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Introduction

» dark matter searches approach at LHC evolved between Run-1 (< 2012) and Run-2, 2015-2018

» exploring richer kinematics & phenomenology
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Results discussed in this talk cover:

» Simplitied dark matter models

+ LHC DM WG white paper arXiv:1507.00966

- 2HDM+a model: arXiv:1810.09420

- Dark Higgs model: JHEP 04(2017)143

- Higgs to invisible decays searches
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https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/1810.09420
https://link.springer.com/article/10.1007/JHEP04(2017)143

Phys. Rev. D 103 (2021) 112006

Monojet analysis overview

- golden channel to look for dark matter at the LHC

DM particles invisible
to the ATLAS detector
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» crucial to control the uncertainty on background predictions:

- rely on state-of-the-art Monte Carlo simulations + use data in control-regions to correct simulation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

Phys. Rev. D 103 (2021) 112006
Background estimation

. . . . jet Jet
- simultaneous fit to Signal + Control Regions (CRs)
» CRs: same topology of the SR inverting lepton veto ~ ~
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://link.springer.com/article/10.1140/epjc/s10052-017-5389-1

Phys. Rev. D 103 (2021) 112006

Dark matter interpretations

Simplified dark matter models: 5 parameters, {mx, mz, g4, gx} + minimal mediator width I
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

JHEP 03 (2020) 145
Di-jet resonance searches

- bump-hunting the mjj spectrum, both inclusive & b-tagged jets only
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https://link.springer.com/article/10.1007/JHEP03(2020)145

Spin 1 mediator searches summary

» broad ATLAS search program yielding complementary sensitivity to direct detection experiment results

- results provided for both Vector & Axial vector mediators following LHC DM WG recommendations on gq / gy
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Hunting for scalar mediators in tt+E/" final states

. . . . . g t
- scalar mediators = Yukawa-like coupling with SM particles :
sensitivity driven by 3rd generation .
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-007/

ATL-PHYS-PUB-2022-036

Spin 0 mediator searches summary

- multiple complementary channels explored

* sensitivity driven by tt+E_

of Otheory
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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The Higgs boson

- two possible classes of models:

as a portal to the dark sector

1. extended Higgs sector portal models =+ DM produced in association with the Higgs boson

2. SM Higgs portal models = invisib

e decay modes of the Higgs boson

1. Benchmark model: 2HDM+a Phys.Dark Univ. 27 (2020) 100351

+ type Il two-Higgs doublet model, including 5 new fields h, H?, H*, A + additional pseudo-scalar a

+ 14 free parameters, mostly constrained by EW measurements - assumptions can reduce those to 7 or 8

Mono-H Mono-Z
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https://www.sciencedirect.com/science/article/pii/S221268641930161X

JHEP 11 (2021) 209

Dark matter + H(bb) production search

 target similar final states of the monojet analysis: H(bb) recoiling against large E7"®

MIsS

"B > 150 GeV, 2 or 3 jets in the final states to be b-tagged, forming H—bb candidate
+ O lepton final states SR, 1 & 2 lepton events used to correct background predictions (CRs)
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https://link.springer.com/article/10.1007/JHEP11(2021)209

Phys. Lett. B 829 (2022) 137066

Search tor DM in mono-Z(ll) final states

- target events with Z(ee/pp) candidate balancing invisible particles production: | pryi - Ef***| / pri < 0.4

- clean final states, requiring at most 1 extra jets and large

EMs > 90 GeV

- exploit 3-leptons and 4-leptons CRs to constrain leading WZ and ZZ backgrounds - ey CR for top processes bkg.
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discriminant variable for 2ZHDM+a interpretations: transverse mass

2

R 2
| gt miss
71+ B

Jm% + (PEO? + \fm + (Eiss)?

- additional interpretations:
» simplified DM models - results included in summary plots

- invisible Higgs decays — discussed later in this talk

T enhanced sensitivity using BDT discriminant
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/

ATLAS-CONF-2021-036

Results summary 9 b
t
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1 2 R R L L W S P | T I miss — - 4 ! mi — -
> OOOZAT AS pre”-rﬁ,‘har "T/m > 20% { =—E7**+Z(qg), 36.1 fb”’ ? ATLAS Preliminary =E7"**+h(bb), 139 fb”
@ 1800[LYs =13 TeV, 36.1 - 139 fb” 4 JHEP10(2018) 180 S s =13 TeV, 139 fb” JHEP 11 (2021) 209
O, Tuly 2022 2HDM-+a, Dirac DM - |2 July 2022 i ’
> i Limits at 95% CL 10 GeV. ATE +h(bb), 139 fb" 10 Limits at 95% CL~ —E;+Z(l), 139 fb
S 1600 Feas) ™ e, —CQObserved m, =10 Ge 9 — '} JHEP 11 (2021) 209 PLB 829 (2022) 137066
[ . e Expected sind = 0.35, tanﬁ = 1 ] _ . _
A TN ] o= m.=m P—Ers=+Z(ll), 139 fb 4 EFSS4Wt, 139 fb!
1400 X AR TR — :
i 3 11  PLB 829 (2022) 137066 EPJC 81 (2021) 860
1200 ~ : - EF+Wt, 139 fb! H*tb, 139 fb™
[ "~.,~ g 1  EPJC 81 (2021) 860 7  JHEP 06 (2021) 145
1000(~_ 7% —| — H¢tb, 139 fb"! 1 E™S4h(yy), 139 fb”
s R g * M JHEP 06 (2021) 145 JHEP 10 (2021) 13
I | 1 —h(inv), 139 fb™ 4 — Combination
1 o . 1  ATLAS-CONF-2020-052 ET**+h(bB), ET**+Z(Il)
600 / e h
] /4 ,m i miss -1 |
I / e R 1 Ef*+h(yy), 139 fb ]
400 1  UHEP10(2021)13 e Y |
L 1l— Combination 1 I/m>20%
20 _. . | L ._ m|ss (bB) mlss (”) S S
100 200 300 400 500 600 700 80C€ 100 150 200 250 300 350 400 450 500

m, [GeV]

m,|[GeV]

Guglielmo Frattari | 25 September 2022 | Searches for dark matter at ATLAS | 13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/

Giving mass to the dark sector

- introduce an additional scalar particle s, the dark Higgs boson - JHEP 04(2017)143

- additional parameter to simplified models {mx, mz, ms, gq, gx}

- SM-Higgs-like decays: s = WW (ZZ) for mg > 160 (180) GeV

adronic decays - Phys. Rev. Lett. 126 (2021) 121802 Semi-leptonic decays - ATLAS-CONF-2022-029
- additional scalar reconstructed as large-R jet - exploring both resolved and merged categories
» exploit substructure variables to identity W candidates . discriminant variable ms

- discriminant variable: m,

resolved: lepton + 2 jets
merged: large-R jet
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Dark Higgs summary & results
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Invisible decays of the Higgs boson

- SM Higgs boson invisible decays: H=>Z2Z*—=4v ~ 0.12%

ATLAS

- BSM modes could lead to enhanced rates EXPERIMENT

Run: 279984 2 I | ©
Event: 237776402 -
2015-09-21 20:21:50 CEST ‘ EMss = 504 GeV

VBF production most sensitive channel:

- two forward jets with large invariant mass, mjj > 800 GeV
* large |An;l > 3.8, small [Agl, E}“iss > 160 GeV

* Er'™ triggers to select the events

Jet 2: p; =301 GeV

B o

Leading backgrounds: A ‘ RN y "!'" ',,’lul
!

» EW Z(vv)+jets, QCD Z(vv)+jets, W+jets
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VBFH, H—=invisible analysis strategy & results

» similar strategy to monojet: adopt 1 & 2 lepton CRs enriched in V+jets backgrounds
» Z to W ratio predictions @NLO QCD, NLO EW - arXiv:2204.07/652 - used to constrain Z(vv)+jets with W(lv)+jets too

- discriminant variable: mjj - SR categorized in njet, Adjj to enhance sensitivity

e Result: BR(H—inv.) < 14% (10% exp) @95% CL

% 105 ;_ ATLAS Post-fit -®- Data N Uncertainty _;
(D : E=13TGV,139fb_1 Bkg-Only .StrongW EW W ] & 10_25—_ T T T ITTT] T T T T TT1 T T T ITTT] T T T T TT1 T 1 ||||_
S M strong Z EWZ 5 10%" = B, _,<0.127 ATLAS =
0 : S = All limits at 90% CL s =13 TeV, 139 b =
D C —
2 S =
- E 10 % :: :‘ Higgs Portal WIMP: Other experiments: ::
G>J = — '\' %4444 Scalar DarkSide-50 —
LL] = i T 2 Majorana =+ =1 PandaX-4T
o P RRR&% Vectorgt =im Cresst-lll —
10 :: pCT 555 Vectory, complete model ::
1=—:I::::|::::|::::|::::I::::I::::|:::: 10—45; ------------ ;
1.4 -® Data/Bkg N\ Uncertainty  — Pre-/Post-fit - R — T BT —
o - ---1+Signal/Bkg - - 1+Multijet/Bkg E / - ering i
-'C?S E "-"+““-I‘ _51 o - coherent elastic neutrino nucleus scd =
o S T T ke R RS 107 2 -2 =
0'8_?: T T T e e e e |_: | | IIIII| | | IIIIII| | | IIIIII| | | | IIIII| | | IIIII?

1000 1500 2000 2500 3000 3500 4000 4500 5000 107" 1 10 107 10° 10*
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https://arxiv.org/pdf/2204.07652.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/

Higgs to invisible decays: combination

+ ATLAS preliminary combination of some full run 2 results, including
- tt + E"* analysis, only 0 and 2 lepton channels

- VBFH, H—=invisible preliminary analysis result - not including W to Z corrections & low Ef™** regime [160, 250] GeV

ATLAS-CONF-2020-052

1

g — | | | | =
1 = ATLAS Preliminary E
a I (s=7TeV,47fp" ~ ——Observed =
- 0.8 (s=8TeV,203fb" = o = - available LHC-Run 2 ATLAS results not included in
5 F (s=13TeV,139f0" 2717 =
2 07 B E this combination - all limits @95% CL.:
= 0.6F = | |
2 o5k - * ttH+E7™ 0+1+2 lepton channels combined
(_.j 0.4 = » monojet: BRH—=inv.) < 34% (39%) - obs (exp)
2 03 - E . VBFH+y: BRH—inv.) < 37% (34%) - obs (exp)
> 0.2F N » mono-Z(ll): BRH—=inv.) < 19% (19%) - obs (exp)
0 1E — q
= | | | |

ttH VBF Combined Combined Combined
Run 2 Run2 Run?2 Run 1 Run 1+2

Combined upper limit: BRIH=inv.) < 11% (11% exp) @95% CL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/

Dark matter in unconventional signatures

+ alternative approach: search for dark matter hints in unconventional signatures
+ semi-visible jets production - ATLAS-CONF-2022-038

ong-lived particles as portals to the dark sector

Very broad program covered
by the ATLAS experiment!

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

Status: July 2022 [£ dt = (32.8 - 139) b V5 =13 TeV
Model Signature  [£dt[fb!] Lifetime limit Reference
RPV T — ug displaced vtx + muon 136 t lifetime I I I I 0.003-6.0 m ! m(H)=1.4 Te{/ 2003.11956
RPV )“((1’ — eev/euv/uuv  displaced lepton pair 32.8 ,\”/‘1’ lifetime 0.003-1.0 m m(g)= 1.6 TeV, m(¥?)= 1.3 TeV 1907.10037
GGM i - ZG displaced dimuon 32.9 ,\7‘1’ lifetime 0.029-18.0m  m(&)=1.1TeV, m(¥?)= 1.0 TeV 1808.03057
p f GMSB non-pointing or delayed y 139 ,\7‘1’ lifetime 0.24-2.4 m m(i?, G)= 60, 20 GeV, By= 2% CERN-EP-2022-096

GMSB 7 — (G displaced lepton 139 | 7 lifetime 6-750 mm m(%)= 600 GeV 2011.07812
S _ (>,-) GMSB 7 - 1G displaced lepton 139 % lifetime 9-270 mm m(Z)= 200 GeV 2011.07812
@ - = f % AMSB pp — 779, ¥/ ¥;  disappearing track 136 ,\“f lifetime 0.06-3.06 m m(*)= 650 GeV 2201.02472
—_ G - = AMSB pp — 779, ¥, #1 large pixel dE/dx 139 )?f lifetime 0.3-30.0 m m(¥7)= 600 GeV 2205.06013
~ : Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(& — Sg)= 0.1, m(&)= 500 GeV/| 1811.07370
8 : Split SUSY large pixel dE/dx 139 g lifetime >0.45m m(g)=1.8 TeV, m(7%)= 100 GeV 2205.06013
Split SUSY displaced vix + EMiss 328 | g lifetime 0.03-13.2 m m(g)= 1.8 TeV, m(¥?)= 100 GeV 1710.04901

Split SUSY 0£,2-6jets +EMS 361 g lifetime 0.0-2.1m m(g)=1.8 TeV, m(¥®)= 100 GeV | ATLAS-CONF-2018-003
f H-—ss 2 MS vertices 139 s lifetime 0.31-72.4 m m(s)= 35 GeV 2203.00587
© H—ss 2 low-EMF trackless jets 139 | s lifetime 0.19-6.94 m m(s)= 35 GeV 2203.01009
= VH with H — ss — bbbb  2{ + 2 displ. vertices 139 s lifetime 4-85 mm m(s)= 35 GeV 2107.06092
f ét: FRVZH — 2yq + X 2 u—jets 139 | ya lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
é FRVZ H — 4ys + X 2 u—jets 139 | va lifetime 2.7-534 mm m(yq)= 400 MeV 2206.12181
= I H— Z3Z4 displaced dimuon 32.9 Z, lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
,7 f H— 774 2 e, u + low-EMF trackless jet 36.1 Z, lifetime 0.21-5.2m m(Z4)= 10 GeV 1811.02542
8 (200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o x B8=1pb, m(s)=50 GeV 1902.03094

g
fd fyd HLSP % $(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o X B=1pb, m(s)= 50 GeV 1902.03094
@ d(1TeV) > ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV 1902.03094
H W — N¢, N — tty displaced vitx (uu,ue, ee) + u 139 N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
fd HLSP W — N¢, N — tby displaced vitx (uu,ue, ee) + 1 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
’Yd :‘EZI W — N¢, N — ety displaced vix (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
8 f)/ W — N¢, N — €ty displaced vtx (uu,ue, ee) + e 139 N lifetime | T 0.39I-51Imll11I B o] o] . rIn(I:I)I:IGIC?t?\I/, Major:anaI " 2204.11988
f 0.001 0.01 0.1 1 10 100 CcT [m]
Vs =13 TeV Vs =13 TeV
— partial data full data 1 W W L uld L uld L uld SRS
f *Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100 ns
7 [ns]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-038/

Summary

» presented overview of broad ATLAS program on dark matter searches carried out with LHC Run 2 data-set:
» monojet: Phys. Rev. D 103 (2021) 112006
- dijet: JHEP 03 (2020) 145
» O-lepton: Eur. Phys. J. C 80 (2020) /37

THEY ALL ASK “WHAT 1S DARK MATTER?”
AND “WHERE 1S DARK MATTER?” BUT

- tt+MET - 1-lepton: JHEP 04 (2021) 174 | NOBODY ASKS “HOW IS DARK MATTER?”

. 2-lepton: JHEP 04 (2021) 165 /
- mono-H(bb): JHEP 11 (2021) 209 = ) =
. mono-Z(ll): Phys. Lett. B 829 (2022) 137066 :
- mono-S(VV) hadronic: Phys. Rev. Lett. 126 (2021) 121802 ‘ !';'![-\ \
» mono-S(WW) semileptonic: ATLAS-CONFE-2022-029 | ) ﬁu}l

- VBFH, H— invisible: JHEP 08 (2022) 104 -
- H—=invisible combination: ATLAS-CONF-2020-052

..stay tuned for new results!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://link.springer.com/article/10.1007/JHEP03(2020)145
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-12/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-08/
https://link.springer.com/article/10.1007/JHEP11(2021)209
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/

Backup
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Eur. Phys. J. C 82 (2022) 105

VBFH + vy, H—invisible search

» enhance suppression ot QCD backgrounds requiring an extra photon

q
» deep neural network approach to improve signal / background discrimination
- main discriminating features: An, A®, ny, jet pt
- EW WY predictions corrected in dedicated CR
q
- no free floating normalization of EW Zy due to degeneracy with the signal
c L A L A B L BN LI RN B
o0 - ATLAS Post-fit :
>~ | (s=13TeV, 139 b &bata
= ,| VBF+y B_ search o N >\ Uncertainty
o 10 E_ v . SN A : EW Z+y
|_|>J 1 B Strong Z+y q
N SN 1 T EW W4y
{1 B Strong W+y
00 Wiy Vyy
.. J By +jet
ey
jet—y
NN W jet—e g
1 ---H(B, =0.37)
=N
o 15 : ¢ :
E m%??% -
o - Data/Postfit_+ Uncerlainty: — Pre;/Postfit BR(H—inv.) < 37% (34% exp) @95% CL
0 025 06 08 1/0 025 06 0.8 1/0 025 06 0.8 1/0 025 0.6 1/0 025 0.6 0.8 1 DNNScore
Fake-e CR W, CR W,,CR Z.,c., CR SR
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Effect of systematic uncertainties in the monojet analysis

g E ATLAS ® Data stat. — Multijet —Electrons — Jets E
-+ 2 L — -1 _
5 10° E (s=13Tev,139f" _ . _— e
Q- B —
£ oL Experimental uncertainties . .
o E PRI JRRTRRREEETEPE - ms e 3
3 kPP PR mm s & _
o 1 §:|=. - S —————— —g
10-1 E_' : e _g
g E ® Data stat. — V+jets — if Diboson ;
— 102 -
% 10 - ---Total SR unc. — VBF V+jets Single-top =
Q- B —
E 1ot  Modelling uncertainties . e
Y= = ° ... S
4 - meoean- -@--m- el 3
£ 1g T -
- ° ® e e I =
1 B @ i I ]
10 E‘_L::I_I: - | -
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Leading uncertainties: V+jets processes modelling
Experimental uncertainties at % level
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Effect of systematic uncertainties in the tt+E7" analysis
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