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Flavour anomalies

● What IS flavour?
– Described, but not understood 

within the Standard Model 
● A reason for 3 families?
● Any other force carrying particles
● Is the Higgs the only scalar
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Flavour anomalies
● What do we mean by an anomaly?

Collins dictionary
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Flavour anomalies
● Within the Standard Model framework, we can calculate the probability of a 

decay or a differential kinematic distribution of daughters in a decay
● If the measured distributions (within uncertainties) 

are not in agreement with the calculated 
ones, we have an anomaly

● So what!  With loads of measurements
and predictions, some of them 
are bound to be wrong?

● But what if nearly all (>100!) point in the same 
direction? Do we see signs of a new 
fundamental force, new vector bosons, …??

Measurements
SM calculation

arXiv:2104.10058

https://arxiv.org/abs/2104.10058
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Flavour anomalies at LHCb
● The Large Hadron Collider is the largest producer in the world of b-hadrons 

– These are great for studying 
as they have O(104) different 
decays that each give 
information

– About 1012 b-hadrons per
year

– LHC Run 3 that just started
will increase this rate by a 
factor 5
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… and at Belle II
● The Belle II detector detect B+ and B0 mesons produced from Υ(4S) decays

– Simplicity of environment allows
for inclusive reconstruction

– Capability to detect final states
with multiple neutral particles

– Already some really interesting
results
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Look for the rare
● If a decay of a b-hadron is predicted as really rare within the Standard 

Model, it is easier to spot an effect from something beyond the SM

Not allowed in SM Allowed in SM
but suppressed

Some new force carrier
that allows same final state??
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Penguins
● The decays are call electroweak penguin decays
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The first penguins
● CLEO found evidence of B→K*γ with BF~5 x 10-5 in 1993
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Weak interaction of quarks
● Experimentally, charged pion and kaon decays can be compared

● Experiment shows that kaon lifetime is a factor 20 longer that naively 
expected

● Cabibbo proposed that this was due to that weak eigenstates are 
different to mass eigenstates

● So we have                  but not
(ds )⏞
mass

=(cosθcsin θc
−sinθc
cosθc ) (d 's ' )⏞

weak

(d 's ' )⏞
weak

=( cosθc−sinθc
sinθc
cosθc ) (ds )⏞

mass

d ' u→W− s ' u→W −
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Weak interaction of quarks
● Experimentally, charged pion and kaon decays can be compared

●

●                          explains the factor 20 

 

cos θc d’ – sin θc s’

cos θc sin θc

sin θc d’ + cos θc s’
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GIM mechanism
● Consider the decay of a neutral kaon to two muons

● Decay was not observed at predicted branching fraction
– Glashow, Illiopoulos and Maiani (GIM) proposed a (at the time 

hypothetical) 4th quark to explain this
● Quark couplings then become

d
s
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GIM mechanism
● So decay of neutral kaon to two muons now become

● Cancellation is not perfect as c quark mass is large compared to the 
other masses in the system

d
s

d
s
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Universality of weak coupling
● Comparing muon, pion and kaon decays initially made it look as if weak 

coupling was different for different species

● Understanding Cabibbo effect shows us that the weak coupling is 
universal, meaning the same for every vertex.

● Extending this to 3 dimensions gives us the CKM matrix
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GIM mechanism and penguin decays
● GIM mechanism at first glance 

predicts that all penguin diagrams 
have zero amplitude when 
summing over internal quark lines

● The VERY heavy top quark saves 
the day for the b hadrons

● Charm hadron penguin decays are 
extremely suppressed though

u, c or t quark here
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An effective theory for describing decay
● As the W boson or any NP particle(s) are of a mass far above the b quark 

mass, we can treat decay in an effective theory. 

● This is the same idea as treating radioactive decay as a 4-fermion operator 
in Fermi theory
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An effective theory for describing decay
● The effective theory needs to describe the different types of coupling

From Altmannshofer
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Looking for New Physics
● Within the language of the effective theory, the determination of Wilson 

coefficients is how we can identify New Physics
● We then compare the measured values to the ones predicted from the 

parameters of the SM 
JHEP09 (2022) 133

SM calculation
Measurements

https://doi.org/10.1007/JHEP09(2022)133
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The need for high precision
● Plots are often made 

showing deviation from SM 
prediction

● We actually measure the 
absolute value of the Wilson 
coefficients

● High precision 
measurements are required

2

-4

-2

4
C9

C10
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But potential gains are large
● We can try to estimate the mass scale of new physics
● For a tree-level mediated NP effect, we are sensitive to λ

2
/M

2
 in B decays

● Or in a minimal flavour violating model (where structure is the same as 
Higgs couplings to quarks)

λ2

M 2 =20%SM∼20% g4

mW
2

1
16π2V tbV ts

∗∼ 1
(30 TeV )2

λ2

M 2 =20%SM∼20% g4

mW
2

1
16π2 ∼

1
(6TeV)2
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The B0
s→μ+μ- decay

● Conceptually the easiest of all these rare decays to look at

● Very precise prediction in the Standard Model

s
sss s
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The B0
s→μ+μ- decay
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The B0
s→μ+μ- decay

● Very complex endeavour to identify a decay at the part-per-billion level
● Eventually fit can be made to mass distribution of the two muons

CMS-PAS-BPH-21-006

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-006/index.html
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Topology of B0→K*0μ+μ- 

● The SM loop level diagram interferes 
with tree level B→K*0(cc)

 
followed by 

(cc)→µ+µ
-

● Gives multiple regions in q
2
=m

2

µµ



28/58 

B0→K*0µ+µ- angular analysis
● Results based on data from 2011 – 2016 from LHCb
● P5’ is a derived parameter from the angular distribution
● This fit excludes the largest

resonance regions
● Leaves it to subsequent 

interpretation to deal with non-local
effects 

LHCb, Phys. Rev. Lett. 125 (2020) 011802

https://doi.org/10.1103/PhysRevLett.125.011802
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QCD
● Any calculation that involves low-energy QCD effects has uncertainties that 

are hard to quantify
● A hadron is not just a nice simple object

The Wikipedia view of a proton

https://en.wikipedia.org/wiki/Proton
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QCD
● Any calculation that involves low-energy QCD effects has uncertainties that 

are hard to quantify
● At energy scales of ΛQCD, ~ 300 MeV we can no longer use perturbative 

calculations in QCD

More the reality
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QCD
● Any calculation that involves low-energy QCD effects has uncertainties that 

are hard to quantify
● At energy scales of ΛQCD, ~ 300 MeV we can no longer use perturbative 

calculations in QCD
– Confinement of the initial state hadron is non-perturbative
– The hadronisation process for final state (if hadronic) is non-perturbative
– The QCD vacuum is relevant

● Tools available such as Heavy Quark Effective Theory, Light Cone Sum 
Rules and Lattice QCD provides some of the answers
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Theory at lowest order
● Decay can’t proceed through tree level, so loop level weak decay is lowest 

order
– Physics at high energy scale gives

Wilson coefficients C7, C9, C10

– Theory provides the form factors
that describe the hadornisation 
into the K*

● Combination gives prediction
of angular distribution that
can be compared to 
measurements
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Observables
● So called “observables” were developed to 

categorise the decay
● FL, fraction of decay produced with a 

longitudinally polarised K* seems to be the 
first
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Optimised observables
● The observables were refined to minimise the effect of uncertainties in 

form factors
● In particular the P’ observables have gained traction
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Measurement of observables
● All the angular observables 

from the B0→K*0µ+µ- can 
be translated into 
constraints in the effective 
theory

● But the translation from 
experimental 
measurements to Wilson 
coefficients still depend on 
our “estimates” of low 
energy QCD effects.

SM

LHCb, Phys. Rev. Lett. 125 (2020) 011802

https://doi.org/10.1103/PhysRevLett.125.011802
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Factorisable corrections
● Strong interactions to the spectator quark can be dealt with through 

factorisation using Light Cone Sum Rule or Lattice QCD calculations
– Uncertainties are at the few percent

level and can be well estimated
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Non-factorisable corrections
● When the lepton system can no longer be regarded as isolated, the 

theoretical framework is much weaker
– From looking at the size of this effect

in hadronic decays, an estimate of
O(10%) can be made
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Charm loop corrections
● The most hotly debated area at the moment

– How should experimental data be used?
– How can uncertainties be assessed?
– Is O(10%) uncertainty reasonable?
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How to work around QCD limitations
● To be able to make firm statements about a signal of something new we 

need to get beyond the current limitation from QCD uncertainties
● Several directions to follow

– Exploit that there is only one fundamental theory
– Extract the QCD effects using a data driven method
– Look for matter-antimatter difference (e.g. CP violation) in the decays
– Final states with neutrinos
– Compare final states where only the leptons differ
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Exploit that there is only one fundamental theory
● For a given 4-fermion coupling there should only be one type of New 

Physics

LHCb, Phys. Rev. Lett. 127 (2021) 151801

B0
s→φμ+μ-

Eur.Phys.J.C 81 (2021) 10, 952

https://doi.org/10.1103/PhysRevLett.127.151801
https://doi.org/10.1140/epjc/s10052-021-09725-1
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Exploit that there is only one fundamental theory
● Any potential new physics should affect all regions in q

2

– We can’t have two different values of C9

● We can fit the B
0
→K*

0
µ

+
µ

-
 in bins

– Good agreement between different regions
– Match between low q

2
 (LCSR) and high

q
2
 (Lattice QCD) is encouraging

– Sensitivity of comparison still quite poor
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Extract the QCD effects using a data driven method
● With knowledge of the form factors, the branching fraction can tell about 

the Wilson coefficients – here for B+→K+µ+µ-

● The C9 we measure has interference from vector resonances
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B+→K+µ+µ- branching fraction
EPJ C77 (2017), 161

● Branching fraction is below SM expectation
– This is seen in all other electroweak penguin decays with muons

http://dx.doi.org/10.1140/epjc/s10052-017-4703-2
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Refine the data driven method
● Promising progress on work that utilise that scattering from initial to final 

state is described by analytical function in the complex plane
– Leads to a dispersion relation that can be estimated from the theory side …

– Or ...

EPJ C78 (2018), 451

https://doi.org/10.1140/epjc/s10052-018-5918-6
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Refine the data driven method
● Use expression of  dispersion relation to parametrise B→K*

0
μμ (K*

0
→K

+
π

-
) 

● The full distribution depends on 6 complex q
2
 dependent amplitudes
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Modelling the hadronic contributions

● Include φ, ρ, J/ψ, ψ(2S), ψ(3770), ψ(4040), ψ(4160), and D(*)D states

● Leads to a (large) set of free parameters that we can simply fit for in data
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Fit anomalies and QCD simultaneously
● Use expression of  dispersion relation to parametrise B→K*

0
μμ (K*

0
→K

+
π

-
)

– An unbinned analysis in
the dimuon mass

– In total we have around 140
parameters

– This is still work in progress
– Parameters in fit model are

blinded
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Look for matter-antimatter differences

JHEP 09 (2014) 177

● QCD treat matter and antimatter identically – no CP violation
– An observation of CP violation would indicate new physics amplitudes
– To observe it requires interference with SM amplitudes of different 

phase

– Unfortunately existing measurement
exactly avoids regions where we
will have phase difference

https://doi.org/10.1007/JHEP09(2014)177
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Look for matter-antimatter differences
● QCD treat matter and antimatter identically – no CP violation

– An observation of CP violation would indicate new physics amplitudes
– To observe it requires interference with SM amplitudes of different 

phase

– Combining unbinned fit with CP
violation analysis will allow for this  

Eur.Phys.J.C 78 (2018) 6, 453

Simulation

https://doi.org/10.1140/epjc/s10052-018-5937-3
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Final states with neutrinos
● We can investigate decays with neutrinos, rather than charged leptons in 

final state
– SM calculation is almost identical for differential decay rate, but no cc loops!
– Final state B→Κvv impossible at hadron collider, but can be accessed at 

Belle II
– Method still sets limit a factor 10 above

SM prediction



51/58 

Slide from Sally Stefkova ….
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Final states where only the leptons differ
● Lepton universality is one of the key features of the Standard Model
● The only difference for decays with electrons, muons and taus is from their 

mass
– Effect of this is easy to correct for in predictions
– Discovery of lepton flavour non-universality is a key signature of New Physics

● Some serious drawbacks though
– The experimental measurements of electrons, muons and taus is anything but 

universal
– The measurements are only sensitive to effects that are not lepton universal
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Electron identification is hard
● Electrons are very light

– When they pass through material they 
emit bremsstrahlung

● Curvature in magnetic field will 
measure too low momentum

– Photons can convert and fake 
electrons

– Background from π0→γγ decay 
that can fake electrons

● Bremsstrahlung recovery can 
(partially) fix this
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B+→K+µ+µ- vs B+→K+e+e-

● The dependence on the efficiency of reconstructing electrons can be 
reduced through double ratio

● J/ψ decay proceed through virtual photon which is measured to be lepton-
universal at 0.4% level
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B+→K+µ+µ- vs B+→K+e+e-

● Reconstructed peaks in the electron and muon modes

Electrons Muons
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Many measurements of lepton non-universality
● Many of the measurements 

shows that that the muon final 
states are less common than the 
electron ones

● Several measurements are 
above 2σ below the SM 
expectation

● We need more data AND other 
experiments (Belle II) to do this
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Many measurements of lepton non-universality

● Combine all lepton non-
universality measurements with 
B0

s→μ+μ- measurement
● All theoretical groups prefer a 

non-SM solution by around 3σ
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Conclusion
With enough data, we WILL be able to distinguish New Physics from QCD
LHCb upgrade I (2022-31?) and Upgrade II (2034?-) will form big part of this

≠
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