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(No) introduction
• I hope somebody gave gave a short theoretical introduction before me! 

• In the SM, FCNC processes are forbidden at the first order 
 
 

• New heavy Particles can significantly contribute and change the rates/ angular distribution/ asymmetries

• Purely-leptonic decays are typically

• Rarer in the SM due to helicity suppression 

• Theoretically cleaner due to no hadrons in the final 
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a glimpse of the LHCb detector
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• Large  cross section

•  produced at low angle → 

forward spectrometer

• b-hadrons produced with large 

boost → excellent vertex resolution 

for background reduction  

pp → bbX

bb

• Excellent muon identification (εµ = 98%) and low misID εh→µ ~ 0.5%
• High trigger efficiency on B decays with muons 

(εµ~90%)

• Well suited for  analysesb → sℓℓ



Datasets and schedule
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Run 1

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2051...2032 2033 2034 2035 2039

LS1 Run2 LS2 Run3 LS3

2028 2029 2030 2031 2038 2040

Run4 LS4 Run5

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)

7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

LHCb

ATLAS/CMS
9 fb–1

190 fb–1

35 fb–1

450 fb–1

300 fb–1

3000 fb–1

Upgrade I Upgrade Ib Upgrade II

WE ARE HERE!

may change

• LHCb already collected  during Run1+2

• Upgrade I is already here with an improved 
detector: 40MHz readout/software trigger and 
new tracking → integrated luminosity expected 

 

• Upgrade II will allow to collect  
(Run5) [CERN-LHCC-2021-012][CERN-LHCC-2018-027]

9 fb−1

∼ 50 fb−1

300 fb−1



•  is a golden channel for LHCb:

• CKM suppressed, loop suppressed and helicity suppressed

• Powerful probe of models with new enhanced (pseudo) scalar  
interactions, e.g SUSY at high  ( )

• Branching fraction predicted precisely in the SM: 

B0
(s) → μ+μ−

tan(β) ℬ ∝ tan(β)6/m4
A

ℬ(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

Purely leptonic decay: B0
(s) → μ+μ−
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Main uncertainties from CKM element 
and decay constant  from Lattice QCD fBs

[JHEP10(2019)232]

http://arxiv.org/abs/1205.6094

https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP10(2019)232&v=ea2f57b9


B

µ+

µ-

B

µ+

µ-

B

• Blind analysis on Run1+Run2 data set ( )

• Main background due to combinatorics of two µ's.

• Signal/Background separation obtained through  and BDT trained on two body kinematics 
and topology

9 fb−1

mμμ

 Analysis strategyB0
(s) → μ+μ−
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[Phys. Rev. Lett. 128, (2022) 041801]
[Phys. Rev. D105 (2022) 012010]

https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevD.105.012010


 peaking backgroundB0
(s) → μ+μ−

• The most sensitive region is polluted by both combinatorial background and exclusive 
channels B0

(s) → h+h′ −

��

��

�

Semileptonic decays

eventually with one hadron 
misidentified as muon:estimated 
with large samples of MC, and 
normalising to  B± → J/ψK±

ℬ(B → hh′ ) ∼ 10−5

 decays (h=K,π)

both hadrons misidentified as 
muons (prob∼2x10–5): this 
background peaks in the B0 
signal region;  it is estimated 
from not misidentified  events, 
and using PID efficiencies from 
data

B0
(s) → h+h′ −

Toy MC

Combinatorial background

from :
an exponential shape is used,
the normalisation is a free 
parameter of the invariant mass fit

bb → μ+μ−X
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LHCb Results
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• Simultaneous fits to the bins of multivariate response to determine  and  branching fractions

• Signal normalised to  and 

•

•

B0 B0
s

B+ → J/ψK+ B0 → K+π−

ℬ(B0
s → μ+μ−) = (3.09 + 0.46 + 0.15

− 0.43 − 0.11) × 10−9

ℬ(B0 → μ+μ−) = (1.2+0.8
−0.7 ± 0.1) × 10−10 (ℬ(B0 → μ+μ−) < 2.6 × 10−10 at 95 % CL)

[Phys. Rev. Lett. 128, (2022) 041801]
[Phys. Rev. D105 (2022) 012010]

https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevD.105.012010


CMS results 
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[PRL 128 (2022) 041801] [PRD 105 (2022) 012010] [CMS-PAS-BPH-21-006]

⌅ Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

B(B0
s ! µ

+
µ

�) = (3.09+0.46
�0.43

+0.15
�0.11) ⇥ 10�9

B(B0 ! µ
+
µ

�) = (1.2+0.8
�0.7 ± 0.1) ⇥ 10�10 (B < 2.6 ⇥ 10�10 @ 95% CL)

in good agreement with SM

⌅ New precise CMS measurement [CMS-PAS-BPH-21-006] moves average further to SM

B(B0
s ! µ

+
µ

�) = (3.83+0.38
�0.36(stat)+0.19

�0.16(syst)+0.14
�0.13(fs/fu)) ⇥ 10�9

B(B0 ! µ
+
µ

�) = (0.37+0.75
�0.67

+0.08
�0.09) ⇥ 10�10 (B < 1.9 ⇥ 10�10 @ 95% CL)

C. Langenbruch (RWTH), Implications 2022 Rare B Decays

•

•

ℬ(B0
s → μ+μ−) = (3.83+0.38

−0.36(stat)+0.19
−0.16(syst)+ 0.14

−0.13 ( fs/fu)) × 10−9

ℬ(B0 → μ+μ−) = (0.37+0.75 +0.08
−0.67 −0.09) × 10−10 (ℬ(B0 → μ+μ−) < 1.9 × 10−10 at 95 % CL)



LHCb impact on theory
•  is an important probe of 

supersymmetric extension of SM

• Current LHCb analysis performances: ~16% 
uncertainty on 

• Combination with ATLAS and CMS will push 
 below 7% which is the expected 

uncertainty at the end of Run4 for LHCb only

• Complementary to direct searches of MSSM 
with  resonances

ℬ(B0
s → μ+μ−)

ℬ(B0
s → μ+μ−)

Δℬ/ℬ

ττ
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FIG. 5. Current constraints in the mA - tan � plane in the MSSM scenario discussed in the text. The dark
and light green shaded regions are allowed by the BR(Bs ! µ+µ�) measurements at the 1� and 2� level.
The black hatched region is excluded by direct searches for ⌧+⌧� resonances. Throughout the plot the light
Higgs mass is mh = 125 GeV.

The sensitivity of the current branching ratio measurements to MSSM parameter space is illus-

trated in Fig. 5. The dark and light green regions correspond to the regions where BR(Bs ! µ+µ�)

is compatible with the measurements at the 1� and 2� level. The white region is excluded by

BR(Bs ! µ+µ�) by more than 2�. We observe two distinct regions of parameter space. As ex-

pected, there is (i) a broad region for small tan � and large mA corresponding to a NP amplitude

A ⌧ 1, and (ii) a thin stripe for larger values of tan � where A ' 1 that also agrees well with the

measured branching ratio.

In the plots of Fig. 6 we show the mA - tan � plane in the two future scenarios discussed above.

While the size of the A ⌧ 1 region and the A ' 1 stripe is shrinking with more precise data,

the branching ratio measurement alone cannot exclude the A ' 1 scenario that corresponds to a

sizable new physics contribution. The sensitivity of future measurements of the mass-eigenstate

rate asymmetry A�� is also shown in the plots. The blue hatched regions correspond to A�� < �0.6

(left plot) and A�� < 0.4 (right plot). We can clearly see that that future measurements of A��

can cover unconstrained parameter space and fully probe the A ' 1 region.

Finally, we discuss the complementarity of the Bs ! µ+µ� observables and direct searches for

the heavy Higgs bosons. The main production modes of heavy neutral Higgs bosons H and A in

the MSSM are either gluon fusion or, at large tan �, production in association with b quarks. In

the parameter regions that we are mainly interested in, namely multi-TeV Higgs bosons and large

tan �, we find that the production in association with b quarks is by far dominant.

The corresponding production cross section can be easily obtained by rescaling known SM

results

�
bb̄

(H/A) =
t2
�

(1 + ✏bt�)2
⇥ �

bb̄
(H/A)SM , (29)
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Figure 5. Current constraints in the mA - tanβ plane in the MSSM scenario discussed in the text.
The dark and light green shaded regions are allowed by the BR(Bs → µ+µ−) measurements at
the 1σ and 2σ level. The black hatched region is excluded by direct searches for τ+τ− resonances.
Throughout the plot the light Higgs mass is mh = 125GeV.
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Figure 6. Expected sensitivities in the mA - tanβ plane in the MSSM scenario discussed in the
text. Left: integrated luminosities of 50 fb−1 at LHCb and 300 fb−1 at CMS and ATLAS. Right:
integrated luminosities of 300 fb−1 at LHCb and 3000 fb−1 at CMS and ATLAS. The dark and light
green shaded regions will be allowed by the expected BR(Bs → µ+µ−) sensitivity at the 1σ and
2σ level, assuming the SM rate. The black hatched region could be excluded by direct searches
for τ+τ− resonances assuming no non-standard signal. The blue hatched region can be covered by
measurements of the mass-eigenstate rate asymmetry A∆Γ. In both plots the light Higgs mass is
mh = 125GeV.

– 14 –

JHEP05(2017)076

LHCb Run1+2015+2016 
68%, 95% C.L. 

http://arxiv.org/abs/1205.6094
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Test of LFU with  decaysB0
(s) → e+e−

• Helicity suppressed by  relative to 

•

•

• NP effects could increase BFs by 

• Current analysis performed on Run1+2015+2016 data

• Signal extracted from UML fit on 

‣
‣

𝒪(10−4) B0
(s) → μ+μ−

ℬ(B0
s → e+e−) = (8.35 ± 0.39) × 10−14

ℬ(B0 → e+e−) = (2.39 ± 0.14) × 10−15

𝒪(106)

me+e−

ℬ(B0
s → e+e−) < 11.2 × 10−9 at 95 % CL

ℬ(B0 → e+e−) < 3.0 × 10−9 at 95 % CL
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Phys. Rev. Lett. 124 (2020) 211802
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Prospects
•  already probing possible LUV 

scenarios

• Potential backgrounds like  
might become relevant with larger statistics

• Electron reconstruction/PID unknown after 
UpgradeII 

• Also  even if far from SM 
expectations still powerful tool to 
constraint NP Leptoquark models

• Run1:  

• 300 fb–1: 

B0
s → e+e−

B0
s → e+e−γ

B0
(s) → τ+τ−

ℬ(B0
(s) → τ+τ−) < 6.8 × 10−3@95 % CL

ℬ(B0
(s) → τ+τ−) < 2.6 − 5 × 10−4@95 % CL

13

Phys. Rev. D 94, 115021 (2016)

Private	extrapolation	of	current	
result	by	LHCb	with	∫ℒ



Lepton flavour violations measurements
• Lepton Flavour Violation forbidden in the SM

• Observation of neutrino oscillation → evidence 
of LFV in the neutral sector. However no 
observation of LFV in the charged sector so far

                       

µ

W

⌫µ ⌫e e

W

�

<latexit sha1_base64="XILg6lMqMAQfXNJ+0Y8C3Dcf/sc="></latexit>

ℬ(μ → eγ) < 10−50
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• If LFUV confirmed 

➡Interesting correlation with  and 
 LFV processes in several BSM 

models

b → sτμ
b → sμe
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Figure 3. Left: contours and excluded region for B → Kτµ = (B → Kτ+µ− + B → Kτ−µ+)/2
for C22

9 = −0.5, i.e. assuming that C22
9 takes the central value obtained from the b → sµ+µ− fit.

The colored regions are allowed by the various processes. For R(D) and R(D∗) we used again the
weighted average for R(D(∗))EXP/R(D(∗))SM. Right: the contour lines show Br[τ → µγ] × 108.
The gray region is excluded by the current upper limit and (light) red region is allowed by aµ at
the (2σ) 1σ level. Note that both δaµ and τ → µγ are only a function of λL

33/λ
L
32 and therefore

independent of b → sµ+µ− transitions.

3.2 b → sµ+µ− and b → sτ±µ∓

Let us now consider the effect of including b → sµ+µ− transitions in our analysis. In this

case effects in B → D(∗)µν/B → D(∗)eν are predicted if still addressing R(D) and R(D∗)

simultaneously. We checked that the effect is at the per-mill level which is compatible

with BELLE and BABAR measurements.3 However, interesting correlations with b → sτµ

processes appear. Here we find

C32
9 = −2

π

α

Vcb

V ∗
ts

λL
32

λL
33

(√
XD(∗) − 1

)
, (3.2)

C23
9 =

λL
33

λL
32

C22
9 , (3.3)

which depends only on the ratio λL
33/λ

L
32 as a free parameter. Note that the dependence

on C22
9 is much weaker than on XD(∗) . The resulting bounds and predictions are shown in

the left plot of figure 3. We take the experimental limit [90]

Br [B → Kτµ] < 4.8× 10−5 . (3.4)

Note that R(D(∗)) can only be fully explained for λL
33/λ

L
32 > 1.

3This is contrary to ref. [13] which cannot explain R(D(∗)) and b → sµ+µ− data simultaneously without

violating the bounds from B → D(∗)µν/B → D(∗)eν as pointed out in ref. [88]. However, this tension can

be relieved with leptoquarks masses larger than 5TeV [89].

– 7 –
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the (2σ) 1σ level. Note that both δaµ and τ → µγ are only a function of λL
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L
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independent of b → sµ+µ− transitions.

3.2 b → sµ+µ− and b → sτ±µ∓

Let us now consider the effect of including b → sµ+µ− transitions in our analysis. In this

case effects in B → D(∗)µν/B → D(∗)eν are predicted if still addressing R(D) and R(D∗)

simultaneously. We checked that the effect is at the per-mill level which is compatible
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be relieved with leptoquarks masses larger than 5TeV [89].
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Crivellin, Mueller, Ota JHEP09(2017)040 



B0
(s) → τ±μ∓

• BF can be ~O(10–5) in some models with Z'/
leptoquarks [JHEP 11 (2016) 035]

• LHCb analysis with Run1 data ( ) 

• Reconstruct  candidates using the 
3-prong τ decays

• Events classified with multivariate operator and 
invariant mass (kinematically constrained)

3 fb−1

B0
(s) → τ±μ∓
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3 fb�1. The vertical dashed lines show the boundaries of the fit region.

3

Phys. Rev. Lett. 123 (2019) 211801

https://link.springer.com/content/pdf/10.1007/JHEP11(2016)035.pdf
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Figure 7. Left: 68% (dark blue) and 95% (light blue) posterior probabilities of B(τ → µγ) and
B(B+ → K+τ+µ−) from the global fit. The black lines denote the 95% posterior probabilities
fixing ∆RK = −0.3 (solid) and ∆RK = −0.2 (dashed). The red bands show the 90% CL exclusion
limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior probabilities of
B(τ → 3µ) and B(Bs → τ+µ−) from the global fit.

in figure 7 (right). However, in this case the effect is diluted by the uncertainty on Z ′ mass

and couplings, which are not strongly constrained by other observables.

As a final comment, it is worth stressing that this low-energy fit does not pose stringent

constraints on the masses of the heavy vector bosons. The low-energy observables constrain

only the effective Fermi couplings in eq. (2.23), or ω1,3. Still, we can derive a well-defined

range for vector boson masses taking into account that gU # gc: setting 2.5 ≤ gU ≤ 3.0,

the masses of Z ′, U , and G′ range between 2 and 3TeV.

6 Conclusions

The main idea behind the PS3 model is that the flavor universality of strong, weak, and

electromagnetic interactions observed at low energies is only a low-energy property: the

ultraviolet completion of the SM is a theory where gauge interactions are completely flavor

non-universal, with each fermion family being charged under its own gauge group. The

motivation for this hypothesis, and the explicit construction of the PS3 model presented

in ref. [1] is twofold: it explains the pattern of anomalies recently observed in B meson

decays and, at the same time, the well-known hierarchical structure of quark and lepton

mass matrices. These two phenomena turn out to be closely connected: they both follow

from the dynamical breaking of the flavor non-universal gauge structure holding at high

energies down to the SM.

On general grounds, low-energy observables put very stringent constraints on flavor

non-universal interactions mediated by TeV-scale bosons, as expected in the PS3 model.

In this paper we have presented a comprehensive analysis of such constrains, and the cor-

responding implications for future low-energy measurements. As far as the constraints are

– 24 –
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B0
(s) → τ±μ∓

• Already very effective in 
constraining BSM models such 
Pati-Salam extensions

• Complementary to cLFV searches 
with τ



 prospectsB → ℓℓ′ 
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LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4
• full software trigger and readout all detectors at 40MHz
• replace tracking detectors + PID + VELO and � ~ 2 x 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 
• Use new detector technologies + timing to increase � ~ 1.5 x 1034 sec-1 cm-2

LHCb Run1 Upgrade I Upgrade II
ℬ(B0 → e±μ∓) < 1.3 × 10−9 < 2 × 10−10 < 9 × 10−11

ℬ(B0
s → e±μ∓) < 6.3 × 10−9 < 8 × 10−10 < 3 × 10−10

ℬ(B0 → τ±μ∓) < 1.4 × 10−5 − < 3 × 10−6

projections @95% CL



B0
(s) → μ+μ−μ+μ−

•  highly suppressed in SM

• Many SM extensions with significant enhancements of the BF, e.g. 
MSSM [Phys. Rev. D 85], axions [PRL 119 (2017) 031802] [JHEP 03 (2019) 008] [EPJC 79 (2019) 5]

• Using full Run 1-2 data set ( ), search for non-resonant 
, scalar-mediated  ( ) and 

• No evidence, limits at 95% CL are:

ℬ(B0
(s) → μ+μ−μ+μ−) ∼ 10−12(−10)

9 fb−1

B0
(s) → μ+μ−μ+μ− B0

(s) → aa ma = 1 GeV
B0

(s) → J/ψ( → μ+μ−)μ+μ−

ℬ(B0
s → μ+μ−μ+μ−) < 8.6 × 10−10

ℬ(B0 → μ+μ−μ+μ−) < 1.8 × 10−10

ℬ(B0
s → a(μ+μ−)a(μ+μ−)) < 5.8 × 10−10

ℬ(B0 → a(μ+μ−)a(μ+μ−)) < 2.3 × 10−10

ℬ(B0
s → J/ψ(μ+μ−)μ+μ−) < 2.6 × 10−9

ℬ(B0 → J/ψ(μ+μ−)μ+μ−) < 1.0 × 10−9
18

1 Introduction

Decays of neutral B
0
s and B

0 mesons into four muons that are not medi-
ated by intermediate resonances proceed through b ! s and b ! d quark
flavour-changing neutral current (FCNC) transitions. These decays proceed by
electroweak loop amplitudes in the Standard Model (SM), as illustrated in
Fig. 1, due to the absence of tree-level FCNCs and hence are highly suppressed,
with predicted branching fractions of B (B0

s ! µ
+
µ
�
µ
+
µ
�) = (0.9� 1.0)⇥ 10�10 and

B (B0! µ
+
µ
�
µ
+
µ
�) = (0.4� 4.0)⇥ 10�12 [1].

However, new particles beyond the Standard Model (BSM) may significantly enhance
these branching fractions. For example, decays via scalar and pseudoscalar sgoldstino
particles into a pair of dimuons in the Minimal Supersymmetric Standard Model (MSSM)
may lead to significant enhancements of the branching fractions [2]. Furthermore, rare B0

s

and B
0 decays into a pair of dimuons mediated by BSM light narrow scalar resonances (a)

of the form B
0
(s)! a (µ+

µ
�) a (µ+

µ
�) naturally occur in extensions of the SM involving

a new strongly interacting sector. In particular, such models [3, 4] can account for the
long-standing tension between the SM prediction [5] and the observed [6, 7] value of the
anomalous magnetic dipole moment of the muon, as well as the widely discussed anomalies
in b! s`

+
`
� transitions [8–14]. This motivates a search for B decays into two light scalars

with masses around 1GeV/c2 [15].
This article presents searches for B

0
(s) ! µ

+
µ
�
µ
+
µ
� decays using proton-proton

(pp) collision data recorded by the LHCb experiment in 2011, 2012 (Run 1) and 2015-
2018 (Run 2) at centre-of-mass energies of 7, 8 and 13TeV, respectively, corresponding
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Figure 1: Feynman diagrams for nonresonant B0
s , B

0! µ+µ�µ+µ� decays.
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Figure 7: Confidence levels (CLs) obtained from the CLs method to set limits on the
branching fractions of (top left) B0

s ! µ+µ�µ+µ�, (top right) B0! µ+µ�µ+µ�, (mid-
dle left) B0

s ! a (µ+µ�) a (µ+µ�), (middle right) B0! a (µ+µ�) a (µ+µ�), (bottom left)
B0

s ! J/ (µ+µ�)µ+µ� and (bottom right) B0! J/ (µ+µ�)µ+µ� decays.
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D0 → μ+μ−

• Opportunity to study FCNC in the upper sector, effectively 
GIM suppressed and helicity suppressed. 

• Two contributions:

• Short distance extremely suppressed   
[PRD 66 (2002) 014009]

• Long distance with two-photons intermediate state  
[PRD 66 (2002) 014009]. Upper limit from  search 

• Useful to constrain model of NP with extra particles (e.g. 
vector-like fermions [JHEP 10 (2015) 027])

• Previous upper limit from LHCb with 2011 data set ( ) 

∼ 10−18

D0 → γγ
ℬ(γγ)(D0 → μ+μ−) < 2.3 × 10−11 @90 % CL

0.9 fb−1

ℬ(D0 → μ+μ−) < 7.6 × 10−9 @95 % CL
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        preliminaryD0 → μ+μ−

• Blind analysis on full Run1+2 ( ) 

•  coming from  ( )

• Normalisation mode 

• Selection strategy chosen to minimise the combinatorial + misID backgrounds: 
BDT + PID 

• Signal yield from a 2D unbinned ML fit to  and  simultaneously on 3 
BDT cat. and 2 Run period

• Preliminary result:

• main systematics from normalisation mode trigger

• Expected for the Upgrade:

• Upgrade I ( ): 

• Upgrade II ( ): 

9 fb−1

D0 D*+ → D0π+ ℬ ∼ 68 %

D0 → h−π+

m(D0) Δm

ℬ(D0 → μ+μ−) < 2.9(3.3) × 10−9@ 90(95) % CL

50 fb−1 ℬ(D0 → μ+μ−) < 4.2 × 10−10@ 90 % CL

300 fb−1 ℬ(D0 → μ+μ−) < 1.3 × 10−10@ 90 % CL
20
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Figure 1: Distribution of �m for (left) D0! K�⇡+ and (right) D0! ⇡+⇡� normalisation
channels candidates for (top) Run 1 and (bottom) Run 2 data. The distribution is superimposed
with the fit to data. The light blue solid line shows the full fit, the red dashed line is the signal
distribution, while the green dot-dashed line is the combinatorial background.

Gaussians. The combinatorial background is described by an exponential in m(D0) and a184

threshold function in �m. Untagged signal and D0! ⇡+⇡� components are included185

and parametrised as their respective tagged component in m(D0) and with a threshold186

function in �m. The fraction of this component is fixed to the value determined in each187

search interval from a fit to D0! ⇡+⇡� data. The PDFs shape parameters obtained188

from the simulated samples are fixed in the data fit, while the slope of the exponential of189

the combinatorial background is left free to vary in each bin.190

A constrain on the expected number of misidentified D0! ⇡+⇡� decays is determined191

from a dedicated, high-statistics, simulated sample with the o✏ine selection applied. The192

most critical part of the simulated sample is the PID e�ciency due to the presence of193

a large fraction of ⇡ ! µ decays in flight that mimic the signal and are not considered194

in the standard calibration tools. The PID e�ciency is obtained from simulation but it195

is cross-checked using D+! ⇡+⇡�⇡+ and D+
s ! ⇡+⇡�⇡+ control samples in data where196

same sign pions are re-weighted to match the kinematics of D0 ! ⇡+⇡� decays. The197

agreement between the PID e�ciency determined in both ways is good over the full range198

of the muon identification discriminant variable [73]. Therefore, no systematic uncertainty199

is assigned on this estimate.200

The yield of the misidentified D0! K�⇡+ decays is constrained from an auxiliary fit201

to the D0 mass sideband data, recomputed with the correct mass hypothesis. The fit is202
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Figure 3: Distribution of m(D0) (left) and �m (right) for the D0! µ+µ� candidates for Run
2 data in, top to bottom, the three BDT bins. The distribution is superimposed with the fit
to data. The solid light blue line shows the full fit, the solid red line is the signal distribution,
the blue long dashed line is the combinatorial background distribution, the grey short dashed
line is the D0! ⇡+⇡� misidentified background distribution, the green dot-dashed line is the
D0! K�⇡+ misidentified background. Each of the two distributions is in the signal region
of the other variable, see text for details. Untagged and tagged decays are included in a single
component for signal and D0! ⇡+⇡� background.
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Figure 3: Distribution of m(D0) (left) and �m (right) for the D0! µ+µ� candidates for Run
2 data in, top to bottom, the three BDT bins. The distribution is superimposed with the fit
to data. The solid light blue line shows the full fit, the solid red line is the signal distribution,
the blue long dashed line is the combinatorial background distribution, the grey short dashed
line is the D0! ⇡+⇡� misidentified background distribution, the green dot-dashed line is the
D0! K�⇡+ misidentified background. Each of the two distributions is in the signal region
of the other variable, see text for details. Untagged and tagged decays are included in a single
component for signal and D0! ⇡+⇡� background.
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Strange decays at LHCb
• LHC"b"  optimised for b physics but large production 

of charm and strange quarks (  with 
decay vtx in VELO acceptance)

𝒪(1013) K0
S /fb−1

21

VELO
magnet

TT
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Strange decays at LHCb
•  highly suppressed in the SM

• Blind analysis on full Run2 data sample combined 
with Run1 [PRL 125, 231801 (2020)]

K0
S → μ+μ−

22

Various sources of systematic uncertainty are taken into
account. The main sources are the determination of the
trigger efficiency, yielding a systematic uncertainty of 11%
for the hardware trigger and 13% for the software trigger;
data-simulation differences in the muon identification, with
systematic uncertainties varying between 4% and 12%,
depending on the trigger category and BDT bin; and the
correction applied on simulation, evaluated to be 6%. Other
sources, like the efficiency ratio between the signal and
normalization modes, the BDT response due to changes in
the experimental conditions, and the uncertainty on theK0

S →
πþπ− branching fraction are found to be smaller than 5%.
The total systematic uncertainty is between 19% and 23%,
depending on the trigger category and the BDT bin. It tends
to be lower in the TIS trigger category and higher in lower
BDT bins, which have lower signal-to-background ratio, due
to the stronger muon identification requirements for the lower
bins and the bigger systematic uncertainty for the XTOS)
trigger efficiency. The systematic uncertainties are taken into
account as Gaussian constraints in the fit to the data.
The expected significance for a SM signal is 0.1σ, and the

expected upper limit is evaluated to be 1.2ð1.5Þ × 10−10 at
90% (95)% C.L.. The fit shows no evidence forK0

S → μþμ−

decays (see Fig. 3), with a total yield of 34$ 23 signal
candidates. The signal yield is consistent with zero for all the
BDT bins of the two trigger categories. The significance
with respect to the background-only hypothesis is 1.5σ (1.4σ
when combined with Run 1 data). An upper limit on
the branching fraction is obtained by integrating the profile

likelihood multiplied by a flat prior in the positive
branching fraction domain, yielding 2.2ð2.6Þ×10−10 at
90% (95)% C.L.. The likelihood is combined with the
Run 1 result, obtaining a limit of 2.1ð2.4Þ × 10−10 at 90%
(95)% C.L.. A log-likelihood interval of one standard
deviation (−2ΔlogL¼1) from the Run 2 data set yields
BðK0

S→μþμ−Þ¼1.0þ0.8
−0.7×10

−10. Combined with Run 1 it
yields BðK0

S → μþμ−Þ ¼ 0.9þ0.7
−0.6 × 10−10. The profile like-

lihoods are shown in Fig. 4.
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FIG. 3. Projection of the fit to the dimuon invariantmass distribution for the (top left) TIS and (bottom left) XTOS) trigger categories. The
plots on the right correspond to the projection of the fit in theBDTbinswith the highest signal-to-background ratio for the (top right) TIS and
(bottom right) XTOS) trigger categories. The dashed orange line shows the signal contribution, the dotted green line the K0

L → μþμ−

contribution, the dash-dotted red line theK0
S → πþπ− contribution, the loosely dotted brown line the background from randomcombination

of tracks and material interactions, and the solid blue line the total probability density function. For clarity, empty bins are not shown.

FIG. 4. Evaluation of −2Δ logL, where L is the likelihood of
the fit model, as a function of BðK0

S → μþμ−Þ. The dotted orange
line corresponds to the Run 1 result, the dashed blue line to the
Run 2 result, and the solid green line shows the combination. The
two vertical lines show the location of the upper limit of
the combined result at 90% and 95% confidence level.
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        preliminaryK0 → μ+μ−μ+μ−

• Highly constrained by phase space, very low 
background. SM prediction [Eur. Phys. J. C 73 (2013) 2678]:

•

• Dark photons models like  can enhance the 
SM branching fraction prediction up to two orders of 
magnitude. [arXiV:2201.07805] 

ℬ(K0
S(L) → μ+μ−μ+μ−) ∼ 10−14(10−13)

U(1)d + S
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        preliminaryK0 → μ+μ−μ+μ−

• Blind analysis on 2016-2018 data (  )

•  is used as normalisation mode

• Potential peaking background (e.g. ) found 
negligible

• Main background source: random  
combination of tracks from IP or  
inelastic collision in the material

• BDT used to improve signal/bkg  
separation

• No evidence of signal

• Improvement of an order of magnitude is expected in the 
sensitivity thanks to the hardware-less trigger.

5.1 fb−1

K0
S → π+π−

K0 → π + π−e+e−

24
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Conclusions
• Purely-leptonic decays are sensitive probes for New Physics effects

• SM describes large majority of results with excellent precision

• Complementary information to B anomalies in semileptonic decays

• Run 3 starting now allowing an unprecedented sensitivity for NP effects

• Full software trigger, including higher efficiencies for leptons, especially electrons!

• Good prospects for fully leptonic decays!

• Moreover, several updates with full Run 1 and 2 data sample in preparation  

25
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• Model independent description in effective field theory 
 

• Direct searches limited by beam energy

• Rare decays depends on coupling  and measurement 
precision 

κ

(No) introduction!
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LFU and consequences
• Lepton Flavour Universality (LFU): couplings with 

gauge bosons of all leptons are equal

• QCD uncertainties completely cancel in the ratio

• Cleaner observables can be used to probe NP effects

• Hints of deviation from LFU test consistent with 
 BF and angular analyses if NP only in 

• Possible Lepton Flavour Violation (LFV) as possible 
consequence

b → sμμ μ

28
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Fig. 1 Likelihood contours of the global fit and several fits to subsets
of observables (see text for details) in the plane of the WET Wilson
coefficients Cbsµµ

9 and Cbsµµ
10 (left), and Cbsµµ

9 and C ′bsµµ
9 (right).

Solid (dashed) contours include (exclude) the Moriond-2019 results for

RK and RK ∗ . As RK only constrains a single combination of Wilson
coefficients in the right plot, its 1σ contour corresponds to "χ2 = 1.
For the other fits, 1 and 2σ contours correspond to "χ2 ≈ 2.3 and 6.2,
respectively

Wilson coefficients are given by6

Cbsµµ
9 = "Cbsµµ

9 + Cuniv.
9 , (15)

Cbsee
9 = Cbsττ

9 = Cuniv.
9 , (16)

Cbsµµ
10 = −"Cbsµµ

9 , (17)

Cbsee
10 = Cbsττ

10 = 0 . (18)

The best fit values in this scenario are Cuniv.
9 = −0.49 and

"Cbsµµ
9 = −0.44 with a

√
"χ2 = 6.8 that corresponds to a

pull of 6.5σ . The updated values of RK (∗) favour a nonzero
lepton flavour universal contribution to C9 in this scenario.

One qualification is in order at this point. It is conceivable
that a new effect in C9, and all the more the Cuniv.

9 contribu-
tion discussed above, is mimicked by a hadronic SM effect
that couples to the lepton current via a virtual photon, for
example charm-loop effects at low q2 and resonance effects
at high q2, see e.g. [81–83]. In our analysis, this possibility
is taken into account in the uncertainty attached to the rele-
vant observables that contribute to the (yellow) b → sµµ
region in Fig. 2. Specifically, non-factorizable effects are
parameterized as in [59] which, at 1σ , envelops the hadronic

6 Such decomposition was adopted for the first time in [80], to which
we refer the reader for additional scenarios beyond the one we consider.
We note that a shift in Cuniv.

10 would not produce a good overall fit. This
may be appreciated from Fig. 1 (left). A Cuniv.

10 shift would only move
the (yellow) b → sµµ region vertically, hence it would not help reach
better agreement with the (blue) NCLFU region. We therefore set non-
muonic C10 contributions to zero for simplicity.
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Fig. 2 Likelihood contours from NCLFU observables (RK (∗) and
DP ′

4,5
), b → sµµ observables, and the global fit in the plane of a

lepton flavour universal contribution toCuniv.
9 ≡ Cbs%%

9 ,∀%, and a muon-
specific contribution to the linear combination C9 = −C10 (see text for
details). Solid (dashed) contours include (exclude) the Moriond-2019
results for RK and RK ∗

effects identified in [10,84]. With such ‘standard’ procedure
(adopted e.g. also in [85–87]), the global fit in Fig. 2 requires
a non-SM Cuniv.

9 shift at slightly more than 1σ .
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Martino Borsato - Heidelberg U.

LHCb upgrade

๏ Preparing upgrade for LHC Run 3 and 4
• Higher luminosity → collect 50/fb by the end of Run 4
• Upgrade to maintain performance and improve trigger 

capabilities

๏ Upgraded LHCb detector:
• More precise vertexing and tracking systems
• Completely new readout system: throughput of 32 Tbps
• Full software trigger on 500 modern GPUs

32

ICHEP2020, 28 July – 6 August 2020 

LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4

• full software trigger and readout all detectors at 40MHz

• replace tracking detectors + PID + VELO and ℒ ~ 2 x 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 

• Use new detector technologies + timing to increase ℒ ~ 1.5 x 1034 sec-1 cm-2

See ICHEP talk by Federico

Upgrade and plans

• Preparing the upgrade for Run3 and Run4 during LS2
• Full software trigger and new readout system, all detector at 40MHz (32 Tbps throughput)

• Replace tracking detectors + PID + VELO,  
• Consolidate PID, tracking and ECAL during LS3 

• Phase-II upgrade during LS4: 

• New detector technologies, 

ℒ = 2 × 1033 cm−2s−1

ℒ = 1.5 × 1034 cm−2s−1

29



Detector upgrade I

30

PID 
new detector + 

electronics

MUON 
new electronics

New Vertex Detector
improved IP 
resolution

New tracking 
stations

Calorimeters 
Reduced PMT gain + 

new electronics

Trigger-less readout & 
software trigger on GPU



Detector upgrade II

31

RICH with new 
photon detectos

, 
TORCH detector

σt < 100 ps/photon

ECAL with finer 
segmentation and 

timing with 
σt ∼ 20 − 50 ps

MUON with MPGD
(µ-RWELL), modified 

shilding

New Vertex Detector || 
smaller pixels, thinner 

sensors,
σt < 200 ps/hit

Si-strips

Improved granularity
Better radiation hardness

Better coverage for low momentum tracks
Timing to distinguish vertices

HW accelerators for online reconstruction
Trigger-less readoutAdditional 

tracking station



Flavio Archilli - Heidelberg University

Analysis strategy
• 3fb–1 of Run1 at 7 and 8 TeV and 6fb–1 

of Run2 at 13 TeV LHCb dataset used 
(almost doubling the previous dataset)

• Search in 

• opportunity to search for untagged 
ISR  decays

• Main background due to combinatorics 
of two µ's. 

• Signal/Background separation obtained 
through  and BDT trained on two 
body kinematics and topology

mμμ ∈ [4.9,6.0]GeV/c2

B → μμγ

mμμ

32
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BDT calibration

0 0.2 0.4 0.6 0.8 1
BDT

4−10

3−10

2−10

1−10

1

10

N
or

m
al

is
ed

 y
ie

ld

LHCb
1−6 fb
Combinatorial

 MC−µ+µ → s0BWeighted 

0 0.2 0.4 0.6 0.8 1
BDT

0.6

0.8

1

1.2

1.4

1.6

N
or

m
al

is
ed

 y
ie

ld

LHCb
1−6 fb

 data−π+K → 0BWeighted 
 MC−µ+µ → 0BWeighted 

• New BDT calibration procedure using simulated 
events:

• kinematics + occupancy + PID + trigger 
corrected using data control channels

• New procedure compared with previous 
calibration using  decays with larger 
uncertainties

• Combinatorial background peaking at low 
BDT region

B → hh′ 
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−µ+µ)+0(π→
0(+)B

µν
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 0.5≥BDT 

Background sources
• In addition to the main combinatorial 

background (exponential shape), other 
two categories populate the lower mass 
range:

• MisID: , 

• Part-Reco: , 

B → hh′ Xb → hμν
B → πμ+μ−

B+
c → J/ψμ+ν

34

22±1
91±4
23±3
26±3
4±2

7.2±0.3

B → hh′ 

B0 → πμν
B0

s → Kμν
B → πμμ
Λb → pμν
Bc → J/ψμν

LHCB-PAPER-2021-007
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Mass calibration

• Invariant mass signal shape calibrated using data control channels:

• Mass peak position determined using  and 

• Resolution from power law interpolation with dimuon resonances. Mass resolution 
~22MeV/c2

B0 → K+π− B0
s → K+K−
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Flavio Archilli - Heidelberg University

Normalisation

• Two normalisation mode: , 

• Efficiencies evaluated from simulation and control channels

• Hadronisation fraction from new LHCb combination 

• Uncertainty reduced by factor 2 to ~3%

• Expected SM signal events:
147±8   
16±1     
~3         for  >4.9 GeV

ℬ(B0
(s) → μ+μ−(γ)) =

fsig

fd

εnorm

εsig

Nsig

Nnorm
ℬ(norm) = αsigNsig

B+ → J/ψK+ B0 → K+π−

fs/fd(13 TeV) = 0.254 ± 0.008

fs/fd(13 TeV)
fs/fd(7 TeV)

= 1.064 ± 0.008

B0
s → μ+μ−

B0 → μ+μ−

B0
s → μμγISR mμμ
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Branching fraction fit
• Unbinned fit on di-muon mass spectra in BDT bins:

• 5 BDT bins each period (Run1, Run2) 
considered simultaneously, while bkg dominated 
bin excluded

• Signal BFs and combinatorial yield free 
parameters

• Signal fraction constrained in each BDT bin to 
expectations

• Exclusive backgrounds yields constrained to their 
expectations

ℬ(B0
s → μ+μ−) = (3.09 + 0.46 + 0.15

− 0.43 − 0.11) × 10−9
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•  and  not statistically 
significant 

• CLS method used to upper limits:

•

•

• Compatibility of  
with background only hypothesis at 1.5σ

B0 → μμ B0
s → μμγISR

ℬ(B0 → μ+μ−) < 2.6 × 10−10 at 95 % CL

ℬ(B0
s → μ+μ−γ)mμμ>4.9GeV/c2 < 2.0 × 10−9 at 95 % CL

ℬ(B0
s → μ+μ−γ)mμμ>4.9GeV/c2
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Effective lifetime
• Same preselection as BF analysis but looser PID and 

only two BDT regions are considered

• Fit performed in 2 stages: 

• Invariant mass fit ( ) to 
statistically unfold the background

• Acceptance function modelled on  
simulated decays

• Whole procedure tested on  and 
 decays and compared with previous LHCb 

analysis:

      
     

mμμ > 5320MeV/c2

B0
s → μμ

B0 → K+π−

B0
s → K+K−

τK+π− = 1.512 ± 0.016 ps τK+π− = 1.524 ± 0.011 ps
τK+K− = 1.433 ± 0.026 ps τK+K− = 1.407 ± 0.016 ps
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Effective lifetime result
• Fit to  lifetime gives:

• Main source of systematics: 

• contamination from  and 

• decay time acceptance accuracy

• mass fit accuracy 

• Result compatible at 1.5σ(2.2σ) 
with SM (–1) 

B0
s → μμ

τμμ = (2.07 ± 0.29 ± 0.03) ps

B → hh′ 

Λb → pμν

Aμμ
ΔΓ = + 1
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Conclusions
• Purely leptonic B decays offer a rich lab to search for NP effects. 

• Update of  analysis on full Run1+Run2 dataset presented with improved strategy.

•
• Uncertainty on  ~15%, most precise 

single experiment measurement to date.

• No evidence of , strong limit on BF

• First search for  process

• Most precise measurement of  
effective lifetime

B0
(s) → μ+μ−

ℬ(B0
s → μ+μ−) = (3.09 + 0.46 + 0.15

− 0.43 − 0.11) × 10−9
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