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Rept.Prog.Phys.63:793.2000

DM generically represented as y
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Dark Matter Detection

« Longstanding evidence for dark matter (DM) from i Ste ® A
observations of its gravitational interactions. :

M33 rotation curve

* Many complementary methods aim to detect DM via
non-gravitational interactions. Indirect detection

<

t X
« DM production probed at the energy frontier at the Large f
Hadron Collider (LHC). 0N

— Assume DM is a WIMP, which passes invisibly through the t
detector = detectable as E.™*° due to p, conservation.

Direct detection

—  Search for signature of X+ET”“SS, where “X” represents
visible SM particle(s). i " X

Collider production
E = mlss WV SR TNN
v ory < pPT — } ZPT B, <0
bl s

» Focus on recent DM search results using the ATLAS
detector at the LHC.



https://arxiv.org/pdf/hep-ph/0002126.pdf

Models of DM Production

Effective Field Theories
(EFT)

Dark matter production
mechanism unspecified.

Simplified Models

e Signature-driven
first-order description of
new physics.

e Bridge gap between EFT
and complete models.

q g X

9dq gx

Complete Models

Dark matter predicted as
part of a complete theory.
Eg. 2HDM+a




Models of DM Production

EFTs were focus of Run-1 searches (2009-2013 LHC data).
= limited range of signatures.

Effective Field Theories Simplified Models Complete Models
(EFT)
Signature-driven e Dark matter predicted as
Dark matter production first-order description of part of a complete theory.
mechanism unspecified. new physics. e Eg. 2HDM+a
Bridge gap between EFT
and complete models.
g X
q g _x
q X

Talk covers interpretations using simplified models, and complete 2ZHDM+a model.
= Primary focus of Run-2 searches (2015-2018 LHC data).




Simplified Models

Phys. Dark Univ. 26 (2019) 100371

Hypothesize one or more mediators of interactions between DM and

Standard Model (SM) particles.

= Probed by ET”“SS+X searches, and direct resonance searches for the

mediators.

Higgs portal

Free parameters:

Free
arameters:

New spin-0 mediator
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https://www.sciencedirect.com/science/article/pii/S2212686419301712?via%3Dihub

Phys. Dark Univ. 26 (2019) 100371

Simplified Models

Can be probed with a rich range of final-state signatures.

* Higgs portal constrained by searches for Higgs—invisible decays.
*  Spin-0 mediator model probed in X+E_™** and tt+E_.™** final states.

Higgs portal New spin-0 mediator
Most sensitive signature: Signatures: |
X+ETmiss
tt+ETmiss



https://www.sciencedirect.com/science/article/pii/S2212686419301712?via%3Dihub
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arXiv:2202.07953

VBF+E_Miss

Higgs Portal: If the SM Higgs mediates SM-DM
interactions, BF (B, ) for h—inv decays could be
much higher than ~0.1% predicted by SM.

VBF+E_ "™ signature: Highest expected global
sensitivity to B._ .
VBF+E ™*s+y (EPJC 82, 105 (2022)) and Z({)+E ™
(Phys. Lett. B 829 (2022)) final states also set limits on

inv”

Event selection: Select for expected signal topology
in signal region (SR):

« Two energetic jets in opposite hemispheres: large m,
and Ar]jj.

 High E.™* to select for yy in final state.

* Up to 4 final-state jets (allows for ISR/FSR).

* No leptons: n=0.

VBF+E_"** signature

Signal Topology in Detector

jet pT jet
ETmiss



https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
https://www.sciencedirect.com/science/article/pii/S0370269322002003?via%3Dihub
https://arxiv.org/abs/2202.07953

arXiv:2202.07953

VBF+E_™: Binning Strategy

Divide selected events into 16 bins = Improves sensitivity by adding shape info.

Binning variables:

. ET'"“SS (2 bins)
« Final-state jet multiplicity NJ.et (2 bins)
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https://arxiv.org/abs/2202.07953

arXiv:2202.07953 n
_ Strong Y
+ MISS Z(v)+jets 0
V+jets Bkg Estimation: 1
SM Z(vv)+jets and W({v)+jets (V+jets) are dominant bkgs — simulated with MC. )
* Using full Run-2 dataset = important to minimize V+jets modelling uncertainties.

SR

W_CR W_CR

Y4

e CR

v

+ Control regions (CRs) used for data-driven constraints on V+jets yields.

 Due to relatively low stats in Z,, CR, all V+jets bkgs constrained simultaneously in all CRs.

Z/W
* Requires precise NLO calculation of ratio RT/H of Z to W cross sections.
* Reweight all Z+jets events (depending on their mjj) by:

Z/W Z/W Z/W
RT{{ JJ)/RM/C (mj;) where RM/C is the ratio for the nominal MC.

Multijet Bkg Estimation: also important due to large uncertainty.

» Estimated with two independent methods (simulation and dedicated CR)
» Use combination of both methods to get multijet estimate with minimal uncertainties.

Statistical Analysis:

* Apply same binning used in SR to all CRs.
* h—inv signal model simulated, assuming 100% B

Dedicated NLO
calculation of R%{{X in
VBF-like phase space
provided by
collaborating theorists
Jonas Lindert, Marek
Schonherr and Stefano

Pozzorini.

« Simultaneous profiled likelihood fit of signal and SM backgrounds to data in all bins of SR and CRs.

* Floating fit parameters:
h—inv BF
V+jets normalization factor §, in each bin i.

12



https://arxiv.org/abs/2202.07953

VBF+E_mss

VBF+ET’"‘SS Result: Data consistent with
SM bkg = upper limit placed on B, using
CLS method.

Combo: Recent combo of h—inv searches
(ATLAS-CONF-2020-052, see backup)

Events / Bin

Ratio

= sensitivity dominated by VBF+E_ M
Publication | Expected Observed
B. upper B. upper

nv nv
VBF+E ™S 10.3% 14.5%
h—inv combo | 11% 1%
Z(IZI_’)+ETmiss 19% 19%
VBF+ETmiSS+y 34% 37%

Constraints on 0,s:%B,, for new scalar
mediator: Latest VBF+ETmiSS search also

places upper bounds on ¢"8"xB_ for new
nv

scalar mediator of variable mass (assume
couplings otherwise follow SM Higgs).

VBF+E_™s*: arXiv:2202.07953

10*
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arXiv:2202.07953
ATLAS-CONF-2020-052
Phys. Lett. B 829 (2022)
EPJC 82, 105 (2022)
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https://cds.cern.ch/record/2743055
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://cds.cern.ch/record/2743055
https://www.sciencedirect.com/science/article/pii/S0370269322002003?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
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X+E_ ™ Bounds on New Spin-0
Mediators

Tightest bounds(”) on simplified spin-0 mediator model come from searches in the
’[’[+ETmiSS and jet+ETmiSS (PRD 103. 112006 (2021)) final states.

Vs=13 TeV, 36.1-139 fb January 2022
2\ E T T T T T T T T 'I T T E
8 = e Expected ATLAS Preliminary 3
E‘" [ =——— Observed All limits at 95% CL i
© 1000 —— bb+a OL, 139 fb™' [JHEP 05 (2021) 093] Pseudoscalar a, a—y} —
. = tt+a OL, 36.1 fb™ [ePJc 78 (2018) 18] gq= gx= 1 3
jet+E miss - ! g ] :
T - — tt+a 1L, 139 fb™ HEP 04 (2021) 174] Dirac DM, m = 1 GeV
signatu re 100" tt+a 2L, 139 fb™ UHEP 04 (2021) 165] _ _
= —— j+a monojet, 139 fo [PRD 103 (2021) 112008 __mm E
10 -
miss
tt-+ET 1 l 1 1 1 1 | I1 | 2 | l Z
sign ature 20 30 40 50 60 00 00 300 400
ATL-PHYS-PUB-2021-045
m, [GeV]
™ ; . ) 15
Comparison of bounds depends on choice of couplings.



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
http://cdsweb.cern.ch/record/2798737

ATLAS-CONF-2022-007

tt+ETmiSS Combination

Recently performed statistical combination of
tt+ETm‘SS searches (ATLAS-CONF-2022-007).

General selections for tt+ETmiss final state:

« 21 b-tagged jet (t—bW decay dominant)
* High E,™

Combination:

. tt0L (EPJC 80, 737 (2020)): fully hadronic

—  Newly-added “ttOl-low” selection optimized at
low E. ™ to target low mediator masses,

« 1L (JHEP 04, (2021) 174): semileptonic
o {t2L (JHEP 04, (2021) 165): fully leptonic

—  Fully-leptonic (it2L) most sensitive to
simplified spin-0 mediator model.

Results:

« Excluded mass range!) of scalar
(pseudoscalar) spin-0 mediator extended by
100 (30) GeV relative to tt2L alone.

“Mediator masses for which a/atheon/>1 are excluded.
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https://cds.cern.ch/record/2805211
https://link.springer.com/article/10.1140/epjc/s10052-020-8102-8
https://link.springer.com/article/10.1007/JHEP04(2021)174
https://link.springer.com/article/10.1007/JHEP04(2021)165
https://cds.cern.ch/record/2805211
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arXiv:1810.09420 Z+E_™* Signature h+E_™** Signature

2HDM+a Model g ? h
a Mode N oo

 Extend the SM by postulating: t
— Two Higgs doublets g g

[{Ppegl]

— New pseudoscalar DM mediator “a

* Predicts 5 Higgs bosons:
— 2 scalars: h (SM Higgs), H (new particle)
— 1 heavy pseudoscalar A
— 2 charged Higgs H*

» Adds several free parameters, incl.:
- m,, m,m,
— tanf: ratio of VEVs of the two Higgs doublets
— sinB: Mixing angle between a and A /

Benchmark Parameter

« Simplest gauge-invariant and renormalizable extension of Choices
simplified pseudoscalar DM mediator model. My = Ma = My=

* Wide variety of complementary signatures. tanfg =1

m, = 10 GeV

sinf = 0.35

» Visible SM particle(s) produced by hard scatter rather than ISR.

* Run-2 ATLAS data can probe 2ZHDM+a parameters consistent
with observed DM relic density.

18


https://arxiv.org/abs/1810.09420

Phys. Lett. B 829 (2022) < *
2HDM+a signature v x

Z(££)+ETmiSS (s-channel) t : H%

Strong constraints on 2ZHDM+a model.
= Most recent search targets Z—# decay.

Event selection: Signal Topology in Detector

« Signal topology: collimated £*{" pair, recoiling against r £
E miss
T Same- Opposite-
= Require: n, flavoure¢  flavour e
— Small AR, :
m,, near m, _ »
— large E.™® .

Background Estimation:

« Dominant SM background from ZZ(#wv), followed by WZ CR  Constrains
and Z+jets and non-resonant (WW, tt, single top, Z—17). - 2 (non-resonant bkgs)
» All background processes modelled with MC simulation. 3@ WZ bkg
« CRs additionally defined for data-driven constraints. -
ZZ bkg

19


https://www.sciencedirect.com/science/article/pii/S0370269322002003?via%3Dihub

Phys. Lett. B 829 (2022)
+ miss
Z(H)+E

Fit strategy:

« BinSRand ey CRin ZZ m_ to improve
shape discrimination:

\/[\/m + (P )2+\/mz+(Em‘SS)2]2 [ee + Ems]

« Bin3CRand4{CRin ET”“SS.
« Simulate 2HDM+a signal model over range
of m_, m,, tanB, sin®.
* For each parameter choice, simultaneous
likelihood fit in SR and all CRs, fit for:
— signal strength p,

— normalizations of WZ and Z(non-resonant
bkgs).

Results: Good agreement between data and
SM background prediction.

= Limits set on 2ZHDM+a model.

m, [GeV]

Events / 50 GeV

E T I T T T | T T T T T T I T T T I T T T | T T T I T T T | T IE
- ATLAS * Data 2z 7
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= 7 Uncertainty B
10° m, =150 GeV, m, . =900 GeV =
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1 E
Arad | -
.qo; 0] S B R I B w"'w"w"'.!j""_:
s r ' - SIIIKS
L feeertippt %*? i
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2500'_|| T | O I KO E I U I RE\F I T ] DR l T I LA l LN ||_
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https://www.sciencedirect.com/science/article/pii/S0370269322002003?via%3Dihub

Summary of Constraints on 2HDM+a Model

« Tightest constraints with respect to
m_ and m, from statistical

. ATL-PHYS-PUB-2021-045
JATLAS Preliininary Um>20% ] ErZ(q), 36.1 b

combination ]
4 JHEP 10 (2018) 180
1800 Vs = 13 TeV, 36.1 - 139 fb
Limits at 95% CL

(ATL-PHYS-PUB-2021-045) of oHOMa, Drac DM _1
T+ (bb), 139 fb

. . < : ]
miss miss 00 € qponEeisiiee.. —Observed M =10GeV.9 =17 jiro 1 2021) 209
Z(®)+E_™ss and h(bb)+E ™SS, E 1600 el Epeced  S0=035.tanf =11 " Z(‘”) .
— T + 5 "

4 5

...... ) My =m,=m,,

1400~ arXiv: 2111.08372
« Parameter space also ruled out by 1200 ET™+Wt, 139 fb”
) . O, EPJC 81 (2021) 860
direct searches for charged Higgs in 1900 —

IllIIIIIlIII1II"-IIIIIIIIIII

Hi—>tb Channel . m’j_‘?ﬁf‘%" JHEP 06 (2021) 145
________ —h(inv), 139 fo!
e ATLAS-CONF-2020-052

»  Search in the tW+E_ ™ final state Ay B htry), 139 o

(EPJC 81, 860 (2021)) additionally - .

] . . [ 1 . . L . ET™+h(bB), ET"**+2(1l)
provides constraints with respect to 100 200 300 400 500 600 700 800
m(H*) m, [GeV]

— more recent result
(ATLAS-CONF-2022-012) in backup.

21


http://cdsweb.cern.ch/record/2798737
https://link.springer.com/article/10.1140/epjc/s10052-021-09566-y#citeas
http://cdsweb.cern.ch/record/2805216
http://cdsweb.cern.ch/record/2798737

Conclusions

Presented recent results from the broad ATLAS dark
matter search programme.

— Signature-driven approach — dedicated analyses
probe specific final states.

— Large variety of final states probed — leave no stone
unturned!

— Many DM search results with Run-2 ATLAS data still
to come.

* Will both add new channels, and improve upon
previously studied channels.
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The ATLAS Detector

e General-purpose —
detector for studying
particles produced by o 1
high-energy beam
collisions at the LHC.

e Used both for 2
precision standard
model measurements
and to search fornew < ,
physics. e

Muon chambers Solenoid magnet Transition radiationYacker

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel &etector

LAr eld

omagnetic calorimeters

Toroid magnets

Semiconductor tracker

24



Pseudorapidity

?y

« Describes angle of particle
relative to beam axis (z-axis).

* Changes A in pseudorapidity are
Lorentz invariant under boosts
along the longitudinal axis.

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagNgtic calorimeters

X

Toroid magnets

9 Muon chambers Solenoid magnet | Transition radiation fracker

n - — hl tan 5 Semiconductor tracker
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VBF+E_™s: Strong vs. EW W and Z
Backgrounds

Strong: Two electroweak (EW) vertices and two strong
vertices in the hard scatter process.

Weak: Four electroweak (EW) vertices in the hard
scatter process.

26




More info about variable-radius h
.
h

track jets in: JHEP 06 (2009) (059). ,
2HDM+a ggF ., a 2HDM+a bbA e </ )
h(bb)"‘E MISS signature ;\<X signature <
T X X
b
° H miss £;
Can also probe the 2HDM+a model with h+E_™** final state. (Resolved Region \

*  Most sensitivity from h—bb decay mode (JHEP 11 (2021) 209) = focus of - Less-boosted Higgs
next two slides. - Reconstruct h as 2
small-radius b-tagged jets

* h-yy also studied (JHEP 10 (2021) 013), with complementary sensitivity. O b

. h
Event selection:
N\ b

+ Atleast two b-tagged jets recoiling against large ETmiSS with no leptons.
—  Ad(et, , 5, E;™*) > 20° reduces SM backgrounds with E,™** arising from jet

mismeasurement. )
+ Divide events into two regions depending on N(b-tagged jets): Merged Region
— 2 b-tagged jets: targets gluon-gluon fusion (ggF) signature - More-boosted Higgs o
— 23 b-tagged jets: targets b-associated production (bbA) signature. ) Reconstruct h as_1 Iarge-rgdlus Jet
L i ) ) with 2 variable-radius track jets
* Further divide into resolved and merged regions depending on final-state associated to Higgs.

topology. b
Background Estimation: h
b

*  Dominant SM background processes are tt and W/Z + heavy
flavour quarks (W/Z+HF) = simulated with MC.
* 1y and 2f CRs for data-driven constraints of dominant bkgs. .
CR | Constrains

tt and W+HF bkgs

3bSR  3b1pCR -Z+HF bkg 07

2bSR 2b1pCR



https://link.springer.com/article/10.1007/JHEP11(2021)209
https://link.springer.com/article/10.1007/JHEP10(2021)013
https://iopscience.iop.org/article/10.1088/1126-6708/2009/06/059

h(bb)+ETmiss

Binning Strategy:

+ Binall SRs and CRs in ETmiSS (same binning across all regions) to
improve shape discrimination.
* Additionally bin all SRs (but not CRs) in reconstructed Higgs mass

my,-

Statistical Analysis:

* 2HDM+a signal model simulated over range of m_ and m, (ggF
and bbA production modelled separately).
* At each modelled signal point, perform simultaneous likelihood fit
in all bins of SRs and CRs.
* Floating parameters:
—  Signal strength p
—  Four background normalization factors, which scale:
»  Z+HF with 2 b-tagged jets
»  Z+HF with 23 b-tagged jets
*  W+HF with 22 b-tagged jets
+  tt with 22 b-tagged jets

Result: No significant deviation from SM background expectations.

JHEP 11 (2021) 209

LN B B B B B

ATLAs
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> 102- amtas = epws emw ]
O] V5=13TeV,139fb7" =3 z:HF == SMVh E
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E Mono-h 2HDM+a .
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1071 e
102} ;
- Post-fit
s 1.2 *
2 1;*\}\\ \\\\\\ NN %
©
o 0.8 200 300 400 500 600 700 800
\ v J E?'ss [GeV]
Resolved
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https://link.springer.com/article/10.1007/JHEP11(2021)209
https://link.springer.com/article/10.1007/JHEP11(2021)209

h(bb)+E.™*: Constraints on 2HDM+a Model

Exclusion limits placed in m, vs. m_ plane for ggF and bbA production separately.

b
/h h
4 -
7 A //
t,b ,A,,</ -—--« X
N X ™ 8
a™ a
X
b

X

ggF Production bbA Production
N T Ghrened Lt ] S 200 [T T T T
- - - Expected Limit - 15, - —— Observed Limit .
: i +1 o _f _‘<1 000 — i EXpeCted Limit —
12 Ggyp . E i 11 Geyp i
- arXiv:1903.01400 " L 42 .
1400 |- = 800 o n
1200 |- 7 {—_— = B ATLAS y
1000 (s=13TeV,1391" 600 /s =13 TeV, 139 fo” n
500 h(bb) + E™* E Allmits 4t 95% CL a
= Al limits &t 95% CL . 400 o SEDME .
600 2HDM+a = " My 2T bbA r::j ction, tanf = 10 ]
& s e i ggF production, tanp =1 - ; p03u on. 10GeV |
400 |- ™ sin6 = 0.35, m, = 10 GeV 200 - e i
200 :; 5 | l 11 1 1 I L1 1 1 I | L | I -1 Iglxl=l1|’erl‘Al=l [T]F:TTTIE-FI 1 I I_Il: i | 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 Ix | I, 1 AI 1 IHI 1 F:t 1 1 I i
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JHEP 11 (2021) 209 m, [GeV] JHEP 11 (2021) 209 m, [GeV]
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https://link.springer.com/article/10.1007/JHEP11(2021)209
https://link.springer.com/article/10.1007/JHEP11(2021)209

2HDM+a signature with H* mediator
W, ., reco with 2 small-radius jets

0 a
t -:::'-__’W/__O q

-

tW+ ETmiss

A search performed in the tW+ETm‘SS channel (ATLAS-CONF-2022-012) provides a
probe of m(H*) in the 2HDM+a model.

= Complements previous search (EPJC 81, 860 (2021)) by additionally Whaq reco with 1 large-radius jet
considering fully-hadronic final state (tW, ). q
= Performs statistical combination with tW,, in previous search. f o W aq
) T bas
Event Selection: O

*+  t—>Wb decay proceeds with >99% BR => expect Wb+W+E_™* final state.
* Require 21 high-p_. b-jet recoiling against large E.™** (2250 GeV)
*  Further divided into 1- and 2-lepton channels:

SRo.: Poth final-state Ws decays hadronically

SR,,4.: one final-state W decays leptonically = divide 1L SR into t—=W({v)b (SRWL'GF’-“’") and t—>W(jj)b
(SRtw1Lhad.top)
*  Previous search (EPJC 81, 860 (2021)) also considered:

SR, : both Ws decay leptonically.

Event Reconstruction:

* New for this search: high-p, hadronically-decaying W, _, can be reconstructed with a single large-radius jet
(previously could only reconstruct W, _, with two small-radius jets).

= Event selection requires 21 large-radius jet consistent with W, _  ("W-tagged”).

Background estimation:

* 6 control regions defined for data-driven constraints of dominant SM bkgs: 30
—  Z+jets, WHjets, tt, ttZ, single top
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ATLAS-CONF-2022-012

. (/)] T T T T
MmissS. . . € 10° ATLAS Preliminary e Data ~ Total SM
tW+E : Statistica Al Bt
T W o SRs mm Wijets B Z+jets

mm Diboson - R4

A Nna I y S | S o | Bka-only Postii = Others

102 E
Binning Strategy: 10
* Bin SR, and SR, " into 5 E.™*° bins (no binning in 1

SR .. PP due to limited stats).

tW1L 3
* No binning in CRs. =
S
Background-only Fit: S
® £ &P EF iF B & : z 3 :
»  First, perform simultaneous likelihood fit in all CRs with bkg T 5 ¥ T ¥ s, :, 5, B %,
normalization parameters left floating. 5 5 ® & %

- Bkg norm factors: UtttW0L1 UtttW1L’ “Z+jets’ “W+jets’ “single top’ lJttZ'

—  Extrapolate fitted norm factors to SRs and compare with ATLAS-CONF-2022-012
data = no significant deviations between data and SM bkg = B T T T ]
expectation. (3 1400 L, ATLAS Prellmlna:ry__

i I s=13 TeV, 139 fb" ]

Exclusion Fit and Hypothesis Testing: € 1200:" “~=:~::_~_~=“ All limits at 95% CL
. . - N \ - - - Expected 4
Simulate 2HDM+a signal over range of m_, m(H*) and tan. i s10,, -

* Incorporate SR, from previous search. 1000~ |k — Observed 7

»  For each parameter choice, perform simultaneous - YR — DMt SR, ]
exclusion likelihood fit in all SR bins and CRs with both 800 2 omen
2HDM+a signal and SM bkgs. B DMt SRy, ]

. . 600 Vs 2HDM+a, Dirac DM —

—  Fit for 2HDM+a signal strength p and all 5 bkg norm - m =10GeV,g =1 tang=1
faCtorS. 400_ L ”I ;’I”I’ ’I L L1 1 | |Si?eT1/|VEV|mH:=:nH|=m|A | 1 |_

—  Use CLs method to test signal+SM bkg hypothesis against 100 200 300 400 500 600
SM bkg-only to derive constraints on 2HDM+a model. m, [GeV]
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EPJC 82, 105 (2022)

14
. VBF+E ™ss+y Z(vv)y+jets
MmISS dark photon
VB F + E +Y signature SM process
T Ya
Newly-studied VBF+ET’“‘SS+y final state probes semi-invisible decays of
Higgs (or a new scalar mediator) to y+(invisible particle).
Event Selection: Binning Strategy
« Event selection similar to VBF+ETm‘SS, additionally require 1 mjj
energetic final-state y.
+ Photon central in n relative to leading jets: Cy > 0.4: 1TeV —
4 nm +m\*] wheren,, n, refer to I I
Binni C7=exp——217,,—— leadi 1 2.,[
ihning (1 = 112) 2 eading two jets. 0GeV 90GeV 130GeV 200GeV 350Gev M,
* Bin selected events in 10 bins according to:
- m (2 bins)
—  my(y, E;™®) (5 bins):
mr(y, E%‘iss) = \/Zp%'E%‘iSS [1 —cos(¢, — ¢E¥u'ss):|
C <04 C >04 n
¥ Y e
Background Estimation:
J ZYRev. Cen. CR SR 0

*  Dominant SM background processes are W({v)y+jets and Z(vv)y+jets.
—  Modelled using Sherpa, Herwig and MadGraph+Pythia8. W, CR W,,,, CR 1
— 1-lepton W_ ¥ and WWY CRs used for data-driven constraint of W({v)y+jets.
—  Z(vv)ytjets modelling checked with Cy-reversed 2o cen. CR (insufficient stats for data-driven constraint).
— Fake-e CR with 1 lepton and low E™* used to estimate rate of jets faking electrons in W_Y CR.
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EPJC 82, 105 (2022)

VBF+E_ Mss+ ST ra——
Y o ATLAS Post-fit 1
T > 10’k Ts=13TeV, 139 fb’ o
£ B(H—y) search 4 S\ Uncertalnty
o : : EW Z+y
Lﬁ ] B strong Z+y
EW Wty
- . 102 "3 [ Strong W+
Fit strategy: — —_ NN S I
. H H TR AN - - el
*  Apply same binning in SR and all CRs. ol -_Zl,'
«  Simultaneous profiled likelihood fit in SR and CRs. —
. - = H125(8,,=0.02)
* Results interpreted in terms of Higgs (or new scalar N . e AR 001)
mediator) decay to photon + inv. dark photon (y,). Ll ,Data,;.;;_;mi
. . kel ;
» For signal process simulated at H masses from 60 3 ;Z = :
GeV to 2 TeV, fit for: . : - [ - = m. [GeV]
—  Signal strength p for H—yy  process (100% BR) Fako.o e, o, 2 SI%0 001 §|'50V5000 90SFI30 >00T35\(} >
d . "o Cf R “» CR™ ey, 0 m<i Te m;21Te
—  Overall normalization BWY of the Wy+jets bkg.
«  Statistical and systematic uncertainties incorporated
as nuisance parameters.
10 g T 3
- T e ?Tf-ﬁ% 139 fb™ ]
Results: Good agreement between data and SM L e a0 e a1 965 GL

Expected + 20 VBF Higgs couplings
s oVBF with B(H—vy )=0.05 99 ping

background predictions.

= Set observed (expected) upper limit of 0.018 o

(0.017) on h—yy, for m =125 GeV at 95% CL.

"% x B(H—vy ) [pb]

1072

= Also set 95% CL upper limit on o,,, . xB(H—YY,)
for VBF-produced Higgs with masses ranging from 60 10°
GeV to 2 TeV.

_I‘ T IIIII|I| T IIIIIII|

33



https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z

h—Invisible Combination

Combined all searches by ATLAS for h—inv
in VBF+E_™** and tth final states
(ATLAS-CONF-2020-052).

* Reinterpreted search for new phenomena in
tth-0f and tth-2¢ final states.

« Combined limit: B, <11% (95% CL) and B,

< 9% (90% CL).
*  Sensitivity dominated by VBF+E_ ™ final
state.

* Translated into limits on spin-independent

O winp-nucieon V8- Mwiye TOF cOMparison with

direct detection searches.

Gwimp-nucleon [cM?]

10

1 0—43

107

1 0—47

1 0—49

ATLAS-CONF-2020-052

—

z = T I T T 3
g oo TUSTUTEE  omene
- 08F (s=8TeV, 203" = Expected -
S ok s=13TeV, 139 fb %20 E
E E =
= 0.6F =
g __E E
S E 3
) 0'45 ............. =
X 03 —
3 T 4 N E
@ 0.2k =

0.1 =
0: | | | | =
ttH VBF Combined Combined Combined
Run 2 Run2 Run2 Run 1 Run 1+2
' g;{':w <009  ATLASPreliminary

_ All limits at 90% CL

--------

Vs=7TeV, 4.7 b’ —
Vs=8TeV, 20.3 fb™
Vs=13TeV, 139fb"  —|

f -
w -
e -
o -
m -
e -
o
e -
T --
-
-
-
-
-

Higgs Portal Other experiments
C 44444 Scalar WIMP DarkSide-50—_|
wae Majorana WIMP v LUX
— PandaX-Il __|
- = = = Xenon1T —
1 1 1 B I 1 111 l 1 1 1 ;T T | |
1 10 10 10°
ATLAS-CONF-2020-052 e [GEV]
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Inclusive Dijet Search

Idea: Search for a new candidate spin-1 DM mediator via its
resonant production and decay back to SM particles.

* Reconstruct the m, spectrum above ~1 TeV, and search for a
resonant peak.

JHEP 04 (2020) 145

«  Most recent search reported in JHEP 04 (2020) 145. £40° AL !
g .- ATLAS . Data
P s=13 TeV, 139 fb™ —— Background fit
Event Selection: 10E Inclusive — BumpHunter interval
« 22 energetic final-state jets (jet p, > 150 GeV). 106 ) o g, m =4TeV
* Require jets to be recoiling against one another (|A¢jj| >1.0). s g*,m_ =6TeV
Background Estimation: 10* Z*\’/aﬁjz 1%89
3 » = V.
+  SM Background dominated by multijet production. 10
—  Sliding-window fit applied to data to estimate SM 10%
contribution, using: 10
1
— +psInx
f(x) = p1(1 — x)P2xP3*P4 where x = mj;/+/s 10k
—  Method validated using 37 fb™' dataset (already published g =
with no evidence of new physics). 8 of :
Analysis and Interpretation: %1_ 2;'3);5",5'57'5';_
+ Use BumpHunter to calculate significance of any localized
excess. m; [TeV]
— No significant excesses found — place bounds on spin-1
mediator model using CL_ method.
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Bounds on New Spin-1 Mediators

Tightest bounds) on basic spin-1 Z’ V/A mediator model set by inclusive dijet
resonance searches (JHEP 04 (2020) 145) and jet+ETm‘SS (PRD 103, 112006

(2021)).

— 1.6 - 7 -
s Lﬂs Prelimifiary ]
=, 1.4[08 = 13 TeV, 29/3/139 fb -
S " Uanugry 20227 |, ]
1.2 b ]
g / ]
= / —
It ) 2 ]

&

0.8—— / 4 J
0.6F .
0.4F i
02;5 , Dirac DM_f
A R

"B

0.5 1 1.5 2
ATL-PHYS-PUB-2021-045

4

Axial Vector Z’ A

— Dijet
139 fb”; JHEP 03 (2020) 145
— Dijet TLA

29.3fo™'; PRL 121 (2018) 081801

m, [TeV]

Dijet + ISR

79.8 fb™'; PLB 795 (2019) 56

— Boosted dijet + IS

36.1 fb'; PLB 788 (2019) 316

— Boosted di-b + ISI

80.5 fb"; ATLAS-CONF-2018-052
— tt resonance (1L)
36.1 fb™'; EPJC 78 (2018) 565
— tt resonance (OL)
139 fb'; JHEP 10 (2020) 061
— bb resonance
139 fb™'; JHEP 03 (2020) 145
— ET™+jet
139 fb™'; PRD 103 (2021) 112006
miss
— E%y
139 fb"; JHEP 02 (2021) 226
ET**+V(aq)
36.1 fb™'; JHEP 10 (2018) 180
= ETSS+Z(IN)

139 fb'; arXiv:2111.08372

(*)Comparison of bounds depends on choice of couplings.
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— bb resonance
139 fb'; JHEP 03 (2020) 145
— EP*s4jet
139 b'; arXiv:2102.10874
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Z+E_™* Signature

2HDM+a Model N e

Constraints on simplified models dominated by jet+ETmiss and tt+ETm‘SS, but g
other X+ETrniss final states can provide tighter constraints on more complex
models such as 2ZHDM+a.

» Visible SM particle(s) produced by hard scattering process rather than ISR.

2HDM: h+E_™** Signature tW+E_™** Signature
+ Extend the SM by postulating two Higgs doublets. g " wW—
+  Predicts 5 Higgs bosons: ; A H“\‘\'\'\r
— 2 scalars: h (SM Higgs), H (new particle) tf e e, X
— 1 heavy pseudoscalar A ¢ a"e_ X
— 2 charged Higgs H* g
* Adds several free parameters, incl.: / \
- My My Benchmark Parameter

—  tanp: ratio of VEVs of the two Higgs doublets Choices
2HDM+a (arXiv:1810.09420):

My = Mg = Mg+

* Adds a pseudoscalar DM mediator a to the 2HDM model. tan 8 = 1
+  Simplest gauge-invariant and renormalizable extension of the simplified
pseudoscalar DM mediator model. m, = 10 GeV

» Additional free parameters, incl.: .
P sinf = 0.35

- m
~  sine: Mixing angle between a and A K /

*  Wide variety of complementary signatures. 37
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Z’-2HDM

Z’-2HDM Model 7

z 7 g
X
Idea: Rather than adding a A \<
pseudoscalar DM mediator to the 2HDM
model (i.e. 2HDM+a), instead add a q X

vector DM mediator Z'.

Constraints on the Z2’-2HDM Model

* Note that, unlike 2HDM+a, Z’-2HDM is by the mono-h(bb) Search

= 1800 T
not a complete model. > " ATLAS | | —— ObservedLimit
©.1600 [ Vs =13TeV, 139 fb" - - == Expected Limit —
£ - h(bb) + ET, Alllimits at 95% CL ) +16,,, .
« Used mainly as a benchmark for 1400 :—gz-iHo?gfgﬁtmx:mO Gev £2 Gy F
high-mass resonances. 1200 BB =1 M, =My =My -
1000 [ £
* The mono-h(bb) search (JHEP 11 (2021) 800 |- E
209) places constraints on the Z’-2HDM - s .
model in addition to 2HDM+a. 800 &, E
400 - o/ —

500 1000 1500 2000 2500 3000 3500
JHEP 11 (2021) 209 m,. [GeV]
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