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Introduction
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Z or γ + X  
missing mass 

search 


EXO-19-009
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Majorana neutrino 
search in VBF 
μ±μ± events


EXO-21-003

Leptons provide exceptionally clean search signatures for new physics at the 
LHC, and many BSM physics models predict leptonic final states.


Today, we’ll discuss two recent, first-of-their-kind searches w/ leptons at CMS:

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-009/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-003/


 

Missing mass search w/ the CMS-TOTEM  
Precision Proton Spectrometer (PPS)
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EXO-19-009 Public since March 2022

Using up to 37 fb-1 
of 2017 data

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-009/


Proton Reconstruction w/ PPS

Joey Reichert (Cornell) Searches for new physics with leptons at CMS May 9, 2022 4

PPS allows CMS to measure forward protons using silicon tracking detectors

PRO-21-001

New for  
Run 2!

Two RPs used to measure 
horizontal displacement (in 2017)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/PRO-21-001/


Proton Reconstruction w/ PPS

Joey Reichert (Cornell) Searches for new physics with leptons at CMS May 9, 2022 5

PPS allows CMS to measure forward protons using silicon tracking detectors

• Main measurement: proton momentum loss (ξ = Δp/p) of outgoing protons 

from pp collisions w/ small scattering angles; sensitive to ξ ∈ [2%, 20%] 


• Calibration relies on precise understanding of LHC’s B field and beam optics

PRO-21-001

New for  
Run 2!

Two RPs used to measure 
horizontal displacement (in 2017)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/PRO-21-001/


Proton Reconstruction w/ PPS
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PPS allows CMS to measure forward protons using silicon tracking detectors

• Main measurement: proton momentum loss (ξ = Δp/p) of outgoing protons 

from pp collisions w/ small scattering angles; sensitive to ξ ∈ [2%, 20%] 


• Calibration relies on precise understanding of LHC’s B field and beam optics

PRO-21-001

New for  
Run 2!

Two RPs used to measure 
horizontal displacement (in 2017)

Cathedral of Learning is “only” 163m tall!

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/PRO-21-001/


Select events with Z→ℓℓ or a photon; use 
outgoing proton momenta to reconstruct the 

missing mass:

Search Strategy
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LHC CMS PPS



Select events with Z→ℓℓ or a photon; use 
outgoing proton momenta to reconstruct the 

missing mass:

Search Strategy
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LHC CMS PPS

• Search performed at high mass (600-1600 GeV), where PPS 
provides mass resolution of ~2%


• First missing mass-based search at the LHC!
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Background Estimation

Joey Reichert (Cornell) Searches for new physics with leptons at CMS May 9, 2022 9

Primary background is combinatorial 
(coincidence of pileup protons)

 
Estimated via event mixing: 


• Replace protons in data events with 
those from an orthogonal dataset of 
randomly chosen events w/ same 
beam conditions


• Validate in eμ data events, and in 
simulated Z or γ events

Example
eμ validation  

region



Results
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Signal:  
mX = 1 TeV 
σ = 1 pb

Data
background
non-fiducial

fiducial

Example  
Z→μμ + X 
Signal Region

Fiducial selection: good quality, high pT Z→ℓℓ or γ;  
protons within PPS (details in backup).


No significant excess in the missing mass distributions!



Results
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Signal:  
mX = 1 TeV 
σ = 1 pb

Data
background
non-fiducial

fiducial

Example  
Z→μμ + X 
Signal Region

Fiducial selection: good quality, high pT Z→ℓℓ or γ;  
protons within PPS (details in backup).


No significant excess in the missing mass distributions!

Z + X

Set limits on σfid as 
low as 25 fb



 

Search for Majorana neutrinos and the 
Weinberg operator in VBF μ±μ± events
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EXO-21-003 Public since March 2022

Using 138 fb-1 of 
Run 2 data
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-003/


Motivation
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Aims to explain nonzero mass of neutrinos (ν) via either:


• EFT w/ dim-5 Weinberg operator; generates mν and leads to lepton-number 
violating 0νββ decay


• Heavy Majorana neutrino (N) in type-I seesaw model
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OR

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566


Suppress background by requiring:

• Forward VBF jet kinematics  

(large mjj, Δηjj, etc.)


Signal vs. Background Discrimination
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Suppress background by requiring:

• Forward VBF jet kinematics  

(large mjj, Δηjj, etc.)

• Same-sign dimuons (rare in SM)

Signal vs. Background Discrimination
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Suppress background by requiring:

• Forward VBF jet kinematics  

(large mjj, Δηjj, etc.)

• Same-sign dimuons (rare in SM)
• Small jet activity ( HT = Σ jet pT ) 

relative to leptonic activity: 
search is binned in HT / pT(μ1)


Signal vs. Background Discrimination
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Suppress background by requiring:

• Forward VBF jet kinematics  

(large mjj, Δηjj, etc.)

• Same-sign dimuons (rare in SM)
• Small jet activity ( HT = Σ jet pT ) 

relative to leptonic activity: 
search is binned in HT / pT(μ1)


• Large Δφμμ

• Small pTmiss (no final state neutrinos!)

Signal vs. Background Discrimination
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Background Estimation
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Use data control regions to estimate backgrounds in VBF-enriched regions,  
primarily due to fake/non-prompt leptons and dibosons.

Bin edges



Results
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Signal tends to have small HT/pT(μ1), small MET, and large Δφμμ relative to backgrounds. 
Data agrees well with SM prediction ⟹ set limits on these models.

Bin edges



Results
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Outperforms previous heavy neutrino 
searches for mN > 650 GeV, and excludes 

masses up to 23 TeV for |VμN|2 = 1.


For the Weinberg operator EFT, the search 
sets limits on the effective Majorana mass 

up to |mμμ| = 10.84 GeV.


⟹ first constraints on this process!



No evidence for new physics in these leptonic / photonic searches yet, but 
CMS has set strong constraints across many final states.


However, many new ideas are still being explored!

• Maybe new physics is hiding in some exotic area of phase space that has 

not yet been probed


• Or perhaps we haven’t collected enough data yet! Run 3 and the HL-LHC 
data will change that


• Run 2 was less than 5% of the total expected LHC dataset!
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Summary



CMS EXO Summary Plot (link)
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Other new lepton- or photon-
based CMS searches since 

Pheno 2021:

• LFV resonance search in 

eμ, eτ, and μτ events 
(EXO-19-014)


• Inclusive nonresonant 
multilepton search 
(EXO-21-002)

https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v9.svg
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002/


 

Backup
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PRF-14-001

http://cms-results.web.cern.ch/cms-results/public-results/publications/PRF-14-001/


EXO-19-009
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Selection / Analysis Z ! e+e�/Z ! µ+µ� g

Leptons/Photons � 2 same flavour leptons (e or µ)
opposite electric charge
pT(`1, `2) > 30, 20 GeV
|h(`)| < 2.4
|m(`1`2)� mZ| < 10 GeV

=1g within |h(g)| < 1.4442

Boson pT pT(Z) > 40 GeV pT(g) > 95 GeV
Protons 0.02 < x

gen
+ < 0.16 ^ 0.03 < x

gen
� < 0.18

Fiducial requirements:



EXO-19-009
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EXO-19-009
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EXO-19-009
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EXO-19-009
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EXO-19-009
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γ + XZ + X



EXO-21-003
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Variable SR WZ CR
lepton pT > 30/30 GeV > 10/25/25 GeV

dilepton mass m`` > 20 GeV —
|m`` � mZ| — < 15 GeV (for one µ+µ� pair)

trilepton mass m``` — > 100 GeV
max Z(`) < 0.75 < 1.0

pmiss
T — > 30 GeV

with Zeppenfeld variable:

SR and CR require two jets w/ pT > 30 GeV, |Δηjj| > 2.5, mjj > 750 GeV

Events w/ additional e, μ, or τ leptons, or b-tagged jets, are vetoed.



EXO-21-003
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