
LECTURE 4: RARE DECAYS



Learning goals
• what are rare decays?
• sketch of theory of rare decays
• some ‘recent’ highlights in rare B decays

• Bs->mumu
• Bd->K*gamma
• lepton-flavour violation tests



Standard Model: “No FCNC at tree level”
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
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CKM: Flavour changing charged currents No Flavour changing neutral currents
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FCNC at loop level
• neutral currents are possible at higher order

Decay via 
“Penguin diagram”:
! → #∗%&%'

Let’s talk about penguins and boxes

Mick Mulder Non-universality in rare beauty decays? 3

Flavour Oscillation 
via “Box diagram”: 

!( → !(

• we call them ‘rare’
• higher order
• often ‘GIM suppressed’ (cancellation due to unitarity)



Examples of rare decays
• very incomplete table

8.2 E↵ective theory
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• branching fractions typically smaller than ~10$%, 
some much much smaller



Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

Effective couplingsEffective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

GFg

g

• Beta decay: “charged current”: 

!"
2 =

%&
8()

&
* → , -. /01

82

A(B0 ! D+`⌫̄) =
⌦
D+`⌫̄

��H
��B0

↵
= ?

A(B0 ! D+`⌫̄) =
GFp
2
V
cb
⇥
⌦
D+`⌫̄

�� ⇥¯̀�µ(1� �5)⌫
⇤ ⇥
c̄�µ(1� �5)b

⇤ ��B0
↵

A(B0 ! D+`⌫̄) ! GFp
2
V
cb

h`⌫̄|
⇥
¯̀�µ(1� �5)⌫

⇤
|0i

⌦
D+

�� ⇥c̄�µ(1� �5)b
⇤ ��B0

↵

transition example of decays
b ! s� B0 ! K⇤0�
b ! s`+`� Bs ! µ+µ�, B0 ! K⇤0µ+µ�, B+ ! K+µ+µ�

b ! sqq̄ Bd ! K⇡, Bs ! �⇡
b ! d`+`� B0 ! ⇢0µ+µ�, Bd ! µ+µ�

s ! d� KL ! ��
s ! d`+`� KL ! µ+µ�, KL ! ⇡0e+e�, K+ ! ⇡0µ+µ�

s ! d⌫⌫̄ KL ! ⇡0⌫⌫̄, K+ ! ⇡+⌫⌫̄

q2 =
��pµ(`+) + pµ(`�)

��2

d =
p?
pk

L =
m/4

�mc
�c⌧ ⇡ ⌧

4

| (t)i = e�iHt/~ | (0)i �!
X

m

e�imt/~ h m| (0)i | mi

12 Oh no

M =


gVudp

2
uL�

µdL

�
gµ⌫ � pµp⌫/M2

W

p2 �M2

W


gp
2
eL�

⌫⌫L

�

M =
VudGFp

2
[uL�

µdL] [eL�µ⌫L]

26

A(B0 ! D+`⌫̄) =
⌦
D+`⌫̄

��H
��B0

↵
= ?

A(B0 ! D+`⌫̄) =
GFp
2
V
cb
⇥
⌦
D+`⌫̄

�� ⇥¯̀�µ(1� �5)⌫
⇤ ⇥
c̄�µ(1� �5)b

⇤ ��B0
↵

A(B0 ! D+`⌫̄) ! GFp
2
V
cb

h`⌫̄|
⇥
¯̀�µ(1� �5)⌫

⇤
|0i

⌦
D+

�� ⇥c̄�µ(1� �5)b
⇤ ��B0

↵

transition example of decays
b ! s� B0 ! K⇤0�
b ! s`+`� Bs ! µ+µ�, B0 ! K⇤0µ+µ�, B+ ! K+µ+µ�

b ! sqq̄ Bd ! K⇡, Bs ! �⇡
b ! d`+`� B0 ! ⇢0µ+µ�, Bd ! µ+µ�

s ! d� KL ! ��
s ! d`+`� KL ! µ+µ�, KL ! ⇡0e+e�, K+ ! ⇡0µ+µ�

s ! d⌫⌫̄ KL ! ⇡0⌫⌫̄, K+ ! ⇡+⌫⌫̄

q2 =
��pµ(`+) + pµ(`�)

��2

d =
p?
pk

L =
m/4

�mc
�c⌧ ⇡ ⌧

4

| (t)i = e�iHt/~ | (0)i �!
X

m

e�imt/~ h m| (0)i | mi

12 Oh no

M =


gVudp

2
uL�

µdL

�
gµ⌫ � pµp⌫/M2

W

p2 �M2

W


gp
2
eL�

⌫⌫L

�

M =
VudGFp

2
[uL�

µdL] [eL�µ⌫L]

26Effective theory: exploit separation of scales



Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

Effective couplingsEffective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

Effective couplings 

•  Historical example 

13 
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Dealing with bound states
• consider “! → # $ %”

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
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i.e. there are no other QCD effects. Since the B̄0
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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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Dealing with bound states
• sketch of solution (no formal theory!)

8.2 E↵ective theory

A(i ! f) = hf |H |ii

� ⇠
Z

|A| d(phase space)

A(b ! c`⌫̄) =
GFp
2
Vcb

⇥
¯̀�µ(1� �

5)⌫
⇤ ⇥
c̄�µ(1� �

5)b
⇤

A(B0 ! D
+
`⌫̄) =

⌦
D

+
`⌫̄
��H

��B0
↵

= ?

A(B0 ! D
+
`⌫̄) =

GFp
2
Vcb ⇥

⌦
D

+
`⌫̄
�� ⇥¯̀�µ(1� �

5)⌫
⇤ ⇥
c̄�µ(1� �

5)b
⇤ ��B0

↵

19

coefficient: 
• can be computed in SM

local operator: 
• computation involves QCD



General solution: operator product expansion
• approximate H with effective Hamiltonian that integrates out ‘all heavy 

stuff’, not just the W, but also the top, etc
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“short distance” Wilson coefficient:
• stuff having to do with scales > !

local operator:
• stuff having to do with scales < !

scale !: usually taken to 
be the meson mass



General solution: operator product expansion

8.2 E↵ective theory

A(i ! f) = hf |H |ii

A(i ! f) = hf |H |ii ! hf |He↵ |ii

He↵ =
GFp
2

X

i

V CKM

i Ci(µ) Oi(µ)

A(i ! f) =
GFp
2

X

i

V CKM

i Ci(µ) hf |Oi(µ) |ii

A(i ! f) = hf |He↵ |ii =
GFp
2

X

i

V CKM

i Ci(µ) hf |Qi(µ) |ii

� ⇠
Z

|A| d(phase space)

A(b ! c`⌫̄) =
GFp
2
Vcb

⇥
¯̀�µ(1� �5)⌫

⇤ ⇥
c̄�µ(1� �5)b

⇤

A(B0 ! D+`⌫̄) =
⌦
D+`⌫̄

��H
��B0

↵
= ?

A(B0 ! D+`⌫̄) =
GFp
2
Vcb ⇥

⌦
D+`⌫̄

�� ⇥¯̀�µ(1� �5)⌫
⇤ ⇥
c̄�µ(1� �5)b

⇤ ��B0
↵

A(B0 ! D+`⌫̄) ! GFp
2
Vcb h`⌫̄|

⇥
¯̀�µ(1� �5)⌫

⇤
|0i

⌦
D+

�� ⇥c̄�µ(1� �5)b
⇤ ��B0

↵

19

“short distance” Wilson coefficient:
• perturbative: SM computation ‘easy’
• sensitive to New Physics

“long distance” matrix element
• non-perturbative: difficult
• not sensitive to New Physics

• Wilson coefficients and matrix elements depend on scale ‘mu’
• computations need to ‘match’, such that mu-dependence cancels

• matrix elements are hard to compute but effective approximations available: 
“heavy quark effective theory”, “lattice calculations”, etc
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Figure 1.2: Diagrams representing the terms in the OPE (1.5) where the
small box signifies an insertion of a four-quark operator Oi. The cross in
Figs. (d) and (e) signifies a helicity flip.

an effective theory [9] which is described next.

1.3 Effective theory for B0
→ K∗!+!−

The flavour-changing neutral interactions are due to loop diagrams involving heavy vir-
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

Ci(µ,Mheavy)Oi(µ). (1.5)

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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Effects of ‘new physics’

• new ‘heavy’ particles only affect scales > mu
• à change Wilson coefficients

• new physics may also lead to local operators that are absent in SM
• e.g. with scalar bosons or right-handed currents
• lead to different `kinematics’ of final state particles

8.2 E↵ective theory
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Key decay channels

Very rare! B . 10�9

Theoretically clean

Mostly clean to reconstruct

Sensitive mainly to C(0)
10 .

Quite rare, B ⇠ 10�6

Hadronic pollution.

Mostly clean to reconstruct.

Electron reconstruction very
challenging.

Sensitive to C(0)
7 , C(0)

9 and C(0)
10

depending on q2 ⌘ m2
`+`� region.

Fairly rare, B ⇠ 10�5

Similar to semi-leptonic.

Experimental resolution not
great.

Sensitive to C(0)
7 .

Riley Henderson FPCP 2023, Lyon 29/05/2023 3 / 36

(from Riley Henderson at FPCP’23)



Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

• Beyond Standard Model:

• Effective 4-fermion coupling:

• Standard Model diagrams:

Rare !-decays and effective couplings: " → $%&%'

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

• Photon penguin 𝑂7: 

 
 
 
 
 
 
 

• Electroweak penguin 𝑂9, 𝑂10: 
 
 
 

Effective operators 

𝐻 = −
4𝐺𝐹
2
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Photon penguin:

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

• Photon penguin 𝑂7: 

 
 
 
 
 
 
 

• Electroweak penguin 𝑂9, 𝑂10: 
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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
⇤J �pol @ LHCb

Bd ! K
(⇤)`�`+ @ LHCb/CMS/ATLAS

Bs ! �µ+µ�, ⇤b ! ⇤(⇤)µ+µ� ...

t
 
/ ?

b s

Z
*
/ γ* 

/ ?

W 
-
/ ?

μ
+

μ
−

Biplab Dey Prospects in b ! sµµ October 7th , 2015 2 / 23• Experimental test: Compare calculable Ci coefficients to experimental data
- Sensitivity for NP in Wilson coefficients C7, C9, C10

ℋ)** = − 4 ./
2 123124∗ 6

789

9:
;7<7

" → $%&%'
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!",$ → &'&(
• very rare decay in SM: FCNC, helicity suppressed
• precise SM calculation (update!)

• considered very sensitive to new physics (SUSY etc)

• “clean/easy” experimental signature: just count!

28

Bs,d --> μμ‒

very rare decay in SM: FCNC, helicity suppressed

precise SM prediction

[A. J. Buras, et.al, J.HEP 10, 009 (2010)]

very sensitive to new physics
e.g. in MSSM, BR ~ tan6β

one example of exclusion power, in “MUHM1” 

jets

jets + μ

Q: why is the Bd decay more rare than the Bs decay?

𝑩𝒅,𝒔
𝟎 → 𝝁+𝝁− search 
Golden modes in NP searches:

 Flavour Changing Neutral current
No tree diagram, only higher orders
Helicity suppressed 
Possible new physics in the loops

Precise SM prediction:
𝐵 𝐵𝑠0 → 𝜇+𝜇− = 3.66 ± 0.14 × 10−9

𝐵 𝐵0 → 𝜇+𝜇− = 1.03 ± 0.05 × 10−10

7/3/2023 Flavour and Precision Physics, Hang Yin 35

PRL 112 (2014) 101801
JHEP 10 (2019) 232



to μþμ− and the quantity Aμμ
ΔΓs

is equal to unity. However, in
the presence of NP contributions it can assume any value in
the range−1 ≤ Aμμ

ΔΓs
≤ 1 [12]. Thus theB0

s → μþμ− branch-
ing fraction might differ from the SM prediction in either of
the two factors in the right-hand side of Eq. (1).
The B0

s → μþμ− effective lifetime is defined as

τμþμ− ≡
R∞
0 tΓðBsðtÞ → μþμ−ÞdtR∞
0 ΓðBsðtÞ → μþμ−Þdt

¼
τB0

s

1 − y2s

!
1þ 2Aμμ

ΔΓs
ys þ y2s

1þ Aμμ
ΔΓs

ys

"
; ð2Þ

where t is the decay time of the B0
s or B̄0

s meson, the decay-
time distribution ΓðBsðtÞ → μþμ−Þ for B0

s → μþμ−

and B̄0
s → μþμ− decays with and without oscillations

is defined as ΓðBsðtÞ → μþμ−Þ≡ ΓðB0
sðtÞ → μþμ−Þþ

ΓðB̄0
sðtÞ → μþμ−Þ, and τB0

s
¼ 1.515% 0.004 ps [11] is the

mean B0
s lifetime. By measuring the B0

s → μþμ− effective
lifetime, the contribution of each mass eigenstate, and thus
theCP structure of the interaction involved in the decay, can
be inferred, and a direct evaluation ofAμμ

ΔΓs
can be performed.

The lifetime thus makes it possible to discriminate between
contributions from scalar or pseudoscalar interactions in a
complementary way to the branching ratio. Similar effects
are not significant for B0 → μþμ− decays due to the
negligible decay width difference of theB0 mass eigenstates.
The ratio of the B0 → μþμ− and B0

s → μþμ− branching
fractions also provides powerful discrimination between
NP theories [13]. This quantity is theoretically more precise
than the two individual branching fractions due to the
cancellation of common theoretical uncertainties. It can be
obtained as

Rμþμ− ≡ BðB0 → μþμ−Þ
BðB0

s → μþμ−Þ

¼ τB0

1=Γs
H

#
fB0

fB0
s

$
2
%%%%
Vtd

Vts

%%%%
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

B0 − 4m2
μ

q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

B0
s
− 4m2

μ

q ; ð3Þ

where τB0 is the lifetime of the B0, Γs
H is the width of the

heavy-mass eigenstate of the B0
s meson, MB0 and MB0

s
are

the masses of the B0
ðsÞ mesons, fB0 and fB0

s
are the B0

ðsÞ
meson decay constants, Vtd and Vts are Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements and mμ is
the mass of the muon. In the SM, Rμþμ− is predicted to be
0.0281% 0.0016 [7] and it assumes the same value in all
NP models with the same flavor structure as the SM [14].
The B0

s → μþμ−γ decay is also rare in the SM. Compared
to the B0

s → μþμ− amplitude, the additional suppression
arising from the photon is compensated by the fact that the
amplitude is no longer helicity-suppressed, increasing the
total predicted branching fraction to Oð10−8Þ [15–21]. Two
groups of amplitudes contribute to this decay: those where
the photon is emitted from the initial state (initial-
state radiation or ISR), an example of which is shown in
Fig. 1(c), and those in which it is emitted from the final state
(final-state radiation, FSR), as in Fig. 1(d). Their interference
is evaluated to be negligible due to their combined helicity
and kinematic suppression [18,19,22]. The FSR contribution
to theB0

s → μþμ−γ process is experimentally included in the
B0
s → μþμ− decay through thedescriptionof the radiative tail

in its mass distribution. The ISR component is sensitive to a
wider range of interactions and is treated as a separate
contribution to the mass fit. In the mass region of interest its

(a) (b)

(c) (d)

FIG. 1. SM Feynman diagrams mediating (top) the B0
s → μþμ− and (bottom) the B0

s → μþμ−γ processes. Subpanels show (a) the so-
called “penguin” diagram and (b) the “box” diagram for B0

s → μþμ−, and (c) an ISR contribution and (d) an FSR contribution to
B0
s → μþμ−γ.

R. AAIJ et al. PHYS. REV. D 105, 012010 (2022)
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Bs: !"# !"$∗

Bd: !"& !"$∗

The CKM matrix

quark sector: weak eigenstates != mass eigenstates

W+

qu ∈ {u, c, t}

q̄d ∈ {d̄, s̄, b̄}
Vqq̄

W−

q̄u ∈ {u, c, t}

qd ∈ {d, s, b}
V ∗

qq̄

V is unitary with 4 independent ’physical’ parameters
−→ one complex phase

V =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 ∼









Wolfenstein parameterization, λ ≈ 0.2

V =




1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1



 + O(λ4)

Wouter Hulsbergen (U. Maryland) — 2
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• observed signals at the LHC:

Search for new physics in rare hadron decays, Lepton Photon 2023Matteo Rama

𝐵𝑠,𝑑 → 𝜇+𝜇−

13

• FCNC, helicity and CKM 
suppressed, theoretically very 
clean, BF sensitive to NP

PLB842(2023)137955PRL128(2022)041801

PRD105(2022)012010JHEP04(2019)098

2015+16 data

𝐵𝐹 𝐵𝑠 → 𝜇𝜇 𝑆𝑀 = 3.78−0.10+0.15 × 10−9

𝐵𝐹 𝐵0 → 𝜇𝜇 𝑆𝑀 = 1.02−0.03+0.05 × 10−10
Buras, 2205.01118

• ATLAS and CMS key players thanks 
to muon trigger and large integrated 
luminosity

Still benchmark channels to search for signs of NP

• 2𝜎 tension washed out following 
latest LHCb and CMS results

• 𝐵𝐹 𝐵𝑠 → 𝜇𝜇 becoming precision 
measurement. Still room for 15% NP

• No evidence of 𝐵0 → 𝜇𝜇 yet 
(UL∼ 𝑂 1 × 10−10)

𝐵𝐹 𝐵𝑠 → 𝜇𝜇 = 3.83−0.36 −0.16 −0.13+0.38 +0.19 +0.14 × 10−9
𝐵𝐹 𝐵𝑠 → 𝜇𝜇 = 3.21−0.91 −0.30+0.96 +0.49 × 10−9

𝐵𝐹 𝐵𝑠 → 𝜇𝜇 = 3.09−0.43 −0.11+0.46 +0.15 × 10−9

ATLAS

CMS

LHCb

Run 1+2 Run 2

Unofficial WA

superceded

2210.07221

Bobeth et al, PRL112(2014)101801• note the importance of good mass resolution!
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• good agreement between 
experiment and theory

• non-SM contributions not much 
more than 15%
• à strong contraints on BSM 

physics 
• no clear evidence yet for Bd->μμ

!",$ → &'&(



!" → $∗&'(') (and alike)Here I want a page break

• invariant mass-squared of μμ
pair is called “q-squared”: 

transition example of decays
b ! s� B0 ! K⇤0�
b ! s`+`� Bs ! µ+µ�, B0 ! K⇤0µ+µ�, B+ ! K+µ+µ�

b ! sqq̄ Bd ! K⇡, Bs ! �⇡
b ! d`+`� B0 ! ⇢0µ+µ�, Bd ! µ+µ�

s ! d� KL ! ��
s ! d`+`� KL ! µ+µ�, KL ! ⇡0e+e�, K+ ! ⇡0µ+µ�

s ! d⌫⌫̄ KL ! ⇡0⌫⌫̄, K+ ! ⇡+⌫⌫̄

q2 =
��pµ(`+) + pµ(`�)

��2

20



Contribution of operators depends on !"

Renato Quagliani LHC Seminar, CERN 4

…. : with PseudoScalar  in final state, Hs K0
s , K+

— : with Vector  in final state, Hs K*0, K*+, ϕ, . . .

charmonium 
resonances

Why  decays?b → sℓ+ℓ−Introduction

q2 = m2(ℓ+ℓ−)

tree b → ccs

Renato Quagliani LHC Seminar, CERN 4

…. : with PseudoScalar  in final state, Hs K0
s , K+

— : with Vector  in final state, Hs K*0, K*+, ϕ, . . .

charmonium 
resonances

Why  decays?b → sℓ+ℓ−Introduction

q2 = m2(ℓ+ℓ−)

tree b → ccs

≈ ≈

≈



Branching fractions of Rare Decays: ! → # $%$&
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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 ! → # $%$&transition consistently lower than predicted.
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Angular distributions
• in >2-body decays, also ”angular distributions” sensitive to  NP

1 Introduction

The B0
! K⇤0µ+µ� decay,1 where K⇤0

! K+⇡�, is a b ! s flavour changing neutral
current process that is mediated by electroweak box and penguin type diagrams in the
Standard Model (SM). The angular distribution of the K+⇡�µ+µ� system o↵ers particular
sensitivity to contributions from new particles in extensions to the SM. The di↵erential
branching fraction of the decay also provides information on the contribution from those
new particles but typically su↵ers from larger theoretical uncertainties due to hadronic
form factors.

The angular distribution of the decay can be described by three angles (✓`, ✓K and
�) and by the invariant mass squared of the dimuon system (q2). The B0

! K⇤0µ+µ�

decay is self-tagging through the charge of the kaon and so there is some freedom in the
choice of the angular basis that is used to describe the decay. In this paper, the angle ✓` is
defined as the angle between the direction of the µ+ (µ�) and the direction opposite that
of the B0 (B0) in the dimuon rest frame. The angle ✓K is defined as the angle between the
direction of the kaon and the direction of opposite that of the B0 (B0) in in the K⇤0 (K⇤0)
rest frame. The angle � is the angle between the plane containing the µ+ and µ� and the
plane containing the kaon and pion from the K⇤0 (K⇤0) in the B0 (B0) rest frame. The
basis is designed such that the angular definition for the B0 decay is a CP transformation
of that for the B0 decay. This basis di↵ers from some that appear in the literature. A
graphical representation, and a more detailed description, of the angular basis is given in
Appendix A.

Using the notation of Ref. [1], the decay distribution of the B0 corresponds to

d4�

dq2 d cos ✓` d cos ✓K d�
=

9

32⇡

h
Is1 sin

2 ✓K + Ic1 cos
2 ✓K +

Is2 sin
2 ✓K cos 2✓` + Ic2 cos

2 ✓K cos 2✓` +

I3 sin
2 ✓K sin2 ✓` cos 2�+ I4 sin 2✓K sin 2✓` cos� +

I5 sin 2✓K sin ✓` cos�+ I6 sin
2 ✓K cos ✓` +

I7 sin 2✓K sin ✓` sin�+ I8 sin 2✓K sin 2✓` sin� +

I9 sin
2 ✓K sin2 ✓` sin 2�

i
,

(1)

where the 11 coe�cients, Ij , are bilinear combinations of K⇤0 decay amplitudes, Am, and
vary with q2. The superscripts s and c in the first two terms arise in Ref. [1] and indicate
either a sin2 ✓K or cos2 ✓K dependence of the corresponding angular term. In the SM,
there are seven complex decay amplitudes, corresponding to di↵erent polarisation states
of the K⇤0 and chiralities of the dimuon system. In the angular coe�cients, the decay
amplitudes appear in the combinations |Am|

2, Re(AmA
⇤
n) and Im(AmA

⇤
n). Combining

1Charge conjugation is implied throughout this paper unless stated otherwise.

1

K+

⇡�
K⇤0 ✓K

µ+

µ�

B0

✓`

(a) ✓K and ✓` definitions for the B0 decay

µ�

µ+

K+

⇡�
B0

K⇤0
�

K+ ⇡�

n̂K⇡

�p̂K⇡

µ�

µ+

n̂µ+µ�

(b) � definition for the B0 decay

⇡+

K�
K⇤0

µ�

µ+

B0

�

K� ⇡+

n̂K⇡

� p̂K⇡

µ�

µ+

n̂µ�µ+

(c) � definition for the B0 decay

Figure 7: Graphical representation of the angular basis used for B0
! K⇤0µ+µ� and

B0
! K⇤0µ+µ� decays in this paper. The notation n̂ab is used to represent the normal to

the plane containing particles a and b in the B0 (or B0) rest frame. An explicit description of
the angular basis is given in the text.

23

• experimental challenge: backgrounds and angular efficiency
• theoretical challenge: choose observables with small hadronic uncertainties

B0
! 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
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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

LHCb, arXiv:2003.04831

Example: angular distributions in !" → $∗"&&

not great agreement 
with SM prediction



Global Fit of ! → # $%$& 94
different theoretical
collaborations

• global fits: perform fits so all 
b->sll data, allowing for NP 
contributions to Wilson 
coefficients

• the fit seems to indicate new 
contributions to ‘C9’

• the ‘pull’ of the SM is about 4 
sigma



Lepton universality
• SM: all leptons have ‘universal couplings’
• well tested with  !± → $±% and   &' → $($) (e.g. at LEP and SLC)

• meson decays provide additional tests, e.g. sensitivity to new forces 
between quarks and leptons (“lepto-quarks”)

for example, branching fractions of Z to leptons from PDG:



B-decays and lepton universality
• ! → # $ % 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
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• ! → &$'$( neutral current: “Forbidden” à rare decays

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

#

)/+!

⁄%- %.

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

!

&

⁄+' /'

⁄+( /(

01 =
3 → 4)%
3 → 4+%

05 =
3' → 6'+'+(
3' → 6'/'/(

01∗ =
3 → 4∗)%
3 → 4∗+%

05∗ =
38 → 6∗8+'+(
38 → 6∗8/'/(
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!" and !"∗
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*) BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)
Average

Average of SM predictions

 = 1.0 contours2cD

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Summer 2018

) = 74%2cP(

s4

s2

HFLAV
Summer 2018

! $ ∗ = &!(& → $ ∗ )*)
&!(& → $ ∗ ,*)

• - → . / * allowed 
charged current (tree level) 

~ 4σ deviation

èInvolves leptons of 2nd and 
3rd generation SM
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!" and !"∗

! $ = &!(&( → $(*(*+)
&!(&( → $(-(-+)

Semi-leptonic decays: lepton non-universality

RK = B(B+!K+µ+µ�)
B(B+!K+e+e�) ,RK⇤0 = B(B0!K⇤0µ+µ�)

B(B0!K⇤0e+e�) ⇠ 1 in SM

From 2014 (2.6�):
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arXiv:1406.6482

From April this year!
(2 bins with 2.2, 2.5� resp.)

arXiv:1705.05802

Deviation at 3.5-4� level in these two measurements alone!

Mick Mulder Non-universality in rare beauty decays? 12
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! $∗ = &!(&. → $∗*(*+)
&!(&. → $∗-(-+)

èInvolves leptons of 1st and 2nd generation

• / → 0 1(1+ suppressed neutral current 

~3.5 2
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OLD

• caused some excitement in past, 
because LHCb seemingly found 
deviations from 1

• latest LHCb results are perfectly 
compatible with expectations
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2020

2020

• situation until 2022: >3 sigma 
deviation from expectation
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Figure 16: Distributions of (left) m(K+e+e�) and (right) m(K+⇡�e+e�) in the (top to bottom)
low-q2, central-q2, and J/ -control regions, overlaid with the projections of the fit model. Each
of the fit components are discussed in Sec. 7.1.
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Underestimate

Underestimate

ee
Underestimate

Underestimated background:



!" and !"∗

! $ = &!(&( → $(*(*+)
&!(&( → $(-(-+)

! $∗ = &!(&. → $∗*(*+)
&!(&. → $∗-(-+)

èInvolves leptons of 1st and 2nd generation

• / → 0 1(1+ suppressed neutral current 
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• situation today : good agreement 
with expectation in this observable

LFU violation in b ! s `+`� decays
New LHCb measurement of the LFU ratios R[0.1,1.1]

K , R[1.1,6]
K , R[0.1,1.1]

K⇤ , R[1.1,6]
K⇤

LHCb, arXiv:2212.09152, arXiv:2212.09153.

I sample of B meson decays in pp collisions collected between 2011 and 2018 (integrated luminosity
of 9 fb�1)

I new modelling of residual backgrounds due to misidentified hadronic decays
I deviations from SM by ⇠ �0.0, +1.1, +0.5 and �0.4�

B. Capdevila FPCP 2023 3/27



why we should keep testing “Lepton universality”

SU(3)×SU(2)×U(1)

These three (families) of particles 
seems to be “identical copies” 
but for their mass ... 

 γ, g, W, Z

This is exactly the same (potentially misleading) argument we use to infer LFU 
in the SM...

The SM quantum numbers of the three families could be an “accidental” low-energy 
property: the different families may well have a very different behavior at high 
energies, as signaled by their different mass

Introduction [General considerations on LFU]

Suppose we could test matter only with long wave-length photons...

e+ p+

We would conclude that these two particles are
 “identical copies” but for their mass ... 

e τμ

U(1)Q

γ
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b → s

μμ (ee) ττ

b → d

s → d

νν

Bd → μμ

B → π μμ
Bs → K(*) μμ

K → π νν

B → K(*) νν

B → π νν

B → K(*) ττ

B → π ττ

τμ μe 

O(20%)

RK, RK*

O(1)

O(1)

O(1)

→ 100×SM

→ 100×SM

long-distance 
pollution

NA NA

B → K τμ

→ ~10-5

B → π τμ

→ ~10-7

B → K μe

???

B → π μe

???

K → μe

???

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

If the anomalies are due to NP, we should expect to see several other BSM effects 
in low-energy observables

O(20%) [RK=Rπ]

Implications for low-energy flavor physics
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Some of the things that I did not cover
• CP violation and rare decays in the Kaon sector

• lepton-number violation (e.g. ! → #$, ! → ###) 

• electric dipole moments

• g-2 

• majorana neutrinos

• …

arXiv:1910.11775



Closing remarks
• low energy measurements can be sensitive to very high mass scales

• several ‘quark flavour physics’ measurements show tension with SM 
predictions
• experimental effects?
• theoretical understanding?
• new physics?
à Belle-II/LHC measurements will improve a lot over coming decade

• lot’s of other exciting experiments ongoing: watch tight!


