
Taming hadronic 
uncertainties using rare 
(semi-)leptonic decays

23 October 2025 - Orsay

Martino Borsato

Website LHCb@BicoccaBEACH 2022

Mixing and indirect CP
violation in charm mesons
at LHCb

Edward Shields
on behalf of the LHCb collaboration
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Topics covered today

An experimental perspective

๏ Radiative leptonic B decays
• Searches for  and 
• Searches for  and 

๏ Semileptonic  decays
• Precision measurements of  
• Attempts to fit Wilson coeffs together with hadronic 

uncertainties and long-distance contributions

B+ → ℓ+νγ B+ → ℓ+νℓ′￼+ℓ′￼−

B0
s → ℓ+ℓ−γ Bs → ℓ+ℓ−ℓ′￼+ℓ′￼−

b → sℓ+ℓ−

B → K(*)μμ
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Radiative leptonic
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: why?B+ → ℓνγ
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 decay 
Suppressed by  + helicity
Very precise prediction
Theory: 
PDG:  at 90% CL 

B+ → μ+νμ
Vub

BR = (3.8 ± 0.4) × 10−7

BR < 8.6 × 10−7

 decay 
Suppressed by  + helicity + 
Depends on  form factors
Theory: 
PDG:  at 90% CL 

B+ → μ+νμγ
Vub αem

B → γ
BR ≃ 2 × 10−6

BR < 3.4 × 10−6

B+

b̄

u
μ+

νμW+
Vub

γ

B+

b̄

u
μ+

νμW+
Vub

helicity 
suppressed

αem

Test the SM
measure , 

search for , LQ
Vub

H+

Study  meson
to improve predictions 

for other channels

B+
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: why?B+ → ℓνγ

๏  considered golden mode to 
probe the  sub-structure
• Improve understanding of  light-cone 

distribution amplitudes (LCDA)
• At first order  measures 

of the  LCDA parameter 
• Essential for calculations of non-

leptonic B decays (QCD factorisation)

B+ → ℓνγ
B

B

Br(B+ → ℓνγ)
B λB
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Non-exhaustive list of references:
• G.Grozin, M. Neubert, Phys. Rev. D55 (1997) 272-290
• M. Beneke, G. Buchalla, et al, Phys.Rev.Lett.83:1914-1917,1999
• M. Beneke, T. Feldmann, Nucl. Phys. B592 (2001) 3-34
• M. Beneke, J.Rohrwild, Eur.Phys.J.C 71 (2011) 1818
• T.Feldmann, P.Lüghausen, D.van Dyk, JHEP 10 (2022) 162
• Proof of concept Lattice calculation from P.Boer (talk at CKM)

Search for the decayB+
(c) → µ+ωµε

Fabian Glaser1,2, Martino Borsato 3, Marie-Hélène Schune2
1 Universität Heidelberg, Physikalisches Institut, Germany,

2 Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France,
3 Milano-Bicocca University, INFN Sezione di Milano, Italy

Why B+ → µ+ωµε ?
• Decay has never been observed

• Golden mode to probe B+ meson sub-
structure

• Emission of ω probes first inverse moment
εB of the B meson Light Cone Distribution
Amplitude

• Value of εB not well known

• Vital theory input for QCD factorization
schemes and non-perturbative calculation
of B meson decays

Leading order Feynman diagram for the decay

B+ → µ+ωµε .

On the decay B+
c → µ+ωµε

• CKM favoured by |Vcb|2/|Vub|2 but production cross section much smaller

• Effects cancel to yield approximately the same rate as for B+ → µ+ϑµω

Current experimental limit
Belle searched for B+ → ϖ+ϑϑω using ϖ = e, µ to find an
upper limit of

B(B+ → ϑ+ωωε) < 3.0 ↑ 10→6 @90%CL

Branching ratio prediction for B+ → µ+ωµε superimposed with the
experimental limit from Belle. The colored bands correspond to different theory

models.

JHEP 07 (2018) 154
PRD 98, 112016 (2018)

Optimising signal selection
• Maximise sensitivity to B(B+ → µ+ϑµω)

• Optimisation performed on pseudo-
experiments

• Generate background only pseudo-data from
derived templates

• Fitting with signal shapes for B+
(c) → µ+ϑµω

• Signal selection not yet finalised

Background-only pseudo-data and signal
shapes with arbitrary normalisation. 13th LHC students poster session, Nov. 27th 2023

fabian.christoph.glaser@cern.ch

Reconstruction at LHCb
• Extremely difficult to reconstruct at hadron collid-

ers, deemed impossible

• Challenging yet possible at LHCb

Photon Reconstruction

• Select signal candidates from displaced B vertices

• Crucial to require ω → e+e↑ conversion for vertex
reconstruction

• Conversion in LHCb’s Vertex Locator provides ex-
cellent vertex resolution

Neutrino Recovery

• At LHCb cannot constrain neutrino momentum
from initial kinematics

• Correct for momentum imbalance p↓ perpendicular
to B flight direction

mcorr =
√

m2
vis(µ

+ωee) + p2↓ + p↓

Background modelling
Analysis Strategy

• Use data recorded with LHCb from 2016-2018 corresponding to Lint = 5.4 fb↑1

• Search for signal by binned template fit in mcorr

• Generate data-driven background templates

Background from ϖ0/ϱ → εeeε

• By far the dominant source of background

• Select ϱ0/ς → ωeeωcalo in data using additional
calorimeter photon ωcalo

• Correct efficiency of finding additional photon

• Representative of all ϱ0/ς → ωeeω back-
grounds including physics and combinatorial
components

Background from h+ → µ+mis-identification

• Control sample without PID requirement on
the muon track

• Generate template for ϱ+ → µ+ and K+ → µ+

Outlook

• Search for B+
(c) → µ+ϑµω can be done at LHCb

• Pushing the limits of the LHCb experiment

• Analysis strategy and background modelling in
place

• Selection of signal candidates still ongoing

• Expected sensitivity towards
B(B+ → µ+ϑµω) soon to be evaluated

M.Beneke et al JHEP 07 (2018) 154
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Figure 3. B-meson leading-twist LCDA λBφ+(ω, µ0) for the three models described in the text.

with σ̂0 = 1 defining λB. To the NLL accuracy only the values of λB, σ̂1 and σ̂2 are needed.

The LCDA and the moments are renormalization scale dependent. For brevity, we omit

the explicit scale argument µ.

In contrast, the evaluation of the soft (endpoint) contributions requires the full func-

tional form of the LCDAs. We will use three two-parameter families of functions to assess

the model dependence of the soft contribution. In the s-space representation (A.6) [25, 26]

η(I)+ (s) = 1F1(1 + 2/b, 2/b,−sω0) =

(
1− 1

2
bsω0

)
e−sω0 , 0 ≤ b ≤ 1 , (5.3a)

η(II)+ (s) = 1F1(2 + a, 2,−sω0) , −0.5 < a < 1 , (5.3b)

η(III)+ (s) = 1F1(3/2 + a, 3/2,−sω0) , 0 < a < 0.5 , (5.3c)

corresponding in momentum space to

φ(I)+ (ω) =

[
(1− b) +

bω

2ω0

]
ω

ω2
0

e−ω/ω0 , (5.4a)

φ(II)+ (ω) =
1

Γ(2 + a)

ω1+a

ω2+a
0

e−ω/ω0 , (5.4b)

φ(III)+ (ω) =

√
π

2Γ(3/2 + a)

ω

ω2
0

e−ω/ω0 U(−a, 3/2− a,ω/ω0) , (5.4c)

where 1F1(α,β, z) is a hypergeometric function, and U(α,β, z) the confluent hypergeo-

metric function of the second kind. The above functional forms are assumed to hold at

µ0 = 1GeV.

The three models in (5.4) for the limiting values of the parameters (5.3) are shown in

figure 3. They can be viewed as particular cases of the more general three-parameter ansatz

η+(s) = 1F1(α,β,−sω0) , α,β > 1 ,

φ+(ω) =
Γ(β)

Γ(α)

ω

ω2
0

e−ω/ω0U(β − α, 3− α,ω/ω0) . (5.5)

– 15 –

BR also depends on value of ̂σ1

See Aoife’s talk

https://arxiv.org/abs/hep-ph/9607366
https://arxiv.org/abs/hep-ph/9905312
https://arxiv.org/abs/hep-ph/0008255
https://arxiv.org/abs/1110.3228
https://inspirehep.net/literature/2059530
https://indico.cern.ch/event/1440982/contributions/6583204/attachments/3134960/5562294/Boeer_CKM25.pdf
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Observables in B+ → ℓ+νγ

๏ Three-body decay described by 
 and 

๏  spectrum and  depend on 
 meson LCDA

๏ Analysis cut on min  larger 
than 1.0 or 1.5 GeV

๏ Typically get low efficiency at 
 where all energy 

goes to  rather than 

Eγ cos θW

Eγ AFB
B+

Eγ

cos θW ≃ − 1
ν μ

6

Model dependence

BR prediction reliable for E⇤
� > 1.5GeV

Decided to cut at E⇤
� > 1.0GeV following Belle

E�ciency drops at cos(✓W ) ⇡ �1

Distributions in E⇤
� and cos✓W depend on B+

meson LCDA

Studied using EOS with the model from [1]

Expect significant dependence on �B

Reconstruction e�ciency for E� and cos✓W

Model dependence of E⇤
� and cos✓W on the parameter �B

[1]Feldmann, Lüghausen, van Dyk, JHEP 10 (2022) 162

Fabian Glaser (Universität Heidelberg) Search for B+ ! µ+⌫µ� December 5th 2023 34 / 20

Model dependence
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Fabian Glaser (Universität Heidelberg) Search for B+ ! µ+⌫µ� December 5th 2023 34 / 20

MC generated with EOS
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B+

μ+

νμ

γ e+

e−

μ+

νμ

γ
Υ(4S) B+

sigB−
tag

Full reco of 
29 channels

Method @Belle Method @LHCb

pBsig
= (

s
2

, − ⃗pBtag)

๏ Full reco of  Btag ε ≃ 0.8 % ๏  conversion in material 
→ get  displaced vertex
γ

B+

mcorr  = m2
visible  (μ+γee) + p2

⊥ + p⊥

studied using D! → D0π decays with D0 → ππK0
S and

K0
S → πþπ−. The uncertainty on NBB̄ results in a relative

error of 1.37% and for the tracking efficiency an uncer-
tainty of 0.35% for the single signal side track is found.
The largest additive systematic uncertainty for the Bþ →

lþνlγ partial branching fraction measurement stems from
the systematic uncertainty assigned to the multivariate
method that suppresses peaking background contributions.
This uncertainty is evaluated by reweighting the MC
samples to the distribution of the input variables used for
the classification on data. The distribution which gives the
largest deviation from the nominal result is used to estimate
the uncertainty. The second largest additive uncertainty for
the Bþ → lþνlγ partial branching fraction measurement is
due to limitedMC statistics. The uncertainty is evaluated for
eachMC sample individually by producing a large ensemble
of templates, where the numbers of entries are varied using a
Poisson distribution. The templates of the ensemble are used
to repeat the fit to estimate the total uncertainty. The largest
additive systematic uncertainty for the Bþ → π0lþνl
branching fraction is given by the uncertainty on the BCL
form factors and is evaluated by variations using the
covariance matrix from the global fit of Ref. [22].

The remaining additive uncertainties on both channels
are evaluated as follows: The fraction of the individual
channels in which the Btag is reconstructed differs between
MC and data. To estimate the impact of this mismatch, the
MC samples are corrected to the fraction in data of the
reconstructed tag channels and the difference is taken as an
estimation for the systematic uncertainty. In the fit, the
individual branching fractions of charmless semileptonic
background decay modes are kept fixed and modeled as a
single floating background template. To estimate uncertain-
ties due to slight shape differences in M2

miss from these
templates, we vary the decay branching fractions of
Bþ→ωlþνl, Bþ→ ρ0lþνl, B0 → ρ−lþνl, Bþ → ηlþνl,
Bþ → η0lþνl, and B0 → π−lþνl individually within their
uncertainties [26]. The uncertainty on the Bþ → lþνlγ
signal model is estimated by correcting the simulated events
from the prediction of Ref. [20] to the state-of-the-art
prediction of Ref. [5] and repeating the fit.

VI. RESULTS

Figure 2 shows the M2
miss distribution of the selected

data events in the four categories of Bþ→eþνeγ, Bþ→
μþνμγ, Bþ → π0eþνe, and Bþ → π0μþνμ. The selected

FIG. 2. The post-fit M2
miss distributions for the simultaneous fit to the four categories are shown (cf. Sec. III). The individual fit

components are shown as colored histograms, and the filled gray histogram shows their sum.

SEARCH FOR THE RARE DECAY OF … PHYS. REV. D 98, 112016 (2018)

112016-9

Optimise signal selection

Maximise sensitivity on B(B+ ! µ+⌫µ� )
Generate background-only toys

Templates are bootstrapped to account for their
uncertainties
Yield is varied according to uncertainty from blinded fit

Fitted with signal shapes for B+
(c) ! µ+⌫µ�MC, yield

forced positive

Sensitivity is evaluated using Bayesian method, similar
to Belle [PRD 98 (2018) 11, 112016]

Background-only pseudo-data overlaid with signal shapes
corresponding to branching ratios B(B+ ! µ+⌫µ�) ⇡ 10⇥ 10�6

and B(B+
c

! µ+⌫µ�) ⇡ 11 ⇥ 10�4.

Fabian Glaser (Universität Heidelberg) Search for B+ ! µ+⌫µ� December 5th 2023 15 / 20

M2
miss = p2

ν = (pBsig
− pℓ − pX)

2

Phys.Rev.D 98 (2018) 11, 112016

https://inspirehep.net/literature/1701180
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M2
miss = p2

ν = (pBsig
− pℓ − pX)

2

Phys.Rev.D 98 (2018) 11, 112016

Search for the decayB+
(c) → µ+ωµε

Fabian Glaser1,2, Martino Borsato 3, Marie-Hélène Schune2
1 Universität Heidelberg, Physikalisches Institut, Germany,

2 Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France,
3 Milano-Bicocca University, INFN Sezione di Milano, Italy

Why B+ → µ+ωµε ?
• Decay has never been observed

• Golden mode to probe B+ meson sub-
structure

• Emission of ω probes first inverse moment
εB of the B meson Light Cone Distribution
Amplitude

• Value of εB not well known

• Vital theory input for QCD factorization
schemes and non-perturbative calculation
of B meson decays

Leading order Feynman diagram for the decay

B+ → µ+ωµε .

On the decay B+
c → µ+ωµε

• CKM favoured by |Vcb|2/|Vub|2 but production cross section much smaller

• Effects cancel to yield approximately the same rate as for B+ → µ+ϑµω

Current experimental limit
Belle searched for B+ → ϖ+ϑϑω using ϖ = e, µ to find an
upper limit of

B(B+ → ϑ+ωωε) < 3.0 ↑ 10→6 @90%CL

Branching ratio prediction for B+ → µ+ωµε superimposed with the
experimental limit from Belle. The colored bands correspond to different theory

models.

JHEP 07 (2018) 154
PRD 98, 112016 (2018)

Optimising signal selection
• Maximise sensitivity to B(B+ → µ+ϑµω)

• Optimisation performed on pseudo-
experiments

• Generate background only pseudo-data from
derived templates

• Fitting with signal shapes for B+
(c) → µ+ϑµω

• Signal selection not yet finalised

Background-only pseudo-data and signal
shapes with arbitrary normalisation. 13th LHC students poster session, Nov. 27th 2023

fabian.christoph.glaser@cern.ch

Reconstruction at LHCb
• Extremely difficult to reconstruct at hadron collid-

ers, deemed impossible

• Challenging yet possible at LHCb

Photon Reconstruction

• Select signal candidates from displaced B vertices

• Crucial to require ω → e+e↑ conversion for vertex
reconstruction

• Conversion in LHCb’s Vertex Locator provides ex-
cellent vertex resolution

Neutrino Recovery

• At LHCb cannot constrain neutrino momentum
from initial kinematics

• Correct for momentum imbalance p↓ perpendicular
to B flight direction

mcorr =
√

m2
vis(µ

+ωee) + p2↓ + p↓

Background modelling
Analysis Strategy

• Use data recorded with LHCb from 2016-2018 corresponding to Lint = 5.4 fb↑1

• Search for signal by binned template fit in mcorr

• Generate data-driven background templates

Background from ϖ0/ϱ → εeeε

• By far the dominant source of background

• Select ϱ0/ς → ωeeωcalo in data using additional
calorimeter photon ωcalo

• Correct efficiency of finding additional photon

• Representative of all ϱ0/ς → ωeeω back-
grounds including physics and combinatorial
components

Background from h+ → µ+mis-identification

• Control sample without PID requirement on
the muon track

• Generate template for ϱ+ → µ+ and K+ → µ+

Outlook

• Search for B+
(c) → µ+ϑµω can be done at LHCb

• Pushing the limits of the LHCb experiment

• Analysis strategy and background modelling in
place

• Selection of signal candidates still ongoing

• Expected sensitivity towards
B(B+ → µ+ϑµω) soon to be evaluated

https://inspirehep.net/literature/1701180
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from initial kinematics

• Correct for momentum imbalance p↓ perpendicular
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• Search for signal by binned template fit in mcorr
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Background from ϖ0/ϱ → εeeε

• By far the dominant source of background

• Select ϱ0/ς → ωeeωcalo in data using additional
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• Correct efficiency of finding additional photon
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Background from h+ → µ+mis-identification

• Control sample without PID requirement on
the muon track
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Outlook

• Search for B+
(c) → µ+ϑµω can be done at LHCb

• Pushing the limits of the LHCb experiment

• Analysis strategy and background modelling in
place

• Selection of signal candidates still ongoing

• Expected sensitivity towards
B(B+ → µ+ϑµω) soon to be evaluated

Also  in LHCbB+
c → μνγ

9

B+
c → μνγ

๏ Can also search for 
• Never been searched for!
• Useful to study  meson structure?

• Expect similar rate as  due to 

• Lower efficiency due to 
• Much lower background under the peak

B+
c → μνγ

B+
c

B+ fc
fu

≃
|Vub |2

|Vcb |2

τ(B+
c ) ≃ 0.3 × τ(B+)B+ → μνγ
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 at LHCbB+ → μ+νμ+μ−

๏ Much higher detection efficiency

๏ Search peak in corrected mass distribution

๏ Searched with 4.7/fb, now analyzing 9/fb

๏

๏ Predictions less reliable than  due 
to  contributions

๏  
for  and  

Brexp(B+ → μνμμ) < 1.6 × 10−8

B → ℓνγ
ρ/ω

Brth(B → μνμμ) = 1.54 ± 1.77 × 10−8

mμμ ∈ [4m2
μ,0.96] n+qlow > 3 GeV

(λB = 0.35 ± 0.15 MeV)
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Figure 4: Corrected mass distribution of the selected B+! µ+µ�µ+⌫µ candidates with the fit
overlaid. Samples with low and high corrected mass uncertainty are fitted as individual samples
but are merged in the figure. The fit has components for (green) combinatorial background,
(blue) misidentified candidates and (orange) partially reconstructed candidates. The signal
component is not visible as the fitted signal yield is negative. The best fit is the solid red line
while the dashed line shows how the total would have looked like if the signal had the branching
fraction predicted in Ref. [11].

The background from misidentified muons is obtained from the µ+µ�hX control
sample described in Sec. 4. The distribution and yield of this sample is fitted to a
Gaussian function with a power-law tail at high corrected mass. This parameterisation
is cross-checked by fitting a sample with a looser muon identification requirement. The
uncertainties on the associated parameters are propagated to the fit using a multivariate
Gaussian constraint. The shape and the yield of the partially reconstructed background
are taken from simulation. Yields that are obtained from control samples and simulation
are allowed to vary in the fit within constraints from a Poisson distribution.

The fit to the corrected-mass distribution, combining both corrected-mass uncertainty
categories, is shown in Fig. 4. The signal yield is negative, �25± 16, resulting in the total
fit component being slightly below the sum of the background contributions. As there is
no significant signal component, a limit on the branching fraction,

B(B+! µ+µ�µ+⌫µ) < 1.6⇥ 10�8

at 95% confidence level is set using the CLs method [34]. From pseudoexperiments, the
expected upper limit is found to be 2.8⇥10�8 and the present result represents a downward
fluctuation of 1.4�. Systematic uncertainties are included in this limit and are discussed
in the following section.

8

BR(B+ → μνμμ) < 1.6 × 10−8

Figure 10: Branching ratio (in 10�8) of the B�
! µ�µ+ e� ⌫̄e decay mode in the

[4m2
µ, 0.96] GeV2 q2 bin for the three B LCDA models of (4.4) as a function of �B at scale

1.5 GeV. The bands are obtained by varying the model parameters within their allowed
ranges. The solid black curve refers to the exponential model.

of the two lepton pairs, in QCD factorization at next-to-leading order in ↵s and leading
power in an expansion in ⇤QCD/mb, and to leading order in ↵s at next-to-leading power. To
this we added a simple Breit-Wigner parametrization of the ⇢, ! intermediate resonances.
Although suppressed beyond next-to-leading power, the resonances dominate the spectrum
in the `(0) ¯̀(0) invariant mass

p
q2 locally, making the predictions more uncertain in this

region than at large invariant mass or forB�
! `�⌫̄`�. Quite generally it must be noted that

the parametric counting that justifies the heavy-quark expansion is not well respected, as is
evidenced by the large contribution of the longitudinal polarization state of the intermediate
virtual photon.

Our calculations predict branching fractions of a few times 10�8 in the q2 bin up to
1 GeV2, which are accessible to the LHC experiments. The branching fraction rapidly
drops with increasing q2, reaching 10�9 in the bin [1.5, 6] GeV2.

Confronting these results to measurements checks our understanding of Standard Model
dynamics in these rare decays. An important further motivation for this investigation has
been to explore the sensitivity of the decay rate to the inverse moment �B of the leading-
twist B meson light-cone distribution amplitude. For non-vanishing q2 the access to �B is
less direct than in B�

! `�⌫̄`�, and requires some knowledge of the shape of the LCDA as
well. At large q2, the sensitivity disappears. We find these expectations confirmed in Fig. 7,
which shows that �B is best determined from the small-q2 bin. In this bin the sensitivity
to �B is almost comparable to B�

! `�⌫̄`� when �B < 200MeV, but less when it is larger.
However, one should be aware that in this bin the resonance contribution is sizeable and
there is unquantified model dependence related to its interference with the factorization
contribution. The q2 bin above 1 GeV2 can still yield useful bounds on �B, despite its
weaker sensitivity. As for the case of B ! �`⌫ [20], once su�cient data is available, a
correlated determination of �B together with B meson LCDA shape parameters should be
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Prospects for electrons
๏ Belle(2) normally integrating channels with µ and e (cf  search)

๏ LHCb focusing on µ, but can also search final states with electrons such as: 
, ,  (and )

๏ Trigger efficiency with electrons significantly improved in Run 3 thanks to 
software-based trigger

B → ℓνγ

B → eνγ B → eνμμ B → μνee B → eνee

11(a) TOS e�ciencies in B+! J/ (µ+µ�)K+. (b) TOS e�ciencies in B0! J/ (µ+µ�)K⇤0.

Figure 1: Combined HLT1(Two)TrackMVA TOS in B decays containing muons, computed in
bins of B transverse momentum in 2024 data, shown in red. The combined TOS e�ciencies of
L0Muon (L0DiMuon) and HLT1TrackMVA/HLT1TwoTrackMVA calculated in Run 2 (from Ref. [4]) are
shown in blue for comparison. Run 2 TOS e�ciencies were calculated in B0! J/ (µ+µ�)K⇤0

and are assumed to be consistent with the Run 2 TOS e�ciencies in B+! J/ (µ+µ�)K+.
Generator-level distributions of pT (B) for MC events within the LHCb acceptance are shown in
grey.

3

(a) TOS e�ciencies in B+! J/ (e+e�)K+. (b) TOS e�ciencies in B0! J/ (e+e�)K⇤0.

Figure 2: Combined HLT1(Two)TrackMVA TOS in B decays containing electrons, computed in
bins of B transverse momentum in 2024 data, shown in red. The combined TOS e�ciencies
of L0Electron and HLT1TrackMVA/HLT1TwoTrackMVA calculated in Run 2 (from Ref. [4]) are
shown in blue for comparison. Run 2 TOS e�ciencies were calculated in B0! J/ (e+e�)K⇤0

and are assumed to be consistent with the Run 2 TOS e�ciencies in B+! J/ (e+e�)K+.
Generator-level distributions of pT (B)for MC events within the LHCb acceptance are shown in
grey.

4

Small improvement  
in muons

Large improvement  
in electrons
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Search for B0
s → μ+μ−γ

๏ FCNC radiative leptonic
• Lifted helicity suppr, but pay 
• Sensitive to  and 
• See talk by Diego

๏ Search for 
• Searched in both  (full-reco) 

and  (part-reco)
๏ Full-reco search should be 

possible in Run3 using 

αem
C9 C10

Bs → μμγ
μμγ

μμ

e+e−γ
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Figure 5. Mass distribution of signal candidates in regions of q2, (top-left) bin I, (top-right) bin II,
(bottom-left) bin III, and (bottom-right) ω-veto bin. The result of the fit is overlaid and the different
components detailed in the legend.

The statistical uncertainties are evaluated by repeating the fits with all nuisance param-
eters fixed to the values obtained in the standard fit, where all nuisance parameters are
free to float within their constraints. The systematic uncertainties are computed by sub-
tracting the statistical uncertainties in quadrature from those obtained with the nuisance
parameters floating.

The signal branching fractions are consistent with zero in all q2 regions and consistent
with the background-only hypothesis at the < 1σ level. Limits are set on B(B0

s → µ+µ→γ)
using the CLs method [54] with a one-sided test statistic [55] as implemented in refs. [56–58].
The one-sided test statistic for a given branching fraction value is defined as twice the negative
logarithm of the profile likelihood ratio if it is larger than the measured branching fraction
and zero otherwise. Its distribution is determined from pseudoexperiments, where nuisance
parameters are set to their best fit values when generating the samples, while central values
of the Gaussian-constraints are independently fluctuated within their uncertainty for each
pseudoexperiment as described in ref. [59].

The fit is also performed simultaneously in the three q2 regions to obtain a combined
branching fraction limit. The CLs curves are shown in figure 6 from which the limit on the
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Figure 5. Mass distribution of signal candidates in regions of q2, (top-left) bin I, (top-right) bin II,
(bottom-left) bin III, and (bottom-right) ω-veto bin. The result of the fit is overlaid and the different
components detailed in the legend.

The statistical uncertainties are evaluated by repeating the fits with all nuisance param-
eters fixed to the values obtained in the standard fit, where all nuisance parameters are
free to float within their constraints. The systematic uncertainties are computed by sub-
tracting the statistical uncertainties in quadrature from those obtained with the nuisance
parameters floating.

The signal branching fractions are consistent with zero in all q2 regions and consistent
with the background-only hypothesis at the < 1σ level. Limits are set on B(B0

s → µ+µ→γ)
using the CLs method [54] with a one-sided test statistic [55] as implemented in refs. [56–58].
The one-sided test statistic for a given branching fraction value is defined as twice the negative
logarithm of the profile likelihood ratio if it is larger than the measured branching fraction
and zero otherwise. Its distribution is determined from pseudoexperiments, where nuisance
parameters are set to their best fit values when generating the samples, while central values
of the Gaussian-constraints are independently fluctuated within their uncertainty for each
pseudoexperiment as described in ref. [59].

The fit is also performed simultaneously in the three q2 regions to obtain a combined
branching fraction limit. The CLs curves are shown in figure 6 from which the limit on the

– 13 –

Bin I Bin II Bin III

with boundaries 0.0, 0.25, 0.4, 0.5, 0.6, 0.7, and 1.0;
candidates having BDT < 0.25 are not included in the fit to
the dimuon mass distribution. The mass distribution of the
B0
ðsÞ → μþμ− candidates with BDT > 0.5 is shown

in Fig. 1.
The BDT distributions of B0

ðsÞ → μþμ− decays are
calibrated using simulated samples which have been
reweighted to improve the agreement with the data. The
pT , η, and χ2IP quantities of simulated B0 and B0

s samples are
corrected [41] using data samples of Bþ → J=ψKþ and
B0
s → J=ψϕ decays, respectively. The event occupancy is

also corrected, separately for each BDT region, by compar-
ing the fraction of Bþ → J=ψKþ candidates in four
intervals of the number of tracks in simulated events and
in data. To align the reconstruction with that of the B0

s →
μþμ− signal, the BDT response for the Bþ → J=ψKþ

candidates is evaluated using the information from the
final state muons and the Bþ candidate, with two excep-
tions: the B vertex-fit χ2 is replaced with that of the J=ψ ,
and the muon isolation variables are computed without
considering the final-state kaon. The effect of the trigger
selection on the BDT distribution is estimated using control
channels in data. The resulting B0 → μþμ− and B0

s → μþμ−

BDT variable distributions are found to be compatible with
that of B0 → Kþπ− decays selected in data when corrected
for the different trigger and particle identification selection
and, in the case of B0

s → μþμ−, the different lifetime.

The mass distributions of the B0
s → μþμ− and B0 →

μþμ− signals are described by two-sided Crystal Ball
functions [42] with core Gaussian parameters calibrated
from the mass distributions of B0

s → KþK− and B0 →
Kþπ− data samples, respectively. A mass resolution of
about 22 MeV=c2 is determined by interpolating the
measured resolutions of charmonium and bottomonium
resonances decaying into two muons. The radiative tails are
obtained from simulation [43]. Small differences in the
resolution and tail parameters of the mass shape for the
different BDT regions are taken into account. The mass
distribution of the B0

s → μþμ−γ decays is described with a
threshold function modeled on simulated events that were
generated using the theoretical predictions of Refs. [14,15],
convoluted with the experimental resolution.
The signal branching fractions are determined using the

relation

BðB0
ðsÞ → μþμ−Þ ¼ Bnormϵnormfnorm

NnormϵsigfdðsÞ
NB0

ðsÞ→μþμ−

≡ αnormB0
ðsÞ→μþμ−NB0

ðsÞ→μþμ− ;

where NB0
ðsÞ→μþμ− is the signal yield determined in the mass

fit, Nnorm is the number of selected normalization decays
(Bþ → J=ψKþ or B0 → Kþπ−), Bnorm the corresponding
branching fraction [44], and ϵsig (ϵnorm) is the total
efficiency for the signal (normalization) channel. For each
signal mode, the two single event sensitivities, αnormB0

ðsÞ→μþμ− ,

are then averaged in a combined αB0
ðsÞ→μþμ− taking the

correlations into account. The fraction fdðsÞ indicates
the probability for a b quark to fragment into a B0

ðsÞ meson.
The value of fs=fd has been measured by LHCb to be
0.254% 0.008 in pp collision data at

ffiffiffi
s

p
¼ 13 TeV, while

the average value in Run 1 is lower by a factor of 1.064%
0.007 [45]. The fragmentation probabilities for the B0 and
Bþ are assumed to be equal, hence fnorm ¼ fd for both
normalization modes.
The acceptance, reconstruction, and selection efficiencies

are computed with samples of simulated events generated
with the decay-time distribution predicted by the SM. The
tracking and particle identification efficiencies are deter-
mined using control channels in data [46,47]. The trigger
efficiencies are evaluated with control channels in data [48].
The yields of selected Bþ → J=ψKþ and B0 → Kþπ−

decays are ð4733% 3Þ × 103 and ð94% 1Þ × 103, res-
pectively. The normalization factors measured with the
two channels are consistent and their weighted averages,
taking correlations into account, are αB0

s→μþμ− ¼ ð3.51%
0.13Þ × 10−11, αB0→μþμ− ¼ ð9.20% 0.17Þ × 10−12, and
αB0

s→μþμ−γ ¼ ð4.57% 0.17Þ × 10−11. Assuming SM predic-
tions for the branching fractions, the analyzed data sample
is expected to contain an average of 104% 6 B0

s → μþμ−,
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FIG. 1. Mass distribution of the selected B0
ðsÞ → μþμ− candi-

dates (black dots) with BDT > 0.5. The result of the fit is overlaid
and the different components are detailed: B0

s → μþμ− (red solid
line), B0 → μþμ− (green solid line), B0

s → μþμ−γ (violet solid
line), combinatorial background (blue dashed line), B0

ðsÞ → hþh0−

(magenta dashed line), B0 → π−μþνμ, B0
s → K−μþνμ, Bþ

c →
J=ψμþνμ, and Λ0

b → pμ−ν̄μ (orange dashed line), and B0ðþÞ →
π0ðþÞμþμ− (cyan dashed line). The solid bands around the signal
shapes represent the variation of the branching fractions by their
total uncertainty.
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Search for B0
s → μ+μ−γ
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Figure 7: Di!erential branching fraction of the B0
s → µ+µ→ω decay in intervals of q2. The black

arrows represent the limits set in this paper at 95% CL. The limit set in the high-q2 region with
the indirect method from the B0

s → µ+µ→ measurement at 95% CL is represented in red [18].
SM predictions using di!erent form factor calculations are represented in (blue) Ref. [9], (violet)
Ref. [10], (yellow) Ref. [11], (green) Ref. [12], (orange) Ref. [14, 15], and (pink) Ref. [13].

branching fractions are set at

B(B0

s → µ+µ→ω) < 4.2↑ 10→8, m(µ+µ→) ↓ [2mµ, 1.70]GeV/c2,

B(B0

s → µ+µ→ω) < 7.7↑ 10→8, m(µ+µ→) ↓ [1.70, 2.88]GeV/c2,

B(B0

s → µ+µ→ω) < 4.2↑ 10→8, m(µ+µ→) ↓ [3.92, mB0
s
] GeV/c2,

and

B(B0

s → µ+µ→ω) < 2.8↑ 10→8

for the combined dimuon mass regions, at 95% CL. Additionally, an upper limits are set
at B(B0

s → µ+µ→ω) < 3.4↑ 10→8 in the [2mµ, 1.70]GeV/c2 dimuon mass region excluding
the contribution from the intermediate ε meson. These are the first limits set on the
B0

s → µ+µ→ω decay with full final state reconstruction and the first limit at dimuon masses
below 4.9GeV/c2.
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LHCb’s strength
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4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

B0 → K*μ+μ−

PRL 118 (2017) 11, 111801

5200 5400 5600
]2c) [MeV/−µ+µ−π+K(m

0

100

200

3002 c
C

an
di

da
te

s /
 5

.3
 M

eV
/ LHCb 2016

B0 → K*μ+μ−

LHCb
Only 2016 dataset

Belle
1999-2010 dataset

PRL 125(2020)011802

But probably impossible  
to do  at LHCb 

(see Belle2 talk by Meihong Liu)
B → Kνν̄

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-002.html
https://indico.cern.ch/event/1485702/contributions/6583164/
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The  datasetB0 → K*μμ

16

JHEP 09 (2024) 026



Martino Borsato - U. Milano-Bicocca

The  datasetB0 → K*μμ

๏ LHCb has performed several angular 
analyses with different levels of model 
dependence
• 4.7/fb Binned CP-averaged observables 

[PRL 125 (2020)1,011802]

• 4.7/fb Ampl.Ana based on z-expansion  
[PRL 132 (2024) 131801]+ [PRD 109 (2024) 052009]

• 8.4/fb Ampl.Ana with dispersion model  
[JHEP 09 (2024) 026]

๏ Anomaly in  not covered by fit models 
allowing for long-distance effects

C9

17

New physics?
Is this all NP?

• Is effect from long-distance charm loop
fully accounted for?

b s

`
`

c c̄

Ceff
9 = CSM

9 + Ccc̄
9 + CNP

9

• Fit long-distance physics in the data?
• Unaccounted for long-distance effects

under debate [arXiv:2507.17824]

[PRD 109 (2024) 052009] [PRL 132 (2024) 131801]
[JHEP 09 (2024) 026]

Fitted long-distance effects do not cover
shift in C9

B0 ! K⇤0
µ
+
µ
� 9 September 2025 8 / 38

Figure 2: The 1 and 2ω confidence level (C.L.) of the {C9, C10} fit to angular B → K→µ+µ↑

observables (without [6, 8] and [6., 8.68] GeV2 bins), using the measurements from LHCb [7] and
CMS [47] separately. The fits lead to PullSM of 2.3 and 1.8ω, respectively.

.

Figure 3: The 1ω and 2ω C.L. regions for the {C9, C10} fit to angular observables in B →
K→µ+µ↑, when a fit to the LHCb measurements [7] with and without CMS data [47] (excluding
the q2 ↑ [6, 8.68] GeV2 bins in both cases) is made, with PullSM of 2.3 and 2.8ω, respectively.

Finally, we test whether the choice of the normalised P
(↓)
i observables instead of the

Si observables makes a di!erence. Figure 5 shows that although the central value shifts,

6

Fit by T.Hurth et al arXiv:2508.09986

Deviation in  Wilson coeff confirmed by CMSC9

Long distance effects from  
under debate in the literature 
[arXiv:2507.17824] and many others

b → scc̄

LHCb: PRL 125 (2020)1,011802 
CMS: PRB 864 (2025) 139406

https://inspirehep.net/literature/2960183
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Figure 34: The data in the bin 1.1 < q2 < 6.0GeV2/c4, summed over B0 and B0 candidates and
projected in the five fit variables. Overlaid is the result of fit configuration (i).
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Angular analysis of B0 ! K ⇤0e+e�
at very low q2

(1/2)

1
d(�+ �̄)/dq2

d4(�+ �̄)

dq2 dcos ✓` dcos ✓K d�̃
=

9
16⇡

h
3
4(1 � FL) sin

2 ✓K + FL cos2 ✓K

+1
4(1 � FL) sin

2 ✓K cos 2✓` � FL cos2 ✓K cos 2✓`

+(1 � FL)A
Re
T sin2 ✓K cos ✓`

+1
2(1 � FL)A

(2)
T sin2 ✓K sin2 ✓` cos 2�̃

+1
2(1 � FL)A

Im
T sin2 ✓K sin2 ✓` sin 2�̃

i
.
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Analysis roadmap

● Selection and characterisation
 Online selection
 Multivariate selection
 Optimisation
 Sample composition
 Mass -t

● Angular $t
 Strategy
 Angular acceptance
 Background modelling
 Validation

● Results Martino Borsato, Fabrice Desse B0 ! K⇤0e+e� angular analysis July 7
th

2020 4 / 20

μ+

μ−

 mass peak  
to separate  

background

B

cos θK

cos θℓ

 angleϕ

m(Kπ)

5D fit in large  bin 1-6 q2 GeV2

 angular analysisB0 → K*μμ
LHCb-PAPER-2025-041 (in preparation)

๏ New comprehensive analysis measuring 
model-indep angular observables in  bins 

๏ Using full Run 1+2 dataset (8.4/fb)  
→ doubled stat compared to previous analysis

q2 See CERN talks by 
L.Carus and M.Smith

 
explicitely  
included in 
the model 

m(Kπ)

Preliminary
Preliminary

Preliminary Preliminary

Preliminary

d4Γ

dq2 d ⃗Ω dmKπ

1
Γ + Γ̄

∝ ∑
i

Si(q2) fi( ⃗Ω) BW(mKπ)
2

Ang. observables Spherical harmonics

https://indico.cern.ch/event/1571894/#143-lhcb-status-report
https://indico.cern.ch/event/1584446/
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๏  determined 
simultaneously with the 
angular shape

๏ Allows result to be 
independent on the 
angular distribution

๏ Also provides full 
correlation matrix for 
global fits of Wilson coeffs

dBr/dq2

19

LHCb-PAPER-2025-041 (in preparation)Branching fraction
BSZ:
[arXiv:1810.08132]
[JHEP 08 (2016) 098]
GRvDV:
[EPJC 82 (2022) 569]
[JHEP 09 (2022) 133]
• dB

dq2 remains consistently below
theory prediction

• Experimental results
dominated by normalisation
BF uncertainty

• Theory uncertainties significant

B0 ! K⇤0
µ
+
µ
� 9 September 2025 25 / 38

Branching fraction
BSZ:
[arXiv:1810.08132]
[JHEP 08 (2016) 098]
GRvDV:
[EPJC 82 (2022) 569]
[JHEP 09 (2022) 133]
• dB

dq2 remains consistently below
theory prediction

• Experimental results
dominated by normalisation
BF uncertainty

• Theory uncertainties significant

B0 ! K⇤0
µ
+
µ
� 9 September 2025 25 / 38

Confirmed undershooting SM

Check CERN seminar 
for all preliminary 

results (plots, tables)

 angular analysisB0 → K*μμ

https://indico.cern.ch/event/1584446/
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LHCb-PAPER-2025-041 (in preparation)
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Figure 16: Results for the angular observables AFB and S3-S9 extracted from fit setup (iv) in
bins of q2. The data are compared to the SM predictions described in the text.
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Figure 16: Results for the angular observables AFB and S3-S9 extracted from fit setup (iv) in
bins of q2. The data are compared to the SM predictions described in the text.
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Here a couple of examples of the fitted angular observables

Branching fraction
BSZ:
[arXiv:1810.08132]
[JHEP 08 (2016) 098]
GRvDV:
[EPJC 82 (2022) 569]
[JHEP 09 (2022) 133]
• dB

dq2 remains consistently below
theory prediction

• Experimental results
dominated by normalisation
BF uncertainty

• Theory uncertainties significant

B0 ! K⇤0
µ
+
µ
� 9 September 2025 25 / 38

๏ Several fit configurations to extract max information with best 
sensitivity (e.g. assuming or not , allowing or not )

๏ Also fitting optimised observables (e.g. ) 

๏ Shown here: fit with “partially massive model”  
(  but ) and no CP assymmetries

mμ = 0 ACP

P′￼5

Ss
1 = 3Ss

2 Sc
2 ≠ − Sc

1

 angular analysisB0 → K*μμ

Check CERN seminar 
for all preliminary 

results (plots, tables)

Preliminary

Preliminary

https://indico.cern.ch/event/1584446/
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LHCb-PAPER-2025-041 (in preparation)

CP-average observables - half-sized q2 bins

• Consistent results with the nominal sized bins
• dB

dq2 , AFB, S7 below predictions, S5 above

B0 ! K⇤0
µ
+
µ
� 9 September 2025 27 / 38

Halved  bins to have better resolution on observables  dependenceq2 q2

Branching fraction
BSZ:
[arXiv:1810.08132]
[JHEP 08 (2016) 098]
GRvDV:
[EPJC 82 (2022) 569]
[JHEP 09 (2022) 133]
• dB

dq2 remains consistently below
theory prediction

• Experimental results
dominated by normalisation
BF uncertainty

• Theory uncertainties significant

B0 ! K⇤0
µ
+
µ
� 9 September 2025 25 / 38

Check CERN seminar 
for all preliminary 

results (plots, tables)

 angular analysisB0 → K*μμ

https://indico.cern.ch/event/1584446/
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LHCb-PAPER-2025-041 (in preparation)

CP-average observables - S-wave

• New determination of FS as a function of q2, 745.9 < m(K+⇡�) < 1095.9 MeV/c2

• First publication of interference observables, split into real and imaginary parts
B0 ! K⇤0

µ
+
µ
� 9 September 2025 31 / 38

Check CERN seminar for all 
preliminary results (plots, tables)

๏ Fitting also S-wave component and S/P 
interference observables for the first time

 angular analysisB0 → K*μμ

https://indico.cern.ch/event/1584446/
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LHCb-PAPER-2025-041 (in preparation)

CP-asymmetry observables

No significant CP-asymmetry

B0 ! K⇤0
µ
+
µ
� 9 September 2025 32 / 38

 angular analysisB0 → K*μμ

Check CERN seminar for all 
preliminary results (plots, tables)

๏ CP asymmetric angular observables measured:  
no significant CP asymmetry observed

https://indico.cern.ch/event/1584446/
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Comparison to previous results

24

Comparison with previous result
Compare new nominal (including extra parameters) with old:

• This is a re-analysis - the 8.4 fb�1 results supersede the previous
• New results consistent with previous LHCb measurement (4.7 fb�1) and with most

recent CMS measurement (140 fb�1)
B0 ! K⇤0

µ
+
µ
� 9 September 2025 33 / 38

LHCb-PAPER-2025-041 (in preparation)

๏ New result consistent with previous LHCb measurement (superseded)

๏ Also consistent and more precise than latest CMS measurement ( )140 fb−1
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Wilson coefficients fits
๏ Can fit  Wilson coefficient  to angular observables and Br

• Precise results depend on fit setup and treatment of non-local 
effects → take it with a grain of salt

• Many predictions available, just two sets compared here

๏ Anomaly wrt SM persists and gets more significant

C9

25

Wilson coefficients
LHCb B0 ! K⇤0µ+µ� only fit for C9 with EOS and flavio
• Precise numbers depend on how the fit is set up

• Treatment of non-local effects ! significant debate in the community
• These are illustrative!

Angular observables and dB
dq2 :

Significance: 4.0� Significance: 4.1�

B0 ! K⇤0
µ
+
µ
� 9 September 2025 34 / 38

[arXiv:1810.08132]
[EPJC 82 (2022) 569]

EOS: EPJC 82 (2022) 569 Flavio: arXiv:1810.08132

LHCb-PAPER-2025-041 (in preparation)

4.0σ from SM (EOS) 4.1σ from SM (Flavio)

SM
SM

All observables and corr matrices will be provided in HepData
Is this information in  bins enough for theorists to play with?q2
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Comparison to unbinned LHCb analyses

• Flavio fit to binned analysis (8.4/fb): 

• Model with z-expansion (4.7/fb): 
• Model with disp.relation (8.4/fb): 

• Differences in  value and significance expected
• Non-local contributions effect very degenerate with  

ΔC9 = − 0.94+0.21
−0.17

ΔC9 = − 0.93+0.53
−0.57

ΔC9 = − 0.71 ± 0.33
ΔC9

ΔC9

26

(i) LHCb-PAPER-2025-041 (in preparation)
(ii) [PRL 132 (2024) 131801]+ [PRD 109 (2024) 052009]
(iii) [JHEP 09 (2024) 026]

(i)

(ii)

(iii)

CSM
9 + ΔC9

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:

b s

µ+

µ�
⌫

W� W+

t b s

µ+

µ�

t

�, Z0

W�

W
a
lt

D
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n
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m
b
H

decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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ℓ+

ℓ−

New physics?
Is this all NP?

• Is effect from long-distance charm loop
fully accounted for?

b s

`
`

c c̄

Ceff
9 = CSM

9 + Ccc̄
9 + CNP

9

• Fit long-distance physics in the data?
• Unaccounted for long-distance effects

under debate [arXiv:2507.17824]

[PRD 109 (2024) 052009] [PRL 132 (2024) 131801]
[JHEP 09 (2024) 026]

Fitted long-distance effects do not cover
shift in C9

B0 ! K⇤0µ+
µ� 9 September 2025 8 / 38
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ℓ+

ℓ−

c c̄

Ceff
9,λ (q2) = Hλ(q2)+
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 analysis with disp. relation modelB0 → K*μμ

๏ Unbinned amplitude analysis 
of entire  spectrum

๏ Local form factors 
constrained from combination 
of LCSR and LQCD

๏ Dispersion relation model for 
long-distance contributions to 

q2

Ceff
9

27

Ceff,λ
9 (q2) = Cμ

9 + Y (0),λ
cc̄ + Y1P,λ

qq̄ (q2) + Y2P,λ
cc̄ (q2) + Yττ̄ (q2)

Non-local contributions

ω(782),
ρ(770),
ϕ(1020),
J/ψ,

ψ (2S ),
ψ (3770),
ψ (4040),
ψ (4160)

Includes:
DD̄
D*D̄
D*D*

Includes:   
non-local 
 

b → sττ

C.Cornella et al  
EPJC 80(2020)12,1095

Determined at  
negative q2

Asatrian et al 
JHEP 04(2020)012

Gubernari et al, JHEP 09(2022)133

LHCb, JHEP 09 (2024) 026
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 analysis with disp. relation modelB0 → K*μμ

๏ Fit determines 150 parameters including short 
distance WC non-local contributions and local 
form factors

๏ Non-local contributions have significant impact 
on observables

๏ Effect not fully degenerate with NP contribution 
to local , but anomaly reduced to 2.1σC9

28

JHEP 09 (2024) 026

Latest results
LHCb [JHEP09(2024)026]

⌘ Excellent agreement with global fits

⌘ Tesion in C9 at 2.1� from SM

⌘ Non-local amplitude plays clear role

⌘ First determination of C⌧
9 = �116 ± 264 ± 98

0 2 4 6 8 10 12 14 16 18
q2 [GeV2/c4]

�1.0

�0.5

0.0
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1.0

1.5

P
� 5

LHCb 8.4 fb�1 Total

Total, SM WCs

SM from GRvDV

K.A. Petridis (UoB) Flavour anomalies QCD at LHC 2024 20 / 23

(a)
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Total, SM WCs

SM from GRvDV

(b)

Figure 10: Distributions of the observable P →
5 constructed out of the signal parameters from

the baseline fit to data. In (a) the distribution is shown both with and without the nonlocal
contributions included in the amplitudes. In (b) the distribution is shown for the baseline fit
to data, and with the Wilson Coe!cients (WCs) set to their SM values. The shaded bands
indicate 68% confidence regions from varying the fit parameters according to the covariance
matrix accounting for both statistical and systematic uncertainties. These are compared against
SM predictions obtained from Ref. [36].

the formal SM computations. This is in agreement with the distributions of the nonlocal
amplitudes shown in Fig. 9. Nevertheless, the SM postdictions also have di!erent central
values to the baseline fit that are closer to the SM predictions. The latter observation
indicates that the nonlocal contributions, while important, are not su”cient to explain
the deviation seen in the measured value of C9.

Overall, this set of results is consistent with those reported in recent global analyses of
b→ sω

+
ω
↑ decays [24], which favour lepton flavour universal NP contributions to the Wilson

Coe”cient C9. Moreover, they are consistent with the findings of other complementary
analyses investigating the e!ect of the nonlocal contributions in B

0→ K
↓
ω
+
ω
↑ decays [6,49]

which also found them to be of only minor importance.

35
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Future prospects

๏ The data from LHCb (and CMS) can 
give more inputs

๏ Huge  dataset allows 
sophisticated analysis of  spectrum

๏ Extend  disp.relation 
method to CPV observables

๏ Sophisticated analyses of the 
complementery  channel

๏ Dataset on tape for LHCb and CMS is 
much larger than what is published

B+ → K+μμ
q2

B0 → K*μμ

Bs → ϕμμ

29

Table 1: Di↵erential dB(B0
s ! �µ+µ�)/dq2 branching fraction, both relative to the normalization

mode and absolute, in intervals of q2. The uncertainties are, in order, statistical, systematic,
and due to the uncertainty on the branching fraction of the normalization mode.

q2 interval dB(B0
s ! �µ+µ�)/B(B0

s ! J/ �)dq2 dB(B0
s ! �µ+µ�)/dq2

[ GeV2/c4] [10�5GeV�2c4] [10�8GeV�2c4]

0.1–0.98 7.61± 0.52± 0.12 7.74± 0.53± 0.12± 0.37

1.1–2.5 3.09± 0.29± 0.07 3.15± 0.29± 0.07± 0.15

2.5–4.0 2.30± 0.25± 0.05 2.34± 0.26± 0.05± 0.11

4.0–6.0 3.05± 0.24± 0.06 3.11± 0.24± 0.06± 0.15

6.0–8.0 3.10± 0.23± 0.06 3.15± 0.24± 0.06± 0.15

11.0–12.5 4.69± 0.30± 0.07 4.78± 0.30± 0.08± 0.23

15.0–17.0 5.15± 0.28± 0.10 5.25± 0.29± 0.10± 0.25

17.0–19.0 4.12± 0.29± 0.12 4.19± 0.29± 0.12± 0.20

1.1–6.0 2.83± 0.15± 0.05 2.88± 0.15± 0.05± 0.14

15.0–19.0 4.55± 0.20± 0.11 4.63± 0.20± 0.11± 0.22

0 5 10 15
]4c/2 [GeV2q
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)4 c2−
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2 q

)/d−
µ+
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φ 

→ 0 sB(
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φ ψJ/ (2S)ψ

LHCb
1−fbLHCb 9
1−fbLHCb 3

SM (LCSR+Lattice)
SM (LCSR)
SM (Lattice)

8− 10×

Figure 2: Di↵erential branching fraction dB(B0
s ! �µ+µ�)/dq2, overlaid with SM predictions

using Light Cone Sum Rules [33, 35, 38] at low q2 and Lattice calculations [36, 37] at high q2.
The results from the LHCb 3 fb�1 analysis [1, 30] are shown with gray markers.

from Ref. [33] and Ref. [34]. The resulting branching fractions are

B(B0
s ! �µ+µ�)

B(B0
s ! J/ �)

= (8.00± 0.21± 0.16± 0.03)⇥ 10�4 ,

B(B0
s ! �µ+µ�) = (8.14± 0.21± 0.16± 0.03± 0.39)⇥ 10�7,

where the uncertainties are, in order, statistical, systematic, from the extrapolation to the
full q2 region, and for the absolute branching fraction, from the branching fraction of the
normalization mode.

4
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Fig. 3 Fits to the dimuon mass
distribution for the four different
phase combinations that
describe the data equally well.
The plots show cases where the
J/ψ and ψ(2S) phases are both
negative (top left); the J/ψ
phase is positive and the ψ(2S)
phase is negative (top right); the
J/ψ phase is negative and the
ψ(2S) phase is positive (bottom
left); and both phases are
positive (bottom right). The
component labelled interference
refers to the interference
between the short- and
long-distance contributions to
the decay. The χ2 value of the
four solutions is almost
identical, with a value of 110 for
78 degrees of freedom
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Table 3 Branching fractions
and phases for each resonance in
the fit for the four solutions of
the J/ψ and ψ(2S) phases.
Both statistical and systematic
contributions are included in the
uncertainties. There is a
common systematic uncertainty
of 4.5%, dominated by the
uncertainty on the
B+ → J/ψK+ branching
fraction, which provides the
normalisation for all
measurements

Resonance J/ψ negative/ψ(2S) negative J/ψ negative/ψ(2S) positive

Phase [rad] Branching fraction Phase [rad] Branching fraction

ρ(770) −0.35 ± 0.54 (1.71 ± 0.25) × 10−10 −0.30 ± 0.54 (1.71 ± 0.25) × 10−10

ω(782) 0.26 ± 0.39 (4.93 ± 0.59) × 10−10 0.30 ± 0.38 (4.93 ± 0.58) × 10−10

φ(1020) 0.47 ± 0.39 (2.53 ± 0.26) × 10−9 0.51 ± 0.37 (2.53 ± 0.26) × 10−9

J/ψ −1.66 ± 0.05 – −1.50 ± 0.05 –

ψ(2S) −1.93 ± 0.10 (4.64 ± 0.20) × 10−6 2.08 ± 0.11 (4.69 ± 0.20) × 10−6

ψ(3770) −2.13 ± 0.42 (1.38 ± 0.54) × 10−9 −2.89 ± 0.19 (1.67 ± 0.61) × 10−9

ψ(4040) −2.52 ± 0.66 (4.17 ± 2.72) × 10−10 −2.69 ± 0.52 (4.25 ± 2.83) × 10−10

ψ(4160) −1.90 ± 0.64 (2.61 ± 0.84) × 10−9 −2.13 ± 0.33 (2.67 ± 0.85) × 10−9

ψ(4415) −2.52 ± 0.36 (6.04 ± 3.93) × 10−10 −2.43 ± 0.43 (7.10 ± 4.48) × 10−10

Resonance J/ψ positive/ψ(2S) negative J/ψ positive/ ψ(2S) positive

Phase [rad] Branching fraction Phase [rad] Branching fraction

ρ(770) −0.26 ± 0.54 (1.71 ± 0.25) × 10−10 −0.22 ± 0.54 (1.71 ± 0.25) × 10−10

ω(782) 0.35 ± 0.39 (4.93 ± 0.58) × 10−10 0.38 ± 0.38 (4.93 ± 0.58) × 10−10

φ(1020) 0.58 ± 0.38 (2.53 ± 0.26) × 10−9 0.62 ± 0.37 (2.52 ± 0.26) × 10−9

J/ψ 1.47 ± 0.05 – 1.63 ± 0.05 –

ψ(2S) −2.21 ± 0.11 (4.63 ± 0.20) × 10−6 1.80 ± 0.10 (4.68 ± 0.20) × 10−6

ψ(3770) −2.40 ± 0.39 (1.39 ± 0.54) × 10−9 −2.95 ± 0.14 (1.68 ± 0.61) × 10−9

ψ(4040) −2.64 ± 0.50 (4.05 ± 2.76) × 10−10 −2.75 ± 0.48 (4.30 ± 2.86) × 10−10

ψ(4160) −2.11 ± 0.38 (2.62 ± 0.82) × 10−9 −2.28 ± 0.24 (2.68 ± 0.81) × 10−9

ψ(4415) −2.42 ± 0.46 (6.13 ± 3.98) × 10−10 −2.31 ± 0.48 (7.12 ± 4.94) × 10−10

123

LHCb, EPJC (2017) 77 :161 

LHCb, PRL 127 (2021) 151801

3 fb−1

9 fb−1

See talks from Simon and Arianna 
for the theory perspective
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Growing datasets

30

Latest K*µµ published with Run 2 (140/fb) Latest K*µµ published with Run 1+2 (9/fb) 
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 to validate Run3 dataB+ → K+J/ψ
๏ SM candle with no new physics 

expected and large stat

๏ Measured  and  differentially 
across kinematic using data from 2024 
run with pileup µ=5.3

๏ Validated  analyses with Run3

๏ Systematics 5-10 times smaller than stat

AFB FH

b → sμμ

31

1
Γ

dΓ
d cos θℓ

=
3
4 (1 − FH) (1 − cos2 θℓ) +

1
2

FH + AFB cos θℓ

LHCb-PAPER-2025-040, in preparation

Figure 2: Projections of the fits onto m(K+µ+µ→) and cos ωω for (top) MagDown and (bottom)
MagUp data.

decays, the BDT requirement is tightened to 0.9, which corresponds to a signal e!ciency352

of 65%. All observed shifts in AFB and FH are compatible with the baseline result at the353

1ω level or below, except for AFB in the MagUp polarity, which is compatible at 2.25ω.354

The results are also obtained by splitting the data according to the charge of the355

kaon, and are displayed in Fig. 3. The uncertainties shown are purely statistical, and no356

significant pattern or deviation is observed. Similar behaviour is exhibited when data are357

split either according to which quadrant of the muon station the muons entered, or which358

quadrant of the scintillating fibre detectors the kaons entered. Finally, the results were359

also checked when splitting according to whether at least one of the final state tracks has360

a momentum larger than 100GeV/c, as discussed in Sec. 7.361

The data in each polarity configuration was also further divided into ten equally362

populated bins according to the 17 variables previously discussed. The results for some363

example variables are shown in Fig. 4, namely the dimuon opening angle, ε(µ+µ→), the364

J/ϑ transverse momentum and the NPV, for both the MagDown and MagUp datasets. To365

assess whether any trend across these variables could a”ect the final, integrated result,366

two metrics were developed. The first is the linear coe!cient obtained when fitting the367

results across a given variable. The significance of the linear coe!cient from zero is shown368

for all variables in Fig. 5 (top).369

As this is only sensitive to linear trends, a second more generic metric was defined via370

p(O |mi ) =
(O |mi →O |m

int
)

ω(O |mi )
, (2)

10

Figure 3: Measured values of AFB and FH obtained by splitting the dataset according to the kaon
charge, including only statistical uncertainties. The horizontal bands indicate the corresponding
values obtained without the charge split, with both statistical and systematic uncertainties
included.

where O |mi and ω(O |mi ) denote the central value and uncertainty for the angular observable371

O in the i-th bin of polarity configuration m, and O |m
int

is the corresponding central value372

obtained without binning. If there is no dependence of the angular coe!cients on the373

variables in question, and the obtained uncertainties are correct, then the pull defined in374

Eq. 2 should follow a normal distribution with a width of one. The requirement of one375

is overly conservative, as the uncertainty in the numerator includes only the statistical376

component, and the leading systematic uncertainty arising from the limited simulation377

size is also entirely uncorrelated between bins.378

The results are shown in Fig. 5 (bottom). No evidence of under-coverage is observed.379

In other words, given the size of the dataset examined, there do not appear to be e”ects380

that vary as a function of these variables which are significantly larger than the existing381

statistical and leading systematic uncertainty.382

Finally, given that part of the scope of this work is to validate the response of LHCb383

Upgrade I detector in the new, higher-luminosity environment, Fig. 6 shows the number384

of candidates and signal purity as a function of NPV, along with the mass projections for385

the case that NPV = 1, 4, 8 and NPV → 11.386

9 Discussion and conclusion387

This work measured AFB and FH in B+↑ J/εK+ decays using data collected with the388

upgraded LHCb detector during October 2024. The instantaneous luminosity was at389

the design level, making this dataset representative of the conditions expected during390

data-taking in 2025 and 2026. Given the dominance of the J/ε resonance in the q2 region391

considered, this measurement is not expected to be sensitive to new physics e”ects, and392

both AFB and FH should therefore be consistent with zero. This expectation is confirmed393

by the measurements obtained in both the MagDown and MagUp magnet configurations,394

as well as in their average. Statistical and systematic uncertainties contribute in roughly395

equal proportions to the total uncertainty, with the latter playing a more significant role396

for FH than for AFB. This is evident in the breakdown of systematic contributions shown397

in Table 1: while the dominant systematic uncertainty for AFB arises from the limited398

11

Preliminary

Preliminary Preliminary
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Angular analyses in b → se+e−

๏ Angular analyses of  channels now 
allowing LFU tests also in the angles

๏  angular analysis
• Higher statistics, Analysis in central  bin 

๏  angular analysis
• Lower stat but cleaner, Analysis in 3  bins

b → see

B0 → K*ee
q2

Bs → ϕee
q2

32

3 4
C9

0

1

2

3

4

�
N

LL B0 � K�0e+e�, LHCb 9 fb�1

B0 � K�0µ+µ�, LHCb 4.7 fb�1

Figure 8: Negative log-likelihood scan of (left) Ce
9 and Cµ

9 and (right) !C9 = C(µ)
9 → C(e)

9 . The
dotted vertical line corresponds to the SM prediction [78,79].
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Interpreting angular analyses

JHEP06(2025)140

JHEP07(2025)069

Electrons confirm shift in  observed in muons (LFU)C9
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Semileptonic b → dℓℓ
๏ A further  

suppresion of decay rates w.r.t. 
• Starting to explore the  frontier

๏ Leptonic  is almost at reach of 
experimental sensitivity

๏  measured with Run 1 
dataset at 13% stat precision 

๏ Many ongoing  analyses. We 
are about to enter the precision regime 
(time-dep, angular, …) 
→ Stay tuned for upcoming results

๏ Can we learn something about long-
distance contributions by comparing 

 and  ?

|Vtd /Vts |2 = ≃ 0.05
b → s

b → d

Bd → μμ

B+ → π+μμ

b → dℓℓ

b → dℓℓ b → sℓℓ

33
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Combinatorial

LHCb 3.0 fb−1

N(B+ → π+μμ) = 94 ± 12

measured time-integrated branching fraction. In the fit the
SM value for τμþμ−, 1.620" 0.007 ps [44], is assumed,
corresponding to Aμμ

ΔΓs
¼ 1. The model dependence is

evaluated by repeating the fit under the assumptions Aμμ
ΔΓs

¼
0 and −1, finding an increase of the branching fraction with
respect to the SM hypothesis of 4.7% and 10.9%, respec-
tively. The dependence is approximately linear in the
physically allowed Aμμ

ΔΓs
range. A similar dependence is

present for the B0
s → μþμ−γ decay with a negligible impact

on the branching fraction limit.
The criteria used to select data for the B0

s → μþμ−

lifetime measurement differ slightly from those used in
the branching fraction measurement. As shown in Fig. 1,
the contribution from the misidentified background is
negligible under the peak, and therefore a narrower dimuon
mass range of ½5320; 6000% MeV=c2 is selected, while
particle-identification requirements are relaxed slightly
due to the lower expected contamination from the mis-
identified background in the B0

s → μþμ− signal region,
with a corresponding increase in signal efficiency. Finally,
candidate B0

s → μþμ− decays are required to fall into two
trigger categories: the trigger requirements must be sat-
isfied entirely either by the B0

s → μþμ− candidates them-
selves, or by objects from the pp collision that do not form
part of the B0

s → μþμ− candidate. These more restrictive
trigger requirements are imposed in order to improve the
modeling of the decay-time dependence of the trigger
efficiency in simulation.
In order to determine the B0

s → μþμ− effective lifetime
the data are divided into two BDT regions [0.35, 0.55] and
[0.55, 1.00], with boundaries optimized to achieve the best
precision. Fits are performed to the dimuon mass distri-
bution in each BDT region in order to extract background-
subtracted decay time distributions using the sPlot
technique [59]. The mass fits used in the background
subtraction include B0

s → μþμ− and combinatorial back-
ground components, where the signal is modeled with the
same function as in the branching fraction analysis and the
background with exponential functions, with freely floating
slope parameters in each BDT region. The correlation
between the reconstructed mass and the reconstructed
decay time of the selected candidates is consistent with
zero in both data and simulation, as required by the sPlot
technique.
A simultaneous fit is then performed to the two back-

ground-subtracted decay-time distributions, where each
distribution is modeled by a single exponential multiplied
by an acceptance function that models the decay time
dependence of the reconstruction and selection efficiency.
The acceptance functions are determined in each BDT
region by fitting parametric functions to the efficiency
distributions of simulated B0

s → μþμ− decays that have
been weighted in order to improve the agreement with the
data. The correction for the acceptance is validated by
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FIG. 2. Two-dimensional profile likelihood of the branching
fractions for the decays (top) B0

s → μþμ− and B0 → μþμ−,
(center) B0 → μþμ− and B0

s → μþμ−γ and (bottom) B0
s →

μþμ− and B0
s → μþμ−γ. The B0

s → μþμ−γ branching frac-
tion is limited to the range mμμ > 4.9 GeV=c2. The measured
central values of the branching fractions are indicated with a
blue dot. The profile likelihood contours for 68% C.L., 95% C.L.,
and 99% C.L. regions of the result are shown as blue conto-
urs, while in the top plot the brown contours indicate the pre-
vious measurement [10] and the red cross shows the SM
prediction.

PHYSICAL REVIEW LETTERS 128, 041801 (2022)

041801-5

PRL 128, (2022) 041801



Martino Borsato - U. Milano-Bicocca

Conclusions

๏ Experimental progress on radiative leptonic decays
• Upper limits close to SM predictions for , 

 and 
• LHCb can contribute to  (although it’s very hard)
• Good prospects for Belle2 and LHCb-Upgrade to observe 

these decays for the first time

๏ Status of  analyses
• Huge datasets from LHCb and CMS
• Sophisticated model (in)dependent analyses
• Can we tame the long-distance contributions using data?

B → ℓνγ
B → ℓνℓ′￼ℓ′￼ Bs → μμγ

B → ℓνγ

b → sμμ

34
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Effective theory interpretation
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EFT below EW scale: 

ℋeff =
1

(34 TeV)2 ∑
i

CiOi

O(′￼)
7 =

mb

e
(s̄σμνPR(L)b)Fμν

O(′￼)
9 = (s̄γμPL(R)b)(ℓ̄γμℓ)

O(′￼)
10 = (s̄γμPL(R)b)(ℓ̄γμγ5ℓ)

O(′￼)
S = (s̄γμPR(L)b)(ℓ̄ℓ)

O(′￼)
P = (s̄γμPR(L)b)(ℓ̄γ5ℓ)

dipole ( )b → sγ

vector

axial-vector

scalar

pseudo-scalar

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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zoom out  
to E ≪ mW
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Experimental probes
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๏ Radiative 

๏ Leptonic 

๏ Semileptonic 

b → sγ

Bs → ℓ+ℓ−

b → sℓ+ℓ−

C(′￼)
7 C(′￼)

9 C(′￼)
10 C(′￼)

S,P

• Wilson coefficients are complex valued

• SM quark current mostly left-handed, but need to 
constrain BSM right-handed Wilson coefficients 

• SM is LFU but one should consider the lepton-
flavour dimension  

C′￼

Ce ≠ Cμ ≠ Cτ

See previous talk by Paula Alvarez Cartelle
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Radiative b → sγ

๏
• 5% precise prediction

• 5% precise from B-factories 
(Very hard at LHCb)

๏  measured with  
•  at B-factories

• Tagged time-dep. analysis 
of  at LHCb

๏ Mixing-induced CPV in 
 at B-factories

๏  induced rate asymmetry 
in  at LHCb

๏ Angular analysis of  
 at LHCb

๏ Transverse asymmetries in 
 at LHCb

ℬ(B → Xsγ) ∝ C2
7 + C′￼7

2

Im(C7) ACP

B → KSπ0γ

Bs → ϕγ

B → KSπ0γ
ΔΓs

Bs → ϕγ

Λb → Λγ

B → Ve+e−

38

Left handed C7 = CSM
7 + CNP

7 Right handed C′￼7 ≃ C′￼7
NP
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Figure 5. Current constraints at the 2σ level (containing 95.4% of the distribution) on the real and
imaginary part of the ratio of the right- to left-handed Wilson coefficients C ′

7 and C7. The constraints
from various measurements are shown in light colours and are, for most of them, the combination of
several results. The constraints from angular analyses of B0 → K∗0e+e− decays from the LHCb and
the Belle experiments are performed in different q2 regions and are shown separately. The constraints
from the measurement presented in this paper are shown in red and the result of the global fit in cyan.
The SM prediction is represented by the black star.
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 in b → sγ B0 → K*e+e−
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95% CL constraints 

LHCb JHEP 03 (2025) 047

https://doi.org/10.1007/JHEP03(2025)047
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๏  is rel. Breit Wigner with Blatt-Weisskopf 
ang.mom. factors

๏  is LASS function with most parameters 
thaken from  (apart from range 
parameter )

ℬ𝒲P

ℬ𝒲S
B0 → KπJ/ψ

r = 1.7 GeV−1

40

d4Γ

dq2 d ⃗Ω dmKπ

1
Γ + Γ̄

= (1 − Γ̂S) 9
64π ∑

i
(Si − Ai) fi( ⃗Ω) ℬ𝒲P (mKπ)

2

+
1

8π ∑
1ac,2ac

(S̃i − Ãi) fi( ⃗Ω) ℬ𝒲S (mKπ)
2

+
1

8π ∑
1bc, S1−S5

ℛe/ℐm [(S̃i − Ãi) fi( ⃗Ω)ℬ𝒲S (mKπ) ℬ𝒲P (mKπ)*]

LHCb-PAPER-2025-041 (in preparation)

Angular observables
 : CP average 

 : CP asymmetries
Si

Ai

 explicitely  
included

m(Kπ)

 angular analysisB0 → K*μμ

Check CERN seminar 
for more details

The B0 ! K⇤0µ+µ� decay
P ! V `+`� - 3 decay angles ~⌦ = [cos ✓`, cos ✓K ,�], q2 = m(`+`�)2, m(K+⇡�)
P = B0, V = K⇤0(892), K⇤0 ! K+⇡�

P-wave
S-wave

B0 ! K⇤0
µ
+
µ
� 9 September 2025 10 / 38

Measured also all S-wave and  
P-/S-wave interference observables

https://indico.cern.ch/event/1584446/
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LHCb-PAPER-2025-041 (in preparation)

CP-average observables

• P 0
6 (S7) consistently below predictions

• • Sensitive to strong phases of the amplitudes
• No single bin has a significant discrepancy

B0 ! K⇤0
µ
+
µ
� 9 September 2025 28 / 38

 is sensitive to strong phasesS7

CP-average observables - massive

• First extraction of Ss
2 and Sc

6 across all q2.
• Sc

6 consistent with 0 in all bins ! no sign of NP tensor or scalar amplitudes

B0 ! K⇤0
µ
+
µ
� 9 September 2025 29 / 38

 is sensitive to NP tensor or scalarSc
6

Check CERN seminar 
for all preliminary 

results (plots, tables)

 angular analysisB0 → K*μμ

https://indico.cern.ch/event/1584446/
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Amplitude analysis of B0 → K*μμ
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Figure 10. Distributions of the observable P ′
5 constructed out of the signal parameters from the

baseline fit to data. In (a) the distribution is shown both with and without the nonlocal contributions
included in the amplitudes. In (b) the distribution is shown for the baseline fit to data, and with the
Wilson Coefficients (WCs) set to their SM values. The shaded bands indicate 68% confidence regions
from varying the fit parameters according to the covariance matrix accounting for both statistical and
systematic uncertainties. These are compared against SM predictions obtained from ref. [35].

0 2 4 6 8 10 12 14 16 18
q2 [GeV2/c4]

0.0

0.5

1.0

1.5

2.0

P
-w
av
e
dΓ

/d
q2

×10−7

LHCb 8.4 fb−1

Total

Local only

(a)

0 2 4 6 8 10 12 14 16 18
q2 [GeV2/c4]

0.0

0.5

1.0

1.5

2.0

P
-w
av
e
dΓ

/d
q2

×10−7

LHCb 8.4 fb−1

Total

Total, SM WCs

SM from GRvDV

(b)

Figure 11. Distributions of the P-wave differential branching fraction dΓ/dq2 constructed out of
the signal parameters from the baseline fit to data. In (a) the distribution is shown both with and
without the nonlocal contributions included in the amplitudes. In (b) the distribution is shown for
the baseline fit to data, and with the Wilson Coefficients (WCs) set to their SM values. The shaded
bands indicate 68% confidence regions from varying the fit parameters according to the covariance
matrix accounting for both statistical and systematic uncertainties. These are compared against SM
predictions obtained from ref. [35]. The shaded bands indicate 1ω confidence regions.

Overall, this set of results is consistent with those reported in recent global analyses
of b → s"+"− decays [24], which favour lepton flavour universal NP contributions to the
Wilson Coefficient C9. Moreover, they are consistent with the findings of other complementary
analyses investigating the effect of the nonlocal contributions in B0→ K∗"+"− decays [6, 49]
which also found them to be of only minor importance.
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Overall, this set of results is consistent with those reported in recent global analyses
of b → s"+"− decays [24], which favour lepton flavour universal NP contributions to the
Wilson Coefficient C9. Moreover, they are consistent with the findings of other complementary
analyses investigating the effect of the nonlocal contributions in B0→ K∗"+"− decays [6, 49]
which also found them to be of only minor importance.
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Figure 7. Two-dimensional confidence regions for selected combinations of the Wilson Coefficients,
obtained using a likelihood profile method. The shaded regions indicate the 1ω and 3ω confidence
regions considering only statistical uncertainties, while the dashed contours indicate the same regions
with systematic uncertainties included. The horizontal and vertical dashed lines show the Standard
Model values.

Wilson Coefficient results
C9 3.56± 0.28± 0.18
C10 →4.02± 0.18± 0.16
C′
9 0.28± 0.41± 0.12

C′
10 →0.09± 0.21± 0.06

C9ω (→1.0± 2.6± 1.0) × 102

Table 4. Results for the Wilson Coefficients. The first uncertainty is statistical, while the second is
systematic.

7 Discussion

The primary observation to be made based on the results of section 6 is that while the nonlocal
model used in this analysis shows that there is some contribution of nonlocal amplitudes
in the q2 regions used by previous binned analyses [5], it still prefers a value of C9 that is
shifted from the SM expectation. Based on a one-dimensional profile likelihood scan, shown in
figure 6, a shift of ∆CNP

9 = →0.71±0.33 is observed that corresponds to a 2.1ω deviation from
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7 Discussion

The primary observation to be made based on the results of section 6 is that while the nonlocal
model used in this analysis shows that there is some contribution of nonlocal amplitudes
in the q2 regions used by previous binned analyses [5], it still prefers a value of C9 that is
shifted from the SM expectation. Based on a one-dimensional profile likelihood scan, shown in
figure 6, a shift of ∆CNP

9 = →0.71±0.33 is observed that corresponds to a 2.1ω deviation from
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Future runs and Upgrade II
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The LHCb experiment in Run 1-2
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  LHCb detector design
• Huge  at the LHC
→  b-hadrons in LHCb  
acceptance in Run 1+2

• Hardware trigger on object 
with  exceeding 2-3 GeV

• Displaced vertex identification 
in software trigger stage

• Dipole magnet with precise 
tracking detectors 

• Particle ID with calorimeters, 
muon system and Cherenkov 
detectors (RICH)

σ(pp → bb̄X)
1012

pT

σp/p ∼ 0.5 %

Int.J.Mod.Phys. A 30, 1530022 (2015) 

RICH2

Tracking 
Stations

Muon System
Calorimeters

Magnet

Vertex
Locator

RICH1

Tracker
Turicensis

a

p p

B+

K+

μ+
μ−

Zoom on pp collision point

K+

μ−

μ+

~1 cm

 b hadron in LHCb acceptance in Run 1+2∼ 1012


