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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 neu-
trino 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. Pon-
tecorvo in 1958 in Dubna [1]. This idea was further developed in the sev-
enties 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 neu-
trino interaction is the SM charged current and neutral current interaction
given by the Lagrangians

LCC
I (x) = − g

2
√
2
jCC
α (x)Wα(x) + h.c., jCC

α (x) = 2
∑

l=e,μ,τ

ν̄lL(x)γαlL(x)

(1)
and

LNC
I (x) = − g

2 cos θW
jNC
α (x)Zα(x), jNC

α (x) =
∑

l=e,μ,τ

ν̄lL(x)γανlL(x). (2)

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

νlL(x) =

3∑
i=1

Uli νiL(x), l = e, μ, τ (3)

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 UD 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

UMj = UD S(ᾱ) , (4)

where S(ᾱ) is the phase matrix which is characterized by additional two
Majorana phases: Sik(ᾱ) = Siδik, 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∑

i=1

U∗
li |νi〉 . (5)

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

Ei =
√

p2 +m2
i � E +

m2
i

2E (p2 � m2
i ). 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 exper-
iments 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| � |Δm2
ki|

2E
, Δt = t � L. (7)

Here Δm2
ki = m2

i −m2
k and L is the distance between neutrino source and

detector. From (6) we obtain the following condition

|Δm2
ki|

2E
L ≥ 1 . (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〉 =
∑
i

|νi〉 e−iEit U∗
li =

∑
l′

|νl′〉 (
∑
i

Ul′i e
−iEit U∗

li) . (9)

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

P (νl → νl′) = |
∑
i

Ul′i e
−2iΔpi U∗

li|2 = |δl′l−2i
∑
i�=p

Ul′i e
−iΔpi sinΔpi U

∗
li|2 ,

(10)

where p is an arbitrary fixed index and Δpi =
Δm2

piL

4E .
For the probability of ν̄l → ν̄l′ transition we have

P (ν̄l → ν̄l′) = |δl′l − 2i
∑
i�=p

U∗
l′i e

−iΔpi sinΔpi Uli|2 (11)

From (4) follows that

UMj
l′i UMj∗

li = UD
l′iU

D∗
li . (12)
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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 proba-
bility is given by the following expression

P(νl → νl′)(P(ν̄l → ν̄l′)) = δl′l − 4
∑
i

|Uli|2(δl′l − |Ul′i|2) sin2 Δpi

+8
∑
i>k

[Re (Ul′iU
∗
liU

∗
l′kUlk) cos(Δpi −Δpk)

± Im (Ul′iU
∗
liU

∗
l′kUlk) sin(Δpi −Δpk)] sinΔpi sinΔpk. (13)

Usually neutrino masses are labeled in such a way that

m2 > m1, Δm2
12 = Δm2

S > 0 , (14)

where Δm2
S is called the solar mass-squared difference. From analysis of the

neutrino oscillation data it was found that another neutrino mass-squared
difference Δm2

A, which is called atmospheric, is about 30 times larger than
the solar one. There are two possibilities for the third mass m3 and, corre-
spondingly, for the neutrino mass spectrum

1. Normal ordering (NO) m3 > m2 > m1, Δm2
23 = Δm2

A.

2. Inverted ordering (IO) m2 > m1 > m3, |Δm2
13| = Δm2

A.

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 sin
2 ΔA

−(cos4 θ13 sin
2 2θ12 + cos2 θ12 sin

2 2θ13) sin
2 ΔS

−2 sin2 2θ13 cos
2 θ12 cos(ΔA +ΔS) sinΔA sinΔS . (15)

and

PIO(ν̄e → ν̄e) = 1− sin2 2θ13 sin
2 ΔA

−(cos4 θ13 sin
2 2θ12 + sin2 θ12 sin

2 2θ13) sin
2 ΔS

−2 sin2 2θ13 sin
2 θ12 cos(ΔA +ΔS) sinΔA sinΔS . (16)
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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 Normal Ordering Inverted Ordering

sin2 θ12 0.306+0.012
−0.012 0.306+0.012

−0.012

sin2 θ23 0.441+0.027
−0.021 0.587+0.020

−0.024

sin2 θ13 0.02166+0.00075
−0.00075 0.02179+0.00076

−0.00076

δ (in ◦) (261+51
−59) (277+40

−46)

Δm2
S (7.50+0.19

−0.17) · 10−5 eV2 (7.50+0.19
−0.17) · 10−5 eV2

Δm2
A (2.524+0.039

−0.040) · 10−3 eV2 (2.514+0.038
−0.041) · 10−3 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 (Majo-
rana) neutrino masses.

3 Neutrino in the Standard Model

I will start with a few historical remarks. In 1928 Dirac proposed the four-
component 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 two-
component spinors

ψL(x) =
1

2
(1− γ5)ψ(x), ψR(x) =

1

2
(1− γ5)ψ(x). (17)
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and showed that ψL(x) and ψR(x) satisfy the following two-component
equations (which are called Weyl equations)

iγα∂αψL(x) = 0, iγα∂αψR(x) = 0 (18)

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

′
L,R(x

′) = ηγ0ψL,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 helic-
ity 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

lep
eL =

(
ν′eL
e′L

)
, lep

μL =

(
ν′μL
μ′
L

)
, lep

τL =

(
ν′eL
e′L

)
. (20)

The leptonic electromagnetic current is given by the expression

jEM
α = −(

∑
l=e,μ,τ

l̄′Lγαl
′
L +

∑
l=e,μ,τ

l̄′Rγαl
′
R) (21)

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

Q = T3 +
1

2
Y, (22)

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±, Z0 bosons and γ-quanta

LI =

(
− g

2
√
2
jCC
α Wα + h.c

)
− g

2 cos θW
jNC
α Zα − jEM

α Aα (23)

is the minimal (compatible with the local gauge invariance) interaction.
The Standard Model mechanism of mass generation is the Brout-Englert-

Higgs mechanism of the spontaneous symmetry breaking [30, 31]. It is based
on the assumption of the existence of scalar Higgs fields. In order to gener-

ate masses of W± and Z0 vector bosons three Goldsone degrees of freedom
are needed. Thus a minimal possibility is a doublet of complex 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

Llep
Y = −

√
2
∑
l1,l2

ψ̄lep
l1L

Yl1l2 l
′
2R φ+ h.c. (24)

Here

φ =

(
φ+

φ0

)
(25)

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

φ =

(
0

v+H√
2

)
(26)

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 sym-
metry will be spontaneously broken and Yukawa interaction (24) generates
the Dirac mass term

LD = −
∑
l1,l2

l̄′1L Yl1l2 l′2R v + h.c = −
∑

l=e,μ,τ

ml l̄ l, (27)

where
ml = yl v. (28)

Here ml is the lepton mass, and the Yukawa coupling yl is the eigenvalue of
the matrix Y .

The characteristic feature of the Brout-Englert-Higgs mechanism of the
mass generation is a proportionality of the lepton masses to the vacuum ex-

pectation value v (masses of quarks,W± and Z0 bosons are also proportional
to v).

The Unification of the weak and electromagnetic interactions requires
that in the Standard Model Lagrangian enter left-handed and right-handed
fields of charged fermions. Thus for the generation of the Dirac lepton (and
quark) masses via the Yukawa interaction we do not need additional degrees
of freedom.

Neutrino have no direct electromagnetic interaction. In order to gener-
ate neutrino masses via the standard mechanism of the spontaneous symme-
try breaking we need to assume that in Standard Model Lagrangian enter
not only left-handed neutrino fields but also right-handed fields (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 gener-
ation

A neutrino mass term is a Lorenz-invariant product of left-handed and right-
handed 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

LM = −1

2

∑
l′,l

ν̄l′L Ml′l(νlL)
c + h.c.. (29)

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 transfor-
mations (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 = miδik, mi > 0 (30)

we come to the standard Majorana mass term

LMj = −1

2

3∑
i=1

mi ν̄iνi (31)

Here
νi = νci = Cν̄Ti (32)

1If we assume that neutrino masses are generated by the Higgs mechanism, in this
case we have mi = yνi 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 yν3 is in the range ( 2 · 10−13 ≤ yν3 ≤ 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 yν3 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

νlL =
3∑

i=1

Uli νiL, l = e, μ, τ. (33)

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 experi-
ments. The relation (33) gives a framework which allow us to analyze the
data of neutrino oscillation experiments, experiments on the search for neu-
trinoless 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

(ψ̄lep
lL φ̃) , (34)

where ψlep
lL is the lepton doublet (see (20) ) and φ̃ = iτ2φ

∗ is the conjugated
Higgs doublet. After the spontaneous breaking of the electroweak symmetry
we have

(ψ̄lep
lL φ̃) =

v +H√
2

ν̄′lL . (35)
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From this expression it is obvious that the SUL(2)×UY (1) invariant effective
Lagrangian [32]

Leff
I = − 1

Λ

∑
l1,l2

(ψ̄lep
l1L

φ̃) X ′
l1l2 C (ψ̄lep

l2L
φ̃)T + h.c. (36)

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 La-
grangian which can generate a neutrino mass term.

2. The effective Lagrangian (36) does not conserve the total lepton num-
ber 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

2

v2

Λ

∑
l1,l2

ν̄l1L Xl1l2(νl2L)
c + h.c.. (37)

The symmetrical matrix X can be presented in the diagonal form

X = U x UT , U† U = 1, xik = xiδik, xi > 0. (38)

From (37) and (38) we have

LM = −1

2

3∑
i=1

mi ν̄iνi, νlL =
3∑

i=1

Uli νiL (39)

Here
νi = νci = C ν̄Ti (40)

is the field of the neutrino Majorana with the mass

mi =
v2

Λ
xi , (41)

where xi is the eigenvalue of the matrix X.
As we discussed before, the Standard Model masses are proportional
to v� 246 GeV with dimensionless coefficients. Standard Model neutrino
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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 v

Λ v. We have in this case an additional factor

v

Λ
=

scale of SM

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

Λ � x3
v2

m3
� x3

v2√
Δm2

A

. (43)

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

LY
I = −

√
2
∑
l,i

ψ̄lep
lL φ̃ y′li NiR + h.c. . (45)

Here y′li are dimensionless Yukawa coupling constants and Ni = N c
i is the

field of Majorana leptons with mass Mi.
In the second order of the perturbation theory at Q2 � M2

i (Q is the
momentum of the virtual Ni) we obtain effective Lagrangian

Leff = −
∑
l1,l2

(ψ̄lep
l1L

φ̃) (
∑
i

y′l1i
1

Mi
y′l2i) (φ̃

T ( lep
l2L

)c) + h.c.. (46)

2The classical example of an effective Lagrangian is the Fermi Lagrangian of the β-
decay. As we know today, this Lagrangian is generated by the exchange of the virtual

charged W±-bosons between e− ν and p−n pairs. It is a product of the Fermi constant

which has dimensionM−2 and the dimension six four-fermion operator.
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This Lagrangian coincides with the Weinberg effective Lagrangian (36). The
matrix 1

Λ X ′ is given by the relation

1

Λ
X ′

l1l2 =
∑
i

y′l1i
1

Mi
y′l2i (47)

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

LM = −1

2

∑
l1,l2

ν̄l1L (
∑
i

yl1i
v2

Mi
yl2i)(νl2L)

c + h.c.. (48)

Here y = V †
Ly

′ where the matrix VL connects flavor and primed neutrino
fields (ν′L = VLνL).

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 gen-
eration 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 this process is proportional to the
effective Majorana mass mββ =

∑3
i=1 U

2
eimi. From existing data it

follows that |mββ | ≤ (1.4 − 4.5) 10−1 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 fla-
vor 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 vio-
lating 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 left-
handed neutrino fields. Neutrino masses in the effective Lagrangian ap-
proach 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 di-
mension five (proportional to 1

Λ ). 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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Abstract

Many experimental observations and theoretical arguments have
pointed out that a large fraction of the Universe is composed by Dark
Matter (DM) particles. Many possibilities are open on the nature and
interaction types of such relic particles. Here main results, obtained
by exploiting the model independent DM annual modulation signa-
ture for the presence of DM particles in the galactic halo by DAMA,
are summarized. Some other recent efforts and results on DM inves-
tigation are mentioned as well.
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1 Introduction

Experimental observations and theoretical arguments pointed out that most
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
and various interaction types, have been proposed as DM particles in theo-
ries beyond the Standard Model of particle physics. Depending on the DM
candidate, the interaction processes can be various. Moreover, many exper-
imental and theoretical uncertainties exist and must be properly considered
in a suitable interpretation and comparison among experiments aiming the
direct detection of DM particles.

Large efforts are dedicated all over the world to investigate the DM with
different strategies and techniques that can give complementary informa-
tion. In particular, the DM indirect search – that is the study of possible
products either of decay or of annihilation in the galactic halo or in celestial
body of some DM candidate – is performed as by-product of experiments
located underground, under-water, under-ice, or in space. The interpreta-
tion 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.

In order to pursue a widely sensitive direct detection of DM particles in
the galactic halo, a model independent approach, a ultra-low-background
suitable target material, a very large exposure and the full control of running
conditions are strictly necessary.

2 DM model independent signature

To obtain a reliable signature for the presence of DM particles in the galac-
tic 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
cross sections and of DM particle halo densities, is the so-called DM annual
modulation signature [1]. The annual modulation of the signal rate origi-
nates 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
traveling with respect to the Local Standard of Rest towards the star Vega
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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 sub-
tracted). 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 con-
tain 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
amplitude in the region of maximal sensitivity has to be <∼ 7% in case of
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 expo-
sure – 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.

In particular, the experimental observable in DAMA experiments is the
modulated component of the signal in NaI(Tl) target and not the constant
part of it, as done in the other approaches.

The full description of the DAMA/LIBRA set-up and performances dur-
ing the phase1 and phase2 (presently running) and other related arguments
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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 pho-
toelectron 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 detec-
tors are housed in a sealed low-radioactive copper box installed in the cen-
ter of a low-radioactive Cu/Pb/Cd-foils/polyethylene/paraffin shield; more-
over, 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 soft-
ware 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, dou-
ble coincidences due to internal X-rays from 40K (which is at ppt levels in
the crystals) provide (when summing the data over long periods) a cali-
bration 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 col-
lected 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 cy-
cles. 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 single-
hit 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 cosω(t− t0), con-
sidering a period T = 2π

ω = 1 yr and a phase t0 = 152.5 day (June 2nd) 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 cosω(t− t0) with a period T = 2π

ω = 1 yr, a phase t0 = 152.5
day (June 2nd) and modulation amplitude, A, equal to the central values
obtained by best fit on the data points of the entire DAMA/LIBRA–phase1.
The dashed vertical lines correspond to the maximum expected for the DM
signal (June 2nd), while the dotted vertical lines correspond to the minimum.

to 9.2 σ C.L..
When the period, and the phase are kept free in the fitting procedure,

the modulation amplitude is (0.0112±0.0012) cpd/kg/keV (9.3 σ C.L.), the
period T = (0.998 ± 0.002) year and the phase t0 = (144 ± 7) day, values
well in agreement with expectations for a DM annual modulation signal. In
particular, the phase is consistent with about June 2nd and is fully consistent
with the value independently determined by Maximum Likelihood analysis
[17].

For completeness, we recall that a slight energy dependence of the phase
could be expected in case of possible contributions of non-thermalized DM
components to the galactic halo, such as e.g. the SagDEG stream [12, 31, 32]
and the caustics [33]. For more details see Ref. [17].

The modulation amplitudes singularly calculated for each annual cycle
of DAMA/NaI and DAMA/LIBRA–phase1 are compatible among them and
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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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 multiple-
hit 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 com-
pare 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 modula-
tion amplitude for the multiple-hit residual rate is well compatible with zero:

36



−(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, ob-
tained by maximum likelihood method considering T =1 yr and t0 = 152.5
day. For such purpose the likelihood function of the single-hit experimental

data in the k−th energy bin is defined as: Lk = Πije
−μijk

μ
Nijk
ijk

Nijk!
, where Nijk

is the number of events collected in the i-th time interval (hereafter 1 day),
by the j-th detector and in the k-th energy bin. Nijk follows a Poisson’s
distribution with expectation value μijk = [bjk + Sik]MjΔtiΔEεjk. The
bjk are the background contributions, Mj is the mass of the j−th detector,
Δti is the detector running time during the i-th time interval, ΔE is the
chosen energy bin, εjk is the overall efficiency. Moreover, the signal can be
written as Sik = S0,k + Sm,k · cosω(ti − t0), where S0,k is the constant part
of the signal and Sm,k is the modulation amplitude. The usual procedure
is to minimize the function yk = −2ln(Lk)− const for each energy bin; 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.
In Fig. 2 the obtained Sm are shown in each considered energy bin (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.

As described in Ref. [15, 16, 17, 21, 30], the observed annual modulation
effect is well distributed in all the 25 detectors at 95% C.L.

Among further additional tests, the analysis of the modulation am-
plitudes as a function of the energy separately for the nine inner detec-
tors and the remaining external ones has been carried out for the entire
DAMA/LIBRA–phase1. The obtained values are fully in agreement; in

37



Sm (cpd/kg/keV)

Z
m

 (
cp

d/
kg

/k
eV

)

2-6 keV

6-14 keV

2σ contours

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Ym (cpd/kg/keV)

t*  (
da

y) 2-6 keV

6-14 keV

2σ contours

80

100

120

140

160

180

200

220

240

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

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 mod-
ulation 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 func-
tion 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 cosω(ti − t0) + Zm,k sinω(ti − t0) (1)

= S0,k + Ym,k cosω(ti − t∗).

For signals induced by DM particles one should expect: 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
can be expected in case of possible contributions from non-thermalized DM
components, such as e.g. the SagDEG stream [12, 31, 32] and the caustics
[33].

Considering cumulatively the data of DAMA/NaI and DAMA/LIBRA–
phase1 the obtained 2σ contours in the plane (Sm, Zm) for the (2–6) keV
and (6–14) keV energy intervals are shown in Fig. 3–left while in Fig. 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 ob-
tained (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;

the value, Φ
(n)
0,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 compo-
nent. The modulation amplitudes, Ak, are reported as well, while the last
column shows the relative contribution to the annual modulation amplitude
observed by DAMA/LIBRA, Sexp

m � 0.0112 cpd/kg/keV [17]. For details
see Ref. [26] and references therein.

Source Φ
(n)
0,k ηk tk R0,k Ak = R0,kηk Ak/S

exp
m

(neutrons cm−2 s−1) (cpd/kg/keV) (cpd/kg/keV)
thermal n 1.08× 10−6 � 0 – < 8× 10−6 � 8× 10−7 � 7× 10−5

(10−2 − 10−1 eV) however � 0.1
SLOW
neutrons epithermal n 2× 10−6 � 0 – < 3× 10−3 � 3× 10−4 � 0.03

(eV-keV) however � 0.1
fission, (α, n) → n � 0.9× 10−7 � 0 – < 6× 10−4 � 6× 10−5 � 5× 10−3

(1-10 MeV) however � 0.1

μ → n from rock � 3× 10−9 0.0129 end of � 7× 10−4 � 9× 10−6 � 8× 10−4

FAST (> 10 MeV) June
neutrons

μ → n from Pb shield � 6× 10−9 0.0129 end of � 1.4× 10−3 � 2× 10−5 � 1.6× 10−3

(> 10 MeV) June

ν → n � 3× 10−10 0.03342∗ Jan. 4th∗ � 7× 10−5 � 2× 10−6 � 2× 10−4

(few MeV)

direct μ Φ
(μ)
0 � 20 μ m−2d−1 0.0129 end of � 10−7 � 10−9 � 10−7

June

direct ν Φ
(ν)
0 � 6× 1010 ν cm−2s−1 0.03342∗ Jan. 4th∗ � 10−5 3× 10−7 3× 10−5

∗ The annual modulation of solar neutrino is due to the different Sun-Earth distance along

the year; so the relative modulation amplitude is twice the eccentricity of the Earth orbit

and the phase is given by the perihelion.

Sometimes naive statements were put forward as the fact that in nature
several phenomena may show some kind of periodicity. It is worth noting
that the point is whether they might mimic the annual modulation signature
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 neu-
trons, the muons and the solar neutrinos cannot give any significant con-
tribution to the DAMA annual modulation results and cannot mimic this
signature is outlined. Table 1 summarizes the safety upper limits on the con-
tributions 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 re-
quirements of the exploited DM signature have been found. A de-
tailed 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 exper-
iments is model-independent, i.e. without any a-priori assumption of the-
oretical interpretations of the identity of DM and specifics of its interac-
tions. 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 as-
trophysical, nuclear and particle physics. For example, some of the sce-
narios 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 re-
cently 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, of-
ten some critical points exist in their experimental aspects, as mentioned
above, and the existing experimental and theoretical uncertainties are gen-
erally 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 uncer-
tainties 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 fε parameter as function of mirror
hydrogen mass, obtained by marginalizing all the√ models for each considered
scenario. The allowed intervals identify the fε v √alues corresponding to
C.L. larger than 5σ from the null hypothesis, that is fε = 0. The allowed
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 Stan-
dard Model, v = 174 GeV. In this case, the mirror world becomes a heavier
and deformed copy of our world, with mirror particle masses scaled in differ-
ent ways with respect to the masses of the ordinary particles. Then, in this
scenario dark matter would exist in the form of mirror hydrogen composed
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 de-

termination of the
√
fε parameter (where f is the fraction of DM in the

Galaxy in form of mirror atoms and ε is the coupling constant). In the
analysis several uncertainties on the astrophysical, particle physics and nu-
clear physics models have been taken into account in the calculation. The
obtained values of the

√
fε 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

√
fε 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 di-
urnal 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 = Sd

Sm
� 0.016.

Taking into account Rdy and the DM annual modulation effect pointed
out by DAMA/LIBRA–phase1 for single-hit events in the low energy region,
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. 5 shows the time and energy behaviour of the experimental residual
rates of single-hit events both as a function of solar (left) and of sidereal
(right) time, in the (2–6) keV interval. The used time bin is 1 (either solar
or sidereal) hour.

The null hypothesis (absence of residual rate diurnal variation) has been
tested by a χ2 test and run test [25]. Thus, the presence of any significant
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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 (left) 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 ef-
fect due to the Earth rotation around its axis, the sidereal diurnal mod-
ulation amplitude of the (2–6) keV energy interval is taken into account:
Aexp

d = −(1.0 ± 1.3) × 10−3 cpd/kg/keV. Following the Feldman-Cousins
procedure an upper limit can be obtained for the measured diurnal modula-
tion amplitude: Aexp

d < 1.2× 10−3 cpd/kg/keV (90% C.L.); thus, the effect

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
the data can be excluded for both the cases of solar and sidereal time. In par-
ticular, the sidereal diurnal modulation amplitude – expected on the basis of
the DAMA DM annual modulation results and because of the Earth diurnal
motion – cannot be investigated at the present sensitivity; DAMA/LIBRA–
phase2, presently running, with a lower software energy threshold [19] can
also offer the possibility to increase sensitivity to such an effect.
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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 low-
energy 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 directional-
ity technique

An independent evidence can be obtained by pursuing a different approach,
but effective only for those DM candidate particles able to induce just nu-
clear recoils: the directionality [45]. This strategy is based on the correlation
between the arrival direction of the DM particles (and thus of the induced
nuclear recoils) and the Earth motion in the Galactic rest frame. Because of
the rotation of the Milky Way, the Galactic disc passes through the halo of
DM and the Earth is crossed by a wind of DM particles apparently flowing
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 corre-
lated 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 scin-
tillator

Recently, measurements and R&D works have shown that the ZnWO4 scin-
tillators can offer suitable features for a DM experiment based on the di-
rectionality. In this crystal scintillator the light output for heavy particles
(p, α, nuclear recoils) depends on the direction of such particles with re-
spect 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
sensitivity to both small and large mass for the considered DM candidates.

Recently, radiopurity and double beta decay processes of zinc and tung-
sten have been further studied at LNGS using new developed ZnWO4 de-
tectors with masses 0.1−0.7 kg [49, 50, 52, 53]. The growth of the crystals,
the scintillation properties, the pulse shape discrimination capability, the
anisotropic properties, the residual radioactive contamination and the pos-
sible 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
improve ZnWO4 crystals radiopurity by re-crystallization (recently demon-
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strated for CdWO4 crystal [56]) is in progress.
In the measured ZnWO4 scintillators the radioactive contamination is:

< 0.002 mBq/kg for 228Th and 226Ra (∼ 0.5 ppt for 232Th and ∼ 0.2 ppt
for 238U, assuming the secular equilibrium of the 232Th and 238U chains),
< 0.02 mBq/kg for 40K; 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].
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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 perpen-
dicular to (010), (001) and (100) crys-
tal planes (directions 1, 2 and 3, respec-
tively). The anisotropic behaviour of the
crystal is evident [57].

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

As shown in Fig. 6, the quenching factor for α particles measured along
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
the contrary, the anisotropy of the light response of the ZnWO4 scintillator
disappears in case of electron excitation. Moreover for ZnWO4, as reported
in Ref. [57], also the shape of the scintillation pulse depends on the type of
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 re-
sponse of the crystal for recoils at keV energy range will be performed in
near future [58].
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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
when the crystal scintillator working temperature is decreased [55] (see Fig.
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 (or-
ders of magnitude larger than those available in the field) giving a model-
independent positive evidence at 9.3 σ C.L. for the presence of DM candi-
dates in the galactic halo with full sensitivity to many kinds of astrophysical,
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].

After the phase1, an important upgrade has been performed when all the
PMTs have been replaced with new ones having higher Quantum Efficiency
(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 ex-
perimental 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 argu-
ments; (3) to investigate other signal features; (4) to investigate rare pro-
cesses other than DM with high sensitivity.

Future improvements to increase the sensitivity of the set-up can be
considered by using high QE and ultra-low background PMTs directly cou-
pled 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
would be obtained. Thus, R&D’s towards the phase3 of DAMA/LIBRA are
in progress.

Finally, the perspectives of a pioneering experiment with anisotropic
ZnWO4 detectors to further explore, with the directionality approach, 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 super-
nova 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 , 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, L , L ) 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 three-
dimensional 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 electro-
magnetically with the electrons, protons and quarks because the bastons 

do not have the lepton and color charges.
Bastons (EC) Leptons(EC,LC) Quarks(EC,LC,CC)

EC EC EC
X1 -2/3 B1 0 e 2/3 u c t
X2 -5/3 B2 -1 e -1/3 d s b
X3 -8/3 B3 -2 Le L L -4/3 Q1 Q2 Q3

Total -5 -3 -1
LC LC

X4 -2/3 e e Le 0 u d Q1
X5 -5/3 L -1 c s Q2
X6 -8/3 L -2 t b Q3

Total -5 -3
CC

X7 -2/3(r)
X8 -5/3(g)
X9 -8/3(b)

Total -5

Each flavor (charge) 
corresponds to each 
dimensional axis.

Dark matters

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

53



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. 

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 

Fig. 1. Six examples of the strong interactions.

Table 2. Complete table of the elementary bosons in the three-
dimensional quantized space model.

Dark matter force Weak force (EC,LC) Strong force (EC,LC,CC)
EC EC 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 -3

CC

X7 0

X8 -1

X9 -2

Total -3

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

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

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

54



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- interactions in Fig. 2 can enhance the numbers of the cosmic e

and 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 e 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. 

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( )
= 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)

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

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].

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)

e(0,-2/3) ? 2.876 10-7 e(-1,-2/3) 5.11 105 5.11 105

(0,-5/3) ? 5.947 10-5 (-1,-5/3) 1.057 108 1.057 108

(0,-8/3) ? 1.000 10-1 (-1,-8/3) 1.777 109 1.777 109

Le(-2,-2/3) 1012-14 2.533 1013 B1(-2/3) ? 26.121

L (-2,-5/3) ? 5.239 1015 B2(-5/3) 4.27 1010 4.27 1010

L (-2,-8/3) ? 8.811 1018 B3(-8/3) ? 1.948 1015
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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 e, 5.947 10-5 eV for and 
1.000 10-1 eV for 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, L and L 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. 

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].

Fig. 3. Particle – anti particle annihilation.
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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 

Fig. 4. Decays of the heavy leptons and heavy hadrons. 
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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].

4. Possible two Koron discoveries of ee+ and - +

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 0 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 l

0 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 

Fig. 5. Origins of the high and ultra-high energy 
cosmic rays and gamma rays.
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16.7 MeV/c2 is the good candidate of the Koron of l
0 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, )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 l

0 with e and e+ can explain the cosmological lithium 
abundance problem at the Big Bang Nucleosysthesis (BBN) [16,17]. 

Also, a narrow dimuon, M( - +), 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 - + Koron. The rest mass of the - 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.

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 super-
nova 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].  

Fig. 6. Two Koron examples of ee+ and - +. A neutral Z(0,0) boson 
decay scheme leads to the dimuon, M( - +), mass resonance. 
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The super-nova 1987A anti-neutrino data can be drawn as shown in Fig. 7. The 
neutrino energy of E( ) 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 1 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 1 dark matters are pair-
annihilated within the earth atmosphere and the and anti pair is created. These 
neutrinos are observed by using the detectors under the earth surface. The energies,
E( ) 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.  

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.  

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

61



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.  

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. 

62



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 

Fig. 9. Proron energy levels and x-rays in the 
Q1 baryon atoms of the R atom and Q atom. 
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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 x-
charge. 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 e, 5.947 
10-5 eV for and 1.000 10-1 eV for 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 super-
nova 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  

l
0 (e+e-)(0,0) observed experimentally. The first Koron of l

0 (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 - + 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-
reactions, the cosmic e and particles are transferred to the cosmic e and 

neutrinos, respectively. The observation of the enhanced cosmic e and 
neutrinos 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, Gifu-
prefecture, 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 e 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 to oscillation, 
which causes the deficit of in the upward-going Multi-GeV and partially 
contained event samples. Though, it is difficult to identify the appearance of .
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This is because the production of leptons requires high energy neutrinos, where 
the flux is small, and also leptons decay into hadronic particles mainly. It is still 
important to confirm the appearance of , 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- and Monte 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 two-
dimensional histogram of (left) and non- MC (center) events. We can see, the -
like events are concentrated at the upward direction, at around -1 in cosine of the 
zenith angle, for the MC 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 two-
dimensional histograms, which included a systematic error term:

Data = BG PDF + -PDF + i PDFi

is 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 i is the magnitude of a 
nuisance parameter in the fit. After the unbinned likelihood fit, we got the result 
of 1.47±0.32 under the hypothesis of normal neutrino mass hierarchy 
from 0, whereas 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 tau-
neutrino appearance in atmospheric neutrino, and the result is consistent with the 
standard three-flavor oscillation framework.

Fig. 1 Probability distribution functions for the neutrino (left) and non-
neutrino events (center). The zenith angle distribution of data and Monte Carlo 

events (right).

Because of the recent result of large 13 value in several neutrino experiments, 
the three-flavor oscillation analysis is required for precise understanding of the 
neutrino properties with atmospheric neutrinos, such as m2

32, 23 octant, CP 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-going-
muon), 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 to e is enhanced by the Earth 
matter effect under normal mass hierarch hypothesis, at around 5-10 GeV. Anti-
to anti- e oscillation will be enhanced at same energies, in case of inverted mass 
hierarchy. In following likelihood analysis, sin2

13 is fixed by the reactor neutrino 
experimental results of sin2

13 = 0.0219 (PDG2015 [7]). sin2
12 and m2

21 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, 2 is determined as a function of  m2

32| or m2
13|, sin2

23 and CP.
The best fit parameters for normal and inverted hierarchy hypotheses are shown 
in Table ”**”. The result of 2 2

NH - 2
IH = -4.3 is achieved and prefers the 

normal hierarchy hypothesis, where 2 =-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 obtain 2 = -4.3 or less is 0.031 
(sin2

23 = 0.6) and 0.007 (sin2
23 = 0.4). In case we adopt normal hierarchy for MC 

generation, the probability was 0.446 (sin2
23 = 0.4).

Fig. 2 2 as a function of m2
32| or m2

13| (left), sin2
23 (center) and CP (right) 

with SK data only. The blue and orange lines show 2 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 

(517 dot)
2 sin2

13 CP sin2
23 m2

23

[eV2]
SK (NH) 571.74 0.0219 

(fixed)
4.189 0.587 2.5·10-3

SK (IH) 576.08 0.0219 
(fixed)

4.189 0.575 2.5·10-3

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 2 2

NH - 2
IH = -5.2 

and also prefers normal hierarchy hypothesis. 2 = -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 have 2 less than -5.2 is 0.024 
(sin2

23 = 0.6) and 0.001 (sin2
23 = 0.4).

Fig. 3 2 as a function of m2
32| or m2

13| (left), sin2
23 (center) and CP (right) 

with SK + T2K external data. The blue and orange lines show 2 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 
(585 dot)

2 sin2
13 CP sin2

23 m2
23

[eV2]
SK (NH) 639.61 0.0219

(fixed)
4.887 0.55 2.4·10-3

SK (IH) 644.82 0.0219 
(fixed)

4.538 0.55 2.5·10-3
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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 m2

21, sin2
12. 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, 2 = 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 sin2

13

as 0.0219±0.0014, referring reactor neutrino experiments. We see tension 
between the solar-global and KamLAND reactor data in m2

21. A there-flavor 
oscillation analysis without the constraint on sin2

13 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 13 value is obtained by 

level (sin2
13 = 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+ 0 or K+, 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 13 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 errors 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

2 2
NH - 2

IH = -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 was 2 2

NH - 2
IH = -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 The 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 m2

21 value than that of KamLAND by more than A
three-flavor oscillation analysis with solar neutrinos, without constrain of sin2

13

by the reactor experiments, also give the consistent results for the oscillation 
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parameters and non-zero 13 value by level.
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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 s or p subshells of the daughter ion. 
The neutrinoless electron-production mode 0 EP , 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 2 EP might have already influenced the single-
electron spectra measured, e.g., for the isotope Mo in the experiment NEMO 3. 
We discuss the prospects for detecting these new modes also for Se 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 ( = 1, 2, 3), a consequence of 
which would be the identity of the flavor neutrinos ( = , , ) and their 
respective antineutrinos [1]. Moreover, it would bring us compelling evidence 
that the total lepton number is 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 2 involves a 
transmutation of an even-even parent nucleus X into an even-even daughter 
nucleus Y, accompanied by an emission of two electrons and a pair of 
electron antineutrinos from the atom, while in its hypothetical neutrinoless 
version 0 the antineutrinos are absent:X Y + + + ( + ).
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The neutrinoless mode 0 increases by 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 2 has been so far 
observed for 11 out of 35 even-even isotopes for which the ordinary 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 0 0
ground-state transition of the isotope Mo 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 
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 
the decay [5]. The group has studied bare Dy ions collected in a heavy-ion 
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 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 0 EP  (2 EP ):X Y + b + + ( + ),
where a single free electron is emitted from the nucleus, while the electron 
production (EP) of a bound electron b is assumed to fill one of the available s
or p orbitals above the valence shell of the daughter ion Y . 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 single-
electron modes exhibit a distinctive kinematics and could be in principle 
recognized by their characteristic signal induced in the double-beta-decay 
detectors. For instance, 0 EP  (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 -decay 
Hamiltonian [7]: 
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( ) = 2 ( ) (1 ) ( ) ( ) + H.c.,
where = F cos C contains the Fermi constant F and Cabibbo angle C 13°
[8], ( ) and ( ) denote the electron and electron-neutrino fields, respectively, 
and ( ) = ( ) ( ) ( ) is the hadronic charged current involving 
the proton ( ) and neutron ( ) fields 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 ( ) are in fact linear 
combinations of the underlying massive-neutrino fields ( ) given by the unitary 
PMNS matrix: ( ) = ( ).

Assuming the Majorana nature of massive neutrinos and employing the 
standard approximations, the formula for the inverse 0 half-life can be 
brought into the following form [1]:

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

For the single-electron modes 0 EP and 2 EP , their respective 
inverse half-lives EP and EP exhibit a structure fully analogous
to the aforementioned, the only distinction being in the corresponding phase-space 
factors EP ( , ) and EP ( , ). 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]:

( ) = ( ) ( )i ( ) ( ) ,
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where the radial wave functions ( ) and ( ) depend on the energy of the 
electron, while the angular functions ( ), also known as the spinor spherical 
harmonics, are common for both the discrete and continuous spectrum. The 
quantum number = ( )(2 + 1) = ±1, ±2, … collectively labels all possible 
couplings of the orbital = 0,1, … and spin = ± 1 2 angular momenta, while = , … , + denotes the projection of the total angular momentum = | + |
onto the -axis.

For the 0 EP and 2 EP phase-space factors we have derived the 
following formulae:

EP = 32 ln 2 ( , ) ( + 2, )min ,
EP = 8 ln 2 ( , )min d ( + 2, ) d .

In the first equation, the nuclear radius is by convention included explicitly in 
order to make the nuclear matrix element dimensionless. The factor of ln 2
comes from the relation between the decay rate = ln 2 and half-life . 

The quantity ( , ) is a bound-state analogue of the Fermi function 
familiar from the theory of beta decay:( , ) = , ( ) + , ( ),
where the two terms originate from the inclusion of s and p 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 , ( ) and , ( ) of the bound electron b at the nuclear radius =1.2 fm 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 Y being 
the source of nuclear Coulomb attraction, for all available electron shells above 
the valence shell ( min = 5 for Mo) up to = 9. Since in the absence of atomic 
shielding the squared electron wave functions near the origin decrease as [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 ( ). Since the convergence could not be achieved in case 
of the 6s orbital, the value of , ( ) has been replaced by the one predicted 
by the fit.

The Fermi function ( , ), which involves the continuous-spectrum 
radial wave functions ( , ) and ( , ) evaluated on the nuclear surface 

, can be approximated by the expression for the relativistic s wave [15]: 
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( , ) = ( , ) + ( , ) 4 | ( + )|(2 + 1) (2 ) ,
where = 1 ( ) , = , and = | | is the momentum magnitude of 
the free electron with energy = + . In the results, the Fermi function ( + 2, ) assumes the full charge of the daughter nucleus Y, since in the 
continuum the shielding effect has been shown to be rather insignificant [16].

In EP , the free-electron energy is fixed by the energy conservation: = + , where we have neglected the nuclear recoil as well as the binding 
energy of the bound electron b . In EP , similar approximations erase the 
dependence on from the integral boundaries and, in turn, an infinite sum of 
integrals simplifies into a product of ( , )min and just one double integral; 
in the integral over the first-neutrino energy , the second-neutrino energy is 
once again constrained by the energy conservation: = + . 

III. Half-Lives and Single-Electron Spectra

In Table I, we present the values of the 0 and 0 EP phase-space factors 
and EP obtained for the 0 0 ground-state transition of the isotope 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: EP =EP , which is independent of the nuclear matrix element and 
effective Majorana neutrino mass , and hence free of the peculiarities of the 
nuclear and neutrino physics. Finally, we estimate the 0 and 0 EP half-
lives and EP based on the value of the nuclear matrix element= 5.850 calculated in [18] via the spherical pn-QRPA approach 
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 = 50 meV which is compatible with 
the inverted hierarchy of neutrino masses. The value obtained for the decay-rate 
ratio EP suggests a suppression of the single-electron mode 0 EP
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 EP ) 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 EP further confirms that the mode 0 EP is very unlikely to be observed in
the present and near-future experiments.
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Table I. 0 and 0 EP phase-space factors and EP , decay-rate ratio EP =EP and half-lives and EP for the isotope Mo, assuming the nuclear matrix
element = 5.850 [18] and the effective Majorana neutrino mass = 50 meV. 

 [y ] EP  [y ] EP  [y] EP  [y]1.887 × 10 7.400 × 10 3.92 × 10 6.24 × 10 1.59 × 10
In Table II, we show analogous results for the 2 and 2 EP

phase-space factors and EP , as well as the decay-rate ratio EP = EP . The 2 half-life for the 0 0
ground-state transition of Mo has been measured experimentally [3], from 
which the value of can be deduced regardless of the details of the 
nuclear-structure theory, and used to predict the 2 EP half-life EP without
any further assumptions; for the unquenched value = 1.269 it follows: = 0.1194. We observe that the decay-rate ratio EP
indicates a relative suppression of the mode 2 EP to be 1 order of magnitude 
lower when compared to the neutrinoless case. Moreover, the absolute half-life EP even turns out to fall within the sensitivity of some of the running
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. 2 and 2 EP phase-space factors and EP , decay-rate ratio EP = EP and half-lives  [3] (which implies the nuclear matrix element:= 0.1194) and EP for the isotope Mo.

 [y ] EP  [y ] EP  [y] EP  [y]3.809 × 10 1.367 × 10 3.59 × 10 7.10 × 10 1.98 × 10
In Fig. 1, we compare the calculated 0 and 0 EP single-

electron spectra. These are represented by differential decay rates 1 d d
(with the former normalized to unity) as functions of the electron kinetic energy 

. In particular, we consider the 0 0 ground-state transition of the 
isotope Mo ( = 3.034 MeV), which had been extensively used in the NEMO 
3 experiment [4]. From the obtained phase-space factor EP it follows that the
single-electron mode 0 EP constitutes a sharp peak at the endpoint of the 0 single-electron spectrum, i.e., the free electron effectively carries away 
the entire released kinetic energy . For illustration purposes, we present the 0 EP peak as a Gaussian with = 50 keV (which coincides with the desired 
energy resolution of SuperNEMO calorimeters [6]) and exaggerate its height by a 
factor of 10 . From such disproportion it is clear that the 0 EP 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 0 EP for other isotopes. 

Figure 1. Single-electron 0 and 0 EP spectra 1 d d (the former normalized to 
unity) as functions of electron kinetic energy for the isotope Mo ( = 3.034 MeV). The 0 EP peak is represented by a Gaussian with = 50 keV and exaggerated by a factor of 10 . 

In Fig. 2, we show the computed single-electron spectra for the 2
and 2 EP modes, defined as the differential decay rates 1 d d normalized 
to unity, for the 0 0 ground-state transition of Mo ( = 3.034 MeV). We 
immediately observe that the single-electron mode 2 EP exhibits a different 
shape of the spectrum, which should in turn manifest through a slight deformation 
of the measured 2 single-electron spectra. With more than 700,000
positive events coming from approximately 7 kg of enriched Mo 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 2 and 2 EP spectra 1 d d  (normalized to unity) as functions 
of electron kinetic energy for the isotope Mo ( = 3.034 MeV). 

IV. Conclusion

We have examined new modes of 0 and 2 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-beta-
decay 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 0 0 ground-state transition of the isotope Mo, which was the primary source used in the NEMO 3 experiment [4, 19].
We conclude that while the 0 EP mode is strongly suppressed and unlikely to 
be observed in the future experiments, the 2 EP 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 0 EP and 2 EP for the isotope Se [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.
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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

2 2 -7 d. 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 

2/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

2.
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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, 
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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- Q2 for NC and CC e p and e+p scattering 
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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 -exchange contribution, 
while at high Q2 they are about the same demonstrating electroweak unification at 
Q2 around MZ

2, MW
2. Also, e+p NC and e-p NC are the same at low Q2, in the -

exchange domain, and differ at high Q2 mainly due to Z 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, 

)xs+xd(y)-1(+)cx+ux(~ 2p+e
cc

)sx+dx(y)-1(+)xc+xu(~ 2p-e
cc ,

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 e p 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 e p 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 Q0

2 =
1.9 GeV2 and are based on data with Q2 above 2

minQ = 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 Q0

2. Experimental uncertainties of the fit were determined using 
the Hessian 2 = 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, 
different 2

minQ , with an alternative gluon parameterization and with a scan of
s(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 axial-
vector 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, sin2
W

with combined EW+QCD parameter fits. The value extracted by the ZEUS fit for 
MW is M = 80.68 ± 0.28 (experimental/fit) -0.01

+0.12(model) -0.01
.23(parameterisation) GeV .
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The on-shell value of sin2
W obtained by ZEUS fit was determined as

sin = 0.2252 ± 0.0011 (experimental/fit) -0.0001
.0003(model) -0.0001

.0007(parameterisation).

The values of sin2
W 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 
momentum in the Breit frame, Pjet,with 5.5 < Q2< 80 GeV2 and Pjet> 4.5 GeV (for
inclusive jets).

Figure 7 shows double-differential cross sections for normalized inclusive jet 
production in neutral current DIS as function of Q2and Pjet. 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 
<Pjet< 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 
production in neutralcurrent DIS as function of Q2and Pjet. 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, P and P , respectively, in the 
ranges 5 < P <50 GeV and 5.5 < P <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 
predictions to the NLO predictions as function of Q2and Pjet. 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, s(MZ s r). 
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 r  and the 
value of s(MZ

2. 

s r) is calculated from s(MZ) by applying the solution for the 
s r). 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 r< 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 s(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. s r) (upper panel) and of the 
equivalent values of s(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 s(MZ r 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 l

Differential cross sections are obtained as functions of the fraction of the incoming 
photon energy that is given to the photon and the jet, x , fraction of proton energy 
taken by the parton that interacts with the photon xp, azimuthal angle between the 

photon and the prompt photon and the 
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and pseudorapidity difference between the prompt photon 
.

FIGURE 11. Differential cross sections in (a) x , (b) xp (e) 
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) x , (b) xp
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, x and distributions
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 co
= 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 s 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± p m±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± pmm 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± pmm decays. In particular the decay mode
K± p m±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± p±c decay, and then they may be detected via  c m+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± p 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 150 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 strip-
shaped 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± p m±m± (LNV) and K± p±m+m- (LNC) decays mediated by a short-
lived resonant particle are indistinguishable from a three-track decay.  
K± p±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 

105



transverse momentum of three tracks with respect to the beam axis is below 0.01 
GeV/c.

Figure 1: Lepton number violating  K± p m±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± pmm 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± p±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± pmm
hypothesis must satisfy the requirement of |M(p m±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± pmm  samples, when
searching for resonances: |Mij – MX| < 2s(Mij), where  Mij is the invariant mass of 
the pair (ij = p±m or 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 and m+m- pairs. The precise evaluation of acceptance for K± m±X and
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K± p±X decays with a subsequent X p±m or X m+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± p±.

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± p m±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± p m±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± p±m+m-) (0.8%), B(K3p)(0.73%) and
B(K± p+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) / (dN2

obs+dN2
exp),

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± m±N4)B(N4 p m±)

Figure 4: Obtained upper limits at 90% CL on B(K± m±N4)B(N4 p±m )
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Figure 5: Obtained upper limits at 90% CL on B(K± p±c)B(c m+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± p m±m± decay and resonances in K± pmm 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± m±N4)B(N4 p m±) and B(K± p±X)B(X m+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 π0 electromagnetic transition form factor slope parameter from 1.11× 106

fully reconstructed K± → π±π0
D , 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 π0 decays from the
earlier kaon experiment NA48/2 at CERN are also reported.
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I. The π0 electromagnetic transition form factor slope

parameter

The π0 decays almost instantaneously via the electromagnetic interaction with two

photons. The second most important decay channel, the so-called Dalitz decay

(π0
D), is π0

D → e+e−γ and proceeds via the same π0 vertex with probability

(1.174± 0.035)% [1]. In the π0
D process one of the two photons from the π0 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 :

x =

(
Mee

mπ0

)2

=
(pe+ + pe−)

2

m2
π0

y =
2pπ0 (pe+ + pe−)

mπ0 (1− x)
(1)

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

r2 ≤ x ≤ 1 − β ≤ y ≤ β where r =
2me

mπ0

and β =

√
1− r2

x
(2)

where me and mπ0 are the the corresponding PDG [1] masses of e± and π0.

The differential decay width is [2]

d2Γ
(
π0
D

)
dxdy

=
α

4π
Γ
(
π0
2γ

) (1− x)
3

x

(
1 + y2 +

r2

x

)
(1 + δ (x, y)) |F (x)|2 (3)

where Γ
(
π0
2γ

)
is the π0 → γγ decay width, the function δ (x, y) describes the

radiative corrections and F (x) is the electromagnetic transition form factor (TFF)

of the π0 to a real and virtual photon. The TFF describes the deviation of this

transition from a point-like interaction. It is also an input to the computation of

the π0 → e+e− decay rate [3], as well as the hadronic light-by-light scattering

contribution to the muon anomalous magnetic moment (g − 2) which at present

contributes the second largest uncertainty on its Standard Model value [4].

The function F (x) is expected to vary slowly in the kinematic region of the π0
D

decay and it is usually approximated by a linear expansion F (x) = 1 + ax , where

a is the slope parameter. The TFF slope has been determined in the time-like

momentum transfer region by measuring the π0
D decay rate [5] [6] [7] [8] [9], all

including radiative corrections. The TFF has been also measured in the space-like

momentum transfer region in the reaction e+e− → e+e−π0 , where the π0 is

produced by the fusion of two photons radiated by the incoming beams and decays

to two detected photons [10]. The current world average a = 0.032 ± 0.004 [1]

is obtained from time-like measurements and the extrapolation of space-like data

using a vector meson dominance (VMD) model. So a comparison of TFF slope

prediction with model independent measurement represents a remarkable test of the

theory models.
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i. The π0 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+π0 (K2π) decay channel. The mean free path of the neutral pion in the

NA62 experimental conditions is negligible (fewμm). An analysis of 1.11×106K2π

decays followed by the prompt π0
D decay (denoted K2πD) using the full NA62 2007

data set has been performed: a model-independent measurement of the π0 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

Figure 1: Layout of the NA62 experimental setup.

particles were measured by a spectrometer composed of four drift chambers (DCH)

and a dipole magnet placed between the second and third chamber providing a

transverse momentum kick of 265MeV/c. The measured momentum resolution was

σp/p = 0.48% ⊕ 0.009%ṗ, where the momentum p is expressed in GeV/c. The

spectrometer was housed in a tank filled with helium at nearly atmospheric pressure.
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The photons were detected and measured by a liquid krypton (LKr) electromagnetic

calorimeter, which is a quasi-homogeneous ionisation chamber with a thickness of

127 cm, corresponding to 27X0. The LKr volume is divided into 13248 cells of

about 2 × 2 cm2 cross section without √longitudinal segmentation. The measured

energy resolution was σE/E = 3.2%/ (E) ⊕ 9%/E ⊕ 0.42%, and the spatial

resolution for the transverse coordinates x and y was 0.42 cm/
√
E ⊕ 0.06 cm wherethe energy is given in GeV in both cases. A scintillator hodoscope (Hodo) was

located between the spectrometer and the LKr calorimeter. It consists of a set of

scintillators arranged into a plane of 64 vertical counters followed by a plane of 64

horizontal counters. Each plane was divided into four quadrants of 16 counters

providing a fast trigger signal for charged particles. The time resolution of the Hodo

was ∼ 150 ps.

The analysis is based on the full data set collected during 4 months in 2007,

corresponding to about 2×1010K± decays in the vacuum tank. A total of 65%

(8%) of the K+ (K−) flux was collected in single-beam mode while the remaining

27% were collected with simultaneous K± beams with a K+/K− flux ratio of 2.0.

The 100 kHz kaon decay rate in the vacuum volume during the spill enabled the

use of a minimum-bias trigger configuration with a highly efficient trigger chain

optimised to select events with at least one electron track. The low level hardware

trigger required a coincidence of hits in at least one hodoscope quadrant in both

planes, upper and lower cuts on the hit multiplicity in the drift chambers, and a

minimum total energy deposit of 10 GeV in the LKr calorimeter. The high level

software trigger (HLT) condition required at least one track with 5 GeV/c < p < 90

GeV/c and E/p > 0.6, where E is the energy reconstructed in the calorimeter and p
is the momentum reconstructed in the spectrometer. Downscaled minimum bias

trigger streams were collected to evaluate the trigger efficiencies.

III. Montecarlo simulation

Monte Carlo (MC) simulations of the K2πD decay chain and two other K±

decay chains producing π0 Dalitz decays, K± → π0
De±ν and K± → π0

Dμ±ν
(denoted Ke3D and Kμ3D, respectively), were performed with a π0 TFF slope

aMC = 3.2× 102. Separate simulated samples, proportionally to the number of

kaon decays recorded, were produced for each data taking condition. The total

simulated sample amounts to 386 M K2πD, 105 M Kμ3D and 103 M Ke3D events

within the fiducial decay r egion. All these modes contribute to the π 0
D sample,

although the selection is optimized for K2πD. The radiative corrections to the total

and differential π0
D decay widths have been studied extensively since their effect is

comparable to the effect of the TFF. The first study of radiative corrections was done

in [13] and extended in [14], where diagrams in figures 2 and 3 were considered.

Recent improvements in [15] include additional one-loop one-photon irreducible

contributions (see figure 4) and they have been applied in this s imulation. Higher

order correction terms not included in the simulation contribute to the slope by
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Figure 2: Virtual radiative corrections to π0
D: (a) correction to the QED vertex and (b)

vacuum polarization insertion

Figure 3: Bremsstrahlung corrections to π0
D

Figure 4: One-loop one-photon irreducible contribution to π0
D
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|a| < 0.01× 102, which is considered as a systematic uncertainty.

IV. TFF measurement

i. 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±π0 masses should

be close to the nominal ones: Meeγ in the range (115 − 145)MeV/c
2

and

Mπ±π0 in the range (460− 520)MeV/c
2
. 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.

The selection was restricted to area with Dalitz variable x > 0.01 because a 1%

deficit in the data/MC ratio was observed for events with x < 0.01 due to the steeply

falling acceptance.
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Figure 5: Reconstructed π±π0 (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 π0 TFF slope parameter is:

a = (3.70± 0.53stat ± 0.36syst)× 10−2 (4)

A comparison with previous π0 TFF measurements is shown in figure 7 . The

measurement performed by NA62 is in good agreement with theoretical expecta-

tions and previous measurements, and represents the most precise experimental

determination of the slope in the time-like momentum transfer region.

V. A related research: dark photon

In a rather general set of hidden sector models with an extra U(1) gauge symmetry

[16], the interaction of the dark photon (DP, denoted A’) with the visible sector

proceeds through kinetic mixing with the Standard Model (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.

Figure 7: Results on the TFF slope from π0
D 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 ε2. Its possible production in

the π0 decay and its subsequent decay proceed via the chain π0 → γA′, A′ → e+e−.

The expected branching fraction of the above π0 decay [18]:

BR(π0 → γA′) = 2ε2
(
1− m2

A′

mπ0

)3

BR
(
π0 → γγ

)
(5)

In the DP mass range 2me < mA′ < m0
π 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]:

ΓA′ ≈ Γ
(
A′ → e+e

)
=

1

3
αε2mA′ 1− 4m2

e

m2
A′

(
1 +

2m2
e

m2
A′

)
(6)

It follows that, for 2me << mA′ < m0
π , the DP mean proper lifetime τ ′A satisfies

the relation

cτA′ = h̄c/ΓA′ ≈ 0.8μm

(
10−6

ε2

)
×

(
100MeV/c2

mA′

)
(7)

The DP is assumed to decay at the production point, which is valid for sufficiently

large values ofmA′ and ε2. In this case, the DP production and the signal decay chain

has the same particles in the final state as the π 0
D decay, which therefore represents

an irreducible but well controlled background and determines the sensitivity. The

result of the analysis of the full data set of NA48/2 counting in total 1.69× 107π0
D

reconstructed events is reported. The π0
D events are selected from kaon decays

K2πD and Kμ3D. The two event selections are identical up to the momentum,

invariant mass and particle identification conditions. A scan for a DP signal in the

mass range 9MeV/c
2 ≤ mA′ ≤ 120MeV/c2 is performed. The lower boundary

of the mass range is determined by the limited accuracy of the π0
D background

simulation at low e+e− mass. At high DP mass approaching the upper limit of

the mass range, the sensitivity to the mixing parameter ε2 is not competitive with

the existing limits due to the kinematic suppression of the π0 → γA′ decay. The

obtained upper limits on the numbers of DP candidates in each mass hypothesis

considered are presented in figure 8 ( left). The obtained upper limits at 90% CL

on the mixing parameter ε2 for each DP mass value are shown in figure 8 (right),

together with the constraints from other experiments.

The obtained limits are more stringent than the previous ones in the mass range 9-70

MeV/c2. In combination with other experimental searches, this result rules out the

DP as an explanation for the muon (g − 2) measurement under the assumption that

the DP couples to quarks and decays predominantly to SM fermions.
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Figure 8: Left: Numbers of observed data events and expected π0
D 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 ε2 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 π0 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].

Improved limits in the 9-70 MeV/c
2

mass range of the dark photon search in π0

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.
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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.
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The NA62 experiment at CERN SPS is designed to measure the branch-

ing 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 The NA62 experiment

1.1 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 de-

cay K+ → π+νν collecting about 100 events in two years of data taking [2].

This decay, with its neutral partner KL → π0νν, 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 dom-

inated by the current precision of the CKM mixing matrix input parameters.

The strong suppression of the SM contributions and the remarkable theo-

retical precision of the SM rate make this decay a powerful probe for possible

new physics, complementary to direct searches at the LHC and potentially sen-

sitive to much higher energy scales. The combination of the Branching Ratio

of these two decays (K+ → π+νν and K0 → π0νν) 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) =
17.3+11.5

−10.5 ×10−11, was obtained by the E787 experiment and its upgrade E949

at BNL (from 1995 to 2002) which collected seven events [3]. NA62 aims to

improving the measurement of this Branching Ratio reaching a precision of

at least 10%: the experiment is currently in data taking and the performances

achieved in 2015 will be discussed.

1.2 NA62 Experimental Setup
NA62 uses the SPS 400 GeV/c proton beam from the SPS in order to produce

K+ decaying in-flight.
The total beam rate at the end of the beam line is of the order of 750 MHz

but kaons are about 6% of the flux. Downstream detectors aren’t affected by

this large flux because the undecayed particles remain inside the beam pipe;

the integrated rate over these detectors is of the order of 10 MHz.

The downstream detectors start about 100 m after the beryllium target and

are distributed along 170 m longitudinally; the fiducial region for decays ex-

tends from 100 m to 165 m after the target. Detectors have an approximate

azimuthal symmetry around the beam axis, with an inner hole to let the high
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flux of undecayed particles pass through without hitting the downstream detec-

tors.

The NA62 experimental setup [1], shown in figure 1, consists of these de-

tectors:

• 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 down-

stream, and a resulting error in the calculation of the missing mass. Be-

tween 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 photo-

multipliers (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 ver-

tex, 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 sec-

ond 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 direc-

tion 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 in-

teractions 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 Experimental strategy
The K+ → π+νν signature is one track in the final state matched in time with

one K+ track upstream the decay region and nothing else, because the two neu-
trinos are undetectable. Backgrounds can originate from all the kaon decays

that result in a single detected charged track with no other particles, or from

beam related activity. Kinematic reconstruction is a useful rejection technique:

the squared missing mass distribution of the signal, m2
miss

def= (PK − Pπ+)2

(where PK and Pπ+ are, respectively, the 4-momenta of the kaon and the

charged particles produced from kaon decay under the π+ mass hypothesis),
has a three body decay shape, while more than 90% of the charged kaon decays

are mostly peaking, as shown in figure 2.

The distribution of the m2
miss for the signal and the main decay modes led

to define two signal regions, where the main backgrounds should be limited by

the kinematic constrains, around the K+ → π+π0 peak. Semileptonc decays,
radiative processes, main kaon decay modes via reconstruction tails and beam

induced tracks span across these regions. Therefore kinematic reconstruction,
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Figure 2: m2
miss 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 coinci-

dences 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 identification a nd t he k inematic and

photon rejection. A single track selection was chosen as a preliminary step

towards the K+ → π+νν measurement. We selected tracks reconstructed in
the STRAW spectrometer matching with CHOD signals and with energy de-

positions in calorimeters. The CHOD signals define the track time with 200 ps

resolution. A single track event is defined by a track not forming a common

vertex with any other in-time track within the decay region. The position of the

vertex is defined using using a Closest Distance of Approach (CDA) less than

1.5 cm between two tracks. The downstream track has to match a Gigatracker

track in time and space, forming a vertex in the decay region with it, in order
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Figure 3: m2
miss distribution under π+ mass hypothesis as a function of the

momentum of the track measured in the straw spectrometer after selection for

single track from kaon decays (left). Same distribution as left-side picture, but

asking for single track without a positive kaon tag in time in KTAG (right).

to select events originating from kaon decays. The Gigatracker track has to

be in-time with a kaon-like signal in KTAG. On the right, the KTAG is used

to select events related to kaons. Time resolutions of the KTAG and GTK are

found to match the design values (100 and 200 ps respectively). The m2
miss

distributions for the 2015 data, recorded at low intensity, are shown in figure 3:

the figure on the left is done with a kaon-like signal in the KTAG, while, in the

second, the KTAG is used in anti-coincidence with a Gigatracker track to select

single track events not related to kaons and shows that decay from beam π+,
elastic scattering of beam particles in the material along the beam line (KTAG

and Gigatracker stations) and inelastic scattering in the last Gigatracker sta-

tion are the main sources of tracks downstream originating from beam related

activity.

The resolution of the m2
miss is measured using the width of the K+ →

π+π0 peak and it is found to be 1.2 × 10−3GeV 2/c4 close to design value.
The resolution as a function of momentum is shown in figure 4. The resolution

is a factor 3 larger if the nominal kaon momentum is taken, instead of the event

by event Gigatracker measured value.

The tracking system of NA62 is also designed to provide a rejection factor

in the range of 104 ÷ 105 for K+ → π+π0 and K+ → μ+ν using m2
miss to

separate signal from backgrounds, respectively. The K+ → π+π0 kinematic
suppression is measured using a sub-sample of single track events from kaon

decays selected by requiring the additional presence of two γs’ compatible with

a π0 in the LKr calorimeter. This constraint defines a sample of K + → π+π0

with negligible background even in the signal m2
miss regions, allowing the

study of the far tails of the m2
miss. The measured K+ → π+π0 kinematic

suppression factor is of the order of 103. The partial hardware Gigatracker
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Figure 4: Resolution of the m2
miss miss vs momentum. Empty squares corre-

spond to the values obtained with the nominal kaon momentum, black points -

with the kaon momentum measured by GTK.

arrangement used in 2015 mainly limits the suppression because of m2
miss tails

due to beam track mis-reconstruction.

The particle identification o f NA62 i s d esigned t o s eparate π + f rom μ+

and e+ in order to guarantee at least 7 order of magnitude suppression of

K+ → μ+ν in addition to the kinematic rejection. The identification of sec-
ondary charged particles is done employing together RICH and calorimeters.

The K+ → π+π0 sample used for kinematic studies and a pure muon sample

of K+ → μ+ν were used to study the π+ − μ+ separation in the RICH. The

required muon contamination of 1% was achieved with a π+ ID efficiency of
80% measured in a momentum region between 15 and 35 GeV/c. The RICH

provides also an even better separation between π+ and e+. The same π+

and μ+ samples allow the calorimetric muon-pion separation to be investi-
gated. Simple cut and count analysis provide a muon suppression factor within

104 ÷ 106 for a π+ efficiency in a 90% ÷ 50% r ange. Several analysis tech-
niques are under study to get the optimal separation.

The photon veto system is designed to suppress decays with photons in the

final s tate. For photons from π 0 decays the rejection power provided by LAV,
LKr, IRC and SAC detectors should be at least 8 orders of magnitude. The

measured π0 veto inefficiency on the 2015 data is statistically l imited at 106

(90% CL) as an upper limit. The corresponding signal efficiency is above 90%,

being the losses mainly due to π+ interactions in the RICH material producing
extra clusters in LKr. To conclude, the preliminary analysis of the low intensity

2015 data shows that NA62 is approaching the design sensitivity for measuring

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 π0 physics can take advantage of the perfor-

mances of the electromagnetic calorimeters and processes like π0 → 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 appa-

ratus open the possibility to search for long living particles through their de-

cays, 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 pro-

gram 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
fb 1) and on partial of 8 TeV data ( 5 fb 1). Since that time both experiments 
recorded another 20 fb 1 of 8 TeV data in 2012 and about 40 fb 1 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-Standard-
Model (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 H 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 H is O(10 pb). The ggF mechanism provides main, 
about 90%, contribution to the H
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 bb
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 WW channel (here and further 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 ZZ (BR 1.3×10-4) and the H

(BR 2.3×10-3). In the last case a signal is searched above strongly 
overwhelming background. Expected signal event rates normalized to 15 fb 1 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 fb 1

LHC data samples taken at 13 TeV (column 4) for the most important SM Higgs 
boson decays. 100% detection efficiency is assumed

Decay mode BR, % Observability Event rates
H bb 57.5 ± 1.9 Mainly in VH and ttH production 10000
H WW 21.6 ± 0.9 Leptonic decays of both W’ 7000
H gg 8.56 ± 0.86 No good experimental signature
H 6.30 ± 0.36 Mainly in VBF production 4000
H cc 2.90 ± 0.35 No good experimental signature
H ZZ 2.67 ± 0.11 Leptonic decays of both Z’ 100
H .228 ± .011 Big continuum background 2000
H Z .155 ± .014 Leptonic decays of Z 100
H .022 ± .001 Big continuum background 200

2 The SM Higgs boson searches at 13 TeV 

The H ZZ  4 signature is two pairs of isolated, opposite-sign leptons. The 
invariant-mass distribution, m4 , 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 meas

H=81+18
16 pb. It agrees with the SM within

1.6  ( SM
H=55.5+3.8

4.4) pb. So the 13 TeV result is compatible with the previous 
one obtained at 8 TeV. 

(a) (b)

Figure 1. (a) Predicted total H 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 ZZ  4 decay 
mode in the ATLAS experiment [8].

The H 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 m resolution and signal-to-
background ratio and optimized for the best separation of the Higgs boson 
production processes. The m -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 4.7 significance is seen around 125 GeV. The value of the 
signal strength in the SM units is measured to be  = meas/ SM = 0.85 ± 0.21.

The results obtained for the individual channels H ZZ  4 [8] and H
[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 = 1.13 ± 0.18, in good 
agreement with the SM prediction.  The measured cross section is also compatible 
with the SM expectations. 

The VH bb + 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 ET

miss depending on 
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Figure 2. The measured two-photon invariant-mass distribution in the H
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 ZZ  4 and 

H decay modes [10], (b) total pp H + 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 (0 leptons), W (one lepton) and Z (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 bb decay. The measured 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 bb 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 is 2.1 ± 1.0 [12] which is compatible with the SM ttH hypothesis. The 
second signature contains multiple leptons mostly from the H WW and H
decays. Here the measured is found to be 2.5 ± 1.2 [13]. In the third signature 
the decay H 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 background-
only hypotheses. The combined result is meas/ SM =1.8 ± 0.7 [14], so the ttH-
production is established at the 2.8 level in the ATLAS experiment.

The H signature is a small peak at the value of mH in the invariant-mass 
distribution of isolated, opposite-sign muons above strongly overwhelming Drell-
Yan background. To increase the signal sensitivity events are categorized. The 
ATLAS experiment is able to exclude meas/ SM 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 H ). 
Four masses mh, mH, mA, mH , mixing angle between the light and the heavy 
neutral Higgs boson, and the ratio tan 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 [16], H WW [17], H
WW qq [18], H ZZ [8], H ZZ [19], H ZZ
[20], H ZZ qq [20], and H Z [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 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 3.4 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 m -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 ) lies between 0.2 fb and 13 fb 
depending on the value of m .

The mass range between 300–3000 GeV is covered by the H WW e
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 H × BR(H WW) 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
decay mode in the ATLAS experiment [22].

(a) (b)

Figure 6. The measured 95% CL upper limits as a function of mH on H × BR(H
WW) 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 ZZ  4 channel. No significant 
excess is observed in the search mass range 200–1000 GeV (Fig. 7). The resulting 
upper limits on H × BR(H 4 ) 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 S × BR(S 
ZZ 4 ) 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 H × BR(H ZZ) are also put using the H ZZ
[19], H ZZ [20] and H ZZ qq [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 Z decay channel, where X is hypothetic
scalar state, it is concluded that the 95% CL upper limit on the X × BR(X Z )
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 X × BR(X 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 b-
quarks. The mass range between 200–1200 GeV is covered by the A/H decay 
channel. Among possible final states with two -leptons only those with hadrons 
(hh) and with a lepton and hadrons ( ) are considered. Results are interpreted in 
the MSSM benchmark scenarios. The 95% CL upper limits on A/H × BR(A/H 

) 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 H × BR(H
ZZ) for the ggF production in the channel (top left), ggF production in 

the qq channel (top right), ggF production in the qq channel (bottom left) 
and VBF production in the qq 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 X × BR(X 
Z ) (a) and on X × BR(X WW) (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 final state. 

The mass range for the H tb searches is between 300–1000 GeV [25]. Multi-
jet 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 H × BR(H tb) 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 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 H × BR(H/A )
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 H×BR(H+ tb) (a) 
and on tan in the MSSM mmod-

h scenario  (b) in the ATLAS experiment [25].
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The mass range for the decay searches is between 300–2000 GeV [26]. Final 
states with one -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 H × BR(H ) vary from 2 pb at mH =200 GeV to 8 fb at mH =2000 GeV. 
Very large values of tan 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 H × BR(H+ )
(a) and on tan 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 WW [27] and hh bbbb
[28] decay channels; in the first case and qq 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 gg X × BR(H hh) 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 gg H × BR(H

hh bbbb) 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 ZZ  4 and H channels. This number becomes 125.09 ± 0.24 GeV 
when combined with the CMS measurements [30]. The signal strength in 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 ZZ  4 , H , H WW , H and H 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 Value Ref. Comment
Mass, GeV 125.36 ± 0.41 [29] 125.09 ± 0.24 with the CMS
Average 1.18 ± 0.15 [31] 1.09 ± 0.10 with the CMS

for H 1.17+0.28
-0.26 [31] 5.2 (discovery)

for H 4 1.46+0.40
-0.34 [31] 8.1 (discovery)

for H 1.18+0.24
-0.21 [31] 6.5 (discovery)

for H 1.44+0.42
-0.37 [31] 4.5 (evidence)

for H bb 0.63+0.39
-0.37 [31] 1.4 (no evidence)

for ggF 1.23+0.23
-0.20 [31] 1.03+0.17

-0.15 with the CMS
for VBF 1.23+0.32

-0.32 [31] 1.18+0.25
-0.23 with the CMS

for VH 0.80 ± 0.36 [31] 0.84+0.40
-0.38 with the CMS

for ttH 1.81 ± 0.80 [31] 2.3+0.7
-0.6 with the CMS

Spin/parity 0+ [32] and modes
Width, MeV 22.7 (95% CL) [33] Off-shell H ZZ/WW
BR(H inv.) 0.28 (95% CL) [34] Important for WIMP searches

with 5 significance. The resulting signal strength from two LHC experiments is 
found to be 1.09 ± 0.10 [7]. Analyzing the H ZZ , H WW e and 
H decay modes, we conclude with very high confidence level that a spin-
parity of the Higgs boson is 0+, as predicted by the SM [32]. From the off-shell 
measurements of the H ZZ  4 and H WW 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 inv., which is interesting 
for WIMP searches. The upper limit on BR(H inv.) 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 fb 1 of the 13 TeV LHC data, the 
ATLAS obtained preliminary results reconfirming the Higgs boson discovery in 
the 4 and 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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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 e3 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 -decay decay ( e3) 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 e3 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 e3 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 e3 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 ( ) 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 

2 2
1 2( , ) = ( ) ( ) ,' ' 'p p p p q p p2 2

2( ) ,2 2
2

'
111 ( 2(((11 (1) 

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

symmetric functions of 2'p and 2p and arbitrary functions of 2q and the 

physical mass m  of the charged pion. The factor 2 2'p p 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 11  and 22 :

1 1
2 2 2 2 2 2 2

2 12 2

( ) ( )( , , ) = ( , , ),
'

' '
'

p pq p p q p p q
p p

2 2 2
2 12 2

( ) ( )1

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

p p
(1( )( ))

(2) 

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

2 2 2
2 2 2 1

2 2

1 ( , , )( , , ) = .m m qm m q
q

2 2
1( 2 2
1 , ,2 2

2 ( ,2 2,,

In the vicinity of 2 = 0q , the form factor 11  can be expanded to give 
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2 2 2
2

1( , ,0) = ,
6 v

m m r2 2
2 ( ,2 2,,

where 2

v
r 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. 11  and 22  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). 

22  with two on-shell legs 2 2 2= ='p p m does not contribute to the 

current. Off the mass shell, however, 22 does contribute, and its contribution is 

uniquely determined by the WTI. Isotopic rotation of 22  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 2 2 2( , , )a '
i p p q2 2( ,2 2a '(i p p,,

that are symmetric in 2'p and 2p takes the form 
2 2

1 1

2 2
2 2

( , ) = ( ) ( )

( ) ,

a ' ' a ' a

' a a

p p p p p p

q p p

2 2
1 1)2 2a '(( a
11 1

2(((1 (

2 ,22
a a

222

(3) 

The lower index  indicates the symmetry with respect to permutation of the 
isospin indices: =a a

i ii ii=a a
i ii . 

If there were no isospin symmetry breaking, we could have =a a
i iT=a a
i iT i , as

there are no other (2)SU  generators, and = 0a
i = 0a
i , implying that 

2 2 2( , , )a am m q T .

In order to find relationships for 2 2 2( , , )a '
i p p q2 2( ,2 2a '(i p p,, , 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 

=2 2
2 2 2 2 2

2 2

1/ ( ) 1( , , ) = [ ( ), ] ,
T

a a JD qm m q m m T
q

2
2 (a 2( 2 ,,2  (4) 

2 2 2
2 2 2 1

2 2

1 ( , , )( , , ) = .a a m m qm m q T
q

2 2
1 ( ,2 2
1 ,,2

2 (a 2( 2 ,,2 (5)
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As a consequence of elastic unitarity and analyticity, the 2q dependence of the

on-mass-shell form factor 2
a

2
a is determined by the Jost function

24

( )( ) = exp( ),
( )

T ' '
T
J ' 'm

s s dsD s
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 
0

5( ) | (1 ) | ( ) = 2(( ) ),' 'p d u p p p f q f (7) 

 where = ( )'q p p . 
The exact CVC condition implies 

= 0.f (8) 
Partial CVC yields 

=1 =20 2 2
2 2

= .
6

T T

v s

m m
f r r (9) 

The isovector radius squared is determined by the electromagnetic form factor of 
the charged pion, whereas the isotensor one can be found from the low- 2q
expansion of the Lorentz scalar π+π0 transition form factor. Remarkably, for a 
dressed vertex, the W  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 
2 2'p p and for low momentum transfers,

2 2
2 =1= .6

'
T
v

p pf r (10) 

The WTI of broken symmetry implies, to first order in 2
0

2 2=m m m
and the displacement 2 2'p p  and for low momentum transfers, 

2 2
02 =1 2 =2

2 2
= .

6 6

'
T T
v s

m mp pf r r (11) 

The on-shell form factor 1
a

1
a is independent of both the gauge and the

parameterization. By virtue of Eqs. (4) and (5), the on-shell form factors 2
a

2
a are

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

a
2
a , whereas 2

a
2
a has smallness of 2( )O m . We thus 

conclude that the longitudinal component of ( , )a 'p p  is uniquely defined in 
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the neighborhood of the mass shell to first order in the pion mass splitting and the 
displacement 2 2'p p . In the neighborhood of the mass shell, the longitudinal 
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] 

=1 22 = 0.672 0.008fm
T

v
r .

We employ the dispersion techniques for numerical estimation of the pion 
radius 2 =2T

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

in the vicinity of = 0s , we obtain

2

2
24

6 ( )= .
T '

T '
s 'm

sr ds
s

(12)

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

=22 2= 0.10 0.05fm
T

s
r

and, with the help of Eq. (9), 
3= (2.97 0.25) 10 .f (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 

estimated to give 3/ = 0.94 10B B f ; the additional small factor in f-

arises 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 0

and 0K K  decays could be more promising.

5. 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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Abstract

We study the effects of supersymmetry with non-minimal flavor violation

in the rare kaon decay, K+ → π+νν̄ . 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,

OL = (s̄γμ PLd)(ν̄lγμ PLνl), (1)

contributing to the amplitude of K+ → π+νν̄ . 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]

Ls.d. =
4GF√

2

α
2π sin

2 θW
∑

l=e,μ,τ
(XLOL +XROR). (2)

With the approximate isospin symmetry, the non-perturbative matrix elements of

this operator can be extracted from the tree-level K+ → π0e+νe decay [4]. The pre-

cise way in which the Wilson coefficients XL,R enter the branching ratio is straight-

forward 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]

B(K+→ π
+

νν̄)SM = (7.62+0.69
−0.70)×10−11. (3)

On the experimental side, the value measured by E-787, E-949 at Brookhaven
equals [8, 9]

B(K+→ π
+

νν̄)exp. = (1.73+1.15
−1.05)×10−10. (4)

The NA62 experiment at CERN started taking data recently and is expected to im-
prove 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

+
νν̄ 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

M 2
q̃ =

(
M 2

q̃,LL M 2
q̃,LR

M 2
q̃,RL M 2

q̃,RR

)
, (5)

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

M 2
ũ,LL =VCKMM 2

d̃,LLVCKM
†. (6)

According to the standard notation, we introduce dimensionless parameters origi-
nating in general flavor structure of the soft supersymmetry breaking terms,

δ
i j
q̃XY =

(M 2
q̃,XY )

i j√
(M 2

q̃,XX )
ii(M 2

q̃,YY )
j j
, (7)
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δ23∗ũLL δ13ũLL

c̃ ũ

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 Z0
propagator connects to any of the stop, chargino, or quark line.

|Vus|= 0.2253±0.0008 [17] |Vub|= (3.28±0.29)×10
−3

[18]

|Vcb|= (38.94±0.76)×10
−3

[18] γ = (73.2+6.3
−7.0)

◦
, [19]

B(B → Xsγ) = (3.12±0.23)×10
−4

[20] εK = (2.23±0.25)×10
−3

[5, 17]

B(B0 → μμ) = (3.9±1.6)×10
−10

[18] ΔMd = 0.506±0.090 ps
−1

[18]

B(B0
s → μμ) = (3.1±0.5)×10

−9
[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].

Q̃

with i = j being flavor indices, while X ,Y equals L or R denoting scalar partners

of quarks with different chiralities. Hermiticity of 5 requires δq̃,RL = δq̃,LR
†
.

In the literature the dependence of the kaon decay amplitude on the δũ,RL has

been investigated in a detail [1, 10–13]. However, this mass insertions are con-

strained by the vacuum stability bounds [14, 15] and for the current limits on the

stop and chargino masses their effects are rather limited. Instead, as we suggested

in our previous analysis [16], for the large values of the soft supersymmetry break-

ing stop trilinear coupling At , motivated by the observed value of the Higgs mass,

the non-negligible effect may come from the left-left block of the squark mass ma-

trix 5. In the mass insertion approximation, this contribution can be represented

by the second loop diagram in Figure 1.

For our numerical analysis publicly available program SUSY FLAVOR 2.54
[21–23] has been used. The CKM parameters as well as the experimental con-

straints that we have taken into account are listed in table 1. Regarding the su-

persymmetric parameters, we used the unification condition for gaugino masses,

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 con-

straints coming from meson mixing processes are partialy reduced. Higgsino

mass has been fixed a t μ = 7 00 G eV, w hile t he d iagonal s quark s oft masses

were m = mq̃ = 1.3 TeV. We have performed numerical scan through the values

tanβ ∈ 〈3,7〉 and |At | ∈ 〈2.5,3.5〉 TeV. Finally, the left-left mass squark insertions
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Imδ13ũLLδ
23
ũLL
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Figure 2: Left: the ratio of the calculated decay rate over the standard model pre-

diction for the K+ → π+νν̄ decay and its dependence on the δũL
13

LδũL
23

L
∗
. Right:

deviations of the kaon decay branching ratio from the standard model predic-

tion. Light-yellow points correspond to difference smaller than 10%, orange points

within 10%−20% and red points to more than 20%.

were varied within δ i
ũL

j
L ∈ 〈−0.4,0.4〉. The results of this analysis are depicted

in Figure 2. It is clearly visible in the right plot that the decay branching ratio is

particularly sensitive to the combination δũL
13

LδũL
23

L
∗
. This dependence is shown in

the left plot were one can note that few points exceed the deviations of 30% from

the standard model expectation. Although such an effect could be observed at the

ongoing NA62 experiment, we note that for these points significant amount of tun-

ing is required to overcome the experimental constraints from the other processes

listed in Table 1.

3 Conclusions

We conclude that for the rare kaon decay, K+ → π+νν̄ , measurable effects can be
induced by non-zero values of the left-left squark mass insertions. We emphasize

the sensitivity of the branching ratio to the combination δũL
13

LδũL
23

L
∗
, that can be more

significant than the left-right insertions. The latter were found important in earlier

studies. Even though larger effects require fine tuning to overcome the other flavor

changing constraints, understanding the sensitivity of the decay remains important.

This is especially true in the case of direct discovery of squarks at the LHC. In that

case, processes constraining their mass matrices will be important and rare kaon

decays may turn out to be very useful.
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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 gen-

erating the quark confinement. The model is applied to two chosen rare heavy

meson decays B → K∗μμ and Bs → Φμμ: we compute several observables and

present the results in form of graphs and tables.

1 Introduction
Rare heavy meson decays are suitable test field f or p ossible m anifestations o f new

physics: hypothetical new particles could contribute into loops of the corresponding

Feynman diagrams and modify accordingly the whole decay process. Nowadays these

reactions attract a lot of attention because they become accessible experimentally and

several types of these decays were measured, some even with the angular information.

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 influenced b y t he way

the hadronic contributions are treated and, for the moment, we do not know how to

compute them from first p rinciples. A model-dependent approach is therefore usually

adopted and the results may by affected followingly. To suppress the model influence

one often looks for observables with low form factor dependence and good sensitiv-

ity to weak physics (Wilson coefficients). But even in that case, the hadronic effects

cannot by completely neglected.

175



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 tech-

niques known from the quantum field theory. The role of quarks and hadrons is de-

fined 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 con-

stituent 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 concur-

rency 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

JM(x) = dx1 dx2 FM(x,x1,x2) · q̄a
f1(x1)ΓM qa

f2(x2),

FM(x,x1,x2) = δ (x−ω1x1 −ω2x2)ΦM

[
(x1 − x2)

2
]
, ωi =

mi

m1 +m2
.

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

Φ̃M
(−k2

)
= exp

(
k2

Λ2
M

)
,

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 “compos-

iteness 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

Z
1
2
M = 0.

Implementation of this condition into our model (for details see [3, 4]) leads to

1− 3g2
M

4π2
Π

′
M
(
m2

M
)
= 0,

where Π ′
M denotes the derivative of the meson mass operator.

2.3 Computation methods
A general Feynman diagram is written as

Π(p1, ..., p j) = [d4k]�
m

∏
i1=1

Φi1+n
(−K2

i1+n
) n

∏
i3=1

Si3(k̃i3 + p̃i3)

where

K2
i1+n = ∑

i2

(k̃(i2)i1+n + p̃(i2)i1+n)
2.

It contains

• j external momenta

• n quark propagators

• l loop integrations

• m vertices
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and k̃i and p̃i1+n stand for linear combination of loop and external momenta, respec-

tively. We work with the Schwinger representation of the quark propagator

S̃q (k) =
(
m+ k̂

)∫ ∞

0
dαe[−α(m2−k2)]

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

∫
d4kP(k)e2kr=

∫
d4kP

1

2

∂
∂ r

)
e2kr= P

1

2

∂
∂ r

)∫
d4ke2kr,

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

polynomial

∞∫
0

dnα P
1

2

∂
∂ r

)
e−

r2

a =

∞∫
0

dnα e−
r2

a P
1

2

∂
∂ r

− r
a

)
, r = r (αi) , a = a(ΛH ,αi)

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 =

∞∫
0

dnα F (α1, · · · ,αn) ,

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

1 =

∞∫
0

dt δ (t −
n

∑
i=1

αi),

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

Π =

∞→1/λ 2∫
0

dt tn−1

1∫
0

dnα δ
(

1−
n

∑
i=1

αi

)
F(tα1, . . . , tαn).

A cutoff is then applied to this integral (as depicted on the formula above) making

Π a smooth function where thresholds in the quark loop diagrams and corresponding

branch points are removed.
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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

〈
V[q̄3,q2] (p2,ε2) |q̄2Oμ q1|P[q̄3,q1] (p1)

〉
=

ε†
ν

m1 +m2

[−gμν P ·qA0

(
q2

)
+Pμ Pν A+

(
q2

)

+qμ Pν A−
(
q2

)
+ iεμναβ Pα qβV

(
q2

)]
,

〈
V[q̄3,q2] (p2,ε2) |q̄2

[
σ μν qν

(
1+ γ5

)]
q1|P[q̄3,q1] (p1)

〉
=

ε†
ν

[
−

(
gμν − qμ qν

q2

)
P ·q a0

(
q2

)

+

(
Pμ Pν −qμ Pν p ·q

q2

)
a+

(
q2

)
+ iεμναβ Pα qβ g

(
q2

)]
,

the corresponding Feynman diagram is depicted in Fig. 2.

The b → s flavor transition is described using an effective interaction

He f f =−4GF√
2

λt

10

∑
i=1

Ci (μ)Oi (μ) ,
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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 re-

definition is made

V (1) =Ce f f
9 V +Ce f f

7 g
2mb (m1 +m2)

q2
,

A(1)
0 =Ce f f

9 A0 +Ce f f
7 a0

2mb (m1 +m2)

q2
,

A(1)
+ =Ce f f

9 A++Ce f f
7 a+

2mb (m1 +m2)

q2
,

A(1)
− =Ce f f

9 A−+Ce f f
7 (a0 −a+)

2mb (m1 +m2)

q2

Pq
q2

,

V (2) =C10V, A(2)
0 =C10A0, A(2)

± =C10A±,

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

can be defined

Hi(t) =
1

m1 +m2

m1

m2

|p2|√
q2

[
Pq(−Ai

0 +Ai
+)+q2Ai

−
]
,

Hi(±) =
1

m1 +m2

(−PqAi
0 ±2m1|p2|V i) ,

Hi(0) =
1

m1 +m2

1

2m2

√
q2

[−Pq
(
m2

1 −m2
2 −q2

)
Ai

0 +4m2
1|p2|2Ai

+

]
,

in terms of which the hadronic tensor in the helicity basis can be written

Hi j(m,n) = Hi(m)H† j(n),

Hi j(m,n) = ε†μ (m)εν

(n)Hi
μ

j
ν .
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The leptonic tensor is in the helicity basis written as

L(k)(m,n) = εμ(m)ε†ν(n)L(k)
μν .

The full four-differential decay width then is

dΓ(B → K∗ (→ Kπ) μ̄μ)
dq2 d(cosθ)(dχ/2π)d(cosθ ∗)

=

Br(K∗ → Kπ)×
{

3

8
(1+ cos2 θ) · 3

4
sin2 θ ∗ · 1

2

(
dΓU11

dq2
+

dΓU22

dq2

)

+
3

4
sin2 θ · 3

2
cos2 θ ∗ · 1

2

(
dΓL11

dq2
+

dΓL22

dq2

)

−3

4
sin2 θ · cos2χ · 3

4
sin2 θ ∗ · 1

2

(
dΓT11

dq2
+

dΓT22

dq2

)

− 9

16
sin2θ · cos χ · sin2θ ∗ · 1

2

(
dΓI11

dq2
+

dΓI22

dq2

)

+v ·
[
−3

4
cosθ · 3

4
sin2 θ ∗ · dΓP12

dq2

+
9

8
sinθ · cos χ · sin2θ ∗ · 1

2

(
dΓA12

dq2
+

dΓA21

dq2

)

− 9

16
sinθ · sin χ · sin2θ ∗ ·

(
dΓII12

dq2
+

dΓII21

dq2

)]

+
9

32
sin2θ · sin χ · sin2θ ∗ ·

(
dΓIA11

dq2
+

dΓIA22

dq2

)

+
9

32
sin2 θ · sin2χ · sin2 θ ∗ ·

(
dΓIT11

dq2
+

dΓIT22

dq2

)

+
3

4
sin2 θ · 3

4
sin2 θ ∗ · 1

2
· dΓ̃U11

dq2
− 3

8
(1+ cos2 θ) · 3

4
sin2 θ ∗ · dΓ̃U22

dq2

+
3

2
cos2 θ · 3

2
cos2 θ ∗ · 1

2
· dΓ̃L11

dq2
− 3

4
sin2 θ · 3

2
cos2 θ ∗ · dΓ̃L22

dq2

+
3

4
sin2 θ · cos2χ · 3

4
sin2 θ ∗ ·

(
dΓ̃T11

dq2
+

dΓ̃T22

dq2

)

+
9

8
sin2θ · cos χ · sin2θ ∗ · 1

2

(
dΓ̃I11

dq2
+

dΓ̃I22

dq2

)

+
3

2
cos2 θ ∗ · 1

4

dΓ̃S22

dq2
− 9

16
sin2θ · sin χ · sin2θ ∗ ·

(
dΓIA11

dq2
+

dΓIA22

dq2

)

− 9

16
sin2 θ · sin2χ · sin2 θ ∗ ·

(
dΓIT11

dq2
+

dΓIT22

dq2

)}
,

with
dΓX

dq2
=

G2
F

(2π)3

(
α |λt |

2π

)2 |p2|q2v
12m2

1

Hi j
X ,

dΓ̃X

dq2
=

2m2
l

q2

dΓX

dq2
,
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where Hi j
X is a bilinear combination of Hi. Often, an alternative expression is used

1

dΓ/dq2

d3Γ
dcosθl dcosθk dΦ

=
9

32π
× [

3
4 (1−FL)sin2 θk +FL cos2 θk +

1
4 (1−FL)sin2 θk cos2θl

−FL cos2 θk cos2θl +S3 sin2 θk sin2 θl cos2Φ
+S4 sin2θk sin2θl cosΦ+S5 sin2θk sinθl cosΦ

+S6 sin2 θk cosθl +S7 sin2θk sinθl sinΦ

+S8 sin2θk sin2θl sinΦ+S9 sin2 θk sin2 θl sin2Φ
]
,

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, AFB =−3

4
S6, P1,2,3 = c1,2,3

S3,6,9

FT
, P′

4,5,6 = c4,5,6
S4,5,7√
FT FL

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

dXi j =
dΓi j

X
dq2

, βl =

√
1−4m2

μ

q2

one can rewrite the observables in the helicity language

dΓ
dq2

=
1

2

(
dΓ11

U
dq2

+
dΓ22

U
dq2

+
dΓ11

L
dq2

+
dΓ22

L
dq2

)
+

1

2

dΓ̃11
U

dq2
− dΓ̃22

U
dq2

+
1

2

dΓ̃11
L

dq2
− dΓ̃22

L
dq2

+
3

2

dΓ̃22
S

dq2
,

FL =

∫
dq2 H11

L +H22
L∫

dq2 H11
L +H22

L +H11
U +H22

U
, AFB =−3

2

∫
dq2 H12

P∫
dq2 H11

L +H22
L +H11

U +H22
U

,

P1 =−2

∫
dq2 β 2

l [dT 11 +dT 22]∫
dq2 β 2

l [dU11 +dU22]
, P2 =−

∫
dq2 βldP12∫

dq2 β 2
l [dU11 +dU22]

,

P3 =−
∫

dq2 β 2
l [dIT 11 +dIT 22]∫

dq2 β 2
l [dU11 +dU22]

, P′
4 = 2

∫
dq2 β 2

l [dI11 +dI22]

N
,

P′
5 =−2

∫
dq2 βl [dA12 +dA21]

N
, P8 = 2

∫
dq2 β 2

l [dIA11 +dIA22]

N
,
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Figure 3: B → K∗ form factors as predicted by the covariant quark model.

Belle [6] LHCb [7] CDF [8] CQM

B×107 1.49+0.45
−0.40 ±0.12 0.42±0.06±0.03 - 2.58

AFB 0.26+0.27
−0.30 ±0.07 −0.06+0.13

−0.14 ±0.04 0.29+0.20
−0.23 ±0.07 −0.02

FL 0.67+0.23
−0.23 ±0.05 0.55±0.10±0.03 0.69+0.19

−0.21 ±0.08 0.75

Table 1: Three observables for B → K∗ (→ Kπ)+ 2μ: comparison with experiment

(1GeV2 < q2 < 6GeV2).

with

N =

√∫
dq2β 2

l [dU11 +dU22] · dq2β 2
l [dL11 +dL22].

5 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].

< AFB > < FL > < P1 > < P2 > < P3 > < P′
4 > < P′

5 >
μ −0.23 0.47 −0.48 −0.31 0.0015 1.01 −0.49

τ −0.18 0.092 −0.74 −0.68 0.00076 1.32 −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.

< AFB > < FL > < P1 > < P′
4 > < S3 >

μ −0.24±0.05 0.45±0.09 −0.52±0.1 1.05±0.21 −0.14±0.03

τ −0.18±0.04 0.090±0.02 −0.76±0.15 1.33±0.27 −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

This work [9] [10] [11] [12] [13, 14]

μ 9.11±1.82 11.1±1.1 19.2 11.8±1.1 16.4 7.97±0.77

τ 1.03±0.20 1.5±0.2 2.34 1.23±0.11 1.51

Table 4: Total branching fractions ×107.
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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, BBelle (J/ψ η) = (5.10±1.12)×10−4,

BCQM
(
J/ψ η ′)= 4.04×10−4, BBelle

(
J/ψ η ′)= (3.71±0.95)×10−4.

In the ratio

R =
Γ(J/ψ +η ′)
Γ(J/ψ +η)

=

{
0.73±0.14±0.02 Belle

0.90±0.09+0.06
−0.02 LHCb

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

RCQM =
|qη ′ |3
|qη |3 tan2 δ
︸ ︷︷ ︸

≈1.04

×
(

FBsη ′
+

FBsη
+

)2

︸ ︷︷ ︸
≈0.83

≈ 0.86,

showing the importance of our model: the model-independent value of 1.04 is signif-

icantly 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 de-

scribing 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 B0
S → μ+μ−and B0

s → K0
S K∗(892)0 at LHCb and CMS respec-

tively).
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Why diffractive factorization is broken
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1 QCD factorization in diffraction

QCD factorization in inclusive processes is nowadays one of the most power-
ful 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 factoriza-
tion 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).

predict any hard diffractive hadronic reaction.
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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 ampli-
tudes of different Fock components in the projectile particle. In the dipole
representation hard diffraction of a hadron comes from the difference be-
tween elastic amplitudes of hadronic states with and without a hard fluctu-
ation,

Ah
diff ∝ σq̄q(R+ r)− σq̄q(R) ∝ rR ∼ 1/Q, (1)

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,

Adiff ∝ σq̄q(r) ∝ r2 ∼ 1/Q2, (2)

which is a higher twist effect.
While the phenomenological dipole cross section (or partial dipole ampli-

tude) 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
at different transverse separations which is process-dependent and accumu-
lates 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.

In the forward scattering limit and in the absence of spectator co-movers

a single quark cannot radiate an Abelian particle (γ, Z, W±, H) in a diffrac-
tive quark-hadron scattering (with zero net momentum transfer), in vari-
ance to diffractive factorisation [10]. Only a dipole can diffractively radiate
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 factorisa-
tion [9]. The diffractive factorisation breaking in non-Abelian radiation is
also important although the diffractive gluon radiation off a quark does not
vanish in the forward kinematics due to an extra glue-glue interaction. The
universal dipole mechanism of diffraction has been employed in a number of
diffractive processes so far, and this review aims at a short comprehensive
overview of major implications of the diffractive factorisation breakdown in
both Abelian and non-Abelian diffractive radiation.
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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,

dσDY
inc (qp → γ∗X)

dα dM2
= d2r |Ψqγ∗(�r, α)|2 σ (αr, x2) , (3)

where Ψqγ∗(�r, α) is the distribution function for the |γ∗q〉 Fock component
of the quark; α = p+γ∗/p+q 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 direc-
tion [12], due to cancellation of the graphs a, b and c depicted in Fig. 3,

dσDY
inc (qp → γ∗qp)
dα dM2 d2pT

∣∣∣∣
pT=0

= 0. (4)

In both Fock components of the quark, |q〉 and |qγ∗〉 only quark interacts,
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.
Diffractive DIS is dominated by soft interactions [13, 2]. On the contrary,

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/R2
0),

leads to the unusual features of diffractive Drell-Yan cross section (compare
with (2)),

σDY
sd

σDY
incl

∝ [σ(R+ r)− σ(R)]
2 ∝ exp(−2R2/R2

0)

R2
0

(5)

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 Drell-
Yan pair production cross sections as function of di-lepton invariant mass
squared.

3 Diffractive gauge boson production

Abelian diffractive radiation of any particle is described by the same Feyn-
man 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 Z0, γ∗ (diffractive DY) and W± bosons production, differential in the
di-lepton mass squared, 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
of diffractive production of heavy flavors in comparison with the CDF data
for charm and beauty (see details in [17]).

4 Diffractive heavy flavor production

QCD factorisation predicts vanishing QQ̄ production cross sections at large
xF due to a steeply decreasing gluon density in the forward kinematics which
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
examples apparently indicate that the conventional QCD factorisation does
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 pro-
duction from both diffractive gluon and quark excitations has been per-
formed in Ref. [17]. For example, in the case of diffractive quark excita-
tion 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 classifica-
tion 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 longitu-
dinally polarised indermediate gluons. The bremsstrahlung and production
components have the following form,

ABR = A1 +A2 +
Q2

M2 +Q2
A3 ; (7)

APR =
M2

M2 +Q2
A3 +A4 +A5 , (8)

where Q2 = (pi− pj)
2 in terms of the initial pi and final pj projectile quark

momenta, and M is the invariant mass of the QQ̄ pair.
For diffractive production one has to provide a colorless two-gluon ex-

change. In analogy to the leading-twist DIS diffraction at large photon

virtualities γ∗ → QQ̄g, the BR and PR contributions are dependent on
two characteristic length scales: the small separation between the Q̄ and Q,
s ∼ 1/mQ, and a typically large separation between q and QQ̄, ρ ∼ 1/mq.
In analogy to diffractive DY, the diffractive excitation of a quark thus turns
out to be a higher twist effect as is depicted in Fig. 8 (left). The leading
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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 pro-
ton target are related to the effective dipole cross sections Σ1,2 for colorless
gq̄q and gQ̄Q systems as

ABR ∝ ΦBR(�ρ,�s)Σ1(�ρ,�s) ∼ 〈s2〉 ∼ 1

m2
Q

, (9)

APR ∝ ΦPR(�ρ,�s)Σ2(�ρ,�s) ∼ �s · �ρ ∼ 1

mqmQ
, (10)

where  ΦBR/PR  are  complicated  distribution  amplitudes  for  the  q  + g  →  

(QQ¯) +q  subprocess.  The bremsstrahlung contribution i s of a higher twist 
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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 “produc-
tion” 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/m2
Q of the diffractive cross section is con-

firmed 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 colli-
sions. 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 di-
agrams involving interactions of spectators at large transverse separations
as illustrated in Fig. 10.

Q

Q̄

H

Figure 10: Typical Feynman graphs for the diffractive Higgsstrahlung pro-
cess off a heavy quark which involve interations of spectator partons.

Therefore, the Higgsstrahlung mechanism is closely related to the non-
Abelian mechanism for diffractive heavy quark production discussed in the
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previous section. In a sense, it is also similar to diffractive DY, Z0 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 produc-
tion 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 produc-
tion 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 com-
parable to each other, whereas top quark provides a wider rapidity distri-
bution 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 e corresponding Higgsstrahlung cross

√thsections 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].

As expected from above discussion, the diffractive factorisation in diffrac-
tive Higgsstrahlung is broken by transverse motion of spectator valence
quarks in the projectile hadron leading to a growth o the SD-to-inclusivef√
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)

dx2 d2p1 d2p2
=

1

(1− x2)16π2
|A(x2, �p1, �p2)|2 , (11)

where the diffractive amplitude in Born approximation reads,

A(x2, �p1, �p2) =
8

3
√
2

d2Q
d2q

q2
d2k

k2
αs(q

2)αs(k
2)

× δ(�q + �p2 + �k) δ(�k − �p1 − �Q)

× d2τ |Φp(τ)|2
[
ei(

�k+�q)·�τ/2 − ei(�q−�k)·�τ/2
]

× d2Rd2r d2ρH†(�r) ei�q·�r/2
(
1− e−i�q·�r)

× Φ†
p(�ρ)e

i�k·�ρ/2
(
1− e−i�k·�ρ

)
Ψp(�R,�r, �ρ, z) ei

�Q·�R. (12)
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Here (1−x1)(1−x2) = M2
H/s. Ψp(�R,�r, �ρ, z) is the light-cone wave function

of the IQ component of the projectile proton with transverse separations
�R between the c̄c and 3q clusters, �r between the c and c̄, �Q is the relative
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

0

dz d2Rd2r d2ρ
∣∣∣Ψp(�R,�r, �ρ, z)

∣∣∣2 = PIQ , (13)

where PIQ is the weight of the IC component of the proton, which is sup-
pressed as 1/m2

Q [25], and is assumed to be PIC ∼ 1%. The amplitudes
H(�r) and Φp(ρ�) denote the wave functions of the produced Higgs and the
outgoing proton, respectively, in accordance with Fig. 12, left.

At the measured Higgs mass value 125 GeV the intrinsic bottom and top
provide comparable contributions as can be seen in Fig. 12, right. Compar-
ing 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 rel-
evant 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 radi-
ation of direct photons, Drell-Yan dileptons, and gauge bosons Z, W, by a
parton is forbidden. Nevertheless, a hadron can diffractively radiate in the
forward direction due to a possibility of soft interaction with the spectators.
This property of abelian radiation breaks down diffractive factorization re-
sulting in a leading twist dependence on the boson mass, 1/M2.

Non-abelian forward diffractive radiation of heavy flavors is permitted
even for an isolated parton. However, interaction with spectators provides
the dominant contribution to the cross section. It comes from the interplay
between large and small distances. Data well confirm the leading twist
behavior.

Diffractive higgsstrahlung is possible due to a double-step process, via
heavy quark production. Therefore, the main contribution comes for Higgs
production in association with a heavy quark pair. Another important con-
tribution to diffractive Higgs production comes from coalescence of intrinsic
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heavy quarks in the proton. For MH = 125GeV dominance of intrinsic
bottom and top is expected.
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[10] B. Z. Kopeliovich, A. Schäfer and A. V. Tarasov, Phys. Rev. D62,
054022 (2000).

[11] B. Z. Kopeliovich, proc. of the workshop Hirschegg 95: Dynamical
Properties of Hadrons in Nuclear Matter, Hirschegg January 16-21, 1995,
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Heavy flavors in nucleus-nucleus and
proton-nucleus collisions

Marzia Nardi
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Via P. Giuria 1 - 10125 Torino (Italy)

Abstract.
Amulti-step setup for heavy-flavor studies in high-energy nucleus-
nucleus (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. Succes-
sively, the heavy quarks hadronize in the medium. We compute
the nuclearmodification 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 ofmatter, the Quark-Gluon Plasma
(QGP), where quarks and gluons are no longer confined, but can freelymove
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”);

1Work done in collaboration with A. Beraudo, A. De Pace, M. Monteno and F. Prino
(INFN, Torino)
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• 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 theQQ pairs and the corresponding parton-shower
stage through the POWHEG-BOX package [5, 6] and addressing the suc-
cessive 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 sur-
roundingmedium 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 ex-
ploited 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

2For 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
√
sNN = 7 TeV compared to experi-

mental 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 sys-
tematic uncertainty band [9]. The right panel shows D−h azimuthal cor-
relations compared to preliminary ALICE data [10, 11], for two different
pT -intervals of the charmed meson. In our simulation D0, D̄0 and D± are
used as trigger particles and the light hadrons are limited to charged pions
and kaons, protons and antiprotons, excluding the weak decays of Λ andK0.
Any D-meson is correlated with all the light hadrons (except its own decay
products) created in the same event. The near-side peak takes contribution
both from correlations present at the partonic level (from QQ pairs arising
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 gen-
erator 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 simulation of AA and pA collisions.
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3 Heavy flavour in pA and AA collisions: ini-

tial 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 de-
scribed 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 trans-
verse coordinate xi in a give initial distribution (the single nucleons being
randomly located with a distribution probability given by a realistic nu-
clear 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:

s(x) =
K

2πσ2

Ncoll∑
i=1

exp

[
− (x− xi)

2

2σ2

]
(1)

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):

ε2 =

√
{y2 − x2}2 + 4{xy}2

{y2 + x2} .
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Figure 2: The initial entropy-density profile for a single p-Pb collision at√
sNN =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 an-
gle ψ2, we compute an average entropy-density distribution from which a
realistic average eccentricity ε2 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

√
sNN =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

dt
fQ(t, x,p) = C[fQ] ; (2)

C[fQ] is the Boltzmann collision integral, taking into account losses and
gains due to single-particle collisions [16]:

C[fQ] =
∫

dk [w(p + k,k)fQ(p+ k)− w(p,k)fQ(p)] ,

where w(p, k) is the transition rate for a heavy quark changing its momen-
tum from p to p− k.
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Neglecting x- and mean field dependence of fQ and expanding the col-
lision integral for small momentum exchange (Landau approximation [17])
the collision integral can be expressed as:

C[fQ] � dk

[
ki

∂

∂pi
+

1

2
kikj

∂2

∂pi∂pj

]
[w(p,k)fQ(t,p)] ;

the Boltzmann equation reduces to the Fokker-Planck equation:

∂

∂t
fQ(t,p) =

∂

∂pi

{
Ai(p)fQ(t,p) +

∂

∂pj
[Bij(p)fQ(t,p)]

}

where

Ai(p) = dk kiw(p,k) = A(p)pi

Bij(p) =
1

2
dk kikjw(p,k) = B0(p) + (δij − p̂ip̂j)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

Δt
= −ηD(p)pi + ξi(t),

with the properties of the noise encoded in

〈ξi(pt)ξ
j(pt′)〉 = bij(pt)

δtt′

Δt
bij(p) = κ‖(p)p̂

ip̂j + κ⊥(p)(δ
ij − p̂ip̂j) .

The transport coefficients κ⊥ and κ‖ can be calculated within a weakly-
coupled scenario: perturbative QCD and “Hard Thermal Loop” (HTL) ap-
proximation, 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 quark and on the temperature T of the system.

The Langevin approach is a very convenient numerical tool and allows
one to establish a link between observables and transport coefficients derived
fromQCD. However, it was derived starting from a soft-scattering expansion
of the collision integral C[f ] truncated at second order (friction and diffusion
terms): in Ref. [16] it was found that this approximation is excellent for b-
quarks for all the evolution of the system, while for c- quarks it is valid, in
a short time interval of a few fm/c after the initial collision, only for small
momenta.

Having all the ingredients, we can now procede to simulate the heavy-
quark propagation in the medium. This occurs through several steps, re-
peated iteratively until 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 (tem-
perature 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 decon-
fining temperature Tdec we have tested two values: Tdec = 155 MeV (the
value quoted in Lattice calculation for the QGP-hadron transition) and
Tdec = 170 MeV, allowing the heavy quarks to form bound states with light
quarks which may survive, in a small temperature range, in the deconfined
phase [18].

5 Hadronizations of the Heavy Quarks
Finally, after the propagation through the dense medium, the heavy quarks
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 take into account the effect of the thermalized medium.

Once a heavy quark Q, during its stochastic propagation in the fireball,
has reached a fluid cell below the decoupling temperature Tdec, it is forced to
hadronize. One extracts then a light antiquark q (up, down or strange, with
relative thermal abundances dictated by the ratio m/Tdec) from a thermal
momentum distribution corresponding to the temperature Tdec in the 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 simulate its fragmentation into hadrons (and their final decays). In case
the invariant mass of the string is not large enough to allow its decay into
at least a pair of hadrons the event is resampled, extracting a new thermal
parton to associate to the heavy quark.

With this hadronization scheme we can first of all provide a realistic
estimate of the role of the thermal light quarks to explain peculiar features
of the D meson spectra at low and moderate pT ; secondly, the complete
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comparison is the extreme case of full kinetic thermalization of D mesons.
Theory curves are compared to STAR data [STAR(2014)]

information on all the final state particles arising from the fragmentation of
the strin

+
gs allows us to provide theory predictions for observables like D−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
might enhance the elliptic flow, are here neglected: we plan to include them
in our future work.

6 Results: AA collisions

In Fig. 3 we show some POWLANG outcomes for the R of D0 mesons

in central (0 − 10%) Au-Au collisions at
√
sNN =200 GeV

A

.
A

HTL transport
coefficients are employed and the difference between the two hadronization
schemes (here taken to occur at Tdec = 170 MeV, either with vacuum frag-
mentation or with in-medium string fragmentation, are clearly visible: in
the second case the radial flow of the light thermal parton leads to the devel-
opment of a bump around pT ∼ 1.5 GeV in qualitative agreement with the
experimental data. Also shown for comparison is the result for the limiting
scenario in which charmed particles reach full kinetic equilibrium with the
medium [4]. Our results are compared to STAR data[STAR(2014)].

The ALICE Collaboration has released the data for the in-plane/out-
of-plane nuclear modification factors of D mesons in semi-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. AL-
ICE 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 casemodel results with in-
medium 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

collisions at
√
sNN =2.76 TeV

2

at the LHC. The effect of the new procedure
for in-medium hadronization through string fragmentation is clearly visi-
ble: while POWLANG outcome with standard in-vacuum fragmentation of
charm largely underpredicts the observed v2, the additional flow acquired
from the light thermal partons move the theory curves with in-medium
hadronization closer to the experimental data measured by the ALICE Col-
laboration [ALICE(2013)]. The value chosen for the decoupling temperature
is Tdec = 155 MeV; we observed that v2 is more sensitive to Tdec than other
observables, the lower value seeming to be preferred by the data: this agrees
with the expectation that the elliptic flow needs more time to fully develop
with respect to the quenching of the spectra. This plot also shows how a full
kinetic thermalization up to large values of pT is disfavoured by the data.

Finally we address more differential observables like angular correlations
between heavy flavour particles (or their decay products) and the charged
hadrons produced in the same collision. In Fig. 6 we display our results for
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
the cuts imposed on the trigger particles (D-mesons) and on the associated
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
√
sNN = 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 for-
mation 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 mea-
surements 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 3He-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

the p-Pb collision at
√
sNN = 5.02 TeV affects the heavy quark and hadron

spectra, bymodifying their propagation and subsequent hadronization. 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 propaga-
tion in the expandingmedium); the dotted and solid lines give the analogous
result for the charm quarks after the propagation (both for central and min-
imum 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
consequence of the radial flow of light quarks inherited by the meson. The
POWLANG result is compatible, within errorbars, with the experimental
data measured by the ALICE Collaboration [20].

In Fig. 8 the elliptic flow coefficient v2 is plotted, both for c-quarks
(dotted lines) and for D mesons, for a deconfining temperature of 155 MeV.
Again, the contribution of the light-quark flow, inherited by the charmed
meson in the hadronization process, is crucial to enhance the v2.

8 CONCLUSIONS

The simplemodel to describe heavy quark hadronization in the presence of a
hot deconfined medium (a Quark-Gluon Plasma) has considerably improved
the agreement of the POWLANG results with the experimental data at
RHIC and LHC energies. In particular, results for the nuclear modification
factors and the elliptic flow of D mesons have been presented.

Recently, signatures of final-state medium effects were observed also in
pA collisions: we have presented some preliminary results for p-Pb collisions
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 both at the ISR and the LHC (so-called break) follows from
a two-pion loop in the -channel imposed by unitarity. By using a simple Regge-
pole 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. 
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
. A slowly varying background is included. The presented Pomeron-

Pomeron 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- measurements 
of the differential cross section at , and anticipating their new 
measurements at  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 proton-
proton scattering around , detected at several energies.

Experimentalists [1,2] quantify the departure from the linear exponential 
by replacing  
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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 -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 [1] and subsequently 
at .

Figure 1: Feynman diagram for elastic scattering with a -channel exchange
containing a branch point at .

The new LHC data from TOTEM at 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 -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 Regge-
extrapolating 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 -channel through Regge trajectories, that are non-linear 
complex functions. As shown by Barut and Zwanziger [16], -channel unitarity 
constrains the Regge trajectories near the -channel threshold, by

where is the lightest threshold, in the case of the vacuum quantum numbers
(Pomeron or meson). Since 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 under study. Note that the threshold singularity is at positive , while 
the "break" is observed at negative , "symmetric" to . This reflection is a 
property of analytic functions. The concave departure from the linear exponential, 
observed in the interval can be fitted by a single square-root
threshold in the trajectory, but it would not reproduce the subsequent (

) linearity of the exponential cone, persistent up to the dip (t
at the ISR or 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 , 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 

, close (but not similar) to the Reggeon,

where

with the trajectories

We use the norm:

and

The model contains 15 free parameters ( ,
, , , ),

, , , ,
, , , ,

), ) most of which are known a priori, needing only fine-
tuning. 

218



Anticipating detailed fits to the low- data, we start with a simple fit to 
the data on proton-proton total cross section starting from then we 
calculate the ρ-parameter. All of our fits in this paper we fixed = = =

. 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 ρ-
parameter [19-22].

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 
, , , and [23], in the interval 
. In all the above energy intervals the differential cross section changes

its slope near by about two units of . 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.

1.0889 0.5305
1.497 2.5426

0.9553 3.8115
13.261 5.2324

68 5.2946
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From these fits we calculate the relevant local slopes

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

where . 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.

Table II: Values of fitted parameters in our extrapolation from ISR [23] to the 

1.1242 0.94147
0.52929 0.92396

-0.034649 -0.024453
0.51963 0.056968
1.2248 4.8092
0.4587 5.2324 (fixed)

469 5.2946 (fixed)

LHC [1]. 
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(a) ISR (b) LHC (TOTEM)

Fig. 4: Local slopes.

(a) ISR (b) LHC (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 gluon-
dominated environment is expected to produce with increased probability gluon-
rich states, glueballs and hybrids.  Of particular interest are states of exotic nature, 
such as tetra-quark ( ) configurations, or gluonic hybrids ( ).
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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 and in the central region where a system of mass is
produced. The total energy of the reaction is shared by the subenergies and 
associated to the trajectories and , respectively. The LHC energies of

and 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 . We isolate the Pomeron-Pomeron-meson vertex and
calculate the PP total cross section as a function of the centrally produced system 
of mass . 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 for fixed values of Pomeron virtualities, . 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 and fixed 
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 is relevant. This amplitude receives
contributions from different trajectories , with a nonlinear,
complex Regge trajectory in the Pomeron-Pomeron system,

The pole decomposition of the dual amplitude  is shown in Eq.
(10), with the 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 . The prefactor 

in Eq. (10) is of numerical value .

The imaginary part of the amplitude given in Eq. (10) is defined
by

For the total cross section we use the norm

The Pomeron-Pomeron channel, , 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],

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

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 and , with mesons lying on these
trajectories as specified in Table III.

traj.
f0(980) 0+ 0++ 0.990±0.020 0.980±0.040 0.070±0.030

f1(1420) 0+ 1++ 1.426±0.001 2.035±0.003 0.055±0.003
f2(1810) 0+ 2++ 1.815±0.012 3.294±0.044 0.197±0.022
f4(2300) 0+ 4++ 2.320±0.060 5.382±0.278 0.250±0.080
f2(1270) 0+ 2++ 1.275±0.001 1.6256±0.003 0.185±0.003
f4(2050) 0+ 4++ 2.018±0.011 4.0723±0.044 0.237±0.018
f6(2510) 0+ 6++ 2.469±0.029 6.096±0.143 0.283±0.040

Table III: Parameters of resonances belonging to the and trajectories.

The real and imaginary part of the and 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 . A comprehensive fit to high-energy and of the nonlinear
Pomeron trajectory  is discussed in Ref. [25]

with , , the two pion threshold , and 
.
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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 ( ),

with an effective heavy threshold . The coefficients , and
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 . 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]

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

In Eq. (18), the index sums over the trajectories which contribute to the 
cross section, in our case the , and the Pomeron trajectory discussed above.
Within each trajectory, the summation extends over the bound states of spin as
expressed by the second summation sign. The value is not
known a priori. The analysis of relative strengths of the states of trajectory will, 
however, allow to extract a numerical value for 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 , 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 -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 ISR and at the LHC,  

and are of  similar nature: they appear nearly at the same value of 
, have the same concave shape of comparable "size", 

and may be fitted by similar -dependent function. Mapping this -
dependence 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- 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 ,
for example at the Tevatron? Once the Pomeron is universal, the effect should be 
present also in . 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- 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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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− → Λ0Λ̄0 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

LV BB̄ =
i√
2

fF [B̄α
β γμBβ

γ − B̄β
γ γμBα

β ](Vμ)γ
α

+
i√
2

fD[B̄β
γ γμBα

β + B̄α
β γμBβ

γ ](Vμ)γ
α +

i√
2

fSB̄α
β γμBβ

αω0
μ, (1)

where fF , fD, fS are coefficients of the Lagrangian, ω0
μ is a omega-meson

singlet, B, B̄ are baryon, anti-baryon octet matrices and V is a vector-meson
octet matrice defined as

B =

⎛
⎜⎜⎝

Σ0√
2 + Λ0√

6 Σ+ p

Σ− − Σ0√
2 + Λ0√

6 n

Ξ− Ξ0 − 2Λ0√
6

⎞
⎟⎟⎠ , (2)
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V =

⎛
⎜⎝

ρ0
√

2 + ω8√
6 ρ+ K+

ρ− − ρ0
√

2 + ω8√
6 K0

K− K̄0 − 2ω8√
6

⎞
⎟⎠ . (3)

In order to determine numerical values of the fF , fD, fS 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
fF , fD, fS coupling constants values, which can be later used to predict
EM structure of hyperons.

II. CALCULATION OF THE fF , fD, fS COUPLING CONSTANTS

Considering the SU(3) invariant Lagrangian LV BB̄ (1) and ω − φ mixing,
we get relations between fF , fD, fS and the vector-meson to the nucleon
coupling constants fV NN as

fρNN̄ =
1
2

(fD + fF )

fωNN̄ =
1√
2

fS cos θ +
1

2
√

3
(3fF − fD) sin θ

fφNN̄ = − 1√
2

fS sin θ +
1

2
√

3
(3fF − fD) cos θ, (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

fF
(i) = 1

2

[
f

(i)
ρNN +

√
3(f (i)

φNN cos θ + f
(i)
ωNN sin θ)

]
fD

(i) = 1
2

[
3f

(i)
ρNN −

√
3(f (i)

φNN cos θ + f
(i)
ωNN sin θ)

]
fS

(i) =
√

2
(

f
(i)
ωNN cos θ − f

(i)
φNN sin θ

)
fF ′

(i) = 1
2

[
f

(i)
ρ′NN +

√
3(f (i)

φ′NN cos θ′ + f
(i)
ω′NN sin θ′)

]
fD′

(i) = 1
2

[
3f

(i)
ρ′NN −

√
3(f (i)

φ′NN cos θ′ + f
(i)
ω′NN sin θ′)

]
fS′

(i) =
√

2
(

f
(i)
ω′NN cos θ′ − f

(i)
φ′NN sin θ′

)
, (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 NN 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 elec-
tromagnetic 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 NN /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

F N
1s [V (t)] =

1 − V 2

1 − V 2
N

)4{
1
2

Hω′′(V )Hφ′′(V )+

+

[
Hφ′′(V )Hω′(V )

(C1s
φ′′ − C1s

ω′ )
(C1s

φ′′ − C1s
ω′′)

+ Hω′′(V )Hω′(V )
(C1s

ω′′ − C1s
ω′ )

(C1s
ω′′ − C1s

φ′′)
−

− Hω′′(V )Hφ′′(V )

]
(f (1)

ω′NN /fω′)+

+

[
Hφ′′(V )Hφ′(V )

(C1s
φ′′ − C1s

φ′ )
(C1s

φ′′ − C1s
ω′′)

+ Hω′′(V )Hφ′(V )
(C1s

ω′′ − C1s
φ′ )

(C1s
ω′′ − C1s

φ′′)
−

− Hω′′(V )Hφ′′(V )

]
(f (1)

φ′NN /fφ′)+

+

[
Hφ′′(V )Lω(V )

(C1s
φ′′ − C1s

ω )
(C1s

φ′′ − C1s
ω′′)

+ Hω′′(V )Lω(V )
(C1s

ω′′ − C1s
ω )

(C1s
ω′′ − C1s

φ′′)
−

− Hω′′(V )Hφ′′(V )

]
(f (1)

ωNN /fω)+

+

[
Hφ′′(V )Lφ(V )

(C1s
φ′′ − C1s

φ )
(C1s

φ′′ − C1s
ω′′)

+ Hω′′(V )Lφ(V )
(C1s

ω′′ − C1s
φ )

(C1s
ω′′ − C1s

φ′′)
−

− Hω′′(V )Hφ′′(V )

]
(f (1)

φNN /fφ)

}
(7)

F N
1v [W (t)] =

1 − W 2

1 − W 2
N

)4{
1
2

Lρ(W )Lρ′(W )+

+

[
Lρ′(W )Lρ′′(W )

(C1v
ρ′ − C1v

ρ′′)
(C1v

ρ′ − C1v
ρ )

+ Lρ(W )Lρ′′(W )
(C1v

ρ − C1v
ρ′′)

(C1v
ρ − C1v

ρ′ )
−

− Lρ(W )Lρ′(W )

]
(f (1)

ρNN /fρ)

}
, (8)
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F N
2s [U(t)] =

1 − U2

1 − U2
N

)6{
1
2

(μp + μn − 1)Hω′′(U)Hφ′′(U)Hω′(U)+

+

[
Hφ′′(U)Hω′(U)Hφ′(U)

(C2s
φ′′ − C2s

φ′ )(C2s
ω′ − C2s

φ′ )
(C2s

φ′′ − C2s
ω′′)(C2s

ω′ − C2s
ω′′)

+

+ Hω′′(U)Hω′(U)Hφ′(U)
(C2s

ω′′ − C2s
φ′ )(C2s

ω′ − C2s
φ′ )

(C2s
ω′′ − C2s

φ′′)(C2s
ω′ − C2s

φ′′)
+

+ Hω′′(U)Hφ′′(U)Hφ′(U)
(C2s

ω′′ − C2s
φ′ )(C2s

φ′′ − C2s
φ′ )

(C2s
ω′′ − C2s

ω′ )(C2s
φ′′ − C2s

ω′ )
−

− Hω′′(U)Hφ′′(U)Hω′(U)

]
(f (2)

φ′NN /fφ′)+

+

[
Hφ′′(U)Hω′(U)Lω(U)

(C2s
φ′′ − C2s

ω )(C2s
ω′ − C2s

ω )
(C2s

φ′′ − C2s
ω′′)(C2s

ω′ − C2s
ω′′)

+

+ Hω′′(U)Hω′(U)Lω(U)
(C2s

ω′′ − C2s
ω )(C2s

ω′ − C2s
ω )

(C2s
ω′′ − C2s

φ′′)(C2s
ω′ − C2s

φ′′)
+

+ Hω′′(U)Hφ′′(U)Lω(U)
(C2s

ω′′ − C2s
ω )(C2s

φ′ − C2s
ω )

(C2s
ω′′ − C2s

ω′ )(C2s
φ′′ − C2s

ω′ )
−

− Hω′′(U)Hφ′′(U)Hω′(U)

]
(f (2)

ωNN /fω)+

+

[
Hφ′′(U)Hω′(U)Lφ(U)

(C2s
φ′′ − C2s

φ )(C2s
ω′ − C2s

φ )
(C2s

φ′′ − C2s
ω′′)(C2s

ω′ − C2s
ω′′)

+

+ Hω′′(U)Hω′(U)Lφ(U)
(C2s

ω′′ − C2s
φ )(C2s

ω′ − C2s
φ )

(C2s
ω′′ − C2s

φ′′)(C2s
ω′ − C2s

φ′′)
+

+ Hω′′(U)Hφ′′(U)Lφ(U)
(C2s

ω′′ − C2s
φ )(C2s

φ′′ − C2s
φ )

(C2s
ω′′ − C2s

ω′ )(C2s
φ′′ − C2s

ω′ )
−

− Hω′′(U)Hφ′′(U)Hω′(U)

]
(f (2)

φNN /fφ)

}
, (9)

F N
2v [X(t)] =

(
1 − X2

X2
N

)6 (
1
2

(μp − μn − 1)Lρ(X)Lρ′(X)Hρ′′(X)
)

, (10)

where VN , V (t), WN , W (t), UN , Y (t), XN , X(t), Lv, Hv, Cij
v are functions de-

fined 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

Gp
E(t) = [F N

1s (t) + F N
1v(t)] +

t

4m2
p

[F N
2s (t) + F N

2v(t)]

Gp
M (t) = [F N

1s (t) + F N
1v(t)] + 4m2

p[F N
2s (t) + F N

2v(t)]

Gn
E(t) = [F N

1s (t) − F N
1v(t)] +

t

4m2
n

[F N
2s (t) − F N

2v(t)]

Gn
M (t) = [F N

1s (t) − F N
1v(t)] + [F N

2s (t) − F N
2v(t)]. (11)

The advanced U&A model of the nucleon has 12 free parameter – the effec-
tive inelastic thresholds t1s

in, t1v
in , t2s

in, t2v
in 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

f
(1)
ωNN

fω
= (1.5717 ± 0.0022)

f
(1)
φNN

fφ
= (−1.1247 ± 0.0011)

f
(1)
ω′NN

fω′
= (0.0418 ± 0.0065)

f
(1)
φ′NN

fφ′
= (0.1879 ± 0.0010)

f
(2)
ωNN

fω
= (−0.2096 ± 0.0067)

f
(2)
φNN

fφ
= (0.2657 ± 0.0067)

f
(2)
φ′NN

fφ′
= (0.1781 ± 0.0029)

f
(1)
ρNN

fρ
= (0.3747 ± 0.0022) (12)

In order to calculate the fF , fD, fS coupling constants later,
we need also numerical values of other coupling constant ratios
(f (1)

ρ′NN /fρ′), (f (2)
ρNN /fρ), (f (2)

ρ′NN /fρ′), (f (2)
ω′NN /fω′), which can be calcu-

lated within the advanced U&A model of the nucleon EM structure

f
(1)
ρ′NN

fρ′
=

1
2

C1v
ρ′′

C1v
ρ′′ − C1v

ρ′
− C1v

ρ′′ − C1v
ρ

C1v
ρ′′ − C1v

ρ′

f
(1)
ρNN

fρ
= 0.7635

f
(2)
ρNN

fρ
=

μp − μn − 1
2

C2v
ρ′′C2v

ρ′

(C2v
ρ′ − C2v

ρ )(C2v
ρ′′ − C2v

ρ )
= 2.8956

f
(2)
ρ′NN

fρ′
=

μp − μn − 1
2

C2v
ρ′′C2v

ρ

(C2v
ρ′′ − C2v

ρ′ )(C2v
ρ − C2v

ρ′ )
= −1.3086 (13)

IV. 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 ob-
tained from the analysis of the nucleon EM form factors (12,13). The abso-
lute 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

Γ(V → e+e−) =
α2mV

3

(
f2

V

4π

)−1

. (14)

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 (15)
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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 (16)

V. RESULTS

Inserting the values of the coupling constant ratios (fV NN /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

fF
(1) = 5.414 fD

(1) = −1.699 fS
(1) = 42.916

fF
(2) = 7.626 fD

(2) = 21.088 fS
(2) = −7.111

fF ′
(1) = 8.343 fD′

(1) = 12.498 fS′
(1) = −7.858

fF ′
(2) = −30.450 fD′

(2) = −5.271 fS′
(2) = −18.614. (17)

VI. 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 NN . These coupling constants were used to calculate the coefficients of
the SU(3) Lagrangian LV BB̄ – fF , fD, fS . In the same manner fF , fD, fS

can be used to express the coupling constants of the vector mesons with hy-
perons 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
behaviour of electric proton form factor G

p
E 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 spec-
troscopy 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
G

p
E which determine rp by the fundamental formula

rp = 〈 r2Ep 〉 = 6
G

p
E(t)

dt

∣∣∣∣∣
t→0

. (3)

The reason lays in two types of elastic scattering processes used to obtain
the experimental information on G

p
E. First one is the unpolarized elastic

scattering ep → ep, and the second one is the polarization transfer process
�ep → e�p with longitudinally polarized electron beam.

Unpolarized scattering. The differential cross section of the process
ep → ep (

dσ

dΩ

)
0

=

(
dσ

dΩ

)
Mott

[
A(Q2) +B(Q2) tan2

θ

2

]
(4)

is determined by the elastic structure functions

A(Q2) =
G

p
E

2
(Q2) + τG

p
M

2
(Q2)

1 + τ
, B(Q2) = 2τG

p
M

2
(Q2), (5)

which are described by electric G
p
E and magnetic G

p
E proton form factors.

By the Rosenbluth method one can determine both form factors from the
ratio (

dσ
dΩ

)
0(

dσ
dΩ

)
Mott

ε(1+τ)
τ

= ε
1

τ
G

p
E

2
(Q2) +G

p
M

2
(Q2), (6)

τ = Q2/(4m2
p), ε =

[
1 + 2(1 + τ) tan2

θ

2

]−1

, (7)
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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
electric proton form factor Gp 2

(Q2) for high Q2. Recently was proposed newE

method [12], which allows one to reanalyze the Rosenbluth data in terms of
the electric to magnetic form factor squared ratio R

σred = G
p
M

2
(Q2)(R2ε+ τ), R = G

p
E(Q

2)/G
p
M(Q2). (8)

Polarization transfer process. Up to now the most reliable experi-
mental method of the determination of electromagnetic proton form factor
is the measurement of the polarization �P of recoil proton in the process
�ep → e�p, namely its perpendicular Pt and parallel P� component to the
proton momentum in the scattering plane

Pt = −2h

I0

√
τ (1 + τ)G

p
EG

p
M tan

θ

2
, (9)

P� =
h

mpI0

(
Ee + Ee

′
)√

τ (1 + τ)G
p
M

2
tan2

θ

2
, (10)

where h is the electron beam helicity and I0 = G
p
E + τ

εG
p
M. The new data

on ratio

G
p
E

G
p
M

= −Pt

P�

(Ee + Ee
′)

2mp

tan
θ

2
. (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
form factor G

p
E. 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
the ration μpG

p
E/G

p
M 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
the non-dipole behavior of Gp

E with the zero around around Q2 = 13GeV2.
From the behaviour of Gp

E 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 exper-
iments and it demonstrates the unreliability of Rosenbluth method in the
determination of the values of Gp

E in space-like region.

FIG. 1: Theoretical behavior of proton electric G
p
E (left) and proton magnetic G

p
M

(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

241



FIG. 2: Theoretical behavior of neutron electric G
n
E (left) and neutron magnetic

G
n
M (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.

FIG. 3: JLab polarization data for the ratio μpG
p
E/G

p
M with U&A fit (left), charge

distribution in the proton (right).

factors and with the help of the electric proton form factor G
p
E 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
and we have found non-dipole behavior of Gp

E with the zero around Q2 =

13GeV2. Such behaviour of Gp
E 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

242



result & source rp [fm]

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

ep scattering MAMI A1 [18] 
hydrogen spectroscopy [19] 
continued fraction expansion [20] 
conformal mapping technique [4] 
dispersion analysis [11]
our U&A result 0.8489(7)

0.8418(7)muonic hydrogen [1] 
muonic hydrogen [2] 0.8409(4)

TABLE I: The comparison of different theoretical results, including our, deter-
mined 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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Košice, Slovakia

Abstract

The application of the field theoretic renormalization group tech-
niques 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 de-
veloped turbulent velocity field with violation of spatial parity intro-
duced via the continuous parameter ρ. Values of A represent a contin-
uously 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-loop order of the field theoretic model. However, when ρ exceeds
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
techniques and show that interaction parameter A exerts strong influ-
ence on advection diffusion processes in turbulent environments with
broken spatial parity and identify internal structure of interactions
given by the parameter A, and not the vector character of the admix-
ture itself being the dominant factor influencing diffusion advection
processes in the helical A model.
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1 Introduction

Systematic study of matter may roughly be divided into the physics of fun-
damental interactions among few particles at the most microscopic level
and to the study of their macroscopic behavior when many body interac-
tions are considered. The advances on the field of fundamental microscopic
behavior are connected with the theoretical development of the Standard
model of particle physics and its experimental verification that proceeds up
to nowadays [1]. On the other hand, many-body physics is of coarse a field
that encompasses very different systems which range from classical prob-
lems like the turbulent motion, over the theory of phase transitions up to
inherently quantum systems studied, for example, within the modern con-
densed matter physics [2]. Although, seemingly unrelated the development
of theoretical tools for the description of fundamental interactions as well
as their macroscopic manifestations is inherently connected with the devel-
opment 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
therefore considering a problem of turbulent motion and show how the tools
of the Renormalization group in its form originally developed for Quantum
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
of passive advection in a fully developed turbulent flow. Our man goal here
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
the approach commonly used in the high energy physics to solve the renor-
malization problem of QED for example. Thus, we will focus on similar as
well as different aspects of RG analysis for such systems.

Let us start with a brief introduction to the problem of diffusion advec-
tion 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
results on the field are notoriously difficult to obtain with theoretical results
obtained within the Kolmogorov’s theory being the most important, for de-
tails 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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flows even under small Reynolds numbers Re 1. The uppermost eddies coin-
cide with the integral length lmax which will be denoted as 1/m later in our
field theoretical approach. Eddies of the successive generations are smaller
but constrained by microscopic considerations. At scale lmin correspond-
ing to the smallest eddies energy dissipation takes place [11, 8]. The eddies
however show a scaling behavior in the middle of the spectrum which is com-
monly referred to as the inertial interval. This is the crucial property for
later application of the Renormalization group which will later also clearly
emerge as the unifying description for such seemingly unrelated systems as
interacting particles in high energy physics and turbulence. We also stress,
that in the experimental as well as theoretical treatment of turbulence, scal-
ing properties manifest itself more clearly the higher the Reynolds number
Re of the flow [2].

Furthermore, when admixtures are present in the turbulent flow we may
compactly characterize the quantitative properties of flows under the study
by using a well known parameter called Prandtl number [7, 8]. For all ad-
mixture types, it is defined as the dimensionless ratio of the coefficient of
kinematic viscosity to the corresponding diffusion coefficient of a given ad-
mixture. For example, in the case of thermal diffusivity, the corresponding
(scalar) Prandtl number equals the ratio of kinematic viscosity to the coef-
ficient of molecular diffusivity [8]. Since both, the kinematic viscosity and
the diffusion coefficient for the given admixture, are material and flow spe-
cific 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 kine-
matic viscosity and the corresponding diffusion coefficient. We commonly
refer to such effective values as the turbulent viscosity coefficient and tur-
bulent diffusion coefficient [8, 9]. Consequently, in fully developed turbulent
flows the resulting values of the Prandtl numbers are universal for a given
admixture and do not depend either on microscopic or macroscopic prop-
erties of the flow under the consideration. Usually, we refer to them as the
turbulent Prandtl numbers of given admixture type [6, 7, 14, 2].

In this respect, we show how fundamental the theory of Renormalization
group is in connection to an asymmetric scenario with explicitly broken

1Reynolds number may be used as a measure of how much the flow exhibits turbulent
behavior. it is given as Re = LV/ν, where L is a characteristic length at which turbulence

is stirred, V is the mean velocity before the obstacle and ν is the kinematic viscosity of

the fluid.
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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
forced Navier-Stokes equation introduced in Refs. [21, 22]. The name of the
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
(see Sec. 2 for more details). The parameter A plays actually a central role in
an appropriate definition of a unified description of a wide variety of vector
admixture models. Moreover, even scalar admixtures embedded within a
flow of distinct spatially anisotropic properties may under some conditions
be modeled as having a vectorial nature with respect to diffusion-advection
processes in an otherwise anisotropic flow. The parameter A is thus a
quantity which determines specific interactions between the admixture and
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 estab-
lished tools of the field renormalization group (RG) technique, as pre-
sented, for example, in Refs.[2, 26, 27]. Such techniques are very well
known in the field of high energy physics where they developed first. Nev-
ertheless, we show how it may successfully be used for problems of fully
developed turbulence with admixtures. We also stress that it has pre-
viously been successfully applied also to fully developed problems with-
out admixtures [28, 29, 30, 31, 32, 33, 34] as well as for advection dif-
fusion processes of several admixtures including passive scalar admixture
[35, 19, 36, 37, 40, 38, 39], magnetic admixtures [41, 42, 43, 44] and also
vector admixtures [15, 16, 17, 18, 25, 45, 47, 46, 48]. The two-loop techniques
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 turbu-
lent Prandtl number are then analyzed to finally investigate the hypothesis
raised in Ref. [15]. The goal of this paper is to represent the similarities of
the present analysis to that commonly employed, for example, within QED
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 diver-
gence free vector fields satisfying ∂ .b = ∂ .v = 0. Additionally, within
the general A model of passive advection the following system of stochastic
equations is required:

∂tb = ν0u0�b− (v · ∂)b+A(b · ∂)v − ∂P + f b, (1)

∂tv = ν0�v − (v · ∂)v − ∂Q+ fv, (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 fv,
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]. For A = 1 the kinematic MHD model is recovered, the A = 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 stretch-
ing term [45] and due to its continuous nature it represents a measure of
specific interactions allowed by Galilean symmetry. Varying A allows there-
fore 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 en-
compassing the three special cases A ∈ {−1, 0, 1}. Contrary, we extend the
analysis to all physically allowed values of A (see Sec. ?? for more details)
which allows a straightforward discussion of the influence of interactions on
advection diffusion processes. The previously undefined stochastic terms fv

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
isotropic flows. Especially, when only advection-diffusion properties are of interest.
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noise fb = fb(x) with zero mean via the following correlator:

Db
ij(x; 0) ≡ 〈f b

i (x)f
b
j (0)〉 = δ(t)Cij(|x|/L), (3)

where L is an integral scale related to the corresponding stirring of b while
Cij is required to be finite in the limit L → ∞ and for |x| 	 L it should
rapidly decrease, but remains otherwise unspecified in what follows. Con-
trary, the transverse random force per unit mass fv = fv(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 spa-
tial parity by defining suitable tensorial properties of the correlator of fv.
For this purpose, we prescribe the following pair correlation function with
Gaussian statistics:

Dv
ij(x; 0) ≡ 〈fv

i (x)f
v
j (0)〉 = δ(t)

ddk

(2π)d
D0k

4−d−2εRij(k)e
ik·x. (4)

Here, d denotes the spatial dimension of the system, k is the wave number
with k = |k| and D0 ≡ g0ν0

3 > 0 is the positive amplitude with g0 being the
coupling constant of the present model related to the characteristic ultra-
violet (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 rele-
vant infrared energy injection. However, as usual in the RG approach to
the theory of critical behavior, we treat ε formally as a small parameter
throughout the whole RG calculations and only in the final step its physical
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
prescribing all relevant micro- and macroscopic properties of the flow. Here
however, we use the universality of fully developed turbulent flows to avoid
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 tur-
bulent environments the projector Rij(k) assumes the usual form of the
ordinary transverse projector

Pij(k) = δij − kikj/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
tensor and a pseudotensor as Rij(k) = Pij(k)+Hij(k) whereHij(k) respects
the transversality of the present fields. The ordinary non-helical transverse
projector Pij is thus shifted by a helical contribution

Hij(k) = iρ εijlkl/k. (6)

Here, εijl is the Levi-Civita tensor of rank 3, and the real valued helicity
parameter ρ satisfies |ρ| ≤ 1 due to the requirement of positive definiteness
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.

We finally conclude the section by discussing the structure of interactions
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
velocity field v is completely detached from the influence of admixtures, as
required by demanding passive advection. Of course, real problems usually
involve at least some small amount of mutual interaction between the flow
and its admixtures. However, even in the case of active admixtures there
exist regimes which correspond to the passive advection problem, as seen, for
example, in the case of the MHD problem with an active magnetic admixture
which has the so-called kinetic regime controlled by the kinematic fixed point
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.
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〈vivj〉0 =

〈v′ivj〉0 =

〈bibj〉0 =

〈b′ibj〉0 =

Figure 1: Propagators of the general A model. Dashed lines corresponds to
fields v and v′ while full lines denote fields b and b′. Slash denotes auxiliary
fields v′ and b′.

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,v′,b′} where primed fields are the auxil-
iary response fields [2]. The field theoretic model is then defined via the
Dominicis-Janssen action functional

S(Φ) =
1

2

∫
dt1 d

dx1 dt2 d
dx2[v′i(x1)Dv

ij(x1;x2)v′j(x2)

+ b′i(x1)Db
ij(x1;x2)b′j(x2)] +

∫
dt ddx{v′[−∂t

+ ν04− (v · ∂)]v + b′[−∂tb + ν0u04b− (v · ∂)b

+ A(b · ∂)v]}, (7)

where xl ≡ (tl,xl) with l = 1, 2, Db
ij and Dv

ij 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 transver-
sality of the auxiliary fields v′(x) and b′(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:

〈b′ibj〉0 = 〈bib′j〉∗0 =
Pij(k)

iω + ν0u0k2
, (8)

〈v′ivj〉0 = 〈viv′j〉∗0 =
Pij(k)

iω + ν0k2
, (9)

〈bibj〉0 =
Cij(k)

| − iω + ν0u0k2|2
, (10)
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〈vivj〉0 =
g0ν

3
0k

4−d−2εRij(k)

| − iω + ν0k2|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 rep-
resented as usual by the dashed and full lines, where the dashed lines
involve the velocity type of fields and full lines represent the vector ad-
mixture type fields. The auxiliary fields are denoted using a slash in the
corresponding propagators as shown in Fig. 1. The field theoretic formula-
tion of the A model contains also two different triple interaction vertices,
namely b′i(−vj∂jbi + Abj∂jvi) = b′ivjVijlbl and −v′ivj∂jvi = v′ivjWijlvl/2.
In the momentum-frequency representation, Vijl = i(kjδil − Aklδij) while
Wijl = i(klδij + kjδil). In both cases, momentum k is flowing into the
vertices via the auxiliary fields b′ and v′, 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 tech-
nique, 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 re-
quired 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 k2. In other words, ω and k2 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 prob-
lem 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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Wijk =
v′i

vj

vk

Vijk =
b′i

v j

b k

Figure 2: The interaction vertices of the A model. The vertex Wijk =
i(kkδij + kjδik) involves the fields v and v′ while Vijk is the only diagram-
matic object of the present Feynman rules which contains A dependent
contribution in the form of Vijk = i(kjδik −Akkδij).

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) con-
taining 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
Q has a canonical dimension dQ = dkQ + dωQ, where dkQ corresponds to the
canonical dimension in the momentum scale while dωQ corresponds to the
frequency scale. A straightforward calculation shows that for the helical
parameter ρ one obtains dkρ = dωρ = 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 〈Φ . . .Φ〉1−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 〈v′ivj〉1−ir and〈b′ibj〉1−ir. Thus, all divergences
can be removed by the counterterms of the form v′∆v or b′∆b which leads
to the multiplicative renormalization of g0, u0, and ν0 via

ν0 = νZν , g0 = gµ2εZg, u0 = uZu, (12)

where the dimensionless parameters g, u, and ν are the renormalized coun-
terparts 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], parame-
ter A cannot be freely adjusted. In such models, A becomes a charge of the
model which for incompressible flows leads to only three allowed renormal-
ized 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 syntheti-
cally 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 di-
vergences present in the analyzed model. These divergences appear only
in the helical model and are linear in ρ, for details see Ref. [55]. Never-
theless, 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 ueff given according to
the definitions of Ref. [19] where it is defined as the ratio of the response
functions 〈v′v〉 and 〈b′b〉. However, asymptotic behaviour of the response
function 〈b′b〉 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

S(Φ) =
1

2

∫
dt1 d

dx1 dt2 d
dx2

[v′i(x1)Dv
ij(x1;x2)v′j(x2) + b′i(x1)Db

ij(x1;x2)b′j(x2)]

+

∫
dt ddx{v′[−∂t + νZ14− (v · ∂)]v

255



+b′[−∂tb + νuZ24b− (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 = Z−31 , Zu = Z2Z
−1
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 cor-
responds 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 +
∞∑
n=1

gn
n∑
j=1

z
(1)
nj (d, ρ)

εj
, (15)

Z2(g, u; d, ρ; ε) = 1 +
∞∑
n=1

gn
n∑
j=1

z
(2)
nj (u, d, ρ)

εj
, (16)

where z
(1)
nj (d, ρ) and z

(2)
nj (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 〈v′ivj〉1−ir and 〈b′ibj〉1−ir. Moreover, 1-
irreducible Green’s functions 〈v′ivj〉1−ir and 〈b′ibj〉1−ir are associated with

the corresponding self-energy operators Σv
′v and Σb

′b by the Dyson equa-
tions which in the frequency-momentum representation read

〈v′ivj〉1−ir = [ iω − ν0p2 + Σv
′v(ω,p)]Pij(p), (17)

〈b′ibj〉1−ir = [iω − ν0u0p2 + Σb
′b(ω,p)]Pij(p). (18)

Thus, substitution of e0 = eµdeZe for e = {g, u, ν} is required to lead to
UV convergent Eqs. (17) and (18) which in turn determine the renormaliza-
tion constants Z1 and Z2 up to an UV finite contribution. The employed
MS scheme fixes then the renormalization constants in the form of 1 +
poles in ε and the coefficients z

(i)
nj , 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 perturba-

tive 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 repro-
duced 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 ve-
locity type of the fields v and v′ 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 ob-
tained 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 generaliz-
ing 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 v′ 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

Z1 and the expansion coefficient z
(1)
11 is therefore given as

z
(1)
11 = − Sd

(2π)d
(d− 1)

8(d+ 2)
, (19)

where Sd is the surface area of the d-dimensional unit sphere defined as
Sd ≡ 2πd/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 v′. In Ref. [31], the

two-loop order coefficient z
(1)
22 is shown to satisfy

z
(1)
22 = −

(
z
(1)
11

)2
. (20)

Consequently, z
(1)
22 is also ρ independent and only the remaining coefficient

z
(1)
21 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 struc-

ture of the self-energy operator Σb
′b in the Dyson equation (18). In the

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
of Σb

′b as

Σb
′b = Γ(1) + Γ(2) = Γ(1) +

8∑
l=1

slΓ
(2)
l , (21)

where Γ(1) 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) =
.

Γ
(2)
1 =

.

Γ
(2)
2 =

Γ
(2)
3 = Γ

(2)
4 =

Γ
(2)
5 = Γ

(2)
6 =

Γ
(2)
7 = Γ

(2)
8 =

Figure 3: One-loop and two-loop diagrams that contribute to the self-energy
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 〈vivj〉0 which is the only diagrammatic object that contains he-

lical contributions. The corresponding coefficient z
(2)
11 that follows from the

Γ(1) contribution is thus actually also ρ independent. Since all non-helical
quantities in the present helical A model must reproduce the corresponding

values of Ref. [18], the following z
(2)
11 expansion coefficient must be obtained

(as verified also by direct calculation):

z
(2)
11 = − Sd

(2π)d

× (d2 − 3)(u+ 1) +A [d+ u(d− 2)] +A2(1 + 3u)

4d(d+ 2)u(u+ 1)2
.

(22)

The contributions to Γ(2) which determine z
(2)
22 (d, ρ) and z

(2)
21 (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 〈vivj〉0 propagators which are lin-
early 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:

Γ(2) =
g2ν p2 Sd
16(2π)2d

( µ
m

)4ε 1

ε

×
{
Sd
ε
Cρ +B(0) + ρ2δ3dB

(ρ)

}
, (23)

where Cρ, B(0) and B(ρ) are for now undetermined. The d, g, p, µ, u,m de-
pendent factors in Eq. (23) could principally by absorbed into Cρ, B(0) and
B(ρ), but are kept in order to comply with notation of Ref. [18]. By defini-
tion 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

B(0) = Sd−1

∫ 1

0

dx (1− x2)(d−1)/2 B, (24)

where the variable x denotes the cosine of the angle between two indepen-
dent 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 Cρ is directly related to the

second order pole coefficient of Z2, namely to z
(2)
11 (d, ρ). Although, we de-

noted this contribution by superscript ρ, in reality it must be independent
of helical contributions because of the one-loop order of the present general-
ized 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 Cρ may be dropped, i. e., Cρ ≡ C. Due to helical
independence of C it assumes the same form as in Ref. [18] yielding thus

the corresponding z
(2)
22 (d, ρ) as

z
(2)
22 (d, ρ) = z

(2)
22 (d) = − S2

d

(2π)2d
C

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 calcu-
lation 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 de-
pendences in the expressions Cρ ≡ 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

Γ
(2)
l 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, Cρ ≡ 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 dia-
grams, 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

coefficients z
(2)
21 (u, d, ρ) and z

(2)
22 (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

z
(2)
21 (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 re-
quired 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,

z
(2)
21 (u, d, ρ) is found as (once again notation of Ref. [18] is used)

z
(2)
21 (u, d, ρ) =

Sd
16u(2π)2d

(
B(0) + ρ2δd3B

(ρ)
)
, (26)

where B(0) and B(ρ) are defined via Eqs. (23) and (24), respectively. Ac-
cording 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) = Sd−1

∫ 1

0

dx (1− x2)(d−1)/2
8∑
l=1

slB
(ρ)
l (27)

and thus define B
(ρ)
l as the corresponding helical parts of the Γ

(2)
l 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,

for the diagrams Γ
(2)
l 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

Prandtl number u
(1)
∗ on the parameter A in the region −2 ≤ A ≤ 2. Note

that for A = −1 one obtains u
(1)
∗ = 1. Apparently, one-loop values of u

(1)
∗

are always positive (u
(1)
∗ → ∞ for A → ±∞) and therefore physical for all

arbitrary real A.

with l = 2, . . . 8. However, in the case of diagram Γ
(2)
1 , 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

outlined, for example, in Ref. [2] are used for the graph Γ
(2)
1 . 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 prop-
erties of the IR scaling regime and its stability. First, since the fields v, v′,
b, and b′ are not renormalized, the following simple relation holds:

WR(g, u, ν, µ, · · ·) = W (g0, u0, ν0, · · ·). (28)

It states that the renormalized connected correlation functions WR =
〈Φ . . .Φ〉R differ from their unrenormalized counterparts W = 〈Φ . . .Φ〉 only
by the choice of variables (renormalized or unrenormalized) and in the cor-
responding 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 − γνν∂ν ]WR(g, u, ν, µ, · · ·) = 0, (29)

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

βg ≡ µ∂µg = g(−2ε+ 3γ1), (30)

βu ≡ µ∂µu = u(γ1 − γ2), (31)

γi ≡ µ∂µ lnZi, i = 1, 2, (32)

and are based on relations among the renormalization constants (14) to-
gether 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 correspond-
ing 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∗ = g
(1)
∗ ε+ g

(2)
∗ ε2 +O(ε3), (34)

u∗ = u
(1)
∗ + u

(2)
∗ ε+O(ε2). (35)

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

g
(1)
∗ =

(2π)d

Sd

8(d+ 2)

3(d− 1)
, (36)

g
(2)
∗ =

(2π)d

Sd

8(d+ 2)

3(d− 1)
λ, (37)

u
(1)
∗ =

1

3a2

(
−2a2 −

3
√

2b1
3
√
b2 + b3

+
3
√
b2 + b3

3
√

2

)
, (38)

u
(2)
∗ =

2(d+ 2)

d[1 + 2u
(1)
∗ ]

[
λ− 128(d+ 2)2

3(d− 1)2
B(u

(1)
∗ )

]
, (39)
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where λ is related to the coefficient z
(1)
21 in Eq. (15) as

λ =
2

3

(2π)2d

S2
d

[
8(d+ 2)

d− 1

]2
z
(1)
21 . (40)

The coefficient B(u
(1)
∗ ) 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 = a2 (3a1 − 4a2) (41)

b2 = a22 (−27a0 + 18a1 − 16a2) (42)

b3 =
√

4b31 + b22 (43)

a0 = −2
[
d2 − 3 +A(A+ d)

]
(44)

a1 = 6(1−A2)− 2A(d− 2)− d(d+ 1) (45)

a2 = d(d− 1) (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

free of helical contributions. Furthermore, g
(2)
∗ 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,

for example, in Ref. [15]. In more detail, g
(2)
∗ is completely determined by

λ from Eq. (40). However, u
(2)
∗ is model specific and known only for special

choices of A ∈ 0, 1 [15]. Here, it is expected to contain helical contributions

via the quantity B(u
(1)
∗ ) which in turn is completely given by the coefficient

z
(2)
21 in Eq. (26) and it obtains the following value at u = u

(1)
∗ :

B(u
(1)
∗ , ρ) =

(2π)2d

S2
d

z
(2)
21 (u

(1)
∗ , ρ) (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

Ωij =

(
∂βg/∂g ∂βg/∂u
∂βu/∂g ∂βu/∂u

)
(48)
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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 ε = 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 γ∗1 = γ∗2 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 mea-
sured 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 two-
loop 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

ueff = u
(1)
∗

(
1 + ε

{
1 + u

(1)
∗

1 + 2u
(1)
∗

[
λ− 128(d+ 2)2

3(d− 1)2
B(u

(1)
∗ )

]

+
(2π)d

Sd

8(d+ 2)

3(d− 1)

[
av − ab(u(1)∗ )

]})
, (49)

where ε and the dimension d are taken to their physical values of ε = 2 and

d = 3, the one-loop value of the inverse turbulent Prandtl number u
(1)
∗ is

given in Eq. (38), B(u
(1)
∗ ) 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, v′

and two admixture type fields b, b′, respectively. We omit the details here
and refer the reader to Ref. [55]. For further discussion it is convenient to
split ueff (A) into its non-helical part u(0)(A) and its corresponding helical
contribution ρ2u(ρ)(A) via

ueff (A) = u(0)(A) + ρ2u(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 (nu-
merical values rounded to 3 decimal places) the zero points of u(0) would
cause the turbulent Prandtl numbers to grow infinitely which would be un-
physical. Consequently, in the non-helical case values of A are restricted
to A ∈ 〈−1.723, 2.800〉. 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 ueff 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 ueff = u(0) + ρ2u(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 diffusion-
advection processes when helical environments are considered. The resulting
dependences are truly complicated functions of A and lead to non-trivial ef-
fects in connection with the helicity parameter ρ. Therefore, instead of the
tensorial nature of the admixture itself we have clearly identified the tenso-
rial 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. Addition-
ally, 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 ob-
tain 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 addi-
tional 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 sta-
tionary 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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E 68, 046306 (2003).

[25] H. Arponen, Phys. Rev. E 79, 056303 (2009).

[26] L. Ts. Adzhemyan, N. V. Antonov, and A. N.Vasilev, The Field The-
oretic Renormalization Group in Fully Developed Turbulence (Gordon
& Breach, London, 1999).

[27] J. Zinn-Justin, Quantum Field Theory and Critical Phenomena
(Clarendon, Oxford, 1989).

[28] L. Ts. Adzhemyan, A. N. Vasilev, and Yu. M. Pismak, Theor. Math.
Phys. 57, 1131 (1983).

[29] L. Ts. Adzhemyan, N. V. Antonov, M. V. Kompaniets, and
A. N. Vasilev, Int. J. Mod. Phys. B 17, 2137 (2003).

[30] L. Ts. Adzhemyan, J. Honkonen, M. V. Kompaniets, and A. N. Vasilev,
Phys. Rev. E 68, 055302(R) (2003).

[31] L. Ts. Adzhemyan, A. N. Vasilev and M. Gnatich, Theor. Math. Phys.
74, 180-191 (1988).

[32] L. Ts. Adzhemyan, N. V. Antonov, and A. N. Vasilev, Usp. Fiz. Nauk
166, 1257 (1996) [Phys. Usp. 39, 1193 (1996)].

[33] L. Ts. Adzhemyan, J. Honkonen, M. V. Kompaniets, and A. N. Vasilev,
Phys. Rev. E 71, 036305 (2005).

270



[34] L. Ts. Adzhemyan, J. Honkonen, T. L. Kim, M. V. Kompaniets,
L. Sladkoff, and A. N. Vasil’ev, J. Phys. A: Math. Gen. 39 7789 (2006).

[35] L. Ts. Adzhemyan, A. N. Vasilev, and M. Gnatich, Theor. Math. Phys.
58, (1983).

[36] L. Ts. Adzhemyan, N. V. Antonov and A. N. Vasilev, Phys. Rev. E 58,
1823 (1998)

[37] L. Ts. Adzhemyan, N. V. Antonov, V. A. Barinov, Yu. S. Kabrits, and
A. N. Vasilev, Phys. Rev. E 63, 025303(R) (2001); L. Ts. Adzhemyan,
N. V. Antonov, V. A. Barinov, Yu. S. Kabrits, and A. N. Vasilev Phys.
Rev. E 64, 019901 (2001).

[38] S. V. Novikov, Theor. Math. Phys. 136, 936 (2003)

[39] N. V. Antonov and M. M. Kostenko, Phys. Rev. E 90, 063016 (2014).

[40] C. Pagani, Phys. Rev. E 92, 033016 (2015).

[41] L. Ts. Adzhemyan, A. N. Vasilev, and M. Gnatich, Theor. Math. Phys.
64, 777 (1985).

[42] L. Ts. Adzhemyan, A. N. Vasilev, and M. Hnatich, Theor. Math. Phys.
72, 940 (1987).

[43] N. V. Antonov and M. M. Kostenko, Phys. Rev. E 92, 053013 (2015).
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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 rise 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 photo-
detector. 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.
(20 0) 

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

filler distil. 
water

aq. 
solution of 

glycerol

UV glue 
SPECTRUM

rubber 
SKTN

light collection’s 
increase,%

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 mm (Ti) and mm (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 -9

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 2460 C), and ultimately due to the thermal load 
at an extreme low helium temperature of 4 K. 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 

-10
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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]

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, 

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].

29.5 30 30.5 31 31.5 32 32.5
rcorr [mm]

-1000

-500

0

500

1000

(3
11

)s
tr

es
s[

M
Pa

]

axial
radial
hoop

r3
r2

Cross-section Ti-SS2
d0=1.083670(30) A

290



REFERENCES
1. Sabirov B.   “Explosion welding: New Design of the ILC Cryomodule”. JINR

NEWS, 3/2010, p.16, Dubna,2010.
2. “Electric welding technology of metalls and alloys by melting”(rus) By

edition of B.E.Paton. Moscow: “Mashinostroenije”, 1974.
3. B.Sabirov et al., “Recent Advances in Ti and Nb explosion welding with

stainless steel for 2K operating (ILC Program)”, Proceedings of the
International Workshop on Future Linear Colliders (LCWS11), Spain,
Granada, 26-30 September, 2011, arXiv:1201.3472.

4. B.Sabirov, J.Budagov, G.Shirkov “First samples of Ti and Nb tubes
explosion welding joint with stainless steel for  ILC 1.8K Cryomodule”,
PARTICLE&NUCLEI, 44, part 4, p.1388, Dubna, 2013

5. Taran Yu.V. et al. Residual Stresses in an Explosion Welding Titanium-Steel
Bilayer Pipe by Neutron Diffraction // JINR News. 2011. No.4. P.16.

6. B.Sabirov et al.,”Modernisation of the ILC Cryomodule using High-Tech
Technology — Explosion Welding”,  XXIV Russian Particle Accelerator
Conference (RuPAC’2014), Obninsk, Russia, 6-10 October, 2014

7. Lisak V.I., Kuzmin S.V. “Explosion welding” (rus). Moscow,
“Mashinostroenie”, 2005, 511 p.

8. Basti A.,…Sabirov B., et al., ”Optimization of ILC Cryomodule Design Using
Explosion Welding Technology”, International Particle Accelerator
Conference (IPAC’15), Richmond, Virginia ,3-8 May, 2015

291
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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 -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 m 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° . On the second 
stage (metal-modulated epitaxy) it was decreased to TS=700° , 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 x=-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 electron-
positron 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, = 380 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 full-
simulation 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. 

1 email: milap@vinca.rs 
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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 =3 TeV, has been demonstrated at the CLIC CTF3 test facility. The 
transverse beam sizes of ( x, y) = (40 nm, 1 nm), have been optimized to increase 
the luminosity while minimizing beam-induced background, delivering an 
instantaneous luminosity of 6 1034 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  =350 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, =380 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  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 self-
coupling 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: 

jet energy resolution of high energy jets (E >100 GeV) of  3.5 - 5%;
track momentum resolution GeV-1;
impact parameter resolution in a transverse plane . 

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, WW-
fusion, 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, , 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 106

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 =380 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 (H e e)     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. 

350 GeV 1.4 TeV 3.0 TeV
Integrated luminosity 500 fb-1 1.5 ab-1 2.0 ab-1

#HZ events 68000 20000 11000
#WW-fusion events 17000 370000 830000
#Z-fusion events 3700 37000 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 
di-lepton pair and the center of mass energy, . The left
side of Figure 3 shows the distribution of the recoil mass, constructed for =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, , 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 Z μ+μ− decay, at 350 GeV center of mass energy, is 120 MeV.

a)                                                                        b)
Figure 3 a) The recoil mass distribution constructed using  Z μ+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  decay in 
Higgsstrahlung process, at the same center of mass energy and integrated luminosity. 

The leptonic Z-decays, in the first place Z 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(Z l+l-) of 3%. It has been shown that the hadronic Z
decay channel, which has a high branching fraction, BR(Z qq 69%), can be 
used to improve the relative statistical uncertainty of the absolute Higgs to Z-
couplings.  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 mqq  mZ and mrec mH. 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  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 

decays, the relative statistical uncertainties on the charm and gluon
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  , or indirect couplings
of  and . The branching fractions of these processes are at the 
order/below per mile.
It was shown that the statistical precision of  that can
be achieved is 29% (16%) at the 1.4TeV (3 TeV) CLIC [6].  
The measurement of indirect couplings of Higgs to , is highly sensitive to BSM 
physic processes, which modify the effective H  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 H Z 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  process. This process is studied using the most favorable 
Higgs decay, . 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  =1.4 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 HH  , the quartic 
coupling can be measured with a statistical uncertainty of 7% at  = 1.4 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 xBR is related to 
the corresponding relative coupling, . 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, , W, Z. The relative couplings are 
used in the fit to construct the chi-squared distribution: 

where the Ci are measured relative couplings of the certain process, the  are
the Standard model expectation value and the Fi 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 and =3.0 
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, . 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 H  or H μμ. 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 S, 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 
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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 tt  can be described using eight form-
factors, where only three of them are contributing to the Standard model 
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 ( , 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 ~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, ,

, 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, H , A and 
H, which are almost degenerate in mass, is performed by reconstruction of their 
complex final states  , Figure 6 a) and

, 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, = 3 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 80% electron polarization. 
Several theories have been tested, and one of the examples concerns extended 
gauge theories, with associated new gauge boson, Z .  This gauge boson couples 
to leptons, therefore the two fermion production, eg.  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  of the 
mass of the Z  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, Z , as a function of integrated 
luminosity, for different values of couplings and .

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 = ( /f)2, where  =246 GeV is the 
vacuum expectation value and 4 f is the scale of compositeness. Figure 8 
summarizes the current constraints and prospects form LHC and CLIC. The 
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 =380 GeV. The measurement 
of the top mass and couplings are also foreseen. Higher energy stages give access 
to rarer Higgs decay modes,  and double-Higgs production. All Higgs 
measurements are combined in a model-independent simultaneous fit, with sub-
percent 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 

0-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 0) are reconstructed in gamma-gamma decay channel 
using EMCal 0-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 0-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 0-mesons and 
reconstructed jets measured in a wide pT range up to 20 GeV/c for 0-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 0-meson and jet reconstruction procedure in PHENIX and 
explains 0-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.

316



0-mesons and reconstructed jets invariant transverse momentum 
spectra obtained in p+p collisions at 200 GeV by PHENIX experiment.

0-
mesons 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 

0-mesons nuclear modification factors RAA for heavy ion colliding 
systems.

Fig.4. 0-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 0-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 0-mesons is suppressed. Suppression gradually 
disappears with centrality and in peripheral collisions one can say that there’s a 
hint of enhancement of 0-mesons production. 

Fig.5. Nuclear modification factors RAA
0-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 

0-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 
0-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 0 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, 0 production depends on the size of the nuclear overlap, 
but not on its shape. In peripheral Cu+Au collisions 0 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
0-mesons by PHENIX 

experiment in Cu+Cu, Au+Au and Cu+Au collisions at 200 GeV.

Fig.8 presents pT
0-mesons 

and recons 0-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) 0-mesons 
are less suppressed in Cu+Au than in Au+Au. 0-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 
0-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 

0-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 
0-mesons 0-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 0 
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and jet production enhancement. Jet nuclear modification factors are in agreement 
0-mesons nuclear 

modifications available yet. We acknowledge support from Ministry of Education 
and Science, Russia, project 3.1498.2017.
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