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Introduction n o

Theoretical and Experimental Particiehysics
have revealed much about the nature of our universe
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Source: The Economist

Higgs bosordiscovered on July 4th, 2012, BYLASnd CMSexperiments orLHC
Completed the last piece of the SM particle content.


https://www.economist.com/graphic-detail/2012/07/04/worth-the-wait

Chart the course to BSM

The discovery of Higgs boscompleted
the last piece of the SM particle content.

e

ﬁ3utSM cannot explain \
A What is the nature of dark matter anf
dark energy?
A How do neutrinos obtain their mass
A What is the origin of matter
antimatter asymmetry

\A X %
A o

Many new physicsaiming to address thcga
fundamental scientific questions he
experimental search for them is the crucial
course we must chart.
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CMS: Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 um) ~1m? ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID

Multi -purpose experimentHiggs

MUON CHAMBERS

e strt..  sector physics, SM precision
S measurements, BSBearcheX

— Silicon strips ~16m* ~137,000 channels

4
| FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

v 4 / :
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HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Several sudaletectors nested around
the LHC collision interaction point




Run 3 Data Taking

LHC pp collision integrated luminosity
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Higher luminosity
larger pileup + vertex density

T
N

of(13.6 TeV) = 80.0 mb

ofP(13 TeV) = 80.0 mb

Recorded luminosity (fo™ )

0(8 TeV) = 73.0 mb

ofP(7 TeV) = 71.5 mb

0 20 40 60 80
Mean number of interactions per bunch crossing

100



The Collaboration and CMS China Group

The CMS collaboration:

A 58 Countries/Regions

A 246 Institutes

A 6,100 Active CMS Members
A 2,100 Scientists
A 1,200 PhD Students

CMS China Group:
A 11 Institutes
A Over 200 members
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Let's explore recent CMS highlights from these frontiers (credit: Nano Banana)

Caveats
A A personal selection of topigSheck out th&€MS physics pagés a more
comprehensive overview



1. Resonance & Heavy Particle Searches

MR Al
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| Heavy H{qgs:'j A

Searches

6 Focus on searches for hypothetical particles that would appear as
high -mass resonances, using the full energy of the LHC . This is where
the highest TeV scale searches live.
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A Search range240-1000 GeV for resonance X and8@ GeV for scalar Y
A Discriminant:parametrised NN and mspectrum
A 95% CL observed upper limit8.052.69 fb
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https://arxiv.org/abs/2508.11494

138 fb" (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-24-008/index.html
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Strategic Review of Heavy Resonances ﬁ -

Phys. Rept. 1115 (2025) 368

Comprehensive ReviewCovers all CMS Run 2 searches for heavy resonances X
decaying into at least one Higgs boson.
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A First systematic CMS studn the validity of theNWAin resonant HH searches.

A Discovery potential extrapolated tdl-LHC

A Limits set on production crosections vs. Mass for various benchmarksing the
strategy for Run 3.


https://arxiv.org/abs/2403.16926

2. Dark Sector & Weak Interactions
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6 Focus on searches that look for "portals" or mediators connecting the
Standard Model particles to the  hypothetical exotic particles and dark
matter.



Search for Higgs invisible decay on LHC B

A unique gateway on LHC :
A H decays to a pair of stable WIMPs.

SMBR( DA W-@12% DM will increase BR( TbA )y @

ggF (~ 49 pb)

Selection high pr ISR jet

mono-jet

Sensitivity Low

VBF (~ 3.8 pb) VH (~ 2.3 pb) ttH (~ 0.5 pb)

2 forward jets lepton or hadron decay leptonic, semi-leptonic,
in opposite hemisphere from W/Z hadronic tt
VBF + MET, Z(l) + MET, mono-largeR jet tt + MET
VBF + MET +y
High Intermediate Intermediate
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Statistically combined All THA ge@rches:
CMSBR(HHNV) < 15% (8Y&PJC 83 (2023) 933
ATLASBR(HHNV) < 10.7% (7.79%LB 842 (2023) 137963

A Significant complementaritypetween LHC and direct detection experiments on
DM-nucleon crossection limits through the Higgsortal model.


https://arxiv.org/abs/2303.01214
https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub

Higgs decay to dark photons

A Dark sector containing dark abelian ?
gauge group U(3 T 1 zmH channel
A Massless (or ultrdight) dark photon ] * BDT discriminant
leads to invisible signatures 2
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A Dark sector modeWwith a scalar (dark Higgs)

A Mediator ¥ €bupling to DM gfloating in different
benchmarks.
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Parameter spaceMases of BSM particles and couplings

Yukawalike couplings favours different final states for different mass scenarios.



CMS preliminary 138 fb~' (13 TeV)
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Higgs exotic decay

A 1 M Mn BEppear in many welnotivated °' .
extensions of the SMALPs, 2HDM + S, etc. s | N B

A C_MS perf_ormed various searches covering x | B \_,M._
different final states.
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Exotic Higgs decay contributesDM search 8

A | o Mn Provides gpowerful and complementaryprobe towider LHC
search programs such as DM search projects in ATLAS and CMS

CMS Preliminary 36-137 o' (13 TeV)
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8 I 95% CL upper limits
z | 2HDM+a
g 80 tanB=1,sin6=0.35 |
| yom =1
Ma=My=myu:=1TeV
60 -
o o
ot
20 -
O ﬁ”’l’ L L I 1 L L I L L L I 1 L L I L L L
0 20 40 60 80 100

m, [GeV]

CMS DM summary plot

hoaa—-p*u-t*1-, 361"
JHEP 08 (2020) 139

hobaa-t 't 11, 36fb"
Phys. Lett. B 800 (2019) 135087

h—aa—bbu*p-, 36fb"
Phys. Lett. B 795 (2019) 398

h—aa—bbt*t-, 36fb"
Phys. Lett. B 785 (2018) 462

h —inv, 137fb™!
Eur. Phys. J. C 83 (2023) 933


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

6 This is a hot, unique area that often requires innovative detector
techniques , dedicated reconstruction algorithms and search strategies .



First Anomaly Detection Result from CMS ﬁ

When we search for BSM (2N
A Have we looked for theight moder? ® o \ \\
A Have we eveimagined the right mode? e -~ AriGaN
- Souctf detectlon\
v pecific
A Modetindependent, Mkenhancedanomaly aderches ° \
detectionsearches cover these cases : B gl KTLAS
Rep. Prog. Phys. 88 (2025) 067802
Start from data
Antik_jets with R = 0.8 Keep ~1% most
Basic selection criteria anomalous events
~
‘ 8868 SIG Q
» O 8 8 E ) %— L 2 ke )
Real Data Trained Model  Anomaly Metric Bump Hunt
I | N
.
Resonance?

5 anomaly detection methods

CWola Hunting / TNT / CATHODE(-b) /
VAE-QR / QUAK

Fit m; spectrum and
obtain significance


https://arxiv.org/abs/2412.03747

First Anomaly Detection Result from CMS ﬁ i
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Signal model
Results extracted from bump hunt imy
A Selection differs per signal region
A No significant excess from any method
A Most comprehensive constrainon modet
agnostic new physics signals

AD improve over an inclusive;
fit on all 4 signal models
A Large discovery potential



Search for Long Lived Particles

LLPs are common in many BSM scenarios Rich signatures produced by BSM LLPs
A Small relevant coupling Call for experimental innovations
A Suppressed decay A Specialized trigger, reco, dedicated ID,

A Small allowed final state phase space

----- neutral HEEP displaced W BSM
Hidden Sector = charged dilepton M lepton
~—— any charge B quark
q
— photon
L M anything
P LS T
B disappearing displaced
I _ track lepton
P - q
"\ desdunls)
q
Hidden sector
Heavy neutral leptons e
q prompt displaced \ . .'°.. displaced
dijet : '..‘ photon
W
prompt ' - ” . =
e displaced ¥ displaced OL.p i
displaced vertex Bbroeralni out of time decays




LHC LLP Summary

Observed 95% CL limit on B(H—SS)
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CMS
—=— Prompt (with b-tag), 132 16" (13 TeV)
JHEP 06 (2024) 087
Displaced jets, 34.7 16" (13,6 Tev)
Rept. Prog. Phys. 88 (2025) 037801
—— Muon System, 138 i (13 Tev}
Phys. Rev. D 110 (2024) 3 032007
A H-— invisible, 49-140 o' (7-8-13 TeV)
Eur.Phys.).C 83 (2023) 933

ATLAS
—m— Prompt (with b-tag), 36 1" (13 TeV)
JHEP 10 (2018) 031
Displaced vertices, 140 fo' (13 TeV)
Phys. Rev. Lett. 133 (2024) 1616803
Calorimeter, 140 ' (13 Tev)
JHEP 11 (2024) 036
—=— Muon System (2 vtx), 1291t {13 Tev)
Phys. Rev. D 106 (2022) 3 032005
—— Muon System, 34 b (13 TeV)
Phys. Rev. D 99 (2019) 052005
® H-sinvisible, 4.7-139 fo' (7-8-13 TeV)
Phys.Lett.B 842 (2023) 137963

LHC Best:
== mg in range 15-20 GeV
“t— mg in range 30-40 GeV

=i Mg in range 55-60 GeV

HNLfirst generation lepton

ATLAS+CMS Preliminary
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JHEP 07 (2015) 162

tf same-sign 21, 1015 (13 ey

PAO 10 {2024) 112004

Prompt 3/, se-1a0m™ (13 Tev)

JHEP 10 (2018) 265, arXIv:2508.20829
Displaced Tracker, 1o (131e)
JHEP 07 (2025) 195

CMS Searches:

Prompt 31, 13211 (13 7ey
JHEP 06 (2024) 123

Displaced Tracker, rss & (13 Tev)

JHEP 07 (2022) 081, JHEP 03 (2024) 105, JHEP 02 (2025) 035
Prompt 1/ + MDS, s & (13 Tev)

PAD 110 {2024) 012004

Other Experiments:

Observed 90% CL Limit
CHARM: PLB 166 (1986) 473
DELPHI: ZPC 74 (1997) 57

L3: PLB 517 (2001) 67

BELLE: PRD 87 (2013) 071102

BELLE: PRD 95 (2017) 099003

HNLsecond generation lepton (JL}| 2)

ATLAS+CMS+LHCD Preliminary
Heavy Neutral Leptons (Nov. 2025)
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LHCb Searches:

244, 50w 13T
PAPER 2025042, Prakminary

Other Experiments:
Observed 90% CL Limit

CHARM: PLB 166 (1986) 473
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DELPHI: ZPC 74 (1997) 57
BELLE: PAD B7 (2013) 071102
BELLE: PRD 85 (2017) 038903
NuTeV: PAL 83 (1939) 4943



4. Measurementys Search

0 Measurements contribute to the big picture as much as searches
The Precision Frontier constrains new physics by measuring Standard
Model processes with high accuracy.



Why precision matters?

A The SM makesxtremely precise predictiongor observable quantities:
A crosssections, decay rates, couplings, etc.
A Any new physics NP at high energy scalesnditectly influencethese SM
observables.
A e.g. Small corrections ohiggscouplingexpected in many BSM scenarios

Singlet <6% <6% <6%
2HDM (large tp) ~1% ~10% ~1%
MSSM ~.001% ~1.6% ~-.4%

A gedankenexperiment
5x smaller uncertainty

BSM,
LHC data ~ .

prediction

prediction

Miss discovering new physics Discovery!

A Higher precisiorcan betranslated intohigher discovery reach.



Higgs Sector: kappa and EFT interpretations &

CMSPASHIG21-018
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B,,< 0.13B,< 0.25



