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Collider Searches for Dark Matter

Though the presence of Dark Matter is well established, its nature is an open question.

@ Dark Matter - explains wealth
of astrophysical observations:

Dark Matter

Leptons.
electrons, muons,
taus, neutrinos

Nuclear Matter
quarks, gluons

Photons, Other dark
W,Z, h bosons particles

DI M
Direct indirect Particle Astrophysical
Detection Detection Colliders Probes
SM'

(adapted from 1305.1605)

@ WIMP dark matter remains one attractive option.

» Produced in early universe, now in thermal relic density.
» Interaction with quarks via heavy mediator
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Introduction to Collider DM searches

Vector model
g Vg X

@ Any WIMP DM produced at collider experiments will interact
weakly and pass invisibly through detectors.

e Inferred through ‘Missing E7’ (E%) when event does not balance
in plane transverse to beam.

q X

@ Visible radiation (photons, jets, vector bosons) from ISR or Associated production:
associated production can tag DM pair production. Scalar/Pseudo-scalar model

q b/t
@ Consequently, collider searches focus on production of a SM
particle(s) (X) with large E7"SS.
@ Dark Matter mediators need searches for new resonances.
Complementary approaches. Higgs sgnatures

@ LHC can investigate and characterise the SM-DM interaction. Use 2

b A

simplified models (with mediator), and specific complete models to ax<*
explore in LHC Run-2. ‘
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Models
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ATLAS Datasets and Luminosity

@ LHC Run-2 ended in late 2018.
@ An unprecendentedly sensitive dataset.

@ Many results already published, and
more being released regularly.

@ But just the beginning...

@ LHC Run-3 at 13.6 TeV is progressing
well since last summer.
» Greater luminosity and greater collision
energy
» More than double our data
(~ 400 fb~") by 2025.
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ATLAS Datasets and Luminosity

@ LHC Run-2 ended in late 2018.

@ An unprecendentedly sensitive dataset. T :

@ Many results already published, and ;g;‘ﬁfnﬁ]ary
more being released regularly. g

@ But just the beginning...

@ LHC Run-3 at 13.6 TeV is progressing
well since last summer.

» Greater luminosity and greater collision

—
)]
(=]

Vs =13 TeV

=
o
(=]

= . Delivered: 156 fb”
F [LHC Delivered  gocorded: 147 16"

C ce. i
F []ATLAS Recorded "™scs 1390
D Good for Physics

_
o N
(==
T T[T I [TIT 7T

D @
(==

4 - 1367 |
2 [HLke Detiversd
E gl [JATLAS Recorded

Total Integrated Luminosity [fb™™]

40
energy 20 .
» More than double our data /_/
~ 400 fb~') by 2025. e T e e
( ) by 30 B 16@\ A8 1P ALY \133“ B Hontin

Month in Year

James Frost (Oxford) Tuesday 18th July 2023 5/34



S-channel Mediator Simplified Models

) g Vg Y
@ Introduce mediator, talks to DM and SM
sectors.
@ Two complementary approaches: Zin
» Look for DM - mono-X signature
» Look for mediator - resonance search q X
o] SM sector Dark sector q f
s
Mediator
a i
— LHCDMWG White Paper (1507.00966)
@ Relic density: use to guide searches
(simplified model.incomplete)
James Frost (Oxford)
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https://arxiv.org/abs/1507.00966

Putting it all together - Simplified Models |

@ ATLAS DM Summaries

@ lllustrate complementarity between
mediator and invisible searches.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

Spin-0 Simplified Models

@ Consider scalar/pseudo-scalar @ tt+EMSScombination
mediators o tW.Emiss

@ Yukawa-type couplings — heavy quark @ bb+Emiss
(b/t)-associated searches dominate.

@ monojet
Relevant Signatures:
Vs=13 TeV, 139 fo”' July 2023
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-036
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-34
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

Invisible Higgs Searches PLB 842 137963

[¢]
@ ‘Vanilla’ Higgs portal K
@ Higgs boson mediates the interactions X . \ _5__<X
with DM, decays to DM 2 t X
g

@ ‘Invisible Higgs’ - anomalous BR (H—
inv=0.12% in SM). VBF+ErTniss Monojet

@ Signatures: ETs5+ X, each Higgs
production mode.

@ Sensitivity led by VBF+E"SS and
Mono-Z signatures.

Z+ E}”/SS ﬁ+E’T”"SS VBF+E7”-7"SS+7
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Invisible Higgs Searches - Combined PLB 842 137963
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26
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Extended Higgs sectors - 2hdm+a

@ Higgs sector unique and unexplored 4
@ Natural portal to dark matter

@ LHC DM WG benchmark white paper
(1810.09420)

SM sector Dark sector

Mass

2HDM states
@ Postulate two-Higgs doublet (ext. Higgs

[
sector) a, mediator

@ Pseudoscalar (a) portal to DM.
Reduced constraint from DD.

@ For heavier mpy, target scalar sector 125 GeV Higgs
mediators. [

@ Interesting physics from wide range of
signatures and A-a mixing.
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https://arxiv.org/abs/1810.09420

2HDM+a - Results 2306.0064 1

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, m} =10GeV, gx =1, m, =my=m,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a - Results 2306.0064 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a - Results 2306.0064 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a - Results

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, mx =10GeV, gx =1, m, =my=m,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a - Results 2306.0064 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a - Sensitivity to DM mass 2306.00641
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a Light Pseudoscalars - What if ais light?  2306.00641

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, gx =1, m =my=m, = 1.2TeV

o Also complementarity 3 TP = —— =] e
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/
https://arxiv.org/abs/2202.12631

Dark Sectors

@ Have some hidden sector which (usually) includes a DM candidate

@ Postulate a portal that communicates between SM and dark sectors, i.e. have some
dark sector states decay back to SM with small coupling.

@ Common in very weakly/feebly interacting models
@ Dark sector need not be thermal - freeze-in via heavy particle decays.

Portal

Dark Photon, A, Dark Photons

Dark Higgs, S

Axion, a

Sterile Neutrino, N
PBC Report
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https://arxiv.org/abs/1901.09966

Dark Photon Searches - ZH 2212.09649

@ Model: Higgs
boson couples
via dark sector

@ Search for exotic
decay
@ Clean final state T — § s 5
e Z WU e : | mz;“ = oL
@ Cut on my, My, ETIviss 7 :
. oy . e
@ Train BDT and fit discriminant
@ CRsfore — v, VWy b - —
o, o % 156 - K
B(h—yyp) <2.3%at95%CL. | - W/ //r///////////////////,%
0. 3
cf. VBF+MET+y Paper: 1.8 % O Cassr rsponse mE G
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Dark Photon Searches - Exotic Z decays 2306.07413

@ Dark Abelian Higgs 3 Famas " on me |
adds dark Higgs hp ¢, "™ ]

for massive dark "
photon A’.
@ A decaysinto lepton | . : P
pairs (or hadrons) §;EDE"';";'j;*jg*;”‘:';-':ﬂ';;"‘j;#'; T —
@ For light A’ masses, el B E amgs : _Arlfn‘lsg‘g"géx
Z—hp A e egml e e s

—m,’ =60 GeV
——my =70 GeV

@ At least 2 lepton pairs
- similar masses.
@ Fit to the average
dilepton mass, my,. ‘ ~
P ) N Sodf w ||W| HHHH H ] - CMS Obs. LHCb Obs.
@ qq — 4/¢ dominant 10 g

e (GeV] 577901520 253035 40 45
background. m,, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-32

Strongly-interacting dark sectors - dark QCD/showers

@ What if dark sector confined?

@ Simple mediator, but complex dark
sector/matter phenomena.

@ Generate dark quarks, hadronise into
dark hadrons

@ Dark hadrons: stable — EI"SS, unstable
— decay to SM. Invisible fraction rj,,

@ Unusual hadronic signatures.

@ Prompt dark hadron decay —
Semi-visible jet signature: SM jet
aligned with E7".

@ Also NEW - dark meson search

James Frost (Oxford)
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S. Kulkarni

HVparton  pacay to M
showering,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/

Semi-visible Jets - t-channel 2305.18037

@ High ETsS, two high-pr jets.
e Discriminating variables: p?¥, pr jet balance, |A¢|. \\/S<
@ Use 1-lepton, 1-bjet and 2-lepton CRs. o
@ SR requires E"S$>600 GeV and Hr>600 GeV. N &
e Fitto 9 p?¥—|A¢| ranges. . '
EE
2 E "arLas T "y Data Signal m_[TeV], R ' 3 0.8 |- 7
5 10° E Vs-13Tev, 13010 D;\/ﬂ?ts :gé E r
Wyo? éf ﬁ,n > 600 GeV, ET** > 600 GeV D o 204 é
10° - P Eﬁ?ﬂ%‘i‘fp Vi < [
E [ Multjet .13,04 E 0.6
0 7B, Ure - L
10° Brreeeep i vinvand LTI — 3 ATLAS
1o° Lo = F s=13TeV, 139 fb"
5 et " 0.4 &~ =1 -
1100 i [ SV jets t-channel 1
21 — PRD 103 (2021) 112006
g 1 ” sk %}%/ 0.2 —observed - expecled*—
0.9 A T T A
0~ Ol 00202(»27‘27320020\20272732002020272732 2 25 ;; 3_‘5

bal pal bal
O<p <06 06<p <09 09<p <1.0 m,,[TeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-37/

Conclusions and Outlook

@ ATLAS has a wide ranging and
successful collider search programme.

@ Includes range of WIMP hypotheses -
still many options

@ Now also many results on other options
- dark photons, ALPs, dark sectors

@ Often sophisticated analyses - LHC
Run-2 results still coming

@ Run-3 dataset growing fast!

@ Many new ideas, both experimental
(new techniques, new signatures) and
theoretical (new models, anomalies) T

@ Stay tuned!
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2HDM+a - Overview

@ UV complete model: pseudoscalar "9 .
mediator with Extended Higgs sector. TN <\

@ Rich phenomenology with great i <
signature interplay. o 0

bb/tt + MET, multi-b, 4-top

g
Z[h
Z/%)afh ’,1,[1‘,4;
t --& X
T a >~
2
X g X

mono-h/z

@ Complex model - LHC DM WG white
paper defines several benchmarks.

@ Incorporates analyses from across
ATLAS search programme.

@ New addition single top (tW/tq) +E'ss
search (2211.13138). b
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https://arxiv.org/abs/1810.09420
https://arxiv.org/abs/1810.09420
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-01/

2HDM+a Analyses - |. Mono-Higgs

b \
Higgs -~
h
4 - h Low Ex(miss) . Resolved High Exmiss) L ‘
4 L7 ememmeam o Higgs =~ t===c==testieee =
a7 A_ X : -
Lb -= < BN
N X a ~
aN
< X B
X b

@ Higgs boson recoiling against E'ss

@ Sensitive to DM lighter than a,
reasonable A-a mass splitting

@ 2- and 3-b signal regions — sensitive to
gg- and bb-induced production.
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2HDM+a Analyses - |. Mono-Higgs

> T T T T T T T T T T > T T T T T T T T T T T
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New: h(— 77) + ETss
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-50

Monojet Search - Jet(s) + Ess

@ Very general DM search!
@ Selections:
» Energetic jet pT > 150 GeV
» ET's> 200 GeV
» Up to 3 extra jets '
» Search for excess in E7"S®
@ Shape fit in 13 E'SS pins (pfecor)
@ Backgrounds: Z+jets, W+jets, Diboson,
tt

@ Estimated in 1- and 2-lepton control
regions

@ High precision calculation (paper) of
Z+jets/W+jets.

@ O(1-2%) uncertainty on predicted

background.
James Frost (Oxford)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://arxiv.org/abs/1705.04664

Monojet Search - Jet(s) + ET'S - Model Interpretations 2102.1087

15001

ATLAS
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Dirac fermion DM
9,=025,g =1.0
95% CL limits

m, [GeV]

1000

500

P
1000

Many interpretations

il
2000
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@ Simplified Models
@ Long lifetime limit of LLP models. (Reinterpretation Note)
@ Generic sensitivity - e.g. SUSY, leptoquarks, extra dimensions

James Frost (Oxford)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-020/

Strongly interacting dark sector signatures

Distance of the majority
of the jet constituents
from the interaction point

r
‘. Trackless / \\\ Missing transverse energy
@ Signature depends upon lifetime and csploced ets i
balance of visible/invisible dark meson \\
decays. @ Emerging jets \
° !
@ Promptdark jets @ Semi-visible jets

>

Fraction of invisible particles
in the jet
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Dark Meson search ATLAS-CONF-2023-021
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@ Resonant production of dark p, dark = T — |
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:356 ATITAS Prelirninary j
@ 1= My,/M,,
e Consider ) < 0.5, thus p5° — n575° ]
, - 7 s
e Gaugephobic — " decay to tt, tb
. . 0.24
@ 3t,1b or 2t,2b — 8-10 jets, 4 b-jets /
@ Fully hadronic signature, recluster into S St |

Mass of dark pions [GeV]

R =1.2 jets.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/

Spare slide
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