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* Existence of dark matter (DM) supported by many pieces_of evidence _
* Galaxy rotation , gravity lensing, bullet cluster, cosmic microwave background, contradictions in MOND, so on \

’ \ .
DM makes up most of our universe — its® nature remains Iargely unknown

* Major effort in nowaday?study fo\' new phy5|qs
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https://sci.esa.int/s/AMKvlVW
https://arxiv.org/abs/1305.1605
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- Particle ; Dark Matter Searches at ATLAS

Colliders
SM DM
Oy
ATLAS Detector
- SM SM
i
.................... General-purpose detector

e Designed for p-p collision at LHC ' ‘?-iDM

; \ -t ‘u‘

e Inner Detector, calorimeters ' DM";; .

iy and Muon spectrometer 3 Ej% -

Detection of Dark Matter

DM invisible from detector: ETSS

-
&

— Detect from recoil of visible particles
—> Detect from resonance or unusual signature
If nothing detected: exclusion limit is set



Combination of searches for Higgs boson decays into a

photon and a massless dark photon using pp collisions at
Vs=13 TeV with the ATLAS detector

JHEP 08 (2024) 153



https://link.springer.com/article/10.1007/JHEP08(2024)153
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Dark Photon

e U(1) extension to SM and focus on kinetic mixing of dark gauge boson (dark photon) with SM
* Allowing massless gauge boson and other mass mechanism besides Higgs mechanism

I nl4 1 LV I
L= Ly + P Fy, + 2F"F, +mj,AYA,

* Widely studied by direct detection and fixed target experiments

e Collider experiments provide unique channel to search for dark photon: through Higgs coupling

Visible Visible



https://arxiv.org/pdf/2005.01515.pdf

Dark Photon Searches at ATLAS

» 3 |atest ATLAS searches for massless dark photon with Higgs coupling

Main Production Mode Ref.
ZH Analysis /H JHEP 07 (2023) 133
VBF Analysis VBF Eur. Phys. J. C 82 (2022) 105

Mono-y Recast ggF ATL-PHYS-PUB-2023-003



https://doi.org/10.1007/JHEP07(2023)133
https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
http://cds.cern.ch/record/2851415

Vs=13TeV,L =139 fb"
SR, ee+upu, Post-fit

e Data [ Fake ET*
vy [ tiiT+y/single t
.oy = wy
[ ttH, VH ----ZH(YYE‘)
mess ZH(wdj 20 GeV ZH(YY“) 40 GeV
%44 SM total

Topo: 1 photon (25GeV), 2 lep (Z mass window), <=2 jets, MET (60GeV)
Main background from leptonically VVy and fake MET

Fake MET estimated by data-driven; syst in leading rank

BDT enhance S/B combining MET significance, mT, m_Il, pTgam, so on
VVy estimated with MC and controlled using dedicated CR

Good sensitivity for SM H to dark photon while still statistical limited

02 03 04 05 06 07 08 09 1
BDT classifier response

Observed(expected) 95% CL limit: BR(H->yyd)=2.3%(2.8%)


https://doi.org/10.1007/JHEP07(2023)133
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Dark Photon Signature in Mono-photon Recast

ATL-PHYS-PUB-2023-003
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Signal (ggF+VBF) Hoyy

====m, =400 GeV =----m, =800 GeV

m,=15TeV =---m,=3.0TeV

4(miss reco)

Topology: >=1 photon, no lepton, <=1 jet (30GeV), MET (200GeV)
Photon trigger at relatively high ET (g140)
Main background from Z(vv)y, W(ll)y, y+jets and e/j fake photon
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Real photon: Z(vv)y dominated. Esti. from MC and control w/ CR

Fake photon from data-driven and related syst leading rank

Good sensitivity in BSM heavy Higgs to dark photon up to mH 3TeV
Mono- y (y+MET) recast


http://cds.cern.ch/record/2851415

Topo: 1 photon, no lepton, >=2 jet, MET(trig)
Main bkg from WYy, Zy and fake photon
Strong/EW-induced Vy controlled with CRs
Fake photon related uncertainty dominates

Good sensitivity in both SM and BSM Higgs

Dark Photon Signature in VBF channel

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

ATLAS

Ys=13TeV, 139 fb™

B(H—vyy ) search
LF :

Post-fit

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

Dark Photon Combination

* Orthogonal analysis channels allows maximize the sensitivity though stat. combination

* Negligible little overlap due to different definition of object (e.g. EMTopo/Pflow jet, JVT, ...)

Main Production Mode

SM Higgs?

BSM Higgs?

ZH Analysis ZH Y \
VBF Analysis VBF % Yy
Mono-y Recast ggF \ Yo

Channels

Trigger by
Photons

EY [GeV]
EMSS [GeV]

Jets
Leptons

Discriminant

BDT score and 1 CR

Channels

Trigger by
Photons

E%' [GeV]
EMSS [GeV]

Jets

Discriminant

EJ[}]]SS

1

€ (15, max(110,0.733 X my))
> 150

2or3,m; ; > 250GeV
JAT]J'LJ.'Ql >3, |A¢j|j2| <2

0 (e, ,u:I-

m;; and my in SR and 4 CRs

Channels

Trigger by Photon
Photons > 1

EY [GeV] > 150
EPSS [GeV]. > 200

*
B Jets <1

Leptons 0 (e, u, 7)

. .. JIMisSs
Discriminant Eg



Latest ATLAS constraint on Dark Photon

ATLAS —— Observed limit (95% CL)

Expected limit (95% CL)
Vs =13TeV, 139 fo”’ 0 Expected limit +10
[ Expected limit 20

CMS
ZH channel _ ) 4.6 (3.6) (74
VBF channel _ . 3.5 (28) %
Combined _ _ 2.9 (2.1) %

4 5 6 7 8

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



Latest ATLAS constraint on Dark Photon

ATLAS —e— Observed limit (95% CL)

—e-- Expected limit (95% CL)
Vs =13TeV, 139 fb" [ Expected limit +10
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MmO X 7 - EXPERIMENT

*:..l Search for d atter produced in association with a
| dark Higgs boso '_~_Lll the bb final state using collisions
N 3TeV with the ATLAS detector

ATLAS-CONF-2024-004
2407.10549



http://cds.cern.ch/record/2893855
https://arxiv.org/abs/2407.10549

Higgs Mechanism in Dark Sector

* Explain the mass of DM with Higgs mechanism in dark sector: spontaneously broken U(1)’ gauge symmetry

« Majorana DM Y interacts with SM via spin-1 mediator Z’ and a singlet

* Mixing of dark Higgs

* New annihilation channel to SM open up (xx —

under U(1)’

and SM Higgs h : detectable decay as s = bb, s = VV depending on mass

— SM): prevent DM Relic Density (Qh?) over-production

* 4 parameters of interest and new scan method with Qh? fix at 0.12 (assuming all DM from this mechanism) [2]
* First time directly require Qh? condition in collider DM search

Lx = =9q Z’“‘q"yp,q
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Parameter Explain
mass of Dark Higgs
mass of DM
mass of heavy mediator

coupling in dark sector
between s, X, Z’
coupling with SM: q<->Z’
fixed 0.25 as benchmark
mixing angle of
SM Higgs<->dark Higgs
fixed according to [I]
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https://arxiv.org/pdf/1701.08780.pdf
https://arxiv.org/abs/1807.06209
https://ned.ipac.caltech.edu/level5/Kolb/Kolb5_1.html#Figure%208

Overview of Mono-S(bb) Analysis ‘

« Search for dark Higgs boson with bb + ETSS signature
* Probe ETS down to 200 GeV and my,;, down to 30 GeV
* Resolved/boosted topology reconstructed depending on MET

EMiss > 500 GeV R=1.0jet

X S
DL1r @ 77% on DXbb @ 50% on —— —@"b
2 VR* of the RC jets RC* Large-R jet X Z’ b

Merged Topo.

DL1r @ 77% on 2 Small-R PFlow jets 200 GeV < EMS$ < 500 GeV

150 - 200 X S b )
@=L R=0.4 et
X7~ 7 b

Further split into

> md ) [Gav]  MET bin [GeV] Resolved Topo.

*VR: variable-radius track jets *RC: reclustered large-R jets




Overview of Mono-S(bb) Analysis

Search for dark Higgs boson with bb + EFYSS signature
Probe EISS down to 200 GeV and my;, down to 30 GeV
Resolved/boosted topology reconstructed depending on MET

Background from W+jets, ttbar (7 not vetoed) and Z+jets (Zvv + bb)
» Different composition in MET regions
* Estimated from MC and normalization fitted to data in 1-muon and 2-lepton control region

150GeV<MET<200GeV MET>750GeV

Zbb W(tv) + jets(bb) Z(vv) + jets(bb) 77 i




Analysis Selections

Resolved Merged

0/1 —IL‘.]J[{'} : * esc ,F_-‘Tn“ [r]gg\ 'S

2-lepton: lowest unprescaled single-lepton triggers ‘ Lep’ron Tr'igger' used in CR
O-lepton: veto on baseline electrons, muons

Lepton multiplicity I-lepton: exactly one signal u

Trigger

2-lepton: 2 baseline e or u, exactly 2 signal e or u with opposite sign
Z mass window 2-lepton only: |m, —m,,| < 10 GeV
T vetoes veto on baseline 7 leptons & extended 7-veto
min; ey, 53y AG(Er ", J) > 20° ‘ QCD veto
Jet multiplicity 2 < Ngiit <4 NiargoR jcts = |

small-R jets =

h—tapoe _ T ~ . e . - ~
j7 SRS =2 leading large-R jet Dy, -tagged (m ;>50Ge

| .
b-tag multiplicity small-R jets e ' B-tagaing strate
NP~ tageed =2 (m ;<50GeV) ‘ 99'ng gy

asso.VRTrk. jets —
Non-associated b-jet veto N e =0 ‘ TOP veto
O-lepton: & > 12
E™ significance I-lepton: Syep inyis. > 12

2-lepton: Si.pinvis. > 12 & S <5

mp " > 170 GeV

mPm 5 200 GeV
E™S and S(bb) recoil 0.7 < E™/ps(jj) < 1.3 0.7 < ET™ pp(J) < 1.3 By Optimized for back-back topo.

Boosted decay 2m,/pr(J) < 0.6 Signal topology with varying mass
EF™ 150 < E3™ < 500 GeV EF™ > 500 GeV g pology Y3

T('}p -1Nass proxy



“Novel Analysis Techniques in Merged Region

Jet reconstruction at low mass is challenging standard large-R jet is NOT supported for mJ below 50GeV
Jet mass well-defined: calculated from calibrated input jets and systematic uncertainty propagated

High efficiency discriminating Hbb v.s. Top/QCD and mass-agnostic design applicable in a wide mass range
Calibrated using Zbb (signal jet efficiency) and semi-leptonic ttbar (background jet efficiency)

ATLAS Boosted Xbb jet tagging (DXbb)

ATL-PHYS-PUB-2020-019

ATLAS Simulation Preliminary
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Preselection:
Iml<2.0

p} >500GeV

76 <m;/GeV < 146

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Higgs Efficiency

N B

Ratio to MV2
== N

DXbb v.s. 2 single-b jets tagging



¢ Data SM Vh

Diboson W+jets

i [ single top
miss
500 <E; " <750 GeV Z+jets Uncertainty

Background-only Fit Pre-fit Background
Dark Higgs s(bb)
gq=0.25,gx=1.0
m,.=3000 GeV,my=200 GeV
ms =130 GeV
mg = 50 GeV(x0.5)

\'I\ T 1 1] DarkHiggs model
\k\\\XXB_\\\_\X&&_\_\\_\\\* éHEP 1704 (2017) 143

- Scenario 1

9q=0.25, gy =1

sin =0.01, m, =200 GeV

—— EP'**+VV(qgaq)
PRL 126 (2021) 121802

Events / GeV

Vs =13 TeV, 140 fb~!

Limits at 95% CL

—— Observed
Expected

EF'*® + WW(qgev)
JHEP 07 (2023) 116

ETiS 4 b

§ 'g l

1 I T T 1 I T T 1 | 1T 1

| | | | | | | I | | 1

- Thermal Relic Density

—
mz [GeV]

Excluded dark Higgs mg < 150 GeV and m,, up to 3.5 TeV
Complete mass scan from 400GeV to 30GeV

LI ‘ T

‘II\I),II\I'

Data / Pred

1 1 | 1 1 |
500

No significant derivation from SM




Impact of Systematic Uncertainty

Selected Signals . . Fraction of total uncertainty [Yo]
Source of uncertainty

(a) ()
Signal modeling 0 1 0
Z+jets normalization 41 11 11
W+jets normalization 8 13 13
tt normalization 1 7 8
Z+ijets theory 16 24 25
W+jets theory 8 12 9
tt theory 3 8 11
Other background theory 10 16 22
MC statistics 15 17 18
Flavor tagging 18 47 37
Jet energy 3 7 11
Other experimental 2 4 3
Total systematic uncertainty 66 63

| ;‘0'06' '1'5'0'0' '2'0'0'0' 25'00 3000 3500 4000 Data statistical uncertainty 82 75 77

m,. [GeV] Total uncertainty 100

ET + bb, Scenarlo 1
Limits at 95% CL

Observed Limit
= = Expected Limit

165

2 G4y
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Thermal Relic Density
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Latest Collider Constrain on Dark Higgs

Relic density compatible setup (Qh% = 0.12

7IIII|IIIIIIIII Illllllllllllllllll ;1800_IIIIIIIIIIIIIIIIIIllllllIIIIIII]IIIIIIIIIII
- ATLAS — Observed Limit - ATLAS = Observed Limit

O
- Vs=13TeV, 140 fb" = = = Expected Limit G,1600 [~ ys =13 TeV, 140 b = = = Expected Limit
— ET*° + bb, Scenario 2 £100p S 1400 [ ETS 4 bb, Scenario 3 100

Limits at 95% CL Limits at 95% CL 12 6oy
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Scenario2 (m, = 900GeV) Scenario3 (mg = 70GeV)
Excluded m,, up to 4.1 TeV Excluded m,, up to perturbative limit
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Summary

* Recent combination of dark Photon and search for dark Higgs at ATLAS reported

* Combination of dark Photon searches with VBF+MET, ZH and mono-photon signatures
* Best collider constraint from LHC on SM Higgs decay to photon and dark photon

* Strongest exclusion of BSM Higgs coupled to dark photon: mass up to 1.5TeV

» Search for Dark Higgs in bb+MET final states using full Run2 data

* Coherent relic density with cosmology and complete the scan of scalar mass in 30-400GeV
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* Enabled by novel ML-based mass-agnostic Xbb tagging and low mass boosted jet

ATLAS Online Luminosity
2011 pp Vs=7TeV

— 2012pp s \
2015 pp

— 2016 pp

— 2017 pp

— 2018 pp
2022pp {s=
2023pp {s= e
2024pp {s=136Te

N
o

—
(o]
(=]

« Still a lot to fully understand the DM but progressing + promising!

Delivered Luminosity [f
N P o)) o
(=] o (=] (=)

o

oct
Month in Year

Stay Tuned! e luminosity, Less the dark!


https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/PublicPlots/2024/DataSummary/figs/intlumivsyear.png
https://doi.org/10.1016/j.scib.2024.06.003
https://arxiv.org/abs/2407.10549
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1401.6085
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https://arxiv.org/abs/1401.6085
https://arxiv.org/abs/1506.03116

DXbb tagger [ATL-PHYS-PUB-2020-019]
Deep Neural Network based Xbb tagging
Hbb(mass-agnostic) v.s. QCD v.s. Top

—— oy,

2nd yvertices. 4...4.

Subjet (x 3) DXbb algorithm

b ~

Largqﬂ{qt_
ot °| Beke

PHiggs
D = In — =

ftop *Prop T (I- flop) * Pmultijet

Boosted Xbb tagger in ATLAS

Unit Normalized

o

o

=
=)

ATLAS Simulation Preliminary
Vs =13 TeV

fJT g 2P eeY —— Multijet
nl< <. . i .
76 <m;/GeV < 146 Higgs matched jets

—— Top-matched jets

N

225 0.0 25 50 75 100
Dxbb, Ictop =0.25

Updated! GN2X tagger [ATL-PHYS-PUB-2023-021]
Transformer based Xbb tagging
(New analyses coming soon!)



https://cds.cern.ch/record/2724739/files/ATL-PHYS-PUB-2020-019.pdf
https://cds.cern.ch/record/2866601/files/ATL-PHYS-PUB-2023-021.pdf

,—‘w

Dark Higgs

Relic-coherent 3-D Parameter Space

How relic density used to reduce parameter space of DM model

Reco Analysis Result

Set the final exclusion limit

ATLAS —— Observed Limit ATLAS —— Observed Limit
Vs =13 TeV, 140 fb” = = = Expected Limit Vs =13 TeV, 140 b’ = = = Expected Limit
ET** + bb, Scenario 2 11000 ' ET™* + bb, Scenario 3 16,

Limits at 95% CL 42 0o Limits at 95% CL 12 Ogep

20
2000 2500 3000 3500 4000 4500 5000 5500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
m,. [GeV] m,. [GeV]




ATLAS

EXPERIMENT

Run: 283780
Event: 694330347
2015-10-28 05:33:39 CEST
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Channels

VBF

ZH

Trigger
Photons

E] [GeV]

Ellll_li:-;:-; [GPV]

Jets

Leptons

Emiss

=1,C, > 04

€ (15, max(110,0.733 x my))

> 150

20r 3, my ; >250GeV, [An; ;. [ >3
My "M, < 0, Agy 4 < 2,0 <0.7

=0 (e, pu)

Lepton(s)
=1
> 25

> 60
< 2

= 2, SFOC
my € (76,116) GeV

Photon
> 1

> 150

> 200

<1

=0 (e, p, 7)

Disc. variables

Reference

m;; and my in SR and 4 CRs
[34]

BDT score and 1 CR

35]

Ellll.lll‘it‘i
[36]

Processes considered

in the combination

Combination scenario

VBF, ggF

SM, BSM

ZH

ggl, VBF

BSM




L~p-H'S Sp+hc EWSE 20

p:mass parameter SL:SI_.I(E}L doublet IVI i n i m a I IVI Od e I fo r Da rk P h Oto n

H—yy Observed 95% CL
d

VBF-ZH combination

H—inv Observed 95% CL

PLB 842 (2023) 137963

H—vyy ATLAS measurement

+0.022,
BR(H,p5—77) = 0.247"00%%,

Nature 607 (2022) 52

4

,-" ATLAS
Vs=13TeV, 139 fb" < BR(Hp5—77) = 0.227%
Dark Photon Minimal Model arXiv:1610.07922
my =125 GeV, y = +1

H—yy SM prediction
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Statistical Combination

L(,u, 5,?) = 1_[ Pois(Nl- | usi(é) +yibi(§)) X %6—92/2 X 1_[ Gauss(,[?i | yiﬁi,M)

0co [Ebins

Combined Fit Model Maximum Likelihood
Combined data Fitting

Technical improvement: Cl/CD based automatic workflow

Fitting model I

-

u 0,y

Analysis

Reco. & Sel.

@ means correlated, © means partially correlated.

. VBF ZH ggH(monophoton)
Recast method for analysis Wil.“”
preservation/reuse s

JER
INT
EG Resolution and scale

Systematic uncertainty correlation carefully handled:
Correlate only when from same source and recipe and no
obvious pull/constraint in different phase spaces

EL ISO/RECO efficiency
EL ID efficiency
MET

MUON ISO/RECO efficiency
MUON ID/MS/SAGITTA/SCALE
Flavor tagging

MC Stat
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Dark Photon Signature with BSM Higgs Coupling

ATL-PHYS-PUB-2023-003 Eur. Phys. J. C 82 (2022) 105

_‘(-2 LI L L R L L R R DY I L L L AN L R R AL I | C T T T T T T T T T T T T T T T T T T T T T T
= - Z(Il) jet = .
:>j 10° %‘i‘ﬁgSTg’\;eltrqugw % W(I\:!)y E ]?;I—w a8 A TLAS Post-fit . —e- Dat
107 - Post-fit, SR Qe Bz o 10° b Ys=13TeV, 139 b 4
] ol otal _E B(H_)'Y'Y ) search E AN Uncertainty
105 Signal (ggF+VBF) H—yy ) &M » ! - EW Z+y
10 ceem, = 400 GeV =+== m, = 800 GeV 0l | B Strong Z+y
-------------- my=15TeV ====m,=3.0TeV 10? _ -gr’r\;nv;v}; )
: 3 +
3 3
10 / LA S S JPITOITTrr z . - r?y/v vy
10 S == i i y+jet
10 : | Il e—y
B e 10 CHEE D 3 jet—=y
9 . : _____ jet—e
10 - . . . - = = H125(8,, =0.02)
= i 1 DU H500(B,, =0.01)
= | | r | | E 1E g
g 1'45_ _5 = b :i iy ; - '
% 1.2 - 14E -®- Data/Post-fit » Uncertainty = Pre-/Post-fit + =
- y @) = ) =
QB A 2 12 — =
0.8 E C o08E ¢ E
0.6 = 06F E : =
200 250 300 350 400 450 o w w 2}0 90 130 200 350 1500/0 90 130 200 350 1500 mT [GeV]
miss ¥ >
ET [GeV] ake‘e Cf}l CF? “y CF?RGV.QQQ C)"? SR m”<1 TeV SR m“21 TeV

Mono- y (y+MET) recast VBF channel



https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
http://cds.cern.ch/record/2851415

Dark Photon Combination: Uncertainty

Uncertainty source

AB group / ABtotal [070]

Theory uncertainties
Signal modelling
Background modelling

Experimental uncertainties
Luminosity, pile-up
Jets, EXSS
Electrons, muons
Fake background

MC statistical uncertainty

49
2.2

47

63

40
11
35
36

Uncertainty source
my; [GeV]

400

AB group/ AB a1 [%o]

800

1000

2000

3000

Systematic uncertainties
Statistical uncertainty

75
66

Theory uncertainties
Signal modelling
Background modelling
Experimental uncertainties
Luminosity, pile-up
Jets, EX
Electrons, muons
Fake background
MC statistical uncertainty

30
2.2
30
64
4.6
22
20
52
20

27
4.6
27
51
2.6
12
23
41
17

28
5.2
27
45
2.9
11
18
35
19

40
6.9
38
37
2.8
13
13
25
19

35
2.0
34
41
2.3
14
14
29
23

Total uncertainty

Statistical uncertainty
Systematic uncertainties

75
67

84
55

87
49

85
53

86
52

Total uncertainty




my [GeV]
400
600
800

1000
1500
2000
2500
3000

gok [Yo]

8.15
9.05
3.21
1.63
0.50
0.22
0.10
0.04

200 < EM < 250 GeV

VBF [%]

4.30
4.95
1.96
1.24
0.38
0.21
0.09
0.08

Dark Photon Combination: Acceptance

EPS < 300GeV | 350 < EM < 375 GeV
VBF [%]

0.49
9.10
3.27
1.72
0.69
0.33
0.18
0.11

gob [ Y]

0.04
7.74
15.4
5.92
1.65
0.67
0.35
0.19

VBF [%]

0.05
5.44
9.39
4.01
1.33
0.69
0.41
0.29

ET > 375GeV

golb | Y]

<0.01
0.35
15.6
29.4
33.3
32.7
29.6
28.9

VBF %]

<0.01
0.53
10.5
21.2
30.0
34.3
38.0
39.6
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