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● Introduction

● CMS detector

● Test of lepton flavor universality in B士→K士𝛍+𝛍- and B士→K士e+e- decays 

● Measurement of Bs
0→𝛍+𝛍- decay properties and search for B0→𝛍+𝛍- decay 

● Search for lepton flavor violating 𝝉→3𝛍 decay

● Search for long-lived particles decaying in the CMS detector

● Search for long-lived heavy flavor leptons decay to jets and a charged lepton

● Search for pair production of scalar and vector leptoquarks
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Introduction

● Leptonic and semi-leptonic flavor changing neutral currents (eg: b→sll transitions) 

○ forbidden at tree level
○ proceed via higher order loop diagrams

● Yet undiscovered particles, not predicted by SM, may enter these diagrams and alter the decay amplitude

● Rare decays also provide a way to test Standard Model (SM) and explore beyond SM physics
○ lepton flavor universality
○ leptoquarks
○ long-lived neutral particles

● Recent measurements of B meson decays have reported tensions with the SM predictions

● Searches for intermediate resonances like pentaquarks
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images source: Nature 522 (2015) 68, arXiv:2104.07090  

http://dx.doi.org/10.1038/nature14474
https://arxiv.org/abs/2401.07090


CMS Detector

● CMS detector is a superconducting solenoid of 6m internal diameter: 3.8T

● Silicon pixel and strip tracker

● Lead tungstate crystal electromagnetic 
calorimeter (ECAL)

● Brass and scintillator HCAL

● Muon chambers: (outside steel return yolk)
○ Drift tubes (DTs)
○ Cathode strip chambers (CSCs)
○ Resistive-plate chambers (RPCs)

● Two-level trigger system (L1+HLT)
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image source: JINST 12 (2017) P10003

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10003


Test of lepton flavor universality in B士→K士l+l- decays

● In SM, leptons have identical couplings to gauge boson→ lepton flavor universality 

● B士→K士l+l- forbidden at tree level (flavor changing neutral current)
○ proceed via loop level diagrams
○ BSM: leptoquarks with flavor-dependent couplings

● As compared to B meson e and 𝛍 have negligible masses
○ same phase space
○ ratio of branching fraction ~1 in SM 

● LHCb Collaboration had reported LFU violation in B士→K士l+l- with a significance of 3.1𝛔

● CMS reports 
○ R(K) measurement
○ integrated branching fraction                                   in q2: 1.1-6.0 GeV2 [q2=m(𝛍+𝛍-)2]
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https://arxiv.org/abs/2401.07090


Analysis overview

● Dedicated 2018 pp collision dataset at √s=13TeV and ℒ = 41.6 士 1.0 fb-1 

○ special high-rate data stream

○ 10b unbiased b hadron decays (B-parking dataset)

● B+→K+𝛍+𝛍- decay reconstructed from two oppositely charged muons and positively charged track fitted to a common 
vertex

● Final selection based on BDT for both 𝛍 and e 
channel
○ pT of decay products, isolation variables
○ 𝜟R(𝛍, K土), 𝜟R=√(𝜟𝛈)2+(𝜟𝛟)2 
○ 𝜟z(ei, K

+) etc.

● Good agreement between data and MC using the splot technique
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separate category for low-pT electrons

plots source: arXiv:2104.07090  

https://arxiv.org/abs/2401.07090


Results

● Yields extracted through UML fit to B candidates
○ signal: double Crystal Ball function
○ background: exponential

● R(K) in q2: 1.1-6.0 GeV2 

● Differential branching fractions 

● Integrated branching fraction
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1𝛔 from SM prediction

In agreement with world-average value and LHC Collaboration result

plots source: arXiv:2104.07090  

https://arxiv.org/abs/2401.07090


Bs
0→𝛍+𝛍- and B0→𝛍+𝛍- decays

● Another flavor changing neutral current 
○ loop level transition
○ further helicity suppressed m2(𝛍)/m2(B)
○ precise theoretical predictions

● Recent measurements from b→sll decays reported 2-3𝛔 deviation from SM predictions

● Precise measurements of Bs
0→𝛍+𝛍- and its decay properties is sensitive to BSM physics
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Analysis overview

● Run II pp collision dataset at √s=13TeV and ℒ = 140 fb-1 

● Two high-quality oppositely charged muons with pT>4 GeV and  |𝛈|<1.4

● Mis-identification suppressed via tight muon identification criteria

● B-candidate from the kinematic fitter with 
constraints on the SV

● Multivariate analysis to discriminate between 
signal and background (dMVA)
○ pointing angles
○ SV observables
○ No of tracks compatible with 𝛍+𝛍- candidates , isolation variables

● Good agreement between data and MC using splot technique
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plots source: PLB 842 (2023) 137955

https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub


Results

● The branching fraction measurement equations:

● Upper limits on                          evaluated through CLs criterion

● Lifetime measurement

● All results consistent with the SM predictions and previous measurements
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plots source: PLB 842 (2023) 137955

https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub


● LFU violation in SM
○ neutrino transitions
○ branching fraction around 10-55 

● Various extension of SM predicts ℬ(𝝉→3𝛍) around 10-10-10-8 

● The most stringent upper limit from the Belle experiment

● 𝝉 leptons are explored in
○ heavy-flavor (b and c) hadron decays characterized 

by low-pT < 10 GeV
○ W boson decays: large pT muons accompanied by pT

miss 

Upper limits on                        at  90% CL

LFU violating 𝝉→3𝛍 decay
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Analysis overview

➔ Dedicated HLT paths

◆ two muons  pT(𝛍)>3 GeV

◆ one track pT> 1.2 GeV

➔ Invariant mass 1.60 < m(3𝛍) < 2.02 GeV

➔ Muon reconstruction quality BDT using observables 

from silicon tracker and muon detectors

➔ Analysis BDT to improve signal-to-background ratio

◆ trimuon p

◆ muon reconstruction BDT

◆ no. of hits in muon detectors etc.
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➔ Dedicated HLT paths

◆ Three global muons (at least one pT(𝛍)>7 GeV)

➔ Invariant mass 1.3 < m(3𝛍) < 2.1 GeV

➔ Largest transverse mass 

➔ Analysis BDT to improve signal-to-background ratio

◆ W+→𝝉+𝛎𝝉 decay: pT(𝝉), 𝛈(𝝉), pT
miss, pT(W) etc

◆ decay vertex: 𝜒2 of vertex fit, 𝛂2D  

◆ quality of muon: tight muon identification

● pp collision data at √s = 13 TeV (2017-2018) and ℒ = 97.7 fb-1 

● Results combined with already published 2016 data to obtain total ℒ = 131 fb-1 

● Three mass resolution categories  𝛔m/m [<0.7% (A), 0.7-1.05% (B), >1.05% (C)]

12

Heavy-flavor decays W boson decays



Results
● Signal strength extracted through simultaneous UML fit to m(3𝛍) across three different mass resolution categories

○ Heavy flavor: Gaussian+Crystal Ball+exponential
○ W boson: Gaussian+flat polynomial

● The combined results 
(heavy flavor+W boson (2017-2018)+2016)
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at 90% CL

at 95% CL

plots source: arXiv:2312.02371

https://arxiv.org/pdf/2312.02371.pdf


Search for long-lived particles decaying in the CMS detector
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● Extensions to SM predicts existence of neutral, weakly coupled long-lived particles (LLPs)

● LLP decays can be identified using the CMS muon detectors
○ hadronic and em showers
○ large multiplicity of hits→ muon detector showers (MDS) objects

● The results are interpreted in two models
○ Twin Higgs: SM Higgs → pair of long-lived scalars (S) →

○ Dark shower: SM Higgs → pair of dark-sector quarks→ short and long-lived 
dark-sector mesons→ SM particles through gluon, photon, vector, Higgs 
and dark-photon portals    

● pp collision dataset √s = 13 TeVand ℒ = 138 fb-1 

● Dominant backgrounds: punch-through jets, muons that undergo bremsstrahlung

image source: arXiv:2402.01898

https://arxiv.org/abs/2402.01898


Analysis overview
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● DT and CSC play a crucial role: hits are clustered together to form MDS objects  (Nhits>50)

● At least 1 jet with pT> 30 GeV and |𝛈|<2.4, clustered from reconstructed particles using infrared and collinear anti-kT 
algorithm

● Large pT
miss  (> 120 GeV)

○ improper momentum measurement
○ not associated with a particle by PF

● Excellent shielding provided by the CMS magnet and its steel flux-return yoke from backgrounds

●                            and Nhits are used to discriminate between signal and backgrounds

● Events are categorized into
○ two clusters
○ one CSC cluster
○ one DT cluster



Results
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● No significant deviation in any of the categories with respect to the SM

● This sets the first LHC limits on models of dark showers produced via 
Higgs boson decay

Expected no. of signal events assuming ℬ(H→SS)=1%

Dark shower: 95% CL upper limits on ℬ(H→𝛙𝛙)
Twin Higgs: 95% CL upper limits on ℬ(H→SS)

plots source: arXiv:2402.01898

https://arxiv.org/abs/2402.01898


Search for long-lived heavy flavor leptons
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● BSM mechanism to explain fundamental nature of 
neutrinos
○ observation of neutrino oscillations
○ expectation value of Higgs potential

● Seesaw mechanism
○ existence of additional neutral leptons with 

arbitrary mass
○ through Higgs field they mix with SM neutrinos
○ mass eigenstates→ SM neutrinos and heavy 

neutral leptons (HNLs)

● Long-lived as their decay widths are proportional to 
m5

N|VlN|2  l Є {e, 𝛍, 𝛕} 

● Signature: prompt lepton l1, a displaced lepton l2, and 
at least one displaced jet j* 

● pp collision dataset √s = 13 TeVand ℒ = 138 fb-1 

➔ l1 used to trigger the events (stringent criteria)

➔ jets with |𝛈|<2.4, pT>20 GeV
◆ jets closest to l2→ HNL decay

➔ Jets from HNL decay identified through deep neural 
network (DNN) 

➔ Dominant backgrounds: (Z/𝜸*+jets, W+jets, V𝜸*+jets etc)
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image source: arXiv:2312.07484

http://arxiv.org/abs/2312.07484


Results
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● The most stringent limits on the coupling strength is obtained for pure 
muon at mN=10 GeV: |V𝛍N|2>5(4)x10-7 Dirac(Majorana)

● The limits on mN and proper lifetime as a function of relative coupling:

pure 𝛍 e-𝛍 Democratic coupling

plots source: arXiv:2312.07484

http://arxiv.org/abs/2312.07484


Search for pair production of scalar and vector leptoquarks
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● In models BSM
○ symmetry between quarks and leptons
○ particles that bridge these two families (leptoquarks LQs)

● Tensions in recent B meson decays and LFU test have increased interest 
in LQ

● Their interaction with SM particles completely described by:
○ mLQ 
○ Yukawa coupling at LQ-lepton-quark vertex 𝛌LQ 
○ Branching fraction 𝛃 of a LQ decay to a lepton and a quark
○ 𝛋 (vector LQs) relates anomalous magnetic and electric quadrupole moment

● pp collision dataset √s = 13 TeVand ℒ = 138 fb-1 

● BDT used to discriminate between signal and background (Z/𝛄+jets, tt+jets, diboson production)

signature:

image source: CMS-EXO-21-018-003

https://cds.cern.ch/record/2889464


Results
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● Scalar LQ with mLQ<1810 GeV are excluded for 𝛃=1

● Vector LQ with mLQ<2120 GeV  are excluded for 𝛃=1

● These represents the most stringent limits to date 
on these models

plots source: CMS-EXO-21-018-003

https://cds.cern.ch/record/2889464


Summary
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● Recent results from CMS are presented for rare decays

● First observation of 𝚲0
b→J/𝛙pK-  with branching fraction measurement which also opens the path for doubly-strange 

hidden-charm pentaquarks searches

● LFU test with results in agreement with SM and other collaboration results

● LFV decay 𝝉→3𝛍 with limits on its branching fraction

● Searches for long-lived heavy particles (LLPs) , long-lived heavy neutral leptons (HNLs) and pair production of 
leptoquarks (LQs)

● No statistical deviation with respect to SM is observed



BackUp
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Search for long-lived particles decaying in the CMS detector
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Search for long-lived heavy flavor leptons



Observation of 𝚲0
b→J/𝛙𝜩-K+ decay

● Opportunity to search for intermediate resonances

● LHCb Collaboration reports the observation of pentaquark-like structures in 𝚲0
b→J/𝛙pK 

● Additional exotic structures in 𝚲0
b→J/𝛙pK, 𝜩b

-→J/𝛙𝚲K-, B0
s→J/𝛙pp and B-→J/𝛙𝚲p- 

● Hidden-charm pentaquarks reported only in J/𝛙p and J/𝛙𝚲 system

● Decays with 𝜩- and 𝛺- could unveil the existence of double or triply strange pentaquarks

● CMS reports the first observation for such decay 𝚲0
b→J/𝛙𝜩-K+ 

● pp collision data at √s=13TeV and ℒ = 140 fb-1 
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Results
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● Offline muons selections: pT(𝛍士)>3 GeV, |𝛈(𝛍士)|<2.4, Pvtx(𝛍
+𝛍-)>1% (𝜒2 fit probability to a common vertex)

● Yields extracted from unbinned maximum likelihood fit 
(UML)
○ signal: Student’s t-distribution
○ background: exponential
○ N(J/𝛙𝛯-K+) = 46 土 11

● 𝚲0
b→𝛙(2S) 𝚲 used as the normalization channel 

● Additional selections applied to measure ℛ 
○ pT(𝛍士)>4 GeV, pT(J/𝛙)>6.9 GeV, Pvtx(𝛍

+𝛍-)>5% , track IP>2𝛔
○ N(J/𝛙𝛯-K+) = 23 土 7

● Efficiencies(𝛜) calculated from simulation
○ detector acceptance 
○ reconstruction and trigger efficiency

● First observation with a statistical significance 
of 5.8𝛔

plots source: arXiv:2401.16303 

https://arxiv.org/abs/2401.16303


Observation of  the rare 𝛈→4𝛍 decay 
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● Radiative decay
○ electromagnetic coupling of pseudoscalar meson to photon
○ photons internally convert into pair of leptons

● Highly suppressed: proceed only through em instead of strong interaction 

● The predicted branching fraction is extremely small

● pp collision data (2017-2018) at √s = 13 TeV (2017-2018) and ℒ = 101 fb-1 

● Dedicated high-rate triggers
○ Low p thresholds
○ Events only with muons reconstruction at HLT: data-scouting 

● CMS reports first observation with branching fraction measurement 

m(𝛍𝛍) spectrum in region around 𝛈 mass 

plots source: PRL 131 (2023) 091903

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091903


Results

● A binned maximum likelihood fit:
○ signal: single-sided Crystal Ball function
○ background: threshold function
○ N4𝛍 = 49.6 土 8.1; Nbkg = 16.6 土 0.6

● Branching fraction results

● In agreement with SM prediction 
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PDG

plots source: PRL 131 (2023) 091903

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091903

