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Quark flavour mixing Up1®

DE SANTIAGO
DE COMPOSTELA

1— 2\ A AN (p —in)
= - 1— 1z AN? +O(X\Y)
AN (1 —p—in) —AN 1

(d, s,b)

Voxy originates from MISALIGNMENT between UP and
DOWN quark couplings to the Higgs boson
_ + _ 70
—£4 =YPQ, ( ?50 ) Dr+YYQ, ( _¢¢_ ) Up+HC.  YU4YP  Vogy =UTUP

m The Kobayashi-Maskawa (KM) mechanism introduces CP violation in the SM

O it is the only source of CP violation in the SM, in absence of neutrino masses or 6,
®w  CKM matrix has minimal flavour violation

O extended theories do not replicate in general such flavour structure

m KM theory 1s highly predictive

O huge range of phenomena, over many orders of magnitude in energy with only 4 independent
parameters (not including quark masses)
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% The Kobayashi-Maskawa theory u SC

DE COMPOSTELA

®w  The CKM matrix must be UNITARY for a fixed number of quark generations
(€.82.3) : Vexm =Vekm
®  Which provides many relationships, such as TRIANGLES :

1-A3 A2 231 A-0\3 1.)\2 A2 1-A Al A3.)2
VidVy, + VaVy + VaVy =0 Vv + V,V3 + VWi =0 ViV, + Vv + VaVie =0

m Consistency of measurements in various triangles are tests of the Standard Model

providing MODEL-INDEPENDENT CONSTRAINTS on new physics.
Only one independent phase , but 4 measurable combinations can be formed of the type V,,;V,;*V3; V3™

(the 6 individual quark phases are not measurable)

m Two phases characterize the first triangle:

B =arg[-V.,4V;/(ViaVy)]  (this talk) —
v = arg [—VuaVy3/(VeaVy)] (backup slides)

LHCDb has performed a new measurement:

L 1 1
0.2 0.4 0.6 0.8 1.0

p

_ -I-7 1 L
Y = (70 97 ) of unique importance for SM tests LHCb-CONF-2016-001

m The triangles with very short sides later in this talk ( 8s = arg [~ ViV /(VesV3)] )
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Two roads to travel the new physics path

NEW HEAVY PARTICLES NEW HEAVY PARTICLES
remain in the vacuum extracted from the vacuum
and produce visible effects into the laboratory on
through quantum fluctuations their mass shell

RARE DECAYS
do they conform loop
corrections within the SM?

Measure masses
and couplings of

SUSY particles,
CP VIOLATION LEPTOQUARKS,
Baryogenesis in the new HIGGSES,

heavy NEUTRINOS
vector-like quarks, etc

early universe requires
new cources of CPV

(not necessatrily in quark sector)
Is KM theory perturbed?

If within reach, ATLAS and CMS will
determine the spectrum of the new
particles

NEUTRINOS
SM already broken in this sector
CPV now realistic with sizable 6,
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UN@
The LHCb apparatus

w LHCb Detector
LS4 \Weight: 5,600 tonnes
YRCD  Height: 10 m

Length: 20 m

Vertex
Locator

Tracker
Turicensis

Dipole Tracking et REinbers
Magnet Stations alorimeter

The LHCD detector at the LHC, JINST 3 (2008) S08005
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PART I

NEUTRAL MESON
MIXING AND CP
VIOLATION

6

B. Adeva, University of Santiago de Compostela, Helmholtz International Summer School Dubna, 29 July 2016



% The neutral mesons u SC

DE COMPOSTELA

® Only 4 long-lived neutral mesons exist in Nature: K", D", B’ and B"_, since the
t-quark does not live long enough.

® They all undergo particle (P°) / antiparticle (P) oscillation. In the SM, it is
dominated by loop diagrams with W* and t-quark (b-quark for D). Beyond the
SM, new heavy particles may enter the loop. e.g. leptoquarks @, or other:

W+ ¢

<
<

Y

Y
Y

<
<

PO wct Y Y u,ct PO P I,y Y Y Ly P
W~ ¢
W Oscillation parameters can be accurately measured, they PROBE HIGH
MASSES IN VACUUM, are important assets to constrain new physics models.

® Forward production at the LHC i1s an extremely powerful factory for these
mesons, in addition to e"e” Y'(4s) machines. CP-violation was discovered on the
K?(1963), and the BY provided essential ground for Kobayashi-Maskawa theory
(2001). LHCDb can add precision, specially with new sources, as B’ and D°.

A
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% The mixing matrix ISC

DE COMPOSTELA

™ So quantum loops create the high (H) and low (L) mass eigenstates (p,q € C) :
|PH,L> — p|P0> n q|p0> |PH,L(t)> _ e—’imH,Lte—FH,Lt/2|pH’L (0)>
W Which generate oscillation of the flavor states:

V(0) = B (O1P) + vaO1P) with i+ (m _ ( M-t F) Cﬁ;)

@ Under CPT invariance , the mixing matrix R = (M - 1'F> has 5 real observables:

2
mg,mr, 'y, T'r,and ¢ with Am=my —m; A=T, —Ty :
my Mo Iy T , r* . : -
_ _ 5 — arg (M?,T1s) CP — violating
M <M1*2 mL) r (1_‘I2 PL) ¢ = arg (M{,I'12) violating

¥ The oscillation is a QUANTUM CLOCK , generic to the P? — P’ system, that
needs to be stopped with the observation of the meson decay at a given time t.

W Theory (EW + QCD) and experiment should independently determine the mixing
matrix observables. Technically, the experiment requires to choose a particular

final state.
8
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% The CP-violation observables

W If the chosen mode is SELF-TAGGING (only accesible from P° (+) or P°(—) ), and we

perform flavor tagging at t=0, time evolution for mixed flavor is:
+1 __r1¢

—— [cosh(AT't/2) + cos(Amt)]

(—)
214

I1rnixet:14_
a(t) ||p

W If a CP-EIGENSTATE i1s chosen, then INTERFERENCE between the mixing and the
decay amplitudes: 4; (P° — ) and A; (P° - f) happens governed by the complex

number:
qA .
)\f 121 CP conservation < [Af| =1 ﬁmmng m I |
pAf ] 1 S
phase(/\f) =2 ((fbdecay o ¢mixing) W I i
® The corresponding time evolution, with t=0 tagging, is then: antiparticle goes
rL(t) S| p O’Ie—rt(H:’:[) H=(1+ |/\f|2) cosh (AI't/2) — 2Re(Ay)sinh (AT't/2)
+(1) = -
2 I = (1—|\f|?) cos (Amt) + 2Im(\;)sin (Amt
f f
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% Measurement of Am, for B meson

W The decaysB° - D p*'v,X D~ - Kr« and B° = D u*y,X D~ = D(K*n )n~

are chosen at LHCb for their high branching fraction (b = c¢) and efficient pu-ID

W Huge statistical samples

(~ 2 x 10° DY) were collected
with 3 b1, with excellent

mass resolution

The proper decay time of the B®

meson 1s calculated as:
Mpo - L -k
prec

decay path (at the vertex detector)
visible momentum (missing neutrino)

Events /(1.4 MeV/c?)

t =

L

prec

The correction factor

k = (Prec / Purue) OTiginates from
the undetected neutrino, and
it 1s accurately described by the
simulation. It degrades time
resolution only slightly (75 fs)

B. Adeva, University of Santiago de Compostela,

LHCDb collaboration, R. Aaij et al. arXiv:1604.03475 (2016)

< x10°
~ L B B
- LHCDb —— Data % 25F LHCb
100 —— Total fit] z
I ——- Signal ] > 20f
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I S 15k
50 - z
i 5 10F
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% Measurement of Am, for B meson

W The flavor ( B or B°) is identified both at production time (t = 0) and at decay
time (self-tagging modes), so that:

Nunmix . Nmix
N () — N (BO — D(*)_/.L-I-I/“X) (t) oc e~ Tt [1+ cos(Amgt)] A(t) = Nunmix |\ mix = COS(Amdt)

N™(t)=N (B° — B° — DY, X) (t) oc e T4 [1 4 cos(Amat)]
LHCD collaboration, R. Aaij et al. arXiv:1604.03475 (2016)

® Flavor tagging att =0 1s
decided using information from
the other b hadron present in
the event (charge of leptons,
kaons, detached vertex)

mistag : 0 <n<0.25

< 05

W Overall tagging power is 0
2.46+0.04 % in 2012 for D™,
and similarly for other samples

= World's most precise, in 0.5F (a)
agreement with previous e ————
measurements, and very 0 10 t[ps]

constraining for NP models ~ Amg = (0.5050 4 0.0021 + 0.0010) ps™*
11
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% Measurement of Am, for B, meson

B, - B, B 5 D-xt D, — ¢(K*K )r~, K*(K*n )K~,K~n*n~
®  The BY shows the HIGHEST _
OSCILLATION FREQUENCY of all D'ﬁﬁfs"s":i;::gtzl‘zzst_he two
neutral mesons. Governed by tree- Am_= m,- mL.
level diagrams with t-quark, Am, 1s
a crucial ingredient in searches for
physics beyond the SM

LHCb collaboration, R. Aaij et al. N. J. Phys. 15 (2013) 053021

E e Tagged mixed
W Measurement requires SUB-PICOSECOND s | : o Tagged unmixed
: : : < 400F LRI — Fit mixed
decay time resolution c,, which at 2 | o
. t . s S Fit unmixed
LHCb (o,= 44 {s) 1s provided by a 3 I
powerful vertex detector, and the strong 5 2001
forward Lorentz boost at the LHC.
I'(t) o< Dse "2 [cosh (ATst/2) + cos (Amt)] 00 -1 2 3 4

decay time [ps]

®  As for BY meson, t = 0 flavor tagging A — (17 768 1 0.023 L 0 006) g1
comes from opposite-side charged s ' : ‘ p

particles, improved with same-side

: Only 1fb!, still the most precise measurement to date
particles (total power = 3.5 %) Y p

12
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% CP violation in BY and B, mixing

® In B%(g=d) and B’ (q=s) oscillation, the 3 real observable quantities of the
mixing matrix
M,
= ds M [Tl 0, = e (— 352

I
can be obtained univocally from: Mo (M M r_(Tn 1“12)
a) the mass difference AM, ~ 2|M2,| My, my, Iy T
b) the width difference AT, = 2|I'{,|cosd,
¢) the SEMILEPTONIC ASSYMMETRY N(B) ~N(B) _ .o _ I ALy o,

NB)+ N(B) =t~ MY, |Sm¢q AM,
¥ Any new physics (NP) deviations from the SM are described by a complex number:

IO\'P

ML, = MIBYAN with  ANP = |ANP|e

¥ Such "new physics situation" happened in 2010 after the precision measurement
by the DO detector at Fermilab of a g =(—9.75+2.51 £1.41) x 1073

from the asymmetry of the SAME SIGN dimuons: ag = N N
N+t 4+ N—

DO collaboration, V. M. Abazov et al., PRL 105 (2010) 081801

Note the measurement exploits, in PP collisions, a CP-symmetric INITIAL state
13
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% CP violation in B? and B’ mixing

What can we say foday about this NP situation? Both LHC experiments (pp collider)
and B-factories (e"e") tried to reproduce this (challenging) measurement

- :
LHCb has been able to dlsentangle the LHCDb collaboration, arXiv: 1605.09768 (2016), submitted to PRL
components related to B, (q=s) and BY  LHCb collaboration, Phys. Rev. Lett. 114, 041601 (2015)
(q=d) mesons, using semlleptonlc decays

W The chosen modes were:
B - D7ty X D7 - KtK 7~
B’ — D pvX D —K'nn~
B’ = D* pty,X D*~ — DY(K*rn )m~
¥ In both cases the SL asymmetry was defined:

(B f)~T(B—f) e,
I'(B— f)+T(B— f) m>(K*K") [GeV?/cH]

asr =

® The untagged time-integrated asymmetry 1s: ag; =2A,,, (mixed + unmixed)

raw

= In B the high oscillation frequency Am,reduces the effect of the small production

asymmetry by factor 10-3. Detection and background asymmetries are fully assessed.
14
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% Summary CPV in B and B°, mixing

® Final LHCb values are the most precise to date, compatible with other measurements:

aSq; = (0.39 £0.26 (stat) = 0.20 (syst)) % LHCb collaboration, arXiv: 1605.09768 (2016), submitted to PRL

ade; = (-0.02 £ 0.19 (stat) = 0.30 (syst))% LHCb collaboration, Phys. Rev. Lett. 114 041601 (2015)

® Summary of existing measurements of a’, and adg; :

ag [%]

1

—_— T T T I T T T L] I T T T L
g Standard Model i -
Mgy I------------------------ - _.._.._\*K_..E._.._.__.__.__.__.__.._.._.._=
[ 1< : i
I N ; i
3k N -
- 1< D) ; bands and -
C | S 01/ i contours ]
F L % | e8%cCL ]
[ < ; ]
[ 3 LHCb DOuvX : ]
NS DO DOuvX ]
[ 2 BaBar D*lv : "
- BaBar /I —_— .
N Belle Il : i
L I L L L L I L L I; L I L L

-2 -1 0 1
ad %]

-0.01

-0.02

-0.03

:/SM

- AX2=1
DO
overall
| i average
N HFAG
.
1 l I |
-0.02 -0.01 0 001 ,
Ag (BY)

DO pp
included
in average

W There 1s consistency with the SM prediction, and among the measurements
(the puzzle has virtually disappeared)

B. Adeva, University of Santiago de Compostela,

Helmholtz International Summer School
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SC

The CP VlOlatlng phase unyeRsoAo:

DE COMPOSTELA

w Essential test of CKM unitarity on the triangle: Vusvub + V.V + Vivi =0 of a very
short side, only accesible to hadron colliders. The tree-level decay: B2 J/yo
provides normalization for the SM, while new partlcles may still contribute to the

mixing
b Ve ¢t Ve s Bso bp
500 W % ?r 0[‘3" ¢M\ i
" ing BY — o
qgA
®  Mixing/decay interference with CP- elgenstates key complex number: A; = —A—’;

. "C ‘CQ
@s — _a'rg()‘f) = qﬁ]\/f - 2¢D — _2*33 — _Qalg (VZ‘/;>
tbVts

Ipo—Tge  Sysin(Amt) — Cycos(Amt)
Tpo+Tpo  cosh(Al't/2) + Aarsinh(ATt/2) Aar =

T T T P
—2Re/\f
1+ [\

:1—|Af|2 o _ 2Tm)\

Acp(t) =

= The J/y¢ is the main goal for B, by LHCb, complemented with several other BY,
CP-eigenstates sensitive to 3 from mixing/decay interference with loop decays:

B 5 DiD; B’—¢p B — KK
= SM error really small: ¢ = —25; = —37.6 02 mrad  ckwiitter PRD 84 (2011) 033005 "
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10*

Candidates / (0.2 ps)

Bs measurecment by LHC uERsoAD:

DE COMPOSTELA

LHCb collaboration, R. Aaij et al. PRL 114 (2015) 041801

10k
102

10k

¢s = —0.058 + 0.049 £+ 0.006 rad

Amg = 17.711 19022 £ 0.011 ps~*
I, = 0.6603 + 0.0027 4 0.0015 ps™*
AT, = 0.0805 4 0.0091 #+ 0.0032 ps~*
IA| = 0.964 £ 0.019 + 0.007

CP — even
CP — odd
S — wave(K)

w Fit decay time and helicity angles, result consistent with SM (no direct CPV |A|=1)
m LHCb tagging power: (3.73 £0.019 £0.007) %  Decay time resolution = 46 fs

m  Most precise ¢ to date. Additional measurement from B, — J/¢ 7 7~ gives:

¢ =50 £ 69 + 8 mrad , combination: ¢ = —10 4 39 mrad 17
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Current status of [3, UR®

DE COMPOSTELA

W A significant effort on ¢,
and AT, for the B® meson 0-141
has been focused by LHCb,
in a major test of the
Kobayashi-Maskawa theory 2 010l
of the SM -

DO 8 fb!

HFAG @@
CMS

1971 68% CL contours |
(Alog £ = 1.15)

—
Lo
|

CDF 9.6 fb™"

W World averaged values are:

ccs — — 0.06¢ ATLAS 19.2 fb™!
P, 33 £33 mrad
Al'y = 83+6 ns! —04 —02 0.0 0.2 0.4
¢ §°* [rad]
sy | 9°¢ =-37.6+0.8 mrad
AT = 88 +20 -1 see also M. Artuso, G. Borisov, A. Lenz, arXiv: 1511.09466,
s ns CKMfitter PRD 84 (2011) 033005

Further improvement will require assessment of higher order corrections,
related to penguin diagrams. Some estimates on ¢ . pollution have been
made by relating mirror channels under SU(3) rotations, yielding < 21 mrad.

LHCD collaboration, JHEP 11 (2015) 082, K. De Bruyn R. Fleischer, JHEP 03 (2015) 145
18
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= LHCb has newly measured the phase

sin(2p) from B> JpKe. URS

UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA

LHCb collaborat|on PRL 115 031601 (2015)

—~ 3500F" o
R LHCb

VdV* E 5_
ﬁEarg(— St < 3000 035
ViaVi, 2 o0k 0.2
= : 0.1

that, TOGETHER WITH y, completes theZ

LHCb é

Signal yield asymmetry

TN g

standard CKM unitarity triangle: g 1o} 01f W&P :
< 1000 E -02F =
VaaVii + VasVis + Va Vi = sl 03
&) F E
@) 0'._L._.-rf , | [ ()48 TR R T
. . 5 10 15
= The B-phase had great historical 520 5260 8280 530&635’50
importance, since it provided the first sm(ZB) = sm(2(l) 1) m
evidence of CPV in the b-quark B (2009) — ﬂ OegF;ROE;l;ATgF:;
sector (B&B&I‘-BCHC, 2001 ), in the BaBar i 0.69+0.52+0.04+0.07
. PRD 80 %00053 112001 1
golden CP-eigenstate: Baar Jy é??é’é‘z’(?é‘i) Ke . 1564042021
B’ — J/'Qng ESILIios (2012171802 " 0.07=00220.01
. é\ll__BE Egl—;_ 259 (.2000) * 0.84 s £ 016
w LHCDb has analysed the time PLo 4029 amzs0m

EPJ C5, 379 (1998)

evolution of the asymmetry:

— CDF 0.79 "0
I(B°= f)-T(B° = f) . PRD 61, o720a5 (2000) '

A(f) “TE S T B S f) Ssin(Amt) — Ccos(Amt) LHCb _ (20155 ieor | / 0.7340.04 £ 0.02

with 41500 B° — J/ng dCC&YSI PRL 108 20123 171801 . 0.570580.08

S = sin(24) = 0.731 + 0.035(stat) + 0.020(syst) | frae> 5 | oeero0
C = —-0.038 +0.032(stat) + 0.005(syst) 2 -1 0 2 3

B. Adeva, University of Santiago de Compostela, Helmholtz International Summer School
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% CPT non conservation SC

DE COMPOSTELA

Is CPT violated? This would imply Lorentz non invariance
(see O. Greenberg, Phys. Rev. Lett. 89 (2002) 231602 )

® The SUB3)*xSU(R2)xU(1) SM of gauge interactions is believed to be the low-energy
limit of a more fundamental theory with gravity. String theories involve

interactions that could destabilize the vacuum, and spontaneously generate a
VEV#0 of Lorentz tensors. This 1s the so-called Standard Model Extension : SME

D. Colladay and V. A. Kostelecky, Phys. Rev. D58 (1998) 116002

® The natural scale for a gravity theory is the Planck mass Mp = 1.22 x 10 GeV/?
so at collider experiments we should aim at effects mw /Mp ~ 107"
Is this feasible at all?

® In neutral meson oscillation, the quantum frequencies are accurately measured.
Could the masses and lifetimes of the B® and B° mesons NOT be equal ? In other
words : 1s the complex number §m +isT/2 non zero?

om = (My — My3)/2 6 = (I'y —T'22)/2  DIAGONAL elements of the mixing matrix M — %F
20
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% CPT non conservation at LHCb

|By) =pvV1+ z|BO> —qV1— z|BO)

¥ The eigenstates: { |BL) =pV1—2B") +qv1+2B°)  will generate an abservable
p,geC

phase angle shift in the B/ B® asymmetry oscillation, for z # 0. Our
 om —idT/2 The d oS quit
=Am _iarjz - [hedenominator is quite

small as compared to M BY, and the real figure of meritis r = Am /M B, -

sensitivity relies on the ratio =

Note: Am <2.1x107° eV/c? AT <04 x107% eV Mpo = 5.3 GeV/c?

® In the SME Lagrangian, Lorentz-violating terms are introduced for the fermions
with coefficients a,, (- a, for antifermions). For a (41;%2) meson the coefficient
is Aa, =al' —af , and z depends on the 4-velocity g+ = (1, 5) of the meson, as

N pBrAa,
- Am —iAT'/2

Z

W So at LHCD there is a further x20 enhancement in sensitivity to Aa, ,with (y3) = 20
In the SME Aq, 1sreal, sothat: Im(z)/Re(z)= (1/2)AT/Am

21
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% LLHCD result on CPT non conservation

R. Aaij et al. , LHCb Collaboration,

CP-eigenstates were chosen for B® and BY, mesons :
Phys. Rev. Lett. 116 (2016) 241601

B° — J/YK® B?— J/wK*TK~ . Corrections to %

for z#0 are known, and deviations from z=0 fitted. 3 %} ﬂi """ T[]
Sidereal coordinates (fixed stars) were used, with oo F _}:M
LHCb beam location on Earth's rotating frame. The bttt
B°/B° mass difference should depend periodically 0sf  TTIVEE L -
on sidereal time. A wide frequency search was _0_‘;#1 :‘T‘F:{:
performed, referred to day/night correlations. R +8 ----- PR
No significant periodicities found, and Aa, P | T
was determined, for B® and B®_, with precisions =~ & o} M Fo/vEs i

O (107") GeV and O (107) GeV respectively.

z For B, :

Re(z) = —0.022 + 0.033(stat) = 0.005(syst)
Im(z) = 0.004 4 0.011(stat) 4 0.002(syst)

Vv [solar-day ]

103 improvement on BP existing measurements by BaBar
and x 10 improvement on BOS measurements by DO

22

B. Adeva, University of Santiago de Compostela, Helmholtz International Summer School Dubna, 29 July 2016



PART 11

PROBING THE FLAVOUR
STRUCTURE OF THE SM
New operators in b—=> s up ?

Lepton universality, or LFV?
Minimal Flavor Violation MFV?

23
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DE COMPOSTELA

(s B.>wwandB'> wp UES

m B = u'uw decays are an extremely sensitive field to New Physics models

Very suppressed (10°-10-19) in SM due to: ;
O GIM mechanism / CKM unitarity
O Helicity suppression (left-handed W)
O Smallness off-diagonal CKM elements

b MSSM

HYA®

(minimal flavor violation)
+ dominated by short-distance interactions b b5 tarfp W
Nature Letter 522 (2015) 68

Features not generally respected by

generic extensions ! s F
(O] £
Painstakingly searched for 2
over 30 years ... 5> £ | |
o % 10 I s e %2012793 ,,,,,,,,, 2018, R
m Predictions are sharp: 5 [ Naflle
—~~~ 10—7 '—? AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA Ij AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
BB, 2 pp gy =(3.66 £0.23)x10” o % Ot am .
X e[ *
- — -10 10 I e 7 &)
B(BO 9 I’L+u )SM o (106 + 009)X10 8, EE f i:i%s é gagar SM: B° : v
e . = HRA4 | || - B = U
| Exemplary SenSItIVIty for SUSY: g 10°° E? A g::: Y I(-;||-\I/|(;b ................................................................. L'.
— £ | VV L3 { ATLAS S ¢
B(BS 9 MJ’_H- ) z (tanB)6/MAO 10—10E I IAAI IDOI I 1 1 'I.I (:iMIS+lI-H(I:bI SIM: BI I_>I!»l IIJI 1 1 I 1 1 1 1 I
1985 1990 1995 2000 2005 2010 2015
Yearl_
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% B, 2> p'uwand BY 2 pu

m LHCb/ CMS collaborative effort

Nature Letter 522 (2015) 68

B. Adeva, University of Santiago de Compostela,

O completely different geometrical
coverage with respect to LHC beams

O experiments designed for different
purposes: higher instantaneous L at CMS
compensates for lower low-mass dimuon
efficiency and resolution

m Combination of CMS and LHCb

data results in the discovery of
B, 2 p'u, and in a 3o effect

for B 2> pfu
Results consistent with SMat o
—1.20 and +2.20 level t,

Global analyses of Wilson

and semileptonic observables, are
needed to pin down new physics
operators

CMS and LHCb (LHC run I)
T T T

IIIIIIIIIIII|II

I|IIII|IIII,|

I
—4— Data

— Signal and background
18— wuw

[ 80—

= = = Combinatorial background
===== Semi-leptonic background
= = Peaking background

02F

coefficients, including other leptonic o

oE

0 2 4 6 8

B(B3— utw) (1079)

SM

—2AInL

Helmholtz International Summer School

0 0.2 0.4 0.6 0.8
BB ') (10°9)

A NEW PHASE OF PRECISION MEASUREMENTS IS INITIATED
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% Angular analysis of B = K™ p"p-

Rare b = s u"u- FCNC only allowed in the SM by b g
calculable electroweak penguin and box diagrams, U -
open to new heavy particles (Z', extra H...) %7< ”L%< ;

Angular observables in KK )u*u 4 L,R b
are characterized by 6 amplitudes: 0,||,L i Y
3 K*0 helicities and 2 p™u- chiralities (L,R)

The full set of 9 (CP-averaged) observables was analized by LHCb 1n 2013
arXiv:1304.6325 (1 fb!), as function of q*(u"u’), showing statistical agreement
with the SM predictions in all of them, except in the particular observable:

= V2Re (AFAL" — ARARYY )\/FL(1 = Fp) = S5//Fo(1— F)  Fo=1451 + 145
or simply S;, which showed a significant discrepancy (3.70c)

Possible interpretations of this discrepancy and consistency of all b = sup
transitions has been widely discussed in the literature (~ 20 papers in
2014/2015). LHCD has updated the result with the full 3 fb-! data sample and
performed a global fit to all observables, to assess the difference with respect to
SM predictions
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%BO -2 K™ - & tension in P '

The discrepancy in P's was confirmed ~ |HCb collaboration, R. Aaij et al., JHEP 02 (2016) 104,

with 3 fb'! in 2<q?<6 GeV?/c* . Also seen IE PI : . F. E
by Belle arXiv: 1604.04042 in K'Il. SM given  F 5 B oot o ey
by two calculations: DHMYV and ASZB. :{' - PASM from ASZB -
Various theoretical analyses showed that ——= :
the difference can consistently be accounted | %ﬁr— » ‘ ]
for by modifying the real part of the 0 + -
coefficients Cyand C,, associated with the 13_ @: 1 B
(V, A) Wilson operatorsin b = s u'y o T s e s

transitions: ¢* [GeV?/c']

DHMV: S. Descotes-Genon et al., JHEP 12 (2014) 125.

I — — (= — .5 ASZB: W. Altmannshofer S. Straub, Eur. Phys. J C75 (2015) 382.
O = (SL’Y#bL) (,LL’)’ ,u) Oy = (SL’yﬁbL) (,wy v 'u) see recent discusion at T. Blake et al. arXiv:1606.00916 (2016)

C,, being constrained by the BF B, 2> p'p, LHCb = [ | [ | / :
has performed a global y? —fit to all angular a

observables and determined the best-fit value tobe "
shifted: ARe(Cy) = —1.04 £ 0.25 from the SM value = ey |
of 4.27, with 3.4c significance. et

Shift could be caused by new vector particle or by unexpectedly high hadronic ejj‘egt7
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% Lepton universality

Gauge interactions in the SM are flavor-universal at tree level, and all
flavor-dependent interactions originate from the Yukawa couplings to

the Higgs boson.

It 1s the smallness of neutrino masses that makes lepton interactions
universal (e, W, T). The only theoretical uncertainty in ratios of
semileptonic decays comes from different lepton masses.

Z° decays at LEP tested lepton universality to 10-3 level. Heavy quark
decays tested e-p in B > Kl1™v to 5% level, and constraints on p-t are
poorer (10% in charm: D" > 1™v).

The ratios below are particularly sensitive to physics beyond the SM:
[re= [dT (BY — K*+ptp) [dg?] de? I (B — D®rv,)
= 2. (x) =
[%e [dT (B+ — K+eve) jdg?) dgz2 T (B— DOuy,)

Rk

and have been recently addressed by experiments, including LHCb. -
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SC

R, observable at LHCb

combinatorial background

2
o Jia [0 (BT~ K*ytuT) /dg?] dg?
K — 2 o T
[ dT (BY — Kteter) /dg?] dg? 5 W
S
LHCb collaboration, PRL 113 (2014) 151601 o 10
107

m Ratio free of all hadronic uncertainties,
notably form factors obs
4800 5000 5200 5400 5600

m 1<@? <6 GeV? excludes J/y and region mK ) IMeV/e?]
Y(2s) radiative tail J/y radiative tail

.;-‘::'.1.: - g

above y(2s) affected by broad charmonium o
resonances T

= Strong advantage is taken from the copious S e
S

control channel B* = J/y (I'1") K* to cancel
potencial sources of systematics (assuming
universality in Jhy =2 171)

G A
5200 5400 5600
m(K*ete”) [MeV/c?]

2d

04800 5000

B. Adeva, University of Santiago de Compostela, Helmholtz International Summer School Dubna, 29 July 2016



Ry measurement
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= Ratio of partially oxe e -
reconstructed = o LHCb 1 2, sof LHCb | -
i = | = | =
background to signal for 2 | @ T @ -
B* 2> Kt efe is ! 12 : i
determined from ratioin 2 | g S0f 1.
. 5 I 3 [ ]
B*" 2> Jy(ee)Krwith ¢ [ . N .15, e H8
. 5000 5200 5400 5600 5200 5400 5600
Correctlng factors m(K*e*te™) [MeV/c?] m(K*uru”) [MeV/c?]
Resolution propertles = L300f LHCb | =
for electron pairs are = 2 0 1
. NS 2500k b)
evaluated using the J/y = 22007 ® 3 f
signal, incorporatinga £ 5 100) -
. = 3 i ]
small resolution effect S R ]
5000 5200 5400 5600 - O v

5400

from MC

m(K*ete™) [MeV/c?]

5600
m(K*utun’) [MeV/c?]

® Analysis was performed independently for 3 different trigger types (e, K, other).
Dominant systematics is parametrization of B™ = J/y (e"e’) K™ mass distribution

and estimate of trigger efficiencies (3% each)
30
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% Summary of Ry results Usie
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--LHCb -—m-BaBar -a—Belle

R o L L L L
< [ ]
: LHCb 1 LHCb : PRL 113 (2014) 151601
15) . . BaBar : PRD 86 (2012) 032012
: ; Belle : PRL 103 (2009) 171801
! il + SM
o5k 1 Rk = 0.74577 74 (stat) £ 0.036 (syst)
TS T T e s

g* [GeV?/c4]

= Ry 1s compatible with earlier, but less precise measurements. Only 2.66 from SM
expectation (O(10-)), but suggestive.

m Deficit of muons consistently seen by LHCb also in other b = s u"u~ channels

31
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% B > D™ introduction U pA%
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®  Lepton universality can be broken by new physics with t lepton, and ratios like
R(D*)=B(B = D®™tv)/B(B = D®™uv) are sensitive to it
4 in two Higgs doblet models (2HDM), the D/D* helicity amplitudes H become:

2
HEHDM%HEM (1+(SR:|:SL) q )
m-(my, F me)

with scalar NP contributions S; y proportional to (¢Pp, pb) (TPrv,) Prr= (1F75)/2
B BaBar reported anomalously high values of both R(D") and R(D), by > 3¢ :

PRD 88 (2013) 072012, also PRL 109 101802
Belle 2007 H .
BABAR 2008 | ] H—e *Q
Belle 2009 —— D — Ej 03
Belle 2010 p—t—o—— ——o———
BABAR 2012 Heo—H F—o—

02 04 06 08 03 04 05 06
R(D) R(D")

® Those exclude 2HDM where S;= 0 (type II, minimal SUSY) in the full tanp-my,,
plane, but are compatible with more general 2HDM having |Sg+S, |<1.4

32
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B D*tvat LHCh ~ UNE
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. . . .. D(B"—= D7 (u ;) v,)
= First b > 1 reconstruction at a hadron collider: F(D") = [ (B° — D*u-1,)

Challenging at the LHC, both decays produce identical final-state topologies,
with no kinematic constraint D*t — D°(K—7n")r™*

<o A000ETTT 35 L P < 12.60 GVt LHCb 1 = 4000F 793502 <12.60 GeV2/c* LHCb ]
a~ r . . 2 C = . D
> C : ata
2 3000F 4 w - -
S Tk 3 & M ] B oD
S 2000F 3 & 2000F 4 | M B — D*H (- WX)X
% E ., ] = n ] | B - D*lv
Z  1000F 1 & 1ooop 7 | B - DYy
§ - - : . : Combinatorial

3 et R e | Misidentified p

A~ heapoepeepiibonpeagas A 2T Beepeepeepeeges Qoegeegeengeoae-d Jeeopiopeapapes Beepeepedse . ¢ ]

6 g 0 50 1000 1500 2000 . 2500
m2. (GeV/c") E " (MeV)
R(D*) =0.336 £ 0.027+ 0.030 R. Aaij et al. PRL 115, 111803 (2015)

m  LHCb result confirms the excess to the SM value 0.252+0.003. Fit also extracts
form factor parameters, which appear to agree with world averages.

O BO rest-frame variables ( m;%, E", *= (pp-pp)* ) are measured with (15-20)% resolution

thanks to ﬁ 5 estimation with charged particles

O Control samples of the different backgrounds allow precise corrections 33
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% B > D®tv combination YUBAE
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*A O .5 [ Ll ] 1 T I ] T ] 1 I L] 1 T 1 I _ E T |E T T
a) [ —— BaBar, PRL109,101802(2012) Ay?=10 - Babar
E 045F = Belle,arXiv:1507.03233 — 03322002420018 | I
N LHCb, arXiv:1506.08614 i Belle :
K — Average ] 0.293 = 0.038 = 0.015
04 — i
- - LHCb ;
a - 0336 £0027£0030 |
O .35 -— —- Average :
- ] 0.322 =0.018 = 0.012 _.—i
- - SM prediction
0.3 f— — 0252 = 0.003 ¥
0.25F — HFAG - HFAG
B o ol Erss 7] :
- SM prediction P(y2) = 55% 2 T T
0 2 B 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 N 0,2 03 04
0.2 0.3 04 0.5 0.6 R(D)

R(D)
Average: | R(D*)= 0.322+0.018+0.012 R(D) = 0.391 +0.041 + 0.028

m  Combination still 3.96 above the SM expectation:
R(D*)=0.252+0.003 R(D) =0.297+0.017

Including the new independent R(D") from Belle arXiv:1603.06711, with semileptonic
decays, makes SM deviation go to even higher significance 34
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% Hidden-Sector bosons UBi®

DE COMPOSTELA

m Dark matter (DM) may arise from quasi-stable particles in the Supersymmetry
breaking sector at 1-10 TeV scale, that interact feebly with all known particles.

m Spontaneous breaking of the Peccei-Quinn symmetry (U(1) rotation of R-handed
u,d-type quarks) leads to a light pseudo Nambu-Goldstone boson, the axion ().
Its observation would provide fundamental understanding of why CP-violation 1s
not seen in strong interactions.

m The axion has been postulated to explain the € excess observed in cosmic ray
experiments (PAMELA and AMS-2) : TeV-scale DM would decay into axions
and get very long lived. These should then be light (GeV scale) in order to
couple mainly to e and .

Y. Nomura and J. Thaler Phys. Rev. D 79, 075008 (2009)
O. Adriani et al. PAMELA Collaboration, Phys. Rev. Lett. 111, 081102 (2013)
M. Aguilar-Benitez et al. , AMS Collaboration, Phys. Rev. Lett. 113, 121102 (2014)

35

B. Adeva, University of Santiago de Compostela, Helmholtz International Summer School Dubna, 29 July 2016



DE COMPOSTELA

% Higgs portal to Hidden-Sector SC

m The axion can be detected at accelerators through ut
its mixing with a CP-odd Higgs boson A° (either ; X< .
in SUSY or in 2HDM's with VEV : (H;5), = v12 ). N e
The top-quark can host this portal through FCNC o
loop decays b — sy, with amplitude: . > ;
M(b — sx) = —sind M(b — sA°) tand = nf:f&:jlﬁ

_ U
where tanf = o~ and vew = \/v? + 02

2

n=1(DFSZ axion) n =2 (NMSSM) £y is the axion decay constant
M. Freytsis, Z. Ligeti, and J. Thaler Phys. Rev. D 81, 034001 (2010).

= For f, 2 10TeV the axion does not decay at the primary vertex, so detection
involves VERTEXING and high u"u- MASS RESOLUTION to search for narrow states in

b— spp (B°— K*°utyu~ was chosen by LHCD).

w Similar principles, but with the SM Higgs boson as portal, allow searching for a
scalar field responsible for inflation at the early universe, the inflaton.

F. Bezrukov, and D. Gorbunov, J. High Energy Phys. 05 010 (2010). 36
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% Dimuon spectrum B? =2 K™ y(u )

m The BF product B(B® — K*x(u*p™)) = B(B® — K*°x) x B(x — p*p~) is measured

relative to B(B° — K*°ut ), with normalization restricted to 1.1 < m?(utu™) < 6.0 GeV?
R. Aaij et al. , LHCb collaboration, PRL 115, 161802 (2015)

o o

Jhy

W(ZS)-HV.GWO) .

—— Prompt

—— Displaced

Candidates / 10 MeV

L L . Ao,
200 1000

@ Many uncertainties cancel for signal and normalization sharing the same final

2000
m(u*) [MeV]

00 .0 0,1 il 10

3000

4000

state. Hidden theory parameters are also safer from the ratio.

B(B’— K™% (u*u ")
B(B— K™%+ )[1.1,6.0]GeV?

- rinanmpmrir

B. Adeva, University of Santiago de Compostela,

. ZObO .
m(u*i) [MeV]

Helmholtz International Summer School

M 1 M
4000

107

(X, y —,0g
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% Exclusion regions hidden sector

Axion decay constant x tanf3? (PeV) Inflaton mixing angle 62
. B(y— hadrons) =0 LHCb ~
@ L I B(x— hadrons) = 0.9 %
u T
S =
~ z
> 5
& 0.5 %
= 17
g =
R 5
< <

1000 2000 3000 4000 10° 400 600 800 1000
m(u*u) [MeV] m(u*) [MeV]
®  No evidence for a signal 1s observed. Constraints exclude most of previously

allowed region R. Aaij et al. , LHCb collaboration, PRL 115, 161802 (2015)

m  First dedicated search over a large mass range for a hidden sector boson in a decay

mediated by a b = s transition, and most sensitive search over the entire accesible
mass range

Stringent constraints are placed for theories that predict the existence of additional

scalar or axial-vector fields 38
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m Rare decays sensitive to new particles

» Further measurement of the ratio

B* = wfuu and B 2 Kou'we

The LHCb collaboration, R. Aaij et al. JHEP (2015) 034

. - 70F T T ;:600 T . +
1n a extended flavor structure. The S o LHCb g LHCb
dB B > s = gk
LHCb measurement of gz (5" =) 2 ﬁ o B i
is in agreement with the SM I3 e I P E
prediction APR and with lattice QCD  ° b % byt 4 s T
. 0 ’ 5400 5600 5800 6000 0 5200 5400 5600 5800 6000
calculations FNAL/MILC. MWL) (MeV/E) K W) (MeVIE)
APR: A. Al A. Pa}rkhomenko, A. Rusov, Phys. Rev. D89 (2014) LHCb K APRIS # HKRIS Ml FNALMILCLS
FNAL/MILC: arXiv:1507.01618 25— 77—
HKR: C. Hambrock, A. Khodajmirian, A. Rusov arXiv:1506.07760 LHCbH

B(Bt — ntutu)
B(Bt - Ktutu~)
allows a precision determination of |Via/Vis| .

Form-factors uncertainties now reduced greatly "
g* (GeV?/c*)

The normalization channels: B™ — J/¢ (u"p~) K* play an essential role to ensure
cancellation of many systematic sources of uncertainty

= 0.038 £ 0.009 (stat) 4 0.001 (syst)

dB/dg? (107 GeV-2c%)
i
|

o
n
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T. Blake, G. Lanfranchi, D.M. Straub, arXiv:1606.0091 (2016)
|‘/td/ ‘/tsl
® A sensitive test of the SM and possible
extensions to it comes from comparing this
ratio as extracted from different sources:

T I T T L} L] I T T L] T l T L] T T
FNAL-MILC oscillation
-

B =X,y

—

B-factories

B = p(K)y

~ Rare B decays B — mK)u*u LHCb / FNAL-MILC

LHCb + CMS B PH'H
CKM unitarity

0.2 0.3 0.4 0.5
Vu/V

m The extractions agree and are so far consistent with the SM, and also with models
sharing the Minimal Flavor Violation hypothesis (MFV)

—  Oscillation frequencies (B°,BY)) with lattice QCD

;_;lIIIIIIIIIIIIIIIIII

CKM unitarity

o

S

.. i . B(B® — putp)
w The largest deviation 1s currently seen from the ratio: B(BY = ptp-)

in two channels that provide the theoretically cleanest extraction among all rare

decays, ultimately comparable in precision to that from meson oscillation

MFV : G. D'ambrosio et al. arXiv:hep-ph/0207036 /A. J. Buras et al., arXiv:hep-ph/0007085
FNAL-MILC oscillation : A. Bazavov et al., arXiv:1602.03560 (2016)
FNAL-MILC: Daping Du et al., arXiv:1510.02349 (2016)

40
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Global analyses on Wilson coefficients

A) 1.5-_ """""""""""""""" 1 """ __ 3__; T | L | T T l"'r""r""q
L 1 L : : 40% Power Corrections
I ' ] i 7 7 L= o 0.4 68% CL
10+ ,,v,/ﬂ_,;‘} -20% Power Corrections . . _ : B 9swcL
i P ! : : —  No FF corr
L L 1 10% Power Corrections - 2x FF err
o5l T S Nt S 02 T A TFem
~ i \\.L .| Fitto PC—insensitive obs - s | eieee=l -
ze | = | G
O 00 % 3 00
>, r S .
S _ - O
2 : - °
03} B R S e S L
vl S T o HMN
i AS | S Ay %504 —03-02-01 00 01 02
b o B R DHMV - T e
5 P ] I B S B [ T - 6C9/C9
-25 -20 -15 -10 -05 00 05 e e T, B)
NP
Re(CNP) oy

m Global fits have been published on the consistency of the
Wilson coefficients Cy and C,in b =2 s (y,u"w) R
observables from flavor experiments (LHCb en particular) =g ©

1

T
Oy = (8rubr) (A1) - Oro = (Bryubr) (A*7°1) T
A) T. Blake, G. Lanfranchi, and D. M. Straub, arXiv:1606.00916 (2016) of
: - , : ‘"i'gi,(/’f/,”)ﬂ/f
B) Fermilab Lattice and MILC Collaboration, Daping Du et al., arXiv:1510.02349 (2016) B M ,
-3 -2 -1 0 1 2
Re(Cy'")
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§{8% Summary on flavour physics BISC
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®  Flavour physics in the quark sector has florished over the last two
years, with a large number of precision tests of the Standard Model of
particle physics. LHC experiments have been succesful on this.

® Sensitivity to B, > p*u-and B® = p*phas reached the 10-191evel and
will continue to improve

® No evidence of new physics has been found in the first precision
measurements of the CKM phases B and vy, providing further support
for the Kobayashi-Maskawa theory of CP violation.

W A few interesting "tensions" with the SM to follow up very closely:
O hints on lepton non-universality in Ry, R(D*) and R(D)

Q S, observable in B 2 K™ pu appears to deviate from SM.
Possible explanations can be new physics or unexpectedly high
hadronic effects.

42
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% Some history about pentaquarks Uple

Five-quark states of matter, beyond the simple quark
model picture, have been an inspiring case of QCD

No reason why they should not exist

predicted by Gell-mann (64) and Zweig (64), specific QCD
models Jaffe (76), Strottman (79), Hogaasen & Sorba (78),
Lipkin (87)

But no convincing findings 50 years after Gell-mann
paper proposing qqq and qqqqq states

Various enhancements observed in mass spectra, including
0" > K'n, D™p, and 2~ 2 & n mostly "demystified", see
review K. H. Hicks Eur. Phys. J. H37 (2012).

44
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% A, —IyK psignal  URAE
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w Great A, [udb] — J/WK-p signal ;ZZZZ: R ﬂ —
at LHCDb: pp - bb+ X /s =8TeV, g sooof 26007
with very small background, due 5 4000¢ o
to trigger on displaced vertices, zooog— J Lbkgnd
large acceptance for low p i S S N—
Jhv = pw, and excellent mass ¢ boons Moy OV
resolution e

= Dalitz plot shows
resonant A” structures
in K- p mass and
unexpected feature : :
in J/y p mass b L

2 3 4 5 6
m, [GeV?]

45
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% Dalitz plot Projections UBA®
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LHCDb collaboration, R. Aaij et al., Phys. Rev. Lett. 115, 072001 (2015)

3 >
= 2500F § (@ LHCb = 800 (6) LHCb
S =
*g 2000 g 500
T —=— data L
1500
— phase space 400
1000~
200
500
496 78 20 22 22 20 a2 a7 e s o
My, [GeV] myp [GeV]
(@ C (o) %}K_
7 I W
b W b uy
AL q u—— 0 2 P
® d—— \S * Apq u—> ———uf °
d
minimal quark content: uudce Is this diagram real ?
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{68 Amplitude analysis YRS
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w [Interference between

two channels:
A=A,
AN—-Kp —

and

—+ -
Ab—> Pc K , - lab frame A, rest frame -
rest irame Pc—
Pc +_) J/\V p \ | C _ “f"»

A rest frame

® m(Kp) & 5 decay angles

are independent phase

space dimensions

lab frame

m Sequential weak/strong decay helicity amplitudes

= Parity conservation assumed 1n strong decays and in A, production )
7
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% Models: extended & reduced SC

DE COMPOSTELA

= Consider up to 13 A* states & allowed L values

State JP My (MeV) Ty (MeV) # Reduced # Extended

A(1405) 1/2= 14051713 50.5+2.0 3 4
A(1520) 3/2~ 1519.54+1.0 15.641.0 5 6
A(1600) 1/27F 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2- 1690 60 5 6
A(1800) 1/2~ 1800 300 4 4
A(1810) 1/2% 1810 150 3 4
A(1820) 5/2F 1820 80 1 6
A(1830) 5/2~ 1830 95 1 6
A(1890) 3/27 1890 100 3 6
A(2100) 7/2- 2100 200 1 6
A(2110) 5/2% 2110 200 1 6
A(2350) 9/27F 2350 150 0 6
A(2585) 7 ~2585 200 0 6

# parameters 64 146
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% Results without P_ states SC

DE SANTIAGO
DE COMPOSTELA

= Use extended model, so all possible known A*
amplitudes. my, looks fine but not myy,

= Additions of non-resonant, or extra A*'s do not help

= 2200 —s— data
S 5000 : —— Lotall(fit J
Te) a ackgroun
1800 : @ LHCb - A(1405)
5 &= A(1520)
qC) 1600 § A(1600)
i A(1670)
> H
Tl ~e-- A(1690)
1200 i ---- A(1800)
L - A(1810)
1000F- i & <eogens A(1820)
soof. | :". oo A(1830)
P -k A(1890)
|
coob- o . % Mg e A(2100)
i ---Ac-- A(2110)
400 ?' * i —okees A(2350)
: 4o A(2385)
200
0316 18 2 2.2 2.4 2.6 L/ R— 44 46 48 5

my, [GeV M, [GeV]
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% Extended model with one P, SC

DE SANTIAGO

DE COMPOSTELA

m Try all JP up to 7/2*
= Best fit has J* =5/2*, Still not a good fit

—a— data
g 2000 t —e— total fit 800
0 (a) LHCb background
— 1800 ¢ === P 700

Events/(15 MeV)
[o)]
(@]
(=]

oy
o
(=]

400
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DE SANTIAGO
DE COMPOSTELA

% Reduced model with two P_'s SC

» Best fit has J¥ =(3/2-, 5/2%), but also
(3/27,5/27) & (5/2", 3/2") are preferred

B o daa 2 500

= 2000 —e— total fit ()
LHCb background =

0 bk ¢+ @ e P(4450) L0 700

ot H Swc P(4380)

02 16 18 2 2.2 2.4 2.6
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% Intervals of m(K" p) UR®

DE COMPOSTELA

e TSP T DRGSR
2 | @ MEPISTEEEEVL ) §¢1.55<M(K-p)-
Q 4 4 | *t<1.70GeV _
2 ! *#'f l i ;iﬂ |  data A(1670)
€ oot ¥ % | + #+ @ total fit - A(1690)
| iftﬁ o — background ¥ A (150
. g"ﬁ”’a%bﬂﬁ*im% ! -5 Pc(4450) - 4= - A(1820)
| AN W Po(4380) 4 (1830)
s i -+-A(1405) _,  A(1890)
S Ry e -6+ A(1520) & A(2100)
s | (c) *ﬂ 1.70 < M(K'p)] A(1600) A A(2110)
Q& | ‘ﬁw <2.00 GeV LHCb ] '
5
(T
Signal more prominent
- as m(K-p) becomes large,
away from A*'s

My, [GeV] My, [GeV] 52
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DE COMPOSTELA

H . .
% Results and significance USie

P_.*(4380) 4380+8+29 |205+18+86| 84+0.7+4.2

P_*(4450) | 4449.8+1.7+25| 39+5+19 | 41205+ 1.1

A(1405) 15+1+6
A(1520) 19+12+4

Fit improves after adding 1 P, by A(-2InL)=14.72, then adding the
20 P by 11.62, and adding both together A(-2InL)=18.72

Similar significance expected from toy simulations: 1%t state has
90 and 2" state 120, including systematic uncertainties

The analysis 1s confirmed by a model independent approach (MI)

on the same data ( R. Aaij et al., arXiv:1604.05708 (2016))
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% Data demands two states UPA&

DE COMPOSTELA

= Interference between opposite parity P_." states
needed to explain decay angular distribution

= 0p, 1s the J/y angle in P_" rest frame
= Fit projections are shown

§5°°__ —— Combined P, <« FOISINIRR
2 [ LHop ~ — Pl(4450) INTERFERENCE
NEGATIVE g 400 — P,(4380) (SMALL Mg)
INTERFERENCE &
LARGE M £
( ke) S - INDIVIDUALLY
5 T SYMMETRIC
oof RATES
ol 1 | 0 Vv

I0.2I I0.4I )0.61 |0.8( 1
cos(6,, )

1 | || | (|
-1 -08 -06 -04 -02 0

o4
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Phase behaviour  UB®

DE COMPOSTELA

® Breit-Wigner amplitudes determined for 6 bins in (My-I', My +1')

Canonical resonance unitary amplitude.

My

-0.15
-0.2
-0.25

-0.3

O?g

—m? — z’MXF(m) The phase should run counter-clockwise.

(a) Breit—Wiginer + (b)

P.(4450) §

: . ! Breit-Wigner —
'LHCb + i

.35 -03 -0.25 -0.2 -0.15 -0.1 -0.05 O 0.05 0.1 0.15 -0.1 -005 O 0.05 0.1 0.15 0.2 025 0.3 0.35
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% Pentaquark also in A,—J/ypr

R. Aaij et al., the LHCDb collaboration arXiv:1606.06999 (2016)

The pentaquark signals in
Jp should also be seen in m,. > 1.8 GeV
the Cabibbo suppressed @ | | N
channel A,—J/ypn, given
sufficient statistics

—
LHCb

With measured relative BF
8.2%, LHCD has carried out
such analysis, following the
lines of the previous one, with
a full amplitude model.

A significantly better description of the data is achieved by either including the
two P_" states observed in A,—J/ypK-, or the Z_(4200)" reported by Belle and
LHCb. The total significance is 3.1c when both types of exotics are included

Within the statistical and systematic errors, the data are consistent with the
P_(4380)" and P.(4450)" production rates expected from the previous observation.

Assuming Z (4200) 1s negligible, there 1s 3.3c significance for both P_ together.
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ﬁ% The tetraquark Z(4430)"

R. Aaij et al., the LHCb collaboration PRL 112, 222022 (2014)
This charged charmonium-like state

7~ (4430) — ¢'=— with ccdu quark content was

I LHCb
200 -1.0 <mp, < 1.8 GeV?

discovered by Belle PrRL 100 (2008) 142001 .

LHCDb has confirmed Z(4430) as a
resonance and established its spin-parity to
be 1" (both with very high significance):
My, = 4475+ 7738 MeV/c* T, =172+ 1335 MeV

Candidates / (0.2 GeV?)
S
[e)

The amplitude model of the B® — ' K*n=  °— 16 18 20

" — ptp~ Dalitz plot with 25176 + 174 candidates
followed the same lines as that of A - J/wpk— J/w — ptp-
Results were also confirmed by a MI approach.

A lower mass signal Z7, , with preferred J' = 07, is also
found: M, =4230 £18% MeV/c* T, =220+ 471 MevV

with large 81gn1ﬁcance (66). This state is not showing up R
in the MI approach, and its full characterization as a A?(jggog"’;{gtghe
resonance will need confirmation with larger samples. 57
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% New exotic states 1n J/\yd mass

LHCb has performed an amplitude analysis R. Aaij et al. LHCb collaboration, arXiv:1606.07895
of 4289 = 151 B" 2 J/ydpK* decays, with

J2uw, ¢2K'K- . The data cannot be 5
described with a model with only excited :

kaon states decaying into oK™ .

Four J/y¢ tetraquark states are observed, .| ==

0 q=r

with quantum numbers:

X(4140)

41465+ 4.5 %6,

8321421,

1++

8.4/5.7

X(4274)

42733 +83 172

56 + 118,

1++

6.0/5.8

X(4500)

4506.0 + 11 +12

922121

o++

6.1/4.0

X(4700)

4704.0 £ 10 *14,,

120 + 31 42

0+

5.6/4.5

submitted to PRL, 25 Jun 2016

250F

dates/(

5 200F
g s
o s
150

100

Signals seen
| before, now
established

L NEW !

Candidates/(10 MeV)
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60

40
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—=— data

—e— total fit

—— background

—— I"NR ¢
K1Y
K'(1%)

—— KQ)+K'(2)

—— K'(IN

——K'(2)

5 ——KO)

== 1" X (4140)

1, == 1"X (4274)

Fl i 07 X (4500)

e A% 07 X (4700)

Seem —— 0" NR,

andidates/(30 MeV)

&
)
=1
=]

2200 2400
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[MeV]

[~
9
=]

S @
s 3

)
=] =]

€

"y k

0 —
4100 4200 4300 440

s

0 4500 4600 4700 4800

m [MeV]

Jye

The first two show consistency with previous measurements (CDF,Belle,CMS,D0, BaBar)
X(4140) can also be described by a 0 ~* cusp model for D,'D", (2317)" scattering,

but the likelihood 1s substantially worse than that of the resonance model

B. Adeva, University of Santiago de Compostela,

Helmholtz International Summer School

58
Dubna, 29 July 2016



% Summary on multiquarks

W LHCb has found two resonant quantum states coupled to J/y p with pentaquark
content uudec ( PRL 115, 072001 (2015)). Their preferred spin-parities J* are:
(3/27,5/27), (3/27,5/27) or (5/27,3/2"). Opposite parity is highly significant.

W Determination of their binding mechanism
will require more study. Different QCD-

inspired approaches have been proposed.

¥ Charmonium-related tetraquark states have been reported by several
experiments, of the ccdiu type : Z(4430) (resonant character 17 shown by LHCD)
and Z(4239), and of the J/y¢ type: X(4140), X(4274), X(4500), X(4700).

W Lattice QCD calculations would be most welcome to provide masses

A new field of spectroscopy seems to have emerged
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MEASUREMENT
OF THE CP-VIOLATING
PHASE y FROM
TREE DIAGRAMS
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% Why vy from B = DK is important
= v plays a unique role in CKM physics v = arg[~VuaV5/ (VeaVi3)]

QO 1t can be measured from direct CP violation in tree diagrams alone
(since top quark is not involved in the couplings)

= Therefore a reference point for the Standard Model
0 particularly important after New Physics 1s discovered

U

K-

Do ” y

= A final state COMMON to D? and D? is required. Different
possibilities are characterized in the literature (GLW,ADS,GGSZ)

GLW: Gronau-London-Wyler PL B253 (1991) 483. , PLB 265 (1991) 172.
ADS: Atwood-Dunietz-Soni PRL 78 (1997) 3257. , PRD 63 (2001) 036005.
GGSZ: Giri-Grossman-Soffer-Zupan PRD 68 (2003) 0564018
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{89 v MEASUREMENTS (GLW-ADS)

b — ¢ W™ (us)
DOg— m Interference between (balanced) b — u and
b — ¢ amplitudes. Common element:
B Jpk™ A(B~ — D°K") o
b — u W (cs) = rpe'®8=7)
) A(BtT — D°K+)
DVK~

= Different modalities for various D°/D° final states fp ( B* — fpK= ). Also
— —) (—)
neutral B’ decays ( B — fpK*® ),with K** — K*x~ . Main cases are:
" 5, =KTK  ntn ,CP-eigenstates (GLW). CP-violation rates:
I['(B* = fpK*) =1+ rp+ 2rgcos(dg &+ 7)

m fp=n K, K 7" (Cabibbo suppressed/favored , ADS)
Ap(m~K™)
Ap(K—m)

Ratio of D°-decay amplitudes then comes into play : = rpe’P

With the CP-violating rates contributing as:

I'(B* — fpK*) =r% +r% + 2rprecos(ép + dp +7)
63
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[§{8% v MEASUREMENTS (qGLW-qADS)

b — c W~ (us) ®m Extensions of both of the above to

[Ap| higher multiplicities, have also

07—
/ DUK \ been used by LHCb:
B-

fpK— [fp= rtr nte , KT K 7°,

o n° i GLW
v;) o o |
DV — fp=n"Ktntn , m~Kt7°,

|Ap| €D Kgﬂ-— KT (quasi ADS)
Which require :
a) Fraction of CP = +1 eigenstate F', for self-conjugate modes £y (kp = 2F, — 1)
b) And coherence factors k{) ; F st f Ay (:C)/i f(z)dz
kDe D = —
ApAy
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DY = K%t and DY = K K*K-modes

m  These modes (GGSZ) played an important role in recent (2016) LHCb 7Y measurements

= The D%decay amplitude A, is distributed over the KOt ~ Dalitz plot m+ = m(Kgr™)
Assume Ap(m*,m +) = Ap(m?2,m?) , since CP violation in D%-decay is very small.

-+

®m  Complication: a hadron phase dp (mz_ mi) shows up in

S the Dalitz plot, generating an interference pattern which
‘é needs to be handled.
>
g W The distribution within the phase space can be analysed as:
m 2 2174 12 1
— Py = |AD| + |Zi| |AD| —I—QkDR.e[ZiABAD]
with
'm,? Z+ =TR ez(bg +7) k;, : coherence factor

05 1 15 2 25
m Two methods have been established to determine de cartesian coordinates:

z+ =rpcos(dp =) = Re(z+)  y+ =rpsin(dp = 7v) = Im(24)
both valid for B* — f, K* and Eé —~ fp _;((_*)0
a) Model-independent : use external data from CLEO-c coherent D°/D° production to

determine the binned averages over the Dalitz plot: ¢; = (cosdp) Si = (sindp)
b) Model-dependent : perform amplitude analysis with explicit resonance model that will
take care of the hadron phase 65
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% Full combination for y measurement

'J 1 | ] ’y (O) 70.9
(j Ny %EmCarlg - 68% CL (°) [62.4,78.0]
. r,DK 0.1006

68% CL  [0.095, 0.106]
5,PK (°) 141.1
68% CL (°) [133.4, 147.2]

,DK*0 0.217
68% CL  [0.169, 0.261]

0.6

04

0.2

EIII|[II|III|III|III

OO 50 100 150 05K (°) 189.0
o

68% CL (° 169.0, 213.0
B B, decays i oCL(°) [ ]
" B°decays
I B* decays
I Combination
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% Summary of Y measurement

A world-leading measurement of y 1s made from a combination of
LHCb analysis:

y = (109 77)°
The result 1s inline with analogous B-factory single-experiment
conclusions:

BaBar: 7 = (70 £+ 18)°

Belle: = (737}3)"

It 1s = 1o high when compared with expectation from other
measurements with Constrained Minimal Flavour Violation for

sin 23 = 0.691 + 0.017 and new lattice determinations of hadronic
matrix elements in B-mixing (Fermilab-MILC arXiv:1602.03560) :

UUT (CMFV): ~ = (62.7 £ 2.1)° (Blanke-Buras arXiv: 1602.04020)
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B. Adeva, University of Santiago de Compostela,

% A,—J/yK- p model-independent analysis

Minimal assumptions on the mass and spin
of my,, structures in the Dalitz plot, no
assumptions on their number, resonant

structure nature, or line shapes.

The null-hypothesis (H,) is characterized
by a maximum L (my ) in a Legendre
polynomial expansion P, of the efficiency
corrected cos0 . angular distribution.

An alternative hypothesis (H,) 1s defined as
L <L, Where L, 1s large enough to
reproduce the structures induced by J/yp
pentaquark resonances P, .

The result supports the amplitude model-
dependent observation of the J/yp
resonances previously reported.

A different analysis of the same data: The LHCb collaboration arXiv:1604.05708 (2016)

% * S
A ’ 20 0

§1000:— A
g [ Ho $ g H1
= F A
2 [ A
=t ¢ )

600:— 4}‘% ¢+, 2
- L4

400_— #

200{—

ok I e ¥ S S
' ' ’ ’ My » [GeV]
H 10.10 rejection of H,
0 _ . ‘
\ﬂ; it \Q FAC2nL)TH) " A SrAcnnin)

% 160? 1 — A 0 § %m( Gaussian f \
g 140 :— 1 A*,Pk_(4380) '=205 MeV §
£ F . | LHCb
3 120 A* P (4380) T=102 MeV '°F \
% - \ data
2 0 4

%
o
L L

P.(4380) I'=205 MeV,
P.(4450) I'=39 MeV

simulation

Ly 1 1 Laoieda
200 250 300 350 400

A(-2InL)

150

Simulations of specific pseudoexperiments
generated from the previous amplitude models
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% R(D) and R(D*) from Belle SC

M. Huschle et al. PRD 92, 072014 (2015)

[ B— Dty 25~

m  New result from Belle 2015 using the ss WL :E} o't N + D™
full Belle Y->BB data set of 711 fb! = % }l masoen| }[ 1 |
2 F 2 =€,
®  Tau 1s reconstructed in both electron &2 DT & "

15F- 1or

and muon modes 1o :
» 5
o) . 2 5F i
= Both low Mmiss and hlgh Mmiss are 0502040608 1121416167222 002040608 1 121416183 22
used in the fit to constrain the lepton B AC LR e
normalization “T

s0f D*J-
w At B-factories one can profit from _ Wl
the beam energy constraint.
Dominant systematics 1is a0
understanding of D™ background oof

0 02040608 1 1.214161.8 2 2.2 0 02040608 1 1.21.4161.8 2 2.2
Ip "l (GeVic) Ip "l (GeVic)

R(D*)=10.293 £ 0.038 (stat) = 0.015 (syst) . _ _
R(D) =0.375+0.064 (stat) = 0.026 (syst) P, : lepton momentum in the signal-B frame

M, ..2 >2.0 GeV?/c* in plots

miss 6 9
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% Summary on lepton universality

Are we beginning to see cracks in the SM?

LHCD 1s expanding its physics programme to more modes, with
electrons and taus:

Q similar to Ry but with different hadrons : K™, @, A, etc
a do also D*t(=23nv)v, and Dtv, A 1V, etc

And search in addition for lepton number violation in channels like
B =2 tu, K1y, Kep ...

The results on Ry (consistently with Ry«) have motivated
interpretations beyond the SM, as possible scalar leptoquark states
on the TeV mass scale, see:

M. Bauer and M. Neubert, arXiv: 1511.01900,
also G. Hiller and M. Schmaltz arXiv:1408.1627
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