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Abstract

The Standard Model (SM) of particle physics represents our most fundamental knowl-
edge of elementary particles and their interactions. One of the cardinal properties of
the SM which has been thoroughly studied during the past years is the so-called Lepton
Flavour Universality (LFU): W and Z bosons are predicted to be equally coupled to the
three lepton generations. Hints for deviations from LFU have been found by the LHCb
collaboration in b→ sℓℓ and b→ cℓν decays, sparking great interest and further mo-
tivating the searches for lepton flavour violating processes. A general review of these
results is presented, including prospects in view of the LHC and LHCb upgrade.
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(a) (b)

Figure 1: Schematic view of the LHCb detector (a) and angular distribution of bb̄
quark pairs produced from proton-proton collision at LHC (b) [16]. The red quadrant
represents the LHCb angular acceptance.

1 Introduction

The Standard Model (SM) predicts the electroweak interactions to have the same amplitudes
for all the three different lepton generations, except for phase-space differences or helicity
suppression effects. This property is called Lepton Flavour Universality (LFU) and it has been
experimentally verified in meson decays [1] [2] [3], τ decays [4] and Z boson [5] decays.
Nevertheless, evidence of LFU violation has been recently observed by the LHCb collabora-
tion in B+ → K+ℓ+ℓ− (ℓ = e,µ) decays [6]: yet another piece in the larger set of anomalies
observed in the last decade in B meson decays, which are showing a consistent tension with
the SM predictions (usually referred to as flavour anomalies). A review of these anomalies,
measured in b → sℓℓ decays (Section 2.1) and in b → cνℓ decays (Section 2.2), is given in
this proceeding.

Beyond Standard Model (BSM) theories that could explain the anomalies, e.g. lepto-
quarks [7–10] or new heavy gauge boson such as Z ′ [11–14], generally also imply a sizeable
Lepton Flavour Violation (LFV), for which evidence has been already observed in decays in-
volving neutrinos [15]. An overview of the searches for decays breaking the lepton flavour
conservation is reported in Section 3. Finally in Section 4, conclusions and future prospects,
given the upgrade of the LHC and the LHCb detector, are presented.

2 Lepton flavour universality tests

The main purpose of the LHCb detector shown schematically in Figure 1a, is the study of heavy
meson decays. LHCb has good particle identification performances, from the two RICH detec-
tors, the electromagnetic calorimeter and the muon stations, excellent momentum resolution
(∆p/p = 0.5% at low momentum) and vertex identification (impact parameter resolution:
15 + 29/pT [GeV] µm) and good low momenta trigger performances, especially on di-muon
tracks (∼ 90% of efficiency) [16]. LHCb is a forward detector, which covers a range of pseu-
dorapidity 2 < η < 5, with a large acceptance (∼ 27%, Figure 1b) for the wide variety of B
mesons (B+, B0, Bc , Bs, Λb etc.) produced from proton-proton collisions at LHC, whose decays
constitute ideal probes for New Physics (NP).

The B meson decays measurements are usually divided into two categories. One includes
the processes which involve a transition from a b quark to an s quark, with the emission of a
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Figure 2: (a) A SM contribution for b → sℓℓ transition, happening via loop and in-
volving the electroweak bosons W , Z and γ. (b) A possible new physics contribution
involving a leptoquark (LQ), which could couple directly quarks and leptons with
different couplings for flavour families.

pair of leptons. These kinds of decays are flavour changing neutral currents and hence heavily
suppressed by the SM: they are forbidden at tree-level and can only happen at higher orders,
as shown in Figure 2a. Therefore, new physics mediators, leptoquarks [7–10] or Z ′ [11–14],
could modify significantly their amplitudes, adding new tree diagrams, as shown in Figure 2b.

The second category includes b → cℓν decays. These decays happen at tree level for
the SM, and thus have larger branching ratios (up to few percent) than b → sℓℓ decays
(BR ∼ 10−6 − 10−7). Nevertheless, the presence of the neutrinos in the final states makes
them experimentally challenging.

2.1 b→ sℓℓ decays

Several observables can be measured in b→ sℓℓ decays. Ratios of branching fractions of the
form:

RK∗ =
B(B→ K∗µ+µ−)
B(B→ K∗e+e−)

SM
= 1±O(10−2) , (1)

where the QCD uncertainties cancel out, are predicted by the SM with very high precision [17],
hence any deviation from the predicted value would be a clear sign of New Physics (NP). In
addition, angular distributions of the final state particles could be also sensitive to NP contri-
butions. Finally, NP interactions could also modify the decay rates depending on the lepton
family considered.

LFU ratios
Relative rates as in Eq. 1 are usually experimentally measured as double ratios between the
resonant (if the lepton pair comes from the decay of a J/ψ) and non resonant decay modes:

RX =
N (B→ Xµ+µ−)

N (B→ X (J/ψ→ µ+µ−))
·
N (B→ X (J/ψ→ e+e−))

N (B→ X e+e−)

·
ϵ(B→ X (J/ψ→ µ+µ−))

ϵ(B→ Xµ+µ−)
·

ϵ(B→ X e+e−)
ϵ(B→ X (J/ψ→ e+e−))

,
(2)

where X can be a generic system containing an s quark, N (B → Xℓ+ℓ−) and N (B → X (J/ψ
→ ℓ+ℓ−)), with ℓ = e,µ, are the yields of the rare and resonant decay modes ob-
tained from fits to the invariant mass of the final state particles, and ϵ(B → Xℓ+ℓ−) and
ϵ(B → X (J/ψ→ ℓ+ℓ−)), with ℓ = e,µ, are the efficiencies of the four decays involved com-
puted with MC simulation (usually calibrated with data from resonant channels). Since the
J/ψ satisfies lepton universality at order of tenths of percent [1], the double ratio procedure
is an efficient way to significantly reduce the systematic uncertainties arising from the differ-
ences in leptons reconstruction. In fact, while muons travel through the detector, most of the

021.3

https://scipost.org
https://scipost.org/SciPostPhysProc.16.021


SciPost Phys. Proc. 16, 021 (2025)

Figure 3: Invariant mass of the final state particles for B+ → K+µ+µ− decays (left)
and B+→ K+e+e− decays (right), for different values of the dilepton invariant mass
squared (q2 = m2(ℓ+ℓ−)). The decay B+ → K+ℓ+ℓ− should be visible as a vertical
band in correspondence of the B+ meson mass value, with two clear peaks point-
ing to the J/ψ and ψ(2S) resonance regions (q2 = m2(J/ψ) and q2 = m2(ψ(2S))).
From the right figure it is possible to understand how much the Bremsstrahlung ef-
fects impact the electron resolution in the whole q2 range, where the vertical band
around the B+ mass vanishes and the tails of the resonances are much wider than for
muons [18].

electrons emit bremsstrahlung photons before the magnet, making more challenging their en-
ergy estimation. In addition, electron reconstruction relies on information from the electronic
calorimeter, which has higher occupancy and therefore higher energy thresholds. Electron
reconstruction also suffers from worse momentum resolution as well as a lower tracking and
PID efficiencies. All these differences affect the invariant mass distribution of the final state
particles, both in statistics and in resolution, as it is shown in Figure 3.

In order to test that all these differences are under control, two powerful cross-checks are
performed. The first one is the evaluation of the single ratio (and therefore more affected by
e/µ differences):

rJ/ψ =
B(B→ X (J/ψ→ µ+µ−))
B(B→ X (J/ψ→ e+e−))

, (3)

which is known to be equal to 1 with a precision of less than 1% [1]. Furthermore, the absence
of rJ/ψ trends with respect to kinematical variables is also checked, as shown in Figure 4.

The second cross-check makes use of both the J/ψ and theψ(2S) resonances by construct-
ing the double ratio:

Rψ(2S) =
B(B→ X (ψ(2S)→ µ+µ−))
B(B→ X (J/ψ→ µ+µ−))

·
B(B→ X (J/ψ→ e+e−))
B(B→ X (ψ(2S)→ e+e−))

, (4)

which again is checked to be equal to one, and helps to verify the reduction of systematical
uncertainties with the double ratio procedure.

LHCb has recently updated the measurement of RK [6] in a range of 1.1< q2 < 6.GeV2/c4,
analysing the complete set of data collected at the LHC (for a total of 9fb−1 integrated lumi-
nosity). Figure 5 shows the fits to the invariant mass of the final state particles for the four
decay modes needed to evaluate the double ratio in Eq. 2.

The RK value was found to be:

RK(1.1< q2 < 6 GeV2/c4) = 0.846+0.042
−0.039(stat)+0.013

−0.012(sys) , (5)
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Figure 4: Left: 2D distribution of the angle between the leptons and the maximum
momentum of the leptons for B+→ K+e+e− (red) and B+→ K+(J/ψ→ e+e−) (blue)
events. Right: rJ/ψ value in bins of the same 2D distribution shown on the left. The
rJ/ψ value is checked to be in agreement with one and flat in all the bins. [6].

which is compatible with the previous RK published value obtained with a smaller part of the
data collected [18], and lays at 3.1 standard deviations from the SM predictions, represent-
ing the first evidence of LFU violation. The values of rJ/ψ and Rψ(2S) were also found to be
compatible with unity within one standard deviation:

rJ/ψ = 0.981± 0.020(stat+ sys) , (6)

Rψ(2S) = 0.997± 0.011(stat+ sys) . (7)

Deviations of LFU ratios from the SM predictions were already been observed by the LHCb
collaboration looking at B0→ K∗0ℓ+ℓ− decays, with only 3fb−1 of integrated luminosity. The
measurement showed a 2.1 − 2.4σ tensions with the SM [19], depending on the q2 range
considered:

RK∗0 =

¨

0.66+0.11
−0.07 ± 0.03 , for (0.045< q2 < 1.1 GeV2/c4) ,

0.69+0.11
−0.07 ± 0.05 , for (1.1< q2 < 6 GeV2/c4) .

(8)

Another LFU ratio measurement was also performed with Λ0
b → pK−ℓ+ℓ− decays, using

4.7fb−1 of data. The result was found to be compatible with the SM, but with large uncertain-
ties [20].

R−1
pK(0.1< q2 < 6 GeV2/c4) = 1.17+0.18

−0.16 ± 0.07 . (9)

Since the workshop, the LHCb collaboration published an additional LFU ratio measurement,
using B0 → K0

S ℓ
+ℓ− and B+ → K∗+ℓ+ℓ− decays [21], with the full dataset collected. The

values of the ratios were found to be:

RK0
S
(1.1< q2 < 6 GeV2/c4) = 0.66+0.20

−0.14(stat.)+0.02
−0.04(syst.) , (10)

RK∗+(0.045< q2 < 6 GeV2/c4) = 0.70+0.18
−0.13(stat.)+0.03

−0.04(syst.) , (11)

in agreement with the SM predictions and with the previous tests of lepton universality.

Angular distributions
The differential decay rate in bins of q2 of processes such as B0(+)→ K∗0(+)µ+µ− can be fully
described by q2 and three angles: cos(θℓ), cos(θK) and φ, as defined in [22]. The CP-averaged
coefficients of the decay rate can be sensitive to New Physics contribution, but they have also
challenging SM predictions, due to the modelling of hadronic form factors. The LHCb col-
laboration has measured the full set of CP-averaged angular observables in B0 → K∗0µ+µ−
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Figure 5: Fit to the invariant mass of the final state particles for: B+ → K+e+e−

(top left), B+ → K+µ+µ− (top right), B+ → K+(J/ψ → e+e−) (bot-
tom left), B+ → K+(J/ψ → µ+µ−) (bottom right) decays [6]. The
measured yields from these fits are: N (B+ → K+e+e−) = 1640 ± 70,
N (B+ → K+µ+µ−) = 3850 ± 70, N (B+ → K+(J/ψ → e+e−)) = 743300 ± 900
and N (B+→ K+(J/ψ→ µ+µ−)) = 2288500± 1500.

decays [23], with 6fb−1 of integrated luminosity, and, more recently, in B+ → K∗+µ+µ− de-
cays [24], with the full dataset collected. Figure 6 shows the values measured by the two
analysis for the P ′5 observable, specifically constructed in order to reduce QCD uncertainties
at leading order, together with the respective SM predictions. The values measured with
B+ → K∗+µ+µ− decays were found to be in agreement with what observed in the previous
B0→ K∗0µ+µ− analysis, confirming a local tensions with the SM predictions of 3.1σ, depend-
ing on the q2 intervals considered and the hadronic uncertainties descriptions.

Recently, the LHCb collaboration also updated the measurement of angular observables in
B0→ φµ+µ− decays [25], using the full dataset collected. The observables were found to be
overall in agreement with the SM predictions.

b→ sµµ branching ratios
Branching Ratio (BR) measurements are affected from large theory uncertainties, especially
coming from the modelling of the hadronic form factors. The LHCb collaboration studied
the differential branching fractions dB/dq2 for several decay modes, shown in Figure 7. The
measured branching fractions appear to be consistently lower than the SM predictions, with a
larger discrepancy observed in B0

s → φµ
+µ−decays [26].

Interpretation
All the flavour anomalies described in the previous sections can be employed in so-called global
fits, which allow to estimate the effective couplings (the Wilson coefficients) for the operators
describing the b → sℓℓ processes. Figure 8 shows a global fit to C9 and C10 coefficients,
updated with the latest measurements of RK [6] and of the BR(Bs → µµ) [29], from the
LHCb collaboration. All the measurements seem to point to a shift of these couplings with
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Figure 6: P ′5 measured values for B0 → K∗0µ+µ− [23] (left) and for
B+ → K∗+µ+µ− [24] (right) decays in bins of the di-muon invariant mass. SM pre-
dictions are also shown.

respect to the SM predictions. However, it has to be observed that the uncertainties of the
b→ sµµmeasurements are much larger than for the LFU ratios, mainly due to the description
of hadronic form factors, and that there are ongoing discussion on whether this effect could
be attributed to a wrong estimation of non-local charm-loop contribution, which could cause
a similar shift of the C9 SM predictions.

b→ sττ status
Despite the fact that taus could be the most sensitive to new physic contributions, as shown
in Figure 9, they are still largely unexplored due to the experimental challenges of having
multiple neutrinos in the final states and, as is the case for the LHCb detector, of having a
limited angular coverage. That is why experimental limits are still far away by several orders
of magnitude from the SM predictions, see Figure 9.

2.2 b→ cℓν decays

Similarly to what was already discussed for b→ sℓℓ decays, LFU ratios can be constructed as
relative rates of b→ cτντ decays versus b→ cℓνℓ, where ℓ= e,µ. The missing energies from
the neutrinos and the very busy environment of the LHC, where the initial B meson momentum
is unknown, make these measurements particularly challenging.

R(D∗)
The ratio RD∗ = B(B→ D∗τν)/B(B→ D∗µν)(= 0.258±0.05 for the SM), has been measured
by LHCb using the τ muonic decay τ− → µ−ν̄µντ [34], or the hadronic one τ− → π−π+

π−(π0)ντ [35]. In the muonic case, the signal and the normalization channels share the
same visible final state, reducing significantly the experimental systematic uncertainties. In
the hadronic case, the B → D∗−π+π−π+ decay is instead used as a normalisation channel,
in order to have the same visible final state as the signal one. This results in more uncer-
tainty injected in the measurement, due to the limited knowledge of the B → D∗−π+π−π+

branching fraction. On the other hand, the use of the fully hadronic decay mode of the τ
allows to precisely reconstruct the displaced τ vertex, the B and τ line of flights and to have a
better signal/background ratio, due to the absence of semileptonic background from multiple
neutrinos. The values measured for R(D∗) are:

R(D∗)muonic = 0.336± 0.027(stat.)± 0.030(syst.) , (12)

R(D∗)hadronic = 0.291± 0.019(stat.)± 0.026(syst.)± 0.013 , (13)
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Figure 7: Differential branching ratio measurements for B0(+) → K0(+)µ+µ− decays
[27] (top), B0→ K∗0µ+µ− [28] (bottom left), and B0

s → φµ
+µ− [26] (bottom right)

decays. SM predictions are also shown.

where the third uncertainty for the hadronic measurement is due to the uncertainty on the
B(B→ D∗−π+π−π+). The two measurements were found to be compatible, with the muonic
R(D∗) value laying at 2.1σ above the SM predictions and the hadronic one at ∼ 1σ above
the SM predictions, with larger uncertainties. Both measurements were performed using only
3fb−1 of the data collected. The fits performed by the two analysis can be found in Figure 10.

The combination of the R(D∗) and R(D) measurements, produced by the Heavy Flavour
Averaging Group (HFLAV), is shown in Figure 11. The combination, which includes also mea-
surements from the BaBar and Belle collaborations, exhibits a 3.1σ global tension with the
SM predictions.

R(J/ψ)
LHCb performed an additional LFU ratios measurement, with a different spectator quark than
RD and RD∗ , namely: RJ/ψ = B(Bc → J/ψτν)/B(Bc → J/ψµν), for which the SM prediction
lies in the interval [0.25,0.28], due to the choice of the model for form factors. In the analysis,
which used only 3fb−1 of the data collected, the τ lepton is reconstructed via its muonic decay
and the final fit is performed on the squared missing mass, the q2 and a combination of the
energy of the muon in the B meson mass frame and the decay time of the Bc . The value was
found to be above the SM predictions of 2σ:

RJ/ψ = 0.71± 0.17(stat.)± 0.18(syst.) , (14)

coherently with the RD and RD∗ measurements.

3 Lepton flavour violating decays

The LFU anomalies observed in b→ sℓℓ and in b→ cℓν decays described in this proceeding,
renewed the interest in Lepton Flavor Violation (LFV) searches, since same new physics models
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Figure 8: Global fit to C9 and C10 Wilson coefficients including the latest LFU ratios
(blue), the b→ sµµ measurements (orange) and the recent BR(Bs → µµ) (yellow).
The combination is shown in red. The dashed lines indicate the constrains before the
recent updates [30].

(e.g. Leptoquark) could explain both LFU ratios and link them to a sizeable LFV [37].

B+→ K+µ−τ+

LHCb recently updated the measurement of B+→ K+µ−τ+ [38] using the full dataset collected
and reconstructing the B+ meson from the decay of a B∗0s2 → B+(→ K+µ−τ)K−. In this way
it was possible to reconstruct the B+ flight direction and energy. A fit to the missing mass
distribution in bins of the multivariate analysis output was performed, showing no visible
excess. The limit set on this decay was: B(B+→ K+µ−τ+)< 3.9(4.5)×10−5 at 90%(95%) of
confidence level, comparable with the world best limit.

B+→ K+µ±e∓

In this search, the tree-level decays B+→ K+J/ψ(→ ℓ+ℓ−), with ℓ = (e,µ) were used as nor-
malization control channels. The LHCb analysis for B+→ K+µ±e∓ used only 3fb−1 of the data
collected and showed no significant signal, but improved the current best limits on these de-
cays by more than one order of magnitude [39], finding: B(B+→ K+µ−e+)< 7.0(9.5)×10−9

B(B+→ K+µ+e−)< 6.4(8.8)× 10−9 both at 90%(95%) of confidence level.

B0
s → τ

±µ∓

Searches for B0
s → τ

±µ∓ decays by the LHCb collaboration used the fully hadronic decay of the
τ (τ− → π−π+π−(π0)ντ). With only 3fb−1 of integrated luminosity, no excess was found in
the reconstructed B meson mass distribution [40]. Nevertheless the two world-best limits for
these decays were set: B(B0→ τ±µ∓)< 1.2(1.4)×10−5 and B(B0

s → τ
±µ∓)< 3.4(4.2)×10−5,

both at 90%(95%) of confidence level.

B0
s → µ

±e∓

The strongest limits on B0
s → µ

±e∓ were set by the LHCb collaboration in [41], using only 3fb−1

of integrated luminosity and looking at the lepton-pair invariant mass distribution in bins of the
Boosted Decision Tree output. The limits were found to be B(B0

s → e±µ∓) < 6.3(5.4)× 10−9

and B(B0
s → e±µ∓)< 7.2(6.0)×10−9 at 90%(95%) of CL, for the hypotheses of an amplitude
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Decay SM predictions Limits@90% CL
B0→ ττ (2.22± 0.19) · 10−8 < 1.6 · 10−4 (LHCb [31])
B0

s → ττ (7.73± 0.49) · 10−7 < 5.2 · 10−4 (LHCb [31])
B+→ K+ττ (1.20± 0.12) · 10−7 < 2.3 · 10−3 (BaBar [32])

Figure 9: Top: Predictions of the branching ratios for b→ sττ processes as a function
of RX/R

SM
X , where X is a generic hadronic decay channel [33]. Bottom: experimental

limits and relative SM predictions.

completely dominated by the heavy eigenstate and by the light eigenstate respectively. Best-
world upper limits were also found for B(B0 → e±µ∓) < 1.3(1.0) × 10−9 at 90%(95%) of
confidence level.

D+(s)→ h±ℓ+ℓ
′∓

The LHCb collaboration has recently performed a search for 25 rare and forbidden charm
decays of the form D+(s)→ h±ℓ+ℓ

′∓, with ℓ= e,µ and h= π, K , using 1.6fb−1 of integrated lu-
minosity. No signal evidence was observed for the 25 decays modes and limits on the branching
fractions were set between 1.4× 10−8 and 6.4× 10−6 at 90% of confidence level [42].

4 Conclusion

Flavour physics is currently one of the most interesting area for New Physics searches. Nu-
merous flavour anomalies were observed by the LHCb collaboration in ratios of branching
fractions, angular observables and muon decay rates. All the measurements seem to point to
a coherent pattern, with a shift of the effective coupling (Wilson coefficient) from the SM pre-
dictions, that could be explained by several New Physics models (Leptoquark or a new heavy
gauge boson such as Z ′).

Flavour anomalies could be confirmed or disproved in a very near future. Several LHCb
measurements are in preparation: the updates of the aforementioned measurements with
the full data collected by LHCb from 2011 to 2018; LFU ratios with different hadronic final
states, such as RKππ, Rφ for b → sℓℓ, or RDs

, RΛc
for b → cℓν; simultaneous measurements

of different hadronic final states, such as RK&R∗K or RD&R∗D; and the analysis of the electron
angular distributions in B0(+)→ K∗0(+)e+e− decays.

In addition, with the starting of the Run3 data taking period (2022-2025) at LHC, the
data collected are expected to become approximately three times larger in three years. This
increase in statistics will help both to reduce the statistical uncertainties (the main limitation
in most of the analysis presented) and the systematics due to data-driven models, leading to
an unprecedented precision for flavour measurements. Furthermore, the LHCb detector will
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Figure 10: Top: final fits for the muonic RD∗ measurement [34]. The fits shown are
performed on the squared missing mass m2

miss = (pB − pD∗ − pµ)2, on the energy of
the muon in the B meson mass frame, E∗µ, and in bins of q2 = (pB − pD∗)2. Bottom:
final fits for the hadronic measurements of RD∗ [35]. The fits shown are performed
on the q2 and on the τ decay time, in the last bin of the output of the multivariate
analysis.

undergo several staged upgrades in the following years, where the removal of the hardware
trigger and the replacements of several sub detectors, such as the vertex and the tracking de-
tectors, will reduce the background coming from charged and neutral tracks and will make the
electronic (and even tauonic) modes more accessible. Belle II work will also be of fundamental
importance in order to independently clarify the flavour anomalies that have been puzzling
the physics community in the last decade.

Figure 11: R(D∗) and R(D) combination with inputs from LHCb, BaBar and Belle
collaboration. The HFLAV average, in red, shows a 3.1σ tension with the SM predic-
tion [36].
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