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Flavour Physics and CP Violation

Why three generations of particles? Why is an atom electric neutral?Why is there no antimatter?

1 2 3



Recap: Flavour Universality in very Early Universe
• Quark and lepton generations interact identically

• No difference between particles of different generation?
• No matter – antimatter asymmetry (CP Violation)?

Strong:Electromagnetic:

Weak NC:

• Universality violation: Higgs !
• Higgs coupling is not universal, and mixes generations
• Complex couplings: allows for CP Violation!
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Recap: Flavour Universality in very early universe
• Weak charged current interaction:

𝑢

𝑑

𝑊% 𝑐

𝑠

𝑊% 𝑡

𝑏

𝑊%

• Universality violation: Higgs !
• Higgs coupling is not universal, and mixes generations
• Complex couplings: allows for CP Violation!
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𝑖 = 1 𝑖 = 2 𝑖 = 3

Massless particles

(𝑖 ↔ 𝑖)

(𝑖 ↔ 𝑗)
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𝑊%

Recap: Flavour Universality à Symmetry Breaking à Flavour Mixing
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• Weak charged current interaction:

𝑞!

𝑞"

𝐻

𝑌!"
• Higgs: redefines quark states in mass eigenstates:

𝐻
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𝑞!-

𝑞!-

Massive particles

(𝑖 ↔ 𝑗)

vev≠ 0

(𝑖 ↔ 𝑖)
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𝑊%

Recap: Flavour Universality à Symmetry Breaking à Flavour Mixing
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• Weak charged current interaction:

𝑞!

𝑞"

𝐻

𝑌!"
• Higgs: redefines quark states in mass eigenstates:

𝐻

𝑚!

𝑞!-

𝑞!-

Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40

• Weak interactions mixes the 
generations of mass eigenstates.

• Complex couplings 𝑉!" allow for CP 
violating phenomena.
• At least 3 generations required!

Massive particles

vev≠ 0
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Recap: The CKM matrix and unitarity triangle

Triangle in the complex plane:

• Wolfenstein parametrization:

𝑉!"# =

1 −
1
2
𝜆$ 𝜆 𝐴𝜆% 𝜌 − 𝑖 𝜂

−𝜆 1 −
1
2
𝜆$ 𝐴𝜆$

𝐴𝜆% 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆$ 1

• CKM in terms of phases:

𝑉234 =
𝑉#$ 𝑉#. 𝑉#1 𝑒5!6
− 𝑉/$ 𝑉/. 𝑉/1
𝑉0$ 𝑒5!7 − 𝑉0. 𝑒!7! 𝑉01

• CP Violation:
Ø Non-zero unitary phases
Ø Triangle surface ≠ 0

v Jarlskog invariant

𝑉234
8 𝑉234 = 1
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Recap: Flavor Oscillations
• Quantum mechanics with 𝐵. and 𝐵.

states: “What is a particle?” 
• Particle – antiparticle transitions 𝐵9↔𝐵9

mesons happen spontaneously.

𝐵9 𝐵9

• Time evolution of 𝐵. and 𝐵. described by an effective Hamiltonian

𝑖
𝜕
𝜕𝑡
𝜓 = 𝐻𝜓 → 𝜓 𝑡 = 𝑎 𝑡 ⟩𝐵9 + 𝑏 𝑡 8𝐵9 ≡ 𝑎(𝑡)

𝑏(𝑡)

𝐻 =
𝑀 𝑀$%
𝑀$%
∗ 𝑀 −

𝑖
2

Γ Γ$%
Γ$%∗ Γ

Hermitean Mass-matrix Hermitean Decay-matrix

𝑀!" describes 𝐵# ↔ 𝐵# via off-shell states, 
e.g. the weak box diagram (“dispersive”) 

Γ!" describes 𝐵# ↔ 𝑓 ↔ 𝐵# via on-shell
states, e.g. 𝑓 = 𝜋$𝜋% (“absorptive”) 
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Recap: 𝐵' Oscillations
⟨𝐵 𝑡 | ⟩𝐵9 :

⟨ >𝐵 𝑡 | ⟩𝐵9 :

For 𝐵!, expect:
ΔΓ~0 ,   | ⁄𝑞 𝑝| = 1

Calculate:

𝐵' meson 𝐵"' meson

De
ca

y 
Pr

ob
ab

ili
ty

Decay Proper Time (ps) 

𝑔± 𝑡
:
=
𝑒5E0

2
1 ± cos Δ𝑚 ⋅ 𝑡

Flavour Oscillations!

,S

S,

,S

,S

𝐵%

𝐵%

𝐵%
𝑔( 𝑡

𝑞
𝑝 𝑔) 𝑡

𝑙% 𝜈̅& 𝑋$

𝑙$𝜈& 𝑋%
𝐵%

𝐵%𝑝
𝑞 𝑔) 𝑡

𝑔( 𝑡

𝑙% 𝜈̅& 𝑋$

𝑙$𝜈& 𝑋%

𝐵%
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Recap: 𝐵 Decays to common final states: 𝐶𝑃 eigenstates

𝐵%

𝐵%

𝐵%
𝑔( 𝑡

𝑞
𝑝 𝑔) 𝑡

⁄𝐽 𝜓 𝐾. 𝐵%

𝐵%𝑝
𝑞 𝑔) 𝑡

𝑔( 𝑡

𝐵%

⁄𝐽 𝜓 𝐾.

𝑏𝑑

𝑏 𝑑

𝐵!
𝑏 𝑑

𝑏𝑑
𝐵!

𝐵# → ⁄𝐽 𝜓𝐾' 𝐵# → ⁄𝐽 𝜓𝐾'

𝐵# → 𝐵# → ⁄𝐽 𝜓𝐾' 𝐵# → 𝐵# → ⁄𝐽 𝜓𝐾'

+ +

𝐵9 → ⁄𝐽 𝜓𝐾. ∶ 𝐴F

𝐵9 → 𝐵9 → ⁄𝐽 𝜓𝐾. ∶
𝑞
𝑝
𝐴F

𝐵9 → ⁄𝐽 𝜓𝐾. :  𝐴F

𝐵9 → 𝐵9 → ⁄𝐽 𝜓𝐾. ∶
𝑝
𝑞
𝐴F

çCPè

+ +
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Recap: How does it give CP violation?

𝐵%

𝐵%

𝐵%
𝑝
𝑞 𝑔) 𝑡

𝑔( 𝑡

𝑓&'
𝐴()*

𝐴()*

𝐵%

𝐵%

𝐵%

𝑞
𝑝
𝑔) 𝑡

𝑔( 𝑡

𝑓&'

𝐴()*

𝐴()*

𝐶𝑃

𝑡 = 0 𝑡 Amplitude 𝑔± 𝑡 =
𝑒%,-! ± 𝑒%,-".

2

𝐴,"# 𝑔( 𝑡 + 𝜆𝑔) 𝑡

𝜆(#$ =
𝑞
𝑝
𝐴(#$
𝐴(#$

𝐴,"# 𝑔( 𝑡 +
1
𝜆 𝑔) 𝑡

𝑔$ 𝑡 =
𝑒%, /% ⁄1/ " . 𝑒% ⁄2. " + 𝑒%, /$ ⁄1/ " . 𝑒% ⁄2. "

2

𝑔% 𝑡 =
𝑒%, /% ⁄1/ " . 𝑒% ⁄2. " − 𝑒%, /$ ⁄1/ " . 𝑒% ⁄2. "

2

= 𝑒%,/. 𝑒% ⁄2. " cos
Δ𝑚𝑡
2

= 𝑒%,/. 𝑒% ⁄2. " 𝒊 sin
Δ𝑚𝑡
2

For neutral B mesons, 𝑔M has a 
90o (=i) phase difference wrt. 𝑔N

𝜆(#$ =
𝑝
𝑞
𝐴(#$
𝐴(#$

=
1
𝜆(#$
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Recap: Interfering Amplitudes: CP violation!
𝑡 = 0 𝑡 Amplitude

𝑔$ 𝑡 + 𝜆𝑔% 𝑡 𝑔$ 𝑡 +
1
𝜆
𝑔% 𝑡

𝑔$ 𝑡 𝑔$ 𝑡

𝑔% 𝑡 𝑔% 𝑡
𝜆 𝑔% 𝑡 1

𝜆
𝑔% 𝑡

𝜙$%&' 𝜙$%&'

re
im 𝐵. → 𝑓OP 𝐵. → 𝑓OP

𝐵9 → 𝑓2H

𝐵9 → 𝑓2H

𝐴,"# 𝑔( 𝑡 + 𝜆𝑔) 𝑡

𝐴,"# 𝑔( 𝑡 +
1
𝜆 𝑔) 𝑡

𝑔( = 𝑒)-./ 𝑒) ⁄1/ % cos
Δ𝑚𝑡
2

𝑔) = 𝑒)-./ 𝑒) ⁄1/ % 𝒊 sin
Δ𝑚𝑡
2

𝜆,"# =
𝑞
𝑝
𝐴,"#
𝐴,"#

= 𝑒)-2()*+
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Recap: Interfering Amplitudes: time dependent CP violation!
𝑡 = 0 𝑡 Amplitude

𝐵9 → 𝑓2H

𝐵9 → 𝑓2H

𝐴,"# 𝑒
)-./𝑒)- ⁄1/ % cos

Δ𝑚𝑡
2 + 𝑖 𝜆 sin

Δ𝑚𝑡
2

𝐴,"# 𝑒
)-./𝑒)- ⁄1/ % cos

Δ𝑚𝑡
2 + 𝑖

1
𝜆 sin

Δ𝑚𝑡
2

𝐵. → 𝑓OP
𝜙$%&'

𝜙$%&'

𝜙$%&' 𝜙$%&'

𝜙$%&' 𝜙$%&'

⁄Δ𝑚𝑡 2 = 0 ⁄Δ𝑚𝑡 2 = ⁄𝜋 4 ⁄Δ𝑚𝑡 2 = ⁄𝜋 2 ⁄Δ𝑚𝑡 2 = ⁄3𝜋 4

𝐵. → 𝑓OP

No CPV CPV! No CPV CPV!èDecay-Time Dependent CP Asymmetry!
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Recap: 𝐵* → 𝐷*𝐾 : Quantum Interference Experiment @ LHCb

“slit A”:  

Decay time

“slit B”: 

𝐵" → 𝐷")𝐾(

𝐵" → 𝐵" → 𝐷")𝐾(

𝐵.

𝐷.5

𝐾%

CP-mirror

Decay time (ps)

De
ca

y 
ra

te

“slit A”:  

Decay time

“slit B”: 

𝐵" → 𝐷"(𝐾)

𝐵" → 𝐵" → 𝐷"(𝐾)

𝐵.

𝐷.%

𝐾5

𝐵. → 𝐷.5𝐾%

𝐵. → 𝐷.%𝐾5

An interference pattern:

12

Time dependent 𝐶𝑃 violation!
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Recap: Measuring 𝐵* - 𝐵* Oscillations

Proper-time dependent decay rate:

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

𝜋,

𝐵" → 𝐷")𝜋( 2 fb)$

𝐵. → 𝐷.5𝜋%

Experimental Situation:
Ideal measurement (no dilutions)
+ Realistic flavour tagging dilution
+ Realistic decay time resolution
+ Background events
+ Trigger and selection acceptance
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Recap: Compare LHC with B-factory for 𝐵' → ⁄𝐽 𝜓 𝐾+
• Decay-time dependent 
𝐶𝑃 violation:

‣ B0
  → -/. ["+"−] KS

0 : (golden mode) 

‣ Fit results: 

‣ Main systematics: 
- S: Background Tagging Asymmetry  

     → expect to scale with more data  
- C: 2m

Measurement of + @ LHCb

Simon Akar !15CKM 18’ - sin2beta @ LHCb
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⇢(S,C) = 0.483
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[PRL 115, 031601 (2015)]
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Close to precision of B-Factories and statistically limited

But	never	forget	your	first	love
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∫L	dt	=	3	r-1	

Phys.	Rev.	LeO.	115	(2015)	031601	

Phys.	Rev.	D79	(2009)	072009	
Phys.	Rev.	LeO.	108	(2012)	171802	

•  BaBar:	0.657	±	0.036	±	0.012	
•  Belle:	0.670	±	0.029	±	0.013	
•  LHCb:	0.731	±	0.035	±	0.020	

𝐴2H 𝑡 =
ΓJK→F 𝑡 − ΓK→F(𝑡)
ΓJK→F 𝑡 + ΓK→F(𝑡)

𝑩𝟎

𝑩𝟎

⁄𝑱 𝝍 𝑲𝒔
Interfere direct and mixed

LHCb

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆)𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆)𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

𝒆𝒊𝟐𝜷
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•  LHCb:	0.731	±	0.035	±	0.020	



Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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S.M.: No Flavour Changing Neutral Currents (FCNC)Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40

Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40

• CKM: Flavour changing 
charged currents

• Neutral currents are possible 
via higher order processes:

Decay via 
“Penguin diagram”:
𝐵 → 𝐾∗𝜇(𝜇)

Let’s talk about penguins and boxes

Mick Mulder Non-universality in rare beauty decays? 3

• SM does not have 
Flavour changing 
neutral currents

Flavour Oscillation 
via “Box diagram”: 

𝐵" → 𝐵"
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Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝐵-decays and effective couplingsEffective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

GF g

g

• Beta decay: “charged current”: 

• Rare B decay: “Flavour changing neutral current”:

Effective Operators 𝒪! with Wilson coefficients 𝒞! predicted by the Standard Model.

ℋOFF = −
4 𝐺P
2
𝑉234_

!QR

R9

𝒞!𝒪!

𝐺=
2
=

𝑔%

8𝑀!
%

Eff Hamiltonian:

𝑛 → 𝑝 𝑒) I𝜈>

𝐵' → 𝐾∗𝜇(𝜇)
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Strong Interaction causes trouble

• Semileptonic decays
- Factorization!

Fig. 7: Feynman diagrams contributing to semileptonic B̄0
d → D+(π+)"ν̄! decays.

3.2 Semileptonic Decays
3.2.1 General Structure
Semileptonic B-meson decays of the kind shown in Fig. 7 have a structure that is more complicated than
the one of the leptonic transitions. If we evaluate the corresponding Feynman diagram for the b → c
case, we obtain

Tfi = −
g2
2

8
Vcb [ū!γ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

〈D+|c̄γβ(1 − γ5)b|B̄0
d〉

︸ ︷︷ ︸

hadronic ME

. (3.12)

Because of k2 ∼ M2
B & M2

W , we may again – as in (3.1) – integrate out the W boson with the help of
(3.2), which yields

Tfi =
GF√

2
Vcb [ū!γ

α(1 − γ5)vν ] 〈D+|c̄γα(1 − γ5)b|B̄0
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where all the hadronic physics is encoded in the hadronic matrix element
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d〉,

i.e. there are no other QCD effects. Since the B̄0
d and D+ are pseudoscalar mesons, we have

〈D+|c̄γαγ5b|B̄0
d〉 = 0, (3.14)

and may write
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where q ≡ p − k, and the F1,0(q2) denote the form factors of the B̄ → D transitions. Consequently,
in contrast to the simple case of the leptonic transitions, semileptonic decays involve two hadronic form
factors instead of the decay constant fB. In order to calculate these parameters, which depend on the
momentum transfer q, again non-perturbative techniques (QCD sum rules, lattice, etc.) are required.

3.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100MeV), it is
referred to as a “heavy” quark. Since the bottom and charm quarks have masses at the level of 5GeV
and 1GeV, respectively, they belong to this important category. As far as the extremely heavy top quark,
withmt ∼ 170GeV is concerned, it decays unfortunately through weak interactions before a hadron can
be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
quark. The heavy quark then moves almost with the hadron’s four velocity v and is almost on-shell, so
that

pµ
Q = mQvµ + kµ, (3.16)
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Fig. 9: Feynman diagrams contributing to the non-leptonic B̄0
d → D+K− decay.

Fig. 10: The description of the b → dūs process through the four-quark operator O2 in the effective theory after theW boson
has been integrated out.

Since this transition originates from a b → cūs quark-level process, it is – as we have just seen – a
pure “tree” decay, i.e. we do not have to deal with penguin topologies, which simplifies the analysis
considerably. The leading-order Feynman diagram contributing to B̄0

d → D+K− can straightforwardly
be obtained from Fig. 7 by substituting ! and ν! by s and u, respectively, as can be seen in Fig. 9. Conse-
quently, the lepton current is simply replaced by a quark current, which will have important implications
shown below. Evaluating the corresponding Feynman diagram yields

−
g2
2

8
V ∗

usVcb [s̄γν(1 − γ5)u]

[

gνµ
k2 − M2

W

]

[c̄γµ(1 − γ5)b] . (3.32)

Because of k2 ∼ m2
b $ M2

W , we may – as in (3.12) – “integrate out” the W boson with the help of
(3.2), and arrive at

Heff =
GF√

2
V ∗

usVcb [s̄αγµ(1 − γ5)uα] [c̄βγ
µ(1 − γ5)bβ]

=
GF√

2
V ∗

usVcb(s̄αuα)V–A(c̄βbβ)V–A ≡
GF√

2
V ∗

usVcbO2 , (3.33)

where α and β denote the colour indices of the SU(3)C gauge group of QCD. Effectively, our b → cūs
decay process is now described by the “current–current” operator O2, as is illustrated in Fig. 10.

So far, we have neglected QCD corrections. Their important impact is twofold: thanks to factor-
izable QCD corrections as shown in Fig. 11, the Wilson coefficient C2 acquires a renormalization-scale
dependence, i.e. C2(µ) '= 1. On the other hand, non-factorizable QCD corrections as illustrated in
Fig. 12 generate a second current–current operator through “operator mixing”, which is given by

O1 ≡ [s̄αγµ(1 − γ5)uβ] [c̄βγ
µ(1 − γ5)bα] . (3.34)

Consequently, we eventually arrive at a low-energy effective Hamiltonian of the following structure:

Heff =
GF√

2
V ∗

usVcb [C1(µ)O1 + C2(µ)O2] . (3.35)

In order to evaluate the Wilson coefficients C1(µ) '= 0 and C2(µ) '= 1 [73], we must first calculate the
QCD corrections to the decay processes both in the full theory, i.e. withW exchange, and in the effective
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Fig. 11: Factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

Fig. 12: Non-factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

theory, where theW is integrated out (see Figs. 11 and 12), and have then to express the QCD-corrected
transition amplitude in terms of QCD-corrected matrix elements and Wilson coefficients as in (3.31).
This procedure is called “matching” between the full and the effective theory. The results for the Ck(µ)
thus obtained contain terms of log(µ/MW ), which become large for µ = O(mb), the scale governing
the hadronic matrix elements of the Ok. Making use of the renormalization group, which exploits the
fact that the transition amplitude (3.31) cannot depend on the chosen renormalization scale µ, we may
sum up the following terms of the Wilson coefficients:

αn
s

[

log
(

µ

MW

)]n

(LO), αn
s

[

log
(

µ

MW

)]n−1

(NLO), ... ; (3.36)

detailed discussions of these rather technical aspects can be found in Ref. [74].
For the exploration of CP violation, the class of non-leptonic B decays that receives contributions

both from tree and from penguin topologies plays a central rôle. In this important case, the operator
basis is much larger than in our example (3.35), where we considered a pure “tree” decay. If we apply
the relation

V ∗
urVub + V ∗

crVcb + V ∗
trVtb = 0 (r ∈ {d, s}), (3.37)

which follows from the unitarity of the CKM matrix, and “integrate out” the top quark (which enters
through the penguin loop processes) and theW boson, we may write

Heff =
GF√

2





∑

j=u,c

V ∗
jrVjb

{
2
∑

k=1

Ck(µ)Qjr
k +

10
∑

k=3

Ck(µ)Qr
k

}


 . (3.38)

Here we have introduced another quark-flavour label j ∈ {u, c}, and the Qjr
k can be divided as follows:

• Current–current operators:
Qjr

1 = (r̄αjβ)V–A(j̄βbα)V–A
Qjr

2 = (r̄αjα)V–A(j̄βbβ)V–A.
(3.39)

• QCD penguin operators:
Qr

3 = (r̄αbα)V–A
∑

q′(q̄
′
βq

′
β)V–A

Qr
4 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V–A

Qr
5 = (r̄αbα)V–A

∑

q′(q̄
′
βq

′
β)V+A

Qr
6 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V+A.

(3.40)
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Fig. 11: Factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

Fig. 12: Non-factorizable QCD corrections in the full (left panel) and effective (right panel) theories.
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Fig. 11: Factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

Fig. 12: Non-factorizable QCD corrections in the full (left panel) and effective (right panel) theories.
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2





∑

j=u,c

V ∗
jrVjb

{
2
∑

k=1

Ck(µ)Qjr
k +

10
∑

k=3

Ck(µ)Qr
k

}


 . (3.38)

Here we have introduced another quark-flavour label j ∈ {u, c}, and the Qjr
k can be divided as follows:

• Current–current operators:
Qjr

1 = (r̄αjβ)V–A(j̄βbα)V–A
Qjr

2 = (r̄αjα)V–A(j̄βbβ)V–A.
(3.39)

• QCD penguin operators:
Qr

3 = (r̄αbα)V–A
∑

q′(q̄
′
βq

′
β)V–A

Qr
4 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V–A

Qr
5 = (r̄αbα)V–A

∑

q′(q̄
′
βq

′
β)V+A

Qr
6 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V+A.

(3.40)
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tual particles, the W-boson or heavy “beyond-SM” particles. These particles propagate
over much shorter distances than 1/mb, and hence can be described by local opera-
tors. The two distance scales in the decay of a hadron can be separated at a particular
scale µ by performing an operator product expansion (OPE): long-distance contribu-
tions (pertaining to soft momenta) are contained in local operator matrix elements and
the short-distance parts (hard scattering) are described by coefficients. Wilson [10] pro-
posed a way of writing the product of two local fields at different points, A(x) and B(y)
as an expansion of a set of local fields at the same point On(x) using coefficients Cn

such that, A(x)B(y) =
∑

n Cn(x− y)On(x).
For a b → s transition mediated with a top quark, the dynamics of the system are

generally described by an effective Hamiltonian [11]:

Heff = −
GF√

2
VtbV

∗
ts

∑

i
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The summation proceeds over all the local operators for a particular decay, Oi, weighted
with Wilson coefficients Ci(µ,Mheavy). Both depend on the separation scale µ at which
they are calculated, although the effective Hamiltonian should not.

The inclusive rare decay B0 → Xs!+!− has been calculated with the help of OPE
methods. The different terms do not strictly represent the various Feynman diagrams
normally used in perturbation theory, but rather represent the Lorentz structure and
colour structure of the b→ s transition.
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Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

• Beyond Standard Model:

• Effective 4-fermion coupling:

• Standard Model diagrams:

Rare 𝐵-decays and effective couplings: 𝑏 → 𝑠𝜇,𝜇-

• Effective operators correspond to different 
physical processes, i.e.: 

• Photon penguin 𝑂7: 
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Vector, Axial vector:

Introduction

The b ! s`+`� “industry” at the LHC

Flavor-changing-neutral-current (FCNC).

No tree-level diagram in the SM. Many ways
where NP can enter.

Several ways to explore this:

Bs ! µ+µ� BF @ LHCb/CMS

B ! K
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(⇤)`�`+ @ LHCb/CMS/ATLAS

Bs ! �µ+µ�, ⇤b ! ⇤(⇤)µ+µ� ...

t
 
/ ?

b s

Z
*
/ γ* 

/ ?

W 
-
/ ?

μ
+

μ
−
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Very Rare 𝐵-Decays

c B0
s9µ+µ�

B0
s

Z0

b

s

µ+

µ�

SM
e B0

s! µ+µ�

B0
s

W+

⌫

W�

t

b

s µ�

µ+

SM
d B0

s! µ+µ�

B0
s

W+

W�
Z0

t

b

s

µ+

µ�

SM

BR / |VtbVtq|2
"
(1 �

4m2
µ

M2
B

)
��CS � C0

S

��2 + |(CP � C0
P ) +

2mµ

M2
B

(C10 � C0
10)|2

#

SM:  CKM and helicity
suppressed: very small B.R.
à Axial vector coupling C10

NP: Sensitive to new particles 
via additional (C10, CS, CP) 
couplings.
à eg.: Z’ , (pseudo-)scalars, …

24

Z
1

q

b

µ

µ

(a) V-A form (C10)

H0

q

b

µ

µ

(b) Scalar (CS)

A0

q

b

µ

µ

(c) pseudo-scalar (CP )

Figure 1.8: Possible tree-level FCNC contributing to the B
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´ decays
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The correlation between the B0
s Ñ µ`µ´ signal strength and mass-eigenstate489

rate asymmetry observables for the S “ 0 scenario is shown in Fig. 1.9, on490

the left plot.491

1.4.2 Scalar dominated New Physics (P “ 1)492
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In the simplest case, the P “ 1 scenario is realised if CR
10 “ CSM

10 and493

CL
10 “ CR,L

P “ 0, but also left-right symmetric pseudo-scalars are included494

(CR
P “ CL

P ). The P “ 1 scenario is complementary to the pseudo-scalar495

dominated S “ 0 scenario, as here New Physics effects are driven by scalar496

operators. 2HDMs with a heavy pseudo-scalar A0 and with a considerably497

lighter scalar H0 particles are a good example (see Fig. (1.8b)). Also, various498

models with scalar induced tree-level FCNC could contribute to P “ 1, as499

analysed in Ref. [52].500

The correlation between the B0
s Ñ µ`µ´ signal strength and mass-eigenstate501

rate asymmetry observables for P “ 0 scenario is shown in Fig. 1.9, on the502

right.503

1.4.3 Mixed (pseudo-)scalar New Physics (P ˘ S “ 1)504

pCR
P ` CR

S q ´ pCL
P ` CL

S q “ 0

pCR
P ´ CR

S q ´ pCL
P ´ CL

S q “ 0

After taking p4m2
µ{M2

B0
psq

q » 0 (in the definition of S, Eq. (1.47)) , and505

assuming CR
10 ´CL

10 » CSM
10 (in the definition of P , Eq. (1.46)), the P ˘S “ 1506
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Very Rare 𝐵-Decays

Multivariate technique to 
suppress Backgrounds.
� Detached vertex
� Muon identification

26
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Very Rare 𝐵-Decays

• Very strongly 
suppressed in the SM
• High sensitivity for 

physics beyond SM
• Hot topic for LHCb

m(µ+µ–) [MeV/c2]

27

Leptonic decays: B0
s ! µ+µ�

As promised last year by Flavio:

single experiment observation!

B(B0
s ! µ+µ�) = (3.0 ± 0.6(stat.)+0.3

�0.2(syst.)) ⇥ 10�9

Strongest limit on B(B0 ! µ+µ�) < 3.4 ⇥ 10�10 at 95% CL

New: e↵ective lifetime (as proposed by Fleischer et al.):
⌧(B0

s ! µ+µ�) = 2.04 ± 0.44 ± 0.05 ps (⌧SM = 1.60 ps)

B0
(s) ! µ+µ� is consistent w. SM, but statistics limited!
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35 Total
−µ+µ → s

0B
−µ+µ → 0B

Combinatorial
−h'+ h→B 

µν+µ)−(K−π → (s)
0B

−µ+µ0(+)π → 0(+)B

µν
−µ p→ b

0Λ

µν
+µψ J/→ +

cB

LHCb
BDT > 0.5

arXiv:1703.05747

Mick Mulder Non-universality in rare beauty decays? 14

7.8 s

Effective lifetime B0
sà µ+µ-B0

dà µ+µ- vs B0
sà µ+µ-

PRL 118 (2017) 191801

𝐵!,%" → 𝜇#𝜇$
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Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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𝐵-decays and lepton universality
1) 𝑏 → 𝑐 𝑙 𝜈 charged current:  ”Allowed” à large decay rates

Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40
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2) 𝑏 → 𝑠𝑙#𝑙( neutral current: “Suppressed” à rare decays

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑐

𝜏/𝜇𝑏

⁄𝜈V 𝜈W

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑏

𝑠

⁄𝜇% 𝑒%

⁄𝜇5 𝑒5

𝑅X =
𝐵 → 𝐷𝜏𝜈
𝐵 → 𝐷𝜇𝜈

𝑅3 =
𝐵% → 𝐾%𝜇%𝜇5

𝐵% → 𝐾%𝑒%𝑒5

𝑅X∗ =
𝐵 → 𝐷∗𝜏𝜈
𝐵 → 𝐷∗𝜇𝜈

𝑅3∗ =
𝐵9 → 𝐾∗9𝜇%𝜇5

𝐵9 → 𝐾∗9𝑒%𝑒5

i=3/2

i=2/1
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𝑅4 and 𝑅4∗

𝑅 𝐷 ∗ =
𝐵𝑅(𝐵 → 𝐷 ∗ 𝜏𝜈)
𝐵𝑅(𝐵 → 𝐷 ∗ 𝜇𝜈)

1) 𝑏 → 𝑐 𝑙 𝜈:
allowed charged current 

~ 3 – 4 σ deviation

Potential large effect   è Involves particles of 2nd and 3rd generation

SM

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑐

𝜏/𝜇𝑏

⁄𝜈V 𝜈W 𝑅G

𝑅G∗
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𝑅A and 𝑅A∗

𝑅 𝐾 =
𝐵𝑅(𝐵% → 𝐾%𝜇%𝜇5)
𝐵𝑅(𝐵% → 𝐾%𝑒%𝑒5)

𝑅 𝐾∗ =
𝐵𝑅(𝐵9 → 𝐾∗𝜇%𝜇5)
𝐵𝑅(𝐵9 → 𝐾∗𝑒%𝑒5)

39/51

Small effect è Particles of 1st and 2nd generation

2) 𝑏 → 𝑠 𝑙#𝑙(
Suppressed neutral current

~ 3 𝜎

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑏
𝑠
⁄𝜇% 𝑒%
⁄𝜇5 𝑒5

𝑅E

𝑅E∗
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Branching fractions of Rare Decays: 𝑏 → 𝑠 𝜇,𝜇-
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B+ ! K+µ+µ� B0 ! K0µ+µ� B+ ! K⇤+µ+µ�

B0 ! K⇤0µ+µ�
Bs ! �µ+µ� ⇤b ! ⇤µ+µ�

• Branching fractions related to 𝑏 → 𝑠 𝜇(𝜇)transition consistently lower than predicted.

31



Variable 𝑃CD in 𝐵' → 𝐾∗'𝜇,𝜇-

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑏

𝑠

𝜇%

𝜇5B0
! K⇤(892)0µ+µ�

[LHCb-PAPER-2015-051]

~⌦ ⌘ (cos ✓l, cos ✓K , �)

2398 ± 57 events, excluding the charmonia.

Di-muon final state is experimentally clean signature, but BR ⇠ 10�7.
P ! V V

0 decay, fully described by q
2 ⌘ m(µ+

µ
�)2 and 3 helicity angles.

B
0 ! K

⇤
µ
+

µ
� has rich system of observables (rates, angles, asymmetries) that are

sensitive to NP.

d4�[B0! K
⇤0

µ
+

µ
�]

dq2 d~⌦
=

9

32⇡

11X

j=1

Ij(q
2)fj(~⌦), Ij ! Ij for B

0

Sj =
�
Ij + Īj

�.✓
d�

dq2
+

d�̄

dq2

◆
, Aj =

�
Ij � Īj

�.✓
d�

dq2
+

d�̄

dq2

◆

Looks complicated, but in the end we measure each Sj and Aj in each bin of q
2.

8 / 34

• LHCb: Study angular distribution 
of the produced particles
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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The measurements: P5’ 

6 

•  More deviations in flavor-changing neutral current? 

LHCb-PAPER-2015-051 

𝜙

co
s𝜃

E

𝑃9F: count blue minus red:
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �

7

~3s from SM

𝐵! → 𝐾∗!𝜇#𝜇$𝑑
𝑑

𝐵

𝐾
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Global Fit of 𝑏 → 𝑠 𝜇,𝜇-

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑏

𝑠

𝜇%

𝜇5

Let’s talk about penguins and boxes

Mick Mulder Non-universality in rare beauty decays? 3

ℋOFF = −
4 𝐺P
2
𝑉234_

!QR

R9

𝐶!𝑂!

• Semileptonic Penguin operators: 
𝑂), 𝑂*%
• Good fit for: 𝐶)+' = −𝐶*%+' ≃ −1
• New effective 𝑉 − 𝐴 contribution
• Suppressed 𝑏 → 𝑠 𝜇(𝜇) penguin 

Suppressed
penguin

Depressed 
penguin

Note: ≠
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Marcel Algueró Implications of LHCb measurements and future prospects, 30th October 2020 5

Global Fits to  b → sℓ+ℓ−

°2.4 °1.6 °0.8 0.0 0.8 1.6 2.4

CNP
9µ

°2.4

°1.6

°0.8

0.0

0.8

1.6

2.4

CN
P

10
µ

ATLAS

Belle

CMS

LHCb

All Data

ACCDMMNV20

6.2σ

°2.4 °1.6 °0.8 0.0 0.8 1.6 2.4

CNP
9µ

°2.4

°1.6

°0.8

0.0

0.8

1.6

2.4

CN
P

9e

ATLAS

Belle

CMS

LHCb

All Data

ACCDMMNV20

6.0σ

1) Increase in some scenarios with RHC


2) Favoured scenarios can explain  and 
 in a perfect way


3) In scenarios with RHC, taking  
instead of   significance drops 
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2D Fits
Weak Effective couplings: 𝐶%&' , 𝐶(!&'



Interpretation as a single cause: contradicting effects?
1) 𝑏 → 𝑐 𝑙 𝜈: 𝑅X , 𝑅X∗
• ~ 25% effect at enhanced tree level 
• Large effect à Large 3rd generation couplings

2) 𝑏 → 𝑠 𝑙%𝑙5: 𝑅3, 𝑅3∗
• ~ 25% effect at suppressed penguin level 
• Small effect; Small 2nd generation couplings

Marcel Algueró Implications of LHCb measurements and future prospects, 30th October 2020 5
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Similar to Higgs couplings: large for 3rd generation, small for 2nd generation, tiny for 1st generation.
è New particle perhaps has similar flavour structure as the Higgs?

SM

SM

Weak Effective couplings: 𝐶%&' , 𝐶(!&'

𝑅G

𝑅G∗
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Universality?

…Indian Yoga

Russian Yoga…



Flavour Physics at high mass: GGL model 

• Effective New Physics operators point at left-
handed vector coupling

• New physics occurs above weak scale (~TeV)
• Before EWSB: physics that is invariant under 

SU(3)C x SU(2)L x U(1)Y

• Operates on massless interaction states

• 3rd generation is special (eg. 𝑌Z[\ = 1)

• Glashow, Guagdagnoli, Lane (GGL) model:  
Operator for NP in 3rd generation:
• 𝐺 k𝑏]^ 𝛾W 𝑏′^ k𝜏]^ 𝛾W 𝜏^]

𝑣

𝒗
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Where does GGL operator come from? 

• Glashow, Guagdagnoli, Lane (GGL) model:  
operator for NP:
• 𝐺 k𝑏]^ 𝛾W 𝑏′^ k𝜏]^ 𝛾W 𝜏^]

• Relate massive particles to massless states:
• 𝑏^] = 𝑉_R$ 𝑑 + 𝑉_:$ 𝑠 + 𝑉__$ 𝑏 and 
• 𝜏^] = 𝑉_R` 𝑒 + 𝑉_:` 𝜇 + 𝑉__` 𝜏

• CKM Hierarchy suggests: 
• 𝑉__$ ≃ 𝑉__` ≃ 1 and   𝑉_R

$,` ≪ 𝑉_:
$,` ≪ 1

• GGL operator becomes:
• 𝐺 𝑉__$ 𝑉_:∗$ 𝑉_: : >𝑏^ 𝛾W𝑠^ 𝜇̅^𝛾W𝜇^

• Large effect in 3rd generation, small effect in 
2nd generation

𝑣

𝒗

𝑉)*+ = 𝑉,𝑉-. /0
𝑉+&1 = 𝑉2𝑉3. /0
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GGL operator – more general

𝑣

𝒗

• Allow effective operators that are SU(2) x U(1) 
invariant:
• Singlet neutral current:
• 𝑂bcH = 𝐺b 𝑄]^ 𝛾W 𝑄^

] k𝐿]^ 𝛾W 𝐿^]

• Triplet neutral current + two charged currents:           
• 𝑂dcH = 𝐺d 𝑄]^ 𝛾W 𝜎

e𝑄^] k𝐿]^ 𝛾W 𝜎e𝐿^]

• These operators with CKM hierarchy “naturally” 
give simultaneous explanation of:
• 𝑅, , 𝑅,∗ , charged current, 3rd generation 
• à large effect

• 𝑅- ,𝑅-∗ , 𝑏 → 𝑠 𝜇#𝜇(,neutral current, 2nd generation
• à small effect

𝑄4 = 𝑡′
𝑏′

and 𝐿′ = 𝜈5′
𝜏′
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Which particle/field could it be?
• LFNU is currently a hot topic, many theory papers, see eg. arXiv:1706.07808 for overview.

Possible models

Many papers discussing R(⇤0)
K , sometimes with R(D(⇤))

Main explanations:
Leptoquark(s)
Z

0
and W

0

My favorite model: vector leptoquarks! (arXiv:1706.07808)
Couples mainly to 3rd generation, so main signatures:

100x enhancement of b ! s⌧⌧ , for example B0
s ! ⌧+⌧�

high pT : pp ! ⌧+⌧� or direct leptoquark searches (tt̄⌫⌫)

Mick Mulder Non-universality in rare beauty decays? 17

Let’s talk about penguins and boxes

The b ! s`` transition goes
via loop diagrams

Very suppressed in the
Standard Model!

Sensitive to small New
Physics contributions
(Z

0
, leptoquarks, ...)

How to interpret
measurements?

Mick Mulder Non-universality in rare beauty decays? 4

•  New gauge bosons
Z’, W’

•  LeptoQuarks
LQ
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2σ

3σ
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative

11

𝐺d

𝐺 .

• Best Single LQ model:
• Vector LQ U1(3,1,2/3)
• Scale of NP should be ~2 TeV
• Possible UV completions:
• Pati-Salam models SU(4)
• Leptonßà4-th color

• SU(5) GUT
• 4321 model
• S1 & S3, etc., etc.

• Shine light on flavour puzzles?!
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Which particle/field could it be?
• LFNU is currently a hot topic, many theory papers, see eg. arXiv:1706.07808 for overview.

Possible models

Many papers discussing R(⇤0)
K , sometimes with R(D(⇤))

Main explanations:
Leptoquark(s)
Z

0
and W

0

My favorite model: vector leptoquarks! (arXiv:1706.07808)
Couples mainly to 3rd generation, so main signatures:

100x enhancement of b ! s⌧⌧ , for example B0
s ! ⌧+⌧�

high pT : pp ! ⌧+⌧� or direct leptoquark searches (tt̄⌫⌫)

Mick Mulder Non-universality in rare beauty decays? 17

Let’s talk about penguins and boxes

The b ! s`` transition goes
via loop diagrams

Very suppressed in the
Standard Model!

Sensitive to small New
Physics contributions
(Z

0
, leptoquarks, ...)

How to interpret
measurements?

Mick Mulder Non-universality in rare beauty decays? 4

•  New gauge bosons
Z’, W’

•  LeptoQuarks
LQ

• Best Single LQ model:
• Vector LQ U1(3,1,2/3)
• Scale of NP should be ~2 TeV
• Possible UV completions:
• Pati-Salam models SU(4)
• Leptonßà4-th color

• SU(5) GUT
• 4321 model
• S1 & S3, etc., etc.

• Shine light on flavour puzzles?!
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LQ relates charge of leptons to quarks!
Towards an understanding why    
atoms are electrically neutral?



Recent: direct search for specific 3rd generation leptoquarks

12
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Figure 6: The observed and expected (solid and dashed lines) 95% CL LQ exclusion limits in
the plane of the LQ-lepton-quark coupling and the mass of the LQ for single (brown lines),
pair (blue lines) production, and considering their sum (black lines). Regions to the left of the
lines are excluded. The upper plot pertains to an LQS with equal couplings to tt, bn, while the
lower plots are for an LQV assuming k = 0 (left) and 1 (right) and equal couplings to tn, bt. For
LQV, the gray area shows the band preferred (95% CL) by the B physics anomalies: l = CmLQ,
where C =

p
0.7 ± 0.2 TeV�1 and mLQ is expressed in TeV [42].

9 Summary
A search for leptoquarks coupled to third-generation fermions, and produced in pairs and
singly in association with a lepton, has been presented. The leptoquark (LQ) may couple to a
top quark and a t lepton (tt) or a bottom quark and a neutrino (bn, scalar LQ) or else to tn and
bt (vector LQ), resulting in the ttnb and ttn signatures. The channel in which both the top
quark and the t lepton decay hadronically is investigated, including the case of a large LQ-t
mass splitting giving rise to a Lorentz-boosted top quark, whose decay daughters may not be
resolved as individual jets. Such a signature has not been previously examined in searches for
physics beyond the standard model. The data used corresponds to an integrated luminosity
of 137 fb�1 collected with the CMS detector at the CERN LHC in proton-proton collisions atp

s = 13 TeV. The observations are found to be in agreement with the standard model predic-
tions. Exclusion limits are given in the plane of the LQ-lepton-quark vertex coupling l and
the LQ mass for scalar and vector leptoquarks. The range of lower limits on the LQ mass, at
95% confidence level, is 0.98–1.73 TeV, depending on l and the leptoquark spin. These results
represent the most stringent limits to date on the existence of such leptoquarks for the case
of a decay branching fraction of 0.5 to each lepton-quark pair. They allow a relevant portion
of the parameter space preferred by the B-physics anomalies in several models [41, 42] to be
excluded.

• CMS search for direct LQ  production, 
arXiv:2012.04178, 7 Dec 2020 
Exclusion limit (98%): 𝑀^m < 0.98 - 1.73 TeV
(depending on the model parameters)

arXiv:2012.04178, Dec 2020

• LQ production at LHC:
“Double LQ”“Single LQ”

Excluded
Allowed
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Soon more news in Winter conferences…(“Moriond”) 41



Conclusions

• CP Violation requires three generations of particles.
• Does not explain the matter antimatter asymmetry in the 

universe.
• LHC has not yet directly observed new massive particles.

• Forces are flavour universal across particle generations. 

• Higgs is strongly non-universal, coupling mainly to 3rd

generation.

• Precision measurements hint at the existence of new 
particles with non-universal couplings:
• LeptoQuark candidate; couples to quarks and leptons
• LeptoQuarks are a long sought particles that may address:
• The matter - antimatter asymmetry of the universe,
• Why proton has equal but opposite charge wrt electron.

• Updates expected in winter conferences.

𝑣

𝒗
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• Why 3? à no antimatter?
• Non Universality à why 3?
• EWSB super interesting
• Flavour probes deeply into

quantum (CP, rare decays)
•LHCbàUpgrade1àUpgrade2
• Belle2, …

Conclusions & Outlook



Thank You
Don’t be afraid to ask questions…


