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Lecture plan

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

2)  Unitarity Triangle metrology and CPV measurements

3)  New Physics searches through studies of Flavour-Changing 

Neutral Currents (with digression on tree-level anomalies)

4)  Charm physics at the LHC
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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 ?

Related to this event complexity / furthermore:

Nice !
Ugh !

Å (Initial) backgrounds much higher, particularly for studies with neutrals;

Å Much more severe trigger challenge;

Å Initial-state flavour tagging much less performant.
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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 ?

Related to this event complexity / furthermore:

Nonetheless:

Nice !
Ugh !

Å (Initial) backgrounds much higher, particularly for studies with neutrals;

Å Much more severe trigger challenge;

Å Initial-state flavour tagging much less performant.

600 ɛb ;



Hadron beams and colliders have 

a strong tradition in b-physics [CDF, PRL 97 (2006) 242003] 
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Discovery of neutral B

oscillations by UA1 in 1987.

Discovery of resolved Bs

oscillations by CDF in 2006.

[UA1, PLB 186 (1987) 247]
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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


ATLAS

CMS

ALICE

LHC

b
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The LHC: a multipurpose machine



Why do we need a ôdedicatedõ flavour 

physics experiment at the LHC ?
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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 involving di-muons (I will qualify this statement sooné), and 

they have no hadron PID capabilities.  This puts many measurements out of reach.

Why canôt I

do flavour ?
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GAJET

LHB

COBEX

Fixed target ïLHC protons impinging on gas jet.

Calorimeter trigger, giving efficiency for hadron final states.

Fixed target ïextracting LHC beam halo with bending crystal.

Towards a dedicated b-physics experiment at the LHC

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

LHB

COBEX

Fixed target ïLHC protons impinging on gas jet.

Calorimeter trigger, giving efficiency for hadron final states.

Fixed target ïextracting LHC beam halo with bending crystal.

Towards a dedicated b-physics experiment at the LHC

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

These aspects of proposal had a 

compelling proof-of-principle 

coming from P238 project at SPS.



P238 ðtowards the LHCb VELO
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óDevelopment and test of a large silicon strip system for a hadron 

collider beauty Triggerô [P. Schlein et al., NIM A 317 (1992) 28]

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


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

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. 
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GAJET

LHB

COBEX

Fixed target ïLHC protons impinging on gas jet.

Calorimeter trigger, giving efficiency for hadron final states.

Fixed target ïextracting LHC beam halo with bending crystal.

Towards a dedicated b-physics experiment at the LHC



Meanwhile, at DESY, Hamburgé

14

Looks a bit like 

LHCb, but this 

is a fixed-target 

experiment

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.

10-6 , and interaction
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éand at FNAL, Illinois

BTeV was proposed as a dedicated

B physics experiment at the Tevatron.

Differences w.r.t. LHCb:

Given first-stage approval in 2004, but 

cancelled soon after.  Some aspects of

BTeV are central to LHCb Upgrades.

Å Two-arm spectrometer;

Å Pixel, not strip, vertex detector 

and intention to use vertex

signatures at earliest trigger stage;

Å Higher emphasis on ECAL physics.

One arm of BTeV



LHCb: a dedicated experiment 

for flavour physics at the LHC
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Dedicated in the sense of the 

following attributes:

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

These capabilities give the experiment high sensitivity in other studies apart 

from flavour, but describing these goes beyond the scope of these lectures.

Å Acceptance

Å Operating luminosity

Å Instrumentation

Å Trigger



A dedicated experiment for flavour physics at 

the LHC ðgeneral considerations 
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p p

é so build detector here

Region rich in b-hadronsé

Å Vertex detector can get

really close to beamline;

Å High boost;

Å Lots of space (very helpful

for RICH detectors);

Å óHigh pTô can be redefined

to mean a few GeV,  which is

typical pT of b-decay products.

This necessitates operating at lower luminosity than

ATLAS / CMS (also needed for trigger ïsee later).

LHCb lumi continually leveled

ATLAS/CMS lumi 

falls exponentially

~4 x 1032

cm-2s-1

Run 2

(now level at start-of-fill also)



LHCb ða forward spectrometer for flavour             

physics: Runs 1 and 2  (ôthe OGõ)
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LHCb ða forward spectrometer for flavour             

physics: Runs 3 and 4  (Upgrade 1)



LHCb ðvertex locator (VELO)
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The VELO is a silicon

strip detector around 

the interaction point.

It approaches within 5.1 mm of the 

beamline, sits in a secondary

vacuum, and reconstructs the 

b-hadron decay vertex precisely.

One-half of the VELO

under construction

A reconstructed b-hadron decay vertex

~1.5 cm



VELO ðbuilt for precision

21

Closest measurement point has down to 4 ɛm precision and is 5.1 mm from 

beam. There material is minimal ïonly the sensor, no electronics or cooling.
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VELO ðclose to beam
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VELO is moveable and operates in vacuum.

The RF foil ñbeampipeò surrounding it 

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

perpendicularly ïgood for 

multiple coulomb scattering.

What the protons see in injection

Run 1 & 2
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VELO is moveable and operates in vacuum.

The RF foil ñbeampipeò surrounding it 

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

perpendicularly ïgood for 

multiple coulomb scattering.

Size of beam aperture (Run 1 

& 2) compared with one Euro.

VELO ðclose to beam

What the protons see in collisions

Run 1 & 2



LHCb ðRICH system 
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Array of RICH 2

photodetectors

(Upgrade 1)

Assembling RICH 2;  

note the mirrors
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Two Ring Imaging Cherenkov (RICH) detectors 

provide ˊ-K separation from ~1 to ~100 GeV/c.



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.

Two RICHes, one optimised for lower momentum (C4F10),  the other downstream 

(CF4) optimised for higher momentum, span a range of 1 < p < 100 GeV/c.
25

RICH performance

loose cut

tight cut
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B0Ÿˊˊ

BsŸKK
ȿbŸpK

ȿbŸpˊ

Deploy 

RICH to 

isolate 

each 

mode !

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

Identical topologies require RICH to separate.

B0ŸḰLHCb preliminary

Inclusive spectrum,

ˊ h́ypothesis

26

RICH in action
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RICH in action

Those plots were from early Run I data.  Here are some more recent

examples from Run II [JHEP 03 (2021) 075], with better control of background.
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https://arxiv.org/abs/2012.05319


LHCb trigger ðRun 2

May 2025

Flavour physics at hadron machines                                          

Guy Wilkinson 28

ÅTrigger at L0 on single óhigh pTô hadrons, 

muons, electrons and photons (high pT in 

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

Å Access almost all b (& c) decays of interest

Å Bandwidth (almost) fully devoted to flavour.

Guiding philosophy of LHCb experiment:

Approach works well up to 4 x 1032 cm-2s-1

(Ÿ all results shown in these lectures),

but saturates at higher luminosities.

How to gain an order of magnitude ?
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ÅTrigger at L0 on single óhigh pTô hadrons, 

muons, electrons and photons (high pT in 

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

Å Access almost all b (& c) decays of interest

Å Bandwidth (almost) fully devoted to flavour.

Guiding philosophy of LHCb experiment:

Approach works well up to 4 x 1032 cm-2s-1

(Ÿ all results shown in these lectures),

but saturates at higher luminosities.

How to gain an order of magnitude ?



LHCb trigger ðRuns 3 and 4
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Moving software trigger to earliest

stage (in GPUs) allows for:

- increased flexibility;

- increased efficiency in some modes;

- operation at 5x higher luminosity.

Retain feature, developed in Run 2, that

events buffered on disk before final trigger 

decision (in CPUs) to allow for full offline-

like quality (óreal time analysisô).

Significant fraction of events written out

in reduced format, with no need for 

further processing (óturbo streamô).



LHCb trigger ðRuns 3 and 4
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Data throughput ïaudacious !



CMS ðbeyond dimuons
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CMS now records óB parking dataô [Phys. Rept. 1115 (2025) 678]. Write out

events with single muon from b-decay. Rates high, so process at end of run.

Unbiased source of decays from 

other B-hadron in event - opens 

wide analysis possibilities !

e.g. measurement of CP asymmetry

in D0ŸKSKS [EPJC 84 (2024) 1264] .

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
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Unitarity Triangles(s)
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The CKM matrix must be unitarity:

The are 6 such independent relations, which can be represented as unitarity

triangles in the complex plane.  Experimentally, the most interesting is:

As the sides are of similar length, & its parameters can be studied in B0, B+ decays.

Another, relevant for B0
s physics is:

Note that the area of all triangles is the same = ½ J, the Jarlskog invariant.

[Jarlskog, PRL

55 (1985) 1039]

This imposes various constraints, including                                   where I Í j.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
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ôTheõ Unitarity Triangle
Three complex vectors sum to zero

Ÿ triangle in Argand plane

(ű2, ű1 & ű3 alternative notation)

Expressions for angles:

Upper vertex:
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ôTheõ Unitarity Triangle
Three complex vectors sum to zero

Ÿ triangle in Argand plane

(ű2, ű1 & ű3 alternative notation)

Expressions for angles:

Upper vertex:

Goal of Unitarity Triangle tests

Over-constrain triangle by making measurements 

of all parameters, in particular, comparing those made 

in tree-level processes (pure SM) and those made 

with loops (New Physics sensitive). 

We hope to find inconsistencies !



The B0
s Unitarity Triangle
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The B0
s triangle is very squashed, & contains a small angle ɓs (= -űs/2 ïsee later).

ɓs

O(ɚ2)

O(ɚ2)

O(ɚ4)
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The Unitarity Triangle ð

CKM metrology at hadron machines

[C
K

M
fitte

r, 2
0
2
3

]

http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html
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Length of side opposite ɔis given by ratio of B0 & B0
s mixing freq.s & lattice QCD.

The Unitarity Triangle ð

CKM metrology at hadron machines

[C
K

M
fitte

r, 2
0
2
3

]

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


Neutral-meson mixing
Mixing is critical for much of following discussion, so warrants a recap of essentials.

Phenomenon occurs for K0, D0, B0 and B0
s systems.  Physically caused by

either                                                  and/or

Physical states are superposition of flavour eigenstates

Subscripts indicate 

Short or Long lived 

(see K0 system); 

sometimes Heavy or 

Light used, or 1, 2.

Virtual,

Short-range

(box diagrams)

On-shell,

long-range

(common 

intermediate 

states)

Mass and width splittings between physical states:

set by short-

range effects

set by long-

range effects

p & q are complex and 

40

If CP is conserved the physical states = CP eigenstates, which means             .

Known not to be the case in the K0 system, where                                 , and

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

|p|2+|q|2=1



There is a wide range in the sizes of the mixing parameters across the four 

systems, which has significant practical consequences for measurements.

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

GIM mechanism, quark massesé) and could easily be perturbed by 

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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ȹm / ũ ȹũ/2ũ

K0 Large ~500 Maximal ~1

D0 Small Small

B0 Medium Small

B0
s Large Medium

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

Neutral-meson mixing

https://arxiv.org/abs/1605.00433
http://pdg.lbl.gov/2019/tables/contents_tables_mesons.html
https://hflav.web.cern.ch/
https://arxiv.org/abs/hep-ph/0612167
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Neutral-meson mixing
Mixing leads to an oscillation of probability to observe meson in either flavour

eigenstate with proper time, e.g. if at t=0 we have a B0,  then at later time t:

Prob. to decay as 

Time-integrated B-oscillations were first observed by UA1 [PLB 186 (1987) 247] & 

ARGUS [PLB 192 (1987) 245].   B0 (B0
s) oscillations first resolved by ALEPH (CDF).

State-of-the-art measurements in both B0 and B0
s systems are from LHCb. 

[EPJC 76 (2016) 412]

[P
L
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 3

1
3
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8

]

[PRL 97 (2006) 242003] 

B0discovery     Ÿ     state-of-the-art B0
sdiscovery   Ÿ         state-of-the-art

[Nature Phys. 18 (2022) 1]

https://www.sciencedirect.com/science/article/pii/0370269387902887
http://inspirehep.net/record/246220?ln=en
https://arxiv.org/abs/1604.03475
https://cds.cern.ch/record/251278?ln=en
https://arxiv.org/abs/hep-ex/0609040
https://arxiv.org/abs/2104.04421


B0
s mixing ða closer look at that plot
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B0
s-mixing studies impossible at B-factories, due to ECM & frequency of oscillations.

B0
s studies are only possible at hadron machines (and at FCC-ee, but thatôs 

another story).  Require significant boost and excellent proper-time resolution.
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https://arxiv.org/abs/2104.04421


B0
(s)-B

0
(s) mixing ðaccessing CKM elements

ɕȹm , being a ratio of QCD factors of value 

close to 1 can be calculated to a few % in 

lattice QCD, hence giving access to |Vtd|/|Vts|.

Experimental inputs dominated by LHCb,

but it is lattice inputs that limit precision.

In B0 and B0
s systems, mixing driven by ȹmd(s) and is calculable in SM.

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

For B0
s case Ÿ

Equivalent expression for B0 mixing, involving Vtd.  Ratio of frequencies is then

2

2

2
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Bs

Bd
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https://arxiv.org/abs/2104.04421
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Length of side opposite ɓis given by measuring |Vub|/|Vcb| from ratio bŸu / bŸc.

The Unitarity Triangle -

CKM metrology at hadron machines

[C
K

M
fitte

r, 2
0
2
3

]

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


Two broad strategies followed: 

There is tension between these two numbers at the ~2 ůlevel, and a similar but 

worse issue with |Vcb|, which means that caution is needed when using results in UT.

46

Measuring |V ub|/|V cb|

We can measure the ratio of bŸulɜto bŸclɜprocesses at hadron level, 

but then must use theory or lattice QCD to correct back to quark level.

Å Inclusive bŸXulɜ, using e.g. endpoint of pl spectrum to isolate signal from bŸXclɜ

Å Exclusive, e.g. BŸ́ lɜ.  But then need calculation of hadronic form factor.

Hadronic level ï

what we measure
Partonic level ï

what we want

[2024 PDG review]

[2024 PDG review]

|Vub|=(4.12    0.26) x 10-3+
-

|Vub|=(3.67    0.15) x 10-3+
-

https://pdg.lbl.gov/2024/reviews/rpp2024-rev-ckm-matrix.pdf
https://pdg.lbl.gov/2024/reviews/rpp2024-rev-ckm-matrix.pdf


e.g. measurement of |Vub| from ȿbŸpɛɡdecays, or more correctly |Vub|/|Vcb| through 

normalising the rate of these decays to those of ȿbŸȿcɛɡ[Nature Phys. 11 (2015) 743].

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.

Very valuable complementary measurement

as spin of ȿb and proton brings additional info. 

Helpful in e.g. excluding right-handed coupling 

invoked to explain inclusive vs exclusive tension.

expt.          lattice

signal

Similarly, one can exploit Bs decays, e.g.

|Vub|/|Vcb| in BsŸKɛɡ[PRL 126 (2021) 081804].

Semileptonic studies at the LHC

47

https://arxiv.org/abs/1504.01568
https://arxiv.org/abs/2012.05143


ɓɔ

Now we will discuss the CPV measurements that access the angles ɓandɔ.*

The Unitarity Triangle: CP-violation 

measurements at hadron machines

* Why not discuss Ŭ? Any Ŭ-related observable involves the same quark transitions as are probed in ɓand ɔ

studies, so it is unlikely to tell us anything more. But improved measurements are always worthwhile ! 
48

[C
K

M
fitte

r, 2
0
2
3

]

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


Decays into CP eigenstates: B0ɸJ/ɣKS
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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].

*
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 

followed a very different careeré

Obama-era U.S. defense secretary toasts 

the latest CP-violation results from LHCb

Flavour physics at hadron machines                                          
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>1000 citations

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

followed a very different careeré

>800 citations

Current U.S. defense secretary ï

no known interest in CP violation
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>1000 citations

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].

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


Key point: to observe a complex phase we need to 

have two (or more) interfering amplitudes, as here

Decays into CP eigenstates: B0ɸJ/ɣKS

51

For meson that is B0 or B0bar at t=0, which decays into CP-eigenstate fCP at time t:

* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

B0

B0

fCP
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Decays into CP eigenstates: B0ɸJ/ɣKS

52

For meson that is B0 or B0bar at t=0, which decays into CP-eigenstate fCP at time t:

* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

There are three ways that CP violation can appear:

CPV in the decay (or ódirect CPVô).

(This is also the only possibility that

applies for charged hadron decays,

for instance in the measurement of ɔ.)

B0

B0

fCP
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Decays into CP eigenstates: B0ɸJ/ɣKS
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For meson that is B0 or B0bar at t=0, which decays into CP-eigenstate fCP at time t:

* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

There are three ways that CP violation can appear:

CPV in the mixing  (one category 

of so-called óindirect CPVô).   

Occurs if there are different ways to

oscillate B0źB0bar.  In SM very small.

B0

B0

fCP
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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].

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.1567
https://www.sciencedirect.com/science/article/pii/0550321381905198?via%3Dihub
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For meson that is B0 or B0bar at t=0, which decays into CP-eigenstate fCP at time t:

* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

There are three ways that CP violation can appear:

CPV in mixing-decay interference 

(also a category of óindirect CPVô,

& the most relevant in the 

B0B0bar and B0
sB

0
sbar systems).

B0

B0

fCP

May 2025

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].

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.1567
https://www.sciencedirect.com/science/article/pii/0550321381905198?via%3Dihub
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For meson that is B0 or B0bar at t=0, which decays into CP-eigenstate fCP at time t:

* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

Å Compared to the CPV signal we are expecting 

in B physics, we can treat KS as a CP eigenstate.

Å And in this decay Cå0, with no significant direct CPV

(all the CPV comes from mixing-decay interference).

NB both these assumptions can be checked / corrected for.

Consider the classic case B0ŸJ/ɣKS:

B0

B0

fCP
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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].

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.1567
https://www.sciencedirect.com/science/article/pii/0550321381905198?via%3Dihub
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For meson that is B0 or B0bar at t=0, which decays into CP-eigenstate fCP at time t:

* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

Consider the classic case B0ŸJ/ɣKS:
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in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

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: B0ɸJ/ɣKS

57

For meson that is B0 or B0bar at t=0, which decays into CP-eigenstate fCP at time t:

* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

In practice we measure a t-dependent CP asymmetry:

This is theoretically clean !

(at least, at current precision)

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].

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


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].

In practice we measure a t-dependent CP asymmetry:

Decays into CP eigenstates: B0ɸJ/ɣKS
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* These expressions assumes width-splitting ȹũ=0,

which is an excellent approximation in B0 system.

*

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

Box                                          Tree                                      Penguin

( suppressed )

Vtd
(*)

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 Vtd , but could 

arise from other sources through New Physics. So possible sin2ɓmeasÍsin2ɓSM !

May 2025

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.1567
https://www.sciencedirect.com/science/article/pii/0550321381905198?via%3Dihub
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2001 ð(the start of) a flavour odyssey

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

Modern flavour physics began at the B factories with the 2001 measurements of 

the CP-violating asymmetry in B0ŸJ/ɣK0 decays that give unitarity triangle angle ɓ.  

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

as the dominant mechanism of CP violation in nature  (Ÿ 2008 Nobel Prize),

and also opened up a rich and wide spectrum of complementary measurements.

2008

Nobel

Prize

J/ɣKS

J/ɣKL

J/ɣKS + 

CP-flipped J/ɣKL

https://arxiv.org/abs/hep-ex/0102030
https://arxiv.org/abs/hep-ex/0102018
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2001 ð(the start of) a flavour odyssey

Modern flavour physics began at the B factories with the 2001 measurements of 

the CP-violating asymmetry in B0ŸJ/ɣK0 decays that give unitarity triangle angle ɓ.  

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

as the dominant mechanism of CP violation in nature  (Ÿ 2008 Nobel Prize),

and also opened up a rich and wide spectrum of complementary measurements.

2008

Nobel

Prize

J/ɣKS

J/ɣKL

J/ɣKS + 

CP-flipped J/ɣKL

Further studies with much larger data sets allowed BaBar

and Belle to improve these measurements dramatically 

(also exploiting KLs and other charmonium states) ï

this is the most important legacy of the B factories.

So why do we want to measure this CP asymmetry better ?

It remains a golden observable in flavour physics.  The 

interpretation is (almost) free of hadronic uncertainties, and

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

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

https://arxiv.org/abs/hep-ex/0102018
https://arxiv.org/abs/hep-ex/0102030
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B0ɸJ/ɣKS:  LHCb comes to the party

Last year LHCb announced a Run 2 measurement of sin2ɓusing 

B0ŸɣKS(J/ɣ, ɣŸɛ+ɛ-, J/ɣŸe+e-) decays [PRL 132 (2024) 021801], which 

augments results from Run 1 [PRL 115 (2015) 031601, JHEP 11 (2017) 170] .

Now more precise than B factories !   Very large sample sizes (e.g. B0ŸJ/ɣ(ɛɛ)KS: 

LHCb: 420k,  BaBar ~10k offsets challenges in flavour tagging at pp machine)

Combined result:

As no evidence

yet of direct CPV,

can interpret sine

coefficient as sin2ɓ.

https://arxiv.org/abs/2309.09728
https://arxiv.org/abs/1503.07089
https://arxiv.org/abs/1709.03944
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Flavour tagging at a hadron collider

Measurement demands we know whether decaying meson was B0 or B0bar at birth.

This requires flavour tagging *.  Look at either decay products of the other b-hadron 

(óopposite signô) or for fragmentation products associated with signal B (ósame signô). 

*   NB in high-pTphysics the term óflavour taggingô means something different, typically óis this jet b-like or c-like ?ô.

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.
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Flavour tagging at a hadron collider

Effective tagging efficiency, or 

power, for a single tag is
with

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 LHCb studies.

Run 1  B0ŸJ/ɣKS

Run 2  BsŸJ/ɣKK

Run 2  BsŸDsˊ

[EPJC 79 (2019) 706]

[PRL 115 (2015) 031601]

[Nature Phys. 18 (2022) 1]

Effective tagging

efficiencyAnalysis

Ůtag the tagging efficiency

ɤtag the mistag probability.

https://arxiv.org/abs/1906.08356
https://arxiv.org/abs/1503.07089
https://arxiv.org/abs/2104.04421
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Flavour tagging at the Ɉ(4S)

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 ȹt between the two B decays.  At the Ɉ(4S) the 

mesons are produced at rest, & so it is necessary to boost system to measure ȹt.  

Flavour physics at hadron machines                                          

Guy Wilkinson

Life is easier for BaBar/Belle and Belle-II  At the Ɉ(4S) one has no fragmentation 

particles and production of coherent B0-B0bar system Ÿ (i) No same sign tag (bad),

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



sin2Ǡ: current status and 

impact of the LHC
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Latest result has shrunk world average 

uncertainty substantially: 0.7oŸ0.4o.

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

Global state of play:
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