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% Long-lived particles

* Mechanism of macroscopic lifetimes:

— Small coupling CT(m)All

- Reduced phase space 0 i

small mass difference with final state 0o ®

particle(s) ‘&,

| T 08 g0’
— Heavy off-shell mediator . @ "
10710 + .77 . s H
* The Standard Model has several particles withlo_m | e © Z&t
macroscopic lifetimes 77— I I I —t
1071 1077 1 107 M (GeV)

@ @ (e.g. neutrons)
' ~

C T

[Knappen, Lowette, 2022 (2212.03883)]

(e.g. pions, muons, kaons)

[from Brian Shuve: source]



https://arxiv.org/abs/2212.03883
https://indico.cern.ch/event/607314/contributions/2542308/attachments/1447888/2231430/LHC-LLP_Shuve.pdf

The Compact Muon Solenoid
(CMS)



“Ah, it’s the one other than ATLAS?”

— from a conversation at Blois

e ——



Let me try to convince you that
even CMS has a very mature and diverse search program
for long-lived and non-conventional signatures

)



4 Long-lived particle (LLP) signatures

diséppearing or'

* Long-lived BSM particles can produce a wide range of displaced Kinked tracks
. . multitrack vertices \
unconventional signatures

* Non-standard backgrounds ? |
* Traditional techniques may be inefficient s
* May need: / lepton pairs )
— Dedicated triggers
— Special reconstruction

1 | non—pointir.lg
\ | ...~ (converted) photons

emerging jets

trackless,
i low-EMF jets

quasi-stable
charged Qarticles

multitrack vertices in the
muon spectrometer

! ol

[from Heather Russell: source]
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 Different sub-detectors relevant for
different lifetimes

* Need a wide variety of searches to

explore different scenarios n


https://indico.cern.ch/event/607314/contributions/2542309/attachments/1447873/2231444/20170424_LLPs.pdf

Searches with unconventional signatures

Unconventional: not only long-lived!

Title

PAS-EXO-21-013

Search for long-lived heavy neutral leptons with lepton flavour conserving or violating decays to a jet
and an electron, muon, or tau lepton

Status
PAS (Preliminary)

Date
18 March 2023

EXO-19-009

A search for new physics in central exclusive production using the missing mass technique with the
CMS detector and the CMS-TOTEM precision proton spectrometer

Submitted to EPJC

8 March 2023

PAS-EX0-20-010
NEW!

Search for inelastic dark matter in events with two displaced muons and missing transverse
momentum in proton-proton collisions at Vs=13 TeV

PAS (Preliminary)

3 March 2023

EXO-21-014

Search for long-lived particles using out-of-time trackless jets in proton-proton collisions at vs=13
TeV

Accepted by JHEP

13 December 2022

PAS-EXO-19-006

Search for fractionally charged particles in pp collisions at Vs=13 TeV

PAS (Preliminary)

29 November 2022

EXO-21-006 Search for long-lived particles decaying to a pair of muons in proton-proton collisions at vs=13 TeV Accepted by JHEP 17 May 2022
EXO-20-014 Search for long-lived particles decaying into muon pairs in proton-proton collisions at vs= JHEP 04 (2022) 062 27 27 December 2021
13 TeV collected with a dedicated high-rate data stream
EXO-20-003 Search for long-lived particles produced in association with a Z boson in proton-proton collisions at Vs=13 JHEP 03 (2022) 160 25 October 2021
TeV

EXO-18-003 Search for long-lived particles decaying to leptons with large impact parameter in proton-proton collisions at EPJC 82 (2022) 153 10 October 2021
Vs=13 TeV

EX0O-20-015 Search for long-lived particles decaying in the CMS endcap muon detectors in proton-proton collisions at PRL 127 (2021) 261804 10 July 2021
Vs=13 TeV

EXO-19-013 Search for long-lived particles decaying to jets with displaced vertices in proton-proton collisions at PRD 104 (2021) 052011 28 April 2021

Vs=13 TeV

... and many more: http://cms-results.web.cern.ch/cms-results/public-results/publications/EXOl/index.html

* Several very interesting results

* Will only show results from a (biased) selection (in bold)



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html

\ \ Trackless and out-of-time jets

Nearly mass-degenerate charginos and neutralinos

000 0ot 0ot ot
Production: ¥0%3, X%, XoXi, X3 X7

p

They decay toX!: effective X}-pair production .

Signal jets arrive at ECAL 1-10 ns later.
Effective jet time resolution 400-600 ps

Dedicated delayed jet DNN tagger
— Binin terms of # tagged jets
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https://arxiv.org/abs/2212.06695

Events / bin
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/< EXO-21-006 (2205.08582)

Hidden Abelian Higgs Model (HAHM):

- Dark photon (Zp) > muons H-----

Simplified model:

—  Exotic heavy neutral scalar () »
LL scalar (X) > muons

Dedicated di-muon triggers

—  require 2 muons to be reconstructed in the muon system, without

using tracker |
Search categories defined based on the subdetector used to reconstruct For 20<m(Z5)<60 GeV and B(H= ZoZ,=1%):

the muon ct(Zo) ech:luded up to ~100m. 076" (13 TeV)
— . = L0 o L B L I I IS B
Bin in terms of di-muon mass (no excess) 5 iwECMS - -1
61.3 o™ (13 TeV) —10° 97.6 fb (13 TeV) & 108 ;— 95% CL exclusion contours ggﬂ:ggég; N g:g?:ﬁ _§
o N B B BN B SLA R B IR 95% GL upper limits: ’ 10°F B(H-2,2) =0008% 3
E CMS L ngr\ée?g(éo(t;ag\;iivfztj)o's) x4 E = 105 CMS — Combined observéd 4 3 3
C — HHZDZD(50 GeV g =4 x 109 x8 1 % 4 m, = 1000 GeV - - Combined expected (median) 10 3 E
C STA-STA [ | Drellf[\)(aDn (predict‘ed) ] 103 m, =350 GeV 0 Combined expected (68% quantile) 10° B E
- QCD (predicted 3 X10 Combined expected (95% quantile) 2f 3
n (225 Stat. ngziarglit)z 15, , - - STA-STA expected (median) 107k E
C Total bkg. (unbinned): 6.3 tgg events E 10 - - TMS-TMS expected (median) 10 3 E
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SRR = For exotic heavy neutral scalars above Higgs mass:
- best constrains on ct(X

3102 10


https://arxiv.org/abs/2205.08582

Displaced di-muon

* Lower m(Zp) covered in previous search: EXO-20-014 (2112.13769)
* Thisalso includes scalar resonance in b hadron (hy) decay:
— Singlet scalar field ¢ mixes with H

- Weak coupling of scalar ¢ with SM fermions - ¢ is long-lived

101 fb' (13 TeV)

ctd=1 mm
I 68% expected

95% expected

HIM

pp =>h = 06X —2uX — Observed limit (95% CL)

........ Median expected limit

%

L n L I " | " f
05 06 0.7 08 09 1 2 4 5
m, [GeV]
101 fb™ (13 TeV)
=3
?— pp >h = 60X —=2uX —— Observed limit (95% CL)
- o100 i Median expected limit
5 cty=100 mm
< - 68% expected
< 107 95% expected
1
Known SM resonances . W
= 108 l
10°°
1070 ‘
10—11

L L L P
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https://arxiv.org/abs/2112.13769

2

Events / category
2 2

10°

See-saw mechanism - sterile HNLs

HNL (N) is long-lived for B
small coupling strength with e, y, T (fe, f,, f:) <

Dirac HNL: (l1, ) have OS
Majorana HNL: (ly, [,) can have OS or SS

Dedicated displaced jet (neural network) tagger

Events categorized based on:

CMS Preliminary

Transverse impact parameter significance:
de&y = dxy/0(dxy)

Lepton flavor

Lepton pair sign
Resolved or boosted (l,, g and g’ within a jet)

Bin in terms of d*& of |,
138 fb™ (13 TeV)
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CMS Preliminary 138 fb™ (13 TeV)
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No excess

Strongest limits for pure muon
coupling: |coupling|?> 5(4)x10”’
excluded for Dirac (Majorana) HNL
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-013/index.html

Inelastic dark matter

Two DM states X; and X
Small mass gap (A = m>-m; = xmy; x=0.1, 0.4)

Inelastically coupled
- Xislong-lived

*  Kinetically mixed heavy dark photon: m(A’) =3m;,
*  Soft, collimated decay products

X; collimated with muons

* Dedicated displaced standalone (dSA) muon
reconstruction algorithms

*  Require #dSA muons = 2

Bin in terms of #dSA muons matched to
standard muons (with tracker)

. No excess

. 138 fb™' (13 TeV)
,510E‘d\n\s---w--wwHw----|-~w~--|-- E
% 106 %, Preliminary 0 muons matched O'matC}E
L%) 105;_ Background = 50 GeV, 10%, 100 mm ;
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10° = y —
E +Data 3
4] E
102 =
10 g 4
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E [ W00
30 35

min(d), ) [em]

0-match bin contains highly displaced muons
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transverse
momentum

Muon transverse production distance Ve [cm]

Soft muons

CMS Preliminary

Lighter DM state

A=0.1m,
Exclusion boundary (e, = o,,)
Exclusion boundary (o, = 0.1)

o Mixing between

dark photon and Z

EXO-20-010

Heavier DM state
(long-lived)

e

(stable) o 1 157 1
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I daxym
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For small A, DM annihilation rate largely depends on

[1508.03050]: y (interaction strength) and m;

colliders

First ever search for inelastic dark matter (iDM) at hadron

10°
ct[cm]



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-010/index.html
https://arxiv.org/pdf/1508.03050.pdf

| Displaced vertices

R-parity violating benchmark models EXO-19-013 (2104-13fl7)

—  Pair production of long-lived neutralinos, gluinos and top
squarks

Multiple jets: use Hr triggers
Dedicated Kalman-Filter based vertex reconstruction

AN

— Usingonly tracks with large impact parameter significance
(dxy/Oaxy = 4)

101 fb™ (13 TeV)
L A

-
- Signal vertices are required to have =5 tracks Er0r NS ] g e
o L B
s @ o e ct=0.3mm H
3 search bins [0, 0.4, 0.7, 40 mm] in terms of dw v g | i S b
CMS 140" (13Tev) __ CMS 140" (13 Tev) B, e
701G > tos —— Observed* 15, § f>dd —— Observedt 1o, § == /.\, 10_1;5 .--“:.'"-'-7""-“"':;""5-""'"-""'EE
CMS disp. jets (§) ~ ===: Expected * 10, o CMS disp. jets ~ ===: Expected + 10, it Z A : E
o : - < ., : m/%// 3l H i
© o © L~
"""""""""""""""""" 10 5 & 10 § 102k ,
= = < NO excess 241 N A
é g 0 05 1 15 2 25 3 35 4
5 5 ) ) d,\, (mm)
18 e 1 § ¢ Forthe masses considered, most stringent
a a limits for the c1=0.1-15 mm
& R
108 108

(displaced jets has higher sensitivity
above 15mm)


https://arxiv.org/abs/2104.13474

Overview of LLP searches at CMS

CMS Preliminary March 2023
LUDD, §-tbs, my = 2500 GeV § 2104.13474 (Jets with displaced vertices) 140 b2
DD, §-tbs, my = 2500 GeV § 2012.01581 iDisplaced jets) 132 fp?
UDD, t-+dd, mi= 1600 GeV t 2104.13474 (Jets with displaced vertices) 140 fp2
UDD, £dd, mi=1600 GeV i 2012.01581 (Displaced jets) [N GI0Z=TISaH 132
LD, b, mi = 600 GeV' | 180805082(2p+2jetsy  <00Hm 3
LD, {-bl, mi = 460 GeV' i 118 fo~
LQD, t-bf, mi = 1600 GeV t 2012.01581 (Displaced jets) [ G005=024 | 132
GMSE, §gG, my = 2450 GeV § 2012.01581 (Displaced jets) 0.006-0.55 m 132 2
GMSB, —+gG, ms= 2100 GeV i 1906.06441 (Delayed jet + MET) 032-34m 137 2
Spiit SUSY, G-qdqy?, m; = 2500 GeV § 2012.01581 (Displaced jets) 0.007-0.36m 132 b2
Split SUSY, G=ady?, m; = 1300 GeV § 1802.02110 (Jets + MET) «lm 36 b
Split SUSY (HSCP), f5,=0.1, my = 1600 GeV i CMS-PAS-EX0-16-036 (dE/dx) S0 (13
mGMSE (HSCP) tanf = 10, u=0, m: = 247 GeV F CM5-PAS-EX0-16-036 (dE/dx + TOF) TS |13
Stopped £, f=ty %, m: = 700 GeV i 1801.00359 (Delayed jet) BO-16e413m |39 b
E Stopped §, §=adx?, f;, = 0.1, my= 1300 GeV g 1801.00359 (Delayed jet) G0-3e+13m |39 b
> Stopped §, §-qdadiuux?), fz = 0.1, m; =940 GeV § 1801.00359 (Delayed pp) §00-3.3e512m »|39m
g AMSE, y *—=y?m®, my- = 700 GaV ¥ 2004.05153 (Disappearing track) 07-30m 140 fb~?
w G-qdyi or g, 4.5 =xin*, my = 1600GeV,m,; = 1575GeV y = 1909.03460 (Disappearing tracks + jets with Mrz) 0.11-10 m 137 fb2
Gaxd or gyt ok =xtn e, mg= 2000 GeV, mye= 1000 GeV ¥E 1509.03460 (Disappearing tracks + jets with Myz) 026-2m 137 fp~?
'r—>rx'§' or by, xS xam s, mi= 1100 GeV, myg = 1000 GeV X 1909.03460 (Disappearing tracks + jets with Mrz) 025-9m 137 b2
GMSE, y2—HG(50%)/ZG(50%), my = 600 GeV ] 2212.06695 (Trackless jets + MET) 0.04-12 m 138 2
GMSB, §2-HG (50%)/ZG(50%), mye = 300 GeV 2 2212.06695 (Trackless jets + MET) 0.05-24 m 138 2
GMSE SPS8, yP—yG, mye = 400 GeV X 1909.06166 (Delayed y{y}) 02-6m 77 b
GMSE, co-NLSP, I+IG, mi= 270 GeV i 2110.04809 (Displaced leptons) Ge-05-2.65 m 118 fb?
H=ZoZ o 0.1%), Zo-sp, my = 125 GeV, my = 20 GeV' X 220508582 (Displaced dimuon) Gel5-5m 98 b
L HRZeZol01%) Zo-uu(157%) my=125 GeV, my =5 GeV  x [211213769 [Displaced dimuon using scouting) 0.0001-025 m 101 fp?
@ H-XX(10%), X-ee, my =125 GeV, my = 20 GeV X 14116977 (Displaced dielectran) 0.00012-25 m 20 b (B TeV)
g H-XX[0.03%), ¥-II, my = 125 GeV, my =30 GeV X 2110.04800 (Displaced leptons) 0.001-0.12m 118 i
o | HeXX(10%), X-bb, my =125 GeV, my =40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132 fp?
B HoXX(10%), X~bB, my =125 GeV, my = 40 GeV X 2110.13218 (Displaced jets + Z) 0.004-0.248 m 17 f?
B HoXX(10%), X-bb, my =125 GeY, my =40 GeV x 2107.04838 {Hadronic decays in C5Cs) 0.12-450 m 137 b2
S H-XX{10%), X—TT, my = 125 GeV, my=T7 GeV X 2107.04838 (LLP decays in CSCs) 0.02-23 m 13772
dark QCD, my,, =5 GeV, my,, = 1200 GeV' Yo 1810.10069 (Emerging jet + jet) 0.0022-03m 16 b
1 1 1 1 1
107 1075 1073 10°1 10! 10°

et [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.

* Sensitivity to a lifetimes spanning several orders of magnitude (depending on the model)




Other unconventional signatures




4 Fractionally charged particles (FCPs)

EXO-19-006

* Charge Q lower than 1e:

59.7 fb" (13 TeV)

— lonization loss: dE/dx « Q2 softer dE/dx spectrum ::‘2 oM Pralminary . somen rgon
- More hits with low dE/dx (N'¥ 9/4x....); threshold for “low” layer dependent 5 10" [ Control region
*  Account for radiation damage: f‘;:’ 10"
—  Hits from pixel layer closest to the beam not counted Z g
- Signal dE/dx spectrum independently corrected for each layer K
—  Period and layer dependent “low” dE/dx threshold (~1 to ~2.2 MeV/cm) 10°
*  Search region - count N'w 4/ in: $3 12, — “I. ” ) ;‘ M*I“,m;m
- Events with only 1 track 380l ) e

2 4 6 8 10 12 14

- Events with 2 tracks with invariant mass <80 or >100 GeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-006/index.html

CMS TOTEM precision proton spectrometer (CT-PPS)

—  Reconstruct flight path of protons from the interaction point

Generic search for massive heavy BSM particle X
—  central exclusive production
Extract 4-momentum of X from the balance between:

- 2forward protons and tagged SM particles

Missing mass (Mmiss) approach (~2% CMS+CT-PPS mass resolution)

- No assumption about the decay properties of X

Dominant background from Z/y+jets with 2 pileup protons:

Events / bin

. 2
+ PR — (Py + Bott 4 P |

CMS central detector
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—eo o 1o el

EXO-19-009

LHC sector 56
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specific searches



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-009/index.html

A Summary

* Significant progress in exploiting the full
capability of the detector

— Awide variety of models and signatures
explored

— Presented only a small subset

— Tremendous work in developing specialized
triggers, reconstruction, etc.




What to look forward to
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EXO-19-006

Table 1: Number of tracks observed, expected for background events, and expected for signal
events, in the highest N9 9E/9X bin, for each data set. The corresponding systematic uncer-
tainties are also listed. The results for an FCP scenario at a mass of 100 GeV and a charge of

2/3 e (i.e. the most sensitive scenario) is also shown.

Early 2016 Late 2016 2017 2018
Nnbser\-’ed 0 1 0 1
NE:f;cmd d 0.04 0.09 0.22 0.09

3 gr()un

Fit function +3771% +159% +231% +19%
Fit range +30% +0.3% +14% +28%
Nj;ﬁ*;ﬁ*“‘ 602 988 2720 3622
L1 frigger inefficiency 5.0% 5.0% 5.0% 5.0%
Energy loss sim. in muon system  +3.8%-2.7% +3.8%-2.7% +3.8%-27% +3.8%-2.7%
Muon detector inefficiency 3.0% 3.0% 3.0% 3.0%
Luminosity 2.5% 2.5% 2.3% 2.5%
Selection 2.0% 2.0% 2.0% 2.0%
dE/dx corrections 3.8% 1.1% 2.3% 1.7%

Limited signal sample <1% <1% <1% <1%




EXO-19-009

2017 {13 TaV) 2017 {13 TeV)
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4 EX0-19-013

Systematic effect Dijet uncertainty (%) Multijet uncertainty (%)
Vertex reconstruction 1141 1-36
PDF and a5 uncertainty 1-8 1-8
Integrated luminosity 2-3 2-3
Jet energy scale 5 5
Jet energy resolution 2 2
Pileup 2 2
Trigger efficiency 1 1
Changes in run conditions 1 1
Total 1342 7-36
Systematic uncertainty (%)
Systematic effect 0-04mm 0407mm 0740mm
Closure in 3-track control sample 10 14 50
=5-track template normalization factor 24 24 24
Difference from 3-track vertices to =5-track vertices:
Modeling of vertex pair survival efficiency 9 20 25
Modeling of Adgwqy 3 ] 6
Variation of b quark fraction 3
Variation of b tagging correction factors 0.5 0.5 1
Total 28 35 bl

e ——
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