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Why Search for Unusual Signatures?

» Lots of BSM ground covere
In direct searches

- no evidence using more
conventional signatures
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2019 Vs=13TeV
Model Signature [t (™) Mass limit Reference
T T T — T T T T —
4G, Gogt, Oeu 2-6jets  EMS 361 155 m(E%)<100 GeV 171202332
” mono-jet  1-3jets  EMS 361 0.71 m(g)}-m(¥})=5GeV 1711.03301
2 3%, 8-qa%) Oe,p 26jets EP™ 361 | & 2.0 m(F})<200 GeV 1712.02332
S z Forbidden 0.95-1.6 m(Z})=900 GeV 1712.02332
& @ s-qeor) Beu 4 jets 36.1 |& 1.85 m(F?)<800 GeV 1706.03731
0 ee, it 2jets  EP™ 361 4 1.2 m(z)-m(¥})=50 GeV 1805.11381
g 3%, goqqWZT, Ocp  7-11jets EPs 361 |z 18 m(E!) <400 GeV 1708.02794
3 SSe.qu 6 jets 139 | 1.15 m(g)-m{F1)=200 GeV' ATLAS-CONF-2019-015
S
= gz gt 0-1eu 3b EPS 798 | 2.25 m(F})<200 GeV ATLAS-CONF-2018-041
SSe.pu 6 jets 139 | & 1.25 m(z)-m(¥)=300 GeV ATLAS-CONF-2019-015
biby, by —b¥) i Multiple 361 | b Forbidden 0.9 m(¥!)=300GeV, BR(bT))=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b¥})=BR(¥})=0.5 1708.09266
Multiple 139 | By Forbidden 0.74 m(¥})=200 GeV, m(¥})=300 GeV, BR(:¥7)=1 ATLAS-CONF-2019-015
o Db Bi—bYs - bt Oe,p 6b  EPe 139 |B Forbidden 0.23-1.35 AM(T3, 79)=130 GeV, m(¥})=100 GeV. SUSY-2018-31
L8 by 0.23-0.48 Am(E, ¥)=130GeV, m(¥})=0 GeV SUSY-2018-31
g
§, g i, > Wb or ¥} 0-2eu 02jetsH2bEPs 364 |7 1.0 1506.08616, 1709.04183, 1711.11520
e § fify, B WhE e 3jets/t b EP™ 139 i 0.44-0.59 ATLAS-CONF-2019-017
%§ fihy, i =T by, 1116 Tr+tent 2jets/t b EP™ 361 7 1.16 1803.10178
T S Ay, ookl /6E toet) Oe.p 2¢ B 361 | 0.85 1805.01649
D) i 0.46 1805.01649
Oep mono-jet  EPiS - 36.1 7 0.43 1711.03301
1-2ep 4b EP™ 361 3 0.32-0.88 m(¥})=0 GeV, m(7,)-m(f})= 180 GeV 1706.03986
by, oty +Z 3eu 1b EPs 139 |7 Forbidden 0.86 m(¥)=360 GeV, m(7;)}-m(¥})= 40 GeV ATLAS-CONF-2019-016
RS via wz 23en EP™ 364 | /RS 0.6 m(i)=0 1403.5294, 1806.02293
e, =1 Ep 139 | g0 0.205 m(E)-m(E})=5 Gev ATLAS-CONF-2019-014
KX viaww 2en EPs 439 | Fy 0.42 m(E)=0 ATLAS-CONF-2019-008
TR0 via Wh 0-1epu 2b2y  EPS 139 | ¥ /¥  Forbidden 0.74 m(¥))=70 GeV | ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ
= Q ViR vialv 2ep Eps 139 [ 1.0 m(Z,7)=0.5(m (¥} )+m(¥})) ATLAS-CONF-2019-008
WS #7000 27 Eps 439 | 7 [FL TR U] IN0N6:0:3] 0.12-0.39 m()=0 ATLAS-CONF-2019-018
TLrlig, T-0) 2eu Ojets  EM™ 139 |7 0.7 m(E)=0 ATLAS-CONF-2019-008
2en =1 Ep™ 139 I3 0.256 m(?)-m(¥})=10 GeV ATLAS-CONF-2019-014
AA, A-hG[2G Oe.p >3b  EPS 361 |& 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
dep Ojets  EM™ 361 i BR(Y) — ZG)=1 1804.03602
B @ Direct ¥} ¥; prod., long-lived ¥} Disapp. trk  1jet  EPS 361 Pure Wino 1712.02118
22 Pure Higgsino ATL-PHYS-PUB-2017-019
2T Sstable g Rhadron Multiple 36.1 1902.01636,1808.04095
3 & Metastable g R-hadron, g—qqf} Multiple 36.1 m(¥)=100 GeV 1710.04901,1808.04095
LFV pp—sve + X, 7r—sepfe/ur et yut 3.2 21=0.11, i 133233=0.07 1607.08079
XTI - wwjzeeetv dep Ojets  EP'S  36.1 m(¥)=100 GeV 1804.03602
32, —qq%), ¥} > qqq 4-5 large-R jets 36.1 Large 47, 1804.03568
z Multiple 36.1 m(iH)=200 GeV, bino- ATLAS-CONF-2018-003
& i ioel), &) - 1bs Multiple 36.1 mEY)=200 GeV, bino-like ATLAS-CONF-2018-003
hiy, fi—bs 2jets +2b 36.7 1710.07171
hiy, h—qt 2ep 2b 36.1 BR(i —be/bu)>20% 1710.05544
T Dv 136 BR(f; —qu)=100%, cost,=1 ATLAS-CONF-2019-006
N N - 1 N N A
*Only a selection of the available mass limits on new states or 107! Mass scale [TeV]

phenomena is shown. Many of the limits are based on

simplified models, c.f. refs. for the assumptions made.

1 2TeV

>

excluded masses

» what are conventional signatures?

jets and leptons (usually high pt) from IP

- large missing Et (e.g. non-interacting

stable particles)




What Are Unusual Signatures? (l)

» Stable or meta-stable, interacting (charged) particles

Small coupling | Small phase space | Scale suppression
_ GMSB v
- Dirac monopoles Z AMSB Y4
= Split-SUSY v
- sleptons RPV V4
Twin Higgs v
- R-hadrons % Quirky Little Higgs v
Folded SUSY v
» Meta-stable non-interacting particles q Freeze-in v
% Asymmetric v
- neutralinos Co-annihilation v
2 Singlet Scalars
- heavy neutrinos & ALPs
—
ch Dark Photons v
- hidden/dark-sector particles (scalar or vector) Heavy Neutrinos

https://arxiv.org/abs/1810.12602

| Detector-Prompt gi g g Detector-Stable .

wl ST » More generally...SM itself
I ’ * displays wide range of lifetimes
%104_5 Bi/BO{ .
g e - near degeneracy in mass spectra
. 2o : .
A B e ° P - small couplings

107 . s e - highly virtual intermediate states

1072 1072 107 10°% 107 107 1073 10! 10°
Proper Lifetime 1 [s]

https://arxiv.org/abs/1810.12602
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Detector Signatures: Long-Lived Particles (LLP)

» ATLAS as an example

------------------ neutral particle

> jet
KeyWOrdS: ___—"charged particle
Odisplaced Displaced pairs ] wcws®®  highly ionizing particle
° delayed of leptons
—> electron
e disappearing ‘ /_ — > muon
.Iemerqen’r ' ¢ . ohown
o late /
e highly-ionizing “Short tracks,
D the ID
£ low-EMF
""""""""""" jets
challenges to Displaced
offline object vertices in the
MS
reconstruction Muon!
Spetrom_e y Emma Torré
(Meta-) Stable J. Wash.

Charged LLPs
BF19




Trigger Limitations

» Special triggers dedicated to unusual signatures
- bandwidth concerns — suppress combinatorics, SM bkgds, etc.

- signal efficiency — detector limitations (e.g. only barrel, only part of
tracking volume, etc.)

- Implications for background estimation — MC sometimes not reliable

» Trigger on something in event not directly associated with the
unusual signature...associated production

- ex. prompt hight pr lepton/jet/y, MET...

- Introduces model dependence

BF19 5



Background Estimation

» Often the MC simulation is not reliable enough for some/all
bkgd

- Detector features or measurements not used by many other
analyses

- Backgrounds not simulated at all, or rather poorly — cosmics,
beam-related backgrounds, instrumental effects, etc.

» Use only/mostly data itself to provide the estimates...
- EX. special triggers applied to empty bunch crossings

- “ABCD method” utilizing two independent quantities

BF19 6



Background Estimation: ABCD Method
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ATLAS Displaced Dimuon Vertex
EXPERIMENT Phys. Rev. D 99 (2019) 012001

ldea = Iook for dlsplaced dlmuon vertices using solely MS tracks

MS track

\ » Simple approach using
i what ATLAS measures
“ \ well/cleanly = muon tracks!

]
/
- ! |
5~ 7
~
\

» Use only muon tracks not
\ matched to an ID track

» MS tracks make a vertex

Sensitivity:
Decay lengths of ~1cm - 4m



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012001

ATLAS Displaced Dimuon Vertex

EXPERIMENT Phys. Rev. D 99 (2019) 012001

Low pt muons / low mass signal High pt muons / high mass signal
» 15 <myy, <60 GeV » Myy > 60 GeV
» special dimuon trigger » MET and single MS trigger
» backgrounds mostly processes » backgrounds mostly processes
with muons produced far from IP with muons produced near |IP
(cosmics, beam, pi/K decay) (Drell-Yan/Z boson)
p p
€
H p
_____ Z
G
p ZD

GGM/GMSB

Very light gravitino LSP

Neutralino NLSP: long-lived and heavy
Dimuons at Z pole

Small BF(H—ZpZp): 1-10%
Small Z-Zp coupling: long-lived
BF(Zp—pp) = 10-15%
Dimuons with my, < mH

v v Vv Vv
v v Vv Vv



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012001
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012001

95% CL upper limit oxB [pb]

ATLAS Displaced Dimuon Vertex

EXPERIMENT
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012001

CMS~ Delayed Photon

M» Search for neutral LLP decaying to photons

- photons arrive “late™ at the calorimeter — delayed

use arrival time in ECAL and MET for signal-bkgd discrimination

415107 (13 TeV) 5 4150 (13 TeV)
U) E | ! T ! T T | T T E > 10 T ! ! | T ! T T T T | T T T | T ! ! E
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https://arxiv.org/abs/1909.06166
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https://arxiv.org/abs/1909.06166

CMS~ Disappearing Track + Jets

» Search for electrically-charged LLP decaying inside detector
- track originates from IP but “disappears”

- use isolated track (pt > 15 GeV) — not lepton — no calo deposit —
lacking outer inner detector hits

- T 0
p Ej. ’/o-- X? p tll”/. Xl
e @) S R
p _~“ *'\. p = = *\\ .
q ‘\ T ot b "
a b

» Long-lived SUSY chargino — neutralino-chargino mass
difference small (compressed phase space)
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https://arxiv.org/abs/1909.03460

) Very powerful charged LLP search...Exclude:

- neutralino-gluino masses, 10 < ¢t < 1000 cm (approx)
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https://arxiv.org/abs/1909.03460
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Highly-lonizing Particles (HIPs)

» Signature of very high energy loss in tracking detectors and electromagnetic
calorimeter

- HECOs — High-Electric-Charge-Objects (s-quark matter, Q balls, micro black hole
remnants)

- Dirac Magnetic Monopoles— TeV-scale masses and large magnetic charge

=

I ECAL

«v"-\ °
"~

' .‘—.—"r
F C
arXiv:1810.12602



https://arxiv.org/pdf/1810.12602.pdf
https://arxiv.org/abs/1905.10130
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Highly-lonizing Particles (HIPs)

» Drell-Yan production assumed
» 200 < m <4000 GeV and 60 < |ge,m| < 100e

» High ionization in Transition Radiation Detector and “pencil-like” deposit of energy in the ECAL

3102;_ | |""|';
= B JAILAS
° | s =13 TeV, 34.4 fo'-
to- =\ spin12menopole; )» Background estimate: 0.2 +0.4

-
PE R

» No events observed in signal
region

10—1—DYS in-1/2 DY Spin-V2  —
95% CL Limit LO Prediction :
- -m- g|= 29, lg1=2g, ]
— Ig|=1g

- e Ig | 19
. |
0 1000 2000 3000 4000 5000

Lower limits on the mass of Drell-Yan magnetic monopoles and HECOs [GeV]

igl=1gp lgl=2gp |z|=20 |z/|=40 |z|=60 |z|=80 |[z] =100
Spin-0 1850 1725 1355 1615 1625 1495 1390
Spin-1/2 2370 2125 1830 2050 2000 1860 1650
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https://arxiv.org/pdf/1810.12602.pdf
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EXPERIMENT

» ATLAS and CMS increasingly clever in utilizing detector
information to search for non-SM phenomena

- SUSY RPV, SUSY GMSB, dark sectors, monopoles...
» LHC Run 3 begins in 2021— will double the Run 2 sample

- New triggers — increase sensitivity to these exotic signatures

- Better job of performing analyses in a way that allows for re-
interpretation in terms of other models

» HL-LHC running begins in 2026 — ten times the Run 2+3
sample

- Large improvements to the detectors!




