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Questions
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Experimental approaches

SM could be a low-energy effective theory of a more fundamental theory at
higher energy scale with new particles, dynamics/symmetries.

� Limited by collision energy

� Unambiguous evidence of new particle

� Not limited by collision energy

� Requires precise predictions (and
measurements)

K.A. Petridis (UoB) Flavour anomalies QCD at LHC 2024 3 / 23



Indirect probe of high NP scales

Look at observables that:
1 The SM contribution is either small or

accidental
2 Can be measured to high precision
3 Can be predicted to high precision

→ Flavour Changing Neutral Currents in SM
� Loop level, GIM suppressed
� Left-handed chirality
� Lepton universal couplings
→ NP could violate any of these

∆F = 1 Rare B decays

γ, Z

b s
W

t

µ−

µ+

Tree level B decay
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Indirect probe of high NP scales

Look at observables that:
1 The SM contribution is either small or

accidental
2 Can be measured to high precision
3 Can be predicted to high precision

→ Tree level b → c`ν in SM
� Left-handed chirality
� Lepton universal couplings
→ NP could violate any of these

∆F = 1 Rare B decays

γ, Z

b s
W

t

µ−

µ+

Tree level B decay
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B production at the LHC

� Huge production cross-section:
σbb̄ = O(100)µb at the LHC

� B-hadron decays well separated
owing to boost

� “Easy” to identify due to
secondary vertex

� LHCb: Excellent IP and
momentum resolution, and PID
capabilities
→ World leading precision in
many final states

LHCb: Recorded L > 18fb−1, doubling our

Run1,2 dataset in 2024
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Flavour Anomalies

Over the past decade we have observed a coherent set of tensions with SM
predictions

In b → s`+`− transitions (4-5σ)
1. Branching Fractions

B → K (∗)µ+µ−, Bs → φµ+µ−, Λb → Λµ+µ−

2. Angular analyses
B → K (∗)µ+µ−, Λb → Λµ+µ−

3. Lepton Flavour Universality involving µ/e ratios
B0 → K∗0`+`−, B+ → K+`+`−

In b → c`ν transitions (3σ)
4. Lepton Flavour Universality involving µ/τ ratios

B → D(∗)`ν
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Types of b → s`+`− decays

� Decays of form: B+ → K+`+`−, B0 → K∗0`+`−, Bs → φµ+µ−,
Λb → Λ∗`+`−...

The Standard Model (SM) of particle physics provides precise predictions for the1

properties and interactions of fundamental particles, which have been confirmed by2

numerous experiments since the inception of the model in the 1960’s. However, it is clear3

that the model is incomplete. The SM is unable to explain cosmological observations of the4

dominance of matter over antimatter, the apparent dark-matter content of the Universe,5

or explain the patterns seen in the interaction strengths of the particles. Particle physicists6

have therefore been searching for ‘new physics’ — the new particles and interactions that7

can explain the SM’s shortcomings.8

One method to search for new physics is to compare measurements of the properties9

of hadron decays, where hadrons are bound states of quarks, with the SM predictions10

for such properties. Measurable quantities can be precisely predicted in the decays of a11

charged beauty hadron, B+, into a charged kaon, K+, and two charged leptons, `+`�.12

The B+ hadron contains a beauty antiquark, b, and the K+ a strange antiquark, s, such13

that at the quark level the decay involves a b ! s transition. Quantum field theory allows14

such a process to be mediated by virtual particles that have a physical mass larger than15

the mass di↵erence between the initial- and final-state particles. In the SM description of16

such processes, these virtual particles include the electroweak-force carriers, the �, W±
17

and Z0 bosons, and the top quark (see Fig. 1). Such decays are highly suppressed [1] and18

the fraction of B+ hadrons that decay into this final state (the branching fraction, B) is19

of the order of 10�6 [2].20

A distinctive feature of the SM is that the di↵erent leptons, electron (e�), muon (µ�)21

and tau (⌧�), have the same interaction strength, which is known as ‘lepton universality’.22

The only exception to this is due to the Higgs boson coupling, since the lepton-Higgs23

interaction strength gives rise to the di↵ering lepton masses m⌧ > mµ > me [3–9]. The24

suppression of b ! s transitions is understood in terms of the fundamental symmetries on25

which the SM is built. Conversely, lepton universality is an accidental symmetry of the26

SM, which is not a consequence of any axiom of the theory. Extensions to the SM that27

aim to address many of its shortfalls predict new virtual particles that could contribute28

to b ! s transitions (see Fig. 1) and could have nonuniversal interactions, hence giving29

branching fractions of B+! K+`+`� decays with di↵erent leptons that di↵er from the30

SM predictions. Whenever a decay mode is specified in this article, the inclusion of the31

Figure 1: Fundamental processes contributing to B+! K+`+`� decays in the SM and possible
new physics models. A B+ meson, consisting of b and u quarks, decays into a K+, containing
s and u quarks, and two charged leptons, `+`�. (Left) The SM contribution involves the
electroweak bosons �, W+ and Z0. (Right) A possible new physics contribution to the decay
with a hypothetical leptoquark (LQ) which, unlike the electroweak bosons, could have di↵erent
interaction strengths with the di↵erent types of leptons.

1

� Offer multitude of observables.
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Interpreting results

� Rely on an Effective Field Theory to interpret our measurements

� Integrate out heavy (µ ≥ mW ) field(s) and introduce set of:
� Wilson coefficients Ci describing the short distance part
� Operators Oi containing the (non-perturbative) long distance part

Weak effective theory
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1. Decay Rates
� Measurements consistently below theory predictions at low q2 ≡ p2

`` for
many b → sµ+µ− decays

[JHEP06(2014)133]
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FIG. 8. ⇤b ! ⇤ µ+µ� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from
LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [84]).

hdB/dq2i hFLi hA`
FBi hA⇤

FBi hA`⇤
FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci

[0.1, 2] 0.25(23) 0.465(84) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.848(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.808(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.727(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.813(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.454(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.417(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3706(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.409(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤µ+µ� di↵erential branching fraction (in units of 10�7 GeV�2)
and for the binned ⇤b ! ⇤(! p+⇡�)µ+µ� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges
[q2

min, q2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),

and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q2) are negligible
compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��(0)
T /(2�0)

(72)

(as in Ref. [8]), where �
(0)
T = 2 CF = 8/3 is the anomalous dimension of the tensor current [97], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q2. At low q2,

Theory: Bobeth et al [JHEP07(2011)067], Bharucha et al [JHEP08(2016)098], Detmold et al
[PRD93,074501(2016)], Horgan et al [PRD89(2014)]

� SM predictions limited by B → K (∗) form-factor uncertainties
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B0 → K∗0µ+µ− [JHEP11(2016)047], Λb → Λµ+µ− [JHEP06(2015)115] Bs → φµ+µ− [PRL127.151801]



2. Angular analysis of B → K ∗µ+µ−

� Differential decay rate of B0 → K∗0µ+µ− and B̄0 → K̄∗0µ+µ−:

� Measure 16 observables (CP symmetric and asymmetric) through a quasi 4D
angular and mKπ fit in bins of q2

� Each observable sensitive to different types of new physics couplings
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The B0 ! K ⇤0(K+⇡�)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P � V V � (pseudoscalar to vector-vector)
� Vector K�(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , ��, �, q2¯

� Angular distribution �� Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P �
4, P �

5, P �
6, P �

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B0 to a vector K⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop
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Latest B → K ∗µ+µ− results

� The large number of observables cover full spectrum of new physics models
� Orthogonal expt. systematics and more precise theory predictions

q2 [ GeV2/c4]
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P
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S
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LHCb

1� Combination of angular observables: ∼ 2− 3σ tension per mode and
experiment
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B0 → K∗0µ+µ−[PRL125(2020)011802] B+ → K∗+µ+µ− [PRL126(2021)161802]

CMS, ATLAS B0 → K∗0µ+µ− [CMS-PAS-BPH-21-002], [JHEP10(2018)047]



3. Lepton Flavour Universality tests

� In the SM couplings of gauge bosons to leptons are independent of lepton
flavour
→ Branching fractions differ only by phase space and helicity-suppressed
contributions

� Ratios of the form:

RK (∗) :=
B(B → K (∗)µ+µ−)

B(B → K (∗)e+e−)

SM∼= 1

� In SM free from QCD uncertainties affecting other observables
→ O(10−4) uncertainty [JHEP07(2007)040]

� Up to O(1%) QED corrections [EPJC76(2016)8,440]

→ Any significant deviation is a smoking gun for New Physics.
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Latest RX results

[LHCb PRL131,051803]

� New measurements in Bs → φ`+`−!
� Good compatibility with SM
→ Electron and muon BFs consistently below SM prediction
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4. Tree level LFUV

RD(∗) :=
B(B → D(∗)τντ )

B(B → D(∗)µνµ)

� Persistent hint of LFUV involving 3rd
generation in b → c`ν tree-level
transitions

� Global fit to LHCb Belle and BaBar
measurements at ∼ 3.1σ from SM

NEW: RD(∗)+ in D+µ− using 2fb−1 of
Run2 data [LHCb-PAPER-2024-007]

RD(∗) in D0µ− using Run1
data[PRL131,111802(2023)]

RD(∗+) in D03π [PRL131,111802(2023)]

� LHCb measurement uncertainty equal
split between stat. and syst.

→ B → D∗ form-factors and background
modelling largest systematic of Run2
analysis

→ Simulation sample size largest
systematic for Run1 analysis
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Putting it all together

� Combination of b → s`+`−

measurements
∼ 5σ from SM

� Measurements point to new physics
with vector dilepton coupling (C9)

[Alguero et al EPJC83(2023)7,648]
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Putting it all together: Optimistic

� Leptoquark with 3rd generation
couplings

� Expect large enhancement of
b → sτ+τ−

� Generates radiatively anomalies in
b → s`+`− (` = e, µ)

γ

τ

b s

τ

µ−

µ+

LQ
[Fuentes-Martin et al ’22], [Bordone et al 17’,18’],
[Cornella et al 19’], [Greljo et al 18’], [Matias et al ’18]
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Putting it all together: Pessimistic

� Theory input required to compute contribution of
b → cc̄s hadronic amplitude (non-local)
e.g [Khodjamirian et al 2010], [Gubernari et al 2018,2021,2022]

C eff
9 = CSM

9 + CNP
9 + Ycc̄(q2)

� Unexpectedly large b → cc̄s, can mimic new
physics in C9

→ Use data to determine both CNP
9 and Ycc̄(q2)

components
[Cornella et al EPJC80(2020)12:1095], [Bobeth et al EPJC(2018)78:451],
[Pomery et al EPJC(2018)78:453]

→ Requires model for Ycc̄(q2)
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Determing non-local contributions from data
d5Γ

dq2d~Ωdm2
Kπ

=
∑

i

Si (q
2,m2

Kπ)f (~Ω)

Si bilinear combinations of K∗ helicity amplitudes AλL,R(C
NP (′)
7,9,10 ,Y

λ(q2),Fi (q
2))

Wilson Coefficients, B → K∗ non local amp., B → K∗ form factors

� Maximise sensitivity by fitting q2 spectrum continuously

� Narrow dimuon resonances φ, ψ, ψ′
etc require excellent control of
resolution
→ Kinematic constraint using
known B0 mass to improve q2

resolution
→ Obtain resolution parameters
from fit to data
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Latest measurement

� Unbinned amplitude analysis of entire B0 → K∗0µ+µ− q2 spectrum
� First measurement using entire Run1+Run2 result
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Latest results
LHCb [JHEP09(2024)026]
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� Excellent agreement with global fits

� Tesion in C9 at 2.1σ from SM

� Non-local amplitude plays clear role

� First determination of Cτ9 = −116± 264± 98
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Latest results contd.

� Good agreement with previous unbinned LHCb measurement
[PRL132(2024)13180]

� Using “polynomial” model for non-local amplitudes (z-expansion)
[Bobeth et al EPJC(2018)78:451] in limited q2 range
→ Less model dependent and more formal theoretically

LHCb [JHEP09(2024)026]
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Conclusions

� Intriguing set of coherent anomalies in b → s`` and b → cτ`ν persist a
decade on
� Evaporation of LFUV in b → s`` (` ≡ µ, e) means no irrefutible NP

evidence

� Understanding hadronic contributions is critical
� First results promising but are we missing other effects?

eg large hadronic rescattering B → D∗Ds → K (∗)`` [Ciuchini et al 22]

[Isidori et al 24] suggests maybe not?.
� Both theory and experiment work ongoing

� Improved experimental precision in RD,D∗ and B → K (∗)ττ is critical
� Run3 LHCb and Belle2 data are key to this endeavour

� Potential RD,D∗ links with Vcb puzzle means further theory and experiment
work ongoing here as well
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One last thing...

� Keep close eye on Belle2 B → Kνν̄ excess [PRD109,112006(2024)]

� Leptoquark can also enhance b → sντ ν̄τ
� No charm-loop arguments

� Potential tensions also in non-leptonic b → s(d) b → c measurements
eg [Biswas et al JHEP06(2023)108], [Bordone et al EPJC80 10 951(2020)]

� Significant theory and experimental work needed here
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Thanks for listening
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Backup
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