


The LHC: Run-3is Ongoing!
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First Stable Beams at the record energy of 13.6 TeV — 5t July 2022
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«2010-2012: Run-1 at 7/8 TeV CM energy [,
*Collected ~ 27 fbl

«2015-2018: Run-2 at 13 TeV CM Energy | |
*Collected ~ 150 fb!

«2022-2026: Run-3 at 13.6 TeV CM Energy
*Expect ~ 380 fb! to be delivered




The CMS Experiment

Total weight 14000 t C M S
ECAL 76k scintillating

Overall diameter 15 m
PbWO, crystals

Overalllength 28.7m MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Si Strips ~16 m?

Steel + quartz
Fibers 2~k ch

. ”

Pixel

Tracker Pixels & Tracker

« Pixels (100x150 um?)
ECAL ~1 m2~66M ch
HCAL *Si Strips (80-180 um)

~200 m2 ~9.6M ch
Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC




Dark Matter Searches@CMS :

» First Searches: Missing Transverse Energy+X (WIMPS)

* Recently: Searches for new dark sector particle candidates
— Higgs direct decay to dark matter

— Explore an extended Dark Sector
« Dark Photons
« Dark Higgses
« Multiple Dark Matter particles (with DM decays)
» Dark Mesons, Dark Showers etc.

— Axion like particles (ALPs), HNLs
— Millicharged particles
« Considering UV complete models in addition to simplied
models, eqg.
— 2HDM+a So far the most used benchmark model
— Higgs singlet mixing models, vMSM...
— (SUSY)

e Connection with Low DM mass searches (e.g.fixed target)




CMS Dark Sector Revie

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

| CERN-EP-2024-106
224/05/24

CMS-EXO-23-005

Dark sector searches with the CMS experiment

The CMS Collaboration®

Abstract

Astrophysical observations provide compelling evidence for gravitationally interact-
ing dark matter in the universe that cannot be explained by the standard model of
particle physics. The extraordinary amount of data from the CERN LHC presents
a unique opportunity to shed light on the nature of dark matter at unprecedented
collision energies. This Report comprehensively reviews the most recent searches
with the CMS experiment for particles and interactions belonging to a dark sector
and for dark-sector mediators. Models with invisible massive particles are probed
by searches for signatures of missing transverse momentum recoiling against visi-
ble standard model particles. Searches for mediators are also conducted via fully
visible final states. The results of these searches are compared with those obtained
from direct-detection experiments. Searches for alternative scenarios predicting more
complex dark sectors with multiple new particles and new forces are also presented.
Many of these models include long-lived particles, which could manifest them-
selves with striking unconventional signatures with relatively small amounts of back-
ground. Searches for such particles are discussed and their impact on dark-sector sce-
narios is evaluated. Many results and interpretations have been newly obtained for
this Report.

arXiv:2405.13778v1 [hep-ex]| 22 May 2024

Submitted to Physics Reports

Dark sectors paper reviews 40 CMS
analyses in the quest to find FIPs and
Dark Matter signatures

This talk is based on the recent CMS

Dark Sector Review Paper (+ some
updates) reporting the latest searches
in the Dark Sector: 2405.13778

Focus mostly on Run-2 data analyses

Two other related review papers:

arXiv:2403.16134v1 [hep-ex] 24 Mar 2024

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

() CERN-Ep-20240
« ‘\\\z VA Sasjosra
21

CMSEXO-23-007
Enriching the physics program of the CMS experiment via
data scouting and data parking

“The CMS Collaboration®

Abstract
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arXiv:2405.17605v1 [hep-ex] 27 May 2024

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CNIS, X s
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CMS-EX0-23-006

Review of searches for vector-like quarks, vector-like
leptons, and heavy neutral leptons in proton-proton
collisions at /5 = 13 TeV at the CMS experiment

‘The CMS Collaboration®

Abstract

‘The LHC has provided an unprecedented amount of proton-proton collision data,

icle physics.

at the ms«,\mm s discussed

The y potential for several of these searches at th
High-Luminasity LHC s also discussed.

Subwitted to Physis Keports

€024 CERN foethe benefit of the CMS Collsboratian, CC-BY-AD license.
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CMS Dark Sector Signat

Invisible final states

DM + ISR
e.g. mono-X searches

Signhatures

Fully visible and
prompt signatures

If SM — mediator —DM,
then SM —mediator - SM
e.g. dijet searches

Long-lived particle

(LLP) signatures
f
LLP £S5
g
mediator
g
LLP f
DM

Rich phenomenology available
if have more complicated dark
sectors, such as LLP

Y




CMS Data Streams in Run-

Standard + Scouting + Parked data streams

Level 1 trigger High Level Trigger

Fast readout (4us latency) ~ Slower readout (300 ms latency)
Full detector readout

Prompt offline
Standard reconstruction
data

i Full event content

~1 kHz, ~1000 MB/s

Coarse granularity
ASICs and FPGAs CMSSW on commercial PCs

(“HLT Farm”)

No offline
~100 kHz . reconstruction
Scouting
data Only HLT objects and
stream calibrations

~5 kHz, ~40 MB/s

Delayed offline
reconstruction

With scouting and dedicated selections, !
can access down to ~1 GeV dark photons o

stroam Full event content

~3 kHz, ~2000 MB/s

Trigger strategies to increase the rate for dedicated signatures
Scouting and parking: see 2403.16134



https://arxiv.org/abs/2403.16134

Model Landscap

Simplified dark sector

* Usually have a DM candidate + a mediator p

* Includes the usual FIP portals (vector, scalar,
pseudoscalar and fermion)

article

Extended dark sectors
» Could be more complicated dark

scenarios with rich dynamics

Pseudo-
scalar

Fermion
portal

Simplified
dark sectors

Neutrino
portal

Emerging
jets

I Inelastic
Dark Matter

D

Start with simplified sector...

ark sector

models in
CMS searches

Stealth
SUSY

Neutral
natural-
ness

Extended
dark sectors

2405.13778



Scalar and Pseudo-S
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Invisible final states, mediator coupling to DM
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Scalar and Pseudo-S

Scalar Mediator Pseudoscalar Mediator

g X g X
T Y - ——— - YoM ypor AU - ——————— Ypm
v g P/a
g X g X

Invisible final states, mediator coupling to DM

., CMS 137 fo" (13 TeV) ., CMS 137 fb' (13 TeV)
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SM Higgs Boson Po

Higgs boson acts as the mediator between SM and DM

95% CL upper limits from 90% CL upper limits on the spin-independent

. . ae DM-nucleon scattering cross section
H—inv combination (HIG-21-007) | =0N Scattering cross _
Provides comparison with direct detection experiments

- -1 -1
4.91b" (7 TeV), 19.7 b (8 TeV), 140 fb" (13 TeV) — 17 CMS 49 (7ToV), 19.7 1 (8 ToV), 140 1 (13 ToV)
@ - | ' | | ] £ o 90% CL upper limits
- o, imi b B(H —inv)<0.14
bozo 0.9 CMS 95% CL upper limits — O, 10 Higgs portal models
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Vector and Axial P

Vector and axial-vector mediators arise from a broken U(1) symmetry,
with couplings to the SM and the dark sector

Invisible final states, mediator coupling to DM

Visible final states, mediator coupling to SM
— Mono-X searches

— Dijet searches

18.3fb" (13 TeV)
T

1 = S T B B B BN R
. 10t | . 137 fo (13 TeV) 3 .ok CMS ¢ D E
@ Z(Ihh _(inv.) ¢ Data E Fit 3
9 3 CMS = 2 Bkg. unc. :‘2_ E I ]
2 10 _ I Drell-Yan S e - e qq (400 GeV, 9.5pb) |
o G-jet category - Wz T E e e qq (550 GeV, 4.2pb) |
i} 2z S o 3
. Mono-Z YWV 3 -7 qq (700 GeV, 1.9pb) |

10 - [ Nonresonant S E

F »2/NDF=19.2/13=15
10" E Three wide jets
= pT>7ZGeV, nl<2.5

400 600 800 1000
Dijet mass [GeV]




Vector and Axial Po

Vector and axial-vector mediators
from a broken symmetry, with
couplings to SM and dark sector

Included searches:

* Dijet searches (visible final
states, mediator coupling to SM)

* Mono-X searches (invisible final
states, mediator coupling to DM)

-> Benchmark scenarios from

LHC DM WG recommendations

arXiv:1603.04156

Dark matter mass m,, [GeV]

Dark matter mass m,,, [GeV]
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Comparison with Direct D

e Vector mediator = spin-independent DM-nucleon scattering
Cross section

e Axial-vector mediator - spin-dependent DM-nucleon scattering
Cross section

 Allows for comparison with direct-detection experiments

Spin-Independent Spin-Dependent

CMS observed exclusion 90% CL
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Dark Matter Coverage by Expe

Sketch how collider and accelerator experiments together can reach sensitivity
across many orders of magnitude of DM mass to couplings expected for
thermal-relic vector portal inelastic Direct DM production

Sketch depicting qualitative projections,

which are further quantified by the references provided in the text P. Ha rris et aI . 22 1 O . 0 1 770 1
1

y rare processes: & precision frontier: energy frontier: high-energy colliders

B-factories, fixed target experiments Contribution to Snowmass 202

current: LHC
near term: HL-LHC

excluded longjterm4ECE:hh

107* _
(*) To avoid
overproduction

e® thermal milestone (*) A of DM
= a (mDM )
10_14 T Y Mmed
} f } 4 > JHEP03(2022)006
100 MeV 1 GeV 10 GeV 100 GeV m, =20 MeV, a, = ap
dark matter mass o T

0.001

1074

L]

Low mass DM search @LHC? E.g. SND@LHC experiment

6
10 — SND@LHCis

Scattering of beam-produced DM on nucleons/electrons 0l - swave.

0.2 05 1 2 5




Dark Photon Po

Spin-1 mediator with pure vector coupling, mixes with SM photon and Z boson

Scouting triggers, 96.6 fb™' (13 TeV)

-
=)

Visible final states

, v . CITns R — With data scouting and
— Dimuon analyses £ E | dedicated selections, the
i I analysis accesses down to
: y S ~1 GeV dark photons
L R R R R

Summary plot includes two prompt dimuon analyses.
Using “data scouting”: EXO-21-005 and EXO-15-018

97 -137 b (13 TeV)
LN |

| LHb | | | ‘ | CMS

BaBar scouting triggers <= standard triggers i
E CMS 90% CL exclusions E
i JHEP 12 (2023) 070 Minimal dark photon model
10—8 L 1 L L L il 1 1 1 1 Il 1 1 1 1 |
1 10 100

ma [GeV]



Neutrino Portals

Heavy Neutral Leptons (HNLs) are sterile neutrinos with very small
mixing with active neutrinos.

q &l
W+/Z v
N q// / I /I/"
q W*/Z
—l/l/g/lﬂ:/—/l
CMS 35.9-138 fo~'(13 TeV)
C\I_ |IIIf'| T I‘II\Hl 1 II\IIII| T IIIIH|| ]
Z 100k Ma]orana ]
> - — Observed E
_ [ --- Expected

Muon channel
Same-sign 2¢ + jet
JHEP 01 (2018) 122
___ Prompt 1€ + 2 displaced ¢

JHEP 07 (2022) 081 E
VBF same-sign 2¢ .
™ PRL 131 (2023) 011803

Prompt 1€ + »>=1 displaced jet
JHEP 03 (2024) 105 3

Prompt 1£ + MDS
arXiv:2402.18658
Prompt 38 = (e, p, 1)
arXiv:2403.00100
___ B-parking 28+
arXiv:2403.04584 3
Prompt 1£ + 1 displaced £ & jet

CMS-PAS- EXO 21-011
Ll

ol
10’

T
104 105

gl 4
102 10°
my [GeV]

Can probe down to
~1 GeV in HNL
mass with “Muon
Detector Shower”
signature.

|VeN|2

2405.17605

Searches for long-lived HNLs in Type | seesaw model

e Many searches for long-lived HNLs performed

e Showing example limits for Majorana HNLs in the
muon channel & Dirac HNLs in the electron channel

138 fb1(13 TeV)
T ' 1
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Electron channel =
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Prompt 1€ + >=1 displaced jet E
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Prompt 38=(e, y, T)
___ Prompt 1¢ + 1 displaced ¢ & jet
= CMS-PAS-EXO-21 011
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102
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Muon Detector Showers (M-

Neutral LLPs with ctau > 1m could decay beyond the calorimeter with:
» High-multiplicity shower (100s of hits/cluster) in muon system
* Essentially, we use the muon system as a sampling calorimeter
* Unique signature due to the presence of steel in the CMS muon system
 Excellent background suppression from shielding material (background rejection~1e6)
* Sensitive to decays in hadrons, taus, photons, and electrons

arXiv:2402.01898

SC hit C 0 — 138fbT(13TeV
T r [ _3Gev L
L ==== Mg=
0 GHS mg =7 GeV
[0 mg =15 GeV
§— PR — rns=4OGeV
o 4L mg = 55 GeV =
% o S | = OOT data (ime <-12.5ns)
= C ignal region _ i
k) _,g 9 S —add
E ct=1m
o ] |
- S
10—1 = _':_,,_, _:
10—2 ]TI[ PR NN NN T T S N S S A e L
> 200 400 600 800 1000
Nhits

MDS analyses limited in Run 2:no dedicated trigger: New dedicated triggers in Run 3!
B



Extended Dark Se

But Nature could be more complicated...

Pseudo-
scalar

Stealth
SUSY

Emerging
jets
Neutral

natural-
ness

Axial-
vector

Fermion Hidden
Vector portal valleys

2HDM+a

Inelastic
Dark Matter
Simplified Extended

dark sectors dark sectors

Neutrino
portal

Dark sector
models in
CMS searches



Higgs to LLPs

- Hidden valleys: dark sector model with rich dynamics at low energy
scales, and accessible at colliders at high energy scales ., J\ |
e LLPs are well-motivated in dark sectors: }/ |

* Interpretations of LLP searches with hadronic and leptonic decays

0.4 <mx< 2 GeV 5 <mx <30 GeV 40 < my < 55 GeV
CMS 101-137 fb™ (13 TeV, CMS__ 97.6-137 fb’ (13 TeV)+367fb (13.6 TeV) cMsS 976137fb (13TeV)+367fb (13.6 TeV)
T ‘ ‘ TS 95% CL Upper Limit 5€ 1 ‘ 4 5 95% CL Upper Limit 3 g SSACLUPD r Limi

F — = Dimuon scouting > F ; = b%4 E E
- Herokpomosa o1 - U i
"H —Ms Clusters I 107 E I 107"
X =t m, =7 GeV E F E
102 1072
10°- 1078
luster F
v 107k . ) 10*
% hys. J. (2023) E % E
5[ & 5| é_| 5|
10 = 1 . . . " L L - 10 Bl vl vl v vl i i i el D , m, =15 GeV 10 =N L . . L . . . a
10" 1 10 107 10° 10* 10° 10° 107 107" 1 10 10% 10° 10" 10° 10° 107  0v2eeoes 107" 1 10 107 10° 10* 10° 10° 107 ™
m)( [mm] CIX [mm] Eur. Phys. J. C 83 (2023) 933 Ct)( [mm] Eur. Phys. J. C 83 (2023) 9

Muon Detector Showers can push sensitivity to small masses and long lifetimes
Dimuon scouting powerful at small masses and small lifetimes
Displaced dimuon search is inclusive setting limits in a wide range of lifetimes
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g

process

ratio

EXO summary pages

Higgs to LLPs

Plots with CMS and ATLAS
results (LLP-LPCC WG)

Results for s->bb branching

Curves are envelopes of the
of the individual results

->plots available on CMS/ATLAS

2

Observed 95% CL limiton B(H —SS)
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ATLAS+CMS Preliminary

; Hidden Sector (Feb 2025) 13-13.6 TeV
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1 E—. ! LRN L, EELELELLLL, LR ELLL IR L, BERLALALELLL LR B AL IR RLRLALY =
E 8 =
SH W & T ATLAS+CM ......... """_§
E s =
F 2 3
- 9 .‘E -

a »

o
- imy=125GeV .

RN IO, L i

10* 10° 102 10" 1 10 10°

7%;—

(2]
a
e
2

e CMS Searches:

¥  Prompt (with b-tag), 138m '(13 Tev)
JHEP 06 (2024) 097
Displaced jets, 34.71b '(136 TeV)
Rept. Prog. Phys. 88 (2025) 037801
Muon System, 138 '(13 Tev)
Phys. Rev. D 110 (2024) 3 032007

4o H- invisible, 491401 '(7-8-13 Tev)
Eur Phys.).C 83 (2023) 933

ATLAS Searches:
m  Prompt (with b-tag), 36 '(13 Tev)
JHEP 10 (2018) 031
Displaced vertices, 140 '(13 Tev)
Phys. Rev. Lett. 133 (2024) 161803
Calorimeter, 1401 '(13 Tev)
JHEP 11 (2024) 036
Muon System (2 vtx), 139w ' (13 Tev)
Phys. Rev. D 106 (2022) 3 032005
Muon System, 361 '(13 Tev)
Phys. Rev. D 99 (2019) 052005
® H-invisible, 47139 (7813 Tev)
Phys Lett B 842 (2023) 137963

LHC Best:
=i Mg in range 15-20 GeV
~@- Mg in range 30-40 GeV

=t Mg in range 55-60 GeV

Presently
LHC best
limits




Search for Inelastic Dar‘

Two DM states which are almost
degenerate in mass, such that the
decay y2->y1+ 2 muonsis alLLP
signature.

 Such models can account for the
thermal relic abundance.

« First search in 3-80 GeV region.

CMS 138 b (13 TeV)
<+ o
j( A=01 ITI1 &
§ “¥+3% Expected (a, = a,) —— Observed (a, = o) o
§': ------ Expected (o, =0.1) —— Observed (0, = 0.1) 1=
& X
g, 10° ;N
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mar = 3my

2305.11649
Model: hep-ph/101138
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CMS 138 fb™ (13 TeV)
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Dark QCD & Dark Showe

Emerging Jet

Semi-visible jets N iﬁf -7
oy

;‘ L
A

Soft unclustered energy patterns (SUEPs)



Semi-Visible Je

CTlgark

pT= +X

emerging

emergir e
St 3 semivisible

dijet/

O<rinv<1 Bt [ semivisible
Semivisible jet: N ——
stable and unstable -

dark hadrons

Z’ mediator decays to two
semivisible jets -

New interpretations of dijet and
monojet searches, together with the
dedicated semivisible jets search

Tinv = _<N._stable/u\_fstable + Nunsfaple);

Dijets can actually cover
a wide range of riny

Monojets sensitive
at rinv close to 1

138 b’ (13 TeV)
T T 7 T T T]95% CL upper limits

= = oo
My = 20 GV, @y, = ooy

= Observed

~ - - Expected
RS Dijet
S = JHEP 05 (2020) 033
~. Monojet
& 37 JHEP 11 (2021) 153
Semivisible jet (inclusive)

= JHEP 06 (2022) 156
Semivisible jet (BDT-based, model-dependent)

% JHEP 06 (2022) 156

o '\ //
VR SRR B s g Model-dependent semivisible
F, = e ek SN [ . .
0 > 3 2 5 jets search covers a wide range
m,. [TeV]



Emerging Jet

Emerging jets contain g <

several displaced vertices %m :
from neutral particle decays < !
which are potentially

resulting from a dark shower

2403.01556

138 fb! (13 TeV

= e | L L L —

e s = 20 GEV £ Ma,,, = 20 GeV.

e avor-aligned model e unflavored model

— — Obs. limit (agnostic) B 101 p— — Obs. limit (agnosti 101
x X = : X oy

T 3 —— Exp. limit +10 (agnostic) 3 Exp. limit +10 (ag C)

EE = ] E

~ ~

(@] (&)

102
100

—
(]
©

10-

107

95% CL upper limit on cross section [fb]
95% CL upper limit on cross section [fb]

10 : -

Emerging Jet

e R
1500 2000 2500 1
MX gark [GeV]

= 102
1500 2000 2500
mx,., [GeV]

Results for different emerging jet model scenarios (1405.6709,1803.08080)




Low Mass Dark Showers in Displace

EXO-24-008
f ”

B-parking 2018 dataset with new displaced trigger
e Searching for decay of dark mesons into 2u
with displaced vertex

e First such search at the LHC!

e Used BDT to separate signal from background

0.

0 2.5 5.0 7.5

100 125 15.0 1?5 200

Muon SV mass [GeV]

Most stringent limits on vector portal model |
for ctau < 0.1 m and mass as low as 2 GeV

—
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Search for LLP in 2018 Parked D

i EXO-24-004 trigger p
LLPs from b hadron decaying in muon endcaps
e Data parking data set used (muon trigger)
e Events with high multiplicity clusters of hits

(AR<0.2, >50 hits) from LLP decay hadronic
shower in muon detector + displaced muon

P

e Main bkg from punch-through jets/tracks from p ~
. . . . ~
prompt SM activity estimated using ABCD AN
o

s CMS Preliminary NsHI18TeY)  —10* CMS Preliminar 41617 (18TeV)
£ --My =0.3GeV [J+1 s.d. expected E 95% upper g
+ 1025 -~ My =1.0GeV [[J+ 1 s.d. expected = limits on Br T

2.0 GeV [ ]*+1 s.d. expected 5 107" @
@ 10 3.0 GeV []*1 s.d. expected 103 &
2 —— Observed limit c
c T\ - Median expected limit 102 2
Z10° ® - 7w £
3102 10° 100 &
Q. =]
5107 -
- » o
Oyq4 10 R(B— K®) = 0.01 10 32
o~
0105 ‘ | — BR(B— K®) = 0.001 <

S E— EE— ! . Ly s 1058
10 10f 10° 03 0405 i 2 3
Stringent limits d proper decay length [mm] ) P mass [GeV]




Search for Vector-Like Leptons wi

VL Lepton masses excluded up to 1.5 TeV 2503.16699
e First search at LHC!
e Events with at least 1 muon hit cluster
(AR<0.2, >50 hits) + hadronic tau
+ isolation from prompt activity AR and
cosmics (Ag¢) and out of time pile-up
Data-driven bkg estimation validated in CR
(inverting some t selection)

Photons lead to an e.m. shower in the return at: long lived pseudoscalar
yoke/muon detectors
o 138rb"(13TeV 138 fb (13TeV) 138 fb (13 TeV
£ Ecn'ns' + Data ] g 10— q g 0T 3
PoloMS B, | 8 Foows o CSCuDTcombinaton { & T\ oMs GS0+DT combiaton J
E 3 ' I upper limits — [ 95% imit
A i U2 300 Gov! & goeem 1 F  1E 22 Obsonved =2GeV4 & | ERGdRed =2 GeV |
12k - My =700 GeV, cr,;=0.025m _| P E .. Median expected mVLL = 700 GeV 3 v H— Median expected cra = 0_025 m 3
F 1 - 68% expected 1 1 - 68% expected ]
i - o 107 95% expected a - 95% expected .
10F E o —— Theoretical prediction & 10'=. —— Theoretical prediction —
i 5 5] g E
L] T 4 10 2
b - 2
oo ’
102 ¥ I I ] I I I I ] e E E " ;
5 2: T T T T T T T T 10—4 1 _ | 10 E | _
X 15F T l E B —ar) =1 E F B(t' = a7) =1
g pe ! ] F Ba, — 1Y) =1 ] - B, —yy) =1
8 osf 4 f D] R Y Y R ! R 1074 A S R S AR B
ok . - : . 1072 10~ 1 10 200 300 400 500 600 700 800
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Future Capabilities

Run-3: Improved scouting and trigger capabilities (see backup)

CMS Phase 2 Upgrade & Some Highlights for LLPs

Level 1 Trigger TDR DAQ & High Level Trigger (HLT) TDR
e New track trigger at 40 MHz * Heterogeneous architecture Barrel Calorimeter TDR

e 750 kHz L1 output e 7.5 kHz HLT output e ECAL crystal granularity readout at 40 MHz
with precise timing for e/gamma at 30 GeV

¢ 40 MHz data scouting (real time
analysis)

o =
New MIP timing detector (MTD) ;/,; :

Muon System TDR

e New Gas Electron Multipliers
TDR - (GEMs) & new iRPCs 1.6 < |7| < 2.4

¢ 30 ps timing resolution e Extended coverage to |n|~ 3

v,

NN ,
" // / I»\fi > A

e 600 ps time resolution

New High-Granularity Endcap
Calorimeter (HGCAL) TDR

* Imaging calorimeter

Replaced Tracker TDR
e Increased granularity

+Extended coveree e IR 4 ¢ 3D showers and precise timing

e Designed for tracking in L1T 20 ps time resolution
[

6C



Summary: The Big Pict
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...Many other analyses reported Tmodels in N
. CMS searches L
and ongoing (Run-3 data)...

Unfortunately only limits so far... ®




Hunting Millicharged Particles... =

Motivation:
e Particles with small charges? !
e"Dark QED" ie QED in the dark
sector that kinematically mixes

with the SM QED. CMS |,
eThe EDGES astronomical —
anomaly___? . 2104.07151 ; Existing LHC Detector
Detection technique:
-> A new detector is required: _ . milliQan Preliminary _(138Tev)
scintillators-> low photon signals S |
S0 H =
10_2 :_ L —
_ 1 - . ; & i e ; |||
107 1 10
Mass [GeV]







More Studie

e Universal Quark Couplings

e Dark Photon Portals

e 2HDM+a, HAHM

« Dark SUSY

« SUEPs

« Hidden valleys (dark QCD)

e Stealth SUSY

e 7'toLLPsto4b

e 7' to LLPsto 2b+MET

e Dark Higgs to LLPs to 4b, to 2b+MET
e Heavy multi-charged and fractional charged particles

e Searches for ALPs..




Search for AL

Measurement of light-by-light scattering and the Breit-Wheeler

process, and search for axion-like particles in ultraperipheral
PbPb collisions at 5.02 TeV

Process: yy=>vy arXiv:2412.15413

CMS PbPb, 1.70 nb™ (|/s,,,, = 5.02 TeV) CMS PbPb, (1.70 +0.43) nb™ (/s = 5.02 TeV)
— 20F i~ C -
S - Injected ALP signals e Dats g IR g, =03 (TeV’) Observed
= =0.25 TeV' - g = . eeeee Expect
8 - @, : By - vy = 10°F 9,, =01 (TeV') pected
= & — — m, =14 GeV —yy —e'E = s g =0.05 (TeV) [ 68% expected
St I S (Y S ST ay
E :— == ma =30 Gev -gg —_— Y'Y T -‘h'""--. 95°/o eXpeCled
» (3]
T 1 10
(] >
i S
Jo ke

. ‘ Loy ) ) Ly ) NG
56 8 10 20 30 40 670 10° 6 7 8910 20 30 40 50 60 10?
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HNL Studi

X . CMS 35.9-138 fb~'(13 TeV)
Exclusive y coupling « A B B B
Z 400 Majorana ) &
> - Observed 7 E
|~ Expected o g~ .2.
Very Low mass 1o = |
sl . Muon channel i
sophisticated *.  10? o Gty ) :
= JHEP 01 (2019) 122 1 HNLS in VBF
% > Prompt 1¢ + 2 displaced ¢ |
Techniques *u0 Fugoame ;
. :L""m'm z Indirect search
10 . Prompt 1t +>=1 ).'1_
T JHEP 03 (2024) 105 P
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HNL Studi

B-HNL se:r'ch— exclude
Nw extra parameter space
At 1-2 GeV!

Would be nice to
provide common
Summary plot + ATLAS

Muon coupling dominance: U2 Uil =0:1:0 arxiv.2203,08039
o .
5 Jow ks bobigs First search
-3 . .
= 10 at very high mass
107 -
CMS "--.__ 359-138fb (13 TeV)
107} " oo Majorana )
P CMS ] — Observed
10 10-1
107 sxggr [gﬁgn pot On'Y 102 Muon channel
rpgneseld - displaced lquons — S e e
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Overall improvement of

DELPHTI's + Belle's boundaries!




Neutrino Portal

Heavy neutral leptons (HNLs) are sterile neutrinos with very small
mixing with active neutrinos (update added since Review Paper)

q Gl

0¥ v

qll/el/:F/VlI

q”l/.é”:t/ﬁ”

Search for long-lived heavy
neutral leptons in pp collisions
with a lepton-jet pair associated
with a secondary vertex
2407.10717

CMS 1381b~" (13 TeV)
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10 95% CL exclusion limits, Majorana HNL
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103k ~~ Median expected 95% expected _|

= g == Median expected

1077 E
PN AN I I A A I B

2 4 6 8 10 12 14 16 18

my [GeV]

CMS 1381b! (13 TeV)

Il L B L B L I R I B
10 F 95% CL exclusion limits, Majorana HNL
I — Observed B 68% expected

95% expected ;

T B
8 10 12 14 16 18

my [GeV]

cMs

138fb~" (13 TeV)

T T T T T T T T
95% CL exclusion limits, Dirac HNL

— Observed

== Median expected

BN 68% expected |
95% expected |

oms

El.. S IR NAATIN AT B
2 4 6 8 10 12 1

4 16 18
my [GeV]
1381b-" (13TeV)

102 !

| — Observed
_3|_ == Median expected

B R I R T ]
95% CL exclusion limits, Dirac HNL

B 68% expected |
95% expected |




Search for Inelastic D

Comparison with theory from 1508.03050

Fermion Thermal Relic iDM, A = 0.1 m;, @p = agm F‘ermion Thermal Relic iDM, A=0.1m
@p = Agm 10-4 1 LHCS
my, =3my frEimag
10-S
= b

e ap =0.1 / S 10

£ my, =3my £ .

£ & e

s s 107 S
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Il I N ==

¥
y
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Missing
Momentum ,*

~=== Theory (300 fb~1)
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Soft unclustered energy patterns

Limits on temperatures Ty and dark
Meson mass mg

Ywgz > bw

138 fo-! (13 TeV)
— e

A - T (100%) 95% CL upper limits -
— Observed

Expected (median, 68%):

=== mg = 2000 GeV

=== mg = 1500 GeV

=== mg = 1200 GeV
-== mg=1000 GeV

ms = 900 GeV =
ms = 800 GeV
mg = 700 GeV

- mg =600 GeV

~~~ mg =500 GeV

syoeu} Ld-ybiy may

-== mg =400 GeV

=== mg =300 GeV ]
=== mg =200 GeV 7]
=== mg =125 GeV




Improvements for Run

No offline : :
reconstruction SCOUtIng In Run 3
Only HLT objects and Scouting scope improved in Run 3 thanks to new GPU-

calibrations equipped HLT farm and therefore improvements in HLT
o kHz, "40MB/s  raconstruction to harness the potential of parallel architectures

Scouting
data
stream

» Total scouting processing time reduced by a CMS
factor of 1.5!

« Scouting output increased from ~5 kHz in Run 2
to ~20 kHz in Run 3!

« Added electrons and photons in Run 3! Now
have scouting for all objects

« For muons in Run 3, removed requirement on =————p

32,0 b (13 TeV) and 17.6 b (13.6 TeV)

Position of pixel detector layers: 28-68-109-160 mm

100
ok Run 2
10° Run 3
107

Events / 0.1 cm (normalized to unit)

minimum number of hits in the pixel layers: M

now more displaced muons! e WMIML

All of this will have a direct positive impact on e — T 1w 120
searches for small masses and couplings by [om]

Also, “scouting” as described so far is only at the HLT
— Have commissioned L1 scouting in Run 3, and many possibilities await in HL-LHC!




Improvements for Run

LLP Triggers in Run 3

ptmiss + isolated track (for disappearing tracks) Displaced dileptons (+ p™*)

« Displaced jets in tracker - Major improvements! Heavy stable Displaced dimuons in

Displaced t in track NEW! charged particles %’ the muon system
L ISplaced taus In tracker - H W

» Displaced photon + Hy

Disappecringgog Displaced/delayed
« Delayed diphoton - NEW! W 4‘ p,:,tons + pmﬁs)
« Delayed jets using ECAL timing - NEW! . N
« Delayed jets using HCAL timing and depth - NEW! Displaced/delayed jets g §;
» Displaced muon + photon Displaced vertices
H H . . "._' (+ lTniss)
« Displaced dimuons - NEW! / Major improvements! : g
: : . Emerging jets ,(li’
« Dimuon scouting - Major improvements! —
Muon detector B Lepton
e Muon detector showers (CSCs + DTs) - NEW! - showers W Quark
M Photon
» Jet or muon not coincident with collision (NoBPTX B Anything

triggers for stopped particles)

Stay tuned for Run 3 LLP trigger paper to see potential physics impact!




~ MDS Trigger Introduced in F-

L1T:

* Build shower candidates by
counting a large number of hits in
CSC chambers (in muon system
endcaps)

* Only CSCs had spare L1 bits
Data event triggered by
CSC MDS L1T

b s

cMS %
SNk
e

A
e f— -
- s g &

CSC cluster of 210 hits in ME1/3 @

CMS Fxpe at LHC, CFRN
Data recordec: Sat Oct 8 16:51:11 2022 CEST

HLT:
* By 2024, several triggers available
with CSC clusters:
e Single CSC cluster (= 200/500 hits
in outer/inner rings)
e Double CSC cluster (= 75 hits)
* 4 cross triggers:
Single CSC cluster + electron/muon/
hadronic tau/photon
* Also have triggers with DT clusters
(in muon barrel, available at HLT but
not L1):
* L1 pTmiss > 150 GeV + single DT
cluster
* Single CSC cluster + single DT cluster

This should allow to improve the low mass HNL searchs in Run-3 .



Higgs to Invisi

3 CMS 138 fb™' (13 TeV)
%5105""”'.'."""""""""';’:E
C 95% CL upper limits i
. g =1.0 i
I Dng:'k Higgs P
| Eur. Phys. J. C 83 (2023) 933 1
10—4 - ~ Observed -
£ - Expected ]
107 EssssessssSSTT0 E
10—6 oo by by by by by
0 10 20 30 40 50 60
mpy [GeV]
Figure 65: 95% CL upper limits on the mixing parameter 62 from the H — inv analysis [85]
(Section 6.1.2) interpreted with a dark-Higgs boson model.




Muons in CMS

Displaced Dimuons

« Two main ways to reconstruct muons in CMS: — Can maximize efficiency to a
o Standalone muons (STA): only the muon system wide range of lifetimes if all muon
o Tracker muons (TMS): tracker + muon system reconstruction methods are used
e Dimuon combinations: STA-STA, TMS-TMS, STA-TMS
, (13.6 TeV)
> 10 T T T T T T
2 CMS simulation ~ Run2(2018) Run 3 (2022)
'8 10 H - 2,2, ----- STA-STA — STA-STA
= m(H) = 125 GeV -=--- TMS-TMS —— TMS-TMS
= 1 mZ)=20GeV - Combined —— Combined
g D
k=2
n

Combined (2022)
Combined (2018)

—2 -1 3
10 10 1 10 102 10 10*




Displaced Muons

Displaced Dimuon Triggers in Run 3

e Displaced dimuon triggers available that are similar to the offline algorithms

» Improved triggers in Run 3 — Substantial increase in acceptance x trigger efficiency
compared to Run 2

» Improve signal efficiency at low mass and large displacements up to a factor of 4

Pp,), Polu,) [GeV]

28, 28 —

23, 23 —

16, 10

10, 10 H

A

Run 2 (2016)

Run 2 (2018)

Run3T

I

Trigger Coverage

MS-TMS trigger

Run 3 (2022, L3)

Run 3 (2022, L2)

| |

Run 3 STA-STA trigger //’::U

L] . L]
Trigger Efficiency

(13.6 TeV)
> 1 T T T T T L
2 09F CMS simulation -3
€ 08F Hozz, Run2(2018) 3
=07 m(H) = 125 GeV — Run3(2022) 3
O 06FE mZ)=20Gev Run3 (2022, 13) -3
S 05 —— Run 3 (2022, L2) 3
Rey 3
= i

Auxis not to scale

T 1
1 Tracker end

d, [cm]




Displaced Muon

m
Displaced Dimuons Run 3 Sensitivity

With partial Run 3 data, comparable or better sensitivity
than Run 2 (only 38% of the data!)

Hidden Abelian Higgs

=
N
s CMS
N
Model (HAHM) Yotk honz,
i N m(Z,) = 10 GeV
51072 B(Z_ — pp)=0.144
LLP =
510
T " ]
K Zp =
H----- - ------ 2107
Hp 70 _ (;3
T f é 10°° Combined: Observed:
— Observed 68% quantile ~ — 13 TeV (97.6 fo™")
] - - Expected 95% quantile ~ — 13.6 TeV (36.6 fb™)
107
f 10° 102 10" 1 10 102 10° 10* 10° 1(°

ct [cm]




Milligan

. milliQan Bar Detector:

* 16 scintillator bars per layer (5x5x60cm)

| * Scintillator panels on front and back, top and
Q sides for background veto

Im milliQan Slab Detector:
* 12 scintillator slabs per layer (40cm x 60cm x 5¢cm)

* Located at P5 above CMS _ . _
cavern (PX56 gallery) * 4 PMTs per slab for increased light collection

« 33mfromCMSIPatan  efficiency
anglen = 0.1, ¢ = 43

* 17m of rock act as
shielding against 4 layer per detector to reduce background

background from PMT dark rates «< 4R*T3
7 1

Dark Rate Coincidence Window

* Increased area for increased geometric acceptance




Other Signat

Other signatures | :

More exotic signatures in the dark
sectors being probed by the CMS

experiment and that are based on
specific reconstruction techniques:

138 b (13 TeV)
L E T IEQS%CLupperlimits

e _ _ (yPeak
3 Mg = 20 GeV, oy, = o0

=== Observed

i - - Expected

] Dijet

1= JHEP 05 (2020) 033

E Monojet

37 JHEP 11 (2021) 153

] Semivisible jet (inclusive)

= JHEP 06 (2022) 156

3 Semivisible jet (BDT-based, model-dependent)
1 = JHEP 06 (2022) 156

Fractionally charged particles

59.8 b (13 TeV)
w 1 08 T T T T T T T T T T
AU‘ 107 CMS + ‘(5;2
it —— Binomial fit —
- Signal (M = 100 GeV)
> 10°) --Q=¢e Q=2e3 mZ.[TeY]
2 10t f -- Q=08 ¢ G- BEe = CMS _ . 138 fo™" (13 TeV)
£ 10° —=0de -sQ=&8 3 A o (100%) 95% CL upper limits .
= P = . — Observed
Z 10 - 4 (median, 68%): i
3 P === mg = 2000 GeV
g “== mg = 1500 GeV
.................... === mg = 1200 GeV ]
2 -~ mg = 1000 GeV
107F m::SOOGsV .
= 15 F mg = 800 GeV
ié ms = 700 GeV u
o " " ] mg = 600 GeV
= | ' -~ mg =500 GeV
g 1 po—o—wrgorwr === mg =400 GeV ]
@ o5 B | V| L 1 1 L 1 1 1 === mg =300 GeV
0 2 4 6 8 10 12 14 16 18 === ms = 200 GeV 7
ow dE/dx === mg =125 GeV

® Mdark [GeVT]2 SU EP
Dark Showers (including emerging jets): signature driven due
to anomalous showering.
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Feebly Interacting

Already
discovered

Strongly Interacting

Heavy Particles

Quite difficult to

Light Particles discover

MeV

GeV TeV

Mass

Physics Landscape

Feebly interacting particles:
characterized by small
couplings between SM and
hidden/dark sector

9

Survey of CMS searches in
the dark sector

Thx to J. Alimena




