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wa. Long-lived particles (LLPs)
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SM particle lifetimes vary across

tens of orders of magnitude ) i ‘ B
P 1040 K2
Long lifetimes result from a few ) r = 5
. : : ) o U |.n 15 minutes
simple physical mechanismes: 1010 - I
- Conserved quantities
- Limited phase space 1 Tl )
. . L -li
- Heavy intermediate states origrive
- Small couplings 29—
These same mechanisms 10-20
frequently occur in 77— '
Beyond-the-SM (BSM) theories 1071 1077

We should generically expect that BSM particles may be long lived!

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch EPS-HEP 2021 27.07.2021



Y
allnig
UNIVERSITY
JVIRGINIA

neutral
— Charged
- any charge

HSCP

disappearing
track

BSM LLPs in CMS

W BSM

M lepton
W quark

[ photon
M anything

displaced
dilepton

BSM LLPs could produce striking
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e BSM LLP searches athMS

Rich, ongoing program of BSM LLP searches at CMS

r decay position [cm]

- Full Run 2 results include searches for BSM LLPs that
produce displaced vertices, displaced jets, disappearing | |
tracks, and delayed photons e |12 BEEL

10A?oo 500 600 700 800 900 1000 1100
z decay position [cm]

Results from just the past few months include:

- Neutral LLPs decaying in the endcap muon system 2107.04838

- Displaced jets in association with a Z CMS-PAS-EXO-20-003

- Displaced muons with high-rate triggers CMS-PAS-EXO-20-014 (see Annapaola’s talk)

90
?.
Dlsplaced leptons CMS-PAS-EXO-18-003

\;O
?‘
&% Heavy neutral leptons CMS-PAS-EXO-20-009
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https://arxiv.org/abs/2107.04838
https://cds.cern.ch/record/2767507
http://cms-pas-exo-20-014
https://indico.desy.de/event/28202/contributions/105522/
https://cds.cern.ch/record/2776771?ln=en

iy Displaced leptons

CMS-PAS-EXO-18-003

Very inclusive search for BSM LLPs that decay
to leptons (£) in 2016-18 data

anything

Look for ee, uu, or el pairs where each £ has a
large transverse impact parameter (d)

d, is a powerful discriminating variable:
- d,>~100 pm removes nearly all SM bg

- Set no explicit constraints on non-lepton
physics objects

- |ldentify displaced decays without
requiring that £ form a common vertex
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.- Displaced leptons

7VIRGINIA
CMS-PAS-EXO-18-003

CMS Simulation Preliminar (13 TeV)

Very inclusive event selection: = 3
. . o7 4t X 105 (D
- 22 isolated, high-momentum, well-measured £
- no constraints on missing energy, jets, £ charge product, etc . 10*
. . . E| 3
Signal region: = 2 £ with 100pm < |d | < 10cm i B
=102
s CMS Preliminary 113-118 fb' (13 TeV,
o 10 T T T T T T T T T T T T T 10
S ¢ Data
& [ Background ' 1
Background uncertainty .
10° —  t-bs,mi=1500GeV, cro=1cm BaCkgroundS. ! 10 Y 1?;l’| [w:,i)s
0

- poorly measured £
- tau lepton and heavy-flavor meson decays

Estimate bg from data in prompt-£ regions
- Ngp# (NBXNC) / NA

Categorize SR events by £d, and momentum

Observation consistent with bg-only hypothesis

e v Loyl W oy higy v
T T T T
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i Displaced leptons
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CMS-PAS-EXO-18-003

Constrain production of RPV top squarks and GMSB sleptons and the BR of Higgs
bosons to long-lived scalars across wide range of new-particle lifetimes
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wern  Heavy neutral leptons

CMS-PAS-EXO-20-009 A
Search for heavy neutral leptons (HNL) that mix MVXM/ Ve
with SM neutrinos 1\}"~..<£,,
Z*
Target difficult region of parameter space gt
- small HNL masses + small neutrino mixing &

> long-lived HNL M =

Look for HNL from W decays that decay to W prompt N g
or Z bosons, producing: W=
- Tprompté Dy
- 2 displaced ¢ that form a common vertex °
Trigger on prompt £ to enable sensitivity to

low-momentum displaced ¢ displaced
-  Sensitive to HNL masses < 20 GeV
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wear  Heavy neutral leptons
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CMS-PAS-EXO-20-009

137 fb™' (13 TeV)
T T

T T T T T

2 TECMS et mat - | |
= A Take advantage of HNL decay kinematics
mue. 4 - Distance between primary and secondary vertices (A,)
4 - Displaced di-£ invariant mass
- - Angular distributions of prompt and displaced £
5 Backgrounds
s - SM hadron decays
?z‘m‘s';,;,-m}n;;” "';;;;‘S‘?j) - misidentified hadrons
Mo oe it - unidentified photon conversions

s # —
| 497.553 £0.003 MeV Total fit

Estimate background from data

- "tight-to-loose” method in data control regions
- validate with closure tests in sideband regions

0.4

Number of reconstructed vertices

: . ’ <
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Categorize SR events by invariant mass, vertex

displacement, and lepton flavor

Observation consistent with background-only hypothesis

Constrain HNL neutrino mixing parameter values as a

function of HNL mass

- More than an order of magnitude improvement over

existing limits for many HNL masses!
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Heavy neutral leptons

CMS-PAS-EXO-20-009

138 b (13 TeV)
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- Conclusion

9 IRG—INIA_ CMS Preliminary 3-140 b~ (8, 13 TeV)

RPV UDD, §-+tbs, mj = 2500 GeV. § 2104.13474 (Displaced vertices) [IIIN00006=01095 140 b1 (13 TeV)
RPV UDD, §-+tbs, mg = 2500 GeV. § 2012.01581 (Displaced jets) [ OI003 =1 132 b1 (13 TeV)
RPV UDD, {-dd, m; = 1600 GeV 2 2104.13474 (Displaced vertices) 140 fb~1 (13 TeV)
RPV UDD, -+dd, m; = 1600 GeV # 2012.01581 (Displaced jets) [ 0002=132) 132 b7 (13 TeV)
RPVLQD, Ebl, m =600 GeV P | 1e0s0sOB2(2pe2jets) . <oo:m 36 07! (13 Tev)

RPV LQD, Eb, m; =460 GeV i [CMS-PAS-EX0-18-003 (Displaced dilepton)  0.0001-101m 118 (13TeV)
RPV LQD, £-bl, m; = 1600 GeV 13 2012.01581 (Displaced jets) [N0005=0:241| 132 b~ (13 TeV)
GMSB, §-gG, m;=2450 GeV G 2012.01581 (Displaced jets) 132 b1 (13 TeV)
GMSB, GG, m5=2100 GeV § 137 b1 (13 TeV)
Split SUSY, §~+qdx, m; = 2500 GeV § 2012.01581 (Displaced jets) 132 b1 (13 TeV)
Split SUSY, §~qdx$, ms = 1300 GeV § 36 fo (13 Tev)

Split SUSY (HSCP), f3,=0.1, mj = 1600 GeV G 1371 (13 Tev)

,  MGMSB (HSCP) tanf =10, >0 , m: = 247 GeV. £ {137 (13 Tev)
Stopped f, -tx, mi=700 GeV f [ {39 b1 (13 Tev)
Stopped g, G-qdx?. fip = 0.1, m; = 1300 GeV § 1801.00359 (Delayed jet) }\ 39 fb~ (13 Tev)
Stopped §, G-qax3uxd). =01, m;=940GeV g |39 o7t (13 Tev)
AMSB, x* -x¢*, my- =700 GeV x* 2004.05153 (Disappearing track) 140 b1 (13 TeV)
GMSB SPS8, X§-YG. my; = 400 GeV. x° 1909.06166 (Delayed y(y)) | 77 fb71 (13 TeV)
GMSB, co-NLSP, [~/G, mj=270 GeV T n) 5 118 b1 (13 TeV)
HXX(10%), Xce, my =125 GeV, my=20GeV  x 14116077 (Displaced dielectron)  000012-25m 20167 @ Tev)
HoXX(L0%), Xois my = 125 GeV, me=20GeV 14116977 (Displaced dimuow)  000012-100m 200 @ Tev)
H-XX(0.03%), X~il, my =125 GeV, my =30 GeV. X CMS-PAS-EXO-18-003 (Displaced dilepton) [/ 0.001-0:12m 118 ™! (13 TeV)
H=XX(10%), X-bb, my =125 GeV, my =40 GeV X 2012.01581 (Displaced jets) [/ 0:001=0:53 M) 132 b~ (13 Tev)
H-XX(10%), X~bb, my = 125 GeV, mx =40 GeV X CMS-PAS-EX0-20-015 (Hadronic CSC decays) |11 02450 137 b1 (13 Tev)
H-XX(10%), X~bb, my =125 GeV, my =40 GeV X CMS-PAS-EX0-20-003 (Displaced jets +Z) [111111110.004=02248 m| 117 % (13 TeV)
dark QCD, My, =5 GeV, my,, =1200 GeV Xo 1810.10069 (Emerging jet + jet) [0 0:0022-0.3m| 16 fo (13 Tev)

1077 10-% 103 10°? 10t 10°

ctml

CMS is engaged in a rich, ongoing program of BSM LLP searches

Several recent results achieve complementary goals and test new regions of parameter space
- Lower masses with innovative triggering (EXO-20-003, EXO-20-014, EXO-20-009)
- Longer lifetimes with muon system decays (2107.04838)
- Wide applicability with model-independent, signature-based analysis design (EXO-18-003)

CMS will continue to explore the lifetime frontier in LHC Run 3 and beyond
- New triggers, techniques, and ideas
- New timing detector will open new possibilities
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LLPs in the endcap muon system

2107.04838 CMS Simulation Prellm/nary
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Neutral LLP decays could produce particle shower in CMS muon system g 08 §
- Large radius - sensitive to large new particle lifetimes IS 07 2
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showers, and use number of CSC hits to separate signal and bg = 03
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Dlsplaced jets with a Z
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CMS-PAS-EXO-20-014

Collect ZH associated production
events with di-lepton triggers

Search for displaced jets from Higgs
boson decays to long-lived scalars

Trigger strategy provides sensitivity to
low-momentum displaced jets

Exclude H » SS » dd (bb) branching
ratios above ~14% (~13%) for proper
decay lengths of 1-5 cm
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