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@ Dark Matter and Collider Searches

@ Monojet - Jet(s)+EN™sS

@ Dijet/dilepton searches

@ |Invisible Higgs decays

@ Extended Higgs Sectors (2hdm+a)

@ Dark Sectors, semi-visible jets and LLPs
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Why search for Dark matter?

> Galactic rotation curves
Dwarf galaxies

> Large scale structure

> Gravitational lensing
Cluster collisions

© CMB + Baryogenesis

CENCENCINC

®
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How to search for Dark matter?

© Gravitationally interacting
© Dark

© Cosmologically stable

© 5x as much as SM

James Frost (Oxford) " mALseminar | Wednesday 8th November 2023 3/77



Models of dark matter

@ Dark matter must have very
small effective SM couplings
» Directly to SM particles?
» Indirectly through BSM

particles?
@ Incorporate astrophysical SR B -
knowledge - ¢ """" 1 -
» Relic density o \ T 1y -
» Mechanism (freeze out, : \ ¢ ,,,,,,,, 1 30
freeze-in) 1 . N
» DM nature (scalar, Dirac 1w S
fermion, etc...) ! n L 3w S

x=m/T (time -) m; (Gev)

@ Candidates: WIMPs, dark ~
axion/axion-like particles, dark
sectors
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Models of dark matter

@ Dark matter must have very
small effective SM couplings

» Directly to SM particles?

» Indirectly through BSM B g
particles?

HISTORY OF THE UNIVERSE

@ Incorporate astrophysical
knowledge
» Relic density
» Mechanism (freeze out,
freeze-in)
» DM nature (scalar, Dirac
fermion, etc...)

@ Candidates: WIMPs, dark ~
axion/axion-like particles, dark
sectors
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Complementarity, signatures

Assumptions Dark Matter

@ DM interacts
non-gravitationally

Leptons

. Nuclear Matter e —— Photons, DIhEI: dark
@ Has some effective hadron s iens tausneinos JRll W bosrs parles
coupling '
@ Complementarity e e - sl O
@ Direct/indirect detection,
colliders

@ For what collider signatures to
search?
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Intermezzo - Finding new particles is hard!
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Anatomy of a collider DM signature

x(my)

@ LHC high-energy probe
@ Allows characterisation of DM
interaction

@ Use/need model to guide
phenomenology

R(my)

@ DM pair-produced, non-interacting.

@ Proton remnant & DM alone not triggered.

@ Need to tag DM production event via visible radiation (ISR, assoc. production) —
E?_viss

@ Resolving the DM interaction - ‘mediator’ particle - complementary approach,
resonance signatures.

@ Use simplified models (with mediator), and specific complete models to explore.

@ Signature-driven approach - explore all DM signatures
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Introduction to Collider DM searches - Summary

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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What makes a good simplified/concrete DM model?

Necessary Desirable
@ Compelling dark matter candidate, @ Interesting phenomenology
ability to satisfy relic density @ Wide range of possible signatures
@ Tractable no. of parameters (illustrate breadth of programme)
@ Evades existing constraints @ Synergies: e.g.

» invisible vs. mediator resonance
» prompt vs LLP vs invisible
» interplay with (in)direct detection

@ Important, generic signatures
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Models

Less Complete

Dipole
Interactions

LHC DM WG
.. ecosystem

Effective Field Theories

Models

Simplified
Models

Contact
Interactions

portal e

. UV Complete
Models
Sketches of Models - -. ... .- .

Figure: Tim Tait
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ATLAS Datasets and Luminosity

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

C ATLAS
2140 Preliminary

b
>
S

{s =13 TeV

it

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

@ But just the beginning...

@ LHC Run-3 at 13.6 TeV is progressing

E . Delivered: 156 b
~ [LHC Delivered  Recordeds 147 1"

© ot b
E [JATLAS Recorded PMvses:'39f
D Good for Physics

- -
(=T v}
(=N =]

Total Integrated Luminosi
@0
(=)

well since last summer. o
» Greater luminosity and greater collision 40?
energy 20p
» More than double our data 0——
(~ 400 fb~1) by 2025. 3012 3 P08y B Ty T 1By 1@

Month in Year
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ATLAS Datasets and Luminosity

@ LHC Run-2 ended in late 2018.

@ Anunprecendentedly sensitive dataset. @~ —— 1 !

@ Many results already published, and o0 Prolimmary B 10TV

more being released regularly.
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@ Dark Matter and Collider Searches

@ Monojet - Jet(s)+EN™sS

@ Dijet/dilepton searches

@ |Invisible Higgs decays

@ Extended Higgs Sectors (2hdm+a)

@ Dark Sectors, semi-visible jets and LLPs
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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

Monojet Search - Jet(s) + Ess

@ Very general DM search!

@ Selections:

Energetic jet pT > 150 GeV

Emiss> 200 GeV

Up to 3 extra jets

Search for excess in Ef'sS

@ Shape fitin 13 Ef'sS bins (peco)

@ Backgrounds: Z+jets, W+jets, Diboson,
tt

@ Estimated in 1- and 2-lepton CRs

@ 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

1500—————— 1 —
ATLAS

s=13TeV, 139"
Axial-vector mediator

m, [GeV]

Dirac fermion DM
9,=025,g =10

1000}-95% CL limits

500

TV R '203)0
m, [GeV]
2102.10874

Many interpretations
@ Simplified Models

137 fb~!, 2016-2018 (13 TeV)
T T

=)
T

Axial mediator
9y=1.0
Mpy = Mmed / 3

95% CL upper limit on the coupling gq

-6~ Median expected

—e— Observed

W 68% expected
95% expected

- L L
1 1500 2000 2500

Mmeq (GeV)

I L
500 1000

JHEP 11(2021)153

» Fix coupling, exclude mpy — Mmeq; fix ratio, exclude coupling

@ T-channel models

@ 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/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/index.html

Outline

@ Dark Matter and Collider Searches q f
@ Monojet - Jet(s)+EMss

@ Dijet/dilepton searches

@ Invisible Higgs decays VAN
@ Extended Higgs Sectors (2hdm+a)

@ Dark Sectors, semi-visible jets and LLPs q

|
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Mediator Resonance Searches - Dijets/dileptons

138 fb! (13 TeV)
T T

T
CMS 95% CL upper limits

2000
31000 —— Observed
. m L a B e Expected
@ General signature, dijet/dilepton resonances. & a0 —f;pg;g‘ggggg;gg;
. . 2 100 e SSMZ
@ Signal peak on falling background ¥ . AT A,
B model B (g, =
@ Dileptons if mediator couples i
. 2
@ Many techniques for low mass. i
0.2

1 1 L J
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-008/index.html

Low-mass di-lepton searches

Search for dilepton resonances

reach.
@ Phys. Rev. Lett. 124(2020)131802

Mediator decay to "~
Drell-Yan main background

Complements high-mass
ATLAS & CMS

@ Phys. Rev. Lett. 124, 041801

James Frost (Oxford)

Data-scouting triggers extend low-mass

137 b (standard triggers) and 96.6 fb” (scouting triggers) (13 TeV)
T

3 107 5
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< 95% CL observed limit
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M
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5
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-018/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801

Putting it all together - Simplified Models |

@ ATLAS DM
Summaries

@ How do our
mediator
resonance
searches do?

James Frost (Oxford)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/

Putting it all together - Simplified Models |l
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invisible
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/

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
E BB+ET OL, HeR 0 oznyosa), (1) | ATLAS Préliminar‘y
\bﬂ All limits at 95% CL
S 1000 Pseudoscalar a, a—yx
9791
{L+E]"™ Comb., [EPJC 83 (2023) 503), (3) Dirac DM, m =1 GeV
100 (1) DMbb, (2) j+a, (3) DMt + DMt —

------ Expected

—— Observed e

TTIT

0.1 L L L L L n
10 20 30 40 5060 100 200 300 400

m, [GeV]
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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/

Comparisons with Detection Experiments

@ Key message: complementarity € 12:2:;”“3 TS ‘

e LHCDMWG white paper on g 10® QE/A&?;"“" " N
presentation (1603.04156) 210

@ Assumptions: WIMP, local DM density, &

? = DarkSide-50 QF MIGD

PRL 130 (2023) 101001

interaction type (model-dependence).

@ Colliders insensitive to DM mass (all is
E7"S%), mediator more important.

@ Ongoing work to illustrate variations

2
3 = PandaX
PRL 127 (2021) 261802

arkiv2207.03764

ctor mediator, Dirac DM E
[ 9,=01,9=001,g =1 4

(2203 1 2035 2206 03456) 1 oy ? AETLAS limits at 95% CL, direct detection limits at 90% CL
’ ’ ) o 10 102 10°
m, [GeV]
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https://arxiv.org/abs/2203.12035
https://arxiv.org/abs/2206.03456

Comparisons with Detection Experiments |l

. Wector, HL-LHC . Vector, HL-LHC
10~ 9=0.0, =10 107 9=00, g;=1.0
Ng 10— g 9~=E'215 NE w0l ——— g g~=E'215
2 g,=! = e 1 gy =!
o Largely B ol o 1 g4=0.05 ’..:;m_12 B § [ g,=0.05
i o —" [ 94=0.02 a | — 1 g4=0.02
mX Independent 5 i  XENONIT ! » N —— XENON1T
L d d %10 \ XENONTT %10 ‘\\ XENON1T
- \ - MIGD
@ Low depenaence S g6 N — Darkside-50 S g6 N DarkSide-50
on coupling .
10~ - 107 -
10° 10° 10¢ 10% 10° 10 10¢ 104
my [GeV] my [GeV]
(a) Monojet analysis (b) Dijet analysis
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Comparisons with Detection Experiments Il

Wector, HL-LHC
10— s o _ Vect
. 9,=0.25,g,=0.0 10-38 Hifu?irc, Mr;gmet .
T . My = Mmesf3, 9y =0.
@ Mediator mass T g = 9,10 £ e s Fimaaoh
. 5 0 g,=02 g 3 g,=10
Important < 0-e b— 1 g,=0.1 = =3 g,=02
3 = 3 g,=0.05 g10* 1 g,=01
. = _ ] —— XENONIT
@ Connect to light 2 10 xenonLT
*x \ XENONIT 10 XENO
i % MIGD = .
DM experiments ¢, \_ __— Dside.50 E
—48 10-%
@ LHC unique for T S —
Iarger mx/mmed my [Gev] m, [Gev]
(a) Monojet analysis (a) Monojet analysis
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gg“ SM sector Dark sector
©
=
@ Dark Matter and Collider Searches
@ Monojet - Jet(s)+ET™s
@ Dijet/dilepton searches
@ |Invisible Higgs decays
@ Extended Higgs Sectors (2hdm+a) 4
@ Dark Sectors, semi-visible jets and LLPs 125 GeV Higgs
Bark Matter
R
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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

z T T T T 3
1 ATLAS — E|
Recent combination of 139 fb~" result g, G o
@ Recent combination o results, 2 o AR
together with Run-1 analysis. E® f-torevion’ - e 3
@ : =
] . . 2 El
@ VBF+E7"® and Z+E7"S° most sensitive, S E
o 0 E
Run-1 adds 4%. g o =
. . i 0. E
@ W/Z+jet modelling (VBF+E7"°) largest 0 =
uncertainty. o
. o

@ Already probing BR(H— Inv) at the 10% £ KT T g, <o
Ievel ' E 10 a7 :‘ \\\ Ge 7ToV. 471" : All limits at 90% CL

3 £ \\ V= 8TeV, 2031 Higgs Portal WIMP:

g 10 F N V= 13Tev, 1301" 4 - Scalar
Analysis Best fit By_ine || Observed 95% U.L. | Expected 95% U.L. é E T —\‘\;‘ E 8:::;
Run 2 Comb. 0.04 =+ 0.04 0.113 0.08055:055 F 4 = Veclonyy pogs, - 02

Run 1 Comb. 0027913 0252 _ | _ _0.26570¢% E 3 Other experiments
- = z E 1 —  Xenon1T-Mig
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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

Aside: Dark Higgs models

@ Good signature for models in which the Higgs boson properties are modified.
@ e.g. models where a dark Higgs boson ¢ generates m, and mixes with h.

@ SM-like dark Higgs production and decay, ¢ — hh or h — ¢¢ are allowed.

@ Constraints from precision Higgs, h —inv, di-Higgs/diboson resonances

@ If DM heavy, resonant h — ¢¢ — 4f searches relevant
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Models

Less Complete

Dipole
Interactions

LHC DM WG
.. ecosystem

Effective Field Theories

Models

Simplified
Models

Contact
Interactions

portal e

. UV Complete
Models
Sketches of Models - -. ... .- .

Figure: Tim Tait

James Frost (Oxford) Wednesday 8th November 2023

31/77



@ Dark Matter and Collider Searches

@ Monojet - Jet(s)+EN™sS

@ Dijet/dilepton searches

@ |Invisible Higgs decays

@ Extended Higgs Sectors (2hdm+a)

@ Dark Sectors, semi-visible jets and LLPs
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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 - Overview

@ UV complete model: pseudoscalar 9
mediator with Extended Higgs sector.
@ Rich phenomenology with great
signature interplay. o
@ Complex model - LHC DM WG white
paper defines several benchmarks.

9 byt

Z)x/g/h .
@ Incorporates analyses from across _— ‘
ATLAS search programme.

@ New addition single top (tW/tq) +E'ss
search (2211.13138).

" mono-z/y/eh
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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 -
N ~ h Low Ex{miss) Resolved High Exmiss) oo L
4 L7 ememmeam o Higgs e
A . A - X : =
. o o <
X
N a ~
aN
< X B
X b Nt

@ 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

Geignal = 1.89 fb (x10)

T T T T T T T T T T T
%) 50k ATLAS s —e— Data W Single top ] % ATLAS —e— Data N Single top
0] /5= 13 TeV, 139 fb B SMVh B ZeHF (6} V5=13TeV, 13917 @ sMvh == z:HF
IS Sfi”;)f:'oszgl"?:ag EE VW = Others © 80 g_'?e’:;;?i%‘%’j‘ag B VW I Others B
Al e B WsHF N\ Background Uncertainty 1 = o > B WsHF N\ Background Uncertainty
P 40[ ET™ < [500,750) GeV ¢ @ EP < [200,350) GeV ¢
S Mono-h Z-2HDM & 60L Mono-h 2HDM-+a N
3 30 __ (mz,my) = (1400,1000) GeV o ! *__ (Ma,ma) = (1000,150) GeV

* tanp = 10, Ggigng = 62.7 fb (x10)

= el et e perepe S T
& %“{’]L;L; . RN bt *ll;
E EOSY 'TQ‘Y ¢ L3 Y L
8 7760780 100 120 140 160 180 200 220 240 260 S 60 80 100 120 140 160 180 200 220 240 260 280
Mpp, [GeV] Mpp [GeV]
2b, merged channel 3b, resolved channel

Also: h(— 77) + ET'SS, h(— ~v) + EIss
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2HDM+a - Benchmarks 2306.00641

@ Complete model - several parameters.
@ Various benchmarks defined to

tan g - impacts gg- vs bb-production.
mp = my = my=+ - avoid precision EW

illustrate/explore phenomenology constraints.
@ Fix some parameters to satisfy theory SIS el=le[i==Reife e 2Rt Ibdle
constraints. m, - little direct experimental sensitivity,
@ Synergy of invisible/visible mediator controls e.g a BRs.

signatures. g, - little mono-X sensitivity

u]
o)
I

1l
it

DA
James Frost (Oxford) RAL Seminar
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/

2HDM+a - Results 2306.0064 1

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, m} =10GeV, gx =1, m, =my=m,

— 2000 . e . r . h—invisible, 139 fo™!
% | Ry . /m > 20% ] anv:2301.10731
G 1800F ATLAS ]
= [l Vs=13TeV,36.1-139fb" Limits at 95% CL ]
I —  Observed
€ 1600 . Expocted
1400F .
1200} .
1000f ]
800 ]
600}t P ]
[ --‘;"\’\,K\a ]
400[t ]
200-‘ | | | | | 1 .
100 200 300 400 500 600 700 800
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a - Results 2306.0064 1

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, mx =10GeV, gx =1, m, =my=m,

= 2000g— PRI e S T T . — ET4h(6b), 139 b
© 4 JHE!2 11 (2021) 209
O 100 ATLAS ] EF™+h(tr), 139 fb™
l_.< [ Vs=13TeV, 36.1 - 139 fb™! Limits at 95% CL ] arxiv:2305.12938 h
€ 1600 — Observed 1 ET**+h(yy), 139 fo’!
- Expected i JHEP 10 (2021) 13
[ j h—invisible, 139 fb™! - <
1400 [ T anxiv:2301.10731 X
1200F . <
L ] X
1000f .
i ] h
800f ] d
600} / ]
i . , Ma ]
400f ]
200} | | | 1 1 1 .
100 200 300 400 500 600 700 800
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM+a - Results 2306.0064 1

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, mx =10GeV, gx =1, m, =my=m,

— 2000 ; ———— . . . 1 — EM4h(bb), 139 fo! 9 Z[h
% ........................... I/m>20% ] JHL!: 11 (2021) 209
O 1800 ATLAS 1 ET**+h(tt), 139 fb”!
= [l Vs=13TeV,36.1-139fb" Limits at 95% CL ] arXiv:2305.12938
€ 1600 — Observed 1 EF*+h(yy), 139 fb”!
- Expected i JHEP 10 (2021) 13
i 1 = Ers+z(), 139 fo!
1400 I ] PLB 829 (2022) 137066 X
i 1 — EP*+Z(qg), 36.1 fb
1200» ] JHEP 10 (2018) 180
3 EMSS4tW, 139 fb!
1000 J ar;v2211.13|38 g X
i ] EMSe4, 139 fb!
800 I _' PRTDms (2021) 112006 g

h—invisible, 139 fb™!
anxiv:2301.10731

600

400

2000 oy e . . .
100 200 300 400 500 600 700 800

m, [GeV] g
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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,

1400}
1200F
1000

800F

400F

2000 .
100 200

%-2000: _____________ A T T T ]

g 1800:" ATLAS _:
< [l Vs=13TeV,36.1-139fb" Limits at 95% CL

e 1600 — Observed

60O} -2--

- Expected

I el I I 1
300 400 500 600 700 800
m, [GeV]
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— ET*1h(bb), 139 fo’!
JHE!2 11 (2021) 209
ET**+h(tt), 139 fb”!
arXiv:2305.12938
ET'+h(yy), 139 fb
JHEP 10 (2021) 13

— EFss4Z(l), 139 fb!
PLB 829 (2022) 137066

— E7'**+Z(q9), 36.1 fb"’
JHEP 10 (2018) 180
ET'sS4tW, 139 fo'!
arXivi2211.13138
ET'®4j, 139 fo'!

PRD 103 (2021) 112006
tbH¥(tb), 139 fb!
JHEP 06 (2021) 145

— itf, 139 b’

arXiv:2211.01136

h—invisible, 139 fb™!

anxiv:2301.10731

g b/t
b/t/x
9 b/t
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t
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b
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2HDM+a - Results 2306.0064 1

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, mx =10GeV, gx =1, m, =my=m,

= 2000 PRI T T o T T . — E"™+h(bb), 139 b’

® e ° g JHEP 11 (2021) 209

O 1800 ATLAS 1 ET**+h(tt), 139 fb”!

= El (5=13TeV,36.1-139 fo" Limits at 95% CL ] Xv2005.12938

= — Observed 1 EF*+h(yy), 139 fb”!
- Expected i JHEP 10 (2021) 13

— EFss4Z(l), 139 fb!
PLB 829 (2022) 137066

— E7'**+Z(q9), 36.1 fb"’
JHEP 10 (2018) 180
ET'sS4tW, 139 fo'!
arXivi2211.13138
ET'®4j, 139 fo'!
PRD 103 (2021) 112006
tbH(tb), 139 fb"
JHEP 06 (2021) 145

— itf, 139 b’
arXiv:2211.01136

h—invisible, 139 fb™!

anxiv:2301.10731
| : ) ) ) — Combination
100 200 300 400 500 600 700 800 ET**+h(bb), ET**+Z(l), toH(tb)

m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

2HDM-+a - Sensitivity to

DM mass

2306.00641

SM sector Dark sector

o/ Gtheory

@ Insensitivity to DM
mass allows R.D.
satisfaction.

@ But can vary the DM
mass to show
dependence.

@ Heavy Higgs/Mediator
searches constrain

higher m, .
James Frost (Oxford)

10°
10°
10*
10°
10?

10

m

ATLAS
is= 13TéV 139fb1

2HDM+a, Dirac DM
my=my=m,=1TeV
sin®=0.35tan B = 1,gX=1

—E"*+h(0b), 139 fb!
JHEP 11 (2021) 209

—EMe4Z(1l), 139 fo!
PLB 829 (2022) 137066

=
Relic Density

m, = 400 GeV 1
tbH*(tb), 139 fb'!
JHEP 06 (2021) 145
107
—1itf, 139 fb'!
arXiv:2211.01136
1072 o
T . —Combination
ET®+h(bb), ET*+Z(1l), tbH:(tb)
10°
—--Expected Relic Density
.............................................. —4
0/ Opaory=1 10
Limits at 95% CL 10°
— Observed
-- Expected
. 10°°

50 100 150 200 250 300 350 400 450

m, [GeV]
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2HDM+a Light Pseudoscalars -

@ Complementary with
lower-mass ALP
searches for
pseudoscalars
(2202.12631).

Light resonant
searches powerful
when a cannot decay
to DM.

Invisible signatures
kick in for lower DM
masses.

m, [GeV]

James Frost (Oxford)

10°

What if ais light?

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

T T 1T 11 e e
ATLAS 3
1s=8TeV,20.3 "
fs=13TeV,36.1- 139fb‘

' 10°
m, [GeV]
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— EM4h(bb), 139 b
JHEP 11 (2021) 209
h—invisible, 139 fo’!
arxivi2301.10731

— h—aa—pp1r, 20.3 b
PRD 92 (2015) 052002
h—aa—ppuy, 36.1 fo!
JHEP 06 (2018) 166

— h—aa—uuuy, 139 b’
JHEP 03 (2022) 041
h—aa—bbbb, 36.1 fo!
JHEP 10 (2018) 031

— h—aa—bbuy, 139 fb
PRD 105 (2022) 012006

— Observed Relic Qh? = 0.12


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/
https://arxiv.org/abs/2202.12631

Aside: Axion-like particle (ALP) searches

@ ALP searches for light
pseudo-scalars (from U(1)
SSB).

@ Several final states, depending
upon mass.

@ Lowest masses probed by
a— Yy
@ Non-resonant diboson

production also relevant at
LHC.

James Frost (Oxford)

10—

Couplihgg
107"

a L
s Beamdump —— Obs. Cayy =10 ]
E 10°F . - Obs. Cay=0.1 ]
E o, 3
T, [ SN1987a g-2w 3
o 10k
10°F 1
10°F E
-7 ]
10 F Cosmology E
-8 sl Lol Lol 1
10°E =
107 107 10° 10’ 10° 10°

. ATLAS Preliminary
Vs =13TeV, 140 fb~!, H»>aa -

L
. ‘- ;
S ATLAS Lbyl ]

ALP mass ™M-[GeV]

ATLAS-CONF-2023-040


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-040/

@ Dark Matter and Collider Searches

@ Monojet - Jet(s)+EN™sS

@ Dijet/dilepton searches

@ |Invisible Higgs decays

@ Extended Higgs Sectors (2hdm+a)

@ Dark Sectors, semi-visible jets and LLPs
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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/

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 — E?’ss, unstable
— decay to SM. Invisible fraction rj,,

Unusual hadronic signatures.

Prompt dark hadron decay —
Semi-visible jet signature: SM jet
aligned with E7"3.

Unstable dark hadrons - dark jets; dark
meson search

James Frost (Oxford)

Production

S. Kulkarni

HVparton  pecay to sm
showering,

hadronization
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/

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 — E?’SS, unstable
— decay to SM. Invisible fraction Rj,,

Unusual hadronic signatures.

Prompt dark hadron decay —
Semi-visible jet signature: SM jet
aligned with E7"3.

Unstable dark hadrons - dark jets; dark
meson search

James Frost (Oxford)

Mass

3

SM sector 4 Dark sector

Mediator

Dark Matter(?)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/

Dark jets ATLAS-CONF-2023-047

E ATLAS Prellmlnary [ Background
8 =13TeV, 139 fb™! BumpHunter
im?"“‘u‘ t Data
i .
10"
10|
@ Recent first CONF search for dark jet resonance.
@ Selects wide resonance signal through large-R jets of £ oo b e

high track multiplicity. s s e o

e e e T

@ Bump hunt above a background shape CR template. 5 e
;\T‘ 10° [ Expected +1o
= e [] Expected 20
Aa ’7'4,' Mz, mp, s g,-0.15and g =0.5
Model | ny Gev) | (Gev) | Gev) | (Gev) 4 decay mode E ol X
A |2 15 20 10 50 | g —cc =
B 6 2 2 2 467 | nq — 53 - E.x fSTL/:g?r\elhmmary
7a — 'y wit 3 4| ModeiC
c |2 15 20 10 0 | 06V £ ‘ ‘ L
T, — vy with 22 24 26 28 3 32 34
D 6| 2 2 2| 467 |4 OnyeV m, (Tev]
, =0.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-047/

Semi-visible Jets - t-channel 2305.18037
@ High ET™sS, two high-pr jets.
e Discriminating variables: p?¥, pr jet balance, |A¢|.
@ Use 1-lepton, 1-bjet and 2-lepton CRs.
@ SR requires E’"’SS>6OO GeV and Hr>600 GeV.
e Fitto 9 p?¥'—|A¢| ranges.

%) E T T T

 Data Signal m, [TeV], A

I Weets 1,06

[ Z+jets Az
i U«

i

[ Single top
[ Diboson
[ Multijet
LB, ne

All Missing £70-8

0.6

ol ol ol ol vl 10

/| ATLAS
Vs=13TeV, 139 fb"
A=1

/ SV jets t-channel

— PRD 103 (2021) 112006

Voo L7 /%/ 02 // ' —observed - expected

i

0.4 7

| | | No Missing ET /

VE 1 1 L

0,0~ Ol 1 0.0-2.0 2.0-2.7 2.7-3.2 0.0-2.0 2.0-2.7 2.7-3.2 0.0-2.0 2.0—2.7 2732 ﬂ/ 2 25 3 35
0<p<06 06<p*<09 09<p<10 Wodtstor s m, [TeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-37/

Semi-visible jets - thoughts

@ Monojet complementarity shown.
Dijet/darkjet to constraint low Rjy, .

@ S-channel also underway (CMS & 0.8
ATLAS).

I:}inv

@ Need to ensure we cover full signature 0.6
range.

ATLAS
{s=13TeV, 139 fb"

A=1 .
— SV jets t-channel )

LA L S B B B

@ More realistic dark-QCD model, or
phenomenological ‘E7"%-fraction’
approach.

@ Which variables/modelling are
robust/trustable, theoretically?

04 =

— PRD 103 (2021) 112006 -|
—observed ----expected

0.2/

@ Discussions around an LHCDMWG 5 o5 3 35
white paper on concrete benchmarks. m, [TeV]
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https://indico.mitp.uni-mainz.de/event/377/

Strongly-interacting dark sector phenomenology

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

4 -
~
@ rrockless/ \ Missing transverse energy .
displaced jets \ [+ visible QCD jet) ° IZ.)ar.k meson states with
\ lifetimes?
\\ @ Generates long-lived
@ cEmerging jets 1 signatures.
i @ Emergent or displaced jets (w/
- EmiSS)
7
. Prompt dark jets o Semi-visible jets
>

Fraction of invisible particles

James Frost (Oxford) Wednesday 8th November 2023 54 /77



Emerging and Displaced Jets

@ For dark hadron lifetimes O(10~3-1), expect multiple displace vertices in a jet —
emerging jet

@ Greater lifetimes yield a displaced jet, with jet constituents pointing to a common
displaced/secondary vertex.

@ Important to cover the signature space, not leave holes between topologies.

@ Theoretical modelling questions also pertinent.

Displaced jet

Emerging jet Semi-visible jet

Secondary vertex
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Summaries for prompt & LL signatures

ATLAS Preliminary V5=8-13 TeV, 20.3-139 b’

. o 10941 _| FRVZ Model
@ LLP, or phase spaces with them, are g1o brompt 3 Homex
. . . =] F 1 m,=125GeV
ubiquitous in many DM models. L ~ 7 6% CL observed imis
g ; ? Displaced (139 fb™
@ Important complementarity with prompt 8 | isplaced e o
. . . S Isplace BR=5%
searches. (Cf. visible/invisible, § 10°F |mereasing T
low-/high-mass). ] e
107 ] ey
@ Also the very long-lived extreme e.g. ; o Bl
. . able Monojet (139 fb™)
monojet, h—Inv (for e.g. h—ss). L O AU BRI it o sae
107" 1 10

Dark Photon mass [GeV]

@ Encountered for h— > aa, dark photon models. Will appear for darkjets, ALPs,
2hdm+a/dark higgs.
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Run-2 Summary

Wide ranging and successful collider
search programme for dark matter.

Initially focussed on WIMP hypotheses -
still many options.

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

Often sophisticated analyses - precision
bkgs, new/difficult signatures, broad
combinations/summaries.

Also combinations and legacy papers -
some Run-2 results to come.

Have focussed on ATLAS/CMS, but
LHCb, FASER results coming in Run-3.

James Frost (Oxford)

Sb+DM

comi.
visible jets

ezl
(mon jet)

VY 4

monoZ

ww
22
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Ongoing Efforts - T-channel models

@ T-channel process often exists in DM

models.

@ Often same final state as e.g. SUSY
searches

@ e.g. disquark/monojet signatures

, X Y
l{—__‘__"@"" q ",-ﬁ X
:ﬂ
X
q o
Y '<::
q

@ LHCDMWG-inspired UFO with range of

t-channel models

@ Extend SM with DM (X) and mediator

(Y)

James Frost (Oxford)

Crssn = [iwu’/uRS“ + h.c.] ,
Lsau up = [h)?"kf.o: + h~¢-] ,

Loay = [Awu’/l;uk + hAcA} .

Best SR
—|5n71 1600
[ sR2j_2200

SR2| 2800
[ srei_1000
SR4) 2200
SR4| 3400
SRS|_1600
SRE|_1000
SRé|_2200

| sRei_3400

2010.07559 (using strong OL)
White paper studies ongoing, incl. leptophilic
and long-lived models.
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https://arxiv.org/abs/2010.07559

Outlook to Run-3 and HL-LHC

@ Community Review
@ LHCDMWG Workshop:

o 10%E T . — =
Roadmap of Run-3 DM E b - ] s
models, 13-17 May 2024 5 10k '
@ Aims: g I‘;’f cressT
» Review and update existing ° ook a0
benchmarks in light of Run-2 1] T ™
F HLLHC. 14 T€ ande)
results. 10— e g
» Ensure full signature 10
coverage in Run-3 and B
beyond 40 E ) Tlssas -'[;a?}.;\d_e'.ﬂ\rgo-(prm )—g
P . 10 _ ?Scalarmnﬂe\ Dirac DM E
O Huge SenSItIVIty Increase from Ioiﬂn‘Erinn'ﬁi;;r‘li‘l::ﬁé;;s%cp direct detection limits at 809 CL E
dedicated triggers and R 10 107 i e
m, [GeV]

improved techniques for
difficult signatures (incl. LLP).
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https://indico.cern.ch/event/1303940/
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https://indico.cern.ch/event/1303940/

Conclusions

© Colliders are an interesting place to look for
dark matter.

© Some unique advantages (high energy,
probe interaction, DM candidate range).

© Some challenges (model guide, insensitivity - e 0l R ;
to DM itself). iR P 2. :...4f vl

© Run-2 dataset powerful, huge broadening of 1% 'Q' e '.‘ *6,. G
programme. -+ 0‘ Y s

©® Run-3 and beyond: vital to continue to look « U . -
widely, to ensure no missing opportunities. Y ' s” =

© Investigate any hints from other sources
(DD, lightDM, forward exp., LLP exp.).
® Still only 5-7% of the final HL-LHC dataset

recorded, much yet unexplored!
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Lighter DM - Non-resonant ALP searches

Gagg =1 TeV

@ Recent interest in non-resonant and
loop-induced ALP searches at LHC.

@ e.g. high mass tails of diboson
production (paper)

L
@ Also VBS VV of interest (indep. of gluon ?10
&

coupling). v
@ Electroweak ALPs accessible via tt gt
resonances. ro-* S S
@ Clear complementarity with other . il
. 10% 102 10' 10° 10" 102 10  10*
experlr.nents ' . m. (GeV)
® Alsowith our light-by-light, h = @ = 434905 12953, re-interpreting CMS zz/7+
searches
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https://arxiv.org/abs/1905.12953

Dark Matter and Collider Searches
Monojet - Jet(s)+E s

Dijet/dilepton searches

Invisible Higgs decays

Extended Higgs Sectors (2hdm-+a)

Dark Higgs Boson Searches

Dark Sectors, semi-visible jets and LLPs

James Frost (Oxford)

Mass

1  SM sector Dark sector

[ ] g
Z' mediator

s mediator

125 GeV Higgs

A\ Dark Matter
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Dark Higgs Boson Models - Introduction

@ Two-mediator model

@ Assume dark matter acquires its mass
through interaction with a dark higgs
boson

@ Also an extension of spin-1 simplified
models

@ Two mediators: massive Z’ and a dark
Higgs boson s

James Frost (Oxford)

Wednesday 8th November 2023
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Dark Higgs + dark photon models

@ Given a dark Higgs boson of mass ms and mixing angle ¢, production as SM h.
@ SM-like dark Higgs decay, s — hh or h — ss are allowed.
@ Constraints from precision Higgs, h —inv, di-Higgs/diboson resonances

@ Can extend to include additional interactions of the corresponding gauge boson.
@ — dark photon, couplings either direct (Z’ earlier) or via kinetic mixing (dark photon).

N
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Dark Higgs Phenomenology

@ Run-2 analysis benchmark assumed:

o
> g9 =1.0,g4 =025, siné = 0.01 S MesaM;:éI;rLOSimillalni(;n I i B
» Standard simplified model choices, s 2" s oz
unstable, even if lighter than DM. G s HH
» Small mixing helps avoid constraints. g 0
@ m, =200 GeV. 0sf-
0.4; ‘...
’ 0.2} %z. fﬂw -

5000 150 200

James Frost (Oxford)
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Dark Higgs Boson Searches | 2211.07175

108 E|

<
k<] ATLAS Wajets - Zijets
& 105) V5 =13TeV, 139fb™! = Mulboson A\ Stat.+Sys. Uncortainty._
= 5 - t Daa
2 qqs| Postfit = Single Top
£ {
Q Wajets Control Region i Control Region Signal Region
1w 10%) [ {
P |
[ |
10!
10° =
E 15 H | 115 %
i — H a
3 H
-
€ NM&?&W‘\W&LO :
) &g
T 3
8 o5 05 &

@ Two mediator model (JHEP 04(2017)143) - Z’
and dark Higgs (s).

Verg®® gesa\“"“ Verg®® \;\eSDNed Mo oesaned

-E LAS +jets. NN Stat.+Sys. Uncertainty |

> 40 ‘/’ 13TeV, 139 fo-' mm Mullboso 4 Daa |

- z Merged SR PellBackgcu ind 1

@ Search for W(/v)W(qQq) decay. 2 o Fostt =Soere - omoma |
m 210 GeV
my, =200 GeV

o EMs$>200 GeV, mr>220 GeV s D P
@ Either one merged W — gg merged TAR jet or o A

two jets. Z T 3

. . ) < 1%&&\\\\\&&\\&&&\ SN

@ W/Z+jets constrained using 1, 2-lepton CRs. go e S
mQ" [GeV]

@ Reconstruct mg, search for excess.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-04/
https://arxiv.org/abs/1701.08780

Dark Higgs Boson Sea

CMS Preliminary 137 fo (13 TeV)
July 2022 — -
s ! ! T T T T > r dark Higgs, Z' — DM + S(WW) S
3 ATLAS Preliminary . o —— Ef*®+VV(qgqq), 139 fo~! 8 320 Majorana DM, m =200 GeV 2
S V& =13 TeV, 79.8 - 139 fb-! Limits at 95% CL PRL 126 (2021) 121802 = [ 0,025, 1,50 =001 [
o 4001 — Observed 8 I [ 470258, 1,510 3
E ] EX:(:;“’:G e EP L WW(GEY), 139 o' 3001 —— Observed 95% CL 109
ATLAS-CONF-2022-029 £ = Expected 95% CL
Dark Higgs model r +15std. dev.
300 JHEP 1704 (2017) 143 —— Ef*+bb, 79.8fo"! 280
- ATL-PHYS-PUB-2019-032 |
s 0q=0.25,gy=1 F
< $inB=0.01, my =200 GeV __ Thermal Relic Density 260
2001 i ‘ Qch?20.12 [
o, 2401~ 1
~ ‘\- i = r
100~ N - C
N ; 220
N L
L L L L L L L I
500 1000 1500 2000 2500 3000 3500 200~
mz [GeV] L
_— 107
ATLAS DM Summary Plots 500 1000 1500 2000 2500
m, [GeV]

@ Search complements earlier )
s —+W(qq)W(qq) search, and s — bb @ CMS search for the dileptonic WW
reinterpretation. signature sets similar_constraints.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-013/index.html

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

Dark Meson search ATLAS-CONF-2023-021

= 700 T
s 0 T
by S gof. Mwunier [ ATLAS Preliminary
2 00 _ 2 Hoterc  Uncert &= 137V, [ La-tao ' 5
_+ £t 5 L $om PostFit ... E
D 3 5 +ee- 12025, m, 2500 Go
3 R 15025, m, =500 Gev
L3 E 60
& 500~ = 2
DT s o fonws shu0 250 50
= | 40
S 400~ J o b
8
3 20
x A a2 [
Vo 2 [ sosm e [swss o SAu0 300 10 g
300 o 19 -
sroon_250 e [sr2s 250 shu0 250 % -
[ ATLAS Simulation Preliminary ] k<1
200 fE-1aTev | | | e SRay SRar SRa SRase SRane Shaoe Shey Shay S
: . Rao SP%0p S0, SRozs SRozs SRazs SRdoy Sigy SRy
200 300 400 500 600 700 00250 0309 0-35p <2-250 2305 5350 0-250 "0-30p 0350
w5, 7% Leading large-R jet mass [GeV] .
=

ALMALA T

ATLAS Preliminary 7

E=13Tev, | Lat=14010"
SU2), gaugephobic

Resonant production of dark p, dark = pair signature

77 = mﬂ'D/mpD 0.30

°
°

e Consider n < 0.5, thus p5° — 75750
o
°
°

Limits at 95% CL:
Phys.Rev.D 105
(2022)1
Excluded region
Expected 10

— Observed

Gaugephobic — 75" decay to t7, th /
3t,1b or 2t,2b — 8-10 jets, 4 b-jets R

Mass of dark pions [GeV]

Fully hadronic signature, recluster into R = 1.2 jets.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/

Summaries for prompt & LL signatures

m, [GeV]

Preliminary

LLP mass [GeV]

55

ATLAS Preliminary (March 2022) 13TeV, 11-139fb”" Hidden Sector, m, = 125 GeV
(

ctfm]

@ LLP, or phase spaces with them, are ubiquitous .
in many DM models. a
@ Important complementarity with prompt

searches. (Cf. visible/invisible, low-/high-mass).
Also the very long-lived extreme e.g. monojet,

h—Inv (for e.g. h—ss).

ATLAS Preliminary (March 2022) 13TeV, 36-139fb” Hidden Sector, m, = 125 GeV
Ev T Selected ATLAS results

ATLAS Preliminary

15=8-13 TeV, 20.3-139 b
T

10k ] FRVZ Model
[ ~
10°F
107F
10°F
. L L
107 1 10

Dark Photon mass [GeV]

@ Encountered for h— > aa, dark photon (FRVZ, but better HAHM). Will appear for
darkjets, ALPs, 2hdm+a/dark higgs.
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Monojet and the dark photon portal

Upper limit on mixing parameter €

1071
_ Vector mediator
107 2 A
gx=1.0
- Mpm = Mmeq/3
10731 gy=0.10
10741

10751

—8— CMS observed

E

5
£
NU

10761 -0- CMS expected
I 68% CL
1077 95% CL
—— LHC DM expected
10~ 8 —— Relic LHC DM
=== Relic Dark Photon
\ ! —— DP expected
1079 1 ‘|| ‘f DP exp HL-LHC
\r LHC DM exp HL-LHC
10710 T T T
10! 10? 10°
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Low-mass resonance searches

ATLAS Preliminary
March 2021

Run 1: {s = 8 TeV
Run 2: {s = 13 TeV

2HDM+S Type-II, tanf} = 0.5

s expected £1 0
——— observed

-
-
-
1
e
-

Run120.3 fb™ H— aa— pptt

Run 120.3 fb™' H— aa— yyyy

Run 2 36.1 fb™! H— aa— ppuy

1072
1073 —_ Run236.1fb" H- aa— bbbb

1074 — Run236.11b" H-aa— bbbb

10° 1
Run 2 36.7 fb” H— aa— yygg

107°

— Ty

Run 2139 fb™ H— aa— bbup
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LLP Mechanisms |

e Co-annihilation (SUSY models, mass-degeneracy)
o naturally makes the slightly heavier particle
long-lived
o e.g. wino-bino/wino-Higgsino co-annihilation ->
long-lived neutralinos
m displaced Higgs, target with (e.g.) displaced
vertex + MET analysis, non-prompt photons,
displaced dielectrons.

e Asymmetric DM (analogous to RPV SUSY)
o connects DM abundance to baryon abundance
via higher order B-L operator
o importantly, allows LSP to decay

. s @
into dark sector plus SM Decay of a LL neutralino L
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LLP Mechanisms I

e Freeze-in (Feebly-interacting particle (FIP) models)

o small couplings, long-lived
e}
sector
o e.g. Heavy particle decays to
DM & SM, s.t. DM abundance follows
production rate
stau NLSP -> SM & DM

& — ¢xG

O

o]

e Key feature is that the coupling is
highly suppressed, thus a LL NLSP.

James Frost (Oxford)

(m)

c

R

100

10

10

1

dark sector never in thermal contact, DM produced gradually from dark

) Ml No et al., arXiv:1908.11387

500

700 900 1100 1800 1500 1700 1800
my (GeV)

so LL sleptons: displaced leptons, disappearing track, dE/dx
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@ Multi-D space.

- Vector, HL-LHC
107 9/=0.0, g,=1.0
@ Usually we fix 2 of these, scan 1. T
&
B 10-42 S 3 gq=0.05
09104 o () (@) e s
o511~ 6.9 x 107! em - ( ) (1 g -) § as —— XENONIT
T %10 XENON1T
! ~ 2 MIGD
Product of couplings Mediator mass Reduced mass "
e Hin = Mot/ (M +mppt) S 10-46 DarkSide-50
10748
10° 10 102 10°
my [GeV]
—
~ Vector, HL-LHC
107 9,=0.35, 9/=0.0
% 1040 =3 g,=10
5 =
S g — =
K = O
2 L N —— XENONLT
L 10 XENON1T
; MIGD
B 10-46 DarkSide-50
10743
10° 101 102 10°
my [GeV]
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Spare slide
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