kg/keV in the energy region (2–6) keV [17]. Thus,
again evidence of annual modulation with the features required by the DM
annual modulation signature is present in the single-hit residuals (events
class to which the DM particle induced events belong), while it is absent in
the multiple-hit residual rate (event class to which only background events
belong). Similar results were also obtained for the last two annual cycles
of the DAMA/NaI experiment [11]. Since the same identical hardware and
the same identical software procedures have been used to analyse the two
classes of events, the obtained result oﬀers an additional strong support for
the presence of a DM particle component in the galactic halo.
The annual modulation present at low energy can also be pointed out by
depicting – as a function of the energy – the modulation amplitude, Sm,k , obtained by maximum likelihood method considering T =1 yr and t0 = 152.5
day. For such purpose the likelihood function of the single-hit experimental
μ

Nijk

, where Nijk
data in the k−th energy bin is deﬁned as: Lk = Πij e−μijk Nijk
ijk !
isthenumberofeventscollectedinthei-thtimeinterval(hereafter1day),
by the j-th detector and in the k-th energy bin. Nijk follows a Poisson’s
distribution with expectation value μijk = [bjk +Sik ]Mj Δti ΔEjk . The
bjk arethebackgroundcontributions,Mj isthemassofthej−thdetector,
Δti is the detector running time during the i-th time interval, ΔE is the
chosen energy bin, jk is the overall eﬃciency. Moreover, the signal can be
writtenasSik =S0,k +Sm,k ·cosω(ti −t0 ),whereS0,k istheconstantpart
of the signal and Sm,k is the modulation amplitude. The usual procedure
istominimizethefunctionyk =−2ln(Lk )−constforeachenergybin;the
free parameters of the ﬁt are the (bjk +S0,k ) contributions and the Sm,k
parameter. Hereafter, the index k is omitted for simplicity.
InFig.2theobtainedSm areshownineachconsideredenergybin(there
ΔE =0.5 keV) when the data of DAMA/NaI and DAMA/LIBRA–phase1
are considered. It can be inferred that positive signal is present in the (2–
6) keV energy interval, while Sm values compatible with zero are present
just above. In fact, the Sm values in the (6–20) keV energy interval have
random ﬂuctuations around zero with χ2 equal to 35.8 for 28 degrees of
freedom (upper tail probability of 15%). All this conﬁrms the previous
analyses.
AsdescribedinRef. [15,16,17,21,30],theobservedannualmodulation
eﬀect is well distributed in all the 25 detectors at 95% C.L.
Among further additional tests, the analysis of the modulation amplitudes as a function of the energy separately for the nine inner detectors and the remaining external ones has been carried out for the entire
DAMA/LIBRA–phase1. The obtained values are fully in agreement; in
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Figure 3: 2σ contours in the plane (Sm , Zm ) (left) and in the plane (Ym , t∗ )
(right) for the (2–6) keV and (6–14) keV energy intervals. The contours
have been obtained by the maximum likelihood method, considering the
cumulative exposure of DAMA/NaI and DAMA/LIBRA–phase1. A modulation amplitude is present in the lower energy intervals and the phase
agrees with that expected for DM induced signals. See text.
fact, the hypothesis that the two sets of modulation amplitudes as a function of the energy belong to same distribution has been veriﬁed by χ2 test,
obtaining: χ2 /d.o.f. = 3.9/4 and 8.9/8 for the energy intervals (2–4) and
(2–6) keV, respectively (ΔE = 0.5 keV). This shows that the eﬀect is also
well shared between inner and outer detectors.
Let us, ﬁnally, release the assumption of a phase t0 = 152.5 day in the
procedure to evaluate the modulation amplitudes. In this case the signal
can be written as:
Sik

=
=

S0,k + Sm,k cos ω(ti − t0 ) + Zm,k sin ω(ti − t0 )
S0,k + Ym,k cos ω(ti − t∗ ).

(1)

ForsignalsinducedbyDMparticlesoneshouldexpect: i)Zm,k ∼0(because
of the orthogonality between the cosine and the sine functions); ii) Sm,k 
Ym,k ; iii) t∗  t0 = 152.5 day. In fact, these conditions hold for most
of the dark halo models; however, as mentioned above, slight diﬀerences
canbeexpectedincaseofpossiblecontributionsfromnon-thermalizedDM
components, such as e.g. the SagDEG stream [12, 31, 32] and the caustics
[33].
ConsideringcumulativelythedataofDAMA/NaIandDAMA/LIBRA–
phase1 the obtained 2σ contours in the plane (Sm ,Zm ) for the (2–6) keV
and(6–14)keVenergyintervalsareshowninFig.3–leftwhileinFig.3–right
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the obtained 2σ contours in the plane (Ym , t∗ ) are depicted.
Finally, setting Sm in eq. (1) to zero, the Zm values as function of the
energy have also been determined by using the same procedure. The values
of Zm are well compatible with zero, as expected [15, 16, 17].
No modulation has been found in any possible source of systematics
or side reactions; thus, cautious upper limits on possible contributions to
the DAMA/LIBRA–phase1 measured modulation amplitude have been obtained (see Refs. [15, 16, 17, 9, 10, 11, 20, 26]). It is worth noting that they
do not quantitatively account for the measured modulation amplitudes, and
also are not able to simultaneously satisfy all the many requirements of the
signature. Similar analyses have also been performed for the DAMA/NaI
data [10, 11].
Table 1: Summary of the contributions to the total neutron ﬂux at LNGS;
(n)
the value, Φ0,k , the relative modulation amplitude, ηk , and the phase, tk ,
of each component is reported. It is also reported the counting rate, R0,k ,
in DAMA/LIBRA for single-hit events, in the (2 − 6) keV energy region
induced by neutrons, muons and solar neutrinos, detailed for each component. The modulation amplitudes, Ak , are reported as well, while the last
column shows the relative contribution to the annual modulation amplitude
exp
 0.0112 cpd/kg/keV [17]. For details
observed by DAMA/LIBRA, Sm
see Ref. [26] and references therein.
Source
thermal n
(10−2 − 10−1 eV)
SLOW
neutrons

FAST
neutrons

(n)

Φ0,k
(neutrons cm−2 s−1 )
1.08 × 10−6
2 × 10−6

epithermal n
(eV-keV)
ﬁssion, (α, n) → n
(1-10 MeV)

−7

 0.9 × 10

exp
Ak /Sm

ηk

tk

0
however  0.1

–

R0,k
(cpd/kg/keV)
< 8 × 10−6

Ak = R0,k ηk
(cpd/kg/keV)
 8 × 10−7

0
however  0.1
0
however  0.1

–

< 3 × 10−3

 3 × 10−4

 0.03

–

−4

< 6 × 10

 6 × 10−5

 5 × 10−3

 7 × 10−5

μ → n from rock
(> 10 MeV)

 3 × 10−9

0.0129

end of
June

 7 × 10−4

 9 × 10−6

 8 × 10−4

μ → n from Pb shield
(> 10 MeV)

 6 × 10−9

0.0129

end of
June

 1.4 × 10−3

 2 × 10−5

 1.6 × 10−3

 3 × 10−10

0.03342∗

Jan. 4th∗

 7 × 10−5

 2 × 10−6

 2 × 10−4

ν→n
(few MeV)
direct μ
direct ν

(μ)
Φ0
(ν)
Φ0

−2 −1

 20 μ m
10

 6 × 10

d

ν cm

−2 −1

s

0.0129
∗

0.03342

end of
June
Jan. 4th∗

−7

 10

−5

 10

−9

 10

3 × 10

−7

 10−7
3 × 10−5

∗ TheannualmodulationofsolarneutrinoisduetothediﬀerentSun-Earthdistancealong

theyear;sotherelativemodulationamplitudeistwicetheeccentricityoftheEarthorbit
and the phase is given by the perihelion.

Sometimesnaivestatementswereputforwardasthefactthatinnature
several phenomena may show some kind of periodicity. It is worth noting
thatthepointiswhethertheymightmimictheannualmodulationsignature
in DAMA/NaI and in DAMA/LIBRA, i.e. whether they might be not
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only quantitatively able to account for the observed modulation amplitude
but also able to contemporaneously satisfy all the requirements of the DM
annual modulation signature. The same is for side reactions too. This has
already been deeply investigated and discussed in DAMA literature.
In particular, in Refs. [20, 26] a quantitative evaluation why the neutrons, the muons and the solar neutrinos cannot give any signiﬁcant contribution to the DAMA annual modulation results and cannot mimic this
signatureisoutlined. Table1summarizesthesafetyupperlimitsonthecontributions to the observed modulation amplitude due to the total neutron
ﬂux at LNGS, either from (α,n) reactions, from ﬁssions and from muons’
and solar-neutrinos’ interactions in the rocks and in the lead around the
experimental set-up; the direct contributions of muons and solar neutrinos
are reported there too.
No systematic eﬀects or side reactions able to account for the whole
observed modulation amplitude and to simultaneously satisfy all the requirements of the exploited DM signature have been found. A detailed discussion about all the related arguments can be found in Refs.
[14, 15, 16, 17, 20, 21, 25, 9, 10, 11, 26, 30].

4 Implications and comparisons
The long-standing annual-modulation evidence measured in DAMA experiments is model-independent, i.e. without any a-priori assumption of theoretical interpretations of the identity of DM and speciﬁcs of its interactions. It can be related to a variety of interaction mechanisms of DM
particles with the detector materials and is compatible with a wide set
of scenarios regarding the nature of the DM candidate and related astrophysical, nuclear and particle physics. For example, some of the scenarios available in literature and the diﬀerent parameters are discussed in
Refs. [10, 11, 7, 12, 4, 13, 6, 5, 15, 21, 30] and references therein, and recently e.g. in Refs. [41, 28] . Further large literature is available on the
topics (see for example in Ref. [21]) and many possibilities are open.
It is worth noting that no other experiment exists, whose result can
be – at least in principle – directly compared in a model-independent
way with those by DAMA/NaI and DAMA/LIBRA. Some activities claim
model-dependent exclusion under many largely arbitrary assumptions (see
for example discussions in Ref. [10, 15, 11, 42, 43, 44]). Moreover, often some critical points exist in their experimental aspects, as mentioned
above, andthe existingexperimental and theoreticaluncertainties are generally not considered in their presented single model dependent result;
moreover, implications of the DAMA results are often presented in incor-
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rect/partial/unupdated way. Both the accounting of the existing uncertainties and the existence of alternative scenarios (see literature) allow one
to note that model dependent results by indirect and direct experiments
actually are not in conﬂict with the DAMA model independent result.
The model independent annual modulation eﬀect observed by the
DAMA experiments has been investigated in terms of many DM candidates.
Here we just recall the recent case of a mirror-type dark matter candidates
in some scenarios [28, 29].
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Figure 4: Allowed regions for the f  parameter as function of mirror
hydrogenmass,obtainedbymarginalizingallthe
√ modelsforeachconsidered
scenario. The allowed intervals identify the f  values
√ corresponding to
C.L.largerthan5σ fromthenull hypothesis, thatis f =0. Theallowed
regions corresponding to ﬁve diﬀerent scenarios are depicted in diﬀerent
hatching; the black line is the overall boundary; for details see Ref. [28].
In particular, in the framework of asymmetric mirror matter, the DM
originates from hidden (or shadow) gauge sectors which have particles and
interaction content similar to that of ordinary particles. It is assumed that
the mirror parity is spontaneously broken and the electroweak symmetry
breaking scale v  in the mirror sector is much larger than that in the StandardModel,v=174GeV.Inthiscase,themirrorworldbecomesaheavier
anddeformedcopyofourworld,withmirrorparticlemassesscaledindiﬀerentwayswithrespecttothemassesoftheordinaryparticles. Then,inthis
scenariodarkmatterwouldexistintheformofmirrorhydrogencomposed
of mirror proton and electron, with mass of about 5 GeV which is a rather
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interesting mass range for dark matter particles.
The data analysis
√ in the Mirror DM model framework allows the determination of the f  parameter (where f is the fraction of DM in the
Galaxy in form of mirror atoms and  is the coupling constant). In the
analysis several uncertainties on the astrophysical, particle physics and nuclear physics models have
√ been taken into account in the calculation. The
obtained values of the f  parameter in the case of mirror hydrogen atom
ranges between 7.7 × 10−10 to 1.1 × 10−7 ; they are well compatible with
cosmological bounds [28].
In addition,
releasing the assumption MA  5mp , the allowed regions
√
for the f  parameter as function of MA , mirror hydrogen mass, obtained
by marginalizing all the models for each considered scenario, are shown in
Fig. 4.

5

Diurnal modulation

The results obtained by investigating the presence of possible diurnal
variation in the low-energy single-hit scintillation events collected by
DAMA/LIBRA–phase1 (1.04 ton × year exposure) have been analysed in
terms of a DM second order model-independent eﬀect due to the Earth diurnal rotation around its axis [25]. In particular, the data were analysed
using the sidereal time referred to Greenwich, often called GMST.
This daily modulation of the rate on the sidereal time, expected when
taking into account the contribution of the Earth rotation velocity, has
several requirements as the DM annual modulation eﬀect does. The interest
in this signature is that the ratio Rdy of this diurnal modulation amplitude
over the annual modulation amplitude is a model independent constant at
given latitude; considering the LNGS latitude one has Rdy = SSmd  0.016.
Taking into account Rdy and the DM annual modulation eﬀect pointed
outbyDAMA/LIBRA–phase1forsingle-hiteventsinthelowenergyregion,
it is possible to derive the diurnal modulation amplitude expected for the
same data. In particular, when considering the (2–6) keV energy interval,
the observed annual modulation amplitude in DAMA/LIBRA–phase1 is:
(0.0097 ± 0.0013) cpd/kg/keV [17] and the expected value of the diurnal
modulation amplitude is 1.5× 10−4 cpd/kg/keV.
Fig.5showsthetimeandenergybehaviouroftheexperimentalresidual
rates of single-hit events both as a function of solar (lef t) and of sidereal
(right)time,inthe(2–6)keVinterval. Theusedtimebinis1(eithersolar
or sidereal) hour.
Thenullhypothesis(absenceofresidualratediurnalvariation)hasbeen
testedbyaχ2testandruntest[25].Thus,thepresenceofanysigniﬁcant
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Figure 5: Experimental model-independent diurnal residual rate of the
single-hit scintillation events, measured by DAMA/LIBRA–phase1 in the
(2–6) keV energy interval as a function of the hour of the solar (lef t) and
sidereal (right) day. The experimental points present the errors as vertical
bars and the associated time bin width (1 hour) as horizontal bars. The
cumulative exposure is 1.04 ton × yr. See Ref. [25] for details.
diurnal variation and of time structures can be excluded at the reached level
of sensitivity (see Fig. 5).
In order to compare the experimental data with the DM diurnal effect due to the Earth rotation around its axis, the sidereal diurnal modulation amplitude of the (2–6) keV energy interval is taken into account:
= −(1.0 ± 1.3) × 10−3 cpd/kg/keV. Following the Feldman-Cousins
Aexp
d
procedure an upper limit can be obtained for the measured diurnal modula< 1.2 × 10−3 cpd/kg/keV (90% C.L.); thus, the eﬀect
tion amplitude: Aexp
d
of DM diurnal modulation (expected amplitude 1.5× 10−4 cpd/kg/keV)
is out the present sensitivity [25].
In conclusion, at that level of sensitivity of DAMA/LIBRA–phase1 the
presence of a signiﬁcant diurnal variation and of diurnal time structures in
thedatacanbeexcludedforboththecasesofsolarandsiderealtime. Inparticular,thesiderealdiurnalmodulationamplitude–expectedonthebasisof
theDAMADMannualmodulationresultsandbecauseoftheEarthdiurnal
motion–cannotbeinvestigatedatthepresentsensitivity;DAMA/LIBRA–
phase2, presently running, with a lower software energy threshold [19] can
alsooﬀerthepossibilitytoincreasesensitivitytosuchaneﬀect.
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6

Daily eﬀect on the sidereal time due to the
shadow of the Earth

The results obtained in the investigation of possible diurnal eﬀects for lowenergy single-hit scintillation events of DAMA/LIBRA–phase1 have been
analysed in terms of Earth Shadow Eﬀect, a model-dependent eﬀect that is
expected for DM candidates inducing only nuclear recoils and having high
cross-section (σn ) with ordinary matter [27].
In fact a diurnal variation of the low energy rate could be expected for
these speciﬁc candidates, because of the diﬀerent thickness of the shield due
to the Earth during the sidereal day, eclipsing the wind of DM particles. The
induced eﬀect should be a daily variation of their velocity distribution, and
therefore of the signal rate measured deep underground. However, this eﬀect
is very small and would be appreciable only in case of high cross-section spin
independent coupled candidates. Such candidates must constitute a little
fraction (ξ) of the Galactic dark halo in order to fulﬁl the positive DAMA
result on annual modulation. By the fact, this analysis decouples ξ from σn .
Considering the measured DM annual modulation eﬀect and the absence –
at the present level of sensitivity – of diurnal eﬀects, the analysis selects
allowed regions in the three-dimensional space: ξ, σn and DM particle mass
in some model scenarios; for details see Ref. [27].

7

ZnWO4 anisotropic scintillator for Dark
Matter investigation with the directionality technique

Anindependentevidencecanbeobtainedbypursuingadiﬀerentapproach,
but eﬀective only for those DM candidate particles able to induce just nuclearrecoils: thedirectionality[45]. Thisstrategyisbasedonthecorrelation
between the arrival direction of the DM particles (and thus of the induced
nuclearrecoils)andtheEarthmotionintheGalacticrestframe. Becauseof
therotationoftheMilkyWay,theGalacticdiscpassesthroughthehaloof
DMandtheEarthiscrossedbyawindofDMparticlesapparentlyﬂowing
along a direction opposite to that of solar motion. Since the Earth rotates
around its axis, the average direction of DM particles with respect to an
observer ﬁxed on the Earth changes during the sidereal day. Thus, the
directions of the induced nuclear recoils are expected to be strongly correlated with the impinging direction of the considered DM candidates while
the background events are not.
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In principle, an experiment able to measure the nuclear track might
be suitable to investigate the directionality. One possibility is to use low
pressure gas detector (such as Time Projection Chambers, TPC) where
the range of recoiling nuclei is of the order of mm. However, a realistic
experiment with low pressure TPC can be limited e.g. by the necessity
of an extreme operational stability, of large detector size and of a great
spatial resolution in order to reach a signiﬁcant sensitivity. The limitations
aﬀecting experiments aiming to measure recoil tracks, can be overcome by
using the anisotropic scintillation detectors [46, 47]. In this case there is
no necessity of a track detection and recognition (in solid detectors the
range of recoiling nuclei is typically of order of μm). In these detectors the
quenching for heavy particles and the scintillation pulse shape depend on
the incoming direction of the heavy particles relatively to the crystal axes
and the information on the presence of DM induced recoils is given by a
peculiar variation of the measured counting rate during the sidereal day
[48].

7.1

The main features of the ZnWO4 anisotropic scintillator

Recently,measurementsandR&DworkshaveshownthattheZnWO4 scintillators can oﬀer suitable features for a DM experiment based on the directionality. In this crystal scintillator the light output for heavy particles
(p, α, nuclear recoils) depends on the direction of such particles with respect to the crystal axes while the response to γ/β radiation is isotropic;
the scintillation decay time also shows the same property. In addition to
the anisotropy, the recently developed ZnWO4 scintillators have very good
level of radiopurity [49], and can work at energy threshold of few keV [50].
The ZnWO4 oﬀers also a high atomic weight and the possibility to realize
crystals with masses of some kg [51]. Moreover, three target nuclei with
very diﬀerent masses are present in this detector (Zn, W and O), giving
sensitivitytobothsmallandlargemassfortheconsideredDMcandidates.
Recently,radiopurityanddoublebetadecayprocessesofzincandtungsten have been further studied at LNGS using new developed ZnWO4 detectorswithmasses0.1−0.7kg[49,50,52,53]. Thegrowthofthecrystals,
the scintillation properties, the pulse shape discrimination capability, the
anisotropic properties, the residual radioactive contamination and the possible applications have been deeply studied [49, 54, 55, 51, 52, 53, 56, 57].
The obtained results are very promising and an R&D to produce ZnWO4
crystals having higher radiopurity is ongoing. In particular, an R&D to
improveZnWO4 crystalsradiopuritybyre-crystallization(recentlydemon-
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α/β ratio

strated for CdWO4 crystal [56]) is in progress.
In the measured ZnWO4 scintillators the radioactive contamination is:
< 0.002 mBq/kg for 228 Th and 226 Ra (∼ 0.5 ppt for 232 Th and ∼ 0.2 ppt
for 238 U, assuming the secular equilibrium of the 232 Th and 238 U chains),
< 0.02 mBq/kg for 40 K; the total α activity is 0.18 mBq/kg [49].
As previously mentioned, the study of the directionality with the ZnWO4
detectors is based on the anisotropic properties of these scintillators. Fig.
6 shows the dependence of the α/β light ratio (quenching factor) on energy
and direction of the α beam relatively to the crystal planes in a ZnWO4
crystal [57].

0.2

dir. 1
dir. 3
dir. 2

0.1

0
0

2

4

6

Energy of α particles (MeV)

Figure 6: Dependence of the α/β ratio
on the energy of α particles measured
with ZnWO4 scintillator. The crystal
was irradiated in the directions perpendicular to (010), (001) and (100) crystal planes (directions 1, 2 and 3, respectively). The anisotropic behaviour of the
crystal is evident [57].

Figure 7: Dependence of the light output of the ZnWO4 as a function of the
temperature, for excitation with 241 Am
α particles [55].

AsshowninFig. 6,thequenchingfactorforαparticlesmeasuredalong
direction 1 is about 1.5 times larger than that measured along direction
2, and about 1.4 times larger than that measured along direction 3. On
thecontrary,theanisotropyofthelightresponseoftheZnWO4 scintillator
disappearsincaseofelectronexcitation. MoreoverforZnWO4 ,asreported
inRef. [57],alsotheshapeofthescintillationpulsedependsonthetypeof
irradiation; this feature allows one to discriminate γ(β) events from those
induced by α particles. This pulse shape discrimination capability can be
of interest not only for a DM experiment but also for double beta decay
searches. Measurements with a neutron beam to study the anisotropy response of the crystal for recoils at keV energy range will be performed in
near future [58].

46

Another feature of this scintillator, important for a DM experiment,
is the relatively high light output which is about 13-20% of the Na(Tl)
scintillator. It has been observed that the light output largely increase
whenthecrystalscintillatorworkingtemperatureisdecreased[55](seeFig.
7).

8 Conclusions and Perspectives
The cumulative exposure with ultra low background NaI(Tl) target by
the former DAMA/NaI and DAMA/LIBRA–phase1 is 1.33 ton × yr (orders of magnitude larger than those available in the ﬁeld) giving a modelindependent positive evidence at 9.3 σ C.L. for the presence of DM candidatesinthegalactichalowithfullsensitivitytomanykindsofastrophysical,
nuclear and particle physics scenarios. Other rare processes have also been
searched for by DAMA/LIBRA-phase1 (see for details Refs. [22, 23, 24])
and by DAMA/NaI [60].
Afterthephase1,animportantupgradehasbeenperformedwhenallthe
PMTshavebeenreplacedwithnewoneshavinghigherQuantumEﬃciency
(QE). In this new conﬁguration a software energy threshold below 2 keV
has been reached [19]. DAMA/LIBRA is thus in its phase2, and after
optimization periods it is continuously running with higher sensitivity.
The main goals of DAMA/LIBRA–phase2 are: (1) to increase the experimental sensitivity thanks to the lower software energy threshold of the
experiment; (2) to improve the corollary investigation on the nature of the
DM particle and related astrophysical, nuclear and particle physics arguments; (3) to investigate other signal features; (4) to investigate rare processes other than DM with high sensitivity.
Future improvements to increase the sensitivity of the set-up can be
consideredbyusinghighQEandultra-lowbackgroundPMTsdirectlycoupled to the NaI(Tl) crystals. In this way a further large improvement in
the light collection and a further lowering of the software energy threshold
wouldbeobtained. Thus,R&D’stowardsthephase3ofDAMA/LIBRAare
in progress.
Finally, the perspectives of a pioneering experiment with anisotropic
ZnWO4 detectorstofurtherexplore,withthedirectionalityapproach,those
DM candidate particles inducing just nuclear recoils have been addressed.
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Elementary particles, dark matters, cosmic rays and extended
standard model
Jae - Kwang Hwang
JJJ Physics Laboratory, Brentwood, TN 37027, USA
Three generations of leptons and quarks correspond to the lepton charges (LC) in
the present work. Then, the leptons have the electric charges (EC) and lepton
charges (LC). The quarks have the EC, LC and color charges (CC). Three heavy
leptons and three heavy quarks are introduced to make the missing third flavor of
EC. Then the three new particles which have the electric charges (EC) are
proposed as the bastons (dark matters) with the rest masses of 26.121 eV/c2, 42.7
GeV/c2 and 1.9 1015 eV/c2. These new particles are applied to explain the origins
of the astrophysical observations like the ultra-high energy cosmic rays and supernova 1987A anti neutrino data. The 3.5 keV x ray peak observed from the cosmic
x-ray background spectra is originated not from the pair annihilations of the dark
matters but from the x-ray emission of the Q1 baryon atoms. The new force
carrying bosons for the dark matters, leptons and quarks are introduced for the
further researches.
1.

Introduction

The new physics search beyond standard model has been done by the extended
standard models with the new particles. These new particles include the SUSY
particles, techniquarks, leptoquarks, Z-prime boson, W-prime boson and heavy
quarks (T, B, X and Y), sterile Q, neutralinos, X- and Y- bosons, WIMPS, axions,
preons. But there are no experimental evidences for these new particles. The
previously known models including the string theory and the supersymmetry
model have been developed on the unquantized space. In the present work, the
three-dimensional quantized space model is introduced as the new extended
standard model for the new elementary particles in Tables 1 and 2. The three dark
matters (B1,B2,B3), three heavy leptons (Le, LP, LW) and three heavy quarks (Q1,
Q2,Q3) are introduced. The rest masses of the quarks, leptons and dark matters are
calculated by using the simple equations to show the energy scales. These new
particles can be indirectly searched for from the astronomical observations like the
cosmic rays and cosmic gamma rays. The unsolved questions of the astronomical
observations are explained by using the decays and interactions of these new
particles in the present work. For example, the ultra-high energy cosmic rays are
proposed to be originated from the decays and annihilations of the hadrons
including the new heavy quarks (Q1,Q2,Q3). The super-nova 1987A is discussed
in the relation with the B1 dark matter. And the observed 18.7 keV, 3.5 keV and
74.9 keV x-ray peaks are emitted from the Q1 baryon atoms.
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2.

Three-dimensional quantized space model and dark matters

In Table 1, the leptons and quarks have the same properties of the three generations.
Three generations separate the leptons and quarks with the same electric charges
(EC). Three generations are called as the lepton charges (LC) or lepton flavors in
the present work. The difference between the quarks and leptons is that the quarks
have the three color flavors or three color charges (CC) of red (r), green (g) and
blue (b) but the leptons do not. The quarks with the same charges of EC and LC
are separated with three color charges (CC). Because the lepton charges and color
charges have the three flavors, the electric charges are expected to have the three
flavors. But the electric charges of the leptons and quarks have two flavors. The
particles with the same lepton charges are separated with two electric charges of 0
and -1 for the leptons and 2/3 and -1/3 for the quarks. The electric charges are
quantized on the basis of the electron electric charge of -1 in
Table 1. Therefore, the heavy quarks with the electric charge of -4/3 and heavy
leptons with the electric charge of -2 for the third missing electric charges are
added to complete the three flavors of EC, LC and CC in the quarks and leptons
in Table 1. The elementary fermions in Table 1 can be explained only by the threedimensional quantized spaces [1,2]. Each flavor corresponds to each dimensional
axis in Table. 1. This work needs the further researches on the new concepts.

Table 1. Elementary fermions in the three-dimensional quantized space
model. The bastons (Dark matters) interact gravitationally but not electromagnetically with the electrons, protons and quarks because the bastons
do not have the lepton and color charges.
Bastons (EC)
EC

Leptons(EC,LC)

Quarks(EC,LC,CC)

EC

EC

X1

-2/3

B1

0

Qe

QP

QW

2/3

u

c

t

X2

-5/3

B2

-1

e

P

W

-1/3

d

s

b

X3

-8/3

B3

-2

Le

LP

LW

-4/3

Q1

Q2

Q3

Total

-5
Dark matters

X4
X5
X6
Total

Each flavor (charge)
corresponds to each
dimensional axis.

-3

-1

LC

LC

-2/3

Qe

e

Le

0

u

d

Q1

-5/3

QP

P

LP

-1

c

s

Q2

-8/3

QW

W

LW

-2

t

b

Q3

-5

-3
CC

X7
X8
X9

Baryon: CC = -5 (3 quarks)
Meson: CC = 0 (quark - anti quark)
Paryon: LC = -5 (3 leptons)
Koron: LC = 0 (lepton - anti lepton)

Total

-2/3(r)
-5/3(g)
-8/3(b)
-5
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Only the electric charges have been quantized on the basis of the electron electric
charge of -1. First, the new heavy leptons and new heavy quarks have the electric
charges of -2 and -4/3, respectively in Table 1. Then the sum of three electric
charges is -3 for the leptons and -1 for the quarks. The summed electric charge (3) of the leptons is decreased by -2 when compared with the summed electric
charge (-1) of the quarks. In Table 1, systematically three particles called as the
bastons are expected. The sum of three electric charges is -5 for these new particles
called as bastons. The electric charges for the bastons are -2/3, -5/3 and -8/3 which
make the summed electric charge of -5. The three-dimensional quantized spaces
with the summed charges of -5, -3 and -1 are colored in blue, red and green,
respectively in Table 1. Let’s build up the three-dimensional quantized spaces of
the leptons and quarks from the three-dimensional quantized space of the bastons.
The three-dimensional quantized space of the bastons is in blue in Table 1. The
leptons have the three-dimensional quantized spaces in red and in blue in Table 1.
The quarks have the three-dimensional quantized spaces in green, in red and in
blue in Table 1. Therefore, the leptons are made by adding the three-dimensional
quantized space in red to the bastons. The lepton charges of the leptons are the
same as the electric charges of the bastons. And the quarks are made by adding
the three-dimensional quantized space in green to the leptons. The lepton charges
of the quarks are the same as the electric charges of the leptons and the color
charges of the quarks are the same as the lepton charges of the leptons and the
electric charges of the bastons in Table 1. Therefore, all quantized charges of the
elementary fermions can be assigned as shown in Table 1. Then, the lepton charges
are 0, -1 and -2 for the quarks and -2/3, -5/3 and -8/3 for the leptons. And the color
charges for quarks are -2/3, -5/3 and -8/3. Therefore, the leptons and quarks should
be described as (EC,LC) and (EC,LC,CC), respectively as shown in Table 1.
Therefore, the bastons are described as (EC). These new particles have the
properties the same as the dark matters have. These new particles interact
gravitationally but not electromagnetically with the electrons, protons and quarks
because the bastons do not have the lepton and color charges. Then, the bastons
are the dark matters. Also, the leptons interact gravitationally but not
electromagnetically with the quarks because the leptons do not have the color
charges. The leptons can interact electromagnetically with the hadrons like protons
because the hadrons of the mesons and baryons have the color charges of 0 and 5, respectively [1,2]. It is called as the hadronization.
The leptons have the electric charges of 0 for the neutrinos and -1 for the electron,
muon and tau in terms of the standard model. The weak force carrying bosons
have the electric charges of 0 for the Z boson and -1 for the W- boson in terms of
the standard model. These Z and W- bosons do not care about the lepton charges.
These Z and W- bosons are separated as the Z(0,LC) and W(-1,LC) bosons with
the three generations (three lepton charges) in the present extended standard model
of Table 2. The rest masses of the Z and W- bosons in the standard model
correspond to the rest masses of the Z(0,0) and W(-1,0) bosons in Table 2,
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respectively. The quarks have the electric charges of 2/3 for the u, c and t quarks
and -1/3 for the d, s and b quarks in terms of the standard model. The strong force
carrying bosons have the electric charges of 0 and double color charges for the
massless gluon bosons in terms of the standard model. The electric force carrying
boson of the photon has the electric charge of 0. But in the present extended
standard model, the new heavy leptons have the electric charge of -2 and the new
heavy quarks have the electric charge of -4/3. And the force carrying bosons with
the electric charges of 0, -1 and -2 are possible as shown in Table 2. Because the
lepton charges and color charges are quantized in Table 1, the corresponding force
carrying Z, W and Y bosons for the bastons, leptons and quarks are newly
proposed to have the EC, LC and CC charges of 0, -1 and -2, respectively, in Table
2.

Table 2. Complete table of the elementary bosons in the threedimensional quantized space model.
Dark matter force
EC

Weak force (EC,LC)
EC

Strong force (EC,LC,CC)
EC

X1

0

Z(0)

0

= 

= 

= 

0

= 

= 

= 

X2

-1

W(-1)

-1

W(-1,0)

W(-1,-1)

W(-1,-2)

-1

W(-1,0)

W(-1,-1)

W(-1,-2)

X3

-2

Y(-2)

-2

Y(-2,0)

Y(-2,-1)

Y(-2,-2)

-2

Y(-2,0)

Y(-2,-1)

Y(-2,-2)

Total

-3

-3

-3

LC

LC

X4

0

= 

W 

Y 

0

= 

W 

Y 

X5

-1

Z(0,-1)

W(-1,-1)

Y(-1,-1)

-1

Z(0,-1)

W(-1,-1)

Y(-1,-1)

X6

-2

Z(0,-2)

W(-1,-2)

Y(-2,-2)

-2

Z(0,-2)

W(-1,-2)

Y(-2,-2)

Total

-3

X7

-3

Z, W-, gluons (SM) Æ
Z(0,LC),W(-1,LC), Z(0,0,CC) (ESM)

X8
X9
Total

CC
0
-1

Z/W/Y(EC,LC,0)
Z/W/Y(EC,0)

Z/W/Y(EC,LC)
Z/W/Y(EC)

Z/W/Y(-1,0)CC(-2) = Z/W/Y(-1,0,-2)

-2
-3

Fig. 1. Six examples of the strong interactions.
By using Tables 1 and 2, all interactions between the elementary particles can be
successfully described by using these massive Z, W and Y bosons with the short
force range in Fig. 1. In Fig. 1, the Z(0,0,CC) bosons with CC values of 0, -1 and
-2 can play the same roles as the gluons do. In fact the massless gluons are replaced
with the massive Z/W/Y(EC,LC,CC) bosons in Table 2. Then, the strong force
carrying bosons are Z/W/Y(EC,LC,CC) bosons for the quarks, and the weak force
carrying bosons are Z/W/Y(EC,LC) bosons for the leptons. And the dark matter
force carrying bosons are newly proposed by the Z/W/Y(EC) bosons for the
bastons in Table 2. In the present extended standard model, the three charge
conservations of EC, LC and CC should be considered. The standard model has
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the conservation rules of many quantum numbers such as baryon number, lepton
number, B-L symmetry, hyper charge, weak charge, electric charge, color charge,
quark flavor quantum number, lepton family number and x-charge. However, the
present model has only one conservation rule of EC, LC and CC charges.
Because the neutrinos have the nonzero lepton charges in Table 1, the neutrinos
are not the Majorana particles. Therefore, the neutrinoless double beta decay is not
possible. The dark matters can interact with the leptons as shown in Fig. 2. The
B1-e and B1- P interactions in Fig. 2 can enhance the numbers of the cosmic Qe
and QP neutrinos when the electrons and muons get through the dense dark matter
clouds near the galaxy center. Also, the B1 dark matters can be produced from the
LHC accelerator. The observation of the enhanced Qe neutrinos will be the indirect
evidence of the B1 dark matters produced from the LHC accelerator. The LHC
and cosmic neutrino experiments will be interesting.

Fig. 2. B1 dark matter and lepton interactions to give the neutrino
enhancement. New elementary fermion particles are compared.

3.

Origins of high and ultra-high energy cosmic rays

And the rest mass energies of the leptons with the charge configuration of (EC,LC)
and bastons (dark matters) with the charge configuration of (EC) are calculated by
using the simple equations under the assumptions of E(B2) = 42.7 GeV and E(QW)
= 0.1 eV.
F(EC,LC) = -23.24488 + 7.26341|EC| - 1.13858EC2 + 0.62683|LC| +
0.22755LC2
E = 8.1365 1038+2F eV for leptons
E = 17.1501 1038+2F eV for bastons (dark matters)
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Only the EC and LC charges of the leptons and bastons are used for the
calculations of the rest masses. The rest masses of the leptons and bastons (dark
matters) are compared with the experimental values in Table 3. The rest mass
energies of the leptons and dark matters are calculated in order to show the energy
scales of these particles by using the simple equations. The parameter values are
assigned by fitting the experimental rest mass energies. Then, the unknown
neutrino masses and the masses of the heavy leptons (Le, LP, LW) can be calculated
in Table 3. And the masses of the B1 and B3 dark matters can be calculated, too.
Also, it is assumed that the rest mass energies of Q1, Q2 and Q3 quarks correspond
to the energies of the first knee, second knee and ankle parts of the ultra-high
energy cosmic ray spectra, respectively [1,3]. And the color charge effects on the
rest mass energies of the quarks are assumed to be negligibly small. Then E = 10F
eV and F(EC,LC) = 10.34076 - 16.01455|EC| + 15.02553 EC2 + 2.14 |LC| + 0.005
LC2 for Q1,Q2 and Q3 quarks. The obtained rest mass energies are E(Q1) = 5
1015 eV, E(Q2) = 7 1017 eV and E(Q3) = 1020 eV.

Table 3. Rest masses of the leptons and bastons(dark matters) are
calculated and compared with the experimental values [1]. E=mc2.
(EC,LC)

Eexp
(eV)

Ecalc (eV)

(EC,LC)

Eexp (eV)

Ecalc (eV)

Qe(0,-2/3)

?

2.876 10-7

e(-1,-2/3)

5.11 105

5.11 105

QP(0,-5/3)

?

5.947 10-5

P(-1,-5/3)

1.057 108

1.057 108

QW(0,-8/3)

?

1.000 10-1

W(-1,-8/3)

1.777 109

1.777 109

Le(-2,-2/3)

1012-14

2.533 1013

B1(-2/3)

?

26.121

LP(-2,-5/3)

?

5.239 1015

B2(-5/3)

4.27 1010

4.27 1010

LW(-2,-8/3)

?

8.811 1018

B3(-8/3)

?

1.948 1015

In Fig. 3, the e - e+, and B2- anti B2 plots are shown for the comparison. The 42.7(7)
GeV peak was identified in the gamma-ray spectrum from the Fermi Large Area
Telescope (LAT) in the directions of 16 massive nearby Galaxy Clusters [4]. The
42.7 GeV peak is proposed as the B2 – anti B2 annihilation peak. Then, the rest
mass of the B2 dark matter particle is 42.7(7) GeV/c2. And the enhanced intensity
was observed around 42.7 GeV for the gamma ray spectra of supernova remnant
(SNR), W44, as measured with the Fermi-LAT. This might be the B2 – anti B2
annihilation peak [5].
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The calculated rest mass energy of the B1 dark matter is 26.121 eV. It will be
interesting to look for the 26.121 eV peak at the cosmic x-ray. The calculated rest
mass energies of three neutrinos are 2.876 10-7 eV for Qe, 5.947 10-5 eV for QP and
1.000 10-1 eV for QW in Table 3. It will be interesting to confirm these rest mass
energies of three neutrinos in Table 3. The rest masses of the elementary fermions
depend on both of EC and LC according to the above mass energy equations. The
leptons are separated into three groups. First group is made of the three neutrinos
with EC=0 which have the low energy range. Second group is made of the electron,
muon and tau lepton with EC=-1 which have the high energy range. The third
group is made of the Le, LP and LW leptons with EC=-2 which have the ultra-high
energy range. The B1 dark matter with EC=-2/3 has the rest mass energy between
the first group with EC=0 and second group with EC=-1. The B2 dark matter with
EC=-5/3 has the rest mass energy between the second group with EC=-1 and third
group with EC=-2. The B3 dark matter with EC=-8/3 has the rest mass energy
similar to those of the third group with EC=-2.

Fig. 3. Particle – anti particle annihilation.
The electron-positron annihilation peaks associated with the outburst of the
microquasar V404 Cygni [6] were identified at the energy range of 4 105 – 2 106
eV consistent with the rest mass energy (5.11 105 eV) of the electron. The possible
Le – anti Le annihilation peak was identified at the energy range of 1012-14 eV in
the TeV gamma ray spectrum from RXJ1713.7-3946 with HESS and Fermi-Lat
data [7]. The calculated rest mass energy (2.534 1013 eV) is consistent with the
energy of the observed peak in Table 3. The high and ultra-high energy cosmic
rays with the energy higher than 109 eV are originated from the decay and
annihilations of the hadrons including the Q1, Q2 and Q3 quarks with the possible
rest masses of 1015-20 eV/c2 and the heavy leptons as shown in Figs. 4 and 5 [8,9].
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Fig. 4. Decays of the heavy leptons and heavy hadrons.
For the cosmic gamma ray spectra in Fig. 5, the B2 - anti B2 annihilation peak is
at 4.27 1010 eV and Le – anti Le annihilation peak is at 2.53 1013 eV. And the
smooth background curve of the cosmic gamma rays are caused by the gamma
rays emitted from the Le decay. These shapes of the cosmic gamma ray spectra
have been observed and reported in several references [7-10]. For the cosmic
electrons, positrons and neutrinos, the cosmic ray spectra have the same origins.
These cosmic electron, positron and neutrino spectra are mainly originated from
the Le decays [1,11-13]. It can be confirmed from the observed cosmic electron
and positron spectra at the TeV energy range. And the cosmic electron, positron
and neutrino spectra coming from the Q1 hadron decays are added around 5 1015
eV. The positron anomaly, e and e+ spectra can be explained by the Le and anti Le
decays [1,12-14]. The astrophysical neutrino spectra observed at the PeV energy
range can be explained by using the Q1 hadron decays [1,11]. It is assumed that
the decays of other heavy leptons and heavy hadrons have the relatively small
contributions when compared with the Le decays. The ultra-high energy cosmic
rays are mostly composed of the protons. The smooth background curve of the
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ultra-high energy cosmic ray spectra is caused by the gamma induced protons in
Fig. 5 [3]. These protons are accelerated by the inelastic Compton scattering with
the gamma rays emitted from the pair annihilations of Q1, Q2 and Q3 hadrons.
And the first knee, second knee and ankle parts of the ultra-high energy cosmic
ray spectra [1,3] are explained by using the Q1-hadron, Q2-hadron and Q3-hadron
decays, respectively. The observed cosmic ray spectra can be found in Ref. [3,15].

Fig. 5. Origins of the high and ultra-high energy
cosmic rays and gamma rays.

4.

Possible two Koron discoveries of ee+ and P-P+

In Table 1, quarks and leptons have the similar patterns for the EC and LC charges.
So, the, so called, Koron made of the lepton and antilepton is suggested like the
Meson made of the quark and antiquark. It will be interesting to look for the
Korons. The S0 meson with u and anti u quarks has the rest mass of 135 MeV/c2.
The rest mass of the u quark is about 2.3 MeV/c2. So the Koron of Sl0 with e and
e+ could have the rest mass of the several MeV/c2 scale. The electron has the rest
mass of 0.511 MeV. The X(16.70(35) MeV) peak with the spin of 1+ was observed
from the invariant ee+ mass distribution from the 18.15 MeV transition in 8Be by
Krasznahorkay et al. [16]. This unknown neutral X boson with the rest mass of
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16.7 MeV/c2 is the good candidate of the Koron of Sl0 with e and e+. Also, the
neutral X boson with the rest mass of 1.6 MeV/c2 – 20 MeV/c2 was introduced by
Goudeis et al. [17] in order to explain the cosmological lithium abundance
problem at the Big Bang Nucleosysthesis (BBN) [16,17]. This X boson will reduce
the abundances of 7Be and 7Li through the 7Be(X,D)3He and D(X,p)n [17]. I
suggest that this X boson is the same as the X boson observed from the invariant
mass distribution from the 18.15 MeV transition in 8Be by Krasznahorkay et al.
[16]. Then, the Koron of Sl0 with e and e+ can explain the cosmological lithium
abundance problem at the Big Bang Nucleosysthesis (BBN) [16,17].
Also, a narrow dimuon, M(P-P+), mass resonance at 30.4 GeV = 3.04 1010 eV was
obtained from the archived data of the ALEPH experiment at LEP [18,19]. The
data, taken in 1992-95, involve 1.9 million hadronic decays of Z-bosons produced
at rest in e--e+ annihilation. This dimuon resonance is considered to be a good
candidate of the P-P+ Koron. The rest mass of the P-lepton is 1.07 108 eV/c2. The
dimuon mass resonance decay scheme including the B1 and B2 dark matters is
shown in Fig. 6. A Z(0,0) boson decays to a pair of B2 and anti B2 dark matters.

Fig. 6. Two Koron examples of ee+ and P-P+. A neutral Z(0,0) boson
decay scheme leads to the dimuon, M(P-P+), mass resonance.
5.

Dark matter and super-nova 1987A

The super-nova 1987A has been seen to have the three rings on the Hubble space
telescope pictures. And the evidence of the neutron star is missing in the supernova 1987A [20-22]. The neutrino masses of 21.4(12) eV/c2 and 4.0(5) eV/c2 are
extracted from the antineutrino data from the super-nova 1987A [20]. These
neutrino masses are too large. So, I tried to solve these two questions by using the
B1 dark matter. Then, the new concept of the dark matter core collapse in addition
to the normal matter core collapse is introduced in order to build the super-nova
structure. The experimental anti-neutrino data are used to draw the conclusions in
the present work. The more details on the experimental neutrino measurements
can be found from the references [20,21,22].
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The super-nova 1987A anti-neutrino data can be drawn as shown in Fig. 7. The
neutrino energy of E(Q) is related to the time of t. The equation of 2E2t = m2c4t0 is
used [20]. The curve A fits other data well except the 6 data. The curve A uses
the proposed dark matter mass of B1. It is proposed that the B1 particles come
from the SN 1987A to the earth. The B1 and anti ܤ1 dark matters coming from
the SN1987A change the directions by the neutral boson (Z(0)) interactions with
p and e in the earth atmosphere. The B1 and anti ܤ1 dark matters are pairannihilated within the earth atmosphere and the Q and anti ߥ pair is created. These
neutrinos are observed by using the detectors under the earth surface. The energies,
E(Q) of the observed neutrinos are similar to the energies, E(B1) of the B1 dark
matters. This supports indirectly that the rest mass energy of the B1 dark matter is
26.12 eV.

Fig. 7. Neutrino data of the super-nova 1987A. The B1 -anti B1 dark
matter pair is annihilated to create the Q – anti Q pair.

In Fig. 8, two kinds of super-nova explosions including the dark matter core
collapse in addition to the normal matter collapse are shown. The upper one is for
the super-nova 1987A with three rings and without the neutron star. The Dark
matter core burst triggers the normal matter core burst without forming the neutron
star. The down one is for the normal super-nova with the neutron star. In this case,
both of dark matter core and normal matter core are collapsing. Then outside
normal matters blast into the space and the inside dark matter and normal matter
cores are collapsing to form the neutron star which consists of the neutrons and
B1 dark matters.
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Fig. 8. Two kinds of super-nova explosions including the dark matter
core collapse in addition to the normal matter collapse. The upper one is
for the super-nova 1987A with three rings and without the neutron star.

6.

3.5 keV 18.7 keV and 74.9 keV x-ray peaks and Q1 baryon atoms

The heavy baryons including the Q1 heavy quark (Q1 baryons) can be made in the
active galatic nucleus. This Q1 baryon can have the electric charges (EC) of -1 and
-2. For example, the Q(Q1,d,d) and R(Q1,d,u) baryons in Fig. 9 have the charge
configurations of (EC,LC) = (-2,0) and(EC,LC) = (-1,0), respectively. Then the
protons with the charge configurations of (EC,LC) = (1,0) can rotate around these
Q and R baryons to form the Q1 baryon atoms. These Q1 baryon atoms are similar
to the hydrogen atoms. The proton energy levels in the Q1 baryon atom are easily
calculated in the same way as the electron energy levels in the hydrogen atom are
calculated.
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Fig. 9. Proron energy levels and x-rays in the
Q1 baryon atoms of the R atom and Q atom.
The calculated x-ray energies are 18.7 keV and 3.5 keV from the R atom and 74.9
keV and 13.9 keV from the Q atom in Fig. 9. The possible 18.7 keV and 74.9 keV
x-ray peaks are found at the cosmic x-ray background spectra [1,23,24]. And the
74.9 keV x-ray peak is even seen more clearly on the broadband energy spectrum
of the X-ray pulsar 4U 0115+63 from IBIS/ISGRI and JEM-X(INTEGRAL) data
in its bright state during the out-burst in May-June 2011 [1,25]. So it is thought
that these 18.7 keV and 74.9 keV x-ray peaks are originated from the Q1 baryon
atoms in Fig. 9. Also, the 3.5 keV x-ray peak is expected from the Q1 baryon atom
of the R atom in Fig. 9. And an emission line at 3.5 keV was detected in the
spectrum of the Cosmic X-ray Background using a total of 10 Ms Chandra
observations towards the COSMOS Legacy and CDFS survey fields [26]. So it is
thought that this observed 3.5 keV x-ray peak is originated from the Q1 baryon
atom of the R atom but not from the pair annihilation of the dark matters.
7.

Summary

In summary, the three-dimensional quantized space model is introduced as the new
extended standard model. Three generations of the leptons and quarks correspond
to the lepton charges. Quarks have three charges of EC, LC and CC, and leptons
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have two charges of EC and LC. New particles of bastons with only one charge of
EC are the dark matters. The dark matter force is introduced with the new
Z/W/Y(EC) bosons. The massless gluons are replaced with the new massive
Z/W/Y(EC,LC,CC) bosons. And the rest mass energies of the leptons with the
charge configuration of (EC.LC) and bastons (dark matters) with the charge
configuration of (EC) are calculated by using the simple equations. The standard
model has the conservation rules of many quantum numbers such as baryon
number, lepton number, B-L symmetry, hyper charge, weak charge, electric
charge, color charge, quark flavor quantum number, lepton family number and xcharge. However, the present model has only one conservation rule of EC, LC and
CC charges. Several examples of elementary particle decays are shown in Fig. 10.
The calculated rest mass energies of three neutrinos are 2.876 10-7 eV for Qe, 5.947
10-5 eV for QP and 1.000 10-1 eV for QW in Table 3. The assigned neutrino masses
need to be confirmed experimentally. And the calculated rest mass energy of the
B1 dark matter is 26.121 eV. It will be interesting to look for the 26.121 eV peak
at the cosmic x-ray and at LHC. The ultra-high energy cosmic rays and gamma
rays are originated from the decay and annihilations of the hadrons including the
Q1, Q2 and Q3 quarks with the possible rest masses of 1015-20 eV/c2. The supernova 1987A structure is explained by using the dark matter core collapse. This
supports that the rest mass of the B1 dark matter is 26.121 eV/c2. The structures
of the super-nova with the neutron star and the normal super-nova without the
neutron star are introduced and compared by using the new concept of the dark
matter core collapse. It is thought that the 18.7 keV, 3.5 keV and 74.9 keV x ray
peaks observed from the cosmic x-ray background spectra are originated not from
the pair annihilations of the dark matters but from the x-ray emission of the Q1
baryon atoms.
The X(16.70(35) MeV) peak with the spin of 1+ is proposed as the first Koron of
Sl0 (e+e-)(0,0) observed experimentally. The first Koron of Sl0 (e+e-) (0,0) is the
good candidate of the neutral boson (X) for the lithium problem. The dimuon
resonance is considered to be a good candidate of the P-P+ Koron. Dark matters
(Bastons) are interacting with the electrons and protons by the gravitational force
but not by electromagnetic force. Z and W- boson in the standard model are Z(0,0)
and W(-1,0) in the present work, respectively. Dark matter force, weak force and
strong force are explained consistently in Table 2. From the B1–e and B1-P
reactions, the cosmic e and P particles are transferred to the cosmic Qe and
QPneutrinos, respectively. The observation of the enhanced cosmic Qe and
QPneutrinos is the indirect evidence of the B1 dark matters. Also, the B1 dark
matters can be produced from the LHC accelerator. The reaction between this B1
dark matter and the electron can enhance the electron neutrinos. It will be
interesting to carry out this experiment at LHC.
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Fig. 10. Several examples of elementary particle decays.
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More details can be found in Refs. 1, 2 and 27.
E-mail contact address of Jae-Kwang Hwang is jkhwang.koh@gmail.com
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The Recent Results from Super-Kamiokande
Takatomi Yano for Super-Kamiokande Collaboration
Abstract:
The Super-Kamiokande (SK) is the world-largest water Cherenkov detector,
running for neutrino observations and proton decay search over 20 years. Because
of its high statistics due to the large fiducial volume of 22.5 kt, lower cosmic-ray
background environment in a mine at 1000m underground, and well-calibrated
detector itself, Super-K has been making the world-leading results in several
region of particle physics. Here, recent results from the study of atmospheric and
solar neutrino are presented.

1.

The Super-Kamiokande Detector
Super-Kamiokande (SK) is the world-largest water Cherenkov detector, located
at 1,000 m underground (2,700 m water equivalent) in Ikenoyama mountain, Gifuprefecture, Japan [1]. The cylindrical detector tank with the dimensions of the 39.3
(33.8) m in diameter and 41.4 (36.2) m in height provides 50 (22.5) kton full
(fiducial) volume of ultra-pure water. The detector tank is optically and physically
separated into inner detector (ID) and outer detector (OD), which have the 11,129
20-inch-diameter photomultipliers (PMTs) and 1,885 8-inch-PMTs for the
Cherenkov light detection respectively. The Cherenkov light patterns provide the
information about the original charged particles, on thier energies, directions and
particle types. SK detector covers the energy range from a few MeV to tens of GeV.
The measurement by SK was started at 1996 and has been continued over twenty
years. The most recent and fourth experimental period, called SK-IV, is stated at
September 2008 with new data acquisition frontends. SK has also cooperated with
the accelerator neutrino experiments as the far detector, for K2K [2] and T2K [3]
experiments.
2.

Atmospheric neutrinos
Atmospheric neutrinos originated with the interaction of cosmic rays with
nuclei in the air. The interaction provides pions and kaons, and neutrinos as the
results of their decay. The atmospheric neutrinos have the wide energy range of
100 MeV to 100 TeV, the wide range of travel length of 10 km to 13,000 km, and
the various components of Ȟe Ȟȝ and their anti-particles [4]. Utilizing these
properties, various studies on the properties of neutrinos have been conducted. The
data from all the phases of SK-I/II/III (0.33 Mt year) and 2520 days live time of
SK-IV, until March 2016, are used for following analysis.
The neutrino oscillations of atmospheric neutrinos are led by Ȟȝ to ȞĲ oscillation,
which causes the deficit of Ȟȝ in the upward-going Multi-GeV and partially
contained event samples. Though, it is difficult to identify the appearance of ȞĲ.
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This is because the production of Ĳleptons requires high energy neutrinos, where
the flux is small, and also Ĳleptons decay into hadronic particles mainly. It is still
important to confirm the appearance of ȞĲ, to check the oscillation framework. The
analysis with neural network was applied to search tau-neutrino decay in SK
detector. The neural network was trained by non-Ĳand ĲMonte Carlo (MC) events
and likelihood ranging from 0 to 1 was provided as the output for each event. Some
more details could be found in our previous papers [5,6]. Figure 1 shows the twodimensional histogram of Ĳ(left) and non-ĲMC (center) events. We can see, the Ĳlike events are concentrated at the upward direction, at around -1 in cosine of the
zenith angle, for the ĲMC events. These distributions are utilized as the probability
density functions for tau-neutrino events and background (BG) events. The
analysis was conducted by fitting real data to a linear combination of twodimensional histograms, which included a systematic error term:
Data = BG PDF + ĮĲ-PDF + Ȉİi PDFi
Įis the parameter to be fitted, and it was expected to be 1 under the assumption of
the standard three-flavor oscillation framework and the standard cross-section of
neutrinos. PDFi is the PDF of the ith systematic errors, and İi is the magnitude of a
nuisance parameter in the fit. After the unbinned likelihood fit, we got the result
of Į  1.47±0.32 under the hypothesis of normal neutrino mass hierarchy ı
from 0, whereas ı was expected). Figure 1 (right) shows the zenith angle
distribution of tau-like events overlaid by the fitted MC distributions; the shaded
part shows the contributions of tau-neutrino events. This is the evidence of the tauneutrino appearance in atmospheric neutrino, and the result is consistent with the
standard three-flavor oscillation framework.

Fig. 1 Probability distribution functions for the 庨 neutrino (left) and non-庨
neutrino events (center). The zenith angle distribution of data and Monte Carlo
events (right).
Because of the recent result of large ș13 value in several neutrino experiments,
the three-flavor oscillation analysis is required for precise understanding of the
neutrino properties with atmospheric neutrinos, such as ǻm232, ș23 octant, įCP and
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mass hierarchy. The atmospheric neutrino samples are subdivided into 19 event
categories by their topologies (fully-contained, partially-contained and up-goingmuon), energies (sub-GeV and multi-GeV), flavors (electron- or muon-like) and
the number of Cherenkov rings. Multi-GeV- multi-ring- electron-like- events are
further classified into neutrino and anti-neutrino categories, using a difference of
number of associated decay electrons, number of rings, transverse momentum, and
the fraction of momentum carried out by most energetic rings. It is motivated by
the oscillation scenario, that the oscillation from Ȟȝ to Ȟe is enhanced by the Earth
matter effect under normal mass hierarch hypothesis, at around 5-10 GeV. Anti-Ȟȝ
to anti-Ȟe oscillation will be enhanced at same energies, in case of inverted mass
hierarchy. In following likelihood analysis, sin2ș13 is fixed by the reactor neutrino
experimental results of sin2ș13 = 0.0219 (PDG2015 [7]). sin2ș12 and ǻm221 is
constrained by the result of solar neutrino experiments and that of KamLAND.
Figure 2 shows the obtained oscillation analysis results using only SK data. In
the figure, ǻȤ2 is determined as a function of _ǻm232| or _ǻm213|, sin2ș23 and įCP.
The best fit parameters for normal and inverted hierarchy hypotheses are shown
in Table ”**”. The result ofǻȤ2  Ȥ2NH - Ȥ2IH = -4.3 is achieved and prefers the
normal hierarchy hypothesis, whereǻȤ2 =-3.1 of sensitivity is expected from
Asimov data set with normal hierarchy. To check the significance, Monte Carlo
samples are generated and analyzed as the real data. In case we adopt the inverted
hierarchy for MC samples, the probability to obtainǻȤ2 = -4.3 or less is 0.031
(sin2ș23 = 0.6) and 0.007 (sin2ș23 = 0.4). In case we adopt normal hierarchy for MC
generation, the probability was 0.446 (sin2ș23 = 0.4).

Fig. 2 ǻȤ2 as a function of _ǻm232| or _ǻm213| (left), sin2ș23 (center) and įCP (right)
with SK data only. The blue and orange lines show ǻȤ2 for a normal and inverted
hierarchy hypothesis, respectively
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Tab. 1 Best-fit values for the 3-flavor oscillation analysis with SK only data.
Fit
Ȥ2
sin2ș13
įCP
sin2ș23
ǻm223
[eV2]
(517 dot)
SK (NH)
571.74
0.0219
4.189
0.587
2.5·10-3
(fixed)
SK (IH)
576.08
0.0219
4.189
0.575
2.5·10-3
(fixed)
Figure 3 shows the preliminary results using SK and public T2K data. Table 2
shows the best-fit values for the likelihood fit. The result is ǻȤ2 Ȥ2NH - Ȥ2IH = -5.2
and also prefers normal hierarchy hypothesis. ǻȤ2 = -3.8 of sensitivity is expected
from Asimov data set assuming normal hierarchy. With a toy Monte Carlo study
assuming inverted hierarchy, the probability to haveǻȤ2 less than -5.2 is 0.024
(sin2ș23 = 0.6) and 0.001 (sin2ș23 = 0.4).

Fig. 3 ǻȤ2 as a function of _ǻm232| or _ǻm213| (left), sin2ș23 (center) and įCP (right)
with SK + T2K external data. The blue and orange lines show ǻȤ2 for a normal
and inverted hierarchy hypothesis, respectively.
Tab. 2 Best-fit values for the 3-flavor oscillation analysis with SK + T2K
external data.
Fit
Ȥ2
sin2ș13
įCP
sin2ș23
ǻm223
(585 dot)
[eV2]
SK (NH)
639.61
0.0219
4.887
0.55
2.4·10-3
(fixed)
SK (IH)
644.82
0.0219
4.538
0.55
2.5·10-3
(fixed)
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3.

Solar neutrinos
The dominant solar neutrino signals at SK are so called 8B neutrinos generated
in pp-chain, a series of nuclear fusion reactions in the Sun. The observed event
rate at SK is about 20 events/day with the large fiducial volume of 22.5 kton. With
the high statistics data, we have performed searches for time variation of the solar
neutrino flux, energy spectrum distortion due to the oscillation effect as well as
precise measurement of the oscillation parameter ǻm221, sin2ș12. In following
analysis, we use the SK-I, II, III (1496, 791 and 548 days) + 2365 days of SK-IV
data, until March 2016. Here, two years equivalent data is newly added, comparing
to previous paper with 1664 days data of SK-IV [8]. Because we lowered the
trigger threshold at May 2015, some of the new data sets have the analysis
threshold of Ekin = 3.5 MeV at kinetic energy of electrons. It aims at measuring the
solar neutrino energy spectrum distortion, and the effort to lower the threshold
down to Ekin = 2.5 MeV is now underway with new data acquisition system.
As the result of SK I-IV combined flux analysis, about 84,000 signals of solar
neutrinos is extracted. The flux ratio of the data to the standard solar model (SSM)
prediction is Data/SSM = 0.4486±0.0062 (stat. + sys.), where the neutrino
oscillation is not taken into account for SSM prediction. In the comparison of each
experimental phases of SK, these solar rate measurement results are fully
consistent with a constant solar neutrino flux. Figure 4 shows the yearly variation
of the solar neutrino flux. The solar activity cycle estimated from the sunspot
number is about 11 years. SK has observed the solar neutrinos over these 19 years
and above 1.5 cycles has passed. However, no significant correction with the solar
activity is seen. For the constant flux hypothesis, Ȥ2 = 15.52/19 D.O.F, which
correspond to 68.9% probability.
Using the most up-to-date SK solar neutrino data and the latest results of other
solar neutrino experiments, the allowed regions of the oscillation parameters are
obtained. In Fig. 5, we performed the oscillation analysis by constraining sin2ș13
as 0.0219±0.0014, referring reactor neutrino experiments. We see ı tension
between the solar-global and KamLAND reactor data in ǻm221. A there-flavor
oscillation analysis without the constraint on sin2ș13 is also performed. The result
is also shown in Fig 5. By combining the SK solar measurement results, the results
of other solar experiments and KamLAND, the non-zero ș13 value is obtained by
ı level (sin2ș13 = 0.029+0.014-0.015). The result is also consistent with that of reactor
experiments.
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Fig. 4 The distribution of the cosine between the direction of the Sun and the
reconstructed direction of electrons (left). The yearly variation of relative ratio
between SK data and an un-oscillated MC prediction (right). The black dots
show the sunspot numbers for referring solar activity, taken from [9].

4.

Other recent results
With its indispensable detector characteristics, SK has been making unique
searches for new physics. The first of them would be nucleon decay search,
strongly motivated by Grand Unification Theories (GUTs). Some GUTs predict
the proton lifetimes shorter than 1034 years and SK could prove it. Since the grand
unification occurs at around 1016 GeV, which cannot be achieved by any
accelerator experiments, nucleon decay at SK is a unique way to directly probe
them. So far, no evidence of nucleon decay is observed in any decay mode yet.
Our past search results for several decay mode, e.g. proton to e+ʌ0 or ȞK+, can be
found at [10,11].
The searches for new neutrino sources are also our interest and important for
the astroparticle physics. Searches for WIMPs (Weakly Interacting Massive
Particles) by neutrinos, which are produced by the annihilation of WIMPs
occurring inside Sun, are ongoing in SK. The previous work can be found in [12].
There were no significant signals but stringent limits were set. SK gives limits
lower than 200 GeV for the spin-dependent cross section, and lower than 6 GeV
for the spin-independent cross section. Searches for neutrino signals from the
Earth and the Galaxy are currently ongoing.
On September 2015, LIGO identified the first evident signal of a gravitational
wave originated a merger of two black holes [13]. Given the fact, a search for
coincident neutrino signals in SK was performed for GW150914 and GW151226.
Coincident production of neutrinos are possible to imagine, because of the
tremendous energies involved in the mergers and unknown nature of the region of
black holes, e.g. formation of relativistic jets. The signal searches were performed
for the time window of ±500 seconds around these gravitational wave detection
times and for a wide energy range from 3.5 MeV to 100 PeV. Four neutrino
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candidates are found for GW150914 and no candidates are found GW151226.
These candidates were consistent with the expected background events [14].

Fig. 5 Allowed regions of oscillation parameters for ș13 constrained analysis
(left) and 3-flavor oscillation analysis with solar experiments and KamLAND
(right). The green area shows the results of solar global analysis (green), light
blue for KamLAND reactor and red for solar + KamLAND. The best-fit
parameters and their ıerrors are shown in the figure.

5.

Conclusions
Recent results from the study of atmospheric, solar neutrinos and other topics
for nucleon decay and astrophysical neutrino searches are presented.. Using the
large data samples of atmospheric neutrinos at SK, three-flavor oscillation
analyses are performed. The result of neutrino mass hierarchy test was obtained as
ǻȤ2 Ȥ2NH - Ȥ2IH = -4.3 with SK only data, where -3.1 is expected from the same
analysis of Asimov data set assuming the best fit parameters. With the SK+T2K
data sets, the result wasǻȤ2 Ȥ2NH - Ȥ2IH = -5.2 with SK only data, where -3.8 is
expected. These results strongly support the normal hierarchy hypothesis. The
analysis of tau neutrino appearance in atmospheric neutrino oscillation is updated
and gives a non-zero significance of ıThe measurement of solar neutrino is
also updated. The observed neutrino flux ratio comparing to un-oscillated SSM
expectation was Data/MC = 0.4486±0.0062, and measurements in each
experimental period of SK is fully consistent with constant solar neutrino flux. No
significant correlation with the solar activity is seen. The solar neutrino oscillation
analysis is also updated. The global analysis with the results of other solar
experiments gives lower ǻm221 value than that of KamLAND by more than ıA
three-flavor oscillation analysis with solar neutrinos, without constrain of sin2ș13
by the reactor experiments, also give the consistent results for the oscillation
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parameters and non-zero ș13 value by ılevel.
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Abstract: We study a new mode of the neutrinoless and two-neutrino double-beta
decay in which a single electron is emitted from the atom. The other electron is
directly produced in one of the available sଵΤଶ or pଵΤଶ subshells of the daughter ion.
The neutrinoless electron-production mode 0ߥEPߚ ି , which would manifest
through a monoenergetic peak at the endpoint of the single-electron energy
spectrum, is shown to be inaccessible to the future experiments. Conversely, its
two-neutrino counterpart 2ߥEPߚ ି might have already influenced the singleelectron spectra measured, e.g., for the isotope ଵMo in the experiment NEMO 3.
We discuss the prospects for detecting these new modes also for ଼ଶSe in its
forthcoming successor SuperNEMO.
Keywords: double-beta decay, atomic shell, single-electron spectrum

I. Introduction
The discovery of neutrino oscillations marked the beginning of a new era in
neutrino physics, main feature of which is the question of the origin and absolute
scale of neutrino masses. Observation of the neutrinoless double-beta decay would
imply a Majorana nature of massive neutrinos ߥ (݅ = 1, 2, 3), a consequence of
which would be the identity of the flavor neutrinos ߥఈ (ߙ = ݁, ߤ, ߬) and their
respective antineutrinos ߥҧఈ [1]. Moreover, it would bring us compelling evidence
that the total lepton number  ܮis not strictly conserved in the nature. The search
for this elusive process provides us with means to set upper limits on the absolute
scale of neutrino masses, as well as with a unique access to the mechanism of CP
violation in the lepton sector which is necessary in order to explain the observed
baryon asymmetry of the Universe [2].
The most widespread form of the double-beta decay 2ߥߚ ି ߚ ି involves a
transmutation of an even-even parent nucleus X into an even-even daughter
nucleus ାଶY, accompanied by an emission of two electrons ݁ ି and a pair of
electron antineutrinos ߥҧ from the atom, while in its hypothetical neutrinoless
version 0ߥߚ ି ߚ ି the antineutrinos are absent:

X

ื


ାଶY

+ ݁ ି + ݁ ି + (ߥҧ + ߥҧ ).
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The neutrinoless mode 0ߥߚ ି ߚ ି increases  ܮby 2 units and could be discovered in
calorimetric measurements of the sum of electron energies by revealing a
monoenergetic peak at the two-electron spectrum endpoint corresponding to the
total released kinetic energy ܳ. The two-neutrino mode 2ߥߚ ି ߚ ି has been so far
observed for 11 out of 35 even-even isotopes for which the ordinary ߚ ି decay into
the odd-odd intermediate nucleus is either energetically forbidden or substantially
suppressed by spin selection rules [3]. In this work, we focus on the 0ା ื 0ା
ground-state transition of the isotope ଵMo which had been extensively studied
throughout the operation of the tracking-and-calorimetry double-beta-decay
experiment NEMO 3 located at the Modane Underground Laboratory (LSM),
France [4].
In 1992, Jung et al. have observed for a first time the bound-state ߚ ି
decay in which the electron is directly produced in atomic K or L shell and the
monochromatic electron antineutrino carries away essentially the entire energy of
ା
ions collected in a heavy-ion
the decay [5]. The group has studied bare ଵଷ
Dy
storage ring at GSI, Darmstadt, and deduced a half-life of 47 d for the otherwise
stable isotope. It has been since stressed that such rare form of the ߚ ି decay might
play a crucial role in stellar plasma where highly-ionized atoms participate in the
nucleosynthesis. In this work, we propose to study the bound-state double-beta
decay 0ߥEPߚ ି (2ߥEPߚ ି ):

X

ื


ାଶY

+ ݁bି + ݁ ି + (ߥҧ + ߥҧ ),

where a single free electron ݁ ି is emitted from the nucleus, while the electron
production (EP) of a bound electron ݁bି is assumed to fill one of the available sଵΤଶ
or pଵΤଶ orbitals above the valence shell of the daughter ion ାଶY ଶା . Inclusion of
the bound states with higher angular momenta is not necessary since their wave
functions experience only a negligible overlap with the nucleus. These new singleelectron modes exhibit a distinctive kinematics and could be in principle
recognized by their characteristic signal induced in the double-beta-decay
detectors. For instance, 0ߥEPߚ ି (being effectively a two-body decay) should be
searched for in the form of a monoenergetic peak at the endpoint of the energy
distribution of individual electrons. The single-electron spectra have been
measured in the NEMO 3 experiment and will be surveyed with enhanced
accuracy in its forthcoming successor SuperNEMO [6].

II. Calculation of Phase-Space Factors
The double-beta decay can occur in the 2nd order of the effective ߚ-decay
Hamiltonian [7]:
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ఉ (= )ݔ

ܩఉ
ξ2

݁ҧ( ߛ)ݔఓ (1 െ ߛ ହ )ߥ (݆)ݔఓ ( )ݔ+ H.c.,

where ܩఉ = ܩF cos ߠC contains the Fermi constant ܩF and Cabibbo angle ߠC ؆ 13°
[8], ݁( )ݔand ߥ ( )ݔdenote the electron and electron-neutrino fields, respectively,
and ݆ఓ ( = )ݔҧ(ߛ)ݔఓ (݃ െ ݃ ߛ ହ )݊( )ݔis the hadronic charged current involving
the proton  )ݔ(and neutron ݊( )ݔfields with the vector ݃ = 1 and (unquenched)
axial-vector ݃ = 1.269 weak coupling constants. Due to neutrino mixing, the
left-handed components of the flavor-neutrino fields ߥఈ ( )ݔare in fact linear
combinations of the underlying massive-neutrino fields ߥ ( )ݔgiven by the unitary
PMNS matrix: ߥఈ ( = )ݔσ ܷఈ ߥ ()ݔ.
Assuming the Majorana nature of massive neutrinos and employing the
standard approximations, the formula for the inverse 0ߥߚ ି ߚ ି half-life can be
brought into the following form [1]:
ఔఉఉ ିଵ

൫ܶଵΤଶ ൯

ଶ

= ݃ସ  ܩఔఉఉ (ܼ, ܳ)หܯఔఉఉ ห ฬ

݉ఉఉ ଶ
ฬ .
݉

Here, the phase-space factor  ܩఔఉఉ (ܼ, ܳ) depends solely on the kinematics of the
involved particles, the nuclear matrix element ܯఔఉఉ can be in principle
determined from the theory of nuclear structure, and the effective Majorana
ଶ
݉ is a function of (yet unknown) parameters of the
neutrino mass ݉ఉఉ = σ ܷ
neutrino physics; to this day, arguably the most stringent limits have been obtained
in the ଵଷXe double-beta-decay experiments KamLAND-Zen and EXO-200, with
the former providing a constraint as low as [9]: ห݉ఉఉ ห < 165 meV. On the
contrary, the formula for the inverse 2ߥߚ ି ߚ ି half-life can be derived within the
Standard Model [10]:
ଶఔఉఉ ିଵ

൫ܶଵΤଶ ൯

ଶ

= ݃ସ  ܩଶఔఉఉ (ܼ, ܳ)ห݉ ܯଶఔఉఉ ห .

For the single-electron modes 0ߥEPߚ ି and 2ߥEPߚ ି , their respective
ఔEPఉ ିଵ

ଶఔEPఉ ିଵ

inverse half-lives ൫ܶଵΤଶ ൯ and ൫ܶଵΤଶ ൯ exhibit a structure fully analogous
to the aforementioned, the only distinction being in the corresponding phase-space
factors  ܩఔEPఉ (ܼ, ܳ) and  ܩଶఔEPఉ (ܼ, ܳ). Since these quantities depend crucially on
the atomic structure, we employed a fully relativistic description of the final-state
electrons in terms of the solutions to the Dirac equation with centrally-symmetric
potential [11]:
߰ఓ (ݎԦ) = ቆ

݂ ()ݎȳఓ (ݎƸ )
ቇ,
i݃ ()ݎȳିఓ (ݎƸ )
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where the radial wave functions ݂ ( )ݎand ݃ ( )ݎdepend on the energy of the
electron, while the angular functions ȳఓ (ݎƸ ), also known as the spinor spherical
harmonics, are common for both the discrete and continuous spectrum. The
quantum number ߢ = (݈ െ ݆)(2݆ + 1) = ±1, ±2, … collectively labels all possible
couplings of the orbital ݈ = 0,1, … and spin  = ݏ± 1Τ2 angular momenta, while
ߤ = െ݆, … , +݆ denotes the projection of the total angular momentum ݆ = |݈ + |ݏ
onto the ݖ-axis.
For the 0ߥEPߚ ି and 2ߥEPߚ ି phase-space factors we have derived the
following formulae:
 ܩఔEPఉ =

 ܩଶఔEPఉ =

ܩఉସ
8Ɏ ݉ଶ

ܩఉସ ݉ଶ
32Ɏସ ܴଶ ln 2
ஶ

ln 2

ஶ

 ܤ (ܼ,  ܼ(ܨ)ܣ+ 2, ܧ)ܧ,
ୀmin
 ାொ

 ܤ (ܼ,  )ܣන d ܼ(ܨܧ+ 2, ܧ)ܧ
ୀmin



 ାொିா

න

d߱ଵ ߱ଵଶ ߱ଶଶ .



In the first equation, the nuclear radius ܴ is by convention included explicitly in
order to make the nuclear matrix element ܯఔఉఉ dimensionless. The factor of ln 2
comes from the relation between the decay rate Ȟ = ln 2ΤܶଵΤଶ and half-life ܶଵΤଶ .
The quantity ܤ (ܼ,  )ܣis a bound-state analogue of the Fermi function
familiar from the theory of beta decay:
ଶ (ܴ)
ଶ
(ܴ),
+ ݃,ାଵ
ܤ (ܼ, ݂ = )ܣ,ିଵ

where the two terms originate from the inclusion of sଵΤଶ and pଵΤଶ bound states,
respectively. In order to properly account for the relativistic many-electron atomic
structure and the shielding effect of nuclear charge, the radial wave functions
݂,ିଵ (ܴ) and ݃,ାଵ (ܴ) of the bound electron ݁bି at the nuclear radius ܴ =
1.2 fm ܣଵΤଷ were evaluated by means of the multiconfiguration Dirac–Hartree–
Fock package GRASP2K [12, 13]. The computation was performed assuming the
electron configuration of the parent atom X, with the daughter isotope ାଶY being
the source of nuclear Coulomb attraction, for all available electron shells above
the valence shell (݊min = 5 for ଵ
ସଶMo) up to ݊ = 9. Since in the absence of atomic
shielding the squared electron wave functions near the origin decrease as ݊ିଷ [14],
the rest of electron shells were to a good accuracy approximated by a fit of the
calculated values using the power function ܿ݊ି and summed analytically via the
Riemann zeta function ߞ(). Since the convergence could not be achieved in case
ଶ (ܴ)
has been replaced by the one predicted
of the 6sଵΤଶ orbital, the value of ݂,ିଵ
by the fit.
The Fermi function ܼ(ܨ, )ܧ, which involves the continuous-spectrum
radial wave functions ݂ିଵ (ܧ, ܴ) and ݃ାଵ (ܧ, ܴ) evaluated on the nuclear surface
ܴ, can be approximated by the expression for the relativistic sଵΤଶ wave [15]:
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ଶ

ଶ (ܧ,
ଶ (ܧ,
ܴ) + ݃ାଵ
ܴ) ൎ 4 ቈ
ܼ(ܨ, ି݂ = )ܧଵ

|Ȟ(ߛ + ݅|)ݕ
 (2)ܴଶఊିଶ ݁ Ɏ௬ ,
Ȟ(2ߛ + 1)

where ߛ = ඥ1 െ (ߙܼ)ଶ ,  ܧܼߙ = ݕΤ, and | = Ԧ| is the momentum magnitude of
the free electron ݁ ି with energy  = ܧඥԦଶ + ݉ଶ . In the results, the Fermi function
 ܼ(ܨ+ 2,  )ܧassumes the full charge of the daughter nucleus ାଶY, since in the
continuum the shielding effect has been shown to be rather insignificant [16].
In  ܩఔEPఉ , the free-electron energy is fixed by the energy conservation:
݉ = ܧ + ܳ, where we have neglected the nuclear recoil as well as the binding
energy of the bound electron ݁bି . In  ܩଶఔEPఉ , similar approximations erase the
dependence on ݊ from the integral boundaries and, in turn, an infinite sum of
integrals simplifies into a product of σஶ
ୀmin ܤ (ܼ,  )ܣand just one double integral;
in the integral over the first-neutrino energy ߱ଵ , the second-neutrino energy is
once again constrained by the energy conservation: ߱ଶ = ݉ + ܳ െ  ܧെ ߱ଵ .

III. Half-Lives and Single-Electron Spectra
In Table I, we present the values of the 0ߥߚ ି ߚ ି and 0ߥEPߚ ି phase-space factors
 ܩఔఉఉ and  ܩఔEPఉ obtained for the 0ା ื 0ା ground-state transition of the isotope
ଵ
Mo with total released kinetic energy ܳ = 3.034 MeV [17], assuming the
unquenched value of the axial-vector weak coupling constant ݃ = 1.269. We
also evaluate the ratio between the corresponding decay rates: Ȟ ఔEPఉ ΤȞ ఔఉఉ =
 ܩఔEPఉ Τ ܩఔఉఉ , which is independent of the nuclear matrix element ܯఔఉఉ and
effective Majorana neutrino mass ݉ఉఉ , and hence free of the peculiarities of the
nuclear and neutrino physics. Finally, we estimate the 0ߥߚ ି ߚ ି and 0ߥEPߚ ି halfఔఉఉ
ఔEPఉ
based on the value of the nuclear matrix element
lives ܶଵΤଶ and ܶଵΤଶ
ఔఉఉ
ห = 5.850 calculated in [18] via the spherical pn-QRPA approach
หܯ
including the realistic CD-Bonn nucleon-nucleon potential with short-range
correlations and partial isospin-symmetry restoration, and assuming the value of
the effective Majorana neutrino mass ห݉ఉఉ ห = 50 meV which is compatible with
the inverted hierarchy of neutrino masses. The value obtained for the decay-rate
ratio Ȟ ఔEPఉ ΤȞ ఔఉఉ suggests a suppression of the single-electron mode 0ߥEPߚ ି
by 6 orders of magnitude, which is mainly attributed to the presence of other
electrons in the inner atomic shells: the lowest-lying orbitals (which would
otherwise provide the largest contributions to the decay rate Ȟ ఔEPఉ ) are already
occupied, while the shielding effect of nuclear charge substantially reduces the
bound-state wave functions on the surface of the nucleus. The estimated half-life
ఔEPఉ
ܶଵΤଶ further confirms that the mode 0ߥEPߚ ି is very unlikely to be observed in
the present and near-future experiments.
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Table I. 0ߥߚ ି ߚ ି and 0ߥEPߚ ି phase-space factors  ܩఔఉఉ and  ܩఔEPఉ , decay-rate ratio Ȟ ఔEPఉ ΤȞ ఔఉఉ =
ఔఉఉ
ఔEPఉ
 ܩఔEPఉ Τ ܩఔఉఉ and half-lives ܶଵΤଶ and ܶଵΤଶ for the isotope ଵMo, assuming the nuclear matrix
ఔఉఉ
element หܯ
ห = 5.850 [18] and the effective Majorana neutrino mass ห݉ఉఉ ห = 50 meV.
ࡳࣇࢼࢼ [y ି ]
ିଵସ

1.887 × 10

ࡳࣇEPࢼ [y ି ]
ିଶ

7.400 × 10

ડ ࣇEPࢼ Τડ ࣇࢼࢼ
ି

3.92 × 10

ࣇࢼࢼ
ࢀΤ [y]
6.24 × 10ଶହ

ࣇEPࢼ
ࢀΤ [y]
1.59 × 10ଷଵ

In Table II, we show analogous results for the 2ߥߚ ି ߚ ି and 2ߥEPߚ ି
phase-space factors  ܩଶఔఉఉ and  ܩଶఔEPఉ , as well as the decay-rate ratio
ଶఔఉఉ
Ȟ ଶఔEPఉ ΤȞ ଶఔఉఉ =  ܩଶఔEPఉ Τ ܩଶఔఉఉ . The 2ߥߚ ି ߚ ି half-life ܶଵΤଶ for the 0ା ื 0ା
ground-state transition of ଵMo has been measured experimentally [3], from
which the value of ݃ଶ หܯଶఔఉఉ ห can be deduced regardless of the details of the
ଶఔEPఉ
nuclear-structure theory, and used to predict the 2ߥEPߚ ି half-life ܶଵΤଶ without
any further assumptions; for the unquenched value ݃ = 1.269 it follows:
ห݉ ܯଶఔఉఉ ห = 0.1194. We observe that the decay-rate ratio Ȟ ଶఔEPఉ ΤȞ ଶఔఉఉ
indicates a relative suppression of the mode 2ߥEPߚ ି to be 1 order of magnitude
lower when compared to the neutrinoless case. Moreover, the absolute half-life
ଶఔEPఉ
even turns out to fall within the sensitivity of some of the running
ܶଵΤଶ
experiments, which points to somewhat more optimistic prospects for finding the
traces of such rare decay in the available double-beta-decay detectors.
Table II. 2ߥߚ ି ߚ ି and 2ߥEPߚି phase-space factors  ܩଶఔఉఉ and  ܩଶఔEPఉ , decay-rate ratio
ଶఔఉఉ
Ȟ ଶఔEPఉ ΤȞ ଶఔఉఉ =  ܩଶఔEPఉ Τ ܩଶఔఉఉ and half-lives ܶଵΤଶ [3] (which implies the nuclear matrix element:
ଶఔEPఉ

for the isotope ଵMo.

ห݉ ܯଶఔఉఉ ห = 0.1194) and ܶଵΤଶ
ࡳࣇࢼࢼ [y ି ]
ିଵ଼

3.809 × 10

ࡳࣇEPࢼ [y ି ]
ିଶଶ

1.367 × 10

ડ ࣇEPࢼ Τડ ࣇࢼࢼ
ିହ

3.59 × 10

ࣇࢼࢼ
ࢀΤ [y]
7.10 × 10ଵ଼

ࣇEPࢼ
ࢀΤ [y]
1.98 × 10ଶଷ

In Fig. 1, we compare the calculated 0ߥߚ ି ߚ ି and 0ߥEPߚ ି singleelectron spectra. These are represented by differential decay rates 1ΤȞ ఔఉఉ dȞΤdܧ
(with the former normalized to unity) as functions of the electron kinetic energy
 ܧെ ݉ . In particular, we consider the 0ା ื 0ା ground-state transition of the
isotope ଵMo (ܳ = 3.034 MeV), which had been extensively used in the NEMO
3 experiment [4]. From the obtained phase-space factor  ܩఔEPఉ it follows that the
single-electron mode 0ߥEPߚ ି constitutes a sharp peak at the endpoint of the
0ߥߚ ି ߚ ି single-electron spectrum, i.e., the free electron effectively carries away
the entire released kinetic energy ܳ. For illustration purposes, we present the
0ߥEPߚ ି peak as a Gaussian with ߪ = 50 keV (which coincides with the desired
energy resolution of SuperNEMO calorimeters [6]) and exaggerate its height by a
factor of 10ସ . From such disproportion it is clear that the 0ߥEPߚ ି peak will hardly
be observed in the forthcoming measurements; nevertheless, the future double-
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beta-decay experiments with tracking capability (most notably SuperNEMO)
should be able to set limits on the single-electron mode 0ߥEPߚ ି for other isotopes.

Figure 1. Single-electron 0ߥߚ ି ߚ ି and 0ߥEPߚି spectra 1ΤȞ ఔఉఉ dȞΤd( ܧthe former normalized to
unity) as functions of electron kinetic energy  ܧെ ݉ for the isotope ଵMo (ܳ = 3.034 MeV). The
0ߥEPߚି peak is represented by a Gaussian with ߪ = 50 keV and exaggerated by a factor of 10ସ .

In Fig. 2, we show the computed single-electron spectra for the 2ߥߚ ି ߚ ି
and 2ߥEPߚ ି modes, defined as the differential decay rates 1ΤȞ dȞΤd ܧnormalized
to unity, for the 0ା ื 0ା ground-state transition of ଵMo (ܳ = 3.034 MeV). We
immediately observe that the single-electron mode 2ߥEPߚ ି exhibits a different
shape of the spectrum, which should in turn manifest through a slight deformation
of the measured 2ߥߚ ି ߚ ି single-electron spectra. With more than 700,000
positive events coming from approximately 7 kg of enriched ଵMo during 3.49 y
of exposure (the low-radon phase) and very high signal-to-background ratio, we
suggest that a thorough reassessment of the NEMO 3 data could provide us with
valuable insight into the connection between the atomic physics and mechanisms
of the double-beta decay [19].
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Figure 2. Single-electron 2ߥߚ ି ߚ ି and 2ߥEPߚି spectra 1ΤȞ dȞΤd( ܧnormalized to unity) as functions
of electron kinetic energy  ܧെ ݉ for the isotope ଵMo (ܳ = 3.034 MeV).

IV. Conclusion
We have examined new modes of 0ߥߚ ି ߚ ି and 2ߥߚ ି ߚ ି in which only one
electron is emitted from the atom, the second one being directly produced in the
atomic shell of the daughter ion. Such processes would constitute the double-betadecay counterparts of the bound-state beta decay observed some 25 years ago [5].
We have calculated the phase-space factors, estimated the half-lives and derived
the single-electron spectra for the 0ା ื 0ା ground-state transition of the isotope
ଵ
Mo, which was the primary source used in the NEMO 3 experiment [4, 19].
We conclude that while the 0ߥEPߚ ି mode is strongly suppressed and unlikely to
be observed in the future experiments, the 2ߥEPߚ ି mode could readily contribute
to a slight deformation of the measured NEMO 3 data. The forthcoming
experiment SuperNEMO will possess all means to set more stringent limits on
both single-electron modes 0ߥEPߚ ି and 2ߥEPߚ ି for the isotope ଼ଶSe [6].
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Abstract. We give a report of the relevant results obtained from HERA
experiments H1 and ZEUS in the past two years. A short summary of the recently
published HERA results on proton structure is given. New results on combined
electroweak and QCD fits of inclusive neutral and charged current data with
polarised lepton beams from the H1 and ZEUS experiments are discussed. We also
show new preliminary results on (multi)jet production studied in neutral current
deep-inelastic scattering with low photon virtuality using data taken by the H1
detector. A measurement of the jet cross sections normalized to the neutral current
deep-inelastic scattering inclusive cross sections will be presented and compared
to next-to-leading order and novel next-to-next-to-leading order predictions in
perturbative QCD. We also show new preliminary results from ZEUS on (multi)jet
and on prompt photon production studied in neutral current deep-inelastic
scattering with low photon virtuality.
E-mail: natasar@ac.me

INTRODUCTION
At the HERA collider a center of mass energy of 318 GeV was achieved by
colliding electrons or positrons with energy of 27.5 GeV and protons with energy
of 920 GeV. Until the year 2000 (HERA-I period) the experiments H1 and ZEUS
at HERA collected an integrated luminosity of about 120 pb-1 each. Afterwards
HERA underwent a major upgrade aiming for higher luminosity and until 2007
(HERA-II period) HERA provided in total about 500 pb-1 of e±p collisions to each
of the experiments.
In the last three months of HERA operation, special runs with lower proton beam
energies of 460 GeV and 575 GeV were performed, each experiment collecting
approximately 13 pb-1 and 7 pb-1 of data respectively. The main purpose of this
data was the measurement of the longitudinal proton structure function which is
related to the longitudinally polarised virtual boson exchange process.
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HERA RESULTS ON PROTON STRUCTURE
Deep Inelastic Scattering (DIS) of leptons on protons is considered as the best
tool to examine proton structure via the measurement of Parton Density Functions
(PDFs) and their dependence on virtuality of exchanged boson, Q2, and Bjorken
variable, x, which is fraction of proton momentum carried by the stuck quark.
Proton structure described by precise PDFs is necessary for making accurate
predictions for any process involving protons. DGLAP QCD evolution provides
a Q2 dependence of the PDFs and x PDF dependence must come from data.
To get high precision measurements of PDFs, H1 and ZEUS results are combined
into one coherent data set [1]. All together, 41 Neutral Current (NC) and Charged
Current (CC) data sets from H1 and ZEUS covering large kinematic plane in Q2
DQG[42 *H92Â-7 [DUHFRPELQHd. The data sets
were collected over 15 years giving a total luminosity of 1 fb-1 of e±p interactions
at center of mass energies of: 318, 300, 251 and 225 GeV. Close to 3000 cross
sections are combined to about 1300 points with 169 correlated systematic errors
and
Ȥ2/d.o.f. = 1685/1620.
Figure 1 shows individual and combined reduced cross sections for NC e+p DIS
scattering as a function of Q2 for selected values of Bjorken variable x. The
improvement due to combination is clearly visible with significant reduction
of statistical and systematic errors. The total uncertainty is less than 1.5 % for Q2
*H92.
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FIGURE 1. Q2dependence of a selection of combined HERA data for the
inclusive NC e+p reduced cross sections for different values of Bjorken x
compared to the individual H1 and ZEUS data. The individual measurements are
shifted horizontally for better visibility. Error bars represent the total
uncertainties.
The NC reduced cross section is related to the proton structure functions F2, FL
and xF3,

ı NC (e ± p) = F2 -

y2
1 - (1 - y) 2
xF3 ,
2 FL m
1 + (1 - y)
1 + (1 - y) 2

with y being the interaction inelasticity. The structure function F2 measures the
contribution from valence and sea quarks, FL is directly related to gluon in
perturbative QCD and xF3 measures contribution from valence quarks at high Q2.
The combined data precisely measure electroweak effects as shown in Figure 2
which displays the cross-VHFWLRQVGıGQ2 for NC and CC eíp and e+p scattering

86

together with predictions from HERAPDF2.0 NLO, the most recent PDF fit from
HERA discussed bellow. At low Q2, the CC cross section is about two orders of
magnitude smaller than the NC cross section due to WKHȖ-exchange contribution,
while at high Q2 they are about the same demonstrating electroweak unification at
Q2 around MZ2, MW2. Also, e+p NC and e-p NC are the same at low Q2, in the Ȗexchange domain, and differ at high Q2 mainly due to ȖZ interference. The
differences in e+p and e-p CC cross sections are related to u, d content of the proton
and to the helicity factors (1-y)2,
e+p
ı cc
~ ( x u + x c) + (1 - y) 2 ( xd + xs)

ı ecc-p ~ ( xu + xc) + (1 - y) 2 ( x d + x s) ,
where xu, xd, xs and xc are u, d,strange and charm quark distributions. All the
data are well described by the Standard Model expectations.

FIGURE 2. Q2 dependence of the combined HERA NC and CC eíp and e+pcross
sections, together with predictions from HERAPDF2.0 NLO. The bands
represent the total uncertainty on the predictions.
Figure 3 shows the inclusive NC e+p and eíp HERA data together with fixed-target
data and the predictions of HERAPDF2.0 NLO. There is F2 scaling at moderate
x and precise measurement of scaling violations at low and high Q2. The cross
section rises with Q² at low x but drops at high x - at low x due to gluon splitting
and at high x due to gluon emission. Also, the electroweak effects are clearly
pronounced at high Q2 due to xF3 contribution.
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The shown data are used in a QCD analysis within the DGLAP formalism for
extraction of PDFs. The most recent fit from the combined HERA data is termed
as HERAPDF2.0 in which the PDFs are parameterized at a starting scale of Q02 =
2

1.9 GeV2 and are based on data with Q2 above Q min = 3.5 GeV2.
Figure 4 shows HERAPDF2.0 NLO distributions at Q2 = 10 GeV2 for the valence
distributions for up and down quarks as well as the gluon and sea-quark
distributions.The gluon and sea quark (xg and xS) are the dominant parton
distributions at low x and are determined with high accuracy due to the high
precision of the cross section measurements. As can be seen from the figure, the
PDF parameterization uncertainty, resulting from the parameterization choice,
dominates the high x region and the valence distributions, while the low x region
is dominated by the model uncertainties which are obtained by varying: the charm
mass, the bottom mass, the strange fraction, the minimum Q2 used in the fit and
the starting scale Q02. Experimental uncertainties of the fit were determined using
the Hessian PHWKRGZLWKWKHFULWHULRQ¨Ȥ2 = 1 (68 % CL).
The resulting parton distribution functions were also obtained at LO and NNLO.
Also an extensive investigation included fits with different heavy flavor schemes,
2

different Q min , with an alternative gluon parameterization and with a scan of
Įs(MZ) in steps of 0.001.
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FIGURE 3. Q2 dependence of combined HERA data for the inclusive NC
e±preduced cross sections for different values of Bjorken x. Fixed-target data and
the predictions of HERAPDF2.0 NLO are also shown.
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FIGURE 4. Parton distributions as determined by the HERAPDF2.0 QCD fit at
Q2 = 10 GeV2. The gluon and sea-quark densities are scaled down by a factor
0.05. The inner error bands show the experimental uncertainty, the middle error
bands include the theoretical model uncertainties of the fit assumptions, and the
outer error bands represent the total uncertainty including the parameterization
uncertainty.

H1 AND ZEUS COMBINED ELECTROWEAK AND QCD FITS
Using the e±p NC and CC cross sections, combined electroweak (EW) and QCD
analyses were performed by both collaborations to determine the vector and axialvector couplings vq and aq to the light quarks u and d to the Z0 boson, accounting
for their correlation with PDFs. For this analysis H1 collaboration have used only
H1 data [2] and ZEUS used uncombined H1 and ZEUS data of NC and CC cross
sections [3]. Preliminary results from H1 and published results from ZEUS for the
couplings au, vu and ad, vd are shown in figure 5. The figure also shows published
results from H1 obtained using only HERA I data [4]. Also shown are Standard
Model expectations.
Figure 5 shows that the results from H1 and ZEUS are compatible and also
consistent with the SM expectation. There is remarkable sensitivity of HERA data
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to u-type quark couplings and there is a considerable improvement over published
results of H1 from HERA-I data. Significantly improved sensitivity comes from
using polarized HERA-II data and polarization in HERA-II is important in
particular for vector couplings.

FIGURE 5. The 68% C.L. contours for (ad, vd) - left part of the figure and (au,
vu) – right part of the figure, obtained from ZEUS and H1 combined EW+QCD
fits. Also shown are published results from HERA-I and the SM values.
Figure 6 shows the results from ZEUS compared to other measurements from LEP,
TEVATRON and from H1 based on HERA-I data. The PDG14 values are also
shown. HERA results are consistent with other experiments and resolving the LEP
sign-ambiguity. HERA results on u-type coupling are highly accurate and present
the most precise determination of the axial-vector and vector couplings of the Z
boson to u-type quarks.
Both collaborations also extracted the values of MW and of Weinberg angle, sin2șW
with combined EW+QCD parameter fits. The value extracted by the ZEUS fit for
MW is
M = 80.68
ା.23
± 0.28 (experimental/fit)+0.12
-0.01 (model) -0.01 (parameterisation) GeV .
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The on-shell value of sin2șW obtained by ZEUS fit was determined as
sinଶ ߠௐ = 0.2252 ± 0.0011
ା.0007
(experimental/fit)ା.0003
-0.0001 (model) -0.0001 (parameterisation).

The values of sin2șW and MW are in agreement with Standard Model
expectations.
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FIGURE 6. The 68% C.L. contours for (ad, vd) and (au, vu) obtained from ZEUS
combined EW+QCD fit compared with published results from LEP,
TEVATRON and from H1 based on HERA-I data. The PDG14 values are also
shown.
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MULTIJET PRODUCTION IN DIS AT LOW Q2
The H1 collaboration has a new measurement of jet cross sections in neutral
current deep inelastic scattering normalized to the neutral current deep-inelastic
scattering inclusive cross sections [5, 6]. The normalized jet cross sections are
defined as the ratio of the double differential absolute jet cross sections to the
inclusive NC DIS cross section in the respective Q2 bin. Such normalization
provides full cancellation of normalization uncertainties and partial cancellation
of other experimental uncertainties. Inclusive jet, dijet and trijet cross sections,
absolute and normalized to NC are measured in bins of Q2 and jet transverse
jet
jet
momentum in the Breit frame, P ,with 5.5 < Q2< 80 GeV2 and P > 4.5 GeV (for
inclusive jets).
Figure 7 shows double-differential cross sections for normalized inclusive jet
jet
production in neutral current DIS as function of Q2and P . For the NC DIS cross
sections in the denominator of the normalized jet cross sections the program
QCDNUM in NLO [7] is used. The figure also shows, new cross sections for 5
jet
<P < 7 GeV in the range 150 < Q2 < 15 000 GeV2 and previously published results
in the high Q2 domain [8]. The data are compared to NLO and NNLO predictions.
This is first ever comparison with brand new NNLO QCD calculations,
approximate NNLO prediction [9] obtained from the program JetVip [10] and full
NNLO prediction [11] obtained from the NNLOJET [11,12].
Figure 8 shows the ratio of normalized inclusive jet cross sections, NNLO and
aNNLO predictions to the NLO predictions. The inclusive jet data are reasonably
well described by NLO (obtained from the program NLOJET++[13]), but NLO
scale uncertainty is rather large. There is an improved description of data
(particularly in shape) by NNLO with significantly reduced scale uncertainty for
higher values of jet pT.There is also an improvement of the inclusive jet data
description with a NNLO on absolute level at higher values of transverse
momentum of the jets.
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FIGURE 7. Double-differential cross sections for normalized inclusive jet
jet
production in neutralcurrent DIS as function of Q2and P . The vertical error
bars indicate the statistical uncertainties.The shaded areas around the data points
show the systematic uncertainties. The data are compared to NLO predictions,
approximate NNLO and full NNLO predictions.
Normalized dijet and trijet cross sections, where events with at least two or three
jets are counted, are obtained as a function of Q2and the average transverse
momentum of the two or three leading jets, ۦP ۧଶ and ۦP ۧଷ , respectively, in the
ranges 5 <ۦP ۧଶ <50 GeV and 5.5 <ۦP ۧଷ <40 GeV.
Ratio of normalized dijet cross sections and NNLO predictions to NLO predictions
shows similar trend as can be seen in figure 9. NNLO predictions for trijets are
not available yet.
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FIGURE 8. Ratio of normalized inclusive jet cross sections, NNLO and aNNLO
jet

predictions to the NLO predictions as function of Q2and P . Other details as in
figure 7.
The new normalized multijet data are used for extraction of the strong coupling
constant at the Z-boson mass, Įs(MZ DQGDOVRDUHVHQVLWLYHWRWKHUXQQLQJRIĮs ȝr).
The behavior of the strong coupling constant is studied in a fit of NLO predictions
to data and shown in figure 10. The data for normalized inclusive jet, dijet and
trijet production are separated into six groups with similar YDOXHVRIȝr and the
value of Įs(MZ LVREWDLQHGIURPPLQLPL]LQJȤ2.
7KH YDOXH RI Įs ȝr) is calculated from Įs(MZ) by applying the solution for the
HYROXWLRQHTXDWLRQRIĮs ȝr). The scale uncertainty is obtained by repeating the fits
with the different choices for scale factors. The running of the strong coupling
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constant is probed by the new data LQWKHUDQJHRIDSSUR[LPDWHO\ȝr< 35 GeV.
The uncertainties on the NLO predictions dominate significantly over the
experimental uncertainties. Also, data points from the high-Q2domain may be
considered in the fit. A fit to all the data yields an experimental precision on Įs(MZ)
of about 4 permille. Relevant theoretical uncertainties are much higher than the
experimental uncertainties mainly due to the scale uncertainties.

FIGURE 9. Ratio of normalized dijet cross sections and NNLO predictions to
NLO predictions as a function of Q2 and the average transverse momentum of
the two leading jets. Other details as in figure 7.
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FIGURE 10. 7KHYDOXHVRIWKHVWURQJFRXSOLQJĮs ȝr) (upper panel) and of the
equivalent values of Įs(MZ) for all measurements (lower panel) obtained from
the normalized inclusive jet, dijet and trijet cross sections using NLO predictions
and compared to values extracted from other jet data. The solid line shows the
world average value of Įs(MZ DQGLWVYDOXHHYROYHGWRȝr using the solution of
the QCD renormalization group equation.

ISOLATED PHOTON ACCOMPAINED BY JET IN DIS
Isolated high-energy photons emitted in high-energy collisions can provide
information on the proton structure and give a probe of underlying partonic
process since they are detected unaffected by parton hadronisation. High energy
photons can be produced in DIS either by the incoming or outgoing quark (“QQ”
photons ) or by the incoming or outgoing lepton (“LL” leptons). QQ photons are
classified as “prompt” and LL photons are treated as background to the QCD
process. ZEUS obtained new results [14] from analysis of DIS events with the
production of an isolated photon and at lHDVWRQHDGGLWLRQDOMHWHSĺHCȖMHW
Differential cross sections are obtained as functions of the fraction of the incoming
photon energy that is given to the photon and the jet, xȖ, fraction of proton energy
taken by the parton that interacts with the photon xp, azimuthal angle between the
SURPSW SKRWRQ DQG WKH MHW ǻĭ SVHXGRUDSLGLW\ GLIIHUHQFH EHWZHHQ WKH SURPSW
photon and WKH MHW ǻȘ D]LPXWKDO DQJOH EHWZHHQ the prompt photon and the
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VFDWWHUHGHOHFWURQǻĭHȖ and pseudorapidity difference between the prompt photon
DQGWKHVFDWWHUHGHOHFWURQǻȘHȖ.

FIGURE 11. Differential cross sections in (a) xȖ, (b) xp F ǻĭ G ǻȘ(e)
ǻĭHȖDQG I ǻȘHȖ compared to the reweighted Monte Carlo predictions from the
sum of QQ photons from Pythia normalized by a factor 1.6 plus Djangoh LL
photons. The dashed (dotted) lines show the QQ (LL) contributions.
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FIGURE 12. Differential cross sections in (a) xȖ, (b) xp F ǻĭ G ǻȘ H 
ǻĭHȖDQG I ǻȘHȖ compared to the BLZ model based on the kT factorization.
Figure 11 shows that the resulting cross sections agree well with the theory
calculations based on the predictions for the sum of the expected LL contribution
from Djangoh [15] and a factor of 1.6 times the expected QQ contribution from
Pythia [16] without further weighting.
Figure 12 shows the resulting cross sections compared to the theory calculations
based on the kT factorisation method used by BLZ (Baranov, Lipatov, Zotov)
model [17]. This approach takes into account both QQ and LL photons, neglecting
the small interference contribution (LQ). In the kT factorisation theory some part
of final state jets can originate not only from hard subprocess, but also from the
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parton evolution cascade in initial state. As can be seen, xȖ and ǻȘdistributions
are not described by kT-factorization.

SUMMARY
HERA experiments, H1 and ZEUS, have finalized measurements of inclusive
NC and CC DIS cross sections and QCD fits. H1 and ZEUS have combined all
inclusive measurements into one coherent data set for e+p and e-p coOOLVLRQVDW¥V
= 318, 300, 251 and 225 GeV. The combined inclusive HERA data are used as a
sole input to the QCD analysis resulting in the set of parton distribution functions
HERAPDF2.0.
Both collaborations have performed new combined EW and QCD fits providing
high precision measurements of electroweak parameters. The data show high
sensitivity to light quark couplings and the SM parameters. The fits provide
important complementary tests of the SM.
Concerning the hard QCD domain, inclusive jets, dijets, trijets cross sections as
well as those normalized to inclusive NC cross section are now available for the
whole Q2 range, based on H1 data. The data provide first ever comparisons with
brand new NNLO QCD calculations presented for some of these normalized jet
cross sections; the scale uncertainty is visibly reduced and the shape is better
described compared to NLO. The experimental precision of Įs determination
based on these data is now ~0.4% and is significantly better than theory
uncertainty.
The production of isolated photons accompanied by jets has been measured in
deep inelastic scattering with the ZEUS detector. The results are in agreement with
Pythia after a rescaling has been applied and can be used to make further
improvements in the QCD calculations.
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Abstract
The NA48/2 experiment at CERN collected a large sample of charged
kaon decays into final states with multiple charged particles in 2003-2004. A
new upper limit on the rate of the lepton number violating decay
K±ĺpטm±m± obtained from this sample is set: 8.6x10-11 at 90% CL, which
improves by more than an order of magnitude upon the previous
measurements. Results of the search for two-body resonances like heavy
neutral leptons and inflatons in K±ĺpmm decays are also presented.
1 Introduction
The important consequence of the neutrino oscillations discovery is the existence
of neutrino masses and right-handed neutrino states [1]. In the Neutrino Minimal
Standard Model (nMSM) [2] three right-handed sterile neutrinos are proposed in
order to explain simultaneously neutrino oscillations and the baryon asymmetry
of the observed Universe. The first of these right-handed neutrinos has a mass of
O(1 KeV) and is a dark matter candidate. The other two neutrinos have masses in
the range of (0.1-10) GeV/c2 and may induce the barion asymmetry by means of
additional CP violating phases.
The (nMSM) model can be extended by adding of the scalar field called
inflaton which helps to explain the inflation and provides a common source of the
electroweak symmetry breaking and the right-handed neutrino masses [3].
These models predict new particles – heavy Majorana neutrinos and inflatons,
that can be detected in K±ĺpmm decays. In particular the decay mode
K±ĺpטm±m± is a Lepton Number Violating (LNV) one. It is forbidden in SM,
but it can proceed via the on-shell Majorana neutrino. Inflatons c can be produced
in the K±ĺp±c decay, and then they may be detected via cĺm+m- process as a
peak in the mm invariant mass spectrum.
The main goal of NA48/2 experiment was the search for CP-violating
asymmetry in K±ĺp decays [4]. Additionally, it has provided in 2003-2004 a
large data sample for charged kaon rare decay studies, including the search for
LNV kaon decays and a possible two-body sharp resonanses in the mass spectra
of mm and pm final states. Results of this search are briefly reported in the present
work and are published in details in [5].
2 The NA48/2 beam and detector
The NA48/2 detector and beam at CERN SPS are described in details in [4, 6].
Two simultaneous and collinear K+ and K- beams were produced by 400 GeV/c
protons on a beryllium target. Particles of opposite charge with a central
momentum of 60 GeV/c and a momentum band of ±3.8%(RMS) were selected
by the system of magnets and collimators. Both beams of about 1 cm width were
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following almost the same path in the decay volume contained in a 114 m long
vacuum tank. The downstream end of the tank was sealed by a convex Kevlar
window separating vacuum from helium at atmospheric pressure. The beams were
dominated by p± , the kaon component was about 6%.
Charged products of K± decays were measured by the magnetic spectrometer
installed in helium. It was consisting of four drift chambers (DCH1–DCH4) and a
dipole magnet providing a horisontal momentum kick of about 120 MeV/c, that
was located between DCH2 and DCH3. The spatial resolution of each chamber
was nearly 90 mm and the spectrometer momentum resolution was sp/p = (1.02
ْ 0.044 p)% (p in Gev/c).
The spectrometer was followed by a scintillator hodoscope HOD with a time
resolution of Ѻ150 ps, whose fast signals were used to trigger the readout of events
with a charged track. It consisted of a horizontal and a vertical planes of stripshaped counters.
A Liquid Krypton calorimeter (LKr), located behind the hodoscope, was used
to measure the energy of electrons and photons. It is an almost homogeneous
ionization chamber with an active volume of 7 m3 of liquid krypton 27X0 deep,
segmented transversally into projective cells, 2x2 cm2 each. Transverse position
of isolated shower was measured with a spatial resolution sX=sY=(0.42/¥E ْ 0.06)
cm. Energy resolution for photons and electrons was sE/E = (3.2/¥E ْ 9.0/E ْ
0.42)% (E in GeV), and a single shower time resolution was st = (2.5/¥E) ns.
The muon system MUV, consisted of three scintillator planes
(MUV1,MUV2,MUV3) and 80 cm thick iron walls, was used for the muons
identification. An aluminium beam pipe of 16 cm outer diameter and 1.1 mm
thickness was traversing the centres of all the detector elements, providing the path
in vacuum for undecayed beam particles and for muons from beam p± decays.
3 Events selection
Event selection is based on the three-track vertex reconstruction, as for the
experimental longitudinal position resolution of about 50 cm, both
K±ĺpטm±m± (LNV) and K±ĺp±m+m- (LNC) decays mediated by a shortlived resonant particle are indistinguishable from a three-track decay.
K±ĺp±p+p- (K3p) decays were used as a normalization channel. The
corresponding samples were collected concurrently using the same trigger logic.
In order to select Kpmm or K3p candidate, a vertex satisfying the following
common criteria was required: the total charge of the three tracks is ±1; the vertex
longitudinal position is within the 98 m long fiducial decay volume; the vertex
tracks momentum is between 5 GeV/c and 55 GeV/c; the total momentum of three
tracks is consistent with the beam nominal range (55-65) GeV/c; and the total
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transverse momentum of three tracks with respect to the beam axis is below 0.01
GeV/c.

Figure 1: Lepton number violating K±ĺpטm±m± decay invariant mass
spectrum for data and MC. The signal region is indicated with vertical arrows.
The vertex with a lowest fit c2 is considered in the case of a few selected
combinations. The vertex tracks are required to be consistent in time and to be in
DCH, HOD, LKr and MUV geometric acceptances. Track separations are required
to exceed 2 cm in the DCH1 plane to suppress photon conversions, and 20 cm in
the LKr, MUV1 and MUV2 front planes to minimize particle misidentification
due to shower overlaps and Coulomb scattering.
The K±ĺpmm candidate vertex must be composed of one pion candidate
(with the ratio of energy E in the LKr calorimeter to momentum p measured in the
spectrometer E/p < 0.95, and without in-time associated hits in the MUV), and a
pair of identically or oppositely charged muon candidates (with E/p < 0.2 and with
the associated hits in MUV).
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Figure 2: Lepton number conserving K±ĺp±m+m- decay invariant mass
spectrum for data and MC. The signal region is indicated with vertical arrows.

The pion candidate is required to have momentum above 15 GeV/c for high
muon rejection efficiency. The invariant mass of three tracks in the K±ĺpmm
hypothesis must satisfy the requirement of |M(pטm±m±)-MK| < 5 MeV/c2
(|M(p±m+m-)-MK| < 8 MeV/c2 ), where MK is the PDG kaon mass [1]. The
invariant mass distributions for LNV and LNC decay modes are shown in Fig. 1
and Fig. 2.
An additional requirement is applied to the K±ĺpmm samples, when
searching for resonances: |Mij – MX| < 2s(Mij), where Mij is the invariant mass of
the pair (ij = p±m טor m+m-), MX is the assumed resonance mass, and s(Mij) is
the resolution on the invariant masses.
Independently, the following criteria are applied to select the K3p sample: the
pion identification criterion is applied to the odd-sign pion only in order to
symmetrize the selection of the signal and normalisation modes, and the invariant
mass of three tracks in the 3p± hypothesis is in the range |M3p - MK| < 5 MeV/c2.
4 Resonance searches
A search for peaks was performed over the distributions of the invariant masses of
p±m טand m+m- pairs. The precise evaluation of acceptance for K±ĺm±X and
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K±ĺp±X decays with a subsequent Xĺp±m טor Xĺm+m- decay as a function
of resonance mass and lifetime has been performed with a dedicated MC
simulations.
The mass steps for the resonance searches and the width of the signal windows
are determined by the resolutions on the invariant masses. The mass step is set to
be equal to s(Mij)/2, while the half-width of the signal mass window is 2s(Mij).
Therefore, the results obtained in the neighbouring mass hypotheses are highly
correlated, as the windows are overlapped. In total, 284, 267 and 280 mass
hypotheses were tested respectively for the search of resonances in M(pm)
distribution of LNV, LNC candidates and in the M(mm) distribution of LNC
candidates, covering the full kinematic ranges.
The statistical analysis of the obtained results in each mass window is done by
means of the quasi-Newton minimisation algorithm to find numerically the 90%
confidence intervals for the case of a Poisson process in presence of unknown
backgrounds, by applying an extension of the Rolke-Lopez method [7]. The
number of considered background sources for LNV mode was 4 ( 3p±, p+p-m±n,
p±m+m-, m+m-m±n), and for LNC it was only K±ĺp±.

5 Results
Only one LNV event is observed, while the estimated background expectation was
1.163±0.867stat±0.021ext±0.116syst . So no signal evidence is observed, and a 90%
upper limit on the branching ratio B(K±ĺpטm±m±) is set applying the statistical
analysis. Using the values of the signal acceptance estimated with MC simulations
and the NLNV number of kaon decays in the fiducial volume, the upper limit on the
number of signal events leads to a constraint on the signal branching ratio:
B(K±ĺpטm±m±) = B(K3p) NLNV A(K3p) / [N3p A(LNV)] < 8.6x10-11 at 90% CL.
The total systematic uncertainty on the quoted upper limit is 1.5%. he largest
source is the limited accuracy of the MC simulations (1.0%), followed by the
external errors from PDG values of B(K±ĺp±m+m-) (0.8%), B(K3p)(0.73%) and
B(K±ĺp+p-m±n) (0.05%).
For each of the three resonance searches a local significance z of the signal has
been evaluated for each mass hypothesis: z=(Nobs – Nexp) /¥(dN2obs+dN2exp),
where Nobs is the number of observed events, Nexp is the number of expected
background events, and dNobs (dNexp) is the statistical uncertainty for Nobs (Nexp).
The local significance never exceed 3 standard deviations, therefore no signal is
observed.
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Figure 3: Obtained upper limits at 90% CL on B(K±ĺm±N4)B(N4 ĺpטm±)

Figure 4: Obtained upper limits at 90% CL on B(K±ĺm±N4)B(N4 ĺp±m)ט
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Figure 5: Obtained upper limits at 90% CL on B(K±ĺp±c)B(cĺm+m-)
In the absence of a signal, upper limits has been set on the products of
branching fractions. The upper limits corresponding to the observed signal events
for the three resonance searches for several lifetimes are presented on Figures 3,
4, 5.
Conclusion
The searches for LNV K±ĺpטm±m± decay and resonances in K±ĺpmm decays
have been performed by NA48/2 experiment on the basis of 2003-2004 data. No
signals are observed. An obtained upper limit of 8.6x10-11 for the LNV decay
branching ratio improves the best earlier limit [8] by the order of magnitude.
Apart from that, an upper limits are set on the products of branching ratios
B(K±ĺm±N4)B(N4ĺpטm±) and B(K±ĺp±X)B(Xĺm+m-) for the various
masses and lifetimes of the possible resonances.
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Abstract

The NA62 experiment collected a large sample of charged kaon decays in
2007 with a highly eﬃcient trigger for decays into electrons. A measurement of
the π 0 electromagnetic transition form factor slope parameter from 1.11 × 106
0
fully reconstructed K ± → π ± πD
, πD → e+ e− γ events is reported. The
measured value a = (3.70±0.53stat ±0.36syst )×10−2 is in good agreement
with theoretical expectations and previous measurements, and represents the
most precise experimental determination of the slope in the time-like momentum
transfer region. The limits on dark photon production in π 0 decays from the
earlier kaon experiment NA48/2 at CERN are also reported.
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I.

The π 0 electromagnetic transition form factor slope
parameter

The π 0 decays almost instantaneously via the electromagnetic interaction with two
photons. The second most important decay channel, the so-called Dalitz decay
0
0
(πD
), is πD
→ e+ e− γ and proceeds via the same π 0 vertex with probability
0
(1.174 ± 0.035)% [1]. In the πD
process one of the two photons from the π 0 vertex
becomes oﬀ-shell and decays to an e+ e− pair. Independent kinematic variables x
and y can be deﬁned in terms of particle four-momenta pe± and pπ0 :

2
2
Mee
(p + + p − )
2p 0 (pe+ + pe− )
x=
(1)
= e 2 e
y= π
0
mπ
mπ0
mπ0 (1 − x)
where Mee is the invariant mass of the e+ e− pair. The x variable is the normalised
square of the electron-positron pair invariant mass, while y is related to the angles
between the ﬁnal state particle momenta. The limits on the variables are given by

2me
r2
2
r ≤ x ≤ 1 − β ≤ y ≤ β where r =
(2)
and β = 1 −
mπ 0
x
where me and mπ0 are the the corresponding PDG [1] masses of e± and π 0 .
The diﬀerential decay width is [2]
 0

3 
d 2 Γ πD
α  0  (1 − x)
r2
2
2
=
Γ π2γ
1+y +
(1 + δ (x, y)) |F (x)| (3)
dxdy
4π
x
x
 0 
where Γ π2γ
is the π 0 → γγ decay width, the function δ (x, y) describes the
radiativecorrectionsandF(x)istheelectromagnetictransitionformfactor(TFF)
oftheπ 0 toarealandvirtualphoton. TheTFFdescribesthedeviationofthis
transitionfromapoint-likeinteraction. Itisalsoaninputtothecomputationof
theπ 0 → e+ e− decayrate[3],aswellasthehadroniclight-by-lightscattering
contributiontothemuonanomalousmagneticmoment(g−2)whichatpresent
contributesthesecondlargestuncertaintyonitsStandardModelvalue[4].
0
ThefunctionF(x)isexpectedtovaryslowlyinthekinematicregionoftheπD
decayanditisusuallyapproximatedbyalinearexpansionF(x)=1+ax,where
a is the slope parameter. The TFF slope has been determined in the time-like
0
decayrate[5][6][7][8][9],all
momentumtransferregionbymeasuringtheπD
includingradiativecorrections. TheTFFhasbeenalsomeasuredinthespace-like
momentum transfer region in the reaction e+ e− → e+ e− π 0 , where the π 0 is
producedbythefusionoftwophotonsradiatedbytheincomingbeamsanddecays
totwodetectedphotons[10]. Thecurrentworldaveragea=0.032±0.004[1]
isobtainedfromtime-likemeasurementsandtheextrapolationofspace-likedata
usingavectormesondominance(VMD)model. SoacomparisonofTFFslope
predictionwithmodelindependentmeasurementrepresentsaremarkabletestofthe
theorymodels.
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i.

The π 0 TFF slope in NA62

The NA62 experiment at the CERN SPS collected in 2007 a large sample of charged
kaons decaying in ﬂight in vacuum with a minimum-bias trigger conﬁguration
[17]. The K ± decays represent a source of tagged neutral pions by means of the
K ± → π + π 0 (K2π ) decay channel. The mean free path of the neutral pion in the
NA62 experimental conditions is negligible (few μm). An analysis of 1.11×106 K2π
0
decays followed by the prompt πD
decay (denoted K2πD ) using the full NA62 2007
data set has been performed: a model-independent measurement of the π 0 TFF
slope parameter is reported in this work.

II. NA62 experimental apparatus
The NA62 experimental setup used in 2007 was composed of the NA48 detector
[11] and a modiﬁed beam line [12] of the earlier NA48/2 experiment. The beam
line was designed to provide simultaneously K + and K − beams. The primary
400 GeV/c proton beam delivered by the SPS impinged on a beryllium target of 40
cm length and 0.2 cm diameter. The secondary beam momenta were selected by
magnets in a four dipole achromat and a momentum-deﬁning slit incorporated into
a beam dump. This 3.2m thick copper/iron block provided the possibility to block
either of the K + or K − beams. The selected particles had a central momentum
of 74 GeV/c with a spread of ±1.4 GeV/c (rms). The beams were focused and
collimated before entering a 114m long cylindrical vacuum tank containing the
ﬁducial decay volume. The beams were mostly composed of π ± , with a ∼ 6% K ±
fraction. Since the muon halo sweeping system was optimised for the positive beam
in 2007, most of the data were recorded with the single K + beam to reduce the halo
background. In ﬁgure 1 a schematic of the setup is shown. The momenta of charged

Figure1: LayoutoftheNA62experimentalsetup.

particlesweremeasuredbyaspectrometercomposedoffourdriftchambers(DCH)
andadipolemagnetplacedbetweenthesecondandthirdchamberprovidinga
transversemomentumkickof265MeV/c. Themeasuredmomentumresolutionwas
σp /p=0.48%⊕0.009%ṗ,wherethemomentumpisexpressedinGeV/c. The
spectrometerwashousedinatankfilledwithheliumatnearlyatmosphericpressure.
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Thephotonsweredetectedandmeasuredbyaliquidkrypton(LKr)electromagnetic
calorimeter,whichisaquasi-homogeneousionisationchamberwithathicknessof
127cm,correspondingto27X0 . TheLKrvolumeisdividedinto13248cellsof
about2×2cm2 crosssectionwithoutlongitudinalsegmentation.
Themeasured

energyresolutionwasσE /E = 3.2%/ (E)⊕9%/E⊕0.42%,andthespatial
√
resolutionforthetransversecoordinatesxandywas0.42cm/
E⊕0.06cmwhere
theenergyisgiveninGeVinbothcases. Ascintillatorhodoscope(Hodo)was
locatedbetweenthespectrometerandtheLKrcalorimeter. Itconsistsofasetof
scintillatorsarrangedintoaplaneof64verticalcountersfollowedbyaplaneof64
horizontalcounters. Eachplanewasdividedintofourquadrantsof16counters
providingafasttriggersignalforchargedparticles. ThetimeresolutionoftheHodo
was∼150ps.
The analysis is based on the full data set collected during 4 months in 2007,
correspondingtoabout2×1010 K ± decaysinthevacuumtank. Atotalof65%
(8%)oftheK + (K − )ﬂuxwascollectedinsingle-beammodewhiletheremaining
27%werecollectedwithsimultaneousK ± beamswithaK + /K − ﬂuxratioof2.0.
The100kHzkaondecayrateinthevacuumvolumeduringthespillenabledthe
useofaminimum-biastriggerconﬁgurationwithahighlyeﬃcienttriggerchain
optimisedtoselecteventswithatleastoneelectrontrack. Thelowlevelhardware
triggerrequiredacoincidenceofhitsinatleastonehodoscopequadrantinboth
planes,upperandlowercutsonthehitmultiplicityinthedriftchambers,anda
minimumtotalenergydepositof10GeVintheLKrcalorimeter. Thehighlevel
softwaretrigger(HLT)conditionrequiredatleastonetrackwith5GeV/c<p<90
GeV/candE/p>0.6,whereEistheenergyreconstructedinthecalorimeterandp
isthemomentumreconstructedinthespectrometer. Downscaledminimumbias
triggerstreamswerecollectedtoevaluatethetriggereﬃciencies.

III.

Montecarlosimulation

Monte Carlo (MC) simulations of the K2πD decay chain and two other K ±
0 ±
0 ±
decay chains producing π 0 Dalitz decays, K ± → πD
e ν and K ± → πD
μ ν
0
(denoted Ke3D and Kμ3D , respectively), were performed with a π TFF slope
aM C =3.2×102 . Separatesimulatedsamples,proportionallytothenumberof
kaondecaysrecorded,wereproducedforeachdatatakingcondition. Thetotal
simulatedsampleamountsto386MK2πD ,105MKμ3D and103MKe3D events
0
withintheﬁducialdecayr egion.Allthesemodescontributetotheπ D
sample,
althoughtheselectionisoptimizedforK2πD . Theradiativecorrectionstothetotal
0
anddiﬀerentialπD
decaywidthshavebeenstudiedextensivelysincetheireﬀectis
comparabletotheeﬀectoftheTFF.Theﬁrststudyofradiativecorrectionswasdone
in[13]andextendedin[14],wherediagramsinﬁgures2and3wereconsidered.
Recentimprovementsin[15]includeadditionalone-loopone-photonirreducible
contributions(seeﬁgure4)andtheyhavebeenappliedinthiss imulation.Higher
ordercorrectiontermsnotincludedinthesimulationcontributetotheslopeby
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0
Figure 2: Virtual radiative corrections to πD
: (a) correction to the QED vertex and (b)
vacuum polarization insertion

0
Figure 3: Bremsstrahlung corrections to πD

0
Figure 4: One-loop one-photon irreducible contribution to πD
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|a| < 0.01 × 102 , which is considered as a systematic uncertainty.

IV.
i.

TFF measurement

Event selection

The main K2πD selection criteria are the following.
• The event should contain exactly one reconstructed 3-track vertex, which
should be located within the ﬁducial decay region and be geometrically
compatible with a beam kaon decay. The vertex charge qvtx, deﬁned as the
sum of the track charges, should match the beam charge in the single-beam
mode. The track with the charge opposite to qvtx is necessarily an e±
candidate, while the same-sign tracks can be either π ± or e± candidates. The
tracks are required to be in time and within the geometrical acceptance of
the drift chambers. Events with a photon converting into an e+ e− pair in the
material before DCH1 are suppressed by requiring a minimum distance of 2
cm between the impact points of every track pair in the ﬁrst drift chamber, as
veriﬁed by simulation.
• Reconstructed clusters of energy deposition in the LKr calorimeter are
used to identify photon candidates. A photon candidate cluster should be
geometrically isolated from the track impact points in the LKr calorimeter
(distance larger than 20 cm from the same-sign tracks and larger than 10 cm
from the remaining track), within 10 ns of each track and with more than
2 GeV of energy. The photon 4-momentum is reconstructed assuming that
the photon originates from the same vertex as the tracks. If more than one
photon candidate is found, the event is rejected.
• The total reconstructed momentum should be compatible with the beam
momentum and there should be no missing transverse momentum with
respect to the beam axis within the resolution: p2t < 105 (GeV/c)2 . The π/e
ambiguity for the two same-sign tracks is resolved by testing the two possible
mass assignments. For each hypothesis, the reconstructed kinematic variables
should be |x|, |y| < 1, and the reconstructed e+ e− γ and π ± π 0 masses should
2
be close to the nominal ones: Meeγ in the range (115 − 145)MeV/c and
2
Mπ± π0 in the range (460 − 520)MeV/c . Both invariant mass spectra are
shown in ﬁgure 5; Only events with a single valid hypothesis are selected.
The probability of correct (incorrect) mass assignment evaluated with the
K2πD MC sample is 99.62% (0.02%); the remaining 0.36% of events have
either zero or two valid hypotheses are rejected.
TheselectionwasrestrictedtoareawithDalitzvariablex>0.01becausea1%
deﬁcitinthedata/MCratiowasobservedforeventswithx<0.01duetothesteeply
fallingacceptance.
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Figure 5: Reconstructed π ± π 0 (left) and e+ e− γ (right) mass distributions for data and
simulated components. The radiative shoulders in the reconstructed masses are
well reproduced in the MC thanks to the simulation of the radiative photon.

ii.

Fit procedure and result

The reconstructed spectrum of the x variable is shown in ﬁgure 6 (left). The TFF
was obtained by adjusting the simulation to the data x spectrum. In particular
a χ2 ﬁt with free MC normalisation in equally populated bins comparing the
data and MC reconstructed x distributions is performed to extract the TFF slope.
The ﬁt result is illustrated in ﬁgure 6 (right) where the eﬀect of a positive TFF
slope is clearly seen from the ratio of the data and MC distribution with a = 0.
The horizontal positions of black markers correspond to the barycenters of the
data divided into 20 equipopulous bins. MC events are re-weighted to obtain the
distribution corresponding to the ﬂat form factor (zero TFF slope value). Red solid
line represents the TFF function with the slope value equal to the ﬁt central value.
Red dashed lines correspond to the 1 σ band.
The NA62 preliminary result on π 0 TFF slope parameter is:
a = (3.70 ± 0.53stat ± 0.36syst ) × 10−2

(4)

A comparison with previous π 0 TFF measurements is shown in ﬁgure7 .The
measurementperformedbyNA62isingoodagreementwiththeoreticalexpectationsandpreviousmeasurements,andrepresentsthemostpreciseexperimental
determinationoftheslopeinthetime-likemomentumtransferregion.

V. Arelatedresearch: darkphoton
InarathergeneralsetofhiddensectormodelswithanextraU(1)gaugesymmetry
[16],theinteractionofthedarkphoton(DP,denotedA’)withthevisiblesector
proceedsthroughkineticmixingwiththeStandardModel(SM)hypercharge. Such
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Figure 6: Left: Spectra of the reconstructed x variable for data and MC components. Right:
Ratio of the reconstructed x distributions for data and MC, where the MC sample
corresponds to a = 0. The eﬀect of a positive TFF slope (a > 0) is clearly
seen in this illustration. Data and MC events are distributed into 20 equally
populated bins; the horizontal positions of the markers correspond to the bin
barycentres. The solid line represents |F (x)|2 with the measured central slope
value: a = 3.70 × 102 . The dashed lines indicate the ±1σ band. Only the
statistical uncertainties are shown.

0
Figure 7: Results on the TFF slope from πD
measurements.
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scenarios with GeV-scale dark matter provide possible explanations to the observed
rise in the cosmic-ray positron fraction with energy and the muon gyromagnetic
ratio (g − 2) measurement [17]. The DP is characterized by two a priori unknown
parameters, the mass mA and the mixing parameter 2 . Its possible production in
the π 0 decay and its subsequent decay proceed via the chain π 0 → γA , A → e+ e− .
The expected branching fraction of the above π 0 decay [18]:
0



BR(π → γA ) = 2

2



m2 
1− A
mπ 0

3



BR π 0 → γγ

(5)

In the DP mass range 2me < mA < m0π accessible in pion decays, the only allowed
tree-level decay into SM fermions is A → e+ e− . Therefore, for a DP decaying
only into SM particles, BR(A → e+ e) ≈ 1, and the expected total decay width is
[18]:


 
 1 2
4m2e
2m2e
+
ΓA ≈ Γ A → e e = α mA 1 − 2
1+ 2
(6)
3
m A
m A
It follows that, for 2me << mA < m0π , the DP mean proper lifetime τA satisﬁes
the relation

 −6  
10
100MeV/c2
cτA = h̄c/ΓA ≈ 0.8μm
×
(7)
2
m A
TheDPisassumedtodecayattheproductionpoint,whichisvalidforsuﬃciently
largevaluesofmA and 2 . Inthiscase,theDPproductionandthesignaldecaychain
0
hasthesameparticlesintheﬁnalstateastheπ D
decay,whichthereforerepresents
anirreduciblebutwellcontrolledbackgroundanddeterminesthesensitivity. The
0
resultoftheanalysisofthefulldatasetofNA48/2countingintotal1.69×107 πD
0
reconstructedeventsisreported. TheπD
eventsareselectedfromkaondecays
K2πD andKμ3D . Thetwoeventselectionsareidenticaluptothemomentum,
invariantmassandparticleidentiﬁcationc onditions.AscanforaDPsignalinthe
2
massrange9MeV/c ≤mA ≤120MeV/c2 isperformed. Thelowerboundary
0
background
ofthemassrangeisdeterminedbythelimitedaccuracyoftheπD
simulationatlowe+ e− mass. AthighDPmassapproachingtheupperlimitof
themassrange,thesensitivitytothemixingparameter 2 isnotcompetitivewith
theexistinglimitsduetothekinematicsuppressionoftheπ 0 →γA decay. The
obtainedupperlimitsonthenumbersofDPcandidatesineachmasshypothesis
consideredarepresentedinﬁgure8( left).Theobtainedupperlimitsat90%CL
onthemixingparameter 2 foreachDPmassvalueareshowninﬁgure8(right),
togetherwiththeconstraintsfromotherexperiments.
Theobtainedlimitsaremorestringentthanthepreviousonesinthemassrange9-70
MeV/c2 . Incombinationwithotherexperimentalsearches,thisresultrulesoutthe
DPasanexplanationforthemuon(g−2)measurementundertheassumptionthat
theDPcouplestoquarksanddecayspredominantlytoSMfermions.
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0
Figure 8: Left: Numbers of observed data events and expected πD
background events
passing the selection, estimated uncertainties and obtained upper limits at 90%
CL on the numbers of DP candidates for each mass value mA . Right: The
NA48/2 preliminary upper limits at 90% CL on the mixing parameter 2 versus
the A mass, compared to the other published exclusion limits. Also shown are
the band for the muon (g − 2) and the region excluded by the electron (g − 2)
measurement.

VI.

Conclusion

Kaon decay in ﬂight experiments are also exposed to large numbers of tagged
neutral pion decays. The most precise measurement of the π 0 transition form factor
slope has been performed by analyzing the NA62 data set. The ﬁnal result including
slightly smaller uncertainties has been published recently [19].
2
Improved limits in the 9-70 MeV/c mass range of the dark photon search in π 0
decays has been achieved by exploring NA48/2 data. The whole region favored by
(g − 2) is excluded now, assuming that DP decays into SM fermions only.

References
[1] C. Patrignani et al., Chin. Phys. C 40, 100001 (2016).
[2] D. W. Joseph, Il Nuovo Cimento 16, 997 (1960).
[3] T. Husek, K. Kampf, and J. Novotny, Eur. Phys. J. C 74, 3010 (2014).
[4] A. Nyﬀeler, Phys. Rev. D 94, 053006 (2016).
[5] J. Fischer et al., Phys. Lett. B 73, 359 (1978).
[6] H. Fonvieille et al., Phys. Lett. B 233, 65 (1989).
[7] F. Farzanpay et al., Phys. Lett. B 278, 413 (1992).

121

[8] R. Meijer Drees et al., Phys. Rev. D 45, 1439 (1992).
[9] P. Adlarson et al., arXiv:1611.04739 [hep-ex] (2016).
[10] H. J. Behrend et al., Z. Phys. C 49, 401 (1991).
[11] V. Fanti et al., Nucl. Instrum. Meth. A 574, 433 (2007).
[12] J. R. Batley et al., Eur. Phys. J. C 52, 875 (2007).
[13] B E Lautrup and J Smith, Phys. Rev. D 3, 1122 (1971).
[14] Mikaelian and Smith, Phys. Rev. D 5, (1972) 1763.
[15] T Husek et al, Phys. Rev. D 92, 054027 (2015).
[16] B. Holdom, Phys. Lett. B166 (1986) 196.
[17] M. Pospelov, Phys. Rev. D80 (2009) 095002.
[18] B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D80 (2009) 095024.
[19] CERN-EP-2016-323 and arXiv:1612.08162, accepted for publication by Phys.
Lett. B.

122

Search for K + → π +νν at NA62
Jacopo Pinzino*
INFN Sezione di Pisa, Italy
E-mail: jacopo.pinzino@cern.ch
March 14, 2017

Abstract
K → π νν is one of the theoretically cleanest meson decay where
to look for indirect effects of new physics complementary to LHC searches.
+

+

* for the NA62 Collaboration: G. Aglieri Rinella, R. Aliberti, F. Ambrosino, R. Ammendola,
B. Angelucci, A. Antonelli, G. Anzivino, R. Arcidiacono, I. Azhinenko, S. Balev, M. Barbanera,
J. Bendotti, A. Biagioni, L. Bician, C. Biino, A. Bizzeti, T. Blazek, A. Blik, B. Bloch-Devaux,
V. Bolotov, V. Bonaiuto, M. Boretto, M. Bragadireanu, D. Britton, G. Britvich, M.B. Brunetti,
D. Bryman, F. Bucci, F. Butin, J. Calvo, E. Capitolo, C. Capoccia, T. Capussela, A. Cassese,
A. Catinaccio, A. Cecchetti, A. Ceccucci, P. Cenci, V. Cerny, C. Cerri, B. Checcucci, O. Chikilev, S. Chiozzi, R. Ciaranﬁ, G. Collazuol, A. Conovaloff, P. Cooke, P. Cooper, G. Corradi, E.
Cortina Gil, F. Costantini, F. Cotorobai, A. Cotta Ramusino, D. Coward, G. D’Agostini, J. Dainton, P. Dalpiaz, H. Danielsson, J. Degrange, N. De Simone, D. Di Filippo, L. Di Lella, S. Di
Lorenzo, N. Dixon, N. Doble, B. Dobrich, V. Duk, V. Elsha, J. Engelfried, T. Enik, N. Estrada,
V. Falaleev, R. Fantechi, V. Fascianelli, L. Federici, S. Fedotov, A. Filippi, M. Fiorini, J. Fry, J. Fu,
A. Fucci, L. Fulton, S. Gallorini, S. Galeotti, E. Gamberini, L. Gatignon, G. Georgiev, S. Ghinescu, A. Gianoli, M. Giorgi, S. Giudici, L. Glonti, A. Goncalves Martins, F. Gonnella, E. Goudzovski, R. Guida, E. Gushchin, F. Hahn, B. Hallgren, H. Heath, F. Herman, T. Husek, O. Hutanu,
D. Hutchcroft, L. Iacobuzio, E. Iacopini, E. Imbergamo, O. Jamet, P. Jarron, E. Jones, T. Jones
K. Kampf, J. Kaplon, V. Kekelidze, S. Kholodenko, G. Khoriauli, A. Khotyantsev, A. Khudyakov,
Yu. Kiryushin, A. Kleimenova, K. Kleinknecht, A. Kluge, M. Koval, V. Kozhuharov, M. Krivda,
Z. Kucerova, Yu. Kudenko, J. Kunze, G. Lamanna, G. Latino, C. Lazzeroni, G. Lehmann-Miotto,
R. Lenci, M. Lenti, E. Leonardi, P. Lichard, R. Lietava, V. Likhacheva, L. Litov, R. Lollini, D. Lomidze, A. Lonardo, M. Lupi, N. Lurkin, K. McCormick, D. Madigozhin, G. Maire, C. Mandeiro,
I. Mannelli, G. Mannocchi, A. Mapelli, F. Marchetto, R. Marchevski, S. Martellotti, P. Massarotti,
K. Massri, P. Matak, E. Maurice, M. Medvedeva, A. Mefodev, E. Menichetti, E. Migliore, E. Minucci, M. Mirra, M. Misheva, N. Molokanova, J. Morant, M. Morel, M. Moulson, S. Movchan,
D. Munday, M. Napolitano, I. Neri, F. Newson,J. Noël, A. Norton, M. Noy, G. Nuessle, T. Numao, V. Obraztsov, A. Ostankov, S. Padolski, R. Page, V. Palladino, G. Paoluzzi, C. Parkinson,
E. Pedreschi, M. Pepe, F. Perez Gomez, M. Perrin-Terrin, L. Peruzzo, P. Petrov, F. Petrucci,
R. Piandani, M. Piccini, D. Pietreanu, J. Pinzino, I. Polenkevich, L. Pontisso, Yu. Potrebenikov,
D. Protopopescu, F. Raffaelli, M. Raggi, P. Riedler, A. Romano, P. Rubin, G. Ruggiero, V. Russo,
V. Ryjov, A. Salamon, G. Salina, V. Samsonov, C. Santoni, G. Saracino, F. Sargeni, V. Semenov,
A. Sergi, M. Serra, A. Shaikhiev, S. Shkarovskiy, I. Skillicorn, D. Soldi, A. Sotnikov, V. Sugonyaev, M. Sozzi, T. Spadaro, F. Spinella, R. Staley, A. Sturgess, P. Sutcliffe, N. Szilasi, D. Tagnani, S. Trilov, M. Valdata-Nappi, P. Valente, M. Vasile, T. Vassilieva, B. Velghe, M. Veltri, S. Venditti, P. Vicini, R. Volpe, M. Vormstein, H. Wahl, R. Wanke, P. Wertelaers, A. Winhart, R. Winston,
B. Wrona, O. Yushchenko, M. Zamkovsky, A. Zinchenko.

123

The NA62 experiment at CERN SPS is designed to measure the branching ratio of this decay with 10% precision. NA62 took data in pilot runs in
2014 and 2015 reaching the ﬁnal designed beam intensity. The quality of
2015 data acquired, in view of the ﬁnal measurement, will be presented.

1
1.1

The NA62 experiment
Introduction

The NA62 experiment is located in the CERN North Area SPS extraction site
and it aims at measuring the Branching Ratio of the ultra-rare FCNC kaon decay K + → π + νν collecting about 100 events in two years of data taking [2].
This decay, with its neutral partner KL → π 0 νν, is a very useful process
to study ﬂavour physics and to obtain a stringent test of the Standard Model;
the Branching Ratio of these decays can be computed with high precision [4],
BR(K + → π + νν)(SM ) = 8.4 ± 1.0 × 10−11 where the uncertainty is dominated by the current precision of the CKM mixing matrix input parameters.
The strong suppression of the SM contributions and the remarkable theoretical precision of the SM rate make this decay a powerful probe for possible
new physics, complementary to direct searches at the LHC and potentially sensitive to much higher energy scales. The combination of the Branching Ratio
of these two decays (K + → π + νν and K 0 → π 0 νν) allows to determine the
β angle of the Unitarity Triangle from K decays only and, in this way, to have
a powerful test on Standard Model.
The most accurate measurement of this decay, BR(K + → π + νν) =
−11
, was obtained by the E787 experiment and its upgrade E949
17.3+11.5
−10.5 × 10
atBNL(from1995to2002)whichcollectedsevenevents[3]. NA62aimsto
improving the measurement of this Branching Ratio reaching a precision of
atleast10%: theexperimentiscurrentlyindatatakingandtheperformances
achievedin2015willbediscussed.

1.2 NA62ExperimentalSetup
NA62usestheSPS400GeV/cprotonbeamfromtheSPSinordertoproduce
K + decayingin-ﬂight.
Thetotalbeamrateattheendofthebeamlineisoftheorderof750MHz
butkaonsareabout6%oftheﬂux.Downstreamdetectorsaren’taffectedby
this large ﬂuxb ecauset heu ndecayedp articlesr emaini nsidet heb eampipe;
theintegratedrateoverthesedetectorsisoftheorderof10MHz.
Thedownstreamdetectorsstartabout100maftertheberylliumtargetand
are distributed along170 m longitudinally; the fiducial region for decays extends from 100 m to 165 m after the target. Detectors have an approximate
azimuthalsymmetryaroundthebeamaxis,withaninnerholetoletthehigh
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ﬂux of undecayed particles pass through without hitting the downstream detectors.
The NA62 experimental setup [1], shown in ﬁgure 1, consists of these detectors:
• The Cerenkov differential counter (KTAG) is used to identify K + in the
beam. It has a time resolution of about 100 ps to tag the kaon time.
• The Gigatracker (GTK) is composed by three silicon pixel stations placed
in vacuum, with transverse dimensions which cover the beam area, and is
used to measure particles direction and momentum before they enter the
decay region. The GTK has to cope with the full beam intensity of about
750 MHz and provides a time resolution of the order 200 ps to avoid
a wrong matching of a beam particle to the reconstructed decay downstream, and a resulting error in the calculation of the missing mass. Between the stations, 4 magnetic dipoles make an achromatic spectrometer
for any momentum: the momentum resolution is 0.2%, and the angular
resolution for the particle direction is about 15 μrad.
• The CHarged ANTIcounter (CHANTI) is a set of scintillator rings that
follow the last GTK station used as a veto for charged particles before
they enter the decay region.
• A system of photon veto detectors covering a polar angle from 0 to about
50 mrad polar angle with respect to the beam direction using 12 large
annular vetos (LAV) made of lead glass crystals with attached photomultipliers (PMT) and covering an angle from 8.5 to 50 mrad, a liquid
krypton electromagnetic calorimeter (LKr) for angles between 1 and 8.5
mrad, an intermediate calorimeter (IRC), made of alternating layers of
lead and scintillators (shashlik), to cover the ring around the beam and a
small angle calorimeter (SAC) placed at the end of the beam line after a
sweeping magnet and using the same shashlik technology.
• A magnetic spectrometer (STRAW) made of four straw tube chambers
inside the vacuum tank is used to measure the position of the decay vertex, the direction and momentum of the charged secondary particle. The
reason to operate in vacuum is to minimize the multiple scattering. The
dipole magnet from the earlier NA48 experiment is located after the second chamber and provides a 270 MeV/c kick in the horizontal plane, for
track momentum determination. In the center of each chamber a region
without straw let the beam particles pass undisturbed.
• The Ring Imaging Cerenkov (RICH) is designed to distinguish π and μ
in the momentum range between 15 and 35 GeV/c and to measure direction and velocity of such particles. This detector is 17 m long, ﬁlled with
Neon at atmospheric pressure and equipped with 2000 photomultipliers
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Figure 1: Longitudinal view of the NA62 experimental setup.
and has an inner beam pipe to avoid beam interactions with the gas. The
timing resolution is of the order of 100 ps.
• The Charged Hodoscope (CHOD) is placed after the RICH to reduce the
inefﬁciency in photon detection due to conversion or photo-nuclear interactions inside the material of the RICH; moreover it is used for trigger
purposes.
• A system of muon vetoes composed of two iron-scintillator hadronic
calorimeters (MUV1 and MUV2), and a plane of fast scintillators (MUV3)
placed after an iron wall, gives additional power in muon vetoing and a
fast trigger information.

2 Experimentalstrategy
TheK + →π + ννsignatureisonetrackintheﬁnalstatematchedintimewith
oneK + trackupstreamthedecayregionandnothingelse,becausethetwoneutrinosareundetectable. Backgroundscanoriginatefromallthekaondecays
thatresultinasingledetectedchargedtrackwithnootherparticles, orfrom
beamrelatedactivity.Kinematicreconstructionisausefulrejectiontechnique:
def

thesquaredmissingmassdistributionofthesignal,m2miss = (PK −Pπ+)2
(where PK and Pπ+ are, respectively, the 4-momenta of the kaon and the
chargedparticlesproducedfromkaondecayundertheπ + masshypothesis),
hasathreebodydecayshape,whilemorethan90%ofthechargedkaondecays
aremostlypeaking,asshowninﬁgure2.
Thedistributionofthem2miss forthesignalandthemaindecaymodesled
todeﬁnetwosignalregions,wherethemainbackgroundsshouldbelimitedby
thekinematicconstrains,aroundtheK + →π + π 0 peak. Semileptoncdecays,
radiativeprocesses,mainkaondecaymodesviareconstructiontailsandbeam
inducedtracksspanacrosstheseregions. Thereforekinematicreconstruction,
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Figure 2: m2miss distributions for signal and backgrounds from the main K+
decay modes. The backgrounds are normalized according to their branching
fraction; the espected signal is shown multiplied by a factor 1010 .
photon rejection, particle identiﬁcation and sub-nanoseconds timing coincidences between subdetectors must be employed to obtain the ﬁnal background
rejection. A tight requirement on Pπ+ between 15 and 35 GeV/c boosts the
background suppression further, as will be shown in the next section. Monte
Carlo studies performed in past years [5] have shown that NA62 can reach the
goal, exploiting multiple and almost uncorrelated techniques to suppress the
main background sources.

3

Preliminary result of the 2015 run and prospect
for the K + → π + νν measurement

The main goal of the 2015 run was to verify on data the expected detector
performances, the timing„ the particle identiﬁcationa ndt hek inematicand
photon rejection. A single track selection was chosen as a preliminary step
towardstheK + → π + νν measurement. Weselectedtracksreconstructedin
theSTRAWspectrometermatchingwithCHODsignalsandwithenergydepositionsincalorimeters.TheCHODsignalsdeﬁnethetracktimewith200ps
resolution. Asingletrackeventisdeﬁnedbyatracknotformingacommon
vertexwithanyotherin-timetrackwithinthedecayregion.Thepositionofthe
vertexisdeﬁnedusingusingaClosestDistanceofApproach(CDA)lessthan
1.5cmbetweentwotracks. ThedownstreamtrackhastomatchaGigatracker
trackintimeandspace,formingavertexinthedecayregionwithit,inorder
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Figure 3: m2miss distribution under π + mass hypothesis as a function of the
momentumofthetrackmeasuredinthestrawspectrometerafterselectionfor
singletrackfromkaondecays(left).Samedistributionasleft-sidepicture,but
askingforsingletrackwithoutapositivekaontagintimeinKTAG(right).
to select events originating from kaon decays. The Gigatracker track has to
bein-timewithakaon-likesignalinKTAG.Ontheright, theKTAGisused
toselecteventsrelatedtokaons. TimeresolutionsoftheKTAGandGTKare
foundtomatchthedesignvalues(100and200psrespectively). Them2miss
distributionsforthe2015data,recordedatlowintensity,areshowninﬁgure3:
theﬁgureontheleftisdonewithakaon-likesignalintheKTAG,while,inthe
second,theKTAGisusedinanti-coincidencewithaGigatrackertracktoselect
singletrackeventsnotrelatedtokaonsandshowsthatdecayfrombeamπ + ,
elasticscatteringofbeamparticlesinthematerialalongthebeamline(KTAG
and Gigatracker stations) and inelastic scattering in the last Gigatracker stationarethemainsourcesoftracksdownstreamoriginatingfrombeamrelated
activity.
The resolution of the m2miss is measured using the width of the K + →
+ 0
π π peak and it is found to be 1.2×10−3 GeV2 /c4 close to design value.
Theresolutionasafunctionofmomentumisshowninﬁgure4.Theresolution
isafactor3largerifthenominalkaonmomentumistaken,insteadoftheevent
byeventGigatrackermeasuredvalue.
ThetrackingsystemofNA62isalsodesignedtoprovidearejectionfactor
intherangeof104 ÷105 forK + → π + π 0 andK + → μ+ ν usingm2miss to
separatesignalfrombackgrounds,respectively. TheK + → π + π 0 kinematic
suppressionismeasuredusingasub-sampleofsingletrackeventsfromkaon
decaysselectedbyrequiringtheadditionalpresenceoftwo γs’compatiblewith
aπ 0 intheLKrcalorimeter. ThisconstraintdeﬁnesasampleofK +→π + π 0
with negligible background even in the signal m2miss regions, allowing the
study of the far tails of the m2miss . The measured K + → π + π 0 kinematic
suppression factor is of the order of 103. The partial hardware Gigatracker
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Figure4: Resolutionofthem2miss missvsmomentum. Emptysquarescorrespondtothevaluesobtainedwiththenominalkaonmomentum,blackpointswiththekaonmomentummeasuredbyGTK.
arrangementusedin2015mainlylimitsthesuppressionbecauseofm2miss tails
duetobeamtrackmis-reconstruction.
The particle identiﬁcationo fNA62i sd esignedt os eparateπ +f romμ+
and e+ in order to guarantee at least 7 order of magnitude suppression of
K + → μ+ ν inadditiontothekinematicrejection. TheidentiﬁcationofsecondarychargedparticlesisdoneemployingtogetherRICHandcalorimeters.
TheK + →π + π 0 sampleusedforkinematicstudiesandapuremuonsample
ofK + → μ+ ν wereusedtostudytheπ + −μ+ separationintheRICH.The
requiredmuoncontaminationof1%wasachievedwithaπ + IDefﬁciencyof
80%measuredinamomentumregionbetween15and35GeV/c. TheRICH
provides also an even better separation between π + and e+ . The same π +
and μ+ samples allow the calorimetric muon-pion separation to be investigated.Simplecutandcountanalysisprovideamuonsuppressionfactorwithin
104 ÷106 foraπ + efﬁciencyina90%÷50%r ange.Severalanalysistechniquesareunderstudytogettheoptimalseparation.
Thephotonvetosystemisdesignedtosuppressdecayswithphotonsinthe
ﬁnals tate.Forphotonsfromπ 0decaystherejectionpowerprovidedbyLAV,
LKr, IRC and SAC detectors should be at least 8 orders of magnitude. The
measuredπ 0 vetoinefﬁciencyonthe2015dataisstatisticallylimitedat106
(90%CL)asanupperlimit.Thecorrespondingsignalefﬁciencyisabove90%,
beingthelossesmainlyduetoπ + interactionsintheRICHmaterialproducing
extraclustersinLKr.Toconclude,thepreliminaryanalysisofthelowintensity
2015datashowsthatNA62isapproachingthedesignsensitivityformeasuring
K +→π+νν.
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4

NA62 physics besides K + → π + νν

The performances of the apparatus allow physics opportunities beyond the
K + → π + νν to be addressed. NA62 can signiﬁcantly improve the existing
limits on lepton ﬂavour and number violating decays like K + → π + μ± e∓ or
K + → π − l+ l+ . Experimentally π 0 physics can take advantage of the performances of the electromagnetic calorimeters and processes like π 0 → invisible
or dark photon production can be investigated. Thanks to the quality of the
kinematic reconstruction, searches for heavy neutrino produced in K + → l+ ν
decays can improve the present sensitivity. The longitudinal scale of the apparatus open the possibility to search for long living particles through their decays, like dark photon, heavy neutral leptons or axion-like particles produced
at the target or in beam dump conﬁgurations. NA62 is already addressing part
of the above physics program simultaneously with the K + → π + νν program.
The full exploitation of this physics will constitute the core of the NA62 program beyond 2018.
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Abstract. The LHC has now delivered a large amount of data at 13 TeV center of
mass energy. The experimental sensitivity is equivalent to that of Run-1 for the
Higgs boson (125 GeV), and surpasses it for searches of higher masses Higgs-like
particles. This paper will review recent ATLAS results on both of these topics.
Introduction
A new boson with a mass of 125 GeV was discovered by the ATLAS [1] and
CMS [2] Collaborations at the Large Hadron Collider [3] (LHC) more than four
years ago. Studies of the Higgs boson properties were based on full dataset
accumulated at proton-proton (pp) collision at 7 TeV center of mass energy (§5
fbí1) and on partial of 8 TeV data (§5 fbí1). Since that time both experiments
recorded another 20 fbí1 of 8 TeV data in 2012 and about 40 fbí1 taken at 13 TeV
pp-collision energy in 2015–2016. The ATLAS experiment [4] has analyzed the
full statistics at 7 and 8 TeV as well as about 40% of the 13 TeV statistics. All
measured properties of the new boson are found to be compatible with the
Standard Model (SM) predictions for the Higgs boson (H). It was a great success
of the SM. However, the SM does not explain particle mass hierarchy, dark matter,
dark energy, baryon asymmetry of the Universe and has problems with the
unification of fundamental interactions [5]. Different extensions of the SM were
proposed by theorists to solve these problems. These extensions contain different
amount of extra Higgs bosons. The ATLAS Collaboration performed neutral and
charged Higgs boson searches in different decay modes. This report contains a
short summary of these searches and is organized as follows. Section 1 briefly
describes SM Higgs boson decay modes. In Section 2, results on some bosonic
and fermionic decay modes obtained at 13 TeV are given. Beyond-the-StandardModel (BSM) Higgs boson searches are reviewed in Section 3 together with a pair
production of Higgs bosons. Section 4 contains summary of results for the SM H
obtained at 7–8 TeV pp-collision energy; the conclusion is drawn in Section 5.
1 SM Higgs boson decay channels
The main production mechanisms of the SM Higgs boson at hadron colliders
at LHC energies are gluon fusion (ggF), vector boson fusion (VBF), associated
production with a W- or a Z-boson (VH) or with a pair of top quarks (ttH); expected
cross sections ıH at the mass 125 GeV [6] are shown in Fig. 1(a) in the pp energy
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range 6–15 TeV. The total ıH is O(10 pb). The ggF mechanism provides main,
about 90%, contribution to the H SURGXFWLRQFURVVVHFWLRQ,Q§FDVHVWKH+LJJV
boson is produced through the vector boson fusion; the signature of such process
is a presence of two hadron jets with high transverse momenta going mostly at
small polar angles. The WH, ZH and ttH processes have even smaller cross
sections; another production mechanisms like bbH and tH are not considered here.
Calculated branching ratios (BR) of the main Higgs boson decay channels at a
mass 125 GeV [7] are shown in Table 1. Despite of 58% probability, the H ĺbb
channel is very difficult experimentally due to a huge background and it is not
possible to see it via the ggF mechanism. However, one can try to extract the signal
in the associated production of the H with a vector boson or a pair of top quarks.
The H ĺWW څĺƐȞƐȞ channel (here and further Ɛ stands for an electron/positron
or a muon) is better for searches, despite having branching ratio of only |1%.
However, it does not allow to reconstruct a Higgs boson mass. The cleanest decay
channels where this is possible are the H ĺZZ څĺƐ (BR|1.3×10-4) and the H
ĺ ȖȖ (BR|2.3×10-3). In the last case a signal is searched above strongly
overwhelming background. Expected signal event rates normalized to 15 fbí1 data
sample collected at 13 TeV are also shown in Table 1. Here 100% detection
efficiency is assumed.
Table 1. Information about predicted branching ratios (BR, column 2),
observability in the experiment (column 3) and event rates normalized to 15 fbí1
LHC data samples taken at 13 TeV (column 4) for the most important SM Higgs
boson decays. 100% detection efficiency is assumed
Decay mode
H ĺbb
H ĺWW
H ĺgg
H ĺĲĲ
H ĺcc
H ĺZZ
H ĺȖȖ
H ĺZȖ
H ĺȝȝ

BR, %
57.5 ± 1.9
21.6 ± 0.9
8.56 ± 0.86
6.30 ± 0.36
2.90 ± 0.35
2.67 ± 0.11
.228 ± .011
.155 ± .014
.022 ± .001

Observability
Mainly in VH and ttH production
Leptonic decays of both W’
No good experimental signature
Mainly in VBF production
No good experimental signature
Leptonic decays of both Z’
Big continuum background
Leptonic decays of Z
Big continuum background

Event rates
10000
§7000
§4000
§100
§2000
§100
§200

2 The SM Higgs boson searches at 13 TeV
The H ĺZZ څĺ 4Ɛ signature is two pairs of isolated, opposite-sign leptons. The
invariant-mass distribution, m4Ɛ, measured by the ATLAS experiment after the
combination of all lepton cases [8] is shown in Fig. 1(b). Clear peak above a
background is seen in the region around 125 GeV. The ATLAS experiment
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observes 44 events in the mass window 118–129 GeV with an estimated
background 9.7 ± 0.8 events and an expected signal 22.3 events. Based on these
numbers, the fiducial cross section measurement is performed and the extracted
total cross section is found to be ımeasH=81+18í16 pb. It agrees with the SM within
1.6ı (ıSMH=55.5+3.8í4.4) pb. So the 13 TeV result is compatible with the previous
one obtained at 8 TeV.

(a)

(b)

Figure 1. (a) Predicted total ıH in pp-collisions at different ¥s together with
separate contributions from different production mechanisms [6]. (b) The
measured four-lepton invariant-mass distribution in the H ĺZZ څĺ 4Ɛ decay
mode in the ATLAS experiment [8].
The H ĺȖȖ signature is two isolated photons with invariant mass equal to mH.
To increase the discovery potential, the ATLAS experiment subdivided events into
independent categories having different expected mȖȖ resolution and signal-tobackground ratio and optimized for the best separation of the Higgs boson
production processes. The mȖȖ-distribution after the corresponding re-weighting is
given in Fig. 2 together with the spectra after a background subtraction [9]. The
excess of events with 4.7ı significance is seen around 125 GeV. The value of the
signal strength in the SM units is measured to be ȝ = ımeas/ıSM = 0.85 ± 0.21.
The results obtained for the individual channels H ĺZZ څĺ 4Ɛ [8] and H ĺ
ȖȖ [9] are combined to extract a Higgs boson signal strength in different production
mechanisms (Fig. 3(a)) and its production cross section at 13 TeV pp energy (Fig.
3(b)) [10]. The average signal strength is measured to be ȝ = 1.13 ± 0.18, in good
agreement with the SM prediction. The measured cross section is also compatible
with the SM expectations.
The VH ĺbb + X signature includes two jets originating from b-quarks with
an invariant mass close to mH. In addition, only events with tight lepton(s) and/or
high missing transverse energy ETmiss depending on
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Figure 2. The measured two-photon invariant-mass distribution in the H ĺȖȖ
decay mode in the ATLAS experiment [9].

(a)

(b)

Figure 3. (a) Cross sections for the ggF, VBF, VH and top production
mechanisms measured as a result of the combination of the H ĺZZ څĺ 4Ɛ and
H ĺȖȖ decay modes [10], (b) total pp ĺH + X cross sections measured at
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different center of mass energies compared to the Standard Model predictions, in
the ATLAS experiment [10].
Z/W final state: Z ĺȞȞ (0 leptons), W ĺƐȞ (one lepton) and Z ĺƐƐ (two leptons)
are considered. A multivariate analysis is performed to discriminate the signal
from a background. The procedure is successfully tested on the (W/Z)Z process
with subsequent Z ĺbb decay. The measured ȝ is 0.2 ± 0.5 [11], compatible both
with the background-only and the SM hypotheses.
The ttH-production mechanism is studied using three signatures. With the first
signature, where events with at least one top decaying leptonically are selected,
one can search for the H ĺbb decay mode. The event categorization is performed
according to the jet multiplicity and a number of b-jets. A multivariate technique
to discriminate the signal from the dominant tt + jets background is used. The
measured ȝ is 2.1 ± 1.0 [12] which is compatible with the SM ttH hypothesis. The
second signature contains multiple leptons mostly from the H ĺWW څand H ĺĲĲ
decays. Here the measured ȝ is found to be 2.5 ± 1.2 [13]. In the third signature
the decay H ĺȖȖ is studied. The corresponding value of the signal strength is
measured to be -0.3 ± 1.1 [9], compatible both with the SM and the backgroundonly hypotheses. The combined result is ımeas/ıSM =1.8 ± 0.7 [14], so the ttHproduction is established at the 2.8ı level in the ATLAS experiment.
The H ĺȝȝ signature is a small peak at the value of mH in the invariant-mass
distribution of isolated, opposite-sign muons above strongly overwhelming DrellYan background. To increase the signal sensitivity events are categorized. The
ATLAS experiment is able to exclude ımeas/ıSM  4.4 at 95% CL [15]; in the
combination with the related Run-1 results this number is reduced down to 3.5.
3 Search for the Higgs boson beyond the SM at 13 TeV
The simplest extension of the SM is the so-called Narrow Width
Approximation (NWA) where additional high-mass Higgs boson (H) behaves as
the SM Higgs boson h, except the width is fixed to be equal to 4 MeV, which is
the expected width of the SM Higgs boson at mh = 125 GeV. This simplified model
allows to produce MC samples easily. In addition, the interference of the signal
with background processes can be neglected simplifying the analysis. The
predictions for the Higgs boson production cross section at 13 TeV in different
mechanisms are shown in Fig.4 as a function of mH. It is interesting to note that
above 1.5 TeV mass the VBF mechanism starts to dominate. Another extensions
of the SM contain five Higgs bosons (neutral light and neutral heavy CP-even
states, h and H, one CP-odd neutral state A and two charged states, H+ and Hí).
Four masses mh, mH, mA, mH , mixing angle Į between the light and the heavy
neutral Higgs boson, and the ratio tan ȕ of two vacuum expectation values are
usual free parameters.
3.1 High mass Higgs boson searches in the bosonic decay modes
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The searches for a high mass Higgs boson in the bosonic decay modes are
performed in the following channels: H ĺȖȖ [16], H ĺWW ĺƐȞƐȞ [17], H ĺ
WW ĺƐȞqq [18], H ĺZZ ĺƐ [8], H ĺZZ ĺƐƐȞȞ [19], H ĺZZ ĺƐƐTT
[20], H ĺZZ ĺȞȞqq [20], and H ĺZȖ [21].

Figure 4. Expected Higgs boson production cross section at 13 TeV pp-collisions
in different mechanisms as a function of mH in the NWA model [6].
The H ĺȖȖ decay mode has a special interest because of the observation of an
excess at around 750 GeV in the di-photon invariant-mass distribution both by the
ATLAS and CMS collaborations in the 2015 data sample [22]–[23]. In the ATLAS
case, the deviation from the SM was at 3.4ı level (local significance). The ATLAS
Collaboration performed a new analysis based on five times larger dataset mostly
obtained in 2016. The search mass range is 200–2500 GeV. Some 35891 events
with hard photons were selected and the resulting mȖȖ-distribution is shown in Fig.
5. No significant excess is observed. The resulting 95% CL upper limit on the
fiducial cross section multiplied by the BR(H ĺȖȖ) lies between 0.2 fb and 13 fb
depending on the value of mȖȖ.
The mass range between 300–3000 GeV is covered by the H ĺWW ĺeȞȝȞ
decay channel. Selection criteria are specially optimized for the high-mass case
and a multivariate analysis is performed. Events are subdivided into ggF- and two
VBF-enriched categories. No significant excess above a background is found in
the search mass range (Fig. 6). 95% CL upper limits on ıH × BR(H ĺWW) are
established separately in the ggF and VBF production mechanisms in the
framework of the NWA model [17]. They are 4.3 pb (51 fb) at mH =300 GeV (mH
=3000 GeV) in the ggF case and 1.1 pb (30 fb) at mH =300 GeV (mH =3000 GeV)
in the VBF case.
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Figure 5. The measured two-photon invariant-mass distribution in the H ĺȖȖ
decay mode in the ATLAS experiment [22].

(a)

(b)

Figure 6. The measured 95% CL upper limits as a function of mH on ıH × BR(H
ĺWW) for the ggF (a) and VBF (b) production mechanisms in the framework
of the NWA model in the ATLAS experiment [17].
A similar study is performed for the H ĺ ZZ ĺ 4Ɛ channel. No significant
excess is observed in the search mass range 200–1000 GeV (Fig. 7). The resulting
upper limits on ıH × BR(H ĺ4Ɛ) in the NWA model lie between 4.6 fb (mH =244
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GeV) and 0.22 fb (mH =1000 GeV) for the ggF production mechanism. They are
as large as 1.9 fb (0.2 fb) for the VBF case.

(a)

(b)

Figure 7. The measured 95% CL upper limits as a function of mS on ıS × BR(S
ĺZZ ĺ 4Ɛ) for the ggF (left) and VBF (right) production mechanisms in the
framework of the NWA model in the ATLAS experiment [17].
Upper limits on the ıH × BR(H ĺZZ) are also put using the H ĺZZ ĺƐƐȞȞ
[19], H ĺZZ ĺƐƐTT [20] and H ĺZZ ĺȞȞqq [20] decay modes. In the second
case both the ggF and VBF cases are considered while in the first and in the third
ones only the ggF mechanism is tried. Again, no significant deviation from the SM
is observed (Fig. 8). Analyzing the X ĺZȖ decay channel, where X is hypothetic
scalar state, it is concluded that the 95% CL upper limit on the ıX × BR(X ĺZȖ)
is as large as 215 fb (5 fb) at mH =270 (2400) GeV, respectively in the NWA
approach [18] (Fig. 9(a)). Similar limits are obtained for the ıX × BR(X ĺ WW)
(Fig. 9(b)). They are 1 pb (2.5 fb) at mH =500 (3000) GeV [21].
3.2 MSSM Higgs boson searches at 13 TeV
In the Minimal Super Symmetric Model (MSSM), the main A/H production
mechanisms are the gluon fusion or the associated production with one or two bquarks. The mass range between 200–1200 GeV is covered by the A/H ĺĲĲ decay
channel. Among possible final states with two Ĳ-leptons only those with hadrons
(hh) and with a lepton and hadrons (ƐK) are considered. Results are interpreted in
the MSSM benchmark scenarios. The 95% CL upper limits on ıA/H × BR(A/H ĺ
ĲĲ) lie between 25 fb and 1.3 pb in the case of the ggF [24]. They are changed to
30 fb and 1.5 pb for the associated production.
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Figure 8. The measured 95% CL upper limits as a function of mH on ıH × BR(H
ĺZZ) for the ggF production in the ƐƐȞȞ channel (top left), ggF production in
the ƐƐqq channel (top right), ggF production in the ȞȞqq channel (bottom left)
and VBF production in the ƐƐqq channel (bottom right), in the framework of the
NWA model in the ATLAS experiment [19, 20].

(a)

(b)

Figure 9. The measured 95% CL upper limits as a function of mX on ıX × BR(X
ĺZJ) (a) and on ıX × BR(X ĺWW) (b) in the framework of the NWA model
in the ATLAS experiment [18, 21].
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In the MSSM a relation between top quark mass mtop and mH+ dictates both the
production mode and decay channels of H+. If mH+  mtop, the H+ is produced
together with t- and b-quarks. The charged Higgs boson can decay into a tb or into
a ĲȞ final state.
The mass range for the H ĺtb searches is between 300–1000 GeV [25]. Multijet final states with one lepton from top decay are studied. A multivariate analysis
is performed; its result is interpreted within benchmark scenarios of the MSSM
models. 95% CL upper limits on the ıH × BR(H ĺtb) are established (Fig. 11(a)).
They are as large as 1.09 pb (0.18 pb) at mH =300 (1000) GeV, respectively. This
results to exclusion of very small and very large values of tan ȕ mostly for low mH
if interpreted in the MSSM mmod-h scenario (Fig. 11 (b)).

(a)

(b)

Figure 10. 95% CL upper limits as a function of mH/A on the ıH × BR(H/A ĺWW)
in the ggF (a) and in the associated production (b) in the ATLAS experiment
[24].

(a)

(b)

Figure 11. 95% CL upper limits as a function of mH+ on the ıH×BR(H+ ĺtb) (a)
and on tan ȕ in the MSSM mmod-h scenario (b) in the ATLAS experiment [25].
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The mass range for the ĲȞ decay searches is between 300–2000 GeV [26]. Final
states with one Ĳ-lepton and one W decaying hadronically are considered. The
hMSSM model is used to interpret the results. The obtained 95% CL upper limits
on the ıH × BR(H ĺĲȞ) vary from 2 pb at mH =200 GeV to 8 fb at mH =2000 GeV.
Very large values of tan ȕ are excluded in the hMSSM scenario in the mass range
between 300 and 600 GeV.

(a)

(b)

Figure 12. 95% CL upper limits as a function of mH+ on the ıH × BR(H+ ĺWQ)
(a) and on tan ȕ in the hMSSM scenario (b) in the ATLAS experiment [26].
In the SM, the cross section of Higgs bosons pair production (hh) is too small
to be observed at the LHC with the current dataset. However, in some BSM
models, the hh-rates could be much higher. The ATLAS experiment searches for
non-resonant and resonant hh-production in the hh ĺWWȖȖ [27] and hh ĺbbbb
[28] decay channels; in the first case ƐȞƐȞ and ƐȞqq final states of two W’s are
considered. No significant excess above a background is found in the search range
250–500 GeV in the first case and in the 300-3000 GeV range in the second one.
The observed 95% CL exclusion limit for the ıggĺX × BR(H ĺhh) is 25 pb in the
non-resonant case [27]. This number is changed to 47.7 pb (24.7 pb) in the
resonant case for mX =260 GeV (500 GeV), respectively. For the ıggĺH × BR(H
ĺhh ĺbbbb) the 95% CL exclusion limit is 330 fb while the SM prediction is
11.3 ± 1.0 fb [28].
4 Brief summary of the SM H measurements at 7–8 TeV pp-collision energy
Using the 7 TeV and 8 TeV collision data produced at the LHC, the ATLAS
experiment measured properties of the Higgs boson such as its couplings, mass,
spin and parity. The results of these measurements are summarized in Table 2. The
Higgs boson mass is found to be 125.36 ± 0.41 GeV [29], based on the studies of
the H ĺZZ ĺ 4Ɛ and H ĺȖȖ channels. This number becomes 125.09 ± 0.24 GeV
when combined with the CMS measurements [30]. The signal strength Pin the
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SM is measured to be 1.18 ± 0.15 [31]. This result is obtained from the analysis of
the H ĺ ZZ څĺ 4Ɛ, H ĺ ȖȖ, H ĺ WW څĺ ƐȞƐȞ, H ĺ ĲĲ and H ĺ bb decay
channels. Note that the first three channels are seen in the ATLAS experiment.
Table 2. Brief summary of the results related to the SM Higgs boson obtained at
7 and 8 TeV collision energy in the ATLAS experiment.
Parameter
Mass, GeV
Average P
P for HÆJJ
P for HÆ4Ɛ
P for HÆƐYƐY
Pfor HÆWW
P for HÆbb
P for ggF
P for VBF
P for VH
P for ttH
Spin/parity
Width, MeV
BR(H ĺinv.)

Value
125.36 ± 0.41
1.18 ± 0.15
1.17+0.28-0.26
1.46+0.40-0.34
1.18+0.24-0.21
1.44+0.42-0.37
0.63+0.39-0.37
1.23+0.23-0.20
1.23+0.32-0.32
0.80 ± 0.36
1.81 ± 0.80
0+
22.7 (95% CL)
0.28 (95% CL)

Ref.
[29]
[31]
[31]
[31]
[31]
[31]
[31]
[31]
[31]
[31]
[31]
[32]
[33]
[34]

Comment
125.09 ± 0.24 with the CMS
1.09 ± 0.10 with the CMS
5.2ı (discovery)
8.1ı (discovery)
6.5ı (discovery)
4.5ı (evidence)
1.4ı (no evidence)
1.03+0.17-0.15 with the CMS
1.18+0.25-0.23 with the CMS
0.84+0.40-0.38 with the CMS
2.3+0.7-0.6 with the CMS
ƐƐȞƐȞ and ȖȖ modes
Off-shell H ĺZZ/WW
Important for WIMP searches

with 5ı significance. The resulting signal strength from two LHC experiments is
found to be 1.09 ± 0.10 [7]. Analyzing the H ĺZZ څĺ Ɛ, H ĺWW څĺeȞȝȞ and
H ĺȖȖ decay modes, we conclude with very high confidence level that a spinparity of the Higgs boson is 0+, as predicted by the SM [32]. From the off-shell
measurements of the H ĺZZ څĺ 4Ɛand H ĺWW څĺƐȞƐȞ channels the upper
limit is put to the H width as 22.7 MeV at 95% CL [33]. The ATLAS experiment
also looks for invisible decay of the Higgs boson, H ĺinv., which is interesting
for WIMP searches. The upper limit on BR(H ĺinv.) 0.28 is established at 95%
CL [34].
In summary, no significant deviation from the SM is observed in the ATLAS
studies of the Higgs boson at 7–8 TeV.
5 Conclusion
With the 7 and 8 TeV LHC data the ATLAS experiment measured properties of
the Higgs boson such as its couplings, mass, spin and parity. No significant
deviation from the SM is found. Using 13-15 fbí1 of the 13 TeV LHC data, the
ATLAS obtained preliminary results reconfirming the Higgs boson discovery in
the 4Ɛ and ȖȖ modes. With the same dataset, the ATLAS performed searches for
neutral and charge Higgs bosons predicted by some extensions of the SM. No
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evidence for new physics was found yet. Limits on the H boson production cross
sections in different models were put. The ATLAS Collaboration continues to
study properties of the SM-like H boson improving precision of their
measurements and to search for exotic Higgs bosons with new 13 TeV data.
The work is partially supported by MES of Russia, grant RFMEFI61014X0005.
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d h2o rBi? i?2 hGa /2i2+iQ` i i?2 *1_L G`;2 >/`QM *QHHB/2`X h?2
KmHiBTHB+Biv /2T2M/2M+2 Q7 i?2 "Qb2Ĝ1BMbi2BM *Q``2HiBQMb T`K2i2`b +?`@
+i2`BxBM; i?2 +Q``2HiBQM bi`2M;i? M/ i?2 +Q``2HiBQM bQm`+2 bBx2 `2 BMp2b@
iB;i2/ 7Q` +?`;2/@T`iB+H2 KmHiBTHB+BiB2b Q7 mT iQ k9yX  bim`iBQM 2z2+i
BM i?2 KmHiBTHB+Biv /2T2M/2M+2 Q7 i?2 +Q``2HiBQM bQm`+2 bBx2 T`K2i2` Bb
Q#b2`p2/ mbBM; i?2 ?B;?@KmHiBTHB+Biv d h2o /i bKTH2X h?2 /2T2M/2M+2 Q7
i?2 "Qb2Ĝ1BMbi2BM *Q``2HiBQMb T`K2i2`b QM i?2 p2`;2 i`Mbp2`b2 KQ@
K2MimK Q7 i?2 T`iB+H2 TB` Bb HbQ BMp2biB;i2/X

R AMi`Q/m+iBQM
*Q``2HiBQMb #2ir22M B/2MiB+H #QbQMb- +HH2/ "Qb2@1BMbi2BM +Q``2HiBQMb U"1*V`2  r2HH@FMQrM T?2MQK2MQM BM ?B;?@2M2`;v M/ Mm+H2` T?vbB+bX h?2 "1*
`2 Q7i2M +QMbB/2`2/ iQ #2 i?2 MHQ;m2 Q7 i?2 >M#m`v@"`QrM M/ hrBbb
2z2+i (R) BM bi`QMQKv- /2b+`B#BM; i?2 BMi2`72`2M+2 Q7 BM+Q?2`2MiHv 2KBii2/
B/2MiB+H #QbQMb (kĜ9)X h?2v `2T`2b2Mi  b2MbBiBp2 T`Q#2 Q7 i?2 bT+2@iBK2
;2QK2i`v Q7 i?2 ?/`QMBxiBQM `2;BQM M/ HHQr i?2 /2i2`KBMiBQM Q7 i?2
bBx2 M/ i?2 b?T2 Q7 i?2 bQm`+2 7`QK r?B+? T`iB+H2b `2 2KBii2/X
h?2 T`Q/m+iBQM Q7 B/2MiB+H #QbQMb i?i `2 +HQb2 iQ;2i?2` BM T?b2 bT+2
Bb 2M?M+2/ #v i?2 T`2b2M+2 Q7 "1*X h?2 }`bi Q#b2`piBQM Q7 "1* 2z2+ib
BM B/2MiB+HHv +?`;2/ TBQMb T`Q/m+2/ BM pp̄ +QHHBbBQMb rb `2TQ`i2/ BM _27X
(8)X aBM+2 i?2M- "1* ?p2 #22M bim/B2/ 7Q` bvbi2Kb Q7 irQ Q` KQ`2 B/2MiB+H
#QbQMb T`Q/m+2/ BM p`BQmb ivT2b Q7 +QHHBbBQMb- 7`QK H2TiQMB+ iQ ?/`QMB+
M/ Mm+H2` +QHHBbBQMbX
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aim/B2b Q7 i?2 /2T2M/2M+2 Q7 "1* QM T`iB+H2 KmHiBTHB+Biv M/ i`Mbp2`b2
KQK2MimK ?2HT iQ mM/2`biM/ i?2 KmHiBT`iB+H2 T`Q/m+iBQM K2+?MBbKX
h?2 bBx2 Q7 i?2 bQm`+2 2KBiiBM; i?2 +Q``2Hi2/ T`iB+H2b ?b #22M Q#b2`p2/ iQ
BM+`2b2 rBi? T`iB+H2 KmHiBTHB+BivX h?Bb +M #2 mM/2`biQQ/ b `BbBM; 7`QK
i?2 BM+`2b2 BM i?2 BMBiBH ;2QK2i`B+H `2;BQM Q7 Qp2`HT Q7 i?2 +QHHB/BM; Q#@
D2+ib (e),  H`;2 Qp2`HT BKTHB2b  H`;2 KmHiBTHB+BivX q?BH2 i?Bb /2T2M/2M+2
Bb Mim`H BM Mm+H2mbĜMm+H2mb +QHHBbBQMb- i?2 BM+`2b2 Q7 bBx2 rBi? KmHiBTHB+Biv
?b HbQ #22M Q#b2`p2/ BM ?/`QMB+ M/ H2TiQMB+ BMi2`+iBQMbX AM i?2 Hii2`Bi Bb mM/2`biQQ/ b  `2bmHi Q7 bmT2`TQbBiBQM Q7 KMv bQm`+2b (dĜN) Q` `2Hi2/
iQ i?2 MmK#2` Q7 D2ib (Ry- RR)X >B;?@KmHiBTHB+Biv /i BM T`QiQM@T`QiQM BM@
i2`+iBQMb +M b2`p2 b  `272`2M+2 7Q` bim/B2b Q7 Mm+H2mbĜMm+H2mb +QHHBbBQMbX
h?2 2z2+i Bb `2T`Q/m+2/ BM #Qi? i?2 ?v/`Q/vMKB+Hf?v/`QFBM2iB+ (RkĜR9)
M/ SQK2`QM@#b2/ (R8-Re) TT`Q+?2b 7Q` ?/`QMB+ BMi2`+iBQMb r?2`2 ?B;?
KmHiBTHB+BiB2b THv  +`m+BH `QH2X h?2 /2T2M/2M+2 QM i?2 i`Mbp2`b2 KQK2M@
imK Q7 i?2 2KBii2` T`iB+H2 TB` Bb MQi?2` BKTQ`iMi 72im`2 Q7 i?2 "1*
2z2+i (Rd)X
AM i?Bb bim/B2b Q7 QM2@/BK2MbBQMH "Qb2Ĝ1BMbi2BM *Q``2HiBQMb 2z2+ib BM
pp +QHHBbBQMb i +2Mi`2@Q7@Kbb 2M2`;B2b Q7 yXN M/ d h2o- mbBM; i?2 hGa
/2i2+iQ` (R3) i i?2 G`;2 >/`QM *QHHB/2` UG>*V (RN)- `2 T`2b2Mi2/ BM i?2
_27X (ky)X i i?2 G>*- "1* ?p2 #22M bim/B2/ #v i?2 *Ja (kR- kj) M/
GA*1 (k9- k8) 2tT2`BK2MibX AM i?2 MHvbBb `2TQ`i2/ ?2`2- i?2 bim/B2b `2
2ti2M/2/ iQ i?2 `2;BQM Q7 ?B;?@KmHiBTHB+BiB2b pBH#H2 i?MFb iQ i?2 ?B;?
KmHiBTHB+Biv i`+F i`B;;2`X

k MHvbBb
kXR hrQ@T`iB+H2 +Q``2HiBQM 7mM+iBQM
"Qb2Ĝ1BMbi2BM +Q``2HiBQMb `2 K2bm`2/ BM i2`Kb Q7  irQ@T`iB+H2 +Q``2H@
iBQM 7mM+iBQMρ(p1 , p2 )
C2 (p1 , p2 ) =
,
URV
ρ0 (p1 , p2 )
r?2`2 p1 M/ p2 `2 i?2 7Qm`@KQK2Mi Q7 irQ B/2MiB+H #QbQMb BM i?2 2p2Mi- ρ
Bb i?2 irQ@T`iB+H2 /2MbBiv 7mM+iBQM- M/ ρ0 Bb  irQ@T`iB+H2 /2MbBiv 7mM+iBQM
UFMQrM b i?2 `272`2M+2 7mM+iBQMV bT2+BHHv +QMbi`m+i2/ iQ 2t+Hm/2 "1*
2z2+ibX h?2 /2MbBiB2b ρ M/ ρ0 `2 MQ`KHBx2/ iQ mMBiv- BX2X i?2v `2 i?2
T`Q##BHBiv /2MbBiv 7mM+iBQMbX
AM Q`/2` iQ +QKT`2 rBi? /i Qp2` i?2 rB/2bi TQbbB#H2 `M;2 Q7 +2Mi`2@
Q7@Kbb 2M2`;B2b M/ bvbi2K bBx2b- i?2 /2MbBiv 7mM+iBQM Bb T`K2i2`Bx2/ BM
i2`Kb Q7 i?2 GQ`2Mix@BMp`BMi 7Qm`@KQK2MimK /Bz2`2M+2 b[m`2/- Q2 - Q7
i?2 irQ T`iB+H2bUkV
Q2 = −(p1 − p2 )2 .
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h?2 "1* 2z2+i Bb mbmHHv /2b+`B#2/ #v  7mM+iBQM rBi? irQ T`K2i2`b,
i?2 2z2+iBp2 `/Bmb T`K2i2` R M/ i?2 bi`2M;i? T`K2i2` λ (ke)- r?2`2
i?2 Hii2` Bb HbQ +HH2/ i?2 BM+Q?2`2M+2 Q` +?QiB+Biv T`K2i2`X  ivTB+H
7mM+iBQMH 7Q`K Bb
C2 (Q) =

ρ(Q)
= C0 [1 + Ω(λ, QR)](1 + εQ) .
ρ0 (Q)

UjV

AM  bBKTHB}2/ b+?2K2 7Q` 7mHHv +Q?2`2Mi 2KBbbBQM Q7 B/2MiB+H #QbQMb- λ = 0r?BH2 7Q` BM+Q?2`2Mi U+?QiB+V 2KBbbBQM- λ = 1X h?2 QR /2T2M/2M+2 +QK2b
7`QK i?2 6Qm`B2` i`Mb7Q`K Q7 i?2 /Bbi`B#miBQM Q7 i?2 bT+2@iBK2 TQBMib Q7
#QbQM 2KBbbBQMX a2p2`H /Bz2`2Mi 7mM+iBQMH 7Q`Kb ?p2 #22M T`QTQb2/ 7Q`
Ω(λ, QR)X h?Qb2 mb2/ BM i?Bb TT2` `2 /2b+`B#2/ BM a2+iX kX9X h?2 }ii2/
T`K2i2` ε iF2b BMiQ ++QmMi HQM;@/BbiM+2 +Q``2HiBQMb MQi 7mHHv `2KQp2/
7`QK ρ0 X 6BMHHv- C0 Bb  MQ`KHBxiBQM +QMbiMi- ivTB+HHv +?Qb2M bm+? i?i
C2 (Q) Bb mMBiv 7Q` H`;2 QX AM i?Bb TT2`- i?2 /2MbBiv 7mM+iBQM ρ Bb +H+mHi2/
7Q` HBF2@bB;M +?`;2/@T`iB+H2 TB`b- rBi? #Qi? i?2 ++ M/ −− +QK#BMiBQMb
BM+Hm/2/- ρ(Q) ≡ ρ(++, −−)X HH T`iB+H2b `2 i`2i2/ b +?`;2/ TBQMb M/
MQ T`iB+H2 B/2MiB}+iBQM Bb ii2KTi2/X h?2 Tm`Biv Q7 i?2 MHvbBb bKTH2 BM
i2`Kb Q7 B/2MiB+H #QbQM TB`b Bb 2biBKi2/ 7`QK J* iQ #2 #Qmi dyW Ur?2`2
#Qmi eNW `2 π ± π ± M/ #Qmi RW `2 K ± K ± VX h?2 2z2+i Q7 i?2 Tm`Biv Bb
#bQ`#2/ BM i?2 bi`2M;i? T`K2i2` λ- r?BH2 i?2 `2bmHib Q7 i?2 MHvbBb QM
i?2 2z2+iBp2 `/Bmb T`K2i2` R r2`2 7QmM/ iQ #2 MQi z2+i2/X

kXk *QmHQK# +Q``2+iBQM
h?2 HQM;@`M;2 *QmHQK# 7Q`+2 +mb2b  KQK2MimK b?B7i #2ir22M i?2 HBF2@
bB;M M/ mMHBF2@bB;M TB`b Q7 T`iB+H2bX h?2 /2MbBiv /Bbi`B#miBQMb `2 +Q`@
`2+i2/ 7Q` i?Bb 2z2+i #v TTHvBM; i?2 :KQr T2M2i`iBQM 7+iQ` T2` i`+F
TB` rBi?  r2B;?i 1/G(Q) (kdĜkN)ρcorr (Q) =

ρ(Q)
,
G(Q)

U9V

r?2`2 i?2 :KQr 7+iQ` G(Q) Bb ;Bp2M #v
G(Q) =

2πζ
−1

e2πζ

U8V

rBi? i?2 /BK2MbBQMH2bb T`K2i2` ζ /2}M2/ b
ζ=±

αm
.
Q

UeV

>2`2 α Bb i?2 2H2+i`QK;M2iB+ }M2@bi`m+im`2+ QMbiMi M/m B bi ?2TBQM
KbbX h?2 bB;M Q7 ζ Bb TQbBiBp2 7Q` HBF2@bB;M TB`b M/ M2;iBp2 7Q` mMHBF2@
bB;MTB`bXh?2`2bmHiBM;+Q``2+iBQMQMρ(Q)/2+`2b2brBi?BM+`2bBM;Q
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M/iQ=0.03:2oBiBb#QmikyWX bvbi2KiB+mM+2`iBMivQMG(Q)Bb
+QMbB/2`2/iQ+Qp2`2z2+ibHBF2i?22ti2M/2/bBx2Q7i?22KBbbBQMbQm`+2M/
Qi?2` 2z2+ib-b 22/ Bb+mbbBQMB M_ 27X( jy)XL 2Bi?2`i ?2* QmHQK#BMi2`+iBQM
MQ`i?2"1*2z2+i`2T`2b2MiBMi?2;2M2`iBQMQ7J*2p2MibKTH2br?B+?
`2mb2/BMi?2MHvbBbX h?2*QmHQK#+Q``2+iBQMBbi?mbMQiTTHB2/iQJ*
2p2MibX

kXj _272`2M+2 bKTH2
;QQ/+?QB+2Q7i?2`272`2M+2bKTH2BbBKTQ`iMiiQHHQri?22tT2`BK2MiH
/2i2+iBQM Q7 i?2 "1* bB;MHX A/2HHv- ρ0 (Q) b?QmH/ BM+Hm/2 HH KQK2MimK
+Q``2HiBQMb 2t+2Ti i?Qb2 `BbBM; 7`QK "1*X h?mb- b2p2`H /Bz2`2Mi+?QB+2b
?p2 #22M bim/B2/ iQ +QMbi`m+i M TT`QT`Bi2 `272`2M+2 bKTH2X
JQbi Q7 i?2 T`QTQb2/ TT`Q+?2b mb2 `M/QK TB`BM; Q7 T`iB+H2b- bm+?
bKBtBM;T`iB+H2b7`QK/Bz2`2Mi2p2MibUi?2ǳKBt2/2p2MiǴi2+?MB[m2(jR)V-
Q`+?QQbBM;i?2K7`QKi?2bK22p2Mi#mi7`QKQTTQbBi2?2KBbT?2`2bQ`#v
`QiiBM;i?2i`Mbp2`b2KQK2MimKp2+iQ`Q7QM2Q7i?2T`iB+H2bQ7i?2HBF2@
bB;MTB`(jk)X Hi?Qm;?i?2b2KBtBM;i2+?MB[m2b`2T`Q/m+2i?2iQTQHQ;vM/
bQK2T`QT2`iB2bQ7i?22p2MimM/2`+QMbB/2`iBQMM//2bi`Qv"1*-i?2vpB@
QHi2 2M2`;v@KQK2MimK +QMb2`piBQMX JQ`2Qp2`- i?2`2 `2 KMv TQbbB#H2
rvbiQ+QMbi`m+ii?2TB`b-bm+?bKBtBM;i?2T`iB+H2b`M/QKHv-Q`F22T@
BM;bQK2iQTQHQ;B+H+QMbi`BMibbm+?bi?22p2MiKmHiBTHB+Biv-i?2BMp`BMi
KbbQ7i?2TB`Q`i?2`TB/BivQ7i?2TB`X HHQ7i?2b2BMi`Q/m+2//BiBQMH
#Bb2b BM i?2 "1* Q#b2`p#H2bX 6Q` 2tKTH2- Bi rb Q#b2`p2/ BM /2/B+i2/
J* bim/B2b i?i i?2 bBM;H2@`iBQ +Q``2HiBQM 7mM+iBQMb C2 mbBM; `272`2M+2
bKTH2b +QMbi`m+i2/ rBi? i?2 2p2Mi KBtBM; Q` QTTQbBi2 ?2KBbT?2`2b i2+?@
MB[m2b 2t?B#Bi M BM+`2b2 BM i?2 HQr@Q "1* b2MbBiBp2 `2;BQMX h?Bb 2z2+i
Bb 7QmM/ iQ #2 KQ`2 T`QMQmM+2/ rBi? BM+`2b2 Q7 i?2 KmHiBTHB+Biv Q` p2`@
;2 T`iB+H2@TB` i`Mbp2`b2 KQK2MimK M/ BM/B+i2b i?i i?2b2 `272`2M+2
bKTH2b `2 MQi bmBi#H2X
 Mim`H +?QB+2 Bb iQ mb2 i?2 mMHBF2@bB;M T`iB+H2 TB`b 7`QK i?2 bK2
2p2Mib i?i `2 mb2/ iQ 7Q`K TB`b Q7 HBF2@bB;M T`iB+H2b- BX2X- ρ0 (Q) ≡
ρ(+−)- +HH2/ BM i?2 7QHHQrBM; i?2 mMHBF2@+?`;2 `272`2M+2 bKTH2X h?Bb
bKTH2 ?b i?2 bK2 iQTQHQ;v M/ ;HQ#H T`QT2`iB2b b i?2 HBF2 bB;M bK@
TH2 ρ(++,−−)- #mi Bb Mim`HHv 7`22 Q7 Mv "1* 2z2+iXa im/vBM;i ?2C2
+Q``2HiBQM 7mM+iBQMb QM J*- MQM2 Q7 i?2 /2}+BibQ 7i ?22 p2MiK BtBM;M/
QTTQbBi2 ?2KBbT?2`2b i2+?MB[m2b /2b+`B#2/ #Qp2 r2`2 Q#b2`p2/X >Qr2p2`-
i?Bb bKTH2 +QMiBMb ?/`QM TB`b 7`QK i?2 /2+v Q7 `2bQMM+2b bm+? b
ρ, η,η  , ω, φ, K ∗ - r?B+? `2 MQi T`2b2Mi BM i?2 HBF2@bB;M +QK#BMiBQMbX
h?2b2 +QMi`B#mi2 iQ i?2 HQr@Q `2;BQM M/ +M ;Bp2  bTm`BQmb "1* bB;M@
im`2 rBi?  H`;2 2z2+iBp2` /BmbQ 7i ?2b Qm`+2(jjĜjN)X
AM i?Bb TT2`- i?2 mMHBF2@+?`;2 `272`2M+2 bKTH2 Bb mb2/X hQ ++QmMi
7Q` i?2 2z2+ibQ 7` 2bQMM+2b-i ?2irQ@T`iB+H2+ Q``2HiBQM7 mM+iBQMC 2 (Q)Bb
+Q``2+i2/ mbBM; JQMi2 *`HQ bBKmHiBQM rBi?Qmi "1* 2772+ib pB  /Qm#H2@
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`iBQ R2 (Q) /2}M2/ b
R2 (Q) =

ρ(++, −−)
C2 (Q)
=
MC
ρ(+−)
C2 (Q)

ρMC (++, −−)
.
ρMC (+−)

UdV

kX9 h?2 T`K2i2`BxiBQMb Q7 "1*
o`BQmb T`K2i2`BxiBQMb Q7 i?2 Ω(λ, QR) 7mM+iBQM +M #2 7QmM/ BM i?2
HBi2`im`2- 2+? bbmKBM;  /Bz2`2Mi b?T2 7Q` i?2 T`iB+H2@2KBiiBM; bQm`+2X
AM i?2 bim/B2b T`2b2Mi2/ ?2`2- i?2 /i `2 MHvb2/ mbBM; i?2 7QHHQrBM;
T`K2i2`BxiBQMb,
Ç i?2 :QH/?#2` T`K2i2`BxiBQM (8) Q7  biiB+ :mbbBM bQm`+2 BM i?2
THM2@rp2 TT`Q+?

U3V
Ω = λ · exp −R2 Q2 ,
r?B+? bbmK2b  bT?2`B+H b?T2 rBi?  `/BH :mbbBM /Bbi`B#miBQM
Q7 i?2 2KBii2`c
Ç i?2 2tTQM2MiBH T`K2i2`BxiBQM Q7  biiB+ bQm`+2
Ω = λ · exp (−RQ) ,

UNV

r?B+? bbmK2b  `/BH GQ`2MixBM /Bbi`B#miBQM Q7 i?2 bQm`+2X h?Bb
T`K2i2`BxiBQM T`QpB/2b  #2ii2` /2b+`BTiBQM Q7 i?2 /i i bKHH Q
pHm2b- b /Bb+mbb2/ BM (jk)X
h?2 }`biK QK2MiQ 7i ?2Ω (QR)/ Bbi`B#miBQM+ Q``2bTQM/bi Q1 /R7 Q`i?2
√
2tTQM2MiBH 7Q`K M/ iQ 1/(R π) 7Q` i?2 :mbbBM 7Q`KX hQ +QKT`2 i?2
pHm2bQ7i?2`/BmbT`K2i2`bQ#iBM2/7`QKi?2irQ7mM+iBQMb-i?2RpHm2
√
Q7 i?2 :mbbBM b?QmH/ #2 +QKT`2/ iQ R/ π Q7 i?2 2tTQM2MiBH 7Q`KX

j 1tT2`BK2MiH /2iBHb
jXR h?2 hGa /2i2+iQ`
h?2 hGa /2i2+iQ` (R3) Bb  KmHiB@Tm`TQb2 T`iB+H2 T?vbB+b 2tT2`BK2Mi
QT2`iBM; i QM2 Q7 i?2 #2K BMi2`+iBQM TQBMib Q7 i?2 G>*X h?2 /2i2+iQ`
+Qp2`b HKQbi i?2 r?QH2 bQHB/ M;H2 `QmM/ i?2 +QHHBbBQM TQBMi rBi? Hv2`b
Q7 i`+FBM; /2i2+iQ`b- +HQ`BK2i2`b M/ KmQM +?K#2`bX Ai Bb /2bB;M2/ iQ
bim/vrB/2`M;2Q7T?vbB+biQTB+biG>*2M2`;B2bX 6Q`i?2K2bm`2K2Mib
T`2b2Mi2/ BM i?Bb TT2`- i?2 i`+FBM; /2pB+2b M/ i?2 i`B;;2` bvbi2K `2 Q7
T`iB+mH` BKTQ`iM+2X
h?2 BMM2`KQbi T`i Q7 i?2 hGa /2i2+iQ` Bb i?2 BMM2` /2i2+iQ` UA.V-
r?B+??b7mHH+Qp2`;2BMφM/+Qp2`bi?2Tb2m/Q`TB/Biv`M;2|η|<2.5X
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Ai +QMbBbib Q7  bBHB+QM TBt2H /2i2+iQ` USBt2HV-  bBHB+QM KB+`Qbi`BT /2i2+@
iQ` Ua*hV M/  i`MbBiBQM `/BiBQM i`+F2` Uh_hVX h?2b2 /2i2+iQ`b `2
BKK2`b2/ BM  2T bQH2MQB/H K;M2iB+ }2H/Xh ?2S Bt2H-a *h- M/h_h
/2i2+iQ`b ?p2 ivTB+H TQbBiBQM `2bQHmiBQMb Q7 Ry- Rd M/ Rjy μK 7Q` i?2
r@φ +QQ`/BMi2- `2bT2+iBp2HvX AM i?2 +b2 Q7 i?2 SBt2H M/ a*h- i?2 `2bQHm@
iBQMb`2RR8M/83yμK-`2bT2+iBp2Hv-7Q`i?2b2+QM/K2bm`2/+QQ`/BMi2X
 i`+F 7`QK  +?`;2/ T`iB+H2 i`p2`bBM; i?2 7mHH `/BH 2ti2Mi Q7 i?2 A.
rQmH/ivTB+HHv?p2i?`22SBt2H?Bib-2B;?iQ`KQ`2a*h?BibM/KQ`2i?M
jy h_h ?BibX
>B;?@KmHiBTHB+Bivi`+FU>JV2p2Mibr2`2+QHH2+i2/idh2ombBM;/2/B@
+i2/?B;?@KmHiBTHB+Bivi`+Fi`B;;2`X iH2p2Hi`B;;2`GR-i?2+QHHBbBQMbr2`2
i`B;;2`2/ mbBM; i?2 bmKK2/ i`Mbp2`b2 2M2`;v UΣET V BM HH +HQ`BK2i2`b-
+HB#`i2/ i i?2 2H2+i`QK;M2iB+ 2M2`;v b+H2 (9y)X h?2 ?B;?@KmHiBTHB+Biv
KBMBKmK@#Bb UJ"V 2p2Mib r2`2 `2[mB`2/ iQ ?p2 ΣET > 20 :2oX  ?B;?
MmK#2` Q7 ?Bib BM i?2 a*h rb `2[mB`2/ i H2p2H i`B;;2` Gk- r?BH2 i i?2
1p2Mi 6BHi2` 16 H2p2H i H2bi Rk9 i`+Fb rBi? pT >400 J2o r2`2 `2[mB`2/
iQ Q`B;BMi2 7`QK  bBM;H2 p2`i2tX

jXk .i M/ JQMi2 *`HQ bKTH2b
h?2bim/vBb+``B2/QmimbBM;i?2pp@+QHHBbBQM/ib2ibii?2+2Mi`2@Q7@Kbb
√
2M2`;B2b s=yXNM/dh2oi?ir2`2mb2/BMT`2pBQmbHvTm#HBb?2/hGa
bim/B2b Q7 KBMBKmK@#Bb BMi2`+iBQMb (9R-9k)X
h?2 2p2Mi M/ i`+F b2H2+iBQM +`Bi2`B `2 i?2 bK2 b i?2 QM2b mb2/ 7Q`
i?2hGaKBMBKmK@#BbKmHiBTHB+BivMHvbBb(9R)rBi?i?2bK2KBMBKmK@
#Bb i`B;;2` M/ [mHBiv +`Bi2`B 7Q` i?2 i`+F `2+QMbi`m+iBQMX HH 2p2Mib BM
i?2b2 /ib2ib `2 `2[mB`2/ iQ ?p2 i H2bi QM2 p2`i2t (9j)- 7Q`K2/ 7`QK 
KBMBKmKQ7irQi`+FbrBi?pT >RyyJ2oM/+QMbBbi2MirBi?i?2p2`;2
#2K bTQi TQbBiBQM rBi?BM i?2 hGa /2i2+iQ` UT`BK`v p2`i2tV (99)X h?2
i`+Fb biBb7vBM; i?2 #Qp2@K2MiBQM2/ b2H2+iBQM +`Bi2`B `2 mb2/ b i?2 BM@
TmiiQ/2i2`KBM2i?2+Q``2+i2//Bbi`B#miBQMb-b/2b+`B#2/BMa2+iXjXjX h?2
KmHiBTHB+Biv Q7 b2H2+i2/ i`+Fb rBi? pT >100 J2o M/ |η|< kX8 rBi?BM M
2p2Mi Bb /2MQi2/ #v nsel X
h?2bK22p2Mib2H2+iBQM+`Bi2`B`2TTHB2/iQ?B;?@KmHiBTHB+Biv2p2Mib-
r?B+? `2 /2}M2/i Q# 2i ?Qb2r Bi? iH 2biR kyb 2H2+i2/i `+FbXh Q2biB@
Ki2 i?2 TQbbB#H2 BM~m2M+2Q 7K mHiBTH2p pB Mi2`+iBQMbB Mi ?2d h2o?B;?@
KmHiBTHB+Bivi`+Fi`B;;2`/i-i?2/Bbi`B#miBQMQ7i?2/BbiM+2bΔz#2ir22M
i?2 z +QQ`/BMi2b Q7 T`BK`v M/ TBH2@mT p2`iB+2b `2 bim/B2/X h?2 bim/v
b?Qrb i?i QM p2`;2 i?2`2 Bb H2bb i?M QM2 TBH2@mT i`+F b2H2+i2/ BM i?2
>J bKTH2- r?B+? ?b  M2;HB;B#H2 BM~m2M+2Q Mi ?2" 1*bim/B2bX
G`;2JQMi2*`HQbKTH2bQ7KBMBKmK@#BbM/?B;?@KmHiBTHB+Biv2p2Mib
r2`2 ;2M2`i2/ mbBM; i?2 Suh>A eX9kR JQMi2 *`HQ 2p2Mi ;2M2`iQ` (98)
rBi? i?2 hGa J*yN b2i Q7 QTiBKBb2/ T`K2i2`b UimM2V (9e) U1.1×107
√
√
√
7Q` s=900:2o-2.7×1077Q` s=7h2oM/1.8×1067Q` s=7h2o

150

?B;?@KmHiBTHB+Biv /iV rBi? MQM@/Bz`+iBp2-b BM;H2@/Bz`+iBp2M //Qm#H2@
/Bz`+iBp2T `Q+2bb2bB M+Hm/2/B MT `QTQ`iBQMi Qi ?2+ `Qbbb 2+iBQMbT`2/B+i2/
#v i?2 KQ/2HX b /Bb+mbb2/ BM a2+X kXk- MQ bBKmHiBQM Q7 i?2 "1* 2z2+iBb
BKTH2K2Mi2/ BM i?2 ;2M2`iQ`X h?Bb Bb i?2 #b2HBM2 JQMi2 *`HQ ;2M2`iQ`
r?B+? `2T`Q/m+2b bBM;H2@T`iB+H2 bT2+i` (9k)X h?2 ;2M2`i2/ 2p2Mib r2`2
Tbb2/i?`Qm;?i?2hGabBKmHiBQMM/`2+QMbi`m+iBQM+?BMci?2/2i2+@
iQ` bBKmHiBQM T`Q;`K (9d) Bb #b2/ QM :1Lh9 (93)X .2/B+i2/ b2ib Q7
?B;?@KmHiBTHB+Biv 2p2Mib r2`2 HbQ ;2M2`i2/X

jXj .i +Q``2+iBQM T`Q+2/m`2
6QHHQrBM;i?2T`Q+2/m`2TTHB2/BMi?2T`2pBQmbhGaKBMBKmK@#BbK2@
bm`2K2Mib(9R-9k)-2+?i`+FBbbbB;M2/r2B;?ir?B+?+Q``2+ib7Q`i?2i`+F
`2+QMbi`m+iBQM2{+B2M+v-7Q`i?27`+iBQMQ7b2+QM/`vT`iB+H2b-7Q`i?27`+@
iBQMQ7i?2T`BK`vT`iB+H2bQmibB/2i?2FBM2KiB+`M;2M/7Q`i?27`+iBQM
Q77F2i`+FbX AM//BiBQM-i?22z2+iQ72p2MibHQbi/m2iQi`B;;2`M/p2`i2t
`2+QMbi`m+iBQM BM2{+B2M+B2bBb +Q ``2+i2/7Q `mb BM;M 2p2Mi@#v@2p2Mir2B;?i
TTHB2/ iQ TB`b Q7 T`iB+H2b BM i?2 Q /Bbi`B#miBQMX
h?2KmHiBTHB+Biv/Bbi`B#miBQMb`2+Q``2+i2/iQi?2T`iB+H2H2p2HmbBM;M
Bi2`iBp2 K2i?Q/ i?i 7QHHQrb i?2 "v2bBM TT`Q+? (9N) b Bi Bb /2b+`B#2/
BM _27bX (9R-9k)X

9 avbi2KiB+ mM+2`iBMiB2b
h?27QHHQrBM;+QMi`B#miBQMbiQi?2bvbi2KiB+mM+2`iBMiB2bQMi?2}ii2/T@
`K2i2`b- R M/ λ- `2 +QMbB/2`2/X h?2 bvbi2KiB+ mM+2`iBMiB2b `2bmHiBM;
7`QKi?2i`+F`2+QMbi`m+iBQM2{+B2M+v-r?B+?`2T`K2i2`Bx2/BM#BMbQ7
pT M/ η- r2`2 /2i2`KBM2/ BM 2`HB2` MHvb2b (9R-9k)X h?2b2 +mb2 mM+2`@
iBMiB2bBMi?2i`+Fr2B;?ibQ7T`iB+H2TB`bBMi?2Q/Bbi`B#miBQMb2Mi2`BM;
i?2 +Q``2HiBQM 7mM+iBQMbX
h?2 2z2+ibQ 7i ?2i `+Fb THBiiBM; M/K 2`;BM; `2b Bx2#H2Q MHv7 Q`p2`v
HQr Q pHm2b UbKHH2` i?M 8 J2oV- M/ `2 7QmM/ iQ #2 M2;HB;B#H2 7Q` i?2
K2bm`2K2Mib rBi? Q ≥ 20 J2oX h?2 H2/BM; bQm`+2 Q7 bvbi2KiB+ mM+2`@
iBMivBb/m2iQ/Bz2`2M+2bBMi?2JQMi2*`HQ;2M2`iQ`bmb2/iQ+H+mHi2
i?2 R2 +Q``2HiBQM 7mM+iBQM 7`QK i?2 C2 +Q``2HiBQM 7mM+iBQMX h?2 +Q``2@
bTQM/BM; +QMi`B#miBQM iQ i?2 bvbi2KiB+ mM+2`iBMiv Bb 2biBKi2/ b i?2
`QQi@K2M@b[m`2/ U_JaV bT`2/ Q7 i?2 `2bmHib Q#iBM2/ 7Q` i?2 /Bz2`2Mi
JQMi2*`HQ /ib2ibX h?2 biiBbiB+HmM+2`iBMiB2b `BbBM; 7`QK i?2 JQMi2
*`HQ /ib2ib `2 M2;HB;B#Hv bKHHX h?2 bvbi2KiB+ mM+2`iBMiv /m2 iQ
*QmHQK#+Q``2+iBQMbBb2biBKi2/#vp`vBM;i?2+Q``2+iBQMb#v±20WX h?2
BM~m2M+2Q 7i ?2} i` M;2Bb 2b iBKi2/#v +? M;BM;i? 2mT T2`#Q mM/Q7 i?2
Q `M;2 7`QK i?2 MQKBMH k :2o, /2+`2bBM; Bi iQ RX8 :2o M/ BM+`2bBM;
Bi mT iQ kX8 :2oX h?2 Hii2` #2ii2` 2biBKi2b i?2 mM+2`iBMiv /m2 i?2 HQM;@

151

`M;2 +Q``2HiBQMbX h?Bb +QMi`B#miBQM Bb iF2M BMiQ ++QmMi #v i?2 pHm2
Q7 ε- i?2 T`K2i2` BM i?2 HBM2` i2`K Q7 1[X UjV /2b+`B#BM; i?2 HQM;@`M;2
+Q``2HiBQMbX Pi?2` 2z2+ib+ QMi`B#miBM;i Qi ?2b vbi2KiB+m M+2`iBMiB2b`2
i?2 HQr2bi pHm2 Q7 Q 7Q` i?2 }i-i ?2# BMb Bx2 M/2 t+HmbBQMQ 7i ?2BMi2`pH
0.5≤Q≤0.9 :2o /m2 iQ i?2 Qp2`2biBKi2 Q7 i?2 ρ K2bQM +QMi`B#miBQM BM
i?2 JQMi2 *`HQ bBKmHiBQMb- b /Bb+mbb2/ BM i?2 7QHHQrBM; a2+X 8XRX h?2b2
mM+2`iBMiB2b `2 2biBKi2/ #v p`vBM; i?2 HQr2bi Q pHm2 BM i?2 }i#v
±10J2o-#v+?M;BM;i?2#BMbBx2#v±10J2o-M/#v#`Q/2MBM;i?22t@
+Hm/2/BMi2`pH#vRyyJ2oQM#Qi? bB/2b-`2bT2+iBp2HvX h?2 #+F;`QmM/Q7
T?QiQM+QMp2`bBQMbBMiQe+ e− TB`brbbim/B2/M/7QmM/iQ#2M2;HB;B#H2X
hQi2bii?22z2+iQ7i`2iBM;HH+?`;2/T`iB+H2bbTBQMb-i?2/Qm#H2@`iBQ
+Q``2HiBQM 7mM+iBQMb R2 `2 HbQ Q#iBM2/ mbBM; QMHv B/2MiB+H T`iB+H2b BM
i?2 JQMi2 *`HQ bKTH2 iQ +QKTmi2 i?2 +Q``2+iBQMX h?2 `2bmHiBM; "1*
T`K2i2`b }ii2/i Qi ?2R 27 mM+iBQMb/ 2}M2/i? Bbr vb? QrM2 ;HB;B#H2/B7@
72`2M+2b iQ i?2 MQKBMH `2bmHi M/ MQ 7m`i?2` bvbi2KiB+ mM+2`iBMiB2b `2
bbB;M2/X h?2bK2bQm`+2bQ7mM+2`iBMiv`2+QMbB/2`2/7Q`i?2/Bz2`2MiBH
K2bm`2K2Mib BM nch M/ i?2 p2`;2 i`Mbp2`b2 KQK2MimK kT Q7  TB`-
M/ i?2B` BKT+i QM i?2 }iT `K2i2`bB b7 QmM/i Q# 2b BKBH`B MbBx2X

8 _2bmHib
8XR hrQ@T`iB+H2 +Q``2HiBQMb
AM6B;XRi?2/Qm#H2@`iBQR2 (Q)/Bbi`B#miBQMb-K2bm`2/7Q`yXNM/dh2o-
`2+QKT`2/rBi?:mbbBMM/2tTQM2MiBH}iiBM;7mM+iBQMb-1[bXU3VM/
UNVX h?2 }ib `2T 2`7Q`K2/B Mi ?2Q ` M;2y Xyk: 2oi Qk : 2o M/r Bi?
#BM rB/i? Q7 yXyk :2oX h?2 mTT2` Q HBKBi Bb +?Qb2M iQ #2 7` rv 7`QK
i?2HQr@Q`2;BQM-r?B+?Bbb2MbBiBp2iQ"1*2z2+ibM/` 2bQMM+2bX`QmM/
Q ∼ 0.7 :2o i?2`2 Bb  pBbB#H2 #mKT r?B+? Bb /m2 iQ M Qp2`2biBKi2
Q7 ρ → π + π − /2+vb BM i?2 JQMi2 *`HQ bBKmHiBQMX h?2`27Q`2 i?2 `2;BQM
0.5≤Q≤0.9:2oBb2t+Hm/2/7`QKi?2}ibXbb22MBM6B;XR-i?2:mbbBM
7mM+iBQM /Q2b MQi /2b+`B#2 i?2 HQr@Q `2;BQM r?BH2 i?2 2tTQM2MiBH 7mM+iBQM
T`QpB/2b  ;QQ/ /2b+`BTiBQM Q7 i?2 /iX
h?2 `2bQHmiBQM Q7 i?2 Q p`B#H2 Bb #2ii2` i?M Ry J2o 7Q` i?2 `2;BQM
KQbi b2MbBiBp2 iQ "1* 2z2+i-Q < 0 .4: 2oXh ?2Q ` 2bQHmiBQMB bBM+Hm/2/
BM i?2 }iQ 7R 2# v+ QMpQHpBM;i ?2} iiBM;7m M+iBQMrB i? : mbbBM/2i2+@
iQ` `2bQHmiBQM 7mM+iBQMX h?2 +?M;2 BM i?2 }i` 2bmHib7 `QKi ?Qb2r Bi?MQ
+QMpQHmiBQM TTHB2/ Bb 7QmM/ iQ #2 M2;HB;B#H2X
AM i?2 T`Q+2bb Q7 }iiBM;R 2 (Q)r Bi?i ?22 tTQM2MiBH7 mM+iBQM-H `;2χ2
pHm2b `2 Q#b2`p2/- BM T`iB+mH` 7Q` i?2 d h2o bKTH2 r?2`2 biiBbiB+H
mM+2`iBMiB2bQMi?2}ii2//iTQBMib`2#2HQrk Ĝ9WXh?2b2H`;2χ 2pHm2b
+M #2 i`+2/ #+F iQ  bKHH MmK#2` Q7 BM/BpB/mH TQBMib Q` bKHH +Hmbi2`
Q7TQBMibX h?2`2KQpHQ7i?2b2TQBMib/Q2bMQi+?M;2i?2`2bmHibQ7i?27Bi
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Q [GeV]

1.5

2
Q [GeV]

UV

U#V

6B;m`2 R, h?2 irQ@T`iB+H2 /Qm#H2@`iBQ
√ +Q``2HiBQM 7mM+iBQM R2 (Q) 7Q`
+?`;2/ T`iB+H2b BM pp +QHHBbBQMb i UV s =yXN h2oM/ U#V d h2o ?B;?@
KmHiBTHB+Biv 2p2MibX h?2 HBM2b b?Qr i?2 :mbbBM M/ 2tTQM2MiBH }ib b
/2b+`B#2/ BM i?2 H2;2M/X h?2 `2;BQM 2t+Hm/2/ 7`QK i?2 }ib Bb BM/B+i2/X h?2
2``Q` #`b `2T`2b2Mi i?2 biiBbiB+H mM+2`iBMiB2bX
r?BH2 i?2 χ2 bm#biMiBHHv BKT`Qp2bX AM i?2 MHvbBb Q7 i?2 d h2o /i- 7Q`
KQbi Q7 i?2 +QMbB/2`2/ +b2b- i?2 2tT2+i2/ biiBbiB+H mM+2`iBMiB2b `2 bKHH
+QKT`2/ iQ i?2 bvbi2KiB+ QM2b- i?2`27Q`2 QMHv iQiH mM+2`iBMiB2b QM i?2
}ii2/ T`K2i2`b
`2 ;Bp2MX h?2 Hii2` BM+Hm/2 i?2 biiBbiB+H mM+2`iBMiB2b

`2b+H2/ #v χ2 /ndf (kk)X 6Q` +QMbBbi2M+v- i?2 bK2 i`2iK2Mi Bb TTHB2/
iQ i?2 yXN h2o MHvbBb r?2`2 i?2 biiBbiB+H mM+2`iBMiB2b `2 Q7 i?2 bK2
Q`/2` Q7 K;MBim/2 b i?2 bvbi2KiB+ QM2bX
h?2 `2bmHib Q7 "1* T`K2i2`b 7Q` 2tTQM2MiBH }ib Q7 i?2 irQ@T`iB+H2
/Qm#H2@`iBQ +Q``2HiBQM 7mM+iBQM R2 (Q) 7Q` 2p2Mib rBi? i?2 mMHBF2@+?`;2
`272`2M+2 bKTH2 `2
√
s = 0.9 TeV for nch ≥ 2,
√
λ = 0.71 ± 0.07, R = (2.06 ± 0.22) fm at s = 7 TeV for nch ≥ 2,
√
λ = 0.52 ± 0.06, R = (2.36 ± 0.30) fm at s = 7 TeV for nch ≥ 150.

λ = 0.74 ± 0.11, R = (1.83 ± 0.25) fm at

h?2 pHm2b Q7 i?2 }ii2/T `K2i2`b `2+ HQb2i Qi ?2pHm2bQ #iBM2/#v
i?2 *Ja (kj) M/ GA*1 (k9) 2tT2`BK2MibX

8Xk JmHiBTHB+Biv /2T2M/2M+2
h?2 KmHiBTHB+Biv BMi2`pHb `2 +?Qb2M bQ b iQ #2 bBKBH`Hv TQTmHi2/ M/
+QKT`#H2 iQ i?Qb2 mb2/ #v Qi?2` G>* 2tT2`BK2Mib (kR-kjĜk8)X PMHv i?2
2tTQM2MiBH }iB bb ?QrMX bB Mi ?2} iT` Q+2/m`27Q `i? 2BM +HmbBp2+ b2-i?2
/2i2+iQ` Q `2bQHmiBQM Bb BM+Hm/2/ BM i?2 }ibX
qBi?BM i?2 KmHiBTHB+Biv bim/B2b- i?2 "1* T`K2i2`b `2 HbQ K2bm`2/
#v 2t+Hm/BM; i?2 HQr@KmHiBTHB+Biv 2p2Mib- nch <8- 2tT2+i2/ iQ #2 +QMiKB@
Mi2/#v/B77`+iBp2T?vbB+b(9k)X LQMQiB+2#H2+?M;2bBMi?2bi`2M;i?M/

153

R [fm]

λ

ATLAS

1

p ≥ 100 MeV, |η| < 2.5
T

4
3.5
3

0.8

ATLAS
p ≥ 100 MeV, |η| < 2.5
T

2.5

0.6

2
1.5

0.4
0.2
0
0

3

ATLAS pp 900 GeV

1
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ATLAS pp 7 TeV MB + HM Exponential fit

50

100
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0
0
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0.5
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3
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50

100

150

200

250
nch

nch

U#V

UV

6B;m`2 k, JmHiBTHB+Biv- nch - /2T2M/2M+2 Q7 i?2 T`K2i2`b UV λ M/ U#V R
Q#iBM2/ 7`QK i?2 2tTQM2MiBH
}i iQ i?2 irQ@T`iB+H2 /Qm#H2@`iBQ +Q``2HiBQM
√
7mM+iBQMb R2 (Q) i s =yXN M/ d h2oX h?2 bQHB/ M/ /b?2/ +m`p2b `2 i?2
√
`2bmHib Q7 UV i?2 2tTQM2MiBH M/ U#V 3 nch 7Q` nch < 55 }ibXh ?2/Qii2/
HBM2BMU#VBb`2bmHiQ7+QMbiMi}iiQKBMBKmK@#BbM/?B;?@KmHiBTHB+Biv
2p2Mib /i i d h2o7Q` nch ≥ 55X h?2 2``Q` #`b `2T`2b2Mi i?2 [m/`iB+
bmK Q7 i?2 biiBbiB+H M/ bvbi2KiB+ mM+2`iBMiB2bX
`/BmbT`K2i2`b7Q`nch ≥8`2Q#b2`p2/+QKT`2/iQi?27mHHKmHiBTHB+Biv
`M;2 7Q` nch ≥2X
h?2KmHiBTHB+Biv/2T2M/2M+2Q7i?2λM/RT`K2i2`bBbb?QrMBM6B;X
kX h?2 λ T`K2i2` /2+`2b2b rBi? KmHiBTHB+Biv- 7bi2` 7Q` yXN h2o i?M 7Q`
d h2o BMi2`+iBQMbX h?2 /2+`2b2 Q7 i?2 λ T`K2i2` rBi? nch Bb 7QmM/ iQ
#2 r2HH }ii2/r Bi?i ?22 tTQM2MiBH7 mM+iBQMλ(nch )=γe−δnchX
h?2 R T`K2i2` BM+`2b2b rBi? KmHiBTHB+Biv mT iQ #Qmi nch  50 BM@
/2T2M/2MiHv Q7 i?2 +2Mi2` Q7 Kbb 2M2`;vX 6Q` ?B;?2` KmHiBTHB+BiB2b- i?2
K2bm`2/ R T`K2i2` Bb Q#b2`p2/ iQ #2 BM/2T2M/2Mi Q7 KmHiBTHB+BivX 6Q`
nch ≤ 82 i yXN h2o M/ nch < 55 i d h2o i?2 nch /2T2M/2M+2 Q7 R Bb
√
}ii2/rBi?i?27mM+iBQMR(nch )=α3 nch -bBKBH`iQi?imb2/BM?2pv@BQM
bim/B2b(k8)X h?2`2bmHibQ7i?2}i`2+HQb2iQi?2*Ja`2bmHib( kj)Xh?2}i
T`K2i2`b /Q MQi +?M;2 bB;MB}+MiHvr Bi?BMm M+2`iBMiB2bB 7/ iTQBMib
rBi?nch >55`2BM+Hm/2/BMi?2}i-r?BH2i?2[mHBivQ7i?2}ibB;MB}+MiHv
/2;`/2bX h?2`27Q`2i?2}iBbHBKBi2/iQi?2/iTQBMibrBi?n ch≤5 5Xh?2
nch /2T2M/2M+2 Q7 R i d h2o Bb }ii2/r Bi? + QMbiMiR (nch )= β 7Q`
nch > 55X ZmHBiiBp2Hv *Ja (kj) M/ lR (8y) `2bmHib 7Q` `/Bmb T`K@
2i2` 7QHHQr i?2 bK2 i`2M/ b  7mM+iBQM Q7 nch b hGa /i TQBMib mT
iQ nch ≤ 55X h?2 hGa M/ GA*1 (k9-k8) `2bmHib QM i?2 KmHiBTHB+Biv
/2T2M/2M+2 Q7 i?2 `/Bmb T`K2i2` +MMQi #2 /B`2+iHv +QKT`2/ /m2 iQ
Km+? M``Qr2` η `2;BQM mb2/ #v GA*1X
h?2Q#b2`p2/+?M;2Q7i?2}ii2/T`K2i2`brBi?KmHiBTHB+Biv?b#22M
T`2/B+i2/BM_27bX(dĜN-jk)-M/BbbBKBH`iQi?2QM2HbQQ#b2`p2/BMe+e−
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BMi2`+iBQMb (Ry)- ?Qr2p2` i?2 bim`iBQM Q7 R 7Q` p2`v ?B;? KmHiBTHB+Biv Bb
Q#b2`p2/ 7Q` i?2 }`biiBK2X
h?2bim`iBQMQ7Ri?B;?KmHiBTHB+BiB2bBb2tT2+i2/BMSQK2`QM@#b2/
KQ/2H(R8-Re)bi?2+QMb2[m2M+2Q7i?2Qp2`HTQ7+QHHB/BM;T`QiQMb-rBi?i?2
pHm2 Q7 i?2 `/Bmb T`K2i2` i nch ≈70 +HQb2 iQ i?2 QM2 Q#iBM2/ BM i?2
T`2b2Mi bim/B2bX >Qr2p2`- i?2 bK2 KQ/2H T`2/B+ib i?i #Qp2 nch ≈70- R
rBHH/2+`2b2rBi?KmHiBTHB+Biv-`2im`MBM;iQBibHQr@KmHiBTHB+BivpHm2r?B+?
Bb MQi bmTTQ`i2/ #v i?2 /iX

8Xj .2T2M/2M+2 QM i?2 i`Mbp2`b2 KQK2MimK
h?2 p2`;2 i`Mbp2`b2 KQK2MimK kT Q7  T`iB+H2 TB` Bb /2}M2/ b?H7
Q7 i?2 K;MBim/2 Q7 i?2 p2+iQ` bmK Q7 i?2 irQ i`Mbp2`b2 KQK2Mi- kT =
|pT,1+pT,2 |/2X h?2bim/vBbT2`7Q`K2/BMi?2kT BMi2`pHbr?B+?`2+?Qb2M
BM  rv iQ #2 bBKBH`Hv TQTmHi2/ M/- b 7Q` i?2 KmHiBTHB+Biv #BMb- iQ #2
bBKBH` iQ i?2 BMi2`pHb mb2/ #v Qi?2` G>* 2tT2`BK2Mib (kR-kjĜk8)X
6Q`i?2R2 (Q)+Q``2HiBQM7mM+iBQMK2bm`2/idh2o-i?2`2BbMBM/B@
+iBQM i?i i?2 JQMi2 *`HQ bBKmHiBQM Qp2`2biBKi2b i?2 T`Q/m+iBQM M/
/2+v Q7 i?2 ω@K2bQM BM i?2 Q `2;BQM Q7 0.3Ĝ0.44 :2oX h?Bb `2;BQM Bb i?mb
2t+Hm/2/ 7`QK i?2 }i` M;27 Q`k T>5 00J 2o# BM`2bmHibX
AMi?2`2;BQMKQbiBKTQ`iMi7Q`i?2"1*T`K2i2`b-i?2[mHBivQ7i?2
2tTQM2MiBH}iBb7QmM/iQ/2i2`BQ`i2bk TB M+`2b2bXh?BbBb/m2iQi?27+i
i?i i H`;2 kT pHm2b- i?2 +?`+i2`BbiB+ "1* T2F #2+QK2b bi22T2` i?M
i?2 2tTQM2MiBH 7mM+iBQM +M ++QKKQ/i2X .2bTBi2 i?2 /2i2`BQ`iBM; }i
[mHBiv- i?2 #2?pBQm` Q7 i?2 }ii2/T `K2i2`bB bT `2b2Mi2/7 Q`+QKT`BbQM
rBi? T`2pBQmb 2tT2`BK2MibX
h?2}ipHm2bQ7i?2λM/RT`K2i2`b`2b?QrMBM6B;Xjb7mM+iBQM
Q7 kT X h?2 pHm2b Q7 #Qi? λ M/ R /2+`2b2 rBi? BM+`2bBM; kT X
h?2 /2+`2b2 Q7 λ rBi? kT Bb r2HH /2b+`B#2/ #v M 2tTQM2MiBH 7mM+iBQM-
λ(kT ) = μe−νkTX h?2 kT /2T2M/2M+2 Q7 i?2 R T`K2i2` Bb HbQ 7QmM/ iQ
7QHHQr M 2tTQM2MiBH /2+`2b2- R(kT ) = ξe−κkTX h?2 b?T2b Q7 i?2 kT
/2T2M/2M+2`2bBKBH`7Q`i?2dh2oM/i?2dh2o?B;?@KmHiBTHB+Biv/iX
AM 6B;X jU#V- i?2 kT /2T2M/2M+2 Q7 i?2 R T`K2i2` Bb +QKT`2/ iQ i?2
K2bm`2K2Mib T2`7Q`K2/ #v i?2 1dj8 (8R) M/ i?2 ah_ (8k) 2tT2`BK2Mib
rBi? KBt2/@2p2Mi `272`2M+2 bKTH2bX h?2b2 2`HB2` `2bmHib r2`2 Q#iBM2/
7`QK:mbbBM}ibiQi?2bBM;H2@`iBQ+Q``2HiBQM7mM+iBQMbM/i?2`27Q`2i?2
√
pHm2bQ7i?2K2bm`2/`/BmbT`K2i2`b`2KmHiBTHB2/#v πb/Bb+mbb2/
BM a2+iX kX9X h?2 pHm2b Q7 i?2 T`K2i2`b `2 Q#b2`p2/ iQ #2 2M2`;v@
BM/2T2M/2Mi rBi?BM i?2 mM+2`iBMiB2bX
AM 6B;X 9- i?2 kT /2T2M/2M+2 Q7 λ M/ R- Q#iBM2/ 7Q` i?2 d h2o /i-
Bb HbQ bim/B2/ BM p`BQmb KmHiBTHB+Biv `2;BQMb, 2≤nch ≤9c 10≤nch ≤24c
25 ≤ nch ≤ 80c M/ 81 ≤ nch ≤ 125X h?2 /2+`2b2 Q7 λ rBi? kT Bb M2`Hv
BM/2T2M/2Mi Q7 KmHiBTHB+Biv 7Q` nch > 9 M/ i?2 bK2 b 7Q` i?2 BM+HmbBp2
+b2X6Q`nch≤9MQ+QM+HmbBQMb+M#2/`rM/m2iQi?2H`;2mM+2`iBMiB2bX
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p ≥ 100 MeV, |η| < 2.5

ATLAS
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U#V

1.2
ATLAS

R [fm]

λ

6B;m`2 j, h?2 kT /2T2M/2M+2 Q7 i?2 }ii2/ T`K2i2`b UV λ M/
√ U#V R Q#@
iBM2/ 7`QK i?2 2tTQM2MiBH }i iQ irQ@T`iB+H2 /Qm#H2@`iBQ i s =yXN h2od h2o M/ d h2o ?B;?@KmHiBTHB+Biv 2p2MibX h?2 p2`;2 i`Mbp2`b2 KQK2M@
imK kT Q7 i?2 T`iB+H2 TB`b Bb /2}M2/ b kT = |pT,1 + pT,2 |/2X h?2 bQHB//b?2/ M/ /b?@/Qii2/ +m`p2b `2 `2bmHib Q7 i?2 2tTQM2MiBH }ib 7Q` yXN
h2o- d h2o M/ d h2o ?B;?@KmHiBTHB+Biv /i- `2bT2+iBp2HvX h?2 `2bmHib `2
+QKT`2/ iQ i?2 +Q``2bTQM/BM; K2bm`2K2Mib #v i?2 1dj8 2tT2`BK2Mi i
i?2 h2pi`QM (8R)- M/ #v i?2 ah_ 2tT2`BK2Mi i _>A* (8k)X h?2 2``Q`
#`b `2T`2b2Mi i?2 [m/`iB+ bmK Q7 i?2 biiBbiB+H M/ bvbi2KiB+ mM+2`@
iBMiB2bX
s = 7 TeV
p ≥ 100 MeV, |η| < 2.5
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UV

U#V

6B;m`2 9, h?2 kT /2T2M/2M+2 Q7 i?2 }ii2/T `K2i2`bU Vλ  M/U #VR
Q#iBM2/7`QKi?22tTQM2MiBH}iiQi?2irQ@T`iB+H2/Qm#H2@`iBQ+Q``2HiBQM
√
7mM+iBQM R2 (Q) i s = d h2o 7Q` i?2 /Bz2`2MiK mHiBTHB+Biv` 2;BQMb,2 ≤
nch ≤ 9 U+B`+H2bV- 10 ≤ nch ≤ 24 Ub[m`2bV- 25 ≤ nch ≤ 80 Ui`BM;H2bV M/
81 ≤ nch ≤ 125 UBMp2`i2/ i`BM;H2bVX h?2 p2`;2 i`Mbp2`b2 KQK2MimK
kT Q7 i?2 T`iB+H2 TB`b Bb /2}M2/ bk T= | pT,1+p T,2 |/2Xh ?22 ``Q`#`b
`2T`2b2Mii?2[m/`iB+bmKQ7i?2biiBbiB+HM/bvbi2KiB+mM+2`iBMiB2bX
h?2R@T`K2i2`/2+`2b2brBi?kT M/2t?B#BibMBM+`2b2rBi?BM+`2bBM;
KmHiBTHB+Biv b rb Q#b2`p2/ 7Q` i?2 7mHHv BM+HmbBp2 +b2X
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e *QM+HmbBQMb
h?2 irQ@T`iB+H2 "Qb2Ĝ1BMbi2BM +Q``2HiBQMb Q7 HBF2@bB;M ?/`QMb rBi? pT >
Ryy J2o M/ |η| < kX8 T`Q/m+2/ BM pp +QHHBbBQMb `2+Q`/2/ #v i?2 hGa
/2i2+iQ` i yXN M/ d h2o i i?2 *1_L G`;2 >/`QM *QHHB/2` `2 bim/B2/X
AM //BiBQM iQ KBMBKmK@#Bb /i- ?B;?@KmHiBTHB+Biv /i `2+Q`/2/ i d h2o
mbBM;  /2/B+i2/ i`B;;2` `2 BMp2biB;i2/X h?2 BMi2;`i2/ HmKBMQbBiB2b `2
#Qmi d μ#−1 - RNy μ#−1 M/ RkX9 M#−1 7Q` yXN h2o- d h2o KBMBKmK@#Bb
M/ d h2o ?B;?@KmHiBTHB+Biv /i bKTH2b- `2bT2+iBp2HvX h?2 bim/B2b r2`2
T2`7Q`K2/ mbBM; i?2 /Qm#H2@`iBQ +Q``2HiBQM 7mM+iBQMX AM i?2 /Qm#H2@`iBQ
K2i?Q/- i?2 bBM;H2@`iBQ +Q``2HiBQM 7mM+iBQM Q#iBM2/ 7`QK i?2 /i Bb /B@
pB/2/ #v  bBKBH` bBM;H2@`iBQ +H+mHi2/ mbBM; JQMi2 *`HQ 2p2Mib- r?B+? /Q
MQi ?p2 "1* 2z2+ibX h?2 `272`2M+2 bKTH2 7Q` 2+? Q7 i?2 irQ bBM;H2@`iBQb
Bb +QMbi`m+i2/ 7`QK mMHBF2@bB;M +?`;2/@T`iB+H2 TB`bX h?2 "1* T`K2i2`b
`2 bim/B2/ b  7mM+iBQM Q7 i?2 +?`;2/@T`iB+H2 KmHiBTHB+Biv M/ i?2 i`Mb@
p2`b2 KQK2MimK Q7 i?2 T`iB+H2 TB`X  /2+`2b2 Q7 i?2 +Q``2HiBQM bi`2M;i?
λ HQM; rBi? M BM+`2b2 Q7 i?2 +Q``2HiBQM bQm`+2 bBx2 T`K2i2` R `2 7QmM/
rBi? BM+`2bBM; +?`;2/@T`iB+H2 KmHiBTHB+BivX PM i?2 Qi?2` ?M/ MQ /2T2M@
/2M+2 Q7 R QM i?2 +2Mi`2@Q7@Kbb 2M2`;v Q7 pp +QHHBbBQMb Bb Q#b2`p2/X 6Q` i?2
}`bi iBK2  bim`iBQM Q7 i?2 bQm`+2 bBx2 T`K2i2` Bb Q#b2`p2/ 7Q` KmHiB@
THB+Biv nch ≥ 55X h?2 +Q``2HiBQM bi`2M;i? λ M/ i?2 bQm`+2 bBx2 T`K2i2`
R `2 7QmM/ iQ /2+`2b2 rBi? BM+`2bBM; p2`;2 i`Mbp2`b2 KQK2MimK Q7 
TB`X h?2 bim/v Q7 "1* BM Unch , kT V #BMb i d h2o b?Qrb  /2+`2b2 Q7 i?2
R T`K2i2` rBi? kT 7Q` /Bz2`2Mi KmHiBTHB+Biv `M;2b- r?BH2 i?2 R pHm2b
BM+`2b2 rBi? KmHiBTHB+BivX h?2 λ T`K2i2` Bb 7QmM/ iQ /2+`2b2 rBi? kT
BM/2T2M/2MiHv Q7 i?2 KmHiBTHB+Biv `M;2X h?2b2 `2b2K#H2 i?2 /2T2M/2M+2b
7Q` i?2 BM+HmbBp2 +b2 i d h2o 7Q` KBMBKmK@#Bb M/ ?B;?@KmHiBTHB+Biv /iX

_272`2M+2b
(R) _X >M#m`v "`QrM M/ _XZX hrBbb- S?BHX J;X 98- eej URN89V
(k) :XAX EQTvHQp M/ JXAX SQ/;Q`2ibFBœ- aQpX CX Lm+H S?vbX R3- jje URNd9V
(j) 1XoX a?m`vF- S?vbX G2iiX " 99- j3d URNdjV
(9) :X *Q++QMB- S?vbX G2iiX " 9N- 98N URNd9V
(8) :X :QH/?#2` 2i HX- S?vbX _2pX Rky- jyy URNeyV
(e) aX "`b?v- S?vbX G2iiX " Rjy- kky URN3jV
(d) LX amxmFB- JX "BvDBK- S?vbX _2pX * ey- yj9Nyj URNNNV
(3) "X "mb+?#2+F- >X*X 1;;2`b- SX GBT- S?vbX G2iiX " 93R- R3d UkyyyV
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(N) :X H2tM/2`- 1XEX:X a`FBbvM- S?vbX G2iiX " 93d- kR8 UkyyyV
(Ry) PSG *QHH#Q`iBQM- wX S?vbX * dk- j3N URNNeV
(RR) :X H2tM/2`- CX S?vbX : jN- y38yyd UkyRkV
(Rk) umXJX aBMvmFQp- oXJX a?TQpH- S?vbX _2pX . 3d- yN9yk9 UkyRjV (Rj)
oXJX a?TQpH- 2i HX- S?vbX G2iiX " dk8- RjN UkyRjV
(R9) umXJX aBMvmFQp- 2i HX- /pX >B;? 1M2`;v S?vbX kyRj- RN3Nk3 UkyRjV
(R8) oX X a+?2;2HbFv- 2i HX- S?vbX G2iiX " dyj- k33 UkyRRV
(Re) JX_vbFBM- oXa+?2;2HbFv- Lm+HXS?vbXS`Q+XamTTHX kRN@kky- Ry UkyRRV (Rd)
6Q` `2pB2r b22, 1X a?m`vF- `sBp,R9RkX3jNjX
(R3) hGa *QHH#Q`iBQM- CALah j- ay3yyj Ukyy3V
(RN) GX 1pMb M/ SX "`vMi U2/BiQ`bV kyy3 CALah j ay3yyR
(ky) hGa *QHH#Q`iBQM- 1m`X S?vbX CX * d8- MQX Ry- 9ee UkyR8V
(kR) *Ja *QHH#Q`iBQM- S?vbX _2pX G2iiX Ry8- yjkyyR UkyRyV
(kk) S`iB+H2 .i :`QmT *?BMX S?vbX * j3- yNyyyR UkyR9V
(kj) *Ja *QHH#Q`iBQM- CX >B;? 1M2`;v S?vbX y8- ykN UkyRRV
(k9) GA*1 *QHH#Q`iBQM- S?vbX _2pX . 3k- y8kyyR UkyRyV
(k8) GA*1 *QHH#Q`iBQM- S?vbX _2pX . 39- RRkyy9 UkyRRV
(ke) JX .2mib+?KMM 2i HX- Lm+HX S?vbX " ky9- jjj URN3kV
(kd) JX :vmHbbv- 2i HX- S?vbX _2pX * ky- kked URNdNV
(k3) aX S`ii- S?vbX _2pX . jj- dk URN3eV
(kN) AX Cm`B+B+- 2i HX- S?vbX _2pX . jN- R URN3NV
(jy) _XJX q2BM2`- S?vbX _2TX jkd- k9N UkyyyV
(jR) :XAX EQTvHQp- S?vbX G2iiX " 8y- 9dk URNd9V
(jk) qX EBii2H M/ 1XX .2 qQH7- aQ7i JmHiB?/`QM .vMKB+b UqQ`H/ a+B@
2MiB}+- aBM;TQ`2- kyy8V
(jj) SX :`bb#2`;2`- Lm+HX S?vbX " Rky- kjR URNddV
(j9) JX :vmHbbv M/ aX aX S/mH- S?vbX G2iiX " kRd- R3R URN3NV
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(j8) aX aX S/mH M/ JX :vmHbbv- Lm+HX S?vbX  9N3- 888* URN3NV
(je) EX EmHF M/ "X Gƺ`bi/- wX S?vbX * 98- 83R URNNyV
(jd) JX: "QrH2`- wX S?vbX * 9e- jy8 URNNyV
(j3) _X G2/MB+Fɷ M/ hX"X S`Q;mHQp- wX S?vbX * 88- kN8 URNNkV
(jN) aXaX S/mH M/ JX :vmHbbv- Lm+HX S?vbX  899- 8jd+ URNNkV
(9y) hGa *QHH#Q`iBQM- hGa@G_:@Sl"@kyy3@yyk Ukyy3VX
(9R) hGa *QHH#Q`iBQM- S?vbX G2iiX " e33- kR UkyRyV
(9k) hGa *QHH#Q`iBQM- L2r CX S?vbX Rj- y8jyjj UkyRRV
(9j) :X SB+[m/BQ- 2i HX- CX S?vbX *QM7X a2`X RRN- yjkyjj Ukyy3V
(99) hGa *QHH#Q`iBQM- hGa@*PL6@kyRy@ykd UkyRyV
(98) hX aDƺbi`M/- 2i HX- CX >B;? 1M2`;v S?vbX y8- yke UkyyeV
(9e) hGa *QHH#Q`iBQM- hG@S>ua@Sl"@kyRy@yyk UkyRyVX
(9d) hGa *QHH#Q`iBQM- 1m`X S?vbX CX * dy- 3kj UkyRyV
(93) :1Lh9 *QHH#Q`iBQM- Lm+HX AMbi`mKX J2i?Q/b  8ye- k8y UkyykV
(9N) :X .Ƕ ;QbiBMB- Lm+HX AMbi`X J2i?X  jek- 93d URNN8V
(8y) lR *QHH#Q`iBQM- S?vbX G2iiX " kke- 9Ry URN3NV
(8R) hX H2tQTQmHQb 2i HX- S?vbX _2pX . 93- RNjR URNNjV
(8k) ah_ *QHH#Q`iBQM- S?vbX _2pX * 3j- ye9Ny8 UkyRRV
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Abstract
The generalized Ward-Takahashi identity (gWTI) in the pion sector for
broken isotopic symmetry is derived and used for the model-independent estimate
of the longitudinal form factor f- of the Se3 weak vector vertex. The on-shell f- is
found to be proportional to the mass difference of the pions and the difference
between the vector isospin T = 1 and scalar isospin T = 2 pion radii. Off-shell form
factors are in general ambiguous because of the gauge dependence and the freedom
in the parameterization of the fields. The near-mass-shell f- appears to be an
exception, allowing for experimental verification of the consequences of the
gWTI. We calculate the near-mass-shell f- using the gWTI and dispersion
techniques. The results are discussed in the context of the conservation of vector
current (CVC) hypothesis.
1.

Introduction

The pion E-decay decay (Se3) is one of the main semileptonic electroweak
processes. The vector nature of the transition, its simple kinematics, and the precise
measurement of the partial width make this decay particularly attractive for testing
the Standard Model.
Radiative corrections and pion structure effects in the Se3 decay have been
calculated with high accuracy [1-4], sufficient for verification of the unitarity of
the CKM matrix. The experimental data, however, are not yet sufficiently precise
for this purpose. Measurements of the Se3 decay are also motivated by the
possibility of testing the conservation of vector current (CVC) in the meson sector.
The CVC hypothesis [5-7] suggests that the isovector component of the
electromagnetic current and the charged components of the weak vector current
belong to the same isospin triplet. In the limit of exact isotopic symmetry,
conservation of the electromagnetic current implies conservation of the weak
vector current.
Off the mass shell, the CVC is equivalent to the Ward-Takahashi identity
(WTI) for the isospin SU(2) group. The WTI, however, is of greater generality and
leads to useful relationships between off-shell form factors, including those that
vanish when some of the external legs are on shell. The violation of isotopic
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symmetry, associated with the small mass difference between the up and down
quarks and the electromagnetic and weak interactions, results in the
non-conservation of the charge-changing components of the weak vector current.
For the broken symmetry, the CVC condition and the WTI are replaced by partial
CVC and the generalized WTI (gWTI), which are especially sensitive to the
pattern of isotopic symmetry breaking.
The parameterization of the degrees of freedom associated with the pion field
can be performed in various ways, which produces off-shell ambiguity in the
amplitudes. The on-shell form factors are related to the asymptotic states and are
uniquely defined. This statement is known as the equivalence theorem (ET) [8-10].
The off-shell form factors depend on this parameterization and cannot be measured
experimentally [11-12].
A notable exception to this rule is established in Ref. [13]. The longitudinal
part of the Se3 vertex appears to be uniquely defined near the mass shell and
accessible to measurements. As an application of the gWTI, we derive a
model-independent expression for the longitudinal form factor f- and provide its
numerical estimate.
2.

U(1) vector vertex

The on-shell conserved vector current of a charged scalar particle ( S ) is
determined by one form factor. Off the mass shell, there are two form factors. In
the most general case, the current can be written as follows


* P ( p' , p) = ( p'  p) P

1

 qP ( p' 2  p 2 )

2

,

(1)

where q = p  p is the momentum transfer. The form factors
'

symmetric functions of p

'2

and p

2

and arbitrary functions of q

physical mass m of the charged pion. The factor p  p
'2

2

2

i

are

and the

in the second term is

added to ensure the negative C parity of the vertex. The decomposition (1) arises
e.g., in the scalar quantum electrodynamics. The WTI of the U(1) symmetry group
establishes a relationship between 1 and 2 :

' 1 ( p' )  ' 1 ( p)
 1 ( p' 2 , p 2 , q 2 ),
(2)
'2
2
p p
2
2
2
where '( p ) = p  m  6( p , m) is the renormalized pion propagator,
6( p 2 , m) is the self-energy operator. In the limit p' 2 = p 2 = m 2 , we obtain
q2

'2
2
2
2( p , p ,q ) =

2
2
2
2 (m , m , q ) =

1

1

(m2 , m2 , q 2 )
.
q2

2

In the vicinity of q = 0 , the form factor
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1

can be expanded to give

2

(m2 , m2 , 0) = 

r2

where

v

1 2
r ,
v
6

is the vector charge radius of π+.

The equivalence of the Coulomb and Lorentz gauges in QED was rigorously
proved by Bialynicki-Birula [14]. On shell, the amplitudes are gauge-invariant,
whereas the off-shell dependence on the gauge persists. 1 and 2 are thus
uniquely defined, when both legs of the charged pion are on the mass shell. To first
order in the displacement from the mass shell, the longitudinal component of the
vertex is also gauge invariant, as is evident from Eq. (1).
'2

2

with two on-shell legs p = p = m

2

current. Off the mass shell, however,

2

does not contribute to the

does contribute, and its contribution is

2

uniquely determined by the WTI. Isotopic rotation of

2

is not sufficient to

obtain a full weak-interaction vertex. We show that the violation of isotopic
symmetry generates an isospin T = 2 contribution that is unrelated to isotopic
rotation.
3.

SU(2) vector vertex

The SU(2) vector vertex expansion in scalar functions
that are symmetric in p

'2

and p

* P ( p , p) = ( p  p) P
a

'

'

2

a
1

 qP ( p' 2  p 2 )
The lower index
isospin indices:

a
ir

( p' 2 , p 2 , q 2 )

takes the form

 ( p' 2  p 2 )
a
2



a
2

a
1

(3)

,

r indicates the symmetry with respect to permutation of the
a
a
i r = r iir
r .

If there were no isospin symmetry breaking, we could have

SU (2) generators, and

there are no other

a
i

a
i

=Ta

i ,

as

= 0 , implying that

* P (m , m , q ) v T .
a

2

2

2

a

In order to find relationships for

a
ir

( p' 2 , p 2 , q 2 ) , we derive a

generalization of the WTI associated with the replacement of the exact U(1)
symmetry by the broken SU(2) symmetry. Using the gWTI gives
a
2

(m 2 , m 2 , q 2 ) = [m 2  6(m 2 ), T a ]

a
2

(m2 , m 2 , q 2 ) = T a

1

1

1/ DJT =2 (q 2 )  1
,
q2

(m2 , m2 , q 2 )
.
q2

165

(4)

(5)

As a consequence of elastic unitarity and analyticity, the q
a
2

on-mass-shell form factor

DJT ( s ) = exp( 

2

dependence of the

is determined by the Jost function

s f G T ( s' )ds'
),
S ³4 m2 s' ( s'  s )

(6)

that can be constructed in terms of the phase shift in the corresponding channel;
here, the S-wave T = 2 channel of the pion-pion scattering is relevant.
The on-shell weak vector current is usually parameterized in the form

¢S 0 ( p' ) | d J P (1  J 5 )u | S  ( p)² = 2(( p'  p) P f   qP f  ), (7)
where

qP = ( p'  p) P .

The exact CVC condition implies

f  = 0.

(8)

Partial CVC yields

f =

m2  m20
S

S

r2

6

T =1
v

 r2

T =2
s

.

(9)

The isovector radius squared is determined by the electromagnetic form factor of
2

the charged pion, whereas the isotensor one can be found from the low- q
expansion of the Lorentz scalar π+π0 transition form factor. Remarkably, for a
dressed vertex, the Wr boson, being a member of the weak isospin triplet, is
coupled to both the strong isospin triplet and the strong isospin quintet.
The WTI of exact symmetry implies, to first order in the displacement

p' 2  p 2 and for low momentum transfers,

f = 

p' 2  p 2 2 T =1
¢r ² v .
6

(10)

The WTI of broken symmetry implies, to first order in
and the displacement p  p
'2

2

'mS2 = m20  m2
S

and for low momentum transfers,

2
2
p' 2  p 2 2 T =1 mS 0  mS  2 T =2
f = 
¢r ² v 
¢r ² s .
6
6
The on-shell form factor

S

a
1

(11)

is independent of both the gauge and the

parameterization. By virtue of Eqs. (4) and (5), the on-shell form factors

a
2r

are

also uniquely defined. The longitudinal component of the vertex ((3)) contains the
factor p  p
'2

2

in

a
2 ,

whereas

a
2

has smallness of O('mS ) . We thus

conclude that the longitudinal component of
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2

* aP ( p' , p) is uniquely defined in

the neighborhood of the mass shell to first order in the pion mass splitting and the
displacement p  p . In the neighborhood of the mass shell, the longitudinal
'2

2

form factor f- escapes the general rule [8-13] that states that off-shell amplitudes are
ambiguous.
The results obtained for the near-mass-shell representation of f- in terms of the
physical masses and radii of the pions exhibit explicit independence on the gauge
and the parameterization of the pion field.
The generality of the relationships (9) and (11) is influenced by only the CVC
condition at a bare interaction vertex. This condition is satisfied in the Standard
Model, so any violation of these relationships can be interpreted as an indication
for new physics at or above the electroweak scale.
4.

Numerical estimates

Experimental value of the π+ charge radius equals [15]

r2

T =1
v

= 0.672 r 0.008fm .
2

We employ the dispersion techniques for numerical estimation of the pion
radius ¢ r ² s

2 T =2

, entering the equations (9) and (11). Expanding the Jost function

s = 0 , we obtain
6 f G T ( s' ) '
ds .
¢ r 2 ²Ts = ³ 2
S 4m
s' 2

in the vicinity of

(12)

The phase shifts between the experimental points of Refs. [15-17] are interpolated
linearly. We obtain the value

r2

T =2
s

= 0.10 r 0.05fm 2

and, with the help of Eq. (9),

f  = (2.97 r 0.25) u103.

(13)

This result is a factor of two greater than the light-front quark model prediction [3].
Contribution of the longitudinal form factor to the pion β-decay rate can be
3

estimated to give 'B / B = 0.94 u10

f  ; the additional small factor in farises for kinematic reasons. The experimental error in B is 0.6% [15]. We thus
reaffirm earlier conclusions that f- is currently beyond the capabilities of the
experimental study. The possibility of measuring the longitudinal weak vector
current in the neutron β-decay [19], muon capture [20] and in the
and

W  o K  K 0QW
5.

W  o S S 0QW

decays could be more promising.

Conclusion

A generalization of the WTI was derived in the pion sector to account for the
isotopic symmetry breaking. It was shown that the isovector T = 1 part of the
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current can be reconstructed through isotopic rotation of the off-shell pion
electromagnetic form factors, whereas the isotensor T = 2 part has no analogs but
rather is uniquely determined by the gWTI combined with the elastic unitarity,
analyticity, and the pion-pion scattering data.
The various versions of the CVC condition are distinguished depending on
whether the isotopic symmetry is exact or broken and whether the outer legs in the
vertex are on or off shell. The corresponding predictions for the longitudinal form
factor f- are given in Eqs. (8), (9), (10), and (11). In the case of the exact isotopic
symmetry, the bare and dressed weak vertices are pure isospin triplets; the CVC
and the WTI hold on and off shell, respectively. In the case of the broken isotopic
symmetry, the dressed weak vertex is no longer a pure isospin triplet; partial CVC
and the gWTI hold on and off shell.
To first order in the pion mass splitting and the displacement from the mass
shell, the longitudinal component is independent of both the gauge and the
parameterization, and therefore, the near-mass-shell form factor f- appears to be a
unique object whose properties are unambiguously determined by the partial CVC
condition (the gWTI).
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Left-left squark mixing in the K + → π +ν ν̄
decay
Tomáš Blažek∗ and Peter Maták†
Comenius University in Bratislava, Slovak Republic
Abstract
We study the effects of supersymmetry with non-minimal ﬂavor violation
in the rare kaon decay, K + → π + ν ν̄. Focusing on the role of the left-left
mass matrix elements of the up type squarks we perform the numerical scan
through the MSSM parameter space. We demonstrate that in case of the large
stop trilinear couplings the observable deviations from the standard model
branching ratio are still possible. This study extends our earlier analyses and
provides new updated results.

1

Introduction

In the standard model effective theory, there is only one dimension-six effective
operator,
(1)
OL = (s̄γ μ PL d)(ν̄l γμ PL νl ),
contributing to the amplitude of K + → π + ν ν̄. New physics in general introduces
OR with the right-handed quarks in the ﬁrst bilinear. Then, the short-distance
effects are represented by the effective Lagrangian [1–3]
4G
α
Ls.d. = √ F
2 2π sin2 θW

∑

(XL OL + XR OR ).

(2)

l=e,μ,τ

With the approximate isospin symmetry, the non-perturbative matrix elements of
this operator can be extracted from the tree-level K + → π 0 e+ νe decay [4]. The precise way in which the Wilson coefﬁcients XL,R enter the branching ratio is straightforward and can be found in Ref. 5, where further references are given. In the
following we are only interested in a way in which new physics, supersymmetry
in particular, modiﬁes the value of X = XL + XR .
∗
†
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For the standard model case, this quantity has been calculated, including NLO
QCD [6] and two-loop electroweak [7] corrections, leading to XSM = 1.481 ±
0.005th. ± 0.008exp. [5] and the branching ratio [5]
−11
.
B(K + → π + ν ν̄)SM = (7.62+0.69
−0.70 ) × 10

(3)

On the experimental side, the value measured by E-787, E-949 at Brookhaven
equals [8, 9]
−10
B(K + → π + ν ν̄)exp. = (1.73+1.15
.
(4)
−1.05 ) × 10
The NA62 experiment at CERN started taking data recently and is expected to improve the measured branching fraction aiming at a 10% uncertainty of the standard
model value. Almost any new physics containing flavored degrees of freedom, if
discovered at the LHC, will be effectively constrained by Flavor Changing Neutral
Currents (FCNC), among which the K + → π + ν ν̄ decay plays a very important
role.

2

Supersymmetry in charged kaon decay

Supersymmetry affects the FCNC amplitudes in two different ways. First, even
in the minimal model, it increases the number of flavor changing loops containing
contributions of the scalar partners and additional Higgs bosons. After the quark
fields are rotated to their mass eigenstates, the CKM factors appear in the vertices
of new particles, contributing to the flavor changing amplitudes in a similar way,
as it is in the standard model.
However, quark and squark mass matrices are not necessarily flavor-diagonal
in the same basis. By rotating scalars in the same way as their standard model
counterparts we obtain the so-called super-CKM basis. The complete squark mass
matrices have the general form
!
2
2
Mq̃,LL
Mq̃,LR
2
Mq̃ =
,
(5)
2
2
Mq̃,RL
Mq̃,RR
where each block represents 3×3 matrix in the family space. We keep in mind that
left-handed up- and down-type squarks come from the same isospin doublet and
therefore, their left-left blocks cannot be independent. Instead, they are subject to
following constraints
2
†
2
= VCKM Md,LL
(6)
Mũ,LL
˜ VCKM .
According to the standard notation, we introduce dimensionless parameters originating in general flavor structure of the soft supersymmetry breaking terms,
2
(Mq̃,XY
)i j
ij
,
δq̃XY
=q
2
2
(Mq̃,XX
)ii (Mq̃,YY
)jj
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(7)
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ũ

d
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Figure 1: Chargino and stop contribution to the kaon decay amplitude in the mass
insertion approximation [1, 16]. The loops represent the entire group of diagrams,
in which Z 0 propagator connects to any of the stop, chargino, or quark line.
|Vus | = 0.2253 ± 0.0008 [17]
|Vcb | = (38.94 ± 0.76) × 10−3 [18]

B(B → Xs γ) = (3.12 ± 0.23) × 10−4 [20]
B(B0 → μ μ) = (3.9 ± 1.6) × 10−10 [18]
B(B0s → μ μ) = (3.1 ± 0.5) × 10−9 [18]

|Vub | = (3.28 ± 0.29) × 10−3 [18]
◦
γ = (73.2+6.3
−7.0 ) , [19]

εK = (2.23 ± 0.25) × 10−3 [5, 17]
ΔMd = 0.506 ± 0.090 ps−1 [18]
ΔMs = 17.757 ± 2.37 ps−1 [18]

Table 1: The ﬂavor changing constraints used in the numerical analysis. The values
of the |Vub | and |Vcb | CKM elements come from the exclusive measurement of
B̄ → πl − ν̄ and B̄ → D∗ l − ν̄ decays, respectively [18].
withi= jbeingﬂavorindices,whileX ,YequalsLorRdenotingscalarpartners
ofquarkswithdifferentchiralities.Hermiticityof5requiresδq̃,RL =δq̃,LR † .
Intheliteraturethedependenceofthekaondecayamplitudeontheδũ,RL has
been investigated in a detail [1,10–13]. However, this mass insertions are constrainedbythevacuumstabilitybounds[14,15]andforthecurrentlimitsonthe
stopandcharginomassestheireffectsareratherlimited.Instead,aswesuggested
inourpreviousanalysis[16],forthelargevaluesofthesoftsupersymmetrybreakingstoptrilinearcouplingAt,motivatedbytheobservedvalueoftheHiggsmass,
thenon-negligibleeffectmaycomefromtheleft-leftblockofthesquarkmassmatrix5. Inthemassinsertionapproximation, thiscontributioncanberepresented
bythesecondloopdiagraminFigure1.
ForournumericalanalysispubliclyavailableprogramSUSY FLAVOR 2.54
[21–23] has been used. The CKM parameters as well as the experimental constraints that we have taken into account are listed in table 1. Regarding the supersymmetricparameters, weusedtheuniﬁcationconditionforgauginomasses,
M2 =700 GeV and M3 =3000 GeV. Such a heavy gluinos make the gluino
loops almost irrelevant for the kaon decay itself. On the other hand, the constraints coming from meson mixing processes are partialy reduced. Higgsino
mass has been ﬁxeda tμ =7 00G eV,w hilet hed iagonals quarks oftmasses
werem =mq̃ =1.3TeV. Wehaveperformednumericalscanthroughthevalues
Q̃
tan β∈3, 7and|At|∈2.5, 3.5TeV.Finally,theleft-leftmasssquarkinsertions
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Figure2: Left: theratioofthecalculateddecayrateoverthestandardmodelpre13 23∗
diction for the K + →π + νν̄ decay and its dependence on the δũL
L δũLL . Right:
deviations of the kaon decay branching ratio from the standard model prediction.Light-yellowpointscorrespondtodifferencesmallerthan10%,orangepoints
within10%−20%andredpointstomorethan20%.
i j
were varied within δũL
L ∈−0.4, 0.4. The results of this analysis are depicted
inFigure2. Itisclearlyvisibleintherightplotthatthedecaybranchingratiois
13 23∗
particularlysensitivetothecombinationδũL
L δũLL . Thisdependenceisshownin
theleftplotwereonecannotethatfewpointsexceedthedeviationsof30%from
thestandardmodelexpectation. Althoughsuchaneffectcouldbeobservedatthe
ongoingNA62experiment,wenotethatforthesepointssigniﬁcantamountoftuningisrequiredtoovercometheexperimentalconstraintsfromtheotherprocesses
listedinTable1.

3 Conclusions
Weconcludethatfortherarekaondecay,K + →π + νν̄,measurableeffectscanbe
inducedbynon-zerovaluesoftheleft-leftsquarkmassinsertions. Weemphasize
13 23∗
thesensitivityofthebranchingratiotothecombinationδũL
L δũLL ,thatcanbemore
signiﬁcantthantheleft-rightinsertions.Thelatterwerefoundimportantinearlier
studies.Eventhoughlargereffectsrequireﬁnetuningtoovercometheotherﬂavor
changingconstraints,understandingthesensitivityofthedecayremainsimportant.
ThisisespeciallytrueinthecaseofdirectdiscoveryofsquarksattheLHC.Inthat
case,processesconstrainingtheirmassmatriceswillbeimportantandrarekaon
decaysmayturnouttobeveryuseful.
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Abstract
In this text we present the covariant conﬁned quark model together with its
basic features: the so-called compositeness condition and the infrared cutoff generating the quark conﬁnement. The model is applied to two chosen rare heavy
meson decays B → K ∗ μ μ and Bs → Φμ μ: we compute several observables and
present the results in form of graphs and tables.

1 Introduction
Rare heavy meson decays are suitable test ﬁeldf orp ossiblem anifestationso fnew
physics: hypothetical new particles could contribute into loops of the corresponding
Feynmandiagramsandmodifyaccordinglythewholedecayprocess.Nowadaysthese
reactionsattractalotofattentionbecausetheybecomeaccessibleexperimentallyand
severaltypesofthesedecaysweremeasured,someevenwiththeangularinformation.
From the theory point of view, one usually focuses on the weak decay process
which can be computed within the Standard Model and compares the calculations
with the observations. However, the theoretical prediction is inﬂuencedb yt heway
the hadronic contributions are treated and, for the moment, we do not know how to
computethemfromﬁrstp rinciples.Amodel-dependentapproachisthereforeusually
adoptedandtheresultsmaybyaffectedfollowingly. Tosuppressthemodelinﬂuence
one often looksfor observables with lowformfactor dependence and good sensitivitytoweakphysics(Wilsoncoefﬁcients).Buteveninthatc ase,thehadroniceffects
cannotbycompletelyneglected.
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Up to now, the theoretical evaluations did not conﬁrm a presence of new physics
phenomena, but for some observables and phase space regions the tensions between
the theory and the experiment reach up to 3σ . It is therefore suitable to cross-check
existing theoretical predictions with an independent model of hadronic corrections.
The covariant conﬁned quark model treats the hadronic effects by introducing a
quark-hadron vertex via an appropriate interaction Lagrangian. The latter provides the
model with full Lorentz invariance and also allows for standard computational techniques known from the quantum ﬁeld theory. The role of quarks and hadrons is deﬁned by the so-called compositeness condition, which reﬂects the fact, that, in nature,
hadrons are made of quarks. To prevent decays of very heavy hadrons into their constituent quarks a universal infrared cutoff is introduced. The model is non-local and
based only on quarks: it is assumed the effect of gluons is properly absorbed into the
structure of the model itself (its vertex function, free parameters). The number of free
parameters remains limited: the total of ﬁve “global” model parameters (4 constituent
quark masses and one infrared cutoff) should be augmented by one free parameter for
each hadron appearing in the reaction.
We apply the model preferably to heavy hadrons, since for light hadrons concurrency approaches will smaller model dependence are available (ChPT).

2

Model

2.1 Lagrangian for mesons
In the interaction Lagrangian a meson ﬁeld is multiplied by a quark current
Lint = gM · M(x) · JM (x),
where the coupling gM characterizes the interaction strength. The current is build such
as to be Lorentz invariant and quark positions are weighted in the way to match the
center of mass of the quark system to the hadron position
dx1 dx2 FM (x, x1 , x2 ) · q̄af1 (x1 ) ΓM qaf2 (x2 ),


mi
.
FM (x, x1 , x2 ) = δ (x − ω1 x1 − ω2 x2 ) ΦM (x1 − x2 )2 , ωi =
m1 + m2
JM (x) =

The vertex function Φ is chosen to have, in the momentum space, an exponential form
 2 


 M −k2 = exp k
,
Φ
Λ2M
a deliberate choice to facilitate computations. Here ΛM represents a free parameter
which can be related to the meson size. The free parameters enclose:
• four constituent quark masses mu = md = mq = 0.235 GeV, ms = 0.424 GeV, mc =
2.16 GeV and mb = 5.09 GeV.
• one universal infrared cutoff parameter λcuto f f = 0.181 GeV.
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• one size parameter for each hadron, for this text the relevant parameters are
ΛBS = 2.05 GeV, ΛB = 1.96 GeV,ΛK ∗ = 0.75 GeV and ΛΦ = 0.88 GeV.
The numerical value were extracted from global ﬁts to experimental data.

2.2 Compositeness condition
Presence of quark ﬁelds and hadron ﬁelds in the Lagrangian naturally rises questions:
How the model reﬂects the fact of hadrons being built from quarks? Can hadronic
ﬁelds enter the internal structure of Feynman diagrams and how the double counting is
avoided?
The question of describing composite particles in this situation has already been
addressed decades ago [1, 2] and can be formulated in the form of so-called “compositeness condition”. Its interpretation relates the “bare” and “dressed” hadronic states
and can be stated as follows: a state can be considered to be properly described as
bound if it does not contain the “bare” state, i. e. its overlap with it is zero. This can be
seen as a requirement on the renormalization constant
1

ZM2 = 0.
Implementation of this condition into our model (for details see [3, 4]) leads to
1−

3g2M   2 
Π m = 0,
4π 2 M M



where ΠM denotes the derivative of the meson mass operator.

2.3 Computation methods
A general Feynman diagram is written as
Π(p1 , ..., p j ) =

[d 4 k]

m

∏ Φi1 +n

i1 =1

where



−Ki21 +n



n

i3 =1

Ki21 +n = ∑(k̃i12+n + p̃i12+n )2 .
(i )

i2

It contains
• j external momenta
• n quark propagators
• l loop integrations
• m vertices
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(i )

∏ Si3 (k̃i3 + p̃i3 )

and k̃i and p̃i1 +n stand for linear combination of loop and external momenta, respectively. We work with the Schwinger representation of the quark propagator


Sq (k) = m + k̂

∞

dαe[−α (m

2 −k2

)]

0

and we achieve the integration over loop momenta using the operator identity


d 4 kP(k)e2kr =



1 ∂
1 ∂
e2kr = P
2 ∂r
2 ∂r

d 4 kP



d 4 ke2kr ,

where P represents a polynomial. In following steps one can transform the operator
polynomial
∞

dnα P

0

r2
1 ∂
e− a =
2 ∂r

∞

r2

d n α e− a P

0

r
1 ∂
−
, r = r (αi ) , a = a (ΛH , αi )
2 ∂r a

so as to act on identity instead on a more complicated exponential function.
Once the infrared cutoff is applied, the computation is completed by performing a
numerical integration over Schwinger parameters on a computer.

2.4 Infrared conﬁnement
The stability of mesons is naturally guaranteed for not very heavy hadrons where the
sum of masses of constituent quarks exceeds the one of the hadron. In the opposite
case (hadrons heavy enough) one needs to implement a speciﬁc treatment in order to
prevent hadrons from decaying. In out model an infrared cutoff is applied in the space
of Schwinger parameters. The integral
Π=

∞

d n α F (α1 , · · · , αn ) ,

0

where F stands for the whole structure of the corresponding Feynman diagram, can be
transformed, by insertion of a unity in form of the delta function
∞

n

dt δ (t − ∑ αi ),

1=

i=1

0

to an integral over a simplex convoluted with only one-dimensional improper integral
Π=

2
∞→1/λ


dt t n−1

0

1

n

d n α δ 1 − ∑ αi F(tα1 , . . . ,tαn ).
i=1

0

A cutoff is then applied to this integral (as depicted on the formula above) making
Πasmoothfunctionwherethresholdsinthequarkloopdiagramsandcorresponding
branchpointsareremoved.
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Figure 1: Kinematic quantities.

3

Decays B → K ∗ (→ Kπ) + 2μ and BS → ϕ (→ KK) +
2μ

3.1 Kinematics and form factors
The two processes, B → K ∗ + 2μ and BS → ϕ + 2μ, are very similar with identical
quantum numbers and they differ only in the ﬂavor of the spectator quark. In both cases
we consider a cascade decay of the ﬁnal hadron in the narrow-width approximation.
This introduces additional angular structure which can be compared to the experiment.
The kinematics with notations of angles and axes is shown on Fig. 1. The decay can
be fully described by 7 form factors
 
 


εν† 
− gμν P · qA0 q2 + Pμ Pν A+ q2
V[q̄3 ,q2 ] (p2 , ε2 ) |q̄2 Oμ q1 |P[q̄3 ,q1 ] (p1 ) =
m1 + m2
 
 
+ qμ Pν A− q2 + iε μναβ Pα qβ V q2 ,





V[q̄3 ,q2 ] (p2 , ε2 ) |q̄2 σ μν qν 1 + γ 5 q1 |P[q̄3 ,q1 ] (p1 ) =

 
 
qμ qν
†
μν
εν − g − 2
P · q a0 q2
q


 
 
p·q
+ Pμ Pν − qμ Pν 2 a+ q2 + iε μναβ Pα qβ g q2 ,
q
the corresponding Feynman diagram is depicted in Fig. 2.
The b → s ﬂavor transition is described using an effective interaction
4GF 10
He f f = − √ λt ∑ Ci (μ) Oi (μ) ,
2 i=1
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Figure 2: Diagrammatic representation.
where Oi are four-fermion operators, λt is CKM matrix element squared, GF is Fermi
constant and the value of Wilson coefﬁcients, Ci (μ), is taken from the literature.

3.2 Differential decay distribution
A so-called helicity formalism is used to derive the decay distribution formula. It
facilitates the computations by allowing to evaluate the hadronic and leptonic tensors
in different frames. First, new set of form factors A0 , A+ , A− , V , a0 , a+ , g is deﬁned
as linear combinations of those introduced in the previous section. Then another redeﬁnition is made
2mb (m1 + m2 )
,
q2
2mb (m1 + m2 )
(1)
,
A0 = C9e f f A0 +C7e f f a0
q2
2mb (m1 + m2 )
(1)
,
A+ = C9e f f A+ +C7e f f a+
q2
2mb (m1 + m2 ) Pq
(1)
,
A− = C9e f f A− +C7e f f (a0 − a+ )
q2
q2

V (1) = C9e f f V +C7e f f g

V (2) = C10V,

(2)

A0 = C10 A0 ,

(2)

A± = C10 A± ,

where, this time, also the ﬂavor-changing information enters. Next helicity amplitudes
can be deﬁned

1
m1 |p2 | 

Pq(−Ai0 + Ai+ ) + q2 Ai− ,
H i (t) =
m1 + m2 m2 q2


1
−PqAi0 ± 2m1 |p2 |V i ,
H i (±) =
m1 + m2




1
1

−Pq m21 − m22 − q2 Ai0 + 4m21 |p2 |2 Ai+ ,
H i (0) =
m1 + m2 2m2 q2
in terms of which the hadronic tensor in the helicity basis can be written
H ij (m, n)=H i (m)H †j (n),
H ij(m, n)=ε †μ(m)ε ν
(n)Hμi jν.
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The leptonic tensor is in the helicity basis written as
L(k) (m, n) = ε μ (m)ε †ν (n)Lμν .
(k)

The full four-differential decay width then is
dΓ(B → K ∗ (→ Kπ) μ̄ μ)
dq2 d(cos θ ) (dχ/2π) d(cos θ ∗ )

=



dΓU22
3
3
2
2 ∗ 1 dΓU11
Br(K → Kπ) ×
(1 + cos θ ) · sin θ ·
+
8
4
2
dq2
dq2


3
3
1 dΓL11 dΓL22
+ sin2 θ · cos2 θ ∗ ·
+
4
2
2 dq2
dq2


3
1 dΓT11 dΓT22
3
+
− sin2 θ · cos 2χ · sin2 θ ∗ ·
4
4
2 dq2
dq2


9
1 dΓI11 dΓI22
− sin 2θ · cos χ · sin 2θ ∗ ·
+
16
2 dq2
dq2

dΓP12
3
3
+ v · − cos θ · sin2 θ ∗ ·
4
4
dq2


dΓA21
9
∗ 1 dΓA12
+ sin θ · cos χ · sin 2θ ·
+
8
2
dq2
dq2


dΓII12 dΓII21
9
− sin θ · sin χ · sin 2θ ∗ ·
+
16
dq2
dq2


dΓIA11 dΓIA22
9
+ sin 2θ · sin χ · sin 2θ ∗ ·
+
32
dq2
dq2


dΓIT11 dΓIT22
9
2
2 ∗
+ sin θ · sin 2χ · sin θ ·
+
32
dq2
dq2
∗



d Γ̃U22
3
3
1 d Γ̃U11 3
3
+ sin2 θ · sin2 θ ∗ · ·
− (1 + cos2 θ ) · sin2 θ ∗ ·
4
4
2 dq2
8
4
dq2
d Γ̃L22
3
3
1 d Γ̃L11 3
3
+ cos2 θ · cos2 θ ∗ · ·
− sin2 θ · cos2 θ ∗ ·
2
2
2
2 dq
4
2
dq2


d Γ̃T11 d Γ̃T22
3
3
+ sin2 θ · cos 2χ · sin2 θ ∗ ·
+
4
4
dq2
dq2


d Γ̃I22
9
∗ 1 d Γ̃I11
+ sin 2θ · cos χ · sin 2θ ·
+
8
2 dq2
dq2


dΓIA11 dΓIA22
3
1 d Γ̃S22
9
∗
+ cos2 θ ∗ ·
sin
2θ
·
sin
χ
·
sin
2θ
−
·
+
2
4 dq2
16
dq2
dq2


dΓIT11 dΓIT22
9
,
− sin2 θ · sin 2χ · sin2 θ ∗ ·
+
16
dq2
dq2
with

dΓX
G2F
=
dq2
(2π)3



α |λt |
2π

2

|p2 |q2 v i j
H ,
12m21 X
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2m2l dΓX
d Γ̃X
=
,
dq2
q2 dq2

where HXi j is a bilinear combination of H i . Often, an alternative expression is used
9
d3 Γ
1
=
2
dΓ/dq dcosθl dcosθk dΦ 32π

× 34 (1 − FL ) sin2 θk + FL cos2 θk + 14 (1 − FL ) sin2 θk cos 2θl
− FL cos2 θk cos 2θl + S3 sin2 θk sin2 θl cos 2Φ
+ S4 sin 2θk sin 2θl cos Φ + S5 sin 2θk sin θl cos Φ
+ S6 sin2 θk cos θl + S7 sin 2θk sin θl sin Φ


+ S8 sin 2θk sin 2θl sin Φ + S9 sin2 θk sin2 θl sin 2Φ ,
the compatibility of both was checked.

4

Observables

When deﬁning observables, one searches for:
• Small model dependence on hadronic corrections (form factors)
• Sensitivity to new physics
• Experimental accessibility (clear signature, high cross-section, small backgrounds)
With this requirements one often arrives to observables deﬁned as asymmetries or
asymmetry ratios. It can be argued that in our case suitable observables are
FT = 1 − FL ,

3
AFB = − S6 ,
4

P1,2,3 = c1,2,3

S4,5,7

P4,5,6
= c4,5,6 √
FT FL

S3,6,9
,
FT

together with the differential decay width dΓ /dq2 . Taking into account the ﬁnite q2
bin size in the experimental measurement (from which follows a separate integration
of the numerator and denominator) and using the following notation

1 − 4m2μ
dΓiXj
ij
dX =
, βl =
2
dq
q2
one can rewrite the observables in the helicity language


1 dΓU11 dΓU22 dΓ11
dΓ22
d Γ̃22
3 d Γ̃22
dΓ
1 d Γ̃U11 d Γ̃U22 1 d Γ̃11
S
L
L
L
L
=
+
+
+
−
+
−
+
,
+
dq2
2 dq2
dq2
dq2
dq2
2 dq2
dq2
2 dq2
dq2
2 dq2


FL = 

dq2


P1 = −2 


dq2 HL11 + HL22
,
HL11 + HL22 + HU11 + HU22

dq2 βl2 [dT 11 + dT 22 ]
,
dq2 βl2 [dU 11 + dU 22 ]

dq2 β 2 [dIT 11 + dIT 22 ]
P3 = −  2 l 2
,
dq βl [dU 11 + dU 22 ]
P5 = −2



dq2

βl [dA12 + dA21 ]
,
N



dq2 HP12
,
11
HL + HL22 + HU11 + HU22
 2
dq βl dP12
− 2
,
dq βl2 [dU 11 + dU 22 ]
 2
dq βl2 [dI 11 + dI 22 ]

3
AFB = −  2
2 dq
P2 =

P4 = 2



P8 = 2
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N
dq2

,

βl2 [dIA11 + dIA22 ]
,
N

Figure 3: B → K ∗ form factors as predicted by the covariant quark model.
B × 107
AFB
FL

Belle [6]
1.49+0.45
−0.40 ± 0.12
0.26+0.27
−0.30 ± 0.07
0.67+0.23
−0.23 ± 0.05

LHCb [7]
0.42 ± 0.06 ± 0.03
−0.06+0.13
−0.14 ± 0.04
0.55 ± 0.10 ± 0.03

CDF [8]
0.29+0.20
−0.23 ± 0.07
0.69+0.19
−0.21 ± 0.08

CQM
2.58
−0.02
0.75

Table 1: Three observables for B → K ∗ (→ Kπ) + 2μ: comparison with experiment
(1GeV2 < q2 < 6GeV2 ).


with
N=

5

dq2 βl2 [dU 11 + dU 22 ] ·

dq2 βl2 [dL11 + dL22 ].

Results

5.1 Decay B → K ∗ (→ Kπ) + 2μ
The model predicted form factors are plotted in Fig 3. Further results are shown, both,
for the muon and the tau lepton in the ﬁnal state, in Fig. 4 and Tabs. 1 and 2. In the
ﬁrst table we compare, in the 1GeV2 < q2 < 6GeV2 region, our results for branching
fraction, AFB and FL with the experimental numbers. The second table shows values
of several observables averaged over the whole kinematic region. More q2 -differential
information can be found in [5].

μ
τ

< AFB >
−0.23
−0.18

< FL >
0.47
0.092

< P1 >
−0.48
−0.74

< P2 >
−0.31
−0.68

< P3 >
0.0015
0.00076

< P4 >
1.01
1.32

< P5 >
−0.49
−1.07

Table 2: B → K ∗ (→ Kπ) + 2l : observables averaged over all kinematic region.
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Figure 4: Branching fraction and AFB and FL observables for muon and tau lepton in
the ﬁnal state of the B → K ∗ (→ Kπ) + 2l decay.
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Figure 5: BS → ϕ form factors as predicted by the covariant quark model.
μ
τ

< AFB >
−0.24 ± 0.05
−0.18 ± 0.04

< FL >
0.45 ± 0.09
0.090 ± 0.02

< P1 >
−0.52 ± 0.1
−0.76 ± 0.15

< P4 >
1.05 ± 0.21
1.33 ± 0.27

< S3 >
−0.14 ± 0.03
−0.067 ± 0.013

Table 3: BS → ϕ (→ KK) + 2l : observables averaged over all kinematic region.

5.2 Decay BS → ϕ (→ KK) + 2μ
The BS → ϕ form factors predicted by the covariant quark model are shown in Fig. 5
The branching fraction, AFB and FL in the whole kinematic region are plotted in Fig. 6.
Tab. 3 shows, for studied observables, the averages over all kinematic range. In Tab.
4, our numbers for the total branching fraction are compared with the experiment and
with numbers of other authors.

5.3 Other results: BS → J/Ψ + η, BS → J/Ψ + η 
Further processes involving mesons were analyzed in the framework of the covari
ant quark model. As an example one may choose the BS → J/Ψ + η ( ) decay. This
process was measured at Belle [15] and LHCb [16], its diagram is shown in Fig. 7.
Model parameters were, for this case, overconstained by previously existing data ﬁts,
therefore giving the results the status of predictions. With methods presented in this
text the branching fractions and their rations were computed and an agreement with

μ
τ

This work
9.11 ± 1.82
1.03 ± 0.20

[9]
11.1 ± 1.1
1.5 ± 0.2

[10]
19.2
2.34

[11]
11.8 ± 1.1
1.23 ± 0.11

[12]
16.4
1.51

Table 4: Total branching fractions ×107 .

185

[13, 14]
7.97 ± 0.77

Figure 6: Branching fraction and AFB and FL observables for muon and tau lepton in
the ﬁnal state of the BS → ϕ (→ KK) + 2l decay.



Figure 7: Decay BS → J/Ψ + η ( ) .
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experimental values was observed
BCQM (J/ψ η) = 4.67 × 10−4 ,


BCQM J/ψ η  = 4.04 × 10−4 ,
In the ratio

Γ(J/ψ + η  )
R=
=
Γ(J/ψ + η)

BBelle (J/ψ η) = (5.10 ± 1.12) × 10−4 ,


BBelle J/ψ η  = (3.71 ± 0.95) × 10−4 .


0.73 ± 0.14 ± 0.02 Belle
LHCb
0.90 ± 0.09+0.06
−0.02

a model dependent part (form factor ratio) can be factorized


RCQM =

|qη  |3
F+Bs η
2
δ
×
tan
|qη |3
F Bs η
!
"  +!

≈1.04

≈0.83

2

≈ 0.86,
"

showing the importance of our model: the model-independent value of 1.04 is significantly modiﬁed by model prediction 0.83 so that the result becomes compatible with
experiment.

6

Summary, conclusion

Covariant quark model is relativistic, Lagrangian-based model with limited number of
free parameters, well suited for description of heavy hadron decays. In studied decay
processes it provided an additional cross-check of the theory-data consistency by describing the hadronic effects, no signiﬁcant deviation from the SM was observed. In
the same way further processes can be evaluated and agreement with the SM checked
(e.g. recently measured B0S → μ + μ − and B0s → KS0 K ∗ (892)0 at LHCb and CMS respectively).
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Why diﬀractive factorization is broken
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QCD factorization in diﬀraction

QCD factorization in inclusive processes is nowadays one of the most powerful and frequently used theoretical tools [1]. In spite of lack of understanding
of the soft interaction dynamics, the contributions of the soft long-distance
and hard short-distance interactions factorise. Making a plausible (though
not proven) assumption about universality of the former, one can measure
it with electro-weak hard probes (DIS, Drell-Yan process) and apply to
hard hadronic processes. Although it is tempting to extend this factorization scheme to diﬀractive, large rapidity gap processes, it turns out to be
heavily broken [2, 3], as is demonstrated below.
Ingelman-Schlein picture of diﬀraction [4].
It looks natural that on analogy of DIS on a hadronic target, DIS on the
Pomeron probes its PDF (parton distribution function), like is illustrated
in Fig. 1 . Once the parton densities in the Pomeron were known, one could

Figure 1: DIS on a hadron taget (left) and on the Pomeron, treated as a
target (right).
predictanyharddiﬀractivehadronicreaction.
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The Good-Walker mechanism of diﬀraction [6, 7, 8].
According to this quantum mechanical treatment of diﬀraction, the
diﬀractive amplitude is given by the diﬀerence between the elastic amplitudes of diﬀerent Fock components in the projectile particle. In the dipole
representation hard diﬀraction of a hadron comes from the diﬀerence between elastic amplitudes of hadronic states with and without a hard ﬂuctuation,
(1)
Ahdif f ∝ σq̄q (R + r) − σq̄q (R) ∝ rR ∼ 1/Q,
where σq̄q (R) is the total dipole-nucleon cross section [9]; R characterises
the hadronic size, while small r ∼ 1/Q  R is related to the hard process
[14, 15]. Apparently such a mild Q-dependence contradicts factorization
prediction, based on the DIS relation,
Adif f ∝ σq̄q (r) ∝ r2 ∼ 1/Q2 ,

(2)

which is a higher twist eﬀect.
Whilethephenomenologicaldipolecrosssection(orpartialdipoleamplitude) is a universal ingredient naturally accumulating the soft interactions
and ﬁtted to the available precision data, the diﬀractive amplitudes are
represented in terms of a linear superposition of elastic dipole scatterings
atdiﬀerenttransverseseparationswhichisprocess-dependentandaccumulates all the relevant absorptive corrections fully dynamically. Naturally,
the gap survival amplitude gets singled out from such a superposition as a
common factor dependent on soft parameters of the dipole model and on
the diﬀractive process concerned.
Intheforwardscatteringlimitandintheabsenceofspectatorco-movers
asinglequarkcannotradiateanAbelianparticle(γ, Z, W ± , H)inadiﬀractive quark-hadron scattering (with zero net momentum transfer), in variancetodiﬀractivefactorisation[10]. Onlyadipolecandiﬀractivelyradiate
due to a small ﬂuctuation in its size induced by the hard scattering (c.f.
Eq. (1)) so diﬀraction becomes possible although is strongly suppressed.
Such a mechanism opens up new possibilities for universal description of
diﬀractive reactions speciﬁc to the dipole approach beyond QCD factorisation [9]. The diﬀractive factorisation breaking in non-Abelian radiation is
alsoimportantalthoughthediﬀractivegluonradiationoﬀaquarkdoesnot
vanishintheforwardkinematicsduetoanextraglue-glueinteraction. The
universaldipolemechanismofdiﬀractionhasbeenemployedinanumberof
diﬀractive processes so far, and this review aims at a short comprehensive
overviewofmajorimplicationsofthediﬀractivefactorisationbreakdownin
bothAbelianandnon-Abeliandiﬀractiveradiation.
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2

Drell-Yan process:
annihilation or bremsstrahlung?

Parton model is not Lorentz invariant, interpretation of hard reactions varies
with reference frame. E.g. DIS is treated as a probe for the proton structure
in the Bjorken frame, but looks diﬀerently in the target rest frame, as
interaction of hadronic components of the photon. Only observables are
Lorentz invariant.
The Drell-Yan reaction in the target rest frame looks like radiation of
a heavy photon (or Z, W), rather than q-qbar annihilation [11, 12], as is
illustrated in Fig. 2

Figure 2: Radiation of a heavy photon, or gauge bosons in the target rest
frame, corresponds to q̄q annihilation in the boson rest frame.
The cross section, expressed via the dipoles [11, 12], looks similar to DIS,
DY
dσinc
(qp → γ ∗ X)
=
dα dM 2

2

d2 r |Ψqγ ∗ (r, α)| σ (αr, x2 ) ,

(3)

where Ψqγ ∗ (r, α) is the distribution function for the |γ ∗ q Fock component
+
of the quark; α = p+
γ ∗ /pq is the fractional ligh-cone momentum of the heavy
photon.
In DY diﬀraction the Ingelman-Schlein factorization is broken. Indeed,
diﬀractive radiation of an abelian particle vanishes in the forward direction [12], due to cancellation of the graphs a, b and c depicted in Fig. 3,
#
DY
(qp → γ ∗ qp) ##
dσinc
= 0.
(4)
dα dM 2 d2 pT #pT =0
InbothFockcomponentsofthe quark,|qand |qγ ∗ onlyquarkinteracts,
so they interact equally, and according to the Good-Walker picture cancel
in the forward diﬀractive amplitude. This conclusion holds for any abelian
diﬀractive radiation of γ ∗ , W, Z bosons, Higgs.
DiﬀractiveDISisdominatedbysoftinteractions[13,2]. Onthecontrary,
diﬀractive Drell-Yan gets the main contribution from the interplay of soft
and hard scales [14, 15].
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Figure 3: Feynman graphs for diﬀractive radiation of a heavy photon by a
quark.
The saturated shape of the dipole cross section, σ(R) ∝ 1−exp(−R2 /R02 ),
leads to the unusual features of diﬀractive Drell-Yan cross section (compare
with (2)),
DY
σsd
exp(−2R2 /R02 )
2
∝ [σ(R + r) − σ(R)] ∝
(5)
DY
R02
σincl
As a result, the fractional diﬀractive Drell-Yan cross section is steeply falling
with energy, but rises with the scale, because of saturation, as is shown in
Fig. 4.
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Figure 4: Left: Fractional DY cross section vs the dilepton mass squared
and at diﬀerent c.m. energies. Right: Diﬀractive gauge boson and DrellYan pair production cross sections as function of di-lepton invariant mass
squared.

3 Diﬀractive gauge boson production
AbeliandiﬀractiveradiationofanyparticleisdescribedbythesameFeynman graphs, only couplings and spin structure are diﬀerent [16]. In Fig. 4
(right panel) we present the results for the single diﬀractive cross sections
for Z 0 , γ ∗ (diﬀractive DY) and W ± bosons production, diﬀerential in the
di-leptonmasssquared,dσsd/dM 2.
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The single diﬀractive process pp → Xp at large Feynman xF → 1 of
the recoil proton is described by the triple Regge graphs, as is illustrated
in Fig. 5. The results for the fractional diﬀractive cross sections of Z and

Figure 5: Triple-Regge description of the process pp → Xp, where the
diﬀractively produced state X contains a gauge boson decaying to a lepton
pair.
W production are in good agreement with the CDF measurements in Fig. 6
(left panel).
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Figure 6: Left: The diﬀractive-to-inclusive ratio vs dilepton invariant mass
squared in comparison with the CDF measurements. Right: Cross section
ofdiﬀractiveproductionofheavyﬂavorsincomparisonwiththeCDFdata
for charm and beauty (see details in [17]).

4 Diﬀractive heavy ﬂavor production
QCDfactorisationpredictsvanishingQQ̄ productioncrosssectionsatlarge
xF duetoasteeplydecreasinggluondensityintheforwardkinematicswhich
contradicts to the end-point behavior predicted by the Regge asymptotics
(see e.g. Ref. [3] and references therein). A similar contradiction arises
for the DY reaction at large xF, which has been seen in data [18]. Both
examplesapparentlyindicatethattheconventionalQCDfactorisationdoes
not hold, at least, at large Feynman xF [19].
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Figure 7: Typical contributions to inclusive production of a heavy quark
pair in a quark-proton collision.
A detailed analysis of various contributions into the diﬀractive QQ̄ production from both diﬀractive gluon and quark excitations has been performed in Ref. [17]. For example, in the case of diﬀractive quark excitation q + g → (QQ̄) + q the dynamics of inclusive heavy ﬂavor production
is characretized by ﬁve distinct topologies which can be classiﬁed as: (i)
bremsstrahlung (like in DY), and (ii) production mechanisms as illustrated
by the Feynman graphs in Fig. 7, such that the total amplitude
Adiﬀ
QQ̄ = ABR + APR .

(6)

Each of these two contributions is gauge invariant and can be described
in terms of three-body dipole cross sections, σgq̄q and σgQ̄Q , respectively,
which strongly motivates such a separation. Similar graphs and classiﬁcation hold for the diﬀractive gluon excitation g + g → (QQ̄) + g as well. The
amplitudes for each of the two mechanisms are expressed via the amplitudes
Ai corresponding to the graph numbering in Fig. 7. As was elaborated in
Ref. [17] such a grouping can be performed for both transversely and longitudinally polarised indermediate gluons. The bremsstrahlung and production
components have the following form,
ABR

=

A1 + A2 +

Q2
A3 ;
M 2 + Q2

(7)

APR

=

M2
A3 + A4 + A5 ,
M 2 + Q2

(8)

whereQ2 =(pi −pj)2 intermsoftheinitialpi andﬁnalpj projectilequark
momenta, and M is the invariant mass of the QQ̄ pair.
For diﬀractive production one has to provide a colorless two-gluon exchange. In analogy to the leading-twist DIS diﬀraction at large photon
virtualities γ ∗ → QQ̄g, the BR and PR contributions are dependent on
twocharacteristiclengthscales: thesmallseparationbetweentheQ̄ andQ,
s∼1/mQ , and a typically large separation between q and QQ̄, ρ∼1/mq .
InanalogytodiﬀractiveDY,thediﬀractiveexcitationofaquarkthusturns
outtobeahighertwisteﬀectasisdepictedinFig.8(left).Theleading
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Figure 8: Diﬀractive production of a heavy quark pair in a quark-proton
collision (left panel) and in a proton-proton collision (right panel).
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Figure 9: The total cross sections for diﬀractive heavy ﬂavor production w.r.t.
the experimental data from E690 [20] and CDF [21] experiments for charm and
beauty as functions of energy and diﬀerential cross section dσ/dx1 for diﬀractive
√
charm quark production at s = 0.5 and 14 TeV (more details are in Ref. [17]).
twist contributions to diﬀractive QQ̄ production come from both sources:
when both exchanged gluons couple to the valence quark which gives rise
to the QQ̄ pair, and when one of the gluons is coupled to another spectator
quark not participating in the hard scattering as is shown in Fig. 8, right
[17] (for more details, see Ref. [3]). So the interaction with spectators again
plays an important role as one of the source for the diﬀractive factorisation
breaking.
The QQ̄ production amplitudes in diﬀractive quark scattering oﬀ a proton target are related to the eﬀective dipole cross sections Σ1,2 for colorless
g q̄q and g Q̄Q systems as
1
ABR ∝ ΦBR (
ρ, s)Σ1 (
ρ, s) ∼ s2  ∼ 2 ,
(9)
mQ
1
ρ, s)Σ2 (
ρ, s) ∼ s · ρ
∼
,
(10)
APR ∝ ΦPR (
mq mQ
where ΦBR/PR are complicated distribution amplitudes for the q +g →
(QQ¯)+q subprocess. Thebremsstrahlungcontributioni sofahighert wist
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eﬀect and is therefore suppressed while for diﬀractive Abelian radiation it
is equal to zero. In opposite, the production contribution is of the leading
twist and is thus much larger than the bremsstrahlung term in analogy to
the diﬀractive DY reaction. This is again due to the presence of spectators
at large distances from the QQ̄ pair despite of non-Abelian nature of the
process which is a rather non-trivial fact. The non-Abelian interactions,
however, introduce extra important leading-twist terms into the “production” mechanism, which are independent of the structure of the hadronic
wave function, in addition to those from the spectators’ interactions.
The leading-twist behavior 1/m2Q of the diﬀractive cross section is conﬁrmed by E690 [20] and CDF [21] data as demonstrated in Fig. 9 (left panel),
where the corresponding cross sections for charm, beauty and top quarks,
p + p → QQ̄X + p, are shown as functions of c.m.s. pp energy. Besides, on
the right panel we show diﬀerential cross section in x1 -variable,
√ dσ/dx1 , for
diﬀractive charm quark production at two diﬀerent energies s = 0.5 and
14 TeV.

5

Diﬀractive Higgs production

5.1

Higgsstrahlung

Consider single diﬀractive Higgs boson production in hadron-hadron collisions. The Higgs boson decouples from light quarks, in particular, due to a
smallness of the corresponding Yukawa coupling so the Higgsstrahlung by
light hadrons is vanishingly small. Although a light projectile quark does
not radiate the Higgs boson directly, it can do it via production of heavy
ﬂavors. Similarly to the diﬀractive QQ̄ production considered above, the
diﬀractive Higgsstrahlung process oﬀ a heavy quark is dominated by the diagrams involving interactions of spectators at large transverse separations
as illustrated in Fig. 10.

Q
H
Q̄

Figure 10: Typical Feynman graphs for the diﬀractive Higgsstrahlung process oﬀ a heavy quark which involve interations of spectator partons.
Therefore, the Higgsstrahlung mechanism is closely related to the nonAbelianmechanismfordiﬀractiveheavyquarkproductiondiscussedinthe
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previous section. In a sense, it is also similar to diﬀractive DY, Z 0 and W ±
production since in all these cases the radiated particle does not participate
in the interaction with the target although gg → QQ̄ + H subprocess is
rather involved and more complicated Fock states containing heavy ﬂavors
need to be resolved by the exchanged gluons.
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Figure 11: The diﬀerential cross section of single diﬀractive Higgs boson production in association with a heavy quark (bb̄ and tt̄) pair vs Higgs boson rapidity (left
panel) and the SD-to-inclusive ratio for the Higgsstrahlung process as a function
of the QQ̄H invariant mass (right panel) (see more details in Ref. [22]).

The rapidity-dependent cross section
√ of diﬀractive Higgs boson production oﬀ tt̄ and bb̄ at the LHC energy s = 14 TeV is plotted in Fig. 11 (left
panel). At Higgs mid-rapidities, the top and bottom contributions are comparable to each other, whereas top quark provides a wider rapidity distribution and dominates at large Higgs boson transverse momentum [22]. The
total cross section is rather small and below 1 fb. In Fig. 11 (right panel) we
present the SD-to-inclusive ratio of the corresponding Higgsstrahlung cross
sections for diﬀerent c.m. energies √s = 0.5,7,14 TeV and for two values
of the Higgs boson rapidities Y = 0 and 3 as functions of Q̄QH invariant
mass. This ratio is in overall agreement with the corresponding data for
diﬀractive beauty production [21].
Asexpectedfromabovediscussion,thediﬀractivefactorisationindiﬀractive Higgsstrahlung is broken by transverse motion of spectator valence
quarks in the projectile hadron leading to a growth o√
f the SD-to-inclusive
ratio with the hard scale, M , and its descrease with s. Such a behavior
is opposite to the one predicted by diﬀractive factorisation and is in full
analogy with the diﬀractive Abelian radiation.

5.2 Diﬀractive Higgs from intrinsic heavy ﬂavours
The Higgs boson can also be diﬀractively produced due to fusion of the
intrinsic heavy ﬂavours (IQ) in light hadrons, Q̄Q → H, as is depicted in
Fig. 12, left.
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Figure 12: Upper panel: The two-gluon exchange diagram for the Higgs
exclusive production via coallicense of intrinsic heavy quarks, Q̄Q → H.
Bottom panel: The cross section of diﬀractive exclusive Higgs production
oﬀ diﬀerent intrinsic ﬂavors as a function of the Higgs boson mass [23].
Such exclusive Higgs production process, pp → Hpp was analysed in
Refs. [23, 24].
The diﬀractive cross section has the form,
dσ(pp → ppH)
1
2
=
|A(x2 , p1 , p2 )| ,
2
2
dx2 d p1 d p2
(1 − x2 )16π 2

(11)

where the diﬀractive amplitude in Born approximation reads,
A(x2 , p1 , p2 )

=
×
×
×
×

d 2 q d2 k
αs (q 2 )αs (k 2 )
q2 k2
3 2

δ(q + p2 + k) δ(k − p1 − Q)




2
d2 τ |Φp (τ )| ei(k+q)·τ /2 − ei(q−k)·τ /2
8
√

d2 Q



d2 R d2 r d2 ρ H † (r) eiq·r/2 1 − e−iq·r




 
 r, ρ
Φ†p (
ρ)eik·ρ/2 1 − e−ik·ρ Ψp (R,
, z) eiQ·R . (12)
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2
 r, ρ
Here (1 − x1 )(1 − x2 ) = MH
/s. Ψp (R,
, z) is the light-cone wave function
of the IQ component of the projectile proton with transverse separations
 between the c̄c and 3q clusters, r between the c and c̄, Q
 is the relative
R
transverse momentum of the 3q and c̄c clusters in the projectile and ρ
 is
the transverse separation of the quark and diquark which couple to the
ﬁnal-state proton p2 . The density |Φp (τ )|2 is the wave function of the target
proton which we also treat as a color dipole quark-diquark with transverse
separation τ . (The extension to three quarks is straightforward [9]). The
fraction of the projectile proton light-cone momentum carried by the c̄c,
z ≈ 1 − x1 . This wave function is normalized as,
1

dz

#
#2
#
#
 r, ρ
d2 R d2 r d2 ρ #Ψp (R,
, z)# = PIQ ,

(13)

0

where PIQ is the weight of the IC component of the proton, which is suppressed as 1/m2Q [25], and is assumed to be PIC ∼ 1%. The amplitudes
) denote the wave functions of the produced Higgs and the
H(r) and Φp (ρ
outgoing proton, respectively, in accordance with Fig. 12, left.
AtthemeasuredHiggsmassvalue125 GeVtheintrinsicbottomandtop
providecomparablecontributionsascanbeseeninFig.12,right. Comparing the Higgsstrahlung cross section oﬀ the produced heavy quarks, i.e.
gg → QQ̄H, and that oﬀ the intrinsic component one concludes that the
intrinsic contribution to the diﬀractive Higgs boson production can be relevant at forward Higgs boson rapidities yH >3.5 [22].

6 Summary
Factorization of short and long-distance interactions is heavily broken in
hard diﬀractive hadronic collisions. In particular, forward diﬀractive radiation of direct photons, Drell-Yan dileptons, and gauge bosons Z, W, by a
parton is forbidden. Nevertheless, a hadron can diﬀractively radiate in the
forwarddirectionduetoapossibilityofsoftinteractionwiththespectators.
This property of abelian radiation breaks down diﬀractive factorization resulting in a leading twist dependence on the boson mass, 1/M 2 .
Non-abelian forward diﬀractive radiation of heavy ﬂavors is permitted
even for an isolated parton. However, interaction with spectators provides
thedominantcontributiontothecrosssection. Itcomesfromtheinterplay
between large and small distances. Data well conﬁrm the leading twist
behavior.
Diﬀractive higgsstrahlung is possible due to a double-step process, via
heavyquarkproduction. Therefore,themaincontributioncomesforHiggs
productioninassociationwithaheavyquarkpair. AnotherimportantcontributiontodiﬀractiveHiggsproductioncomesfromcoalescenceofintrinsic
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heavy quarks in the proton. For MH = 125 GeV dominance of intrinsic
bottom and top is expected.
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Heavy ﬂavors in nucleus-nucleus and
proton-nucleus collisions
Marzia Nardi
Istituto Nazionale di Fisica Nucleare - Sezione di Torino
Via P. Giuria 1 - 10125 Torino (Italy)
Abstract.
A multi-step setup for heavy-ﬂavor studies in high-energy nucleusnucleus (AA) and proton-nucleus (pA) collisions is presented.
The propagation of the heavy quarks in the medium is described
in a framework provided by the relativistic Langevin equation,
here solved using weak-coupling transport coeﬃcients. Successively, the heavy quarks hadronize in the medium. We compute
the nuclear modiﬁcation factor and the elliptic ﬂow parameter of
the ﬁnal D mesons both in AA and in pA collisions and compare
our results to experimental data.1

1

Introduction

The primary goal of the ongoing heavy-ion collision experiments at the
Relativistic Heavy Ion Collider (RHIC) and at the Large Hadron Collider
(LHC) is to create and study a new state of matter, the Quark-Gluon Plasma
(QGP), where quarks and gluons are no longer conﬁned, but can freely move
over distances much larger than the typical hadronic size.
A nucleus-nucleus collision is a very complicated process undergoing
several stages: right after the ﬁrst interaction between the incident nuclei
(or proton and nucleus) a dense system of partons is produced, which shortly
reach a thermal equilibrium (at least locally) and form the QGP. It then
expands, cools down and decades into a system of interacting hadrons. The
hadronic interactions cease when the system, still expanding and cooling, is
too dilute. The ﬁnal hadrons (or their decay products) are then detected in
the experimental apparatus.
Many observables has been proposed to study the properties of the QGP.
Among them, the heavy quarks (charm and beauty) play a special role, for
the following reasons:
• their mass M is much larger than ΛQCD : it is possible to compute
cross sections and pT spectra with perturbative techiques from the
QCD theory (next-to-lead order calculations are, presently, the “status
of the art”);
1 Work done in collaboration with A. Beraudo, A. De Pace, M. Monteno and F. Prino
(INFN, Torino)

202

• M in also larger than the average temperature of the medium formed
in the collision: their thermal production is expected to be negligible
both in the plasma and, even more, in the hadronic phase;
• they are created at the very beginning of the collision between the two
incident nuclei (or proton and nucleus) and witness all the subsequent
evolution;
• M  gT , with gT being the typical momentum exchange in the
collision with the plasma particle: many soft scattering are needed
to change signiﬁcantly the momentum (and trajectory) of the heavy
quark2 ; therefore heavy quarks do not thermalize with the medium in
the later stage, they do not loose “memory” of their initial momentum
and energy and carry precious information about the QGP phase.
In a series of papers [1, 2, 3, 4] over the last few years we developed a
complete setup (referred to as POWLANG) for the study of heavy ﬂavour
observables in high-energy nucleus-nucleus (AA) collisions, describing the
initial hard production of the QQ pairs and the corresponding parton-shower
stage through the POWHEG-BOX package [5, 6] and addressing the successive evolution in the plasma through the relativistic Langevin equation.
Here, following Ref. [4], we supplement our numerical tool by modeling
the hadronization of the heavy quarks accounting for the presence of a surrounding medium made of light thermal partons feeling the collective ﬂow of
the local ﬂuid cell. Moreover, we present our ﬁrst results for proton-nucleus
(pA) collisions at LHC energies.

2

Heavy ﬂavour in proton-proton collisions

Because of their large mass, the initial production of c and b quarks is
a short-distance process involving a large-momentum transfer, described
by perturbative QCD (pQCD). For this purpose we rely on a standard
pQCD public tool, namely POWHEG-BOX, in which the hard QQ event
is interfaced with a shower stage described by PYTHIA [7], to include the
eﬀects of Initial- and Final-State Radiation [1, 2].
Experimental data obtained in proton-proton (pp) collisions can be exploited to validate the theoretical calculations used to simulate the initial
hard QQ production. In our setup, the heavy quarks are created in pairs by
the POWHEG-BOX event generator. Their momenta are not back-to-back
neither along the beam-axis, due to the diﬀerent Bjorken-x carried by the
partons taking part in the hard event, nor in the azimuthal plane, due to
the gluon radiation occurring during the hard process or the shower stage
2 For realistic temperature g ∼ 2, so the present condition, at least in the initial stage
of the evolution, is only marginally fulﬁlled by charm quarks.
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Figure 1: Results for pp collisions at sN N = 7 TeV compared to experimental data by the ALICE Collab. [8, 10, 11]. Left: pT spectrum for D0
mesons. Right: azimuthal D−h correlations for diﬀerent pT -cuts.
and also to the intrinsic kT -broadening one can include in the simulation.
Eventually, heavy-quark hadronization and the ﬁnal decays of the D (B)
mesons are simulated with PYTHIA, which is also used to describe the
parton shower stage.
In Fig. 1 we show some results for pp collisions. In the left panel, the
inclusive pT distribution of D0 mesons [3] is compared to experimental data
measured by the ALICE collaboration [8]. Also shown is the FONLL systematic uncertainty band [9]. The right panel shows D −h azimuthal correlations compared to preliminary ALICE data [10, 11], for two diﬀerent
pT -intervals of the charmed meson. In our simulation D0 , D̄0 and D± are
usedas triggerparticlesandthe lighthadronsarelimited to chargedpions
andkaons,protonsandantiprotons,excludingtheweakdecaysofΛandK 0 .
AnyD-mesoniscorrelatedwithallthelighthadrons(exceptitsowndecay
products)createdinthesameevent. Thenear-sidepeaktakescontribution
both fromcorrelationspresentatthe partoniclevel(fromQQpairsarising
from gluon splitting) and from hadrons coming from the fragmentation of
the same string of the parent heavy quark. Our results include also the
simulation of the Underlying Event due to Multiple Parton Interactions,
performed with PYTHIA 6.4, which gives rise to the pedestal observed in
Fig. 1.
The agreement between the results of POWHEG+PYTHIA event generator and the experimental data is quite good: this makes us conﬁdent
that the production process is reasonably well descripted and can be used
as a starting point for the simulationofAA and pA collisions.
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Heavy ﬂavour in pA and AA collisions: initial conditions

In nuclear collisions the cc̄ or bb̄ production given by the pQCD calculation
must be modiﬁed in two ways: i) the nuclear parton distribution functions
should be corrected for shadowing or antishadowing eﬀects (we have adopted
here the EPS09 scheme [12]); ii) the colliding partons acquire, on average,
a larger transverse momentum during the crossing of the two nuclei (Cronin
eﬀect), which can be estimated by a Glauber calculation [2].
Moreover, their initial positions are distributed in the transverse plane
according to the density of nucleon-nucleon collision, as computed in the
(optical) Glauber model.
The heavy quarks created in nuclear collisions propagate in a strongly
interacting and non-static medium, whose properties and evolution is described through hydrodynamical calculations, performed with the viscous
2+1 code of Ref. [13] (for the AA case), or with ECHO-QGP [14] (for the
pA case, in 2+1 dimensions for simplicity). The assumption of longitudinal
boost-invariance (implicit in the 2+1 description) restricts the validity of
our calculation to a limited region around mid-rapidity.
While for the initial conditions in AA collisions one can adopt the smooth
results provided by an optical-Glauber calculation, in a pA collision the
event-by-event ﬂuctuations in the initial state are extremely important,
since they are the main source of anisotropic ﬂow in the ﬁnal state.
We assumed that each nucleon-nucleon collisions, occurring at the transverse coordinate xi in a give initial distribution (the single nucleons being
randomly located with a distribution probability given by a realistic nuclear density), deposit some entropy in the transverse plane, distributed
according to a gaussian form centered around the scattering position and
depending on the smearing parameter σ. For the numerical calculation we
tested two values of σ : 0.2 and 0.4 fm.
The total entropy distribution thus results in:


Ncoll
K $
(x − xi )2
s(x) =
(1)
exp
−
2πσ 2 i=1
2σ 2
The multiplicative constant K can be ﬁxed, for instance, by matching the
initial entropy density calculated with the Glauber Model in the optical
approximation and in the Monte Carlo simulation. The initial eccentricity,
which translate into a non-vanishing elliptic ﬂow [15], can be then evaluated
as (the brackets denote the average in the transverse plane, with the entropy
density in Eq. 1 as a weight):

{y 2 − x2 }2 + 4{xy}2
2 =
.
{y 2 + x2 }
205

entropy density (1/fm3) tau0=0.25 fm/c

entropy density (1/fm3) tau0=0.25 fm/c

3

600

3

2

500

2

1

400

1

0

300

-1

200

-1

-2

100

-2

0

-3

250

200

y (fm)

y (fm)

150
0
100

-3
-3

-2

-1

0

1

2

3

50

0
-3

-2

-1

x (fm)

0

1

2

3

x (fm)

Figure
2: The initial entropy-density proﬁle for a single p-Pb collision at
√
sN N = 5.02 TeV (left panel) and the result of the weighted average of the
0-20% most central events (right panel).

Since a full event-by-event simulation with our hydro+transport setup would
be really demanding, for the huge computing and storage resources required,
we evaluate a realistic average background as follows: for a given centrality
class we average over all the events of the considered percentile (based on
the number of Npart ); After rotating each of them by the event-plane angle ψ2 , we compute an average entropy-density distribution from which a
realistic average eccentricity 2 can be obtained. In Fig. 2 we shown an
example of a single
√ event (left) and the average distribution (right), for a
p-Pb collision at sN N = 5.02 TeV.

4

Propagation of the Heavy Quarks through
the medium

The time evolution of the heavy-quark phase-space distribution fQ (t, x, p)
can be described by the Boltzmann equation:
d
fQ (t, x, p) = C[fQ ] ;
dt

(2)

C[fQ ] is the Boltzmann collision integral, taking into account losses and
gains dueto single-particlecollisions [16]:

C[fQ ]= dk[w(p+k,k)fQ (p+k)−w(p,k)fQ (p)] ,
wherew(p,k) is the transitionrate for a heavyquarkchangingits momentumfromptop−k.
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Neglecting x- and mean ﬁeld dependence of fQ and expanding the collision integral for small momentum exchange (Landau approximation [17])
the collision integral can be expressed as:


1 i j ∂2
i ∂
[w(p, k)fQ (t, p)] ;
+ kk
C[fQ ]  dk k
∂pi
2
∂pi ∂pj
the Boltzmann equation reduces to the Fokker-Planck equation:


∂
∂
∂
i
ij
A (p)fQ (t, p) + j [B (p)fQ (t, p)]
fQ (t, p) =
∂t
∂pi
∂p
where
dk k i w(p, k) = A(p)pi

Ai (p) =
B ij (p) =

1
2

dk k i k j w(p, k) = B0 (p) + (δ ij − p̂i p̂j )B1 (p) .

The problem is reduced to the evaluation of three transport coeﬃcients:
a friction term A(p) and two terms describing the momentum broadening
B0 (p) and B1 (p).
The Fokker-Planck equation can be then recast into a form suitable to
follow the dynamics of each individual quark: the Langevin equation
Δpi
= −ηD (p)pi + ξ i (t),
Δt
with the properties of the noise encoded in
ξ i (pt )ξ j (pt ) = bij (pt )

δtt
Δt

bij (p) = κ (p)p̂i p̂j + κ⊥ (p)(δ ij − p̂i p̂j ) .

The transport coeﬃcients κ⊥ and κ can be calculated within a weaklycoupledscenario: perturbativeQCDand“HardThermalLoop”(HTL)approximation, as done in Ref. [1]. We note that the transport coeﬃcients
computed with pQCD+HTL have a strong dependence on the momentum
p of the heavy quarkandon the temperature T ofthe system.
The Langevin approach is a very convenient numerical tool and allows
onetoestablishalinkbetweenobservablesandtransportcoeﬃcientsderived
fromQCD.However,itwasderivedstartingfromasoft-scatteringexpansion
ofthecollisionintegralC[f ]truncatedatsecondorder(frictionanddiﬀusion
terms): in Ref. [16] it was found that this approximationis excellent for bquarks for allthe evolutionof the system, while for c- quarksit is valid, in
a short time intervalof a few fm/c after the initial collision, only for small
momenta.
Having all the ingredients, we can now procede to simulate the heavyquark propagation in the medium. This occurs through several steps, repeated iterativelyuntil hadronization:
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1. a heavy quark with momentum p is located in a position x at the
time t: the hydrodynamical simulation tells us the conditions (temperature T (x, t), energy density ε(x, t), four-velocity uμ (x, t),...) of
the surrounding ﬂuid cell;
2. we perform a Lorentz boost in the local ﬂuid rest-frame and set the
transport coeﬃcients using the temperature and the momentum p̃ of
the quark (in this reference system);
3. we use the Langevin equation to compute the new quark momentum
p̃ and its new position x̃ at the time t + Δt;
4. we perform another Lorentz boost back to the laboratory frame; we
check whether the surrounding ﬂuid cell is in the QGP phase (i.e. its
temperature is higher than the deconﬁning temperature Tdec : if so,
we restart from step 1, otherwise the quark hadronizes.
The time step used in our simulation is Δt = 0.02 fm/c, for the deconﬁning temperature Tdec we have tested two values: Tdec = 155 MeV (the
value quoted in Lattice calculation for the QGP-hadron transition) and
Tdec =170MeV,allowingtheheavyquarkstoformboundstateswithlight
quarkswhichmaysurvive,in asmalltemperature range,inthe deconﬁned
phase[18].

5 Hadronizations of the Heavy Quarks
Finally,afterthepropagationthroughthedensemedium,theheavyquarks
decouple and hadronize. In the pp case, the hadronization is performed
with PYTHIA, while for the nuclear collisions we introduce a new simple
model to takeinto accountthe eﬀect of the thermalizedmedium.
OnceaheavyquarkQ,duringits stochasticpropagationintheﬁreball,
hasreachedaﬂuidcellbelowthedecouplingtemperatureTdec ,itisforcedto
hadronize. Oneextractsthenalightantiquarkq(up,downorstrange,with
relative thermal abundances dictated by the ratio m/Tdec ) from a thermal
momentumdistributioncorrespondingtothe temperature Tdec inthe local
rest frame of the ﬂuid; the local ﬂuid four-velocity uμ allows one to boost
the momentum of q to the laboratory frame. A string is then constructed
joining the endpoints given by Q and q and is then given to PYTHIA 6.4
to simulateits fragmentationintohadrons(andtheir ﬁnaldecays). Incase
the invariant mass of the string is not large enough to allow its decay into
atleasta pairofhadronsthe eventis resampled,extractinga newthermal
partonto associateto the heavyquark.
With this hadronization scheme we can ﬁrst of all provide a realistic
estimateoftheroleofthethermallightquarksto explainpeculiarfeatures
of the D meson spectra at low and moderate pT; secondly, the complete
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Figure3: TheRAA ofD0 mesonsincentralAu-Aucollisionsat sN N = 200
GeV. POWLANG results obtained with HTL transport coeﬃcients and
a decoupling temperature Tdec = 170 MeV are plotted. Also shown for
comparison is the extreme case of full kinetic thermalization of D mesons.
Theory curvesarecomparedto STAR data [STAR(2014)]

informationonalltheﬁnalstateparticlesarisingfromthefragmentationof
thestringsallowsustoprovidetheorypredictionsforobservableslikeD−h,
e−h, e+ −e− ... angular correlations to be compared to existing data and
possibly used as a guidance to future measurements.
Notice that further possible interactions in the hadronic phase, which
mightenhancetheellipticﬂow,arehereneglected: weplantoincludethem
in our future work.

6 Results: AA collisions
In Fig. 3 we show some POWLANG outcomes for the R
of D0 mesons
AA
√
in central(0−10%) Au-Au collisions at sN N =200GeV. HTL transport
coeﬃcients areemployedandthe diﬀerence betweenthe twohadronization
schemes (here takento occurat Tdec =170MeV,either with vacuumfragmentation or with in-medium string fragmentation, are clearly visible: in
thesecondcasetheradialﬂowofthelightthermalpartonleadstothedevelopmentofa bump aroundpT ∼1.5 GeVin qualitativeagreementwiththe
experimentaldata. Alsoshownforcomparisonistheresultforthelimiting
scenario in which charmed particles reach full kinetic equilibrium with the
medium [4]. Our results arecomparedto STAR data[STAR(2014)].
The ALICE Collaboration has released the data for the in-plane/outof-planenuclearmodiﬁcationfactorsofDmesonsinsemi-central(30-50%)
Pb-Pb collisions [19] displayed in Fig. 4 and compared to the transport
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Figure 4: RAA in-plane (left) and out-of-plane (right) of D mesons. ALICE data in the 30−50% centrality class [19] are compared to POWLANG
results obtained with diﬀerent hadronization mechanisms (in-medium and
vacuum fragmentation) and decoupling temperatures (Tdec = 170 MeV and
155 MeV).

predictions of the POWLANG setup: also in this case model results with inmedium fragmentation look in better agreement with the experimental data.
The theoretical results are given for two diﬀerent values of the deconﬁning
temperature: we notice that the nuclear modiﬁcation factor RAA is not very
sensitive to the value of Tdec .
In Fig. 5 we address the v of D mesons in semicentral (30-50%) Pb-Pb
2
√
collisionsat sN N = 2.76TeV attheLHC.Theeﬀectofthenewprocedure
for in-medium hadronization through string fragmentation is clearly visible: whilePOWLANGoutcomewithstandardin-vacuumfragmentationof
charm largely underpredicts the observed v2 , the additional ﬂow acquired
from the light thermal partons move the theory curves with in-medium
hadronizationclosertotheexperimentaldatameasuredbytheALICECollaboration[ALICE(2013)]. Thevaluechosenforthedecouplingtemperature
isTdec =155MeV;weobservedthatv2 ismoresensitivetoTdec thanother
observables,thelowervalueseemingtobepreferredbythedata: thisagrees
withtheexpectationthattheelliptic ﬂowneedsmoretime tofullydevelop
withrespecttothequenchingofthespectra. Thisplotalsoshowshowafull
kinetic thermalizationupto largevalues of pT is disfavouredby the data.
Finallyweaddressmorediﬀerentialobservableslikeangularcorrelations
between heavy ﬂavour particles (or their decay products) and the charged
hadronsproducedinthesamecollision. InFig. 6wedisplayourresultsfor
D − h azimuthal correlations. All ﬁgures are obtained with weak-coupling
HTL transport coeﬃcients in the QGP phase. In general one observes a
strong suppression of the away-side peak around Δφ=π. Depending on
thecutsimposedonthetriggerparticles(D-mesons)andontheassociated
hadrons this can be mostly due either to the energy loss (moving particles
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Figure 5: The v2 of D mesons in Pb-Pb collisions at sN N = 2.76 TeV.
POWLANG results (with HTL transport coeﬃcients) with in-vacuum and
in-medium HQ fragmentation at the decoupling temperature Tdec = 155
MeV compared to ALICE data [ALICE(2013)] in the 30-50% centrality
class and to the limit of kinetic thermalization.
below the pT -cut) or to the angular decorrelation (moving particles away
from Δφ = π) of the parent heavy quark.

7

Results: pA collisions

For quite some time, it was commonly believed that in pA collision the formation of QGP can not occur, because the small size of the system does not
allow to reach a suﬃciently dense system in thermal equilibrium. Such measurements were considered just a benchmark to estimate cold nuclear-matter
eﬀects. However, the ﬁrst experimental data on central p-Pb collisions at
the LHC and d-Au (and 3 He-Au) at RHIC may suggest the formation of a
medium with collective behaviour even in such small systems.
It is therefore very important to make accurate simulations of these
processes in order to give a correct interpretation of current experimental
data.
We show some preliminary POWLANG results for c-quarks in p-Pb
collisions at LHC. Work is still in progress to extend to calculation to the
bottom quarks and to simulate d-Au collisions at RHIC.
In Fig. 7 we show how the formation of a hot deconﬁned medium in
√
thep-Pbcollisionat sN N =5.02TeVaﬀectstheheavyquarkandhadron
spectra,bymodifyingtheirpropagationandsubsequenthadronization. The
left panel shows the nuclear modiﬁcation factor for c-quarks: the dashed
line shows the result for the quarks produced by initial-state interaction,
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Figure 6: D − h correlations in Pb-Pb collisions at sNN = 2.76 TeV for
various pT cuts on the trigger particle and diﬀerent centrality classes: 0−10%
(left) and 30−40% (right).

according to the EPS09 parton distribution functions (before the propagation in the expanding medium); the dotted and solid lines give the analogous
result for the charm quarks after the propagation (both for central and minimum bias collisions, with two diﬀerent choices of the smearing parameter
od Eq. 1). The diﬀerence between the EPS09 curve and the other ones is
a clear evidence of the eﬀect of Langevin dynamics on the c-quark even in
such a small system. In the right panel we show the result for the ﬁnal D
meson, with the hadronization occurring in the medium as explained in Sec.
5. The peak at pT = 3 ÷ 4 GeV/c (more pronounced for σ = 0.2 fm) is a
consequenceof the radialﬂow of light quarks inherited by the meson. The
POWLANG result is compatible, within errorbars, with the experimental
data measuredby the ALICE Collaboration[20].
In Fig. 8 the elliptic ﬂow coeﬃcient v2 is plotted, both for c-quarks
(dottedlines)andforDmesons,foradeconﬁningtemperatureof155MeV.
Again, the contribution of the light-quark ﬂow, inherited by the charmed
mesonin the hadronizationprocess,is crucialto enhance the v2 .

8 CONCLUSIONS
Thesimplemodeltodescribeheavyquarkhadronizationinthepresenceofa
hotdeconﬁnedmedium(aQuark-GluonPlasma)hasconsiderablyimproved
the agreement of the POWLANG results with the experimental data at
RHICandLHCenergies. Inparticular,resultsforthenuclearmodiﬁcation
factors andthe elliptic ﬂowof D mesons havebeen presented.
Recently, signatures of ﬁnal-state medium eﬀects were observed also in
pAcollisions: wehavepresentedsomepreliminaryresultsforp-Pbcollisions
at LHC energies, and we plan to continue this study in more detail in the
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next future.
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Diffractive phenomena at the LHC are studied by several collaborations
there. In this paper we present our recent results connected with the current and
future studies at the LHC, namely the deviation of the exponential behaviour in
elastic proton-proton scattering at low values of |t| and central exclusive resonance
production. Although the above phenomena occur in different kinematical regions,
they
are
related
e.g.
by
Regge-factorization.
Deviation from the exponential behaviour of the diffraction cone observed
near  ݐൌ െͲǤͳ  ଶ both at the ISR and the LHC (so-called break) follows from
a two-pion loop in the ݐ-channel imposed by unitarity. By using a simple Reggepole model we extrapolate the "break" from the ISR energy region to that of the
LHC. A model for Pomeron-Pomeron total cross section in the resonance region
is
also
presented.
ξܯଶ  ͷ 
Central production is treated in a Regge pole including the Pomeron and two
different ݂ trajectories, as well as an isolated f0(500) resonance in the region
ξܯଶ  ͳ د. A slowly varying background is included. The presented PomeronPomeron cross section is not directly measurable, but is an essential ingredient for
calculating exclusive resonance production at the LHC.
I.Introduction
Following TOTEM's impressive results [1] on the low- ݐmeasurements
of the  differential cross section at ͺ, and anticipating their new
measurements at ͳ͵ announced recently we find it appropriate to remind of
the physics behind the observed departure from the exponential behavior of the
forward diffraction cone.
For the first time this phenomenon was observed in 1972 at the CERN
ISR [2], a deflection from the exponential behaviour of the forward cone in protonproton scattering around െݐൌͲǤͳ ଶ, detected at several energies.
Experimentalists [1,2] quantify the departure from the linear exponential
by replacing

215

ȁܣே ȁൌ ܽ݁ ௧ ՜  ȁܣே ȁ ൌ ܽ݁ భ௧ାమ ௧

మ ା ௧ య ାڮ
య

ሺͳሻ

with coefficients ܾ fitted to the data.
This effect can be well fitted [3] also by a relevant form factor (residue
function) in the Regge-pole scattering amplitude. For a complete and up-to-date
review see [4].
Soon after the ISR measurements, the phenomenon was interpreted [5] as
manifestation of ݐ-channel unitarity, producing a two-pion loop, as shown in Fig.
1, and resulting in a relevant threshold singularity in the Pomeron trajectory. This
effect, for brevity called the "break", was confirmed by recent measurements by
the TOTEM Collaboration at the CERN LHC, first at ͺ [1] and subsequently
at ͳ͵.

Figure 1: Feynman diagram for elastic scattering with a ݐ-channel exchange
containing a branch point at  ݐൌ Ͷ݉గଶ .
The new LHC data from TOTEM at ͺ confirm the conclusions made
[5] about the nature of the break and call for a more detailed analysis of the
phenomenon. The new data triggered further theoretical work in this direction [6,
7], but many issues still remain open. Although the curvature, both at the ISR and
the LHC is concave, convex cannot be excluded in other reactions and/or new
energies. While the departure from a linear exponential was studied in details both
at the ISR and LHC energies, an extra(inter)polation between the two is necessary
to clarify the uniqueness of the phenomenon. This is a challenge for the theory,
and it can be done within Regge-pole models. Below we do so by using a very
simple one, with two Regge exchanges, a Pomeron and a secondary effective
Reggeon. To test its viability, we first fit its parameters to the proton-proton total
section data and calculate the ߩ-parameter from this fit (Sec. II a).
Central production in proton-proton collisions has been studied in the
energy range from the ISR at CERN up to the presently highest LHC energies [8].
Ongoing data analysis include data taken by the COMPASS collaboration at the
SPS [9], the CDF collaboration at the TEVATRON [10], the STAR collaboration
at RHIC [11], and the ALICE and LHCb collaborations at the LHC [12, 13]. The
analysis of events recorded by the large and complex detector systems requires the
simulation of such events to study the experimental acceptance and efficiency.
Much larger data samples are expected in the next few years both at RHIC and at
the LHC allowing the study of differential distributions with much improved
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statistics. The purpose of the ongoing work presented here is the formulation of a
Regge pole model for simulating such differential distributions.
In Sec. II we introduce a simple Regge-pole model, normalizing its
energy dependence to  total, elastic, inelastic cross section data. By Reggeextrapolating the cross section from the ISR energy region to that of the ISR, we
map the "break" fitted at the ISR to that seen at the LHC. Sec. III is dedicated to
Pomeron-Pomeron scattering in central exclusive diffractive proton-proton
scattering, based on the papers [14, 15]. These result should precede further studies
including proton-proton scattering. Work in this direction is in progress.
II. Low-|t| diffraction at the LHC
The basic premise behind our approach is the introduction of a two-pion
loop contribution in the ݐ-channel through Regge trajectories, that are non-linear
complex functions. As shown by Barut and Zwanziger [16], ݐ-channel unitarity
constrains the Regge trajectories near the ݐ-channel threshold,  ݐ՜  ݐ by
ߙሺݐሻ̱ሺ ݐെ ݐ ሻோఈሺ௧బ

ሻା

ଵ
ଶ ǡ

ሺʹሻ

where ݐ is the lightest threshold, Ͷ݉గଶ in the case of the vacuum quantum numbers
(Pomeron or ݂ meson). Since ܴ݁ߙሺݐ ሻ is small, a square-root threshold is a
reasonable approximation to the above constrain. Higher threshold, inevitable in
the trajectory, may be approximated by their power expansion, i.e. by a linear term,
as in Eqs. (5). This point is closely related also to the choice of the relevant interval
in  ݐunder study. Note that the threshold singularity is at positive  ݐൌ Ͷ݉గଶ , while
the "break" is observed at negative ݐ, "symmetric" to Ͷ݉గଶ . This reflection is a
property of analytic functions. The concave departure from the linear exponential,
observed in the interval Ͳ  دȁݐȁ Ͳ دǤ͵  ଶ can be fitted by a single square-root
threshold in the trajectory, but it would not reproduce the subsequent (െذ ݐ
ͲǤ͵  ଶ ) linearity of the exponential cone, persistent up to the dip (t ൎ
െͳǤͶ  ଶ at the ISR or െͲǤ  ଶ at the LHC). Note also that we treat only the
strong (nuclear) amplitude, separated from Coulombic forces.
Thus, the "break" (in fact a smooth deflection of the linear exponential)
of the cone, has a relatively narrow location around െ ݐൎ ͲǤͳ േ ͲǤͲͳ  ଶ , both
at the ISR and the LHC energies, whereupon it recovers its exponential shape,
followed by the dip, whose position is strongly energy-dependent.
In the present paper we study the "break" within a simple Regge-pole
model, assuming the universality of this phenomenon in high-energy hadron
scattering.
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II a. A simpler Regge-pole model
For our purposes we use a simple Regge pole model with a supercritical
Pomeron [17], its daughter and an effective Reggeon contributions, denoted by
ܣ , close (but not similar) to the݂ Reggeon,
ܣሺݏǡ ݐሻ ൌ ܣ ሺݏǡ ݐሻ  ܣଵ ሺݏǡ ݐሻ  ܣ ሺݏǡ ݐሻǡ

ሺ͵ሻ

where
ܣ ሺݏǡ ݐሻ ൌ െܽ ݁ ುఈುሺ௧ሻ ݁ ି

ഏഀು ሺሻ
మ

ሺݏȀݏ ሻఈು ሺ௧ሻ ǡ

ഏ൫ഀು ሺሻషభ൯
మ

ܣଵ ሺݏǡ ݐሻ ൌ െܽଵ ݁ ುሺఈುሺ௧ሻିଵሻ ݁ ି

ሺݏȀݏଵ ሻሺఈು ሺ௧ሻିଵሻ ǡ

గఈ ሺ௧ሻ
ଶ
ሺݏȀݏ ሻఈሺ௧ሻ ǡ

ܣ ሺݏǡ ݐሻ ൌ െܽ ݁ ఈሺ௧ሻ ݁ ି

ሺͶǤͳሻ
ሺͶǤʹሻ
ሺͶǤ͵ሻ

with the trajectories
ߙ ሺݐሻ ൌ ߙ  ߙᇱ  ݐെ ߙଵ ቀඥͶ݉గଶ െ  ݐെ ʹ݉గ ቁǡ

ሺͷǤͳሻ

ߙ ሺݐሻ ൌ ߙ  ߙᇱ  ݐെ ߙଵ ቀඥͶ݉గଶ െ  ݐെ ʹ݉గ ቁǤ

ሺͷǤʹሻ

We use the norm:
ߪ௧௧ ሺݏሻ ൌ

Ͷߨ
ܣ݉ܫሺݏǡ  ݐൌ Ͳሻǡ
ݏ

݀ߪሺݏǡ ݐሻ ߨ
ൌ ଶ ȁܣሺݏǡ ݐሻȁଶ ǡ
݀ݐ
ݏ

ሺǤͳሻ
ሺǤʹሻ

and
௧

ߪ ሺݏሻ ൌ ௧ ೌೣ


ௗఙሺ௦ǡ௧ሻ
ௗ௧

݀ ݐǡ

ߪ ሺݏሻ ൌ ߪ௧௧ ሺݏሻെߪ ሺݏሻǡ
ߩሺݏሻ ൌ

ܴ݁ܣሺݏǡ  ݐൌ Ͳሻ
Ǥ
ܣ݉ܫሺݏǡ  ݐൌ Ͳሻ

ሺǤͳሻ
ሺǤʹሻ
ሺǤ͵ሻ

The model contains 15 free parameters (ܽ ሺξ  ଶ ሻ,
ܾ ሺሻ, ߙ ሺሻ, ߙᇱ ݐሺ  ିଶ ሻ, ߙଵ ሺ  ିଵ ),
ݏ ሺ  ଶ ሻ,
ܽଵ ሺξ  ଶ ሻ,
ܾଵ ሺሻ,
ݏଵ ሺ  ଶ ሻ,
ଶ
ܽ ሺξ  ሻ, ܾ ሺሻ, ߙ ሺሻ, ߙᇱ ݐሺ  ିଶ ሻ,
ߙଵ ሺ  ିଵ ), ݏ ሺ  ଶ ሻ) most of which are known a priori, needing only finetuning.
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Anticipating detailed fits to the low-ȁݐȁ data, we start with a simple fit to
the data on proton-proton total cross section starting from ͳͲ  then we
calculate the ρ-parameter. All of our fits in this paper we fixed ݏ = ݏଵ = ݏ =
ͳ  ଶ . The results of fits are shown in Fig. 2 and values of fitted parameters are
presented in Table I. Preliminary results were published in [18].

(a)

(b)

Figure 2: Results of fits (a) total, elastic, inelastic cross sections and (b) the ρparameter [19-22].
ߙ
ܽ
ܾ
ଶΤ
߯ ݂݀
݂݀

ߙ
ܽ
ܾ
ܽଵ
ܾଵ

1.0889
1.497
0.9553
13.261
68

0.5305
2.5426
3.8115
5.2324
5.2946

Table I: Values of fitted parameters for total cross section.
II b. Mapping the "low-energy" break upon that at the LHC
At the ISR the proton-proton differential cross section was measured at
ξ ݏൌ ʹ͵Ǥͷ, ͵ͲǤ, ͶͶǤ, ͷʹǤͺ and ʹǤͷ  [23], in the interval ͲǤͲͳ ൏ െ ݐ൏
ͲǤ͵ͷ  ଶ . In all the above energy intervals the differential cross section changes
its slope near െ ݐൌ ͲǤͳ  ଶ by about two units of  ଶ . By using a simple Regge
pole model with two Regge exchanges - the Pomeron and an effective sub-leading
trajectory we map the "break" fitted at the ISR onto the TOTEM 8 TeV data. The
results are shown in Fig. 3 and the values of the fitted parameters are presented in
Table II.
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From these fits we calculate the relevant local slopes
ܤሺݏǡ ݐሻ ൌ 

݀ ݀ߪ
݈݊
݀ݐ݀ ݐ

ሺͺሻ

and, anticipating the comparison with the LHC data, here we present the ISR data
also in the normalized form, used by TOTEM [1] as
ܴሺݏǡ ݐሻ ൌ

݀ߪȀ݀ ݐെ ݂݁ݎ
ǡ
݂݁ݎ

ሺͻሻ

where  ݂݁ݎൌ  ݁ܣ௧ . The calculated local slopes are shown in Fig. 4 and R ratios
are shown in Fig. 5 (for more details see [18]).

Figure 3: Result of our extrapolation form ISR to LHC.
ߙ
ߙᇱ
ߙଵ
ܽ
ܾ
ଶΤ
߯ ݂݀
݂݀

ߙ
ߙᇱ
ߙଵ
ܽ
ܾ
ܽଵ
ܾଵ

1.1242
0.52929
-0.034649
0.51963
1.2248
0.4587
469

0.94147
0.92396
-0.024453
0.056968
4.8092
5.2324 (fixed)
5.2946 (fixed)

Table II: Values of fitted parameters in our extrapolation from ISR [23] to the
LHC [1].
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(a) ISR ͷʹǤͺ 

(b) LHC ͺ (TOTEM)
Fig. 4: Local slopes.

(a) ISR ͷʹǤͺ 

(b) LHC ͺ (TOTEM)
Figure 5: R ratios.

III. Central production
The study of central production in hadron-hadron collisions is interesting
for a variety of reasons. Such events are characterized by a hadronic system
formed at mid-rapidity, and by the two very forward scattered protons, or remnants
thereof. The rapidity gap between the mid-rapidity system and the forward
scattered proton is a distinctive feature of such events. Central production events
can hence be tagged by measuring the forward scattered protons and/or by
identifying the existence of rapidity gaps. Central production is dominated at high
energies by Pomeron-Pomeron exchange. The hadronization of this gluondominated environment is expected to produce with increased probability gluonrich states, glueballs and hybrids. Of particular interest are states of exotic nature,
such as tetra-quark (ݍݍത  ݍത  )ݍconfigurations, or gluonic hybrids (ݍݍത  ݈݃)݊ݑ.
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The production of central events can take place with the protons
remaining in the ground state, or with diffractive excitation of one or both of the
outgoing protons.

Figure 6: Central production event topologies.
The topologies of central production are shown in Fig. 6. This figure
shows central production with the two protons in the ground state on the left, and
with one and both protons getting diffractively excited in the middle and on the
right, respectively. These reactions take place by the exchange of Regge
trajectories ߙሺݐଵ ሻ and ߙሺݐଵ ሻ in the central region where a system of mass ܯ௫ is
produced. The total energy  ݏof the reaction is shared by the subenergies ݏଵ and ݏଶ
associated to the trajectories ߙሺݐଵ ሻ and ߙሺݐଵ ሻ, respectively. The LHC energies of
ξ  ݏൌ ͺ and ͳ͵ are large enough to provide Pomeron dominance. Reggeon
exchanges can hence be neglected which was not the case at the energies of
previous accelerators.
The main interest in the study presented here is the central part of the
diagrams shown in Fig. 6, i.e. Pomeron-Pomeron (ܲܲ) scattering producing
mesonic states of mass ܯ௫ . We isolate the Pomeron-Pomeron-meson vertex and
calculate the PP total cross section as a function of the centrally produced system
of mass ܯ௫ . The emphasis here is the behaviour in the low mass resonance region
where perturbative QCD approaches are not applicable. Instead, similar to [24],
we use the pole decomposition of a dual amplitude with relevant direct-channel
trajectories ߙሺܯଶ ሻ for fixed values of Pomeron virtualities, ݐଵ ൌ ݐଶ ൌ ܿݐݏ݊. Due
to Regge factorization, the calculated Pomeron-Pomeron cross section is part of
the measurable proton-proton cross section [25].
III a. Dual resonance model of Pomeron-Pomeron scattering
Most of the existing studies on diffraction dissociation, single, double and
central, are done within the framework of the triple Reggeon approach. This
formalism is useful beyond the resonance region, but is not valid for the low mass
region which is dominated by resonances. A formalism to account for production
of resonances was formulated in Ref. [26]. This formalism is based on the idea of
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duality with a limited number of resonances represented by nonlinear Regge
trajectories.

Figure 7: Connection, through unitarity (generalized optical theorem) and
Veneziano-duality, between the Pomeron-Pomeron cross section and the sum of
direct-channel resonances.
The motivation of this approach consists of using dual amplitudes with
Mandelstam analyticity (DAMA), and is shown in Fig. 7. For  ݏ՜ λ and fixed ݐ
it is Regge-behaved. Contrary to the Veneziano model, DAMA not only allows
for, but rather requires the use of nonlinear complex trajectories which provide the
resonance widths via the imaginary part of the trajectory. A finite number of
resonances is produced for limited real part of the trajectory.
For our study of central production, the direct-channel pole
decomposition of the dual amplitude ܣሺܯଶ ǡ ݐሻis relevant. This amplitude receives
contributions from different trajectories ߙ ሺܯଶ ሻ, with ߙ ሺܯଶ ሻa nonlinear,
complex Regge trajectory in the Pomeron-Pomeron system,
ܣሺܯଶ ǡ ݐሻ ൌ ܽ  
ୀǡ 

ሾ݂ ሺݐሻሿ ାଶ
Ǥ
 ܬെ ߙ ሺܯଶ ሻ

ሺͳͲሻ

The pole decomposition of the dual amplitude ܣሺܯଶ ǡ ݐሻ is shown in Eq.
(10), with  ݐthe squared momentum transfer in the ܲܲ ՜ ܲܲ reaction. The index
݅ sums over the trajectories which contribute to the amplitude. Within each
trajectory, the second sum extends over the bound states of spin ܬ. The prefactor
ܽ in Eq. (10) is of numerical value ܽ ൌ ͳ  ିଶ  ൌ ͲǤ͵ͺͻ.
The imaginary part of the amplitude ܣሺܯଶ ǡ ݐሻ given in Eq. (10) is defined
by
ܣ݉ܫሺܯଶ ǡ ݐሻ ൌ ܽ  
ୀǡ 

ሾ݂ ሺݐሻሿାଶ ߙ݉ܫ ሺܯଶ ሻ
Ǥ
ሺ ܬെ ܴ݁ߙ ሺܯଶ ሻሻଶ  ሺߙ݉ܫ ሺܯଶ ሻሻଶ

ሺͳͳሻ

For the ܲܲ total cross section we use the norm
ߪ௧ ሺܯଶ ሻ ൌ ܣ݉ܫሺܯଶ ǡ  ݐൌ ͲሻǤ

ሺͳʹሻ

The Pomeron-Pomeron channel, ܲܲ ՜ ܯଶ , couples to the Pomeron and
݂ channels due to quantum number conservation. For calculating the ܲܲ cross
section, we therefore take into account the trajectories associated to the f0(980)
and to the f2(1270) resonance, and the Pomeron trajectory.
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III b. Non-linear, complex meson Regge trajectories
Analytic models of Regge trajectories need to derive the imaginary part
of the trajectory from the almost linearly increasing real part. We relate the nearly
linear real part of the meson trajectory to its imaginary part by following Ref. [27],
ܴ݁ߙሺݏሻ ൌ ߙሺͲሻ 

ஶ
ߙ݉ܫሺ ݏᇱ ሻ
ݏ
ܸܲ න ݀ ݏᇱ ᇱ ᇱ
 ݏሺ ݏെ ݏሻ
ߨ


ሺͳ͵ሻ

In Eq. (13), the dispersion relation connecting the real and imaginary part
is shown. The imaginary part of the trajectory is related to the decay width by
߁ሺܯோ ሻ ൌ

ߙ݉ܫሺܯோଶ ሻ
ߙ ᇱ ܯோ

ሺͳͶሻ

Apart from the Pomeron trajectory, the direct-channel ݂ trajectory is
essential in the ܲܲ system. Guided by conservation of quantum numbers, we
include two ݂ trajectories, labeled ݂ଵ and ݂ଶ , with mesons lying on these
trajectories as specified in Table III.

ܯሺ ሻ
߁ሺ ሻ
ܬ ீ ܫ traj.
ܯଶ ሺ  ଶ ሻ
+
++
f0(980)
0
0
0.990±0.020
0.980±0.040
0.070±0.030
݂ଵ
f1(1420) 0+ 1++
1.426±0.001
2.035±0.003
0.055±0.003
݂ଵ
f2(1810) 0+ 2++
1.815±0.012
3.294±0.044
0.197±0.022
݂ଵ
f4(2300) 0+ 4++
2.320±0.060
5.382±0.278
0.250±0.080
݂ଵ
f2(1270) 0+ 2++
1.275±0.001
1.6256±0.003
0.185±0.003
݂ଶ
+
++
f4(2050) 0
4
2.018±0.011 4.0723±0.044
0.237±0.018
݂ଶ
f6(2510) 0+ 6++
2.469±0.029
6.096±0.143
0.283±0.040
݂ଶ
Table III: Parameters of resonances belonging to the ݂ଵ and ݂ଶ trajectories.
The real and imaginary part of the ݂ଵ and ݂ଶ trajectories can be derived
from the parameters of the f-resonances listed in Table III, and have explicitely
been derived in Ref. [14].
While ordinary meson trajectories can be fitted both in the resonance and
scattering region corresponding to positive and negative values of the argument,
the parameters of the Pomeron trajectory can only be determined in the scattering
region ܯଶ ൏ Ͳ. A comprehensive fit to high-energy  and ҧ of the nonlinear
Pomeron trajectory is discussed in Ref. [25]
ߙ ሺܯଶ ሻ ൌ ͳ  ߝ  ߙ ᇱ  ܯଶ െ ܿඥݏ െ ܯଶ ǡ

ሺͳͷሻ

with ߝ ൌ ͲǤͲͺ, ߙ ᇱ ൌ ͲǤʹͷ  ିଶ , ݏ the two pion threshold ݏ ൌ Ͷ݉గଶ , and ܿ ൌ
ߙ ᇱ ȀͳͲ ൌ ͲǤͲʹͷ.
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For consistency with the mesonic trajectories, the linear term in Eq. (15)
is replaced by a heavy threshold mimicking linear behaviour in the mass region of
interest ( ܯ൏ ͷ ),
ߙ ሺܯଶ ሻ ൌ ߙ  ߙଵ ቀʹ݉గ െ ඥͶ݉గଶ െ ܯଶ ቁ  ߙଶ ቆටܯுଶ െ ටܯுଶ െ ܯଶ ቇ ǡ ሺͳሻ
with ܯு an effective heavy threshold  ܯൌ ͵Ǥͷ . The coefficients ߙ , ߙଵ and
ߙଶ are chosen such that the Pomeron trajectory of Eq. (16) has a low energy
behaviour as defined by Eq. (15).
III c. The f0 (500)resonance
The experimental data on central exclusive pion-pair production
measured at the energies of the ISR, RHIC, TEVATRON and the LHC collider all
show a broad continuum for pair masses ݉గశ గష ൏ ͳ Ȁ ଶ . The population of
this mass region is attributed to the f0(500). This resonance f0(500) is of prime
importance for the understanding of the attractive part of the nucleon-nucleon
interaction, as well as for the mechanism of spontaneous breaking of chiral
symmetry. In spite of the complexity of the f0(500) resonance, and the controversy
on its interpretation and description, we take here the practical but simple-minded
approach of a Breit-Wigner resonance [19]
ܣሺܯଶ ሻ ൌ ܽ

ܯଶ

െܯ ߁
Ǥ
െ ܯଶ  ݅ܯ ߁

ሺͳሻ

The Breit-Wigner amplitude of Eq. (17) is used below for calculating the
contribution of the f0(500) resonance to the Pomeron-Pomeron cross section.
III d. Pomeron-Pomeron total cross section
The Pomeron-Pomeron cross section is calculated from the imaginary
part of the amplitude by use of the optical theorem
ߪ௧ ሺܯଶ ሻ ൌ ܣ݉ܫሺܯଶ ǡ  ݐൌ Ͳሻ ൌ
ൌ  
ୀǡ 

ሾ݂ ሺͲሻሿାଶ ߙ݉ܫ ሺܯଶ ሻ
Ǥ
ሺ ܬെ ܴ݁ߙ ሺܯଶ ሻሻଶ  ሺߙ݉ܫ ሺܯଶ ሻሻଶ

ሺͳͺሻ

In Eq. (18), the index ݅ sums over the trajectories which contribute to the
cross section, in our case the ݂ଵ , ݂ଶ and the Pomeron trajectory discussed above.
Within each trajectory, the summation extends over the bound states of spin  ܬas
expressed by the second summation sign. The value ݂ ሺͲሻ  ൌ ݂ ሺݐሻȁ௧ୀ is not
known a priori. The analysis of relative strengths of the states of trajectory ݅ will,
however, allow to extract a numerical value for ݂ ሺͲሻ from the experimental data.
The Pomeron-Pomeron total cross section is calculated by summing over
the contributions discussed above, and is shown in Fig. 8 by the solid black line.
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The prominent structures seen in the total cross section are labeled by the
resonances generating the peaks. The model presented here does not specify the
relative strength of the different contributions shown in Fig. 8. A Partial Wave
Analysis of experimental data on central production events will be able to extract
the quantum numbers of these resonances, and will hence allow to associate each
resonance to its trajectory. The relative strengths of the contributing trajectories
need to be taken from the experimental data.

Figure 8: Contributions of the f0(500) resonance, the ݂ଵ , ݂ଶ and the Pomeron
trajectory, and of the background to ܲܲ total cross section.
IV. Conclusions
The successful fit to the proton-proton total cross section with a simple
model, Fig. 2 shows the efficiency of Regge poles in reproducing energy
dependence. Much more complicated is the parametrization of the ݐ-dependence,
containing irregularities, in particular the "break" under discussion. For a better
comparison between the "break" as seen at ISR and that at the LHC, we have
refitted the ISR data, normalizing to an exponential "test function" (Fig. 5) as done
at the LHC [1, 22].
We have shown that the deviation from a linear exponential of the 
diffraction cone as seen at the ISRǡ ʹͲǤ͵  ξ ݏ ʹǤͷ  and at the LHC, ξ ݏൌ
ͺ and ͳ͵ are of similar nature: they appear nearly at the same value of  ݐൎ
െͲǤͳ  ଶ , have the same concave shape of comparable "size", ܤሺݐሻ ൎ ʹ ൊ
Ͷି ܸ݁ܩଶ and may be fitted by similarݐ-dependent function. Mapping this ݐdependence through the tremendous energy span from the ISR to the LHC (almost
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3 orders of magnitude) is a highly non-trivial task. We have done it within the
simplest Regge pole model, with two trajectories: a leading one, the Pomeron and
a sub-leading effective Reggeon. More advanced and refined Regge-type models
may improve the fit and clarify details.
The threshold singularity in question should be present also in the
݂trajectory, however it has secondary effect with respect to the Pomeron.
Note also that the low-ȁݐȁ structure of the diffraction cone was fitted also
[3] by a relevant form factor (Regge residue).
The results presented in this paper leave open and raise also several
questions, namely:
1) theoretical calculations of the relative weight of the loop contribution,
second term in Fig. 1 relative to the first one ("Born term") are needed;
2) why is the "break" observed only in elastic  scattering, not in ҧ ,
for example at the Tevatron? Once the Pomeron is universal, the effect should be
present also in ҧ. Non-observation of any convex or concave curvature in the
diffraction cone at the Tevatron may be attributed to poor statistics of the relevant
data (lacking Roman pots), preventing the observation of such a tiny effect.
To conclude, we expect more precise data in the low-ȁݐȁ region on elastic
scattering and diffraction dissociation as well as further fits with improved
phenomenological parametrizations. Theoretical calculations of the diagram (Fig.
1) may shed more light on the nature of the phenomenon. Needless to say, further
attempts in this direction will be based on improved models for the scattering
amplitude, with more details on individual Regge trajectories, including the
Odderon.
Central exclusive production (CED) is an important ongoing program at
the LHC. The present authors are now working on the extension of the model
presented in this contribution to include full kinematics involving the “external”
protons with their possible diffractive excitation.
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Numerical values of f F , f D , f S coeﬃcients in SU(3)
invariant interaction Lagrangian of vector-meson nonet
with 1/2+ octet baryons
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It is shown that experimental information on electric and magnetic nucleon form
factors can be used to extract numerical values of fF , f D, f S coeﬃcients in a SU(3)
invariant interaction La-grangian of a vector-meson nonet with 1/2+ octet baryons.

I.

INTRODUCTION

The
electromagnetic
(EM)
structure
of
the
hyperons
(Λ0 , Ξ0 , Ξ− , Σ0 , Σ+ , Σ− ) remains still largely unknown. However there
are plans to measure the e+ e− → Λ0 Λ̄0 process and eventually similar
processes for the other hyperons, which will allow to extract theirs time-like
EM structure. In this paper we will show, that the link between EM
structure of the hyperons and the nucleons exists and it can be used to
predict the EM structure of the former.
The hyperons and nucleons together form 1/2+ octet of baryons. The strong
interaction of such 1/2+ octet of baryons with the vector meson nonet can
be described by the SU(3) invariant Lagrangian
i
LV B B̄ = √ f F [B̄βα γμ Bγβ − B̄γβ γμ Bβα ](Vμ )γα
2
i D β
i
+ √ f [B̄γ γμ Bβα + B̄βα γμ Bγβ ](Vμ )γα + √ f S B̄βα γμ Bαβ ωμ0 ,
2
2

(1)

where f F , f D , f S are coeﬃcients of the Lagrangian, ωμ0 is a omega-meson
singlet, B, B̄ are baryon, anti-baryon octet matrices and V is a vector-meson
octet matrice deﬁned as
⎞
⎛ 0
Σ
Λ0
+
√
√
+
Σ
p
⎟
⎜ 2 − 6
Σ0
Λ0
Σ
−√
+√
n ⎟
(2)
B=⎜
⎠,
⎝
2
6
0
2Λ
−
0
√
Ξ
Ξ
− 6
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⎛
⎜
V =⎝

ρ0
√
2

+

ω8
√
6

ρ−
K−

ρ+
0

ρ
−√
+
2
K̄ 0

K+

ω8
√
6

⎞

⎟
K0 ⎠ .
√8
− 2ω
6

(3)

In order to determine numerical values of the f F , f D , f S coeﬃcients, one
need to analyze the experimental information on the interaction of the 1/2+
baryons with the vector-mesons. According to the vector meson dominance
(VMD) hypothesis, the EM interaction between virtual photon and hadrons
is mediated by the vector-mesons ρ, ω, φ, therefore electromagnetic structure
of the 1/2+ octet of baryons contains sought information. Moreover the
well known EM structure of the nucleons is suﬃcient for extraction of the
f F , f D , f S coupling constants values, which can be later used to predict
EM structure of hyperons.
II.

CALCULATION OF THE f F , f D , f S COUPLING CONSTANTS

Considering the SU(3) invariant Lagrangian LV B B̄ (1) and ω − φ mixing,
we get relations between f F , f D , f S and the vector-meson to the nucleon
coupling constants fV N N as
1 D
(f + f F )
2
1
1
= √ f S cos θ + √ (3f F − f D ) sin θ
2
2 3
1 S
1
= − √ f sin θ + √ (3f F − f D ) cos θ,
2
2 3

fρN N̄ =
fωN N̄
fφN N̄

(4)

where θ = 39.1◦ is the ω − φ mixing angle [1], which is deﬁned as
φ = ω8 cos θ − ω0 sin θ
ω = ω8 sin θ + ω0 cos θ

(5)

in order do satisfy Gell-Mann-Okubo mass formula. The inverse relations
can be derived for the ground and excited states of the vector mesons and
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for both vector an tensor ((1),(2)) types

√ (i)
(i)
(i)
F
= 12 fρN N + 3(fφN N cos θ + fωN N sin θ)
f(i)

√ (i)
(i)
(i)
D
= 12 3fρN N − 3(fφN N cos θ + fωN N sin θ)
f(i)
√
(i)
(i)
S
= 2 fωN N cos θ − fφN N sin θ
f(i)

√ (i)
(i)
(i)
F
= 12 fρ N N + 3(fφ N N cos θ + fω N N sin θ )
f(i)

√ (i)
(i)
(i)
D
= 12 3fρ N N − 3(fφ N N cos θ + fω N N sin θ )
f(i)
√
(i)
(i)
S
= 2 fω N N cos θ − fφ N N sin θ ,
f(i)

(6)

where i ∈ {1, 2}. The mixing angle for the excited states ρ , ω  , φ is θ =
75.9◦ . The values of the vector meson to the nucleon coupling constants
fV N N will be extracted from the well known nucleon EM structure described
within the U&A approach.
III.

UNITARY AND ANALYTIC APPROACH

We have analyzed known experimental data on the nucleon electromagnetic
form factors using the advanced Unitary and Analytic (U&A) nucleon electromagnetic structure model. Such model is inspired by the VMD model
saturated by nine vector meson resonances ρ, ω, φ, ρ , ω  , φ , ρ , ω  , φ and it
contains some ratios of the coupling constants fV N N /fV as free parameters
of the model, while others can be ﬁxed from the asymptotic conditions of
the nucleon EM FFs. It allows to calculate isoscalar and isovector Dirac
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and Pauli EM FFs of the nucleon as
N
[V
F1s

(t)] =


1−V2
1 − VN2

4

1
Hω (V )Hφ (V )+
2
(Cφ1s − Cω1s )
(C 1s − Cω1s )
+ Hω (V )Hω (V ) ω1s
−
1s
1s
(Cφ − Cω )
(Cω − Cφ1s )


+ Hφ (V )Hω (V )

(1)

− Hω (V )Hφ (V ) (fω N N /fω )+


(Cφ1s − Cφ1s )
(Cω1s − Cφ1s )


+
H
−
(V
)H
(V
)
ω
φ
(Cφ1s − Cω1s )
(Cω1s − Cφ1s )


+ Hφ (V )Hφ (V )

(1)

− Hω (V )Hφ (V ) (fφ N N /fφ )+

+ Hφ (V )Lω (V )

(Cφ1s − Cω1s )
(C 1s − Cω1s )
+ Hω (V )Lω (V ) ω1s
−
1s
1s
(Cφ − Cω )
(Cω − Cφ1s )

(1)

− Hω (V )Hφ (V ) (fωN N /fω )+

+ Hφ (V )Lφ (V )

(Cφ1s − Cφ1s )
(Cω1s − Cφ1s )

+
H
−
(V
)L
(V
)
ω
φ
(Cφ1s − Cω1s )
(Cω1s − Cφ1s )


(1)

− Hω (V )Hφ (V ) (fφN N /fφ )

N
[W (t)]
F1v

=


1 − W2
1 − WN2

4

(7)

1
Lρ (W )Lρ (W )+
2
(Cρ1v − Cρ1v )
(Cρ1v − Cρ1v )
+ Lρ (W )Lρ (W ) 1v
−
1v
1v
(Cρ − Cρ )
(Cρ − Cρ1v )



+ Lρ (W )Lρ (W )

(1)

− Lρ (W )Lρ (W ) (fρN N /fρ ) ,
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(8)

N
F2s
[U (t)]

=


1 − U2
2
1 − UN

6

1
(μp + μn − 1)Hω (U )Hφ (U )Hω (U )+
2

+ Hφ (U )Hω (U )Hφ (U )
+ Hω (U )Hω (U )Hφ (U )

(Cφ2s − Cφ2s )(Cω2s − Cφ2s )
+
(Cφ2s − Cω2s )(Cω2s − Cω2s )

(Cω2s − Cφ2s )(Cω2s − Cφ2s )
+
(Cω2s − Cφ2s )(Cω2s − Cφ2s )

+ Hω (U )Hφ (U )Hφ (U )

(Cω2s − Cφ2s )(Cφ2s − Cφ2s )
−
(Cω2s − Cω2s )(Cφ2s − Cω2s )

(2)

− Hω (U )Hφ (U )Hω (U ) (fφ N N /fφ )+

+ Hφ (U )Hω (U )Lω (U )
+ Hω (U )Hω (U )Lω (U )

(Cφ2s − Cω2s )(Cω2s − Cω2s )
+
(Cφ2s − Cω2s )(Cω2s − Cω2s )

(Cω2s − Cω2s )(Cω2s − Cω2s )
+
(Cω2s − Cφ2s )(Cω2s − Cφ2s )

+ Hω (U )Hφ (U )Lω (U )

(Cω2s − Cω2s )(Cφ2s − Cω2s )
−
(Cω2s − Cω2s )(Cφ2s − Cω2s )

(2)

− Hω (U )Hφ (U )Hω (U ) (fωN N /fω )+

+ Hφ (U )Hω (U )Lφ (U )
+ Hω (U )Hω (U )Lφ (U )

(Cφ2s − Cφ2s )(Cω2s − Cφ2s )
+
(Cφ2s − Cω2s )(Cω2s − Cω2s )

(Cω2s − Cφ2s )(Cω2s − Cφ2s )
+
(Cω2s − Cφ2s )(Cω2s − Cφ2s )

+ Hω (U )Hφ (U )Lφ (U )

(Cω2s − Cφ2s )(Cφ2s − Cφ2s )
−
(Cω2s − Cω2s )(Cφ2s − Cω2s )


(2)

− Hω (U )Hφ (U )Hω (U ) (fφN N /fφ ) ,

N
F2v
[X(t)]

=

1 − X2
2
XN

6 


1
(μp − μn − 1)Lρ (X)Lρ (X)Hρ (X) ,
2

(9)

(10)

where VN , V (t), WN , W (t), UN , Y (t), XN , X(t), Lv , Hv , Cvij are functions deﬁned within the U&A approach [2]. Then the nucleon Sachs form factors
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FIG. 1: The proton EM form factors behavior as predicted by the advanced U&A
model of the nucleon.

FIG. 2: The neutron EM form factors behavior as predicted by the advanced
U&A model of the nucleon.

can be written as
N
N
(t) + F1v
(t)] +
GpE (t) = [F1s

t
N
[F N (t) + F2v
(t)]
4m2p 2s

N
N
N
N
GpM (t) = [F1s
(t)]
(t) + F1v
(t)] + 4m2p [F2s
(t) + F2v
t
N
N
N
(t) − F1v
(t)] +
[F N (t) − F2v
(t)]
GnE (t) = [F1s
4m2n 2s
N
N
N
N
GnM (t) = [F1s
(t) − F1v
(t)] + [F2s
(t) − F2v
(t)].

(11)

The advanced U&A model of the nucleon has 12 free parameter – the eﬀec1v 2s 2v
tive inelastic thresholds t1s
in , tin , tin , tin and ratios of the coupling constants.
The best description of the experimental data on the EM form factors of
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nucleons can be obtained with following
(1)

(1)

fφN N

fωN N
= (1.5717 ± 0.0022)
fω
(1)

fω N N
= (0.0418 ± 0.0065)
fω

fφ
(1)

fφ N N
fφ
fφN N
fφ

(2)

fφ

= (0.1879 ± 0.0010)

(2)

(2)

fωN N
= (−0.2096 ± 0.0067)
fω
fφ N N

= (−1.1247 ± 0.0011)

= (0.2657 ± 0.0067)

(1)

fρN N

= (0.1781 ± 0.0029)

fρ

= (0.3747 ± 0.0022)

(12)

In order to calculate the f F , f D , f S coupling constants later,
we need also numerical values of other coupling constant ratios
(1)
(2)
(2)
(2)
(fρ N N /fρ ), (fρN N /fρ ), (fρ N N /fρ ), (fω N N /fω ), which can be calculated within the advanced U&A model of the nucleon EM structure
(1)

fρ N N
fρ

(1)

Cρ1v
Cρ1v − Cρ1v fρN N
1
=
−
= 0.7635
2 Cρ1v − Cρ1v
Cρ1v − Cρ1v fρ

(2)

fρN N
fρ
(2)
fρ N N

fρ
IV.

=

Cρ2v Cρ2v
μp − μn − 1
= 2.8956
2
(Cρ2v − Cρ2v )(Cρ2v − Cρ2v )

=

Cρ2v Cρ2v
μp − μn − 1
= −1.3086
2v
2
(Cρ − Cρ2v )(Cρ2v − Cρ2v )

(13)

UNIVERSAL VECTOR MESON COUPLING CONSTANTS fV

As we are interested in the coupling constants between vector-meson and
the nucleon (6), we need to eliminate the universal vector-meson photon
coupling fV (V ∈ {ρ, ω, φ, ρ , ω  , φ }) from the coupling constant ratios obtained from the analysis of the nucleon EM form factors (12,13). The absolute values of the universal vector meson coupling constants fρ , fω , fφ can be
calculated from the existing data on lepton width Γ(V → e+ e− ) by means
of relation
 −1
α2 mV fV2
.
(14)
Γ(V → e+ e− ) =
3
4π
While the signs of the fρ , fω , fφ depends on the exact ω − φ mixing form.
In our case we get
fρ = 4.9582, fω = 17.062, fφ = 13.4428
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(15)

and the values of the coupling constants for the excited vector mesons can
be calculated from the theoretical lepton width estimation
fρ = 13.6491, fω = 47.6022, fφ = 33.6598
V.

(16)

RESULTS

Inserting the values of the coupling constant ratios (fV N N /fV ) (12,13) and
the values of the universal vector meson coupling constants fV (15,16) to the
formulas for the Lagrangian LV BB coeﬃcients we get following numerical
values
F
= 5.414
f(1)

D
f(1)
= −1.699

S
f(1)
= 42.916

F
f(2)
= 7.626

D
f(2)
= 21.088

S
f(2)
= −7.111



D
f(1)
= 12.498



D
f(2)
= −5.271

F
f(1)
= 8.343
F
f(2)
= −30.450

VI.



S
f(1)
= −7.858





S
= −18.614.
f(2)



(17)

CONCLUSIONS

Using the U&A description of the nucleon electromagnetic structure we were
able to extract the coupling constants of the vector mesons with nucleons
fV N N . These coupling constants were used to calculate the coeﬃcients of
the SU(3) Lagrangian LV B B̄ – f F , f D , f S . In the same manner f F , f D , f S
can be used to express the coupling constants of the vector mesons with hyperons Λ0 , Σ0 , Σ+ , Σ− , Ξ− , Ξ0 . and the U&A model can be used to predict
hyperons’ electromagnetic structure without using any additional data.
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In the work the new result for the value of proton charge root mean square
radius in the framework of Unitary and Analytic model of proton
electromagnetic structure is presented. The obtained result is compatible with
the value obtained by spectroscopy of the muonic hydrogen target based on
precision measurement of the Lamb shift and the resent results of low
momentum transfer electron-proton scattering data analyzes.
I.

INTRODUCTION

The problematic of the determination of the root mean square (rms) radius
of the proton electric charge distribution attracts the attention in recent
years. The precise measurements of the 2S–2P energy splitting in muonic
hydrogen Lamb shift [1, 2] provided the value
rp = 0.84087(39) fm,

(1)

which immediately focused view on the older CODATA value [3] received
from standard analyses of electron-proton scattering data
rp = 0.8775(51) fm.

(2)

Such large discrepancy between the values of rp arises the question about
the right value of rms radius of the proton and corresponding theory behind
it [4]. Recently there was an attempt to determine the charge radius of the
proton from the Mainz data [5, 6] by the polynomial expansions of the form
factor [7–9], but Sick et al. [10] shown that their low values are not derived
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correctly. However the results also based on Mainz data using a dispersive
framework [11] showed that such lower value of rp is consistent with the
measured value in Eq. (1).
In this paper we present the results received in the framework of Unitary
and Analytic model of nucleon electromagnetic form factors and from the
p
behaviour of electric proton form factor GE we determine the charge proton
rms radius compatible with the value obtained from spectroscopy of the
muonic hydrogen.
II.

METHOD AND RESULTS

While the experimental information received from the precision spectroscopy of the muonic hydrogen sets the value of the charged rms radius
of the proton with high accuracy, the data from elastic electron–proton
scattering does not allow clearly determine the proton electric form factor
p
GE which determine rp by the fundamental formula
#
p
GE (t) ##
2
.
(3)
rp =  rEp  = 6
#
dt #
t→0

The reason lays in two types of elastic scattering processes used to obtain
p
the experimental information on GE . First one is the unpolarized elastic
scattering ep → ep, and the second one is the polarization transfer process
e p → ep with longitudinally polarized electron beam.
Unpolarized scattering. The diﬀerential cross section of the process
ep → ep






dσ
dσ
θ
(4)
A(Q2 ) + B(Q2 ) tan2
=
dΩ 0
dΩ Mott
2
is determined by the elastic structure functions
A(Q2 ) =

p2

p 2

GE (Q2 ) + τ GM (Q2 )
,
1+τ
p

p 2

B(Q2 ) = 2τ GM (Q2 ),

(5)

p

which are described by electric GE and magnetic GE proton form factors.
By the Rosenbluth method one can determine both form factors from the
ratio
 



dσ
dΩ

dσ
dΩ

Mott

0
ε(1+τ )
τ

τ = Q2 /(4m2p ),

1 p2
p 2
= ε GE (Q2 ) + GM (Q2 ),
τ
−1

θ
ε = 1 + 2(1 + τ ) tan2
,
2
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(6)

(7)

when the slope and the intercept of the straight line Eq. (6) is gained from
the ﬁtting procedure. However, this method suﬀers to extract the correct
p2
electric proton form factor GE (Q2 ) for high Q2 . Recently was proposed new
method [12], which allows one to reanalyze the Rosenbluth data in terms of
the electric to magnetic form factor squared ratio R
p 2

σred = GM (Q2 )(R2 ε + τ ),

p

p

R = GE (Q2 )/GM (Q2 ).

(8)

Polarization transfer process. Up to now the most reliable experimental method of the determination of electromagnetic proton form factor
 of recoil proton in the process
is the measurement of the polarization P
e p → ep , namely its perpendicular Pt and parallel P component to the
proton momentum in the scattering plane
2h 
θ
p p
τ (1 + τ )GE GM tan ,
I0
2

θ
h 
p 2
P =
τ (1 + τ )GM tan2 ,
E e + E e
mp I0
2
Pt = −

p

(9)
(10)

p

where h is the electron beam helicity and I0 = GE + τε GM . The new data
on ratio
p
GE
Pt (Ee + Ee )
θ
tan .
p =−
P
2mp
2
GM

(11)

have been obtained by the experimental groups in JLab [13–16].
Unitary and analytic model. For the determination of the rms radius
of the proton one needs according Eq. (3) the model of electric proton
p
form factor GE . The exact functional form of proton as well as neutron
electromagnetic form factors is unknown, there exists a plethora of models. In
our group we developed unitary and analytic (U&A) model of electromagnetic
structure of nucleons (see Section 4 in [17]) which allows us to analyze data
for both sources of experimental data in space-like and time-like regions
together.
The U&A model poses the known properties of nucleon electromagnetic
form factors including
• The experimental fact of creation of unstable vector-meson resonances
in the e+ e− annihilation processes into hadrons.
• The analytic properties on the ﬁrst (physical) sheet of the Riemann
surface.
• The asymptotic behavior as predicted by QCD.
• The reality conditions and correct normalizations.
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• The unitarization, i. e., the inclusion of the contributions of a continua
and instability of vector-meson resonances.
Results. The received behaviour of the proton (neutron) electric and
magnetic form factors is plotted in Fig. 1 and Fig. 2 by full lines. The
dashed lines represent the results which include Rosenbluth space-like data
for the comparison. Our model describes the JLab polarization data on
p
p
the ration μp GE /GM as one can see from Fig. 3, the charge distribution
in the proton is presented on the right side of the plot. One can observe
p
the non-dipole behavior of GE with the zero around around Q2 = 13 GeV2 .
p
From the behaviour of GE we have determined the value of rmd radius to be
equal rp = 0.8489(7) fm. The comparison of our received result with other
values of rp is presented in the Table I. It conﬁrms the consistency between the
electron–proton scattering and the muonic hydrogen spectroscopy experiments and it demonstrates the unreliability of Rosenbluth method in the
p
determination of the values of GE in space-like region.

p

p

FIG. 1: Theoretical behavior of proton electric GE (left) and proton magnetic GM
(right) form factors. The predicted behavior in t < 0 region depends on the fact if
Rosenbluth technique data (dashed line) or JLab proton polarization data (full
line) are used.

III.

CONCLUSION

The Lamb shift measurement in muonic hydrogen exposed many theoretical
attempts to ﬁnd a solution of the proton charge radius puzzle. We have
presented the method in the framework of our U&A model of nucleon
electromagnetic structure how to determine the proton electromagnetic form
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n

FIG. 2: Theoretical behavior of neutron electric GE (left) and neutron magnetic
n
GM (right) form factors. The predicted behavior in t < 0 region depends on the
fact if Rosenbluth technique data (dashed line) or JLab proton polarization data
(full line) are used.

p

p

FIG. 3: JLab polarization data for the ratio μp GE /GM with U&A ﬁt (left), charge
distribution in the proton (right).
p

factors and with the help of the electric proton form factor GE we have
determined the charge proton rms radius. We have performed global analysis
of all existing nucleon electromagnetic form factor data by U&A model
p
and we have found non-dipole behavior of GE with the zero around Q2 =
p
2
13 GeV . Such behaviour of GE has allowed us to determine the value rp =
0.8489(7) fm which corresponds to the value rp = 0.84087(39) fm obtained
in the muonic hydrogen spectroscopy experiments. The understanding of
proton structure and reanalyzes of scattering data will be of great importance
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result & source

rp [fm]

ep scattering MAMI A1 [18]
hydrogen spectroscopy [19]
continued fraction expansion [20]
conformal mapping technique [4]
dispersion analysis [11]
our U&A result

0.879(8)
0.8764(89)
0.879(11)
0.870(26)
0.840(10)
0.8489(7)

muonic hydrogen [1]
muonic hydrogen [2]

0.8418(7)
0.8409(4)

TABLE I: The comparison of diﬀerent theoretical results, including our, determined from the electron-proton scattering data, with the obtained result from the
measurement of the Lamb shift on muonic hydrogen.

for the explanation of the muonic experiment. We look forward for new
experimental measurement to provide precise data.
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Abstract
The application of the ﬁeld theoretic renormalization group techniques as developed within high energy physics is demonstrated on
a problem from the classical Newtonian physics. As an example, we
consider the general A model of passive vector advected by fully developed turbulent velocity ﬁeld with violation of spatial parity introducedviathecontinuousparameterρ. ValuesofArepresentacontinuously adjustable parameter which governs the interaction structure
of the model. In non-helical environments, we demonstrate that A
is restricted to the interval of approximately −1.7 ≤ A ≤ 2.8 in the
two-looporderoftheﬁeldtheoreticmodel. However,whenρexceeds
a threshold of around 0.75, the restrictions may be removed, which
means that presence of helicity exerts a stabilizing eﬀect onto the
possible stationary regimes of the system. We demonstrate the RG
techniquesandshowthatinteractionparameterAexertsstronginﬂuenceonadvectiondiﬀusionprocessesinturbulentenvironmentswith
broken spatial parity and identify internal structure of interactions
givenbytheparameterA,andnotthevectorcharacteroftheadmixture itself being the dominant factor inﬂuencing diﬀusion advection
processes in the helical A model.
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1 Introduction
Systematicstudyofmattermayroughlybedividedintothephysicsoffundamental interactions among few particles at the most microscopic level
and to the study of their macroscopic behavior when many body interactionsareconsidered. Theadvancesontheﬁeldoffundamentalmicroscopic
behavior are connected with the theoretical development of the Standard
modelofparticlephysicsanditsexperimentalveriﬁcationthatproceedsup
tonowadays[1]. Ontheotherhand, many-bodyphysicsisofcoarseaﬁeld
that encompasses very diﬀerent systems which range from classical problems like the turbulent motion, over the theory of phase transitions up to
inherently quantum systems studied, for example, within the modern condensed matter physics [2]. Although, seemingly unrelated the development
of theoretical tools for the description of fundamental interactions as well
astheirmacroscopicmanifestationsisinherentlyconnectedwiththedevelopment of the ideas of Renormalization group as ﬁrst given by Kenneth
Wilson in the context of an Ising ferromagnet [3]. In this article, we are
thereforeconsideringaproblemofturbulentmotionandshowhowthetools
oftheRenormalizationgroupinitsformoriginallydevelopedforQuantum
Electrodynamics (QED) [4, 5] may be applied to this inherently classical
problem [2]. As an example of a classical system, we discuss the A model
ofpassiveadvectioninafullydevelopedturbulentﬂow. Ourmangoalhere
is to discuss basic and fundamental ideas underlying our study and give
the technical details in hindsight of this purpose. Therefore, we focus on
comparing the calculations within the A model of passive advection with
theapproachcommonlyusedinthehighenergyphysicstosolvetherenormalization problem of QED for example. Thus, we will focus on similar as
well as diﬀerent aspects of RG analysis for such systems.
Letusstartwithabriefintroductiontotheproblemofdiﬀusionadvection processes in turbulent environments. Although turbulence is basically
a phenomenon of classical nature it still represents an unsolved problem
[6, 7, 8, 9, 10]. In this respect, it is very important to note that analytic
resultsontheﬁeldarenotoriouslydiﬃculttoobtainwiththeoreticalresults
obtainedwithintheKolmogorov’stheorybeingthemostimportant,fordetails on the theory see Ref.[11]. Here, we just brieﬂy state that its central
idea is based around the notion of scaling invariance which is theoretically
and experimentally well proven concept in the ﬁeld of turbulence research
and it originates back to the picture of the Richardson cascade. In more
detail, the experimentally observed Fourier spectrum of three dimensional
turbulence shows that an entire hierarchy of eddies develops in turbulent
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ﬂowsevenundersmallReynoldsnumbersRe 1 . Theuppermosteddiescoincidewiththeintegrallengthlmax whichwillbedenotedas1/mlaterinour
ﬁeld theoretical approach. Eddies of the successive generations are smaller
but constrained by microscopic considerations. At scale lmin correspondingtothesmallesteddiesenergydissipationtakesplace[11,8]. Theeddies
howevershowascalingbehaviorinthemiddleofthespectrumwhichiscommonly referred to as the inertial interval. This is the crucial property for
later application of the Renormalization group which will later also clearly
emerge asthe unifyingdescription for such seemingly unrelated systems as
interacting particles in high energy physicsand turbulence. Wealso stress,
thatintheexperimentalaswellastheoreticaltreatmentofturbulence,scaling properties manifest itself more clearly the higher the Reynolds number
Re of the ﬂow [2].
Furthermore,whenadmixturesarepresentintheturbulentﬂowwemay
compactlycharacterizethequantitativepropertiesofﬂowsunderthestudy
by using a well known parameter called Prandtl number [7, 8]. For all admixture types, it is deﬁned as the dimensionless ratio of the coeﬃcient of
kinematic viscosity to the corresponding diﬀusion coeﬃcient of a given admixture. For example, in the case of thermal diﬀusivity, the corresponding
(scalar)Prandtlnumberequalstheratioofkinematicviscositytothecoefﬁcient of molecular diﬀusivity [8]. Since both, the kinematic viscosity and
the diﬀusion coeﬃcient for the given admixture, are material and ﬂow speciﬁc quantities, the resulting Prandtl numbers have always to be speciﬁed
at distinct conditions required to characterize the ﬂow and are thus often
found in property tables alongside with other material speciﬁc properties
[6, 7, 12, 13]. However, in the high Reynolds number limit with dominant
scaling regime the state of fully developed turbulence manifests itself by
reaching eﬀective material and ﬂow independent values for both the kinematic viscosity and the corresponding diﬀusion coeﬃcient. We commonly
refer to such eﬀective values as the turbulent viscosity coeﬃcient and turbulentdiﬀusioncoeﬃcient[8,9]. Consequently,infullydevelopedturbulent
ﬂows the resulting values of the Prandtl numbers are universal for a given
admixture and do not depend either on microscopic or macroscopic properties of the ﬂow under the consideration. Usually, we refer to them as the
turbulent Prandtl numbers of given admixture type [6, 7, 14, 2].
Inthisrespect,weshowhowfundamentalthetheoryofRenormalization
group is in connection to an asymmetric scenario with explicitly broken
1 Reynoldsnumbermaybeusedasameasureofhowmuchtheﬂowexhibitsturbulent
behavior. itisgivenasRe=LV /ν,whereLisacharacteristiclengthatwhichturbulence
is stirred, V is the mean velocity before the obstacle and ν is the kinematic viscosity of
theﬂuid.
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spatial parity as observed usually in nature. [15, 16, 17, 18, 19]. Thus,
in the section below we deﬁne a general model of vector admixture with
a free parameter A and is in the ﬁeld of fully developed turbulence well
known under the name A model of passive advection. To avoid confusion,
we stress that it should not be confused with the A model according to
the classiﬁcation of Halperin and Hohenberg [20] or with the A model of
forcedNavier-StokesequationintroducedinRefs.[21,22]. Thenameofthe
present model is actually drawn from the commonly used notation for the
parameter A [23, 24, 25, 15, 16, 17, 18, 19] which appears in its deﬁnition
(seeSec.2formoredetails). TheparameterAplaysactuallyacentralrolein
anappropriatedeﬁnitionofauniﬁeddescriptionofawidevarietyofvector
admixture models. Moreover, even scalar admixtures embedded within a
ﬂow of distinct spatially anisotropic properties may under some conditions
bemodeledashavingavectorialnaturewithrespecttodiﬀusion-advection
processes in an otherwise anisotropic ﬂow. The parameter A is thus a
quantitywhichdeterminesspeciﬁcinteractionsbetweentheadmixtureand
the ﬂow itself. In this respect, the well known case of a suﬃciently weak
magnetic ﬂuid corresponds to a special choice of A=1 [2]. Other distinct
choices as A = 0 and A = −1 have been studied frequently as separate
models, see Ref.[25] for more details. Consequently, the general A model
represents a tool to unite several distinct but physically important cases
into one single model.
To perform the investigations discussed above, we use the well established tools of the ﬁeld renormalization group (RG) technique, as presented, for example, in Refs.[2, 26, 27]. Such techniques are very well
known in the ﬁeld of high energy physics where they developed ﬁrst. Nevertheless, we show how it may successfully be used for problems of fully
developed turbulence with admixtures. We also stress that it has previously been successfully applied also to fully developed problems without admixtures [28, 29, 30, 31, 32, 33, 34] as well as for advection diffusion processes of several admixtures including passive scalar admixture
[35, 19, 36, 37, 40, 38, 39], magnetic admixtures [41, 42, 43, 44] and also
vectoradmixtures[15,16,17,18,25,45,47,46,48]. Thetwo-looptechniques
for calculation of the turbulent Prandtl number within the A model used
here are similar to those of Ref.[19]. The resulting helical values of turbulentPrandtlnumberarethenanalyzedtoﬁnallyinvestigatethehypothesis
raised in Ref.[15]. The goal of this paper is to represent the similarities of
thepresentanalysistothatcommonlyemployed,forexample,withinQED
or other high energy physics models.
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2

Model A of passive vector advection with
spatial parity violation

We consider a passive solenoidal vector ﬁeld b ≡ b(x) driven by a helical
turbulent environment given by an incompressible velocity ﬁeld v ≡ v(x)
where x ≡ (t, x) with t denoting the time variable and x the d dimensional
spatial position (later d = 3 strictly). Apparently, v and b are the divergence free vector ﬁelds satisfying ∂ . b = ∂ . v = 0. Additionally, within
the general A model of passive advection the following system of stochastic
equations is required:
∂t b
∂t v

=
=

ν0 u0 b − (v · ∂)b + A(b · ∂)v − ∂P + f b ,
ν0 v − (v · ∂)v − ∂Q + f v ,

(1)
(2)

where ∂t ≡ ∂/∂t , ∂i ≡ ∂/∂xi , Δ ≡ ∂ 2 is the Laplace operator, ν0 is the bare
viscosity coeﬃcient, u0 is the bare reciprocal Prandtl number, P ≡ P (x)
and Q ≡ Q(x) represent the pressure ﬁelds while the stochastic terms f v ,
f b and the parameter A are discussed later in this section. The subscript
0 denotes unrenormalized quantities in what follows (see Sec. ?? for more
details).
Let us now brieﬂy review the physical meaning of A. We require A to
be real with A∈−1,0,1 representing various physically important models
[18,45,25,47]. ForA=1thekinematicMHDmodelisrecovered,theA=0
case leads to passive advection of a vector ﬁeld in turbulent environments
and ﬁnally A = −1 represents the model of the linearized Navier-Stokes
equations [25]. The parameter A stands in front of the so called stretching term [45] and due to its continuous nature it represents a measure of
speciﬁcinteractionsallowedbyGalileansymmetry. VaryingAallowstherefore to investigate a variety of passively advected vector admixtures with
diﬀerent interaction properties2 . Although A may take any real values, it
is frequently discussed only in the smallest possible continuous interval encompassingthethreespecialcasesA∈{−1,0,1}. Contrary,weextendthe
analysis to all physically allowed values of A (see Sec.?? for more details)
whichallowsastraightforwarddiscussionoftheinﬂuenceofinteractionson
advectiondiﬀusionprocesses. Thepreviouslyundeﬁnedstochastictermsf v
and f b introduced in Eqs.(1) and (2) represent sources of ﬂuctuations for
v and b. For energy injection of b we assume transverse Gaussian random
2As already discussed above, even scalar admixtures in turbulent environments with
anisotropic properties may under some conditions be modeled as vectorial admixtures in
isotropicﬂows.Especially,whenonlyadvection-diﬀusionpropertiesareofinterest.
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noise f b = f b (x) with zero mean via the following correlator:
b
Dij
(x; 0) ≡ fib (x)fjb (0) = δ(t)Cij (|x|/L),

(3)

where L is an integral scale related to the corresponding stirring of b while
L it should
Cij is required to be ﬁnite in the limit L → ∞ and for |x|
rapidly decrease, but remains otherwise unspeciﬁed in what follows. Contrary, the transverse random force per unit mass f v = f v (x) simulates the
injection of kinetic energy into the turbulent system on large scales and must
suit the description of real infrared (IR) energy pumping. To allow the later
application of the RG technique, we shall assume a speciﬁc, power-like form
of injection as usual for fully developed turbulence within the RG approach
(for more details see Refs. [2, 26, 32]). Nevertheless, although a speciﬁc form
is used, universality of fully developed turbulence ensures that the results
obtained here may easily be extended to all fully developed turbulent ﬂows.
Additionally, it allows easy generalization to environments with broken spatial parity by deﬁning suitable tensorial properties of the correlator of f v .
For this purpose, we prescribe the following pair correlation function with
Gaussian statistics:
v
(x; 0)
Dij

≡

fiv (x)fjv (0) = δ(t)

dd k
D0 k 4−d−2ε Rij (k)eik·x . (4)
(2π)d

Here, d denotes the spatial dimension of the system, k is the wave number
withk=|k|andD0 ≡g0 ν03 >0isthepositiveamplitudewithg0 beingthe
coupling constant of the present model related to the characteristic ultraviolet (UV) momentum scale Λ by the relation g0 Λ2ε . The term Rij(k)
appearing in Eq.(4) encodes the spatial parity violation of the underlying
turbulent environment and its detailed structure is discussed separately in
the text below. Finally, the parameter ε is related to the exact form of
energy injection at large scales and assumes value of 2 for physically relevant infrared energy injection. However, as usual in the RG approach to
the theory of critical behavior, we treat ε formally as a small parameter
throughoutthewholeRGcalculationsandonlyintheﬁnalstepitsphysical
value of 2 is inserted [2, 27].
Further, in Eq.(4), we encounter typical momentum integrations which
lead to two troublesome regions, namely the IR region of low momenta
and the UV region of high momenta as discussed in detail in Refs.[2, 26].
Frequently, these troublesome integration regions are avoided by directly
prescribingallrelevantmicro-andmacroscopicpropertiesoftheﬂow. Here
however,weusetheuniversalityoffullydevelopedturbulentﬂowstoavoid
unnecessary speciﬁcations. Thus, we only demand real IR energy injection
of energy via Eq.(4) and neglect the exact macroscopic structure of the
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ﬂow by introducing a sharp IR cut-oﬀ k ≥ m for integrations over k with L
assumed to be much bigger than 1/m. Using sharp cut-oﬀ, IR divergences
like those in Eq. (4) are avoided. As already done for Eq. (4), the IR cut-oﬀ is
understood implicitly in the whole paper and we shall stress its presence only
at the most crucial stages of the calculation. Contrary, UV divergences and
their renormalization play the central role in calculations presented here.
Finally, let us now turn our attention to the projector Rij in Eq. (4)
which controls all of the properties of the spatial parity violation in the
present model. In the case of fully symmetric isotropic incompressible turbulent environments the projector Rij (k) assumes the usual form of the
ordinary transverse projector
Pij (k) = δij − ki kj /k 2 ,

(5)

as explained in Ref.[2] in more details. In the case of helical ﬂows with
spatial parity violation, Eq.(4) is speciﬁed in the form of a mixture of a
tensorandapseudotensorasRij(k)=Pij(k)+Hij(k)whereHij(k)respects
thetransversalityofthepresentﬁelds. Theordinarynon-helicaltransverse
projector Pij is thus shifted by a helical contribution
Hij(k)=iρεijl kl /k.

(6)

Here, ijl is the Levi-Civita tensor of rank 3, and the real valued helicity
parameterρsatisﬁes|ρ|≤1duetotherequirementofpositivedeﬁniteness
of the correlation function 4. Obviously, ρ = 0 corresponds to the fully
symmetric (non-helical) case whereas ρ = 1 means that spatial parity is
fully broken.
Weﬁnallyconcludethesectionbydiscussingthestructureofinteractions
in Eqs.(1) and (2). Obviously, according to Eq.(2), the admixture ﬁeld
b does not disturb evolution of the velocity ﬁeld v. In other words, the
velocityﬁeldv iscompletelydetachedfromtheinﬂuenceofadmixtures, as
requiredbydemandingpassiveadvection. Ofcourse,realproblemsusually
involve at least some small amount of mutual interaction between the ﬂow
and its admixtures. However, even in the case of active admixtures there
existregimeswhichcorrespondtothepassiveadvectionproblem,asseen,for
example,inthecaseoftheMHDproblemwithanactivemagneticadmixture
whichhastheso-calledkineticregimecontrolledbythekinematicﬁxedpoint
of the RG equations (see, e.g., Ref.[41]). Such a situation corresponds to
the passive advection obtained within the present model when A = 1 in
Eqs.(1) and (2). Therefore,the present picture of passive advection within
the A model represents a highly interesting physical scenario.

251

hvivj i0 =
hvi′vj i0 =
hbibj i0 =
hb′ibj i0 =
Figure 1: Propagators of the general A model. Dashed lines corresponds to
fields v and v0 while full lines denote fields b and b0 . Slash denotes auxiliary
fields v0 and b0 .

3

Field theoretic formulation of the model

According to the Martin-Sigia-Rose theorem [49], the system of stochastic
differential Eqs. (1) and (2) is equivalent to a field theoretic model of the
double set of fields Φ = {v, b, v0 , b0 } where primed fields are the auxiliary response fields [2]. The field theoretic model is then defined via the
Dominicis-Janssen action functional
Z
1
v
dt1 dd x1 dt2 dd x2 [vi0 (x1 )Dij
(x1 ; x2 )vj0 (x2 )
S(Φ) =
2
Z
b
+ b0i (x1 )Dij
(x1 ; x2 )b0j (x2 )] + dt dd x{v0 [−∂t
+ ν0 4 − (v · ∂)]v + b0 [−∂t b + ν0 u0 4b − (v · ∂)b
+ A(b · ∂)v]},

(7)

b
v
where xl ≡ (tl , xl ) with l = 1, 2, Dij
and Dij
are given in Eqs. (3) and (4),
respectively, and the required summations over dummy indices i, j ∈ 1, 2, 3
are implicitly assumed. The auxiliary fields and their original counterparts
v, b share the same tensor properties, which means that all fields appearing
in the present model are transverse. The pressure terms ∂Q and ∂P from
Eqs. (1) and (2), respectively, do not appear in action (7) because transversality of the auxiliary fields v0 (x) and b0 (x) allows one to integrate these
out of the action (7) by using the method of partial integration. In the
frequency-momentum representation the following set of bare propagators
is obtained:

hb0i bj i0 = hbi b0j i∗0

=

hvi0 vj i0 = hvi vj0 i∗0

=

hbi bj i0

=
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Pij (k)
,
iω + ν0 u0 k 2
Pij (k)
,
iω + ν0 k 2
Cij (k)
,
| − iω + ν0 u0 k 2 |2

(8)
(9)
(10)

hvi vj i0

=

g0 ν03 k 4−d−2ε Rij (k)
,
| − iω + ν0 k 2 |2

(11)

with helical effects already appearing in the propagator (11) via Rij (k).
The function Cij (k) is the Fourier transform of Cij (r/L) from Eq. (3), but
remains arbitrary in the calculations that follow. The propagators are represented as usual by the dashed and full lines, where the dashed lines
involve the velocity type of fields and full lines represent the vector admixture type fields. The auxiliary fields are denoted using a slash in the
corresponding propagators as shown in Fig. 1. The field theoretic formulation of the A model contains also two different triple interaction vertices,
namely b0i (−vj ∂j bi + Abj ∂j vi ) = b0i vj Vijl bl and −vi0 vj ∂j vi = vi0 vj Wijl vl /2.
In the momentum-frequency representation, Vijl = i(kj δil − Akl δij ) while
Wijl = i(kl δij + kj δil ). In both cases, momentum k is flowing into the
vertices via the auxiliary fields b0 and v0 , respectively. In the end, let us
also briefly remind that the formulation of the stochastic problem given by
Eqs. (1)-(2) through the field theoretic model with the action functional (7)
allows one to use the well-defined field theoretic means, e.g., the RG technique, to analyze the problem [2, 50]. However, even at first look we notice
several important differences to problems which are treated within the usual
high energy physics of fundamental interactions. First, time and space in
Eq. (7) are obviously treated separately and do not form a four-vector as required in relativistic theories. Consequently, the Fourier image of space and
time yields two independent quantities ω and ~k. This is a distinct property
of many problems of critical dynamics and the corresponding models are
often referred to as two scale models [2]. Such a two scaled nature of the
problem is already clearly visible in the propagators of our theory. Looking
at the denominator of the propagators above, we notice their form which is
a linear combination of ω and k 2 . In other words, ω and k 2 do not appear in
the same power in the denominator and are both completely independent.
This is of coarse just the consequence of non-relativistic nature of the problem but leads later to very important differences to the usual relativistic
models of high energy physics. From the more technical point of view, it is
also important to note that denominators of propagators involve parameters
u0 and nu0 which as later shown are actually flowing quantities with respect
to RG analysis. Moreover, the present theory is clearly massless which as
very well known also in high energy physics makes the analysis technically
more demanding.
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vj

vj

Wijk =

vi′

Vijk =

b′i

vk
bk
Figure 2: The interaction vertices of the A model. The vertex Wijk =
i(kk δij + kj δik ) involves the fields v and v0 while Vijk is the only diagrammatic object of the present Feynman rules which contains A dependent
contribution in the form of Vijk = i(kj δik − Akk δij ).

4

Renormalization group analysis

To determine all relevant UV divergences in the present model, we employ
the analysis of canonical dimensions and identify all objects (graphs) containing the so called superficial UV divergences which turn out to be the
only relevant divergences left for the subsequent RG analysis performed
here, for details, see Refs. [2, 26, 27]. Since the present A model belongs to
the class of the so called two scale models [2, 26, 32], an arbitrary quantity
k
Q has a canonical dimension dQ = dkQ + dω
Q , where dQ corresponds to the
ω
canonical dimension in the momentum scale while dQ corresponds to the
frequency scale. A straightforward calculation shows that for the helical
parameter ρ one obtains dkρ = dω
ρ = 0 while all the other quantities possess
canonical dimensions according to Ref. [18]. Consequently, the helical A
model possess dimensionless coupling constant g0 at ε = 0.
The present model is thus logarithmic at ε = 0 which in the framework of
the minimal subtraction (MS) scheme, as used here, means that all possible
UV divergences are of the form of poles in ε [27, 50]. Using now the general
expression for the total canonical dimension of an arbitrary 1-irreducible
Green’s function hΦ . . . Φi1−ir and the symmetry properties of the model,
one finds that for d = 3 the superficial UV divergences are present only in the
1-irreducible Green functions hvi0 vj i1−ir andhb0i bj i1−ir . Thus, all divergences
can be removed by the counterterms of the form v0 ∆v or b0 ∆b which leads
to the multiplicative renormalization of g0 , u0 , and ν0 via
ν0 = νZν ,

g0 = gµ2ε Zg ,

u0 = uZu ,

(12)

where the dimensionless parameters g, u, and ν are the renormalized counterparts of the corresponding bare ones and µ is the renormalization mass
required for the dimensional regularization, as used in the present paper.
The quantities Zi = Zi (g, u; d, ρ; ε) contain poles in ε.
Furthermore, we stress that A is a free parameter in the model and is not
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renormalized as opposed to the charges listed in Eq. (12). This feature was
already observed in Ref. [18] where a non-helical equivalent of our model is
investigated. On the other hand, when the correlations of the velocity field
v are prescribed synthetically, as done for example in Refs. [23, 24], parameter A cannot be freely adjusted. In such models, A becomes a charge of the
model which for incompressible flows leads to only three allowed renormalized values of 1, 0, −1 [24]. Moreover, when compressibility is present, the
parameter A is renormalized only to a non-zero values of 1, −1, α where α is
a parameter describing compressibility (for details see Eq. (2.5) in Ref. [24]).
However, such consequences are attributed to v being prescribed synthetically by its two point correlator. We avoided such synthetic definitions by
using stochastic Navier-Stokes equation to describe the evolution of v. This
scenario is not only more physical but additionally, it has the benefit of A
being a free parameter of the present model.
Before going further, we briefly address also the issue of additional divergences present in the analyzed model. These divergences appear only
in the helical model and are linear in ρ, for details see Ref. [55]. Nevertheless, as shown in detail in Ref. [55], they have no impact on the form
of beta functions nor do they change the fixed points and their stability
in the present model. Furthermore, we are only interested in the values
of the effective inverse turbulent Prandtl number uef f given according to
the definitions of Ref. [19] where it is defined as the ratio of the response
functions hv 0 vi and hb0 bi. However, asymptotic behaviour of the response
function hb0 bi is not affected by the presence of linear divergences which may
completely be removed from the physical analysis after the inclusion of the
Lorentz-like terms into the Eq. 2 which is then called as the full model or
the general A model of active vector admixture. Consequently, the presence
of the linear divergences is artificial here and may completely be removed
in a full problem which as discussed in Ref. [55] has a kinematic mode as
a solution of RG equations which then corresponds to the present physical
case. Thereby, linear divergences play no significance for the present paper
and we only concentrate on the problem of the existence and stability of
the IR scaling regime, which can be studied without considering the linear
divergences discussed above. Bearing the problem of linear ρ divergences in
mind we write down the renormalized action functional as
Z
1
dt1 dd x1 dt2 dd x2
S(Φ) =
2
v
b
[vi0 (x1 )Dij
(x1 ; x2 )vj0 (x2 ) + b0i (x1 )Dij
(x1 ; x2 )b0j (x2 )]
Z
+
dt dd x{v0 [−∂t + νZ1 4 − (v · ∂)]v

255

+ b0 [−∂t b + νuZ2 4b − (v · ∂)b + A(b · ∂)v]},

(13)

with Z1 and Z2 being the renormalization constants connected with the
previously defined renormalization constants Zi = Zi (g, u; d, ρ; ε) with i ∈
ν, g, µ via the equations
Zν = Z1 ,

Zg = Z1−3 ,

Zu = Z2 Z1−1 .

(14)

Each of the renormalization constants Z1 and Z2 corresponds to a different
class of Feynman diagrams (as discussed below) but they share an analogous
structure within the MS scheme: the n-th order of perturbation theory corresponds to the n-th power of g with the corresponding expansion coefficient
containing a pole in ε of multiplicity n and less. I. e.:
Z1 (g; d, ρ; ε)

=

1+

∞
X

gn

n=1

Z2 (g, u; d, ρ; ε)

=

1+

∞
X
n=1

(1)

(1)
n
X
znj (d, ρ)
j=1

gn

εj

,

(2)
n
X
znj (u, d, ρ)
j=1

εj

(15)

,

(16)

(2)

where znj (d, ρ) and znj (u, d, ρ) are free of the parameter ε. Using the
last expressions with renormalized variables inserted leads to divergence
free 1-irreducible Green’s functions hvi0 vj i1−ir and hb0i bj i1−ir . Moreover, 1irreducible Green’s functions hvi0 vj i1−ir and hb0i bj i1−ir are associated with
0
0
the corresponding self-energy operators Σv v and Σb b by the Dyson equations which in the frequency-momentum representation read
hvi0 vj i1−ir
hb0i bj i1−ir

=
=

0

[ iω − ν0 p2 + Σv v (ω, p)]Pij (p),
2

[iω − ν0 u0 p + Σ

b0 b

(ω, p)]Pij (p).

(17)
(18)

Thus, substitution of e0 = eµde Ze for e = {g, u, ν} is required to lead to
UV convergent Eqs. (17) and (18) which in turn determine the renormalization constants Z1 and Z2 up to an UV finite contribution. The employed
MS scheme fixes then the renormalization constants in the form of 1 +
(i)
poles in ε and the coefficients znj , i = 1, 2 are then fully prescribed in the
corresponding order of perturbation theory.
The aim of the present paper consists of deriving the two-loop perturbative results for the A model with helical effects included via proper definition
of Eq. (4). Since in the limit ρ → 0 the less general non-helical model of
Ref. [18] is recovered, all non-helical results of Ref. [18] have to be reproduced here. Moreover, all quantities depending exclusively on velocity field
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v follow only from stochastic Navier-Stokes equation (2) and the correlator
(4). In Refs. [15, 31], exactly the same conditions were imposed on the velocity type of the fields v and v0 in the two-loop calculations of the given
model. Consequently, the corresponding quantities depending exclusively
on the velocity type of fields in the present model have to equal those obtained in Refs. [15, 31]. Taking together, Z1 in the present model must be
the same as in Ref. [31] while non-helical values of Z2 in the generalized
helical A model must reproduce results of Ref. [18]. Thus, before generalizing the approach of Refs. [18, 19] to the more general A model with helical
contributions we review results of Refs. [15, 18, 19] which are relevant for
the present paper.
Let us start with the coefficients related to v and v0 which comprise the
renormalization coefficient Z1 . As stated above, the present model and the
model under study in Refs. [15, 31] have the same renormalization constant
(1)
Z1 and the expansion coefficient z11 is therefore given as
(1)

z11 = −

Sd (d − 1)
,
(2π)d 8(d + 2)

(19)

where Sd is the surface area of the d-dimensional unit sphere defined as
Sd ≡ 2π d/2 /Γ(d/2) with Γ(x) being the standard Euler Gamma function.
Thus, no helical contributions at the one-loop level emerge for quantities
involving only the velocity type of the fields v and v0 . In Ref. [31], the
(1)
two-loop order coefficient z22 is shown to satisfy

2
(1)
(1)
z22 = − z11
.

(20)

(1)

Consequently, z22 is also ρ independent and only the remaining coefficient
(1)
z21 contains helical contributions to Z1 . Since the corresponding expression
from Ref. [15] is rather huge we shall not reprint it here.
Let us now turn our attention to Z2 which requires to analyze the struc0
ture of the self-energy operator Σb b in the Dyson equation (18). In the
0
two-loop order, Σb b equals the sum of singular parts of nine one-irreducible
Feynman diagrams as shown in Fig. 3. Using the notation of Ref. [18] for
the sake of easier comparison, we write down the two-loop approximation
0
of Σb b as
8
X
0
(2)
Σb b = Γ(1) + Γ(2) = Γ(1) +
sl Γl ,
(21)
l=1
(1)

where Γ represents the single one-loop diagram shown in Fig. 3 and Γ(2)
represents the sum of the eight two-loop diagrams shown in Fig. 3. The
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Γ(1) =
.

(2)

(2)

Γ1 =

Γ2 =
.

(2)

Γ4 =

(2)

Γ6 =

(2)

Γ8 =

Γ3 =

Γ5 =

Γ7 =

(2)

(2)

(2)

Figure 3: One-loop and two-loop diagrams that contribute to the self-energy
0
operator Σb b (ω, p) in Eq. (18).
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terms sl , l = 1, . . . , 8 denote the corresponding symmetry factors which
equal 1 for all diagrams except for the fourth with s4 = 1/2.
The single one-loop diagram of Fig. 3 apparently does not include the
propagator hvi vj i0 which is the only diagrammatic object that contains he(2)
lical contributions. The corresponding coefficient z11 that follows from the
(1)
Γ contribution is thus actually also ρ independent. Since all non-helical
quantities in the present helical A model must reproduce the corresponding
(2)
values of Ref. [18], the following z11 expansion coefficient must be obtained
(as verified also by direct calculation):
(2)

z11

Sd
(2π)d
(d2 − 3)(u + 1) + A [d + u(d − 2)] + A2 (1 + 3u)
.
4d(d + 2)u(u + 1)2

= −
×

(22)
(2)

(2)

The contributions to Γ(2) which determine z22 (d, ρ) and z21 (d, ρ) are given
by the eight two-loop diagrams of Fig. 3. After a quick inspection we notice
that each of the diagrams contains two hvi vj i0 propagators which are linearly dependent on the helicity parameter ρ. Thus, all two-loop diagrams
can depend only quadratically on ρ (linear dependences are not relevant for
the present calculations and are dropped systematically). Thus, using the
notation equivalent to that of Ref. [18] we can write the divergent part of
Γ(2) in the following form:
g 2 ν p2 Sd  µ 4ε 1
Γ(2) =
16(2π)2d m
ε
)
(
Sd ρ
(0)
2
(ρ)
C + B + ρ δ3d B
,
(23)
×
ε
where C ρ , B (0) and B (ρ) are for now undetermined. The d, g, p, µ, u, m dependent factors in Eq. (23) could principally by absorbed into C ρ , B (0) and
B (ρ) , but are kept in order to comply with notation of Ref. [18]. By definition B (0) encodes non-helical contributions of the corresponding diagrams
and for ρ → 0 must yield the same expressions as shown in Ref. [18]. Since,
B (0) was not explicitly introduced in Ref. [18] we define it via
Z 1
(0)
B
= Sd−1
dx (1 − x2 )(d−1)/2 B,
(24)
0

where the variable x denotes the cosine of the angle between two independent loop momenta k and q of the two-loop diagrams, i.e., x = k.q/|k|/|q|.
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The function B is obtained in the same form as in Ref. [18] but is rather
huge and shall not be reproduced here. We merely notice that within the
scope of the present calculations we have determined B (0) directly by the
methods discussed later in connection with the helical contributions in the
present model. Furthermore, the expression C ρ is directly related to the
(2)
second order pole coefficient of Z2 , namely to z11 (d, ρ). Although, we denoted this contribution by superscript ρ, in reality it must be independent
of helical contributions because of the one-loop order of the present generalized A model which is completely free of any helical effects. Consequently,
second order ε pole contributions to Γ(2) have to remain also ρ independent
and the superscript ρ in C ρ may be dropped, i. e., C ρ ≡ C. Due to helical
independence of C it assumes the same form as in Ref. [18] yielding thus
(2)
the corresponding z22 (d, ρ) as
(2)

(2)

z22 (d, ρ) = z22 (d) = −

Sd2 C
.
(2π)2d 16u

(25)

At this place, we only briefly note that C is a polynomial of fourth order in A
and postpone the details to later on. Eqs. (19)-(25) thus briefly summarize
the results common to the present model and the models of Refs. [19, 15, 18].
Passing to our generalized helical A model requires now an explicit calculation of helical contributions to Γ(2) . We once again stress that although
B (ρ) is calculated with the explicit d dependence, the helical contributions
make sense only for d = 3 as indicated by the insertion of the Kronecker
delta δd3 into Eq. (23).
Before going further let us now explain the general character of the A dependences in the expressions C ρ ≡ C, B (0) and B (ρ) without considering the
details of the corresponding calculations. According to Fig. 3 and Eqs.(21)
and (23), all of the discussed expressions are given by the diagrams Γ(1) or
(2)
Γl with l = 1, . . . 8. Noting now that the parameter A appears only in the
Vijl type vertex as a linear function we may gain direct insights into the
structure of the A dependences of the given diagrams. To this end, imagine
a diagram with only two vertices of the Vijl type. Since each of the vertices
contains only a linear function of A when necessary summations on dummy
field indices are performed, we get an overall dependence which may include
the most a quadratical term in A as a result of two linear terms in A being
multiplied together. In other words, the resulting diagram may therefore
be only a polynomial in A of order 2 the most. The same reasoning extends
also to the case when four Vijl type vertices appear simultaneously in given
diagram. Here, the resulting polynomial must be of an order of 4 in A. Of
coarse, since Vijl type vertices are of tensorial nature, summation over field
indices in a given diagram may lower the actual order of the polynomials in
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A while some polynomial coefficients may also vanish completely. However,
under any circumstances higher powers of A may not emerge in the graphs.
The diagrams Γl with l = 1, . . . 8 contain two or four Vijl type vertices and
their sum Γ(2) must consequently be a polynomial in A of an order of 4 the
most. Additionally, C ρ ≡ C is proportional to the second order pole in ε
of Γ(2) and must therefore also be a polynomial of an order of 4 the most.
The parameters B (0) and B (ρ) are proportional to the corresponding parts
of Γ(2) and are therefore polynomials in A with order of 4 the most.
Although the previous discussions determine the structure of the diagrams, only a direct calculation may give us the needed coefficients of the
resulting polynomials in A. Thus, we have to perform the calculation of the
(2)
(2)
coefficients z21 (u, d, ρ) and z22 (d, ρ) directly. On the other hand, since all
helical properties of the generalized helical A model are encoded by the term
B (ρ) and linear ρ divergences are left out in the present model, we note that
(2)
z21 (u, d, ρ) contains a quadratic term in ρ as the only ρ dependent part.
However, to correctly determine the exact term proportional to ρ2 we are required to calculate B (ρ) . For this purpose, we use the Dyson equation (18),
the relation (21), and the structure of Γ(2) , as given by Eq. (23). Finally,
(2)
z21 (u, d, ρ) is found as (once again notation of Ref. [18] is used)
(2)

z21 (u, d, ρ) =



Sd
(0)
2
(ρ)
B
+
ρ
δ
B
,
d3
16u(2π)2d

(26)

where B (0) and B (ρ) are defined via Eqs. (23) and (24), respectively. According to Eq. (26), B (ρ) is given by the two-loop diagrams of Fig. 3 and is
written in close analogy with Eq. (24) in the following form:
B (ρ)

Z
= Sd−1
0

1

dx (1 − x2 )(d−1)/2

(ρ)

8
X

(ρ)

sl Bl

(27)

l=1
(2)

and thus define Bl as the corresponding helical parts of the Γl diagrams.
Thus, as already discussed, when the limit ρ → 0 is imposed on Eq. (26)
the resulting value gives the B (0) coefficient which in turn complies with
its corresponding counterpart of Ref. [18]. On the other hand, for ρ 6= 0
the eight two-loop graphs contain nonzero terms which via B (ρ) encode
all of the helical effects investigated here. In other words, the result of
Ref. [18] is only a special case of the present calculations when appropriate
limits are taken while for 0 < |ρ| ≤ 1 the corresponding expressions are
completely unknown and require to be calculated here. For this purpose,
(2)
for the diagrams Γl with l = 2, . . . 8, we utilize the derivative technique
outlined in Ref. [19] whose prerequisites are fulfilled for selected diagrams
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Figure 4: (Color online) Dependence of the one-loop inverse turbulent
(1)
Prandtl number u∗ on the parameter A in the region −2 ≤ A ≤ 2. Note
(1)
(1)
that for A = −1 one obtains u∗ = 1. Apparently, one-loop values of u∗
(1)
are always positive (u∗ → ∞ for A → ±∞) and therefore physical for all
arbitrary real A.
(2)

with l = 2, . . . 8. However, in the case of diagram Γ1 , only its non-helical
value, a special case of the model considered here, can by evaluated using the
derivative technique of Ref. [19]. Therefore, the well established techniques
(2)
outlined, for example, in Ref. [2] are used for the graph Γ1 . Nevertheless,
calculations for all graphs are quite straightforward; however, they result in
complicated lengthy expression.
In the end, we have to reexamine the influence of helicity on the properties of the IR scaling regime and its stability. First, since the fields v, v0 ,
b, and b0 are not renormalized, the following simple relation holds:
W R (g, u, ν, µ, · · ·) = W (g0 , u0 , ν0 , · · ·).

(28)
R

It states that the renormalized connected correlation functions W =
hΦ . . . ΦiR differ from their unrenormalized counterparts W = hΦ . . . Φi only
by the choice of variables (renormalized or unrenormalized) and in the corresponding perturbation expansion (in g or g0 ), where the dots stand for
arguments untouched by the renormalization [2, 26, 50]. This means that
unrenormalized correlation functions are independent of the scale-setting
parameter µ of dimensional regularization. Thus, applying the differential
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operator µ∂µ at fixed unrenormalized parameters on both sides of Eq. (28)
gives the basic differential RG equation of the following form [2, 26]:
[µ∂µ + βg ∂g + βu ∂u − γν ν∂ν ]W R (g, u, ν, µ, · · ·) = 0,

(29)

where the so-called RG functions (the β and γ functions) are given as follows:
βg
βu
γi

≡ µ∂µ g = g(−2ε + 3γ1 ),
≡ µ∂µ u = u(γ1 − γ2 ),
≡ µ∂µ ln Zi , i = 1, 2,

(30)
(31)
(32)

and are based on relations among the renormalization constants (14) together with the explicit expressions of Z1 and Z2 given by (15) and (16),
respectively. Here, it should be noticed that β functions are calculated up
to the given order and their exact (non-perturbative) expansion in terms
of ε is unknown as usual in high energy physics. However, due to Galileo
invariance, both functions γ1 and γ2 are exact and equal 2ε/3. In other
words, they do not obtain contributions from higher loop orders and are
already given at one loop order. For details see Ref. [2]. To obtain the IR
asymptotic behavior of the correlation functions deep inside of the inertial
interval, we need to identify the coordinates (g∗ , u∗ ) of the corresponding IR stable fixed point where βg and βu vanish since they establish the
required Kolmogorov regime. We demand
βg (g∗ ) = 0,

βu (g∗ , u∗ ) = 0,

(33)

where g∗ 6= 0 and u∗ 6= 0 in the two-loop approximation are required to
have the form
g∗
u∗

(1)

(2)

(1)
u∗

(2)
u∗ ε

= g∗ ε + g∗ ε2 + O(ε3 ),
=

+

2

+ O(ε ).

(34)
(35)

It may be verified by a direct calculation that at non-trivial fixed points the
following expressions hold:
(1)

=

(2)

=

(1)

=

(2)

=

g∗

g∗

u∗
u∗

(2π)d 8(d + 2)
,
Sd 3(d − 1)
(2π)d 8(d + 2)
λ,
Sd 3(d − 1)
!
√
√
3
3
1
2b1
b2 + b3
√
+
,
−2a2 − √
3
3
3a2
b2 + b3
2
"
#
2(d + 2)
128(d + 2)2
(1)
λ−
B(u∗ ) ,
(1)
3(d − 1)2
d[1 + 2u∗ ]
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(36)
(37)
(38)
(39)

(1)

where λ is related to the coefficient z21 in Eq. (15) as

2
2 (2π)2d 8(d + 2)
(1)
λ=
z21 .
3 Sd2
d−1

(40)

(1)

The coefficient B(u∗ ) will be discussed in the text below. Let us now give
the explicit expressions for ai with i ∈ 0, 1, 2 and bi with i ∈ 1, 2, 3. They
read:
b1
b2
b3
a0
a1
a2

= a2 (3a1 − 4a2 )
= a22 (−27a0 + 18a1 − 16a2 )
q
=
4b31 + b22


= −2 d2 − 3 + A(A + d)
2

= 6(1 − A ) − 2A(d − 2) − d(d + 1)
= d(d − 1)

(41)
(42)
(43)
(44)
(45)
(46)

The value of the coefficient a1 differs from that presented in Ref. [18] where
most probably a typesetting error occurred since for ρ → 0 our present
result reproduce the less general non-helical model of Ref. [18]. Moreover,
a1 from Ref. [18] takes the same form as the current one when the (probably
misplaced) brackets are corrected.
As already mentioned, one-loop results given by Eqs. (36) and (38) are
(2)
free of helical contributions. Furthermore, g∗ depends exclusively on the
properties of the underlying velocity field which means that it is common
within a class of models with passively advected admixtures, as discussed,
(2)
for example, in Ref. [15]. In more detail, g∗ is completely determined by
(2)
λ from Eq. (40). However, u∗ is model specific and known only for special
choices of A ∈ 0, 1 [15]. Here, it is expected to contain helical contributions
(1)
via the quantity B(u∗ ) which in turn is completely given by the coefficient
(2)
(1)
z21 in Eq. (26) and it obtains the following value at u = u∗ :
(1)

B(u∗ , ρ) =

(2π)2d (2) (1)
z21 (u∗ , ρ)
Sd2

(47)

We retained the d dependencies for notation purpose. However, only spatial
dimension d = 3 is physically meaningful when helical effects are considered.
The IR behavior of the fixed point is determined by the matrix of the first
derivatives which is given as


∂βg /∂g ∂βg /∂u
Ωij =
(48)
∂βu /∂g ∂βu /∂u
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Figure 5: (Color online) Dependence of u(0) and u(ρ) on parameter A shown
in regions −2 ≤ A ≤ 3 and −2 ≤ A ≤ 2 respectively. Quantity u(0)
corresponds to non-helical value of inverse turbulent Prandtl number, while
u(ρ) represents helical contribution to the inverse turbulent Prandtl number.
Points represent numerical values obtained from Eq. (50).
and is evaluated for given (g∗ , u∗ ). The present matrix is triangular since
βg is independent of u. Consequently, ∂βg /∂u = 0 and diagonal elements
∂βg /∂g and ∂βu /∂u correspond directly to the eigenvalues of the present
matrix. Using numerical analysis one can show that the real parts of the
diagonal elements are positive for all values of A in the vicinity of  = 0.
Furthermore, we have also shown that including spatial parity violation
shifts the values of the present matrix even further to positive values. In
the end, we stress the well-known fact that β functions of the present model
are exactly given even at the one-loop order since all higher order terms
cancel mutually, which means that the anomalous dimensions γ1∗ = γ2∗ equal
exactly 2ε/3 at the IR stable fixed point.

5

Helicity and the turbulent Prandtl number

Once the crucial RG analysis is finished all of the physical quantities as measured by experiments may be obtained. As this is a very specific calculation
and our aim was to discuss the RG approach in the specified classical model
we only give a brief overview of the results. An interested reader may find
the details in Refs. [55, 19]. We now merely stress that all helical properties
specific for the given admixture type described by Eq. (1) are in the twoloop order of perturbation theory of the corresponding field theoretic model
completely encoded by the two-loop Feynman graphs of Fig. 3. According to
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Ref. [19], the resulting two-loop expression for the inverse turbulent Prandtl
number reads as
(
"
#
(1)
1 + u∗
128(d + 2)2
(1)
(1)
uef f = u∗ 1 + ε
λ−
B(u∗ )
(1)
3(d − 1)2
1 + 2u∗
)!
i
(2π)d 8(d + 2) h
(1)
av − ab (u∗ )
,
(49)
+
Sd 3(d − 1)
where ε and the dimension d are taken to their physical values of ε = 2 and
(1)
d = 3, the one-loop value of the inverse turbulent Prandtl number u∗ is
(1)
given in Eq. (38), B(u∗ ) is defined in Eq. (47) and λ is shown in Eq. (40).
The following numerical value corresponds to λ in d = 3 as considered here
for helical environments: λ = −1.0994. The remaining parameters av and
ab which enter into Eq. (49) are quite complicated and correspond to the
finite parts of one-loop diagrams with two external velocity type fields v, v0
and two admixture type fields b, b0 , respectively. We omit the details here
and refer the reader to Ref. [55]. For further discussion it is convenient to
split uef f (A) into its non-helical part u(0) (A) and its corresponding helical
contribution ρ2 u(ρ) (A) via
uef f (A) = u(0) (A) + ρ2 u(ρ) (A).

(50)

Note that both u(0) (A) and u(ρ) (A) are defined to be independent of ρ.
Nevertheless, u(ρ) (A) stands in front of the helical contribution in Eq. (50)
and thus encodes all helical effects of the present model. Both u(0) (A) and
u(ρ) (A) are analytic functions but we shall not reproduce the corresponding
expressions here and merely show their graphical representation given in
Fig. 5.
Considering u(0) (A) we note that at A = −1.723 and A = 2.800 (numerical values rounded to 3 decimal places) the zero points of u(0) would
cause the turbulent Prandtl numbers to grow infinitely which would be unphysical. Consequently, in the non-helical case values of A are restricted
to A ∈ h−1.723, 2.800i. However, we note that constraints for non-helical
environments arise only in connection with the two-loop order calculation
used here and are therefore inherently given by the structure of perturbation
theory of the A model. In other words, such constraints are not inherent in
values of A outside of the usually studied region −1 ≤ A ≤ 1 and represent
only an artifact of the perturbative approach.
However, when symmetry breaking is taken into account as done by
u(ρ) we note that restrictions imposed on A are lifted off. This is shown
as before graphically via Fig. 6 where inverse turbulent Prandtl number is
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Figure 6: (Color online) Inverse turbulent Prandtl number uef f as a function
of A shown for fixed values of ρ in the range of −2 ≤ A ≤ 3. On the right
side of the graph, in the region of approximately A > 1, the dependences
for selected values of ρ are stacked one above the other with ρ = 1 (orange)
being on the top while the remaining dependences follow in the successive
order of ρ = 0.7 (red), ρ = 0.5 (magenta), ρ = 0.4 (blue) and ρ = 0
(black). Note that for ρ = 1 the function is apparently bound from below
but unbound from above which is a behaviour observed for all ρ > 0.749
which represents a threshold value of helicity above which the stationary
regimes of the system are fully stabilized.
depicted as a function of A for selected values of ρ. Clearly, there exist some
critical value of the helicity parameter ρ for which the corresponding inverse
turbulent Prandtl number uef f = u(0) + ρ2 u(ρ) gets positive for all values
of A. In other words, when spatial parity violation is strong enough, the
resulting inverse turbulent Prandtl number obtains always positive values.
Summing up, we have shown that the impact of the interactions as given
via the parameter value of A has a highly non-trivial impact on diffusionadvection processes when helical environments are considered. The resulting
dependences are truly complicated functions of A and lead to non-trivial effects in connection with the helicity parameter ρ. Therefore, instead of the
tensorial nature of the admixture itself we have clearly identified the tensorial structure of interactions to be a more dominant factor which effectively
alters the advection diffusion process in fully developed turbulent environ-
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ments. Thus, assertions made by the authors of Ref. [15] must partially
be revided at least for the case of vector admixtures advected passively in
turbulent environments, and a greater than expected impact of interactions
on the actual advection diffusion processes must be recognized. Additionally, we once again stress that present calculations clearly demonstrate that
helical effects exert stabilizing effect on diffusion advection processes.

6

Conclusion

Using the field theoretic renormalization group technique in the two-loop
approximation, we have obtained analytic expressions for the turbulent
Prandtl number within the general A model of passively advected vector
impurity by techniques which are well known in high energy physics but obtain considerable modifications due to the two scaled nature of the problem
as a consequence of non-relativistic properties of the classical model under
the consideration. In the two-loop order we noticed the importance of additional restrictions on A to obtain physically well defined values of turbulent
Prandtl numbers. However, these are most probably only an artifact of the
two-loop order perturbative calculations. Additionally, the stability of stationary regimes when a critical threshold of ρ ≈ 0.75 is exceeded resembles
helicity effects already observed in the framework of the specific models of
developed turbulence [56, 57, 58].
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Abstract
The light collection of the extruded scintillator strip samples with WLS fibers
placed in the longitudinal hole in the plates was measured. The holes were filled
with various liquid fillers. Measurements were carried out under irradiation by
cosmic muons. The method of pumping liquid filler with viscosity more than 10
Pa*s in the strip’s hole with WLS fiber inside was designed and successfully
tested.
Introduction
Currently, detectors based on extruded plastic scintillators are an integral
part of most physical experiments in particle physics. One of their advantages is
the fast rise time of the signal Ĳrise equal to a few nanoseconds. Another
important fact - this is a relatively low cost material. Such scintillators are made,
usually in the form of long (several meters) plates [1, 2]. The light usually occurs
via WLS fibers, which absorb the light emitted by the scintillator’s material, and
re-emit it in the range close to the maximum spectral sensitivity of the photodetector. Often WLS fiber is fixed with optic adhesive on one face over the
entire length of the scintillator [3].
However, the more technological solution for the placement of fibers is to
provide extruded scintillators with holes passing inside the scintillator along its
entire length [4, 5]. Typically, the hole diameter of 2-3 times higher than the
fiber diameter. In such scintillators WLS fibers are inserted into the holes and the
light from the scintillator is captured by them through an air gap.
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When using a fairly long strips with WLS fibers inserted in the holes may
not be sufficient amount of light entering to the photodetector. An adhesion the
fibers into the inner hole may increase the light collection [4]. However, the high
viscosity and limited time use of a two-component adhesive make the task of
filling holes difficult. Decision in such a situation can be filling holes by suitable
liquids with low viscosity or the use of optical adhesives without hardener,
which eliminates the condition of time (speed) injection. In this paper we present
the results of tests with different fillers. Four types of fillers were selected:
distilled water, an aqueous solution of glycerol, UV glue with ultra-low viscosity
"Spectrum-K-59-EN" [6] and a low molecular weight rubber "SKTN-MED"
mark E [7].
Their characteristics are shown in Table 1. It should be noted that at this
stage of research the fillers haven’t be checked on their radiation resistance and
possible chemical influence to the scintillator.
Table 1. Characteristics of the fillers
Name

distilled
water

aqueous
solution of
glycerol

UV glue
«Spectrum
-K-59-EN»

low molecular
weight rubber
“SKTN-MED”
mark E

refractive
index.
(20ɋ0)

1.333

1.388

1.460

1.606

dynamic
viscosity,
mPa*c

1

20

20

10000

comments

43% solution

hardener not used

Apparatus and materials
Tests were carried out with triangular samples of scintillation strips
(33mm base, height 17 mm), 50 cm long, with longitudinal holes diameter 2.6
mm, produced in the ISMA (Kharkiv, Ukraine). The strips are made by extrusion
of polystyrene with additives 2% PTP and 0.03% POPOP. The sample surface
was covered with a reflective layer of titanium oxide (TiO2). The sample ends
were polished and covered with a layer of mirrored Mylar. WLS fiber cladding
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Kuraray Y11 (200) [8] 1.2 mm diameter was used, which was fixed in the hole
from both ends of the scintillator with glue. Holes with thread and plastic plugs
for injection of fillers on the surface (base) strips were made (Figure 1).

Figure 1. Scintillation strip samples.

We used PMT EMI 9814B as a photodetector with photocathode diameter
- 51 mm. Trigger counters are based on SiPM SensL 3x3 mm2 with a scintillator
dimensions 20*20*20 mm3 (Figure 2). These counters have the output signals in
analog and digital formats.

Figure 2. Trigger counter based on SiPM SensL.
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Test conditions
Measurements were carried out by comparing the light collection of the
same strips dry and filled with a certain filler when passing through them
cosmic-ray muons. Light came only from fibers which had optical contact with
PMT window through the optical lubricant. There used 2 pair of trigger counters,
i.e. spectra were recruited at two points simultaneously (Figure 3). Scintillators
trigger counters were adjusted in the center across the strip, thus blocking 20*20
mm2 area of the test strip. Fillers pumped into the hole in two ways: liquid
(water, glycerol, and the UV glue) - manually with a syringe; viscous rubber with compressor and fluid dispenser (see below).

Figure 3. The layout of the elements.

An absolute calibration method was applied to calculate the light
collection into photoelectrons [9]. Because the running distance of the muons in
the triangular scintillator varies greatly (from 4 mm to 24 mm in leg size for
normally incident muons), the range of output signals looks wider compared
with in the rectangular strip (see. Fig.4).
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Figure 4. Typical spectrum of the cosmic-ray muons for a triangular strip
sample.

The data acquisition system (Figure 5) was implemented in the following
way. The signals from the two pairs of trigger counters after passing the
discriminator, and then pairwise coincidence unit, summed and fed to the input
of the gate generator. That, in turn, generate a gate signal with a specific duration
(strobe) to the input of the charge-to-digital converter (LeCroy 2249W), thereby
starting the processing of the signal coming from the main PMT. At the same
time generated an inhibit signal for all input trigger signals. The digitized signals
from ADC were read by PC, the input register showed which pair of trigger
counter worked at that time moment.
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Figure 5. Block-diagram of the data acquisition system.

Methods of injection fillers
As mentioned above, we used a conventional syringe and a transparent
tube for water, glycerin and UV glue injection to strip scintillation sample. A
syringe was attached to the first hole and the tube inserted into the second hole
and we squeezed until the contents began to flow out from the tube. The process
continued until all air bubbles come out. At the end of the process both holes
tightened by the plastic plugs.
In the case of viscous rubber used commercial compressor for supplying air to
the dispenser «Fisnar» [10] and then into a vessel with rubber. Empirically, it
was picked up excess pressure in the dispenser at 0.2 atm. The rubber under the
influence of such a small constant pressure slowly squeezed into a tube
connected to the first hole of the scintillation strips. For filling holes strip 50 cm
long it took 30 minutes. We have conducted preliminary experiments with strip
samples without TiO2 layer. Results showed good filling holes with absence of
air bubbles. Sealing holes after injection of rubber was carried out by adding of a
small amount of hardener in both holes.
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Results
Final results about increasing light collections for each filler are shown in
Table 2. The measurements were made in four fixed positions 13, 23, 33 and 43
cm from the surface of the PMT window. For each position was got the spectrum
of signals and then was defined the average value of the photoelectrons by
absolute calibration. The measurement results are shown in Figure 6. The
obtained data were fitted by a function f(x) = expp0+p1*x.
The unfilled data marked with round symbols, the data with the
appropriate filler - square symbols. Priority scheduling is as follows (left - right,
top - down): distilled water, an aqueous solution of glycerol, UV glue and low
molecular weight rubber.

Figure 6. Light collection from strips for a variety of filler options.
Round symbols - no filler, squares - with the filler.

281

Table 2. The total increase in light collection for each filler.
filler

light collection’s
increase,%

distil.
water

aq.
solution of
glycerol

UV glue
SPECTRUM

rubber
SKTN

38 ± 6

43 ± 6

36 ± 6

50 ± 5

As a result, all four fluids given increase of the light collection in the
range 36-50%. The greatest increase in light collection demonstrated a low
molecular weight rubber "SKTN-MED" mark E (round symbols).

Conclusions
The samples of extruded scintillator strips with slotted holes and inserted
into the WLS fibers for increasing the light collection using various optical
fillers were tested.
Four sorts of the fillers have been investigated: distilled water, an
aqueous solution of glycerol, UV glue ultra-low viscosity "Spectrum-to-59-EN"
and a low molecular weight rubber "SKTN-MED" mark E.
The method of filler injection with viscosity greater than 10 Pa*s in the
hole with a 2.6 mm diameter of the strips after placing into them the WLS fibers
with a 1.2 mm diameter developed and tested. Filling time was 30 minutes for a
sample strip 50 cm long.
Filling optical liquids having a low viscosity and viscous adhesives
without hardener (for example in the case of rubber "SKTN-MED" mark E) in
order to increase the light collection is a good alternative gluing of fibers, which
is particularly problematic for the long scintillator strips.
It is shown that the use of various liquid fillers between the surface of
WLS fibers and the scintillator’s material enables the increase of light collection
in the range of 36-50% in comparison with the samples using an air gap.
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Introduction
The past few years, we have made a great deal of progress in developing and
demonstrating the enabling technology needed for a linear collider for the
modernization of the cryomodule for the International Linear Collider (ILC) in the
frame of collaboration JINR (Dubna, Russia), INFN (Pisa/Genova, Italy), PWI (
Kiiv, Ukraine), FNAL (USA) and VNIIEF (Sarov, Russia) [1-4] .
Based on our experience, the collaboration got down to creating a transition
specimens between the steel shell of the cryomodule vessel and the niobium
cavity [Fig.1]. Trimetallic Nb+Ti+SS specimens were produced using the
explosion welding and successfully tested at liquid nitrogen and liquid helium
temperatures. This version deserves special attention for its manufacturability,
simpler design, guaranteed strength and reliability of the joint and above all for an
appreciably lower cost. It is a promising new transition joint technology based on
cladding side surfaces of a steel flange by titanium using explosion bonding and
welding a Nb pipe to titanium by EBW.
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Fig.1 Scheme of combined adapter connection with a cryogenic module: 1 –
steel shell; 2 - electron beam welding or argon arc welding connection of shell
with steel flange of adapter; 3 - steel flange; 4 - niobium tube;

Problem Definition
It is known that welding of similar materials gives the best results. The adapter
should consist of at least two metals, niobium and stainless steel. No fusion
welding, including electron beam welding is suitable for joining niobium and
stainless steel because it results in formation of intermetallic compounds like
NbxFey, which do not allow the required adapter tightness to be obtained. In
addition, this compound does not withstand the thermal load at cryogenic
temperatures and fails.
Earlier experiments showed that electron beam welding of niobium and
titanium did not result in formation of intermetallic compounds and ensured the
required helium and vacuum tightness. In this connection the following adapter
manufacture procedure was proposed [5]. First, the stainless steel disc is clad with
titanium on both sided by explosion welding, the resulting trimetal is shaped as
required (by planishing and turning to the size), and a hole is cut for the niobium
pipe. The pipe is inserted in the hole and electron-beam welded to titanium (Fig.
2).
Advantages of this adapter manufacture procedure are as follows:
- electron beam welding of niobium and titanium did not result in formation of
intermetallic compounds and ensured the required helium and vacuum tightness;
- possible formation of intermetallic compounds in the explosion weld steel–
titanium joint does not affect helium tightness;
- explosion welding of flat pieces is technologically much simpler than welding of
pipes and allows joints with quality as much stable as possible;
- expenditure of steel and niobium decreases.
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Fig.2. The design of the adapter, ensuring the absence of niobium intermetallic
formations during welding.

Explosion welding of metals and its main parameters
Explosion welding is a process of making a permanent joint through
metallic bonding [6]. It does not require a heat source because the energy comes
to the joint area from the collision of the plates (Fig. 3). In optimum explosion
welding regimes the heat-affected zone is very small, as is the existence time of
high temperature.
The surfaces of the metals to be joined suffer plastic deformation creating a wave
pattern bond line. An increase in the welding energy (collision energy of plates)
increases wave parameters.
Since explosion welding is a complicated and high-velocity process, there
is so far no universal mathematical model capable of precisely describing all its
details.
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Fig.3. Principal schemes of explosion welding process with an angle between
metal sheets 1 - base plate; 2 –cladding plate; 3 - explosive; 4 - detonation
products; S - point (line) of contact of surfaces during welding
It is worth noting that titanium forms intermetallic compounds with
almost all metals except niobium, tantalum, and vanadium
Explosion welding regimes for fabricating the titanium–steel–titanium
trimetal were selected experimentally. The titanium was 3 mm thick and the steel
was 8 mm thick. Plates with dimensions ɯmm (Ti) and ɯmm (SS)
were welded. After the explosion and after the fabrication of the trimetal the
planishing was performed on an industrial rolling mill to eliminate local
deformation to make the billet flat.
Discs 237 mm in diameter with a central hole 84 mm in diameter for the niobium
pipe were cut and electron beam welding (EBW) process of niobium tube with
titanium clad occurs in a high-vacuum chamber in the deepest penetration regime
(Fig.4).
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Fig. 4. Appearance of combined adapter.

The Vickers microindentation test was performed. The results of measuring
microhardness at a load of 100 g are presented in Fig.5

Fig.5. The microhardness of the steel-titanium
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Fig.6. The scheme of layer tear test boundary after explosion welding
The layer shear tests (Fig. 6) showed the strength at a level of 350 MPa
considered satisfactory.
Obtained test results are rather optimistic and encouraged : the joining density
characterized by DEVHQFH RI OHDN DW EDFNJURXQG OHDN UDWH aÂ-9PEDUÂOVHF
measured at variety extreme conditions: thermocycles at temperature 77K and 2K,
at pressure 6.5 atm; test at high temperature thermoload, exposure to ultrasonic
radiation.
The next test is main crusial one: for imitation of use transition sample in real
working position, connected with Nb cavity, Nb rings were joint with Nb pipe of
samples by EBW. The welded joint experienced various internal stresses, first,
due to the explosion welding, then due to the thermal load from the electron beam
welding (niobium melting point is 2460ɨC), and ultimately due to the thermal load
at an extreme low helium temperature of 4ɨK. Superposition of all these residual
stresses may result plastic deformation, failure of welds, and consequently
occurrence of a leak. Test result ussued absence of leak at background leak rate
§Â-10DWPÂFFVHF
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We have measured residual stresses in Ti+SS joint using the neutron diffraction
method. Measurements were carried out with the POLDI stress diffractometer on
the neutron beam from the ISIS reactor of the Paul Scherrer Institute (Switzerland)
[4]
Cross-section Ti-SS2
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axial
radial
hoop

d0=1.083670(30) A

1000

500

0

-500
r2
-1000
29.5

r3
30

30.5

31
31.5
rcorr [mm]

32

32.5

Fig.7. Measured (points) and fitted (curves) radial dependence of the stress .
tensor components obtained for the peak (311) in the Ti+SS cross section
Measured (points) and fitted (curves) radial dependences of the stress tensor
components obtained for the peak (311) in the Ti+SS cross section ultimate result
of residual stress measurements in the bimetallic Ti+SS joint in the process of
scanning the titanium-to-stainless steel joint (Fig.7). As is evident from the plot,
WKHUHVLGXDOVWUHVVLVTXLWHFRQVLGHUDEOHDPRXQWLQJWR§03D&RQVLGHULQJ
that foregoing residual internal stresses superposition can make titanium turn into
the state which corresponds to the deep plastic region. This may cause local
microcracks in the Ti+SS (or Nb+SS) joint, which in turn may adversely affect
tightness of the transition element when it is used in the cryomodule.
CONCLUSION
The adapter is designed which is suitable for manufacturing a linear collider
cryomodule and eliminates the necessity to weld niobium to steel.
An explosion welding technology is developed that allows a trimetallic billet for
manufacturing an adapter to be made such that the niobium–titanium bond is free
of intermetallic compounds and the effect of the difference in the linear expansion
coefficients of the ensemble components is eliminated. Regimes for EBW of steel
to niobium and titanium are chosen which tentatively meet the adapter operation
requirements.
The results showed the full eligibility of suggested design Nb+Ti+SS transition
sample not for only Linear Collider, but for any cryogenic systems [7,8].
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Solar-blind photodetectors with AlGaN photocathodes
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S.I. Ivanov2, V.N. Jmerik2, D.V. Nechaev2
1) Joint Institute for Nuclear research, Dubna, Russia;
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Experiment Mu2e is divided into 2 phases. During each phase different
particle intensity and radioactive background will take place: up to 100 krad for
first phase and up to 200 Mrad for second one. To meet these requirements
collaboration suggests to use BaF2 scintillation crystals for electromagnetic
calorimeter construction in second phase of Mu2e experiment. Emission spectrum
of BaF2 scintillator consist of fast and slow components in UVC light range. Fast
component has decay time ~0.8 ns and wavelengths shorter than 260 nm; slow
component lies above 260 nm, has emission peak at 310 nm and decay time about
600 ns. To meet timing requirement for Mu2e electromagnetic calorimeter we
should use only fast emission component.
To select only fast component of BaF2 emission one can use
photocathodes with p-type semiconductor AlGaN:Mg top layer. These cathodes
show negative electron affinity after Cs/O2 activation, and this property gives
higher electron emission from semiconductor after an electron-hole couples
generation under influence of an UV light. In this report solar-blind AlGaN UV
photocathodes development results are described. These cathodes are based on
AlGaN heterostructures that were grown with plasma activated molecular-beam
epitaxy method (MBE) using different methods of threading dislocations density
decreasing and polarizing p-doping of top AlGaN:Mg layers with linear variation
of Al.
Heterostructures were grown on ɫ-Al2O3 substrates (fig. 1). On the first
stage of grown initial 65-nm thick AlN layers with improved atoms mobility were
grown. Then ~1.5 ȝm buffer layers with two ultra-thin GaN layers (3.5 nm) were
grown using metal-modulated epitaxy method. GaN layers are used to decrease
threading dislocation density in the top active layers of heterostructures. AlN
layers we grown with a constant substrate temperature TS=780°ɋ. On the second
stage (metal-modulated epitaxy) it was decreased to TS=700°ɋ, and this allowed
to control Al mass fraction with simple equation x= FAl/FN. At last in the case of
photocathodes structures single AlGaN 100 nm-thick layer was grown, which was
doped with Mg molecular beam. One should note that structures were grown with
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constant Al mass fraction x=0.4 in the top AlGaN:Mg layer and with variable Al
fraction with ǻx=-0.25 for 40 nm deep.

Fig.1. After manufacturing UV-photocathode heterostructure is activated with
Cs/O2 to get negative electron affinity.
Manufacturing of the photocathodes with negative electron affinity based
on AlGaN/AlN heterostructures includes additional technological operations: final
surface polish and Cs/O2 activation (Fig.1).
We used double beam spectrophotometer to measure spectrum of light
passed through structure, thereby we can estimate optical properties of grown
heterostructures. Thin titan layers was added on the bottom of structure, on
sapphire substrate side. The light from deuterium light source passes through
structure, reflects from titan layer at the bottom of structure, passes again through
active layer (Fig. 2). Then it is collected on detector and is compared with direct
beam (Fig. 2,3). By this, we can measure absorption in active layer. In this method
light pass twice through structure, and absorption is more evidence, than in simple
transition without titan layer.
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Fig.2. Light absorption in the photocathode heterustructure measuring scheme.

Fig.3. To measure UV light absorption in a sample we used double-beam
spectrophotometer. Light passed twice through the sample is compared with
direct reference beam.
Reflection from the bottom titan layer spectrum measurements are
presented on Fig.4 for two heterostructures with different Al mass fraction in a
AlxGa1-xN alloy (x>0.4). The long-wavelength edge of absorption spectrum is
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succesfully controlled by changing Al mass fraction in AlGaN alloy. Wavelength
decreases when Al fraction is grown.

Fig.4. Measurement of long-wavelength edge for the AlGaN photocathode
heterostructure. Wavelength decreases when Al fraction is grown.
To get complete photodetecting device, which can be used for our
purposes, we build Photomultiplier based on microchannel plate (MCP). MCP
consists of a two-dimensional periodic array of very-small diameter glass
capillaries (channels) fused together and sliced in a thin plate (Fig.5). A single
incident particle enters a channel and emits an electron from the channel wall and
so on. By this we have got high multiplication. Using MCP allow us to get compact
devices with high internal multiplication.

Fig.5. Microchannel plate (MCP). A single incident particle enters a channel
and emits an electrons from the channel wall by multiple reflection.

AlGaN photocathode with Al mass fraction x=0,3 was combined with MCP in a
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single device with 18 mm window diameter, which characteristics are presented
on Fig.6.

Fig. 6. Size and characteristics of the photomultiplier based on AlGaN
photocathode with MCP.
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To estimate photodetector efficiency a simple experiment was proceeded
(Fig. 7). We used small BaF2 scintillator to measure a gamma radiation spectrum
of weak radioactive Co60 source. Light from BaF2 crystal goes to our
photomultiplier. The signal from high impedance output of photomultiplier is
connected through buffer amplifier and coaxial 50-Om cable to the DRS4
digitizer. Then we in offline mode integrate digital signal to get charge and draw
this on the plot in PC. Trigger is generated inside digitizer on the constant level
excess (self-running trigger). For AlxGa1-xN photocathode with x=0.3 fast
component level of BaF2 scintillations is still high so we need to use 2 ns get,
when we integrate charge in autonomous mode.

Fig.7. Experimental setup scheme to measure Co60 gamma-radiation spectrum.

We used buffer transimpedance amplifier to balance 50 Om line that
connect photomultiplier to an ADC. The ADC is DRS4 chip based board with
bandwidth of 700 MHz and sampling speed 5 GSPS (Fig. 8).
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Fig.8. Buffer transimpedance amplifier to balance 50 Om line that connect
photomultiplier to an ADC.
The result of Co60 radioactive source gamma radiation spectrum
measurement is presented on Fig.9. In current configuarion we can obtain energy
resolution ~10% FWHM

Fig. 9. Co60 radioactive source radiation spectrum.
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Abstract. The CLICdp is an international collaboration that investigates the
physics potential of the Compact Linear Collider (CLIC) and performs research
and development of the CLIC detector. CLIC is a future multi-TeV linear electronpositron collider, designed to cover a physics program of the Standard model
physics, with the emphasis on Higgs and top as well as to address the wide range
of open questions of the phenomena beyond the Standard model with high
precision. The CLIC is designed to be build and operated at three discrete energy
stages, ξ =ݏ380 GeV, 1.5 and 3.0 TeV, which are optimized for the foreseen
physics program. In this talk the CLIC accelerator, detector and experimental
environment of CLIC will be presented, as well as, the number of the fullsimulation measurements in the Higgs, top and beyond Standard model sector,
presenting the capabilities of CLIC for high precision measurements.

1. Introduction
The Compact Linear Collider (CLIC) [1] is one of the most mature options for a
future linear electron-positron collider. The clean environment in comparison to
hadron colliders provides the possibility for precision measurements, in the first
place, of Standard Model (SM) Higgs and top physics, while showing high
sensitivity for the measurements of physics beyond the SM. This talk describes
shortly the staged scenario of CLIC with the overview of the physics motivation
for the staged approach. This is followed by the accelerator, description of beam
induced backgrounds and the detector requirements set by the physics benchmark
processes. To show the capability of CLIC for the precise measurements, a
comprehensive set of full simulation studies have been carried out within the
CLICdp collaboration. In this talk the results of the full simulation studies, in
Higgs, top and beyond the Standard model physics have been presented,
demonstrating the high precision potential of CLIC.
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2.

CLIC accelerator

The particle acceleration at CLIC is based on a new, two-beam acceleration
technique, operating at room temperature, where the high intensity beam is used
to generate RF power for the acceleration of particles of the colliding
electron/positron beams. The feasibility of the two-beam concept, with the
maximal accelerating gradient of 100 MV/m foreseen for the highest energy stage
of ξ=ݏ3 TeV, has been demonstrated at the CLIC CTF3 test facility. The
transverse beam sizes of (Vx, Vy) = (40 nm, 1 nm), have been optimized to increase
the luminosity while minimizing beam-induced background, delivering an
instantaneous luminosity of 61034 cm-2 s-1. Dense trains of 312 bunches separated
by 20 ms allow for power pulsing in the detector and a trigger-less readout.
2.1. CLIC staged physics program
The CLIC is designed to be built and operated as an energy-staged machine, with
the stages projected to maximize the physics potential of the machine and provide
an early start of physics [1]. Recently, a comprehensive set of measurements, at
the first place in the top and Higgs physics sector, have led to the optimization of
the energy stages [2]. The first of three energy stage evolved from ξ= ݏ350 to 380
GeV, while the 1.4 was optimized to 1.5 TeV. Also, the possibility of extending
the energy reach of CLIC even further has been considered. The results presented
in this talk were obtained for the previous staging scenario.
The first stage of CLIC operation, ξ=ݏ380 GeV, with the predicted integrated
luminosity of 500 fb-1, is primarily devoted to the precision Standard model Higgs
physics, with the emphasis on the model independent measurement of the Higgs
coupling. Also at this energy stage, a dedicated run of 100 fb-1 is foreseen for the
exploration of the top physics in a ݐݐҧ threshold scan. The search for phenomena
beyond the Standard Model, either through direct observation or indirect precision
measurements, is one of the main motivations for the high-energy stages of CLIC.
The projected luminosities reach 1.5 ab-1 and 3.0 ab-1, respectively. These energy
stages provide the sensitivity to many BSM models and deliver higher statistics
for the measurement of the rare Higgs decay processes, including the Higgs selfcoupling and quartic Higgs coupling. Also, measurements at this energy stage
improve the precision obtained at previous energy stages.
2.2 Beam induced background
At a linear e+e- collider high luminosity is achieved using high bunch population,
o (109), and by tight beam focusing. However, the beam focusing is limited by the
energy loss of a type of radiation, beamstrahlung, which is produced in
electromagnetic interaction of the opposite beams. The emission of this type of
radiation has several consequences. Firstly, it degrades the luminosity spectrum,
especially at the highest energy stage, where around 35% of events preserve the
nominal center of mass energy within less than a percent energy loss. However, it
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has been shown that the systematic uncertainty of this effect can be controlled at
a per mille level in the peak region above 80% of the nominal center of mass
energies [3]. Other consequences concern conversion of beamstrahlung photons
into electron-positron pairs, which are produced under very low polar angles,
depositing severe amount of energy in the forward region calorimeters (~10mG/y).
Also, the beamstrahlung photons can interact and produce hadrons in the final
state, which deposit around 20 TeV of energy per bunch train in the central
calorimeters. This influences the event reconstruction in the central tracker,
especially at the highest energy stage, where there is an average of 3.2 events per
bunch crossing. This type of background is rejected using the transverse
momentum and timing cuts, which drives challenging requirements on detector
timing capabilities.

3. Detector model
The goal to reach high precision of the measurements is driven by the physics
processes of interest which put demands on certain sub-detector systems:
x
x

jet energy resolution of high energy jets (E >100 GeV) of 3.5 - 5%;
track momentum resolution ߪ ΤିͲͳ̱ ்ହ GeV-1;

x

impact parameter resolution in a transverse planeǡ ߜ ߮ݎൌ ͷ ْ

ͳͷ
ሾߤ݉ሿ.
͵
ή ݊݅ݏൗʹ ሺߠሻ

The high jet energy resolution is needed to distinguish between jets coming from
W, Z or Higgs boson decays. This is particularly challenging at the highest energy
stage where the boosted topology of the main Higgs production channel, WWfusion, could lead to jet merging. The precision limit on the resolution of the
tracker is driven by the benchmark study for the measurement of absolute Higgs
boson couplings, the recoil mass analysis, which will be discussed in detail in
section 4. Besides, rare Higgs decay,ܪ՜ߤ ା ߤ ି , also rely on the excellent track
momentum resolution. The resolution of the vertex detector is the essential part of
the flavor separation like in the measurement of the Higgs couplings to beauty and
charm. Other constrains include detector hermeticity, with the very forward
calorimeters covering the acceptance down to ~ 1 mrad. This is essential in many
beyond/and Standard model processes with missing energy signatures. It has been
shown that the current polar angle coverage of the forward calorimeters allows an
electron tagging down to 10 mrad with high lepton identification efficiency [6].
The CLIC detector has emerged from two ILC detector concepts, ILD and SiD,
which were adapted for higher center-of-mass energies foreseen at CLIC. The
main difference between these two models lays in the principal of operation of a
tracker: the CLIC_ILD detector model assumes a gaseous tracking (TPC), while
the CLIC_SiD is designed for a silicon tracker. The other subdetector systems are
similar and contain a low mass pixel vertex detector, finely segmented electronic
and hadronic calorimeters designed to perform particle flow analysis, a strong
solenoidal field of 4 T, an instrumented return yoke and a complex forward region
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including final focusing magnets and additional calorimeters. Recently, the
optimized detector model, CLICdet [2], based on silicon tracking, is adopted.

4. CLIC physics program
Three most important tasks of the CLIC physics program are high-precision
physics measurements in the Higgs and top sector as well as beyond the Standard
Model (BSM) searches through direct and indirect measurements.
4.1. Higgs physics at CLIC
The priority of CLIC operation would be studying of the properties of the newly
discovered Higgs boson. The high luminosity of CLIC will lead to more than 10 6
Higgs decays including all energy stages, conservatively assuming 4 years of
running with 50% efficiency. The low background environment and the high
statistics makes CLIC an excellent machine for precision measurements of the
Higgs properties.
Energy staging at CLIC allows access to the different Higgs production channels.
Figure 1 shows the evolution of the Higgs production cross section for various
production channels, with the center of mass energy. The leading Higgs
production channels are the Higgsstrahlung process (HZ) which is dominant at the
lowest energy stage ξ=ݏ380 GeV and the WW-fusion dominating at higher
energies. Also, ZZ-fusion gives non-negligible contribution to the Higgs
production at high energies.

Figure 1 Evolution of the Higgs production cross sections, for various Higgs production
channels, with the center of mass energies available at CLIC. The distributions are given
for unpolarized beams and do not include initial state radiation and beamstrahlung.
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The corresponding Feynman diagrams of the dominant Higgs production channels
are given in Figure 2.

a)

b)

c)

Figure 2 The Feynman diagram of the dominant Higgs production channels a)
Higgsstrahlung (ZH) b) WW-fusion (HQeQe) and c) ZZ-fusion (He+e-).

Expected number of events of Higgs bosons produced per energy stage2, with
unpolarised beams, is given in Table 2.
ξݏ
Integrated luminosity
#HZ events
#WW-fusion events
#Z-fusion events

350 GeV
500 fb-1
68000
17000
3700

1.4 TeV
1.5 ab-1
20000
370000
37000

3.0 TeV
2.0 ab-1
11000
830000
84000

Table 1 Number of expected events in the dominant Higgs production channels. The effects
of the initial state radiation and luminosity spectrum are included. The numbers are given
for unpolarized beams.

With maximal electron polarization -80%, the cross-section of the WW-fusion
process can be increased up to 80%, while the Higgsstrahlung cross-sections could
be raised by 12%.
4.2. Model independent Higgs boson measurements at linear collider
A unique feature of lepton colliders is a model independent measurement of the
absolute couplings of Higgs to Z boson, gHZZ. This is performed using a recoil
mass analysis which enables the measurement of the total cross-section of the
Higgsstrahlung (HZ) process (Figure 2 a), to be determined independently of the
Higgs decay mode. The total HZ cross-section is proportional to the absolute
coupling of the Higgs to Z boson and it is the starting point for the determination
of all other absolute Higgs couplings. The identification of the Higgsstrahlung
process goes as follows: the Z boson from the HZ process is identified by a pair
of leptons (e+e- or μ+μ-) with the invariant mass of dilepton pair, mll, consistent
2Number

of events are given for CLIC staging scenario that was used for the analysis presented in this talk
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with the Z mass (mll ~mZ). The Higgs boson is identified using the recoil mass
(mrec~mH) distribution, which is consistent with the mass of the Higgs boson.
The distribution of the recoil mass is constructed using only the properties of the
ଶ
di-lepton pair and the center of mass energy, ݉
ൌ  ݏ ݉ଶ െ ʹܧ ξݏ. The left
side of Figure 3 shows the distribution of the recoil mass, constructed for ξ=350
GeV and a Z decay to a pair of muons. The figure features a clear peak at the
invariant mass of a Higgs boson. The high energy tail is due to emission of
beamstrahlung and initial state radiation. The obtained relative statistical
uncertainty of the total cross-section of the Higgsstrahlung process, ߜߪு Τߪு , is
determined by counting the number of events in the peak. For the combined
muonic and electronic Z-decays channels it amounts to 4%, with the resulting
absolute coupling of Higgs to Z boson of 2% [4]. The absolute statistical
uncertainty of the invariant mass of the Higgs boson obtained in the recoil mass
analysis with the Zoμ+μ− decay, at 350 GeV center of mass energy, is 120 MeV.

a)
b)
Figure 3 a) The recoil mass distribution constructed using Zoμ+μ- at a center of mass
energy of 350 GeV, for an integrated luminosity of 500 fb-1 b) The distribution of the recoil
mass vs. the invariant mass of the di-jet pair obtained using ܼ ՜ ݍݍത decay in
Higgsstrahlung process, at the same center of mass energy and integrated luminosity.

The leptonic Z-decays, in the first place Zo μ+μ−, give a clear tag of the
Higgsstrahlung process, so the selection efficiency is independent of the Higgs
decay mode. However, the limiting factor of leptonic recoil mass analysis is the
low branching fraction BR(Zol+l-) of 3%. It has been shown that the hadronic Z
decay channel, which has a high branching fraction, BR(Zo qq |69%), can be
used to improve the relative statistical uncertainty of the absolute Higgs to Zcouplings. Even though the hadronic Z reconstruction depends on the Higgs decay
mode, it has been shown that certain selection criteria can be chosen to ensure
almost model independence [5]. The clearest separation between signal and
background is obtained from mqq and the recoil mass mrec, as shown in Figure 3b.
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The signal is clearly peaked at mqqo mZ and mrec omH. By combining the
hadronic with the leptonic channel, the relative statistical error is improved to
0.8%.
4.3. The measurements of cross-sections of specific Higgs decays
Besides these model independent measurements, the first stage of CLIC operation
enables Higgs cross-section u branching fraction measurements, making use of the
high capabilities of the designed detector. One example is the measurement of the
Higgs couplings to b, c quarks and gluons which is particularly challenging at the
hadron colliders. It was shown that using simultaneous analysis of the ՜
ഥ തǡ  decays, the relative statistical uncertainties on the charm and gluon
ǡ
channel could be kept at the level of a few percent, while for the b channel the
reached precision at below percent. This analysis shows the excellent capability of
CLIC for efficient flavor separation.
At the higher energy stages, the high cross-section of the WW-fusion process and
high luminosity, besides improving the results obtained at the lowest energy stage,
allow the measurement of the rarer Higgs decays  ܪ՜ ߤା ߤ ି , or indirect couplings
of  ܪ՜ ߛߛ and  ܪ՜ ܼߛ. The branching fractions of these processes are at the
order/below per mile.
It was shown that the statistical precision of ߪሺߥܪ ߥ ሻuܴܤሺ ܪ՜ ߤ ା ߤ ି ሻ that can
be achieved is 29% (16%) at the 1.4TeV (3 TeV) CLIC [6].
The measurement of indirect couplings of Higgs to J, is highly sensitive to BSM
physic processes, which modify the effective HoJJ branching ratio. In the SM,
this decay is induced via loop diagrams, dominated by heavy charged particles,
mostly W bosons and t quarks. It has been shown that a statistical uncertainty of
15% can be obtained at the 1.4 TeV energy stage [7]. Also, simulation studies of
the HoJZ decay give a precision of the Higgs production cross-section times
branching ratio of 42% at 1.4 TeV [7].
At the energy stage of 1.4 TeV, measurement of the top-Yukawa coupling is
possible using the ݐݐҧ ܪprocess. This process is studied using the most favorable
Higgs decay,  ܪ՜ ܾܾത . Two types of final states were studied, semileptonic and
hadronic. These complex final states, with six and eight jets including four b-jets,
are an excellent detector benchmark processes, testing jet reconstruction, flavor
tagging, lepton identification, and reconstruction of missing energy. The achieved
combined precision is 8.1% resulting in a precision on the top-Yukawa coupling
of 4.3% [8].
The shape of the Higgs potential can be accessed through the measurement of the
trilinear Higgs self-coupling. It was shown that a precision of 32% can be achieved
at ξ= ݏ1.4 TeV and 16% at 3 TeV [4].
The measurement of the quartic coupling gHHWW is also possible at higher energy
stages. The simulation studies have shown that, using the HHoܾܾതܾܾത , the quartic
coupling can be measured with a statistical uncertainty of 7% at ξ = ݏ1.4 TeV and
3% at 3 TeV, including a Pe−=80% polarization [9].
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4.4. Combined Higgs Fit
To reach the ultimate precision on the Higgs couplings and decay width at CLIC,
results from all three energy stages are combined using a simultaneous fit. The
starting point of two types of fits that are employed at CLIC, is the model
independent measurement of the coupling of Higgs to Z boson, gHZZ.
For the model independent, fit the uncertainties of the couplings as well as the total
Higgs decay width enter as free parameters of the fit, ten parameters in total. For
each production and decay channel, the measured observable VxBR is related to
the corresponding relative coupling,

మ
మ
ಹೈೈ
ήಹೣೣ

ಹ

. These relative couplings

correspond to the particular combination of Higgs production channel (gHvv,
V=Z,W for Higgsstrahlung and WW-fusion respectively) and Higgs decay
channel (gHxx) where x denotes x=c, b, t, μ, τ, J, W, Z. The relative couplings are
used in the fit to construct the chi-squared distribution:
߯ଶ ൌ  

ሺܥ Τܥௌெ െ ͳሻଶ
ߜܨଶ



ǡ

where the Ci are measured relative couplings of the certain process, the ܥௌெ are
the Standard model expectation value and the GFi are the statistical uncertainties
of the measurement of the considered process. The obtained overall relative
statistical precision of the measurement of Higgs couplings to the SM particles is
shown in Figure 4 a) [4]. It has been shown that the relative statistical uncertainties
can reach a percent level. The Higgs width is extracted with a 3.5 % precision.

a)

b)

Figure 4 Illustration of the precision of the Higgs couplings and total Higgs decay width
obtained in the fit using all three energy stages. The results for a) model independent fit, b)
model dependent fit. The impact of electron polarization of -80% at ξ ݏൌ ͳǤͶand ξ=ݏ3.0
TeV are included as a scaling factor.
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The obtained results can be improved using the model dependent fit, which
assumes that the total Higgs decay width is constrained by the Standard model.
The free parameters of the fit are relative partial widths of the Higgs decays with
respect to corresponding SM values, ߢଶ ൌ Ȟ ΤȞௌெ . The uncertainty of the total
Higgs decay width does not enter the fit, but is calculated using the uncertainties
of the partial widths obtained in the fit. The relative statistical uncertainty obtained
by this method improves and reaches per mille level for most of the measurements.
The exceptions are rare Higgs decays, like HoJJ or Hoμμ. However, the results
of this fit are model dependent. The results of the model-dependent fit are shown
in Figure 4 b).

5. Top Physics
The second important part of the CLIC physics program is dedicated to the top
quark. The emphasis of the studies are the determination of the mass of top quark,
with very high precision, as well as the top couplings. The mass of the foremost
heaviest of all Standard model particles, the top quark, suggests that it may play a
special role in the mechanism of the electroweak symmetry breaking. Also, due to
its mass it provides leading contributions in higher order corrections to many
processes and may provide high sensitivity to physics beyond the SM. Moreover,
the analyses concerning the nature of the vacuum stability, rely on the uncertainties
of the masses of the Higgs boson and the top quark [10]. With the current precision
of the Higgs mass (LHC), the uncertainty of the top mass is the leading uncertainty
in this evaluation. Thus the improvements in the measurement of the top quark
mass that can be achieved at a linear collider could substantially reduce these
uncertainty.
5.1. Top Quark Mass Measurements at CLIC
The CLIC proposes two ways of measuring the top quark mass. The first one is by
direct reconstruction of the invariant mass of the decay products, and the second
one is a scan of the cross-section around the top-pair production threshold. The
shape of the cross-section is sensitive to the properties of the top quark and the
parameters of the used theoretical model. Thus by scanning the cross-section the
values of the top quark mass mt, top width *t, top-Yukawa coupling Yt and the
strong coupling constant DS, can be obtained.
The scan requires a dedicated run of the CLIC collider at several closely spaced
energies around the pair production threshold. It has been shown that a precise top
quark mass measurement could be performed using ten scan points each with 10
fb-1 of integrated luminosity results in a total statistical uncertainty of ~ 50 MeV
[11]. The direct reconstruction on the top invariant mass gives competitive
precision of ~80 MeV at the center of mass energy of 500 GeV, with the same
integrated luminosity [11]. However, the main difference between these two
approaches of top mass measurements, is the theoretical interpretation of these
measurements. In the top threshold scan, the top mass is well defined from a

307

theoretical point of view, while the direct reconstruction bears significant
theoretical uncertainties when converting the obtained mass into a particular mass
scheme.
5.2. Electroweak couplings
The measurement of the top pair production above the threshold is sensitive to the
top electroweak couplings. These couplings are precisely determined in the
Standard model but may be enhanced due to the presence of corrections,
originating from one of the scenarios of the physics beyond Standard model. The
top quark coupling at the vertices ttZ and ttJ can be described using eight formfactors, where only three of them are contributing to the Standard model ݐݐҧ
production. The measurement of the total cross section of forward backward and
left-right asymmetry and helicity angle, using polarized beams, provides the
sufficient information to constrain these form-factors with very high precision
[13]. It has been shown that with an integrated luminosity of 500 fb-1, form factors
could be constrained to the percent level, which is an order of magnitude better
than the ones projected for the High Luminosity LHC (HL-LHC).
5.3. Top-Yukawa coupling
At e+e- colliders the top Yukawa coupling can be determined, as mentioned, in
the top threshold scan, while at the high energies in the process where a Higgs
boson is produces in association with the top-quark pair (݁ ା ݁ ି ՜ ݐݐҧܪ, mentioned
in 2.3). Using the former method the coupling can be extracted with a statistical
uncertainty of ~6% using the proposed integrated luminosity of 100 fb-1, assuming
the value of the strong coupling constant is constrained independently from other
measurement. The corresponding theoretical uncertainties are of the order of 20%.

6. Beyond Standard model physics at CLIC
Higher energy stages of CLIC provide excellent sensitivity to search for physics
beyond the Standard Model (BSM). The clean environment and the low level of
background provided by lepton collisions will allow to improve the precision on
many measurements beyond the LHC reach and to explore additional processes
and production mechanisms, extending and complementing the LHC program.
Two approaches have been foreseen at CLIC for studying phenomena of physics
beyond standard model, depending on the nature of the processes involved.
Direct searches for possible new particles profit from the high center of mass
energy available at CLIC, and can extend to the kinematic limit of ξݏΤʹ~1.5 TeV.
Much higher mass scales can be reached through the indirect searches, where we
compare theoretically well-known observables, like the cross-sections of the
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sensitive process, to the expected Standard model predictions. Signal of ‘new’
physics is expected to arise in the deviations of these precision observables. By
indirect searches, CLIC could probe BSM theories up to tens of TeV, well beyond
the spectra of particles that could be directly produced. However, as mentioned,
these searches are model dependent.
6.1. Direct searches
Out of all theories that extend the Standard model, Supersymety (SUSY) is the
natural extension of the symmetry principle that founded the Standard model. It
offers a plausible solution to many of the unsolved questions of particles physics,
like the hierarchy problem or supplying the dark matter candidate. However, until
now the existence of sypersymmetry has not been confirmed, with very high
exclusion limits [12]. Nevertheless, to demonstrate the capability of CLIC for the
precision measurements in the direct searches of the BSM sector, CLIC has
focused on several benchmark studies in the SUSY sector, which probe energy
limit and the key aspects of detector performance. Three SUSY models have been
chosen [1] which contain sparticles within the kinematic reach of CLIC and which
challenge key aspects of the detector performance.
The spectra of particles for these models include sleptons, squarks and heavy
Higgses. Naturally, given the wide range of mass and spin for the predicted
particles, the validity of these studies can be extended from SUSY to any other
theory interpretation that predicts particles with the same quantum numbers. If any
new particle is discovered, either at LHC or at CLIC itself, CLIC could provide
precise measurements of the properties of such a particle, like mass, couplings and
spin.
For example, to test a jet energy resolution in the high energetic, multijet
environment a study has been performed on the chargino and neutralino pair
production processes, ݁ ା ݁ ି ՜ ߯ଵା ߯ଵି ՜ ߯ଵ ߯ଵ ܹ ା ܹ ି , ݁ ା ݁ ି ՜ ߯ଶ ߯ଶ ՜
߯ଵ ߯ଵ ܼ  Ȁ݄ܼ  Ȁ݄, at the highest energy stage of CLIC. The signature of the signal
is the pair of bosons and a missing energy. The result after the jet reconstruction
and pairing to form W, Z or Higgs boson is shown in Figure 5. The relative
statistical uncertainties of the measured gaugino masses are of the order of 1%, for
gaugino masses of ~640 GeV (1).
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Figure 5 Reconstructed di-jet masses from gaugino decay.

To demonstrate the capabilities of finely granulated calorimeters, the complex
final state involving heavy Higgs bosons, the Two-Higgs-Doublet model is
studied. A measurement of the mass of the four heavier Higgs bosons, Hr, A and
H, which are almost degenerate in mass, is performed by reconstruction of their
complex final states ା ି ՜   ՜ തത, Figure 6 a) and ା ି ՜ ା ି ՜
ܾݐҧܾݐത, Figure 6 b). This requires precise jet clustering and efficient flavor tagging.
As illustrated in Figure 6, CLIC has the ability to measure these masses to a
percent level and to distinguish the mass splitting among all of these states.

a)

b)

Figure 6 Heavy Higgs bosons produced at the highest energy stage of CLIC, ξ =ݏ3 TeV,
which are nearly degenerate in mass.

In all studied SUSY models the relative statistical uncertainty on the mass
measurement of different sparticles using different channels is found to be at the
order of one percent.
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6.2. Indirect searches
Beyond the kinematic reach of CLIC, new physics can be found by their effects
on the precisely known observables. Observables like the cross-section, left-right
or forward-backward asymmetry provide the discovery reach up to several tens of
TeV, depending on the underlying model, assuming r80% electron polarization.
Several theories have been tested, and one of the examples concerns extended
gauge theories, with associated new gauge boson, Zc. This gauge boson couples
to leptons, therefore the two fermion production, eg. ݁ ା ݁ ି ՜ ߤ ା ߤ ି ǡ can be used
to probe the higher order corrections coming from the extended gauge theories.
Using the cross-section and measurement of asymmetries for the different
polarization combinations it was found that in some regions of parameter space,
mass reach is several tens of TeV. Figure 7 shows the discovery limit of 5 V of the
mass of the Zc boson as a function of integrated luminosity as a function of
different coupling parameter combinations. The results from two highest CLIC
energy stages are combined [14].

Figure 7 The discovery limit of the new gauge boson, Zc, as a function of integrated
luminosity, for different values of couplings  ᇱଢ଼ and  ᇱ .

Another indirect measurement concerns the models of compositeness, in which
the Higgs boson is viewed, not as a fundamental scalar, but as a bound state of
fermions, with the compositeness scale of the order of TeV. In this case, every
sensitive observable is corrected with the [= (Q/f)2, where Q =246 GeV is the
vacuum expectation value and 4Sf is the scale of compositeness. Figure 8
summarizes the current constraints and prospects form LHC and CLIC. The U
stands for the vector resonance of the composite theory. Using the combined fit of
single and double Higgs production, with 2 ab-1 of data at 3 TeV CLIC, it should
be possible to exclude coupling values down to relative compositeness scale of
[=0.002. That corresponds to the scale of compositeness of 70 TeV [4].
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Figure 8 Summary plot on the current constraints and prospects on the Higgs
compositeness from CLIC and LHC. 300 fb-1 of integrated luminosity is assumed for double
(single) Higgs production at LHC. The ’CLIC Double Higgs’ band corresponds to a double
Higgs production alone, at 3 TeV CLIC with 1 ab-1 of integrated luminosity. The final CLIC
reach includes also the single Higgs production.

7. Conclusion
In this talk, the motivation for a linear e+e- collider as a next generation facility in
high energy physics is given. One of the possible options is the Compact linear
collider CLIC. CLIC is a staged machine operating at three center of mass
energies, 380 GeV, 1.5 TeV and 3.0 TeV, which are optimized for the physics
program, from precision studies of the Higgs and top sector to BSM probes.
The results of comprehensive studies in the Higgs physics program have been
presented. Precise measurements of many Higgs couplings and branching ratios
can already be made at the lowest energy stage of ξ=ݏ380 GeV. The measurement
of the top mass and couplings are also foreseen. Higher energy stages give access
to rarer Higgs decay modes, ݐݐҧ ܪand double-Higgs production. All Higgs
measurements are combined in a model-independent simultaneous fit, with subpercent level precision on many measurements.
Top physics is also accessible, in particular using the threshold scan to achieve
unprecedented precision on the top quark mass. Above the threshold the
measurement of electroweak couplings and top mass are foreseen.
The Beyond the Standard Model physics can be accessed through direct and
indirect searches. Direct observation of SUSY particles production allows for
determination of their masses at a percent level, in most of the available scenarios.
The indirect searches can extend the energy scale far beyond the kinematic reach
of the machine, as far as few tens of TeV for some of the studied scenarios.
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1.

INTRODUCTION

Jet quenching is one of the evidences of quark-gluon plasma (QGP)
formation in central heavy ion collisions [1]. Experimentally jet-quenching at
5+,&DQG/+&LVREVHUYHGDVVXSSUHVVLRQRIOHDGLQJSDUWLFOHVVXFKDVʌ0-mesons
and jets, which are directly associated with partons, formed in the medium. RHIC
results from Au+Au and Cu+Cu collisions showed suppression of high pT particles
as expected from parton energy loss in a hot and dense medium. An additional
insight into the mechanism of particle production and parton energy loss can be
gained from interactions of asymmetric Cu+Au collisions. Configuration of two
different nuclei – Cu and Au - opens an opportunity to study particle production
in different initial collision geometries. Fig.1 presents schematic view of heavy
ion collision: one showing Au+Au, and one showing Cu+Au at the same number
of nucleons participating in interaction. Despite the fact that number of nucleons
participating in interaction is similar for both cases, the shape of overlap region is
different, which can influence particle production. In 2012 RHIC delivered
successful Cu+Au run at 200 GeV.

Fig.1. Schematic view of the overlap region in Au+Au and Cu+Au collisions.
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory is one of the biggest operating particle accelerators designed to study
heavy ion collisions at high energies [2]. RHIC is a flexible and reliable accelerator
complex with an extensive experimental program. A lot of operational time is
devoted to beam energy scan and switching between colliding nuclei. In total
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RHIC delivered 9 combinations of nuclei and 11 energies and beam luminosity is
being continuously increased from to run to run.
2.

EXPERIMENTAL SETUP

PHENIX experimental setup is presented on Fig.2. It consists of central
and forward arms (not shown on the picture). Rapidity and phi coverage is 0.35
and 90 degrees for each central arm (east and west), and from 1.2 to 2.2 in rapidity
and 360 degrees in phi for each forward arms, (north and south).
Charged particle track reconstruction in PHENIX is performed with drift
and three layers of pad chambers which have high momentum and spatial
resolution. Main purpose of electromagnetical calorimeter (EMCal) is to measure
energy and coordinates of photons and electrons originating from interaction
region. Two time of flight systems (TOF) in east and west central arms of the
PHENIX spectrometer are used for particle identification at the low and
intermediate transverse momentum region. Particle identification can also be
performed with EMCal, although with a timing resolution and as good as for the
TOF. PHENIX also provides excellent capabilities for muon measurements at
forward rapidities. Main detectors responsible for muon registration are Muon
Trackers and MuID.

Fig.2. Schematic view of PHENIX central arms.
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Physics program of PHENIX experiment is mostly devoted to the study
of QCD matter under extreme energy densities and temperatures: system where
quarks and gluons are dominating degrees of freedom. All results presented in this
proceeding were obtained with PHENIX experiment at RHIC.
3.

RESULTS

Neutral pions ʌ0) are reconstructed in gamma-gamma decay channel
using EMCal IRUJDPPDFOXVWHUVPHDVXUHPHQWʌ0-meson yields are extracted in
different transverse momentum (pT) and centrality bins from invariant mass
gamma-gamma distributions. Good signal to background ratio and lots of statistics
allows to measure ʌ0-meson yields up to high pT.
Jet reconstruction is done with drift and pad chambers for charged tracks
and EMCal for neutral clusters. Anti-kT algorithm is used with radius parameter
0.3 for jet reconstruction in proton-proton collisions and 0.2 in Cu+Au collisions
due to larger contribution of underlying event [3].
Fig.3 presents results from p+p collisions obtained at 200 GeV in
PHENIX central arms: invariant transverse momentum VSHFWUDIRUʌ0-mesons and
reconstructed jets measured in a wide pT range up to 20 GeV/c for ʌ0-mesons and
50 GeV/c for jets. From this figure and so on vertical bars represent statistical
uncertainties and boxes around markers represent systematic uncertainties. In
some cases, statistical uncertainties can be not visible if their size is smaller than
the marker size.
Presented spectra agree with next to leading order pQCD calculations,
which validates ʌ0-meson and jet reconstruction procedure in PHENIX and
explains ʌ0-meson and jet production in elementary p+p collisions. Obtained
spectra are used as a baseline to compare with more complex and heavy colliding
systems, such as p+A and A+A.
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)LJʌ0-mesons and reconstructed jets invariant transverse momentum
spectra obtained in p+p collisions at 200 GeV by PHENIX experiment.
)LJSUHVHQWVLQYDULDQWWUDQVYHUVHPRPHQWXPSURGXFWLRQVSHFWUDIRUʌ0mesons measured in Cu+Au collisions at 200 GeV by PHENIX experiment.
Spectra were obtained in a wide pT ranges up to 20 GeV/c with high precision with
no centrality selection as well as for 5 different centralities. These spectra are used
WRFDOFXODWHʌ0-mesons nuclear modification factors RAA for heavy ion colliding
systems.

Fig.4. ,QYDULDQWWUDQVYHUVHPRPHQWXPVSHFWUDPHDVXUHGIRUʌ0-mesons with no
centrality selection and for 5 centrality classes in Cu+Au collisons at 200 GeV.
At high pT region particle production is governed by fragmentation of
hard-scattered partons. Hard processes are characterized by small cross section
and large value of transferred momentum. This fact allows us to describe hard
processes in heavy ion collisions as an independent superposition of nucleon
nucleon interactions. Such processes can be compared with p+p collisions when
scaled by number of binary collisions – Ncoll.
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The difference between heavy ion collisions and simple superposition of
nucleon nucleon interactions lies in presence of collective effects. These effects
are often being studied with so called nuclear modification factor RAA which is
calculated as the ratio of particle yield in heavy ion collision to yield of same
particles in p+p collisions scaled by number of binary collisions - Ncoll.
Different pT dependence of RAA includes enhancement of the particle
yields at the intermediate pT which is a chraracteristic of Cronin effect (RAA > 1)
and is often explained as multiple parton scaterring in the initial state [4],
suppression of particle yields (RAA < 1) which is called jet-quenching and is
explained by parton energy loss before fragmentation, and also the case when
collective effects are absent (RAA = 1).
Fig.5 shows nuclear modification factors obtained for ʌ0-mesons in
Cu+Au collisions at 200 GeV in PHENIX central arms. Nuclear modification
factors RAA are measured in a wide pT range up to 20 GeV/c. In central Cu+Au
collisions production of ʌ0-mesons is suppressed. Suppression gradually
disappears with centrality and in peripheral collisions one can say that there’s a
hint of enhancement of ʌ0-mesons production.

Fig.5. Nuclear modification factors RAA REWDLQHGIRUʌ0-mesons central and
peripheral Cu+Au collisions at 200 GeV.
Fig.6 presents nuclear modification factors RAA for reconstructed jets
obtained in Cu+Au collisions at 200 GeV by PHENIX experiment. Jets are
suppressed by a factor of 2 in central Cu+Au collisions. Suppression shows no pT
dependence. A similar trend has been seen from LHC experiments in Pb+Pb
collisions at much higher energies [5]. One can see that observed suppression
gradually disappears with centrality suggesting a hint of enhancement in
SHULSKHUDOFROOLVLRQVʌ0-mesons results and jet measurement in Cu+Au collisions
seem to show the consistent trend: suppressed in central collisions and non-zero
enhanced in peripheral collisions.
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Fig.6. Nuclear modification factors RAA obtained for reconstructed jets in
central and peripheral Cu+Au collisons at 200 GeV.

Fig.7 shows the comparison of nuclear modification factors obtained for
ʌ0-mesons by PHENIX experiment in Cu+Cu, Au+Au and Cu+Au collisions at
200 GeV. The comparison is done for the similar number of nucleons participating
in interaction – Npart. In central and semi central Cu+Au collisions S0 yields are
suppressed similar to Cu+Cu and Au+Au collisions which means that the level of
suppression depends on number of participants Npart but not on the collision
system. In other words, S0 production depends on the size of the nuclear overlap,
but not on its shape. In peripheral Cu+Au collisions S0 yields show a hint of
enhancement, while they are suppressed in Au+Au with Cu+Cu lying in the
middle between Cu+Au and Au+Au.

Fig.7. Nuclear modification factors RAA REWDLQHGIRUʌ0-mesons by PHENIX
experiment in Cu+Cu, Au+Au and Cu+Au collisions at 200 GeV.
Fig.8 presents pT LQWHJUDWHGQXFOHDUPRGLILFDWLRQIDFWRUVIRUʌ0-mesons
and reconsWUXFWHG MHWV UHVSHFWLYHO\ LQ &X$X FROOLVLRQV DW  *H9 ʌ0-meson
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suppression pattern is similar in Cu+Au and Au+Au collisions for Npart values
larger than 50. At Npart values smaller than 50 (peripheral collisions) ʌ0-mesons
are less suppressed in Cu+Au than in Au+Au. %RWKʌ0-mesons and jets show a hint
of enhancement in peripheral Cu+Au collisions at 200 GeV.

Fig.8 Transverse momentum integrated nuclear modification factors RAA for
ʌ0-mesons and reconstructed jets obtained in Cu+Au collisions at 200 GeV.
Fig.9 shows SCET model [6] predictions (red and black lines) for
reconstructed jets nuclear modification factors RAA obtained in central 0-20% and
40-60% centrality bins in Cu+Au collisions. The model uses coupling between jet
and the medium as an input parameter, the calculations were done for two values
of this parameter: 2.0 and 2.2. As seen from the figures, model predictions
quantitatively agree with experimental results. So far, there are no predictions for
ʌ0-mesons results yet.

Fig.9. SCET model predictions for jets nuclear modification factors obtained
in central 0-20% and 40-60% centrality bins in Cu+Au collisions at 200 GeV.
4.

CONCLUSIONS

PHENIX experiment at RHIC has measured nuclear modification factors
IRUʌ0-mesons DQGUHFRQVWUXFWHGMHWVLQ&X$XFROOLVLRQVDW*H9ʌ0-mesons
production is suppressed in central Cu+Au collisions like in Au+Au and Cu+Cu
collisions at similar Npart, which suggests that suppression level depends on nuclei
overlap size and not on its geometry. In peripheral collisions there is a hint of ʌ0
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and jet production enhancement. Jet nuclear modification factors are in agreement
ZLWK6&(7PRGHOFDOFXODWLRQVEXWWKHUHDUHQRSUHGLFWLRQVIRUʌ0-mesons nuclear
modifications available yet. We acknowledge support from Ministry of Education
and Science, Russia, project 3.1498.2017.
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