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Setting up the scene

New results : LFU tests, angular analyses and time-dependent CP violation
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What is rare ? 

BReff < 10-6

Why rare decays ?
• Change of paradigm: not any more theory driven

• Which are the sources of flavour symmetry breaking we 
observed ?

• History is telling us that rare decays (FCNC)  are powerful tools  
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Rule of the game
• Precisely predicted
• Precise measurements 

(as much as possible !)
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SM New Physics (examples)

Flavour Changing Neutral Currents
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• Modification of the decay rates ( ↑ or ↓ ) 

• Modification of the angular distributions 

• New sources of CP violation  

How NP would manifest ? 

Potentially different for 
b→s𝜇+𝜇 – and b→se+e-

Relative importance of the different diagrams varies with q2= M2(ℓ+ℓ-) . Eg : photon pole dominates 
when 𝑞! → 0
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Description using an effective field theory 

C7
(‘), C9,10
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QCD challenges:
• working with hadrons ⇒ local form factors
• qq loops ⇒ non-local form factors + non factorizable soft 

gluon corrections
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(‘) = Ci

SM (‘) + Ci
NP (‘) + Ci
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• b→s µµ channels :
• clean experimental signature
• precise experimental results on a large 

number of BR and angular observables 
in a fine q2 binning

In general BR are 𝒪(10-7) 
àLHC large production is clearly a plus 
àcomes with the cost of a very challenging experimental environment 

Branching Ratios

Angular observables

LFU observables : 
R-ratios
angular observables differences

• b→s ee channels :
• low pT electrons in the harsh LHC context
• limited number of results
• A corner of the phase space provides powerful 

constraints on C7
‘

theoretical 
cleanness

What to measure ?
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Most of the rare decays results are obtained by LHCb
Results obtained using 2011-2018 datasets (9 fb-1)  
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Current situation 

• 5 to 10 % precision 
• dominated by statistical uncertainty

Phys. Rev. D 108 (2023) 032002
Phys. Rev. Lett. 131 (2023) 051803

𝑅 𝐾 = 0.78!".$%&".'(

Recent CMS result [CMS-PAS-BPH-22-005] 
less precise but in agreement 

Test of LFU on Branching Ratios in agreement with SM 

Persistent tensions: 

• BR measurements (a lot of modes)
• angular analyses : precise 

measurements in K*𝜇𝜇

https://doi.org/10.1103/PhysRevD.108.032002
https://doi.org/10.1103/PhysRevLett.131.051803
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?
Mismodelling of SM (non 
perturbative QCD) predictions or

c-cbar 

New Physics showing up 

Use of data to also extract non-local contributions
q2 - unbinned fit with parametrisation of the decay in terms of 
Wilson coefficients, Form Factors, and non-local contributions 

q2 unbinned amplitude  analysis 

JHEP 09 (2024) 026 

• Non-local contributions seem 
larger than what has been  
assumed so far   

• C9 still shifted from SM 

• More data is needed Phys. Rev. Lett. 132 (2024) 131801
Phys. Rev. D 109 (2024) 052009 

https://doi.org/10.1007/JHEP09(2024)026
https://doi.org/10.1103/PhysRevLett.132.131801
https://doi.org/10.1103/PhysRevD.109.052009
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Cherry picked results

New

e+e-
Tests of LFU: 

1. 𝑅( =
)* )!→(,,
)* )!→(--

2. 𝑅.// =
)* )±→.// ,,
)* )±→.// --

3. B0 →K*ee angular analysis 

Measurement of the photon polarization in b→s𝛾:
1. 𝐵0 → 𝜙𝑒𝑒 angular analysis 
2. Time dependent CP violation (Belle II) 
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Some common features for the 4 LHCb analyses

• Full Run1 + Run2 statistics (9 fb-1)

• e+e- in the final state

• Electron and charged hadrons identification very similar to RX (Phys. Rev. D 108 (2023) 032002) 

in most of the case h→e residual contamination extracted from data 

• Dominating background is of combinatorial nature: removed using multivariate 
techniques relying on kinematical and vertexing variables

https://doi.org/10.1103/PhysRevD.108.032002
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←increasing hadronic recoil
   increasing dilepton mass →

Bs →fee  
angular analysis

𝑅( 𝑅(

B0 →K*ee
angular analysis

𝑅(

b→css :control modes

𝑅.//
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Tests of Lepton Flavour Universality :
Bs→𝜙ℓℓ and B±→K𝜋 𝜋ℓℓ

[LHCb-PAPER-2024-032, in preparation] 

[LHCb-PAPER-2024-046, in preparation] 

?? ?? ?? ??

e+

e-

e+

e-
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Tests of LFU using Bs→𝜙ℓℓ: general strategy

• Blind analysis in 3 q2 (=M2(ℓℓ)) regions

• Narrow 𝜙 resonance, no partially reconstructed hadronic background (“𝜙** “) 

• Combinatorial & double semi-leptonic backgrounds suppressed using multivariate classifiers

• Residual hadron→e mids-ID background measured from data 

𝑅(12 = )
𝒩
ℰ 𝐵 𝐵0 → 𝜙𝑒𝑒

𝒩
ℰ 𝐵 𝐵0 → 𝜙𝐽/𝜓 𝑒𝑒

𝒩
ℰ 𝐵 𝐵0 → 𝜙𝜇𝜇

𝒩
ℰ 𝐵 𝐵0 → 𝜙𝐽/𝜓 𝜇𝜇

= 1 [PDG]

• Double ratio using the resonant channels ⇒ cancel out most of the systematics due to e/µ differences

• Yields obtained from mass fits

• Efficiencies  obtained from corrected MC using data-driven techniques
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𝜓 2𝑆
leakage due to improper 
bremsstrahlung reconstruction

LHCb-PAPER-2024-032 in preparation 

In agreement with SM

Low-q2 Central-q2 High-q2

ee

µµ

ee

µµ

ee

µµ
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LHCb-PAPER-2024-046
in preparation 

Similar analysis but using 𝑩± → 𝑲𝝅𝝅 ℓℓ

Systematic uncertainty dominated by the 
modelling of mass distribution of the 
hadron→e mids-ID background 

ee µµ

In agreement with SM

One kinematic region 1.1<q2<7 GeV2/c4
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Decay described by 3 angles and 8 q2-dependent parameters 

FL : fraction of K* with 
longitudinal polarisation 

Forward-backward asymmetry 
of the di-lepton system 

FL , AFB and the other six parameters are sensitive to 𝐶7,9,2:
(<)  and Form Factors

/K

Angular analyses
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Angular analysis of 
B0 →K*ee in the 
central q2 region

[LHCb-PAPER-2024-022, in preparation] 
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J/Psi

Psi(2S)

B0

⇒ Data-driven methods

Modelling of the mass and angular 
distributions of all the components

B0
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the fit result: 
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In agreement with SM 
prediction 
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LFU test 
• Use the set of observables which are less sensitive to Form Factors

• Compare with the results from the muon fit (as in PRL 132 (2024) 131801 
but without S-wave for overall coherence) 

• more precise than previous Belle measurement
• consistent with LFU conservation
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SM

Similar shift in K*µµ and K*ee
Δ𝐶" = 𝐶"

($) − 𝐶"
(&)

compatible with 0 

Form factors constrained from [JHEP 12 (2023) 153] and non-local QCD terms from [JHEP 02 (2021) 088, JHEP 09 (2022) 133]

Hadronic contributions shared between K*µµ and K*ee

in agreement with the SM but 
also with the K*𝜇 𝜇 results. 
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Measurement of the photon 
polarisation in b → s𝛾 transitions

[LHCb-PAPER-2024-030, in preparation] 

Belle II [arXiv:2407.09139]
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Angular analysis of Bs →𝜙(→KK)ee

⇒ virtual photon:  go for q2 as low as possible  
⇒ use electrons

[LHCb-PAPER-2024-030, in preparation] 
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3 angles to describe the decay 
(valid for all q2) : 

+ some folding:  

Di due to Dms and dGs
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q2 bin choice similar to previous Bd→K*0(→K+p-)ee : 10 MeV< mee <500 MeV

Background mostly of combinatorial nature due to the very specific kinematical region

The radiative decay with a converted photon is a nice control channel : Bs→f(→K+K-)ge

NS~100 

Bs→f(→K+K-)ee signalBs→f(→K+K-)gee control channel
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4D fit : m(KKee), cosqK, cosqℓ 6𝜙

in good agreement with the SM  

effective region:   
0.0009 <q2 < 0.2615 GeV2/c4
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Belle II (362 fb-1)

HFLAV average was : 
-0.16 ± 0.22

Mixing-induced CP asymmetries in B0 →K*0 (→K0 𝜋0) 𝛾

arXiv:2407.09139

q=+1 (-1)  B0 (B0)

ℇ)** = 31.69 ± 0.35 %
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The photon polarisation in b → s𝛾 transitions is known with a precision of ~ 4%

All measurements are in good agreement   

10 < M(ee) < 500 MeV 

M(ee) < 1058 MeV, [arXiv:2404.00201] 

including the new Belle II result [arXiv:2407.09139]

[LHCb-PAPER-2024-030, in preparation] 
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Summary: a lot of ‘for the first time’ 
• Branching ratio measurements : 
• tensions still present in b→s 𝜇 𝜇
• similar BR values for ℓ = e or ℓ =𝜇 : new modes 

being added : R𝜙 and RK 𝜋 𝜋. 

• B0 → K*0 ee angular analysis in the central q2 region for 
the first time

• measurement of the photon polarisation in b→s𝛾: 
• Bs → 𝜙ee in the very low-q2 region (~12% precision)
• B0 →K*0 (→K0 𝜋0) 𝛾 CP violation time dependent 

analysis from Belle-II 

LFU holds at the 
few % level 

Stay tuned ! 

A set of very different 
analyses. 
~4% precision. In 
agreement with SM. 

In agreement both 
with the SM and B0

→ K*0 𝜇 𝜇
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1−2024 (13.6 TeV): 9.56 fb
1−2023 (13.6 TeV): 0.37 fb
1−2022 (13.6 TeV): 0.82 fb

1−2018 (13 TeV): 2.19 fb
1−2017 (13 TeV): 1.71 fb
1−2016 (13 TeV): 1.67 fb

1−2012 (8 TeV): 2.08 fb
1−2011 (7 TeV): 1.11 fb
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2024 dataset ~ (Run1 + Run2) 

Thank you for your attention



back-up slides 
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A game of couplings and scale
• Flavour Changing Neutral Currents: mediated by box and loop diagrams (strongly 

suppressed in the SM): New Physics can compete and modify the properties of the 
decays   

• Access to larger scales than direct searches 

!!"

√s
Direct searches

DF=1

𝒄𝐍𝐏
generic flavour 
violation

CKM-like 
flavour violation

ℋ!" ∝
𝒄𝐍𝐏
𝜦𝐍𝐏𝟐

NP 
coupling

NP 
scale
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Misidentified hadronic  decays :
Use the “Pass-Fail” method of Rx

( [PRL 131 (2023) 051803, PRD 108 (2023) 032002] ) 

Double Semileptonic and combinatorial backgrounds:
Use of B0 →K*e𝜇 data sample, wider mass range and BDT 

partially reconstructed background: Phase Space MC 
reweighted using B →K 𝜋 𝜋 J/𝜓 (→ 𝜇 𝜇) background-
substracted data 

Signal : from simulation for the mass 
distribution, the angular and qc

2 acceptance

B0 à K*ee Fit set-up
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Bs à Phiee systematics

Results dominated by statistical 
uncertainty 
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Add a precise information in the overall measurement of the photon polarisation in b → s𝛾 transitions 

• Mixing-induced CP asymmetries in B0 →K*0 (→K0 𝜋0) 𝛾

• Mixing-induced CP asymmetries in Bs →𝛷𝛾

• B →K*0(→K+ 𝜋-)ee angular analysis in the very-low q2 region 

• Bs →𝛷ee angular analysis in the very-low q2 region 

• via the angle 𝜙

• 𝛬b →𝛬𝛾 decay + 𝛬 weak decay 

LHCb-PAPER-2024-030 
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B0->K*ee : Systematic uncertainties (given as % of statistical uncertainties) 
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Run1 and Run2 data taking
• Running with luminosity levelling at 4. 1032 cm-2s-1 (x2 design luminosity) 
• About 1.5 interaction per bunch crossing 
• 9 fb-1 collected 
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Branching fractions for b→s 𝜇𝜇 transitions

PRL 127 (2021) 151801

arXiv:2302.08262

Bs →f 𝜇𝜇 Lb →L(1520) 𝜇𝜇

b-mesons: a tendency to measure BF lower than predictions 
(low and central q2). 

b-baryons: BF in agreement with LQCD (high-q2). Lack of 
precise predictions in the rest of phase space. 

Predictions uncertainties correlated between bins

N(Λb→pK−μ+μ−) =2250±57(stat)

central-q2

high-q2
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Angular analyses for b→s 𝜇𝜇 transitions
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Very clean signal peaks. 

Still round for improvements on the experimental side:

• whole Run1 + Run2 dataset for all the modes
• Add more modes (eg Lb →L(1520) 𝜇𝜇 )
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Bremsstrahlung emission is significant for electrons

Before the magnet 
• electron can be swept out (=lost !)
• kinematics are “wrong”  

After the magnet 
• not an issue

Energy loss ∝ Ee

Energy loss ∝ material 

g
Nuclei

e

In both cases E/p is correct

⇒ Use of a recovery algorithm
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Hardware trigger is very different for electrons and muons

Larger ECAL occupancy → tighter thresholds for electrons than for muons: 

•e pT > 2700/2400 MeV 
•μ pT > 1700/1800 MeV

𝜀 𝑒 ~
𝜀 𝜇
3

Effect mitigated triggering Independently of Signal 
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LHCb-Upgrade I

No more hardware trigger (full detector readout at 40 MHz)
Tracking & PID detectors modified/replaced
Higher granularity

Luminosity x5 wrt Run2
5.5 visible interactions/crossing 
Higher track multiplicity from ~<70> to ~<180>) 

In January 2023, a loss of control of the LHC primary 
vacuum system 
⇒ plastic deformation of the RF foil separating VELO 
from LHC. 
⇒ significant impact on 2023 physics programme

2022 – 2023 : commissioning and understanding the 
new detector 

2024 : a lot of data !

arXiv:2305.10515, 
submitted to JINST

2024


