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Large Hadron Collider (LHC)

® Proton-proton collider with c.m.s energy = 14 TeV (design)
-- c.m.s. energy of elementary parton-parton collision: O(1) TeV

=» The real explorer for “TeV scale” physics, e.g

-- Origin of EW symmetry breaking; SM Higgs ./ 5 (q—q)=O(1) TeV
-- New physics search

® 2 experiments with general purpose detector, covering ~4n solid angle:
ATLAS and CMS

In this talk, searches for new physics (with experimentally
challenging signatures) from ATLAS/CMS will be presented ’



LHC Runs — in a nutshell

® Run-1(2010-2012)
- 2010-11: Ns=7 TeV, [ Ldt ~5 /fb

- 2012: Vs=8 TeV, [ Ldt ~20 /fb
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® Run-2 (2015-18)

- \s=13 TeV, [ Ldt ~ 140 /fb
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Excellent data taking efficiency and excellent data quality

® Scarches for new physics with these high-quality/statistical data

—> No clear indication yet so far...

—> Might new physics lie in experimentally challenging signatures?
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Challenging and long-lived particles signatures

® [ong-lived particles (LLP)

-- The majority of BSM searches
focus on promptly decayed and/or
stable new particle

-- Such new particles with

macroscopic lifetime often result
in experimentally challenging
signatures (see later)

New physics could be hiding here

® What else are challenging at LHC?

For example, small-mass new particles:
-- Difficult to be triggered on, as the
background cross section 1s way
too high

* Trigger/DAQ system applies
usually high energetic signatures
to achieve a few/40000 reduction
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https://arxiv.org/abs/1810.12602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801

Theoretical motivations for LLP

Macroscopic lifetime can happen (even in SM) due to various reasons
-- Off-shell particles

-- Small phase-space
-- Small coupling

Off-shell decays

Small phase-space

-- e.g. split-SUSY with

-- €.g. small mass
squarks mass > 10 TeV

splitting AMSB

-- e.g. weakly-coupled dark
= °< I sector, small R-parity violation

% oé - Small couplings
> ?_ ) :@ f

® Strong interplay between theory and experiments
-- Experimental searches based on signatures
C * Results can be interpreted in different models )

-- Specific theories can suggest new signatures to look



Experimental signatures of LLP

® Direct detections, e.g. Direct detection Indirect detection
-- Electric charge 3
-- Mass and lifetime
-- Large 1onization (dE/dx)

LLP
® Indirect detections, ¢.g: Detector LLP Detector
-- Decay vertex
-- Displaced objects displaced multi-track disappéaring t,raéks

* LCptOn, jetS, photons vertices in ID + MET, non-prompt

. . . jets, leptons
* Pairs, multi-objects & g
-- Disappearing/emerging objects -
displaced leptons, lepton ina i
* Tracks, J ets j%ts, or Ief)ton pairF')s 1 e
Various signatures that often require ‘ stable or meta-stable
. . . charged particles
dedicated experimental techniques
trackless
7T\ | jets with low
.. displaced multi-track vertices EMfrac
® [n addition, backgrounds are often in Muon Spectrometer \

non-pp collisions, such as
-- beam-gas, cosmics, detector noise, etc.

challenging to estimate as they from // // /’ \
D

1agram by H. Russel
6



RPV UDD, g-tbs, mj = 2500 GeV/
RPV UDD, g-tbs, mj = 2500 GeV/
RPV UDD, {-dd, m; = 1600 GeV
RPV UDD, i-dd, m; = 1600 GeV
RPV LQD, £-bl, m; = 600 GeV
RPV LQD, f-bl, m; = 460 GeV
RPV LQD, £-bl, m; = 1600 GeV

GMSB, §-gG, m; = 2450 GeV

GMSB, §-gG, m; =2100 GeV

Split SUSY, g-qdx?, mz = 2500 GeV

Split SUSY, g-qdx?, m; = 1300 GeV

Split SUSY (HSCP), ;g = 0.1, m; = 1600 GeV
MGMSB (HSCP) tanB =10, >0 , m; = 247 GeV

5 i
@ %  Stopped f, f-ty?, mi=700 GeV
Stopped g, §~qdx{, fzg=0.1, mz = 1300 GeV
Stopped g, G-qqx(uux?), fzg=0.1, mz = 940 GeV
AMSB, x*-x{n*, my- =700 GeV
GMSB SPS8, x{-yG, mye =400 GeV
GMSB, co-NLSP, /G, mj=270 GeV
H-ZpZp(0.1%), Zp-up, my =125 GeV, my =20 GeV
H=2ZpZp(0.1%), Zp-uu(15.7%), my =125 GeV, my =5 GeV
5 H-XX(10%), X-ee, my =125 GeV, my =20 GeV
g H-=XX(0.03%), X=Il, my =125 GeV, my =30 GeV
é H-XX(10%), X-bb, my =125 GeV, my = 40 GeV
T H-XX(10%), X-bb, my =125 GeV, mx =40 GeV

H-XX(10%), X-bb, my; =125 GeV, my = 40 GeV
dark QCD, mg,, =5 GeV, my,, = 1200 GeV

Overview of CMS long-lived particle searches

CMS Pr

3-140fb! (8, 13 TeV)

Yy

g 2104.13474 (Jets with displaced vertices) [IIN010006=0:00 ] 140 fb~* (13 Tev)
§ 2012.01581 (Displaced jets) [ o003 =1 132 fb~! (13 TeV)
i 2104.13474 (Jets with displaced vertices) [N000035=01081] 140 fb™* (13 Tev)
i 2012.01581 (Displaced jets) [ N0:002= 1525 132 fb™ (13 TeV)
i 36 fo~! (13 TeV)
i 118 fb™" (13 TeV)
i 2012.01581 (Displaced jets) [IIIN0005=0:241| 132 fb™ (13 TeV)
g 2012.01581 (Displaced jets) 0.006-0.55 m 132 ! (13 Tev)
G 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb™* (13 Tev)
g 2012.01581 (Displaced jets) 0.007-0.36 m 132 b7 (13 TeV)
g 1802.02110 (Jets + MET) <lm 36 fb! (13 TeV)
g CMS-PAS-EXO-16-036 (dE/dx) S0.7m {13 b1 (13 Tev)
7 CMS-PAS-EXO-16-036 (dE/dx + TOF) S7.5m {13 bt (13 Tev)
i 1801.00359 (Delayed jet) 60-15e+13m {39 fb~! (13 Tev)
§ 1801.00359 (Delayed jet) 50-3e+13m {39 fb! (13 Tev)
§ 1801.00359 (Delayed pp) 600-3.3e+12m {39 fo~* (13 Tev)
x* 2004.05153 (Disappearing track) 0.7-30m 140 b (13 TeV)
X 1909.06166 (Delayed y(y)) 02-6m 77 o1 (13 TeV)
i 2110.04809 (Displaced leptons) 5e-05-2.65 m 118 fb~! (13 TeV)
X 2205.08582 (Displaced dimuon) 5e-05-5m 98 fb~! (13 TeV)
X |2112.13769 (Displaced dimuon using scouting) 0.0001-0.25 m 101 fb~ (13 TeV)
X 1411.6977 (Displaced dielectron) 0.00012-25 m 20 b~ (8 TeV)

X 2110.04809 (Displaced leptons) 0.001-0.12 m 118 fb™* (13 Tev)
X 2012.01581 (Displaced jets) 0.001-0.53 m 132 b1 (13 Tev)
X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m 137 fb~! (13 TeV)
X 2110.13218 (Displaced jets +Z) 0.004-0.248 m 117 ! (13 Tev)
Xok 1810.10069 (Emerging jet + jet) 0.0022-0.3 m 16 fb! (13 TeV)

L L L L L
1077 107° 1073 107! 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.

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: July 2022 [Ldt = (32.8-139) fo! V5=13TeV
Model Signature  [Ldt[fb7] Lifetime limit Reference
RPV £ - g displaced vix + muon 136 | { lfetime ' ' 0.003-6.0m m(i)=14 o 2003.11956
RPV 3 — eev/euv/upv  displaced lepton pair  32.8 )2‘} lifetime 0.003-1.0m m(g)=16TeV, m(})= 1.3 TeV. 1907.10087
GGM {0 - 26 displaced dimuon 32,9 | ¥Y lifetime 0.029-18.0m 1.1 TeV, m(F5)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 | ¢ lifetime 02424m G)=60,20 GeV, B=2% | CERN-EP-2022-096
GMSBE - (G displaced lepton 139 | 7 lifetime 6-750 mm m(f)= 600 GeV 2011.07812
% | oSBT displaced lepton 139 | % lfetime 9270 mm 200 Gev 2011.07812
B | AMSBpp - PO i{§;  disappearingtrack 136 | ¥ lietime 0.06-3.06 m m(i})= 650 GeV 2001.02472
AMSB pp — Fif}. 77,  large pixel dE/dx 139 | ¥% lfetime 0.3:30.0m In(i7)= 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 | Slifetime 0.1-519m B(g — 5g)= 0.1, m(g)= 500 Ge\ 1811.07370
Split SUSY large pixel dE/dx 139 | &lifetime >045m m(E)=18Te\, m(i2)= 100 GeV 2205.06013
Split SUSY displaced vix + EP*s 328 [ g lifetime 0.03-132m £)=1.8TeV, m(i8)= 100 Gev 1710.04901
Split SUSY 06,2-6jets +EP™  36.1 | glifetime 0024m 1.8TeV, m(7})= 100 GeV | ATLAS-CONF-2018-003
Hoss 2MS vertices 139 | slifetime 031724 m m(s)=35 GeV 2203.00587
| o 21ow-EMF tracklessjets 139 | s lfetime 0.19-694m m(s)=35Gev 2203.01009
S | VHwith H - ss— bbbb 2+ 2displ. vertices 139 | s lfetime 4-85mm m(s)= 35 GeV 2107.06092
é;; FRVZ H — 2yq + X 2pu-jets 139 | ya lifetime; 0.654-939 mm m(y4)= 400 MeV 2206.12181
é FRVZ H = dyq + X 2pu-jets 139 | ya lfetime 27534 mm m(y4)= 400 MeV 2206.12181
T Hozz displaced dimuon  32.9 | Zq lfetime 0.009-24.0m m(Z,)= 40GeV 1808.03057
H— 22, 2, + low-EMF trackless jet36.1 | Zq lfetime 02152m m(Z)= 10GeV 1811.02542
(200GeV) > 55 low-EMF trkcless jets, MS vix36.1 | s lifetime 0415515m & x B=1pb, m(s)= 50 GeV. 1902.03094
§ P(600GeV) > 55 low-EMF trkcless jets, MS vix36.1 | s lifetime 0.04215m % B=1pb, m(s)= 50 GeV. 1902.03094
®(1TeV) —» ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m @ x B=1pb, m(s)= 150 GeV| 1902.03094
W = NE,N -y displaced vix (uujie, ee) + 1 139 | Nlifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
W NO,N - 6y displaced vix (i jee, ee) + 1 139 | Nlifetime 3133 mm m(N)=6 GeV. Majorana 2204.11988
:%‘ W NON -y displaced vix (e, ee) + e 139 | Nlifetirie 0.49-81 mm m(N)=6 GeV, Dirac 2204.11988
W NON - 0y displaced vix (e, ee) + e 139 | N litelime . —T I ) m(N):GGe\I/. Majorana 2204.11988
0.001 0.01 0.1 1 10 100 cT [m]
Vs=13TeV  {5=13TeV
partial data full data Il 1 L 1 L 1
0.001 0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.
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ICHEP 2022

SummaryPlotsEXO13TeV

ATL-PHYS-PUB-2022-034

Extensive searches on many LLP
signatures are actively on going.

In this talk, several recent results
are picked up to show.


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_02.pdf

Direct detection searches

® Fractionally-charged particles
® Multiply-charged particles
® Large ionization loss (dE/dx) particles

m Public since this winter (last Nov-)
m Public since last year



m CMS-PAS-EX0-19-006

Fractionally-charged particles

® Target: free-propagating fractionally charged (< 1e) particles (FCP)
® Signature
-- Many hits with low ionization signal (dE/dx) in tracking detectors
-- Reconstructed as high-p muon

] 138 fb™ (13 TeV)
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No significant excess of events was observed.
Upper limits on FCP mass vs. charge were derived. 9


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-006/

m ATLAS-EXOT-2018-54
Multiply charged particles

® Target: heavy long-lived multi-charged particles (MCP)
® Signature
-- Large 1onization signal (dE/dx) in inner-tracking (Pixel/TRT) and muon
(MDT) detectors
-- Muon-like track in inner-tracking and muon detectors
-- Trigger with: single-muon, complemented with E;™ss, delayed-muon triggers
* Single-muon trigger only sensitive for B > 0.65 due to time window

g < 1 T ]
° 8 1800 ATLAS 7
= = B T
2 2 [ {s=13TeV, 139 b j
g & 1600~ _
Z — —
= C—z-> p*p: simulation o : :
S Sl (mes00 G, 222 (23 1400/ _
Signal (m=2000 GeV, z=2) - -
c R i
O — —
£ 1200— " ]
Q o L. o or OL it (modian
= = 1000 ®B- Expected 95% CL I!m!t (median) _|
& 3 = Expected 95% CL limit (+1o) -
B Expected 95% CL limit (+2c) i
S(pixel dE/dx) 800 — —e— Observed 95% CL limit —

| | | | | |

2 3 4 5 6 7

No significant excess of events was observed.
Lower limits on MCP mass vs. charge were

. 10
derived.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-54/

m arXiv:2205.06013
Large ionization (dE/dx)

Density [a.u.]

2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Target: massive, charged, long-lived particles moving slower than speed of light
Signature

-- Large 1onization signal (dE/dx) in inner-tracking (Pixel) detector

-- By 1s with Bethe-Bloch formula with the measured dE/dx

) p
-- Mass calculated as: m = —
By
Challenges ,
-- Fully data-driven background estimation Split SUSY R-hadron ¢
* Main backgrounds are due to dE/dx fluctuations ot
p -
— 18— ~+ s
X1 F I I T T T ‘ I T T T T \4 Xl (LLP) ~0
LA L B B L B AL B BN BN ‘Tg 165.\‘.:% ATLAS E .
© ATLAS Simulation E > “E % 21 E%’lLow-pT Reco. 73 »
= fo=13TeV m = 2.2 TeV, Gluino E é i3 %i T ROFO ¢ nOFf E X1 (L) < u
g_ | | —+— m=1.3TeV, Chargino _§ > 12; ;E? X EgFFg . EgFF: E p N
;: m = 400 GeV, Stau :; § 6; ‘%’fa ggcl): I(zit ¢ gI?1FI1=it % AMSB degenerate m
3 E mE &N - (pure-wino) t
i_ —i 2 ? ‘%:é.%%%%zﬁi@e:ﬁfiieeeeiee e :: p ~
3 i s T 5}}%4@
= E 3 £ ~<
R >‘<~
o E | E p
72 | | L1 11 | | | | I
By 10"
2x10 1 2 3 4 5678910 GMSB stau Vi
Py
11


https://arxiv.org/abs/2205.06013

NEW 4

® Results:

Large ionization (dE/dx) -cont’d-

ATL-PHYS-PUB-2022-013
arXiv:2205.06013

-- 8 signal regions targeting different LLP masses and lifetimes
-- Agreement with SM prediction except one SR (dE/dx > 2.4 MeV/g/cm)
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10°
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m(@) = 2.2 TeV, m(3") = 100 GeV, 1(§) = 10 ns
-1 m(F)=13TeV, (%) =10 ns
--=-m(T) = 400 GeV, 1(t) =10 ns

{s=13TeV, 139 fb”"
ptTrk >120 GeV, Inl < 1.8
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* 3.30 global significance deviation at m=1.4 TeV
-- Cross-check with calorimeter/muon system shows 3~1 for these tracks
* Complementary with other ATLAS LLP searches 12


https://arxiv.org/abs/2205.06013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-013/

Indirect detection searches

® Photons
-- Displaced di-photon vertex
® Hadronic jets
-- Out-of-time trackless jets
-- Displaced vertex with jets
® [ eptons
-- Muon pairs with small displacements

m Public since this winter (last Nov-)
m Public since last year
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NEW

Displaced di-photon vertex

ATLAS-CONF-2022-051

® Target: displaced production of H or Z, originated from neutral LLP
® Signature: displaced vertex of two photons that arrive to the calorimeter delayed.
Exploring the ATLAS LAr EM calorimeter capability fully:

-- Trajectories and vertex reconstruction from EM shower shapes

-- Calorimeter timing t,,; = (t; + t;)/2

__ Back Layer

Secondary
Vertex (SV)

//ar—
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eeeeee
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|
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o 10
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-051/

HoT!

arXiv:2212.06695

Out-of-time trackless jets

tracker or within the calorimeter

Results were interpreted using a
simplified model of GMSB chargino-
neutralino production

-- Effective pair production of )?16
(due to near mass-degeneracy)

-- Each )?16 subsequently
decay to (H or Z) and G

p o ‘\G

For long-lived y{ with ct=0.5m, masses up to 1.18 TeV were excluded

Target: LLPs decaying in the outer regions of the

Signature: jets that are trackless and out-of-time
Deep Neural Net (DNN) discriminator, with jet, _
track, timing information as inputs, was developed =
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Jet tagger output score
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http://arxiv.org/abs/2212.06695

m Displaced vertex with jets

arXiv:2301.13866

o g 12 amassmuaion
® General search for heavy LLPs decaying into hadrons g | senorrvmo=isocevngy-ssoaen <= 1rs ]
L [Oakay tandard Tracking a
. . . o .5 :o. A‘.A“““ N —— Standard + LRT 5
® Signature: dlspla}ced vertex (large mass, multiple R R :
tracks) in multi-jets events 5 o6 R U
. i - ’ U 1
-- Displaced vertex can be reconstructed up to z 0 ™, ’ g
. . r ¢ ]
300 mm thanks to the large radius tracking (LRT)  *% “ *"u‘w:““,,’, - M
. . o) SN N BRI BN Al a7 NSO
® Backgrounds: accidental track crossing, %0 0 e 0 B

merged close-by vertices etc.

10t g——r————r————r———r—r
ATLAS Trackless jet selection [s=13 TeV, 139 fb™
3
10° g9 EWK RPV —e— Data
o R t=0.1ns, m(io) =900 GeV Hadronic interactions
g - - ©=0.1ns, M%) = 700 GeV Merged vertices

Accidental crossings

Number of events / GeV
2

3

Data/Bkg

25 30 35 40 45 50
4-trk DV mass [GeV]

0 5 10 15 20

For long-lived y{ with 7=0.1 ns, ewkino
masses up to 1.58 TeV were excluded
independently of the presence of heavier gluino

Cross section [fb]

® Limits derived for benchmark

models of EW and Strong
production of R-parity
violating SUSY
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http://arxiv.org/abs/2301.13866

m ATLAS-CONF-2023-018

erelon23may  Muon pairs with small displacements

® Target: smuon (fi) with a lifetime of O(1 — 10)ps, filling a gap between prompt
and displaced [i searches
@® Signature: a pair of opposite-charged muons with impact parameters in mm range

-- |dy| > 0.6 mm for signal region z
, AiouBud P P L
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c - ATLAS Preliminary Expected limits E 108 e -
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-018/

Small masses searches

® Small mass di-muon resonance
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JHEPO04 (2022) 062
Long-lived small-mass di-muon resonance

i
® Target: dark photon (Zp) decaying into di-muon pair
-- Also, a scalar resonance in decay of b-hadrons , b
. . . K D
® Nobel experimental technique : ”Data Scouting” H----- ~HTY
. . . . . D I
-- Very high-rate triggers with limited event content !
* to ensure affordable bandwidth usage
-- Enables to search for di-muon masses > 300 MeV f
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https://link.springer.com/article/10.1007/JHEP04(2022)062

JHEPO04 (2022) 062
Long-lived small-mass di-muon resonance -cont’d-

‘02 CMS Prellmlnary _ N 1 b (13 TeV)
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» The obtained constraints are the most stringent to date for substantial
regions of parameter space.

« Competitive with LHCDb in higher mass regions. °


https://link.springer.com/article/10.1007/JHEP04(2022)062

Summary and Run3 prospects

® In the last few years, ATLAS and CMS have produced a large variety of searches
for experimentally challenging signals such as long-lived particles
-- Various noble and dedicated techniques, calibrations, background handling,
trigger, etc. have been invented

® There are still room for further improvements and filling gaps of past searches,
and the Run3 has just started since 2022! (already collected ~40 /fb)
-- New triggers e.g. for unconventional tracking signatures
-- New dedicated reconstruction and analysis methods
* For example, large radius tracking (LRT) runs on all events in ATLAS
since Run3
-- Extension to uncovered signatures
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