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Dark Matter .

. from starlight

* Dark Matter existence supported by plethora of astrophysical measurements.

Velocity
. (km s-1)

 NOT sufficiently explained by Standard Model, making DM nature a central
question in particle physics.

- Expected from
the visible disk

DM candidate: a strong consideration in many beyond-the-SM models.
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Indirect Collider * Probes of DM underway in several areas.

detection detection

. for elastic scattering between DM and nuclei or
electrons.

* [ndirect searches for products of DM annihilation or decay.

e Collider searches for production of DM from collisions of SM particles

 complementarity to other detections at GeV-TeV scale.

e provide access to particles mediating interactions between DM and
SM sector.

1810.09420



https://arxiv.org/pdf/1810.09420.pdf

Dark Matter probes at ATLAS

* ATLAS sensitive to wide variety of potential DM candidates.
DM benchmark models at LHC

Dipole
Interactions

 Most of DM searches at the LHC focus on Weakly Interacting
Massive Particles (WIMPs).

e usually in simplified models where DM couples to SM via mediator.

Less complete

 more complete (hence more complicated) models e.g 2HDM(+a) also
considered.

More
complete

* detected in signatures with large Missing Transverse Momentum
recoiling against SM particles (7" + X, so called mono-X).

Dark Matter
Effective Field Theories

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Comeplete
Dark Matter
Models

Extra

* Also search for (Hidden) Dark Sector such as Dark Photon,
Dark Higgs, Dark QCD, and so on.

Universal

Dimensions

1506.03116v3



https://arxiv.org/pdf/1506.03116
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-26/

DADT N*

Combination and summary of ATLAS Dark

Matter searches interpreted in 2HDM+a




Two-Higgs-Doublet-Model + pseudo-scalar mediator
(2HDM +a) {5 st oros oo
Extended

* Minimal, UV-complete extension of pseudo-scalar DM simplified 'ags sector

(2HDM)
models. Pseudoscalar

singlet P

e Fully defined by 14 parameters but reduced to 5 unconstrained

e Scalars: h, H,
parameters.

* Pseudoscalar: A, + Pseudoscalar:a + Dirac DM y
 Charged Higgs: H*

masses of additional heavy Higgs

Y b
mass of pseudo-scalar mediator t
DM mass AN
mixing angle between the pseudo-scalars

g t

ratio of 2 Higgs doublet VEVs

fix

« 2HDM+a is complicated BUT more theoretically complete, g h “’< Flx

predicting broader range of collider signatures wrt common , Ny X
simplified models. < )

f'/x

fttt h— aa — 4forh — inv g


https://doi.org/10.1016/j.dark.2019.100351
https://doi.org/10.1007/JHEP05(2017)138

Experimental signatures

SH|

g
g
 Most constraining signatures of 2HDM+a
e EMSS 4 h( — bb) [JHEP 11 (2021) 209]
o« EMSS 4 7Z( — £¢) [PLB 829 (2022) 137066]
. [JHEP 06 (2021) 145]
o gives significant complementarity to sensitivities
of E{Plss + X

O

2HDM+a, Dirac DM, sin 6 = 0.35,tan =1, m,, =10 GeV, gl =1, my=my=m,
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Combination
ET*+h(bb), ET**+Z(ll), tbH*(tb)
Limits at 95% CL

— (Observed

- = = EXpected
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miss ~
= ET°1h(bb)
JHEP 11 (2021) 209
miss
m— ET 4 Z (1)
PLB 829 (2022) 137066

tbH*(tb)

JHEP 06 (2021) 145


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-46/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-51/

Statistical combination

e Stat. combination of 3 channels to maximize 2HDM+a 2000 2HDM+a, Dirac DM, sin 6 = 0.35, tan f =1, m, =10 GeV. g, =1, my = my = m,,

constraints in parameter space. T m s 20% ATLAS

1800 Vs=13TeV, 139 fb™ Combination

ET**+h(bb), ET**+Z(ll), tbH"(tb)
1600 Limits at 95% CL

— Observed

1400

SN

 Combined upper limits obtained from likelihood function - %, 1200

product of likelihoods from 3 input channels, using profile- S

likelihood-ratio test with CLs method following asymptotic E<(1000

- = = EXpected

.i10'

12 o

‘IIIIIIIIlIIIIIIIIIIIIIII

formulae. 800 *
\ 7T STSERERSRE 7Sy h(bb)
600 i JHETP 11 (2021) 209
1 — ET 21
400 _: PLBT 829 (2022) 137066
- toH™(tb
200 . ot e N T JHEPOG((2021))145
» Syst. uncertainties correlated where appropriate except 100200 300 400 500 680 700 800
those from modelling and those over-constrained / pulled in m, (GeV)

iIndividual channels.
Improvement from
combination


https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0

Summary of constraints on 2HDM+a

 Constraints on 2HDM+a interpreted in 6 benchmark scenarios.

* Highlight diverse phenomenology of 2ZHDM+a.

e Study the interplay and complementarities between different signatures.

Scenario

sin ¢

Fixed parameter values

Varied parameters

(ma 7mA)
(mAa tan /6)
(myg, tan )

sin ¢

my

(mav mx)

shows interplay due to
mass hierarchies

motivated by similar scans
done for general 2HDMs

illustration a-A mixing
parameter effect

connection with
cosmological constraints
and direct/indirect searches

showed for the 1st time

m, setto 10 GeV in all

scenarios, except 5 and 6



Summary of constraints on 2HDM+a

Scenario 1a: sin@ = 0.35, tanf = 1, m_-m, scan

2HDM+a, Dirac DM, sin6 = 0.35, tan3 = 1, m = 10 GeV, g = 1, m,=my=m,

[ | 2000 ATV IV VY, XA | rrr+rr | rrr.rr.r 11 11 h—)|nV|S|b|e, 139 fb-1
L _ > i SRt ['/m > 20% ] arxiv:2301.10731
e h — invisible constrains very low m,,. & a0l ATLAS :
< 1 Vs=13TeV,36.1- 139 fb" Limits at 95% CL
- — Observed 1
= 16007 ..  Expected
X 1400} -
g ) 1200 -
X [ :
1000 —
X : :
g 800+ e
)_( 600 m -
I On= e ]
400t e B
200:', P I B B T B
100 200 300 400 500 600 700 800

m, [GeV]
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Summary of constraints on 2HDM+a

Scenario 1a: sin@ = 0.35, tanf = 1, m_-m, scan

2HDM+a, Dirac DM, sin6 = 0.35, tan3 = 1, m = 10 GeV, g = 1, m, =my=my

| = 2000 — E]"*+h(bb), 139 b
. miss . - ol . _ QO LA g ° - JHEP 11 (2021) 209
o Constraints from £ + h signatures: similar m4-m,, & a0l ATLAS ] £, (7o), 139 fo-
dependence, with i — bb most sensitive. < | Ys=13TeV, 36.1-139 fb" Limits at 95% CL ariv:2305.12938
E 16000 — Observed ET"**+h(yy), 139 fb™
Expected JHEP 10 (2021) 13
| i h—invisible, 139 fb™
h 1 400 ] ] arxiv:2301.10731
1200} -
~ X 1000} .
a = : :
800} .
X 600 | e _:
_ s’ M -
i - ] e O _
2008, \ ot S
100 200 300 400 500 600 700 800

m, [GeV]
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Summary of constraints on 2HDM+a

Scenario 1a: sinf = 0.35,tanf = 1, m_-m, scan

2HDM+a, Dirac DM, sin6 = 0.35, tan3 = 1, m = 10 GeV, g = 1, m, =my=my

miss Emiss W L ' Emiss : % ...... R
o £+ Zand £ + tW are similar while £ + jet & 100l ATLAS E
notably different. < | Vs=13TeV, 36.1- 139 fb" Limits at 95% CL
- ... — Observed
1600 2oeeeal ... | ] Expected |
1400} = -
1200 ™~ ; .
1000¢ R -
800 ;_ J R/ 0,0 —E
600 | e -
1 / '__.'_..---"'&\,f“‘a ]
400" e -

100 200 300 400 500 600 700 800
m, [GeV]

— ET**+h(bb), 139 o

JHEP 11 (2021) 209

ET**+h(tt), 139 o

arXiv:2305.12938

ET*+h(yy), 139 fb™!

JHEP 10 (2021) 13

ET'sS4+Z(1), 139 fb

PLB 829 (2022) 137066

ET**4+Z(qg), 36.1 fb”

JHEP 10 (2018) 180

ET'S+tW, 139 fb

arXiv:2211.13138

ET*°4j, 139 fb™

PRD 103 (2021) 112006

h—invisible, 139 b

arxiv:2301.10731
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Summary of constraints on 2HDM+a

Scenario 1a: sinf = 0.35,tanf = 1, m_-m, scan

2HDM+a, Dirac DM, sin6 = 0.35, tan3 = 1, m = 10 GeV, g = 1, m, =my=my

< 20001 ] ET**+h(bb), 139 o
* Complementary constraints from searches not targeting O S : JHEP 11 (2021) 209 .
DM O 1800  ATLAS ] ET**+h(tr), 139 fb
' P | Vs=13TeV, 36.1- 139 fb" Limits at 95% CL - arXiv:2305.12938
HL — Observed 7 ET**+h(yy), 139 fb
L Expected . JHEP 10 (2021) 13

— ET'*5+Z(Il), 139 fb!

PLB 829 (2022) 137066

— EM*°4+Z(q0), 36.1 fb

JHEP 10 (2018) 180

ET'S+tW, 139 fb
arXiv:2211.13138

— ET'%4j, 139 fb™
PRD 103 (2021) 112006

tbH(tb), 139 fb"

= iemmmmmmmmEmm=== m R e JHEP 06 (2021) 145

— {ftf, 139 fb

arXiv:2211.01136

h—invisible, 139 fb™

arxiv:2301.10731
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Summary of constraints on 2HDM+a

Scenario 1a: sinf = 0.35,tanf = 1, m_-m, scan

2HDM+4, Dirac DM, sin@ = 0.35,tanf =1, m, =10 GeV, g, = 1,my=m,=m,,

2000 ] | E7*+h(bb), 139 fb”
e Sensitivity of 2HDM+a driven by the combination. g o ° ; JHEP 11(2021) 209
1800k  ATLAS Preliminary N ET*+h(z7), 139 fb’
i jE = 1230 ggv, 139-140 fb Limits at 95% CL  _ JHEP 09 (2023) 189
bhe.n s une 2 — Observed 7 ET**+h(yy), 139 fb’
b 1600 LI "~,.,. --  Expected . JH;-P10(2021)13
] |= ET*+Z(Il), 139 fb’
1400 1 ] PLB 829 (2022) 137066
" ~ ] EM+tW, 139 b
O 1200 . EPJC 83 (2023) 603
O] — EM™4j, 139 fb!
7 \':( 1000 | PR-Ig 103 (2021) 112006
= ] = ET™+V(qq'), 140 fb"
] arXiv:2406.01272
_ 800 S — - tbH*(tb), 139 fb’
t N NV S 7 AR mmmAeEREESL, . JHEP 06 (2021) 145
§  — {HT, 139 fb"
p =Me | JHEP 07 (2023) 203
4005 — h—invisible, 139 fb
L o ____________________ 1 PLB 842 (2023) 137963
Most comprehensive set of 200f o e = | — Combination
constraints on 2HDM+a to date 100 200 300 400 500 600 700 800  Er +h(bb), Ex+Z(I), tbH

m, (GeV)
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Summary of constra

Scenario 6: S

111

INnts on 2HDM+a

0=0.35tanfp=1,m, = 1.2 TeV, m_ -m, scan

2HDM-+a, Dirac DM, sin@ = 0.35, tan 8 = 1’91 =1,m,

=my=my,,=12TeV

i ATLA

- s=13

] s=8TeV, 203 b ]
TeV, 36.1-139 fb .

.

i June 2024
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== ET*+h(bb), 139 fbo’
JHEP 11 (2021) 209

— h—invisible, 139 fb™

PLB 842 (2023) 137963

~— h—aa—uurtrt, 20.3

PRD 92 (2015) 052002

saa—uuuu, 36.1 b

JHEP 06 (2018) 166

saa—uuu, 139 fo

JHEP 03 (2022) 041

>aa—>bbbb, 36.1 fb™

JHEP 10 (2018) 031

saa—bbuu, 139 fb

PRD 105 (2022) 012006
— Observed Relic 2,h° = 0.12

results used to constrain part of
previously unprobed region

where a - yy for the 1st time



Summary of constraints on 2HDM+a

Scenario 5: sin @ = 0.35, tan f = 1, m, = 400 GeV, m, scan

ATLAS .~ 2HDM+a, Dirac DM =
‘ =
(s=13TeV 130" 1 _ ;0 ;1 Tev

‘\_ sin9=0.35,tan,6=1,gz=1
‘. %j“ m, = 400 GeV

10°

—A
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(o))
I lllllﬂ' I llllllll 1 ””“.
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—
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“
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LI | lllllq

o/ Gtheory
2

101 i Limits at 95% CL
\' — Observed
R b e -~ Expected
107 507700 150 200 250 300 350 400 450

m, (GeV)
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Relic Density

Comparison with Direct
Detection Experiment

-

—ET**+h(bDb), 139 fb" —~—] | | | | ~ ~ 10
JHTEP 11 (2021) 209 0 { \\I\ T ! | | | T | % W
—E™, (), 139 b 10°] No 2HDM+a, Dirac DM =10
PLB 829 (2022) 137066 : \\ my=my=my+=1000GeV 3 S
tbH: (tb), 139 fb" 104 \ sin6=0.35,tanfi=1,g,=1 10" -
JHEP 06 (2021) 145 m“ 4(X)(ev - ’ 5
—{1tF, 139 fb > T N 310 ©
arXiv:2211.01136 § lhgg;n‘ll I({)Lll l, - _,.g
—=Combination é - | 10 2.).
E™h(bB), EM®+Z(H), tbH*(tb) \b —— - —
p N 10 j
- ..Expected Relic Density / g E
40
—— PandaX-4T (1.5 ton*year) % 0 &=
= EP 4+ Z(I(ATLAS) 3 =
— bH*()ATLAS) 410"
===- Relic density 2‘
l 0-2 l l | | l l | | ] lO
50 100 150 200 250 300 350 400 450
WIMP mass [GeV]

https://mp.weixin.qg.com/s/I1Mgrwyh15KMKnf9r9yijsQ
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DADT ND)

Combination of ATLAS searches for Higgs

boson decays into a photon and a massless
dark photon




Massless dark photon

< Undetected Higgs decay B, < O(10%) from ATLAS and CMS motivates searches for elusive BSM dark sector particles coupled
to Higgs. One attractive candidate is undetectable, massless dark photon (y,).

@ Force carrier of extra U(1)4 gauge symmetry of dark sector.

@ Introducing dark matter self-interactions for solving small-scale structure formation problem and PAMELA-Fermi-AMS2 anomaly.

@ Enhancing light DM annihilation rate, making asymmetric DM scenarios phenomenologically viable.

< Potential approach is search for H — yy4in resonant y + E%liss sighatures via three Higgs production modes

Yd Vd

ggF process VBF process ZH process

18


https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1103/PhysRevLett.110.211302
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1016/j.physrep.2013.12.001

w "Process" refers to production mode
w "Channel" refers to selection topology

Recent H — yy, searches

< Both ATLAS and CMS published various results for H — yy, searches in distinct final states using LHC full Run 2 data:

y + ETmiss y + Etmiss + VBF jets y + Etmiss + Z(—£7)
(ggF channel) (VBF channel) (ZH channel)

EPJC 82 (2022) 105 JHEP 07 (2023) 133

reinterpretation of mono-y

JHEP 10 (2019) 139
JHEP 03 (2021) 011

Hyrs = vyq Hygm = Y74
/H channel  VBF channel Combined VBF channel ggF channel Combined
ATLAS 2.3 (2.8) % 1.8(1.7) %  This analysis ATLAS Upto2TeV Upto3TeV This analysis
CMS 4.6 (3.6) % 3.5 (2.8) % 2.9 (2.1) % CMS Up to 1 TeV -- -~
95% CL limit on BR Mass range probed for H

“ ATLAS provided competitive and complementary results, strong motivation for stat. combination to bring the best LHC constraint
on H{,s — yy4 and broadest search in terms of BSM H mass (400 - 3000 GeV).
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-63/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-007/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-005/

Scenarios of combination

ZH channel VBF channel ggF channel
S o 10— ' ] 3 § E .y
E‘o 1ol ATLAS — Observed o = Sbeorve ATLAS = T Tgt()sg(r:\t/:g ATLAS Preliminary
T; | (s=13TeV,L=139fb" ---- Expected o - Exs:cnt,:d Vs =13 TeV, 139 fb" B . ~ Expected = 1o Is =13 TeV, L=139 fb"
T [ZH He, B xoocted « 1o FoE N Expected = 1o Limits at 95% CL 4 ¢ [ HE Opgo WIN BR=0.05 (ggF+VBF) H—>y,
°§ N Expected = 20 T — S with B:(/zf—»wd):o.os VBF Higgs couplings - E
£ s @ 13
- < 107F R
5 > F - e
102 & E i .
0""1'(;-1 — : — 110 — 10_3:_' ] ! ' S— T; AN 105”5601”'10100"”15100\12oloo'"'25100””301001l
m, [GeV] 10? 10 m,, (GeV] m,, [GeV]
* Most straightforward and worthy scenarios for the statistical combination, based on 3 input analyses.
Input channel Signals my m,, Combination scenarios
ZH SM (ZH)H - yy4 125 GeV [0, 40] GeV ZH + VBF for SM Higgs,
- - ' massless y,, targeting
VBE SM (ggF + VBF)H - yy, 125 GeV Massless y,4
BSM (VBF)H - yy4 [60, 2000] GeV Massless y4 ggF + VBF for Heavy Higgs,
massless y,, targeting
ggF BSM (ggF + VBF)H - yy, | [400, 3000] GeV Massless y,4 o(ggF + VBF)XBR(H - yyq)

“* For this combination, adjustments wrt original VBF channel
® ggF process contribution included for BSM Higgs decay search.
® Extend H mass to 3 TeV. 20



Stat. combination -- Results

ZH channel-

VBF channell-

Combined|-

ATLAS

Vs =13 TeV, 139 fb-!
SM H-yvy4

=
i e e e e e ]|
0

—e— Observed limit (95% CL)
Expected limit (95% CL)
[ Expected limit £10
1 Expected limit +20

Obs. Exp
2.3 2.8
1.8 1.7

0

< VBF-ZH combination set strongest limit on SB(H,s = 774)

1

2

at LHC to date.

® improved by 29% wrt VBF channel.

3

4

5

6

7

8

95% CL upper limit on B(H-Yyyq) [%]

E 1 OO — | | | | | | | | | | | | | | | | | | | | | | | | | =
o _ A TL A S —eo— (Qbserved limit (95% CL) E
'TL' —e-: Expected limit (95% CL) -
m Vs =13 TeV, 139 fb~’ [ Expected limit +10 .
?_ B BSM H-yyyq4 1 Expected limit +20 i
Lé’ 1 0_1 a E B( = 005) X Otheory .
)] = -
O n N
X N\ —— VBF channel ]
Q) \ —— ggF channel -
- A\ —e— (Combined N
@)
= 1032 = E
E | :
—_— — R — e ——————— L =
| - B _
()] B _
Q_ i T — e — |
5
o 10°E
O - | | T N N (N NN NN (NN NN N NN SN N N S (N NN S N NN NN N NN B
32 500 1000 1500 2000 2500 3000
o3 my [GeV]

%« VBF-ggF combination set most comprehensive constraints

oN Gy vpr X B(Hpgy — 774) for H mass up to 3 TeV.

@ improved by 33% wrt ggF channel at m;; = 1.5 TeV.
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Physics interpretation

< VBF-ZH combined limit on B(H,5 — yv4) interpreted in a Minimal Simplified Model [1405.5196] S=(S 7,SR)
- an: t EWSB .0 At oA AT DA
® Generic Lagrangian:  f° ~ u - H SLSR + h.c. "LS — aﬂST[)‘”S _ STMSS L ( m% A )
S = 2
® U - mass parameter; §; - SU(2), doublet; Sp - SU(2); singlet A mpg
® Allowing H,,s — vy, at 1-loop AN, ) AV D P YD
H‘// : S",/ : // \\
H / l H % l H [ \
- t o Ehaiia t o - - -
:\ : H',\ E \\\ ,/,
TMAAAAN, 1D MAVAVAVAVAVAVER Riafv

<« BRof H = yy, / yqv4 / vy can be expressed as functions of U(1), fine-structure-constant a; and mixing parameter &

YYD YY 1 47 BRSM YD Q
YD7YD i & 4 p 2
r 2| YD
_ SM 7DD r =X (—)
BR v = BRyy SM 77D @
1 + ¥y BR
D7D YY r — X2
2 YY
BR _ BRSM (1 +er77) B §2 B A
T 14r, , BRSM X = SRy e
r?’D?’D b & 4 m
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https://arxiv.org/abs/1405.5196

Physics interpretation
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Yy = +1: scenario with constructive interference from

02 03 04 05 06 0.7 08 0.9

messenger sector in H,s — yy

H—yy Observed 95% CL
d

VBF-ZH combination

H—inv Observed 95% CL

PLB 842 (2023) 137963

H—yvy ATLAS measurement
BR(H 57 7)

Nature 607 (2022) 52

H—yy SM prediction
BR(H 55—y 7) =0.227%

arXiv:1610.07922

B(H — yyy) =0.2%

BH — yyy) =0.1%

= 0.24710-0220,
-0.020

BR limits and measurements from this
combination, H — v or H — yy can be

translated into constraints in (ay, &).

< &~0.7atay = 1 excluded by
B(H,,5 — 1nv) limit interpreted in terms
of H{5s = y474 signal.

< H,,5 = yy4 combination provides

additional sensitivity in low-a region,
which is disfavoured by ATLAS
HB(H,,5 = yy) measurement.

< Still need ~O(1) better in sensitivity for
H{»s — yy, search.

23



DADT N2

ATLAS Dark Higgs search in bb final state




Dark Higgs + £’ search

Mono-S(—bb)

* Dark Higgs boson (scalar s) introduced together with Z’ and
Majorana DM [JHEP 04 (2017) 143]

« New DM annihilation channel to SM opened up
(xy = 85— ...).

* Relax the constraint from cosmology — Prevent DM relic

density (Qh?) over-production issue of common WIMP
model.

» Scalar particle mixing with SM Higgs.

» Detectable decay products depending on mass: s — V'V,

s — bb.

1 My

- it — I rzl 2 ,
Ex QQXZ XX - N my Z%Z, (9x 8" +mzs) ATLAS reported results for high mass dark Higgs searches

through s — V'V channel.

First search aiming for a low-mass dark Higgs boson + new benchmark scenarios
30 < ms < 150 GeV
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https://link.springer.com/article/10.1007/JHEP04(2017)143

Benchmark scenarios

* 6 parameters controlling the interaction with SM and DM. Parameter Explain
mg mass of dark higgs
. Fixed—gx search as benchmark (scenario 1)
- _ _ m mass of DM
« Scan mgv.s my  withm, =200 GeV, g, = 1.0 X to search
m,, mass of heavy mediator

 Cosmological constraint: freeze-out relic density Qh? o
coupling in dark sector

» Observation from PLANCK2018: QA% = 0.1200 £ 0.0012 gx between s. X 7’
» Introduce 2 new benchmark scenarios [First time!] with g varied to gq coupling with SM: q<->Z
satisfy the observed relic density (scenario 2, 3) fixed 0.25 as benchmark
» Scanmgv.smy  with m, = 900 GeV. mixing angle of
7, SM Higgs<->dark Higgs

« Scanm, v.s my  with mg; =70 GeV.

fixed according to [ ]

1] JHEP 04 (2017) 143



https://link.springer.com/article/10.1007/JHEP04(2017)143

Analysis strategy

« Search for low mass dark Higgs with bb + E%liss signature
 Data triggered with E%niss and search starts from 150 GeV

e Regions divided by E%niss . from resolved to merged topology to cover all the interesting phase space.

Resolved regions: reconstructed by 2 small-R jets and tagged using DLIr 77%

Merged region: | reclustering large-R jet and mixed tagging methods = benefit from advanced techniques

MET [GeV] Auxiliary Figureé
o - -
500
ReSOIVed - -
150

Further split into

20 >0 270 MET bin [GeV]

mJ (mjj) [GeV]

VR: variable-radius track jets

Reclustering(RC) jet extend searched scalar mass down to 20GeV

Resolved Topo.
150 < MET <500 GeV | g

MET

><|

Good statistics

Boosted Topo.
500 GeV < MET _

MET

><|

Sensitive to high mZ’
dominates for mZ'>2 TeV

Large-R jet kin. and sub-jet info. combined for boosted Xbb tagging: DXbb 57



Results

Scenario 1

 mZ' values are excluded up to 3.4 TeV at ms = 70 GeV.

* Highest mass exclusions for this conventional benchmark model.

>
| | | IR S | | | [ | I T 1 | | 1 | ,l . | 1 | | 1 | | | | q)
% -~ YATLAS 1 ©
o 10 3§ 5
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JHEP 1704 (2017) 143 Emiss L WW(GGEV)

] e mISS+ q V
Scer:)agg 1 1 JIJI-EP 07 (2023) 116
9q =1-29, 9x = —— EMss 4 b
sin6 = 0.01, my =200 GeV

— — - Thermal Relic Density
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ATLAS

e VS = 13 TeV, 140 fb-

Limits at 95% CL
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Expected

| I | | | l\ | ] | | | | | | ] | | ] | | | | | ] | | ‘l | | | ] |
500 1000 1500 2000 2500 3000 3500
Complementary sensitivity to other Mz [GeV]
Dark Higgs searches at low-m,
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Results

Scenarios 2 & 3

DM coupling varies to satisfy the observed relic density throughout
 myz excluded up to 4.1 TeV with fixed m, at 900 GeV (scenario 2)

 myz excluded up to the perturbative limit and m, excl. to 1TeV at ms = 70 GeV (scenario 3)

< 220 pr— T
O 200 :_ATLAS — Observed Limit Z
O, C Vs =13 TeV, 140 fb - = = Expected Limit -
= 180 EI™ + bb, Scenario 2 I +10,, —
160 E- Limits at 95% CL , +2 Cexg E

- Scenario 2 (m, =900GeV) -

140 E
120 —
I E
80 29000 0OV —

60 20 QG E 0 0097 —
40:_ .... _:
ZO:I | ] ] | | ] | ] | | ] | IIIIIIIIIlIIIIlIIII:

2000 2500 3000 3500 4000 4500 5000 5500

m.. [GeV]

= 1800
)
G, 1600
X
E 1400
1200
1000
800
600
400
200

_IIIIlIllIlIIIIIIIII
- ATLAS

— Vs =13 TeV, 140 fb’

- ET™° + bb, Scenario 3

— Limits at 95% CL

-Scenario 3 (mg = 70GeV)

0 . . 0
.......

| I T T 1 I I 1T 1
— Observed Limit

= = = Expected Limit

SR

X = . B

g > Vi

II'II-llI~lI'IIIIIIIIIIlIIII|IIII|IIIIIIIII|IIII

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

First LHC dark Higgs search in cosmology coherent context
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Conclusions

» Unfortunately, Dark Matter particles have NOT YET been discovered at the colliders. DM nature is still one of central questions to
our understandings about the Universe.

* Wide range of DM benchmark models and experimental signatures has been probed at both ATLAS and CMS using full Run-2 data:
e Constraints set on extended Higgs models and Dark Sector (Dark Photon, Dark Higgs).
 Many combination efforts to improve sensitivity reach.

* Results are complementary to Direct and Indirect experiments.
| HC Run-2 results are still coming.

 Much more to come with Run-3 dataset including upgraded detectors and innovative methods.

STAY TUNED!
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Thank you for attention
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EMss 4+ Z(1l)

* Event topology:

o Z boson recoiling against large £

* Presence of a pair of high-p+, same flavour, oppositely charged

leptons.

* SM backgrounds estimated using dedicated Control Regions.

« Fit to data is performed on P and EMss

T

10°

10

% E' L] I | L] | I 1 | ' l l L 1 I | 1 1 ' 1 | L] I L L] 1 L I |
0] = ATLAS ° B:ta zz

ot i _ -1 mwz Z +jets
© 10 = §R— 1316V, 1391b Non-res. Other
0 E — Axial DM

qC, B zzzuncertainty

o 10 m, =150 GeV, m,_, = 900 GeV

llllllI | llllllll | llllllll | llllllll | llllllll | lllllli

Data/Pred.
L o
N [T T

o
0

ll F— | l ) — ll Ll | — l | -
200 400 600 800 1000 1200 1400 1600 1800 2000

m; [GeV]

Phys. Lett. B 829 (2022) 137066

g

R T R R 0 —_— Expected imit (1 0,
’ ) w— Observed limit
H - == ATLAS36.1f0"
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https://www.sciencedirect.com/science/article/pii/S0370269322002003?via=ihub

E%niss 4 h(bb) JHEP 11 (2021) 209

b
h
 Event topology: h
. t,b A A7 ’
* Higgs boson recoiling against large £ <a\<x “ \<X
e atleast 2 b-jets. X , X

* Higgs decay reconstructed as single large Radius jet for gg-induced bb-induced
events with high £,

Merged

- nggs
Low Ex(miss) R _ HighEmiss) %

* SM backgrounds estimated from Control Regions.

 Fit to data on m,,;, and event counting in CRs.

> L I.I N ~ 2200 NG '\T' T TR || T | LIRUNE R AN I e T T 1 LI
() ATLAS - —e— Data [ Single top 1 > W y N Observe d! Limit
O [ 5=13TeV, 1397 =3 sMvh = z+HF | © 5000 N s —
2 80F givonsabiag = W S Owers - O, % ......................... “Tm=20%  wu.. Expected Limi

- - ANN\N i 7 +
; I E-rP'SSe [200,350) GeV ] :/fV+HF XXX Background Uncertainty 1 < 1 800 _; Cexp
fd : i + G
S — exp

Mono-h 2HDM+a _ 1 .

S 60 O 000,150) Gev _ 600 arXiv:1903.01400
L ~ 77 tanB =10, Sgignal = 62.7 fb (x10) i 1 400

40} =
| 1200 E ATLAS
ool 1000 = Vs =13 TeV, 139 fb"
C h(bb Emlss
] 800 = Agl Iir)n;:[s at 95% CL
: 600 & 2HDM+a
S 1.5 » ggF production, tanf} = 1
DN N X 400 = sind = 0.35, m_ =10 GeV
'E;'O.5f_.|...|...|...|...|...|...|...|...|...|...|..._: 200__ gx—1mA_mH_m
D 60 80 100 120 140 160 180 200 220 240 260 280 _I L1 | 1 11 | 1 11 | | I | I | I I | N I | | | I I | | | I I | | |-
Mpp [GeV] 100 200 300 400 500 600 700 800 900

m, [GeV]
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https://doi.org/10.1007/JHEP11(2021)209

tbH*(tb)

* re-interpretation of general 2HDM search by rescaling exclusion upper limits.

* Event topology:

 1lepton + > 5j + > 3b to target semi-leptonic decay of one of top quarks

* A Neural Network used to enhance discrimination between signals and

bkgs.

* Dominant background estimated using data-driven technique.

* Fit to data performed on NN distributions.
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| ! ! l
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==
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gy _l_r—l_l_
| 1 | : 1 | | I | | I | | 1 I | | b_
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NN output
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1

NN output

JHEP 06 (2021) 145

28 jets

L arXiv:i2102.10076

L L R
sin #=10.35
tan =1

- = Expected —

— Observed
Expected +1o
Expected +2o

| |

600 700 800
a mass [GeV]
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I t - Channels VBF ZH goF
n p u Ove rVI eW Trigger E%niss Lepton(s) Photon
Photons =1, Cy > 0.4 = ] > 1
VBF channel ErJc 82 (2022) 105 E2 [GeV] e (15, max(110,0.733 X my)) S 25 > 150
EMiSS [GeV) > 150 > 60 > 200
Jets 2 or 3, mj i > 250 GeV, |A771'11'z| >3 <2 <1
Y nj, My, <0, A8 <2,C; <0.7
Leptons =0 (e, u) =2, SFOC =0 (e, u, 7)
 H mee € (76,116) GeV
Yd e A L | | ]
o0 - ATLAS Post-fit -
& 10° L Ys=13TeV, 139 b’ o
= = B(H—yy ) search 3 Uncertainty
% Topolo 2 . E . | siong
- . i trong Z+y
< p gy . LLl : :\ @ . . EW W+}/
: miss 10 = ) Strong W+y
@ 1photon, 2 or 3 VBF jets, L. . T
\\\’\\\ - -y+jet . .
@ Lepton (e, u) veto *‘ 1 oy No significant
- ' ] deviation from
° : : - jet— o
* Background estimation S L * b .- 5,009 SM prediction.
: : - .+ DIEEEEEEE 0 . H500(B,, =0.01)
@ W(— Cv)y+ jets, Z( — vv)y + jets, 5 , "
R ____ INESTINE EEEL. ST s L .
and e-fake }/ from Control regions (CR) 5 1.4 -@- Data/Post-fit *\\" Uncertainty = Pre-/Post-fit ! + i
= 1.2F p— =
@ jet-fake y from data-driven. = 08 * ; ¢ 5 ¢ + ;
' R W 276 50730 200 350 150000 90 130 200 350 7800 M7 [GEV]
a/reuecéu CR “v CRfeve,, Ch SR mjj<1 TeV SR mjj21 TeV

% Fitto dataonm; ;. my(¥, E{mss) bins in

SR and 4 CRs.

ma(, BR™) = |[2ELBR™ [1 = con(, — gen)] Comewp | = ot (m= 225

(773'17—773'2
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Input overview

VVBF channel erJc 82 (2022) 105

“ Topology:
@ 1 photon, 2 or 3 VBF jets, Eg’i”
@ Lepton (e, u) veto

“ Background estimation
© W(— vy +jets, Z( — wv)y + jets,

and e-fake y from control regions (CR).

@ jet-fake y from data-driven.

< Fitto dataonm; ; , my(y, E%niss) bins in

SR and 4 CRs.

Channels VBF ZH goF
Trigger E%n Iss Lepton(s) Photon
Photons =1, Cy > 0.4 = ] > 1
E% [GeV] € (15, max(110,0.733 X m)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 2 or 3, mj i > 250 GeV, |A771'11'z| >3 <2 <1
N, Mjy, < 0 Agj, 5, <2,C < 0.7
Leptons =0 (e, p) =2, SFOC =0 (e, u, 7)
my, € (76,116) GeV
g‘ 1 O § | 1 1 | | I | I I 1 | | I E
— - — Observed ATLAS -
e Expected Vs=13TeV, 139 fb" -
,T 15 W Expected £ 1o Limits at 95% CL —
= Expected + 20 VBF Higgs couplings =
L E i o5 with B(H—vy )=0.05 995 FPEPINS n
m —_
< 107 =
LL — -
o0 - -
> B _
© - _
102 _ =
= m,; = 60 - 2000 GeV
- m, =0GeV
Vd
10—3 — 1 1 o0 1 1
10 10°

m,, [GeV]

** For this combination,

® ggF process contribution included for BSM Higgs decay search.
® Extend H mass to 3 TeV.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

I t - Channels VBF ZH ggF
n p u Ove rVI eW Trigger EmSS Lepton(s) Photon
Photons =1,C, > 04 =1 > 1
/H channel JHEP 07 (2023) 133 EY [GeV] e (15, max(110,0.733 x 7)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 2o0r3,m; ; >250GeV, ‘AU./']./F’ >3 <2 <1
N n;, <0,A¢;  <2,C; <0.7
Leptons =0 (e, p) =2, SFOC =0 (e, u, 7)
my, € (76,116) GeV
%1010%;411"[.)\&'””' |||||§
D 10°EVs=13TeV,L =139 fb" =
10° -SR, ee+up, Post-fit =
7 — miss —
‘:‘ TOpOIOgy 106 ?é%i =t|:fzi§iyssTinglet _%
: miss 10" mmey —tf
@ 1 photon, no more than 2 jets, k. 105 - D 1H. VH =+ ZHrY)
mm. ZH(Wd) 20 GeV ZH(yyd) 40 GeV
: 10% & %% SMtotal _ : . -
® 2 _sa!’ne—ﬂavour, (_)ppOSlter charged (SFOCQC) leptons o BDT classifier response No significant
within Z mass window e deviation from
. . . 10 SM prediction.
“ BDT applied to enhance signal-bkg separation. 1 P
9 : - 107"
% Bkg estimation

—
<
[\

O IrredUCibleVV}/frOmadedicatedCR_ e e b e e b e b e L L Ly

|IIII

@ Major Zy + jets, Z + jets and e-fake y from data-driven

Data/Bkg
on

1 ;Hﬁ.ﬁ,‘ﬁ.ﬁH.HH+HH+HH+;§/,%//§/,§;/WMW
 Fit to data performed including SR (binned by BDT) and Y fi

VVyCR. e 1

0 01 02 03 04 05 06 07 08 09
BDT classifier response 38


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/

I t = Channels VBF ZH ggoF
n p u Ove rv' eW Trigger ESS Lepton(s) Photon
Photons =1, Cy > 0.4 =1 > 1
ZH channel JHEP 07 (2023) 133 EY [GeV] e (15, max(110,0.733 X my)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 2 or 3, m; i > 250 GeV, |A77j1_/3| >3 <2 <1
My, "M, < (_)’ Ac'b./'l‘/z <2 C./} <07
Leptons =0 (e, u) =2, SFOC =0 (e, u, 7)
Mpp c (76, 116) GeV
2 _
& Tonolo o 10— ATLAS 1 — Observed
* o~ — — .
pology | - £ i Z_;STeV,L_Bbe - Expected
@ 1 photon, no more than 2 jets, E. = gl 4 Hom, B Expected + 1o
® 2 same-flavour, oppositely charged (SFOC) leptons 02 i _ 195 GeV Expected + 26
within Z mass window - oL My = ©
E ~ m, =0-40 GeV
< BDT applied to enhance signal-bkg separation. 5 B
3 il
O
(@)

* Bkg estimation
@ Irreducible VVy from a dedicated CR.
@ Major Zy + jets, Z + jets and e-fake y from data-driven

 Fit to data performed including SR (binned by BDT) and
VVy CR.

OIIIIII | | |
10~ 1

10 m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/

Channels VBF ZH goF

I |
n p Ut Ove rVI eW Trigger L’%m Lepton(s) Photon

Photons =1, C}/ > (0.4 = ] > 1

ggF channel EY [GeV] e (15, max(110,0.733 x 1)) > 25 > 150
ET™ [GeV] > 150 > 60 > 200
Jets 20r3,mj ; >250GeV, ‘AU./]./R’ >3 <2 <1
y i 1, < 0, A(,/S./-l./-2 < 2, C./-3 < 0.7
Leptons =0 (e, n) =2, SFOC =0 (e, u, 1)
H my, € (76,116) GeV
2 L R L B
},d CIC) 8 ATLAS ] Z(vv)y | [ ]Fakey (e)
5 U E ls-13Tev, 139"  EDFakev(en  EEWvy
107 &= Post-fit, SR B et £y
’ #4444 SM Total ® Data
. 10° . .
* Topology 5 Signal (ggF+VBF) Hyy :
. - 0= m, =400 GeV ==+ m, =800 GeV
® Atleast 1 photon, max 1 jet, large £ ) " "
10" 5. e : - m,=15TeV ="=-m,=3.0TeV
3 E ®
N . Y o
® Lepton (e, jt, Ty,q) Veto 102 e hARNINNS No significant
10 deviation from
< Background estimation 0 T —— : SM prediction.
15_, ,,,,,,,,,,, L RO I TULE - :' """""""""""""""""""""""
® True photon bkgs: Z( — vv)y, W( — £v)y and o1k |
E :
Z( — )y from dedicated CRs. 02k

® e-fake y and jet-fake y from data-driven.

Data / Bkg

% Fit to data performed including all SR (binned by E") O:{W///////////////////%//////////////é
and CRs. 08_ :
@ Including both VBF and ggF processes. 200 250 300 350 400 450

ET® [GeV] 40



Input overview i s

Photons > 1
ggF channel EY [GeV] - 150
EEPISS [GCV] > 200
Jets <1
4 Leptons =0 (e, u, 7)
__H_
Va = -
- ~ S CE)bser}t/eéj ATLAS Prellmlnary
- | - - - Expecte _
’:’ Topology C)D( B Expected + 1o G — 13 TeV, L=1 39 fb 1
| o - e (9gF+VBF) H—yy
® Atleast 1 photon, max 1 jet, large £ § 10-1 — ‘
£ =
@ Lepton(e, u, t veto = —
pton (€, 41: Thaa) 3 F m,, = 400 - 3000 GeV
: . P -
< Background estimation L0 m, =0 GeV
-2 |—
@ True photon bkgs: Z( — wv)y, W( — £v)y and 10 =
Z( — )y from dedicated CRs. -
@ e-fake y and jet-fake y from data-driven. e - — e o=
107° — e
< " I I I miss :I R N KN SR NN SR MR NN SR SN SN SN NN N |h.i:>‘-. R TR T T NN T SR R S N
% Fit to data performed including all SR (binned by E™) 500 500 500 5000 5500 2000
and CRs. m,, [GeV]

@ Including both VBF and ggF processes.



Stat. combination

Systematic uncertainty correlation

) X4

L X 4

Uncertainties from luminosity, pile-up modelling are correlated.

Experimental uncertainties: correlated where appropriate, exceptions are:
® Uncertainties related to same objects but implemented with different schemes among input channels (e.g Jet-Energy-Resolution).

® Uncertainties heavily constrained or pulled in original input analyses.

Background modelling uncertainties

® Uncorrelated since bkg composition and phase space are different.

Signal modelling uncertainties

® Stemming from choice of parton distribution functions and QCD calculations; minor impact on final results; uncorrelated.

42



Stat. combination -- SM Higgs

Uncertainty source AB,:oup/ ABiotall Te]
Theory uncertainties 49
Signal modelling 2.2
Background modelling 47
Experimental uncertainties 63
Luminosity, pile-up < 0.1
Jets, Ex 40
Electrons, muons 11
Fake background 35
MC statistical uncertainty 36
Systematic uncertainties 75
Statistical uncertainty 66
Total uncertainty 100

“* Comparable impacts from Syst. and Stat. uncertainties.

< Leading syst. uncertainties from bkg modelling, Jets, E%’iss
Fake bkg and MC stat.
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Stat. combination -- BSM Higgs

Uncertainty source AByroup/ AByotar [Te]
my [GeV] 400 800 1000 2000 3000
Theory uncertainties 30 27 28 40 35
Signal modelling 2.2 4.6 5.2 6.9 2.0
Background modellin 30 27 27 38 34
Experimental uncertainties 64 51 45 37 41
Luminosity, pile-up 4.6 2.6 2.9 2.8 2.3
Jets, ES 22 12 11 13 14
Electrons, muons 20 23 18 13 14
Fake background 52 41 33 25 29
MC statistical uncertainty 20 17 19 19 23
Statistical uncertainty 75 84 87 83 86
Systematic uncertainties 67 S5 49 53 52
Total uncertainty 100 100 100 100 100

% Stat. uncertainty dominant at higher H masses.

 Leading syst. uncertainties from fake-bkg estimate and bkg
modelling. Others share ~20% impact each.



