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Dark-Matter:

-> Indirect evidence through gravitational effects
-> Standard Model: lack of valid candidate
-> BSM theories: postulating additional particles: e.g. WIMPs

Searches for Dark-Matter:

-> DM escapes detector
-> If visible radiation: Missing momentum
-> Search for X + E{Miss
-> X = jets, photons, vector bosons

This talk: X = dark-Higgs s — hh — 4b

Evidence for dark matter: the Bu//t Cluster.
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Simplified Models:

-> Introduce single Z' between SM and DM
-> Strong experimental constraints

-> Small coupling to SM 5
_ ark va Standard
-> DM overproduction Matter Model

Mediators

Dark-Higgs Model:

-> Introduce U(1)' gauge group
-> DM mass generated by Higgs mechanism in dark sector
-> Two additional massive mediators: dark-Higgs and Z'
-> Weaker experimental constraints
-> Easier satisfaction of relic density constraints
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Interactions with Standard Model:

-> /' couples to quarks
-> Dark-Higgs mixes with SM Higgs:
-> Decay to SM Higgs, vector bosons or b-quarks

Dark-Higgs strahlung process.

' ' "m, =100 GeV

. . _ PP > XX m, = 70 GeV

Interaction in dark sector: or00f =025
-> Dark-Higgs strahlung: Z2'* - Z' + s S ootof

pp = XXxs

-> High chance of high E{™ss at high M. 0001l

-> Only slowly declining cross-sections I Rt

ey s . 500 1000 1500 2000 2500 3000
-> Expect sensitivity to high Z' masses s [GoV]

Dark-Higgs strahlung cross-section.*

* https://arxiv.org/pdf/1701.08780.pdf
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Previous Searches: 250} s
. " . C Dark Higgs model ]

-> Existing analyses for multiple channels: 2 e
-> s — bb: ATLAS-CONF-2024-004 B e roorer e
-> s — WW)/ZZ, DOI: 10.1103/PhysRevlett.126.121802 T el
Current best exclusion limits on dark-Higgs model

-> s > WW, DOI: 10.1007/JHEP07(2023)116 with high M.

Dark-Higgs decay branching fractions

Target for this analysis: s—hh
-> Dark-Higgs — hh -
-> First search for resonant di-Higgs + E{miss :
-> Four-b final state offers highest branching ratio T

100 200 300 400 500
dark-Higgs mass [GeV]

Dark-Higgs decay branching fractions.
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Kinematic Selection:

-> Reduce main backgrounds: semi-leptonic ttbar decays
-> Remove challenging multi-jet QCD background
-> Remaining main background: Z+jets, ttbar, single-top

Machine Learning:

-> Use full power of kinematic differences between signal and background
-> Generalisability: Only one network trained for all signal points
-> Physical Interpretability: Decouple output-score from M,

Fit di-Higgs mass distribution:

-> Background estimation in dedicated control regions
-> Correct normalisation of SM processes in enriched regions
-> Compute exclusion limits
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Missing Transverse Energy Significance

; ATLAS VIUork in Progress t Data [ topEWl
1o nﬁ;;ﬁﬁﬁ;{;‘;ig&ﬂ BN tbartlight EEE diboson
nan Common Selection 0 ttbar+ > b [ triboson
B tthar+ > ¢ 1 vH
: . B singleto —— monoShh 1700 260
E miss Trl ggers : o cut [ Z_jncjtst i —— monoShh 500 360 |
T o el B W jets ]
-> Retain full efficiency: E{miss = 200 GeV g |
Kinematic preselection:
101
-> Njets 2 4 (= 3 b-tagged)

100 L

-> Select on S(E{™iss) and A@ of E{™iss and b-jets
-> Remove QCD multi-jet background

-> Select on my (transverse mass) of b-jets §
-> Reduction of ttbar background

Dominant Remaining backgrounds: oo N P M
-> ttbar, Z+jets and single-top PRS- H L | |

-> Multi-jet background negligible e
-> Fully MC based background estimation e moceTin At fow valuedue to GCD background, <
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-> If heeavy jet: assumed to be merged
-> Otherwise add untagged jet

102 L

. . Di-Higgls Mass . .
) ?TL%S_I_VJG{I;‘;ir}E_rogress I ttbar+light B singletop
107 V5= ev, 13 !
MonoShh Analysis B ttbar+>b [ topEW
Preselection I ttbar+>c¢ @ diboson
] ] 10°¢ E Wjets —— monoShh 1700 260 3
1) SEIGCUng Jets : 3 Zjets —— monoShh 500 360
> 104_ J
. . b}
-> Select four leading b-jets 9
. g 10°;
> If Nipe == 3
&
i

101 L

2) Higgs Candidates:
-> In case of heavy jet: o
-> Second candidate formed from other jets 210
-> Else: Bt
-> Pair jets by minimising max(ARyiggs-1, ARpiggs-2) et Tt iEiEEETeiecosiiie
0 200 400 y 6?%3\/ 300 1000 1200
3) D k H ) AR = Lorentz inv. angular Di-Higgs mass distribution after pre-selection.
arK- |ggs: separation of decay products

-> Reconstructed from two Higgs candidates
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Classifier only (NN score > 0.1)

Further background reduction using neural net ] ATLAS v
= 100 ___
Little mass dependence on signal-point o1 0 l|!||||||IIIIIIII :
. .. . ] DG e L) (| [
-> Single neural net training using all events 0 w0 e 0 w13

Mhh/GeV

Di—Hi%gs mass distribution

Dl‘nggS dlStrlbutlon: without decorrelation.

-> M,,, distributions of signal and bkg differ significantly With Correlation Minimisation (NN score > 0.1)
-> Observe strong sculpting when applying cut 01 | S aingeens
-> Lose benefit of fitting physical variable 2501 T
-> Solution: Add correlation term to loss-function: ekaround raecton 14
% 150 4 ATLAS Work in Progress
— & — N E 100
Total Loss = *lLBCE'(y,y)'+ (1 -a) *‘erHH,Y' N
Binary cross- Dista'nce- o
entropy for correlation 0 200 400 600 800 1000 1200
discrimination Mihh/GeV

Di-Higgs mass distribution with
decorrelation.
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Di-Higgs Mass

ﬁTLgST Workin Progress [ ttbar+light ~ [0 topEW

5= eV, 140 fb~! .

175} MonoShh Analysis 3 ttbar+>1, [ diboson
B

B ttbar+ = 1c [ triboson

Significance Signal 1 = 3.44 inalet
150} Significance Signal 2 = 4.67 B singletop 3 VH

Multiple bins in di-Higgs mass _ B Zjels  —— monoShh 1700260 |

I Wjets —— monoShh 500 360 |

-> Events with high neural net score

Evenis/40.0GeV

-> Good resolution of dark-Higgs mass-peak

-> Single SR definition for all mass-points

-> Physical interpretability of results g,
O W
100 Z(I)O 360 460 56—0 660 760 86{} 900

Myn/GeV

Prefit di-Higgs mass distribution in signal region
with two representative signal points shown.
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Neural-Net Output Score

10°

ATLAS flokinprogess — § Daia =3 iopE
.l MonoShh Ar;alysis I itbar+light di.boson
oo e =310t ar v
; . ., . 10 Sigicance Signal2 - 407 — sinang:t;pc —— monoShh 1700 260 1
Analysis region definitions: = s om0
g 1 «——— CRs —| VR SR
-> Based on neural network score £
-> Control regions (CR)
-> Correct normalisation
-> Validation region (VR)
-> Validate background estimation g -
® 0 b by } }
-> Adjacent to signal region (SR) 9
"%z """ AP T R

NN output scoré

Neural network score after pre-selection.
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s DifiggsMass
I ATLASWork in Progr_elss + Data [ topEW
I hﬁ:oéi}ﬁ'-\\:;alligigb I ttbar+light B diboson
20'_ Z+jets CR I ttbar+ > 1b 1 triboson ]
. . L B tthar+ > 1c 1 VH |
- . I [ singleto —— monoShh 1700 260 |
> Dedicated CR for Z+jets: _ == groeor T menos 1700280 |
. 515t W jets 1
-> Replace neutrinos by OS leptons g :
-> Two opposite-sign leptons + low E;™miss §
-> Three CRs for top related processes
nbjets
>4 ttbar + b-jets % |
8107
0ds 30 30 @0 S0 e 700 sl 900
MHHJ'"GBV
3 ttbar single-top Di-Higgs mass distribution in Z+jets CR.

+light jets + others

N
»

80 GeV 200 GeV me,mi n
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Post-fit Results

ATLAS Work in Progress ; \IIDVata'
Vi3 TeV, 1 7+Jets
| . 1o0- giio:;h‘ﬁ Anav = i e
Simultaneous fit in all CRs: = i
. ) . 800 = Zjets
-> Signal contamination neglected - e
o e
-> Normalisation parameters g o e
-> Correct for main backgrounds
400
-> Good post-fit agreement observed
200
=
0-
2.0
O 154
% 1.o-----I--------{--------1--------1-------l---
0 0.5-
0.0 r T r T r
CR 4b CR3bhighm2CR3blow m} CRZ VR
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pp—Z'—Z's (s—hhy, Z'=%Y)

-> Competitive sensitivity up to

< 550_
o _ o S [ ATLAS Work in Progress
Preliminary expected exclusion limits: & _ | (s=13Tev, 140 6™, All limits at 95% CL
-> Important systematics included [ -~ Expected it (+1.,,)
450—

-> 2200 GeV in M., sy
-> 410 GeV in M, ‘

350
-> Further optimisations still to be added [ Excluded
-> e.g. SR binning 300
_IllllIIII|-I‘I’\T‘,I|IIII|IIII|IIII
25gOO 1000 1500 2000 2500 3000 3500

m.. [GeV]

14
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A first search for a resonant di-Higgs + E{™ss signature was presented

-> Unique kinematics allow to reduce SM backgrounds
-> Machine learning is used to avoid sculpting of di-Higgs mass
-> Background estimation in dedicated control regions

-> Interpretation in terms of the dark-Higgs model

-> Stay tuned for unblinded results!
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Events/0.1

Signal/Bkg

107

106

10°

104

103

102

101

102

104

Pre-selection without QCD cuts

; ; ; Aq:)m'in . .
ATLASWork in Progr_elss 4 Data 1 topEW
h‘ﬂf;;gﬂ‘g;@i;‘b BB ttbar+light @B diboson
[ Common Selection I ttbar+ > b [ triboson ]
B tthar+ > ¢ — VH
I singletop —— monoShh 1700 260
i = Zjets —— monoShh 500 360 ]
[ W jets ]
. ]
P R R A R N

Aq}lnin

25

3.0

Events/0.1

Signal/Bkg

Pre-selection with QCD cuts

. . ; A‘pmin .
ATLASWork in Progr_elss } Data 1 topEW
] I\ﬁ:ojsig?raalligi{b BB ttbar+light EEE diboson 3
| S(MET) =1, mf]{‘mm> 20 3 tthar+ = b [ triboson ]
B tthar+ > ¢ 1 VH
I singletop —— monoShh 1700 260
i = Zjets —— monoShh 500 360 ]
W jets
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Variable

Cut Value

Pre-Selection

Mjets

Hleptons

(4,7)
> 3

Optimised selection

ET [GeV]
m%min [_GeV]
S (ETmlSS )

> 200
> 80

> 7

Variable Cut Value
Z +jets CR
Preselection Pass (except njepions VELo)
Ny 2
E%“SS |GeV | <75
EX7H [GeV] > 200
miss—,u / \/— > 7
my é"ég [GeV ] > 80
im,, —mz| [GeV ] < 15

tim _lukas.bruckler@cern.ch
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Variable Cut Value
3b low-m% . CR | 3bhigh-m% = CR | 4bCR
Preselection Pass

S(EDSS) (7,18)

m%b [GeV] (350, 800)
ARmin(b, b) |EXSS [GeV™'] > 0.001

NN output-score (0.35,0.85)

Np—jets == == ==
m%mm |GeV] (100, 200) (200, 350) (80, 280)
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Variable Cut Value Variable Cut Value
Validatit?n Region Selection Signal Region Selection
Preselection P>a533 Preselection Pass
”b—_]ets 2
mb - 1GeV] (125, 350) M1 min [GEV] > 125
miss S (E mlSS) > 7
S(E ) (7,18) 1 [GeV 200
¥ [GeV] (350, 800) i ¢ eVl 2
ARpin(b, b)/EXSS [GeV™'] | (0.001,0.012) ARpin (b, b) [EXS [GeV™'] | < 0.01
NN output-score (0.85,0.95) NN output-score > 0.95
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- Additional "constructed" features
enhance the discrimination power
due to limited size of training set
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m?.min

JiY i
S(EmES),;
RMS(Anpee) % Angiar
SIEF™)

Efiss | pg®
Npjet

Njet | Npjet

My

Njet = Nbjet
ARD, X pt?
ARpy

pi®

S(EPss) x pd

bjet, 1
7

P [ Npjet
leading b-jet pr
DR,

xwt

Hr

fourth jet pr

mzb

sub-leading b-jet pr
Mp1

S(ESS) [ Npjec

ARpz

ARD, | P

Efvss

njet

1 1 1 1 1 1 1 1 1
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04
SHAP value (impact on model output)

High

Low

Feature value
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Pre-fit Control Regions

<0 Di-Higgs Mass
2 ‘ ‘ Di-Higgs Mass : ‘ ATLASWork in Progress } Data 3 topEW
; =13TeV, 140 fb~ : :
yg Lj?‘s’\’?erb'mrﬁrﬁss t Dala (3 topEW hﬁmSthnalysg I ttbar+light BN diboson
MonoShh Ar;alysis I ttbar-+light I diboson 0l 3b high-m'}‘,,,,—,, CR 3 ttbar+ =1+ [ triboson ]
2ot Z+jets CR I ttbar+ > 1k [ triboson ] I fttbar+ > 1c [ VH
B ttbar+ > 1c [ VH [ singletop —— monoShh 1700 260
I singletop —— monoShh 1700 260 = [ Zjets —— monoShh 500 360
% I Zjets —— monoShh 500 360 8 301 W jets 7
315t E Wsts 1 P
S [Ts]
2 a
= c
g 220
o 10} w
i

o
o] é 1.5
Z1s50 3
. b
S (=}
8o I e A A | |
| | | | | | | O-%o0 200 300 400 500 600 700 800 900
0‘?00 200 300 400 500 600 T00 800 900 MpulGeV
Mpyu/GeV
50 Di-Higgs Mass ‘ Di-Higgs Mass
ATLASWork in Prugrelss +  Data [ topEW A‘/_TLA?\SN_Io_rbin Prugre155 + Data [ topEW
V3=13TeV, 140 fb~ . ) [ V5=13TeV, 140 fb~ i ) ]
MonoShh Analysis [ ttbar+light Il diboson 250 MonoShh Analysis [ tthar+light [ ] dl.boson
[ 4bCR 3 ttbar+ > 1» 3 triboson ] 3b low-m?. ., CR [ ttbar+ > 15 I triboson
40 I ttbar+ > le 3 VH ‘ I ttbar+ > 1c [ VH
I singletop —— monoShh 1700 260 2000 [ singletop —— moneShh 1700 260 1
> @ Zjets —— monoShh 500 360 > @ Zjets —— monoShh 500 360
& 30t E Wjets 1 & B Wels
= 3150
o 0
2 2
@20 o
s @ 100

o o

. X' 1.5
é 1.5 o
El =
@ @
a 1.0 a8 1.0 [ I

0 | L I I | | | 0 | | | I | l | I

?OO 200 300 400 500 600 700 800 900 ?00 200 300 400 500 600 700 800 900
Mpuu/GeV Myy/GeV
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-> Four jets ->Three possible pairings

Jet Pairin (J  -> Minimise max(ARug.:, ARugyc)

Minimal max(ARyiggs-1, ARpiggs-2)

max(ARHiggs)

I’naX(ARHiggs)

maX(ARHiggs)
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Process Number of Selected Events
signal (Mz = 1700, Mg = 260 GeV) 25.5
data yield blinded
total background yield 554
1t + light 6.0
tt + > 1 b-jet 8.2
tt+ > 1 c-jet 3.9
Z +jets 15.8
W+ jets 7.6
single-top 7.6
top+EW 4.3
di-boson 1.9
tri-boson 0.2
VH 0.0
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Run likelihood fit simultaneously in all CRs

-> Signal contamination neglected

-> Normalisation parameters to correct for main backgrounds

-> Good post-fit agreement observed

Pre-fit

1000

800

]
£ 600 -

400 A

2004

20

ATLAS Work in Progress

Q 15+
=

5 1.0

o

O 0.5

0.0

CR4b CR 3b high m¥ CR 3b low m}.
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Post-fit

1000

800

Background-only§
Fit
ﬁ

2004

0-

2.0

ATLAS Work in Progress

® Data
EE W-jets
B i+ > 1e
3 i+ > 10
I tf+Hight
[ Diboson
O Z+jets
3 single-top
[ topEW
/1 vH
[ Triboson

U 154
=

& 1.0

b———@---

i
2 0.5

CR4b CR 3b high m2 CR 3b low )
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