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Outline of the lectures
• Introduction (context, EFT as seen from an 

experimentalist, LHCb)

• B→ ℓ+ℓ- what do we measure and how? 

• Hb→ Hs ℓ+ℓ- what do we measure and how? 

• Why not electrons ? 

• Some ideas to move forward

1

2
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Bs/d→ 𝜇+𝜇- : 
• clean prediction (relative precision ~ 4 – 5 %)
• clean measurement for Bs (~ 10%) ; Bd not yet measured.   

J clear road
 C10 constraint

Hb→ Hs 𝜇+𝜇- : 
• clean measurements  (~ 10% on BR in various q2 bins)
• TH predictions not very precise for the BR. Better for 

angular observables. 
• How to mitigate/constraint the impact of non-local 

contributions ? 

?????
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• In the SM Wilson coefficients are real, no necessarily the case for 
New Physics

• Many parameters fit… reduced configurations
𝐶! = 𝐶!"# + 𝐶!$%
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Adapted from plots from Peter Stangl La Thuile 2021

Bs → 𝜇 𝜇
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From B. Capdevila 
FPCP 2023 

No TH input for the non-local contributionswith TH input for the non-local contributions
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Why not electrons ? 
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ℓ= e, μ or τ

Only difference : kinematics
(lepton masses)

e+

e-
e+

e-

=
SM

W± Z0

ℓ+

ℓ-

ℓ±

νℓ g

ℓ+

ℓ-

Let’s use the electrons and double our statistics !
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Electrons emit Bremsstrahlung

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
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LHCb unofficial

M(J/𝜓)

No Bremsstrahlung recovery

With Bremsstrahlung recovery
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Bremsstrahlung recovery algorithm is ~ 50% efficient 
Well described in simulation 
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Hardware trigger is very different for electrons and muons
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Using modes with electrons to increase the statistics is not the best idea 
Use electrons for: 

• measurements which cannot be done with muons 

• search for New Physics 

e+

e-
e+

e-

=
?

M(ℓ+ℓ-) 
(MeV/c2)

ℓ+

ℓ-
ℓ+

ℓ-

1
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dBR
𝑑𝑞! K*ee

K*µµ

q2

log scale !

Electrons should give us access to C7 and C’
7 Wilson  coefficients (photon pole) in a privileged manner 

1



MH Schune Ecole de Gif- Septembre 2023 15

Going back to s=q2
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Going back to s=q2

4m2
l<< q2
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At low q2 (FF simplification) 
�̂� =

𝑞!

𝑚"
!

Definition of observables: 

(q2)

“clean”

MH Schune Ecole de Gif- Septembre 2023
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At low q2 (FF simplification) 
�̂� =

𝑞!

𝑚"
!

Definition of observables: 

(q2)
sensitive to the 
photon polarisation 

“clean”

MH Schune Ecole de Gif- Septembre 2023

𝒒𝟐 ⟶ 𝟎
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SM

C9=0  &  C10=0 

Flavio
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+

Important simplification of the 
formulae without loss of 
precision on what we are 
interested in: the photon 
polarisation (C7 and C’7)
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(q2)
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Beyond the yields, the precision on AT
2 and AT

Im is driven by (1-FL)  

Given the experimental challenges, going above 0.5 GeV2 with the electrons channel is not meaningful.  
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5% precision on the photon polarization in b→s𝛾 transitions. Dominated by statistical 
uncertainties

In good agreement with the SM predictions
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2
Branching Fractions

Angular observables
theoretical 
cleanness

Lepton Flavour Universality 
observables: 
Branching Fractions ratios
angular observables ratios

Results in the b→s𝜇𝜇  transitions: 
• Extremely clean experimentally
• Large statistics 
• not in perfect agreement with SM predictions 

(but uncertainties on these predictions sue to 
non-local contributions which are hard to 
estimate)  
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ℓ=e, μ

In the SM only difference : kinematics
(lepton masses)

e+

e-
e+

e-

=
?

Any ratio of observables in principle

Start with the simplest (?)  one:  ratio of 
branching fractions

Lepton Flavour Universality tests in b→sℓℓ transitions

MH Schune Ecole de Gif- Septembre 2023
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Practically at LHCb:

H = K, K*, pK …

Yields from mass fits Efficiencies from 
MC & data 
calibration samples 

+
well tested LFU in J/𝜓 modes 

⇒ Use of the double ratio using the resonant channels 

⇒ cancels out most of the systematics due to e/µ differences
MH Schune Ecole de Gif- Septembre 2023
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⇒the Rx analysis

PID

Trigger

Bremsstrahlung
Fits

Simultaneous fit of 
•  B→K ℓℓ and B→K* ℓℓ
• in 2 kinematical regions (low 

and central-q2) 
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?? ?? ?? ??
e+

e-

e+

e-
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?? ?? ?? ??
e+

e-

e+

e-

central-q2low-q2
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Simultaneous fit for Rx extraction: muon modes

B+

B0
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Simultaneous fit for Rx extraction: electron modes

B+

B0
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A factor ~ 4 in yields between electron and muon modes 
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First or most precise test of LFU in b→sℓℓ

Compatible with the SM at 0.2 s 

Results
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To include Lepton Flavour Universality measurements in global fits: 

𝐶! = 𝐶!"# + 𝐶!$% 𝐶!,' = 𝐶!"# + 𝐶!,'$%

𝐶!,( = 𝐶!"# + 𝐶!,($%
𝑖 = 7, 9,10

Some assumptions can be made:
 
• NP in muon modes only
• NP only in C9
• …

Some remarks:

• C(‘)
7strongly constraint from radiative decays and 

K*ee (very low-q2)

• C’9 and C’10 contributions disfavoured by RK ~ RK*…
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from Camille Normand 
PhD thesis (2023) 

no NP in electrons

C9 and C10 real 

Disfavours a large 
shift on C10
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Some ideas to move forward 

B→K*ℓℓ
Bs→fℓℓ

B→𝜇 𝜇B→Kℓℓ
B→K*ℓℓ 
full q2

Bs,d→ 𝜇+ 𝜇- 𝛾

B→𝜇 𝜇: Bd , lifetime ..

𝐵 → 𝐾𝜈�̅� b→dℓℓ 
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Bs,d→ 𝜇+ 𝜇 - 

• More observables

• Bs,d→ 𝜇+ 𝜇 - 𝛾

and more stat !
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NP ? NP ? 

An additional variable : the effective lifetime

In the SM tµµ  =   

More observables (one example)
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Enough statistics to start measuring the effective lifetime: 
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CMS
3D (dimuon invariant mass, decay time, and decay time uncertainty) Maximum Likelihood fit
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ATLAS

arXiv:2308.01171

sPlot
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CMS

LHCb

Effective lifetime results: 

NB : 

ATLAS

Will play a role in future 

Lifetime Value [ ps ]
⌧B+!J/ K+ 1.637 ± 0.004 ± 0.003
⌧B0!J/ K⇤0 1.524 ± 0.006 ± 0.004
⌧B0!J/ K0

S
1.499 ± 0.013 ± 0.005

⌧⇤0
b!J/ ⇤ 1.415 ± 0.027 ± 0.006

⌧B0
s!J/ � 1.480 ± 0.011 ± 0.005

Lifetime Value [ ps ]
⌧B+!J/ K+ 1.637 ± 0.004 ± 0.003
⌧B0!J/ K⇤0 1.524 ± 0.006 ± 0.004
⌧B0!J/ K0

S
1.499 ± 0.013 ± 0.005

⌧⇤0
b!J/ ⇤ 1.415 ± 0.027 ± 0.006

⌧B0
s!J/ � 1.480 ± 0.011 ± 0.005

JHEP 04 (2014) 114
<1 % relative precision
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BR(Bs→ µ+µ-) : stat~ 1.8 % syst ~ 4 % (fs/fd) 

BR(Bd→ µ+µ-)/ BR(Bs→ µ+µ-) : much more precisely predicted. 
Measurement  precision ~ 10%

What to expect with HL-LHC? 

BR(Bd→ µ+µ-) still dominated by statistical uncertainty  
LHCb

Additional observables: 

• effective lifetime tµµ precision for LHCb : 8% for 23 fb-1 and 2 % with 300 fb-1

• time dependent CP asymmetry (sensitive to NP phase) . Accessible only to 
LHCb with 300 fb-1
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Bs,d→ 𝜇+ 𝜇- 𝛾

When the photon is soft: test of the high-q2 region (above 𝜓(2S)). Do not try to reconstruct it ! 

Nice interplay with the B → V 𝜇+ 𝜇 - where the low-q2 (below J/𝜓) is exhibiting tensions with predictions

Need for a dedicated analysis going lower in m𝜇+ 𝜇- 

An analysis targeting the low-q2 (energetic photon) ? 

In any case: experimentally challenging ! 

and  predictions very sensitive to FF 
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Hb→ Hs,d ℓ+ ℓ- 

• Constraining the non-local contribution from data ? 

• More observables

• b→ d ℓ+ ℓ- 
and more stat !
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From Martino Borsato (SUSY2022)

but : 

would act as a shift on C9
c-cbar 

Constraining the non-local contribution from data ?
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Lively theoretical debate on the estimate of these non-local effects

• Computation of the exchange of one soft gluon (seems to increase more the tension) 

• Problem: the phase difference between the long-distance charm contribution and the short-distance 
physics
• nuisance parameters in the global fits

• estimate from data fits (next two slides)  
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Extract the angular 
observables from a 
4D fit 𝑀,Ω  

Extract 𝐶$,&'
())  + non-

local contributions 
modelled by 
polynomials from a 
4D fit 𝑞!, Ω  

Extract 𝐶$,&'
())  𝐶$+ + non-

local contributions 
(magnitudes & phases) 
from a 4D fit 𝑞!, Ω  

Binned Unbinned

Extract an amplitude 
ansatz (𝐴,,- 𝑞!  
modelled by 
polynomials ) from a 
4D fit 𝑞!, Ω  

Model Independent Model Dependent 

Various possibilities (most of them on their way for B0 → K* 𝜇 𝜇 ) 
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Estimate using data:  B → K 𝜇 𝜇

• Resonances added as relativistic BW
Branching ratios of B+→VK+ constrained from the PDG 
(assuming factorization) 

• Form-factors constrained from lattice QCD ( Bailey et al., Phys.Rev.D

93 (2016) 2, 025026) 
• Contribution of D(*)D(*) ignored

Eur.Phys.J.C 77 (2017) 3, 161 

magnitude of the 
resonance 

phase of the 
resonance wrt C9 

4 ambiguities
interference with the rare mode far from the pole is small  
can be improved with more contributions 
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More observables, more modes

0.1 - 0.15 ?

0.05  - 0.1 ?

Belle PRL 118 (2017) 111801

Are angular observables the same in b→ s 𝜇 𝜇 and b→ s ee ?

• non-local contributions  should be the same

• New Physics a priori different
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𝑩 → 𝑲𝝂'𝝂 Belle-II @EPS 2023

Precisely predicted in the SM

q2 computed for the 2 neutrinos from K+ recoil

global analysis using general event information (2 BDT) 

Fit in bins of q2 x BDT bins
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plot from BELLE2-TALK-CONF-2023-123

Not in significant tension with the SM
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b→ d ℓ+ ℓ- 

Hb→ Hd ℓ+ℓ- 

ℓ+

ℓ-
ℓ+

ℓ-

d d

In the SM suppressed by !!"!!#
"
~0.04

Bd→ ℓ+ℓ- 

Rare modes are even more rare 

But New Physics can couple differently: important to check
 
Bd→ ℓ+ℓ- ”automatically” done (same final state) 

What about Hb→ Hd ℓ+ℓ- ?



MH Schune Ecole de Gif- Septembre 2023 58

ℓ+

ℓ-
ℓ+

ℓ-

d d B+→𝜋 ℓℓB+→K ℓℓ

b→ s ℓ+ ℓ- b→ d ℓ+ ℓ- 

B+→K ℓℓ B+→𝜋 ℓℓ

B0→KS ℓℓ B0→𝜋0 ℓℓ

B0→K*0 ℓℓ B0→r0 ℓℓ

Bs→fℓℓ Bs→K*0 ℓℓ

In most of the cases b→ d ℓ+ ℓ- 

transitions are experimentally and theoretically  more 
challenging than b→ s ℓ+ ℓ- 
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b→ s ℓ+ ℓ- b→ d ℓ+ ℓ- 

B+→K ℓℓ B+→𝜋 ℓℓ

JHEP 10 (2015) 034

3 fb-1

full q2 range (but J/𝜓 and 𝜓(2S))

B+→𝜋 ℓℓ B+→K ℓℓ

2922 ± 5594 ± 12 
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b→ s ℓ+ ℓ- b→ d ℓ+ ℓ- 

Bs→fℓℓ Bs→K*0 ℓℓ

JHEP 07 (2018) 020 

4.6 fb-1
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With J/𝜓 mass constraint 

Will not work with electrons
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Conclusion
• Experimentalists are more and more using EFT ‘language’ (specially useful 

for analyses with a lot of observables)  

• A shift in C9 (b →s 𝜇𝜇 branching fractions and (some) angular parameters). 
Situation unclear… Experiments & theory progressing together 

• Bs→𝜇𝜇 is compatible with the SM: no obvious sign of NP in C10

• No sign of large Lepton Flavour Universality violation in b →s ℓℓ 

• Photon polarization in b →s 𝛾 transitions compatible with SM expectation
 

When SM agreement it is at the ~5% 
precision, tests statistically limited 

àMore data and  more analyses !

Stay tuned
Many thanks to J. Rouxel & JP 
Couturier for the Shadoks   
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1961

In 1964 CP violation discovery: 
(2.0 ± 0.4) 10-3

Experiment stopped

Physical Review Letters, vol. 13, no 4, 1964, p. 138

• 5 to 10% precision (stat 
dominated)

Looking back in the mirror 

MH Schune Ecole de Gif- Septembre 2023
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Backup slides
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Why don’t you look at Bs→ee ?
SM prediction more helicity suppression ! 

But electrons emit Bremsstrahlung photons ….
µµ ee

MH Schune Ecole de Gif- Septembre 2023
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LHCb-PAPER-2020-001
Not enough mass resolution to separate Bd from Bs

(5 fb-1)

5 orders of magnitude wrt to SM 

MH Schune Ecole de Gif- Septembre 2023

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2020-001.html
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The top quark at an e+ e- collider with √s=10 GeV in 1987 !   
Argus Collaboration
Phys Lett B 192 p454 

B0®D*-µ+n
B0®D*-µ+n

e+ e- ®¡(4S) ®BB at √s = 10.58 GeV

Production of coherent BB pairs
ΔmB ≈ 0.00002 ⋅

mt
GeV c2

!

"
#

$

%
&

2

ps−1

       ≈ 0.5ps−1

First hint of a 
really large mtop!

Þ mt >50 GeV
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Belle-II prospects on R(K) and R(K*) 
~3% precision for q2 bin [1-6] for 50 ab-1 of data 

(ee) and (µµ) similar !
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In agreement with SM

One recent CMS result (EPS 2023) 
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• Several fitters, they differs by: 
• Choice of experimental inputs 
• Form factors modelling 
• Treatment on non-local nuisance parameters
• Statistical frameworks 

From B Capdevila FPCP2023
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NP in e and µ from Camille Normand 
PhD thesis (2023) 

shifts in Wilsons Coefficients 
should be the same for 
electrons and muons 



MH Schune Ecole de Gif- Septembre 2023 71

BR(Bs→ µ+µ-) : stat~ 1.8 % syst ~ 4 % (fs/fd) 

BR(Bd→ µ+µ-)/ BR(Bs→ µ+µ-) : much more precisely predicted. 
Measurement  precision ~ 10%

What to expect with HL-LHC? 

BR(Bd→ µ+µ-) still dominated by statistical uncertainty  
LHCb

Additional observables: 
• effective lifetime tµµ precision for LHCb 

: 8% for 23 fb-1 and 2 % with 300 fb-1

• time dependent CP asymmetry 
(sensitive to NP phase) . Accessible 
only to LHCb with 300 fb-1
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From Damir Becirevic (Gif 2018) 


