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Cross-section limits

Total SM HH cross-section dominated by ggF + VBF
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95% CL upper limit on HH signal strength upy

Phys. Lett. B 843 (2023) 137745
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ATLAS Cross-section limits
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Resonant HH production

g \2909929992929929 ~ H g H
S < s
X \\ KK \\
g 020909299299999 ~ H g H

 Enhancement of HH production could originate from a resonance
 Heavy particle coupling (decaying) to HH
* E.g. scalar particle (extended H sector, Higgs portal to dark sector)

Other results:
HH — bbzt/bbyy vs HEFT [ATL-PHYS-PUB-2022-021]

Resonant searches with additional BSM scalar (X SH) [O. Lundberg, tomorrow]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://indico.ihep.ac.cn/event/18025/contributions/141786/
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Combine resonant searches in three channels:
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»  bbbb [Phys. Rev. D 105 (2022) 092002]

Resonant HH productlon

tanf3

Also MSSM limits!
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Interpret in 2-Higgs-doublet model

Limits from heavy CP-even scalar H
decaying to hh interpreted as SM Higgs

Parameterise in ratio of up/down-quark
coupling boson VEVs, tan(p)

HDBS-2023-17 -- arXiv:2311.ComingSoon
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Where do we go from here?

And how do we get there”?
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Significance [0]
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Where do we go from here?

Even further down the line — assume SM signal
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Snowmass White Paper: Physics with ATLAS/CMS Phase-II

ATL-PHYS-PUB-2022-018/CMS-PAS-FTR-22-001
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Wrapping up

* Active ATLAS programme in DiHiggs searches

 Key to deeper understanding of ElectroWeak Symmetry Breaking

o | atest searches have exclusion sensitivity at O(1 x oswm)

 Advances in reconstruction, trigger, analysis strategy necessary

* Potential for major gains with a large Run 3 dataset — keep pushing!
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« Z: Hope (X1), also used as an abbreviation for the Higgs boson (F &8k &2 F)

e =: Joy (XI)
« XXZ=I@|"]: Double joy arrives at the door (shiang xi lin mén)
 [wo happy events in coincidence

« Y% : Double(di-) Higgs (shtiang xi)
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ATLAS Coupling limits

ATLAS = Observed limit (95% CL)
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First exclusion of kov =0
PRL 131 (2023) 041803 Phys. Lett. B 843 (2023) 137745
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bbrr BDT — ggF vs VBF
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bbrr Kinematic variables

Table 2: Input variables for the categorisation BDTs in each of the three SRs. The superscripts a and ¢ specify
the selection of jets that are taken into account for the calculation in addition to the two 7-lepton candidates and
ﬁ"}‘iss. For variables with a ¢, only the four-momenta of central jets, i.e. jets with || < 2.5, are included, while an a
indicates that all available jets are included.

Variable ThadThad  TlepThad SLT TlepThad LTT
VBF
m; v v v
VBF
An;; v v v
VBF 1o X 11 v v
VBF
AgY! /
VBF
AR} v v
AR.. /
MOH v
2a 4
C“ v v
MG v v
OC 4
Oa 4

he v/
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Normalise 2b to 4b only
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DY +

Tmiss yncertainties

Dominated in all regions by
background & experimental
systematics

Uncertainty in region

VBF-SR5 VBF-SR4 VBF-SR3

VBF-SR2 VBF-SR 1

Uncertainty in region Z+HF-CR (VBF) Z+HF-CR (ggF) Wt-CR (VBF) W1t-CR (ggF) t7-CR (VBF) (7-CR (ggF)
Total Standard Model expectation 7320 88600 900 4940 39600 404000
Total statistical ( \/ZTXP) +90 +300 +30 +70 +200 +600
Total Standard Model systematic 30 +900 31 0 +800 49000
Background normalization A +1200 +60 +1%0 M0 43500
Background theory 5 “50 0 o 10 3300
Experiment g e 28 w0
Fake extraction +1.9 +16 +2.1 +9 +21 +180
Signal normalization iy .32 +0.0016 +0.008 +0.005 +0.034
Signal theory oo w04 +0.00013 +0.0006 +0.0004 +0.0026
Template statistics +0 +0 13 +0 +0) +0

-15

Uncertainty in region

ggF-SR7 ggF-SR6 ggF-SRS5 ggF-SR4 ggF-SR3

ggF-SR2 ggF-SR 1

Total Standard Model expectation 550 363 209 123 60 39 15
Total statistical (y/Nexp) +23 +19 +14 +11 +8 +6 +4
Total Standard Model systematic b e v 9 +6 +5 +4
Background normalization ”jﬁll t58 i35'5 t2362 tll'% tll'_l3 i%56
g Background theory N s +21 e +11 +7 +6 E

Experimental ’_":‘,g t2179 t113’7 +9 ‘:56 +4 +1.8
Fake extraction +0.7 +0.5 +0.4 +0.29 +0.11 +0.11 +0.29
Signal normalization t56 +6 +6 +7 +6 +6 178
Signal theory S ST BN SRR S S
Template statistics +11 +10 +8 +5 4 + +2.3

—4 -35 -2.1

Total Standard Model expectation 3430 920 123 8.8 1.3
Total statistical (+/Nexp) +60 +30 +11 +3.0 +1.2
: +40 11 0.5
Total Standard Model systematic +120 T %0 3 +1.7 Y
Background normalization ﬁ(())o tlzlé t2333 “:%223 t%(i%
230 90 18 0.9 0.28
Background theory 7170 20 ey o oA
- 170 70 16 0.30
Experimental T 190 Te0 T18 +1.4 o3
Fake extraction +2.4 +0.7 +0.08 +0.04 +0
Signal normalization il ey 3 o +0.4
Signal theory +0.07 +0.06 +0.04 +0.014 +0.009
- 1.5 0.26
Template statistics +0 +10 +5 3 gy
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bb## + Ermiss MVA inputs

Input feature

Description

Input feature

Description

same flavour

¢ b
Pt Pt
ot
Meg, pT

bb

Mpbs Py

bb
M1y
AR¢e, ARpp
Mpe
min AR[,{
Mpbet
EI[‘IHSS, E%llS.S_Sig
m (Lo, ™)
min mr ¢

R
Hr,

unity if final state leptons are ee or uu, zero otherwise

transverse momenta of the leptons, b-tagged jets

invariant mass and the transverse momentum of the di-lepton system
invariant mass and the transverse momentum of the b-tagged jet pair system
stransverse mass of the two b-tagged jets

AR between the two leptons and two b-tagged jets

min{max(mbo.go, mp, ¢ ), II]ElX(mbO.gl , mbl.go)}

minimum AR of all b-tagged jet and lepton combinations

invariant mass of the bb{{ system

missing transverse energy and its significance

transverse mass of the pr-leading lepton with respect to E%“iss
minimum value of mt (o, EX™") and mt ({1, EZ™)

measure for boostedness' of the two Higgs bosons

&

DNN (ggF)

b O
Nty > Neys Pty Peys Pp s P

by b
Mby> Mbys Pby> Pbys Pr s Py

: . : : Jo J1
Mjo» Mji> Pjor Pji» P1 > P

; miss : .
EE;SS’ ¢ET , E%HSS-Slg
pt s ARbb, Adpb, mpp

e e
pzb}fAR@f, Adee, meg, P centrality

Pt~ s Mbbee
bbCO+EM™SS
Pt » Mppee+EMss

M ey pmiss

EMissyef

pT . A¢Errrniss,££

min ARy, j, min ARy, ;
xmej

max pr/, maxm;;
max An;;, max A¢;;
min ARbg

Ntorward jetss N J
bb
M)

Mcoll
mmmc

n, ¢, pt of the pr-(sub)leading lepton
n, ¢, pt of the pt-(sub)leading b-tagged jet
o, n, pt of the pr-(sub)leading non b-tagged jet

missing transverse energy, its ¢ and significance
PT, AR, A¢ and invariant mass of di-b-jet system
pT, AR, Ap, pt and centrality'of di-leptons system

pt and invariant mass of the bb{{ system

pr and invariant mass of bb{{ + E%ﬁss system

invariant mass of di-lepton + E1" system

pt of and A¢ between E%‘iss and di-lepton system

pr of bbll + EI}“SS+ pr-leading and -sub-leading jet

invariant mass of bb{f + EF"*+ pt-leading and -sub-leading jet
Kalman fitter top-quark mass

minimum AR between pt-(sub)leading - couples

sum of the invariant masses of all {+jet combinations

maximum pt and invariant mass of any two non b-tagged jets
maximum An and A¢ between any two non b-tagged jets
minimum AR of all b-tagged jet and lepton combinations
number of forward jets, number of non b-tagged jets
stransverse mass of the two b-tagged jets

collinear mass (reconstruction of n, ;)

value of the MMC algorithm (reconstruction of m ;)

BDT (VBF)




A. U.

ATLAS - bbZ7¢ + ET™Miss MVA scores
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I HH (k, = 13.0 | = VBF HH (x,, = 2.4 E
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brr additional limit plots

| ] | | | L | ] | | 1 LI I |
ATLAS Preliminary e Observed t1o
B -1 o Expectedu=0 120
's=13TeV, 140 fb . Expoctod]i—1
HH — bbrtr
B : Obs. (Exp.)
T Thag LTT de 22 (20)
Tlepthad SLT O i [ 16 (64)
Thad thad 1 4 3.4 (3.9
Combined o | e 59 (3.1)
| | | | | 1 1 1 | | | | | | 1 1 1 | |
1 10 10°
95% CL upper limit on .
MHHH ' HggF  MVBF ' HggF (UvBF=1)  pvBF (Uger=1)
observed 34 |, 36 87 3.5 80
Thad Thad | |
expected 39 1 4.0 103 | 3.9 101
____________ I
| |
flepThad SLT observed 16.4 | 16.9 133 | 16.7 155
expected 64 | 6.6 128 6.5 125
____________ e
fiepThag LTT observed 22 : 18 767 : 21 731
expected 20 o+ 21 323 1 20 317
| |
Combined observed 5.9 5.8 91 | 5.9 94
expected 3.1%53 | 3.200 72057 3.275 0 71454

-0.9 1

=
&\
AV

Exp. 95% CL

Exp. 68% CL
=== Obs. 68% CL
— Obs. 95% CL
oJ= Obs. best fit
2L SM prediction
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8 L I 1 1 I I 1 I T 1 I L I 1 1 I 1 1 I 1 I L
B A TLAS — (QObserved 68% CL 7
6 Vs =13TeV, 140 fb-" ——- Observed 95% CL |
. HH- bBYY Expected 68% CL |
n Expected 95% CL -
- # Best fit .
41— ¥ SM prediction —]
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bbyy additional limit plots
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RosEFTa stone (HH operators)

SMEFT

Relevant
ggF HH
operators

Cohh Ctth? Cggh ’
Contt S0 Cgenr oo
’c)\’ Kt’ cg’ b
ATLAS | Alasfar &
Warsaw | STXS | Gruber ‘19 | SMEFIT 21 |SMEFT@NLO
operators | ¢;/A* C; c;/ \* c;/ \?
= = T - -~
(Q,p Cy ey A Cs cp )
Qv | Che | Cue! AN | Cog cpG
Qugp Cu | cunlN Co ctp
Qi | Ge . CiG ctG
Kle_ CH,E CH kin CH cdp 3
O,p | Cup | cup/A* - cpDC

SMEFT — HEFT translation
L. Alasfar, LHC-HH

HEFT SILH Warsaw
Chhh 1+ Cg — %EH 1 — 2”—%0;1 + 3CH kin
ct 1- % -2, 1+ cHkin—CunFir
Ctt — (%@; +%) —Cyuy 2%; + CH kin

Cixah %3%”—259 Tv*Che

Coghh Mr e 92Che

Where CH,Ia'n = (CH,

arXiv:1008.4884 arXiv:1008.4884

From L. Pereira Sanchez


https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/1008.4884
https://indico.cern.ch/event/1003370/contributions/4241072/attachments/2196505/3714841/smeft-hh-talk.pdf
http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-042/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-042/
https://arxiv.org/abs/1910.04546
https://arxiv.org/abs/1910.04546
https://arxiv.org/abs/2105.00006

HH - bbrr/bbyy vs HEFT

g 2990999999 /, g \H

K = i .
Ctth Chhh ,' gghh -

g 02000000000 -
H
g 9000999999 > 4
A
g 0090099990 < H

 Higgs Effective Field Theory [arXiv:1212.3305, arXiv:1312.5624]
* Less stringent gauge (SU2) constraints on operators in H sector than SMEFT [arxiv.org:1308.2627]

 Broader UV theories where e.g. BSM particles gain mass via EWSB (non-decoupling)
[arXiv:1902.05936]

« Two Wilson coefficients (ctth, Chhn) correspond to Kappa framework (kt, k)

ATL-PHYS-PUB-2022-021



https://arxiv.org/abs/1212.3305
https://arxiv.org/abs/1312.5624
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1902.05936
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/

HH — bbrz/

pbbyy vs HEFT

g
02999900999
g fKt: K, — ) H g H
Cith Chhh } nghh,/'
D :
/ PA A
g (0929992999~ H g H
H .
g (2999999999, > ® I Uncorrelated with
/ Cggh tth Unlike SMEFT
A Y S
g 9099999999 < @ H

 Higgs Effective Field Theory [arXiv:1212.3305, arXiv:1312.5624]
* Less stringent gauge (SU2) constraints on operators in H sector than SMEFT [arxiv.org:1308.2627]

 Broader UV theories where e.g. BSM particles gain mass via EWSB (non-decoupling)
[arXiv:1902.05936]

« Two Wilson coefficients (ctth, Chhn) correspond to Kappa framework (kt, k)

ATL-PHYS-PUB-2022-021



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://arxiv.org/abs/1212.3305
https://arxiv.org/abs/1312.5624
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1902.05936
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)
= 10 ATLAS Preliminary
I [ Vs=13TeV,139fb"
% | HH-bbt*T™ +bbyy
o o
10°

U

W

Observed limit (95% CL)
Expected limit (95% CL)
Expected limit 10
Expected limit +20
Theory prediction

SM prediction

Decoupled from cgygh
unlike SMEFT

Oggr (HH) [fb]

10*

103

102

10’

HH — bbztr/bbyy vs HEFT

Constrain HH to gluon/top couplings via ggF cross-section

é )

Limits set also on muH
shape benchmarks
arXiv: 1908.08923

J

[ Observed: cyhn €[—0.2, 0.6]

ATLAS Preliminary

Vs =13 TeV, 139 fb!
HH - bbt* T~ +bbyy

Expected: cpp €[—0.2, 0.6]
] I ] ] ] ] I ] ] ] ] I ]

U

W

Observed limit (95% CL)
Expected limit (95% CL)
Expected limit 10
Expected limit +20
Theory prediction

SM prediction

—1 -0.5 0
8

g 00

ATL-PHYS-PUB-2022-021



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://arxiv.org/abs/1908.08923

EXPERIMENT bbTT/bb i ! VS I IEI I
e I S HEFT benchmarks via arXiv: 1908.08923
BM 1 3.94 094 1/2 1/3 —1/3 _ _ o
BM 2 684 061 0.0 -1/3 1/3 muH Shapes representative of Wilson coeff variations
BM 3 221 1.05 1/2 1/2 -1/3
BM 4 2.79 061 -1/2 1/6 1/3
BM 5 3.95 117 1/6 -1/2 —1/3 See e.g. CMS JHEP 03 (2021) 257
Mo |00 oor 1k i 1 for SMEFT benchmarks
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ATL-PHYS-PUB-2022-021, arXiv:2112.11876, ATLAS-CONF-2021-03
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