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- Standard Model (SM) is a very successful theory and has

Introduction

been found to be in agreement with experimental

measurements, but it can only explain 5% of the energy

density in the Universe

- Dark Matter (DM) constitutes the dominant component of

the total matter in the Universe

Dark Matter

- Weakly interacting massive particles Y (WIMPs) are the Dark Energy

most popular candidates for DM and can be produced in

collisions at the Large Hadron Collider (LHC)
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Introduction

-+ Standard Model (SM) is a very successful theory and has
. been found to be in agreement with experimental
measurements, but it can only explain 5% of the energy

: s . 5 ]
' density in the Universe Dark Matter \WESCRLINS

- Dark Matter (DM) constitutes the dominant component of
the total matter in the Universe

{ - Weakly interacting massive particles X (WIMPs) are the Al 68.3%
- most popular candidates for DM but can’t be observed
directly at the Large Hadron Collider. A SM particle is needed
to recoil against DM candidates

- DETECTION |
: r X - SM particle: X
,, \ A .'

- quark, photon}
- Z, W, Higgs...

CZJ A
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Recent ATLAS searches for dark matter with

- ATLAS has a broad program of searches for Dark Matter candidates
Individual searches

. Erniss+Jet Phys. Rev. D 103, 112006 (2021)  + Eqmiss+y JHEP 02 (2021) 226
+ Epmiss+g(WW) Phys. Rev. Lett. 126 (2021) 121802 - Ermiss+h(bb)  JHEP 11 (2021) 209
.« Ermiss+Z(1)  arXiv:2111.08372 Er™iss+bjets JHEP 05 (2021) 093
+ VBF+Er™iss+Y  arXiv:2109.00925 Er@iss+]1+jets JHEP 04 (2021) 174
o Bpmiss+g W Eur. Phys. J. C 81 (2021) 860 Er@iss+2] +jets JHEP 04 (2021) 165

Combinations and summaries

- Simplified models ATL-PHYS-PUB-2021-045 a ATLAS public )
- Higgs portal ATLAS-CONF-2020-052 twiki page:
- 2HDM-+a. ATL-PHYS-PUB-2021-045 Llimk here )

Subset of Dark Matter searches with the ATLAS detector in this talk, please also see: ;‘
+ Federico Meloni (talk): “Overview on Dark Matter searches at colliders and fixed target !
experiments” !
© + Giordon Holtsberg Stark (talk): “Searches for Supersymmetry with the ATLAS detector”
- Eloisa Arena (poster): “Search for associated production of a Z boson with an invisibly }

decaying Higgs boson or dark matter candidates with the ATLAS detector using full \Q
Run II Data at LHC”

£osna T s e s o 2 R o ) S [ VI BT RPN S AR T eT L VL BT
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https://arxiv.org/abs/2102.10874
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
https://arxiv.org/abs/2111.08372
https://arxiv.org/abs/2109.00925
https://link.springer.com/article/10.1140/epjc/s10052-021-09566-y
https://arxiv.org/abs/2011.05259
https://link.springer.com/article/10.1007/JHEP11(2021)209
https://arxiv.org/abs/2101.12527
https://arxiv.org/pdf/2012.03799.pdf
https://arxiv.org/abs/2102.01444
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-045/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

Signal models

Same signature can be sensitive to various models such as:

51865 According to the Standard Model, the probability of Br(H—4v) ~ 0.1 %

‘ tal - Higgs boson = mediator between SM and DM particles 3
| por  Detection requires for the Higgs to recoil against a visible system + Eqpmiss

i All four main production modes of the Higgs boson are used:
~ gluon-gluon fusion ggF H [49 pb] VH [2.3 pb] VBF H [3.8 pb] ttH [0.09 pb]

(88F), associated

X
production with a ISR jet "
vector-boson (VH), __O< X
Vector-Boson Fusion H(125) H (125) X
(VBF) and tt pair X
| (ttH) X @ VBF + gamma, -
Simplified DM model:Er™iss+X Extended Higgs sector
“Direct” searches Two-Higgs-doublet Model extended 3
using ISR or associated production  with a vector boson Z’ or a pseudoscalar A which |
M X mediates the interaction between SM and DM

q h g

Mediator

SM

ISR
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ETmiSS + Jet Phys. Rev. D 103, 112006 (R021)

4 1
b 1

- Dark Matter produced in association with jet (s)

at least one energetic jet
pr > 150 GeV

Benchmark signal model up to 3
( q g X \ additional jets

Bvent
AR selection

EMiss 4 " no leptons (incl. T)
1 X T r9ger nor photons

, \ ! X j E7 > 200 GeV i

. - This signature is sensitive to a wide range of other Beyond Standard Model theories:

. supersymmetry, dark enersgy, Higgs invisible, large extra dimensions, axion-like particles

. -Z/W+jets and top-related backgrounds constrained using Monte Carlo simulation
» normalized to data in the control regions defined with leptons

. - Z/W+jets Monte Carlo predictions reweighed to account for high order corrections
. following Eur. Phys. J. C 77, 829 (2017) Inclusive Signal Region

Region Predicted Observed
> of ATLAS b oou ] ) IMO 3120000+£40000 1.5% 3148643
Sl Soarmm " - Gooo agreement with M1 1 346 000 + 16 000 1357019
€ " F nl)>150Gev o] . M2 597 000 + 8000 604691  §
S0 e the SM prediction M3 286 000 = 4000 290779
- m——— / — M4 146 400 = 2300 149743 §
B 0w IM5 45550 + 1000 46855
o w3 Reached high precision in  mve 16800 + 500 17397
| S the background 31505 13 208
e . S +
s 12 prediction unoerpamty T IM9 1560 + 80 1545
T ———— e 1.5% at low Er™**and  m10 720+ 60 807
=) 0.85 } Data/SM after CRit  § Data/SM after SR+CR fit ] Total Uncertainty

3 : T — . . IM11 407 + 34 394
S ] R S R R S R A 4
200 400 600 800 1000 prTJcc%O[% " 4.2% in the TeV regime IM12 23419 4.2% 07
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https://link.springer.com/article/10.1140/epjc/s10052-017-5389-1
https://arxiv.org/abs/2102.10874

Phys. Rev. D 103, 112006 (2021) |

Er™iss + Jet

4

No significant excess? Set Limits and constrain parameter space for DM models!

Axtal-vector mediator model 5

;‘ 1500 T T T T | T T T T | T T T Sed' |SR |
< :
() - ATLAS Expected limitt 26, . OOVW?Ye t\(’\lo z c )
SZ | {5213 TeV 139 fb" Expected limit 1o, | szwwmhﬁ _ 9. ;
> : L - - = = Expected limit Y e " =0 i
E B A?qal-vecto.r mediator s Qoo it (& 1G;Z§,§’S°a'e) | SVL? Oo\e\, g o X1 A
Dirac fermion DM L s W
B === Relic density, Q" > 0.12 p
%= 0'25’_ 9= 1.0 Perturbativity limit %!
1000 95% CL limits ——— ATLAS{s=13TeV,36.1 16" 7, production, T - C%: 3
L /', - ;I 70 11T 1 [ & 1t T T T T 1 |‘ 7 ,
i | 8 C ATLAS /] 3
n . — F650 - Vs=13TeV, 139 fb"! & E j
i A e | = [ Alllimits at 95% CL p _
4 ,\«\:y" LS \\ 600 - Expected limit £2 o, = '
500_ "’»‘ ] [ Expected limit +1 Cexp N
g B y’ S | - - - Expected limit \$ —
‘ ‘33 550 C = Observed limit (+10,, ***%) o ]
' - s . - —— ATLAS {s=13 TeV, 36.1 fo ' 8 .
_ ] _ 500 - A |
: 450 | - :
O L4 L L | | ! ! L 1 | ; 1 | ! E E
0 1000 2000 4001 E
m, [GeV] : .
i ZA - -
. nthe reglon mza > 2m,, mediator masses up 350 - N
~ toabout 2.1 Tev are excluded for my=1 Gev 308 rA A AN
00 400 500 600 700
nvisible Higgs model m. [GeV]
1

Significantly higher sensitivity at very
Low stop—neutralino mass difference

* Observed limit: 0.34
- Expected limit: 0.39%4¢
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https://arxiv.org/abs/2102.10874

Er™ss+Photon

- Dark Matter produced in association with a photon

Benchmark signal model

vv / q 8 X
Yq 9x
| med
-\ 7 X
Strategy:

b

« signal region defined with a photon, O/1 jet and
different Er™ss panges: 200 GeV, 250 GeV, 300 GeV

and 375 GeV

methods

Good agreement with the SM prediction

12/01/2022

 Relative clean final state

- High pr photon to

selection

Event trigger the events

« High E;™5 a3 a,

/

- dominant backgrounds (Z+y, W+y, y+jets)
estimated in the dedicated control regions defined 10
with leptons (Z+y, W+y) or at low Er™ss (y+jets) ’

- fake background estimated via data driven

JHEP O2 (2021) 226 |

4

Photon 5"'

/

L4
L4

discriminating variable £ miss

ATLAS

T T T T | T T T T I T T T
L Z(vw)yy e/jet fakes

c F ]
S10°E (5 _13Tev 130f’ Wy Mysets E
L E— - Z(llyy = SM Total =
- -_(Slgnal Reglon) ¢ Data _

P M, g = 1000, m =10 GeV =

[ IIIIII| IIIIIIIII TT

—

Data / SM

T T T T T T

S

2
1

0.8, . .
2

00 250

400 450 |
EMSS [GeV]

300 350
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https://arxiv.org/abs/2011.05259

= 5 z - . G

Er™ss+Photon

JHEP 02 (2021) 226 |

No significant excess? Set Limiks and

| constrain parameter space for DM models!

Axtal-vector mediator

900

800

m, [GeV]

700

600

500

400

300

200

100

‘l\lll\lllllllI|IIII|IIII|IIII|IIII|IIII|IIII

ATLAS
Vs=13 TeV, 139/b™

Expected Limit (+1 o)
—— Obseived Limit

- ,._‘""(‘)bserved Limit(f1c_ )
theo

Axial-Vector mediator
Dirac DM -
g =19.=0.25g=0

95% CL limits

Relic density

.I‘-‘T“‘l“‘lII|III|III|III|III|III;'|:lI'II|I

o

1 46 Tev (1.37 Tev) for very Light DM candidates
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200 400 o600 800 10001200 14001600
m .4 [GeV]
Observed (expected) LLmaLt:

64 (x-neutron) [cm?]

107

1074

Comparison ko
direct detection exye.rimen&s

Axial-vector mediator

<

Spin dependent interaction
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https://arxiv.org/abs/2011.05259

E7™iss + Z (11)

arXiv:2111.08372

.+ Dark Matter produced in association with a Z boson decaying leptonically

Signal models

~

! ( Simplified DM wmoolel
| q Z X

med

q X

Associated production of
a Higgs boson and a Z boson

q

123/01/20232

Events / 50 GeV

Data/Pred.

Strategy:
- targeting events with a pair of high-prleptons (ee or uu)

and large Br™iss

76 GeV <mp < 106 GeV =¥ consistent with a Z boson
ZZ background estimated in a control region containing 5
exactly 4 leptons, while W2 is normalized to data in the 3L 7;

control region

For the simplified DM and HDM+a models, transverse
mass distribution (mr) is used in the maximum-likelihood

fits, while a, BDT is used to improve the sensitivity of the

Higgs to invisible search

———— ———
ATLAS - Data zz
_ -1 +jets
10* égR_ 13 TeV, 139 ib Non-res. Other
— Axial DM
72, Uncertainty
10° m, =150 GeV, m,, = 900 GeV

102

10

0.5

200

e b b b b e T
400 600 800 1000 1200 1400 1600 1800 2000

Events

Data/Pred.

Good agreement with the S

1000

800

600

400

200

— SR

Mpredwtww
1 L B L L L
- ATLAS e Data V.4
" Vs=13TeV, 139" Wwz Z+jets

Non-res. — B(H—inv) =1
77, Uncertainty

/////

0 L

1.2

0.8

m- [GeV]

TTTT5F

Ag&ggg&;ﬁggcgggé 230 2l 2 o 2 o M i 2 O v 2 s s s 2525 25,25 25 K K XS

N Ll
-08 -06 -04
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https://arxiv.org/abs/2111.08372

o s NG oo o — o e s NG STy & o mes o e a2 o oo o o e e o o oo Zooo o Py SN0 PP Ao e o T o oo e

ETmiss + 7 (ll) arXiv:2111.08372

95% CcL limits on axial-vector mediator model Observed (expected) wpper Limit on

600 the tnvisible Higgs boson

S n ]

. > - ATLAS ; branching ratio at 95% CL

| : % 500/~ Vs=13TeV, 139 fb™, 95% CL ] @ ~9 ?
g S " Axial-vector mediator, Dirac DM s ] e Observed limit: 0.19 w
‘ 400:_ g,=025g =1,9=0 0 x: < M =
| === Expected limit (x1 aexp) /// /', ] ° EXpeCted ].lmlt: O. 19 w
[ —— Observed limit . ]
k 300 [ - - - - Relic density I R ]
- -~ ATLAS 361107 s .
200 e - COMF&T’&SOM ko
ook ] direct detection axperimem&s
of L 90% CL is used, which
) 0 200 400 600 800 1000 1200 .
, corresponds to B(H—inv)=16%
' “ mmed [GeV]

‘ 35-% OL—- LLmLts fDYQ,HDM-I_a madeL E\El — T T T T I T T I R T T T T T 1 71]
° qh) | T 17T | LI | LI | T T T | LI | T 17T | LI | LI | |2| EL'-':~'I B(H — inV) < 0-16 ATLAS __
55102 — S 1040 |— 1 —
5.~ E ATLAS - = o - All limits at 90% CL Vs =13 TeV, 139 fb" .

) C (s=13TeV,139fb",95% cL ~ — Observed limit ] 2 —

; [ 2HDM-+a, Dirac DM - - - - Expected limit ’ o2 _

10 tanp=1.0,m, =10 GeV I Expected = 10 ] S 7]
= m,=200GeV, m, =600 GeV Expected =20 3 Q —
= my=m, =m,. ---- ATLAS 36.1 fb g 10 ]

i 1 . Wl ==

' 3 - = 107 [ SN— o — —]

: COISSNSN. Tl ] - Observed limit Other experiments |

4 e e e B — S55454% Higgs portal Scalar WIMP - XENON1T MIGD 2020 —

- 48 | NN Higgs portal Majorana WIMP - =+ =+ = . - DarkSide-50 2018 ]

' 107 1077 £ LUX 2017 _

: E 0 SRR T T PandaX-Il 2020
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https://arxiv.org/abs/2111.08372

e 2 - A T = - g ST A s s - 2 T 2= . ) —

Er™ss + VBF+Y

arXiv:2109.00925

Search for invisible decay of Higgs produced by Vector Boson Fusion (VBF) with a photon

- Selecting events with a photon, two jets with a
rapidity difference |An;| > 2.5 and high Ermiss

- Main backgrounds: Z(vv)+jets and W(lv)+jets
with lost lepton estimated in the control regions

Strategy defined with a lepton(s)
- Additional background: Z+jets & W+jets in which

one of the jets is misreconstructed as a photon,

photon+jet
« DNN output scope used in the maximum- 11ke11hood
fit to the observed data
! ood agreement with the SM prediction B
| “ 9 P 95% CL wpper Limit on the Higgs boson produc’cww
cC ! L B L R I L L RNLAL AL ENL L R B R R BN R
m | ATLAS Post-fit ] cross-section times bra wcmwg ratlo to yyq4
> - {s=13TeV, 139 fb" | -¢-Data
£ . .| VBF+y B _search D 222 Uncertainty 10
S 10°F inv = . B% - L 1 EWZy Q' E A E
kT 1 I Strong Z+y /% - — Observed ATLAS . 3
EW W+y . - Expected Ys=13TeV, 139 fb™ - \
1 W Strong Wy ToE W Expected = 1o Limits at 95% CL - \,
0 o =;l;7;g\(77 T = o E\)/(E;;)Fe;titt%:;(io_)wcj)=0.05 VBF Higgs couplings ] ‘
1M ey @ - 3
jet—y < 107 E — *
W jet—e w = -
] ---H(B,, =037) S - -
b ’
102 F
15 -
| § 1E ~$ \,» . Flaeee \w\ B
05 + ' -~ Data/Post-fit \\\Uncertalnty — Pre-/Post-fit 10_3 =
0 025 06 08 1/0 0.55 06 08 10 025 06 08 10 025 06 10 025 06 08 1 DNN Score 102 10°
Fake-e CR W,,CR WJ,CR Zl,c.. CR SR my, [GeV]
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https://arxiv.org/abs/2109.00925

= g a - 9 Sl g = - " Gl = 9 sl g ey = g g a . = 5 il J = - g Gl . ST i

. arXiv:c011.09508 t + ETmiSS

. -+ 2 Higgs Double Models - with charged heavy Higgs particle
. (H*) & pseudo-scalar (a) that couples to Dark Matter

-+ Final states with Er™ss, g, different number of leptons, jets/
' b-jets are used to define signal regions

.« Main backgrounds ¢, W+jets, 114, WZ are estimated in the control regions defined using

. discriminating variables:
. =» transverse mass and similar variables defined with b-jets

mlTeP = \/2p§E¥ﬂSS (1 — cos Ag(pE, pmiss))

=» asymmetric stransverse mass, Er™sS, mw, mn, lepton/b-jet separation

[ ] [ ]
Charged Higgs vs Pseudo-scalar (a) tanpg vs Charged Higgs (H*)
mz= 10 GeV, gr= 1 mz= 10 GeV, gz= 1
;‘ T T T T T T T T | T T T T I T T T T | T T T T | T I_ % 5 : T T T | T T T I T T T | T T T | T T T I T :
| 1400 ATLAS _ S o F ATLAS 2HDM+a, Dirac DM —— S?ierved E
. = (s=13 TeV, 139 fo ] TE (s=13TeV, 1391b"  m=10GeVig =1 Eypetigy -
. E Al limits at 95% CL - 4 All limits at 95% CL  sine = 12, m_ =250 Gev : ; Corp =
p 1200 — C m:=m,=m T 2 Gy .
‘ —— Observed - He = My =My P -
A e U S £ 10y, i 3.5 —— DMtSR,, +SR,,  —
4 - - Expected - = —— DMt SR, =
,‘ 1000 — +10,, — 3 DMt SRy, E
i i +20,, 7 - - =
1 B ¢ N 2.5 =
| ~ e DMt SRtW +SRtW - - .
‘ 800— — DMtSR,,"  *— = =
. - DMt SR,," - 2 =
B 2HDM+a, Dirac DM ]| 15 E =
600 — m,=10GeV,g =1 — = N . .
B sind=1/V2,tan =1 ] EL ) e e —— - Tt ]
: . My = My =My : eSS S T T
4 40 L1 S ikt T S W NN TR TN TR TN NN T T T T N S SN SN S BN 02 121 =~/ 1 1
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https://arxiv.org/abs/2011.09308

ETmiss + h(bb)

JHEP 11 (2021) 209 |

i - Associated production of Dark Matter and a Higgs boson (h — bb)

Strategy:

/ Signal model

Signal Reglon

T T | T T T
> 102k ATLAS —e— Data  EEE WV -
Q) F /5=13TeV, 139t~ =3 z:HF == SMVh ;
> [ Signal Region B W+HF B39 Others i
-E‘ 10k OI—Iepton 23 b-tag it NN Background Uncertainty
G>) - PY I Single top ]
T E Mono-h 2HDM-+a ]
A 1L (ma,ma) = (1000,150) GeV -
i : ~7" tanB =10, Ggigna = 62.7 b 3
i 1 .
1071
x 10_25
{ E ————————————————————
b E1_2_::}::::}::::I::::}::::}::::}:"'
D1k NMtv NN \*& NN
R W\\ N \ NN NN \
E O 8_| oy by oy
Q- 200 300 400 500 600 700 800

ETSS [GeV]

Good agreement with the SM prediction

= 1800

()
O. 1600

<
S
1400
1200
1000
800
600

400

-+ selecting events with Er™iss > 150 GeV and Higgs boson
decay products

- two topologies: resolved (pair of separated jets) and
boosted (single large-radius jet), depending on the Higgs
boson momentum

- Z/W+jets and top-related backgrounds estimated in the
control regions defined with 1/2 leptons

excluston Limit @ 95% CL

B T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T
- ATLAS —— Observed Limit
— V{s=13TeV, 139 fb’ - - - - Expected Limit
~ miss s o

_ h(bb) + ET , All limits at 95% CL oA Oexp

—_Z'-2HDM 205
gZ=0.8,gX=1,mX=1OOGeV e
tanf =1, mA=mH=mH1

500 1000 1500 2000 2500 3000 3500
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- Discriminating variables: Er™*s and dijet/large-R jet mass

m,, [GeV]
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https://link.springer.com/article/10.1007/JHEP11(2021)209

Combinations and summaries

Higgs portal
Simplified DM models

2 Higgs Double Models+a
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Simplified DM models

Axial-vector mediators

- Er™ss+jet is the most sensitive channel among Er™s5+X searches
~« Upper limits on scattering cross-section compared with direct detection results
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Sensitivity of collider searches
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- comparisons different for different coupling values!

Similar results for vector mediators

; Similar comparisons are produced for “different spin hypotheses”
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.« Additional channels: and Ep™iss+Wt
- Statistical combination of Er™ss+h (bb) and Er™ss+Z (11)
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HL-LHC

High Luminosity Large Hadron Collider (HL-LHC) will achieve the instantaneous
luminosity by a factor of § larger than the LHC nominal value around 202%
« expected number of collision per bunch crossing will increase up to 200
Er™iss + Jet is a key channel for the search for dark matter
- The sensitivity prospectives are evaluated by extrapolating simulated results obtained |

2 e - g = AT

ATL-PHYS-PUB-2021-045

by the ATLAS search based on 36 fb~! of pp collisions at a center-of-mass energy of
13 TeV to integrated luminosities of 300 fb-! and 3000 fb*
- Impact of different systematic uncertainty scenarios on the sensitivity
- standard (black), reduced by a factor 2 (red), and 4 (green)
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~ ATLAS Simulation Preliminary
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Summary

- The nature of the Dark Matter remains one of the main :"

questions in particle physics

.+ ATLAS has a broad program of searches for Dark Matter
- candidates

. «+ Run II searches mainly focus on simplified models

'+ Subset of Dark Matter searches with the ATLAS detector
- presented in this talk

(™ e A
| A lot more 2 ATLAS public

. | results... 7 ) twiki page:

| but “ link here

- Run 3 will double the dataset (~350 fb! to be delivered) ﬁ.:

- Full HL-LHC program will extend significantly the
reach (one order of magnitude more data!)

THANK YOU FOR YOUR ATTENTIONL

!
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Backup: Ex™ss + Jet
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