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Introduction

@ Collider searches for dark matter:

Look for DM production from Standard Model particles.

e Complementary with direct, indirect detection experiments.
o Can detect DM as "invisible” particles through ETss.

e Can also look for visible decays of new DM/SM mediators.

@ This talk: latest ATLAS DM searches with full run 2 dataset: SM DM

@ Summary of different dark matter models under consideration.
@ Quick overview of four recent analyses and their DM interpretations:

VBF+ Eiss; EXOT-2020-11

Z(ll)+ Erss: HIGG-2018-26

tt+ Eriss; ATLAS-CONF-2022-007

tW+Emiss: ATLAS-CONF-2022-012

More detail can be found at the linked public results pages.

@ Comparison of limits from different channels through benchmark DM model(s).
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-012/

Dark Matter Collider Searches

Three classes of dark matter models being constrained by these analyses:

Simplified models of new mediators (scalar or vector) which couple to SM and DM fermions.

o Limits depend on the mediator mass and coupling strengths (g;, gq, gy )-

2HDM+a: UV-complete model with two Higgs doublets, extra pseudoscalar mediator a:

e Benchmark model for the LHC DM Working Group: Phys. Dark Univ. 27 (2020) 100351.
o Five main parameters: mediator m,, DM fermion m,, heavy Higgs ma = my = mpy=.
o Also depends on a/A CP-odd mixing angle sin(f); ratio of Higgs doublet VEV tan(s).

@ Higgs portal: mediator is the 125 GeV Higgs boson, can couple to scalar, fermion, or vector DM.

o DM may get mass through Higgs mechanism; detectable if mpy < %mh.
e Set limits on Higgs branching ratio to invisible particles.
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Search for VBF Higgs + EM's

@ Search for invisible decay of Higgs boson

: _ @ Most sensitive h — inv q
produced via vector boson fusion. channel: distinct jet _
signature. 1 h
@ Require jet pair with T
large rapidity gap, q
my > 0.8 TeV. !

@ Large ET'ss > 160 GeV.

o 10 ;i l'1 o Fully reoptimized since 36.1fb~! result.
i @ Main background:

Z(vv)+jets, W(lv)+jets lost lepton.

Suppressed by high mj; requirement.

] Partially data-driven estimate from 1

i (W), 2 (Z) lepton control regions.

' e Additional small multijet background

with fake EXMiss,

Jet2: p; =301 GeV

4 [I )
|

arXiv:2202.07953
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VBF+ E™ Background Estimation
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@ Monte Carlo background predictions corrected with data from control regions.
@ Major background estimation improvements from collaboration with J. Lindert et al.

Z(1l) statistics much lower than W (lv) due to lower cross section, branching ratio.
Theorists provided analytic reweighting from Z/W as 1D function of my;.

Details on calculation and associated uncertainties available in their paper: arXiv:2204.07652.
Z background now constrained using W: leads to improvement in expected limit.
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Higgs Portal Dark Matter Interpretation

@ Set 95% CL limits on h — inv.:
o Bpsiny. = 0.145 (0.10315-931).
e Significant improvement from

Observed Expected +1loc -l +20c 20

0.145 0.103 0.144 0.075 0.196 0.055

1. +0.11
36.1fb~1: 0.37 (0.2810-11). ] ES— I .
. . —27 - -
@ Interpret as spin-independent s 1W0¥E B, <0127 ATLAS L3
- . 5 £ Alllimits at 90% CL G=13TeV,13970" 3
WIMP-nucleon elastic scattering 8 c 3
cross section in Higgs portal: S0%E Y Higgs Poral WINP:  Other experiments: 3
s E o %4444 Scalar DarkSide-50 =
o New scalar boson g £ e XN Majorana 7o Pandaxedt 3
. . a9 Treal BER Vectorgpr == Cresst-lll =
o New Majorana fermion L LA — 3
o New vector boson (EFT) : ' 3
e Renormalizable vector model; 0% s T T 3
dark Higgs with mass my. E < e cattering 3
£ -oherent elastic neutrino-nucleus =
(LHEP-270, 2022). 109 - v 3
o Complementary to direct detection T P RV OOV
. 107 1 10 102 10° 10*
for mwimp < 10 GeV; probing e [GeV]
below neutrino floor. arXiv:2202.07953
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https://doi.org/10.31526/lhep.2022.270
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/

Searches for Z(Il) + EMss

q X g X b
q h ,’KX med Y H QLX

qd 7 {~ Z - Z 1
g I8
I* q I+ b
%} E T T T T T T
+7— miss (6] E ATLAS o Data 2z
@ Search for Z decay to I7{™ plus ET"* > 90 GeV. B L Go13Tev, 1o MBE iz
; E SR — Axial y
@ Most sensitive 2HDM+-a channel; also sensitive to Higgs - i mcerainty
o 10° m, =150 GeV, m,, = 900 GeV

portal, (axial) vector mediator signals.
@ Main backgrounds: ZZ, ZW; Z+jets with fake ETss:

o Select ee, pup with 76 < my < 106 GeV, AR, < 1.8.
e Separate fit for each signal: BDT used for h — inv. 1
e Other signals fit using mt for each mass point.

o Main systematics: ZZ background, jets and ETss.

Phys. Lett. B 829 (2022) 137066 0.25(;—0 7007600500 000" 1200 1400° 1600 1800 2000
m; [GeV]

Data/Pred.
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Z(ll) + E™ss Dark Matter Interpretations

e Set 95% limit on By iny. = 0.19 (0.19), improved from 0.67 (0.39) in 36.1fb~! analysis.
@ Set model-dependent limits on vector, axial-vector models: compare to direct detection.
o Mediators up to 950; DM up to 250 (350) GeV now excluded.
@ Set 2HDM+-a limits: significant improvements due to inclusion of bb signals.
e Probe eight models: six 2D scans in m,, ma,tan(3); two 1D scans in sin(6).

T T T REREAYE

— Q_ A L

5 10 ATLAS ] - ATLAS VA

€ 107 Vs=13TeV, 139 fb" = Vs =13 TeV, 139 fb™, 95% CL ‘

° 10% Axial-vector mediator, Dirac DM 10 2HDM+a, Dirac DM, m, = 10 GeV ' _

Los 9,=025.9,=1.9,=0 F sin6=035m, =600 Gev ]

—— Observed 90% CL L mg=my=mg, ]
a 34
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0% XENON1T 2019 F E
10 LA e PICO-60 C,F, 2019 E

Expected limit (+1 7,0)

1|~ = Observed limit \ —

[ ---ATLAS36.1fb™ ! |

C [ rim,, > 20% N q

J A Y

43 U] T AT W UTT] R AT TT] RS W R TTT] B AR
107! L pre e b o 100 150 200 250 300 350 400 450 500
m, [GeV]

Phys. Lett. B 829 (2022) 137066
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Searches for tt + EMsS

@ ttOL-low: Lower E?iss or E?iss significance

: t -
@ Search for DM in (160-250 GeV, §'< 14).
association with Y X @ New mix of Ef* and b-jet triggers.
top quark(s). _di/_a_ _< @ New variables to suppress tf with fake ETiss.
] Sensitive to new % %105 ¢1[i)‘7;?her) %f{éandard Il/lodel A‘TLAS l;reliminéryé
(pseudo) scalar B 5" B gl M ot oion amis Sh0 3
DM mediators. t o iboson or -
. . . . — . , =’ :W(fo,x) :U-[).i))tgev E
o Combination of existing ATLAS tt+4ET"® WE — - mea)~ (80.1) Gav =
searches (for DM, stop squarks): 10 -
o tt2L: JHEP 04 (2021) 165 1 :
o ttlL: JHEP 04 (2021) 174 ol
o ttOL: Eur. Phys. J. C 80 (2020) 737 .
o ttOL-low: ATLAS-CONF-2022-007: new [ —— S EE .
extension with increased sensitivity to 8 ‘ S

low mediator masses. cosh
coshpmax = max(cosh(nw — s, ), cosh(nw — Mp,))
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tt + E™ Limits on New Mediators

e Combination of all four channels excludes (pseudo)scalar mediator masses up to 370 GeV.
o Expected limits improved by 14% (24%) for low mass scalar (pseudoscalar) couplings.
o Also interpret in ttH channel as observed (expected) limit on By —siny. = 0.40 (0.3070:33).

= . —— . — . ———— . .
5 ]
(o3 = . 7

& 40r ttOL-high ATLAS Preliminary 7 ttoL ATLAS Preliminary

B 30 === tOL-low 7 = L

20F === oL combination Vs=13 TeV, 139 fb™! J ttoL Vs=13 TeV, 139 fb™ B
All limits at 95% CL combination All limits at 95% CL 3
10 ? ---- expected limits ~ Scalar ¢, ¢—>x% E expected limits Scalar ¢, ¢—>xX ]
[ —— observedlimits  g,=9,=1 ‘7 observed limits 9,=9,=1
g: DMt and DM+t Dirac DM, m, =1 GeV T 21 DMatt and DM+t Dirac DM, m, =1 GeV,
2 L = i T A
[ gl E e ]
P = . 7 BT cmeiimin e T 2T 1
L 1 107 e B
[ e ekl . T | FEE—
Ll L L Ll L 10-1h—~ | L L Ll L
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ATLAS-CONF-2022-007
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Searches for tW + EMss

b t X' o Dedicated search for tW + DM final states:
0 .- e Dominant 2HDM+a mode for single-¢ final states.
;\\ Rl e On-shell production of charged Higgs bosons with
g H ‘\1\ X

masses ~ a few hundred GeV.
o Three target search regions with ET'S > 250 GeV:

e OL: hadronic ¢, hadronic W

o 1L: leptonic ¢, hadronic W

e 1L: hadronic ¢, leptonic W

e Hadronic W identified as tagged boosted R = 1.0 jet
with pt > 200 GeV.

o Combined with 2L channel from older ATLAS analysis
(Eur. Phys. J. C 81 (2021) 860).

ATLAS-CONF-2022-012 e Main backgrounds: Z-jets, W+jets, tops (t, tt, ttZ).
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tW + E™sS Limits on 2HDM+a

e No significant excess observed; set improved limits at large my+, high tan(g3).
@ Models with tan(3) =1, my+ < 1.5TeV, m, < 350 GeV excluded.

e tan(f) < 2, m, = 150 (250) GeV excluded for 200 (400) < my+ < 1500 GeV.
e 20 < tan(p) < 30 excluded for 500 < mpy+ < 800 GeV.

I A D B LA B B I s v s e T T T T T T T T
.

W,
2HDM+a, Dirac DM

my =10 GeV, g =1 tanf=1

600

o sing = 1/rm—mﬂ—mA
200 =z P N B B B Lo b

f . |
100 200 300 400 500 600 200 400 600 800 1000 1200 1400
m, [GeV] m,. [GeV]
ATLAS-CONF-2022-012
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Combined Limits on 2HDM+a Model

e Statistical combination performed of most sensitive channels Z(il) + E™', H(bb) + EM'ss.
@ Increasingly large areas of phase space excluded by all 2DHM+-a analyses:

o Additional full run 2 results from h(yy) + Ess, H*tb searches included.
o Limits presented as various parameter scans, including 1D scan over DM mass m,.
e Scans are model dependent with remaining parameters fixed to arbitrary values.

T \8 4
= ATLAS Prefiminary “E7+h(bb), 139 fb” z 10 eI RS Fremnay, 310 2 —ems.nb, 36.1 b
< ¢ JHEP 11 (2021) 209 2 E 3 .2 . ;
3 \5=13Tev, 139 1b" (2021) 2 107k V5 =13TeV, 36.1 - 13pib™ i 8 EPcTBEO®s
10  Limitsat95% CL~" _| =Emazq), 139 bt o ; 2HDM+a, Dirac D 39—z, 3611
[ —. .Observéd 1 axiv: 2111.08372 SEEETG '?\ m, = my, = m,. = 600:GeV “Jits JHEP 10 (2018) 180
F - Expected 1 miss " E sinB=0.35,g =1 3 «
F , 1 E7THWL 139 fb w0 N m, = 250 GeV/ 1o & —EP+h(bb), 139 b
[ 2HDM+a, DiracBM 1 EPIC 81 (2021) 860 E \ 27 5 seneemas
r 10 GeV, " - L
ek Hth, 139 fb* 10°F T —Epz), 139 b
e 6‘7 ' 1 JHEP 06 (2021) 145 R arXiv: 2111.08372
10°g
8 1 EM+h(yy), 139 fb! EMSS4Wt, 139 fbt
JHEP 10 (2021) 13 2 EPJC 81 (2021) 860
10
— Combination Hetb, 139 fb™*
1 T ErenE), E7%+20) 10 = JHEP 06 (2021) 145
F 1 1 4 EP=+h(yy), 139 fb*
[ i o Limits at 95% CL | JHEP 10 (2021) 13
r rim>20% 1 10 1 — Observed "2 —Combination
; - Bxpected M (o), ET42(1)
L 102 10 T E
100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 relic density
m, [GeV] m, [GeV]

ATLAS-CONF-2021-036, ATLAS-PHYS-PUB-2021-045
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Conclusion

2000 T T r T T miss, e}
% [ATLAS Preliminary 7 otim>20% ] TET"+h(bb), 139 fb
R e
& (,«'ny;lg;sev, §x=11; arkiv: 2111.08372 @ Presented latest ATLAS results in several
sing=0.7, tanB = 1 4 s :
me=m =m0 ErTWe 139 b searches for dark matter.
Y ] EPJC 81 (2021) 860
| -+, 130 1 @ Set new limits on multiple DM models:
e 4 aHeP 06 (2021) 145
o 3 i, 130 10 e Strong limits on mazdg!g Higgs branching
|5 EAUTEEE | ATLAS-CONF-2020-052 10" -
ool meet ’ ratio: 0.145 (0.103 % g25) from
sook B ] ), 1B VBF+ET'; can combine with other
b Zme { = combination channels for further improvement.
e 2 q ETe s o Continuing to exclude large sections of
200 o ‘ ‘ : = 2HDM+-a parameter space.
100 200 300 400 500 600 700 800
m, [GeV] @ Thank you for your attention!
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VBF+MET: Z/W Reweighting Results
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PS model. o0 SR A A9 -2 A¢-3 E
o QCD reweighting: 095F E 10%“@ E

. . r Bl w 5E|

impact of jet veto. 0ok E : : ]
o EWK reweighting: E ] : 3
. . 0.85[~ E [ E
i n interferen F b E
diboson interference i ATLAS Simulation E s ATLAS Simulation 3
as function of Ag¢y;. o VS=13TeV,EW V4jets 3 20t V5=13TeV,EW Vijets
0.750——— : : . 25" i : : 3

iv: 10° 10°
arXIV220207953 Generator-level m [GeV] Generator-level m; [GeV]
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Z(ll) + E™ss Dark Matter Interpretations

@ Set 95% limit on Bj_iny. = 0.19 (0.19), improved from 0.67 (0.39) in 36.1fb~! analysis.
@ Set model-dependent limits on vector and axial-vector mediator models:
o Mediator masses up to 950 GeV now excluded for g, = 0.25, g, =1, ¢; = 0.

o DM masses up to 250 (350) GeV excluded for axial vector (vector) case.
Interpret as WIMP-nucleon cross section limits: complementary for low WIMP masses.

ol o 10 7
5 1w0® 7 ATLAS 5 10 7 ATLAS
T 107 {5 =13TeV, 139 fb” g 10 15 =13TeV, 139 fb”
° 10% 7 Axial-vector mediator, Dirac DM % 10°% . Vector mediator, Dirac DM
g 10 % gq=0.25,g2=1,gl=0 2 10% 7 gq=0_25 g =1’gl=
7 - g
o o % — Observed 90% CL X 10% % — Observed 90% CL
2 10 ; LUX 2017 & 10 -.=.= XENON1T MIGD 2020
10 7 XENON1T 2019 109 E- -~ Darkside-50 2018
7
0%k i A PICO-60 C4F; 2019 100 W//%M,///m;;ﬁ%ﬁx%mz LUX 2017
1097 H g B PandaX-Il 2020
We 2 Ny ] o XENON1T 2018
B e S N
W0eE N N AT e 104 )
O . W wovE N e
1074 4 ] il
1041 o s
1042 g o
poE il vl vl vl ot bl vl vl
1 10 10? 10° 10 10° 1 10 10? 10° 10 10°
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2HDM-+a Limits from Z(ll) 4+ B

@ Set 2HDM+-a limits from eight scans, holding different parameters fixed:
e 2D scans in (Mg, ma), (M, tan(B)), (ma,tan(s)) (new) for sin(f) = 0.35 and 0.7 (new).
o 1D scan in sin(6) at low, high my4, m, = (0.6,200), (1,350) (GeV,TeV).
e Significant improvement from 36.1fb~! analyses due to inclusion of bb signals.
Q AR RN RN AR RN RN BRI
o ’
]

RS SRS e e RE
8 T ////////// T T T

+  ATLAS

Vs =13 TeV, 139 fb™, 95% CL

10 2HDM+a, Dirac DM, m, = 10 GeV
sin 6 0. 35 m, =600 GeV

Q
c
@
=

ATLAS

s =13 TeV, 139 fb?, 95% CL

— o 2HDM+a, Dirac DM, m, = 10 GeV
sin =0.7, m, = 600 GeV
m,=m, =mg,.

Expected limit (+1 0, *,

V78 Expected limit (+1 0,,,)
1|~ = Observed limit | ‘/2 ! — 1 —— Observed limit
[ --- ATLAS361M" | :g; ' ] [0 7/m, > 20%
Fo ] rim, > 20% ' 7 R
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Phys. Lett. B 829 (2022) 137066
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