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An overview of the status of measurements at the LHC on beauty hadron decays involving the
𝑏 → 𝑠{𝛾, 𝑒+𝑒− , 𝜇+𝜇−} transitions is presented. Such decays are rare in the Standard Model
and therefore particularly sensitive to potential New Physics contributions. Several anomalous
measurements of 𝑏→ 𝑠ℓ+ℓ− decay rates, with ℓ = 𝜇, 𝑒, have sparked significant interest over
the past decade, with hints of New Physics appearing in the effective couplings of leptons to
the electroweak interaction. The presently available data continues to support this interpretation;
however, recent precise results alter the picture in an important way and bring interesting new
developments.
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(a) (b)

Figure 1: (a) The lowest order SM diagram for the 𝑏→ 𝑠ℓ+ℓ− transition. (b) Possible NP contributions to
the 𝑏→ 𝑠𝜇+𝜇− transition.

1. Introduction

Flavour changing neutral current (FCNC) processes such as 𝑏 → 𝑠𝛾 and 𝑏 → 𝑠ℓ+ℓ− are
forbidden at tree level in the Standard Model (SM). They occur only at one-loop level or higher,
for example, by the emission and reabsorption of a 𝑊 boson as shown in Fig. 1a. This loop
suppression leads to small predicted branching fractions, B ≲ 10−5, allowing for the possibility of
relatively large New Physics (NP) contributions, which may originate from mass scales far beyond
that achievable in direct searches.

Interest in 𝑏 → 𝑠ℓ+ℓ− decays was solidified following the start of the LHC era when the
LHCb collaboration announced a series of anomalous experimental results in measurements of
several exclusive 𝑏→ 𝑠ℓ+ℓ− mediated decay channels. The first of the significant anomalies arose
in the angular distribution of the decay 𝐵0 → 𝐾∗0𝜇+𝜇−, in which the LHCb measurement of
the observable 𝑃′

5 was found to deviate from its SM prediction at the level of 3.7𝜎 [1]. The 𝑃′
5

anomaly was confirmed in subsequent LHCb analyses with larger datasets [2, 3] and was followed
by a procession of deviations in other 𝑏 → 𝑠ℓ+ℓ− observables, including differential branching
fractions [4–6] and ratios of branching fractions probing lepton flavour universality (LFU) [7, 8].
The growing set of anomalies was remarkably self-consistent, hinting towards a common explanation
in terms of NP. Furthermore, measurements made by CMS and ATLAS of the same observables
were found to be consistent with those of LHCb. In fact, global fits to all available measurements
of 𝑏→ 𝑠ℓ+ℓ− observables consistently showed a preference for LFU-violating NP in the effective
𝑏→ 𝑠𝜇+𝜇− couplings. Possible explanations for this involve new heavy particles with masses at
or above the electroweak scale. Examples include various incarnations of the leptoquark and 𝑍 ′

boson models shown in Fig. 1b, which can produce tree-level FCNCs.
Despite improvements in both theoretical and experimental precision, the 𝑏→ 𝑠ℓ+ℓ− anomalies

remain unresolved. The apparent deviations can in principle be accommodated for within the SM
by larger than expected contributions from tree-level 𝑏 → 𝑠𝑞𝑞 processes in which the 𝑞𝑞 pair
annihilates leptonically [9], as illustrated in Fig. 2c. With this in mind, the experimental focus has
been twofold: to further reduce uncertainties and to expand the set of observables available to test
predictions. These efforts are also dedicated to the study of 𝑏→ 𝑠𝛾 observables which have shown
no signs of anomalous experimental results thus far, but nonetheless provide crucial input to filter
and constrain potential NP models. These proceedings review the current status of experimental
results in 𝑏 → 𝑠{𝛾, 𝑒+𝑒−, 𝜇+𝜇−} decays at the LHC.
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(a) (b) (c)

Figure 2: The SM WET description of the 𝑏→ 𝑠𝛾 and 𝑏→ 𝑠ℓ+ℓ− transitions. (a) illustrates the effective
operator O7. (b) illustrates the effective operators O9 and O10. (c) illustrates the charm-loop contribution
described by the non-local combination of operators O1,2 and 𝐽𝜇, the electromagnetic current.

2. Theoretical overview

Decays involving a 𝑏 → 𝑠 transition are described within the SM Weak Effective Theory
(WET) which is encapsulated by the following Hamiltonian,

HWET =
−4𝐺𝐹√

2
𝑉∗
𝑡𝑠𝑉𝑡𝑏

∑︁
𝑖

C (′ )
𝑖

(𝜇)O (′ )
𝑖

(𝜇), (1)

where: 𝐺𝐹 is the Fermi constant; 𝑉𝑞′𝑞 are elements of the Cabbibo-Kobayashi-Maskawa (CKM)
matrix corresponding to the 𝑞 → 𝑞′ quark transition; the O (′ )

𝑖
are effective operators obtained by

integrating out all heavy particles above the electroweak mass scale 𝜇 = 𝑀𝑊 ; and the C (′ )
𝑖

are the
corresponding effective couplings, known as Wilson coefficients, which incorporate the dynamics
of those heavy particles.

To obtain physical observables, one must calculate decay amplitudes via matrix elements of
the form A(𝑖→ 𝑓 ) = ⟨ 𝑓 |HWET |𝑖⟩. The values of the Wilson coefficients are obtained by equating
the matrix element for a particular process calculated in the WET with that calculated in the full
SM, i.e. ⟨ 𝑓 |HWET |𝑖⟩ = ⟨ 𝑓 |HSM |𝑖⟩. Such matching calculations are performed at 𝜇 = 𝑀𝑊 and then
evolved down to the appropriate energy scale for the process, i.e. 𝜇 = 𝑚𝑏, via renormalisation. In
this approach, NP contributions manifest as shifts in the Wilson coefficients relative to their SM
values.

The dominant contribution to 𝑏 → 𝑠𝛾 comes from the electromagnetic penguin operator,
O7, with a real photon as illustrated in Fig. 2a. Meanwhile, for 𝑏 → 𝑠ℓ+ℓ−, virtual photon
contributions arise from O7 along with contributions from the electroweak penguin operators, O9

and O10, illustrated in Fig 2b. The relative contribution of each operator is dependent upon the
squared invariant mass of the dilepton pair produced, 𝑞2 ≡ 𝑚2

ℓ+ℓ− . Important contributions from
the four-quark operators O1 and O2 must also be accounted for, since the virtual 𝑞𝑞 pair produced
can couple to a photon, as shown in Fig. 2c for the case of an internal charm quark loop. Such
contributions create large enhancements in the decay rate for 𝑞2 values close to a 𝑞𝑞 resonance
mass, and greatly complicate theoretical calculations.

The main challenges in predicting 𝑏→ 𝑠ℓ+ℓ− and 𝑏→ 𝑠𝛾 observables arise from the calculation
of local and non-local form factors (FFs), which are 𝑞2 dependent functions that parameterise the
hadronic matrix elements. Theoretical efforts are most strongly concentrated on two main methods
of calculation, known as lattice QCD and light-cone sum rules. These two approaches allow the
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determination of the local FFs, whilst the more complex non-local FFs are typically related to the
local FFs via an operator product expansion.

3. Experimental status

The relevant decay channels studied at the LHC fall into three main categories: fully leptonic,
semi-leptonic, and radiative decays of 𝑏-quark hadrons. They each provide complementary sensi-
tivity to the underlying WET parameters and are subject to different challenges and uncertainties,
both experimentally and theoretically. In this section, the key observables studied in each type of
decay are introduced and the latest experimental results are reviewed.

3.1 Fully leptonic decays

Thanks to their simplified hadronic structure, fully leptonic 𝑏→ 𝑠ℓ+ℓ− decays are the cleanest
theoretically; however, the set of available observables is limited. Moreover, they are the most
suppressed in the SM, with branching fractions of the order of 10−9 or below, since 𝐵 decays to
pure dilepton final states are helicity suppressed in addition to the FCNC loop suppression. As a
result, they are experimentally very challenging to analyse and results remain strongly dominated
by statistical uncertainties.

The decay 𝐵0
𝑠→ 𝜇+𝜇− is a well known example and constitutes one of the flagship 𝐵 physics

measurements performed at the LHC. In the SM, the branching fraction has a predicted value of
B(𝐵0

𝑠→ 𝜇+𝜇−)SM = (3.2 ± 0.2) × 10−9 [10]; however, measurements of this quantity are convo-
luted by 𝐵0

𝑠-𝐵0
𝑠 mixing effects, especially in the presence of very low statistics. Experimentally,

the minuscule signal rate currently prohibits the use of flavour tagging information, meaning that
measurements are made without distinguishing between 𝐵0

𝑠 and 𝐵0
𝑠. Predictions for the exper-

imentally measured branching fraction therefore require a correction relative to the theoretical
𝐵0
𝑠→ 𝜇+𝜇− branching fraction to account for the difference in decay widths between the 𝐵0

𝑠 mass
eigenstates [11]. Applying this correction results in a 14% increase, giving a predicted experimental
branching fraction of B(𝐵0

𝑠→ 𝜇+𝜇−)exp,SM = (3.66 ± 0.14) × 10−9 [12].
In comparing the predicted branching fraction to experiment, consideration must given to

the fact that potential NP contributions can affect the measured result either directly through the
𝐵0
𝑠→ 𝜇+𝜇− decay itself, or via the mixing. Potential ambiguities can be resolved through the decay

time distribution, which gives complementary access to the parameters of the mixing correction.
In particular, a measurement of both the branching fraction and the effective lifetime, defined as

𝜏𝜇+𝜇− ≡
∫ ∞

0 𝑡Γ(𝐵0
𝑠 (𝑡)→ 𝜇+𝜇−) 𝑑𝑡∫ ∞

0 Γ(𝐵0
𝑠 (𝑡)→ 𝜇+𝜇−) 𝑑𝑡

, (2)

allows one to distinguish NP contributions to the decay from 𝐵0
𝑠-𝐵0

𝑠 mixing effects [13]. Alter-
natively, NP can modify the effective lifetime whilst conspiring to keep the branching fraction
unchanged. Under the assumption of negligible 𝐶𝑃 violation in the 𝐵0

𝑠-𝐵0
𝑠 mixing, as expected in

the SM, only the heavy 𝐵0
𝑠 mass eigenstate can decay to two muons [14]; this gives an expected

effective lifetime of 𝜏𝜇+𝜇− ,SM = 𝜏𝐵𝐻
= 1.624 ± 0.009 [15].

The 2020 combination of measurements made by ATLAS [16], CMS [17], and LHCb [18],
shown in Fig. 3, resulted in an average value of the B(𝐵0

𝑠→ 𝜇+𝜇−) = (2.69+0.37
−0.35) × 10−9 [19].
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Figure 3: Likelihood contours shown in the plane of the 𝐵0
𝑠 → 𝜇+𝜇− an 𝐵0 → 𝜇+𝜇− branching fractions

for measurements made by the ATLAS [16], CMS [17], and LHCb [18] collaborations along with their
combination. This figure shows the results of the 2020 combination [19] which was compatible with the SM
within 2.1𝜎.
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Figure 4: Likelihood contours shown in the plane of the 𝐵0
𝑠→ 𝜇+𝜇− an 𝐵0→ 𝜇+𝜇− branching fractions for

updated measurements made by the (a) CMS [17], and (b) LHCb [18] collaborations.

These measurements were performed as a simultaneous search for 𝐵0→ 𝜇+𝜇−, proceeding through
the further CKM suppressed 𝑏→ 𝑑ℓ+ℓ− transition. In the 2D plane of 𝐵0

𝑠→ 𝜇+𝜇− and 𝐵0→ 𝜇+𝜇−

branching fractions, the results of the combination were compatible with the SM within 2.1𝜎.
The small tension was later eradicated following updated measurements from LHCb [14] and
CMS [20] in 2022, shown in Fig. 4. Whilst an official update of the LHC combination still
awaits, an unofficial combination including the new LHCb and CMS measurements resulted in
B(𝐵0

𝑠→ 𝜇+𝜇−) = (3.52+0.32
−0.30) × 10−9 [21], in agreement with the SM within 0.4𝜎. In these

latest analyses, LHCb and CMS both also measured the effective lifetime and obtained values of
𝜏𝜇+𝜇− = 2.07±0.29 (stat.)±0.03 (syst.) ps and 𝜏𝜇+𝜇− = 1.83+0.23

−0.20 (stat.)+0.04
−0.04 (syst.) ps, respectively.

The LHCb and CMS results are consistent with 𝜏𝐵𝐻
at 1.5𝜎 and 1𝜎, respectively.

Searches have been performed for several other related decays which could expand the set
of available observables in fully leptonic decays. For example, the decay 𝐵0

𝑠 → 𝑒+𝑒− has a SM

5
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branching fraction that is a further 5 orders of magnitude suppressed, at B(𝐵0
𝑠→ 𝑒+𝑒−)SM =

(8.60 ± 0.36) × 10−14 [12], due to an enhancement of the helicity suppression by the tiny electron
mass. Also of interest are decays in which the 𝐵0

𝑠 meson radiates an additional photon, leading to
final states with either four leptons in the virtual case, e.g. 𝐵0

𝑠→ 𝜇+𝜇−𝜇+𝜇−, or the radiative-leptonic
decay 𝐵0

𝑠→ 𝜇+𝜇−𝛾 in the real case. The additional final state particles lift the helicity suppression,
giving them comparable branching fractions to the dimuon final states. The 𝐵0

𝑠→ 𝜇+𝜇−𝛾 decay was
searched for in the range𝑚𝜇𝜇 > 4.9 GeV/𝑐2 by LHCb in their most recent simultaneous 𝐵0

(𝑠)→ 𝜇+𝜇−

fit; meanwhile, dedicated LHCb analyses were performed to search for the dielectron and four-muon
final states. No evidence for any of these decays was found and the following limits were placed on
the branching fractions at 95% confidence level [14, 22, 23]:

B(𝐵0
𝑠→ 𝜇+𝜇−𝛾) < 2.0 × 10−9,

B(𝐵0
𝑠→ 𝑒+𝑒−) < 11.2 × 10−9,

B(𝐵0
𝑠→ 𝜇+𝜇−𝜇+𝜇−) < 8.6 × 10−10.

3.2 Semi-leptonic decays

Semi-leptonic 𝑏→ 𝑠ℓ+ℓ− decays typically have branching fractions of the order of 10−6 and
yield much higher statistics relative to the fully leptonic modes. Semi-leptonic final states also
contain more degrees of freedom, giving access to a richer set of observables. However, they
suffer from larger theoretical uncertainties due to the presence of both intermediate and final state
hadrons. These effects are most prominent in the 𝑞2 regions close to the narrow 𝑞𝑞 resonances;
hence, measurements are typically made in bins of 𝑞2, with the three bins corresponding to the
𝜙(1020), 𝐽/𝜓, and 𝜓(2𝑆) resonances explicitly vetoed. In the subsections below, experimental
results are split into three categories of observables which carry varying levels of dependence on
this hadronic pollution.

3.2.1 Branching fractions

Shown in Fig. 5 are the differential branching fractions of several semi-leptonic 𝑏→ 𝑠ℓ+ℓ−

decays measured as a function of 𝑞2— all of which appear to show an interesting disagreement be-
tween experiment and theory in the low to central 𝑞2 range, 1 < 𝑞2 < 8 GeV2/𝑐4. The 𝐵0

𝑠→ 𝜙𝜇+𝜇−

branching fraction measured by LHCb [6] (Fig. 5a) was found to deviate by 3.6𝜎 from its SM
prediction across the 1.1 < 𝑞2 < 6.0 GeV2/𝑐4 region, based on calculations from Ref. [24]. Sim-
ilar patterns have been identified in the branching fractions of other decays measured by LHCb,
including 𝐵→ 𝐾 (∗)𝜇+𝜇− [4, 5, 8, 25–27] and 𝛬0

𝑏
→ 𝛬 (∗)𝜇+𝜇− [28, 29]. Moreover, several of

these branching fractions have also been studied by other experiments both at the LHC and else-
where, including CMS [30], Belle [31, 32], BaBar [33], and CDF [34], with all results found to be
compatible with those of LHCb. Following recent improvements in theoretical calculations, the
largest tension is currently observed in the 𝐵+ → 𝐾+𝜇+𝜇− channel (Fig. 5c) in which the LHCb
measurements deviate from the SM predictions at greater than 4𝜎 in several bins at central 𝑞2 [35].
These deviations are found to be significantly reduced upon considering NP shifts of ΔC9 ≈ −1.0,
and ΔC10 ≈ +0.4, relative to the SM predictions [36,37]. However, branching fractions are the most
sensitive to the hadronic physics and the quoted tensions and optimal NP shifts depend closely on
the choice of form factors and power corrections.
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Figure 5: Differential branching fraction measurements of the semi-leptonic 𝑏 → 𝑠ℓ+ℓ− decays: (a)
𝐵0
𝑠 → 𝜙𝜇+𝜇− , (b) 𝐵+ → 𝐾+𝜇+𝜇− , (c) 𝐵0 → 𝐾0

S𝜇
+𝜇− , (d) 𝐵0 → 𝐾∗0𝜇+𝜇− , (e) 𝛬0

𝑏
→ 𝛬𝜇+𝜇− , and (f)

𝛬0
𝑏
→ 𝛬(1520)𝜇+𝜇− . Experimental results are shown for CDF [34], Belle [31, 32], BaBar [33], CMS [30],

and LHCb [4–6, 8, 26, 28, 29]; theoretical predictions are obtained from Refs. [24, 36, 38–44]. Figs. (a), (d),
and (e) were obtained from Ref. [45], whilst Figs. (b) and (c) were obtained from Ref. [36].
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3.2.2 Angular distributions

The angular distributions of 𝑏→ 𝑠ℓ+ℓ− decays provide access to a large number of additional
observables that are complementary to the branching fractions in terms of both sensitivity to NP
and dependence on hadronic interactions. They are typically expressed as a function of the invariant
masses and helicity angles of the final state particles in the decay. For example, considering the
decay 𝐵→ 𝑉ℓ+ℓ−, where 𝑉 is a vector meson decaying to, e.g. 𝐾+𝜋−, one can write the decay rate
as

𝑑4Γ̄

𝑑𝑞2𝑑3 ®Ω
=

9
32𝜋

∑︁
𝑖

𝐽𝑖 (𝑞2) 𝑓𝑖 (cos 𝜃ℓ , cos 𝜃𝐾 , 𝜙), (3)

and likewise for 𝐵→ �̄�ℓ+ℓ−, with 𝐽𝑖 → 𝐽𝑖 and Γ̄ → Γ. In the above, ®Ω ≡ (cos 𝜃ℓ , cos 𝜃𝐾 , 𝜙),
𝜃𝐾 (𝜃ℓ) denotes the angle of the 𝐾+ (𝜇+) with respect to the direction of flight of the 𝐵 meson in
the rest frame of the 𝑉 (𝜇+𝜇−), and 𝜙 denotes the angle between the 𝜇+𝜇− and 𝑉 decay planes in
the rest frame of the 𝐵 meson. A set of 𝐶𝑃-averaged and 𝐶𝑃-asymmetry observables can then be
defined, respectively, as

𝑆𝑖 =
1

𝑑 (Γ + Γ̄)/𝑑𝑞2

(
𝐽𝑖 + 𝐽𝑖

)
, (4)

𝐴𝑖 =
1

𝑑 (Γ + Γ̄)/𝑑𝑞2

(
𝐽𝑖 − 𝐽𝑖

)
. (5)

From these, it is commonplace to take ratios between certain observables in order to form so called
optimised angular observables, 𝑃 (′ )

𝑖
, which benefit from some cancellation in hadronic form factor

uncertainties [46].
The 𝐶𝑃-averaged P-wave angular distribution of the decay 𝐵0 → 𝐾∗0𝜇+𝜇− is the most ex-

tensively studied at the LHC and consists of the observables 𝑆1–9. Measurements of the angular
observables are found to be in generally good agreement with SM predictions. However, Fig. 6a
shows a series of measurements made by the LHCb [3], CMS [47], ATLAS [48], and Belle [49]
collaborations of the optimised observable 𝑃′

5 ≡ 𝑆5/
√︁
𝐹L (1 − 𝐹L), where 𝐹L ≡ 𝑆1𝑐 1 is the fraction

of longitudinal polarisation of the 𝐾∗0 meson. A deviation from the SM predictions of Refs. [50,51]
is evident in the bins covering the range 𝑞2 ∈ [4, 8] GeV2/𝑐4, which appears consistent across ex-
periments. Further support for the 𝑃′

5 anomaly was provided by the LHCb measurement using
the isospin partner decay 𝐵+ → 𝐾∗+𝜇+𝜇−, shown in Fig. 6b, which exhibits a similar tension in
the central 𝑞2 bins [52]. Interestingly, a larger discrepancy was found in the optimised observable
𝑃2 ≡ 2

3 𝐴FB/(1 − 𝐹L), where 𝐴FB ≡ 3
4𝑆6𝑠 is the forward-backward asymmetry of the dimuon system.

A reduced 𝐵+→ 𝐾∗+𝜇+𝜇− angular distribution was also studied by CMS, in which measurements
of the forward-backward asymmetry 𝐴FB and 𝐹L were found in be in good agreement with the
SM and compatible with the LHCb measurements [53]. Considering all observables, the LHCb
measurements of the 𝐶𝑃-averaged 𝐵→ 𝐾 (∗)𝜇+𝜇− angular distributions both collectively favour a
NP contribution of ΔC9 ≈ −1.0 over the SM.

Angular analyses have additionally been performed for several other semi-leptonic 𝑏→ 𝑠ℓ+ℓ−

decay channels, including 𝐵0
𝑠→ 𝜙𝜇+𝜇− [54, 55], 𝐵→ 𝐾𝜇+𝜇− [56, 57], and 𝛬0

𝑏
→ 𝛬𝜇+𝜇− [58].

1The subscript 𝑐 (𝑠) on some of the 𝐶𝑃-averaged angular observables indicates that the observable carries a cos2 𝜃𝐾
(sin2 𝜃𝐾 ) dependence.
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Figure 6: Comparison of measurements and theoretical predictions for the optimised angular observable 𝑃′
5

for the decays (a) 𝐵0 → 𝐾∗0𝜇+𝜇− (figure obtained from Ref. [45]) and (b) 𝐵+→ 𝐾∗+𝜇+𝜇− . Experimental
results are shown for ATLAS [48], CMS [47], LHCb [3,52], and Belle [49]. The anomaly at central 𝑞2 appears
in both decay modes and is largely consistent between the measurements made by different experiments.

The results of these measurements are largely in good agreement with the SM. However, the 𝐶𝑃-
averaged 𝐵0

𝑠→ 𝜙𝜇+𝜇− observables also collectively favour a NP shift of ΔC9 ≈ −1.0. Only a subset
of the 𝐶𝑃-averaged observables are accessible in the 𝐵0

𝑠→ 𝜙(→ 𝐾+𝐾−)𝜇+𝜇− decay, since it is not
flavour-specific and requires a slightly different angular convention. In particular, in the untagged
decay rate, the 𝐶𝑃-averaged observables 𝑆5,6,8,9 are replaced by their 𝐶𝑃-asymmetry counterparts
𝐴5,6,8,9. The latter offer little sensitivity to C9, but provide unique sensitivity to potential NP
sources of 𝐶𝑃 violation, without the need for flavour tagging [59]. The different spin structures
of the 𝐵→ 𝐾𝜇+𝜇− and 𝛬0

𝑏
→ 𝛬𝜇+𝜇− decays also result in a different set of angular observables

— therefore, these three decays expand the breadth of available SM tests significantly and are
consistent with the preference for NP in C9 observed in the 𝐵→ 𝐾 (∗)𝜇+𝜇− modes.

3.2.3 Lepton flavour universality ratios

Ratios of branching fractions of the form

𝑅𝑋 =
B(𝐵→ 𝑋𝜇+𝜇−)
B(𝐵→ 𝑋𝑒+𝑒−)

/
B(𝐵→ 𝑋𝐽/𝜓(→ 𝜇+𝜇−))
B(𝐵→ 𝑋𝐽/𝜓(→ 𝑒+𝑒−)) , (6)

are used to test LFU — a central assumption of the SM flavour sector. The 𝑅𝑋 ratios are among
the cleanest observables available in 𝑏→ 𝑠ℓ+ℓ− decays, since all hadronic effects cancel in the
ratio and theoretical uncertainties are curbed at the 1% level. Any true deviation from unity would
therefore point unambiguously towards LFU-violating NP. They are designed to be robust against
the mismodelling of muon/electron detection efficiencies by means of the double ratio approach,
in which the FCNC mode ratios are normalised to the ratio of the corresponding tree-level decays
passing through the 𝐽/𝜓 resonance. The latter have the same decay topology, which facilitates the
cancellation of several sources of experimental systematic uncertainties, and LFU is well established
in these decays.

Until recently, LHCb measurements of the 𝑅𝑋 ratios for several different final states, shown
in Fig. 7a, had been found to deviate from their SM predictions [7, 8, 60, 61]. The most significant
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Figure 7: The status of LFU measurements made by the LHCb collaboration. (a) shows the results the prior
to December 2022 for the decays 𝑅𝐾∗0 [7], 𝑅𝐾 [8], 𝑅𝐾0

S
[60], 𝑅𝐾∗+ [60], and 𝑅𝑝𝐾 [61]. (b) shows the recent

updates of 𝑅𝐾 and 𝑅𝐾∗ [62, 63].

deviation appeared in 𝑅𝐾 , where a 3.1𝜎 tension was evident in the central 𝑞2 bin, defined as range
1.1 < 𝑞2 < 6.0 GeV2/𝑐4. However, this measurement was recently reperformed in a simultaneous
determination of 𝑅𝐾 and 𝑅𝐾∗0 , which led to markedly different results [62,63], as shown in Fig. 7b.
The difference in results for 𝑅𝐾∗0 is mostly statistical, whilst for 𝑅𝐾 the difference is a combination
of statistical and systematic effects. The updated and improved measurement differs in two main
ways, with the first being the use of more stringent particle identification (PID) criteria to reduce the
level of misidentified backgrounds which can mimic the signal — particularly those affecting the
final states containing electrons. Secondly, the residual misidentified backgrounds in the electron
modes that escaped the tighter PID criteria were explicitly accounted for using a new data driven
inclusive modelling technique. The new measurement represents the most precise test of LFU
performed in 𝑏 → 𝑠ℓ+ℓ− decays, and the results are compatible with LFU conservation within
0.2𝜎.

3.3 Radiative decays

Radiative decays involving the 𝑏 → 𝑠𝛾 transition share the same hadronic structure as
𝑏 → 𝑠ℓ+ℓ− decays and have branching fractions of the order of 10−5. They are dominated by
contributions from O (′ )

7 and represent sensitive probes of the polarisation structure of the weak
interaction. The chiral 𝑉 − 𝐴 formulation of the latter implies that the photons emitted in

( )
𝑏→ ( )

𝑠 𝛾

transitions are predominantly left(right)-handed, with the chirality flipped decays suppressed ac-
cording to the relation C′

7 =
𝑚𝑠

𝑚𝑏
C7. However, this relation can be subject to large NP modification

in models involving right-handed currents. Such possibilities can be tested in the radiative and
semi-leptonic decays of 𝑏 hadrons.

The time-dependent rate for the flavour-nonspecific decay
( )
𝐵 0
𝑞→ 𝑀𝛾, can be written as [64]

Γ(𝑡) ∝ 𝑒−Γ𝑞 𝑡
[
cosh

(
ΔΓ𝑞𝑡/2

)
− 𝐴Δ sinh

(
ΔΓ𝑞𝑡/2

)
+ 𝜁𝐶 cos

(
Δm𝑞𝑡

)
− 𝜁𝑆 sin

(
Δm𝑞𝑡

) ]
(7)

where 𝜁 = 1 (−1) for an initial 𝐵0
𝑞 (𝐵0

𝑞). The rate above depends on the mass and width differences,
Δ𝑚𝑞 and ΔΓ𝑞, between the flavour eigenstates of the 𝐵0

𝑞 meson, and three other observables — 𝐴Δ,
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𝐶, and 𝑆. The coefficient 𝐶 is a measure of direct 𝐶𝑃 violation in the decay, whilst 𝐴Δ and 𝑆 carry
sensitivity to the photon polarisation and arise only through mixing between the 𝐵0

𝑞 meson flavour
eigenstates, hence the requirement of a flavour-nonspecific final state.

Unfortunately, 𝐴Δ is virtually inaccessible in
( )

𝐵0 decays due to the negligible decay width
difference ΔΓ𝑑 . Moreover, the reconstruction of neutral particles at LHCb is challenging, thus the
requirement of a flavour-nonspecific final state in, e.g. 𝐵0 → 𝐾∗0𝛾, is impractical as it requires
reconstructing 𝐾∗0→ 𝐾0

S𝜋
0. The decay 𝐵0

𝑠→ 𝜙𝛾 with 𝜙→ 𝐾+𝐾−, on the other hand, circumvents
both of these issues and was studied by LHCb using Run 1 data, which led to the following
results [65],

𝐴Δ
𝜙𝛾 = −0.67+0.37

−0.41 (stat.) ± 0.17 (syst.),
𝐶𝜙𝛾 = 0.11 ± 0.29 (stat.) ± 0.11 (syst.),
𝑆𝜙𝛾 = 0.43 ± 0.30 (stat.) ± 0.11 (syst.).

These measurements are in good agreement with the SM predictions of Ref. [64]. A direct 𝐶𝑃
asymmetry measurement was also performed by LHCb on the decay 𝐵0→ 𝐾∗0𝛾 with 𝐾∗→ 𝐾+𝜋−

in which the results were consistent with no asymmetry [66].
Angular distributions in 𝑏→ 𝑠ℓ+ℓ− decays also provide excellent sensitivity to the photon

polarisation, specifically in the region of low 𝑞2 where the decay rate is dominated by virtual photon
contributions from C (′ )

7 . Isolating the C (′ )
7 dominated part of the dilepton spectrum necessitates

looking at 𝑏 → 𝑠𝑒+𝑒− modes, since the kinematic threshold to produce a dimuon pair forbids
access to sufficiently low 𝑞2 values. In the decay 𝐵0 → 𝐾∗0𝑒+𝑒−, two of the angular observables,
denoted 𝐴

(2)
T and 𝐴Im

T , are sensitive to the 𝑏 → 𝑠𝛾 photon polarisation in the 𝑞2 → 0 limit.
They are related to the optimised angular observables described in Sec. 3.2.2 by 𝐴

(2)
T ≡ 𝑃1 and

𝐴Im
T ≡ −2𝑃𝐶𝑃3 . An angular analysis of the 𝐵0 → 𝐾∗0𝑒+𝑒− decay was performed by LHCb in the

range 0.0008 < 𝑞2 < 0.257 GeV2/𝑐4, resulting in the measured values [67]

𝐴
(2)
T = +0.11 ± 0.10 (stat.) ± 0.02 (syst.),
𝐴Im

T = +0.02 ± 0.10 (stat.) ± 0.01 (syst.).

These results are also in good agreement with SM predictions, showing no signs of NP enhancement
of right-handed photons in 𝑏→ 𝑠𝛾.

A measurement of the photon polarisation is also possible via the angular distribution of
radiative baryonic decays such as 𝛬0

𝑏
→ 𝛬𝛾. The polarisation parameter 𝛼𝛾 ≡ (𝛾𝐿−𝛾𝑅)/(𝛾𝐿 +𝛾𝑅),

where 𝛾𝐿 and 𝛾𝑅 represent the number of left- and right-handed photon emissions, features directly
in the 𝛬0

𝑏
→ 𝛬𝛾 differential decay rate. An angular analysis of this decay was performed by LHCb,

wherein they measured [68]

𝛼𝛾 = 0.82+0.17
−0.26 (stat.)+0.04

−0.13 (syst.),

in concordance with the SM expectation of 𝛼𝛾 = 1 within 1𝜎. In the same analysis, LHCb also
determined the polarisation parameter separately for the 𝛬0

𝑏
→ 𝛬𝛾 and 𝛬0

𝑏
→ 𝛬𝛾 samples and

found the results to be consistent with 𝐶𝑃 conservation. A search for the decay 𝛯𝑏→ 𝛯0𝛾 was also
performed by LHCb; no signal was observed, allowing an upper limit to be set on the branching
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Figure 8: Experimental 1𝜎 constraints on the size of NP contributions to C′

7. The strongest constraints
arise from the LHCb measurements of 𝐴(2)

T and 𝐴Im
T in the angular analysis of 𝐵0 → 𝐾∗0𝑒+𝑒− decays [67]

(red). Also shown are the constraints from: the LHCb measurement of the mixing-induced variables in
𝐵0
𝑠→ 𝜙𝛾 decays [65] (purple); the LHCb direct measurement of the photon polarisation, 𝛼𝛾 , in 𝛬0

𝑏
→ 𝛬𝛾

decays [68] (green); the Belle measurement of the inclusive 𝐵→ 𝑋𝑠𝛾 branching fraction [72] (blue); the
BaBar measurement of the mixing-induced 𝐶𝑃 asymmetry in 𝐵0 → 𝐾0

S𝜋
0𝛾 decays [73] (yellow). Figure

obtained from Ref. [68].

fraction at B(𝛯𝑏→ 𝛯0𝛾) < 1.3 (0.6) × 10−4 at 95% (90%) confidence level [69]. This limit is
somewhat in tension with SM predictions based on light-cone sum rule calculations from Ref. [70];
however, it remains consistent with predictions from SU(3) flavour symmetry [71].

As shown in Fig. 8, the results discussed in this section can be translated into constraints on
the size of NP contributions to C′

7. Currently, the 𝐵0 → 𝐾∗0𝑒+𝑒− results are the most strongly
constraining by far, and are in good agreement with the SM.

4. Global 𝑏→ 𝑠ℓ+ℓ− fits

Measurements of 𝑏→ 𝑠ℓ+ℓ− and 𝑏→ 𝑠𝛾 observables can be analysed in a model independent
way through global fits defined in the WET approach, allowing the systematic assessment of possible
NP scenarios. Historically, the results of such fits indicated that the available data was best described
by models involving NP contributions to the C (′ )

9 and C (′ )
10 Wilson coefficients, which respectively

describe the vector and axial-vector couplings of leptons to the effective weak interaction. Especially
promising were scenarios involving LFU-violating contributions to 𝑏→ 𝑠𝜇+𝜇− modes, i.e. to C (′ )

9𝜇

and/or C (′ )
10𝜇; although, marginally better descriptions of the data could be achieved by also including

LFU-conserving contributions to 𝑏→ 𝑠𝑒+𝑒− and 𝑏→ 𝑠𝜇+𝜇− modes [74].
The present status of global fits is, however, somewhat different. Importantly, the anomalies

in 𝑏 → 𝑠𝜇+𝜇− branching fractions and angular observables remain prominent and continue to
favour NP models over the SM. However, the convergence of several key observables towards their
SM values in recent experimental updates has interesting implications for the low-energy flavour
structure of the aforementioned NP models. These effects are succinctly described in Ref. [35], with
some of their key findings presented in Fig. 9. The scenario in which NP is allowed in (C9𝜇, C10𝜇)
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Figure 9: The present status of global fits to 𝑏→ 𝑠ℓ+ℓ− observables. The reader is referred to Refs. [35,74] for
the full list of inputs. 1𝜎 (dark shaded) and 2𝜎 confidence regions are shown for two possible scenarios: (a)
NP contributions are allowed to float in (C9𝜇, C10𝜇); (b) NP contributions are allowed to float in (C9𝜇, C9𝑒).
Both scenarios are consistent with CNP

9𝜇 = −1 at 1𝜎. In the second scenario, LFU conserving NP is preferred
with CNP

9𝑒 = CNP
9𝜇 . This scenario provides the optimal fit to the data in the scenarios considered. Figure

obtained from Ref. [35]

is shown in Fig. 9a. The global fit results indicate that significant NP contributions to C10𝜇 are no
longer favoured to explain the data, which can be seen as a consequence of the new world average for
B(𝐵0

𝑠→ 𝜇+𝜇−). An alternative scenario in which NP is allowed in (C9𝑒, C9𝜇) is shown in Fig. 9b.
Here, the results show that LFU-conserving NP in C9 is now preferred, as opposed to LFU-violating
NP in only C9𝜇. In fact, a NP contribution of CNP

9𝑒 = CNP
9𝜇 ≈ −1.0 provides the best description

of the data out of all scenarios considered, and is preferred over the SM at > 5𝜎 based on a 𝜒2

goodness of fit statistic. This is essentially a direct consequence of the latest LHCb results on 𝑅𝐾
and 𝑅𝐾∗0 , which expressly disfavour LFU violation. Evidently, however, the dynamical findings of
𝑏→ 𝑠ℓ+ℓ− global fits over time show that yet more data and more theoretical advancements will
be required to resolve the anomalies in 𝑏→ 𝑠ℓ+ℓ− decays.

5. Conclusion

Decays involving 𝑏 → 𝑠{𝛾, 𝑒+𝑒−, 𝜇+𝜇−} transitions have been the subject of intense study
in recent years and continue to feed us tantalising hints of NP. Anomalous results have presented
themselves in measurements of a number of observables, primarily in 𝑏→ 𝑠𝜇+𝜇− decays. Until
recently, the data generally favoured an explanation in terms of NP models involving LFU-violating
contributions to C (′ )

9𝜇 and/or C (′ )
10𝜇; however, such models are now disfavoured in light of the recent

𝑅𝐾 and 𝑅𝐾∗0 results from LHCb. Additionally, updated measurements ofB(𝐵0
𝑠→ 𝜇+𝜇−) from CMS

and LHCb leave little room for any NP in C (′ )
10𝜇. Right-handed currents are disfavoured in view of

the consistent SM agreement in 𝑏→ 𝑠𝛾 measurements. Taking all of this into consideration, global
𝑏→ 𝑠ℓ+ℓ− fits indicate that a NP explanation indeed remains preferred over the SM at present, with
the favoured scenario now being LFU-conserving contributions to C9. The overarching conclusion

13



P
o
S
(
F
P
C
P
2
0
2
3
)
0
0
7

Experimental status of 𝑏 → 𝑠{𝛾, 𝑒+𝑒− , 𝜇+𝜇−} at the LHC Riley Henderson

to be drawn from these results is that continued study and enhancements in precision remain
essential to resolving the 𝑏→ 𝑠ℓ+ℓ− anomalies.
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