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The LHC *is the Energy Frontier

Now providing proton collisions at 13.6 TeV and record luminosity!

LHC at CERN

*currently - see Larry’s talk

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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The Compact Muon Solenoid detector

FNAL LPC contributes to 
almost every area of CMS!
• Physics  
• Operations (ROC) 
• Detector Construction/R&D 

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
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CMS explores mysteries in our 
understanding of the universe

What is DM?
How do neutrinos  
get their mass?

What causes  
matter/anti-matter 

asymmetry? 

+ more

Many fundamental questions

S. Ipek A Stonebraker/APS

Why is the Higgs so light?

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://www.youtube.com/watch?v=-fjps3TvR80
https://ned.ipac.caltech.edu/cgi-bin/objsearch?objname=1ES+0657-558&extend=no&hconst=73&omegam=0.27&omegav=0.73&corr_z=1&out_csys=Equatorial&out_equinox=J2000.0&obj_sort=RA+or+Longitude&of=pre_text&zv_breaker=30000.0&list_limit=5&img_stamp=YES
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Potential cracks observed in the SM

(g-2)μ B physics anomalies

LHCb-PAPER-2022-052

~3 sigma from the SM

Ring at 
FNAL

PhysRevLett.126.141801

Aim to study and discover the BSM 
particles and forces that may be responsible!

CMS explores mysteries in our 
understanding of the universe

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://cds.cern.ch/record/2857546/files/LHCb-PAPER-2022-052.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
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How to answer these mysteries?

Lack of observation of SUSY at 
the LHC and no discovery at 

direct detection experiments →  
WIMP-like DM under pressure!

Pre-LHC: SUSY and WIMP 
miracle was the answer!

WIMP DM (e.g. 
supersymmetric 

neutralino)

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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• Intriguing possibility: dark matter 
could be part of a “hidden” 
universe with no SM gauge 
interactions 

• Hidden universe can have 
complex structure and provide 
solutions to mysteries beyond DM: 
naturalness, neutrino masses, 
baryogenesis, …

Standard  
model Hidden sector 

We are here DM is here

What if DM has no SM interaction?

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu


M. Citron mcitron@ucdavis.edu

Connecting two worlds

8

Hidden sector 

• Consider a heavy particle 
connecting our sectors 

• High energy collisions at the LHC 
could overcome the barrier and 
produce hidden sector particles! 

• Many CMS searches and 
measurements now motivated 
directly by hidden sector!

portal

Hidden valley

Hidden  
sector

LHC

SM

Standard  
model Hidden sector 

en
er

gy

Higgs, Z’,  
dark photon, ALP, …

mailto:mcitron@ucdavis.edu
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total ~ 1200!

Pu
bl

ic
at

io
ns

Time

Won’t try to give standard 
overview but instead focus 

on highlighting CMS 
innovations and bold new 

directions

Review recent results to show how CMS 
is exploring fundamental mysteries

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
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total ~ 1200!

Pu
bl

ic
at

io
ns

Time

Higgs 
discovered

Start with Higgs then 
highlight variety of results 

with connections to hidden 
sectors, anomalies and 
fundamental questions

Review recent results to show how CMS 
is exploring fundamental mysteries

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://www.sciencedirect.com/science/article/pii/S0370269312008581
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Higgs: from discovery to precision 
measurement

Nature 607 60–68 (2022)

Consistency with SM predictions 
hugely impactful on new physics

Couplings

κV 

κf 

Coupling relative to 
SM expectation

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://www.nature.com/articles/s41586-022-04892-x
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Width measurement from H → ZZ

Nature Physics 18 1329–1334 (2022)

ΓH = 3.2+2.4
−1.7 MeV

Measure off-shell Higgs component through fits of 
kinematic distributions → Higgs width can be 

extracted from off-shell/on-shell ratio
Consistency with SM predictions 

hugely impactful on new physics

No off-shell production 
scenario excluded at 3.6 σ

mH < 2 mZ → either H or Z off shell

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://www.nature.com/articles/s41567-022-01682-0
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Continuing to track down more final 
states: H → cc

2205.05550

Requires advanced ML 
strategies (GNN)

95% CL interval: 1.1 < |κc | < 5.5

Initially even H → bb thought to be impossible, 
but now we are narrowing in on a process 

with ~1/20th of its BF!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://arxiv.org/pdf/2205.05550.pdf
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H → invisible

14

Higgs → BSM Hidden valley

SM

Hidden  
sector

en
er

gy

Higgs?

arXiv:2303.01214

New!

The Higgs could provide the 
link to a hidden sector →  
invisible final states, visible 
decays

95% CL UL on B(H → inv) = 0.15

Mysteries studied: naturalness, DM

Complementary to direct 
detection efforts!

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/pdf/2303.01214.pdf
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Higgs → BSM

H → Za → llγγ

 describes the coupling between 
the Higgs boson, Z boson, and ALP
Ceff

ZH

HIG-22-003

The Higgs could provide the 
link to a hidden sector →  
invisible final states, visible 
decays

Mysteries studied: DM, g-2

Hidden valley

Hidden  
sector

SM

en
er

gy

Higgs?

BDT for background rejection 
then search for mass peak

Looking 
for narrow  
peak here

Complementary 
probe to ALP 

searches using 
beam dumps, 

supernovae, etc… 
(see backup)

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://cds.cern.ch/record/2853524


M. Citron mcitron@ucdavis.edu 16

Probing new heavy BSM final states
• CMS moving beyond simple heavy 

resonances

• New search sensitive to models that may 
cause anomalies observed in B meson 
decays

EXO-22-016

Mysteries studied: B anomalies

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
http://cds.cern.ch/record/2859355/files/EXO-22-016-pas.pdf
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CMS is doing B-physics: B0
S → μμ

2212.10311

Much more to come: crucial probe of anomalies!

 + B(B0 → μμ) < 1.9 × 10−10 at 95 % CL

Comparable sensitivity to LHCb despite 
significantly more demanding environment!

ML used for background rejection

Mysteries studied: B anomaliesHigh pileup 
environment!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
http://arxiv.org/abs/2212.10311
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Pushing energy thresholds down

Huge efficiency gains at low mass
1912.04776

More details to come in Mia’s talk

Rejected events are lost forever!

• Two methods to allow 
substantially increased 
acceptance at the trigger 

• Parking: keep data on 
disk (unreconstructed) 
until extended LHC stops 

• Scouting: save partial 
event reconstruction to 
reduce event size

https://a3d3.ai/hep.html

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://arxiv.org/pdf/1912.04776.pdf
https://a3d3.ai/hep.html


M. Citron mcitron@ucdavis.edu

• Scouting triggers allows very low 
(down to 3 GeV) threshold muon pT 
requirements  

• Probe masses down to 1 GeV for 
hidden sector theories which could 
explain (g-2)μ and other mysteries!

19

Search for BSM GeV-scale resonance
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Upsilon Trained Selection

 Trained SelectionψJ/

CMSPreliminary  (13 TeV)-1Scouting Triggers, 96.6 fb

Muon ID using MVAs 
trained with data provides 

~30% sensitivity improvement

Upsilon used for high mass
J/ψ used for low mass

2101.10334

EXO-21-005

Mysteries studied: g-2, DM

19

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/pdf/2101.10334.pdf
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• Scouting allows low muon pT 
thresholds needed for first 
observation of this rare process 

• Provides precision test of the 
SM as well as an important input 
to calculating (g-2)μ 

20

Observation of ν → μμμμ 

j.physrep.2021.11.001

~1012  η candidates

~50 4μ candidates!
B(ν → μμμμ) = (5.0 ± 0.8(stat) ± 0.7(syst) ± 0.7(B2μ)) × 10−9

hadronic light-by-light 
component of (g-2)μ 

Measure:

2305.04904

Mysteries studied: g-2

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://doi.org/10.1016/j.physrep.2021.11.001
https://arxiv.org/pdf/2305.04904.pdf


M. Citron mcitron@ucdavis.edu

• Long-lived particles very 
well motivated within hidden 
sector models 

• Discovery of a new LLP 
would provide deep 
insights into BSM physics 

• Lifetime connected to the 
mass hierarchies and 
symmetries within the 
underlying model 

• How to search for them?

21

Let’s let new physics live a little…

en
er

gy

Hidden 
valley

Hidden  
sector

LHC
SM

Γ ∝
g2

8π ( mLLP

mmediator )
n

mLLP

Long-lived = metastable on 
detector length scales

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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Heavy Stable 
Charged 
Particle

Decay in muon 
system

Decay in 
calo system

NB: non-exhaustive examples!

Long-lived searches: non-standard 
signatures require innovative approaches! 

Decay in 
tracker

Big challenges: non-
standard reconstruction, 

background rejection

Using the detector in ways it 
was not originally intended!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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e.g. cosmic muon

Long-lived searches: non-standard 
signatures require innovative approaches! 

Historically these challenges have 
been alleviated by focus on ~ TeV 
scale BSM but now CMS is again 

pushing down thresholds!

Big challenges: non-
standard reconstruction, 

background rejection

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
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Search for Inelastic Dark Matter

DM

LLP
Signature: Highly collimated 

displaced muons + momentum 
imbalance boosted against “ISR” jet

DM

Displaced 
muons
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Standard reconstruction

Displaced reconstruction

(13 TeV)

CMS
Simulation Preliminary

Huge gain!

First ever collider sensitivity to inelastic DM!

Dark photon portal hidden sector 
Mysteries studied: DM

Dedicated displaced reconstruction 
provides high efficiency for O(m) 

displacements
24
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Search for HNLs with a DNN tagger

Signature: displaced jet 
and lepton (merged or 

resolved) + prompt lepton

Use DNN for displaced jet tagging 
with up to 1500 features/jet!

Sensitivity to couplings to all three lepton 
generations for both Dirac and Majorana HNLs
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12 | N τ
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CMS

1 : 1 : 1 = N τV : N µV : N eV  (13 TeV)-1fb 138

Majorana HNL production
95% CL upper limits

Observed
Expected (median)
Expected (68% quantile)
Expected (95% quantile)

2 3 4 6 8 10 14 20

Preliminary

EXO-21-013

Neutrino portal hidden sector 
Mysteries studied: ν masses, DM

25

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
http://cds.cern.ch/record/2852843
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New reconstruction technique: look 
for clusters of hits from “showers” in 

muon system “Calorimetric” signature (showers 
initiating in iron return yoke) rather 
than tracker allows sensitivity to 

(very) low mass LLPs!

Search for H → LLPs with muon system 
clusters

Higgs portal hidden sector 
Mysteries studied: naturalness, DM
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EXO-20-015

mailto:mc3909@ic.ac.uk?subject=
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5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam

What’s coming?

27

We are here (~200/fb)
Another ~20 years and ~2800/fb to go!

140/fb 300/fb 3000/fb

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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• LHC Run 3 doubling our previous dataset! 

• CMS will extend sensitivity with more data 
at higher energy and new trigger 
selections and strategies 

• AI autoencoding strategies being added 
to probe “unknown unknowns”

Run 3 underway New ECAL and HCAL timing triggers

Huge gain for low 
energy displaced signatures!New muon system cluster trigger

DP2022_062

CALO

β < 1

l1

l2lSM < l1+l2

LLP
LHC LLP jets are 

delayed compared 
to jets from light SM28

HT = total 
hadronic 
energy

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://cds.cern.ch/record/2842376/files/DP2022_062.pdf
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A new CMS “subdetector”!

• Combination of two 
scintillator-based detectors 
will provide excellent 
sensitivity to millicharged 
particles

• Installed and taking data now!

κ ∼ 10−3 − 10−2SM dark 
sector

(naturally ∼ 1/16π2)

B B’

2104.07151

milliQan

Photon portal hidden sector 
Mysteries studied: DM

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/abs/2104.07151
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Huge dataset and new/
upgraded sub-detectors 

will provide excellent 
SM measurements and 

BSM discovery potential

30

Looking to the future: HL-LHC

More details to come in Christian’s talk

H → HH

5D reconstruction!

HGCAL

30ps resolution

H → LLPs with 
MTD timing

Nature 607 60–68 (2022)

DP2022_025

CMS-TDR-019

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://www.nature.com/articles/s41586-022-04892-x
https://cds.cern.ch/record/2815409/files/DP2022_025.pdf
https://cds.cern.ch/record/2293646?ln=en


M. Citron mcitron@ucdavis.edu 31

Summary
CMS is pushing the limits of the SM with measurements 

and searches for BSM signatures
B physics measurements

High mass (SM and BSM)

Long-lived signatures

Higgs

g
g

t
̄t
t
̄t

+ much more!

Low mass (SM and BSM)

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
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How? A wide array of innovative methods!

Machine learning Low threshold trigger streams

New exotic triggers Even new detectors!

CMS is in an 
excellent position to 
discover whatever 

new physics might be 
waiting at the LHC! 

Summary

Exotic reconstruction

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
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Thanks for your attention!

33

This speaker supported by  
funding from DOE Office of Science
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Backup

34
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Most analyses: build picture from ~5 
types of promptly produced SM particles

Muon
Charged hadrons 

(e.g. pion)

ν, χ

e+

Electron

Neutral hadrons 
(e.g. neutron)

Photon

Momentum imbalance provides insights 
into invisible particles

Transverse 
momentum

⃗pmiss
T = − ∑

particles

⃗pT

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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Kappa framework

https://www.nature.com/articles/s41586-022-04892-x/figures/1

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://www.nature.com/articles/s41586-022-04892-x/figures/1
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• Four tops: heaviest final state ever observed 

• Multiple ML uses: BDT for lepton ID, DNN for 
b-tagging, BDT for final discrimination 

• Measure  from only 
~2000 four-top events

σtt̄tt̄ = 17.9+3.9
−3.5 (stat) +2.4

−2.1 (syst) fb

37

Hidden sectors also probed by new 
measurements g

g

t
̄t
t
̄t

Crucial probe of 
hidden sectors - new 

physics here?

2305.13439
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arXiv:2212.03259
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H

Mysteries studied: naturalness, DM

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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Higgs: precision measurement

Nature 607 60–68 (2022)

Couplings

Many properties of the first fundamental 
scalar now measured with precision

Width + evidence of off-
shell contribution to ZZ 

Production mechanisms

Nature Physics 18 1329–1334 (2022)

ΓH = 3.2+2.4
−1.7 MeV

Consistency with SM predictions 
hugely impactful on new physics

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41567-022-01682-0
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Higgs Width from off shell

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
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Recent Higgs measurements

H->cc (arXiv 2205.05550) 
VBF H->bb (HIG-22-009)

Narrowing in on H → 
cc and VBF H → bb  
with advanced ML 

techniques

95% CL interval: 1.1 < |κc | < 5.5

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://arxiv.org/pdf/2205.05550.pdf
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-009/index.html
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H -> Za complementarity

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.031802

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.031802
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diHiggs

Nature 607 60–68 (2022)
CMS-PAS-HIG-20-001

HH

Nature Physics 18 1329–1334 (2022)

Self coupling

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://www.nature.com/articles/s41586-022-04892-x
https://cds.cern.ch/record/2827421/?ln=ca
https://www.nature.com/articles/s41567-022-01682-0
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Observation of new structure in 
the J/ψJ/ψ mass spectrum

2306.07164

Event display for a 
X(6600) state decaying to 

a pair of J/ψ mesons

>5 sigma 4.1 sigma

• Discovering new states: resonances 
could be all-charm tetraquark states! 

• Interference is favored → supports 
states with same quantum numbers

CMS is doing soft physics!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
http://arxiv.org/abs/2306.07164


M. Citron mcitron@ucdavis.edu 44

Four top

2305.13439

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://arxiv.org/pdf/2305.13439.pdf
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Parking

DP2019_043

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://cds.cern.ch/record/2704495/files/DP2019_043.pdf
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Parking

DP2019_043

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://cds.cern.ch/record/2704495/files/DP2019_043.pdf
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Naive 
dimensional 

analysis

47

Long-lived particles in the Standard Model

e.g. π- decay rate 
suppressed by heavy W

Γ ∝ g2( mπ−

mW )
4

mπ−

Standard Model

~80 GeV

~0.1 GeV

1903.04497

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/abs/1903.04497
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HNLs

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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• Low dE/dx hits in the tracker 
provides sensitivity down to 
Q ~0.3e 

• Below this not enough energy 
deposited in detector to 
reconstruct

49

Fractionally charged particles

κ ∼ 10−3 − 10−2SM dark 
sector

(naturally ∼ 1/16π2)

B B’

EXO-19-006

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
http://cds.cern.ch/record/2841994
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Searching for millicharged particles
CMS

big gap for heavier (~ GeV) low 
charged particles

Searches using colliders, effects 
on sun, stars and supernovae, 
cosmological bounds,… cover 
wide range in masses/charges

→ target with milliQan!

but

arXiv:1511.01122

Q = ϵe

NB: indirect 
constraints (CMB, 

BBN, etc…) can be 
evaded

general purpose LHC detectors 
insensitive (dE/dx ~ Q2)

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/abs/1511.01122
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• Will more than double our dataset 
with a higher energy than ever 
before! 

• Excellent opportunity to extend 
sensitivity with more data and 
new trigger selections

51

Run 3 ongoing!

ECAL timing trigger

Measurement of 
ttbar xs at 13.6 TeV 

HCAL timing trigger

Huge gain for low 
energy signatures!

Muon system cluster trigger

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=


M. Citron mcitron@ucdavis.edu 52

Run 3 milliQan experiment

Charge limited region: 
very high mcp flux but 

low efficiency 

Acceptance limited region: 
high efficiency but  

low mcp flux

χ

Scintillator 
slab

PMT

χ
Scintillator 
end panel

Scintillator 
top/side panel

Scintillator bar

PMT

Run 3 slab detector  
 thinner slabs optimised for 
“acceptance limited region” 

(total area equivalent to 
>1000 bars!)

Run 3 bar detector  
 design based on lessons from demonstrator: 
expanded size (4x4 bars), four layers, thicker 

veto panels, signal amplification

Backgrounds/signal efficiencies estimated 
using data collected by demonstrator

Expect world leading sensitivity for  
0.1 < m < 45 GeV using combination of 

slab and bar detector

Fully funded and 
under construction!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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SUSY signatures

Ewk combination for C1N2 and sleptons
(+ many other final states!) 
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Stealth SUSY + photons 
(low MET final states)Disappearing tracks: first use of BDT 

for disappearing track purity

SUS-19-001
SUS-19-006

SUS-19-009

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://cds.cern.ch/record/2852182
https://cds.cern.ch/record/2859611
https://cds.cern.ch/record/2852844
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