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Lepton Flavors

• The Standard Model (SM) of particle

physics is the theory describing three of

the four known fundamental forces of

nature (except gravitational force), and

the particles connected to them.

• In the SM there are three flavors of

leptons: e, µ, τ , which differ only in

mass.

• To look for hints of new physics Beyond the Standard Model

(BSM), violations to two of the leptons (accidental) SM symmetries

can be searched:

• Lepton Flavor Violation (LFV):

• Lepton Flavor Universality Violation (LFUV)
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Lepton Flavor Violation (LFV)

• The charged lepton flavor is conserved in the SM through an

accidental symmetry.

• There is already evidence of neutral LFV, through neutrino

oscillations

• Charged LFV just happens in loop diagrams with ν mixing, and it is

strongly suppressed in the SM (rate ∼ 10−55);

• BSM theories predict a larger Branching Ratio (BR) up to

10−10 − 10−8 EPJC57(2008)13-182
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https://doi.org/10.1140/epjc/s10052-008-0715-2


LFV - Few Experimental Examples

Direct LFV search can be done in different sectors:

• Higgs sector, with H → eτ or H → µτ decays PRD104(2021)032013

• Top quark decays (t → eµq) JHEP06(2022)082

• Drell-Yann/ Z decays (Z → (e/µτ),Z (eµ)) arXiv:2204.10783

• B decays LHCb-TALK-2022-040

• Leptonic decays (τ → 3µ) JHEP01(2021)163
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032013
https://doi.org/10.1007/JHEP06%282022%29082
https://doi.org/10.48550/arXiv.2204.10783
http://cds.cern.ch/record/2804817?ln=it
https://doi.org/10.48550/arXiv.2007.05658


Lepton Flavor Universality Violation (LFUV)

• Another accidental symmetry of the SM is that the three charged

leptons have the same coupling constant in electro-weak (EW)

interactions

• Therefore, if these couplings are found to be different, this would be

a hint of physics BSM.

• What are the proposed explanations for a deviation from the SM?

• Existence of interactions involving new particles as:

• Charged Higgs boson [1][2][3][4][5];

• Leptoquarks (LQ) EXOtica;

• New vector bosons (Summary plots EXO).
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-021/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LQ.html
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v6.svg


LFUV in the B Sector

• An interesting sector to look for LFUV is the B sector: decays

involving hadrons made of b-quarks.

• The so-called R-measurements are amongst the most interesting

that can be performed in this sector:

RHs =
B(Hb→Hsµ

+µ−)
B(Hb→Hse+e−)

• b → sl+l−

• loop level → smaller BR;

• ν-less → fully

reconstructed;

• precise predictions.

RHc =
B(Hb→Hcτ

−ν̄τ )
B(Hb→Hcµ−ν̄µ)

• b → cl−ν̄l

• tree level → large BR;

sensitive to syst uncert;

• ν’s → missing mass;

template fits.

• sensitive to QCD

calculations.
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LFU Anomalies until few months ago

• Several R-like experiments suggested deviations from SM predictions

• More than 3σ tension for both channels!

b → sl+l−

ex. RK ∝ B(B+→K+µ+µ−)
B(B+→K+e+e−)
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https://www.nature.com/articles/s41567-021-01478-8
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/main.shtml


LFU Anomalies Now - b → sl+l− channel

• A new LHCb measurement of RK and R∗
K has been recently

published, and it corrects the old published result.

• The new results are no more in tension with the SM

prediction.
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https://www.nature.com/articles/s41567-021-01478-8
https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152


LFU Anomalies Now - b → clν channel

• A recent LHCb measurement of the combined channels of R(D) and

R(D∗) confirmed the tension with the SM prediction in this channel!

Seminar

Therefore, even though things have changed for the b → sl+l−

channel, the b → clν one still looks very interesting and the LFU

anomaly is still very much alive!
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https://indico.cern.ch/event/1187939/


R(J/ψ) Analysis - a LFUV measurement in CMS

Another interesting R-measurement in the b → clν channel is the

R(J/ψ) measurement → my PhD project!

R(J/ψ) =
B(B+

c → J/ψτ+ντ )

B(B+
c → J/ψµ+νµ)

• SM prediction:

R(J/ψ) = 0.25− 0.28, depending on the choice of form factors

(Private Note G. Isidori);

• Only one previous result:

LHCb experiment (Run I: 3 fb−1)

R(J/ψ) = 0.71± 0.17(stat)± 0.18(syst) = 0.71± 0.25

∼ 2σ from SM prediction

(enhanced τ couplings)
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https://indico.cern.ch/event/930022/contributions/3909432/attachments/2060251/3455615/Note_for_exp-v2.pdf


R(J/ψ) Analysis in CMS

• The Compact Muon Solenoid (CMS) is a general-purpose detector

at the Large Hadron Collider (LHC).

• My PhD project focuses in measuring R(J/ψ) from proton-proton

collision data collected by the CMS experiment at LHC in 2018.
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R(J/ψ) Analysis in CMS - Motivations

R(J/ψ) =
B(B+

c → J/ψτ+(→ µ+ν̄µντ )ντ )

B(B+
c → J/ψµ+νµ)

Why CMS?

• The Bc meson cannot be produced at the B-factories (Belle, BaBar,

BelleII): e+e− at c.o.m energies around the Y (4S) peak. It can only

be produced at hadron colliders (Bc was discovered at Tevatron

(Phys. Rev. Lett. 81, 2432));

• J/ψ → µµ can be very efficiently triggered;

• Higher luminosity than LHCb, , 59fb−1 for 2018 data;

• For muonic τ decay (τ+ → µ+ν̄τνµ) no need to have particle ID

detectors to tell hadrons apart, because there are 3 muons in the

final state.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.81.2432


Final State

R(J/ψ) =
B(B+

c → J/ψτ+(→ µ+ν̄µντ )ντ )

B(B+
c → J/ψµ+νµ)

Num: B+
c → J/ψτ+ντ Den: B+

c → J/ψµ+νµ

• The only channel considered is the leptonic decay of τ : τ → µ+ν̄µντ
• Therefore numerator and denominator have same visible final state

of 3 muons and can be simultaneously reconstructed:

• Two muons (µ1 and µ2) come from the J/ψ;

• The third muon µ3 is displaced, and it either comes from the leptonic

τ decay (numerator), or directly from the Bc decay (denominator).
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Decay kinematics: Neutrinos

One of the challenges of this analysis is the presence of neutrinos in the

final state:

• The Bvisible
c candidate that can be reconstructed from the three

muons in the final state is not the actual B+
c , because neutrinos can

not be directly detected.

• To reconstruct the pBc we use the collinear approximation: Bc has

the same direction of the visible final state, and pBc = mB
mreco

preco
Bc

.

• The analysis aims to separate 3ν (num.) vs 1ν (den.) decays

leveraging these kinematical observables:

• q2 = (pB − pJ/ψ)
2;

• m2
miss = (pB − pJ/ψ − pµ3)

2;

• pmiss
T = (pB

T − p
J/ψ
T − pµ3

T );

• E∗
µ : µ3 energy in the Bc candidate rest frame;

• E#
µ : the µ3 energy in the rest frame of the J/ψ.
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Muon Fakes Background

• In the detector there are events where

a J/ψ meson is coupled with objects

coming from:

• Decay in flight (K → µν)

• Punch-through (hadrons that pass

the magnet)

• Photon conversion (γ → µµ)

• Actual fakes coming from accidental

reconstruction

• Some of these object could be

misidentified as muons → muon fakes.

A key point of this analysis is to estimate this contribution.
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Muon Fakes Background - Data Driven Method

• Four regions are defined on µ3 features: ID and isolation (ISO).

• ID: how well the µ is reconstructed;

• ISO: how much energy is deposited around the µ.

• The fakes bkg derivation is measured in the !ID region with NNs;

• After doing the measurement in the !ID region, the application is

done in the ID region.

ISO ! ISO

ID

! ID

A B

C D

SR

Fakes 
Measurement 

Region
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Fakerate parametrisation using NNs:

the Universal Approximation Theorem

• A Neural Network (NN) can

approximate any arbitrary complex

f (x)

• This can be simply visualised in a 1D

space

• But this is particularly useful if we

need to parametrise for many variables!

In our case: we need to find a transfer function Pfakes from !ISO to

ISO regions in N dimensions → we use a NN.
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Muon Fakes Background - Measurement of Pfakes

In the !ID region , event-by-event weights

(Pfakes) are computed with a NN, to

account for the fake rate probabilities from

!ISO to ISO regions.

Fakes(C ) = Pfakes ·Data(D)−Pfakes ·MC (D)

ISO ! ISO

ID

! ID

A B

C D
Pfakes
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Muon Fakes Background - Application to the Signal Region

• Pfakes weights, computed with the NNs already trained in the !ID

region, can be applied to the events in the ID region, to find the

fakes shape in A

Fakes(A) = Pfakes · Data(B)− Pfakes ·MC (B),
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Fit Model

Some Challenges:

• The muon fakes background is estimated from data

• The production cross sections σ are not well known, including Bc σ

The fit model:

• Binned maximum likelihood fit

• The result of the fit is directly the R(J/ψ) value

• The normalisations of the produced samples are constrained thanks

to control regions

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

• All the uncertainties of the fit are included as either rate or shape

uncertainties
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Fit Model - Simultaneous to Multiple Categories
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Fit Model - Improve Sensitivity

• The signed impact parameter

3D variable (IP3D) is defined

as the distance 3D of µ3 from

the J/ψ vertex

• The IP3Dsig = IP3D
IP3Derr

variable

shows a different behaviour for

fakes bkg and the two signals,

therefore it is useful to improve

the sensitivity of the analysis:

we can find a phase space

where the S/B ratio is better.
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Fit Model - Improve Sensitivity

• The signed impact parameter

3D variable (IP3D) is defined

as the distance in z of µ3 from

the J/ψ vertex

• The IP3Dsig = IP3D
IP3Derr

variable

shows a different behaviour for

fakes bkg and the two signals,

therefore it is useful to improve

the sensitivity of the analysis:

we can find a phase space

where the S/B ratio is better.
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Fit Model Summary - 14 categories: 7 (ISO) & 7 (!ISO))
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Systematic Uncertainties

The most important systematics are:

• Form Factors to update the old models used in the simulations with

new theories → they impact a lot q2 shape;

• Several fakes background estimation uncertainties;

• BR and normalisation uncertainties on the BRs of background

processes with genuine muons;

• Experimental Uncertainties: µ features’ corrections; pileup

corrections; Bc lifetime.

F.Riti R(J/ψ) Analysis 26 Jan 2023 25 / 27



Sensitivity of the analysis

• We performed an Asimov fit, to find the sensitivity of the analysis;

• We use as expected signal the LHCb result;

• The result is r = 0.71±??

The sensitivity is embargoed because the analysis is still under

review!
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Conclusions

• Searches for LFUV are a very hot topic in particle physics!

• CMS has the sensitivity to play an important role on this topic

• R(J/ψ) is a very interesting measurement to look for hints of new

physics, only possible at LHC

• It is a challenging measurement to perform!

This analysis is amongst the firsts LFUV measurements performed

at CMS, and it paves the way for further measurements.
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Preselection

Final State particles:

• µ1: mediumID, pµ1

T > 6, |ηµ1 | < 2.5, |dµ1
xy | < 0.05

• µ2: mediumID, pµ2

T > 4, |ηµ2 | < 2.5, |dµ2
xy | < 0.05

• µ: pµT > 4, |ηµ| < 2.5, |dµxy | < 0.05

• |dµ1
z − dµ2

z | < 0.2, |dµ1
z − dµz | < 0.2, |dµ2

z − dµz | < 0.2

• ∆R12 > 0.01,∆R13 > 0.01,∆R23 > 0.01

J/ψ and Bc vertices properties:

• probJ/ψ > 0.01

• probBc > 10−4

• |mJ/ψ − 3.0969| < 0.1
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Analysis Strategy
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Analytical derivation for fakes shape in C (1/2)

Data(C ) = MC (C ) + Fakes(C ) (1)

ISO ! ISO

ID

! ID

A B

C D
Pfakes

multiplying and dividing by the respective shapes in D, we obtain

Data(C )

Data(D)
· Data(D) =

MC (C )

MC (D)
·MC (D) +

Fakes(C )

Fakes(D)
· Fakes(D). (2)

The ratios can be defined as

Data(C )

Data(D)
= Pdata;

MC (C )

MC (D)
= PMC ;

Fakes(C )

Fakes(D)
= Pfakes ;

MC (D)

Data(D)
= α

(3)

N.B. these are not actual probabilities

therefore Eq.2 can be then rewritten as

Pdata · Data(D) = PMC ·MC (D) + Pfakes · Fakes(D) (4)
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Analytical derivation for fakes shape in C (2/2)

Pdata · Data(D) = PMC ·MC (D) + Pfakes · Fakes(D)

Considering Fakes(D) = Data(D)−MC (D) and dividing everything by

Data(D), the following equation is obtained:

Pdata = PMC · α+ Pfakes · (1− α) (5)

Solving for Pfakes :

Pfakes =
Pdata − PMC · α

(1− α)
. (6)

ISO ! ISO

ID

! ID

A B

C D
Pfakes

Pfakes =
Fakes(C)
Fakes(D) , then the shape of the fakes background in the C region

Fakes(C) =
Pdata(xi )− PMC (xi ) · α(xi )

1− α(xi )
·Data(D)−Pdata(xi )− PMC (xi ) · α(xi )

1− α(xi )
·MC(D)

From now on the event-by-event dependency will be implicit
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Find Pdata, PMC and α as q2 histos ratio

How can we compute this? The final formula depends on the three

sets of weights:

Pdata =
Data(C )

Data(D)
; PMC =

MC (C )

MC (D)
; α =

MC (D)

Data(D)

These weights can be computed with bin per bin ratios of histos, for

example in q2 variable.

Pdata PMC α

Once we have these 3 sets of weights, the final weight

Pfakes =
Pdata−PMC ·α

(1−α) can be computed.

F.Riti R(J/ψ) Analysis 26 Jan 2023 32 / 27



Application of the Pfakes weights

Once the weights Pfakes =
Pdata−PMC ·α

(1−α) are

computed with the 3 histos ratios, they are

applied to the events in the D region, and

the fakes shape in C is found as

Fakes(C ) = Pfakes ·Data(D)−Pfakes ·MC (D)

ISO ! ISO

ID

! ID

A B

C D
Pfakes
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Fakerate parametrisation through NNs

Instead of computing the ratios of histos, these weights can be found

using NNs:

1. To have a continuous output;

2. To be able to parametrize for more than one variable.

Use classification neural networks and interpreting the outputs as

weights.

If we train 3 classification NNs, we can obtain the 3 sets of weights that

we need to compute Pfakes (ref.) :

• Pdata → Data(C) vs Data(D);

• PMC → MC(D) vs MC(C);

• α →MC(D) vs Data(D).
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Validation of NN method using only q2

When the NNs are trained with just q2, the resulting weights should be

equivalent to the ratios of histograms shown before.

In the plots, the points in red are the outputs of the NNs, and in blue the

ratio of q2 histos (already shown in previous slide).

Pdata PMC α

The two methods are equivalent if we use just one feature,

therefore we can proceed using the NNs with more features.
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Defining the input for the 3 NNs 1/2

• Pfakes are event-per-event weights, function of Pdata, PMC and α.

Therefore 3 classification NNs are trained using the most

discriminating features for the three;

• These features were chosen with the ROC curves pre training: for

each feature, a ROC is built, and the distance from the diagonal

indicates how much the two terms of the classification are different,

and therefore how much the feature is useful in the training.

• Only features that are not correlated are kept in the training.
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Defining the input for the 3 NNs 2/2

• Q2

• |ηB |
• pBT

• m2
miss

• log10vtx(µ1, µ2)Lxy/σLxy

• vtx(µ1, µ2, µ3) prob

• (µ1, µ2, µ3)2Dcosα

• µ3IP3D(vtxJ/Ψ) sig

• µ3|dxy |/σdxy
• µ3|dz |/σdz
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Training the 3 NNs - Correlation Matrix
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Training the 3 NNs - diagnostics

It is very important to check for overfitting of the networks, because the

method relies on their ability to generalization → therefore diagnostics

plots are produced.

Pdata
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Validation of the method

This method has been validated with some

studies (see backup for the details):

1. Closure test in the C region;

2. Check the extrapolation to the A

region (SR) using the fakes MC

Hb → J/ψX , also through the

construction of a toy model.

F.Riti R(J/ψ) Analysis 26 Jan 2023 40 / 27



Uncertainty on the method

How to put an uncertainty on the method?

• ”Rotate” the method and compare the final shapes.

• The final fakes distributions in A differ in normalisation (already

taken into account in the fit with a norm uncertainty) and shape

• The nominal fakes shape is taken to be the weighted average of the

two methods (bcs the rotated method suffer of higher stat unc)

• Up and Down unc. in the fit are respectively the original and rotated

methods

ISO ! ISO

ID

! ID

A B

C D

Pfakes

SR
Fakes 

Measurement 
Region

Pfakes
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Fit details - Ratio
Systematic name type J/ψµ J/ψτ χc , 0µ χc , 1µ χc , 2µ hcµ J/ψhc ψ(2S)µ ψ(2S)τ B0 B+ B0

s Σ
−/0
b Ξ−

b Λ0
b fakes pass fail corr

MC stat fail

(one for each bin)
bbb(#bin)fail shape X X X X

MC stat pass

(one for each bin)
bbb(#bin)pass shape X X X X

form factor

(10 systematics)
bglvar e(#syst) shape X X X X yes

BR χc,0µ br chic0 over mu lnN 16% X X yes

BR χc,1µ br chic1 over mu lnN 10% X X yes

BR χc,2µ br chic2 over mu lnN 22% X X yes

BR hcµ br hc over mu lnN 15% X X yes

BR J/ψhc br jpsi hc over mu lnN 44% X X yes

BR ψ(2S)µ br psi2s mu over mu lnN 13% X X yes

BR ψ(2S)τ br psi2s tau over mu lnN 13% X X yes

norm B0 (Jpsiµ bkg) jpsimother bzero lnN 10% X X yes

norm B+ (Jpsiµ bkg) jpsimother bplus lnN 10% X X yes

norm B0
s (Jpsiµ bkg) jpsimother bzero s lnN 10% X X yes

norm Σ
−/0
b (Jpsiµ bkg) jpsimother sigma lnN 10% X X yes

norm Ξ
−/0
b (Jpsiµ bkg) jpsimother xi lnN 10% X X yes

norm Λ0
b (Jpsiµ bkg) jpsimother lambdazero b lnN 10% X X yes

fakes fake rate lnN 10% X

trigger trigger lnN 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% X X yes

Bc decay time ctau shape X X X X X X X X X X X yes

Pile-up weights puWeight shape X X X X X X X X X X X X X X X X X yes

SF Reco (Pass) sfReco lnN 3.1% 3.0% 2.7% 2.9% 3.0% 4.1% 3.2% 2.8% 2.2% 2.9% 2.9% 2.9% 2.9% 2.9% 2.9% X yes

SF Reco (Fail) sfReco lnN 2.6% 2.6% 2.6% 2.7% 2.6% 2.9% 2.8% 2.6% 3.0% 2.8% 2.8% 2.8% 2.8% 2.8% 2.8% X yes

SF ID J/ψ (Pass) sfIdjpsi lnN 2.7% 2.7% 2.6% 2.6% 2.7% 4.1% 2.9% 2.6% 2.4% 2.8% 2.8% 2.8% 2.8% 2.8% 2.8% X yes

SF ID J/ψ (Fail) sfIdjpsi lnN 2.6% 2.6% 2.6% 2.6% 2.5% 2.9% 2.6% 2.5% 2.8% 2.6% 2.6% 2.6% 2.6% 2.6% 2.6% X yes

SF ID µ3 (Pass) sfIdk lnN 1.3% 1.3% 1.2% 1.3% 1.4% 1.3% 1.3% 1.3% 1.1% 1.6% 1.6% 1.6% 1.6% 1.6% 1.6% X yes

SF ID µ3 (Fail) sfIdk lnN 1.3% 1.3% 1.2% 1.3% 1.4% 1.3% 1.3% 1.3% 1.1% 1.6% 1.6% 1.6% 1.6% 1.6% 1.6% X yes

• Bin-by-bin: MC statistics;

• Form Factors ;

• BR and normalisation: uncertainties on the BRs in MC forced

decays;

• fakes background estimation uncertainty;

• Experimental Uncertainties: scale factors; pileup; Bc lifetime.

The idea of ”ratio” is achieved via correlating Bc → J/ψµν and Bc → J/ψτν through the same normalisation (rate) parameter;Then the normalisation of the Bc → J/ψτν depends linearly on that of the muon;But the Bc → J/ψτν is free to float, being the parameter of interest;The result of the fit is then the goal of our measurement, R(J/ψ)
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