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Unconventional Signatures and LLPs

* Beyond Standard Model (BSM) physics may look quite
different than what we have been expecting...

 BSM decays can produce unconventional signatures with
challenging backgrounds (e.g. Lepton Jets)

» Well-motivated scenarios lead to Long Lived Particles (LLPSs)
due to weak couplings, compressed mass spectra

» ATLAS projective geometry + prompt reconstruction not
designed to efficiently target LLPs

» Searches for these signatures push the limits of detector
performance!

« Often require special reconstruction, dedicated triggers,
data-driven background estimation
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Recent ATLAS Unconventional/LLP Search Program

Reference Title Publication Date
ATLAS-CONF-2024-011 Displaced Leptons Run 2 + Run 3 Conf. Note 20 July 2024
EXQOT-2022-04 Hadronic LLPs w/ Associated leptons or jets Submitted to JHEP 12 July 2024
EXOT-2018-55 Dark Photons (Prompt Lepton Jets) Submitted to EPJC 12 July 2024
ATL-PHYS-PUB-2024-009 Pixel dE/dx + B-calo chargino interpretation Pub. Note 31 May 2024
ATL-PHYS-PUB-2024-007 RPC-to-RPV LLP di-tau re-interpretation Pub. Note 6 May 2024

EXOT-2021-32

Hadronic LLPs using Displaced Vertices

Submitted to PRL

22 March 2024

EXOT-2022-15

Dark Photons (Displaced Lepton Jets)

Accepted by EPJC

30 November 2023

ATLAS-CONF-2023-044

Pixel dE/dx + B-calo

Conf. Note

8 September 2023

EXOT-2019-33

Magnetic Monopoles

JHEP 11 (2023) 112

9 August 2023

« Extensive search program in ATLAS, not enough time today to cover everything!
* Results in blue will be covered in this talk

Andrew Smith, Columbia University
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-04/
https://arxiv.org/abs/2407.09183
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-55/
https://arxiv.org/abs/2407.09168
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-32/
https://arxiv.org/abs/2403.15332
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-15/
https://arxiv.org/abs/2311.18298
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-33/
https://link.springer.com/article/10.1007/JHEP11(2023)112

Overview

Unconventional prompt signatures

» Dark Photons (Lepton Jets)

LLPs in the inner detector (ID)

« Hadronic LLPs using displaced vertexing
« Displaced Leptons search Run 2 + Run 3

mean LLP decay length

LLPs in the calorimeters / muon system

* Neutral LLPs + leptons or jets

Image by Heather Russell
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New for ICHEP Dark Photon (Lepton Jets)
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et Dark Photon (Lepton Jets) Results
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* No deviation from Standard Model — set limits on Higgs BR to y4 between 0.05% and 1% excluded, depending on m( y4)
* New sensitivity w.r.t. ATLAS Run 1 result [JHEP02(2016)062], driven by new shape fit technique
« m(yq)=.4GeV, FRVZ model: BR(H — 2y4+ X) limits (x13, accounting for added lumi + higher cross-section)
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Special Reconstruction: Large Radius Tracking

« Standard track reconstruction in ATLAS designed for tracks
pointing back to Primary Vertex (PV)

« Large Radius Tracking (LRT) — additional tracking pass on
unused hits after initial tracking pass, relaxing some
requirements (e.g. impact parameters)

 Difficult computational problem — high pileup, many random
hits in the tracker

Improvements in LRT [IDTR-2021-03]

* Run on all events, rather than prev. ~10%

* In Run 2: can now look at LRT with full dataset!

* In Run 3: [new LRT triggers] increase sensitivity to LLP
decays!

— Standard ID track

\— LRT track formed from

unnassociated hits

Andrew Smith, Columbia University
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Hadronic LLPs Using Displaced Vertices

VBF H or H+(W/2)
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i H------- <
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LLPs Vertices Results
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== First limits on ALPs w/ photon coupling suppressed at LHC!

 No Excess w.r.t SM predictions. formg =5 GeV, 3mm < ¢t <20mm
 New LRT, New VBF, 1#, 1DV regions deliver sensitivity w.r.t. previous [JHEP 11 (2021) 229] ATLAS Run 2 result!
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vewioricier | [)isplaced Leptons In Run 2 + Run 3

Benchmark: slepton pair production via Gauge-Mediated Supersymmetry Breaking (GMSB) p y : )
» Next-to-lightest Supersymmetric Particle (NLSP) is LLP (z ~.01-100ns) > - G

Expect displaced pairs of SM leptons > o~ -G
* Reconstruct e/u using standard and LRT tracks

« Canlookin 1e, ey, yy, where one decay is outside ATLAS or displaced e reco’d as y _ _

Slepton-pair production

First result exploiting new LRT triggers in Run 3,
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New fo ICHEP Displaced Leptons Strategy
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vewioricher | [)isplaced Leptons In Run 2 + Run 3
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« First ATLAS Search Result at /s = 13.6 TeV, No significant deviation from SM expectation

- Largest local significance 2.20 in LRT-enriched ee final state (1 event observed, 0.0016")%2% expected)

« Adding early Run 3 data + new triggers improves sensitivity w.r.t. previous search [PRL 127 051802]
* Smuon limits for yu final states only — gains here driven by Run 3 LRT triggers

« BDT region probes new final states, allows exclusion at higher lifetimes
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wercier | Displaced Leptons: Big Picture

July 2024
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» New results from re-interpretation of [ATL-PHYS-PUB-2024-007] + Displaced Leptons offer new

sensitivity to staus
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New for ICHEP Hadronic LLPs + Leptons/Jets

Target pair-produced LLPs, LLP + Standard Model W/Z

: : L : : i Pair-prod
Expect jets with low energy fraction in electromagnetic calorimeter due to displacement ,_E',; ore uceg /Lb
— Exploit hadronic/electromagnetic calorimeter energy fraction = “CalRatio” jets g ,
@ S N
v .
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» Suppress multijet, beam-induced background with per-jet NN, then use ABCD method
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New for ICHEP
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Hadronic LLPs + Leptons/Jets Results .
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Conclusion

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

If BSM manifests as an LLP...

Status: March 2023 JZ dt = (32.8 _ 139) fbfl \/E =13 TeV
Model Signature  [£dt[b™] Lifetime limit Reference
T T — T T — T T —TTTT
RPV f — uq displaced vtx + muon 136 1 lifetime 0.003-6.0 m m(f)=1.4Tev 2003.11956
RPV i9 — eev/euv/uuv displaced lepton pair 32.8 0 lifetime 0.003-1.0 m m(g)=1.6 TeV, m(¢?)= 1.3 TeV 1907.10037
« Could “standard” h method : : |
oula esCape Standara Searc etnoas RPY £ - qaq dspicedvcejets 199 | 2 etme GOOEEEOE -0
GGM i - ZG displaced dimuon 32,9 )2'1’ lifetime 0.029-18.0m  m(g)= 1.1 TeV, m(¥})= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 )?‘; lifetime 0.24-24m m(7?, G)= 60, 20 GeV, By=2% 2209.01029
. . . . GMSB 7 — (G displaced lepton 139 7 lifetime 6-750 mm m(f)= 600 GeV 2011.07812
>
« So far setting limits, expanding to meet prompt (8 aeic  sion @ [rion
. D aviss pp - ¥R, 7Ty disappearing track 136 | ¥y lifetime 0.06-3.06 m m(¥;)= 650 GeV 2201.02472
regime and cover out to detector-stable LLPs
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — 5g)= 0.1, m(g)= 500 GeV| 1811.07370
Split SUSY large pixel dE/dx 139 g lifetime >0.45m m(g)=1.8TeV, m(¥?)= 100 GeV 2205.06013
. . . . Split SUSY displaced vtx + Ef's 328 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(¢?)= 100 GeV 1710.04901
* Require custom variables, dedicated trigge - - s
u I r u V rl y I rl r y Split SUSY 0¢,2-6jets +EM= 361 [ &lifetime 0.0-21m m(g)=1.8TeV, m(73)= 100 GeV | ATLAS-CONF-2018-003
S eCi al I’eCO n St r u Ct i O n H-ss 2 MS vertices 139 | slifetime 0.31-72.4m m(s)= 35 GeV 22083.00587
p LR ° H->ss 2 low-EMF trackless jets 139 s lifetime 0.19-6.94 m m(s)= 35 GeV 2203.01009
B
S VH with H — ss — bbbb  2( + 2 displ. vertices 139 s lifetime 4-85 mm m(s)= 35 GeV 2107.06092
I
% FRVZ H - 2y4 + X 2 u—jets 189 | va lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
— LRT in Run 2 and (with triggers) in Run 3 o [
i)
g g R H- Z4Zy4 displaced dimuon 32,9 Z,4 lifetime 0.009-24.0 m m(Z4)= 40 GeV 1808.03057
H— ZZ4 2 e, + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2m m(Z3)=10 GeV 1811.02542
(200 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 | s lifetime 0.41-51.5m o x B=1pb, m(s)= 50 GeV 1902.03094
L] - =
]
] Exte n S I Ve Se a rC h p ro g ra m I n A I LAS n Ot ‘G P(600GeV) s low-EMFtricless jets, MS vix36.1 | s lfetime 0.04-21.5m % B=1 pb, m(s)= 50 GeV 1902.03094
) @ (1 TeV) - ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV| 1902.03094
. .
enough time to cover eve rythmg! W NGNS 0y depceds e o0 139 | Niltme 07442 mm =5 v D 2208171900
. W — N¢, N — tty displaced vix (uu.ue, ee) + 4 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
=
[ ] See A I LAS P u b | IC Res u ItS P aq e :‘2: W — N¢, N - ey displaced vix (uyu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
= W — N¢, N - (ty displaced vix (ujpue, ee) + e 139 N lifetime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988
1 PRI | PRI | sl sl sl L
0.001 0.01 0.1 1 10 100
ct [m]
= Vs=13TeV  Vs=13TeV
—_— Irs earc esu a S = . e partial data full data [ B ST BRI BT B
*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100
7 [ns]
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Prompt Lepton Jets Extra

elL.J channel ABCD:

- © 3 09 2
3 g o : 18 0
@ 2 T 16
£ 08 = 07 14
© g F
s E
0.6E 12
0.6 =
05 10
0.4F 8
0.4 F
0.3 6
ATLAS Simulation c ATLAS 1
0.2F Vs=13TeV, 140" 0.2 0.2;[\)F=13Tev 140 fo 4
HAHM, B(H— 27 )= 0.5% : . ata
0.1F m, =0.017 Gev E 2
T B PP PO PO FUTER S| (e 0

0 010203040506070809 1
Leading elLJ pTlmbaIance

O 1
0 0.1020.30405060.70.809 1
Leading eLJ P, imbalance

Selection CRB CRC CRD SRexpected SR observed
eLJ-eL] 125 862 356 30333 351

uLJ channel background shape parameterization:

eLJ channel region definitions:

Requirement / Region SR CRB CRC CRD VRgz

Applied to both leading and farthest eL.]

N. of EM clusters in e¢L] |

e mass imbalance <0.8

Selection on event-level variables

A¢(eLJ,eLJ) > 2.5

N. of Jets (pt > 40 GeV) 0

m(eLJ,eLJ) ¢ [80,100] GeV yes yes yes yes  veto
Leading eLJ pi™ <08 <08 >08 >0.8 -
Farthest eLLJ R <096 >096 <096 >0.96 -

-m T 5
e~ M/ T2 + fexpé

B(myuvy) = (1 = fexp = 110 = fo1020) = fu2s))

_(IH (LI M [y )2 _(nl (L Hy(2S) )2 (
. Tl . Ty(2S . THh(1020
+f1ye Yol +fuesie VTV T+ feaooe s

, =Myl [ T 4

,
(s lw,(lozm)

Double exponential + Gaussian probabilities for SM resonances
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My for selected m( Yd)

> C T ]

8 10° ATLAS Simulation = m, _034 ge¥
E —— m =0.40 Ge =
g E (s=13TeV, 140" Cme_090Gev 3
S E  ulJ-uLJ SR, FRVZ model, BR(H—> 2y, +X)=5% mg =2 GeV 3
oS C . d mS =6 GeV 7
< i [ - m°=10 GeV 7
g 10°¢ : E
5 S . i 3
2 C ' n ]
-g B ¥ ] it T
8 10°F TS i -
2 = Bt i E
= C 5} t ]
T \ ‘i \ m [

10™ 1 10

uLJ mass [GeV]
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Hadronic LLPs Using DVs Extra

f2) [ ERRERRRRRREREN T ]
& | ATLAS ¢ Data i
& 15 (s=13TeV, 140 b — M=18GeY 3
. . . - . o Eoq. —mg = e ]
- Validate extrapolation of per-jet probabilities to event-level weights for [ leptenH s m—55GeV
. . . . = - s —
background prediction in BDT;, X BDT;; < 0.7 using S, g1 i}
LL E =l 5
. BDTjoxBDTJ1<O7—>O7 <BDTj0XBDTj1<O.9f0rnDV=1 *®®cccccccccccs ﬂT__.. il
- Events with high-ptphoton, 2 jets, 0 leptons for g2 B =
LOW-scorevaIidationregion 3] v ilesselav i besvelsiisiawvalioeclucsiliienloris
10,5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII: .ESOIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ’ ’ ' ’ ’ ’ ’ ’ ’ !
~ "/{TLAS ) [ Background . o 45 ATLAS [l Background BDTJ'
s=13TeV,37.5-140fb" / Uncertainty P Vs=13TeV, 140 b /, Uncertaint . . L
% Validation Region,n_ =1 Data % 40 b Photon VR oo Y BDT,, X BDT,;, showing region definiton
w 1-lepton 2-lepton VBF W 35¢ *3 C ;\TLAS‘ | | | R D‘t | 7
1 (0] ala
; 10 —=
%0 3 TE (s=13TeV, 140 b —m,=16GeV  :
25 ° - 1-lepton, H — ss — m;=40GeV 7
20 S 15 cr,=100 mm e M=55GeV
[&) : I.--; :---> =
© - CR !np=2SR 1 npy=1 SR
15 10" 5 A
10 E ....ooooooooo....._L{_::_—T__ E
- . T T %eeg, i ]
5 10°g | e, 3
E = ° =
2147 215 10" ' F ]
o D - =
s 08 L s : X
g . g 0-5 10_4:5:71 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 i 1 1 1 1 l 1 1 1 1 i 1 L L E
0.7-09 0.7-0.9 0.7-0.9 03 04 05 06 07 08 0.9 1
BDT; x BDT; BDT, x BDT, BDT, x BDT,
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Displaced Leptons Extra

electron BDT

E 10°=" ATLAS Preliminary ¢ gggati o
5 S=13.6 TeV, 56.3 f5"; EM- —w ackground template
« Exclusion results from combined fit across nine ABCD regions and 107 (5= 08TV SR EM DT Eoca i)
EM-BDT regiOn 10 ee300GeV1ns[x10]
10° . ;
« EM-BDT non-closuse shape systematic from disagreement in - sroey |

extrapolation across (t = 0) in W/Z enriched events 10

_;
Q

Results across all signal regions

)
TTTT HH‘HHI\
e
—]
(I((((I(

Data / bkg.
S a N

Signal Region Total Bkg. Data (Aec)® obs D] Sggs Sg,fp CL, p(s=0)(2) 0‘00"0‘ — ;0_22 02270‘33 R
eBDT score
SRee-high-pr-Run2 ~ 0.031+0.031 0 0.02 30 3.0 046  0.5(0) ) photons BDT
SRee-high-pr-Run3 0.06+0.05 0 0.05 3.0 3.0190 045 0.5 (0) E 10° AT,_AS Preliminary ¢ SRdaa
SRee-LRT 0.001610.0029 1 0.07 41 31799 097  0.01(22) 0 1ge |- fs =106 Tev. soas: EmapT L e
SRuu-high-pr-Run2 0.02+9:22 0 0.02 30 3.0%9 049  05(0) 10° ooy e b
SRyp-high-pr-Run3 0.01+0-41 0 0.05 30  3.0%0 048  0.5(0) e e
SRup-LRT 0.02+9%% 0 0.05 3.0 3.00%9 049  0.5(0) e e T
SRep-high-pr-Run2  0.0016*%95% 0 0.02 30  3.0%%% 050  0.5(0) Oy | =
SRep-high-pr-Run3  0.0049910 0 0.05 30 31799 050  0.5(0) 1 |T
SRep-LRT 0:2:7:% 0 0.05 30 3.0%1 045  0.5(0) o o ‘ -
SR-EMBDT Lo~ 3 0.13 7.1 5.7% 077 0.2(0.9) S B : : I
© 0 0.00,0.17 0.17,0.34 0.34,0.52 0.52,0.72 0.72,1.00
m)] yBDT score
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Hadronic LLPs + Leptons/Jets Extra

2
I = —C2~m3 = 4C~
“8 T g2 TGTALP Bags ¢/ Ja BDT CalR+Z performance:
o CaIR+Z preselectlon | |
o T T T T 2 SARDARRRS SR AR AR AR R AR AR ]
I> 10_2 - ATLAS Cw=1 - _E 10?2 = ATLAS 1 . Da.ta —
9 Vs =13 TeV, 140 fb~?! —e— Cy=0.5 @ E {s=13 TeV, 140 fb’ Z+jets -
™~ L © - - m,, »=40 GeV ]
> 104} —e— Cy=0.3 | < 10; LLP decay after ID +(rr?jms)=(125,55) GeV 3
§ —— (C,y=0.15 = ’ - - (m@,ms)=(200,50) GeV ]
© = ~=—(m_,m, )=(250,100) GeV 3
—6 , fa=1TeV L — d -
107"+ . RN
100 », =
- T, " - .
10—8_ | 10—2|§_ ..........T?!i=l°'_§
gttt
10 E? * : T * ; i ¥ 3
10—10_ | » ]
(ot AR R AR T T T =
Lol . Ll L (@)
1071 10° 107 % 1‘21 + * } +
S o0 o1 02 0.3 0.4 05 0.6 0.7 08 09 1

* Gluon coupling proportional to ct, SM weak sector

low-E.
) : . BDT
coupling proportional to o, — can set limits on Cv,Cs CalR+z SCOT€
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