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Long-lived and Non-conventional %

 CMS has an extensive program to search for new physics
— >500 papers

— most assume new particles are
very short-lived

Silicon
Tracker

 Reasons to think that new i
particles may be long-lived "

—— Muon Electron Charged Hadron (e.g. Pion)

— many models make predictions el =hee
« SUSY - small couplings, small mass splittings
* hidden valley models

— standard model (SM) has numerous examples of long-lived
particles

* muon, pion, kaon, neutron, hyperons, etc.
« CMS has developed a diverse program of searches for
new, long-lived particles (LLPs)
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@) Challenges

N/

(A) Detectors not optimized for long-lived particles

(B) Algorithms not optimized for long-lived particles

— both obvious and subtle effects

— many steps that reduce backgrounds from multiple interactions per
bunch crossing also reduce discovery of LLPs

« example: require particles to be in time with bunch crossing
— many assumptions that make code faster also reduce discovery

« example: only fitting combinations of hits in tracker that point to
interaction vertex...

 ...or only reconstructing combinations that curve in r-phi plane
(problematic for magnetic monopoles or quirks)

(C) Analyses (often) not optimized for long-lived particles

We can overcome (C) and (B) and to some extent (A)
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©)

Susy
RPV

Susy
RPC

Other

Long-lived searches

 Many searches
« Wide range of lifetimes explored

RPV UDD, §-tbs, mg = 2200 GeV
RPV UDD, §-tbs, mg = 2200 GeV
RPV UDD, £-dd, mi= 1300 GeV
RPV UDD, £-dd, mi= 1300 GeV
RPV LQD, E-bl, m; =600 GeV
RPV LQD, t-bl, mi =600 GeV
RPV LQD, -bl, mi= 1300 GeV

o e e Q@

GMSB, §~9G, mg = 2100 GeV

GMSB, §~gG, mg = 2100 GeV

Split SUSY, §-qGx?, mg=1300 GeV

Split SUSY (HSCP), fzg = 0.1, mg = 1600 GeV
mGMSB (HSCP) tanB =10, u >0, mz =247 GeV
Stopped £, t-tx?, mi=700 GeV

Stopped §, §—qdx?, fzo=0.1, mg = 1300 GeV
Stopped §, G-qax3(uux?), fso="0.1, mg =940 GeV §

Qi o~ Q: Q Q@

Overview of CMS long-lived particle searches

CMS preliminary

3-137 b1 (8,13 TeV)

0.0006-0.08 m

1808.03078 (Disp. vertices)
1811.07991 (Displaced dijet) 0.0025-1.2 m
1808.03078 (Displaced vertices) 0.0004-0.1 m
1811.07991 (Displaced dijet) 0.0014-1.55m
1808.05082 (2 + 2 jets) <0.031m
CMS-PAS-EXO-16-022 (Disp. e + disp. n) 0.0005-0.4 m
1811.07991 (D. dijet) 0.0045-0.2 m
1811.07991 (Displaced dijet) 0.0041-0.81m
1906.06441 (Delayed jet + MET) 0.32—-34 m

1802.02110 (Jets + MET) <lm

CMS-PAS-EX0O-16-036 (dE/dx)

CMS-PAS-EXO-16-036 (dE/dx + TOF)
1801.00359 (Delayed jet)
1801.00359 (Delayed jet)
1801.00359 (Delayed pp)

>0.7m
>7.5m
60—-1.5e+13 m
50—-3e+13 m

600-3.3e+12 m

AMSB, x *-x{n*, my= =505 GeV x* 1804.07321 (Disappearing track) 0.15-18 m
GMSB SPS8, X?—»yé, mye =400 GeV X? CMS-PAS-EX0-19-005 (Delayed y(y)) 0.2-6m
H-XX(10%), X—ee, my =125 GeV, mx=20 GeV x| 1411.6977 (Displaced ee) 0.00012-25 m
H-XX(10%), X-uu, my =125 GeV, my=20 GeV x| 1411.6977 (Displaced pp) 0.00012-100 m
dark QCD, my,, =5 GeV, my,, = 1200 GeV Xpk 1810.10069 (Emerging jet +jet) 0.0022-0.3 m
1 L 1 1 L 1 1
1074 1073 1072 107t 10° 10! 102 103
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.

« Two recent results presented today
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38 fb~1 (13 TeV)
36 b1 (13 TeV)
38 fb~1 (13 TeV)
36 b1 (13 TeV)
36 fb~! (13 Tev)
3fb~1 (13 TeV)

36 b1 (13 TeV)

36 fb~! (13 TeV)
137 fb~! (13 TeV)
36 fb~1 (13 TeV)
13 b~ (13 TeV)
13 fb~! (13 TeV)
39 fb~! (13 TeV)
39 fb~! (13 Tev)
39 fb~1 (13 TeV)
38 fb1 (13 Tev)
77 fb~1 (13 TeV)

20 fb~! (8 TeV)
20 fb~1 (8 TeV)
16 fb~! (13 TeV)
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&) Delayed Photons
EXO-19-005

* Neutral LLP decaying to photon

(and other particles)
« Use timing in ECAL

— custom out-of-time photon

reconstruction
» Also require missing transverse Silicon
Tracker
energy (MET)

Electromagnetic
Calorimeter

Hadron

35.9 fb-1 41.5 fb Calorimeter
Diphoton trigger Dedicated displaced om m 2
(95% effic. after photon + H trigger Photon
offline selection) (99.9% effic. after offline --~--Neutral Particle

———Charged Hadron

selection)
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Signhal model

Gauge mediated supersymmetry breaking

* Neutralino is long-lived
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N/

&) ECAL timing resolution

« ECAL timing resolution

important
. Resolutlon_ mee_lsqred s ---201'6"('3-55-.-9"fb"1)é" | |
by comparing timing CpETEsmy

from alike channels

 Resolution reaches a
plateau at high energy

0.001 ns
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Data and background

Year / | Bin Split
« Use ABCD background N B e . P

0 c
Nt 16133+ 114 475+48 556456 188324130
estimate Nl | 161394114 410465 478477 188264130
NEe 33760 1302 1 5
— use p h oton t| me a nd M ET Nglf;H“ 33759 £164 1303+37  0.29+0.28 57422

N{kf;“k) 33761+165 1302437  0.19+0.21 50421
Naia 34595 467 0 6
(1.5,150) Nglf;"f“ 34596 + 166 ~ 467+22  0.08-0.08 59+23
Ngfgf;szk, 34596 £ 167 467 +22  0.0840.09 6.0 +2.3
dat 458372 281 11 67655
(05,300)  NECH | 4583684660 281415 414424 67656+ 280
Npost—it 458369 £ 662  281+16 415427 67657 £281

bkg(mask)

NGt 524652 1364 1 332
NE 524653 +£706 1364+36  0.9+0.8 332420
N k) | 524653704 1364435  0.9+10 332+ 20

NG 525694 322 0 333
25 (1.5, 300) Ngf;t*f“ 525694707  322+17 0194021 333 +£20
Photon Time [n 5] Ngﬁ’:f;izk) 525694 704  322+17 0.20 £0.24 333 £20

NG 21640 362 56 3201
,, . (0.5,150) N%E:j‘*f“ 216384143 364+17 540430 3203461
= Optl mize selection for each NESUMC | 216394143 362418 536433 3201461

. . NG 21863 139 24 3233
Sl g n al p0| nt (0.5, 200) N}}gt-m 21860 + 144 142411 21.1+17 3236 + 61
. . ; NES R )| 21863+144  139£11 206+1.8 3233+ 61

O + Ndata 24824 418 0 17
F It fO o Ig. i al .baCkg bk d o (1.5,150) NEE’?’“ 24824+154 418420  025+028  16.7+44
each region simu ItaneOUSIy NP R | 248244154 418420 0294036 17.0+44

o 25079 163 0 17
(1.5,200) . 25079 + 154 163 £12 011£0.12 169+44

ke (mask 25079 £ 154 163 £12 0.11+0.14 170+ 4.4
bkg(mask)
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@) Delayed photon results

N/

* No significant excess
observed

 Limits set on GMSB
SPS8 model

— mass and lifetime
dependent

774" (13 TeV)

CMS GMSB SPS8
Preliminary CMS Exp (+ 16) 13 TeV y(y)
—— CMS Obs 13 TeV y(y)
ATLAS Obs 8 TeV yy
CMS Obs 7 TeV vy
10*

10°
102

T A a
350 400 450 500 550 600

M., (GeV)
LLLLd_LLLLLLLUJLLLLLLUJlLLLLLLLULLLLLLLLULLLLLLUJJLLLLLLLLLLLLLL

100 150 200 250 300 350 400
A (TeV)

10E '
100 150 200 250 300
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) Non-prompt Jets
7 arXiv:1906.06441 [hep-ex]

« Search for events with late arriving jets

« Use ECAL timing
« Sensitive to decays beyond acceptance of tracker

R

- Also, require missing transverse momentum (p7tss)
« 2016-2018 data

« Model based on GMSB with
long-lived gluino

’l
R
-9
G
(]
K
= *
9.

< Tracker

-2
%%00 —150 —100 50 O 50 100 150 200
x (cm)
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@) Overcoming Challenges

N/

» Jets reconstructed with calorimeter energy
— not using particle flow (PF) jets which require reconstructed tracks
« non-prompt jets may not produce reliable information in the tracker
« out-of-time energy deposits not included in PF jets
» Jet timing
— all ECAL cells within AR<0.4 of jet axis and E>0.5 GeV

— use only cells within -20 ns <t < 20 ns of bunch
crossing

— 1t iIs median cell time
. pl¥ss calculated with calorimeter energy

— not using PF MET
— p?”ss is vector sum of calorimeter momenta

-150 -100 -50 O 50 100 150 200

deposits in event K em)
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@N  Non-prompt jet backgrounds

N/

* Numerous selections used to
reduce backgrounds

== EECAL > 20 GeV
— use cells with -20<tgcp <20 ns

* Problematic backgrounds
— ECAL time resolution tails

— Electronic noise — tecal > 3 NS
— Direct ionization in the — N2 > 25

ECAL APDs — 25 < 25 ns
— In-time Plleup SRS 0t
— Out-of-time pileup — Eyea > 50 GeV
— Satellite bunches _ HEF = — BHcaL 45
— Beam halo EgcaLtEHCAL

. . fraction

— Cosmic ray muon hits = gy SR

— Egcir/Egcar<0.8
o max(A¢DT) < /2
= maX(Ad)Rpc) < /2
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&) Delayed jets final sample

N/

137 b (13 TeV)

¢ Observation
[_"] Cosmic ray muon background
] core and satellite bunch background
[ Beam halo muon background
-------- GMSB m; = 2400 GeV,cty=1m
-------- GMSB m; = 2400 GeV, cty =10 m
-------- GMSB m; = 2400 GeV, ct, =30 m

* Require
— at least one jet with t>3 ns
— pss > 300 GeV

« Estimate backgrounds from ) 0 O i S
control regions with ' S T

inverted selection

Events /0.5 ns

Background source Events predicted
Beam halo muons  0.02739 (stat) ") o7 (syst)
Core and satellite

bunch collisions

Detailed info available:
01155 (staB) Tg 2 (syst) HEPData link

Cosmic ray muons  1.071% (stat) 15 (syst)
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https://www.hepdata.net/record/ins1740108?version=1

) Limits on non-prompt jets

N/

 No events observed

 Limits on cross section for GMSB gluino production

137 b1 (13 TeV)10

35001—pp — § g, § — g+ G GMSB NLO+NLL exclusio

95% CL observed + 1 Siheory

. 95% CL expected +1 ¢

experiment

—_

3
95% CL upper limit on cross section (fb)

Excluded

137 b (13 TeV)

—_
(@)
N

CMS 95 % CL upper limits
pp — a 6’ § —>g+ é —=e— Observed
m; = 2400 GeV - Expected median + 16, ¢ iment

—
o
w

—
o
S

- Expected median + 2 O experiment

CMS displaced jets (36 fb'1)

NLO+NLL Gye (PP — 0 0)

/

—_

95% CL upper limit on cross section (fb)
o —_
N o
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@)  Searching Far and Wide...

N/
Summary

CMS has performed a wide range of searches for long-
lived and non-conventional signatures

— displaced leptons, delayed photons, delayed jets, disappearing
tracks, heavy long-lived charged particles, stopped particles

« Signature based searches offer significant discovery
potential

« Challenging analyses

 New techniques under
development

» http://cms.cern/
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Backup slides
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