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Yesterday we covered several key flavour physics ideas:
• CP violation in the SM (quark sector) 
• Unitarity triangle(s)
• Measuring CKM phases
• B-factory measurements of β and α

Today we will discuss b (and c) physics in the LHC era (and beyond):
• Hadron colliders vs B-factories
• Mixing and CP violation in Bs

0 and D0 mesons
• CKM angle gamma
• Rare decays and lepton universality
• The future



Part I: Flavour physics 
at hadron colliders
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Overview of b experiments

1980

2000

Symmetric e+e− collider experiments:
• CLEO experiments (CESR, Cornell, USA), 1980 – 2008 
• ARGUS (DORIS II storage ring, DESY, Hamburg), 1982 – 1992
• LEP experiments (CERN), 1989 – 2000

Asymmetric B-factories (1999–2011):
• BaBar (PEP-II ring, SLAC, Stanford)
• Belle (KEK, Japan)

Tevatron Run II experiments (pp @ 2 TeV) at Fermilab, Chicago
• CDF and D0 (2001 – 2011)

LHC experiments, CERN, 2009 – (pp @ 7–14 TeV): 
• LHCb dedicated to flavour physics
• ATLAS and CMS also doing B physics

“A Russian-German-United States-
Swedish Collaboration”ALEPH, DELPHI, OPAL, L3

“Cleopatra” and “Caesar”

_

O(102) 
BB/day

O(107) 
BB/day

O(109) 
BB/day

2020
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Flavour physics at hadron colliders
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B Factories Hadron colliders

Asymmetric e+e−➝Υ(4S) pp or pp (also ions…)_

Collision 
environment Clean! Pure BB event Busy! Proton remnants give 

background particles

Flavour tagging 
(initial B0 or B0)

Excellent
(30% ‘tagging power’)

Challenging
(~5%)

Belle (1999-2010)
BaBar (1999-2008)

Tevatron (<2 TeV, 1983−2011)
LHC (<14 TeV, 2008−)

_

_

✔

✔



Flavour physics at hadron colliders
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B Factories Hadron colliders

Asymmetric e+e−➝Υ(4S) pp or pp (also ions…)_

Collision 
environment Clean! Pure BB event Busy! Proton remnants give 

background paricles

Flavour tagging 
(initial B0 or B0)

Excellent
(30% ‘tagging power’)

Challenging
(~5%)

Belle (1999-2010)
BaBar (1999-2008)

Tevatron (<2 TeV, 1983−2011)
LHC (<14 TeV, 2008−)

Production σ(B) 1 nb ~100−500 μb

B hadron boost Small (βγ ≈ 0.5) Large (βγ ≈ 100)

B hadrons created B+B− (50%), B0B0 (50%) B± (40%), B0 (40%), Bs
0 (10%)

b baryons (10%)

_

_

_

✔

✔

✔

✔

✔



LHCb experiment (v2010-2018)
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beam line



LHCb experiment
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beam line
LHCb angular 
acceptance 
in red

Forward-arm detector



LHCb experiment
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beam line

Forward-arm detector

Reduced luminosity by 
offset beam collisions

proton 
bunch

Atlas, CMS

proton 
bunch

LHCb experiment
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beam line

Forward-arm detector

Reduced luminosity by 
offset beam collisions

proton 
bunch

Atlas, CMS

proton 
bunch



LHCb experiment
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beam line

Forward-arm detector

Reduced luminosity by 
offset beam collisions

proton 
bunch

proton 
bunch

LHCb

Beams move closer as 
intensity reduces over time 
⇒ luminosity levelling

LHCb experiment

Flavour Physics Lecture 3            22 July 2022          Mark Williams 10

beam line

Forward-arm detector

Reduced luminosity by 
offset beam collisions

proton 
bunch

proton 
bunch

LHCb

Beams move closer as 
intensity reduces over time 
⇒ luminosity levelling



LHCb experiment
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beam line

Forward-arm detector

Reduced luminosity by 
offset beam collisions

Precise Vertex Location (VELO)
Very close to the collisions (8mm) 
➝ must be moved away for safety 
every time beam is injected (!)



LHCb experiment

Flavour Physics Lecture 3            19 July 2023          Mark Williams 12

beam line

Forward-arm detector

Reduced luminosity by 
offset beam collisions

Precise Vertex Location (VELO)
Very close to the collisions (8mm) 
➝ must be moved away for safety 
every time beam is injected (!)

Excellent particle identification using Cherenkov 
radiation to measure particle speed

Powerful software-based trigger – make 
decisions using full event reconstruction



Part IIa: CP violation in Bs
0 mesons



CP viola)on in Bs
0 mixing
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Bs
0 f

−φD

Mix

Bs
0_

+φD

φM

Bs
0 equivalent of sin(2β) measurement

For Bs
0 system, we are dealing with a different 

unitarity triangle from B0

B0 case: VudVub* + VcdVcb* + VtdVtb* = 0 ⇒ angles α,β,γ

Bs
0 case:   VusVub* + VcsVcb* + VtsVtb* = 0 ⇒ angles αs,βs,γs

O(λ3) O(λ3) O(λ3)

O(λ4) O(λ2) O(λ2)

β

βs

(not to 
scale!)

In fact we measure φs = φM – 2φD BUT      for tree-level decays b➝ccs:   φs = −2βs

⇒ Just as with sin(2β) we need to pick a ‘golden mode' 

_
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CP violation in Bs
0➝ J/ψφ
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Decay similar to B0 ➝ J/ψ KS
0

with spectator quark exchange d➝s

s

_

b

s

_	

d	

b	

B0	
u,c,t	

W−	

W+	
d	

b	

_	

B0	
u,c,t	_	

W+ s

c

c
Vcb

Vcs

_

* J/ψ

φ

_

Bs
0 ➝ J/ψ φ

Pseudoscalar
(spin 0)

Vector
(spin 1)

Vector
(spin 1)

↑↑:    L=2, CP even,  amplitude A||(t)
↑↓:    L=0, CP even,  A0(t)
↑→:  L=1, CP odd,    A+(t)

Extra challenge – final state is not CP eigenstate
⇒ need to analyse angular distribuions to 
disentangle three CP states

(SM)

In SM, φs is not independent variable
⇒ highly constrained by CKM mechanism
(only 4 free parameters)

rad

Bs
0
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CP violation in Bs
0➝ J/ψφ
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Clean decay mode:    J/ψ ➝ μ+μ−, φ➝K+K− ⇒ muons provide good trigger signature
⇒ ATLAS & CMS join the party!

Asymmetry vs decay ime [c.f. sin(2β)]
No significant asymmetry ⇒ φs ≈ 0High-purity signal

hFps://doi.org/10.1140/epjc/s10052-019-7159-8
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CP violation in Bs
0➝ J/ψφ

17

World averages: φs = −0.039 ± 0.016 rad ΔΓs = 0.082 ± 0.005 ps−1

Flavour Physics Lecture 3            19 July 2023          Mark Williams

(provisional)

New!!

hFps://indico.cern.ch/event/1281612/ 
CERN Seminar 13 June 2023 

https://indico.cern.ch/event/1281612/


Part IIb: Charm mixing and CPV



Charm mixing and CP violation

19

We’ve covered strange (K0) and beauty (B0, Bs
0) physics: what about the charm quark?

Neutral charm meson (D0) can oscillate

but… both Δm and ΔΓ are tiny
⇒ very hard to observe oscillations

c

n c_

u

D0 D0_d,s,b d,s,b

W

W

57

Neutral charm 
mesons (D0)

D0 ➝ D0

D0 ➝ D0_

Δm << Γ
ΔΓ << Γ
Very slow oscillations, invisible on 
this scale!

Lifetime units

Why is charm mixing so suppressed?
Combinaion of:
• CKM suppression (contribuion of b-quark 

loop suppressed by VcbVub ~λ2 λ3)
• GIM suppression (d and s quarks have 

similar masses, so amplitudes nearly cancel)

The final frontier in meson mixing
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Charm mixing
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For charm, both Δm and ΔΓ are small: x = Δm/Γ < 1%
y = ΔΓ/2Γ       < 1%

Γ(D(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) + Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) + Amix sin(Δmt) ]CPCP

D0 at t=0: 

Γ(D(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) − Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) − Amix sin(Δmt) ]CPCP

D0 at t=0: 

_ _

Remember the ‘master’ equation derived for the B0 case (but general):
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Charm mixing

21

For charm, both Δm and ΔΓ are small: x = Δm/Γ < 1%
y = ΔΓ/2Γ       < 1%

Γ(D(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) + Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) + Amix sin(Δmt) ]CPCP

D0 at t=0: 

Γ(D(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) − Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) − Amix sin(Δmt) ]CPCP

D0 at t=0: 

_ _

Remember the ‘master’ equation derived for the B0 case (but general):

1 – ½(xΓt)21 + ½(2yΓt)2 yΓt xΓt

yΓt xΓt1 – ½(xΓt)21 + ½(2yΓt)2

⇒ Quadratic time dependence is very good approximation
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Charm mixing: Wrong-sign Kπ
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Charm mixing and CPV

D0 π−K+

DCS
(Vcd*Vus)

CFMix

D0_

Pick decay with two amplitudes that can 
interfere (one with oscillation)

DCS Mix+CFInterference 
term

Plot ratio to non-oscillated decay D0 ➝ K−π+

• Mixing ⇒ quadratic time dependence
• CP violation ⇒ different for D0 and D0

D0 π+K−
CF

_

“Right sign”

“Wrong sign”
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Charm mixing and CPV

PRD 97 (2018) 031101

⇒ x≤0 excluded with 
3.1σ significance

No sign of CPV 
in charm mixing 
or interference
⇒ need more 
precision!

Combine 
with other 
measurements

No CPV 

No mixing

Charm mixing: Wrong-sign Kπ
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Charm mixing: state-of-the-art

Recently LHCb published analysis of 
‘Golden mode’ D0➝KS

0π+π−

(see back-up slides)

Large impact on world-averages for mixing 
and CP violaion parameters

First measurement of non-zero x (and Δm) 
(>7σ significance)

Oscillaion period ~630ps 
(D0 lifeime 0.4ps)

arXiv:2106.03744
Phys. Rev. Lett. 127, 111801
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(1) Two amplitudes with same 
final state ⇒ interference

u	

c	 s	

s	

u	

_	

_	

D0	 K+	
u	

_	

K−	

Vcs	

Vus	

_	

W−	

u	

_	c	

u	

s	

s	

u	_	

_	

K−	

K+	
D0	

d,s,b	

_	 _	 _	

Vcs	

Vus	

_	

(2) Knowledge of flavour (D0 or D0) at producion
_

π-tagged (“prompt charm”)

pp➝D*+➝D0π+ π+

D0

pion
tag

K+

K−

μ-tagged (“charm from B”)

pp➝B

D0B−

ν
μ−

muon tag

K+

K−

CP viola)on in charm decays

Ingredients:
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(3) Detailed knowledge of production and detector asymmetries

ARaw(KK) = ACP(KK) + AProd(pp➝D*) + ADet(πtag)

ARaw(ππ) = ACP(ππ) + AProd(pp➝D*) + ADet(πtag) 

pp➝D*+➝D0π+ π+

D0 K+

K−

e.g. for prompt charm:

CP violation in charm decays

Ingredients: ACP(D0➝f) = 
Γ(D0➝f) − Γ(D0➝f)   _

Γ(D0➝f) + Γ(D0➝f)   _
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(3) Detailed knowledge of producion and detector asymmetries

ARaw(KK) = ACP(KK) + AProd(pp➝D*) + ADet(πtag) 

ARaw(ππ) = ACP(ππ) + AProd(pp➝D*) + ADet(πtag) 

⇒ ARaw(KK) – ARaw(ππ) = ACP(KK)  − ACP(ππ) ≡ ΔACP

OR Clever method to eliminate them…

CP violation in charm decays

Ingredients: ACP(D0➝f) = 
Γ(D0➝f) − Γ(D0➝f)   _

Γ(D0➝f) + Γ(D0➝f)   _
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CP violation in charm decays

prompt (KK) prompt (ππ) 

~44M ~14M

PRL 122 (2019) 211803

Huge (>10M) signal samples, 
high purity

ΔACP = (−0.154 ± 0.029)% 

Inconsistent with CP 
symmetry at 5.3σ 
significance ⇒ discovery!

Q: Is this from SM?
A: Not yet clear!
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Part IIc: CKM angle γ



CKM angle γ

30

|        |

|        ||        |
|        ||        |

|        |

(0,0) (1,0)1

Reminder:

At the start of the LHC era:

• The least experimentally constrained angle

• The most precisely predicted angle
(negligible theory errors)

https://arxiv.org/abs/1308.5663σtheory(γ) ≈ 10−7 rad
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CKM angle γ

31

No top loop needed! – can extract in tree-
level decays (b➝cW vs b➝uW)
⇒ Very clean SM test

b➝cW transiions, with B0 mixing
(e.g. B0 ➝ J/ψ KS

0)

b➝uW transitions, with B0 mixing
(e.g. B0 ➝ π+π−)

Measure γ in tree-level processes ⇒ precise SM benchmark
Measure γ in loop processes ⇒ sensitive to NP

Precise γ studies were a major motivation for building the LHCb experiment
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Measuring γ
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Transiions have different final states (D0 vs D0)
Interference if D0 and D0 decay to same final state f

_
Require interference between b➝cW and b➝uW

Textbook case is B± ➝ D 0 K±

∝ Vus*Vcb ∝ Vcs*Vub

(—)
_

Many different methods and decay channels – best results from combination
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Measuring γ
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Asymmetry
⇒ measure γ

https://doi.org/10.1007/JHEP04(2021)081 (2021) 

B−➝D0K−

B+➝D0K+

Sensiivity to γ without ime-dependent analysis – see asymmetries in yields! 
⇒ Can convert measured yields into precise γ measurement 

https://doi.org/10.1007/JHEP04(2021)081


Combining all γ measurements

34

Split by method: Split by B species:

Combining all measurements: γ = (65.9      )°−3.5
+3.3

Indirect constraints: γ = (65.5      )°−2.7
+1.1 i.e. all other unitarity

triangle measurements
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Unitarity triangle fits through )me
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1995

2005

-1.5

-1

-0.5

0

0.5

1

1.5

-1 -0.5 0 0.5 1 1.5 2

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at CL  >  0.95

γ

γ

α

α

∆md

∆ms
 & ∆md

εK

εK

|Vub/Vcb|

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at CL  >  0.95

α

βγ

ρ

η

excluded area has CL > 0.95

CKM
f i t t e r

EPS 2005

Before B-factories: minimal constraints

+ B-factory measurements of CKM angles
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Unitarity triangle fits through time
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1995

2005

-1.5

-1

-0.5

0

0.5

1

1.5

-1 -0.5 0 0.5 1 1.5 2

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at CL  >  0.95

γ

γ

α

α

∆md

∆ms
 & ∆md

εK

εK

|Vub/Vcb|

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at CL  >  0.95

α

βγ

ρ

η

excluded area has CL > 0.95

CKM
f i t t e r

EPS 2005

+ Bs
0 mixing from Tevatron

+ more B-factory inputs on angles

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

SLubV

ν τubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

ICHEP 10

CKM
f i t t e r

2010
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γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

EPS 15

CKM
f i t t e r

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

SLubV

ν τubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

ICHEP 10

CKM
f i t t e r

Unitarity triangle fits through time
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1995

2010

+ LHCb starts to deliver

2015
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γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

EPS 15

CKM
f i t t e r

Unitarity triangle fits through time

38

1995

2015

2021
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Future of CKM?

https://arxiv.org/abs/0710.3799

The “nightmare” The “dream”
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Part III: Rare decays and 
lepton universality
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Rare b decays

Rare decays helped to shape the SM. Can they show us the way beyond it?

Studies of rare b decays are a key part of LHC physics programme
• Both overall rates, and properies (e.g. angular distribuions) of rare processes 

can be influenced by New Physics

✅ LHC is a b-factory! Huge numbers of b quarks produced. 
⇒ Great place to look for rare decays

⚠ LHC is a busy environment 
⇒ Essenial to understand (and reject / account for) backgrounds

Muon modes are clean and easy to trigger: low(ish)-hanging fruit
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Rare b decays

In CKM picture, all b decays are ‘rare’ since 
they change generation

Rare in this context really means not b➝c

Flavour changing neutral currents (FCNC) are 
even more suppressed, since direct transitions 
are forbidden (b➝s, b➝d)
⇒ no tree-level SM diagrams

O(λ2)

O(λ3)

FC
NC

(From Lecture 2)
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Rare b decays

B0 ➝ D−μ+ν (2.3 × 10−2)

B0 ➝ J/ψK0 (8.9 × 10−4)

B0 ➝ K0*γ (4.2 × 10−5)

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

…

B0 ➝ ω*γ (4.4 × 10−7)

Branching 
fracion

Radia{ve decays

b

d

_

s

d

_

_

t
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Rare b decays

B0 ➝ D−μ+ν (2.3 × 10−2)

B0 ➝ J/ψK0 (8.9 × 10−4)

B0 ➝ K0*γ (4.2 × 10−5)

B0 ➝ K0*μ+μ− (9.9 × 10−7)

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

…

B0 ➝ ω*γ (4.4 × 10−7)

Branching 
fraction

Electroweak penguins
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Rare b decays

B0 ➝ D−μ+ν (2.3 × 10−2)

B0 ➝ J/ψK0 (8.9 × 10−4)

B0 ➝ K0*γ (4.2 × 10−5)

B0 ➝ K0*μ+μ− (9.9 × 10−7)

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

…

B0 ➝ ω*γ (4.4 × 10−7)

Branching 
fracion

Box diagrams

Bs
0 ➝ μ+μ− (3.5 × 10−9)

B0 ➝ μ+μ− (<2 × 10−10)

μ+

μ−s

b_

t

W+

W−

Z0

μ+

μ−s

b_

t
W+

W−

νμ
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Rare b decays

B0 ➝ D−μ+ν (2.3 × 10−2)

B0 ➝ J/ψK0 (8.9 × 10−4)

B0 ➝ K0*γ (4.2 × 10−5)

B0 ➝ K0*μ+μ− (9.9 × 10−7)

Lepton number violaing  
Lepton family violaing 
Baryon number violaing …

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

…

Bs
0 ➝ μ+μ− (3.5 × 10−9)

B0 ➝ ω*γ (4.4 × 10−7)

B0 ➝ μ+μ− (<2 × 10−10)

Branching 
fraction
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Similar to μ➝eγ from lecture 1: highly 
suppressed in SM with precise prediction. 

Br(Bs
0➝μ+μ−)  = 3.3 ×10−9

μ+

μ−s

b_

t

W+

W−

Z0

μ+

μ−s

b_

t
W+

W−

νμ

SM

Bs
0➝ μ+μ−
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Almost all NP theories predict enhancement 
(or suppression)

Especially strong dependence on SUSY 
parameter, e.g.

Br(Bs
0➝μ+μ−)  ∝ tan6β

μ+

μ−s

b_

t

X+

X−

Z0, X0

μ+

μ−s

b_

t
X+

X−

νμ

NP

Similar to μ➝eγ from lecture 1: highly 
suppressed in SM with precise prediction. 

Br(Bs
0➝μ+μ−)  = 3.3 ×10−9

Bs
0➝ μ+μ−
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For a long ime – improving limits
Then in 2013 something changed…

Bs
0➝ μ+μ−
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For a long time – improving limits
Then in 2013 something changed…

By combining results from CMS and 
LHCb, reached “5σ” standard for 
claiming observation 
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60 Data
Signal and background

−µ+µ →s
0B

−µ+µ →0B
Combinatorial background
Semi-leptonic background
Peaking background

CMS and LHCb (LHC run I)

h"ps://doi.org/10.1038/nature14474

Bs
0➝ μ+μ−
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Bs
0➝ μ+μ−

Measurements in agreement with SM 
(some tension for B0 rate)
Killed a lot of SUSY parameter space

CMS + LHCb

Br(Bs
0 ➝ μ+μ−) = (2.8 ± 0.7) × 10−9

Br(Bd
0 ➝ μ+μ−) = (3.9 ± 1.5) × 10−10

hFps://arxiv.org/abs/1205.6094
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Bs
0➝ μ+μ− latest

High-significance observations from LHCb, 
CMS (full Run 1+2), & Atlas (partial Run 1+2) >10σ 

4.6σ 

https://doi.org/10.1016/j.physletb.2023.137955
hFps://doi.org/10.1007/JHEP04(2019)098

hFps://doi.org/10.1103/PhysRevLeF.128.041801
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https://doi.org/10.1007/JHEP04(2019)098
https://doi.org/10.1103/PhysRevLett.128.041801
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Bs
0➝ μ+μ− latest

With larger signal yields, can also 
measure Bs

0➝μμ lifetime

In SM, only heavy (H) mass eigenstate can 
decay to μμ ⇒ another probe of new physics

⇒ Need Run 3 data to fully test this

At current precision, cannot 
rule-out either τH or τL case:

τH = 1.620 ± 0.007 ps
τL = 1.423 ± 0.005 ps(SM)
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Bs
0➝ μ+μ− latest

Discovering Bs
0➝μμ is one of the 

most significant achievements of the 
LHC experiments

Provides very {ght constraints on 
possible new physics models 

Next target is B0 ➝μμ
⇒ stay tuned in Run 3!
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Lepton universality

Lepton universality: weak interaction acts equally regardless of lepton flavour

W
e

νe

W
μ

νμ

W
τ

ντ

= =

Pillar of standard model – any deviaion can only be caused by new physics

Theoreically clean… …Experimentally challenging…
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Lepton universality: “RK(*)”

Measure raio of decay rates of muons 
and electron channels in B+ ➝ K+𝑙+𝑙−

The decay B
+
! K

+
`
+
`
�, where ` represents either a muon or an electron, is a b ! s

flavor-changing neutral current process. Such processes are highly suppressed in the Standard
Model (SM) as they proceed through amplitudes involving electroweak loop (penguin and box)
diagrams. This makes the branching fraction of B+

! K
+
`
+
`
�1 decays highly sensitive to the

presence of virtual particles that are predicted to exist in extensions of the SM [1]. The decay
rate of B+

! K
+
µ
+
µ
� has been measured by LHCb to a precision of 5% [2] and, although the

current theoretical uncertainties in the branching fraction are O(30%) [3], these largely cancel in
asymmetries or ratios of B+

! K
+
`
+
`
� observables [2, 4, 5].

Owing to the equality of the electroweak couplings of electrons and muons in the SM, known
as lepton universality, the ratio of the branching fractions of B+

! K
+
µ
+
µ
� to B

+
! K

+
e
+
e
�

decays [6] is predicted to be unity within an uncertainty of O(10�3) in the SM [1,7]. The ratio of
the branching fractions is particularly sensitive to extensions of the SM that introduce new scalar
or pseudoscalar interactions [1]. Models that contain a Z

0 boson have recently been proposed to
explain measurements of the angular distribution and branching fractions of B0

! K
⇤0
µ
+
µ
� and

B
+
! K

+
µ
+
µ
� decays [8]. These types of models can also a↵ect the relative branching fractions

of B+
! K

+
`
+
`
� decays if the Z

0 boson does not couple equally to electrons and muons.
Previous measurements of the ratio of branching fractions from e

+
e
� colliders operating at

the ⌥ (4S) resonance have measured values consistent with unity with a precision of 20–50% [9].
This Letter presents the most precise measurement of the ratio of branching fractions and the
corresponding branching fraction B(B+

! K
+
e
+
e
�) to date. The data used for these measurements

are recorded in proton-proton (pp) collisions and correspond to 3.0 fb�1 of integrated luminosity,
collected by the LHCb experiment at center-of-mass energies of 7 and 8TeV.

The value of RK within a given range of the dilepton mass squared from q
2
min to q

2
max is given by

RK =

R q2max

q2min

d�[B+
! K

+
µ
+
µ
�]

dq2
dq2

R q2max

q2min

d�[B+
! K

+
e
+
e
�]

dq2
dq2

, (1)

where � is the q
2-dependent partial width of the decay. We report a measurement of RK for

1 < q
2
< 6GeV2

/c
4. This range is both experimentally and theoretically attractive as it excludes

the B
+
! J/ (! `

+
`
�)K+ resonant region, and precise theoretical predictions are possible. The

high q
2 region, above the  (2S) resonance, is a↵ected by broad charmonium resonances that decay

to lepton pairs [10].
The value of RK is determined using the ratio of the relative branching fractions of the decays

B
+
! K

+
`
+
`
� and B

+
! J/ (! `

+
`
�)K+, with ` = e and µ, respectively. This takes advantage

of the large B
+
! J/ K

+ branching fraction to cancel potential sources of systematic uncertainty
between the B

+
! K

+
`
+
`
� and B

+
! J/ (! `

+
`
�)K+ decays as the e�ciencies are correlated

and the branching fraction to B
+
! J/ K

+ is known precisely [11]. This is achieved by using the
same selection for B+

! K
+
`
+
`
� and B

+
! J/ (! `

+
`
�)K+ decays for each leptonic final state

and by assuming lepton universality in the branching fractions of J/ mesons to the µ
+
µ
� and

1The inclusion of charge conjugate processes is implied throughout this Letter.

1

Rare decays may be sensitive to new physics which doesn’t respect lepton universality.

Branching ratios for FCNC b ➝ sμ+μ− are consistently lower than expected in SM
• Could be due to hard-to-calculate QCD effects
• If so, should also see low BRs for electron modes

≈1 in SM 
(very reliable predicion)
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B+ ➝ K+μ+μ−

B+ ➝ K+e+e−

Challenge: electrons and muons interact 
differently with ma�er
⇒ totally different signatures in LHCb

Muon: track + muon system hits
Electron: track + EM calorimeter shower

Electrons also suffer from Bremsstrahlung –
lose energy in detector.

https://arxiv.org/abs/2212.09153 (sub. to PRD)
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Lepton universality: “RK(*)”

https://arxiv.org/abs/2212.09153
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Latest RK (and RK*) results

Ini{al LHCb measurements hinted at non-universality, RK below SM by ~3σ

Latest result is a simultaneous measurement of RK and RK* with all Run 1-2 data

https://arxiv.org/abs/2212.09153 (sub. to PRD)

Discovering BSM physics requires a 
deep knowledge of detector effects 
and backgrounds!
(including es{mates of ‘unknown 
unknowns’) 

Now compatible with the SM after 
applying tighter cuts to reject tricky 
backgrounds from mis-ID particles

⇒ In these channels, the hint of 
disagreement with the SM has gone 
away
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“The anomalies”
hFps://www.nikhef.nl/~pkoppenb/anomalies.html

Is a picture emerging of a broken 
Standard Model?

Could it be due to issues with 
calculaions 
(e.g. hadronic effects?)

Or… is this just cherry-picking 
staisical fluctuaions? 

Standard Model

Direct observa?on Combination of high-
precision measurements

(T.S. Eliot)
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Part IV: The future of flavour
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The future of flavour

The need for more precision…

Most measurements limited by staSsScal precision ⇒ need more data

Also need beUer control over systemaScs ⇒ be@er detectors

Many new experiments, or upgrades, planned in coming years…

“A special search at Dubna was carried out by Okonov and his group. They 
did not find a single KL

0→π+π– event among 600 decays into charged 
particles (Anikira et al., JETP 1962). At that stage the search was 
terminated by the administration of the lab. The group was unlucky.”

Remember, B(KL
0➝π+π–) = 0.2%

- L. Okun
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Belle II (2018 −)

Will collect 40× more data than Belle 
(already a world record luminosity!)

Major accelerator and detector 
upgrades to reach 50 ab−1

First physics run with complete detector 
started in March 2019

Already surpassing original Belle precision 
in several areas (with fracion of data)

Complementary to LHCb programme

https://arxiv.org/abs/2305.19116 

https://arxiv.org/abs/2305.19116
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LHCb Upgrades (2022 − 2040)
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Install LHCb 
Upgrade I

Some additions and 
improvements

Install LHCb Upgrade II
Take advantage of HL-LHC

We are 
here
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LHCb Upgrades (2022 − 2040)

Upgrade I

L = 2 × 1033 cm−2s−1 (5×)
5.5 visible interacions / crossing
Accumulate 50 �−1 total
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Now running!!

Install LHCb 
Upgrade I

Some additions and 
improvements
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LHCb Upgrades (2022 − 2040)

Upgrade-II

L = 1.5 × 1034 cm−2s−1  (7.5×)
41 visible interacions / crossing
Accumulate 300 �−1 total

Design & R&D phase

L = 2 × 1033 cm−2s−1 (5×)
5.5 visible interacions / crossing
Accumulate 50 �−1 total

Now running!!
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Upgrade I

Install LHCb 
Upgrade I

Some additions and 
improvements

Install LHCb Upgrade II
Take advantage of HL-LHC

We are 
here
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Kaon physics

Last fronier in kaon physics – observe K➝πνν

Highest CKM suppression of s➝d coupling
⇒ measurement sensitive to |Vtd| - compare results with B mixing

B(K+➝π+νν) = (9.1 ± 0.7) × 10−11

B(KL
0➝π0νν) = (3.0 ± 0.3) × 10−11

https://arxiv.org/abs/1503.02693

SM

https://arxiv.org/abs/1503.02693
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Kaon physics

Last fronier in kaon physics – observe K➝πνν

Highest CKM suppression of s➝d coupling
⇒ measurement sensitive to |Vtd| - compare results with B mixing

B(K+➝π+νν) = (9.1 ± 0.7) × 10−11

B(KL
0➝π0νν) = (3.0 ± 0.3) × 10−11

https://arxiv.org/abs/1503.02693

SM

NA62 @ CERN 
(2015 −) Will reconstruct ~100 K+➝π+νν at 

SM rate ⇒ 10% precision on |Vtd|

With 2016−18 data, 3.4σ evidence:  

https://arxiv.org/abs/1503.02693


Summary
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Flavour physics is a powerful and versatile tool
• Challenge SM predictions ⇒ see NP indirectly

History tells us that this is often the gateway to major discoveries

A huge field, covering many areas, with many experiments past, present, future
• Many important ones not covered (including Atlas/CMS, Tevatron, BES-III, CLEO)

Future looks bright
• Many new and upgraded experiments coming
• Are we on the verge of a breakthrough? 

@LHCbExperiment
@LHCbPhysics
@BelleIICollab
@QuarkWilliams

hXps://hflav.web.cern.ch/http://lhcb-public.web.cern.ch/

hXp://ckmfiXer.in2p3.fr/

hXp://www.u]it.org/

http://pdglive.lbl.gov/

hXps://www.belle2.org/
https://mu2e.fnal.gov/

https://www.psi.ch/mu3e/
hXp://muon-g-2.fnal.gov/

Experiments Resources

https://hflav.web.cern.ch/
http://lhcb-public.web.cern.ch/lhcb-public/
http://ckmfitter.in2p3.fr/
http://www.utfit.org/
http://pdglive.lbl.gov/
https://www.belle2.org/
https://mu2e.fnal.gov/
https://www.psi.ch/mu3e/
http://muon-g-2.fnal.gov/


Enjoy your stay!

Max Degtyarev for Yandex
hXps://www.behance.net/maxdwork

https://www.behance.net/maxdwork


Extra Slides

Max Degtyarev for Yandex
h�ps://www.behance.net/maxdwork

• Current/future muon experiments
• CPV in Bs

0 mixing
• The ‘golden mode’ for charm mixing: 

D0 ➝ KS
0π+π−

• Example methods for measuring γ
• CPV in decay: “Kπ problem”
• Operator product expansion and 

radiative B decays
• RK measurement

https://www.behance.net/maxdwork
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CP viola)on in charm decays (2022)
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Separate measurement of CP asymmetry in D0➝K+K−

⇒ allows CP asymmetries in both channels to be measured, with constraint from ΔACP

ACP(D0➝π+π−) = (23.2 ± 6.1) × 10−4

3.8σ from zero

⇒ First evidence of CP violation in a 
specific charm quark decay channel

https://cerncourier.com/a/lhcb-digs-deeper-in-cp-violating-charm-decays/

hFps://agenda.infn.it/event/28874/contribubons/169315/

3.8σ

https://cerncourier.com/a/lhcb-digs-deeper-in-cp-violating-charm-decays/
https://agenda.infn.it/event/28874/contributions/169315/


Measuring γ in tree decays
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(1) ‘GLW’ 
• CP eigenstates  e.g. f = π+π−,K+K−

• [https://doi.org/10.1016/0370-2693(91)90034-N]
• [https://doi.org/10.1016/0370-2693(91)91756-L]

B− fCP

D0K−_

D0K−

eiγ eiδ

(2) ‘ADS’ 
• Cabibbo-Favoured or 

Doubly-Cabibbo-Suppressed decays
e.g. f = K−π+

• [h^ps://doi.org/10.1103/PhysRevD.63.036005]
• [h^ps://doi.org/10.1103/PhysRevLe^.78.3257]

B−

f

D0K−_

D0K−

f

_

CF

CF

DCS

DCS

(3) ‘BPGGSZ’ 
• 3-body final states   e.g. f = KS

0π+π−

• Reached via intermediate resonances
• [https://doi.org/10.1103/PhysRevD.68.054018]

B− fCP

D0K−_

D0K−
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https://doi.org/10.1016/0370-2693(91)90034-N
https://doi.org/10.1016/0370-2693(91)91756-L
https://doi.org/10.1103/PhysRevD.63.036005
https://doi.org/10.1103/PhysRevLett.78.3257
https://doi.org/10.1103/PhysRevD.68.054018
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Muon physics

Search for charged lepton flavour violaion in 
μ−➝e− (Mu2e, FNAL) and μ+➝e+e+e− (Mu3e, PSI)

⇒ ×104 improvement in limits
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Muon physics

Search for charged lepton flavour violaion in 
μ−➝e− (Mu2e, FNAL) and μ+➝e+e+e− (Mu3e, PSI)

g−2 experiment (FNAL)
⇒ Precise measurement of muon
magnetic moment
Previous exp. result disagrees 
with prediction at ~3.5σ 
⇒ 4× improvement in precision
Now a 4σ discrepancy (4/2021)

⇒ ×104 improvement in limits
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Kaon physics

Last frontier in kaon physics – observe K➝πνν

Highest CKM suppression of s➝d coupling
⇒ measurement sensitive to |Vtd| - compare results with B mixing

B(K+➝π+νν) = (9.1 ± 0.7) × 10−11

B(KL
0➝π0νν) = (3.0 ± 0.3) × 10−11

https://arxiv.org/abs/1503.02693

SM

KOTO @ J-PARC
(2015 −)

Measure B(KL
0➝π0νν) to 10% precision

(@ SM rate) 

All data from 2016−18 analysed
• 3 signal-like events observed, consistent with BG
• B(KL

0➝π0νν)  < 490×10−11 @90% CL

10× better than previous limit

https://arxiv.org/abs/1503.02693


Penguin pollution in Bs
0➝ J/ψφ

76

s

_

b

s
s

c

_

J/ψ

φ

c_

u,c,t

Vtb

_ __

Vts
*

W+
Penguin pollution breaks equality φs = −2βs
⇒ can mimic effects of new physics

Strategy is to study in dedicated 
channels to set limits on the size:

h^ps://doi.org/10.1007/JHEP11(2015)082https://doi.org/10.1016/j.physletb.2015.01.008

Bs
0 ➝ J/ψρ0 Bs

0 ➝ J/ψK0*

δφs = [−0.018, 0.021] rad at 95% confidence

_

Bs
0

Flavour Physics Lecture 3            19 July 2023          Mark Williams

https://doi.org/10.1007/JHEP11(2015)082
https://doi.org/10.1016/j.physletb.2015.01.008


77

Charm mixing: ‘Golden mode’ D0➝KS
0π+π−

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated) 
decays to same final state

D0 π−K*+

DCS
(Vcd*Vus)

CFMix

D0_

KS
0π+π−

K*(892)+

D0➝KS
0π+π−
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Charm mixing: ‘Golden mode’ D0➝KS
0π+π−

D0 π−K*+

DCS
(Vcd*Vus)

CFMix

D0_

D0 π+K*−
CF

KS
0π+π−

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated) 
decays to same final state

K*(892)−

D0➝KS
0π+π−
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Charm mixing: ‘Golden mode’ D0➝KS
0π+π−

D0 π−K*+

DCS
(Vcd*Vus)

CFMix

D0_

D0 π+K*−
CF

D0 ρ0KS
0

SCS

KS
0π+π−

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated) 
decays to same final state

ρ(770)0

D0➝KS
0π+π−
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Charm mixing: ‘Golden mode’ D0➝KS
0π+π−

D0 π−K*+

DCS
(Vcd*Vus)

CFMix

D0_

D0 π+K*−
CF

D0 ρ0KS
0

SCS

KS
0π+π−

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated) 
decays to same final state

⇒ Can directly measure all four mixing and 
CPV parameters  x, y, |q/p|, arg(q/p)

Requires time and phase-space dependent analysis

D0➝KS
0π+π−

K*(892)+ + K*(892)− + ρ(770)0

‘Upper’ half
⇒ ‘Wrong sign’
⇒ mainly DCS 

+ mixing ‘Lower’ half
⇒ ‘Right sign’
⇒ mainly CF
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Charm mixing: ‘Golden mode’ D0➝KS
0π+π−

Plot ratio of candidates in upper/lower 
half of Dalitz plane
⇒ 8 ratios in Dalitz bins R1 – R8

⇒ Fit to extract parameters

Clear time dependence from mixing

x ≡ Δm/Γ = [0.397 ± 0.046 ± 0.029]%
y ≡ ΔΓ/2Γ = [0.459 ± 0.120 ± 0.085]%

arXiv:2106.03744
Phys. Rev. Le�. 127, 111801

First measurement of non-zero x 
(>7σ significance)

Oscillation period ~630ps 
(D0 lifetime 0.4ps)
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Charm mixing: ‘Golden mode’ D0➝KS
0π+π−

arXiv:2106.03744
Phys. Rev. Le�. 127, 111801

No significant differences D0 vs D0

_

⇒ no evidence for CP violaion
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Charm mixing: ‘Golden mode’ D0➝KS
0π+π−

Combine with all previous measurements

⇒ Significant improvements in WA for 
both mixing and CPV parameters

⇒ Hence the ‘Golden Mode’ for charm
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Measuring γ: GLW method

84

B−:    Af = |F|ei(δF + φF) + |S|ei(δS + φS)

B+:    Af = |F|ei(δF − φF) + |S|ei(δS − φS)

Colour favoured: b➝cW
• Magnitude |F|
• Weak phase φF, strong phase δF

Colour suppressed: b➝uW
• Magnitude |S|
• Weak phase φS, strong phase δS

Amplitudes to 
final state fCP:

Under CP operation:
• Weak phases change sign
• Strong phases unchanged 

~λ3 ~λ3
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Measuring γ: GLW method

85

Asymmetry (B+ vs B−):

Total rate:

‘Trick’: Weak phase difference φF − φS = γ always
while δB ≡ δF − δS and rB = |S|/|F| depend on the decay  

Asymmetry
⇒ measure γ

https://doi.org/10.1007/JHEP04(2021)081 (2021) 

(F+: fracbon of D0 decay 
to CP=+1 eigenstate)

Fully 
reconstructed 
D0➝K+K−

Partially 
reconstructed 
D0➝K+K−π0
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https://doi.org/10.1007/JHEP04(2021)081


Measuring γ with Bs
0 mixing

86

Can also measure γ with Bs
0 meson mixing providing interference [compare sin(2β)]

Bs
0 ➝ Ds

+ K− (tree) Bs
0 ➝ Ds

+ K− (loop, with Bs
0 mixing)

• Weak phase difference is (γ – 2βs) ⇒ need input from Bs
0 measurements

• Need ime-dependent analysis to observe oscillaions

b➝cW b➝uW

_ _
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Measuring γ with Bs
0 mixing

87

Fit for ime-dependent asymmetry

Bs
0 ➝Ds

−K+π+π−

γ = (44 ± 12)° modulo 180°

https://doi.org/10.1007/JHEP03(2021)137
Full LHCb Run 1+2 (9fb−1)

Bs
0 ➝Ds

−K+

γ = (128       )°−22
+17 modulo 

180°

LHCb Run 1 (3�−1)

https://doi.org/10.1007/JHEP03(2018)059
Flavour Physics Lecture 3            19 July 2023          Mark Williams
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CPV in B decay: “Kπ problem”
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CPV in decay Remember – need ≥2 interfering processes
(preferably with similar magnitudes)

Example: B0 ➝ Kπ

b

d d

u

s

u

_

__
B0

K+

π−

Tree-level
d

_b

d

u

u

s_

_

K+

π−

B0

“Penguin”

Weak phase between amplitudes = γ
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CPV in decay

Example: B0 ➝ Kπ d	

_	

b	

d	

u	

u	

s	_	

_	

K+	

π−	

B0	
b	

d	 d	

u	

s	

u	

_	

_	_	

B0	

K+	

π−	

BaBar

https://arxiv.org/abs/1206.3525

B0

B0_

Problem: CPV should be same for 
corresponding B+ decay 
(only difference is spectator quark), but…

ACP(B0➝K+π−) = (−8.4 ± 0.4)%
ACP(B+➝K+π0) = (+4.0 ± 2.1)%

Sign of new physics?
Could be from subtle QCD effects…

Averages 

from
 HFLAV

CPV in B decay: “Kπ problem”

https://arxiv.org/abs/1206.3525
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CPV in decay

A lot of measurements of a lot of modes!
Most consistent with CP symmetry

⇒ Remember: only 1 CP violaing phase in SM!

Only small sample of results
(for B0 and B+)

ACP of Most Precisely Measured Modes

LHCb
CDF
Belle

BABAR
Our Avg.

HFLAV

April 2019

ACP

ωπ+

π+π−π+

K0π+π−

ρ+ρ0
K∗0K+K−

φK∗0

ωK+

ηπ+

K∗0π+π−

ηK∗0

ppK+

pK−µ+µ−

φK+

K∗0π+

π+π0

(s+ d)γ

K∗

0(1430)
0π+

sγ

K+π0

K∗+µ+µ−

K∗0µ+µ−

η′K+

K∗γ

K∗0γ

K+µ+µ−

K0π+

K+K−K+

K+π+π−

K+K−π+

K+π−

-0.4  0.0  0.4

hFps://hflav-eos.web.cern.ch/hflav-eos/rare/April2019/ACP/index.html

CPV in B decay: “Kπ problem”

https://hflav-eos.web.cern.ch/hflav-eos/rare/April2019/ACP/index.html
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Radiative penguins: b ➝ sγ

NS60CH25-Hurth ARI 16 September 2010 19:35

W –

t

a b
c

b s

χ1

t
b s

γγ

b

W

t
s

l l

u, d u, d u, d u, d

Figure 1
Examples of radiative penguin decay diagrams in (a) the Standard Model and (b) beyond. (c) A penguin.

they are theoretically well understood and have been extensively measured at the B factories.
The search for such NP effects complements the search for new particles produced at collider
experiments.

The first generation of the B factories at KEK (i.e., the Belle experiment at the KEKB
e+e− collider; see http://belle.kek.jp/) and at SLAC (i.e., the BaBar experiment at the PEP-
II e+e− collider; see http://www.slac.stanford.edu/BFROOT/) have collected huge samples of
B meson decays and have thereby established the SM picture of CP violation and other flavor-
changing processes in the quark sector. These processes are governed by a single 3 × 3 uni-
tarity matrix referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix (3, 4). The CKM
matrix can be illustrated by a unitarity triangle in the complex plane that is overconstrained
by measurements from the B factories, the Tevatron B physics programs [namely the CDF
(see http://www-cdf.fnal.gov/physics/new/bottom/bottom.html) and DØ (see http://www-
d0.fnal.gov/Run2Physics/WWW/results/b.htm) experiments], and earlier kaon decay experi-
ments. In other words, none of the current measurements of B meson decays have observed an
unambiguous sign of NP (5, 6). Although this experimental result is an impressive success of the
CKM theory within the SM, there is still room for sizable new effects from new flavor structures,
given that FCNC processes have been tested only up to the 10% level.

The nonexistence of large NP effects in the FCNC processes hints at the famous flavor problem,
namely why FCNCs are suppressed. This problem must be solved in any viable NP model. Either
the mass scale of the new degrees of freedom is very high or the new flavor-violating couplings
are small for reasons that remain to be found. For example, assuming generic new flavor-violating
couplings, the present data on K − K̄ mixing imply a very high NP scale of order 103–104 TeV,
depending on whether the new contributions enter at loop level or at tree level. In contrast,
theoretical considerations on the Higgs sector, which is responsible for the mass generation of the
fundamental particles in the SM, call for NP at order 1 TeV. As a consequence, any NP below
the 1-TeV scale must have a nongeneric flavor structure. The present measurements of B decays,
especially of FCNC processes, already significantly restrict the parameter space of NP models.
For further considerations on NP, the reader is referred to another article in this volume (7) and
to Reference 8.

Quark-level FCNC processes such as b → s γ , to which NP may contribute, cannot be directly
measured because the strong interaction forms hadrons from the underlying quarks. Instead, the
experimentally measured and theoretically calculated process is a B meson decay into a photon
plus an inclusive hadronic final-state Xs, which includes all the hadron combinations that carry the

www.annualreviews.org • Decays of B Mesons 647
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Two approaches:

• Exclusive, to specific final state (e.g. B0 ➝ K0*γ)
⇒ experimentally easier, theoretically messier

• Inclusive, including any strange hadrons in final state (B0 ➝Xsγ)
⇒ experimentally challenging (one for the B factories!), theoretically clean 

Radiaive penguins give 
access to new physics, 
via Wilson Coefficient C7

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory

He↵ = �4GFp
2

VtbV
⇤
tq

X

i

CiOi|{z}+ C0
iO0

i|{z}

⌅ Wilson coe↵. C(0)
i

encode short-distance physics, O(0)
i

corr. operators

b ! s� B ! µµ b ! s``

O(0)
7 photon penguin 3 3

O(0)
9 vector coupling 3

O(0)
10 axialvector coupling 3 3

O(0)
S,P

(pseudo)scalar penguin 3

Left-handed Right-handed, ms
mb

suppressed

b s

�

b

s

`

`

b

s

`

`

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C7

Can also study b ➝dγ decays (e.g. B➝ργ)
⇒ further suppressed by |Vtd/Vts|2 ≈ (λ3/λ2)2 ≈ 0.05 
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Radia)ve penguins: Exclusive

B(0,±) ➝ K(0,±)*γ discovered by CLEO-II in 1993

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory

He↵ = �4GFp
2

VtbV
⇤
tq

X

i

CiOi|{z}+ C0
iO0

i|{z}

⌅ Wilson coe↵. C(0)
i

encode short-distance physics, O(0)
i

corr. operators

b ! s� B ! µµ b ! s``

O(0)
7 photon penguin 3 3

O(0)
9 vector coupling 3

O(0)
10 axialvector coupling 3 3

O(0)
S,P

(pseudo)scalar penguin 3

Left-handed Right-handed, ms
mb

suppressed

b s

�

b

s

`

`

b

s

`

`

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C7

Br(B ➝ K*γ) = 
(4.5 ± 1.5 ± 0.9) ×10−5

https://doi.org/10.1103/physrevlett.71.674

https://doi.org/10.1103/physrevlett.71.674
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Radiative penguins: Exclusive

B(0,±) ➝ K(0,±)*γ discovered by CLEO-II in 1993

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory

He↵ = �4GFp
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encode short-distance physics, O(0)
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7 photon penguin 3 3
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9 vector coupling 3

O(0)
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(pseudo)scalar penguin 3

Left-handed Right-handed, ms
mb

suppressed

b s
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b
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C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C7

Br(B ➝ K*γ) = 
(4.5 ± 1.5 ± 0.9) ×10−5

hFps://doi.org/10.1103/physrevleF.71.674

The B-factories later made high-precision 
measurements

hFps://doi.org/10.1103/PhysRevLeF.119.191802

e.g. Belle (2017):

Current world-averages: 

Br(B0 ➝ K0*γ) = (4.18 ± 0.25) ×10−5

Br(B± ➝ K±*γ) = (3.92 ± 0.22) ×10−5

Theory predictions in range 3.5 – 7.0 ×10−5

Easier to calculate CP or isospin asymmetries

https://doi.org/10.1103/physrevlett.71.674
https://doi.org/10.1103/PhysRevLett.119.191802
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Radiative penguins: Inclusive

Much trickier experimentally! Final state is photon (γ) + anything strange (Xs)

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory

He↵ = �4GFp
2

VtbV
⇤
tq

X

i

CiOi|{z}+ C0
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i|{z}

⌅ Wilson coe↵. C(0)
i

encode short-distance physics, O(0)
i

corr. operators

b ! s� B ! µµ b ! s``
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O(0)
9 vector coupling 3

O(0)
10 axialvector coupling 3 3

O(0)
S,P

(pseudo)scalar penguin 3

Left-handed Right-handed, ms
mb

suppressed

b s
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b

s
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b

s
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`

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C7

No perfect method – several options (fully-inclusive, semi-inclusive, summed exclusive, …) 
each with pros and cons.
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Radiative penguins: Inclusive

Much trickier experimentally! Final state is photon (γ) + anything strange (Xs)

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory

He↵ = �4GFp
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`

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C7

Need clean environment of B-factory:

• Look for (relaively) high energy photon

• Idenify Xs topology using mulivariate 
tools trained on simulaion

• Plot photon energy spectrum 
a�er subtracing backgrounds

• Input from theory to convert 
to BR measurement

No perfect method – several opions (fully-inclusive, semi-inclusive, summed exclusive, …) 
each with pros and cons.

https://doi.org/10.1103/PhysRevD.86.112008

BaBar (2012)

Data (markers) versus three theory models (histograms)

https://doi.org/10.1103/PhysRevD.86.112008
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Radiative penguins: Inclusive

Can combine results from all experiments and use to constrain C7

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory
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C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C7

Measurements in good agreement Constraints on new physics in C7

Latest exp.:   Br(B➝Xsγ) = (3.32 ± 0.15) × 10−4

Latest SM:     Br(B➝Xsγ) = (3.36 ± 0.23) × 10−4

https://doi.org/10.1007/JHEP04(2017)027

https://doi.org/10.1007/JHEP04(2017)027
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Electroweak penguins: b ➝ s𝑙+𝑙−

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory
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C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C7

Introduction 3 / 33

E↵ective field theory

⌅ Model independent description in e↵ective field theory
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C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

C 9,10

Experimentally easier: two charged leptons + hadrons

`Golden mode’ here is B0 ➝ K0*μ+μ−

Much richer decay structure – many observables 
which can constrain new physics models…
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Electroweak penguins: b ➝ s𝑙+𝑙−

Decay dynamics depend strongly on dimuon mass (= momentum transfer, q2)

Hadronic effects dominate around 
cc resonances (J/ψ, (2S)) so these 
regions are excluded

_
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Electroweak penguins: b ➝ s𝑙+𝑙−

Branching ratios for different b ➝ sμ+μ− channels tend to undershoot SM prediction

PRL 127 (2021) 151801JHEP 11 (2016) 047

B0 ➝ K0*μ+μ− Bs
0 ➝ φμ+μ−

JHEP 06 (2014) 133

B+ ➝ K+μ+μ−

JHEP 06 (2014) 133

B0 ➝ K0μ+μ−

https://doi.org/10.1103/PhysRevLett.127.151801
https://doi.org/10.1007/JHEP11(2016)047
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP06(2014)133
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Electroweak penguins: b ➝ s𝑙+𝑙−

For B ➝ K*μμ, can do more:

⇒ K* is a vector meson 

⇒ Decay rate depends on three angles

Measure the 
observables:
FL, AFB, SiS1 ≡ FL (longitudinal 

polarizabon fracbon of K*)

S6 ∝ AFB (forward-
backward asymmetry of 
dimuon system)

+ also examine CP asymmetries (where Si ➝ Ai)
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Electroweak penguins: b ➝ s𝑙+𝑙−

At first glance, most observables in agreement with SM …
… but hampered by large hadronic uncertainies in SM predicions

PRL 125 (2020) 011802

https://doi.org/10.1103/PhysRevLett.125.011802
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Electroweak penguins: b ➝ s𝑙+𝑙−

Build new observables designed 
to ensure cancellaion of major 
SM uncertainies

Largest discrepancy in P5’ variable, at low q2

PRL 125 (2020) 011802

Prompted a lot of interest from theoreical 
community
Crucial to check with other experiments…

https://doi.org/10.1103/PhysRevLett.125.011802
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Electroweak penguins: b ➝ s𝑙+𝑙−

(Run 1)

Seems to be a consistent 
disagreement between 
experiment and theory, but 
need more precision

Full Run 1+2 data yet to be 
analysed


