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MOTIVATION

= pecause one Higgs boson simply isnt enough!




B Higgs pairs — beyond the Standard Model

= New particles in many BSM theories
= Try generic approach without much model dependence
= spin-0 (generic scalar in narrow-width approximation) .
= spin-2 (Kaluza-Klein gravitons from bulk Randall-Sundrum model) 7 g "
= X — HH example: Two-Higgs-Doublet-Model phys.Rept. 516 (2012)
= Introduce second Higgs doublet
= Total of 5 “Higgs” bosons: h, H, A, H*, H~
= Coupling H— hh allowed, with h = discovered Higgs boson ¢

= X — SH Example: two real singlet model Eur. Phys. J.€ 80, 151 (2020)
= Extend SM with two real scalar singlets /
= Total of 3 “Higgs” bosons: H, S, X L
= Masses of X and S not predicted: X—SH possible
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https://www.sciencedirect.com/science/article/abs/pii/S0370157312000695?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-020-7655-x

'l Higgs pair decays and topologies
= Higgs pair branching ratios

WW’TT

resolved

AR(Higgs decay products)

boosted

= high branching ratio vs clean signal
= Mass of resonance not predicted
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9of - X - HH ANALYSES

<> The "standard” searches

HH



. X—>HH—>bBbB Phys. Rev. D 105, 092002 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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] X—>HH—>bbbb Phys. Rev. D 105, 092002 (2022)

\

Resolved analysis:
= 4 b-tagged jets paired into 2 Higgs using
a boosted decision tree
= Extrapolate background from datain
2 b-tagged + 2 untagged jets region
= Boosted analysis:
= 2(single or double) b-tagged large-R jets
= Extrapolate background from datain
1 (single or double) b-tagged large-R jet
= Signal region defined in m(H:)-m(H:) plane

J (m(Hl) —120 G.ev)2 (m(Hz) —110 Gev)2

Xug = + ‘
0.1 x m(Hl) 0.1 % m(Hg)

~  Boosted: (124 GeV, 115 GeV)

= Limits on spin-0 as well as spin-2 resonance
derived from m(HH) distribution
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002

. X—> H H — b b‘rfl' JHEP 07040 (2023), JHEP 11, 163 (2020)
ATLAS ST
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https://link.springer.com/article/10.1007/JHEP07(2023)040
https://links.springernature.com/f/a/9sS3MdL8lGQETTLbD3ESXw~~/AABE5gA~/RgRhtoTlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8yL0FYWlpSZTJMNTh5YXNfWm12cHlyVwNzcGNCCgBHZVHVX6CCmW5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn

\

s X —HH—bbtt (resolved). o7 0.0 oz

lep-had: 2 b-tagged jets, 1 electron/muon, 1 hadronic tau

= Splitinto single-lepton and lepton + tau triggered events

\

had-had: 2 b-tagged jets, 2 hadronic tau leptons

= Usesingle tau and di-tau triggered events combined

= Backgrounds distinguished into real and fake tau contributions
= Fakes are derived in a data driven approach

= Z+heavy flavour cross section corrected in control region

= Parametrized neural networks trained to extract the signal
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https://link.springer.com/article/10.1007/JHEP07(2023)040

[ X—>HH—>bbyy Phys. Rev. D 106, 052001 (2022)

ATLAS -
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Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

v

2 photons and 2 b-tagged jets with 105 GeV < m(yy) < 160 GeV

2 boosted decision trees

~  separate signal against single Higgs or yy background

- signal = all mass points reweighted to match background m(bbyy)

= total BDT score linear combination of both BDT outputs
Background determined from sideband fit using an exponential
Exclusion limits obtained from fit of 120 GeV < m(yy) <130 GeV

- 1Im X—>HH—>bb'YY Phys. Rev. D 106, 052001 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

NON-“STANDARD" ANALYSES

= (Going one extra step




] X—>SH—>VV11'1:" arXivi2307.11120 (2023)

= Threesignal regions ZZ2121, WW2I21, WW 1|21

= Distinguished by number of light leptons and m(ll)
=  Separate signal and background using boosted decision trees

= splitinsignal regions and mass of S

= mxprovided as a parameter, background gets assigned mx randomly
= Exclusion fit performed on BDT output distributions
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https://arxiv.org/abs/2307.11120

B X—>HH—Dbbbb * extra ,-cr 07,108 (2020) (Err. 2). Eur. Phys. J. C 83, 510 (2023
7Z
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>S 4 b-tagged jets paired to 2 Higgs by minimising K
Follow X—HH—bbbb analysis Im(H1)-120GeV/|+|m(H.)-120GeV)|

- regiondefinitions = Train BDTs for all signal models in all channels

- background estimate =  Exclusion fit on BDT output distribution

: nT(l_!H) co.nstructlon = Interpretation in the 2HDM model phase space
= Limit setting
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https://link.springer.com/article/10.1007/JHEP07(2020)108
https://link.springer.com/article/10.1007/JHEP05(2021)207
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y

SUMMARY

= a glance in the past, present and future




= Higgs boson pairs not observed so far
= Many channels have been investigated
including new decay and production channels!
= Individual full Run 2 analyses better than
combination of early Run 2
= Small number of events limiting factor for most
analysis
= More channels to be published soon including
new decay channels and topologies
> Full Run-2 combination is ongoing
=  Effort for Run 3 already started as well
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
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'l Higgs pairs - in the Standard Model

= Higgs scalar doublet  — 0 = Higgs pair production predicted by SM
v+ h(z)
. 2 Kt
= Potential: \V = ;2 ((p(p’r) DY (q)qﬂ) p N g easssonsenng . el "
withpy?<0and 1>0 -0 \ + A \
9 H g 9999999999999 < iﬁ-t -------- H

= destructive interference:

= very low cross section (0 =31 fb@ Vs = 13 TeV)
= enhance through beyond SM mechanisms

= coupling variation

= new resonances
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B The ATLAS detector - and what it detects

barrel New Small Wheel (NSW)

barrel toroid magnet

Muon Spectrometer

muon chambers muon chambers

endcap ) /
muon chambers ;i "‘ i S - inner detectors

Hadronic Calorimeter (TileCal)

endcap toroid
magnet

Electromagnetic Calorimeter (Liquid Argon)

endcap calorimeters Soenoid Magnet

Tracking

solenoid magnet

Beampipe

@AT L AS barrel hadronic calorimeter
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https://link.springer.com/article/10.1140/epjc/s10052-020-7655-x

I X—>HH—>bBbB (resolved) phys rev D105 002002 (2022)
ATLAS resolved
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002

I X—>HH—>bBbB (boosted) riys rev. D105 092002 2o22)

AT L AS boosted

EXPERIMENT

Run: 356259
Event: 311347503
2018-07-22 20:00:32 CEST
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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Il X—H H—>b511'1:* (resolved) . cro7 010 022

Thad Thad Category TiepThad Categories
STT DTT SLT LTT

Variable

ThadThad  TlepThad SLT  TiepThad LTT

e/ p selection
No loose e/u Exactly one loose e/ u
e (1) must be tight (medium and have || < 2.5)
PS> 25,27 GeV 18 GeV < pg < SLT cut

P> 21,27 Gev 15 GeV < pf < SLT cut

Thad-vis Selection

Two loose Thad.vis One 1008€ Thad.vis

Inl <2.3
P = > 40 (30) GeV > 30 GeV
100, 140, 180 (25) GeV pr pr
Jet selection
> 2 jets with || < 2.5
Leading jet pr > 45 GeV Trigger dependent Leading jet pt > 45 GeV Trigger dependent

Event-level selection
Trigger requirements passed
Collision vertex reconstructed
mYMC > 60 GeV
Opposite-sign electric charges of e/ 1/ Thad.vis and Thad-vis
Exactly two b-tagged jets
mpp < 150 GeV

myH
MMC
mTT

mpp

AR(7,7)

AR(D, b)
Apr(¢,7)
Sub-leading b-tagged jet pr
my

E’rlgiss

p%‘iss ¢ centrality
A¢ (LT, bb)

Ap (£, p™)
AP(TT, pF™)

St

SNSSSS

SSSSNSNSSSASNASNS

NSNS

A NN
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Acceptance x Efficiency

s X —HH—bbtt (resolved). o7 0.0 oz

Uncertainty source

Non-resonant HH

Resonant X —» HH

300 GeV 500 GeV 1000 GeV
0.14 :—l ATL AIS Simllllation I _I._ Thadflhad l—: Data statistical + floating normalisation 81% 76% 90% 93%
012 - Vs=13TeV, 139 0" —— T Thag E Data statistical 81% 76% 90% 93%
C " TiopThaa SLT tf and Z + HF normalisations 4% 8% 3% 5%
0.1 Tetaa LT o Systematic 58% 65% 43% 37%
0.08 - B MC statistical 28% 44% 33% 18%
- ] Experimental 12% 31% 8% 12%
0.061~ E Jetand E™ 8% 27% 5% 4%
0.04[~ - b-jet tagging 5% 5% 3% 7%
- . Thad-vis 6% 12% 3% 8%
002 £ 7 Electrons and muons 3% 3% 2% 2%
O: I i ] Luminosity and pile-up 3% 2% 2% 5%
200 400 600 800 1000 1200 1400 1600 Background and signal and modelling 42% 39% 26% 30%
my [GeV] Fake-Thad-vis 8% 19% 4% 8%
Top-quark 24% 17% 12% 8%
Z(— 17) +HF 9% 17% 9% 15%
Single Higgs boson 29% 2% 14% 15%
Other backgrounds 3% 2% 5% 3%
Signal 5% 14% 7% 15%
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I X—>HH—>b51:'1:” (lep-had) JHEP 07,040 (2023)

Py -~ ,
e ATLAS
* e EXPERIMENT
Run: 351223
5 & A Event: 1338580001
rs - ~ 2018-05-26 17:36:20 CEST

Resolved lep-had
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TiepThad Channel

mpy < 150 GeV

MJ CR: Anti-Iso

tt CR: mpp, > 150 GeV

000
ID

*

*

Anti-ID

* FFuy

SR Template ‘|‘

+ FFy;

D True-Thaq-vis subtracted

™MJ Fraction of multi-jet
events in the template

FFeomb = rvy X FFymy + (1 — rvy) X FFyg

s X—HH—bbrt (lep-had

1D

Anti-ID

) JHEP 07040 (2023)

Events / 50 GeV

Data/Pred.

Events

Data/Pred.

T T T > r T T T T |
ATLAS : g:‘HH 100 8 10 amas : ::‘HH 100 3
n - x =3 E ) — x E
s =13TeV, 139 f5 — X(m =500 Gev) o F \s=13Tev, 13915 — X (m, =500 GeV) E
TiopThag SLT — X (m, = 1000 GeV) 2 10°E TephasLTT — X(m =1000GeV)
Signal Region (X HH) =1 pb 5 E Signal Region G(X—>HH)=1pb 3
Top-quark o e Top-quark ]
[ Jet - 1, fakes 10 E [ Jet - 1, fakes 3
- Z - 10+ (bb,be,cc) = Z o+ (bbbece)
i I Other 10° I Other -
. SM Higgs E SM Higgs 3
* Uncertainty o Uncertainty
..... Pre-fit background 10 E «+++ Pre-fit background
°F {4 |
a AR
E v E
E P &g
T T o T
1.0F il = 3 1.2 (AN
15 eeeseteqy ¢, \ﬂ \\\\ N % i \ \\\\\\\\\.
0.8 = < 0.8F =
| I | T | |
0 500 150! 2000 2500 O 0 500 1500 2000 5500
my, [GeV] my, [GeV]
WE 2
o Data c o Data
10 Er ATLAS 4 — X at exp. limit 2 ATLAS " X at exp. limit
107 V=13 TeV, 139 f5 m, = 1000 GeV w Vs =13 TeV, 13916 my = 1000 GeV
E 1,7 SLT Top-quark T Toag LTT Top-quark
10% 1 det -5 1, fakes AP 1 det - 1, fakes
= St Fechon Zots (ubb.bc,cc) Eigrel Fegton Zots (dbb,bc,cc)
10"E mm Other B Other
106 = SM Higgs SM Higgs
E Incertainty [] Uncertainty
10° WiiidiaSiaae - Pre-fit background — = 'V Bressccessssssssns L Pre-fit background
156 } t B 15
1= . £ AR a 1
055 £ 05
0 - s a o 3

3 4
PNN (m = 1000 GeV) score bin
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I X—>HH—>b511'1:* (had-had).wcro7 00 o2

ATLAS

EXPERIMENT

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST

"

14/

LN ¥

\
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s X—>HH—>b5t'1:* (had-had). wcro7 00 o2

ThadThad Channel
OS, 2 b-tagged jets SS, 1 b-tagged jet SS, 2 b-tagged jets
| 2 ID
TF12 p-tag:
AntiID| SR Template i v FFi p-tag " Anti-ID

FF =FF1 p-tag X TF152 p-tags

I:‘ Non-multi-jet subtracted

Thad Thad channel ThadThad SR

tt with fake-Thad-vis
(corrected simulation)

Tlep Thad tt_ CR 7 Y

SF ( fake- Thad-vis )

(from template fits to the m}V distribution)

tt with fake-,ad-vis
(simulation)

ThadThad SR

Kira Abeling — Searches for X—HH/SH with ATLAS — EPS-HEP 2023

Events / 75 GeV

Data/Pred.
o
©

Events

T T T T
ATLAS : ISJ:H"HH 100
V5= 13TeV, 139 15" :x(mx;;ooesw
Thadhad ~—— X (m, =1000 GeV)
Signal Region (X 5 HH) = 1 pb
Top-quark
170 Jet 5 1, fakes (MJ)
Z - 11 + (bb,be,cc)
1 Jet > 7,,, fakes (1)
I Other
SM Higgs
Uncertainty
----- Pre-fit background

'\*0\.\.\-'\\\’ 4 I\ AN { \\\ Q I
-y A

| I D
500 1000 1500 000 2500

T

ATLAS o Data
. — Xat exp. limit
5 =13TeV, 13915 my = 1000 GeV
Tradtra Top-quark
Signal Region 1 det > 5, fakes (MJ)
Z -1t + (bb,be,cc)
o Jet - 1, , fakes (tf)
B Other
SM Higgs
Uncertainty
..... Pre-fit background

oo ol o o ol vl vl

_;.i"

i

. RSN

Data/Pred.
o -
[=]¢, e

7 ‘ 2 3
PNN (m_=1000 GeV) score bin
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e X—HH—bbtt (boosted) Juer i 162 coz0)

Boosted had-had

pr(di-tau) = 395 GeV
pr(large-R jet) = 506 GeV
ERs =141 GeV

miy = 1114 GeV

ATLAS :: -

Event: 2067379364 _ 4
EXPERIMENT 2018-05-25 13:10:46 CEST <
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Di-t reconstruction efficiency

Inverse background efficiency 1/:&:bkg

1.6 e
r ATLAS Slmulatlon . Boosted dM: b
1.4 X — HH — bbr, 1, = Resolved © -
123_11— 13 TeV, my =2 TeV E
CE P (r,e) > 10 GeV, AR(, T, ,) > 0.2 ]
1= =
08;_ O.o..'.'....".....'............'_‘—:
0.6f== e, —
04 ¢ TTra, -
02:—.. -"'l-l-'..l-l--l'-'l:
- ]
0200 300 400 500 600 700 800 900 1000
Generator-level di-t Py [GeV]
107 gy T T T T T T T T
10° E
10 ATLAS
E {s=13TeV
10 Signal: G — HH — 4t, m =1.5-2.5 TeV
= Background: 2015 data, 3.2 fb! 3
10|||b'|1||(|)2|||(|)3|||(|)4|.||(|)5|||(|)6|||(|)7|||(|)8|||(|)9|A|A1

Signal efficiency Egg

] X—>HH—>bbt'1:" (boosted) Juer i1 162020

= Focus on construction of new di-T
objects
= Reconstruction:
= Seeded by untrimmed large-R jet
= Recluster at least 2 subjets and
match tracks
= di-T properties calculated from
leading two subjects
= Employ BDT to distinguish true di-t
objects from large-R jets
= Derive scalefactors for tagger from
boosted Z—T1T events
= Signal region selection:
= 1b-tagged large-R jet, 1 di-Tjet
= m(HH, vis) > 900 (1200) GeV
if mx 2 1.6 (2.5) TeV

— Searches for X—HH/SH with ATLAS —

Events

95% GL limits on 6 (pp — X — HH) [fb]

T tracks

iso-track

do

Primary Vertex

R B B E T B B
F ATLAS e Daa

F e -1 X—>HH (m, =1.2 TeV)

E 6'131‘9.\"139 fo' X—>HH (=30 TeV)

L Signal region B Zrrehf

- e Zoeelt

P Multi-jet

£ — ZH

— Others

w4 Uncertainty

600 800 1000 1200 1400 1600 1800 2000

10°

10°

10k

Visible HH mass [GeV]

T T
ATLAS

[ X > HH (bbrz,) ~+ Olierved ]
N Expected 1
’ [E3
420

T
Ll

T
|

| SRS S S S S S N NS S ST SN NN SO SO S S |
1000 1500 2000 2500 3000
my [GeV]
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[ X—>HH—>bbyy Phys. Rev. D 106, 052001 (2022)

ATLAS -

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST
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JRC L B B B
ATLAS Simulation
Vs=13TeV HH—bbyy

3
O
3 0.25 Mg, M,
g o2 B EH§§381$
— 2 R | — —  HHggF k=
] X—>HH—>bb‘Y‘Y Phys. Rev. D 106, 052001 (2022) gost 7| — s ™

0.1
= Invariant mass definition m(bb[yy)*=m(bb[yy)-m(bb[])-m(yy)+250GeV 0.05

WJC%(BDT;W 1)2+C2(BDTSingleH+l)2‘ with Ci=1-C. =0.65 s

TTT T[T I T T[T T T[T T T T[T T TT[TTTT

300 350 400 450 500 550 600

BDTi =

% 2
%7:,,,.,‘.,‘...|.,..,....,....__ PR } Ipvanantn’]ass[Ge\_f]
& F 4 Data ATLAS E & F ¢ Data ATLAS ]
= Cut va | ueon B DT based on My 2 6:_ Continuum Background :IEH= L%;rfv’ 139 1o < 121~ * Continuum Background EH= 1;‘\_)TEV« 139 fb"'
~ _F — ] ~ F —bbyy ]
o 5F Total Background 500 GeV Resonance ] 10— Total Background 300 GeV Resonance —
c C . c - -
: T o E o [ ]
Variable Definition o 4 B = o 8- —
Photon-related kinematic variables 3 f _f 6l =
p?’ »w Transverse momentum and rapidity of the diphoton system 25 _E 43 E
A¢,y and ARy, Azimuthal angle and AR between the two photons 15 E : 3
3 i H :u P IR T SR T .. | T NS S v Sl B S S ] L .
Jet-related kinematic variables 710 120 130 140 150 160 180
3 Invariant mass, transverse momentum and rapidity of the
. pPB anid i . , [GeV] [GeV]
"Mpp> P0G Vb b-tagged jets system Mo Mt
A¢,; and AR, ; Azimuthal angle and AR between the two b-tagged jets Relative impact of the systematic uncertainties [%]
. . Source Type Nonresonant analysis Resonant analysis
Nijets and Np_jets Number of jets and number of b-tagged jets HH my = 300 GeV
Hrt Scalar sum of the pr of the jets in the event Experimental
Photon energy resolution Norm. + Shape 0.4 0.6
Diphoton+dijet-related kinematic variables Jet energy scale and resolution Normalization <02 03
mz Byy Invariant mass of the diphoton plus b-tagged jets system Flavor tagging Normalization <02 02
D d thal angle and AR b thy Theoretical
istance in rapidity, azimu angle an etween the
Ay, pips AP, 1 and ARW b : : Factorization and renormalization scale ~ Normalization 0.3 <02
vy,bb> yy,bb .bb : . .
diphsten and the b-agped jefs system Parton showering model Norm. + Shape 0.6 26
o - Heavy-flavor content Normalization 0.3 <0.2
Missing transverse momentum variables VY -
SIS ranover um var B(H — yy, bb) Normalization 02 <02

miss Missing transverse momentum :
ET g v u or X—) H H/ SI Spurious signal Normalization 3.0 33
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] X—>SH—>VVf“+ arXiv:i2307.11120 (2023)

£ "'|'”|"'|"'|"'\"'\"'|"'|"'|"‘.E SRR ER) LAE Lel RLAREARS Lar nih- I~ RS AARRARE RAAS RARE LARE LN RARN RARA
Channels | Selections 2 ATLAS ®Daa - X(500>S@00H | 2 ATLAS @®Daa  -X(500S@00H] 2 ATLAS @®Data - X(50005S(E00)H
@ s=13TeV, 140fo"  [in .ﬁv e (s=13TeV,140f0" [in  [iv 1e Vs=13TeV, 401" [@@iv  [iv 3
WW127,,q | exactly one light lepton (electron or muon): pp > 27 GeV, || < 2.5 5 X = SH — WWr,_ 7, [lDiboson [ 0thers 16 X = SH — 271, 1., [oiboson [[others & X = SH — WWr,_ 7, [loiboson [T others E
exactly two RNN medium 73,4 with opposite-sign: pp > 20 GeV, || < 2.5 i 26+2Th.5 SR WFake,, 7/ Uncorainy 7 1] 20+2Th.4 SR WFake s, 7 Uncoramy 3 (3] 164274 SR WFake v,,, 777 Uncertainty |
AR bet did . AR, <9 Post-Fit -~ Pre-Fit i Post-Fit -~ Pre-Fit E Post-Fit -~ Pre-Fit |
etween two 7y,q candidates: (rorm) < ] 3
number of jets and b-jets: Njeys > 2 and Ny_jeps == 0 1
WW2027,,q | exactly two light leptons with opposite-sign: py > 10 GeV, || < 2.5 E
exactly two RNN medium 73,9 with opposite-sign: pp > 20 GeV, || < 2.5 ]
invariant dilepton mass: mg, > 12 GeV g
Z-veto (|mgy — my| > 10 GeV) for same-flavour leptons VOB b T 0k
ARy ) £ 2
b—jets ——
ZZ2027Ty,4 exactly two same-flavour light leptons with opposite-sign: pr > 10 GeV, |n| < 2.5 | . X
exactly two RNN medium 7,4 with opposite-sign: pr > 20 GeV, || < 2.5 b B B
Z-peak selection (|my — my| < 10 GeV) % A S A A L % n\«;
ARy r) <2 5 078 5 075 g
Nb—jets ==0 e "1 -08-06-04-02 0 02 04 06 08 1D 0'11 -08-06-04-02 0 02 04 06 08 1 eo -1 -08-06-04-02 0 02 04 06 08 1
BDT score BDT score BDT score
Vitibble Definition 1ZW QZW géz Source of uncertainty Acfo(pp —+ X — SH) [%]
Thad Thad Thad myx = 500, mg = 300 [GeV] myx = 1250, mg = 300 [GeV]
mx riith generated mass of generated X particle X X X
AR(77,4p) angular distance between the leading lepton and the 77 system X X X Lepton ID 5 L
min(AR(77,j)) minimum angular distance between a jet and the 77 system 5 - - JES and JER 6 4
R(¢,0) angular distance between two leptons - x X MC modelling 11 9
Ag(rr, Ep™™) azimuthal angle between the 77 system and Ef™® x x X Fake 7 modelling 10 5
EP 4 Ypp(jets) | sum of B2 momentum and py of jets - - X 71D 11 6
P10 leading tau-lepton py X X X Luminosity and triggers 3 2
Mo, YISlbl.e invariant mass o.f the 77 system X X X MC (CR) statistics 8 5
My, invariant mass of the dilepton system - X -
min(AR(,j) minimum angular distance between a jet and the lepton X - - Total systematic uncertainty 27 15
min(AR(j,j)) minimum angular distance between two jets X - - Data statistical uncertainty 46 40
Pro subleading 7-lepton pp X X X —
mep transverse mass calculated from the lepton(s) and E7"™ in the event X X od Total uncertainties 53 43
dilep_type dilepton type: one of pu, e, pe, ee - X -
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Selections

At least two jets Two highest-pr jets with opposite sign 1
VBF topology .
with pr > 30, ] >2.0 VRE VBE
|A17jj |> 5.0 and mpPt> 1000
Exactly 4 b-tagged jets with pt > 40, || <2.0
360 lead _ 653
=2 —05 < AR < == 10475
If map < 1250 g bo g
2 bl _ 875
s <AR}) < mey +0.35
AR < 1
Signal topology If map > 1250
AR < 1
Pairs with minimum
subl
Dip = A (m9)2 + (m§h)2 ‘sin (tan‘1 (%) — tan™! (%))‘
|AI]HH| < 1.8
|Zipril < 60, where i = b-jets and VBF-jets
Multijet
Background rejection p%ag > 0.5map, — 103
p%";; > 0.33my, — 73
_ 80.412 - 2
i Veto if Xy = y(2204) 1 (2223 < 15
lead _ 2 subl _ 2.
Signal region (SR) Xy = \/(m“‘”—l;”) + (ﬂf#) <1.6

Region definition

Validation region (veto SR)

Vs =123.7)7 + (mgh — 116.5)7 < 30

Sideband region (veto SR, VR)

J(miza —123.7) + (msght — 116.5)” < 45

— VBFJJX—UJHH-UJ bBbE JHEP 07, 108 (2020) (Err. 2

-
S

Signal region

o
<

Events / 40 GeV

H
.

Data / Pred.

Data 2016-18

Multjet
Vs=13TeV, 126 fb" E i
I Non alkhad
[ 99F non-resonant HH
Post-fit uncertainty

Spin-0 narrow resonance (800 GeV)

3 VBF non-resonant HH (xy=3.0)

200 300 400 500 600 700 800 900 1000

m,, [GeV]
Source myx =300GeV | Source myx = 800 GeV
Multijet normalisation 46% | Multijet modelling 44%
Jet energy resolution 26% | Jet energy resolution 23%
Multijet modelling 18% | Jetenergy scale 19%
Multijet kinematic reweighting 17% | Multijet kinematic reweighting 9%
t7 modelling 11% | Multijet normalisation 7%
Jet energy scale 10% | 7 modelling 6%
Total systematic uncertainty 64% | Total systematic uncertainty 57%
Statistical uncertainty 77% | Statistical uncertainty 82%
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] VX—>VH H—>VbBbB Eur. Phys. J. C 83, 519 (2023)

Signal regions Control regions
1L (1L+/1L-) 2L 1 V +jets
single-lepton single-lepton single-lepton single-photon

Variable

Channel and signal model

OL

2L

Vhh VH A —ZH

Vhh VH A —ZH

=1 tight electron
with pp > 27GeV
OR 1 medium muon
with pr > 25GeV,

0 additional loose leptons,

0 identified 7,

=2 loose leptons
(e*e” or utu”), (e*u™),
> 1 lepton with

=2 loose leptons = 1 photon with
pr > 150GeV,
> 1 lepton with 0 loose leptons,

pr > 27GeV, pr > 27GeV 0 identified 7,

81 < mygp < 101 GeV

[A¢ (P, )| > 1

ENiss > 30GeV

> 4 jets with pr > 20GeV and passing the 85% b-tagging WP

LW A—ZH-—Zhh Post-Fit
(m,,m,) = (420,320) GeV

N
T

Significance

ft+>1c @V +21c
IV+23b V4]
[ Other 7~ Uncertainty

] 2L

=

BDT Bin

Significance
N
T

T
Data [ ;Vhh

ATLAS mi: B

Vs = 13 TeV, 139 &' '2I£1c=‘31§1‘2

WH—-Whh Post-Fit V+j mIV+23b

my, =315 GeV WOther Uncertainty

S+B Hypothesis

1L-

2

’—‘ B-only Hypothesis

r [ o
1 2 3 4 1 2 3 4
BDT Bin
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- I VX—>VH H—>VbBbB Eur. Phys. J. C 83, 519 (202-"

3 40 a1 AS =
Model Vhh like in SM WH ZH NWA—ZH LWA—ZH 380 500" £
Systematic uncertainty source Ap/p [%] 360 __g\alsgntj::on L
- g
Background modelling +20, —15 +14, —11 +4.7, -3.0 +17, —13 +20, —18 3401 &
MC statistics +12, -9.1 +13, -7.8 +4.8, -2.2 +7.2, —4.1 +10, -8.3 C i
Objects +12, -8.6 +8.0, -5.2 +4.5, =2.2 +19, 11 +16, —12 3201 3
Signal modelling +10, —4.7 +12, -49 486, 3.0 +14, =51  +17, -7.6 - <
VR non-closure +14, —11 +11, -9.4 +4.4, -3.0 +4.9, -3.7 +12, -10 - s
Total systematic uncertainty +30, =22 +27, -18 +12, -5.8 +30, -18 +33, =24 2805 §
Statistical uncertainty +44, -39 +52, —43 +68, —49 +59, —47 +42, =37 260 °
Total +52, —44 +59, —47 +69, —49 +66, —50 +53, —45 800 © 3
m, [GeV]

ATLAS /s=13TeV,139fb"! 95% CL exclusion ATLAS /s=13TeV, 139 fb! 95% CL exclusion ATLAS /s=13TeV, 139 fb! 95% CL exclusion ATLAS /s=13TeV, 139 fb~! 95% CL exclusion

A—sZH—Zhh, 2HDM type-| )t A—3ZH—>Zhh, 2HDM type-| ) oo A—ZH—Zhh, 2HDM lepton-speciic 1 crocnes A—ZH—Zhh, 2HDM lepton-specific 1 cocne

my = 350 GeV, tanp=10.0

553 H Width > 1%

02
cos(B-a)
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my = 260 GeV, tanp=1.0

55 HWidth > 1%

0.1 0.2

cos(B- o)

my = 260 GeV, tanp=10.0

53 H Width > 1%

my = 350 GeV, tanp=5.0 B H Width > 1%

-0.10

-0.05 0.00 0.05

0.10
cos(B-

-0.05
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