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Introduction

Our Standard Model of Particle Physics:

mass - ~2.3 MeVie* 1,275 Gevic?
charge - 213 3 213 3
spin -+ 172 w 12 9
up charm
i & Malic* =95 Meic?
-3 3 13 %
12 4 i 5
= down strange
0.511 Mevic® 105.7 Ma\iic*
-1 k -1
- @ |- @
electron muon
m =22 eVic? <017 MaVic®
= o : ] i
°c . Vo .
& electron muon
o neutrino neutrino

+ antiparticles

Particle Data Book (PDG):

=173.07 GeVic*
23 o
top
=4.18 GeVic?
RT3 =
- @
bottomn

1.777 GaVic*

-1

- &

tau

<15.5 Me\ic?

0 1
12 w

tau
neutrino

]
. Zboson

W

] =126 GeVvic

Hadrons:

] o I I
1 o ;

Higgs b
boggn E

photon |

91.2 GeVic*

80.4 GeVic?

1

—
=0
=
= $ s*
—.—_{ =
— A .
=S| N
H «
e P — experiment
K == width
o input
T # QCD

GAUGE BOSONS

o
8
o
3

1675 pages!!

1Py = B(AY) Status: #EE %

Catation: KA Olrer of &l (Particle Data Geoup). Chin. Phys. €. 28, 000001 (2014) and 2015 update
P MASS (atomic mass units u)

The mass is known much more precisely in u (atomic mass units) than in
MeV. See the next data block.
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Introduction

The problems of our Standard Model ...

- Quantum Theory of Gravity

- Inflation?

- Quark/lepton generation masses: compositeness?
Substructure? Strings?
Common sub-elements quarks and leptons?
Why three families?

- Matter-Antimatter asymmetry
CPV in SM (K, B) + Big Bang ?

- Cosmological constant (dark energy ...)

- Dark matter

- Higgs & EW symmetry breaking? Forces Unification?

- Neutrinos (mass?, hierarchy?...)




Introduction

Looking for New Physics...

Direct searches: -2 /4/'

High energy
— particles created on-shell: Evidence in mass plots
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Introduction

Looking for New Physics...

- ~

Indirect searches:

-

Seo

High precision I
— particles created off-Shell: Evidence in quantum effects (loops)

(BR’s, asymmetries... )
Before the Higgs D|scovery...
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Introduction

What we see What we think it is What it is
It can be tested by studying quantum effects: Number of particles
produced,
B -+ angular distributions,

origin point in
the detector...

* iOh!, Josse Goffin



Introduction

What we see What we think it is What it is
It can be tested by studying quantum effects: Number of particles
produced,
B, b < — -+ angular distributions,
t origin point in

the detector...

l

New Particles

9

* iOh!, Josse Goffin



Introduction

e The GIM mechanism:

Kr—nle*v,

In 1970’s Glashow, lliopoulos and Maini described
the mechanism by which flavour-changing neutral
currents (FCNCs) are suppressed, and predicted the
existence of the ¢ quark SS—

W EW LETTERS

BOr \ i
242 Evems—i P }v—-

e Gaillard, Lee and Rosner : |

70k SPECTROMETER

m.~1.5 GeV from kaon mixing
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| -5 <0 )y
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s — d |
> u,c _ ;
¢ 1974 c quark discovered | Y

G; - B. Richter at SLAC oty 1
Am, =—Fm, f’m?cos®0_sin’0 (B. Richter a | bfie -
©oan O i i and S. Ting at BNL) 02 2.753_25 3,

Mg*g ™ [Gw]
TIG. 2, Mass spectrum showing the existence of J,
sults from two spectrometer settings are plotted
swing that the peak is independent of spectrometer

Tants, The nm at reduced current wni Ukc-n two
oths later than the normal run.



Introduction

e The CKM mechanism:

Cabibbo

Maskawa



Introduction

¢ |In the Standard Model of Particle Physics, transitions between different
qguarks are governed by the CKM mechanism:

a=2/3 (U Vud ‘/us I/ub d W~
>( VCKM — V;:d T/(,b u.:b >"U\N\f
d \. Via Vis Vip v Vud

Q=-1/3

e The amplitude of a hadron decay process can be described using
Effective Field Theories: Operator Product Expansion (OPE)

AM — F) = (F|Hess|M) = Z‘ (1) (F|O: ()| M)

H

CKM Wilson Hadronic Matrix
9 couplings Coefficients Elements
5o (u = scale)

pO0DOD000e
oooodang

O 2000009008
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Introduction

AM — F) = (F|Hesf|M) = Z Vi 1F|O£(;L)|ﬂ1’>

CKM Wilson Hadronic Matrix
couplings  Coefficients Flements
(= scale)

— OPE: a series of effective vertices multiplied by effective coupling constantsCi.

)

, / qa q
07 f)/ K g 0
VOQ /0 S 0/...6
C.= CSM+ CNP
Electroweak scale ~ 1/My , /s ’
New Physics scale ~ 1/M Chi= C./I M+ C7iNP

Primed C’;— right handed currents:
suppressed inSM

13



Introduction

Example: 3 -decay (very well known)

14 14 0 -
H4C > UN+ 2B+,

Neutron
Electron
R —
d
P Electron
g antineutnno
s
#
it Proton

Fs
This down quark turms
mto anup guark by
enutting a W- boson %

SRS~

(V,qislarge ~0.97)
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CKM mechanism

Introduction
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0.009 0.040 0.999

Transitions between the same family are favored
Some of them are very rare (ex: V)

Need to change charge: FCNC not allowed at tree level,

need to proceed via loop diagrams (CKM suppressed)

If a transition occurs with larger probability than expected

— New Particle (i.e. New Physics)
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lileir
-
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Penguin
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7 ab 4 " Vad 7
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Introduction

In summary:

e We understand that the Standard Model cannot be the ultimate theory

It should be a low-energy effective theory of a more fundamental theory at a
higher energy scale (TeV range), but no new particles have been found so far
at LHC by ATLAS and CMS!

e Flavour structure of the SM:
— provide the suppression mechanism for FCNC processes already observed.
— need to measure the flavour structure to distinguish between the NP models.

e The physics performed at LHCb (flavour physics) goes hand-in-hand with direct
searches (ATLAS and CMS).



Introduction

Why the b of LHCb?

e The b-quark is the heaviest quark forming hadronic bound states (m~4.7 GeV)

. d .
e Must decay outside the 3™ family Good for j‘&‘m
— Long lifetime (~1.6 ps) experimentalists! %ﬁ
— Many accessible decay channels (small BR’s) L

xkcd
e Type of processes:
N Dominant: b—c (favoured) and b—u (suppressed)

Rare: Flavour Changing Neutral Current (FCNC): b— s,d

; Flavour oscillations and CP violation

Penguin
Wt

THATS RIGHT. B Ve 7 ~ v _
b ab ! v Vad a

0O/
VA Ideal place to probe New Physics effects! g=uct

xkcd




Dominant tree decays:

Introduction

Semi-leptonic rr (E=e, p, Hadronic D=4d,3
1y ‘;1)4 U ><:H'u., c
b LN = g=2¢ u B b - g=¢c,u
B - qf%])(‘(‘.f Uspect
Rare hadronic decays
Internal spectator Gluonic g W-exchange 7D*
. v ) penguin ; Ve s 8
< = C I . - 2 i
B o ']/l BO ’ Vib |
d,u Wi i
\ g [\r d 7 S .
d,u 1 1
Radiative and leptonic decays
Electroweak - Electroweak it Radiative penguin b Annihilation s
penguin Box '

W

bl

N




(1999 - 2008 / 2010)
I nt rOd U Ctio N * First measurement of CPV in the B system

* High precision CKM matrix
* Discovery of n,,

The precesors of LHCb, key in flavour physics:
The b-factories: Belle at KEK (Japan) and BaBar at PEP-II (California)
Asymmetric e+ e- colliders working at the Y(4S) energy.

e~ (BGev) ) et (35Gev)
TUS‘)\ T
e’ Belle BIE
PEP-II / o e

Rings ™.
Positrons

Low Energy Ring
BABAR Detector

’ ’{Iectruns &\_‘ h
ey _._' -.

High Energy Ring

PEP-Il /KEK-B
High Energy Ring : 9.0 / 8.0 GeV ¢
Low Energy Ring :3.1 /3.5 GeV et
Design luminosity : 3 X 1033 / 103* cm2s?
Beam crossing angle : 0 / 22 mrad B 19



Introduction (1987- 2011)

* Discovery of the top quark
* First measurement of B, oscillations

The precesors of LHCb, key in flavour physics * Discovery of the Z, baryon
—b

The Tevatron at Fermilab (lllinois): CDF and DO
pp collider working at center of mass energy (c.m.) of 1.96 TeV.

Fermilab
Tevatron

TEVATRON
Superconducting pp ring
Energy : 1 TeV/beam
Detectors: CDF, DO
Luminosity: 1032 cm2s!
Physics: W, Z,Top Production

Higgs searches
B physics
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The LHCb experiment

@ The bb cross section in pp collisions is large, mainly from gluon fusion
~250 ub @ Vs=7 TeV
~500 ub @ Vs=14 TeV

P = b,c
p+ B,E

The b quarks hadronize in B, B,, B*(S), b-baryons...
— average B meson momentum ~ 80 GeV

® The LHCb idea: to build a single-arm forward spectrometer:
~ 4% of the solid angle (2 <n < 5),
~30% of the b hadron production

Letter of Intent, 1995

LHC-B

‘ Muon Filter

ey
200 o 200 ‘“Ed_ u
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The LHCb experiment

e Very good performance:
3 fb-l accumulated in Runl at 7 TeV, and 6 fb™! in Run2 at 13TeV

LHCb Integrated Recorded Luminaosity in pp, 2010-2018

- 2018 (6.5 TeV): 2.19 /fb
2.2 - 2017 (6.5+42.51 TeV)r: 1.71 M + 010 /b
- 2016 (6.5 TeV): 1.67 /fo

2015 (6.5 TeV): 0.33 /fb
. 2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb

1.8
1.6
1.4
1.2

.}..H..|..}..H..|..}..H..l..H..{..l..;.4..{..|..;.|..|..|..}.|

08:_ .............................................................................................................................................................................
0.6
0.4

0.2

Integrated Recorded Luminosity (1/fb)

Month of year

In terms of b-hadrons: N=f.<’cs

— o ~ 500 pb at 13TeV, x 30% (due to the acceptance) = 150 ub
— bb pairs produced in 1 inverse femtobarn (N/fb1) =105 * 150 x 106



Probability

The LHCb experiment

LHC 2016 RUN (6.5 TeV/beam)
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The LHCb experiment

A PV NS
| 4 [INT.J.MOD.PHYSA 015) 1530022]
| / [JINST 3 (2008) SO800
/ AL, oAl g NG
SPD/PS M3 250mra

Magnet RICH2 M| M2
T3

25



The LHCb experiment

What do we need?

[0.2mm]
14

Vertex detector (VELO)
r . - ”

)

* Primary Interagtion .-~

- To reconstruct production and decay vertices
— Good decay vertex resolution
— Good impact parameter resolution
- To reconstruct the particle trajectory
— Good momentum resolution

<L>=ctfy

: How long will a A, baryon be travelling in the detector before decaying? (By ~100)



The LHCb experiment

Precise tracking (p =0 GeV/c —200 GeVi/c, Ap/p = 0.5%1%)
Good Impact Parameter (IP) resolution (20 im)
‘Good vertex resolution (151m (x,y) - 70pm(z))

— 250mrad \

Magnet T
. T3
- T2
el Tl
(% ‘ 5 TT
rtex 5
0¢Aato!
;
/A 7N
o | i
®) o ) [
I B8 S

27



The LHCb experiment

Magnetic Parameters

The LHCb magnet: Bending power [Bdl=4Tm (10 m track length)
Non-uniformity of [B dl <+ 5% in acceptance
(hor.: £300 mrad, vert.: =250 mrad)

Excitation current NI=2x13MA

ll| Electric power dissipation P,= 42 MW

Stored magnetic energy W, =32MIJ

Inductance L=2H

@ Bofeld

— Inversion of polarity to study detector asymmetries

28



The LHCb experiment

- To recognize the type of particles
— Good particle identification systems (PID)

Cherenkov detectors (RICH) Muon Chambers
Calorimeters (ECAL, HCAL) N

LHCb data R|CH 1 LHde ]
(preliminary) (preliminary)

- .
. Kaon ring
pion ring rw/
- e 8 =
. Y 2 :

Cherenkov 'E)ha”ron .

Cherenkov Angle (rads)  °

80
60
40
20
0

pal

102
Momentum (GeV/c)




The LHCb experiment

Excellent particle identication ~ Calorimeter system Powerful u identification
1/K separation over 2-100 Gev ~ AF/E = 1% @10 %/VE (GeV) elu—p) ~ 97 %,

e(K=>K) ~/95 %, mis-ID e(reop) ~ 1-3 %
mis-ID g(m—=>K) ~5 % Ecar, HCAL M4 M5

SPD/PS M3 o —250mrad |

30



The LHCb experiment

- B mesons oscillates between particle and antiparticle B® — B°
- We need to know the flavour of the particle at the production point

Flavour tagging

Use different algorithms that make use of the

characteristics of the fragmentation of the 0vtx oSy

b quark, the charge of the decay products .~ ) 0se  Opposite side
or the charge related to the other b meson | "

produced in pp — X bb ‘

OSK

-

Opposite Side

.ot

Same Side

Tagging efficiency €, : fraction of |
events with a flavour tag decision (~70%)
Wrong-tag fraction :

fraction of tagged events for

which tagging decision is wrong (~30%)
Figure of merit: effective tagging power
Eeff = Etag D? = €tag (1-20)?

Same side

D? = dilution factor 31



The LHCb experiment

B, —>u'p event

‘ |
o S 1 [ i
=] ) / /I .= I " -|—
/d , e d
| : L || |
| =]
S |y = Th
S — | I |
A A ; ’ | E—— =]
W2 - e =l ——
N i et | =
= : i
ooy e ==
i o) —-—
R —~|&
SN =S , L
I SSSil =
- | ] —
| Py 2\ == N
- i | |-
SN
.- RN e |
. N\ ~ == !
o - \\ i |
< = |
8.9.2011 16:04:18 YT EAD A 1A
Run 101412 Event 8681643 bld 1482>) 0713 ] 1480 ‘
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The LHCb experiment

e Comparison between facilities:

ete” o T(4S) — BB pp — bbX pp — bbX
(V3 =2TeV) (/5 =14TeV)

PEP-II, KEKB Tevatron LHC

Production cross-section 1 nb ~ 100 ub ~ 500 ub
Typical bb rate 10Hz ~ 100kHz ~ 500kHz
Pile-up 0 1.7 0.5-20
b hadron mixture BTB (50%),B"B" (50%) B (40%), B" (40%), BY (10%),

A} (10%), others (< 1%)
b hadron boost small (By ~ 0.5) large (By~ 100)
Underlying event BB pair alone Many additional particles
Production vertex Not reconstructed Reconstructed from many tracks
BB pair production  Coherent (from 17(4S5) decay) Incoherent
Flavour tagging power eD? ~ 30% eD? ~ 5%

& : Which is the maximum momentum of the pion in the B — n/v decay in the lab frame in
BaBar at PEP-Il and LHCb at LHC experiments ? Which will be easier to measure?



The LHCb experiment

What do we measure?

Examples of observables:

- Invariant masses: from momentum and PID hypothesis of the detected particles

- Decay times: from distance between the origin and decay vertices
(and using information of the particle momentum)

- Angular distributions: from directions of the decay products (momentum, vertices)

- Branching fractions: from the mass distributions, counting the number of events

Candidates per 8.0 MeV/c®

- Time dependent asymmetries (needed flavour tagging!)

- Ratios of observables: cancellation of systematic uncertainties

PhiGamma Data (2 fb )

5] L L BT
LHCb preliminary 3 § 140 2.0
30 3 °r & r
3 120r 120— ++++
25 3 r n +H
5 100 L
3 F 100~ + +
20 3 r
3 o 307+ H
15 3 F :
3 SD: 60— H++
10 E 4oF 40;+ +
s 1 it ¢
ALIFEERALE LA PR B A JILEN h - A o +++++++
2900 3000 3100 3200 3300 donb ‘3000 ‘100" S200 ‘300 ‘5400 8600 8800 '5‘7‘g'oM'[é1a‘nvé ‘2] RS A seea
2 — eV/e .1 .| .| .| .| .| A
M( IJ p) [Mev}fc—] M M V 1] 0.001 0.002 0.003 0.004 0.005 0. Og?uper |i0m?%5.;
M, (MeV) ss(MeV) (¢y) tg, (ns)



The LHCb experiment

Including experimental effects:

Observable(X)

/

600~

(Ex: time-dependent
decay width)

2 3 4 5 6 7 8

Physics function(t, 1)
N-et/®

L. . . 1
8 9 10
t (ps)

0.03F

Acceptance(t)

acceptance

0.025F- .
r st +

0.02F
0.015F
0.01F

0.005

- One can use MC simulations to study the acceptance and resolution functions

- Better: Use control samples from data (similar to the signal channel) to extract them

= Physics (X, P) [{ Acceptance(X)| x (X, X))
\ R(t’t’)
Efficiency dependent of X § oo o
@ 200 n=0fs f |
wE G~50fs [
# detected (X) o A
# produced (X H 4 X
1 p ( ) ;g ,/ \‘“«-._
9 10 ql 4 —0’.3 02 —6.1 (IJ d.1 0:2 0:3 0.4
t(ps) t-t’ (ps)



The CKM matrix

The CKM matrix V,, describes rotation for quarks between the weak eigenstates
(d',s',b') and mass eigenstates (d,s,b)

V;; governs the transition

d’ V, V. V, d from quark j to quark i
Quarks g |= Vcd Vcs Vcb s "
b’ th Vts th b b jj‘fr R U
A * * * ey Vub
d | Vud Vus Vub d
Antiquarks §| _ V’; V* Vv; g W
BI Vt; Vt: Vtt: 6 b < * < u

Vub

CP violation arises in the SM due to complex phases of CKM matrix elements



The CKM matrix

N

e The CKM matrix is complex and unitary VC+KMVCKM =1

* 4 independent parameters

— Fundamental constants of the Standard Model
— Must be determined from experiment

e Standard parametrization (PDG):

 3angles: 0,,, 0y, 0;and 1 phase o

Ve = Ry X Ris xRy,

C, S, O 1 0 0
R12 =|—S12 Cp 0 R23 =10 Crs Sy R13 —
0 0 1 0 -5, C,

S; =sIing; c; =coso,

0 s,e°
1 0
0 ¢




e Wolfenstein parameterization:

The CKM matrix

s;,~ 0.2, 5,,~0.04, s,, ~ 0.004

- Perturbative, reflects the hierarchy of the matrix elements in terms of A

A=sinf, =~0.23

- The four parameters are defined as:

S,q S;3 COSO
A=8, (AR |pP[F
S12 S12323
d
%, —p W
' 4—-!-!-—» |
~ e
b N
7N

S Sin o
S12823
— 0(1)
O(A)
— o — O(KZ)
.......... O(}&)




The CKM matrix

Wolfenstein parameterization to O(A3):

VCKM

I
S

A A

_ _A\
A A
AB(l-p-in) —AN

AV (p—in)
AN
1

(but next-to leading order corrections in A may be important at LHC)

175 -1%

Ve =| 2+ A(Y) ~p—in)

AN (1-p—in)

(P)= Q- 7/2) ()

17/ - %/ (1+4A%)

_ A+ A2 —o— _ A
M+ A (12 -p-in) 1-AN/

AX (p—in)

AN’

+O( 4)

+0(3°)




The CKM matrix

e CP Violation in the Standard Model:

- Requirements for CP violation
2 2 Yin2 2 Y2 2
(mt — M, th —m, ch —m, )
><(m2 —mZXm2 —mZXm2 —mz)xJ #0
b S b d S d CP
Jeo =[IM{VV ViV | (% o= B)
- Jarlskog invariant:
- 6 A2 -5
Jep = 812815873C12C55C13 SINO = A A7 = 0(10 )

— CP violation is small in the Standard Model

(and cannot explain the observed baryon asymmetry in the Universe)
Jep (€Xp)=(3.172 £ 0.094) 10>



The CKM matrix

e PDG 2018:
/0.974461 0.00010 0.22452+0.00044 (3.65+0.12)x 10‘“
superallowed 0*—0" B decays semileptonic / leptonic kaon decays hadronic ~ semileptonic / leptonic B decays
tau decays
0.22438 + 0.00044 0.97359 + 0.00011 (42.14+0.76)x107
semileptonic charm decays semileptonic B decays

charm production in neutrino beams semileptonic / leptonic charm decays

(8.96+0.24)x 102 (41.33+0.74)x10° 0.999105+0.000032

\ B, oscillations B, oscillations single top production /

In theory: In practice:

+ £
, o Va W <
E [<74 o o o N v
A o g d (¢ 5
A o L o ¢ o
o & =, 4 "
-1 of d o & b =
4 g 2 b 5

[/

+

+
Veg W v

— Need theory to describe QCD effects (lattice QCD)

41



The CKM matrix

The Unitarity Triangle — CKM is unitary:

Vuqu’;) +Vcdvcz +thvt; — O

\

Vus Vub
Ves Veb

r

Vis Vib
J

Vud Ved Vid
VUS VCS VtS

. 7

K

42



The CKM matrix

The Unitarity Triangle

The idea: try to measure as many flavour observables as possible
overconstraint the unitarity triangle

Ex: Measuring the b— u /v vs the b— c /v transition

rbourv) |v,[ 1 i
rb—oclv) |V,| 50 )
-
V| 1-2%/2 / G
00) ao " T, 1

Ex: Measuring time-dependent asymmetries in b—cc s decays
(effect from interference of mixing and decay)
_ n
p=tan 1”—_ o
— AN
P RL}// N




The CKM matrix

The Unitarity Triangle

The idea: try to measure as many flavour observables as possible
overconstraint the unitarity triangle

o L5 = F
LN
0.5_—

- : Vub

L i Y T | o v

01 0.5 0 0.5 1 1.5 2 0 Ven
o i
e If all measurements meet in the same 0 5-_
apex— good understanding il
of the flavour structure of the SM -
-1-—

. |f nOt % NeW PhYSiCS -I 1 I L 1 1 [ I 1 1 1 [ 1 1 [ L I 1 1 [ L I 1 L
-1 0.5 0 0.5 1

p
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The CKM matrix

The Unitarity Triangle

1995 2018
jdyassanannsny Y " ommemea] |
i r C N
10 10} 10 - ""Tf{g’-gmd&Ams B
05 f 05 f - 05| o :

1= 0of

-1.0

-1.5

-1.0

05 |

-0.5

I= oo
05

-1.0

0.0 0.5 1.0 1.5 20 0

00 F
05/

-1.0

£

solweos2pen -

Summer 18 mu."‘m“qu 0.95) |
.1 -5 | ‘ 1 L1 ‘ | . I 5 I | I -
-1.0 -0.5 1.0 15 20

Precision measurements of CKM elements (fundamental parameters!)

Measure all angles and sides in many different ways and look for

inconsistencies — quantum effects from new particles

Compare tree level processes (new physics is not expected) with loop
processes sensitive to new particles

With more precision the new physics scale has to be higher.
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The CKM matrix

1.5 ng::*-“:l‘gl‘:| ;rela h;g CTL I'::Igl5 ] 1T 1 I%‘l 1T T T T T 1 T T T 1 ]
K R ]
1oL : - - Good agreement between
: experimental measurements
05 _
C i - Validation of Standard Model in
0o I ¥ the flavour sector
- Understanding from QCD is crucial
-05 - .
- Still room for New Physics, need
-1.0 Y K n more precision!
[ s g [SeL o oc)
.1-5 i L1 1 1 | L1 1 1 i | I | | L1 1 1 | L1 1 1 | | B ]
4.0 05 0.0 0.5 10 15 2.0
http://ckmfitter.in2p3.fr/
p = 0.1577+0.0085 http://www.utfit.org/UTfit/
n = 0.3493+0.0085

46



The CKM matrix

e Measuring the CKM matrix element V, at LHCb:

Key constraint in the flavour picture since it
is extracted from decays at tree-level

(No loops — no New Physics expected,

it’s a reference to be compared with) Discrepancy between ways of

i \ measuring this element during years:
T T 1T | Ty 77T 1 T Iﬂ T T T T T T T T T 1 ]
| [exchided area has $1.> 0.95 % ]
C oy *;,g i PDG Exclusive
10 - N version T T - !
3 ] 2004 .
or 1 2006 .
= 00 B 2008 ¢
C i 2010 ———
had E 2012 —
ol vy | & 1 2014 —
: sol. weos 2R =0 : L L ] L 1 L L L L L L 1 L L
L lCHEF'Hli ! | | [excl.TtCL:-U.QE: 1 0.003 0.004 0005
.1-?1-0I 1 I.O‘SI L1 IO-OI 11 IO-SI 1 I1-0I | 1 I15I 11l I2-0 |V |
5 ub

Exclusive: from specific channels: B—>mn/v, B—>p/lv ...

Inclusive: from total rate B — X, /v "



The CKM matrix

At LHCb very challenging due to the missing neutrino:

Using semileptonic decays of b-baryons:

B(Ag %Pﬂ_vﬂ) L |Vub|2

BA)— AFpuv,)  |Vyl?

- Use information from displaced vertex

- Select high g? region (theory more precise) =~ {§------------

- Corrected mass: ,,  _ xm}zm -

18,000
- M Combinatorial
15,000 - B Mis-identified
. - M DOpu~
r-\ii C AT v
E 12,000 - ."l;}.!_\"
3 F N‘;_J_'v
= 9000 [~ HEpuV
@
= -
3 r
S 6,000 -
o
O F
3,000
o*
0
3,000 4,000

N=17687 + 733 LHCb

signal
Ap—puv

5,000
Corrected pu~ mass (MeV/c?)

[Nature Physics 10 (2015) 1038]

Candidates/(40 MeV/c2)

X Ratio of form factors

(few % accuracy from LQCD)

"Yxlhi
# 'J' 1
- 1
o PH 1PL
o" :
b4
Ap ‘*-."3 :
PV SV T L
~ I 1
~ H
Y
4,000
r N=34255 + 733
LHCb
- Al
3,000 - - A=A pv
L Altuv
T M Combinatorial

2,000

1,000

4,500

\

5,000
Corrected pK-m*u~ mass (MeV/c?) 48
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The CKM matrix

[Nature Physics 10 (2015) 1038]

Vi
V0832000420004 % 6FTT T
A = PDG 2014 +
‘ < | CKM fiter + |
MILC 2015 +
Using the world average from ;-g 5 A,—puv (LHCb) .

exclusive V,;:

|Vl =(3.27£0.154+0.164+0.06) x 10~°

Left-handed coupling .
- Incl
7 |- vs fractional Right-handed ] Bnc_)u:;:
I 4, — puv (LHCb) )
36 38 40 42 44

[ combined
3
V.| x 10

Disfavours New Physics models with
Right-handed currents

€p
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Probability

B mixing and CP violation

Neutral mesons (K,D,B) oscillate between matter and anti-matter states:

0 W
O‘t

= Hi =

(M — T

The physical mass states (m,;, m ) are an admixture of weak states

Prob(t) =

2

—I't

(COSh LATt =+ cos Amt)

with mass difference Am=m,-m, and decay-width difference Al'=r,-T,

3_\ —REWEY) — P9~ Do)

08\ K ()-T (1) i = P09~ (1)

aof Kaons i—\ D mesons

s LI Ny v B B s v 3
t(ns) t(ps)

— P(B(t)— B°(1))
P (~F (1)

B mesons

O o e s s o e e e B

e —
=:_,__—‘

—P(B f(r)—> B'(1)
-~ P(B’(1)>Bift)

B, mesons

‘J/k u/\f\/\/\x’\r

t(ps)
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B mixing and CP violation

Three different types of CP violation:

Direct CPV
D,B . D,B )
- /|* f
CPV in mixing
D,B D,B 2 D,B ) 2

—+0—8

CPV in interference between mixing and decay

DB DB |2 | DB DB DB

‘—:z(ﬂ—n—n(f : [+ >0+

2




B mixing and CP violation

Mixing of neutral B mesons governed by

Mass eigenstates:

BLu)=p[B°)+q|B)

p and q represent the amount of state mixing

AT =T, -T,, =2},

Am=m,-m_=2|M,,|

1.0

N/No

05}

Am, ~0.505 ps™

Al'y =0

ié(a]: Y (a]: Mll_érll M12_§r12 a
b b * | * | b
a M12 _Erlz Mzz _Erzz
[+ =1 .
a/p|= q_ (Meple
[
P M12 _2F12
il Am, ~17.7 ps™
N/No AFS le%
- 52
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B mixing and CP violation

Decay amplitudes of flavour states decaying to the same final state f

B’
=(f|H[B%) A =(f|H|B") (S
- e
q A A
One can define A = EA— O 1=1/T
f X=Am/T
Time dependence of decay rate for initially pure flavour states: y =AI/2I

I, = ‘<f \H‘ Bo(t)>‘2 = ﬂ‘Af ‘ze“/’[coshyt/r+ A, sinhyt/z+C, cosxt/z - S, sinxt/r]

t/r

[coshyt/r+ . sinhyt/z —C, cosxt/7 + S sinxt/r]

_2ima, . :M

: A +S2+C? =1
1+‘/1f‘
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B mixing and CP violation

CP Violation — T, # T

e CPV in Decay (direct): B > f = B° - f

e CPV in Mixing: B° - B° = B’ > B°

A
Af

#1

9

p

=1

Im{[,M,, }#0

e CPV in Interference between mixing and decay:

A=1 Im{i,}=0

A”(0)-




B mixing and CP violation

e Experimental effects:

Dilution of the oscillation (lost of sensitivity of the oscillation parameters)
due to reconstruction effects

o

= 008 — TrueT (1)

~ n B,
0.07 |— .

n + Mistag
0.06
: + Acceptance
0.05t
# 1 | + Resolution (gaussian)
0.04 1
0.03
0.02
0.01
0 | L

1 2 3 4 5 6 7 8 9 10



B mixing and CP violation

Measuring the 3 angle of the CKM triangle piyamssnasssy ¥ AARARERRE
Golden channel: B° — J/\|1 K° 1-05— : % Amg& Am, ]
“Singp :
0.5 - Am, .
I/ b fou 1d = o0 _EK _________________ /§>\B/\ _____________________ ]
B B? i 7 BO Mf_ | Vi o .
K d t,c,u b ; .
- - 10b ¥ & ]
PP S N I BRI Y W U
— . -1.0 -0.5 0.0 0.5 1.0 15 2.0
A (1) T, (t)—Ef (t) _ -G, cos(Amt)+S, sin(Amt) 5
f T, (t)+T(t) cosh(ATt/2)+ A, sinh(Al't/2) 21m2,

~ —C, cos(Amt)+ S, sin(Amt)

G~0intheSM | A% (t)~ sin 28sin(Amt)



Measured wrong tag prob. w

B mixing and CP violation

Count number of tagged signal events reconstructed as function of time

N (Btag ~ Bo)_ N (,Btag ~ EO)
AP@): S —
N(B,, =B°)+N(B,, =B') I
Flavour mistag calibrated 3988 B — I/

using a control sample
flavour specific (K*® — K'rt*)

0.5

=
e

o

o
b

=
—

~ +{(1-2m)xsin23 xsin(AmAt)} @ R(At)

2000
1500
1000

T T T ‘ T T T T
LHCD _
B — Jh) K*Y

L 170
K¢

LHCDH

Candidates / (1 MeV /c?)

- _ E—l =t I T
i ] 5240 5260 5280 5300 5320
. 1 m (MeV/c?)
L ] >(-].-1: A A B e e B
- ] £ 03F BV gipK?  LHCh
| | e e
L i = 015
: . = 0f + — L/
:‘..\..‘.|..‘.|H.‘\..‘.: E_U'l;_ ANK:#/

01 02 03 04 — —02F

Predicted wrong tag prob. n E(; —0.3F
ST 04¢5 : ' '

w = (35.62 +0.12) %
Cag = (36.54+0.14) %



B mixing and CP violation

sin(2p) = sin(2¢,) 22

PRELIMINARY
BaBar ’ : ; 0.69 +0.03 + 0.01
PRD 79 (2909) ;072009 . :
BaBar y § , . 0.69+0.52+0.04+0.07
PRD 80 (ﬁ'ﬁm&‘j 112001 —
BaBar JAy (hadronic) Kg : 1,56 +0.42+0.21
PRD 69 (2904) 052001 :
Belle : ; : 0.67 + 0.02 + 0.01
PRL 108 (2312; 171802 i
ALEPH ; 2 0.84 353+ 0.16
PLB 492, 259 (2000) e
OPAL : i T i 3.20 500+ 0.50,
EPJ C5, 379 (1998) ; =
CDF ' S N 0.79 '
PRD 61, u?zuu5 (2000) i
LHCb ’ E L, 0.76 + 0.03
JHEP 11 201?}1?0 5 "o
Belle5S i H . | 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 ! '
Average | § | 0.70 +0.02
HFLA 5 ; I
-2 -1 0 1 2 3

A
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B mixing and CP violation
New results (March 2019):

follow + =

A joint Fermilab/SLAC publication

Lch I 03421119 | By Sarah Charkey
Iscove rs A new observation by the LHCh experiment finds

that charm quarks behave differently than their

matter-antimatter ...

asymmetryin
charm quarks

‘ g W [

News  Press release » Topic: Physics

Voir en francais

LHCb sees a new flavour of matter-
antimatter asymmetry

The LHCb collaboration has cbserved a phenomenon known as CP violation in the
decays of a particle known as a DO meson for the first time

21 MARCH, 2019
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B mixing and CP violation

A lot of charm at LHCb: o(pp—>cc) ~ 200(pp—>bb) 2 e o
= 6000F 3

we can measure the asymmetry: E <000k { Data ]
0 +1—\ 0 +— - f Mo~ xx

A N(D — h™h ) N(Iz — h™h ) §4000: B cont s
N(D®— hth=) + N(D°— h+h~) g7 aam

= 2000F =

Experimentally: = ]
P Y E 1000 (n-tag)

2015 2020
m(D°x) [MeV/c?]

Detection Production ol
&l F b ]
asymmetry asymmetry 2 2000¢ LHC E

. . . > 1800F
By taking differences detector and production asym. cancel : < 1600F t Daa
— 1400F WD 7
AACP = AK+K— - Aﬂ--l--n-— 812005_ Comb.bkg.é
™~ 1000F "
2 14M :
— + +. = L 800F 3
- ACP(K K ) —ACP(W w ) S 600k E
S 400F 5
Using D° mesons coming from D** (n-tag) and B mesons (p-tag) C 2000 f&  (7te8) -
%005 2010 O 2015 2020
_ m(D°m*) [MeV/c?]
AAcp = (—15.442.9) x 1074

[PRL122(2019)211803]

First observation of CP violation in charm decays at 5.3 !! 60



Rare decays: leptonic

e b— s,d quark transitions are Flavor Changing Neutral Currents (FCNCs),
— in the SM they only can occur through loops (penguin and box diagrams),
excellent probe for physics beyond the SM

leptonic semileptonic radiative _
B o 0 "
W,
t
= r- W
BR~ 107 BR~ 107 BR~ 107

Experimentally — leptons/photons with high transverse momenta
Theoretically — observables can be calculated in terms of Wilson coefficients

G2 2 .
Ex: F(B? —> /,l-'_jll_) ~ 62702'!% mfz?sz:

2 B P
vV [2m,C,

Hadronic uncertainties in decay constants or form factors
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Rare decays: leptonic B.—>p*p-

4.4 b1 [PRL 118 (2017) 191801]
I e e A R —
35k Total -
—~ n —_——n + - -
T 2k LHcy /.80 B — E
> - BDT > 0.5 “m=s B -t ]
% 25H 4 wemeee Combinatorial -
e Very rare decay: =N N | B BY, — h*h -
. . = ~J Ik o 0 ey
FCNC and helicity suppressed P I "N & IR Egz,i“ﬂﬁffﬁ“ui’“ E
s 15 —
BRSM = 366(23) X 10-9 é 3 - A = pu” v, ]
"g 10 - B} %J/\pp*vu -
S sE I

e Searched for over the last 30 years, e +I L I 1‘{‘
observed by LHCb and CMS 0755000 5200 5400 3600 5800 6000
[Nature 522 (2015) 68] My [MeV/E?]

i
4

B(BY — ptp) = (3.0£0.6%3)x 1077

e Updated analysis by LHCb, including
Run2 data B(B" = utp~) < 3.4 x 10719 at 95%

[PRL 118 (2017) 191801]

— Measurements in agreement with the SM
— Theoretical uncertainties (f , Vo) Well below statistical uncertainty

62



—h
<
i

Limit (90% CL) or BF measurement
5 8 8 § §

—i

o
L
(=]

Rare decays: leptonic B.—>p*p-

We are here!

?

108373,3 1

109:—IT ,
=TT

107°F

L2012 2014 L

(N

% CLEO
*  ARGUS
YV UA1

% % CDF
VvV L3

A A DO

A Belle
J BaBar
H E LHCb
¢ ¢ CMS
¢ ¢ ATLAS

0 .
®® CMS+LHCb | SM: B" — u'u

2016201 8.

1 1 1 I

l

1 l 11 1 1 I 11 1 1 I

I — I 1 l

—

Il 1 1
985 1990

| — 11 1
1995

1
2000 2005 2010

2015
Year
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Rare decays: leptonic B.>p

e Known as “the New Physics killer”:

2.0

= o
— [y
= -

—
]
o

10 x BR(Bg — puFp™)

MSSM-LL

MSSM-AC

30 40) ol

R5c 10 20
10° x BR(B, — p™ ™)
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Rare decays: leptonic B.—>p*p-

B, —>u'p event

Il 1

' i
A1 A1, I.
- 4
L |
| RN = F . 1
& | i|Eel
N P I = B
[ ) ,::"y H { 1.
’ . ; "‘"’T !— -
RS S | = '=.
A S e i == | i
A8 I o +
g == .
] S
. : = N '
- = -
. = I [r———_ 13 .
..... i - “‘-..+ FH\
RGO e y”"*‘%ﬁ
S ] - I
N ~ [ ]
| |
I [ |
|
\ [
|
|
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Rare decays: semileptonic B ->K*u*u

Differential decay width: dI'/dg?
Each g2 region probes different processes

charmonium
resonances

photon JM(IS)” o
pole
“ P(2S)
SMvalues (u=my): C; ~-0.33
) Cy ~4.27
Cyo~-4.17

(Everything else small or negligible)

T - i (Gev?) C = CM+ CNP

(Primed C’; — right handed currents:
suppressed in SM) ~ ©6



Rare decays: semileptonic B ->K*u*u

b

R BSoo 5000 5500 6000
m(K* - utu) [MeV/c?]

[JHEP 08 (2017) 055]
BOéK*Opfu-

LHCb .
[ BO_)K‘FOHJrH*
Combinatorial

1.1<¢?<6.0 [GeV?/ 4]

Candidates per 10 MeV/c2

00 5000 3300
m(K* - u+u~) [MeV/c2]




Rare decays: semileptonic

e Differential decay width as function of g>=m?

-LCSR Lattice +Data
- Bt - R—
] I Pl2s)
> B* —}I{"p. p
Q LHCb {
2 ]
%
=]
5 F+ et
— PRD 71 (2005) 014015 (tc't’R)
= £ PRL111 (2013) 162002 (LQED)
% " JHEP 06 (2014) 133
a1 . " P t
= 5 10 15
, GeV'fc"
_n]q:’{l.ﬂ_f —— ¢ [ ]
:':: JHEP 1611 [2015] ﬂl‘l?
< LHCb ;
= 0.1 B ->K* 'y
= JHEP 08 (2016) 098 (LESR) .
E" PRD 89 (2014) 094501 (LQCD) ]
0.05 E 1 4+ S
-—i—-l.
-
o Il " o - ™ ™ _Ji‘_‘l-"rl o " M "

0 5 10 15 )
g° |GeV-/ct]

B s opp)dg? [10°Ge V-2t

sl ;ldBf!

B |
q

at LHCb, using 3fb-1

JHEP 09 (2015) 179

- BRES 43) LHCb
E B, —>¢p'p
- o SM pred.
E_ | =*=Data
: - | EPJ C75 (2015)
+ JHEPOS8 (2016) 098 (LCSR)

PRD 89 (2014) 094501 (LQCD
arXiv:1501.00367 [hep-lat]

|

5

1077 GeV 2
1.6

10 15
q* [GeV-/c?]

Ll Ay Aprp iy

12+ JHEP06(2015)115
Lo} PRD93 (2016) 074501]

w(23)

sk ¢ LH;: -
—
0.6 K SM (binned) ]
0.4 . .
P i o
—— I -
0.0 L i ! L ‘
0 5 10 15 20
2 [GeV?

— Smaller branching fractions than the SM predictions
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Rare decays: semileptonic B ->K*u*u

e Angular distribution in B— K*/-/*: g2and three angles

" TLHCh

b

Candidates /0.1
T ?I T L
—t— ]

1.1< g2 <60 GeVic! |

" LHCb ]
11 < g? < 6.0 GeViet

Candidates / 0.1

R L ] L S T SN R T R S [ LS
= -0.5 ] 0.5 1

1 d*r

1 1 1
-1 0.5 0 0.5

1
cos @y

9 |3 : 1
= (1 —(Fy) sin? 082 0 + = (1 — sin? fx cos 26
dT /dq? d cos B, dcos fx do dg? 327 L( ) sin® b1 +Fp)cos” bxc + 7(1 —(Fp) sin® by cos 26,

4
— @0052 B cos 20, —.&41112 05 sin® 6, cos 26 +111 20K sin 20y cos @
—l—s'in 20 i sinfy cos o ——1112 O cos by —|—b‘ill 20§ sin by sin ¢

+in 260k sin 264 sin ¢ —1112 5 sin? 6, sin 2¢ ]

— In the lepton massless limit there are eight independent observables:

F, = fraction of the longitudinal polarization of the K*

Se=4/3 A, the forward-backward asymmetry of the dimuon system
S3,45,789are the remaining CP-averaged observables
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Rare decays: semileptonic B ->K*u*u-

e These observables are also affected by hadronic uncertainties
e A new set of “optimized observables”, with form factor cancellations
can be defined: [Descotes-Genon et al, JHEP 05 (2013) 137]

Sj=4,57.8

i=4,5,6,8 — \/FL(l — FL)

e These observable are functions of g2and the Wilson coefficients C;

-~

Example: P’g R

BEEENEEEE | I )
« LHCbdata o ATLAS data
? Belle data © CMS data
. .| SM from DHMV
SM from ASZB

* JHEP 02 (2016) 104

° PRL 118 (2017) 111801

* ATLAS-CONF-2017-023
CMS-PAS-BPH-15-008

3o local deviation

IIIIIIIIII

o

g% [GeV?/c4] 70



Rare decays: lepton flavour universality

¢ In the SM all leptons are expected to behave in the same way

Test of lepton universality:

B(BT — Ktutu™)

Ry =
" B(BT — KTete™)

=1.000 +O(m,2/m?)

e Precise theory prediction due to
cancellation of hadronic form factor uncertainties

— track

e Challenge: bremsstrahlung by electrons

el . S, ———— S e = tl’aCk

e Experimentally, we perform a double ratio to
cancel systematic uncertainties

R B(BT = Ktutu) / B(BT — KTete)
K j—

B(Bt — KtJ/Y(utp=))/ BBt — K+tJ/y(ete™))
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Rare decays: lepton flavour universality

B mass vesus g2 for B*=>K*/*¢-

“-______E—

H""‘-\-\..__\_\_\HH 1
K*

Muon Stations

—

ECAL HeaL

Muon Stations

Candidates / ( 12.5 MeV/c¢?)

05 200

[PRL 113 (2014) 151601]

LHCb | —
B+9 K+H+H-

5400

5600
m(Kutn”) [MeV/e?)

Candidates / (40 MeV/c?)

]

20

10F

5600

5200 5400
m(K*ete") [MeV/c?)

5000
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Rare decays: lepton flavour universality

B mass vesus g2 for B*=>K*/*¢-

g

5000

5200 5400

5600

m(K*u*u™) [MeV/c?]

S 300
= [
< 200F
Z100f
= A
© 05

[PRL 113 (2014) 151601]

00

B*> K+H+M-

5400

LHCb

5600
m(Kutn”) [MeV/e?)

g% [GeV?/ 4

AT e P L T 103
'B*>K*e*e m(B*).
- LHCb .
20 e
10?
15
10}
10
—_—
: s "l'.'f“ TR P - | . I
4800 5000 5200 5400 5600
m(K*ete”) [MeV/c?]
40 LHCb 'E

30

[ ]
—
=

—_—
L—)

Candidates / (40 MeV/c?)

14

—_—
-
T

e

B*>K'e"e’:

+

5000

5200

5600

5400

m(K*ete™) [MeV/c?]
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Rare decays: lepton flavour universality

Results with Runl data: [PRL 113 (2014) 151601]

40;‘+ + LHCb -

T T [ T T T [ T T [ | T T
- —@-LHCb -—mBaBar —a—Belle LHCb .

+ SM

(U8}
-

o
-

b

[
-

Candidates / (40 MeV/c?)

<

5000 5200 5400 5600
g2 [GeVZ/ 4] m(K*ete”) [MeV/c?]

0_....|....|....|...|

0 5 10 15 20

1GeV<qg?<6GeV

Ry = 0.74570 02 (stat) + 0.036 (syst)

— Consistent, but lower, than the SM at 2.6c
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Rare decays: lepton flavour universality

New results (Moriond 2019): x 20

LHCb Runi1&2
? [ L

Including partial sample of
Run2 (2fb1) L5

[PRL 122 (2019) 191801]

1_ ..................................................
With improved reconstruction and I
re-optimized analysed estrategy » BaBar

0.2 s Belle

)

LHCb e LHCh Run 1 + 2015 + 20164

_+_ Data {:}0 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
—— Total fit 0 5 10 15 20
Total R = 1 q2 [Gev- / C4]
------ B'— K'e*e
B Part. Reco. 1.1 GeV<g?< 6 GeV
BB —JyEe)k”
Combinatorial

Candidates / (24 MeV/e

Rk = 0.846 T50% (stat.) T90%5 (syst.)

— Still consistent, lower, than the SM at 2.5¢

m(K'e*e”) [MeV/c?]

Not confirmed, not ruled out...
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Rare decays: lepton flavour universality

. X, 4y, - .
e Measurement in the B—>K*u*u channel, Ry.: [JHEP 08 (2017) 055]

B(B°— K*u*u~ L
RK*U — ( /J M ) “> 18 .
0 0,4 ,— v 16 ]
B(B"— K*¥ete™) S LE e
<12 .
e Computed in two bins of g2 10
- [0.045, 1.1 GeV?] avoiding the photon pole 5 10

J/y modes

6
- [1.1, 6.0 GeV?] avoiding the radiative tail of s
0

— L, T LI R S ,- l
4500 5009 5500 6000
m(K*me*e™) [MeV/c?]

................

o - = . .
g 15— - — L5 5 —
> LHCb 1 = * LHCh 3
s o 0000} e B"—>K %ete 3 CIEl . e B'5K Y%ete
= - [ Combinatorial T 25 I Combinatorial 3
= = . = g N E
E‘i 15k B—=Xe e ] g 20 B_}X()+() =
X C 3 0 #) 3
£ o 3 & 15 5K Uy 3
g F 0.045<g<ll [GeVYe ] 5 114<6.0 [GeV¥c] ]
-t - - -_ =
= 5k = = 3
5 ] & s 3
3 o 3
= 3 > =
= =
A o

0 SE.
s 5000 % -5 -
4500 3000 3500 6000 4500 5000 5500 6000

m(K 7 ete’) [MeVie] m(K*ne*e”) [MeV/e?]

0.045 GeV < g?< 1.1 GeV 1.1 GeV<g?2<6 GeV 76



Rare decays: lepton flavour universality

e Results: [JHEP 08 (2017) 055]

[ | T T T 1 T
TOE ? .......... i1 N QE‘-:
FRE = =" o ]
0.8 F = |
061 / ® LHCH

- BIP
04 Y CDHMV ]
. B EOS
0.2 & flav.io

- LHCh . IC .
ool e ]
0 I 2 3 A 5 6

BIP [EPJC 76 (2016) 440]
v CDHMYV [JHEP 04 (2017) 016]
m EOS [PRD 95 (2017) 035029]
& flav.io [EPJC 77 (2017) 377]
o JC [PRD 93 (2016) 014028]

Low g2 [0.045-1.1 GeV?]:

¢ [GeV?/c

SMy = 0.922(22)

Ry = 0.66 © gé% (stat) £ 0.03 (syst)

Central g2: [1.1-6 GeV?]:

SM y = 1.000(6)

Ry+o = 0.69 T 8:{1)% (stat) = 0.05 (syst)

1.0

20 L . — —
|
B ® LHCbH N
- y W BaBar -
r LHCb Belle ]
I S T NN N TR NN N NN N TR SR TN T I S SR S
0 5 10 15 20

0.0

¢* [GeV?/cl]

® | HCb, JHEP 08 (2017) 055
W BaBar, PRD 86(2012) 032012
Belle, PRL (2009) 171801

— Consistent, but lower than the SM at

2.1-2.30 (low g2) and 2.4-2.5c (central g?)
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Candidates / (25 MeV/c?)

[

New results (Moriond 2019): [PRL 123 (2019) 081802]

Rare decays: radiative

e Time dependent distribution for B.—¢y is sensitive to
the photon polarization (photon is left-handed polarized in b—s transitions)

ps(t) = Bﬂﬁ—rﬁ[cgsll(%t) — @ sh—ﬂ-l(‘&; t) i"cos(.&m t) j_. sin(Am t)]

ook T L g — . T T L L B e 1 — T T ]
£ LHCb Dat: o2 £ . - ] = - =
o0 E-preliminary iM(;l;e] E !_E-' 140 :_J + LHCb preliminary — tE- :Eg;_ + LHCb preliminary 3
00%_ B¢y -==== Signal _% ; IQOE j‘i‘ 'T _E E ]40;— —i
s00E Peaking El 100£ TTL { Data 1 2 1205 } Data 3
c 7] Combinatorial ] _U‘-E 80F . .H. Fit = :,t“—; 100 E . =
300¢ E-I ' 1 2 sof SRS
ook 5110 +£90 3 £ % L 1 2 of E
5 ki 1 O 40fF 3 B cj = .
- * 3 o 1'11'”3 ] 40§ 3
B R & 201‘ + = 20 =
B B e C *H_‘é—‘_!._‘ . ] 3

$h00 5200 5400 5600 5800 60K 0 ! T B eatser 0 | )
m(¢y) [MeV/c?] 2 4 6 8 10 6 8 10

t [ps]
tlps]
Sy =043 £0.30+=0.11| | Cpy = 0.11 £0.29 £0.11
78
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Rare decays: global fits

Global fits (some cases with more than 100 observables)

3F T T T T T
[ Straub.-et al; 1704. / 4
2:—; """"""""" .-. """"""""""""""""""""""" - ”/// . 3 R[\’
_ ey P S
| L ) — R
a3 off o ! B— ) /
SR 8 /
[ 0 —SM
B e S IS SN S 1 B
L - === o2 -1F
[ : : : : 1 —05 _)),/-’/ —— LFU observables BS = HH
_2__ """"" :'J """"""""" I"'JI """"" __ — b‘)S‘U'H glohal ﬁt 2
: . : : 1 — all —el . .
_ ‘Matias et al, 1704.05340 | —1.01 ol fvefid nonFB hadr. tocert Grinstein et al, 1704.05446
] T R R B S S . S ' '
T T T T T T —3 L L L L L
-3 -2 -1 0 1 2 3 20 —15 —10 —05 00 0.5 1.0 15 -4 -3 -2 -1 0 1 2 3
Re C} 6

Coy
New Physics hypothesis preferred over SM by more than 4 - 56
Main effect on the Cs. coefficient: 4.275M -1, 1NP

Triggered models with Z’, leptoquarks (LQ), new fermions and scalars....

b s ~L s 2
LQ _ ‘ } ]
— 71 L

g W L 79
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Future plans

Belle Il LHCb Upgrade

e+e- asymmetric collider (SuperKEK) Improved trigger, improved detector
at the Y(4S) energy in Tsukuba, Japan

Just started ! Starting in 2021
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Future plans

- At present we did not find evidence for New Phyiscs, but some “anomalies”
(let’s cross fingers!!)

- Standard Model deviations are expected to be small
- Most of the measurements are limited by the statistical precision

| iHCera

ATLAS & CMS 25 fb- 100 fb- 300 b — 3000 fb-
LHCb 3 fb 8 fb-" 23 fb! 46 b 100 fb-"
Belle 11 0.5 ab’ 25 ab! 50 ab"! -

Remember that we have 10! bb pairs/fb !
(At Belle II: 10° BB pairs/ab)
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Complementarity:

Future plans

LHCDb

Rare decays: By — uu
B, system
b-baryons

Spectroscopy

CKM phases (3, v)
Gluonic penguins
EW penguins ]‘
Charm physics
Semileptonics: Mixing, Ag,

Some only Lk
some only Be

e
16

On-going

Belle |l

oemileptonics: V,,

B—1v| Dy,
B—o>K*vv

T-physics

ATLAS & CMS
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B mixing and CP violation

2
!

=

@

Measuring the other side of the CKM triangle ' E,Ma,,iw,m* TR
Y
10

- Through the mass difference Amg, Am,
in the box diagrams: ~sin2p

fi 3 sol. weas2h=0
EPS 15 . {exel at CL= 0.95)

The time-dependent asymmetry A(t) of By, events that -1 Lo b b b bimos
changed flavour (mixed) or not (unmixed) is: p

,,% « Tagged mixed
A O O N0 cos am S e
NTEOENTO i -
with experimental effects: E 200:‘ !
= {(1-2w)x cos AmAt } @ R(At) i

o 1 2 3 a
NJP 15 (2013) 053021 decay timegps]



B mixing and CP violation

Measuring the other side of the CKM triangle Pl D
T

10 3 Amg& Amg
'E singp 1
05 '_— _ Amd —_

- /\@>\/\
Y [ B careeeee s -
o a
L |Vub| ; o 4
padn i -
10 - v &
L ti r I sol. wigos 2h <0 :
EFS 15 {excl at CL= 0.95)
.15 _I L1 1 | L1 1 1 i 111 1 | L1 1 1 | L1 1 1 | 11 1 I_
e -1.0 -0.5 0.0 0.5 1.0 15 20
5 10 _ p
: t(ps) LA )
(best tagging category) Am, my fo B, |I/;d
o 2 A 2
[EPJ C (2016) 76] Am my ;‘ B, |V”

Am,=(0.5050 =+ 0.0021 +0.0010) ps™

error from theory
Am, =(17.768 + 0.023 + 0.006) ps”

V4V = 0.216+0.001+0.011
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B mixing and CP violation

. . 1.5 T 17T T 17 T T 170 T 17 T 1T L
Measuring the y angle of the CKM triangle \ o] ]
[ T % i
Key to determine the apex from tree level B N b Am & Amy ]
processes, with V, is the “reference clock” o =l ]
oo ! e —i = 00 ]
[E] % _f : :
= “ éi _; -0.5 :— _:
" [+ Tree _5 : :
“ | E 10 - Y T
[R] . B _: L sol. weos2f=0 o
oo B 1L - L s = - EPS 15 . {exel. at CL> 0.95)
a4 -z e nz - na ne na 10 _15 L1 L1 | 1 L1 1 ! 11 1 1 | | I | L1 1 1 | | T - i
P -1.0 -0.5 0.0 0.5 1.0 15 20
To be compared with constraints =
from loop processes: - Belle = Combined
o7 : : : : : i : _ ICHEP 16 --- LHCb e BaBar
06 EE% ; ﬂm:\”-ﬁa‘lmx £, Tits _; 10 _ IFL:|IIIFrlec?unlanltiE;t tlrelat:mlanlt D=I|'1.-II\-1IC .bE}Si.S| L
" _g S | arng, 3 0s |- .
- B . ool _
3 f 0P E E ol ]
[X] ;— 7 B E 02 - .
7 y=72.2723 00 b bt P T AT
Y




