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What is flavour?
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3 generations

■ Fundamental matter comes in 3 generations in the SM
(Open question: Why 3?)

■ Flavour is the feature that distinguishes the generations
■ Flavour physics studies phenomenology of flavour transitions to

1 Determine SM parameters precisely
2 Search for physics beyond the SM in precision measurements

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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The SM Lagrangian: Where is the Flavour?

■ Flavour structure of the SM determined by the Yukawa terms:
coupling of fermions to Higgs

■ After EWSB (put in Higgs expectation ν) for the quark fields:

LquarksYukawa =−
ν√
2
d̄LiYd,ijdRj −

ν√
2
ūLiYu,ijuRj + h. c.

■ Yd,ij , Yu,ij complex 3× 3 matrices in generation space, not diagonal!
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Mass and weak eigenstates

■ Mass eigenstates um, dm obtained by diagonalisation of Yu,d via
unitary transformations V(u,d)(L,R) with V V

† = 1:

dL = VdLd
m
L dR = VdRd

m
R uL = VuLu

m
L uR = VuRu

m
R

■ Yukawa terms in mass basis then diagonal with
Md = diag(md,ms,mb) and Mu = diag(mu,mc,mt)

LquarksYukawa =− ν√
2
d̄LiYd,ijdRj − ν√

2
ūLiYu,ijuRj + h. c.

=− d̄mL
[
ν√
2
V †
dLYdVdR

]
dmR − ūmL

[
ν√
2
V †
uLYuVuR

]
umR + h. c.

=− d̄mLiMd,iid
m
Ri − ūmLiMu,iiu

m
Ri + h. c.

■ Yukawa terms contain 6 mass parameters from quark sector,
3 (+3 for mν ̸= 0) from lepton sector

■ Spanning several orders of magnitude. Open question: Why?

10−4 10−3 10−2 10−1 100 101 102 103

e µ τu d s c b t

mass [GeV]
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[
ν√
2
V †
uLYuVuR

]
umR + h. c.

=− d̄mLiMd,iid
m
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Charged current and CP violation
■ Up- and down-type quarks cannot be diagonalised with same matrix

(VdA ̸= VuA) → net effect on flavour structure of charged current

LquarksCC =− g√
2

(
ūLiγ

µW+
µ dLi + d̄Liγ

µW−
µ uLi + . . .

)
=− g√

2

(
ūmLiVCKM,ijγ

µW+
µ d

m
Lj + d̄mLiV

†
CKM,ijγ

µW−
µ u

m
Lj

)
=− g√

2

(
ūmLiVCKM,ijγ

µW+
µ d

m
Lj + d̄mLjV

∗
CKM,ijγ

µW−
µ u

m
Li

)
with CKM1 matrix VCKM = V †

uLVdL

■ Applying the CP operation (Charge and parity conjugation) results in

Lquarks,CP
CC =− g√

2

(
ūmLiV

∗
CKM,ijγ

µW+
µ d

m
Lj + d̄mLjVCKM,ijγ

µW−
µ u

m
Li

)
■ Invariant only if VCKM = V ∗

CKM, i.e. all CKM elements are real
■ CP violation possible if CKM elements complex

1Cabbibo, Kobayashi, Maskawa
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The CKM matrix

VCKM =


Vud Vus Vub

Vcd
Vcs Vcb

Vtd Vts
Vtb


Vub = |Vub|e−iγ

Vtd = |Vtd|e−iβ

Vts = |Vts|e−iβs

■ VCKM product of unitary matrices → unitary itself: VCKMV
†
CKM = 1

■ Complex n× n matrix: n2 real parameters, n2 complex phases

■ Unitarity cond.: n(n− 1)/2 real param., n(n+ 1)/2 complex phases

■ After removal of 5 unobservable quark phases → 4 free parameters:
3 Euler angles θ12, θ13, θ23, 1 phase δ

VCKM =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


where sij = sin θij and cij = cos θij

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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CKM hierarchy and Wolfenstein parameterisation

■ Wolfenstein parameterisation uses the parameters λ, A, ρ and η,
with η responsible for imaginary entries in VCKM

s12 = λ s23 = Aλ2 s13e
+iδ = Aλ3 (ρ+ iη)

■ parameter λ ≈ 0.22 plays the role of an expansion parameter

■ Up to O(λ4) the CKM matrix in the Wolfenstein param. given by

VCKM =

 1− 1
2λ

2 − 1
8λ

4 λ Aλ3 (ρ− iη)
−λ 1− 1

2λ
2 − 1

8λ
4
(
1 + 4A2

)
Aλ2

Aλ3 (1− ρ− iη) −Aλ2 + 1
2Aλ

4 (1− 2 (ρ+ iη)) 1− 1
2A

2λ4


■ Diagonal elements close to 1, off-diagonal transitions suppressed
|Vus|, |Vcd| ∼ λ, |Vcb|, |Vts| ∼ λ2 and |Vub|, |Vtd| ∼ λ3.

■ Imaginary part relative to CKM element largest for Vub

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Flavour sector in the SM

VCKM =


Vud Vus Vub

Vcd
Vcs Vcb

Vtd Vts
Vtb

 VPMNS =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


■ Majority of SM parameters in the flavour sector,

in total 13 (20 for mν ̸= 0) of 19 (26):
■ 6 quark masses
■ 3 quark mixing angles, 1 mixing phase: CKM matrix
■ 3(+3) lepton masses
■ (+3 lepton mixing angles, +1 mixing phase: PMNS matrix2)

■ Many open question:
Why these values? Hierarchical structure? Relations between mixing parameters

and masses? Relations between CKM and PMNS matrix?

■ If you can answer any of these:
2Pontecorvo, Maki, Nakagawa, Sakata
C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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The unitarity triangle(s)
■ Unitarity condition VCKMV

†
CKM = 1 results in 3 equations for the

off-diagonal elements3:

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0

VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = 0

VudV
∗
us + VcdV

∗
cs + VtdV

∗
ts = 0 0

VudV
∗
ub VtdV

∗
tb

VcdV
∗
cb

■ sum of 3 numbers can be visualized as triangle in the complex plane

■ one side of each triangle normalised to coincide with the real axis

VudV
∗
ub

VcdV
∗
cb

+
VcdV

∗
cb

VcdV
∗
cb

+
VtdV

∗
tb

VcdV
∗
cb

= 0← The B0 unitarity triangle

VusV
∗
ub

VcsV ∗
cb

+
VcsV

∗
cb

VcsV ∗
cb

+
VtsV

∗
tb

VcsV ∗
cb

= 0

VudV
∗
us

VcdV ∗
cs

+
VcdV

∗
cs

VcdV ∗
cs

+
VtdV

∗
ts

VcdV ∗
cs

= 0

3Other 3 off-diagonal elements result in 3 equations which are complex conjugates.
C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Overconstrain the B0 unitarity triangle
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■ Vertices at (0, 0), (1, 0), (ρ̄, η̄) with ρ̄+ iη̄ = −(VudV ∗
ub)/(VcdV

∗
cb)

■ Angles: α = arg
(
− VtdV

∗
tb

VudV ∗
ub

)
, β = arg

(
−VcdV

∗
cb

VtdV ∗
tb

)
, γ = arg

(
−VudV

∗
ub

VcdV ∗
cb

)
■ Sides from CP conserving obs.

top left: B→ πℓ−ν̄ℓ
top right: B0 and B0

s mixing

norm: B→ Dℓ−ν̄ℓ

■ Angles from CPV observables

α: B→ ππ, ρπ, ρρ
β: B0→ J/ψK0

S

γ: B→ DK

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Overconstrain the B0 unitarity triangle
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Heavy Flavour Physics
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Direct searches for NP
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[EPJC 74 (2014) 3076]

Selection of exclusion limits from direct searches for NP

5.7σ significance

■ Direct on-shell production of new heavy particles
■ Observation of new particles via their decay products
■ Limited by beam energy (LHC Run 2

√
s = 13TeV)

■ Direct searches so far did not result in signs for NP
■ Maybe NP is too heavy for current direct searches?
C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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NP searches with precision flavour observables
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W W

s
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b

s̄

B0
s B̄0

s

t̃

˜̄t

W̃ W̃

b s

µ−

µ+

t

W

γ,Z0

b s

µ−

µ+

t̃

W̃

γ, Z0

■ Precisely measure processes known in the SM

■ Detect virtual contributions of heavy NP particles

■ Circumvents possible limitation by beam energy

■ Particularly sensitive: Processes that are heavily suppressed in the SM,
e.g. B mixing and rare decays (Flavour changing neutral currents)

■ Complementary to direct searches, historically often preceeds direct obs.
C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Historical example: Prediction of the c quark

d µ+

s̄ µ−
sin θC

cos θC W

W

u νµK0
L

A ∝ +cos θC sin θC
m2
u

m2
W

■ Decay K0
L → µ+µ− should have significant branching fraction

in three quark model (left diagram)

■ But experimentally4: B(K0
L→ µ+µ−) = (6.84± 0.11)× 10−9

■ Prediction: Existence of c-quark, results in additional diagram (right)!

■ Additional diagram leads to partial cancellation through GIM (Glashow,
Iliopoulos, Maiani) mechanism [PRD 7 (1970) 2]

■ c-quark directly observed (through J/ψ ) by Richter and Ting in 1974
4Limit at the time B(K0

L → µ+µ−) < 1.5× 10−6 [RMP 42 (1970) 87]

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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4Limit at the time B(K0

L → µ+µ−) < 1.5× 10−6 [RMP 42 (1970) 87]
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Rare B decays as sensitive probes for New Physics

Rare decays in the SM

b s

µ−

µ+

t

W

γ,Z0

Penguin decays

b

s

µ
µ

t

W

Z0, γ
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,
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.
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13

1
(1
97
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28

5]

■ Rare decays are so called Flavour Changing Neutral Currents

■ In the SM: Only allowed via quantum fluctuations (loop suppressed)

■ New heavy particles can significantly contribute to rare processes

■ Search for deviations of observables from their SM predictions
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Rare B decays as sensitive probes for New Physics

Rare decays in the SM

b s

µ−

µ+

t

W

γ,Z0

Possible contributions from NP

Supersymmetry

b s

µ−

µ+

t̃

W̃

■ Rare decays are so called Flavour Changing Neutral Currents

■ In the SM: Only allowed via quantum fluctuations (loop suppressed)

■ New heavy particles can significantly contribute to rare processes

■ Search for deviations of observables from their SM predictions
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Rare B decays as sensitive probes for New Physics

Rare decays in the SM

b s

µ−

µ+

t

W

γ,Z0

Possible contributions from NP

Leptoquarks

b µ−

µ+

s

LQ

■ Rare decays are so called Flavour Changing Neutral Currents

■ In the SM: Only allowed via quantum fluctuations (loop suppressed)

■ New heavy particles can significantly contribute to rare processes

■ Search for deviations of observables from their SM predictions
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Rare B decays as sensitive probes for New Physics

Rare decays in the SM

b s

µ−

µ+

t

W

γ,Z0

Possible contributions from NP

New gauge bosons

b s

µ+

µ−

Z ′

■ Rare decays are so called Flavour Changing Neutral Currents

■ In the SM: Only allowed via quantum fluctuations (loop suppressed)

■ New heavy particles can significantly contribute to rare processes

■ Search for deviations of observables from their SM predictions
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Observables in rare semileptonic B decays

ū, d̄, s̄

b

ū, d̄,s̄

s

µ−

µ+

t

W+

Z0, γ

Quarks are bound in hadrons,
mesons (qq̄) and baryons (qqq)

■ Many decay modes
allows to check consistency

■ Different spin configurations
allow complementary probes

■ Need to account for QCD,
affects observables differently

1 Branching fraction measurements
Directly affected by hadronic uncertainties

2 Angular distributions , CP asymmetries, Isospin asymmetries
Observables with reduced hadronic uncertainties (relative measurements)

3 Tests of Lepton Universality
full cancellation of hadronic uncertainties

In
creasin

g
th
eoretical

precision
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Rare B decays in effective field theory

b s

µ−

µ+

t

W

γ,Z0

Full theory

b s
Ci

µ−

µ+

Effective description

■ Model-independent description in effective field theory

Heff = −4GF√
2
VtbV

∗
ts

e2

16π2

∑
i

Ci Oi
Effective coupling
“Wilson coefficient”
short distance physics

Local operator with
specific Lorentz structure
long distance physics

■ Analogous to β-decay: Integrate out heavy degrees of freedom
→ point-interaction with Fermi-coupling GF
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Rare B decays in effective field theory

d u

e−

ν̄e

W−

Full theory

d u
GF

e−

ν̄e

Effective description

■ Model-independent description in effective field theory

Heff = −4GF√
2
VtbV

∗
ts

e2

16π2

∑
i

Ci Oi
Effective coupling
“Wilson coefficient”
short distance physics

Local operator with
specific Lorentz structure
long distance physics

■ Analogous to β-decay: Integrate out heavy degrees of freedom
→ point-interaction with Fermi-coupling GF
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NP contributions and reach with indirect searches
■ NP can contribute to different operators Oi depending on its type

Heff = − 4GF√
2
VtbV

∗
ts

e2

16π2︸ ︷︷ ︸
∼ 1/(35TeV)2

∑
i

CiOi ∆HNP =
κ

Λ2
NP

Oi

⇒ ΛNP ∼ 35TeV
√
κ/∆Ci

Flavour-viol. coupling

NP scale

■ NP reach not limited by
√
s, complementarity with direct searches

Exclusion limits for NP searches

Rare decays (∆F = 1)

Direct searches

CKM
suppressed

generic
coupling

κ

ΛNP
NP Scenario Coupling κ

Tree-level generic 1

Tree-level CKM suppressed VtbVts

Loop-level generic 1
16π2

Loop-level CKM suppressed VtbVts

16π2
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Heavy Flavour Physics

Flavour in the SM
NP searches
with flavour

The experiments

CKM metrology
and CP violation

Rare decays

Future prospects
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The experiments: e+e− machines and hadron colliders

similarly e+e−:

■ Low multiplicity e+e− environment
e+e− → Υ(4S) → BB̄

■ Well def. initial state with known energy

■ Full event reconstruction possible

■ Inclusive reconstruction possible

■ e/µ experimentally similar

■ Leading with challenging signatures
involving τ , ν, π0

■ High multiplicity hadronic environment
pp→ X + bb̄

■ Large bb̄ (cc̄) prod. cross-section

■ All b-hadrons: B0, B+, B0
s , B

+
c , Λ0

b , . . .

■ Initial state kinematics not known

■ Trigger and reconstruction challenging
(particularly for ATLAS/CMS)

■ Leading for charged track final states,
in particular involving µ
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Heavy Flavour Physics
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B0
(s) mixing
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B0
(s) mixing

d

b̄

b

d̄

B0 B̄0

V ∗
tb V ∗

td

Vtd Vtbt

t̄

W W

s

b̄

b

s̄

B0
s B̄0

s

V ∗
tb V ∗

ts

Vts Vtbt

t̄

W W

■ Neutral B mesons oscillate B0 ↔ B0 via loop-level diagrams

■ Sensitive to size of CKM matrix elements |Vtd| and |Vts|
→ determines top right side of CKM triangle

■ SM diagrams dominated by top-quark contributions
→ gives information on top mass
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History: Discovery of B0 mixing by ARGUS at DESY

■ Production of B0B0 pairs via e+e− → Υ(4S)→ B0B0

■ Dominant semileptonic decays b̄→ c̄ℓ+νℓ and b→ cℓ−ν̄ℓ
unmixed mixed

B0 → D(∗)−ℓ+νℓ B0 → B0 → D(∗)+ℓ−ν̄ℓ
B0 → D(∗)+ℓ−ν̄ℓ B0 → B0 → D(∗)−ℓ+νℓ

■ Same-sign high momentum lepton events sign of B0 ↔ B0 mixing

■ ARGUS finds [PLB 192 (1987) 245]

■ 24.8 like-sign lepton pairs (4σ)
■ 4.1 reconstructed B0 (B0) and additional fast ℓ+ (ℓ−) (3σ)
■ One fully reconstructed “golden” event

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Golden fully reconstructed event

■ Observation of B0 mixing

■ Also set lower limit for top mass mt > 50GeV

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Precision measurement of B0 mixing by LHCb
■ Precision mixing measurement using B0→ D(∗)−µ+νµ events [see backup]

Nunmix = N(B0 → D(∗)−µ+νµX)(t) ∝ e−Γdt[1 + cos(∆mdt)]

Nmix = N(B0 → B0 → D(∗)+µ−ν̄µX)(t) ∝ e−Γdt[1− cos(∆mdt)]

A(t) = Nunmix −Nmix

Nunmix +Nmix
= cos(∆mdt)

■ Production flavour determined using flavour tagging algorithms,

exploiting B0(B0) hadronisation process

3/20 Ulrich Eitschberger | Updates on Flavour Tagging | 72nd LHCb week | June 19th, 2014 

Flavour Tagging: Determine B production flavours 
SS Pion 
SS Kaon Signal Decay 

Same Side 

Opposite Side 

OS Vertex Charge OS Muon 
OS Electron 

OS Kaon 

PV 
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Precision measurement of B0 mixing by LHCb II

■ Time-dep. asymmetry A(t), in different tagging categories (a)-(e)

■ Most precise measurement of B0 mixing frequency [EPJC 76 (2016) 412]

∆md = (505.0± 2.1stat. ± 1.0syst.) ns
−1

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/1604.03475
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Precision measurement of B0
s mixing by LHCb

■ B0
s mixing much faster than B0 mixing as |Vts| ∼ λ2 ≫ |Vtd| ∼ λ3

■ B0
s mixing first observed CDF [PRL 97 (2006) 242003]

■ Most precise ∆ms mesurement by LHCb [Nature Phys. 18 (2022) 1]

∆ms = (17.7683± 0.0051stat. ± 0.0032syst.) ps
−1

■ SM predictions are much less precise than experiment, theory limited

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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CP-violating B0 mixing phase: βd
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βd determination with B0→ J/ψK0
S

B0

B0

J/ψK0
S

∝ e−iϕM Ā ∝ e−iϕD

A ∝ e+iϕD

d b

b̄ d̄
V ∗
tb V ∗

td

Vtd Vtbt

t̄

d d

b̄ c̄
V ∗
cb

s̄
c

Vcs

d̄ d̄

b c
Vcb

s
c̄

V ∗
cs

■ Observables are squares of QM amplitudes AĀ = |A|2eiϕe−iϕ = |A|2
→ Phases can only be measured through interference effects

■ Here phase difference ϕM − 2ϕD = 2βd with βd = arg
[
−VcdV

∗
cb

VtdV
∗
tb

]
■ Time-dep. CPV in interference between mixing and decay [see backup]

ACP(t) =
Γ(B0→J/ψK0

S,t)−Γ(B0→J/ψK0
S,t)

Γ(B0→J/ψK0
S,t)+Γ(B0→J/ψK0

S,t)
= sin(∆mdt) sin(2βd)
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Measurement of βd at B factories

■ At B factories: B0B0 system correlated until decay

■ Perform analysis dependent on ∆t = tsig − ttag:
ACP(∆t) =

Γ(B0→J/ψK0
S,∆t)−Γ(B0→J/ψK0

S,∆t)

Γ(B0→J/ψK0
S,∆t)+Γ(B0→J/ψK0

S,∆t)
= sin(∆md∆t) sin(2βd)

■ Observation of CPV in the B system by
BaBar [PRL 87 (2001) 091801] and Belle [PRL 87 (2001) 091802]
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Precise βd measurements from the B-factories

■ Top: B0 and B0 tag, Bottom: Araw
CP (∆t) [PRD 79 (2009) 072009]

■ Precise legacy measurements from the B-factories

sin 2βd = 0.687± 0.028stat. ± 0.012syst. BaBar [PRD 79 (2009) 072009]

sin 2βd = 0.667± 0.023stat. ± 0.012syst. Belle [PRL 108 (2012) 171802]

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/0902.1708
https://arxiv.org/abs/0902.1708
https://arxiv.org/abs/1201.4643


CP violation 46 / 81

Most precise single βd measurement by LHCb

■ Most precise single measurement using LHCb Run 2 data

sin 2βd = 0.714± 0.015(stat)± 0.007(syst) (LHCb-PAPER-2023-013, prelim.)
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B0 mixing phase: βd world average

γ
K

ε

α

α

d
m∆

sm∆ & dm∆

ubV

βsin 2
(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

α

βγ

ρ

0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

e
x
c
lu

d
e
d
 a

re
a
 h

a
s
 C

L
 >

 0
.9

5

Spring 21

CKM
f i t t e r

βd = arg
[
−VcdV

∗
cb

VtdV
∗
tb

]

■ Precise legacy measurements from the B-factories

sin 2βd = 0.687± 0.028stat. ± 0.012syst. BaBar [PRD 79 (2009) 072009]

sin 2βd = 0.667± 0.023stat. ± 0.012syst. Belle [PRL 108 (2012) 171802]

■ Run 1+2 combination from LHCb

sin 2βd = 0.723± 0.014(stat+syst) (LHCb-PAPER-2023-013, prelim.)

■ Prelim. world average sin 2βd = 0.708± 0.011 (HFLAV)
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B0 mixing phase: βd world average
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Global combination of CKM measurements
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■ Overall good compatibility of measurements
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NP searches with CKM measurements: Tree vs. Loop
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tb V ∗
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t̄

Tree-level determinations Loop-level determinations

e.g. |Vub|/|Vcb|, angle γ e.g. ∆m(s), sin 2βd

SM contribution dominant NP contributions could be sign.

■ Consistency between tree- and loop-level measurements,
but still room for NP

■ Need to improve precision, particularly for tree-level determinations
Aim: σ(γ) < 1% in LHCb Upgrade II

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics



NP searches with rare decays 51 / 81

Heavy Flavour Physics
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The very rare decay B0
s→ µ+µ−

SM diagram

b̄

s

µ+

µ−

B0
s W

Z0

t̄

t

Possible NP contribution

b̄

s

µ+

µ−

B0
s t̃

χ̃+

χ̃−
ν̃

■ Loop-, helicity- and CKM suppressed

■ Purely leptonic final state, theoretically and experimentally very clean

■ Precise SM prediction [PRL 112 (2014) 101801] [JHEP 10 (2019) 232]

B(B0
s→ µ+µ−) = (3.66± 0.14)× 10−9

B(B0→ µ+µ−) = (1.03± 0.05)× 10−10

■ Very sensitive to new scalar sector (e.g. extended Higgs sector, SUSY)
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Measurements of B0
(s)→ µ+µ−
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■ Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

B(B0
s→ µ+µ−) = (3.09+0.46
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B(B0→ µ+µ−) = (1.2+0.8
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−0.67
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■ Overall good agreement with SM prediction
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Measurements of B0
(s)→ µ+µ−
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Measurements of B0
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Branching fraction of B0
s→ ϕµ+µ−
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■ B of semileptonic b→ sµ+µ− decays can also be affected by NP

■ Central: q2 = m(ℓ+ℓ−)2, different operators contribute depending on q2

■ At q2 = m2
J/ψ important tree-level b→ cc̄s normalisation mode B0

s→ J/ψϕ

■ SM predictions directly affected by significant form factor uncertainties

Low q2: LCSRs [PRD 71 (2005) 014029] [JHEP 08 (2016) 98]
[PRD 75 (2007) 054013] [JHEP 09 (2010) 089] High q2: Lattice [PRD 89 (2014) 094501]

[PRD 88 (2013) 054509]
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Branching fraction of B0
s→ ϕµ+µ−

s

b̄

s

s̄

B0
s ϕ

µ−

µ+

t̄

W+

Z0, γA ∝ Ci × FF(q2)

!"#$%&$%$"'$(

J/ψ(1S)

ψ(2S)C(′)
7

C(′)
7 C

(′)
9

C
(′)
9 C

(′)
10

4 [m(µ)]2 q2

dΓ
dq2

)"*(

+,"-(*!.#)"'$(

',"#%!/01,".(&%,2(

)/,3$(,4$"('5)%2(

#5%$.5,6*((

cc̄

rare dominated

tree-level
b→ cc̄s

■ B of semileptonic b→ sµ+µ− decays can also be affected by NP

■ Central: q2 = m(ℓ+ℓ−)2, different operators contribute depending on q2

■ At q2 = m2
J/ψ important tree-level b→ cc̄s normalisation mode B0

s→ J/ψϕ

■ SM predictions directly affected by significant form factor uncertainties

Low q2: LCSRs [PRD 71 (2005) 014029] [JHEP 08 (2016) 98]
[PRD 75 (2007) 054013] [JHEP 09 (2010) 089] High q2: Lattice [PRD 89 (2014) 094501]

[PRD 88 (2013) 054509]

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/hep-ph/0412079
https://arxiv.org/abs/1503.05534
https://arxiv.org/abs/hep-ph/0611193
https://arxiv.org/abs/1006.4945
https://arxiv.org/abs/1310.3722
https://arxiv.org/abs/1306.2384


NP searches with rare decays 58 / 81

B0
s → ϕµ+µ− branching fraction
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8− 10× [PRL 127 (2021) 151801]
SM LCSR
[JHEP 08 (2016) 098]
[EPJC 75 (2015) 8]
SM LCSR+Lattice
[PRL 112 (2014) 212003]
[PoS Lattice 2014 372]

■ Recent LHCb measurement using full Run 1+2 sample [PRL 127 (2021) 151801]

■ dB(B0
s→ ϕµ+µ−, 1.1 < q2 < 6GeV2/c4) = (2.88± 0.21)−8GeV2/c4

■ Tension with SM at 3.6σ (LCSR+Lattice) and 1.8σ (LCSR only)
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Low B also found for other b→ sµ+µ− decays
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LHCb Λ0
b→ Λµ+µ− [JHEP 06 (2015) 115]

■ Data consistently below SM predictions (particularly at low q2)

■ Tensions at 1–3σ level, SM predictions exhibit sizeable had. uncertainties

■ Exciting recent developements on non-local corrections [JHEP 09 (2022) 133]

and new results from Lattice QCD [HPQCD, PRD 107 (2023) 1]
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Low B also found for other b→ sµ+µ− decays
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■ Data consistently below SM predictions (particularly at low q2)

■ Tensions at 1–3σ level, SM predictions exhibit sizeable had. uncertainties
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Angular analysis of B0 → K∗0[→ K+π−]µ+µ−
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Figure 1. Kinematic variables of

B̄0
d → K̄∗0(→ K−π+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle θ` between ` = `− and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle θK∗ between K− and B̄ in

the (K−π+) c.m. and iv) the angle φ

between the two decay planes spanned

by the 3-momenta of the (Kπ)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0
d → K̄∗0(→ K−π+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The differential decay rate, after summing over lepton spins, factorises into

8π

3

d4Γ

dq2 d cos θ` d cos θK∗ dφ
= Js1 sin2 θK∗ + Jc1 cos2 θK∗ + (Js2 sin2 θK∗ + Jc2 cos2 θK∗) cos 2θ`

+J3 sin2 θK∗ sin2 θ` cos 2φ+ J4 sin 2θK∗ sin 2θ` cosφ+ J5 sin 2θK∗ sin θ` cosφ

+(Js6 sin2 θK∗ + Jc6 cos2 θK∗) cos θ` + J7 sin 2θK∗ sin θ` sinφ

+J8 sin 2θK∗ sin 2θ` sinφ+ J9 sin2 θK∗ sin2 θ` sin 2φ, (1)

that is, into q2-dependent observables5 J ji (q2) and the dependence on the angles θ`, θK∗ and

φ. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` → 0: Js1 = 3Js2 ,

Jc1 = −Jc2 and Jc6 = 0.

The differential decay rate d4Γ̄ of the CP-conjugated decay B0
d → K0∗(→ K+π−) + ¯̀̀ is

obtained through the following replacements

J j1,2,3,4,7 → J̄ j1,2,3,4,7[δW → −δW ], J j5,6,8,9 → − J̄ j5,6,8,9[δW → −δW ], (2)

due to `↔ ¯̀⇒ θ` → θ` − π and φ→ −φ. The CP-violating (weak) phases δW are conjugated.

The angular distribution provides twice as many observables (J ji and J̄ ji ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ∼ cos δs sin δW (i = 7, 8, 9) are especially sensitive to weak BSM phases δW
[10, 14] contrary to T-even ones ∼ sin δs sin δW (i = 1, . . . , 6), since the CP-conserved (strong)

phase δs is often predicted to be small. Note, that in the SM CP-violating effects in b → s are

doubly-suppressed by the Cabibbo angle as Im[VubV
∗
us/(VtbV

∗
ts)] ≈ η̄λ ∼ 10−2.

4 The off-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jji from single-differential distributions in θ`, θK∗ or φ can be found in [10].

■ Decay fully described by three helicity angles Ω⃗ = (θℓ, θK , ϕ) and q
2 = m2

µµ

■
1

d(Γ + Γ̄)/dq2
d3(Γ + Γ̄)

dΩ⃗
=

9

32π

[
3
4 (1− FL) sin

2 θK + FL cos
2 θK + 1

4 (1− FL) sin
2 θK cos 2θℓ

− FL cos
2 θK cos 2θℓ + S3 sin

2 θK sin2 θℓ cos 2ϕ

+ S4 sin 2θK sin 2θℓ cosϕ+ S5 sin 2θK sin θℓ cosϕ

+ 4
3AFB sin2 θK cos θℓ + S7 sin 2θK sin θℓ sinϕ

+ S8 sin 2θK sin 2θℓ sinϕ+ S9 sin
2 θK sin2 θℓ sin 2ϕ

]
■ Angular observables FL, AFB, Si sensitive to NP contributions

■ Perform ratios of observables where form factors cancel at leading order
Example: P ′

5 = S5√
FL(1−FL)

[
S. Descotes-Genon et al.,
JHEP, 05 (2013) 137

]
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Angular observable P ′5 from B0→ K∗0µ+µ−
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[PRL 125 (2020) 011802]

■ In q2 bins [4.0, 6.0] and [6.0, 8.0]GeV2/c4 local tensions of 2.5σ and 2.9σ

■ Global B0→ K∗0µ+µ− analysis finds deviation corresponding to 3.3σ

■ [LHCb, PRL 125 (2020) 011802] consistent with [Belle, PRL 118 (2017) 111801]

[CMS, PLB 781 (2018) 517] [ATLAS, JHEP 10 (2018) 047]
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Angular observable P ′5 from B0→ K∗0µ+µ−
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[PIPNP 120 (2021) 103885]

■ In q2 bins [4.0, 6.0] and [6.0, 8.0]GeV2/c4 local tensions of 2.5σ and 2.9σ

■ Global B0→ K∗0µ+µ− analysis finds deviation corresponding to 3.3σ

■ [LHCb, PRL 125 (2020) 011802] consistent with [Belle, PRL 118 (2017) 111801]

[CMS, PLB 781 (2018) 517] [ATLAS, JHEP 10 (2018) 047]
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Angular observable P ′5 from B+→ K∗+(→ K0
S
π+)µ+µ−
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[PRL 126 (2021) 161802]

■ Recent LHCb measurement using Run 1+2 data [PRL 126 (2021) 161802]

■ Global tension corresponding to 3.1σ, consistent with B0→ K∗0µ+µ−

■ Angular analysis (FL+AFB) also by CMS [JHEP 04 (2021) 124]
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Consistency of b→ sµ+µ− angular analyses
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Preliminary

[PRL 125 (2020) 011802] [PRL 126 (2021) 161802] [JHEP 11 (2021) 043]

B0→ K∗0µ+µ−

3.4σ

B+→ K∗+µ+µ−

3.1σ

B0
s→ ϕµ+µ−

1.9σ

■ Use flavio [arXiv:1810.08132] to determine tension with SM hypothesis

■ Variation of vector coupling Re(C9) results in improved description of data

■ Consistent trend for B0→ K∗0µ+µ−
[PRL 125 (2020) 011802], B+→ K∗+µ+µ−

[PRL 126 (2021) 161802] and B0
s→ ϕµ+µ−

[JHEP 11 (2021) 043] angular observables

■ However, interpretation not clear due to significant hadronic uncertainties

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2107.13428
https://arxiv.org/abs/1810.08132
https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2107.13428
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New Physics or hadronic effect?

Possible NP

b µ−

µ+

s

LQ

b s

µ+

µ−

Z ′

b s

d̄ d̄

c̄c

γ

ℓ+

ℓ−SM cc̄ loop

■ Tensions received significant attention in theory community
■ Possible explanations for shift in C9

■ NP e.g. Z ′ [Gauld et al.] [Buras et al.]
[Altmannshofer et al.] [Crivellin et al.] Leptoquarks [Hiller et al.] [Biswas et al.]

[Buras et al.] [Gripaios et al.]

■ Hadronic charm-loop contributions
■ Look for clean observables without charm-loop pollution!
→ Lepton Flavour Universality tests

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

http://arxiv.org/abs/1308.1959
http://arxiv.org/abs/1309.2466
http://arxiv.org/abs/1308.1501
http://arxiv.org/abs/1501.00993
http://arxiv.org/abs/1408.1627
http://arxiv.org/abs/1409.0882
http://arxiv.org/abs/1409.4557
http://arxiv.org/abs/1412.1791


NP searches with rare decays | Lepton universality in b→ sℓ+ℓ− decays 67 / 81

Lepton Flavour Universality tests in b→ sℓℓ decays

b s

µ−

µ+

t

W

q2 = m2
ℓℓ

b s

e−

e+

t

W

■ Lepton flavour universality central property of SM

■ Testable using ratios of branching fractions of rare b→ sℓ+ℓ− decays:

RK,K∗ =
B(B(+,0)→ K(+,∗0)µ+µ−)
B(B(+,0)→ K(+,∗0)e+e−)

■ Exactly unity in SM, differences only through lepton mass effects

■ Dominant SM uncertainty: QED corrections O(1%) [EPJC 76 (2016) 440]

■ Hadronic uncertainties (form-factors and cc̄-loop) cancel in the ratio

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/1605.07633
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Analysis strategy: Double ratio (Example: RK)
■ Analysis strategy: Double ratio of rare modes B+→ K+ℓ+ℓ− with

resonant decays B+→ K+J/ψ (→ ℓ+ℓ−):

RK =
B(B+→ K+ µ+µ− )

B(B+→ K+ e+e− )
×

r−1
J/ψ

=1 [PRD 88 (2013) 3]︷ ︸︸ ︷
B(B+→ K+J/ψ (→ e+e− ))

B(B+→ K+J/ψ (→ µ+µ− ))

■ Electron and Muon reconstruction
very different at LHCb

■ Efficiencies from corrected simulation

■ Double ratio cancels most experimental
systematic effects in efficiency ratios

rare dominated

tree-level
b→ cc̄s

■ Important cross-checks: rJ/ψ =
B(B+→K+J/ψ (→ µ+µ− ))

B(B+→K+J/ψ (→ e+e− ))
and

Rψ(2S) =
B(B+→K+ψ(2S)(→µ+µ−))
B(B+→K+ψ(2S)(→e+e−))

× B(B+→K+J/ψ (→e+e−))
B(B+→K+J/ψ (→µ+µ−))

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/1307.1189
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Experimental challenges for electron modes at LHCb
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radiative tail

[arXiv:2212.09152] [arXiv:2212.09153]

Experimental Challenges for electron modes:

1 Low e trigger efficiencies due to higher thresholds compared to muons

2 Electrons strongly emit Bremsstrahlung traversing material
Brem-γ recovery has limited efficiency and degrades mass resolution

3 Contribution from several background sources, bkg. modeling critical

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
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Muon mode fits
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■ Muon mode is very clean!

■ Muon branching fraction compatible with published results
[JHEP 06 (2014) 133] [JHEP 11 (2016) 047]

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1606.04731
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Electron mode fits
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■ Brems. tails from J/ψ entering rare modes constrained in sim. fit

■ Partially reconstructed bgk. from K∗0e+e− constrained in K+e+e−

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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RK and RK∗ results
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RK low-q2 = 0.994+0.094
−0.087

RK central-q2 = 0.949+0.048
−0.047

RK∗ low-q2 = 0.927+0.099
−0.093

RK∗ central-q2 = 1.027+0.077
−0.073

LHCb

9 fb-1

Data
SM

[arXiv:2212.09152] [arXiv:2212.09153]

■ Most precise test of LFU in b→ sℓ+ℓ− transitions

■ Compatible with the SM at 0.2σ using simple χ2 test

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/2212.09152
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Interpretation in global fits
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■ b→ sℓ+ℓ− data can be interpreted using global fits of Wilson coefficients

■ Assuming NP only in muon-sector (Re(Cbsµµ9 ) and Re(Cbsµµ10 )) reveals
tension between b→ sµ+µ− angular and B measurements and RK,K∗

■ Can be resolved in presence of LFU NP which does not affect RK,K∗

■ Data prefers negative Cuniv.
9 , tension depends on hadronic uncertainties

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/2212.10497
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Interpretation in global fits
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■ b→ sℓ+ℓ− data can be interpreted using global fits of Wilson coefficients

■ Assuming NP only in muon-sector (Re(Cbsµµ9 ) and Re(Cbsµµ10 )) reveals
tension between b→ sµ+µ− angular and B measurements and RK,K∗

■ Can be resolved in presence of LFU NP which does not affect RK,K∗

■ Data prefers negative Cuniv.
9 , tension depends on hadronic uncertainties

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/2212.10497
https://arxiv.org/abs/2212.10497
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Disentangling hadronic contributions from potential NP

b s

d̄ d̄

c̄c

γ

ℓ+

ℓ−SM charm-loop
[arXiv:2304.07330]

■ Hadronic contributions affect angular observables and branching fractions
disentangling them from NP requires work from theory and experiment

■ Progress on theory side:
■ Form-factors are systematically improved on the lattice [PRD 107 (2023) 1]

■ Recent more precise estimation of charm-loop effect [JHEP 09 (2022) 133]

■ . . . but still a lot of discussion, see e.g. [arXiv:2212.10516]

■ Experimental approaches exploiting q2-dependence underway:
■ charm-loop rises towards cc̄-resonances
■ NP q2-independent

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/2304.07330
https://arxiv.org/abs/2207.13371
https://arxiv.org/abs/2206.03797
https://arxiv.org/abs/2212.10516
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Heavy Flavour Physics

Flavour in the SM
NP searches
with flavour

The experiments

CKM metrology
and CP violation

Rare decays

Future prospects

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Outlook

LHCb Upgrade

LHCb Upgrade II

Integrated luminosity [ fb−1]
LHCb ATLAS/CMS

Run 1 3 25
Run 2 9 +140
Run 3 23 +300
Run 4 50 +300/year
Run 5(+) 300 +300/year

■ Measurements largely statistically dominated → requires more data

■ Updates with the full Run 1+2 data still ongoing

■ Run 3 just started with upgraded LHCb detector [Upgrade TDR]

■ Unprecedented precision in the HL-LHC era following LS3 [Yellow Report 7 (2019) 867]

■ LHCb Upgrade II installation during LS4 [arXiv:1808.08865]
[arXiv:1808.08865] → 300 fb−1

■ Belle II has already taken > 400 fb−1, aims for 50 ab−1

■ Belle II will deliver important complementary results
C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://cdsweb.cern.ch/record/1443882
https://arxiv.org/abs/1812.07638
https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865
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Outlook

■ Measurements largely statistically dominated → requires more data

■ Updates with the full Run 1+2 data still ongoing

■ Run 3 just started with upgraded LHCb detector [Upgrade TDR]

■ Unprecedented precision in the HL-LHC era following LS3 [Yellow Report 7 (2019) 867]

■ LHCb Upgrade II installation during LS4 [arXiv:1808.08865]
[arXiv:1808.08865] → 300 fb−1

■ Belle II has already taken > 400 fb−1, aims for 50 ab−1

■ Belle II will deliver important complementary results
C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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Outlook

■ Measurements largely statistically dominated → requires more data

■ Updates with the full Run 1+2 data still ongoing

■ Run 3 just started with upgraded LHCb detector [Upgrade TDR]

■ Unprecedented precision in the HL-LHC era following LS3 [Yellow Report 7 (2019) 867]

■ LHCb Upgrade II installation during LS4 [arXiv:1808.08865]
[arXiv:1808.08865] → 300 fb−1

■ Belle II has already taken > 400 fb−1, aims for 50 ab−1

■ Belle II will deliver important complementary results

Future prospects [arXiv:1808.08865] [PTEP 12 (2019) 123C01]

observable LHCb 2025 Belle II LHCb Upgrade II
sin 2βd(J/ψK

0
S ) 0.011 0.005 0.003

γ 1.5◦ 1.0◦ 0.35◦

B(B0→ µ+µ−)/B(B0
s→ µ+µ−) 34% - 10%

RK(1 < q2 < 6GeV2/c4) 0.025 0.036 0.007
RK∗(1 < q2 < 6GeV2/c4) 0.031 0.032 0.008

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://cdsweb.cern.ch/record/1443882
https://arxiv.org/abs/1812.07638
https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567
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NP reach of rare decays in the LHCb Upgrade(s)

10 210
]1Integrated Luminosity [fb

1

10

210

 [
T

eV
]

N
P

Λ

Tree generic

Tree MFV

Loop generic

Loop MFV

ΛNP exclusion limits with RK(∗)
[Upgrade II Physics case] [Physics of the HL-LHC WG 4]∫
Ldt 3 fb−1 23 fb−1 300 fb−1

RK and RK∗ measurements

σ(C9) 0.44 0.12 0.03

Λtree generic
NP [ TeV] 40 80 155

ΛtreeMFV
NP [ TeV] 8 16 31

Λloop generic
NP [ TeV] 3 6 12

ΛloopMFV
NP [ TeV] 0.7 1.3 2.5

B0→ K∗0µ+µ− angular analysis

σstat(Si) 0.034–0.058 0.009–0.016 0.003–0.004
σ(C′10) 0.31 0.15 0.06

Λtree generic
NP [ TeV] 50 75 115

ΛtreeMFV
NP [ TeV] 10 15 23

Λloop generic
NP [ TeV] 4 6 9

ΛloopMFV
NP [ TeV] 0.8 1.2 1.9

■ σ(Ci) from Flavio [arXiv:1810.08132] using extrap. σexp. of current measurements

■ Exclusion limits for NP scale5 ΛNP ∝
√
1/σ(CNP) ∝ 4

√∫
Ldt

■ Precision flavour observables probe scales far beyond
√
s = 14TeV

5Naive scaling: Assume identical scaling of syst. uncertainties
C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1812.07638
https://arxiv.org/abs/1810.08132
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Conclusions

■ Heavy flavour physics an extremely interesting field,
allows for powerful tests of the SM through precision measurements

■ These indirect searches for NP can reach high NP scales (up to ∼ 100TeV),
complementary to direct searches

■ Most measurements in excellent agreement with SM, but some tensions exist

■ However, tensions in B and angular observables not theoretically clean,
Progress requires synergistic work between experiment and theory!

■ Work ongoing to improve theory predictions
■ Measurements statistically limited, updates ongoing

■ LHC Run 3 just started, will allow for unprecedented
reach with brand new LHCb detector

■ Belle 2 will provide important additional
and complementary information

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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The LHC as heavy flavour factory

p

b

b̄

η1
η2p

bb̄ production

η2

η1

√
s = 7TeV

√
s = 13TeV

σacc.
bb̄

[µb] 75.3± 14.1 135.8± 14.1

σacc.cc̄ [µb] 1419± 134 2940± 241
Refs. [PLB 694:209 (2010)]

[NPB 871 (2013) 1-20]
[JHEP 10 (2015) 172]
[arXiv:1510.01707]

■ bb̄ produced in forward/backward dir. → Forward spectrometer 2 < η < 5

■ Large bb̄ (cc̄) production cross-sections
allows precision measurements of rare decays

■ Run 1: 3 fb−1, Run 2: 6 fb−1

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics

http://arxiv.org/abs/1009.2731
http://arxiv.org/abs/1302.2864
http://arxiv.org/abs/1509.00771
http://arxiv.org/abs/1510.01707
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The LHCb detector: Tracking

Vertex detector

Tracking system: TT

Tracking system: IT and OT
Dipole magnet: 4 Tm

Typical b-hadron signature

PV

SVL ∼ 7mm
B0

IP

µ+

µ−
π−

K+

p p

■ Excellent impact parameter resolution ∼ 20µm
→ Identify secondary vertices from heavy flavour decays

■ Momentum resolution ∆p
p ∼ 0.5− 1% → Low combinatorial background

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics
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The LHCb detector: Particle identification

RICH1 detector

RICH2 detector
calorimetry muon system
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Cherenkov-angle vs. momentum

■ Good Kπ separation through RICH detectors: ϵK→K ∼ 95%, ϵπ→K ∼ 5%

■ Excellent muon identification: ϵµ→µ ∼ 97%, ϵπ→µ ∼ 1− 3%

→ Reject backgrounds from misidentified B decays (peaking backgrounds)
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The LHCb detector: Flexible trigger system

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

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

LHCb 2015 Trigger DiagramLHCb Run 2 trigger

■ Low trigger thresholds (pT(µ) > 1.76GeV/c in 2012) and high efficiencies:

ϵtrigB→µµX ∼ 90%, ϵtrighad. ∼ 30%

■ Run 2: Full online detector calibration and alignment

■ LHCb Upgrade: L0 (hardware) replaced, full software trigger
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Experimental challenge: 1. Electron trigger

■ Trigger signatures for muon and electron modes very different

■ Lower L0 pT thresholds for muons (1.5–1.8GeV/c) compared to
electrons (2.5–3.0GeV) → challenging for e+e− modes

■ Combine exclusive trigger categories to improve ϵ for electron modes:

1 Trigger on rest of event (independent of signal)
2 Trigger on e/µ from signal
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Experimental challenge: 2. Bremsstrahlung

■ Correct electron momentum by adding matching photons (ET > 75MeV/c2)
reconstructed in the ECAL

■ Bremsstrahlung recovery ∼ 50% efficient, well simulated

■ Bremsstrahlung reconstruction impacts momentum resolution
→ higher background pollution and more sensitive to bkg. modeling
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Experimental challenge: 3. Background suppression
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■ Combinatorial backgrounds: suppressed using multivariate classifier using
kinematic and vertex quality information

■ Partially reconstructed: 1 MVA using track/vertex isolation
2 Corrected mass exploiting PV/SV

■ Specific backgrounds: vetos combining PID and kinematic criteria
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Difference to previous RK analysis

[arXiv:2212.09152] [arXiv:2212.09153]
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[Nature Phys. 18 (2022) 277]

RK = 0.846+0.042
−0.039

+0.013
−0.012

[Nature Phys. 18 (2022) 277]

RK = 0.949+0.042
−0.041

+0.022
−0.022

[arXiv:2212.09152] [arXiv:2212.09153]

→

■ Different selection allows for statistical scatter of ±0.033
■ Shift of ∼ 0.1 due to pollution by residual misidentified backgrounds

present and not accounted for in [Nature Phys. 18 (2022) 277]

■ Tighter particle identification cuts: Shift of +0.064
■ Explicit inclusion of residual misid. backgrounds: Shift of +0.038
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One remark on B+→ K+e+e− branching fraction
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[PRD 107 (2023) 1] with [arXiv:2212.09152]

■ Scaling RK,K∗ with measured muon B yields [JHEP 06 (2014) 133]

dB(B+→ K+e+e−)/dq2 = (25.5+1.3
−1.2 ± 1.1)× 10−9 GeV−2

■ Electron B consistent with muons, also below SM prediction
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Terms in the SM Lagrangian

The SM Lagrangian:

L =− 1

4
FµνF

µν︸ ︷︷ ︸
self-int.

+ iψ̄D̸ψ︸ ︷︷ ︸
kinetic

+ψiYijψjϕ︸ ︷︷ ︸
Yukawa

+h.c.+ |Dµϕ|2 − V (ϕ)︸ ︷︷ ︸
Higgs

■ Self-interaction/kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)

■ Kinetic term for the fermions, interactions with the gauge bosons

■ Yukawa-term: Couplings of the fermions to the Higgs

■ Higgs potential and self coupling

g

g

g

g

W

W

γ
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Terms in the SM Lagrangian

The SM Lagrangian:

L =− 1

4
FµνF
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self-int.

+ iψ̄D̸ψ︸ ︷︷ ︸
kinetic

+ψiYijψjϕ︸ ︷︷ ︸
Yukawa

+h.c.+ |Dµϕ|2 − V (ϕ)︸ ︷︷ ︸
Higgs

■ Self-interaction/kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)

■ Kinetic term for the fermions, interactions with the gauge bosons

■ Yukawa-term: Couplings of the fermions to the Higgs

■ Higgs potential and self coupling

ψ

ψ

g

ψ

ψ

γ
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Terms in the SM Lagrangian

The SM Lagrangian:

L =− 1

4
FµνF

µν︸ ︷︷ ︸
self-int.

+ iψ̄D̸ψ︸ ︷︷ ︸
kinetic

+ψiYijψjϕ︸ ︷︷ ︸
Yukawa

+h.c.+ |Dµϕ|2 − V (ϕ)︸ ︷︷ ︸
Higgs

■ Self-interaction/kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)

■ Kinetic term for the fermions, interactions with the gauge bosons

■ Yukawa-term: Couplings of the fermions to the Higgs

■ Higgs potential and self coupling

ψ

ψ

H
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Terms in the SM Lagrangian

The SM Lagrangian:

L =− 1

4
FµνF

µν︸ ︷︷ ︸
self-int.

+ iψ̄D̸ψ︸ ︷︷ ︸
kinetic

+ψiYijψjϕ︸ ︷︷ ︸
Yukawa

+h.c.+ |Dµϕ|2 − V (ϕ)︸ ︷︷ ︸
Higgs

■ Self-interaction/kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)

■ Kinetic term for the fermions, interactions with the gauge bosons

■ Yukawa-term: Couplings of the fermions to the Higgs

■ Higgs potential and self coupling

W

W

H

H

H

H

H
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The particle content

Fermions

Quarks q T T3 Y

qLi

(
u
d

)
L

(
c
s

)
L

(
t
b

)
L

+2
3 1

2

+1
2 +1

3
−1

3 −1
2 +1

3
uRi uR cR tR +2

3 0 0 +4
3

dRi dR sR bR −1
3 0 0 −2

3

Leptons q T T3 Y

ℓLi

(
νe
e

)
L

(
νµ
µ

)
L

(
ντ
τ

)
L

0 1
2

+1
2 −1

−1 −1
2 −1

eRi eR µR τR −1 0 0 −2

■ q el. charge

■ T weak isospin, T3 third component

■ Y weak hypercharge, Y = 2(q − T3)
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In detail: the kinetic term

LSM = Lkinetic + LHiggs + LYukawa

Lquarkskinetic =

3∑
i=1

iq̄LiD̸qqLi + iūRiD̸uuRi + id̄RiD̸ddRi with (1)

Dqµ = ∂µ + igsT
aGaµ + ig 1

2τ
aW a

µ + ig′ 12Y Bµ

Duµ = ∂µ + igsT
aGaµ + ig′ 12Y Bµ

Ddµ = ∂µ + igsT
aGaµ + ig′ 12Y Bµ, (2)

■ Dqµ cov. derivatives arising from invariance under local gauge trans.6

■ T a generators of SU(3C), 3× 3 Gell-Mann matrices

■ τa generators of SU(2)L, Pauli matrices

τ1 =

(
0 1
1 0

)
τ2 =

(
0 −i
i 0

)
τ3 =

(
1 0
0 −1

)
(3)

■ couplings to gauge bosons flavour-universal and flavour-diagonal
6Reminder: D̸q = γµDqµ
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For completeness: the kinetic term for leptons

Lleptonskinetic =

3∑
i=1

iℓ̄LiD̸ℓℓLi + iēRiD̸eeRi with (4)

Dℓµ = ∂µ + ig 1
2τ

aW a
µ + ig′ 12Y Bµ

Deµ = ∂µ + ig′ 12Y Bµ. (5)

■ Analogous to the kinetic term for quarks

■ No coupling to gluons
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For completeness: Higgs term

■ Higgs potential

LHiggs = µ2ϕ†ϕ− λ(ϕ†ϕ)2 (6)

with λ > 0 for vacuum stability and µ2 > 0 to achieve non-zero
vacuum expectation value ⟨ϕ⟩ = (0, v/

√
2)

■ Gauge bosons acquire mass through the cov. derivatives

LHiggs
kinetic = (Dµϕ)† (Dµϕ) . (7)
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Central for Flavour Physics: Yukawa couplings

■ Couplings of quarks to Higgs central to flavour physics

LquarksYukawa =

3∑
i,j=1

−q̄LiYu,ijϕ̃uRj − q̄LiYd,ijϕdRj + h.c., (8)

■ Yu,ij and Yd,ij a priori arbitrary complex 3× 3 Yukawa matrices

■ Yukawa interactions can be expressed in different bases:
mass basis, where the Yukawa interactions are diagonal
interaction basis (as in Eq. 33), where the W interactions are diagonal

■ Rotation between these two bases → CKM matrix
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Yukawa interactions in the mass basis

■ Replace Higgs field with exp. value (note ϕ̃ = iτ2ϕ†, ⟨ϕ̃⟩ = (v/
√
2, 0))

LquarksYukawa =

3∑
i,j=1

−q̄LiYu,ijϕ̃uRj − q̄LiYd,ijϕdRj + h.c.,

=

3∑
i,j=1

−d̄LiMd,ijdRj − ūLiMu,ijuRj + h.c. (9)

with the mass matrices Md,ij =
v√
2
Yd,ij and Mu,ij =

v√
2
Yu,ij

■ Diagonalise the mass matrices using unitary matrices VdL and VdR
(VuL and VuR)

Mdiag
d = V †

dLMdVdR =

 md

ms

mb

 , Mdiag
u = V †

uLMuVuR =

 mu

mc

mt

 .

(10)
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Yukawa interactions in the mass basis II

■ Diagonalisation results in mass eigenstates (superscript m)

■ Mass eigenstates are connected to the interaction eigenstates via

dLi = VdL,ijd
m
Lj dRi = VdR,ijd

m
Rj

uLi = VuL,iju
m
Lj uRi = VuR,iju

m
Rj , (11)

■ In the mass basis the Yukawa interactions become diagonal

LquarksM =

3∑
i=1

−d̄mLiMdiag
d,ii d

m
Ri − ūmLiMdiag

u,ii u
m
Ri + h.c. (12)
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W± interactions in the mass basis

■ W± interactions in Eq. 33 in the interaction basis
■ Writing the term instead in the mass basis results in

Lquarks
W± =

3∑
i=1

iq̄Liγ
µig 1

2

[
τ1W 1

µ + τ2W 2
µ

]
qLi

=

3∑
i=1

iq̄Liγ
µig 1

2

[
W 1
µ

(
dLi
uLi

)
+W 2

µ

(
−idLi
iuLi

)]

=
g√
2

3∑
i=1

−ūLiγµW+
µ dLi − d̄LiγµW−

µ uLi

=
g√
2

3∑
i,j,k=1

−ūmLi V †
uL,ijVdL,jk︸ ︷︷ ︸
VCKM,ik

γµW+
µ d

m
Lk − d̄mLiV †

dL,ijVuL,jkγ
µW−

µ u
m
Lk

(13)

where W±
µ = 1√

2

(
W 1
µ ∓ iW 2

µ

)
was used
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The CKM matrix

■ CKM (Cabibbo Kobayashi Maskawa) matrix is defined as

VCKM,ik = V †
uL,ijVdL,jk (14)

■ The CKM matrix describes the misalignment of the left-handed up-
and down-type mass eigenstates

■ The off-diagonal elements result in flavour violating transitions
between the different generation in the charged weak interaction

■ The CKM matrix elements are denoted as

VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 (15)

■ CKM element Vub gives coupling strength of the b to the u-quark
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The Unitarity of the CKM matrix

■ CKM matrix is a product of unitary matrices, therefore unitary itself

■ Unitarity condition

VCKMV
†
CKM = 1 (16)

■ General complex n× n matrices can be described by n2 real
parameters and n2 complex phases

■ Unitarity condition reduces the number of free parameters to
n(n− 1)/2 real parameters, n(n+ 1)/2 phases

■ n = 3: 3 real parameters, 6 phases

■ For the CKM matrix, 5 of the phases can be absorbed as unphysical
(unobservable) quark phases

■ In total, the CKM matrix is therefore given by
3 real parameters and 1 complex phase
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The CKM matrix: PDG parameterisation
■ Standard PDG parameterisation with

three (real) Euler angles θ12, θ23, θ13 and one complex phase δ

VCKM =

 1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδ

0 1 0
−s13eiδ 0 c13

 c12 s12 0
−s12 c12 0
0 0 1


=

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

 .

(17)

where sij = sin θij and cij = cos θij

■ Experimentally, it is known that the CKM matrix is hierarchichal with

s12 ≪ s23 ≪ s13 ≪ 1 (18)

■ PDG parameterisation is exact, but hierarchical nature more clear in
Wolfenstein parameterisation
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The CKM matrix: Wolfenstein parameterisation
■ Wolfenstein parameterisation uses the parameters λ, A, ρ and η,

with η responsible for imaginary entries in VCKM

s12 = λ (19)

s23 = Aλ2 (20)

s13e
+iδ = Aλ3 (ρ+ iη) (21)

■ parameter λ ≈ 0.22 plays the role of an expansion parameter

■ Up to O(λ4) the CKM matrix in the Wolfenstein param. given by

VCKM =

 1− 1
2λ

2 − 1
8λ

4 λ Aλ3 (ρ− iη)
−λ 1− 1

2λ
2 − 1

8λ
4
(
1 + 4A2

)
Aλ2

Aλ3 (1− ρ− iη) −Aλ2 + 1
2Aλ

4 (1− 2 (ρ+ iη)) 1− 1
2A

2λ4

 (22)

■ Diagonal elements close to 1, off-diagonal transitions suppressed
|Vus|, |Vcd| ∼ λ, |Vcb|, |Vts| ∼ λ2 and |Vub|, |Vtd| ∼ λ3.

■ Imaginary part relative to CKM element largest for Vub
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Symmetries

■ Symmetries play a central role in physics, instructive to study SM
Lagrangian under the discrete transformations C, P and T.

Parity (space inversal) : P : ψ(r, t)→ γ0ψ(−r, t) (23)

Charge conjugation : C : ψ → i(ψ̄γ0γ2)T (24)

Time reversal : T : ψ(r, t)→ γ1γ3ψ(r,−t) (25)

■ P transforms left-handed fermions to right-handed fermions

■ C transforms left-handed quarks to right-handed antiquarks

■ Lagrangian not invariant under C and P (left-handed and
right-handed fields with different representations in the SM)

■ combined CP operation central for Flavour Physics
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CP operation on Lagrangian
■ Apply CP operation on Eq. 13

Lquarks
W± =

g√
2

3∑
i,j=1

−ūmLiVCKM,ijγ
µW+

µ d
m
Lj − d̄mLiV †

CKM,ijγ
µW−

µ u
m
Lj

=
g√
2

3∑
i,j=1

−ūmLiVCKM,ijγ
µW+

µ d
m
Lj − d̄mLjV ∗

CKM,ijγ
µW−

µ u
m
Li

CP→ g√
2

3∑
i,j=1

−d̄mLjVCKM,ijγ
µW−

µ u
m
Li − ūmLiV ∗

CKM,ijγ
µW+

µ d
m
Lj

=
g√
2

3∑
i,j=1

−ūmLiV ∗
CKM,ijγ

µW+
µ d

m
Lj − d̄mLjVCKM,ijγ

µW−
µ u

m
Li. (26)

■ Invariant under the CP transformation only if V ∗
CKM = VCKM,

i.e. all CKM matrix elements are real.

■ CP-violation has been experimentally established in the K, D, B systems

■ Any local lorentz-invariant QFT conserves CPT
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A measure for CP violation: The Jarlskog invariant

■ Any non-trivial phase δ leads to CP violation

■ Phase δ is not convention independent as quarks can be rephased

■ A convention-independent measure of CP-violation is given by the
Jarlskog-invariant, defined by

Im
(
VijVklV

∗
ilV

∗
kj

)
= J

∑
m,n

ϵikmϵjln (27)

e.g.→ J = Im (VusVcbV
∗
ubV

∗
cs)

= s12c13s23c13s13 sin δc12c23 ≈ A2λ6η (28)

■ Experimentally J = (3.18± 0.15)× 10−5

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics



Backup 112 / 81

CKM element magnitudes: |Vud|

u u

d d

d u
Vud

ℓ−

ν̄ℓ

n p

■ |Vud| is determined most precisely in nuclear β decays

■ The current world average is |Vud| = 0.97420± 0.00021
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CKM element magnitudes: |Vus|

d d
s̄ ū

V ∗
us ℓ+

νℓ

K0 π−

■ |Vus| is determined in (semi)leptonic kaon decays

■ A combined average yields |Vus| = 0.2243± 0.0005
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CKM element magnitudes: |Vub|

d d

b̄ ū
V ∗
ub ℓ+

νℓ

B0 π−

■ |Vub| can be determined in exclusive or inclusive decays of B mesons
to light mesons7

■ Some tension between inclusive/exclusive determination (≈ 3σ)

■ Average yields |Vub| = (3.94± 0.36)× 10−3

7Inclusive here means to include all b → uℓν decays, exclusive refers to the analysis
of specific decay modes like B0 → π−ℓ+νℓ
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CKM element magnitudes: |Vcd|

d̄

c

ℓ+

νℓ
Vcd

D+

■ |Vcd| is determined in (semi)leptonic decays of charmed D mesons

■ Current world average from direct measurements is
|Vcd| = 0.218± 0.004.
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CKM element magnitudes: |Vcs|

s̄

c

ℓ+

νℓ
Vcs

D+
s

■ |Vcs| is extracted from semileptonic decays of D mesons to strange
mesons and leptonic decays of D+

s mesons

■ Average yields |Vcs| = 0.997± 0.017.
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CKM element magnitudes: |Vcb|

d d

b̄ c̄
V ∗
cb ℓ+

νℓ

B0 D−

■ |Vcb| can be determined using exclusive or inclusive decays of B
mesons to charm mesons8

■ Combination yields |Vcb| = (42.2± 0.8)× 10−3

8Inclusive here means to include all b → cℓν decays, whereas exclusive refers to the
analysis of specific decay modes like B0 → D+ℓ−νℓ
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CKM element magnitudes: |Vtd|

d b

b̄ d̄
V ∗
tb V ∗

td

Vtd Vtbt

t̄

B0 B̄0

■ |Vtd| is determined in B0 mixing

■ World average |Vtd| = (8.1± 0.5)× 10−3.
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CKM element |Vts|

s b

b̄ s̄
V ∗
tb V ∗

ts

Vts Vtbt

t̄

B0
s B̄0

s

■ |Vts| is determined in B0
s mixing

■ World average |Vts| = (39.4± 2.3)× 10−3
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CKM element |Vtb|

q q′

g b̄

t
Vtbb

■ |Vtb| can be determined from the single-top production cross-section

■ World average Vtb = 1.019± 0.025
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Resulting CKM matrix from direct measurements

|VCKM| =

 0.97420± 0.00021 0.2243± 0.0005 0.00394± 0.00036
0.218± 0.004 0.997± 0.017 0.0422± 0.0008

0.0081± 0.0005 0.0394± 0.0023 1.019± 0.025


(29)

■ Shows hierarchical nature of CKM elements
■ Note that the CKM matrix in SM determined by only 4 parameters

■ PDG convention: 3 Euler angles, 1 complex phase
■ Wolfenstein param.: λ, A, ρ, η

■ Assuming unitarity, CKM elements can be determined more precisely
in a global fit (later)
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Phases of CKM matrix elements I

■ Information on phases of CKM elements is obtained from measuring
CP violating quantitites

■ Will discuss these measurements in detail later,
here mostly for completeness

ϵ quantifies CP violation in K0 ↔ K̄0-mixing,
i.e. P(K0 → K̄0) ̸= P(K̄0 → K0)
|ϵ| = (2.228± 0.011)× 10−3

ϵ′ describes CP violation in decay,
i.e. P(K0 → f) ̸= P(K̄0 → f̄))
Re(ϵ′/ϵ) = (1.67± 0.23)× 10−3

angle β appears in B0 ↔ B0 mixing
flagship measurement of B-factories (using B0→ J/ψK0

S ),
discovery mode for CPV in the B sector
world average sin 2β = 0.691± 0.017
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Phases of CKM matrix elements II

angle γ can be determined in tree-level B±→ DK± decays
world average γ =

(
73.5+4.2

−5.1

)◦
angle βs appears in B0

s ↔ B̄0
s mixing

time-dependent angular analysis of B0
s→ J/ψϕ decays

world average −2βs = (−0.021± 0.031) rad

angle α appears in B0 ↔ B0 mixing
from time-dependent b→ uūd decays (B→ ππ)
world average α =

(
84.5+5.9

−5.2

)◦
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Global fits of CKM parameters

■ Global fits [CKMfitter] [UTfit] of all experimental inputs allow to determine
the four CKM parameters assuming CKM unitarity

■ For Wolfenstein parameterisation

λ = 0.22453± 0.00044 A = 0.836± 0.015

ρ̄ = 0.122+0.018
−0.017 η̄ = 0.355+0.012

−0.011 (30)

■ Resulting magnitudes of the CKM matrix elements determined to be

|VCKM| =

 0.97446± 0.00010 0.22452± 0.00044 0.00365± 0.00012
0.22438± 0.00044 0.97359+0.00010

−0.00011 0.04214± 0.00076
0.00896+0.00024

−0.00023 0.04133± 0.00074 0.999105± 0.000032


(31)

■ Compare direct measurements

|VCKM| =

 0.97420± 0.00021 0.2243± 0.0005 0.00394± 0.00036
0.218± 0.004 0.997± 0.017 0.0422± 0.0008
0.0081± 0.0005 0.0394± 0.0023 1.019± 0.025


(32)
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Resulting CKM triangles: B0 triangle

γ
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α

α

dm∆

Kε
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Resulting CKM triangles: B0
s triangle

s
β

γ

γ

α αdm∆

K
ε

K
ε
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ubV
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s
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Flavour Changing Neutral Currents

■ Flavour Changing Neutral currents (quark which undergoes transition
to a different quark of same charge) central for Flavour Physics

■ Return to the kinetic term for quarks in the SM

LSM = Lkinetic + LHiggs + LYukawa

Lquarkskinetic =

3∑
i=1

iq̄LiD̸qqLi + iūRiD̸uuRi + id̄RiD̸ddRi with (33)

Dqµ = ∂µ + igsT
aGaµ + ig 1

2τ
aW a

µ + ig′ 12Y Bµ

Duµ = ∂µ + igsT
aGaµ + ig′ 12Y Bµ

Ddµ = ∂µ + igsT
aGaµ + ig′ 12Y Bµ, (34)

■ Neutral current interactions

LZ,γ =
∑
i

− q̄Liγµ
(
g 1
2τ

3W 3
µ + g′ 12Y Bµ

)
qLi − ūRiγµg′ 12Y BµuRi − d̄Riγµg′ 12Y BµdRi

(35)
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Flavour Changing Neutral Currents II

LZ,γ =
∑
i

− q̄Liγµ
(
g 1
2τ

3W 3
µ + g′ 12Y Bµ

)
qLi − ūRiγµg′ 12Y BµuRi − d̄Riγµg′ 12Y BµdRi

=
∑
i

− ūmLiV †
uLγ

µ
(
g 1
2W

3
µ + g′ 12Y Bµ

)
VuLu

m
Li − d̄mLiV †

dLγ
µ
(
−g 1

2W
3
µ + g′ 12Y Bµ

)
VdLd

m
Li

− ūmRiV †
uRγ

µg′ 12Y BµVuRu
m
Ri − d̄mRiV †

dRγ
µg′ 12Y BµVdRd

m
Ri

■ where we put in the mass eigenstates and

LZ,γ =
∑
i

− ūmLiγµ
(
g 1
2 sin θW + g′ 12Y cos θW

)
Aµu

m
Li − ūmLiγµ

(
g 1
2 cos θW − g′ 12Y sin θW

)
Z0
µu

m
Li

− d̄mLiγµ
(
−g 1

2 sin θW + g′ 12Y cos θW
)
Aµd

m
Li − d̄mLiγµ

(
−g 1

2 cos θW − g′ 12Y sin θW
)
Z0
µd

m
Li

− ūmRiγµg′ 12Y cos θWAµu
m
Ri + ūmRiγ

µg′ 12Y sin θWZ
0
µu

m
Ri

− d̄mRiγµg′ 12Y cos θWAµd
m
Ri + d̄mRiγ

µg′ 12Y sin θWZ
0
µd

m
Ri

■ where we replaced Bµ,W
3
µ by Aµ, Zµ

(
Aµ
Z0
µ

)
=

(
cos θW sin θW
− sin θW cos θW

)(
Bµ
W 3
µ

)
→
(

Bµ
W 3
µ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
Aµ
Zµ

)
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Flavour Changing Neutral Currents III

■ Finally remember for Weinberg angle θW : g sin θW = g′ cos θW = e

LZ,γ =
∑
i

−
(
+2

3e
)
ūmLiγ

µAµu
m
Li − g

cos θW

(
+1

2 − 2
3 sin

2 θW
)
ūmLiγ

µZ0
µu

m
Li

−
(
−1

3e
)
d̄mLiγ

µAµd
m
Li − g

cos θW

(
−1

2 + 1
3 sin

2 θW
)
d̄mLiγ

µZ0
µd

m
Li

−
(
+2

3e
)
ūmRiγ

µAµu
m
Ri − g

cos θW

(
−2

3 sin
2 θW

)
ūmRiγ

µZ0
µu

m
Ri

−
(
−1

3e
)
d̄mRiγ

µAµd
m
Ri − g

cos θW

(
+1

3 sin
2 θW

)
d̄mRiγ

µZ0
µd

m
Ri

■ Interaction moderated by Aµ/Zµ flavour diagonal

■ Photon Aµ couples to el. charge

■ Coupling strength of Zµ proportional to T3 − q sin2 θW
■ No Flavour Changing Neutral Currents at tree-level in the SM
→ Only allowed at loop-level

■ Important example: Neutral meson mixing
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Neutral Meson Mixing

d b

b̄ d̄
V ∗
tb V ∗

td

Vtd Vtbt

t̄

B0 B̄0

s b

b̄ s̄
V ∗
tb V ∗

ts

Vts Vtbt

t̄

B0
s B̄0

s

■ Only allowed at loop-level as FCNCs are forbidden at tree-level
■ Above examples are for B0 ↔ B0 and B0

s ↔ B0
s mixing

Principle the same for K0 ↔ K̄0 and D0 ↔ D̄0 (details differ)

■ We will derive the general case (M0 ↔M
0
mixing)
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Decay Amplitudes and Definitions
■ General decay amplitudes for a meson9 M and CP-conjugate M̄ to the final

state f and CP-conjugate f̄

Af = ⟨f |H|M⟩
Āf = ⟨f |H|M̄⟩
Af̄ = ⟨f̄ |H|M⟩
Āf̄ = ⟨f̄ |H|M̄⟩ (36)

with interaction Hamiltonian H
■ For neutral mesons we define

CP|M0⟩ = −|M0⟩
CP|M0⟩ = −|M0⟩ (37)

where an arbitrary non-physical phase factor has been omitted.

■ If the final state is a CP-eigenstate we have (ηf CP-eigenvalue)

CP|f⟩ = ηf |f̄⟩
CP|f̄⟩ = ηf |f⟩, (38)

9charged or neutral
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Phenomenological Schrödinger equation

■ Time development for flavour eigenstates M0 and M
0
given by

phenomenological Schrödinger equation

i
∂

∂t

(
|M0⟩
|M0⟩

)
=

(
M− i

2Γ

)( |M0⟩
|M0⟩

)

=

(
M11 − i

2Γ11 M12 − i
2Γ12

M21 − i
2Γ21 M22 − i

2Γ22

)( |M0⟩
|M0⟩

)
(39)

■ with hermitean matrices M and Γ (M21 =M∗
12, Γ21 = Γ∗

12),
off-diagonal elements responsible for mixing

■ From CPT invariance we have Γ11 = Γ22 = Γ and M11 =M22 =M

i
∂

∂t

(
|M0⟩
|M0⟩

)
=

(
M − i

2Γ M12 − i
2Γ12

M∗
12 − i

2Γ
∗
12 M − i

2Γ

)( |M0⟩
|M0⟩

)
(40)
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Diagonalisation I

■ Diagonalisation of the Hamiltonian results in mass eigenstates

|ML⟩ = p|M0⟩+ q|M0⟩
|MH⟩ = p|M0⟩ − q|M0⟩ (41)

with |p|2 + |q|2 = 1, ML (MH) light (heavy) mass eigenstate

■ Mass eigenstates develop in time according to

|ML(t)⟩ = e−imLte−
ΓL
2
t|ML⟩

|MH(t)⟩ = e−imH te−
ΓH
2
t|MH⟩ (42)

■ With Eq. 41 eigenvectors of Hamiltonian are (p, q)T and (p,−q)T
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Diagonalisation II

■ Hamiltonian can be diagonalised by matrix V with eigenvectors as
columns, i.e.(
mL − i

2ΓL 0
0 mH − i

2ΓH

)
= V −1

(
M − i

2Γ M12 − i
2Γ12

M∗
12 − i

2Γ
∗
12 M − i

2Γ

)
V

(43)

V =

(
p p
q −q

)
and V −1 = − 1

2pq

(
−q −p
−q p

)
= 1

2pq

(
q p
q −p

)

■ The time development for M0 and M
0
is given by10

|M0(t)⟩ = 1

2p
[|ML(t)⟩+ |MH(t)⟩]

|M0
(t)⟩ = 1

2q
[|ML(t)⟩ − |MH(t)⟩] . (44)

10From Ansatz Eq. 41
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Time development for M 0 and M
0

■ Inserting the time-development of |ML⟩ and |MH⟩ we find

|M0(t)⟩ = 1

2p
[|ML(t)⟩+ |MH(t)⟩]

=
1

2

(
e−imLte−

ΓL
2
t + e−imH te−

ΓH
2
t
)
|M0⟩+ q

2p

(
e−imLte−

ΓL
2
t − e−imH te−

ΓH
2
t
)
|M0⟩

= g+(t)|M0⟩+ q

p
g−(t)|M0⟩

|M0
(t)⟩ = 1

2q
[|ML(t)⟩ − |MH(t)⟩]

=
p

2q

(
e−imLte−

ΓL
2
t − e−imH te−

ΓH
2
t
)
|M0⟩+ 1

2

(
e−imLte−

ΓL
2
t + e−imH te−

ΓH
2
t
)
|M0⟩

=
p

q
g−(t)|M0⟩+ g+(t)|M0⟩ (45)

with

g±(t) =
1

2

(
e−imLte−

ΓL
2
t ± e−imH te−

ΓH
2
t
)

(46)
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Time development for M 0 and M
0
II

■ The following expressions are useful for transition probabilities:

g±(t) =
1

2

(
e−imLte−

ΓL
2
t ± e−imH te−

ΓH
2
t
)

|g±(t)|2 =
1

2
e−Γt

(
+cosh

∆Γ

2
t± cos∆mt

)
g+(t)g

∗
−(t) =

1

2
e−Γt

(
− sinh

∆Γ

2
t− i sin∆mt

)
, (47)

where we used the definitions

Γ =
ΓL + ΓH

2
∆Γ = ΓL − ΓH

M =
mL +mH

2
∆m = mH −mL. (48)

■ We then have for the transition probabilities

|⟨M0|M0(t)⟩|2 = |g+(t)⟨M0|M0⟩+ q
pg−(t)⟨M0|M0⟩|2 = |g+(t)|2

|⟨M0|M0(t)⟩|2 = |g+(t)⟨M0|M0⟩+ q
pg−(t)⟨M

0|M0⟩|2 = | qp |2|g−(t)|2
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Resulting transition probabilities in the B system
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■ Using the experimental world averages
τ(B0) = 1.52 ps, ∆Γd = 0, ∆md = 0.5064 ps−1 and
τ(B0

s ) = 1.527 ps, ∆Γs/Γs = 0.132, ∆ms = 17.757 ps−1
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Solving Diagonalisation problem

■ Diagonalisation problem (Eq. 43)(
mL − i

2ΓL 0
0 mH − i

2ΓH

)
= V −1

(
M − i

2Γ M12 − i
2Γ12

M∗
12 − i

2Γ
∗
12 M − i

2Γ

)
V

■ Solving explicitly yields

q

p
= −

√
M∗

12 − i
2Γ

∗
12

M12 − i
2Γ12

(49)

mL(H) − i
2ΓL(H) =M − i

2Γ∓
√(

M12 − i
2Γ12

) (
M∗

12 − i
2Γ

∗
12

)
=M − i

2Γ∓
√
|M12|2 − 1

4 |Γ12|2 − i|M12||Γ12| cos (ϕΓ − ϕM )

(50)

where ϕΓ = arg(Γ12) and ϕM = arg(M12)

■ Rewriting Eq. 50 in terms of ∆m and ∆Γ, squaring and taking Re/Im:

∆m2 − 1
4∆Γ2 = +4|M12|2 − |Γ12|2 (51)

∆m∆Γ = −4|M12||Γ12| cos(ϕΓ − ϕM ). (52)
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Approximations in the B system

■ In the B system we have experimentally Γ12 ≪M12 and we can
expand in |Γ12|/|M12|

∆m ≈ 2|M12| and ∆Γ ≈ −2|Γ12| cos(ϕΓ − ϕM ) (53)

■ Also q/p (Eq. 49) can be expanded in |Γ12|/|M12|

q

p
= −

√√√√√M∗
12

M12

1− i
2

|Γ12|
|M12|e

−i(ϕΓ−ΦM )

1− i
2

|Γ12|
|M12|e

+i(ϕΓ−ΦM )

= −e−iϕM
[
1− 1

2 sin(ϕΓ − ϕM )
|Γ12|
|M12|

+O
( |Γ12|2
|M12|2

)]
≈ −e−iϕM . (54)

i.e. |q/p| = 1 and q/p only determined by mixing phase ϕM
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Time dependent decay rates I

■ We can now write down time-dependent decay rates of (produced)

M0 and M
0
to final states f and f̄ , accounting for M0 ↔M

0
mixing

■ Before we do we define a central quantity for CP-violation

λf =
q

p

Āf
Af

. (55)

■ We then have for the decay rate of the process M0 → f

dΓ(M0 → f)

dtNf
=
∣∣⟨f |M0(t)⟩

∣∣2 = ∣∣∣∣g+(t)⟨f |M0⟩+ q

p
g−(t)⟨f |M0⟩

∣∣∣∣2
=

(
g+(t)Af +

q

p
g−(t)Āf

)(
g+(t)Af +

q

p
g−(t)Āf

)∗

= |Af |2
[
|g+(t)|2 + |λf |2|g−(t)|2 + λ∗fg+(t)g

∗
−(t) + λfg

∗
+(t)g−(t)

]
= 1

2 |Af |2e−Γt

[
(1 + |λf |2) cosh

(
∆Γ

2
t

)
+ (1− |λf |2) cos(∆mt)

− 2 sinh

(
∆Γ

2
t

)
Reλf − 2 sin(∆mt)Imλf

]
(56)
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Time dependent decay rates II

■ And for the decay of a produced M
0 → f

dΓ(M
0 → f)

dtNf
=
∣∣∣⟨f |M0

(t)⟩
∣∣∣2 = ∣∣∣∣pq g−(t)⟨f |M0⟩+ g+(t)⟨f |M0⟩

∣∣∣∣2
= |Af |2

∣∣∣∣pq
∣∣∣∣2 [|g−(t)|2 + |λf |2|g+(t)|2 + λ∗fg

∗
+(t)g−(t) + λfg+(t)g

∗
−(t)

]
= 1

2 |Af |2
∣∣∣∣pq
∣∣∣∣ e−Γt

[
(1 + |λf |2) cosh

(
∆Γ

2
t

)
− (1− |λf |2) cos(∆mt)

− 2 sinh

(
∆Γ

2
t

)
Reλf + 2 sin(∆mt)Imλf

]
. (57)

■ For the decays to the CP-conjugated final state f̄ replace
Af → Af̄ , Āf → Āf̄ and λf → λf̄ = q

pĀf̄/Af̄
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Prerequisites for CP violation I

■ CP violation can only be observed if there are two amplitudes
interfering with different strong and weak phases

■ weak phases are phases caused by complex CKM matrix elements,
which are complex-conjugated under CP

■ strong phases are phases that do not change sign under CP (QCD or
simple time evolution)

■ For a process with two contributing amplitudes a1 and a2

Af = |a1|ei(δ1+ϕ1) + |a2|ei(δ2+ϕ2)

Āf̄ = |a1|ei(δ1−ϕ1) + |a2|ei(δ2−ϕ2). (58)

■ Physically observable: squares of amplitudes
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Prerequisites for CP violation II

■ Squaring amplitudes results in

|Af |2 =
(
|a1|ei(δ1+ϕ1) + |a2|ei(δ2+ϕ2)

)(
|a1|e−i(δ1+ϕ1) + |a2|e−i(δ2+ϕ2)

)
= |a1|2 + |a2|2 + |a1||a2|e+i(+δ1−δ2+ϕ1−ϕ2) + |a1||a2|e−i(+δ1−δ2+ϕ1−ϕ2)

= |a1|2 + |a2|2 + 2|a1||a2| cos (∆δ +∆ϕ) (59)

|Āf̄ |2 =
(
|a1|ei(δ1−ϕ1) + |a2|ei(δ2−ϕ2)

)(
|a1|e−i(δ1−ϕ1) + |a2|e−i(δ2−ϕ2)

)
= |a1|2 + |a2|2 + |a1||a2|e+i(+δ1−δ2−ϕ1+ϕ2) + |a1||a2|e−i(+δ1−δ2−ϕ1+ϕ2)

= |a1|2 + |a2|2 + 2|a1||a2| cos (∆δ −∆ϕ) , (60)

■ with the phase differences ∆δ = δ1 − δ2 and ∆ϕ = ϕ1 − ϕ2
■ |Af |2 ̸= |Āf̄ |2 if ∆δ ̸= 0 and ∆ϕ ̸= 0
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Types of CP violation

■ When studying decays of neutral mesons, mixing amplitudes and
decay amplitudes can give rise to CP-violating effects

■ This gives rise to three types of CP violation:

1 CP violation in decay
2 CP violation in mixing
3 CP violation in interference between mixing and decay
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1. CP violation in decay

■ CPV in decay occurs when
∣∣Āf̄/Af ∣∣ ̸= 1,

i.e. the amplitudes for the process M → f
and its CP conjugate M̄ → f̄ differ

■ CP violation then manifests itself as asymmetry

Adir
CP =

Γ (M− → f−)− Γ (M+ → f+)

Γ (M− → f−) + Γ (M+ → f+)

=
|Āf̄ |2 − |Af |2
|Āf̄ |2 + |Af |2

=
|Āf̄/Af |2 − 1

|Āf̄/Af |2 + 1
. (61)

■ This type of CP violation is also called direct CP violation.

■ The strong phase contributing is due to rescattering

■ Only type of CP violation possible for charged meson decays

C. Langenbruch (Uni Heidelberg), 21.07.2023 Flavour Physics



Classification of CP-violating effects 146 / 81

2. CP violation in mixing

■ CP violation in mixing occurs when |q/p| ≠ 1

■ In this case P(M0 →M
0
) ̸= P(M0 →M0).

■ The resulting asymmetry assuming no direct CP violation, i.e.
Af = Āf̄ and Af̄ = Āf = 0, is given by

Amix
CP =

Γ(M
0 → f)− Γ(M0 → f̄)

Γ(M
0 → f) + Γ(M0 → f̄)

=

∣∣∣pq g−(t)Af ∣∣∣2 − ∣∣∣ qpg−(t)Āf̄ ∣∣∣2∣∣∣pq g−(t)Af ∣∣∣2 + ∣∣∣ qpg−(t)Āf̄ ∣∣∣2 =
1−

∣∣∣ qp ∣∣∣4
1 +

∣∣∣ qp ∣∣∣4 . (62)

■ Here, the strong phase is due to the time evolution of the oscillation
(exp(iEt)).
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3. CPV in interference between mixing and decay

M 0

M
0

f

q
p

Āf

Af

■ Can occur when the direct decay M0 → f interferes with mixing from

M0 to M
0
followed by the decay M

0 → f
■ If λf (Eq. 56 and 57) has a non-trivial phase,

i.e. Im (λf ) = Im
(
q/p Āf/Af

)
̸= 0, this gives rise to this type of CPV

ACP(t) =
Γ(M

0 → f)(t)− Γ(M0 → f)(t)

Γ(M
0 → f)(t) + Γ(M0 → f)(t)

=
−
(
1− |λf |2

)
cos (∆mt) + 2 sin (∆mt) Imλf

(1 + |λf |2) cosh
(
∆Γ
2 t
)
− 2 sinh

(
∆Γ
2 t
)
Reλf

. (63)

■ Strong phase is due to the time evolution of the oscillation.
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CPV in interference between mixing and decay (example)

■ For ∆Γ = 0 and |λf | = 1 (B0 system) the asymmetry simplifies to

ACP(t) = sin (∆mt) Imλf . (64)

■ Example: time-dependent CP-asymmetry in the decay B0 → J/ψK0
S ,

where ∆Γd = 0 and Im(λf ) = − sin(2βd).

0 2 4 6 8 10 12

 [ps]t

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1Γ

)t)(0
SKψ/J→0

B(Γ

)t)(0
SKψ/J→

0
B(Γ

)t(CPA
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B-mixing and the CKM triangle I
■ ∆md and ∆ms constrain unitarity triangle (UT)

∆md =
G2

F

6π2
M2
W ηBMBdf

2
Bd
B̂Bd(VtbV

∗
td)

2S(xt) (65)

∆ms =
G2

F

6π2
M2
W ηBMBsf

2
BsB̂Bs(VtbV

∗
ts)

2S(xt), (66)

■ ∆md and ∆ms theory dominated, dominant uncertainty from decay
constant and bag factor:

fBd

√
B̂Bd = (225± 9)MeV fBs

√
B̂Bs = (274± 8)MeV

(67)

ξ =
fBs

√
B̂Bs

fBd

√
B̂Bd

= 1.206± 0.017 (68)

■ B0
(s) mixing measurements used to determine length of right leg of UT

Rt =

∣∣∣∣VtdV ∗
tb

VcdV
∗
cb

∣∣∣∣ = 1

λ

|Vtd|
|Vcb|

(69)
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B-mixing and the CKM triangle II

■ From ∆md can determine |Vtd| and thus Rt,
remaining dependency on |Vcb| and uncertainty from fBd

√
BBd is

significant.

■ Instead, we can use both ∆md and ∆ms according to

Rt =

∣∣∣∣VtdV ∗
tb

VcdV
∗
cb

∣∣∣∣ = ∣∣∣∣VtdVts
∣∣∣∣ ∣∣∣∣ VtsV ∗

tb

VcdV
∗
cb

∣∣∣∣ = ∣∣∣∣VtdVts
∣∣∣∣ 1λ |Vts||Vcb|

≈ 1

λ

∣∣∣∣VtdVts
∣∣∣∣ using (70)∣∣∣∣VtsVcb

∣∣∣∣ = | −Aλ2 + 1
2Aλ

4(1− 2(ρ+ iη))|
|Aλ2|

= | − 1 + 1
2λ

2(1− 2(ρ+ iη))| ≈ 1. (71)

■ Due to the reduced theory uncertainty on |Vtd/Vts| and no
dependency on |Vcb|, this results in a more precise determination of Rt
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