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* BExistence of dark matter (DM) supported by many pleces of evidence and contradlctlons in DM -free theories
 Galaxy rotation, gravity Iensmg, bullet cluster, cosmlc microwave background SO on
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« DM makes up most of our universe — its'nature remains largely unknown
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https://sci.esa.int/s/AMKvlVW
https://arxiv.org/abs/1305.1605
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Particle
. Dark Matter Search at ATLAS
Colliders
SM DM
SM
ATLAS Detector

- SM SM
. General-purpose detector —_— <t

.......................... Designed for p-p collision at LHC e % BN

s Inner Detector, calorimeters - 54 ;__,.-‘-iﬁ_'

and Muon spectrometer AN '.**Eﬂ;ﬁs

N Detection of Dark Matter
/ DM invisible from detector: EJSS
— Detect from recoil of visible particles

—> Detect from resonance or unusual signature
If nothing detected: exclusion limit is set



Recent ATLAS results on DM searches covered:

* Signature-oriented analyses with model interpretation: mono-X (X=t,

Z/W), dark Higgs, dark meson and so on

* Model-driven summary or combination: s-channel simplified model,

extended two-Higgs-doublet (2HDM) model

e Topics not covered: more results which are interesting!
« EIYSS 4 tf, ISR Dijet, Invisible Higgs, Semi-visible jets, Rare Z decay, ...
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* Search for supersymmetry (SUSY) particles
* Model-agnostic DM search
* Check on ATLAS latest public results

Let’s dive in the dark!

(See Antonio's talk)
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S-channel Simplified Model
Mono-V

Extended Higgs (2HDM+S,2HDM+a)


https://link.springer.com/article/10.1007/JHEP03(2024)139
https://arxiv.org/pdf/2403.08547
https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-37/
https://doi.org/10.1103/PhysRevLett.131.251801
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
https://arxiv.org/abs/1506.03116
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» Search for DM with hadronic decay vector boson + E}
Merged (SRM) and resolved (SRR) regions

High purity (HP) region: pass W/Z tagger
Low purity (LP) region: fail tag but in W/Z mass window

o
DM Merged decay

W/Z
? “/'<O R=1.0 jet

=== R=0.4 jet

D.M Resolved Decay

Background:

Z(wv) + jets, W(lv) + jets, tt: MC and control using data
QCD: estimated from data sideband and <1% in total

& TLAS . SRMHP:
Vs =13 TeV, 140 fb
Inclusive model-independent
95% CL limits

-- = Expected limit
—— Observed limit
SRMLP:

--- Expected limit
— Observed limit

SRR:
- - - Expected limit
—— Observed limit

700 800
E™S threshold [GeV]

Model Independent Limit

miss

I 3-var W/Z tagger

jet mass
number of track
jet substructure(D2)

- No significant excess
observed above SM

- Upper exclusion limits
79.5fb - 0.3 fb at 95% CL

ETSS + W /Z(qq)

See later slides

ATLAS

Vs=13TeV,140fb" =

Axion-like particles
m,=1MeV
95% CL limits

Simplified DM

(d)

Limits on By _;,,. Expected limit

- 4+0.14
Merged topology 0.34% 09

4+0.23
Resolved topology 0-5410_15

: 0.13
Combined 0.31% 5o

Limits on By,_,;,,,. Observed limit

Merged topology 0.38
Resolved topology 0.71

Combined 0.34

Model Dependent Limit


https://arxiv.org/abs/2406.01272

.? M ) Top-tagger [EPIC 79 (2019) 375]
R=1.0 Kinematic + substructure of large-R jet
" . Reject multijet(y + jet) up to 70x(90x)
DM  Large-Radius Jet . JERY T Jet) up ke
when 50% top accepting

Search for DM with hadronically decaying top + E"”S/
Boosted top reconstructed with R=1.0 jet and top-tagged
Major bkg. from tt and V + jets. Negligible multijet

* Est. from MC. Controlled with control regions Pre-Selection : ATLAS — Theory (LO)
miss T = _ 19 2q fiy 1 — 95% C.L. Obs. Limit
XGB algorithm maximize S/B for specific signal Er™; > 250 GeV, 0 lepton Voo OMmetr .U
/ P & p € [350 2500] GeV S E albh e tooy
€ [40,600] GeV
miss
ATLAS ¢ Data VLQ x5 A¢(]’E l ) > 0.2

{s=13TeV, 139" [l Top Z+jets

Monotop W-jets Single top

SR1b1f VLQ Diboson [tV

Post-Fit Uncertainty— Pre-Fit Bkg.

1500 2000 2500 3000 3500
m, [GeV]

XGBoost Decision Tree
Based on ET"*%, pr balance, N;, AR, so on
Trained to maximize the Sig/Bkg differenc

ATLAS —— Theory (LO)
Vs=13TeV, 139 fo "' — 95% C.L. Obs. Limit

Scalar DM mediator
A,=06,y, =04
m, =1Ge v

a(pp — ty) [fb]

No significant excess above SM

0'8.5 0.55 06 065 0.7 0.75 0.8 0.85 09 095 1
XGB

1
2500 3000 3500 4000 4500 5000 5500 6000
m, [GeV]

vLQ



https://link.springer.com/article/10.1007/JHEP05(2024)263

pr2 € [400,3000] GeV R=1.0 Jets
m € [50,600] GeV In] < 2.0

71 PriE [400,3000] GeV Da rk J et

Search for resonant production of dark quarks in the dijet final state

Search for QCD-like dark sector with “unusual” jets

* Decay promptly to SM and QCD-like jet (visible and no displaced vertex)
* Double hadronization, first in dark sector then in SM: larger jets
* Higher running coupling: more charged-particle multiplicity

Data-driven multijet estimation

* Mass-decorrelated n§,,: after cut the falling mj; spectrum of multijet is kept
* Shape (bin difference) extracted from control region (low track multiplicity)
* Normalization (total yield) fit in signal region (high track multiplicity)

e Data

A TLAS — Backgrgund MC

_ Model
(s=13TeV, 139 fb’ Model B
=2 Model C
my =2.5TeV L Modal B
£=4 Uncertainty

b o BB Bt a

Fraction of Jets

80 100 120 140 160 180 200
nlrack.z

Charged tracks in sub-leading Large-R jet
More in dark jet than in SM jet!

ATLA S Background

Vs =13TeV,139 fo BumpHunter

—e— Observed
Data

le 0! - Expected
D Expected t1o

|:’ Expected +2¢
— gq=0.05 and qu=0.2

Events / 100 GeV

po-value 0.63
consider stat only unc.

ATLAS
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Significance

Model independent “bump hunt” Model dependent limit
No significant excess over SM background Exclude my, up to 3 TeV with g,=0.05, gp=0.2


https://link.springer.com/article/10.1007/JHEP02(2024)128

R=1.2 reclustered jet

(Lepton is reclustered in 1-lep channel)

* Search for dark mesons decaying into SM ttbb /ttth

Events / 50 GeV

Data / Bkg

10°
1.

Strongly-coupled dark sector conserving SU(2) dark flavor symmetry
Composite of vector-like fermions and two sates dark pp and @
Parameters: m, , m, and fixed N, = 4 (dark colors)

Focus on my /m, < 0.5 where nearly 100% pp — 7pTp

ATLAS ¢ Data [ tt+light
Ve=13TeV, 140 b @@t 10 = 1c
One-lepton channel, Post-Fit [ single top I V+iets

All hadronic channel
SR_7j4b [l Other MC Uncert.
- SU(2),, 1 =0.25, m_ =400 GeV . HT > 1.15 TeV
. SU(Z]U -,]D=0.35‘m7u=600GeV . 2 6 Sma”-R Jets (Z 3 b-tag)
* > 2large-Rjets

*  Multijet estimated from data

100 200 300 400 500 600 700 800 900
M pestM e [GEV]

No excess above SM observed

Mixing with W-field: SU(2), model
SU(2), model also possible which
mixing with B-filed but much smaller XS!

Resonance

Drell-Yan

All limits at 95% CL

— Observed

===- Expected *1c
Excluded region

All-had. exclusion
Phys.Rev.D 105,
(2022) 015008

ATLAS

Vs=13 TeV, 140 fo’’
One-lepton channel

SU(?}L gaugephobic

800 900 1000

Dark pion mass [GeV]

Dark Meson

Search for dark mesons decaying to top and bottom quarks

Dark Pion Decay

95% CL limits on SU(2), model: First Direct Collider Constraint!

Strongest exclusion from
1-lepton channel

Excluded m  to 940 GeV
(Mg, /m,, = 0.45)

Excluded m,  to 740 GeV
(Mg, /m,, = 0.25)


https://arxiv.org/abs/2405.20061

X S
>

Merged Topo.

EMss > 500 GeV R=1.0 jet 200 GeV < EJMSS < 500 GeV

X S%b
- R=0.4 jet
y >»-  R=04]

Resolved Topo.

« Search for dark Higgs boson with bb + EF*S signature
* Explain the mass origin in dark sector with Higgs mechanism

* Majorana DM  interacts with SM via spin-1 mediator ~ and a singlet 5 under U(1)’

* Probe EF*SS down to 200 GeV and my,;, down to 30 GeV

* Trigger efficiency correction; Reclustering technique and calibration propagation

* Deep learning based mass-agnostic boosted Xbb tagging

P + Data
ATLAS Preliminary SM Vh
{5 =13 TeV, 140 fb" Diboson
Merged SR: 0 lepton Wajets
mi i
500 GeV < E7'™* < 750 GeV g single top

exactly 2 b-tags

Events / GeV
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m, [GeV]

No significant derivation from SM

Relic density coherent parameters

ATLAS Pre”minary Observed Limit
Vs =13 TeV, 140 fb” - = == Expected Limit

S(bb) + E:”SS, Scenario 3 10
Limits at 95% CL 12 0y

ms=70 GeV

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
m.. [GeV]

Excluded my, up to perturbative limit

Dark Higgs

Search for dark matter produced in association with
a dark Higgs boson in the bb final state

Dark Higgs model

“ JHEP 1704 (2017) 143

ATLAS Preliminary
Vs =13 TeV, 140 fb™’
Limits at 95% CL
. —— Observed
......... Expected

500 1000 1500 2000 2500 3000 3500
mz [GeV]

Scenario 1
0q=0.25, gy =1
sin@ =0.01, my =200 GeV

ET™® + VV(qGad)
PRL 126 (2021) 121802

EP'ss + WW(qGev)
JHEP 07 (2023) 116

Thermal Relic Density

Excluded dark Higgs with mg < 150 GeV, m, up to 3.5 TeV


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-004/
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2HDM/2HDM+S

{ g

2401.04742 R-SH model A->ZH model

Search for heavy resonances in final states with four leptons
and missing transverse momentum or jets

« Search for DM from extended 2HDM model with 4 lepton + EZ*5S final states
* Optimized for narrow width 2HDM+S(R—>SH) and 2HDM(A—>ZH) model

e Bkg. mainly from di-boson and tri-boson, modelled with analytical function

* No significant deviation from SM observed l

ATLAS
f(my) = Himg — my) f1Cy V/s=13TeV, 139fb™
+H(my, —mg)f>2C;, : Observed 95% CL. upper limits
H: Heaviside func.

0
f1: ZZ threshold shape 700 800 mi%eﬁoo

f>: high mass tail

Upper limits in the o-(gg — A) [fb] Ratio w.r.t

Width assumptions Mass points [GeV] Narre dth
arrow wic

ATLAS
\/s=13TeV, 139fb™

Observed

< . (ma,mpy) =(320,220) 19.6 1.0
&, \ Narrow width ;
B\ (ma,my) = 600) 4.8 3.5 1.0
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Observed 95% CL. upper limits { P - - ”

Il | & (Ta/ma, T /mp) = (15%,5%) Al = A !

mS = 160 GeV ;‘ (Fafma, Tg/my) = (15 ) ) = 600 03 s

300 400 500 600 700 800 900 1000 et (Tafma, T fmpg) = (30%, 10%) _"ame) = (320,220) 389 = L7

Observed upper limit for R>SH: 6.8 - 119.2 fb Limit for large width A>ZH: 1.9x worse


https://arxiv.org/abs/2401.04742

Dark Photon

Combination of ATLAS H — yyp searches

H: mass parameter
S;:SU(2)L doublet

Dark photon couple to SM Higgs Dark photon couple to heavy Higgs Sr:SU(2)R singlet [/
L~p-H'S Sp+h.c.

£3=0,89"8 - §'M3IS

EWSB
R

Minimal Dark Photon Model
PRD 90, 055032 (2014)

H—yy Observed 95% CL
d

F T T T T T T T T T T T T T T T T T T T T T T

A TLAS —e— Observed limit (95% CL)
—e Expected limit (95% CL)

Vs =13 TeV, 139 fo-’ [ Expected limit t1c

BSM H-yyy 1 Expected limit +2¢
E=3 B(=0.05) x Otheory

ATLAS —e— Observed limit (95% CL)
-~ Expected limit (95% CL)

Vs =13 TeV, 139 fb! [ Expected limit +10

SM H-yyq [ Expected limit +20

VBF-ZH combination

H—inv Observed 95% CL

PLB 842 (2023) 137963

Obs.

—— VBF channel
—+— ggF channel
—e— Combined

H—yy ATLAS measurement

+0.022,,
BR(H o577 = 0.24770 2222,

ZH channel
Nature 607 (2022) 52

’ ‘e
¢ . ]
R ATLAS e H-syy SM prediction
Vs=13 TeV, 139 fb" oy BR(H.25-77) = 0.227%
E Dark Photon Minimal Model ] arkiv:1610.07922
[ arLps mess 1
- m, =125 GeV, y = +1 -

VBF channel

Combined

1 L1 1 1l I [ ] 0.6: : L . L L L L L "
15I00 20IOO 25IOO 3000 0 01 02 03 04 05 06 07 08 09
my [GeV]

L1
1000

o[
o

1 ST T TN T T O T I T T B
3 4

5 6 7 8
95% CL upper limit on B(H-YYq) [%]

95% CL upper limit on 5B x OggF + var [pb]
LELEELEREL !

Observed B(H125 = vYYp) < 1.3% Observed 95% CL Limit 6 < 16 fb - 1.0 fb Exclusion of Parameter Space


https://arxiv.org/abs/2406.01656
https://arxiv.org/abs/1405.5196

(h Dirac DM)
Summary

(In backups)

Spin-0 Mediator Coupling Signature More diagrams in backup

Scalar g, = g. -1 SM + E7r"niss - decay to tt opens up
Pseudo-Scalar 0~ 1 x 4-top when m,.4 > 2m;
(4-top signature)

= Fermi-LAT bb
PRL 115 (2015) 231301

TTT

] = = = Expected

I T
ATLAS
[ Vs=13 TeV, 139 fb ™", All limits at 95% CL
Pseudo-scalar mediator
gq:gx=1 m,=1 GeV
Dirac DM

= Fermi-LAT ul
PRL 115 (2015) 231301

Y [em®s 1]
3
®
TT IIIHW

= Observed

L LI

— TS

pseudo-scalar mediator
EPJC 83 (2023) 503

JHEP 03 (2024) 139

__ bB+ET= 0L, (1)
JHEP 05 (2021) 093
_ Jet+ET"™ (2)
PRD 103 (2021) 112006
tW+ET™ OL-1L, (3)
EPJC 83 (2023) 603
G+E7 1L, (3)
EPJC 81 (2021) 860
_W4+ET™ 2L, (3)
EPJC 81 (2021) 860
. [TH/A— 4-top, (4)
JHEP 07 (2023) 203
f+ET, (3)

EPJC 83 (2023) 503
JHEP 03 (2024) 139

Fermi-LAT bb

{(ovV
T IIHIIII

—
|

n

2]

| lIIIlII

Fermi-LAT ull

T TTTIRm

T

pseudo-scalar mediator

[ TTTTI
L

T Illl"ll T IIIIITI]

| | lIlIlIf
T IIII]II

ATLAS
Vs =13 TeV, 139 fb™
Dirac DM, All limits at 95% CL

TT IllTIIl

1

(2) DM-monojet
(3) DM-1t + DM-t
)

IIIII

10 10?

m, [GeV]

Excluded mediator mass up to 400 GeV (1 GeV DM) Limit on WIMP annihilation rate


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-010/

(In backups)

Spin-1 Mediator
Vector

Axial-Vector

( ith Dirac DM)

Couplings Signatures

Vario.us (9q 51) SM + Ess
Resonance (dilep, dijet)

X
SM+ ETH° Resonance

| T
L ATLAS Preliminary
| T/m,=0.15
| T/m,=0.1
| I/m,=0.07

0.1

0.05+ li+vli

Axial-vector mediator
0.04 m,=10TeV,g =1.0
0.03

95% CL upper limits

Vs =13 TeV, 3.6-140 f5 ' /] Observed — ———rrrry
June 2024 ; --- Expected G ATLAS Prellmlnary

—— Resolved diet + ISR E _\f_ =13 TeV, 29.3-140 fb

arxiv:2403.08547 i June 2
Boosted dijet + ISR
364 b

— Dilepton
« 139 fo!
PLB 796 (2019) 68

Dijet resonance
« Dijet, 139 fo'
JHEP 03 (2020) 145
 Dijet TLA, 29.3 fb'
PRL 121 (2018) 081801
« Dijet+ISR, 140 fo
arXiv:2403.08547
— E75X
« BT+, 139 b7
JHEP 02 (2021) 226
* E7*+jet, 139 fio”
PRD 103 (2021) 112006
* ET™+V(qq), 140 fo’
arXiv:2406.01272

XENONNT
PRL 131 (2023) 041003

PLB 788 (2019) 316
Boosted di-b-jet + ISR
ATLAS CONF-2018-052

Dijet TLA
36&29.3f"

PRL 121 (2018) 081801
Di-b-jet

2438&139 1"

PRD 98 (2018) 032016
JHEP 03 (2020) 145
Dijet

139 fb™

JHEP 03 (2020) 145

:

Dijet angular
37.0fb"
PRD 96 (2017) 052004

z
PRL 131 (2023) 041002

— tf resonance (1L)
E%Jébm (2018) 565 Axial-vector mediator, Dirac DM
g =0.20,g =0.05,g =1
. —— i resgnance (OL) x _ ) o
lyiol < 0.6 139 b ATLAS limits at 95% CL, direct detection limits at 90% CL
T B AT R AN FRTERTTTT JHEP 10(2020) 61 = e = el - el

| muLJ PATTTTT RRRTTTT IRRRUTTY MM Y MRWRTITY M) (VT MART

100

1000 2000 Dt P 10 107 10°
mZ‘A [GeV] JHEP 06 (2020) 151 m% [GeV]

g4 Limit with 10 TeV DM and g, = 0 (no lepton coupling) Limit on Spin-Dependent Cross-section


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-010/

( ith Dirac DM)

(In backups)

Spin-1 Mediator Couplings Signatures

SM + E"”SS
Resonance (dilep, dijet)

o
Vector Various (9q, 91)

Axial-Vector gy =1

Resonance

T T T I rTTT lIlII'IIIII[IHIIIIIIII'II‘I

Vs =13 TeV, 36140fb i
June 2024

95% CL upper limits
Observed — ——————rrry
--- Expected ATLAS Prellmlnary

—\F_ 13 TeV, 29.3-140 fb
arxiv:2403.08547 E June 2

_| !

L ATLAS Preliminary
[ T/m,.=0.15

| T/m,=0.1

— Dilepton
* 139 fp’!
PLB 796 (2019) 68
—_— }1?4%sf%|yed dijet + ISR Dijet resonance
* Dijet, 139 fio’

T/m ,=0.07

Boosted dijet + ISR
36.1 b

PLB 788 (2019) 316
Boosted di-b-jet + ISR
ATLAS CONF-2018-052
Dijet TLA

36&29.3fb"
PRL 121 (2018) 081801

¥

JHEP 03 (2020) 145
« Dijet TLA, 29.3 b
PRL 121 (2018) 081801
« Dijet+ISR, 140 fb"
arXiv:2403.08547

—Ef 81X

«EM%4y, 139 b
JHEP 02 (2021) 226

* E7*+jet, 139 fio”
PRD 103 (2021) 112006
o EMisS . 1
ET*+V(qq'). 140 fo
arXiv:2406.01272

XENONNT
PRL 131 (2023) 041003

Di-b-jet
2438&139 1"

PRD 98 (2018) 032016
JHEP 03 (2020) 145

- I,
-’ I} ” -
0.1 I Y 1S
: ’

JHEP 03 (2020) 145
N

\I‘I‘I" |||||I'I'I'| UL
Lol IIIILJ |||\|u,|] |||||u,|J RTTIT IRATT | ||||u,|,|,|_|_

Dijet angular
37.0fb"

z
PRL 131 (2023) 041002

-
.
L
A PRD 96 (2017) 052004
¥
-

—— tf resonance (1L)
36.11b"

005 ol -
0.04

0.03

* Sensitive to
large width _|

mediator
sl

Axial-vector mediator, Dirac DM

9,= 0.20, g, = 0.05, g9 = 1

ATLAS limits at 95% CL, direct detection limits at 90% CL
i PR SRR e | " PR S e | " " PR

EPJC 78 (2018) 565
Axial-vector mediator

m, =10 TeV, g, =1.0

— oL
Iy, < 0.6 ! isgonance (OL)

100 1000 2000
mz. [GeV]

JHEP 10 (2020) 61

— Bl eeten 10 10 10°
JHEP 06 (2020) 151
m, [GeV]

Limit on Spin-Dependent Cross-section

g4 Limit with 10 TeV DM and g, = 0 (no lepton coupling)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-010/

ATL-PHYS-PUB-2024-010
LHC Dark Matter Benchmark Model

Higgs Bosons . Parameters . .
s oot Combination of 2HDM+a Searches

A: pseudo-scalar
H?*: charged scalar

tanf: ratio of VEV of Higgs doublet
m, = my = my+: degenerated H mass

mg: mediator mass; my: DM mass

2HDM+0o: Two-Higgs-Doublet-Model with an additional pseudo-scalar mediator « (coupled to fermionic DM )

Diverse signatures: combination of multiple ATLAS analyses to set the best exclusion limit

2HDM+a, Dirac DM, sin@ = 0.7, tanf =1, m, = 10 GeV,gz =1, my=my=my,
2000 T T T — ET+h(bb), 139 fb

' ATLAS Preliminary W I >20% JHEP 11 (2021) 209

1800 Vs =13TeV, 1394140 o' 7 .° ET*+h(yy), 139 fb’
3 “o*Limits at 95% CL 1 JHEP 10 2021) 13

1600 ° — Observed 1 ETS4LZ (1), 139 b
E ..  Expected A PLB 829 (2022) 137066

: A : Emiss+tw, 139 fb1

1400 ¥ ] P 83 2029) 603

! ’ ET54j, 139 fb

PRD 1083 (2021) 112006

ET™+V(qq’), 140 b’

arXiv:2406.01272

tbH*(tb), 139 b

JHEP 06 (2021) 145

{1f, 139 b

JHEP 07 (2023) 203
h—invisible, 139 fb™

PLB 842 (2023) 137963
— Combination

miss miss

ET+h(bD), ET+Z(ll), tbH*(tb)

100 200 300 400 500 600 700 800
m, (GeV)

10+ different analyses involved and 3 most sensitive channels E¥*'SS + h(bb), E™SS + Z(Il) and thH* (t) combined 15


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-010/

ATL-PHYS-PUB-2024-010

LHC Dark Matter Benchmark Model

Combination of 2HDM+a Searches

Series of h->aa—>4f searches included first time: good sensitivity for low mass pseudo-scalar a

Broad variety of searches in ATLAS combined in the context of 2HDM+a: rule out large area of parameter space

2HDM+a, Dirac DM, sin@ =0.35,tan B =1, g, =1, my=my=my,=12TeV

. = ET.h(5F), 139 fo°
At | JHEP 11 (2021) 209

h—invisible, 139 fb™

r 8 TeV 0.3 fb1 PLB 842 (2023) 127553
(s =13TeV, 36.1-139 fb1 bsaa—uurtr, 20.3h
June 2024 ) PRD 92 (2015) 052002
h—aa—uuuu, 36.1 fo' Cosmology Constraint
JHEP 06 (2018) 165 DM Relic Density Q% = 0.1200 [pLANCK2018]
Excluded over-abundant region
where all possible DM y annihilation is

forbidden due to kinematics
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JHEP 10 (2018) 031

9oueuosal h/r

"/lelts atgssmoL il 1
— " Observeds| — h—aa—bbup, 139 for
Expected '. o PRD 105 (2022) 012006

— Observed Relic 2,h° = 0.12
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m, > 2m,: invisible decay

h—>aa—2>4f when m, < m, /2

Invisible Higgs: m, < my /2

bb + E"”SS
m, up to 600GeV

Freeze out
16


https://arxiv.org/abs/1807.06209
https://ned.ipac.caltech.edu/level5/Kolb/Kolb5_1.html#Figure%208
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-010/

Large variety of searches for Dark Matter performed at ATLAS

* Covered wide range of final state of SM+ET¥SS and other unusual signatures

Excluded large area on the parameter space of DM models

* S-channel simplified model, 2HDM+a and different models focusing on dark sector

Complete the picture together with non-collider search and cosmology observation

* Compatibility of Relic Density; Comparison to the Direct Search

Still a lot to fully understand the DM but progressing!
* Analyses based on ATLAS Run 2 data still coming

* Accumulating ATLAS Run 3 data...

Stay Tuned!

Delivered Luminosity [fb 1

Summary

mg. [TeV]

ATLAS Online Luminosity
2011pp {s=7TeV
— 2012pp {s5=8TeV
2015pp Vs=13TeV
—— 2016pp {s=13TeV
— 2017 pp Vs=13TeV
— 2018 pp {s=13TeV
2022pp {s=13.6TeV
2023 pp Vs=13.6TeV
2024pp {s=13.6TeV

P! oct
Month in Year

e luminosity Less the dark!
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Nuclear Matter
quarks, gluons

Direct
Detection

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

Indirect
Detection

Photons,
W, Z, h bosons

: SM DM
Particle
Colliders

SM

DM

Other dark
particles

DM
Astrophysical

Probes
DM

o

DM

DM

Less complete

Dark Matter
Effective Field Theories

“Sketches of models”

1506.03116

More
complete

Minimal
Supersymmetric
Standard Model

Complete
Dark Matter
Models
Universal
Extra
Dimensions



https://arxiv.org/abs/1401.6085
https://arxiv.org/abs/1506.03116

DXbb tagger [ATL-PHYS-PUB-2020-019]
Deep Neural Network based Xbb tagging
Hbb(mass-agnostic) v.s. QCD v.s. Top

2nd yvertices. .k..4.

—— o ———

Subjet (x 3) DXbb algorithm

£ " ~

Large:R Jgt.
oT || Bke

PHiggs
D = In — =

ftop *Prop T (I- flop) * Pmultijet

Boosted Xbb tagger in ATLAS

Unit Normalized

o

o

=]
=2}

ATLAS Simulation Preliminary
Vs =13 TeV

fJT g 2P eeY —— Multijet
nl< <. . i .
76 <m;/GeV < 146 Higgs matched jets

—— Top-matched jets

o

225 00 25 50 75 100
Dxpb, frop = 0.25

Updated! GN2X tagger [ATL-PHYS-PUB-2023-021]
Transformer based Xbb tagging
(New analyses coming soon!)



https://cds.cern.ch/record/2724739/files/ATL-PHYS-PUB-2020-019.pdf
https://cds.cern.ch/record/2866601/files/ATL-PHYS-PUB-2023-021.pdf
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= ATLAS

Vs=13 TeV, 139 fb™" All limits at 95% CL

i R R R

100

= = = Expected

= Observed

___ bB+ET™ oL, (1)
JHEP 05 (2021) 093
— Jet+ET'™ (2)
PRD 103 (2021) 112006
tW+ET** OL-1L, (3)
EPJC 83 (2023) 603
t+E™ 1L, (3)
EPJC 81 (2021) 860
— tW+ET* 2L, (3)
EPJC 81 (2021) 860
— ttH/A— 4-top, (4)
JHEP 07 (2023) 203
tH+ET, (3)
EPJC 83 (2023) 503
JHEP 03 (2024) 139
1) DM-bb
2) DM-monojet
3) DM-tt + DM-t
4) DM-4top

(a)

g

(b)

b/

g

(c)

t

¢ <

t

=+

b/t

(d)

Model and Final State UFO Generator and Parton Shower Cross—
section

DM-monojet DMS_tloop Pownec Box v2 + PyTHia 8.205 NLO

DM-t7, DM-tW, DM-1j, MapGraru5_aMC@NLO 2.3.3 (LO)

DM-4top DMScalarMed_loop + Pyriia 8.186 NLO

DM-b3 DMScalarMed_loop MapGraru5_aMC@NLO 2.3.3 (LO) NLO

+ PyTHIA 8.186



https://arxiv.org/abs/2404.15930

Spin-1

Vector

Axial-Vector

T T W VO W

Model and Final State

UFO

Generator and Parton Shower

Cross-

sectior

i}

Z'xx)+Jj

DMV

Pownec Box v2 + PyThia 8.205

NLO

Z'(xx)+y

Z'(qq) or Z'(qq)+ISR

DMSimp

DMSimp

MapGrapu5_aMC@NLO 2.4.3 (NLO)
+ PyTHia 8.212

ManGraruS_aMC@NLO 2.2.3 (NLO)
+ Pyrhia 8.210

Z'(bb)

DMSimp

MapGraru5S_aMC@NLO 2.2.3 (NLO)
+ PytHiA 8.210

Z'(E0)

DMSimp

+ PyrHiA 8,212

Z'(11)

DMSimp

MapGraru5_sMC@NLO 2.4.3 (LO)
+ PyTHia 8.186
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Dijet resonance

= Dijet, 139 fo
JHEP 03 (2020) 145

+ Dijet TLA, 29.3 5
PRL 121 (2018) 081801

« Dijet+Lepton, 139 fb
JHEP 06 (2020) 151

« Dijet+ISR, 140 fo
arXiv:2403.08547

» Boosted dijet+ISR, 36.1 fo
PLB 788 (2019) 316

tf resonance (1L)
36.1 b, EPJC 78 (2018) 565

tf resonance (OL)
139 fb”; JHEP 10 (2020) 061

bb resonance
139 fb; JHEP 03 (2020) 145

=L

* E7"+jet, 139 f'
PRD 103 (2021} 112006
«E74, 139 10"
JHEP 02 (2021) 226
« E7*+Z(had), 36.1 b’
JHEP 10 (2018) 180
« ET*UZ(1), 140 b
PLB 829 (2022) 137066

Dilepton
* 139"
PLB 796 (2019) 68

Dijet resonance
* Dijet, 139 fb
JHEP 03 (2020) 145
« Dijet TLA, 29.3 fb
PRL 121 (2018) 081801
* Dijet+ISA, 140 1
arXiv:2403 08547
EFeX
©E7%4y, 139 1"
EP 02 (2021) 226
< ET4et, 139 1
PAD 103 (2021) 112006
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Dijet resonance

« Dijet, 139 fo"
JHEP 03 (2020) 145

* Dijet TLA, 29.3 i
PRL 121 (2018) 081801

+ Dijet+Lepton, 139 fb’
JHEP 06 (2020) 151

« Dijet+ISR, 140 ft"
arXiv:2403.08547

* Boosled dijet+ISR, 36.1 fb'
PLB 788 (2019) 316

tf resonance (1L)
36.1 fb"; EPJC 78 (2018) 565

tT resonance (0L)
139 o', JHEP 10 (2020) 081

bb resonance
139 fo''; JHEP 03 (2020) 145

ET,X
* E7"+jet, 139 fb

PRD 103 (2021) 112008
«ET%y, 139 107

JHEP 02 (2021) 226
« El*+Z(had), 36.1 fo

JHEP 10 (2018) 180
 ETLZ(0), 140 o

PLB 829 (2022) 137066

Dilepton
+139 10"
PLE 796 (2019) 68

Dijet resonance
« Dijet, 139 fb”
JHEP 03 (2020) 145
* Dijet TLA, 29.3 it
PRL 121 (2018) 081801
« Dijet+ISR, 140 fb'
arXiv:2403.08547
EF*+X
« ET %y, 130 b7
JHEP 02 (2021) 226
« E7"+jet, 139 fb
PRD 103 (2021) 112008



https://arxiv.org/abs/2404.15930

- EXOT-2018-62: s-channel simplified DM Summary

Semi-visible Final States

Analysis

bb + ET™ [53]

1t + EMSS [54-57]

(W + EXS 0-1¢ [58]
tW + ES 2£ [59]

tj + EIS [59]

Jet + EMS [60]

y + EMSS [61]

Z(£0) + EXS [62]

W(qq")IZ(qq) + EF™ [63]

Models targeted

S/PS

S/PS

S/PS

S/PS

S/PS
S/PS,V/IAV
V/AV
V/AV

V/AV

Final state signature
L3 miss .
2 b-jets, EZ™, 0 ¢

0-1-2¢, EMSS, > 1 b-jets

0-1¢, EMSS, > 1 b-jets, W tagged jets
2¢,> 1 b-jet, EM™

1¢, 1-4 jet, 1-2 b-jet, EMS

1 high-pr jet, EMSS, 0 ¢

1 high-pt v, E?iss, 0¢

20+¢, EFS, 0 jets

ET™, W/Z candidate (resolved and
boosted topologies)

Key Characteristics

Boosted decision tree and binned
likelihood fit of cos 6, -
Statistical combination of 7 + EZ"
final state analysis

Binned likelihood fit of EF"™
Single bin likelihood fit

Binned likelihood fit of BDTs
Binned likelihood fit of EMS
Binned likelihood fit of EM*

Binned likelihood fit of Elpiss

Binned likelihood fit fo Er'F“SS


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-62/

Analysis

Dijet [64]
Dijet angular [65]
Dijet ISR resolved [66]

Dijet ISR boosted [67]

Dijet TLA [68]
Dijet + lepton [69]
Dilepton [70]

tt [71,72]

titt [73]

: s-channel simplified DM Summary

Visible Final States

Models targeted

V/AV
V/AV
V/AV

V/AV
V/AV
V/AV
V/AV

V/AV, S/PS
S/PS

Final state signature

2 jets, mjj,y

I iptec ¥ . . ¥

2 jets, Mmijij,y

"3 .

Zjets,y,mjj, y

1 small-R jet, 1 large-R jet, m;, y

2 trigger-level jets, mj;, y*

2jets, ,mj;

2eor2 u
{+jets; 2 large-R jets
Same-sign £*¢* and (*¢*(F

Key Characteristics
Sliding-window fit of m
Binned likelihood fit of y/;
Sliding-window fit of m
Data-driven extrapolation from
control region via transfer factor
Sliding-window fit of m

Fit of m; ;

Z[y* — €€ from fit of mg,
Binned likelihood fit of m,;
Binned likelihood fit of BDT


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-62/

Annihilation rate (for pseudo-scalar)
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s-channel Simplified Model: Compare to direct search

(ov ) [cm’s

pseudo-scalar mediator

ATLAS
Vs =13 TeV, 139 fb"
Dirac DM, All limits at 95% CL



https://doi.org/10.1016/j.dark.2019.100365

‘Spin-independent
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mTm

p: DM-nucleon reduced mass
f(g4): mediator-nucleon coupling

Dijet resonance
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5 JHEP 03 (2020) 145
Vs = 13 TeV, 29.3-140 f&' « Dot TLA, 20.3 '
PRL 121 (2018) 081801
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arXiv:2403.08547
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= il resonance
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bb resonance

139 fb"; JHEP 03 (2020) 145
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JHEP 02 (2021) 226
* EM*+Z(had), 36.1 fo!
JHEP 10 (2018) 180
Vector mediator, Dirac DM  ET*%+2(1I), 140 fb!

g9,=0259=0g =1 PLB 829 (2022) 137066

ATLAS limits at 95% CL, direct detection limits at 90% CL &8 DarkSide 50 QF MIGD
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m, [GeV] ™ FaL 131 (2023) 041002

andaXxX
PRL 127 (2021) 261802

s-channel Simplified Model: Compare to direct search

Spin-dependent

31%(84)8 3k,

Osp = 1
Ty g

fp/n(9q): mediator-proton/neutron coupling

ATLAS
Vs = 13 TeV, 29.3-140 fb

Axial-vector mediator, Dirac DM
gq =0.20, g= 0.05, g, = 1
ATLAS limits at 95% CL, direct detection limits at 90% CL

— Dilepton
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Dijet resonance
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- El_'rmb?_"-x
*» ET4y, 139 1b™
EP 02 (2021) 226
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XENONNT
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H/h: scalar
A: pseudo-scalar

H?*: charged scalar

Higgs Bosons v, My,
Yx = 1,
cos(f—a) =0,

A3=Ap, =Ap =3
myg =Mg+ =My

(5 free parameters) | m,, m,, sind, tans

Extension of pseudo-scalar mediator simplified model

UV-complete, gauge-invariant and renormalizable

Two Higgs Doublet Model (2HDM) plus pseudo-scalar mediator a

Scalar sector of SM extended by an additional complex doublet
Well-motivated by theory e.g. hierarchy, baryogenesis, strong CP
Type-Il 2HDM with 5 Higgs bosons H, h, A, H* and h as SM Higgs

1 pseudo-scalar mediator a coupled to Dirac DM y

Free Parameters

sin@: mixing angle of A and a

gy dark-sector Yukawa coupling
tanp: ratio of VEV of Higgs doublet
m, = my = my+: degenerated mass
mg: DM mediator mass

Enable the interplay with SM and dark sector

Full set of 14 parameters: 5 free parameters for benchmark

Mono-h, Mono-V

bb+MET

LHC Dark Matter Benchmark Model

2HDM+a

Theory Model: JHEP 05 (2017) 138
Latest results: EXOT-2018-64

2HDM+a, Dirac DM, sin 6 = 0.35,tan =1, m, =10CGeV,g_=1,my=my=m,

2000

I'im > 20% ATLAS
Combination
E?‘:E'E:a»ﬁ(:bg). E.rlrjls:5+z('-'|:‘ rbHi(rb)

Limits at 95% CL

—— Observed

1800 Vs=13TeV, 139 fb"

= = = Expected



JHEP 05 (2017) 138
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/
https://doi.org/10.1007/JHEP05(2017)138
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Scenario Fixed parameter values Varied parameters
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Analysis/Scenario

EXSS + Z(€€) [74]
EMSS 4 h(bb) [75]
ET™ + h(yy) [84]
E;“‘“ + h(rT) [78]
EP'S +1W [77]
Emiss 4 j [45]

h — invisible [86]
EY™ + Z(qq) [126]
ET™ + bb [127]
EMss 417 [127, 128]
tttt [85] X X X X X X 4%
thH*(tb) [76] N X /\\
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r o - - — E™, h(bB), 139 fo

3| *a, Lot . JHEP 11 (2021) 208
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PLB 829 (2022) 137066
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arXiv:2211.13138
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Limits at 95% CL arXivi2211.01136
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Expected ETE,h(bB), ET=+Z(), thH'(1b)

ATLAS
Vs=13TeVv, 139 b

P et o pd g




Search for heavy resonances in final states with four
leptons and missing transverse momentum or jets
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https://link.springer.com/article/10.1007/JHEP02(2024)128
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Dark Higgs

* Spontaneously broken U(1)’ gauge symmetry introduced in the WIMP model account the mass origin in dark sector

* Scalar particle & called Dark Higgs[1], vector boson ~ and Majorana DM : two-mediator model (2MDM) [2]

* Detectable final states from mixing with SM Higgs: s = bb, s = VV, ... depending on mass; as well as large MET

* yx — ss annihilation relax the relic density constraint from cosmology: prevent DM over-production issue
 Effectively reduce one parameter - search in 3-D parameter space
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Dark Higgs

Relic-coherent 3-D Parameter Space

How relic density used to reduce parameter space of DM model

Reco Analysis Result

Set the final exclusion limit
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Eur. Phys. J. C 77 (2!

Axion Like Particle (ALP)

* Global U(1) symmetry added to solve the CP symmetry problem in QCD interaction
* Weakly interacting pseudo-scalar particle a

* Heavy ALP in the GeV-TeV range usually searched similarly as WIMP

* Light ALP probed with coupling to gluon, photon, fermion and vector boson

* Effective scale f,: regulates the dimension-5 operators built from the SM fields and the ALPs
e E.g.in MonoV(had) probed f, up to 5TeV with 1MeV ALP

* Linear EWSB realizations with general linear bosonic Lagrangian, including only the NLO corrections involving a

for photon
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cev Axion Like Particle (ALP)

Orthogonal to photon coupling (g4, = 0)

ALPs: collider constraints

Current limits
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https://arxiv.org/pdf/1701.05379
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Axion Like Particle (ALP)

Parameters contributing

Observables /Processes
Linear Non-Linear

Astrophysical obs. Gary Cw Cis

Rare meson decays Cw

LEP data
BSM Z width ['(Z — av)
LHC processes

Non-standard h decays I'(h — aZ) : aip aii-14 @17

New constraints

Mono-Z prod. pp —alZ 9 C : 10 Cli—14 C17

Mono-W prod. pp = a W+ ; g ; 10

Associated prod. pp — aWEy
VBF prod. pp — ajj(y)

Prospects

Mono-h prod. pp — ha ayp G11-14 G17

att prod. pp — atl




3] Phe R D 90, 055014 (2014) Invisible Higgs

* SM Invisible Higgs decay via ZZ*-2>4nu and Br~0.1%

* Many DM theory models contribute to BSM invisible Higgs decay
e Higgs portal[1][2][...] with m_WIMP<mh/2
e Scalar, Majorana fermion, vector like DM
e UV-complete model (vector DM)I[3,...]: U(1) gauge field
e Adding singlet-like scalar and mixing to SM H to be UV-complete

* Similar to dark Higgs while no heavy mediator Z’ involved
(more like typical WIMP)

* Limit converted to spin-independent WIMP-nucleon XS
 Comparable to direct search




Invisible Higgs
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* Dark sector with gauge group SU (N;,) leading to
confinement at a scale Ay,

» Dark hadron decay QCD-like, fraction decay back to SM

* Unusual jet signature:
* Double hadronization—> larger and wider
» Different running coupling = number of tracks
* Invisible fraction (R_inv)=>MET in jet
* Displaced vertex (not covered this time)

* s-channel/t-channel: different topology
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https://indico.cern.ch/event/1008111/contributions/4230417/attachments/2189466/3700191/SVJ_s-channel_introtalk.pdf
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