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* CMS projections in development for Long-Lived
Particle searches with HL-LHC:

— Search for heavy, neutral long-lived particles in
decays to delayed jets

— Searches with disappearing tracks

— Exploring exotic final states with unconventional
track signatures
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HL-LHC (Phase 2) CMS Detector Upgrade

Technical proposal CERN-LHCC-2015-010 https://cds.cern.ch/record/2020886
Scope Document CERN-LHCC-2015-019 https://cds.cern.ch/record/2055167

L1-Trigger/HLT/DAQ Barrel Calorimeters
https://cds.cern.ch/record/2283192 https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283193 * ECAL crystal granularity readout at 40 MHz with precise
* Tracks in L1-Trigger at 40 MHz timing for e/y at 30 GeV

e ECAL and HCAL new Back-End boards

Muon systems
https://cds.cern.ch/record/2283189
* DT & CSC new FE/BE readout

* RPC back-end electronics

* New GEM/RPC1.6<n<2.4

* Extended coverage ton =3

* PFlow-like selection 750 kHz output
* HLT output 7.5 kHz

Calorimeter Endcap

L]
https://cds.cern.ch/record/2293646 . \
* 3D showers and precise timing
* Si, Scint+SiPM in Pb/W-SS

Beam Radiation Instr. and
Luminosity, and Common
Systems and Infrastructure
https://cds.cern.ch/record/002

Tracker https://cds.cern.ch/record/2272264 . - . —
* Si-Strip and Pixels increased granularity MIP Timing Detector
* Design for tracking in L1-Trigger https://cds.cern.ch/record/2296612
* Extended coverage ton =~ 3.8 Precision timing with:

* Barrel layer: Crystals + SiPMs
New paradigms (design/technology) for an HEP * Endcap layer: Low Gain Avalanche Diodes

experiment to fully exploit HL-LHC luminosity
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Delayed Jets

* Use timing to search for jets from decay of heavy
neutral Long-Lived Particles; extends coverage
for lifetimes beyond tracker

°* Extension of Run 2 search E |
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Delayed Jets with CMS Phase 2 Detector

* CMS Phase 2 detector offers tremendous potential
for timing-based long-lived particle searches:

— MIP Timing Detector with 30-40ps resolution
— Endcap Calorimeter timing and improved ECAL timing
— ECAL timing in L1 trigger

— Muon chamber (DT/RPC) timing (lower resolution, but
far from 1nteraction point)

* Analyses with dominant non-collision bkgs stand to
gain even more than sqrt(L) from HL-LHC

* (Internal: Important that Phase 2 energy reco
algorithms not be biased against long-lived particle
signatures
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CMS Delayed Jets Run 2 Result
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CMS EXO-19-001, Phys. Lett. B 797 (2019) 134876
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Disappearing Tracks in CMS

Isolated track
Missing outer tracker hits

Low associated calorimeter energy

No muon hits
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Extension of Run 2
search (CMS-EXO-

19-010)

Run 2 analysis
triggers on MET;
could gain in signal
efficiency 1f tracking

available at L

| trigger

Will be availal
CMS Phase 2

ble with
trigger



CMS Disappearing Tracks Run 2 Result

140 fb' (13 TeV)

101 fb' (13 TeV)
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* Limits on chargino lifetime vs mass for wino-like
(Left) and higgsino-like (Right) LSP in AMSB

e CMS-EXO-19-010: Phys. Lett. B 806 (2020) 135502
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Exploring Unconventional Track Signatures

ong-lived | heavy stable SUEPs (Soft Unclustered
ong-lived particles charged particles — large multiplicity
— displaced tracks ~ — anomalous tracks of soft tracks  LNergy Patterns)

e NWH
| N

» Different needs for different models
* LLPs: prioritize large impact parameters
» SUEPs: prioritize low pT threshold
» Stable charged particles: benefit from
dE/dx or timing information

* Goal: Extend tracking + trigger reach with HL-
LHC detectors
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verview of CMS Long-Lived Particle Searches

Overview of CMS long-lived particle searches

CMS Preliminary 3-140fb~1 (8, 13 TeV)

RPV UDD, §-tbs, mg = 2200 GeV g 38 fb~! (13 TeV

RPV UDD, §-tbs, mg = 2500 GeV § 132 fb~1 (13 Te)

RPV UDD, t-dd, m; = 1300 GeV t 38 fb~1 (13 TeV.

RPV UDD, t-dd, mi = 1600 GeV t 132 fb~1 (13 Te)

RPV LQD, t-bl, mi = 600 GeV t 36 fb~1 (13 TeV.

RPV LQD, f=bl, mi =600 GeV t E (Disp. e +disp. p) .0 ).4 3 fb~1 (13 Tev)

RPV LQD, t-bl, m; = 1600 GeV t CMS-PAS-EX0-19-021 (Disp. jets) [ 0005=024"m| 132 fb~! (13 Te)
GMSB, §-gG, m; = 2450 GeV § CMS-PAS-EX0-19-021 (Disp. jets) 0.006—0.55 m 132 fb~1 (13 Te)
GMSB, §-gG, mg = 2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34 m 137 fb~1 (13 Te)

Split SUSY, §-qgx?, mg = 1300 GeV g 1802.02110 (Jets + MET) <lm 36 fb~! (13 TeV

Split SUSY (HSCP), fzg = 0.1, ms = 1600 GeV § CMS-PAS-EX0-16-036 (dE/dx) >0.7m 13 fb~1 (13 TeV.

%9  MGMSB (HSCP) tanB=10,u>0, m;=247 GeV ¢ CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m 13 fb~1 (13 TeV
A%  Stopped £, E-tx?, mi =700 GeV 3 1801.00359 (Delayed jet) 60—1.5e+13 m 39 fb~! (13 TeV
Stopped §, §-qGx?, fzo=0.1, mg=1300 GeV g 1801.00359 (Delayed jet) 50-3e+13 m 39 fb~1 (13 TeVv
Stopped §, §-qax3(uux?), fo="0.1, mg =940 GeV § 1801.00359 (Delayed pp) 600—-3.3e+12 m 39 fb~1 (13 TeVv
AMSB, x *-x9n*, my= =700 GeV x* 2004.05153 (Disappearing track) 0.7-30 m 140 fb~! (13 Te)

GMSB SPS8, x{-yG, mys = 400 GeV X 1909.06166 (Delayed y(y)) 0.2-6m 77 fb~1 (13 TeV
H-XX(10%), X—»ee, my =125 GeV, my=20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25 m 20 fb~! (8 TeV)

E H-XX(10%), X-uu, my =125 GeV, my=20 GeV x | [1411.6977 (Displaced dimuon) 0.00012-100 m 20 fb~1 (8 TeV)
8 H-XX(10%), X-bb, my =125 GeV, my =40 GeV X CMS-PAS-EX0-19-021 (Displaced jets) 0.001-0.53 m 132 fb~1 (13 Te)
dark QCD, my,, =5 GeV, my, = 1200 GeV XpK 1810.10069 (Emerging jet +jet) 0.0022-0.3 m 16 fb~! (13 TeV

1 1 1 1 1 1 1
1074 1073 1072 1071t 10° 10! 107 103
ct [m]
LHCP 2020

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.

* CMS LLP Results:
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LLP.html

CMS Public HL-LHC Physics Projections

* Full list of CMS public HL-LHC physics projections:

CMS-PAS-FTR-18-040 Search for a new scalar resonance decaying to a pair of Z bosons at the High-Luminosity LHC February 2019
CMS-PAS-FTR-18-037 HL-LHC searches for new physics in hadronic final states with boosted W bosons or top quarks using razor variables February 2019
CMS-PAS-FTR-18-035 Projection of searches for exotic Higgs boson decays to light pseudoscalars for the High-Luminosity LHC February 2019

Sensitivity study for a heavy gauge boson W' in the decay channel with a tau lepton and a neutrino at the High-

CMS-PAS-FTR-18-030 Luminosity LHC February 2019
CMS-PAS-FTR-18-019 Prospects for HH measurements at the HL-LHC Decerzn(? 1e ;
Prospects for exclusion or discovery of a third generation leptoquark decaying into a = lepton and a b quark with the December

Llim s upgraded CMS detector at the HL-LHC 2018
- SR 0 . - . . December

CMS-PAS-FTR-18-027 Constraining nuclear parton distributions with heavy ion collisions at the HL-LHC with the CMS experiment 2018
CMS-PAS-FTR-18-036 Anomalous couplings in the ttZ final state at the HL-LHC Deceg‘:fg
n q . . - December

CMS-PAS-FTR-18-029 Search for excited leptons in £ final states in proton-proton collisions at the HL-LHC 2018
. . . . . December

CMS-PAS-FTR-18-025 Performance of jet quenching measurements in pp and PbPb collisions with CMS at the HL-LHC 2018
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR/index.html

* HL-LHC and Phase 2 upgrade of CMS detector
will open up new opportunities for long-lived
particle searches

* CMS sensitivity studies for LLP being developed
for Snowmass:

— Search for heavy, neutral long-lived particles in
decays to delayed jets

— Searches with disappearing tracks

— Exploring exotic final states with unconventional
track signatures
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CMS Delayed Jets Run 2 Result

CMS 137 b (13 TeV)
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Disappearing Tracks (CMS-EXO-19-010)

Expected backgrounds

Data-taking period 7,y . Observation
Leptons Spurious tracks Total
2017 4 144+09+02 109407447 122411447 17
5 114£04401 1.0+£02+06 21+04+06 4
>6 67+11+£07 0044+004700% 6.74+1.1+£07 6
2018 A 4 119401 62405+£35 73754 +£35 5
5  02705+00 05401403  06705+03 0
>6 18156402 0044004700  1.870¢+02 2
2018 B 4 00708+00 103406454 103730 +54 11
5  04707+01 06402403  1.0707+03 2
>6 57717406 0.00750s£0.00 57717406 1

* Phys. Lett. B 806 (2020) 135502
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CMS EXO Results

Overview of CMS EXO results

CMS preliminary 36-140 fb~! (8,13 TeV)
String resonance M 0.5-8.1 1912.12238; 1604.08907 (2j) 137 fb~t
Zy resonance M 0.35-4  1712.03143 (2 + 1y; 2e + 1y; 2j + 1y) 36 fb!
N Higgs y resonance M 0.72-3.25  1808.01257 (1j + 1y) 36 fb~t
2 Color Octect Scalar, kZ =1/2 M 0.5-3.7 1912.12238; 1604.08907 (2j) 137 bt
s Scalar Diquark M 0:5=7.51912.12238; 1604.08907 (2j) 137 fb~t
tt+ ¢, pseudoscalar (scalar), g2, x BR(¢-2{) > = 0.03(0.004) M 0.015-0.075 1911.04968 (3¢, = 4f) 137 fb~?t
tE + ¢, pseudoscalar (scalar), g2,, x BR(§-21) > = 0.03(0.04) M 0.108-0.34 1911.04968 (3£, = 4f) 137 b=t
quark compositeness (qd), Nuuar = Nisn Z12181111803.0803 (2j) 36 fb~!
L2 quark compositeness (££), fuar = 1 A <2011/1812.10443 (20) 36 fb~t
5% quark compositeness (¢§), N = — 1 Nimn <17.511803.0803 (2j) 36 fb~t
S’ £ quark compositeness (££), numr = — 1 A <32 1812.10443 (20) 36 fb_i
£ Excited Lepton Contact Interaction M 0.2-5.6 2001.04521 (2e + 2j) 77 fo
Excited Lepton Contact Interaction M 0:2=5.7 1 2001.04521 (2p + 2j) 77 fb~t
(axial-)vector mediator (xx), gq = 0.25, gom = 1, my =1 GeV M <1.8  1712.02345 (= 1j + EF'**) 36 fb~?
(axial-)vector mediator (g§), gq = 0.25, gom = 1, m, = 1 GeV/ M 0.5-2.8  1912.12238; 1604.08907 (2j) 137 fb~?t
scalar mediator (+t/tf), g =1, gom =1, m, =1 GeV M <0.29 1901.01553 (0, 1£ + = 3j + E}'*%) 36 fb~t
H pseudoscalar mediator (+/tf), g =1, gom = 1,my =1 GeV M <03 1901.01553 (0, 1¢ + = 3 + Ef'ss 36 fb~!
E scalar mediator (fermion portal), Ay =1, m, =1 GeV M <14 1712.02345 (= 1j + EJ's) 36 fbt
3 complex sc. med. (dark QCD), My, =5 GeV, CTx,, = 25 mm M <154 1810.10069 (4j) 36 fb~?
8 Baryonic Z', gq=0.25, gom = 1, m, = 1 GeV M <1.9 1908.01713 (h + E}'™) 36 fbt
2'—2HDM, g7 =0.8,gom = 1, tanB = 1, m, = 100 GeV M 0.5-3.2  1908.01713 (h + EJ's5) 36 fbt
Vector resonance, gq = 0.25, gom = 1, my =1 GeV. M 0.35-0.7  1911.03761 (= 3j) 18 fb~*
Leptoquark mediator, 1,B8=0.1, Ax,pm = 0.1, 800 <M, <1500 GeV M 0.3-0.6 1811.10151 (1p + 1j + EF') 77 fb~t
RPV stop to 4 quarks M 0.08-0.52 1808.03124 (2j; 4j) 36 fb!
2 RPV squark to 4 quarks M 0:1=0.72° 1806.01058 (2j) 38 fb!
3 RPV gluino to 4 quarks M 0:1=1:41" 1806.01058 (2j) 38 fb~?
RPV gluinos to 3 quarks M <1.5 | 1810.10092 (6j) 36 fb~t
ADD (jj) HLZ, ngp =3 M <12 11803.0803 (2j) 36 fb!
ADD (yy, £8) HLZ, negp =3 M <913 11812.10443 (2y, 21) 36 fb~!
" ADD Gy emission, n =2 M <9.9111712.02345 ( = 1j + EP'ss) 36 fb~t
5} ADD QBH (jj), nep = M <812111803.0803 (2j) 36 fb~t
2 ADD QBH (ep), nep = M <5.61802.01122 (ep) 36 fb~t
E RS Gl(yy), ki = 0.1 M <4.11809.00327 (2y) 36 fb~?
= RS QBH (jj), neo M <5191111803.0803 (2j) 36 fb~!
£ RS QBH (ey), nep M <356 1802.01122 (ep) 36 fb~!
“ non-rotating BH, Mo = 4 TeV, ngo M Z9171111805.06013 ( = 7j(L, y)) 36 fb~?
split-UED, pu = 4 TeV 1R 0/4=2.9"" 1803.11133 (£ + EF'=) 36 fb!
RS Gy(qd, 99), kiMp =0.1 M 0:5-2.6 | 1912.12238; 1604.08907 (2j) 137 fb~t
excited light quark (gy), fs M 1=515111711.04652 (v +j) 36 fb~!
P excited b quark, fs=f=f=1, M 1=18 1711.04652 (v +]) 36 fb~?
%—E excited light quark (gg), A=mjg M 0:556:3711912.12238; 1604.08907 (2j) 137 fb~?!
@ g excited electron, fs=f=f=1,A=m_ M 0:25-3.9 1811.03052 (y + 2e) 36 fbt
excited muon, fs=f=f=1,A=m; M 0:25=3:8 | 1811.03052 (v + 24) 36 fb?
a UMSM, |Ven|? = 1.8, Vi[> =1.8 M <12  1802.02965 (3(u, ) 36 fb~!
E; UMSM, [VenVyy|2/(|Ven|? + [Vin|?) = 1.0 M 0.02-1.6 1806.10905 (2¢, = 1j) 36 fb~t
SE Type-Ill seesaw heavy fermions, Flavor-democratic M <0.88  1911.04968 (3¢, = 41) 137 fb~t
5 Vector like taus, Doublet M 0.12-0.79  1905.10853 (3£, = 44, 24, = 1T) 77 fb~1
scalar LQ (pair prod.), coupling to 1° gen. fermions, =1 4 <1.44  1811.01197 (2e + 2j) 36 fb~t
o scalar LQ (pair prod.), coupling to 1% gen. fermions, §=0.5 M <127 181101197 (2e + 2j; e + 2j + Ef'*") 36 fb~!
f; scalar LQ (pair prod.), coupling to 2"¢ gen. fermions, B =1 M <153 1808.05082 (2u + 2j) 36 fb?!
§- scalar LQ (pair prod.), coupling to 2™ gen. fermions, B M 0.8-1.5 1811.10151 (1p + 1j + EF'™*) 77 fb~1
S scalar LQ (pair prod.), coupling to 2" gen. fermions, B M <129  1808.05082 (2j + 2j; u + 2j + EF'™*) 36 fb~!
= scalar LQ (pair prod.), coupling to 3 gen. fermions, f = M <1.02  1811.00806 (27 +2j) 36 fb~!
scalar LQ (single prod.), coup. to 3" gen. ferm., f=1,A=1 M <0.74  1806.03472 (2T +b) 36 fb!
Zp, narrow resonance M 0.0115-0.075 1912.04776 (2u) 137 b=t
2, narrow resonance M 0.11-0.2 1912.04776 (2p1) 137 b=t
SSMZ/ M 0.2-5.2 EX0-19-019 (2e, 2p) 140 fb~t
" SSM Z/(qq) M 0.5-2.9  1912.12238; 1604.08907 (2j) 137 b=t
§ Z'(qq) M 0.01-0.125 1905.10331 (1j, 1y) 36 fb1
g Superstring Z,, M 0.2-4.6  EX0-19-019 (2e, 2p) 140 fb~t
g LFV Z', BR(eu) = 10% M 0.2-4.4 1802.01122 (ep) 36 fb!
3 Leptophobic 7' M 0.05-0.45 1909.04114 (2j) 78 fb~1
z SSM W'(£v) M 0.4-5.2 1803.11133 (£ + EP's*] 36 fb~t
3 SSM W/(tv) M 0.4-41807.11421 (T + EF'™) 36 fb~!
= SSM W(qg) M 0.5-3.6  1912.12238; 1604.08907 (2j) 137 fb~t
LRSM Wg(£Ng), My, = 0.5Myy, M <44 1803.11116 (2¢ + 2j) 36 fb~!
LRSM Wa(TNg), My, = 0.5Muy, M <3.5  1811.00806 (27 + 2j) 36 bt
Axigluon, Coloron, coté =1 M 0.5-6.6 1912.12238; 1604.08907 (2j) 137 b=t
L L L
0.1 1.0 10.0
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV] LHCP 2020

Conor Henderson University of Alabama



CMS EXO Results

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