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Long-lived Particles: A gateway to BSM

- SM is an example of fundamental laws giving rise to long-lived particles (LLPSs)
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Long-lived Particles: A gateway to BSM

- SM is an example of fundamental laws giving rise to long-lived particles (LLPSs)

- BSM scenarios predict new particles with sizable lifetimes 7 ( small decay width 1)

Suppressed couplings Phase space suppression (small mass splitting)
e.g. Higgs portals to hidden/dark sectors e.g. Inelastic dark matter

] —F\A g m" /
where:

n (odd, pos int) depends on symmetries of the theory
a (pos int): # of final state particles

Scale suppression (heavy virtual mediator)
e.g. split-SUSY
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Long-lived Particles: A gateway to BSM

- SM is an example of fundamental laws giving rise to long-lived particles (LLPSs)

- BSM scenarios predict new particles with sizable lifetimes 7 ( small decay width 1)

- Most BSM searches probe short-lived or stable signatures, LLP frontier is yet to be fully exploited at the LHC!

|_

=

SUSY, Higgs portals, Dark Photons, A

Vector-like leptons, Something new? E?:'
CT @ ( 1 () m) Acceptance
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Search for LLPs in CMS

* Program is enriched with “unconventional” searches

- Broad signatures (lifetime, charge, decays, interaction w/ detectors)

- Designed for signatures and interpreted for various benchmarks

» Common challenges:

- Standard triggers and object reconstruction are not fully efficient

- Unconventional backgrounds (e.g. cosmic rays and rare SM processes)

- Tailored strategies:

* Novel triggers and object reconstructions

* Innovative machine learning applications

* Today’s talk focuses on recent Run-2 and Run-3 results

Other LLP searches can be found here: preliminary results and publications
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LLP.html

Search for LLPs in CMS

Heavy Stable Vector-like leptons
Charged Particles using muon detector
(HSCPs) showers (MDS)

CMS-PAS-EX0-23-015
NEW!

CMS-PAS-EXO-18-002

* Program is enriched with “unconventional” searches

- Broad signatures (lifetime, charge, decays, interaction w/ detectors)

- Designed for signatures and interpreted for various benchmarks

- Common challenges:

- Standard triggers and object reconstruction are not fully efficient

- Unconventional backgrounds (e.g. cosmic rays and rare SM processes)

» Tailored strategies:

* Novel triggers and object reconstructions ‘
* Innovative machine learning applications
* Today’s talk focuses on recent Run-2 and Run-3 results
.\

13 TeV  13.6 TeV

Displaced dimuons
CMS-EXO-23-014

Displaced dijets
CMS-EXO-23-013

Other LLP searches can be found here: preliminary results and publications
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LLP.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-18-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-013/index.html

Search for HSCPs: Overview

CMS-PAS-EXO-18-002

* Model independent search with broad interpretations HSCP

g

- Strongly interacting (e.qg. ) and lepton-like (e.g. 7') HSCP
- ATLAS 3.3 global excess at mg=1 4 TeV (JHEPO6(2023)158)

- Signature: Isolated high-pr track with large ionization energy losses (dE/dx) in silicon tracker

- Backgrounds: Fake tracks, bad ionization measurement, overlapping tracks (pileup, boosted mesons)

o
* Run-2 strategy .
o
- Single muon trigger, track in silicon tracker _ CMSeiminay 101 fb7(13 TeV) CMS preliminary 101 fo™! (13 TeV)
‘5 10°E p_>200GeV, F***>09 ¢ Data 4 = 10°E | me ach Signal Region  +  Data 4
. = P; » T ] = o) = ass approach Signal Region =
- Data-driven background model: ~ 10° Total bkg unc. = S = Background E
2/ 10*E HSCP gluino 1800 GeV _J 2] o —— HSCP g (m=1600 GeV) 5
. . "E %_ L _§' "E 1 03 :; HSCP g (m=2000 GeV)Ez
* lonization method O 10°E HSCP stau 557 GeV 3 > 1 HSCP % (=557 GeV)
. . Lﬁ , = Background = Lﬁ * HSCP T (m=871 GeV) 3
. lonization discriminants: GiStrlps and F1xels 1100? E E
= | _
Strips : Pixel 1= ) j ' 5
. Gi P* shape from control region (F; *“*< 0.9) 2 A E
oy : : Pixels - = 3
- Fit it to signal region data (Fi >0.9) =1 IOV VT = : S —— I :
. O | R A ﬂ """""""""""""""""""""""""""""""""""""""""" E
c%) O : - ]
- Exploits mass relation with dE/dx and momentum 8 —21“ ; : E
o " C ]
- Derive shape and normalization from control regions = 0 01020304 0506 07 0805 1 0 500 1000 1500 2000 2500 3000 3500 4000

Strips
Gi
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https://link.springer.com/article/10.1007/JHEP06(2023)158
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-18-002/index.html

Search for HSCPs: Results

CMS-PAS-EXO-18-002

* No significant excess over background expectation CMS Preliminary 101 o™ (13 TeV) CMS Preliminary 101 fb™ (13 TeV)
e s R A " es%cLupperlimits | 8. .| & 95% CL Upper Limits
» Two methods lead to similar sensitivities = 107 S T o107 S ;
o - Observed Limit . o - Observed Limit .
. o B} *8 i mes=e Expected Limit +1o0, 20 | g i s Expected Limit +10, 20 |
Interpretations: © o2l o ot | 0a L P
O - 1 9 - ]
- 95% CL limits on production cross sections (o) S 1o :
| 103 E E 107 E
- Total of 10 different benchmarks: ; . ; ; :
. s 7 1 sk _
- split SUSY: g and ¢t R-hadrons UF L T, N 107 ¢ .
1121416 18 2 22 24 26 02 0.3 0.4 0.5 06 0708 09 1 1.1
m. [TeV] m. [TeV
. ATLAS excess corresponds to 0;; = 0.39 fb | o <16Vl
88 _ . CMS Preliminary 101" (13Tev)
» CMS limit: 0, < 0.32 fb 2
—:10'2._8
- GMSB 7, pair-produced 7 (7T, T;7; and 7;Tg) . % g
/ / / / 5
+Zly - 197U and Z/y — 2920 7! AR s
E
/ (2e) . "(2e) / (2e) "(2e) .8
oLy, = 7T and Lggyy = 7T : ) 0 g
~——_ 8
- Excess motivated model (2205.04473) T 300g) _ : : : _ |
00 400 600 800 1000 1200 1400
L m_.. [GeV]
« CMS limit (mT'(ze) =5 TeV, M _e) = 600 GeV): Oy < 0.03fb lonization method results

o0
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https://arxiv.org/pdf/2205.04473
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-18-002/index.html

Search for VLLs w/ MDS showers: Overview

CMS-PAS-EXO-23-015

- Search for vector-like leptons (VLLs) with LLP decays
- VLL singlet decays into a and prompt 7 (JHEP06(2023)158)

- a_Is very light and decays to photons

- Signature: Displaced diphoton decays + prompt 7 decays

- LLP decays in the muon system:

- a_decays — EM shower (like a sampling calorimeter) — goo CMS Simulation _
= TR i >
» Muon detector shower (MDS) — large cluster of muon hits % — 7 | . E 5
| 31 F . O
. : @) A N =
- Sensitive signature: = TEalE 11 - s
g 600 o = ‘i’
» High cluster reconstruction efficiency (DBSCAN clustering) O " ’ %

> = 7
- Small background due to large shielding material A 500 Fid - L_DJ

D N

- jet punch-through, muon brems, cosmic muons, pile-up, SM (KS) O 400 —

. . Solenoid :

- Used previously in CMS analyses: 300 e .

- (CMS-EXO-21-008, CMS-EXO-22-017) 500 .

100/ ——— 2

. L o 4 il IR R
0 200 400 600 800 1000
|z| decay position [cm]
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https://link.springer.com/article/10.1007/JHEP06(2023)158
https://dl.acm.org/doi/10.5555/3001460.3001507
https://arxiv.org/abs/2402.01898
https://arxiv.org/abs/2402.18658
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-015/index.html

Search for VLLs w/ MDS showers: Results

CMS-PAS-EXO-23-015
ECMS Preliminary 138 fb™' (13 TeV) CMS Preliminar 138 fb 13T Vv
- Run-2 Strategy: g 10°F P —  10p Y CCACUR
2 Background mode! = : 9% oL pperimits CSC+DT Combination -
* MET triggers L - ™, =300 GeV,m,=2 GeV’, 07,0.060 m Db epe i i =2 GeV-
| Tt S pmt vpee Fordh o mToocey]
- At least 1 hadronic tau (7;) and 1 MDS cluster 10°F T e
- Categories: Barrel (DT) or Endcap (CSC) cluster °F + " F7on I ST T O N T :
- Discriminant variable: # of hits in the cluster (N ;..) R I S T el N +
: N :
- Background estimate from data 10 F ...... | W% i 1 O 1S WO O 8 H
@) =
- N, shape from control region (reverting 7, ID cuts) e 105 ; ]
S 3 B 107" 1
- Normalization from fit to signal region data 2 L —— | | 10 o Imi
i ¢ I |
= " gn " o -
* No significant excess is observed R T i T _. 1o =MS Preliminary 138 b7 (13 TeV)
§ 50 60 100 110 120 130 140 & o Ctlggseerrtrggs CSC +DT Combination 3
- Interpretations: DT Clusterfye 0 | oo Wedan opeced M, =2GeV-
B omomeoed o cr,=0.025m3
~ eoretical pre |ct;|on a E
- Very light pseudoscalar, m = 2 GeV I | ' ' ]
L R E S S s S

- 95% CL production cross section vs pseudoscalar lifetime (C7,) and VLL mass

- VLL masses are excluded up to ~690 GeV, depending on pseudoscalar cz, -- -----------------

300 400 500 600 700 800
m,,  [GeV
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-015/index.html

Search for displaced di-muons: Overview

CMS-EXO-23-014/JHEP05(2024)047)

* Inclusive search for neutral LLPs decaying to muons

- Hidden Abelian Higgs model (H — ZpZp, ) | [
- RPV SUSY model (G — q7°, ) ) W
H----- +"}i[;" - f
- Signature:
£ p

* Displaced opposite-charged dimuons

- Backgrounds due to instrumentation and reconstruction mistakes

S " ECMS smumton | ne@oe | Rns @
QD 10 77 e STA-STA —— STA-STA
- Run-3 strategy (2022 data) o ey e IMSTMS  — TMSTMS
% 1 mZ)=20GevV ~  ---- Combined —— Combined
» New dimuon trigger: S 10 s
1072
- Lower trigger pt and d;, thresholds — 2-4 x signal w.r.t. 2018 (Run-2) 109
Sl °F A
* Muon types: STA (muon system only) and TMS (Tracker+ Muon system) S5 <F
- Categories: STA-STA and TMS-TMS % % 21: ......................................................................................................................................................
SIS {2 1c|)1 ; 1|o 162 163 164
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/index.html
http://dx.doi.org/10.1007/JHEP05(2024)047

Search for displaced di-muons: Results

CMS-EXO-23-014/JHEP05(2024)047)

1

- Background estimate from control region data: = CMS
i H—Z,Z,
m(Z ) = 20 GeV
B(ZD — uu) = 0.143

| IIIII[|I L1l

—
Q
| |||||II|

- Drell-Yan (DY): Mismeasured Z/y, tt, dibosons, cosmic ray muons, among others

- QCD: Mismeasured resonances (e.g. J/W), cascade decays with > 2 muons (e.g. B mesons)

—
<
N

* Observed data consistent with SM expectations

95% CL upper limit on BH—Z,Z,))

® Int Yor t t- N 107 Comb(i)nbescje:rved I 68% quantile Obser\1lgd'li V (97.6fb™)
| — Oo —_— e ]
erpretations. - 36.6 fb' (13.6 TeV) - -- Expected | 95% quantle = — 13.6 TeV (36.6 fb™)
-E LI L I LI I LI I LI I LI L I LI L I LI L I LI IE iC_
O - -3 -2 -1 2 3 4 5 6
- HAHM (Dark photon) model: - CMS ~$- Observed : 10° 10° 10" 1 10 10° 10° 10* 10° 10
4 —H—>Z7,(20GeV,e=5x10"")x 7 ct [cm]
2 10 TMS-TMS oo (20 e ¢ E
o ----H —>Z.Z, (50 GeV, e =7 x 1077) x 5 3 - 36.6 fb” (13.6 TeV)
- 95% CL limits on BH — ZpZp) D 107 IADI < 7/30 Orell-Yan - 4 OMS
QCD S <5 1 - — »
- Mass my_in range of 10-60 GeV - /st uncertainty . Fé fnp(aT ajog;e\c;y‘j 0y, (G) + unc. §
= O =
L . 3= 3 /107 E o o -
- Combination with Run-2 data 7 . g E Bl = ) =05 E
10 b ) 3 102k =
+ RPV SUSY model (NEW): R 107 g
. . ~ ~O ~ : O —
» 95% CL limits on o(q — q7;)B(7;uuv) E e B | N
10—1 PR S T T A T T T T N T U T N T T U T T U N A T OO M AN R I T I I A Lo 1 O m(X1) =50 GeV: Observed, m(X1)
0 5 10 15 20 25 30 35 40 @ — Observed [ 68% quantile —500 GeV — 675 GeV
- Masses: m = 125-1600 GeV and my, = 50-1575 GeV min(d /o, ) sk Exected | 95% cuantie ° °
0

10° 102 10" 1 10 10° 10° 10* 10° 10°
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Search for displaced dijets: Overview

CMS-PAS-EXO-23-013

- Search for exotic Higgs decay to in hadronic final states
. na b’ d’ T — f
- Signature: Displaced dijets L
b S - g
o
- Run-3 strategy (2022 data) TR )
p S ‘T f
* Tracker-only based analysis ¢

- Challenging due to large QCD background

34.7 fb"' (13.6 TeV)
- - 2 : | | | | ]
] ] E 10° 3 CMS simulation Preliminary E CIC) 10° ;_ CMS $ Data _;
: New Run-3 key Ingredlents 5.. - Run-3 displaced-jets trigger efficiency - Lﬁ E Pre/iminary Predicted background E
QCJ Run-2 displaced-jets trigger efficiency 104 gprompt>0.985 40 GeV. or. - 1 |
. . " . . _ . . § E - . Mg = e ,C‘CO— mm E
Displaced dijet trigger: 5-10 x signal gain . . e E w-feess 0G0V, on < o -
_ . 5 :p_) 5,5 > b B Jasrrs : L mg = 40 GeV, o, = 100 mm =
* Improved displaced vertex (DV) reconstruction 2 [ ; i
I: 102:_ ¢ * '_I_'_I_._
- LLP taggers using Graph Neural Networks (GNNSs) b oL
, | | CMS-DP-2023-043 Y e A
* Edisplaced combines displaced tracks + DVs info SO —
1= - o
o i . . it 107" | | | | |
. g . combines prompt tracks info 1 10 10 10° 096 0.97 0.98 0.99 0.995 0.998 0.9985 1.0
PIOTP ct, [mm] Displaced-dijet GNN score g
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-013/index.html
http://cds.cern.ch/record/2865844

Search for displaced dijets: Results

CMS-PAS-EXO-23-013

- Background estimate: ABCD method 34.7 0" (13.6 TeV) 34.7 fb”' (13.6 TeV)
6)\ —:LIIIIII| I IIIIII| I IIIIIII| I IIIIIII| I E f :|||||| I ||||||| I I ||||||| I I IIIIIIt
@) 4l CMS _ 104 CMS 95% CL upper limits -
10*E - = =
. CUtS on gdisplaced and gprompt SCores /l\ = Preliminary Observed E % ; Preliminary Obs.erved ;
- - O) T Median expected
L 10°c 4. ss = = 10 gg—>HH-SS mo=15Gev
— CMS, disp. jets - — s . _ .
- Expected background: 3.34 £ 1.28 events ﬁ F S—bb - Phys. F3e5.1D104 ozorzors 4 Dk S =T mS_gg gex -
o 10°g m. = 40 GeV 132 b (13 TeV) = o 107 25—40 sz =
_ % S . - - A -
- Observation: 3 data events g 10 JHEP 03 (2005) 160 - 1oL T me=SsGeV
= : 117 fo! (13 TeV) . - -
- Interpretations: 8 E :
- |\ : :— /
= AT =
- 95% CL limits on BR(H—>SS), S — bb,dd,zr O - : - : /
3 3 = 3 =
LO — - — -
- LLP mass range: 15-35 GeV o T - oF :
10 —Er_||||||| Lol Lol Lol |_w§ 10 §_||||| R Lo gl | |||||E
. TRRTR i 1 10 10° 10° 1 10 10? 10°
10 x sensitivity improvement w.r.t Run-2 results \_/ ct, [mm] ct, [mm]

- First-ever displaced S — 77 sensitivity for ct <1 m
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-013/index.html

Outlook to Run 3: New MDS trigger

- Run-2 MDS analyses relied on available MET and lepton triggers

CMS-DP-2023-043

*New Run-3 L1 CSC High-Multiplicity Trigger (HMT) seed using number of hits T
More on
- New Run-3 HLT paths targeting single and double MDS clusters Ne.w LLP
triggers
* Actively collecting and analyzing Run-3 data!
CMS Preliminary (13.6 TeV)
> L L L L L L
S 1.4 - CSC ME2/2
s | ~Fu||y_eff|0|ent — HLT threshold -
£ o at offline thresholds__ . -
=
T 1.0:— - | B |
I | T | : I o
O8r H'J( - 2
0.6 i - . s . \‘E -
I _ 210 Hits
o+ :
02 - @
0_0:' T > ey | ,: (L*)r:s F}x'pe;i“,é.‘:ttl)k.i(‘, C'_ER.\ L
100 200 300 400 500 600 700 e Rcored: SetOct 8 1851:11 2022 CRE1
Max. ClusterSize(CA4) Lumi section: 458
Trigger efficiency as function of the largest CSC cluster size (N;;:,) Event triggered by the CSC HMT trigger in 2022
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Summary

‘Innovative use of the detectors is crucial to advancing LLP frontier at the LHC and the HL-LHC

CMS,

LLP Searches: Great example of a fully integrated effort
1 CMS-DP-2023-043

- Theory, triggers, data management, algorithms, and analysis \

- Recent CMS searches were presented today: .- WL @

* Run-2: HSCPs and VLLs with LLP decays in the muon system

CMS Experiment at LHC, CERN

- Run-3: Displaced dimuons and displaced dijets

saction. 458

Run-3 HMT triggered event
- Run-3 brings LLP-tallored strategies that could enable future discoveries

STAY TUNED!
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Search for HSCPs: Extended

CMS-PAS-EXO-18-002
CMS simulation Preliminary CMS Preliminary 101 fb" (13 TeV)
8 1_ U) E‘ I | T T | T T | T T | T T | T T | T T | T 1T | I I T | T T |
= - c O ,A2 | 95% CL Upper Limits B
‘”(5-- 0.9F Signal =41 O = 107 ¢ E
- = i O - —— Observed Limit ]
0'85_ 1 > i @  Expected Limit «10, +20 _ HSCP
0.7t D NNLO+NNLL '
C o A »w 103 === (pp—T0)z10 |
06; g(l .8 TCV » 8 1 O ; RN " ;
3 10 S ]
0.42— 10—4 3 E
0.3 - .
| :
- 5| _
0.1 107 3 -
: 1 I I I | I I I | I 1 1 1 1 I 1 1 1 1 I | I [ I | I I | I I | I I I | I I I | I_
061703703 04 0.5 0.6 0.7 0.8 09 1 02 03 04 05 06 07 0.8 09 1 1.1
m. [TeV
1CIVIS Simulation Preliminary T [ ]
g T | L8 :
£ b i £ CMS Preliminary 101 b (13 TeV)
U)(D.— 0 9_— Background 3 g EI L B ‘I [T T T[T T T[T T T[T T T[T T[T T T [T T[T ] . . 1
0 85 u LI 2 401k 95% CL Upper Limits N 7OOOCM Prelmlnay 101 fb° (13 TeV)
O 1405 . 7] Q'
0 75 10 S —— Observed Limit ] =
S ] -— ] c
- g 3 @ Expected Limit +10, =20 | E 10‘2%
0.6 E N =
g g)) 1 0_2 B SLLLLLL NNLO+NNLL(pp_>§§) 1o i - §
0.5 . | o
: 10° S g
0.4F © 10° S
- - o
0.3 10 -
g 10° E £
0.2 - o)
- 10 104 2
0.1 3
: > ! o]
O_ """""""""""""""""""" 1 10_4 — = I O
0 010203040506070809 1 - 2
FPIXGIS L1 11 I 11 1 I 1 1 1 I 1 1 1 11 1 1 1 1 I INI 300 | | | | | "
i 1 12 14 16 1.8 2 %00 400 600 800 1000 1200 1400 '°

Background method details m_ .. [GeV]

Mass method results

—
oo
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-18-002/index.html

Search for VLLs w/ MDS showers: Extended

CMS Preliminary 138 b (13 TeV)

4
2 10°E R Data (OOT) CMS PAS EXO 23 01 5
0 - Background model
L 3 Background model unc.
L0 T — My, =300 GeV, m =2 GeV, ¢t,=0.060 m
E e my, =500 GeV, m =2 GeV, ct,=0.040 m
- e - m,, =700 GeV, m =2 GeV, cr,=0.025 m
10? 3
?Ll"‘w-*-'
10 gt ¥ . CMS Preliminary 138 b (13 TeV)
- | n 10
1L i c Data (IT)
= o Background model
n < >
r S L Background model unc.
107 £ my, =300 GeV, m =2 GeV, ct,=0.060 m
SRR 3 m,, =500 GeV, m_=2 GeV, ct,=0.040 m
102 e e i L L m,,, =700 GeV, m =2 GeV, ct,=0.025 m
s
o 15F
. } | + | T
2 os5F *
% 05.|...|...|...|...|...|...|...|...|..
o] 60 80 100 120 140 160 180 200 220 240
= CSC Cluster N,
. CMS Preliminary 138 fb™ (13 TeV)
2 10°F . Data (OOT)
G>> B Background model =
T sl Background model unc. 0o
LU = — my,, =300 GeV, m,=2 GeV, ct,=0.060 m =
E . My, =500 GeV, m_=2 GeV, ct,=0.040 m =
B i - m,, =700 GeV, m =2 GeV, cr,=0.025 m ©
10°F 3
o ”L.LH“?
3 t oy * o
- l U
1 @)
- o =
@€ : )
10 e - g
10_2“ """" T T ] n 1 -Lc:)- C\U
= 2F - IS 60 80 100 120 140 160 180 200 220 240
8 sk | a CSC Cluster N, .
2 osE
% 05....|....|....|....|....|....|....|....|.... CSC CategoryObservable
5] 50 60 70 80 90 100 110 120 130 140
= DT Cluster N, ..

Background estimate validation
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Search for displaced dijets: Extended

CMS-PAS-EXO-23-013
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Search for displaced di-muons: Extended

CMS-EXO-23-014/JHEP05(2024)047)
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STA-STA and TMS-TMS mass distributions (Dark photon model)
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Unlocking the CMS Muon System to catch LLPs

Barrel region
Drift Tubes (DTs)

n 01 02 03 04 05 08 07 08 09 10 11 * Muon system acts as a sampling calorimeter:

6° 84.3° 786° 731° 67.7° 62.5°  57.5° 52.8° 48.4° 44.3° 40.4° 36.8° n e

R (m)

- 4 detector layers (active material) and steel (absorber)

- LLP decays induce a particle shower

- Large background suppression from steel shielding

* Extra LLP coverage:

* Sensitivity to large lifetimes (> a few meters)

- Sensitive to LLP energy — very light LLPs, O(1 GeV)

S B S S | e - Broad range of LLP decays: qq, 777, KK, 7777, ee, vy
Endcap region
Cathode Strip Chambers (CSCs)

Muon System provides us with a unique opportunity to extend our LLP discovery reach!
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CMS LLP Sum

mary

Overview of CMS long-lived particle searches

CMS LLP Summary Plots

CMS Preliminary March 2024
UDD, §-tbs, mz = 2500 GeV g 2104.13474 (Jets with displaced vertices) [[I0.0006=0:09 1 140 fb?
UDD, §-tbs, mz = 2500 GeV g 2012.01581 (Displaced jets) [ 0l003 =11 132 fp?
UDD, t-dd, m; = 1600 GeV £ 2104.13474 (Jets with displaced vertices) [[I0.00035=0:08'm! 140 fb~1
UDD, t=dd, m;= 1600 GeV ; 2012.01581 (Displaced jets) [ 0i002=1:32'm 132 fp?
LQD, £+, =600 Gev f | 1s0s0s0s2(@u+2jetsy  <003m 3651
LQD, Fbl, m; = 460 GeV i 211004809 (Displaced leptons) ~ 00001-10m 118 b
LQD, t-bl, m;=1600 GeV t 2012.01581 (Displaced jets) [I0:005=0:24 132 fb~?
GMSB, §-gG, mg = 2450 GeV g 2012.01581 (Displaced jets) 0.006—0.55 m 132 fb~!
GMSB, §-gG, mg = 2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb~!
Split SUSY, g-qdx?, mg=2500 GeV g 2012.01581 (Displaced jets) 0.007-0.36 m 132 fb~!
Split SUSY, g-qdx?, ms = 1300 GeV g 1802.02110 (Jets + MET) <lm 36 fb~t
Split SUSY (HSCP), fzg = 0.1, mg = 1600 GeV g CMS-PAS-EX0O-16-036 (dE/dx) >0.7m 13 fb?
mGMSB (HSCP) tanB =10, u>0, m; =247 GeV T CMS-PAS-EX0O-16-036 (dE/dx + TOF) >7.5m 13 fb?
(@) Stopped £, t=tx?, mi =700 GeV f 1801.00359 (Delayed jet) 60-1.5e+13m »{39fb!
& Stopped g, §—qqgx?, f3o=0.1, mz=1300 GeV g 1801.00359 (Delayed jet) 50-3e+13 m 39 fb!
> Stopped g, g-qqx3(uux?), fzo=0.1, mg =940 GeV G 1801.00359 (Delayed pp) 600-3.3e+12 m 39 fb!
g AMSB, x *-xn*, my= =700 GeV x* 2004.05153 (Disappearing track) 0.7-30m 140 fb~1
w0 G-qqx? or q,,4, X5 X5 ~xIn =, mg=1600GeV,myo = 1575GeV y 1909.03460 (Disappearing tracks + jets with My;) 0.11-10m 137 fb~!
G-qx} or g'xi*, xi" =»xin*, mg=2000 GeV, m,e =1000 GeV  y 1909.03460 (Disappearing tracks + jets with My;) 0.26-2m 137 fb~!
t-tx? or byit, xiF->xdn*, mg=1100 GeV, my = 1000 GeV Xi 1909.03460 (Disappearing tracks + jets with Mr,) 0.25-9m 137 fb!
GMSB, x{-HG(50%)/ZG(50%), mye = 600 GeV X° 2212.06695 (Trackless jets + MET) 0.04-12 m 138 fb?
GMSB, x9-HG(50%)/ZG(50%), myo =300 GeV X2 2212.06695 (Trackless jets + MET) 0.05-24m 138 fb~!
GMSB SPS8, x?-VG, myo =400 GeV X0 1909.06166 (Delayed y(y)) 0.2-6m 77 fb1
GMSB, co-NLSP, I-IG, mj=270 GeV / 2110.04809 (Displaced leptons) 5e-05—2.65 m 118 fb~1
H-ZpZp(0.1%), Zp—uu, my =125 GeV, my =20 GeV X 2205.08582 (Displaced dimuon) 5e-05-5m 98 fb!
H-2ZpZp(0.1%), Zp-uu(15.7%), my =125 GeV, my=5GeV X 2112.13769 (Displaced dimuon scouting) 0.0001-0.25m 101 fb~!
H-XX(10%), X»ee, my =125 GeV, my =20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25m 20 fb™! (8 TeV)
- H-XX(0.03%), X=Il, my =125 GeV, my =30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12 m 118 fb~!
2 H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132 fb!
5 H-XX(10%), X—bb, my = 125 GeV, my = 40 GeV X 2110.13218 (Displaced jets + Z) 0.004-0.248 m 117 fb~!
+ H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X 2107.04838 (Hadronic decays in CSCs) 0.12—-450 m 137 fb~!
g H-XX(10%), X-»T1T, my =125 GeV, my=7 GeV X 2107.04838 (LLP decays in CSCs) 0.02-23 m 137 fb~!
2 dark QCD, my,,, = 1500 GeV, mg,,, =10 GeV, agonstic Xdar 2403.01556 (Emerging jet + jet) 0.003-0.3m 138 fb™?
e dark QCD, my,,, = 1500 GeV, m,, . =10 GeV, GNN Xgark  2403.01556 (Emerging jet + jet) <0.4m 138 fb!
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) 0.0005-2.5m 35fb~1 (13.6 TeV)
H-XX(10%), X—dd, my = 125 GeV, my = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) 0.0005-2.5m 35 fb~! (13.6 TeV)
H-XX(10%), X-TT, my =125 GeV, my =40 GeV X CMS-PAS-EXO-23-013 (Displaced Jets Run3) 0.001-0.5m 35 fb~1 (13.6 TeV)
1 1 1 1 1
1077 10~ 1073 1071 10! 103
ct [m]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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CMS Higgs to LLPs Summaries

CMS LLP Summary Plots

CMS Preliminar August 2023 CMS Preliminar August 2023
Y Yy
< 1 =\ T e e e e Y — Displaced leptons < 1 =T T e e R Y Displaced leptons
> — 3  X—eeluy, mX=50 GeV P4 = q X—eeluy, mX=30 GeV
i B | 2110.04809 1 B |  2110.04809
= 1L ] c 1
= 10 't 5 —Dimuon scouting = 10 g 3 =Dimuon scouting
0 = 4 B(X—uw)=0.13, m_=40 GeV @ - 4  B(X—uw)=0.14, m_=20 GeV
.. g - 7] 2112.1?769 X g B . 2112.1?769 § )
CMS Preliminary August 2023 2 o | 2 a2 o
P e 1 Il T rrrrm ™ T TTTIgT LILSULILLL T rrrrm T rrrrm T rrrrm I 4 -é 10 = = _D|Sp|aced d|mu0n -é 10 = _E- _Dlsplaced dImUOI’]
D ] IR | T [ S A= . . £ = 3 B(X—uw=0.13, m =40 GeV i= = 3 B(X—up)=0.14, m =20 GeV
7)) — P I I LY = Z + displaced jets = - 4 Ex0-23-014 - - 4 EX0-23-014
1\ B PR O o s ] 21 1(?1'13218 2 1073k = —Z + displaced jets 2 10°%: - —Z + displaced jets
c B . )r / . / | 117 fb™, 13 TeV -] | X—bb, m =55 GeV S = T  X—bb, m =15 GeV
E . A\ / . / m. =15 GeV (_-13 4 2110.13218 Cl) 4 2110.13218
| 1 ' 4 _ = S - — — —
. 4 ! 4l | n . 4l s .
c 1 RS N R ; /’ = =M = 40 GeV X 107E S Rt e Gev X 107E R s Gev
O 1 O_ — - : / .'. -z] ——ms=55GeV o - - 2012.01581 o = 7 2012.01581
= = o/ / LK/ — - . 5| | —Ms Clust 5| | —Ms Clust
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= 1 0_2 - : ( 3 - TS © CMS Preliminary August 2023
— -\ [ / R/ q = m;=55GeV < 1 Vo ' 5 — Dimuon scouting
O - 2\ ‘,‘ / \ KA / ] >’F = ; 1 B(X—uw=0.24, m =2 GeV
C \\ . Y/ ]  MS Clusters - QBRI
oS -\ //\ \ R/ h—ss—4d ] £x021-008 = 107k 5 —MS Clusters
‘ e . — ] X—1r, m, =7 GeV
g N DR \\ // 1 13717 13 TeV = - T Exoettos
-3 ‘\ v \__Z “-- My =15 GeV E 10_2 = = --MS Clusters
107° = - oot~ "o = =my =40 GeV = - 3 Xo KO m=1.5 Gev
— | | | | | | | I: — M, = 55 GeV o) B ] BXO-21-008
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[ ] m - ]
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107 g E
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Note: It does not include Run-3 displaced jets results Very-low mass
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CMS HNL Summary

Overview of CMS HNL results

CMS LLP Summary Plots

CMS Preliminary March 2024

UMSM, [Ven|2 =1.0, V|2 =1.0 M 0.04-124TeV 1806.10905 (= 1j + 2p) 36 fb?
£ Type-lll Seesaw Heavy Fermions, Flavor Democratic M 100—980 GeV 2202.08676 (3¢, =4L,1t+ 3,21+ 2{,3t+ 1,1t +2[,2t+ 1{) 137 fb~!
‘:-,. Type-lll Seesaw Heavy Fermions, B = 1.0, B, =B;=0.0 M 100-990 GeV 2202.08676 (34, = 44,1t +34,2t+ 24,3t + 1, 1T+ 20,2t + 1i) 137 fb!
% Type-lll Seesaw Heavy Fermions, B, =1.0, B.=B;=0.0 M 0.1-1.065 TeV 2202.08676 (3¢, =4{,1t+3(,2t+2(,3t+ 1,1t +2/,27t+ 1{) 137 fb~L
= Type-lll Seesaw Heavy Fermions, Br=1.0, B.=B,=0.0 M 100—-890 GeV 2202.08676 (3¢, =z 4,1t + 3,21+ 2{,3t+ 1,1t +2/,21+ 1{) 137 fb1
UMSM, |Ven|2 = 1.0, Vw2 = 0.0 M 0.01-124 TeV' 2403.00100 (3e) 138 fb~!
LRSM Wg(eNg), My, < My,( = 200GeV) M| 0.1-4.7 TeV| 2112.03949 (2e + 2j) 137 fb!
LRSM Wr(eNg), My, = 0.5My, M 0.1-4.8 TeV 2112.03949 (2e + 2j) 137 fb!
LRSM Wg(UNR), My, < My,( = 200GeV) M 0.1-5TeV 2112.03949 (2p + 2j) 137 fb~!
LRSM Wr(uNg), My, = 0.5My, M 0.1=5.4TeV 2112.03949 (2 +2j) 137 fb~1
~§+ @ LRSM Zg(eNg), Mz, < 0.5My,(=100GeV) M 0.1-2.79TeV 2307.06959 (2e, = 4j) 137 fb~1
g LRSM Za(eNw), My, = 0.25M5, M 0.1-3.59 TeV. 2307.06959 (2e, = 4j) 137 fb~!
LRSM Zg(uNR), Mz, < 0.5Mp,(=100GeV) M 0.1-4.38 TeV 2307.06959 (2p, = 4j) 137 fb~!
LRSM Zg(uNg), My, = 0.25Mz, M 0.1-4.1TeV 2307.06959 (2, = 4j) 137 fb~1
Composite Fermions Ne, My, <A M 0.5-6 TeV 2210.03082 (2£ + 2j) 137 fb~!
Composite Fermions N, My, <A M 0.5-6.1 TeV 2210.03082 (2p + 2j) 137 fb~!

_>'§ LRSM Wg(TNR), My, = 0.8My, M 1-3.52 TeV 1811.00806 (2T + 2j) 36 fb!

E;‘; LRSM WR(TNR), My, = 0.2My, M 1-3.75TeV 1811.00806 (2T + 2j) 36 fb~!
Displaced Majorana HNL, |Vey|2 = 1.0 x 1073 M 4.36-12.52GeV!  2201.05578 (2e + 11) 137 fb~1
Displaced Majorana HNL, |V,y|?=1.0 x 107> M 2.37-1324GeV.  2201.05578 (2u + 11) 137 fb~!
Displaced Dirac HNL, |Vey|? = 1.0 x 107> M 4.58-14.11GeV| 2201.05578 (2e + 14) 137 fb~!
Displaced Dirac HNL, |Vyy|?=1.0 x 107> M 2.63-14.93GeV  2201.05578 (2u + 11) 137 fb~!
Displaced Majorana HNL, |Vey|? =1.0 X 107> M 2.9-11 GeV CMS-PAS-EX0-21-013 (1e, = 1j) 137 fb!
Displaced Majorana HNL, |V,y|?=1.0 x 107> M 2.1-124GeV  CMS-PAS-EX0-21-013 (1p, = 1j) 137 fb~!
Displaced Dirac HNL, [Vey|2=1.0 x 1075 M 3-122GeV  CMS-PAS-EX0-21-013 (1e, = 1j) 137 fb~!
Displaced Dirac HNL, |Vyy|? =1.0 x 107> M 27-12.8GeV.  CMS-PAS-EX0-21-013 (1p, = 1j) 137 fb~?
S Displaced Majorana HNL, |Vey|2=5.0 x 1073 M 1.3-2.6 GeV CMS-PAS-EX0-22-017 (e + MDS) 137 fb~1
% Displaced Majorana HNL, |V,y|?=5.0 x 107> M 1.3-2.7 GeV CMS-PAS-EX0-22-017 (u + MDS) 137 fb~!
= Displaced Majorana HNL, |Vyy|?=1.0 x 1073 M| 1.25=1.9GeV CMS-PAS-EX0-22-017 (e/p + MDS) 137 fb~1
Displaced Dirac HNL, |Vey|? =5.0 X 107> M 1.45-2.9 GeV CMS-PAS-EX0-22-017 (e + MDS) 137 fb~!
Displaced Dirac HNL, |V,y|? =5.0 x 107> M 1.45-3.1 GeV CMS-PAS-EX0-22-017 (4 + MDS) 137 fb~!
Displaced Dirac HNL, |Vy|?=1.0 x 1073 M 1.3-2.1 GeV CMS-PAS-EX0-22-017 (e/p + MDS) 137 fb~L
Displaced Majorana HNL, [Vey|? = 1.0 x 1075 M 41-13GeV'  CMS-PAS-EX0-21-011 (2e, 1j) 138 fb~!
Displaced Majorana HNL, |V,y|?=1.0 x 1073 M 3.5-15.5GeV  CMS-PAS-EX0-21-011 (2p, 1j) 138 fb~!
Displaced Dirac HNL, |Vey|? =1.0 X 107> M 45-141GeV  CMS-PAS-EX0-21-011 (2e, 1j) 138 fb~!
Displaced Dirac HNL, |V,y|> = 1.0 x 107> M 4-16.5GeV| CMS-PAS-EX0-21-011 (2, 1j) 138 fb~!

Displaced HNL from B meson decay, |V, y|>=5.0 x 107> M 1.1-3 GeV 2403.04584 (BParking) 42 fp~1
§ Type | Seesaw VBF SSWW, |V,|? = 1.0 M 010523 TeV| 2206.08956 (2u+2j) |137 fb~!

L L L L L L L L 1 L L L L L L L L 1 L L L L L L 1 L L L L L L L L 1 L L L L
1073 1072 1071 10° 10!

Mass Scale [TeV]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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