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Lecture plan

1) Why study flavour at hadron machines, and how to do it.

Today
2) Unitarity Triangle metrology and CPV measurements
3) New Physics searches through studies of Flavour-Changing
Neutral Currents (with digression on tree-level anomalies)
Tomorrow

4) Charm physics at the LHC

5) Future prospects for hadron-collider flavour studies




Flavour Physics at Hadron Colliders

1) Why study flavour at hadron
machines, and how to do It
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Why flavour physics at a hadron machine ?

Flavour-physics studies often consist of precise measurements of delicate and
rare processes. Therefore, the choice of environment is surely a no brainer ?

CMS Experiment at the LHC, CERN
N Data recorded: 2016-Oct-14 09:33:30.044032 GMT
k. 2! Run/Event/LS: 283171 /95092595 / 195

Related to this event complexity / furthermore:

A (Initial) backgrounds much higher, particularly for studies with neutrals;
A Much more severe trigger challenge;
A Initial-state flavour tagging much less performant.



Why flavour physics at a hadron machine ?

Flavour-physics studies often consist of precise measurements of delicate and
rare processes. Therefore, the choice of environment is surely a no brainer ?

CMS Experiment at the LHC, CERN
N Data recorded: 2016-Oct-14 09:33:30.044032 GMT
@ & Run/Event/LS: 283171 /95092595 / 195

Ugh !

Related to this event complexity / furthermore:

A (Initial) backgrounds much higher, particularly for studies with neutrals;
A Much more severe trigger challenge;
A Initial-state flavour tagging much less performant.

Nonetheless:

* Much higher cross section: o,5[Y(4S)] = 1 nb o¢,;[LHC@14 TeV] = 600 €b ;
* In contrastto the Y(4S), all b-hadron species are produced ;
» High boost.
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Hadron beams and colliders have
a Strong tradition in b'phySiCS ICDF, PRL 97 (2006) 242003]

N 400_ CDF —— data
E288 . 2 — it
Discovery of b quark (Y) by 2 B> Di
Lederman and E288 in 1977. 2™ B B o)
o BY — Dip
Discovery of neutral B g = S
oscillations by UA1in 1987. 2 | WA
T 100 B -
comb. bkg.
Discovery of resolved B, ) vy
oscillations by CDF in 2006. 52 54 56 58
or - mass [GeV/c]

o 2f
'c L
2 |
Volume 186, number 2 PHYSICS LETTERS B 5 March 1987 - 0 |
g_ L
UA1l <-2f
SEARCH FOR B’-B°® OSCILLATIONS AT THE CERN
PROTON-ANTIPROTON COLLIDER Q 1
©
UA1 Collaboration, CERN, Geneva, Switzerland E
]
Aachen-Amsterdam (NIKHEF)-Annecy (LAPP)-Birmingham-CERN~Harvard-Helsinki-Kiel Q.
-Impenal College, London-Queen Mary Coliege, London-MIT-Padua-Pars (College de France) E
-Riverside-Rome-Rutherford Appleton Laboratory-Saclay (CEN)-Victoria-Vienna-Wisconsin < -1

[UAL, PLB 186 (1987) 247]



https://arxiv.org/abs/hep-ex/0609040
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.252
https://www.sciencedirect.com/science/article/pii/0370269387902887

The LHC: a multipurpose machine




‘Why do we need a

canmot I
do flavour ?

CMS and ATLAS can! They are exceptionally versatile detectors that have

produced high quality results in flavour physics. However their studies are (mostly)
restricted to final states involvingdi-muons (I wi | | qgual i fy

they have no hadron PID capabilities. This puts many measurements out of reach.
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Towards a dedicated bphysics experiment at the LHC

In early 1990s three ideas took shape for dedicated b-physics experiment at LHC.

Fixed target 7 LHC protons impinging on gas jet.

GAJET _ . . - :

Calorimeter trigger, giving efficiency for hadron final states.
LHB Fixed target 1 extracting LHC beam halo with bending crystal.

Forward collider experiment, benefitting
from full /s =14 TeV cross section.

COBEX Equipped with vertex detector sitting inside secondary vacuum.
Muon trigger, followed by vertex trigger.

Flavour physics at hadron machines
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Towards a dedicated bphysics experiment at the LHC

In early 1990s three ideas took shape for dedicated b-physics experiment at LHC.

GAJET

LHB

COBEX

Fixed target 7 LHC protons impinging on gas jet.
Calorimeter trigger, giving efficiency for hadron final states.

Fixed target 1 extracting LHC beam halo with bending crystal.

Forward collider experiment, benefitting
from full \/s =14 TeV cross section.

Equipped with vertex detector sitting inside secondary vacuum.

Muon trigger, followed by

vertex trigger. \

These aspects of proposal had a
compelling proof-of-principle
coming from P238 project at SPS.

May 2025
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P2380d towards the LHCb VELO

0Devel opment and test of a | arge s
col Il i der b dPaSghleiy et al.,NIM g 3L e(19%9) 28]

Large aperture forward spectrometers with planar geometry perpendicular to the beam line are the natural detectors to
accomodate the expected forward peaking of Beauty particle production at high energy hadron colliders. We have designed, built
and tested a prototype planar silicon strip vertex detector for triggering such a spectrometer system. The test svstem consisted of
43000 channels, configured in six planes, each with four quadrants, perpendicular to the beam line and installed inside the

SPS-collider vacuum pipe at the center of an interaction region. Events recorded with the rf shield of the silicon system 1.5 mm
from the circulating beams show negligible event-unrelated background.

beam | | | | | I
- | I | | | |

e
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https://www.sciencedirect.com/science/article/abs/pii/016890029290592R

Towards a dedicated bphysics experiment at the LHC

In early 1990s three ideas took shape for dedicated b-physics experiment at LHC.

Fixed target 7 LHC protons impinging on gas jet.

GAJET _ . . - :
Calorimeter trigger, giving efficiency for hadron final states.
LHB Fixed target 1 extracting LHC beam halo with bending crystal.
Forward collider experiment, benefitting
from full /s =14 TeV cross section.
COBEX

Equipped with vertex detector sitting inside secondary vacuum.
Muon trigger, followed by vertex trigger.

These proto-collaborations were encouraged to join forces and develop a detector
concept that merged the best features of each, in particular collider operation
and good trigger efficiency across a wide range of b-hadron decays.

Flavour physics at hadron machines
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‘Towards a dedicated bphysics experiment at the LHC

In early 1990s threg
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'LHC-B

LETTER OF INTENT

A Dedicated LHC Collider Beauty Experiment

for Precision Measurements of CP-Violation

Abstract

The LHC-I Collaboration proposes to build a forwerd collider detector dedicated Lo the study
of CP violation and other rare phenomens in the decays of Beauty particles. The forward
geometry results in an average 80 GeV momentum of reconstructed B-mesons and, with mul-
tiple, efficient and redundant triggers, yields large event samples. B-hadron decay products
are efficiencly wentified by Ring-Imeging Cerenkov Counters, rendering s wide range of multi-
particle final states accessible and providing precise measurements of all angles, o, 5 and ~
of the unitarity triangle. The LHC-B microvertex detector capebilities facilitate multi-vertex
event, recanstruction and proper-time messurements with an expected few-percent uncertainty,
pereitting measurements of Be-mixing well beyond the largest conceivable values of 1., LHC-
B would be fully operational at the startup of LHC and requires only & modest inminosity to
reveal ite full performance potential.

s experiment at LHC.

IS jet.
ron final states.

Ith bending crystal.

secondary vacuum.

Ind develop a detector
collider operation

Flecays.

May 2025
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Meanwhil e,

HERA-B, first proposed in 1992,
starting ~2000, operated with
HERA proton beam on fixed-wire target.

Principal goal was to be first experiment
to see CP violationin B® - J/yK_.

Hugely demanding (harder than LHCb !),
as bb / minimum bias cross-section ratio
at /s =920 GeV is 10, and interaction

rate, with pileup, was 10s of MHz.

Much was learned, concerning:
- triggering;
- vertex detectors and RICHes:

- challenges of operating MSGCs
in high radiation environments;

- why too much material is bad.

at D E

DEUTSCHES ELEKTRONEN-SYNCHROTRON

DESY-PRC 94/02
fay 1994

B System Using an Internal Target at the

An Experiment to Study CP Violation in t7

HERA Proton Ring

Looks a bit like

HERA—B LHCDb, but this

is a fixed-target
experiment

Proposal

Many of these lessons were very valuable for LHCb. But for HERA-B it was too late.
The B factories started too well and quickly, and HERA-B data taking ceased in 2003.
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éand at FNAL, ||

o 12m

BTeV was proposed as a dedicated
B physics experiment at the Tevatron.

Differences w.r.t. LHCb: Thior “ire chambeia Tien

A Two-arm spectrometer;
One arm of BTeV

A Pixel, not strip, vertex detector
and intention to use vertex Magnet, surrounding Muon

Silicon Vertex Detectors Chambers

signatures at earliest trigger stage;

A Higher emphasis on ECAL physics.

Given first-stage approval in 2004, but
cancelled soon after. Some aspects of
BTeV are central to LHCb Upgrades.

Straw Tube
Chambers

Ring Imaging
Cerenkov Detector

Flavour physics at hadron machines
May 2025 Guy Wilkinson 15



LHCDb: a dedicated experiment
for flavour physics at the LHC

Designed to be a dedicated experiment for b- and c-physics at the LHC.

Dedicated in the sense of the
following attributes:

A Acceptance

A Operating luminosity

A Instrumentation

A Trigger

These capabilities give the experiment high sensitivity in other studies apart
from flavour, but describing these goes beyond the scope of these lectures.

Flavour physics at hadron machines
May 2025 Guy Wilkinson
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‘ A dedicated experiment for flavour physics at
the LHC 0 general considerations

Go forward ! This collects a large
fraction of the bb pairs, which are
predominantly produced by gluon
fusion at low angles. This choice

of geometry brings other benéefits:

Regionrichinb-hadr ons é

This necessitates operating at lower luminosity than

A Vertex detector can get ATLAS / CMS (also needed for trigger i see later).
rea”y C|OS€ tO beam“ne nstantaneous Luminosity Updated: 18:23:21
! 4500
~ 40004 RUN2 ATLAS/CMS lumi
A ngh bOOSt; i o falls exponentially
Esoni (now level at start-of-fill also)

A Lots of space (very helpful
for RICH detectors);

A O Hi mﬁh can b e red §1"°“‘ LHCb lumi continually leveled

C i ~4 x 10%?
to mean a few GeV, which is = / crm2s-L
typ|Ca| Pt of b-decay products. : 08:00  10:00 1200  14:00 1600  18:00

— ATLAS — ALUCE — CMS — LHCb

Flavour physics at hadron machines
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‘ LHCb 0 a forward spectrometer for flavour
Physi cs: Runs 1 ar

M2
Sm SPD/PS HCAL

Vertex
Locator |

p
o @ —
’ 35 s 2 (8,

-5m - = -
‘ Edf 2wy
NN N N N NN N NN SN SN AN NN N NN SN SN SR S SR SN S >
Sm 10m I5m 20m z
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LHCb 0 a forward spectrometer for flavour
physics: Runs 3 and 4 (Upgrade 1)

Side View ECAL HCAL

Magnet SciFi
Tracker

RICH2

Flavour physics at hadron machines
May 2025 Guy Wilkinson
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LHCb o vertex locator (VELO)

S5m | The VELO is a silicon

strip detector around
the interaction point.

Vertex
Locator _

It approaches within 5.1 mm of the

beamline, sits in a secondary
vacuum, and reconstructs the
b-hadron decay vertex precisely.

May 2025

One-half of the VELO
under construction

Primary Interaction

o Imml o bl

A reconstructed b-hadron decay vertex

20



'VELO 8 built for precision

Closest measurement point has down to 4 em precision and is 5.1 mm from
beam. There material is minimal T only the sensor, no electronics or cooling.

Flavour physics at hadron machines
May 2025 Guy Wilkinson 21



VELO 0 close to beam

VELO is moveable and operates in vacuum.
The RF foil i b e a m surmpumadng it

IS ultra-thin, and corrugated. Track passes through RF foil

perpendicularly i good for
Runlé&? . multiple coulomb scattering.

What the protons see in injection

Flavour physics at hadron machines
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‘VELO 0 close to beam

VELO is moveable and operates in vacuum.
The RF foil i b e a m surmpumadng it

IS ultra-thin, and corrugated. Track passes through RF foil

perpendicularly i good for
Runlé&? multiple coulomb scattering.

What the protons see in collisions

k

Size of beam aperture (Run 1
& 2) compared with one Euro.

Flavour physics at hadron machines
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LHCb 0 RICH system

Two Ring Imaging Cherenkov (RICH) detectors BEa I O13.6TeY
pr o v i-Kdseparation from ~1 to ~100 GeV/c. _ :

M

|

—— Assembling RICH 2; ~ Array of RICH 2
10m note the mirrors photodetectors
(Upgrade 1)

Cherenkov angle [rad]

Momentum [GeV/c] ”



RICH performance

Hadron-identification requirements are very different at LHC compared to B-factories,
as there is a much greater spread in momentum, going to much higher momenta.

o) K-K
CICJ 1.0 _w&'—e-_e_
o - ===
Ht:_-* . - T _+— loose cut
W %1 LHCb Preliminary 2024 - d
061 44 ALLK—m) >0 -
44 ALLK—n)>5 "'_.:—— tight cut
0.4 A —o-
===
0.2 - mT—K =
- _E__E__E__E_-El-
0.0 - Ii g il = i E : :
20 40 60 80 100

Momentum [GeV/c]

Two RICHes, one optimised for lower momentum (C,F,,), the other downstream

(CF,) optimised for higher momentum, span a range of 1 < p < 100 GeV/c.
25



'RICH in action

Two-body charmless B decays are central goal of LHCb physics.

Identical topologies require RICH to separate.
& s5000— LHCb
o Prelimi
L Froiminary
— C % E
‘:051400_— L. & 3000F BOY K'
& LHCb preliminary :
L ‘ 2000
81200~ g
o C ) 1000
i Incluglve spectrum, Deploy I AT
§ 800_— hypOtheSIS RICH to ° >1 52 83 Sﬂn in\ié\sriamsrﬁass (SGTeWc%S
w B ~
L B 1200
600 " sy |SO|ate \ gmuuf Il;re(i:i?'ninary
400: each ; i s =7 TeV Data
— w 8
C | E L -,
200 mode ! 5 0l BOY
C 400
_____ Bt b [ | | | ) | | | Ll - Y b el s
2.9 5 51 52 53 5. 4 5.5 ? \ 200 AR ARRE &
mtn invariant mass (GeWc :
/ \ LI 5;[4:[ |n\§asrlam mass (GeWc%s
oo 3 swf
© asn? % ) E
Emu?:;'r'le?i:,inaw g u: Il;re?i%inary
E 350F-Vs =7 TeV Data 3 35 VS =7 TeV Data
S 300F . S 300k
3 5 , Y K B 250F .
§:a:— § b p § 2005 LHCh BSY KK
w 1soF w 150i Preliminary 1
E E Vs=7TeV Data
100 100;*
50:— 50: .
3 Flav hlnes - k
E u E el A |
M ayEQO 25 54 58 nKEi.:varia:.l-,masssf gevlc%g g.z 53 > G Uf’WLﬁﬁlﬂﬁWRass ( GeWcZ) : 51 5.2 53 E*?( |nvar|ant masg (GeWc% 8
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'RICH in action

Two-body charmless B decays are central goal of LHCb physics.

ldoantical tovnalccicce vocuuvre DICOLL 40 connavate —~ [ )

Those plots were from early Run | data. Here are some more recent
examples from Run Il [JHEP 03 (2021) 075], with better control of background.

;\]"\ 7\\|III|\\I|\\\‘II\‘\II4 :SOOGEIIII\\‘\Illllll\\\llllz :\ :\\\\II|\IIIII\‘\WT|III:
14000 LHCb E § 45005 LHCb = § 7000F LHCb =
$12000- I Daa19f! | B 40005 ! Daw 19 58 go00F ! Data1.9fb" =
vy L - il - — ]
Z10000 [k 4 8 gf)gg— Lo 8 se00 [ |B—kk- S
§ 8000 W sk § 2500 Lt E ; 40001 | oS S
& 6000 BSK'K™ 4 8 o000 Bsk'n 8 30000 Ak, 3
_E.E - B'—ntm- . g 1500k . 1 & = B'SK*K~ o
2 4000 .3-B0dy bkg. ’é 1000 3-Body bkg. - -é 2000 .3-Body bkg. —
< - 7 < = < C 3
O 2000 Comb.bke. | © 50 Comb. bkg. 2 © 1000 Comb. bkg.
0 = VRN S - G|||||\\\\|-|I|T|Trr1‘|rr1-: i e O ——
5 52 54 56 5. 6 6.2 5 52 54 56 58 6 6.2 5 56 58 6 62

m(K *¥) [GeV/c?]

m(x*m ) [GeV/c?]

5.6 57 5.8 59

pK invariant mass (GeV/c?)

LHCb
Preliminary
\'s =7 TeV Data

B.Y K K

e

i
54 55 56 5.7
K+

K *K ") [GeV/c?]

K invariant mass (GeV/c


https://arxiv.org/abs/2012.05319

'LHCb trigger 0 Run 2

LHCb Run 2 Trigger Diagram
Guiding philosophy of LHCb experiment:

v > >

: ATrigger at L Ops6o nh asdirnogr
LO Hardware Trigger : 1 MHz . .
readout, high Er/Pr signatures muons, electrons and photons (high p; in

R S o b-physics ~ few GeV/c). Not just di-muons !

ht u/up e/y

A Access almost all b (& c) decays of interest
:. Software High Level Trigger

Partial event reconstruction, select

A Bandwidth (almost) fully devoted to flavour.

[ displaced tracks/vertices and dimuons ]

Buffer events to disk, perform online ApproaCh WOI’kS We” Up tO 4 X 1032 Cm-zs-l
detector calibration and alignment ( Y a I I resu | t S S h o WwWhn | r

[ Full offline-like event selection, mixture] bUt Satu I‘ateS at hlgher |Um|nOS|t|eS.

of inclusive and exclusive triggers

I L L How to gain an order of magnitude ?

Flavour physics at hadron machines
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'LHCb trigger 0 Run 2

LHCb Run 2 Trigger Diagram
Guiding philosophy of LHCb experiment:

e Tri : : ATrigger at L Ops6o nh asdirnogr
"g muons, electrons and photons (high p; in

b-physics ~ few GeV/c). Not just di-muons !

450 kHz -J khe 150 kHz
h* (TRATIT] .
A Access almost all b (& c) decays of interest

:. Software High Level Trigger

'[ Partial event reconstruction, select ] A Bandwidth (almost) fully devoted to flavour.

displaced tracks/vertices and dimuons

Buffer events to disk, perform online ApproaCh WOI’kS We” Up tO 4 X 1032 Cm-zs-l
detector calibration and alignment ( Y a I I resu | t S S h o WwWhn | r

but saturates at higher luminosities.

Full offline-like event selection, mixture
of inclusive and exclusive triggers

I L L How to gain an order of magnitude ?

Flavour physics at hadron machines
May 2025 Guy Wilkinson 29



'LHCb trigger o Runs 3 and 4

LHCb Run 3 Trigger Diagram
Moving software trigger to earliest

stage (in GPUSs) allows for:
o I o o 9e ( )

;'.Software High Level Trigger / - increased flexibility;
[ Full :e:_v«rent_rue:u::i:ms_l:ruc:tic:mn‘r inu_::lusive a_nd ] - increased eﬁiCienCy in some mOdeS;
exclusive kinematic/geometric selections _ Operation at 5X hlgher |UminOSity.

L

e s e Retain feature, developed in Run 2, that
L e U LR L U “\_ events buffered on disk before final trigger
Nyl : decision (in CPUs) to allow for full offline-
- ~ | 1T ke quality (oreal

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive SlgnlflCant fraction of events written out
triggers, trigger candidates and related \

primary vertices for exclusive triggers in reduced format’ Wlth no need for

\ v

further rocessin
O O O P :

10 GB/s to storage

Flavour physics at hadron machines
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'LHCb trigger o Runs 3 and 4

LHCb Run 3 Trigger Diagram

NS O N Ve

Data throughput T audacious !

.. L L B L L B O R B B D B N A A B I LHCbR 4 \KLHCbRuI],S
-Software High Level Trigger . 7 -0 KUt 2
: g g9 . 10 LHCbRun3| @ ) CMS HL-LHC
Full event reconstruction, inclusive and 106 ALICE Run 3| g ATLAS HIL-LHC
exclusive kinematic/geometric selections
~~
. W ATLAS|/ CMS
: 0 : E 10° LHChRunl 2 —
. : 2 ALICE
. _ 104 HERAB ®
Buffer events to disk, perform online ~ s
detector calibration and alignment 5 10? KTev CDF I/ DZero|IT

\ . —9 CDF/DZero ® BaBar
0 _% 102 : KLOE
” 1 = H1/ZEUS %
Add offline precision particle identification 5 10! pUAl ONag9 o
and track quality information to selections LEP %

® ©
Output full event information for inclusive 10° <
trllggers, trlgger candldatgs ar_\d related 1980 2000 2020 2040
primary vertices for exclusive triggers
\ / Year

10 GB/s to storage
Flavour physics at hadron machines
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'CMS3 beyond dimuons

CMS now recor ds [RhB Rgptalllk(2026)678]d Varite aut
events with single muon from b-decay. Rates high, so process at end of run.

Unbiased source of decays from triggering

other B-hadron in event - opens semileptonic " muon
wide analysis possibilities !

b-decay —
. \. ‘ . ’
- CMS 4167 (13 Tev) unblased . Slow plon
2o00F t D= f %
R Bl - rom D
e b-decay ?‘. "
g0 T L LU
Ry ; \
S \ Ks mesons
29005 Z.CIIUB 2.[;10 2012 2.0I14 2016 £DOG 2.608 2.610 2.6;; 2.{::147 2.b16 0
m(D’r*) [GeV] mD'n) [GeV] from D
§250 CMS 416 5" (13 TeV) 3250 CMS 41,67 (13 Tev)
%200— % \
8150 g
. " ’ e.g. measurement of CP asymmetry
AR in DOY KK [EPJC 84 (2024) 1264] .
R RN Ry R— RN a— 195
m(Ke KS) [GeV] m(KE K3) [GeV]

Flavour physics at hadron machines
May 2025 Guy Wilkinson


https://www.arxiv.org/abs/2403.16134
https://arxiv.org/abs/2405.11606

Flavour Physics at Hadron Colliders

2) Unitarity Triangle metrology
and CPV measurements

Flavour physics at hadron machines
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‘ Unitarity Triangles(s)
The CKM matrix must be unitarity: V(;FKM Vekm = VCKMVJKM =1

This imposes various constraints, including z Viij}"( =0 wherellj.

k
The are 6 such independent relations, which can be represented as unitarity
triangles in the complex plane. Experimentally, the most interesting is:

* * x
VuaVup * VeaVep + ViaVep =0
As the sides are of similar length, & its parameters can be studied in B°, B* decays.
Another, relevant for B physics is:
* * *
Vus ub + Vcs cb + Vtthb =0

Note that the area of all triangles is the same = %2 J, the Jarlskog invariant.

. _ [Jarlskog, PRL
] = 012C12302351231332351n5 ~3%x107° 55 (1985) 1039]

Flavour physics at hadron machines
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039

6Thed Unitarity

Three complex vectors sum to zero VuaVip + VeaVep + VeaVip = 0
Y triangl e 1in Argangrudlﬁkgflnfvmvt*b_o
(B,ﬁ) Vcd c*b Vcd c*b

Expressions for angles:
‘/ud ‘/ub a = arg|— th Vtﬂ})-
Voa Vi VubVep |
B = arg|— Vchc*b-
VeaVep.

(0,0) (1,0) - VuaVap

Yy =arg|— TR

Upper vertex: p +1if] = (VudVJb)/(Vcd Vep) L 7cdVch

p=p(L—2%/2+-) n=n1-2*/2+-) (4, 4, &, alternative notation)

Flavour physics at hadron machines
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6Thed Unitarity

* * *
Three complex vectors sum to zero VuaVup + VeaVep + VeaVip = 0

Y triangle in Argang

_ —+1+ — =0
(P,T]) Vcd cb Vcd cb

Goal of Unitarity Triangle tests for angles:
V.,V  Over-constrain triangle by making measurements VeaVis |

V—V* of all parameters, in particular, comparing those made ||~ y, LV
cd Vb in tree-level processes (pure SM) and those made ub“eb.
ith loops (New Physics sensitive). *

wi ps (New Physi itive) _Vchcb

We hope to find inconsistencies ! VeaVss

/I T <

(0,0) (1,0) Vudv,jb]

Yy = arg|— vV oV*

Upper vertex: P+ i1 = —(VuqVip)/ Vea Vi) L

p=p(L—2%/2+-) n=n1-2*/2+-) (4, 4, &, alternative notation)

Flavour physics at hadron machines
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‘The B, Unitarity Triangle

VusVup + VesVep + VesVipy = 0

V., V. O

O(e¥)
ViVie O(?)

The BO, triangle is very squashed, & contains a small angle b, (=-04/2 7 see later).

Flavour physics at hadron machines
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The Unitarity Triangle 0
CKM metrology at hadron machines

[€202 ToniAMD]

0-7 1 Ll 1 I T 1 1 ! 1 1 1 I 1 I Ll 1 : 1 I 1 1 ]
: ) | fi g E g I _:

0.6 SK ~ Summer 23 —
05 —w —
— [ON \ —

- © sol.w/ cos 2B < 0 —

C (3 (excl. af CL > 0.95) -

0.4 —3 =
L |8 ]

1= — © \ ]
03 — -
0.2 [ —]
0.1 -]
0.0 1 1 1 1 1 1 'l 1 1 1 L 1 1 1 1 1 -
-0.4 -0.2 0.0 0.2 04 0.6 0.8 1

ol
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http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html

The Unitarity Triangle 0
CKM metrology at hadron machines

0O T T T T | AN
0.6 :_oo; Y Am a | ditar -
0.5 ;—g |‘/td‘/£‘ _ 1 th = §
C = — 1 |I=
- 3 0 - =
= ET ViVl A |Ves 16
03 — T_: S
- g [e
0.2 =
0.1 —f
o0 B . S
0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

Length of side opposite 2is given by ratio of B® & B% mixing freq.s & lattice QCD.
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Neutral-meson mixing

Mixing is critical for much of following discussion, so warrants a recap of essentials.

Phenomenon occurs for K°, D°, B® and BY systems. Physically caused by
either . and/or

b rk L s d On-shell,
Virtual, n* long-range
Short'range Bg w ii ié W E: Ko ‘:‘........--.-.........' K-0 (Common
(box diagrams) intermediate
s & SRR b d T s StateS)

Physical states are superposition of flavour eigenstates

o
7]}

Subscripts indicate
Short or Long lived p & q are complex and

B 0 _ B 0 | B 0
(see KO system); o 2 2—
sometimes Heavy or S,L p -_ q |p| +|q| =1
Light used, or 1, 2.

q
If CP is conserved the physical states = CP eigenstates, which means ‘5‘ =1,

Known not to be the case in the K° system, where ¢ = ~2x107° and

q—p
the SM calculations indicate small, but finite, breaking in other systems too.

Mass and width splittings between physical states:

Am — mL _ m.S' set by short- AF — F.S‘ . FL set by long-

range effects range effects
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Neutral-meson mixing

There is a wide range in the sizes of the mixing parameters across the four
systems, which has significant practical consequences for measurements.

K® Large ~500 Maximal ~1

D° Small 0.39+0.11% Small 0.65 + 0.06%
B® Medium 0.769+ 0.004 Small (20+5) x 107*
B%, Large 26.81 £ 0.08 Medium 0.0675 + 0.004

Refs: PDG, HFLAV and [Lenz & Nierste, JHEP 0706 (2007) 072]

Size of mixing effects is highly sensitive to SM parameters (CKM elements,

GI'M mechanism, quark massesée) and coul
New Physics. Indeed, mixing can be used to set severe bounds (~103 TeV)

on most general forms of New Physics models (see e.g. [Nir arXiv:1605.00433]).
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https://arxiv.org/abs/hep-ph/0612167

[PLB 313 (1993) 498]

Neutral-meson mixing

Mixing leads to an oscillation of probability to observe meson in either flavour
eigenstate with proper time, e.qg. if at t=0 we have a B9, then at later time t:

Prob. to decay as

B

0

« e Tat(1FcosAmyt)

BO

Time-integrated B-oscillations were first observed by UAL [PLB 186 (1987) 247] &
ARGUS [pLB 192 (1987) 245]. B? (BY,) oscillations first resolved by ALEPH (CDF).

Bdi scovery

gu'ﬁs Co= el ‘ < 0.5 -
ek | -0.5

-of-the-aif

LHCb

5 10
[EPJC 76 (2016) 412]

t [ps]

Fitted Amplitude

BOsdti astceo v e r y

CDF Run Il Preliminary L=10f"
2

K /!
of 1
) \j
[ e data

o[ — cosine with A=1.28

ool Vo b b b by 1y
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Decay Time Modulo 2n/Am; [ps]

[PRL 97 (2006) 242003

-ofXhe-art

— BY = D7t — BY = BY - D,xt — Untagged

Z 2500 |

<

s / (0.04

Decay:

500

D._

2000 F ({f
1500 ff

1000 F

1 |ps
INature Phys. 18 (2022) 1] ™

State-of-the-art measurements in both B and B systems are from LHCb.
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https://arxiv.org/abs/hep-ex/0609040
https://arxiv.org/abs/2104.04421

\ BY% mixing d a closer look at that plot

BO.-mixing studies impossible at B-factories, due to E.,, & frequency of oscillations.
— BY 5> Doxt = BY 5 BY » D_nt =— Untagged

Z
&’..
c
@
2
=]
@
&
5
S
[
t [ps]
BO, studies are only possible at hadron machines (and at FCC-e e , but t he

another story). Require significant boost and excellent proper-time resolution.
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BY%s-B%s) Mixing & accessing CKM elements

In BY and B systems, mixing driven by gy, and is calculable in SM.
_ t _
B W 2 gw B.
s EmsmsEEEEEEEEEEEEEEEn
: b

Depends on CKM elements in box & factors that can be calculated in lattice QCD.

— BY 5 D;nt = BY - BY —» D;nt — Untagged

[T (2202) 8T "SAud ainreN]

For B, case Y G
Am =
61"

Equivalent expression for B® mixing, involving V4. Ratio of frequencies is then
‘2 Gum+ P€Ing a ratio of QCD factors of value

Dm, _ de close to 1 can be calculated to a few % in

Dms m, N ‘ lattice QCD, hence giving access to |V 4|/|Vl-
S ts Experimental inputs dominated by LHCDb,
but it is lattice inputs that limit precision. 44
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‘ The Unitarity Triangle -
CKM metrology at hadron machines
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Measuring [V . |/|V .l

We can measure Bhe k¥rodesses athadrionvavel,
but then must use theory or lattice QCD to correct back to quark level.

Hadronic level i Partonic level i
what we measure what we want

Two broad strategies followed:

A Inclusive b Y X3, using e.g. endpoint of p, spectrum to isolate signal from b Y X3

IV, |=(4.12 T 0.26) x 103 [2024 PDG review]

A Exclusive, e.g. B Y’ I3. But then need calculation of hadronic form factor.
|V, |=(3.67 * 0.15) x 103 [2024 PDG review]

There is tension between these two numbers at the ~2 ( level, and a similar but
worse issue with |V |, which means that caution is needed when using results in UT.
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‘Semileptonic studies at the LHC

The e*e environment is a natural laboratory for these studies, as the neutrino and
backgrounds make life much more challenging at the LHC (inclusive measurements
Impossible). But there are ways in which the LHC can make a unique contribution.

e.g. measurement of |V, | from s, Y pe gdecays, or more correctly [V, |[/|V| through
normalising the rate of these decays to those of s,Y s.€ ¢Nature Phys. 11 (2015) 743].

— Very valuable complementary measurement

Xl; /-—» Meorr =
as spin of 3 , and proton brings additional info.
.4 _{: o 8 — — —
\/mpﬁ + pJ— + pJ‘ — - inclusive 7
X 7 B B-nlv 7
—= I A,—puv (LHCb)
ti:lg()oo I-Combmatonal LHCb E E 6 57 combined j
% 15000 =?)/h;;d?nﬁed _:
= AtV
% 12000 mmAiuv ]
-~ N'UV a®
> 9000F EEpuV 8 ]
& o ]
&;6000 gt s sy o PO
5 3000 :/ signal 0.4 -0.2 0 0.2 £0R.4
$00 Comec 0 S Helpful in e.g. excluding right-handed coupling
C . . . . . .
PH invoked to explain inclusive vs exclusive tension.
|$‘-b| = 0.083 % 0.004 £ 0.004 Similarly, one can exploit B decays, e.qg.
[ Vo expt attice IVipl/|Vepl 1IN BY Ke g[PRL 126 (2021) 081804].
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The Unitarity Triangle: CP-violation
measurements at hadron machines
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Now we will discuss the CPV measurements that access the angles b and 2.

* Why not discuss U? Any U-related observable involves the same quark transitions as are probed in b and 9
studies, so it is unlikely to tell us anything more. But improved measurements are always worthwhile !
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

Obama-era U.S. defense secretary toasts
the latest CP-violation results from LHCb
Incidentally, someone who was
amongst the first to realise the
potential of b-hadrons in CPV
studies, and one responsible for a
seminal paper, has since
foll owed a very di

>1000 citations

PHYSICAL REVIEW D VOLUME 23, NUMBER 7 1 APRIL 1981

CP violation in B-meson decays

Ashton B. Carter and A. 1. Sanda
The Rockefeller University, New York, New York 10021
[Recel ved 27 Jung 1930)

Th pa ttern of CP violation in the bottom sector is general techni expose new CP-
ting effects in the cascade decays of B mesons. In the Kobay Lh -Maska \va(KM] model, the CPuyrnma ies so
bumedrlng from220%f plusbl values of the model parameters. This is to be compared with the small
:ITecu.l‘ rder IO '~10~*, previ ly exhibited within this model. Effects fh size should be observable
Ollr h stresses the o1 hll transitions which make plwucaddzcyw fheavy
mesons t rd nary hadrons, as ppmed 0 the off-s! hllt ssitions which occur in the analogs of K*-K* mixing. The
cp by our re of o dcr 6whm5 the KMphue ngle, and thus represent
the maximum effects obtainable in this modl
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

Current U.S. defense secretary i
no known interest in CP violation

Incidentally, someone who was

amongst the first to realise the

potential of b-hadrons in CPV

studies, and one responsible for a

seminal paper, has since

foll owed a very diff

>1000 citations

PHYSICAL REVIEW D VOLUME 23, NUMBER 7 1 APRIL 1981

CP violation in B-meson decays

Ashton B. Carter and A. 1. Sanda
The Rockefeller University, New York, New York 10021
lRecet ved 27 June 1930)

general techni expose new CP-

Th pa ttern of CP violation in the bottom sector is
ting effects in the cascade decays of B mesons. In the Kohay Lh -Maska \va(KM]mong the CPuyrnma ies so

bumednng froml 20 % for pl lausible values of the model parameters. This is to be compared with the small
dTecn. of order IO ~10~*, previ Iy exhibited within this model. Effects of h size should be observable
Ollr h stresses the o1 hll transitions which make plwucaddzcyw fheavy
mesons t rd nary hadrons, as pposed 0 the off-s! hll( ssitions which occur in the analogs of K*-K* mixing. The
cp by our re of o dcr ind, wh re 8 is the KMplmeu gle, and thus represent

the maximum effects obtainable in this modl
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is BY or B®bar at t=0, which decays into CP-eigenstate f.p at time t:

( p@m

( phys

fCP( ))
fCP( ))

e "'[1—(Ssin(Amt)—Ccos(Amt))|
e '[1+(Ssin(Amt)—Ccos(Amt))

*

~ 2 —
RO G230 NG g7
t \A‘ b ‘P\ZP‘ 1+‘?\ZP‘ TopA
4
p fCP
Am v / ‘ Key point: to observe a complex phase we need to
éo A have two (or more) interfering amplitudes, as here
* These expressions assumes width-splitting op G0,
May 2025

which is an excellent approximation in B° system. 51
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is BY or B®bar at t=0, which decays into CP-eigenstate f.p at time t:

(phys fop(t)) oc e [1=(Ssin(Amt)—Ccos(Amt))|
I' (B s = Fen(t)) o e '[1+(Ssin(Amt)—Ccos(Amt))

*

~ 2 —
BO G- 23(Np) C= 1_‘?\CP‘ N = qA
= — op=
q \A‘ b ‘?\ZP‘ 1+‘?\26P‘ CopA
5 fCP There are three ways that CP violation can appear:
Am ¥ / CPVinthedecay (or6 di r e 9.t (,FPVO —
éo A (This is also the only possibility that |A | |A |
applies for charged hadron decays,
for instance in the measurement of 2.)
* These expressions assumes width-splitting op G0,
May 2025

which is an excellent approximation in B° system. 52


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.1567
https://www.sciencedirect.com/science/article/pii/0550321381905198?via%3Dihub

Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is BY or B®bar at t=0, which decays into CP-eigenstate f.p at time t:

(phys fop(t)) oc e [1=(Ssin(Amt)—Ccos(Amt))|
I' (B s = Fen(t)) o e '[1+(Ssin(Amt)—Ccos(Amt))

*

~ 2 _
R0 o 230g) 1PN g7
= — op=
; \AA 1+ ‘7\2},‘ H‘?\ch‘ pA
E fCP There are three ways that CP violation can appear:
Am ¥ / CPV in the mixing (one category q
=0 A ofso-calleddoi ndi rgct CPNPRL -+ 1
B Occurs if there are different ways to p
oscillate B%2 B%ar. In SM very small.
* These expressions assumes width-splitting op G0,
May 2025

which is an excellent approximation in B° system. 53
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is BY or B®bar at t=0, which decays into CP-eigenstate f.p at time t:

(phys fop(t)) oc e [1=(Ssin(Amt)—Ccos(Amt))|
I' (B s = Fen(t)) o e '[1+(Ssin(Amt)—Ccos(Amt))

*

~ 2 —
R0 o 230g) 1PN g7
= — op=
; \AA 1+ ‘7\2},‘ H‘?\ch‘ pA
E fCP There are three ways that CP violation can appear:
Am ¥ / CPV in mixing-decay interference
=7 4 (also acategoryof 6 i ndi rec ImQ_EIy & ()
B & the most relevant in the
B°BPbar and B°,B° bar systems).
* These expressions assumes width-splitting op G0,
May 2025

which is an excellent approximation in B° system. 54
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is BY or B®bar at t=0, which decays into CP-eigenstate f.p at time t:

(phys fop(t)) oc e [1=(Ssin(Amt)—Ccos(Amt))|
I' (B s = Fen(t)) o e '[1+(Ssin(Amt)—Ccos(Amt))

RO o 230) 1P

*

Sl _gA
= = op =
N A 1+[aZ] 1+N\2,) pA
q cp cp
E fCP Consider the classic case B°Y J/ly Kq:
A Compared to the CPV signal we are expecting
Am ¥ - in B physics, we can treat Kg as a CP eigenstate.
=0 A A AndinthisdecayC& 0, with no signifi
B (all the CPV comes from mixing-decay interference).
NB both these assumptions can be checked / corrected for.
* These expressions assumes width-splitting op G0,
May 2025

which is an excellent approximation in B° system. 55
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is BY or B®bar at t=0, which decays into CP-eigenstate f.p at time t:

(phys fop(t)) oc e [1=(Ssin(Amt)—Ccos(Amt))|
I' (B s = Fen(t)) o e '[1+(Ssin(Amt)—Ccos(Amt))

*

~ 2 _
G 230) 1|2, _ _g7
1+ ‘7\?},‘ H‘?\ch‘ “ pA
Consider the classic case BY J/y Kq:
VisVidVen Vs 4o :
AJ Ko — tb = %'8 Im)\J K :Sln2)6
/Y Ks V;tb VbV::s /YK

* These expressions assumes width-splitting op G0,

May 2025 which is an excellent approximation in B° system. 56
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated
In early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is BY or B®bar at t=0, which decays into CP-eigenstate f.p at time t:

(phys fop(t)) oc e [1=(Ssin(Amt)—Ccos(Amt))|
I' (B s = Fen(t)) o e '[1+(Ssin(Amt)—Ccos(Amt))

G230 1PN g7
1+ ‘7\2},‘ 1 +‘?\"fjp‘

*

In practice we measure a t-dependent CP asymmetry:

D(Bt)— J K9) —T(BY(t)— Jh K?)
[(BY(t)— JA K9) + T(BO(t) — J/ KD)
=sin2f sin(Amt)

a(}p(f)

This is theoretically clean !

.. * These expressions assumes width-splitting ¢p G0,
(at least, at current precision)

which is an excellent approximation in B° system. 57
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Decays into CP eigenstates: % J ¥ K

Potential for clean measurement of substantial CPV in B system first appreciated

To reiterate, measurement probes interference between box and tree diagrams:

z c
colour singlet

d O u,c,t b b Jhy b exchange Jhy
BO W th(*) W 50 BY wr ¢ 0

3 E,E,?O 7 d K° d KO

Box Tree ’ Penguin 4
( suppressed )
Sensitive to any CP violating phases in either, but are only expected in the box.
In the SM this comes from the phase difference associated with V4, but could
arise from other sources through New Physics. So possible sin2b,,,.,s | Sin2bg), !
A | T - 7 |

* These expressions assumes width-splitting op G0,
May 2025 which is an excellent approximation in B° system. 58
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‘ 20019 (the start of) a flavour odyssey

; §\~,
Mg

Nobel —

Prize \J

Modern flavour physics began at the B factories with the 2001 measurements of
the CP-violating asymmetry in BOY J y K° decays that give unitarity triangle angle b.

~
=
O
=
=
7
<

Jly Kg

At (ps)

[BaBar, PRL 86 (2001) 2515]

DD

o

2 BELLE

L Iy Kg +
- CP-flipped J/y K,

—_—

sin2¢, -sin(AmyAt)

[Belle, PRL 86 (2001) 2509]

These studies, when improved with larger samples, confirmed the CKM paradigm

a s

t he

domi

nant

mechani sm of CP viol at

and also opened up a rich and wide spectrum of complementary measurements.
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‘ 20018 (the start of) a flavour odyssey e /

Prize

Modern flavour physics began at the B factories with the 2001 measurements of
the CP-violating asymmetry in BOY J y K° decays that give unitarity triangle angle b.

o Further studies with much larger data sets allowed BaBar
0 m and Belle to improve these measurements dramatically
05+ | (also exploiting K; s and other charmonium states) 1

-
2 [ | thisis the mostimportant legacy of the B factories.
£ 1
2 o5 || SO why do we want to measure this CP asymmetry better ? ™~
o] It remains a golden observable in flavour physics. The
o5l interpretation is (almost) free of hadronic uncertainties, and

it probes a box diagram where New Physics may well lurk.

Al (ps)
[BaBar, PRL 86 (2001) 2515] [Belle, PRL 86 (2001) 2509]

These studies, when improved with larger samples, confirmed the CKM paradigm
as the dominant mechanism of CP violat

and also opened up a rich and wide spectrum of complementary measurements.
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‘ B% J YKo LHCb comes to the party

Last year LHCb announced a Run 2 measurement of sin2b using
BOY y Kg ( J /yyY,e€", Jly Ye*e’) decays [PRL 132 (2024) 021801], Which
augments results from Run 1 [PRL 115 (2015) 031601, JHEP 11 (2017) 170] .

Pl N B B R L I ~ 10— S——
§‘ LHCb —— Total fit ] %_/ T 1;13 B° yield
<} 0_, St VKO ] [ - Y asymmeiry
E 6 b~ - goaﬁﬁg)&iﬁf{f}q' = 0.5
~ 10tF —— B Jp(ete )KL i
:: BE%?/)(A 1?+£—)Kg ]
2 = e ] 0.0l
-g I Data .
= I
o 103 / i
& ,-' o5 LHCD
! [ 6fb 1
/i i \ [ B? > ap(— £H£)KQ(— mha)
12....|..i..ll...l..\-..l....l....|.... -1 [ ol I A P B
05150 5200 5250 5300 5350 5400 5450 5500 ‘%_0 2.5 5.0 7.5 10.0 12.5 15.0
m(¢Kg) [MeV/e?] t [ps]
As no evidence
Combined result: Sine coefficient = 0.723 +0.014 yet of direct CPV,
| Cosine coefficient = 0.007 +0.012 can interpret sine
coefficient as sin2b.

Now more precise than B factories ! Very large sample sizes (e.g. B°Y J ¥ (¢ 9K
LHCDb: 420k, BaBar ~10k offsets challenges in flavour tagging at pp machine)

18/1/2024

Flavour physics at LHCb, FTCF 2024

Guy Wilkin

son
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Flavour tagging at a hadron collider

Measurement demands we know whether decaying meson was B or B%ar at birth.
This requires flavour tagging *. Look at either decay products of the other b-hadron

(6opposite signdé) or for fragmentati on

‘ SS pion
B()

posite side

- oppc¢
,»‘ OS kaon
> C =S

b—c

Ny OS muon

OS electron

OS vertex charge

Flavour tag decision can be wrong, either through misidentification of mixing of
OS b-hadron. This leads to dilution of asymmetry, and reduces effective signal
statistics by a large factor (up to x ~1/30) at hadron collider experiments.

For t variable in asymmetry, we need to know proper time between birth & death of
signal B, which at LHC is related to distance between primary and decay vertices.

* NBinhigh-p;physics the term o6flavour taggingbo méil@or:c-li;bmet?ﬁesbn



Flavour tagging at a hadron collider

i ' iCi 1. the tagging efficienc
Effective tagging efﬁme_ncy, orgt (1 — 20, )2 with Ung _99 9 | .y
power, for a single tag is ag ag ¥ 1ag the mistag probability.

In practice such a quantity is formed for the ensemble of tags used in the analysis
and gives a parameter that defines the proportion of events that, if perfectly tagged,
would contribute to the measurement. Varies with meson type, how event is
triggered, and with understanding of data set. Example values from LHCDb studies.

| _ Effective tagging
Analysis efficiency

Run1l BO% JyKs 3.02%
[PRL 115 (2015) 031601]

‘ SS pion
B

T o Run2 BY JWKK  47340.34%

B o _—>» €5 ’”‘ Sialicont [EPJC 79 (2019) 706]
b— X1~ OS muon .
T OS electron Run 2 BSY DS' 6.10 + 0.15 %

OS vertex charge

[Nature Phys. 18 (2022) 1]
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https://arxiv.org/abs/1906.08356
https://arxiv.org/abs/1503.07089
https://arxiv.org/abs/2104.04421

Flavour tagging at thed (4S5)

Life is easier for BaBar/Belle and Belle-1l At the 3 (4S) one has no fragmentation
particles and production of coherentB®-B®b ar system Y (i) No

(i) many fewer mistags (very good), (iii) no mixing until one B decays (very good).

uwt
] ] w
i “*}'

+
I

| T
electron I (4S) ‘ \
(8GeV)_ CsOnAIC )
—>,

posnrc,n\‘ - —— = Vu‘ _+_
(3.5GeV) 2 \\\
l{—»‘

AZ~200um

The dilution is less than at LHC, and reduces effective signal statistics by only ~1/3.

Why do B-factories have asymmetric beam energies? For coherent system what
matters is the time-difference gqi between the two B decays. At the 3(4S) the
mesons are produced at rest, & so it is hecessary to boost system to measure od.
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sin2A current status and
Impact of the LHC

Global state of play:

Latest result has shrunk world average
uncertainty substantially: 0.7°Y 0 .°.4

o 1.0 T ——TTT T T T
Nl I —— Fit ]
0 +  B°-B° yield asymmetry

0.5}

0.0f
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\ [ 6fb 1
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-1 P AT RS AU S SIS R
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t [ps]

[T08T20 (+202) 2ET 1dd]

Must keep improving precision: Belle II, LHCb Run 3 and (why not?) ATLAS/CMS
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