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Search for Lepton Flavour Violating  decays 
	 CMS-PAS-BPH-21-005


Test of Lepton Flavor Universality in semileptonic  decays -  
	 CMS-PAS-BPH-22-012


Test of Lepton Flavor Universality  decays ( ) and 
measurement of  
	 CMS-PAS-BPH-22-005

τ → 3μ

Bc R(J/ψ)

B+ → K+ℓℓ R(K)
d(ℬ(B+ → K+μμ))/dq2

Outline
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• charged LFV decays extremely suppressed in the SM 
possible only through neutrino oscillations with minuscule BR ~10-55


• if observed, manifest indication of NP 
some models predict enhancements up to BR~10-9

Lepton Flavour Violation  decaysτ → 3μ
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τ⟶3µ
the physics case

Lepton Flavour Violating (LFV) decays are 
strongly suppressed in the Standard Model (SM)
• allowed by neutrino oscillations at lowest Branching 

Ratios (BR)
- SM BR (τ ⟶ 3µ) ~ 10-55

• LFV decays are a good field for New Physics (NP) 
searches
- predicted by some NP model at BR ~ 10-9
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• search for a narrow peak at  
	 collimated  “jet”, secondary vertex detached from IP


• two sources of  lepton considered  
	 Heavy Flavours,  and  decays 
	  boson decays


• main backgrounds: cascade decays with  fake muon  
	 veto di-   and  resonances


• analysis of 2017, 2018 data combined with analysis of 2016 
dataset (JHEP 01 (2021) 163) for total  
	 2017+2018 
	 improved triggers, better selection BDT, additional categories

m3μ = mτ = 1.78 GeV
3μ

τ
D B

W

≥ 1
μ ϕ(1020) ω(782)

ℒ = 131 fb−1

CMS-PAS-BPH-21-005
Search for LFV  decaysτ → 3μ
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• primary production mode  


• secondary from  and  and cascade decays


• abundant production but acceptance-limited 

• muons are soft and forward 


• CMS reco  for central 
(forward) muons


• norm./control channel 


• contribution of B → D decays derived from fit 
to decay length 


• categorisation 


• year (2x), mass resolution (3x),  
BDT score (3x), 3rd muon global/trk (2x)

Ds → τ(3μ)ν

B D±

pmin
T ≳ 3(1.5) GeV

Ds → ϕ(μμ)π

Heavy Flavours
Search for LFV  decaysτ → 3μ
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• excerpt of final  plots 
sorted from higher (left) to lower (right) mass resolution


• background PDF constrained from sidebands

m3μ

Heavy Flavours
Search for LFV  decaysτ → 3μ
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• comparatively smaller , cross 
section limited 

• clean experimental signature 
signature 

• isolated, high ,  candidate 
recoiling against large 


• leverage  hypothesis to find  


• normalisation by  and 


• categorisation by year (2x) mass 
resolution (3x)

σ

pT 3μ
Emiss

T

mW pmiss
z

σ ℒ

W → τ(3μ)ν
Search for LFV  decaysτ → 3μ
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Sources of tau leptons at CMS

12%

12%

3%
3%

69%

0.01% B+

B0

Bs

D+

Ds

W

• heavy flavour (HF) mesons are the most abundant source of tau 
leptons in pp collisions (~1011 taus per /fb)
- low-pT and high |η| → less efficient trigger selection
- more sensitive to fake signal muons from π’s and K‘s

• production in the W channel less abundant (~107 taus per /fb)
- harder spectra and more central decay → more efficient trigger selection
- properties of W → τν bring additional handles for background suppression 

(large MET, low hadron activity, larger signal pT)

τ⟶ 3µ decays: clean signature given by three muons final state

hello :)

Federica Simone for the τ→3μ group ∘ Feb 21st, 2023 Approval of BPH-21-005 ∘ Search for τ→3μ events

τ
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• excerpt of final  plots 
sorted from higher (left) to lower (right) mass resolution


• background PDF constrained from sidebands 

• almost zero background

m3μ

W → τ(3μ)ν
Search for LFV  decaysτ → 3μ
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• observed (expected)  at 90% CL 

• competitive with world’s best from Belle  
Phys.Lett.B 687 (2010) 139-143 

• Run3 analysis underway, additional  in 2022 (2023) 
	 better triggers, low backgrounds, expected to improve faster than 

ℬ(τ → 3μ) < 2.9 (2.4) ⋅ 10−8

ℬ(τ → 3μ) < 2.1 ⋅ 10−8

38(28) fb−1

ℒ

Results and prospects
Search for LFV  decaysτ → 3μ

9

https://www.sciencedirect.com/science/article/pii/S0370269310003576?via=ihub


 transitions 

• at loop level → smaller BR


• fully reconstructed final states


• precise theoretical predictions


b → sℓℓ

R(Hs) =
ℬ(Hb → Hs μμ)
ℬ(Hb → Hs ee)

Flavour Universality tests

10

 transitions 

• at tree level → larger BR


• neutrinos on the final state


• subject to larger theory uncert.


b → cℓνℓ

R(Hc) =
ℬ(Hb → Hc τντ)
ℬ(Hb → Hc μνμ)

XI. CONCLUSION

We present the first simultaneous test of LU in Bþ →
Kþlþl− and B0 → K"0lþl− decays using all pp collision
data collected with the LHCb detector between 2011 and
2018, corresponding to an integrated luminosity of 9 fb−1.
The ratios of the branching fractions of muon and electron
modes are measured in both channels and in two ranges of
the square of the dilepton invariant mass. Each of these four
measurements is either the first (RK low-q2) or the most
precise (RK" low-q2, RK central-q2 and RK" central-q2)
such measurement to date. The measured values are

low-q2
!
RK ¼ 0.994þ0.090

−0.082ðstatÞ þ0.029
−0.027ðsystÞ;

RK" ¼ 0.927þ0.093
−0.087ðstatÞ þ0.036

−0.035ðsystÞ;

central-q2
!
RK ¼ 0.949þ0.042

−0.041ðstatÞ þ0.022
−0.022ðsystÞ;

RK" ¼ 1.027þ0.072
−0.068ðstatÞ þ0.027

−0.026ðsystÞ;

where the first uncertainty in each row is statistical and the
second systematic.
The central values of the SM prediction, as calculated by

the FLAVIO software package [71], are given in Table XI.
An additional uncertainty of 1% is assigned to take into
account uncertainties in the modeling of QED effects in
Bþ → Kþlþl− and B0 → K"0lþl− decays, following
Ref. [14]. This uncertainty is assumed to be uncorrelated
between the LU observables and dominates the covariance
matrix of the SM predictions.
Each of these four measured relative decay rates is

compatible with SM predictions [14,15,71,101–108], with
the maximum difference between measurement and pre-
diction being around 1 standard deviation. The results are
interpreted collectively as a null test of the SM and their
combined compatibility with the SM is evaluated using a
χ2 test. In this test the distance of eachmeasurement from the
SMpoint is evaluated using the likelihood obtained from the
data fit. The overall compatibility is shown in Fig. 28 and
agrees with the SM prediction at 0.2 standard deviations.
The results presented here differ from previous LHCb

measurements of RK [24] and RK" [21], which they super-
sede. Themeasured values forRK" (low- and central-q2) and
RK (central-q2) move upwards from the previous results and
closer to the SM predictions. Although these shifts can be

attributed in part to statistical effects it is understood that the
change in RK is primarily due to systematic effects. In the
case of RK , the data sample is the same as in Ref. [24], but
subject to a revised analysis. For RK (central-q2) the
statistical component of the difference is evaluated using
pseudoexperiments and found to follow a Gaussian distri-
bution of width 0.033 in the absolute value ofRK . In the case
of RK" , the data correspond to more than a factor of 5
increase in the number of bb̄ pairs produced relative to
Ref. [21] and hence there is a much larger statistical
component of the difference. For RK (central-q2) the
expected systematic shifts caused by the improved treatment
of misidentified hadronic backgrounds in the electron mode
are also evaluated using pseudoexperiments. The biggest
shift (0.064with respect toRef. [24]) is found to be due to the
more stringent PID criteria applied here, which reduce the
contribution from misidentified background processes that
had previously not been accounted for appropriately. In
addition, the residual misidentified backgrounds are explic-
itly modeled in the fit, resulting in a further shift (0.038)
compared to the previous analysis. These shifts add linearly.
The systematic shift due to misidentified backgrounds to
electrons, and the uncertainties assigned to the results
presented here, are greater than the systematic uncertainties
in the earlier publication of RK. The assigned systematic
uncertainties on the new measurements presented in this
paper are smaller than in previous papers, except for RK
(central-q2) where the new result has a smaller overall
relative uncertainty despite an increase in the systematic
uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic
uncertainties and therefore additional data will continue to
challenge the Standard Model.
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FIG. 28. Measured values of LU observables in Bþ →
Kþlþl− and B0 → K"0lþl− decays and their overall compat-
ibility with the SM.

TABLE XI. SM predictions and uncertainties from the FLAVIO

software package [71]. The dominant QED uncertainty from
Ref. [14] is quoted separately.

RK
low-q2

RK
central-q2

RK"

low-q2
RK"

central-q2

SM prediction 0.9936 1.0007 0.9832 0.9964
SM uncertainty 0.0003 0.0003 0.0014 0.0006
QED uncertainty [14] 0.01 0.01 0.01 0.01

R. AAIJ et al. PHYS. REV. D 108, 032002 (2023)

032002-36

Phys. Rev. D 108, 032002
Summary of ' )∗ Measurements

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

Our result is consistent with both the SM prediction and the HFLAV average.

NewforLP2023

The new HFLAV average increases the tension with the SM from 3.2Y to 3.3Y.

17 / 18

compatible with SM 

~3σ tension

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002


• SM prediction  Phys. Rev. Lett. 125, 222003


• LHCb  Phys. Rev. Lett. 120, 121801 
	 	  deviation


• three muon final state,  and 

R(J/ψ) = 0.26

R(J/ψ) = 0.71 ± 0.17 (stat.) ± 0.18 (syst.)
2σ

J/ψ → μμ τ → μνμντ

CMS-PAS-BPH-22-012
LFUV test: measurement of R(J/ψ)
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Measurement of LFUV with R(J/ )ψ
Introduction

13

R(J/ψ) = ℬ(B+
c → J/ψτ+ντ)

ℬ(B+c → J/ψμ+νμ)
• SM prediction =  0.2582(38) 


• Previous Measurement:  LHCb  


• Leptonic channel   

• Similar final state ( ), → same reconstruction and simultaneously fit


• Collinear approximation to infer  4-momentum 


• The analysis aims to separate  (num.) vs  (den.) decays leveraging on 
kinematical observable: 

→ 0.71 ± 0.17(stat) ± 0.18(syst)

→ τ+ → μ+νμν̄τ

3μ + νs

B+
c pBc = mB

mreco
pBc

reco

3ν 1ν
q2 = (pB − pJ/ψ)2

Num: B+
c → J/ψτ+ν

Den: B+
c → J/ψμ+ν

PhysRevLett.125.222003

PhysRevLett.120.121801

2018: ℒ = 59.7 fb−1

NEW

2  from SMσ

CMS-BPH-22-012 
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R(J/ψ) =
ℬ(Bc → J/ψ τ ντ)
ℬ(Bc → J/ψ μ νμ)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://cds.cern.ch/record/2868988


• 2018 dataset  

• same  +  final state for numerator  (denominator ) 
	 undetected neutrino(s) → missing momentum


• simultaneous ML binned template fit  
	 parameter of interest 


• collinear approximation to infer full  momentum  
	  


• distinguish  vs.  via kinematic variables e.g.  
 mass of the leptonic system


• J/Ψ + μ trigger, basic kinematic/ID selections on three-muon candidate  
 also required to be isolated 

ℒ = 59.7 fb−1

3μ 1(3)ν τ μ

R(J/ψ)

Bc
pBc

= mPDG
Bc

/mvis
3μ ⋅ pvis

3μ

1 ν 3 ν
q2 = (pBc

− pJ/ψ)2

μ3

Analysis design at a glance
LFUV test: measurement of R(J/ψ)
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• signals  
	  (num)  
	  (den)


• fake muon background  
	  + misID had  
	 (mostly )


•  background 
	  b-hadron +  
	 (98% combinatorial)


• , , 



• combinatorial dimuon + X

Bc → J/ψτν
Bc → J/ψμν

J/ψ
K → μν

Hb
J/ψ μ

Bc → J/ψ + D(*)
(s) Bc → (cc̄)μν

Bc → ψ(2S)μν

Signal and background processes
LFUV test: measurement of R(J/ψ)
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• fake-rate probability  measured in region adjacent to 
signal region (inverted  ID)


•  fitted using NN classifiers to model multidimensional 
dependencies (kinematics, topology…)


• in situ estimate, incorporated in the final ML fit

frISO
μ3

frISO

Fakes background
LFUV test: measurement of R(J/ψ)

15

Federica Riti

• application in SR: iso fakerate 
weights applied to events in B to find 
fakes in A


ISO ! ISO

ID

! ID

A B

C D

SR

Fakes 
Measurement 

Region

Measurement of LFUV with R(J/ )ψ
Muon Fakes bkg

• Four regions defined on  features:  isolation (ISO) and ID


• measurement of iso fakerate ( ) in !ID: fit in multiple 
dimensions using NN classifiers; outputs interpreted as 
event-by-event weights

μ3 μ3
friso

15

iso fakerate

Fakes(SR) = friso ⋅ Data(B) − friso ⋅ MC(B)

In-situ estimation in the fit model
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• binned maximum likelihood 
template fit 
	 7(x2) categories


•  parameter of interest 

• fit to four observables, 
distinguish , 

,  and fakes 

• in situ estimate of fake muon 
background

R(J/ψ)

Bc → J/ψτν
Bc → J/ψμν Hb

Fit model
LFUV test: measurement of R(J/ψ)
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• Binned maximum likelihood fit


• Free floating parameters:  and  normalisations


• POI =  value  


• Blind strategy  multiply  by unknown number (0,6)


• Muon fakes estimate in-situ as part of the simultaneous fit

Bc Hb

R(J/ψ) → R(J/ψ) = ℬ(B+
c → J/ψτ+ντ)

ℬ(B+c → J/ψμ+νμ) =
POI ⋅ rBc

rBc

= POI

→ R(J/ψ)

Structure Variables
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Measurement of LFUV with R(J/ )ψ
Fit Model

• Total of 14 categories 


• To control background


• To optimise S/B 
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uncertainties incorporated in ML fit 
as nuisance parameters, profiled 

 and  norm. free floating,  
	 constrained in control regions

Hb Bc

Uncertainties
LFUV test: measurement of R(J/ψ)
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7

difference between the nominal and alternative estimate is implemented as a shape uncertainty,
the effect of varying the MC normalization in the measurement region is included as an addi-
tional shape uncertainty and lastly bin-by-bin shape uncertainties, which can vary for each
bin independently, are added to account for the impact of the limited-size sample used in the
data-based region where the fakes background estimation method is validated.

Uncertainties due to the limited statistics of the simulated samples used in the analysis are im-
plemented as bin-by-bin shape variations. The IP3D/sIP3D and Lxy/sLxy

uncertainties of 5%
each are also implemented as shape uncertainties and are applied to all MC-based templates.
The former results in an event migration between the four categories with higher signal sensi-
tivity, thus explaining its large contribution to the uncertainty.

Less significant uncertainties are considered in the fit, including uncertainties in trigger, muon
identification (ID) and isolation (ISO) efficiencies, normalization of the J/y combinatorial back-
ground, branching fractions of the B+

c background processes, and relative abundances of dif-
ferent b-hadron species in the Hb sample. Additionally, uncertainties in pileup and B+

c lifetime
and kinematics (listed in the table as Other) are also considered in the fit and have negligible
weight.

Leading systematic uncertainties are summarized in Table 1, along with their impact on the
measurement. To assess the contribution of each term to the total uncertainty, a likelihood
scan is performed for each term in the table, where all parameters except the one (or ones)
under consideration are fixed to their postfit value. Each uncertainty DR(J/y) is then estimated
by subtracting in quadrature the statistical uncertainty from the uncertainty obtained from
this specific fit. Correlations between uncertainties, while present in the measurement, are not
represented in the table.

Contribution Uncertainty type Rel. uncertainty DR(J/y) · 10�2

B+
c form factors 10 shapes � 18.2

fakes stat. non closure bin-by-bin shapes � 11.3
fakes background 2 shapes � 4.2
fakes background norm. 13.0%(+5% HM cat.) 2.5
finite MC size bin-by-bin shapes � 5.3
IP3D/sIP3D, Lxy/sLxy

corr. 2 shapes � 4.4
muon ID, iso, trigger norm. 6.6% 2.5
J/y comb. norm. norm. 20.0% 1.3
B+

c bkg. BRs norm. 10.0 � 38.0% 0.7
Hb sample composition norm. 10.0% for each H

i

b 0.5
Other norm. � < 0.1

Table 1: Leading systematic uncertainties for the measurement of R(J/y). The second column
reports the uncertainty type: shape or normalization. For shape uncertainties we also include
the number of shapes considered (except for bin-by-bin), while for normalization uncertain-
ties the relative contribution (%) is reported in the third column. The last column shows the
resulting uncertainty on the R(J/y) measurement (DR(J/y)).

From the maximum likelihood fit to the data, shown in Fig. 2, we measure the following ratio
of branching fractions R(J/y) = 0.17+0.18

�0.17 (stat.)+0.21
�0.22 (syst.)+0.19

�0.18 (theo.), where the statistical,
experimental systematic and form-factor uncertainties, labeled theoretical, are reported sepa-
rately.
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http://dx.doi.org/10.1140/epjc/s10052-020-8304-0
http://dx.doi.org/10.1103/PhysRevD.100.094503


• first LFUV result in  transitions at CMS 
on partial Run2 dataset


• in agreement with both SM 0.26 and LHCb 0.17 ± 0.25 within less than 1σ 


• sensitivity expected to significantly improve in coming iterations

b → cℓν

Results
LFUV test: measurement of R(J/ψ)
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• R(K) defined as a double ratio to minimise impact of unc. 
measured in  bin, away from resonances


• soft electrons challenging at CMS  
at trigger reco and ID level


• provide measurement of muon part of the ratio in finer  bins as 
standalone result

1.1 < q2 < 6.0 GeV2

q2

CMS-PAS-BPH-22-005
LFUV test:  and R(K) d(ℬ(B+ → Kμμ))/dq2
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R(K ) =
ℬ(B+ → K+μμ)

ℬ(B+ → K+J/ψ(μμ))
⋅

ℬ(B+ → K+J/ψ(ee))
ℬ(B+ → K+ee)

G. Karathanasis Introduction 3

Describing b → sℓℓ with E�ective Theory

Full theory E�ective theory

H eff=
−4GF

√2
V tb V ts

✴ e
2

16 π2 ∑
i

C iO i

b → s ℓℓ described in model 
independent e�ective theory

Wilson 
coefficients

Di�erent q2 = m(ℓ,ℓ)2 → di�erent Ci probed

1

Limitations on predictions:
  - BF measurements a�ected by:
     -- form factors and c-c loops
 
  - Angular distributions a�ected by:
    -- only c-c loops
 
  - LFU ratios a�ected by:
    -- neither form factors nor c-c loops

P
re

d
ic

t i
o
n
 a

c
c
u
ra

c
y

https://cds.cern.ch/record/2868987?ln=en


• b-quarks are produced in pairs


• displaced single-  triggers to select semileptonic b-
hadron decays on the “tag” side … 

• … and collect a large O(1010) unbiassed sample of b-
hadrons on the “probe” side 
	 access to all possible decays,  
	 including electron, fully hadronic 

• deployed in 2018  ~70% of total 

• progressively relax L1/HLT thresholds during LHC fill as 

instantaneous lumi goes down


• fully exploit CMS data acquisition potential


• reconstruction postponed to LS2 hence nickname“parking” 

• purity above 70% 
 

μ

ℒ = 41.6 fb−1 ℒ

BParking trigger strategy
LFUV test:  and R(K) d(ℬ(B+ → Kμμ))/dq2
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|η|<1.5

|η|<2.5

Tag B

Probe B

μ



R(K ) =
ℬ(B+ → K+μμ)

ℬ(B+ → K+J/ψ (μμ))
⋅

ℬ(B+ → K+J/ψ (ee))
ℬ(B+ → K+ee)

• electron reconstruction improved 
for better acceptance at low  
	 two categories PF-PF, PF-low-pT 

• event BDT to suppress backgrounds 
	 fake-ele bkg negligible


• fits in three  bins  
•  non-resonant 

	 denominator


•   resonant 
	 normalisation in double ratio


•   resonant 
	 for validation e.g. J/Ψ / Ψ(2S)

pT

q2

1.1 < q2 < 6.0 GeV2

8.4 < q2 < 10.24 GeV2 J/ψ

12.6 < q2 < 14.4 GeV2 ψ(2S)

B+ → K+ee
LFUV test: measurement of R(K)
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• on the “tag” side for better stats  

• event BDT to suppress backgrounds 
	 


• fits in the same three  bins  
•  non-resonant 

	 numerator


•   resonant 
	 normalisation in double ratio


•   resonant 
	 for validation 

q2

1.1 < q2 < 6.0 GeV2

8.4 < q2 < 10.24 GeV2 J/ψ

12.6 < q2 < 14.4 GeV2 ψ(2S)

B+ → K+μμ
LFUV test: measurement of R(K)
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• first measurement of LFU in  transitions at CMS 

• R(K) compatible with SM at less than 1 σ  

• uncertainty dominated by limited statistics in the electron channel


• expect significant increase in stats thanks to revised trigger strategy in Run3

b → sℓℓ

Results
LFUV test: measurement ofR(K)
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• differential  normalised to 
resonant channel  

•  systematically lower than 
theoretical predictions 
models are affected by sizable uncert. 


• consequently,  in 
 low too


• similar effect observed by LHCb  
JHEP 06 (2014) 133


• competitive precision

ℬ
ℬ(B+ → J/ψK+)

dℬ/dq2

ℬ
1.1 < q2 < 6.0 GeV2

Measurement of d(ℬ(B+ → K+μμ))/dq2
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https://link.springer.com/article/10.1007/JHEP06(2014)133


CMS is complementing its rich BPH program  
with the dedicated LF(U)V measurements 

competitive with specialist experiments,  
in particular in muonic final states 

first iteration of LFUV analyses  
needed to build the necessary expertise 

significant improvements expected from larger datasets 
collected with better triggers and more advanced techniques

Conclusions
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