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Outline

* What is our current state of understanding of particle physics?

* the Standard Model of particle physics, flavour physics

* Why is it interesting to study flavour physics (main focus on B-meson observables)?
« CKM matrix and unitarity triangles
* neutral meson mixing and oscillation

* (CP violation

« How do we study flavour observables experimentally?

* techniques for heavy meson production
 hadron vs e*e™ machines: which one is better?
« symmetric vs asymmetric e*e™ machines

* flavour tagging

* measurements of flavour observables (CKM matrix elements, CP violation)



What?



Introduction

Main goal of particle physics (also known as high energy physics):

Understand what are the fundamental laws of Nature

Particle physics experiments probed energy scales as high as 10 TeV (m,, ~ 1 GeV) < distances 107%m

Our understanding of how Nature works at short distances has significantly improved over the past century
¢ quantum mechanics — understanding of atomic spectra and the periodic system of elements
* insight into the structure of the atomic nucleus — paved the way to our understanding of strong interaction

* flavour-changing transition — started with the discovery of radioactivity (f decay) and had huge importance in the

development of the SM

All of these findings culminated in the development of the Standard Model (SM) of particle physics: amazing

achievement of humanity!



The Standard Model for pedestrians
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From quarks to hadrons (QCD at low energies)

* High energy (short distances): QCD is perturbative (ag < 1) [asymptotic freedom]

* Low energy (long distances): QCD is strongly coupled — no perturbative expansion

* Confinement hypothesis: quarks (SU(3) triplets) must be confined within color-singlet bound states

* No formal proof of that hypothesis but many indications that it is true

« Experimentally we do not observe free quarks and gluons but rather bound states we call hadrons

 bosonic hadrons are called mesons (q7) > today we will focus on mesons

+ fermionic hadrons are called baryons (qqq)

* Hadrons are formed due to the confining nature of QCD — can'’t be treated perturbatively

» Some properties of hadrons can be determined independent of our ability to describe their internal structure



Mesons

(open) B mesons:
main focus today

(open) charm
(D) mesons

kaons (K mesons)

Meson Quark content [qq’] 1(J?) Mass [ GeV/c?] Mean lifetime cT

/" B*(B) bu(iib) 1/2(07) 5.3 1.6 ps 491 um )
B°(BY) bd (bd) 1/2(07) 5.3 1.5 ps 455 ym
BI(BY) bs (b3) 0(07) 5.4 1.5 ps 455 um

B} (B:) bc (b¢) 0(07) 6.3 0.5 ps 150 um
; D°(D%) cit (¢u) 1/2(07) 1.9 0.4 ps 129 um é

D+(D) cd (¢d) 1/2(07) 1.9 1.0 ps 312 ym
DF(D$) c5 (Cs) 0(07) 2.0 0.5 ps 151 ym
K*(K) su (s) 1/2(07) 0.494 12 ns 3.7 m
KO(K®) 5d (sd) 1/2(07) 0.498 Ks | 90ps 2.7 cm

L K; 51 ns 15.3 m y




Flavour physics

In the SM fermions interact through pure gauge interactions (related to unbroken gauge symmetries), weak and

Yukawa interactions (source of flavour and CP violation)

Flavour physics: interactions that distinguish between particle flavours (W — mediated weak interactions and

Yukawa interactions)

Flavour parameters: parameters that carry flavour indices (10 in the SM, 6 quark masses + 4 CKM parameters)

Flavour physics can predict New Physics (NP) before it’s directly observed

smallness of T'(K;, » u*tu™)/ I‘(K T ,u+vu) allowed the prediction of the existence of the charm quark

size of Amg(kaon mixing) allowed for the charm mass prediction

measurement of € (CP violation in the kaon sector) allowed for the prediction of the existence of third generation particles
size of Amg(B-meson mixing) allowed for a quite accurate top mass prediction

measurement of neutrino flavour transitions led to the discovery that neutrinos have a mass # 0



Why?



CKM matrix and the unitarity triangles

Wolfenstein parametrisation

Vg Ve Vi 1-22/2 1 AR —i
Ve = (Vw V. V. ) - ~2 1—22/2 A2
Via Vis Ve AV —p—in) —A2? 1

The CKM matrix must be unitary: Vg VJKM = VCTKM Vexkm =1

The parameters of the CKM matrix in nature are far from generic

+00H [

 strong hierarchy is observed in the off-diagonal elements expansion ion the small parameter 1 = 0.225

(qq’' = ds,db, sb)

_ 2 : — 16 A2
JckM = €12€23C13512523513 Sin6 =~ A°A“n = (3-115—0.059

Geometrical interpretation of the off-diagonal elements: 6 independent “unitarity” triangles

(qq' = uc,ut, ct)

Note: the area of all CKM unitarity triangles is the same A = [Jcxm|/2, (Jarlskog invariant)

+0.047 )x10—5

d(n) is [the only] source of CP-violation in the SM




7 ” . . .
The” unitarity triangle
 “The” unitarity triangle: all sides are of similar length and its parameters can be studied using B, B* decays

Z Vqu'* r =0, (qq’ = db) = VirVua + VepVea + VepVeqg = 0
0ox) 0@ 0()

(p,m)  complex plane

VipV el
Vi
1 . 1 (0,0) (1,0)
A=3 WVeaVepl[ViaVup siny] = > Uekml
ViaVip \)
a = arg (— td o > Goal of unitarity triangle tests
Via Vub
V.V, * Over-constrain the triangle by making measurements of all parameters
_ _ VedVc
p= arg( Vg t*b> ( observables Comparing those in tree-level processes (pure SM) and those in loops (sensitive to
B ( Vi V[Zb) New Physics)
y =arg{ — X
VeaVen /) * Inconsistencies can help us pin-point the flavour structure of New Physics



CKM matrix




Phenomenology of neutral meson mixing and oscillation

« Pseudoscalar mesons P°, P° (P = K, D, B, B;) with well-defined flavour quantum numbers

«  Within QCD and QED they are stable and do not mix with their antiparticle

« The weak interaction does not respect these flavour symmetries and thus P° and P°decay

* These states are neutral under the unbroken symmetries of the SM = weak interaction leads to mixing

« Mixing is generated by P « P° transition amplitudes

« The mixing lifts the degeneracy between the masses mp and mp resulting in two physical (mass) eigenstates that

are superpositions of P° and P°

« Different masses Am = mp — mgz # 0

e Different widths AI' # 0



Flavour mixing

« Mixing occurs in all neutral meson systems and is physically caused by

e LS _ (3
b s =
off-shell §E
short-range Bg W EE W Eo and/or Ko
(box diagrams) g; s
4 n'
s (R, SR d

« Physical states (mass eigenstates) are a superposition of flavour eigenstates

physical eigenstates complex mass difference

_ C N
|PLy) =plP°) £ q|P%, Ipl?+lql?=1 Am=my-my

» If CP is conserved mass eigenstates = CP eigenstates (i.e. [p/q| = 1)

*  Known to be the case for the kaon system, where ex = Z%Z ~ 2x1073

*  SM calculations indicate small, but finite, breaking in the other systems too

d
on-shell
0 long-range
(common intermediate
states)
S

width difference

AT=Ty,—T

14



Flavour oscillation

« Mixing occurs in all neutral meson systems and is physically caused by

P LA < S d
off-shell ° $ ° n* on-shell
$ e, long-range
- s =0 0 - —0 gTang
(biioégara;%fl ) B, w EEW B, and/or K K (common intermediate
& EE - states)
S .....................j_ b d s
t
« Physical states (mass eigenstates) are a superposition of flavour eigenstates
physical eigenstates complex mass difference width difference
i Y
PLu) =p|P°) £ q|P°), pl*+1ql*=1  Am=my—my Al =Ty — T},

« Mixing leads to an oscillation probability to observe a meson in either flavour eigenstate

Example: if at t = 0 we have B then at a later time t we have

0 .
Probability to decay as B_ o e Tat[1 + cos(Amy t)] We can measure both time-integrated

BO and time dependent CP violation effects .



Flavour oscillation parameters

Am AT
XET, Eﬁ' AmEmH_mL, AFEFH—FL
P(t) < [cosh(yI't) + cos(xI't)]

Am [s71] I'[s™1] AT [s71] X y
K° — K° | 0.53x1019 0.6x1010 —1.1x101° ~0.9 ~—1
D° — DO | ~0.01x1012 | ~2.4%x1012 3.4x1010 ~0.004 | ~0.007
BY — BY | 0.51x10'2 | ~0.67x10%2 ~0 ~0.77 ~0
BY —B? | 17.7x10'? | ~0.66x10'? 9.0x1010 ~27 ~0.06

Wide range in the sizes of the mixing parameters across the four neutral meson systems

significant practical consequences for measurements
Size of mixing etfects are highly sensitive to SM parameters (CKM elements, GIM mechanism, quark masses ...)
Due to its suppressed nature mixing can be used to set severe bounds (~10° TeV) on most general New Physics

scenarios 16



Flavour oscillation

« Wide range of experimental
sensitivities required to observe

meson oscillations

* Meson time evolution depends also

on CP - violation in mixing (q/p # 1)
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CP violation

* (P asymmetries arise when two processes related by CP conjugation differ in their rates

« (P violation is related to a phase in the Lagrangian = all CP asymmetries must arise from interference effects

A¢: P° - f amplitude

71 P% - f amplitude of the CP-conjugated process

e Full time evolution formula
2L[PO(t) » f] = (1 + |/1f|2) cosh(yI't) + (1 — |Af|2) cos(xI't) + ZRe(Af) sinh(yI't) — 27m(/1f) sin(xI't)

2L[PO(t) » f] = (1 + |/1f|_2) cosh(yI't) + (1 — |Af|_2) cos(xI't) + ZRe(Afl) sinh(yl't) — Zﬂm(/lfl) sin(xT't)



CP violation: amplitudes

« It's usetul to factorise an amplitude in three parts
* magnitude q;
« weak phase ¢;

« strong phase §;

 If there are two such contributions to an amplitude we can write

Ar = alei(51+¢1) + azei(5z+¢2) Af — alei(51—¢1) + azei(52—¢z)

*  We always choose a; > a,

a
rr =—, br = P — P4, Of = 0 — 01



Types of CP violation

* Each phase is convention-dependent but ¢, 6 are physical
« Phenomenology of CP violation is very rich in neutral meson decays: mixing can contribute to the interference

* Three types of CP violation mechanisms depending on which amplitudes interfere
* Indecay: interference between two decay amplitudes
* In mixing: interference between absorbtive (on-shell intermediate states) and dispersive (off-shell intermediate state) mixing
amplitudes

* Ininterference between decays with and without mixing: interference between direct decay and first-mix-then-decay amplitude

PO 20



CP violation in decay

* In charged particle decays this is the only possible contribution to the CP asymmetry:

DB )= T(B* = 1) _|A&-/Ap| 1
FZTB~ - f)+T(B* - f*) Ar-/Ars| +1

* Using the equation from slide 19 we obtain for ry < 1

Ar = 21 sin g sin 05

»  We need two decay amplitudes (ry # 0) with different weak phases (¢; # 0,7) and strong phases (&7 # 0,7)



CP violation in decay: comments

Ar = 21 sin g sin ¢

To have large CP asymmetry we need each of the three factors not to be small

Similar expression holds for the contribution of CP violation in decay in neutral mesons decays but with additional
contributions from mixing

Another complication in neutral meson decays is that it is not always possible to tell the flavour of the decaying
meson (e.g. if it'’s a B® or BY) which can be a problem or an advantage

In general, strong phase is not calculable since it is related to QCD
* not a problem if the aim is to demonstrate CP violation
* problem if we want to extract the weak phase ¢

* in some cases, the strong phase can be measured experimentally, eliminating the source of theoretical uncertainty



CP violation in mixing

3+ 1
p

In decays of neutral mesons into favour-specific final states (A = 0, and consequently 1 = 0)

In semileptonic neutral meson decays, this is the only source of CP violation
[(B°(t) » I*X) —T(B°(t) > I"X) _1—|q/pl*
[(BO(t) » I*X)+T(Bo(t) » I-Xx) 1+la/pl*

AgL(t) =

The Ag(t) quantity which is an asymmetry of time-dependent decay rates, is actually time-independent
The extraction of the value of the CP violating phase from a measurement of Ag;, involves, in general, large
hadronic uncertainties

Differences between the manifestation of CP violation in the different systems (different dependence on q/p)



CP violation in interference of decays with and without mixing

CP asymmetry in decays into final CP eigenstates

Situation relevant in many cases is when one can neglect the effects of CP violation in decay and in mixing

|/TfCP/AfCP|z1 lg/pl = 1 |/1fCP|=1

If we consider in addition, the case where we can neglect y (y «< 1) then

F(Eo(t) — fcp) - F(Bo(t) - fCP)
[(B°(t) = fcp) + T(BO(X) = fcp)

As, () = = Im(4s,, ) sin(Amgpt)

Measurement of a CP asymmetry in a process where these approximations are valid provides a direct probe of the

weak phase between the mixing amplitude and the decay amplitude (kaon physics)



How?



Flavour physics at different machines

/ _ -factory \ / LHC \

CMS Experiment at the LHC, CERN
~ § Data recorded: 2022-Nov-18 15:50:14.858368 GMT
2 .| Run/Event/LS: 362293 / 24480852 / 27

Event 5296728
Run 191749
Tue, 23 May 2017 16:45:50

 Flavour physics requires precise measurements of delicate and rare processes: choice of environment matters!

* The event complexity has important experimental consequences

* (Initial) background much higher at a hadron machine, particularly for studies with neutral particles
* hadron machines pose a much more severe trigger challenge

* Coherent production (B-factories) is valuable for flavour tagging

26



Heavy meson production

electron — positron:

PP pair - strong (QCD) or EW-NC (y/Z) processes [flavour conserving]

PP pair - strong (QCD) processes [flavour conserving]

proton — (anti)proton:

PP pair or single P - EW processes (via Z,W,t - Wb)

heavier hadron decays

Mesons often products of “free” quark hadronization (jets)

PP pair or single P - EW processes (B - D,K;D - K;J/yY - D,K; ...)

B

D

K

ete” > Y(4S) - BB

ete” - (3770) -» DD

ete” - ¢(1020) » KK

ete™ - bb (continuum)

ete™ - qq(c,b) (continuum)

ete”™ - qq(c, b,s) (continuum)

ete” > Z > bb

efe” > 7 -qq(q=c,b)

efe” > 7Z-qq(q=c,b,s)

pp(P) - bbX

pp(®) - qqX(q = ¢, b)

ppr(P) = qqX(q = c,b,s)

Decay of B or bb resonances

Decay of B, D or bb, c resonances

27



Heavy flavour production in pp collisions

Main heavy quark
production diagrams
in hadronic collisions

(a) Gluon Splitting

(c) s-channel Flavor
\ Creation

o\

B\

/

(b) Flavor Excitation

020000909 >

t-channel Flavor

(d)
\ Creation /

Sub-leading order heavy
quark production diagram
in hadronic collisions

28



Heavy flavour production in pp collisions

©
107

o(pp - bbX) ~ 30 — 600 ub @ /s ~ 1 — 13 TeV

Heavy flavour production in (anti)proton - proton
collisions depends on transverse momentum and
(pseudo)rapidity, according to the type of production

210

10°

10°

¢ SPS/FNAL/HERA-B (pA)
0 PHENIX (pp, AuAu)

* STAR (pp, dAu, AuAu)
-+ UAL (pp)

|
o
=
C
=
v

(PP) )
o ATLAS (pp) + @;
+ LHCbD (pp) cC

— NLO (MNR) E%

I

10 /¢

29

107

10°

10



Meson production in e*e™ collisions
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Flavour physics facilities

e*e” colliders for
production at threshold

e+ 4 GeV36A
L- :—_-—7&7 T
# New beam e SuperKEKB \f‘
\ ™ — e ¥ .'X‘

for higher beam current

9
Low emittan .
to inject Positron source

ositron
Dampin e ———
ﬂ. New positron target /
capture section
Low emittance gun a
Low emittance electrons R

to inject R_
KEKB & super KEKB (Japan)
PEPII (SLAC - USA)

CESR (Cornell - USA)

Add / modify RF systems

High energy colliders

CMS
ﬁ North Area \
2008 (27 km)

\ ALICE 2o~ LHCb

T [40 T4

SPS
[ 1976 (7 km) |

" Sl PS i
LINAC 2 / /A'?(\ P
~ NAC3 /7( |
LHC (CERN)
Tevatron (Fermilab — USA)
LEP (CERN)
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Flavour physics experimental principles

et e colliders for

production at threshold High energy colliders
* Symmetric or asymmetric beams ¢ Symmetric beams
* 4m detector configuration * 4w or forward detector configuration
* 0(0.5—2GeV) energy range of * 0(10 — 100 GeV) energy range of the
the decay products decay products

Common features

+ Vertexing: reconstruct the position of the decay vertex of the flavoured mesons (when/if possible)

« Tracking: reconstruct the charged decay products of the mesons

Particle identification (PID): identify the different types of charged decay products (e, u, 7, K, p)

Electromagnetic calorimetry: reconstruct the neutral decay products of the mesons (photons)

Hadronic calorimetry / “muon” detection: reconstruct the long-living penetrating particles (r, K, p, 1)



B — factories

Y(4S) cleanest source of BB pairs
*  Only B°B° (50%) or B*B~ (50%)

* B produced almost at rest and small particle multiplicity per Y(4S) decay
* Secondaries spread over the full solid angle: large reconstruction efficiency with barrel-like configuration
* On-resonance background from continuum: measurable from off-resonance side-bands

« Kinematic constraints: B mass resolution improves X10 using Epeqm = V/S/2 instead of Eg

Coherent BB production (entangled state)

 Physics is sensitive to the time difference between the B's when they decay

High luminosity: [ £ ~0(ab™!) with peak at £ = 103* cm™%s~! [BaBar + Belle]

* Beam-induced background (synchrotron radiation, beam-beam interactions) increases detector occupancy and challenges detector
technology (scales with £)

 Cross section: o5~ 1.1nb =  ~1.1x10° bb pairs /ab™!



Asymmetric B — factories

* B meson production at threshold: ete™ - Y(4S) » BB, m,, = 10.58 GeV

* Problem with symmetric beams: Y(4S) at rest not measurable

* Bin Y(4S) rest frame has pg = 330 MeV/c -» Az" < f*y*ctg = 30um (,6’*)/* = pEc/(chz))

* Solution: asymmetric e*e~ to boost Y(4S) in the lab frame (8, y)

z=y(z" + Bct™) = y(z" + By ctp)

z* = B*ccos 8"y 1z [67, B emission angle in Y (4S) rest frame]
z=y(B*y*cosO* + By*)ctp = y(a cos0* + BV1 + a?)ctp, [a =Y <KLy " =+v1+ az]
Zy — 73 = YBV1 + a? c(ty — t) + yacos 6% c(ty + t3), [1,2 denote the BB produced]

measurable
Example: E,- = 9.1 GeV,E,+ =3.0GeV >y = 0.56 = Az = yLAt = 300 u




Experiments at B factories: BaBar, Belle, Belle |

« BaBar (PEPII), Belle (KEKB), Belle II (superKEKB)
*  Presently running: Belle II (goal [ £L~0(50 ab™1) with peak at £ > 103> cm™2s71

K; and Muon Detector (KLM):

Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM’s (end-caps, inner 2
barrel layers)

W : ‘ Time-of-Propagation detector(TOP)

(barrel)

EM Calorimeter (ECL):

-
Csl(Tl), waveform sampling (barrel + end-cap) :

- Superconducting Solenoid
= .

Aerogel Ring-imagin
electrons (7 GeV) \\ b ‘ g g-imaging

Cherenkov detector (ARICH)
(forward end-cap)

Vertex Detector (VXD):
2 layers DEPFET pixels (PXD)

4 layers double-sided strip detectors (SVD) ' \

§ § m'y'dm beam -pe

positrons (4 GeV)

Central Drift Chamber (CDC):
He(50%):C,H4(50%), small cells, long lever
arm, fast electronics (Core element)




Flavour physics at pp collider (LHC)

Large bb and cc cross sections

« All possible types of b, c- hadrons produced

* B, D produced with large boost in lab frame

* High energy decay products, but clean particle identification and muon reconstruction
* Relatively low detection efficiency, depending on the detector configuration

* No kinematic constraints

*  0p5/0inelastic ~ 1073 high particle multiplicity from QCD, requires selective triggers

Not extreme luminosity: [ £ ~O(fb™!) with peak at £ = 4x103* cm™%s~! [LHCb]

* High cross section: a5~ 150 ub @ 13 TeV (LHCb detector coverage) = ~1.5x101 bb pairs /fb~?

 compare with ~1.1x10° bb pairs /ab~? for B factories
* Prospects for X5 increase soon

« Radiation — resistant detector technology



Flavour physics at pp collider (LHC)

112(012) = pseudorapidity (polar angle) of the quarks

CMS barrel

LHCb MC
s =14 TeV

LHCDb

LHCb MC
/s = 14 TeV

37




LHCb experiment

4

Y Electromagnetic
n=0 Calorimeter Muon Detector

Particle ID Hadronic n=2
Tracker lEf:{lLorimete
Sm|- SXD/PS i M3 -
Interaction o RICHZ B M2

point

oooooooooooooo

5m 10m 15m 20m
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CKM measurements: semileptonic B meson decays

Inclusive vs exclusive: two different theoretical and experimental approaches

(| Inclusive B — X (v (" | Exclusive B — D*(v

W™ /,/ (-

o]

Ves

(" | Inclusive B — X (v

W />/ [~




Semileptonic (tree-level) B decays

B - X, v
Parton level & Hadron level ¢
W~ v B
h— » B
V™
u,c
m Decayrate [_=1(b — x(v) o |V | xR X

Different theoretical and experimental approaches depending on the flavour

Form factors

* Encode the non-perturbative part of the hadronic matrix element (can be calculated by lattice QCD)
*  We can use approximate symmetries of QCD to learn more about them and relate them to each other

* The physics intuition is that form factors arise from the overlap of the wave function of the two hadrons
« from QM: probability of a fast transition between two states i —» f depends on the overlap between their wavefunctions

* The sudden transition in semileptonic hadron decays is due to the weak interaction 40



Exclusive determination of |V, |: B, — Dg*)_ nv,

* Exclusive determination of |V, | using By decays
* not the most precise exclusive |V, | measurement but a very nice demonstration of the techniques used at LHCb

* |V¢pl extraction depends on the Form Factor parametrisation (interplay with theory)

x10” ><|1(|)3I .

Sl _ S BT
> 30 | LHCb ® Data > 3(2)' __________
O O
.D(S) g 2 25 B .Bg — D;‘u""vﬂ 7] O 18 ..........
VQEI’teX o . ) - 16 | -
CEmIN 4 = 20T R = 14F
?rer(tfl()ax l 8_‘ 15 _ |:| Physics backg. _- 2 12
O(lcm) N I . . . | © 10E
8 Combinatorics o 3
< 10 . - W
Primary | "9 | — Fit 8 6
| <
Vertex | "a 5 o) 4
s 7 =
O g il e ]
| 4 5 6 71 8 O 05 1 15 2 25
L me... [GeV/c?] p l(D;) [GeV/c]
rim | Vep oy = (40.8 £ 0.6(stat) £+ 0.9(syst) £ 1.1(ext)) X 10 THEP 12 (2020) 144

= + + + -3
m, = \/mz(Ds-”+) +p2(Dru™) +p, (D) | Vep lggr = (41.7 £0.8(stat) £ 0.9(syst) = 1.1(ext)) X 10 .



Inclusive determination of |V, |

* B - X,l*v :inclusive approach at Belle

Event selection:

« low statistics, large background from B — X.l*v requires a

selection of small portions of the phase space

400 ———————T T T T T T T
Bl B-Div ]

350 [ B-D*Iv ]
’>" [ == B-Dtv ]
© 300 [T Gap modes Mx< 1.7 GeV E
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Measurement of the CKM angle y

*  Weak phase between b — ¢ (Cabibbo—favoured “fav”) and b — u(Cabibbo — suppressed “sup”) quark transitions

Via V{Zb)
Vcd c*b

e Measurement

¢ processes receiving contributions from both Cabibbo-favoured and suppressed amplitudes

+ study the interference between the two amplitudes

* Gronau-London-Wyler method (GLW)
* Build observables of “fav”-"sup” amplitudes interference from the decays
B* - D°k* B*->D°K* B~ ->D°K~ B~ - DK~ B* > D.pK*
« DY DY =flavour-specific D final state (e.g. (~) D® > K™n*, D° > K*n™)
*  D¢p = CP-eigenstate D final state (e.g. ntn ™, K*K~, Ksn©, ...)

N.B. no need to study time-dependent asymmetries (charged B mesons)



Measurement of the CKM angle y

ep)

* Only 1 tree-level amplitude in “fav” A(B* - D°K™) = |A ple'+D A(B~ —» DOK™) = |A_ple'®-»
and “sup” /B\\ Vi Vi -
|A+5| — |A—D| = |Afav|
B+ ”faV”
|A+D| = |A—5| = |Asup|
/ K*
* (P - conservation in strong/em *
Iinteractions A(B+ IR DOK+) _ |A+D|eiyei5+D
6+5 = 5—D = 5]: /E\ VJ
Orp = 0_p = &5 \

B+ Ilsup

 Notation }
g = |Asup|/|Afav| v

53565—5f




Measurement of the CKM angle y

BE - D pK*

AB* - DepiKY) =—[A(BT - D°K*) + A(B* - DO°K™)]

* hyp. 1: no D? oscillation

r—\N|r—\

* hyp. 2: no CP violation in D decay A(B™ - DepiK™) = \/_E[A(B_ - D°K™) + A(B~ - D°K )]
Observables
'(B™ = DcpsK™) + (BT = DepiK™)

['(B- -» DO9K-) + I'(B+ - D9K*)

Repy = 2 =1+ 12+ 2rgcosdgcosy

['(B™ = DcpsK™) —T(BY = DeprKY) +2rgsindgsiny
['(B~ - DcptK™) + T(BY > DepiK*t) 1412 + 21 cos Sgcosy

Acp+

(B~ ->D°K7) T(B*-D°K™)
" T(B~- > D°K-) T(B* - DYK%)

Ip



Measurement of the CKM angle y

* Gronau-London-Wyler method (GLW)

«  Experimental difficulty due to small rz leading to large uncertainty
* Angular solution up to a four — fold ambiguity
DY oscillation cannot be fully neglected

*  GLW example (BaBar)

* Measure Repy, Rep—, Acpas Acp-
* Extract the parameters y,65,7p

» Decays: B¥ > Dh* withh = K,n

Dcp+ [K*K™]ph* [m*m~]ph*

Dcp- [Ksm®lph®t  [Ks¢plph*  [Ksw]ph* (Ks > ntn~,¢ - K'K~,w - ntn~n")

Non - CP [K~m¥]poh~ [K*m " ]g0h™




Measurement of the CKM angle y

*  GLW example (BaBar) %
>
(]
D° mode N(B* — DK*) N(B* — D7*) =
()
K*K- 367 + 27 4091 =70 S
L 110 £9 1230 = 41 Z
K9m® 338 = 24 4182+73 £
ng 116 £ 9 1440 = 45 3
K¢ 52 + 4 648 + 27
K @t 3361 * 82 44631 * 232
9000 ‘ g o
o F E >
>8000= b) B*— Dh* = 3
© 7000 D —Kn 3 S
= 6000 = =
(e C - (e
S 5000 = =~
24000 = z
53000 E =
> F . m
12000 3
1000 sosopsvrrroreesepesverres E
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.072004

Measurement of the CKM angle y

PRD 82 (2010) 072004

° GLwexample(BaBar) ElSO_llr|l||[||1||||||r|||[||1||r||||r_
Acpr =025 %0. + 0.02 , 57160 —95% CL -
cp+ = 0.25 = 0.06(stat) = 0.02(syst) o 160 T :
Acp_ = —0.09 £ 0.07(stat) = 0.02(syst), 140~ .
Rcp. = 1.18 = 0.09(stat) = 0.05(syst), 120~ -
Rep— = 1.07 = 0.08(stat) = 0.04(syst). loop- :
J ]'EI T | T T T | | L | L | T [ T T 1 | L | T T T | T [E 80: —:
< 0.9 | 3 g :
~ TE | - 60 =
0.8 B N i
0.75 = 40 -
0.6t E 200 -
0.5 = N -
: . _I L | I 111 | 1 1 1 | 111 L1 | I 1 | 1 11 | 1 11 | || I_
0.4 E % 20 40 60 80 100 120 140 160 180

0.3\ T = v[°]
0.2 - y mod 180 [°] '

015 = 68% CL [11.3, 22.7]

0:— _|_95 Tlol__l_ll__l_l = [30.8, 99.2]

20 40 60 80 100 120 140 160 180 [157.3, 168.7]
v [ 95% CL [7.0, 173.0] 48



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.072004

Measurement of the CKM angle y: combination

* Other methods are analysis of multibody decays of D mesons (Dalitz analysis)

« Combinations of the results make use of all the possible ratios from various types of methods
104——— e

- | _
S Fﬂm |
| ] 5‘ Moriond 2024 | |
—, 0.8 i ; B?— D;K* I
' [ B - DI K+rtn— |
] 1Bt - D°K** -
0.6- 1Bt —» DK+
— 65 9+3.3 © o [T B® — DOK*°
Y = 735 [ B — DOk
] ] Combined
0.4 - I
O AUIRARI W oot s 42 SSEES AL NS W 68.3% |
0.2 1
0.0 L] 2olnolnleto s b




Unitarity triangle: ~ 30 years of progress
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Unitarity triangle: ~ 30 years of progress
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Flavour tagging

Flavour eigenstates P? and P° have a well-defined flavour content
Example: B has the quantum numbers of a bd state

In some cases, the final state of the decay informs us whether a neutral P meson is in a P° or a P° state

RO 7 0 +
B” = X.u vy, B” = Xzu"vy,
hadronic system with a charm hadronic system with a charm
guantum number +1 guantum number -1

The charge of the charged lepton tells us the flavour of the decaying meson

Before the meson decays it can be in a superposition of B® and B°: the decay is a quantum measurement

Tagging simplifies the oscillation formalism (taking the case of A = 0 = A = 0 and assuming |q/p| = 1, y = 0)

1 + cos(Amt)
2 )

1 — cos(Amt)
2

[(PO(t) > f) = [P - f) =



Flavour tagging at decay

* Look for flavour-specific decays

Lepton tagging Kaon/m tagging
-
b(Q=-1/3) c(Q=+2/3) b(Q=-1/3) c(Q=+2/3) s/d(Q=-1/3) K (@)
[~ tag b k (BY), _
l/_ K*/mt tag b (B®)
W2 w5

7~ //

(virtual) W can produce final states with K /m of any sign

b = C = — 5 =+1/3
b(Q=+1/3) c(Q 2/3) 5Q /3) Final cascade can produce ¢ - KK~ orn - n¥n~
“cascade” events (B —» D — Klv) mimic opposite tag



Flavour tagging at production

pp collider (e.g. LHCDb)

* Opposite-side tagging (OST): Tag the flavour of the “other” b
» Rationale: bb produced in pp interactions
» Flavour tag with [/K /m of a displaced vertex not associated to the signal B vertex
« “Charge” of a displaced vertex not associated to the signal B vertex
* Same-side tagging (SST): Tag the flavour of the signal B
« Rationale: sign of /K /m from primary vertex often correlated with the flavour

« Example: zero net strangeness in pp — sign of the K associated with signal B gives the sign of

the other s — tag the flavour of the By



Flavour tagging at production

. SS Pion
pp collider (e.g. LHCDb) S8 Kaon

SS Kaon NNet
SS Proton
SS Pion BDT

Signal Decay

BO

Same Side

Opposite Side
/)‘ 0S Kaon
OS K. NNet

0OS Muon

OS Vertex Charge
OS Electron

OS Charm
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Flavour tagging performance

Flavour tagging efficiency: &;44
Mistag probability (initial and final): w; r [usually wy < w;]
Dilution factor: D = (1 — 2w) = (1 — Za)l-)(l — Za)f)

Effective tagging efficiency: Q = eng2 [“figure of merit”]

LHCb (example OST per different B signal channels summed up on many tagging categories)

Channel Stag | /0] w %] CtagD” [N0]

BY— Jhip Kt | 27.34+0.1 | 36.1+£03+08 | 2.10+0.08 +0.24

B JWK* | 273403 | 36.2+0.3+0.8 | 2.09+0.09 £ 0.24
BY — D*pty, {30101 | 3550308 |253x£0.10=+0.27
BY— Jh o 24.94+0.5 | 36.1+£0.3+0.8 | 1.91 4+ 0.08 £ 0.22
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CP violation in decay: measurement

Candidates / (0.01 GeV/c?)

CP asymmetries in charged B mesons has been observed in several decay modes

Example: charmless three-body decay modes B* » K*ntn~,B* - K*K*K~,B* - n*K*K~,B* > nin*n™

measured by LHCb
g = FB™ > f) T > 1)
FTIB S ) +TBT - f)
LHCb: Phys. Rev. D 90 112004 (2014)
x10° — 24><1o3
1.85— () =Model 1 222
16 >~ #HF = 2 2F = m B-K'm - > 2
1.4F Combinatorial{ & 1.8
1.2F ‘B—4-body 1 = %2
1f | BNeK ] S 12
0.8} [ |\ =Bontntn {4~ 1
0.6F 1 8 08
0.4} 3 D0
02 ™. o Y E 0.2 F X £ 3
Y\ | S N P S e e
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m(K ) [GeV/c?]

m(K't'n") [GeV/c?] m(K K'K") [GeV/c?] m(K'K'K") [GeV/c?]
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.90.112004

Measument of Bg mixing parameters

* Time dependent analysis to measure Amg

* Steps:
 Reconstruct B?
« Measure the decay (proper) time for each B
* Tag the flavour of the B? (either B or BY) at production and decay
* Identify the BY candidate: unmixed (same flavour at production & decay), mixed (different flavour)
* Fit to the time distribution separately for mixed and unmixed B decays

= bin entries « P(t) =~ e~ Tst [cosh (Al;st

) + cos(Amg t)]



B! reconstruction
B - D;mt

* Full reconstruction of both B and D; decays

 Selection based on displaced vertex and track kinematic
quantities

» Flavour tagging at both production and decay

L, Kt K m~ormntm m~

_+_ Data [ 1 Combinatorial 1] _Ab _,7; o ] Bg_) D7K*
...... P =k 0 i
B~ Dzx = &0 B 5,0
T f LHCb S L LHCb
-1 4 -1
> 6 fb > 107 £ 6 fb
2 10%: C :
o - L
% 5 i
o S i
R 2 10° L
g 10 5 -
8=, S :
© i Pt " © i
= i Ny 'M*""‘“’“'W”MW% = i
Q 2 " ) L
10 = | . | | | R | I : |
5300 5400 5500 5600 5700 5,800 1,940 1,960 1,980 2,000

m(D; *) (MeV ¢?) Nature 18 54-58 (2022)

m(K*K 7%, n*n"n%) (MeV ¢?)
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https://infoscience.epfl.ch/record/291704?v=pdf

s ' i — 100 p————————————
Bg - DS Tt decay time reconstruction & ot 6 Moo
= SOF —— 2016 Resolution =
S 70k —«— 2015 Resolution
5 6of —— 2012 Resolution
LHCb = O _
2 ol LHCb -
: _ Lmg g 20} 0 E
« pp collider (e.g. LHCb) t=— 5 20F B sy ¢
or 3 0 L
2 200 300 400
= p [GeV/c
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Amg measurement

« LHCb B? mixing measurement using B - Dy m*decays

« Experimental proper time distribution after selection and flavour tagging:

— B§—>Bg—>D; A — Untagged

mixed

0 - ¥
e BS—>DST[

unmixed

2,500

Nature 18 54-58 (2022)

¢ LHCDb
Ritseree 6 fbo

Radeoben TV O

Asymmetry
S © o o
- o - N W
[ /
< B
-~ 8
o o
o
-~ I
S 0
O

-0.2 -

0 0.1 0.2 0.3
t modulo 2r /Am (ps)

time asymmetry between mixed
and unmixed signal decays

Am, = 17.7683 + 0.0051 + 0.0032 ps~?!

Simultaneous fit to the invariant masses and decay

time distributions separated per flavour

Description of decay time resolution essential because
time resolution smaller, but not negligible with respect

to the oscillation period (~0.35 ps)
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https://infoscience.epfl.ch/record/291704?v=pdf

Take home message

Flavour physics is a very important branch of particle physics research

* offers unique insights into the flavour structure of the SM and has unprecedented indirect sensitivity to NP at high energies

« CKM tests, meson mixing and oscillations, CP violation provide precision tests of the SM

B physics offers unique experimental challenges
« main features and difficulties associated with using hadron and lepton machines for B physics measurements
* important complementarity between the different experimental approaches

* flavour tagging at production and decay, proper decay time reconstruction

Due to the limited time, I could only cover a limited number of interesting observables and experimental

techniques

Plenty of amazing results from LHCb and B factories so far and many more to come in the coming

decades!
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