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Once upon a time in the Universe...

Only picoseconds after the Big Bang, the
Universe experienced a phase transition into
a state of lower energy, in which nearly all
fundamental particles became massive by
interacting with the Higgs field.

Image: NASA/WMAP Science Team
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Once upon a time in the Universe...

Dark Energy
Accelerated Expansion
Atterglow :

Only picoseconds after the Big Bang, the B el
Universe experienced a phase transition into
a state of lower energy, in which nearly all
fundamental particles became massive by
interacting with the Higgs field.

About 13.8 billion years later...
h Image: NASA/WMAP Science Team

4 July 2012: the ATLAS and CMS collaborations at CERN’s Large Hadron Collider
(LHC) announced the discovery of a spin-0 particle with a mass of about 125 GeV.
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Once upon a time in the Universe...

Only picoseconds after the Big Bang, the
Universe experienced a phase transition into
a state of lower energy, in which nearly all
fundamental particles became massive by
interacting with the Higgs field.

About 13.8 billion years later...
h Image: NASA/WMAP Science Team

Then came the Nobel prize.

8 October 2013: the Nobel prize in physics was awarded to Englert and Higgs ”for the
theoretical discovery of a mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at CERN’s LHC”.
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The Higgs sector in the Standard Model

The Standard Model (SM) has been vastly explored and confirmed by the
LHC experiments. At its core lies a scalar sector, responsible for electroweak
symmetry breaking and mass generation.

Since the Higgs boson discovery in 2012, the scalar sector has been greatly
studied by ATLAS and CMS.
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The Higgs sector in the Standard Model

The Standard Model (SM) has been vastly explored and confirmed by the
LHC experiments. At its core lies a scalar sector, responsible for electroweak
symmetry breaking and mass generation.

Since the Higgs boson discovery in 2012, the scalar sector has been greatly
studied by ATLAS and CMS. All of it? No, the indomitable Higgs potential
has not yet been conquered by the LHC physicists.
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The Higgs sector in the Standard Model

In the mathematical framework of the SM, the Higgs field is a complex Higgs
doublet ¢ and the Higgs sector is described by:

=D, 8> = V().
The first term describes the
oupling of ¢ t ge b c
coupling o o gauge bosons e@
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The Higgs sector in the Standard Model

In the mathematical framework of the SM, the Higgs field is a complex Higgs
doublet ¢ and the Higgs sector is described by:

£ =|D,¢> = V(¢).

The first term describes the
coupling of ¢ to gauge bosons:

The second term, V(¢), is the Higgs potential. In its minimal form, it is:

V(p) = —p2¢? + Aot

If 42 and X are both positive, the
minimum of the Higgs potential lies
at a vacuum expectation value v # 0.

All sketches from Universe = a hot soup Universe = a cool
www.quantumdiaries.org of massless stuff place to live in
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The ultimate probe of the Higgs sector

|
The shape of the Higgs potential, which

is controlled by the parameters ;2 and )\,
completely determines the properties of
the Higgs sector.

—U

o povbH 1
SM: V(¢) = —26% + A% o 22H? + S + TAH

mass term self-interaction terms (never observed)

9 5]
%mHH‘ P e

= To fully test the Higgs sector, one must observe the self-interaction term(s)
and measure the Higgs boson self-coupling A via Higgs boson pair production.

A. Ferrari (UU) Nikhef, Amsterdam, 25/10/2024



Why does it matter”

» Experimental data only provides information on the position of the
minimum of the Higgs potential, in which our Universe lives.

» The (unconstrained) shape of the Higgs potential has implications beyond
the mass-generation mechanism, in particular on the vacuum state of the
Universe.

» In the absence of new physics that may affect the Higgs sector, there is a
(borderline) possibility that our Universe is in a metastable state, i.e. a
false vacuum.

An alternative

potential ) — E
Standard Model Higgs You are here
tandard Model .

potential potential |

Higgs field value

170} 1z

in our Universe
Current
experimental
T/ nowiedge | Aosole sabity
0 1 15 o o o
¢ My, GeV
Nature 607 (2022) 41 APS/Alan Stonebraker Phys. Rev. Lett. 115 (2015) 201802
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Why does it matter?

There are already many (indirect) hints of
new physics beyond the SM! And its Higgs
sector has serious short-comings:
» Why so many orders of magnitude across
the fermion couplings to the Higgs field?
» m; should be driven to a very large scale
by quantum loop corrections, why such a
remarkably precise cancellation against
the bare mass?
» Why should the Higgs potential have a
minimal form, and could there be an
extended Higgs sector?

Sketches adapted from www.quantumdiaries.com
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e Higgs boson pairs: production and decay modes
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Higgs boson pair production at the LHC

Non-resonant pairs of Higgs bosons (HH) arise from several diagrams, some of
which interfere destructively. Very small cross-sections!

Gluon-gluon fusion: o5M ~ 31 fb+ 3%(PDF + ) *57% (scale + m,) [13 TeV].

9 H 9

g H 9 S ————@ - H

Vector-boson fusion: o{}in ~ 1.7 fb + 2.1%(PDF + «,) +8:83:§)(SC&1€> [13 TeV].




Non-resonant HH mass distribution(s)

» HH events from the self-interaction diagrams are soft.
= Challenge for triggers and detector object reconstruction /identification!
» k, # 1 modifies the cross-section and kinematical properties of HH pairs.

= Allows to disentangle x, hypotheses (it also holds for other couplings,
e.g. Ky in VBF).
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do S [ ATLAS Simulation
3 s > 012 -
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’ o 3 N i, =0 1
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ATLAS Physics Briefing: Twice the Higgs, twice the challenge Phys. Lett. B 800 (2020) 135103
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Multitude of Higgs boson decays = O(multitude?) of
HH search channels, each with specific experimental
challenges and sensitivity reach.

Image: @PhysicsCakes (Twitter)

» Not a single "golden” channel;

ww 25% 4.6%

T 7.3% 2.7% 0.39%

7z 3.1% 11% 0.33% | 0.069%

Yy 0.26% 0.10%

Image by Katharine Leney

Nikhef, Amsterdam, 25/10/2024



Multitude of Higgs boson decays = O(multitude?) of
HH search channels, each with specific experimental
challenges and sensitivity reach.

Image: @PhysicsCakes (Twitter)

» Not a single ”"golden” channel; o I I I
» Three silver bullets! bb
bbbb WwWw 25% 4.6%
yybb H bbrr o 73% §| 27% | 039%
Y4 3.1% 1.1% 0.33% 0.069%

Yy 0.26% 0.10%

Image by Katharine Leney
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|
Multitude of Higgs boson decays = O(multitude?) of
HH search channels, each with specific experimental
challenges and sensitivity reach.

Image: @PhysicsCakes (Twitter)

» Not a single ”"golden” channel; o I I I
» Three silver bullets! bb
» Additional channels with sizeable ww | 25% | a6%
sensitivity: v |
. 7.3% 27% 0.39%
> 2b+ 20 + B, - Mot
» multi-lepton/photon final states. 2z 31% | 11%  033%  0069%

Image by Katharine Leney
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Self-interaction and single Higgs bosons

» Single Higgs boson processes do not depend on x, at LO.

» However, NLO electroweak loops allow x, to affect single Higgs boson
production and decay modes.
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e ATLAS results: individual HH searches
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HH — bbbb

|
ATLAS » Highest branching ratio... but

EXPERIMENT large multi-jet background!

» Mostly probes large m ;y =
sensitivity to HH events with
large pi.

P Phys. Rev. D 108 (2023) 052003
(ggF and VBF resolved topologies)

» Phys. Lett. B 858 (2024) 139007
(VBF boosted topologies)
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HH — bbbb — resolved topologies
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HH — bbbb — resolved topologies

] ) ] N o
» Trigger events with >2 b-jets. ATLAS —sR | M0z
VE=13TeV, 126fb™" --- CR17] 2
» SR = two b-jet pairs compatible with a A ~ocre] @B
. oq & ] 2
Higgs boson (pairing based on angular E 2
distances). 1
» Data-driven background model based on | feoo
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1 100
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HH — bbbb — VBF boosted topologies
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HH — bbbb — VBF boosted topologies
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HH — bbrr

| |
$atLAS

» Intermediate branching ratio but clean
final state with moderate backgrounds!

» Sensitive to a broad range of k, values.

» Phys. Rev. D 110 (2024) 032012

» bbr, 7, and bbr,7;, final states + further event categories:
e 3 regions based on the trigger strategy (1 7,7, & 2 7,7);
e 1 VBF-like & 2 ggF-like (low/high-m ;) sub-categories per region;
e 1 CR to constrain the Z+bb/cc background.
» Background modelling:
e it and Z-+jets: simulation with data-driven corrections;
e data-driven method if a gluon- or quark-initiated jet mimics 7.
» Signal extraction: BDT classifiers in the 9 SRs, m,, in the CR.
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HH — bbrr
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HH — bbrr

: Obs. (exp.) 95% CL upper limit
ggF+VBF __ 9 y
on oy =5.9 (3.3) x SM
prediction.
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» Tiny branching ratio but very clean
signature: excellent m.. resolution
and small backgrounds!

» Enhanced sensitivity at low m g,
hence to the Higgs self-interaction.

» JHEP 01 (2024) 066

1 ricoer & e electi < it ——
» Di-photon trigger and event selection + 2 b-jets. ATLAS AR

. 10'E ve-13TeV, 140 1 TR o
» 7 event categories based on: i bbyy FIVBE aet0
o High mass region ;H \‘/B: Kav=3

100k ingle -

e my,. . (low vs high);
e classification BDT output ranges, trained on
different signal hypotheses.

— et
4 Daa

Fraction of Events / 0.04

» No dedicated VBF category but the mass and An
of VBF-tagged jets are inputs to the BDTs. TTor e s e

BDT score
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HH — bby~y

» Signal and backgrounds:

Events /25 GeV

e HH and single-H shapes from simulation;
e continuum background shape from data.
» Signal extraction through parametric fits of m.,,.

ATLAS '

ATLAS | "

ATLAS | "

ATLAS

3 3 3
8 1g) 8 8 o
0L 5=13Tev,140m ¢ Dam 3 2 16 F=13Tev, 140" ¢ Daw 2 2F E=13Tev, 140" 4 Dat E| 2 gf F=13Tev,140m' ¢ Dam
26F HH - bbyy Cont. backround By it Cont. background I Cont. background S T by Cont.backoround
s — Total background 2ME Cvase — Total background R A — ol background 7 s — ol background
20f 3 & 3 o 3 H
10 5
15 o of E §
19 o * 4 E 3
4 2
E ] 2 E
FE U P R TR 1) B CON R T ) e 0 W0 o B e o 10 Mo 10 160
my [Gev] my (GeV) m (Gev] m (GeV]
3 1o T T T T 3 T T T T T T T T T
8 16E ATLAS 3 3 1oL ATLAS 3 I ATLAS 3
o Iy ¥5=13TeV, 140" + Data 1 a 15=13TeV, 140" + Data V5=13TeV, 140 fo* + Data
SME ey Cont. background [ Cont. background HH - by Cont. background
£ 2 L v — Totlbackground 3 2 s — Total background o — Total background
& 10 E & o E 3
o E
o 3 a B 3
4 E £ E E
£ E
TR W00 o0 T B0 10 160 I O T R T
m, [Gev] m, [Gev] m, [Gev]
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HH — bby~y

» Signal and backgrounds:

Events /25 GeV

e HH and single-H shapes from simulation;
e continuum background shape from data.
» Signal extraction through parametric fits of m.,,.

T T T T T 3 g T T T T 3 M T T T T 3 T T T T T
ATLAS & 18f ATLAS K3 ATLAS 8 of ATLAS
0L 5=13Tev,140m ¢ Dam 3 2 16 F=13Tev, 140" ¢ Daw 2 2F E=13Tev, 140" 4 Dat E| 2 gf F=13Tev,140m' ¢ Dam
26F HH - bbyy Cont. background HH — By Cont. background I Cont. background S T by Cont background
s — Total background o — Total background R A — ol background 7 s — ol background
2F E g o E H
5
15 of E §
2
E 2 E
FE U P R TR 1) B CON R T ) e 0 W0 o o0 e o 10 Mo 10 160
my [Gev] m, (Gev] m GeV] my GeV]
T T T T T v T T T T 3 T T T T
E ATLAS 3 I ATLAS 3 3 10 ATLAS 3
E =13Tev, 140 ¢ Dam E =13Tev, 140f° ¢ Data @ [ B=13Tev,40f° ¢ Daa
4 bBey Cont. background E i~ oy Cont.background | [ Cont. background
E oy — Total background ] o — Total background R A — Tota background
E P B @ g El
3 o 4 2| 4
TR W00 o0 T B0 10 160 T B M0 10 160
m, [Gev] m, [Gev] m, [Gev]

. |
Obs. (exp.) 95% CL upper limit on U%g§+VBF = 4.0 (5.0) x SM prediction.
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HH — 2b + 20 + B

>

>

Fit of highest-score BDT (DNN) bins and CR
event yields in the VBF (ggF) categories.

Captures HH di-lepton decays to bbWW, bbZZ and bb7,7,.
Large tt background for ggF HH but only small backgrounds in VBF topologies.

JHEP 02 (2024) 037

. eu + pe
2 e/p and 2 b-jets, no it e
requirement on E'SS; 210 Gev AOGRY e
SR
SRs and CRs based on m ; \
28 40cev e 40 Gev/ .
and my,; e oo
15GeV 75 GeV 110 GeV g 15 GeV 110 Gev iy

VBEF and ggF categories.
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HH — 2b + 20 + B

» Captures HH di-lepton decays to bbWW, bbZZ and bbr,,.
» Large tt background for ggF HH but only small backgrounds in VBF topologies.

» JHEP 02 (2024) 037

: ee + pu eu + pe
» 2 e/p and 2 b-jets, no it Mo
B iss Z+HF CR| . .
requirement on E'SS; 210 Gev ACR 210 Gev e
SR1 SR .
» SRs and CRs based on m,, = .
- ey my > 250 GeV ey my > 250 GeV
and my,; | zinr o > | . ‘
15GeV 75 GeV 110 GeV my 15 GeV. 110 GeV “my

» VBF and ggF' categories.

Fit of highest-score BDT (DNN) bins and CR
event yields in the VBF (ggF) categories.

|
Obs. (exp.) 95% CL upper limit on

o-flgPI:JFVBF = 9.7 (16.2) x SM prediction.
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Multi-lepton HH decays

>
>

>

Captures HH decays to bbZZ, 4V, VV 71, 47, VV~~ and vyvy7T.

Multi-lepton final states have small associated backgrounds.

JHEP 08 (2024) 164

Event categories based on N, N and N; e it
Signal = ggF'+VBF HH in all categories; |
Prompt leptons and true 7,,: simulation with (R

normalisation factors from dedicated CRs;

Non-prompt and wrong-charge leptons, fake 7,
and non-resonant y-y processes: data-informed
corrections to simulation.

Fit of BDT scores (ML) and m._ ., (yy+ML).
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Multi-lepton HH decays

» Captures HH decays to bbZZ, 4V, VV 71, 41, VV~~ and yy7T.

» Multi-lepton final states have small associated backgrounds.

» JHEP 08 (2024) 164

> Event categories based on N, N, —and N,;

» Signal = ggF+VBF HH in all categories;

» Prompt leptons and true 7;,: simulation with
normalisation factors from dedicated CRs;

» Non-prompt and wrong-charge leptons, fake 7,
and non-resonant y-y processes: data-informed
corrections to simulation.

» Fit of BDT scores (ML) and m._., (yy+ML).
|
Obs. (exp.) 95% CL upper limit on
U%IgIEJrVBF = 17 (11) x SM prediction.
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e Combined HH searches in ATLAS and comparison with CMS
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Putting it all together...

= o . et | H
e . Ny 8 § L ATLAS
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A Skt 5 SIRSURAIRIRIRIN M
Bl AN B B S e B
L N Ry
M (GeV] BDT score bin my, [GeV]

|
No golden HH search channel: combinations are key.

» Phys. Rev. Lett. 133 (2024) 101801
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—e— Observed limit (95% CL)
ATLAS Expected limit (95% CL)
VS =13TeV, 126—140 fo-' (t1 =0 hypothesis)

=1 Expected limit 10
oS4, ver(HH) =32.8 b
st ver(HH) [ Expected limit +20

Obs. Exp.

bbil + Efss— + 10 14
Multilepton{— + 17 1
bbbb— * 53 8.1
bbyy * 40 5.0
bbTT™ - } 59 33

Combmedki 29 24
n ol b b b b b L 1y

5 [ R R R (R R

95% CL upper limit on HH signal strength Ly

» Obs. (exp.) 95% CL combined limit: 2.9 (2.4) x SM prediction.
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—e— Observed limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13TeV, 126—140 fo~! (M1 =0 hypothesis)
=1 Expected limit +16
M (HH)=32.8 fo
Ogar ver(HH) [ Expected limit +20
Obs. Exp.
bbil + Efss— + 10 14
Multilepton{— + 17 1
bbbb— * 53 8.1
bbyyf~ + 4.0 5.0
bbTT™ - } 59 33
Cmeined»i 2.9 24
0| S S S I I B U P
5 7015 20 25 30 3 40

95% CL upper limit on HH signal strength Ly

» Obs. (exp.) 95% CL combined limit: 2.9 (2.4) x SM prediction.

» Expected limit reduced by 17% w.r.t Phys. Lett. B 843 (2023) 137745 (13%
from analysis improvements of the three silver-bullet HH searches, 4% from
adding two new channels).

» Slightly different limits for HH — 2b + 2¢ + ER due to a different treatment
of negative best-fit signal strengths and signal MC statistical uncertainties.
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HH combination: limits on o

When deriving the limits on ggF (VBF) HH, the VBF (ggF) HH production
cross-section is fixed to the SM predicted value.

bbit + E'ss

ATLAS

Vs=13TeV, 126—140 fbo-'
aget(HH) =311 fo

—e— Observed limit (95% CL)
Expected limit (95% CL)
(1 =0 hypothesis)

3 Expected limit +10

3 Expected limit +20

bbbb)
bbyy|
bbTT™

Combined|

Obs. Exp.

= + 10 14
! } 17 12

- 5.4 8.2
- 41 53
~ 5.9 3.3
29 24

10 15 40 4

20
95% CL upper limit on ggF HH signal strength gqr

25 30 35

Nikhef,

ATLAS

Vs =13 TeV, 126—140 fb~'
OSM(HH)=1.73 b

—e— Observed limit (95% CL)

Expected limit (95% CL)
(MuH =0 hypothesis)

3 Expected limit +10
3 Expected limit +20

Multilepton
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bbttT
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Obs. Exp.
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combination: constraints on &,

ATLAS ~e— Observed 68% CL
— . ~m~ Expected 68% CL
T VS -1aTeV, 126140 ! Observed 95% CL
F J— — bh HH combination - =~ Expected 95% CL
c [ ATLAS Combined btzvy —— SM prediction
~ 7 —— Multilepton —— bbbb ]
Y 7Fvs=13TeV, 126—140 fbo-' E10 4 £ i
F e —— bbil +EP" bbT*T — 1047
F HH combination Combined| .
6[-Allother k fixedto S —— Obs.:  95%CL[-12,7.2] i asgi
F -=- Exp. (SM): 95% CL[-16,7.2] i A tp—i-1 10
- bby
5 v ot a0
aF e et | 1058
F o 00113
3 F—p——t -4 1085
F Multilepton
r et et 77U Ky €[-4.4,086]
2F
r ] = et — 4 108
F.. bbb
1r
G: bbet+ EF's)

» Obs. (exp.) 95% CI for k), = [-1.2; 7.2] ([-1.6; 7.2]).
» When profiling ~,, other Higgs boson couplings are set to their SM values.
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Comparison with CMS

CMS . 138 m‘m‘rev) CMS 138 fb” (13 TeV)
T T T T T T T T
el —— Observed -+ Median expected [ — Obseved  eee- Median expected
K= 68% expected
- 95% ex:ecteﬂ == Theory prediction [EEH 68% expected
L 4 = v = 95% expected
b Z2Z 3
Exrciet 0
Obeaad: 32 10

Observed: 21

95% CL limit on o(pp — HH (incl.)) / fo

Excluded Excluded

10 100
95% CL limiton o(pp ~ HH) /0, K

» Results from Nature 607, 60-68 (2022).

» Similar sensitivity to the HH signal strength (exp. 2.5, obs. 3.4) but the leading
channel is HH — bbbb, in which CMS has a search for ggF boosted topologies.

» Obs. 95% CI for k, = [-1.24; 6.49].
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Comparison with CMS

CMS also published constraints on the Higgs self-interaction by combining
single- and double-Higgs-boson productions [CMS-HIG-23-006].

cMs 138 15 (13 Tev) cMs 138 1" (13 TeV) cMs 138 1" (13 TeV)
T T T - T T T T
as .

T
b. 58 single-H and HH comb.
FIOING K, K Ky Ky Ko X,

21000)
=9
x 2

2000

T R R R A )

» Obs. (exp.) 95% CI for k, = [-1.4; 7.8] ([-2.3; 7.8]) when floating all
coupling modifiers.

» ATLAS performed an H+HH combination in Phys. Lett. B 843 (2023) 137745:
obs. (exp.) 95% CI for k, = [-1.4; 6.1] ([-2.2; 7.7]).
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e Beyond the Higgs self-interaction
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VVHH quartic coupling

Searches for VBF Higgs boson pair production allow to
uniquely probe the VVHH quartic coupling.

ATLAS ~o— Observed 68% CL.

VE=13TeV, 12614010 o oo ®e Ol
< T ] T eomaion L e
£ [ ATLAS Combined byy 4 —— SM prediction
= —— Multiepton  —— bbb ]
o 7| - - -1 . e
¥ TEve-taTev, t26—tao 0 L T 0l A . o
HH combination 1 Combined| -
6[All other k fixedto SM —— Obs:  95%CL[06,15] I 10288
——- Exp. (SM): 95% CL[0.4,1.6] ] - - 100
1 bbbb|
; A 101
i ——— 1o
bbrr
04
i 4 10
obee+ £7]
1
) b———————1 103
bbyy]
I
b————— & e
Muttlepton|
oay
2 1 0 2 5 10 20

Kav

» Obs. (exp.) 95% CI for ko = [0.6; 1.5] ([0.4; 1.6]), dominated
by the VBF HH — bbbb search in boosted topologies.
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VVHH quartic coupling

Searches for VBF Higgs boson pair production allow to
uniquely probe the VVHH quartic coupling.

ATLAS Observed 68% CL.
VE=18Tev, 126140 M o OPeasdtREOr
B e e e I M combinaton ey
£ [ ATLAS Combined vy 7 — SM preciction
£ —— Muttiepton  —— bbbb
o 7 - - -1 . S
¥ 7EVS=13TeV, 126—140 b pltt + £p= pbrir . . o0gs
HH combination 1 Combined| -
6~ Al other « fixed to SM —— Obs. 95% CL [0.6,1.5] T 10238
-=- Exp. (SM): 95%CL[0.4,16] ] - -1 10038
bl bbbb| -
i e 10138
3 - ————tt 10}
bbr'T
0
3 ———— 10
bbet+ £
1
) b —————t 1 100
bbyy]
1
b ———— 4 103
Mulilepton|
0aty
2 1 0 2 5 10 20
oy

CMS excludes the k,;, = 0 hypothesis with a significance
of 6.6 standard deviations!
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HH in Effective Field Theories

Effective Field Theories (EFTs) provide a model-independent framework to
parametrise deviations from the SM, where higher-dimension operators modify

the interactions of the SM particles.

In the Higgs EFT (HEFT) formalism, anomalous couplings are expected to be
the dominant source of new physics. Also, the couplings to single Higgs bosons
and Higgs boson pairs are separate — most suitable for HH interpretations.
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h
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HH in Effective Field Theories

ATLAS has performed HEFT re-interpretations of HH searches in the bbbb,
bb77 and bbvyy decay channels, as well as their combination.

Seven HEFT benchmarks are used, with representative m;; shape features,
from SciPost Phys. Comm. Rep. 2 (2024).

benchmark Chhh Ct Ctt | Cggh | Cgghh
510‘— ! ' o‘ Obss‘,rved I\m‘\t (95% (‘DL)—
M 1 1 E10°ATLAS e
S 0] 0} 0 T - oo o Sosimesol
1 511 | 1.10| O 0 0 T [HH-bbT T +bbyy+bbbb Em Expected limit 10
3 D‘" [ Expected limit 20
9 6 84 1 03 1 1 0 100k & #  Theory prediction i
* N 6 3 . a & Exp. bbbb
_1 1 1 v Exp. bbyy
3 2421 105 3 2 2 » : L] O Exp. bbTtT™
1 1 1 o ° * s
10 _1 _1 N .
4 2.79 1 0.90 5 3 3 il - B L% s ’ 5
o . |
5 395 | 11T | -3 | & | —3 N 8
. : 3 6 2 ° e 5
6 —0.68 | 0.90 7% % 0.25
1 T ol g——————+—+
7 —0.10 | 0.94 1 6 6 Benchmark point



https://scipost.org/SciPostPhysCommRep.2

HH in Effective Field Theories

ATLAS has performed HEFT re-interpretations of HH searches in the bbbb,
bb77 and bbvyy decay channels, as well as their combination.

Constraints on the ¢y, and ¢, anomalous couplings (all others are set to
their SM value):

ATLAS

T Obsorved 6a% L.
VS-13TeV, 126—140fo!  — Expocied 68% CL
< T T T T T T < T i combination Observed 95% CL
T [ ATLAS — Combined T [ ATLAS — Combined -~ Expoced 95% OL
£ painsl £ b ZZ Sipredton
Q[ vs=13Tev, 126140 10! bbre | vs=13Tev, 126—140 10! bbrr
[ Betom 1 bEvy 4 bEDE — bbbb Bete- + bbvy + bEbG — bbbb «Framowork
8 HH - bbt*T~ + bbyy + bbbb s 1 8 HH - bbT*T~ + bbyy + bbbb s b
Allother ¢ fixed to SM v Allother ¢ fixed to SM v
Observed Observed . f— ,A_+_u
6 } 6 } .

Combined: Combined:

68%: Cognn € [017,0.39] 68%: Cann € (0.29,0.58] . - 10048

o 95%: Cogm € [-0.38,0.49] . 95%: Cann € [-0.19,0.70] “ 1 10238
HEFT Framework

2 ] 2 1 .

C 8% C G L

R B R B - 0807025 008 0et Ok am o

Cghh ¢ '

oghh tthh 2 1 0 1 2 4610 20
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HH in Effective Field Theories

ATLAS has performed HEFT re-interpretations of HH searches in the bbbb,
bbr7 and bbyy decay channels, as well as their combination.

Constraints on the anomalous couplings corresponding to HHx vertices (all
others are set to their SM value):

T T T

T T T T
— Observed68% 0L

T
T ATLAS

Caghh

= T T T T £ T T T T T
£ —— Observed 68% £ 2 —— Observe 3 7
£ [aTLAs Observed 68% CL g ATLAS Observed 68% CL
13 ToV. 12640 ot - Observed 55%CL o 5213 0V, 12610 o1 ~2- OPSeed 95 CL < 5213 70V, 126140 ~2- OPSened S L
V=13 TeV 12614010 g gogir(66,-0.45) [VS=13TeV. 12614000y gogiir(as5,074) VS=13TeV. 1261400 g gogy it (0.42, 0.49)
[ HH - bbT"t" + bbyy + bbbb s Expected (SM) 65% L | HH BTt + bbyy + bbbD s Erpected (SM) 68% CL 1.5 HH = BT T + bByy + bbbD s Expected (SM) 68% CL
Al other ¢ fixed to SM Expected (SM) 95% CL. Al other c fixed to SM Expected (SM) 95% CL. All other c fixed to SM Expected (SM) 95% CL
* SMprediction 2 * SMprediction B # SMprediction
05
of
—osf-

» Tension with the SM, arising mostly from a low-mass excess in the
HH — bbbb search channel.
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Resonant HH searches

Pairs of Higgs bosons can also be produced via g R
the decay of a hypothetical heavy resonance, | "~ P g
and many BSM theories predict the existence SN
of such heavy particles. s H

Summary of individual and combined resonant HH limits (bby~y, bbrT, bbbd):
the largest excess in the combined limit is found at 1.1 TeV and corresponds
to a local (global) significance of 3.20 (2.10).
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= I 1 T 100 |
£ 105 ATLAS 4 g E R 2 N . o T
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b .\ 4 e ]
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£ ] 10 E
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10°  —=— Combined | E —e— Combined
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Phys. Rev. Lett. 132 (2024) 231801
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Resonant HH searches

Pairs of Higgs bosons can also be produced via 9 L
the decay of a hypothetical heavy resonance, ’
and many BSM theories predict the existence i
of such heavy particles. s H

Searches for resonant HH production can then be interpreted in various BSM
scenarios with an extended Higgs sector, e.g. in the MSSM (left) and in the
type-I 2HDM for cos(ff — ) = —0.1 (right).
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8 o e, ze—1oa 1 I vist R et TeV, 126139 fo-! Exp.combined
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Phys. Rev. Lett. 132 (2024) 231801
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e Beyond the LHC Run 2
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HH prospects at the
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HH prospects at the HL-LHC

HH prospect studies for the European Particle Physics Strategy

Update in 2018:

» Combination of five HH channels,
many of which were based on the
extrapolation of partial ATLAS
and CMS Run 2 results.

» The combined significance was = 4;

» The 68% confidence interval for x
was [0.52; 1.5].

3000 fb” (14 TeV)
Saase;

ATLAS and CMS
HRRRE ===

T T .
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bory I i 70
MS
B L =] L — —— Combination
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L L L | | L |

Nikhef,

Statistical-only ~ Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 12 0.61 0.95
HH — bbrr 25 1.6 2.1 14
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (liv) - 0.59 - 0.56
HH — bbZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
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—e— Combination
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HH prospects at the HL-LHC

Updated HH prospect studies (2022):

» ATLAS updated their projections in

the bby~vy + bbTT + bbbb channels,
based on the extrapolations of full
Run 2 HH search results:

>

>

» Projections based on the HH searches
performed prior to the Run-2 legacy

95% CL limit at 0.55 x the SM

prediction;
Combined significance at 3.4;
68% confidence interval for

at [0.5; 1.6], comparable to 2018

ATLAS+CMS projections.

See ATL-PHYS-PUB-2022-053.

publications.
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HH prospects at the HL-LHC

Updated HH prospect studies (2022):

» CMS also updated their projections cMs
based on their three main HH search 102 " bbbb | "bb e
channels:

» 95% CL limit below 0.8 x the
SM prediction.

Theory
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t t t
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| | | |
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HH prospects at the HL-LHC

Updated HH prospect studies (2022):

» CMS also updated their projections
based on their three main HH search
channels:

» 95% CL limit below 0.8 x the
SM prediction.

» Despite experimental challenges at the
HL-LHC, hard work and creativity in
both event reconstruction and analysis
techniques have allowed to improve the
projected sensitivities since 2018.

» Imagine what we can do in the
next 20 years!!

Theory

95% CL limit on o(pp — HH)/o.

Nikhef, Amsterdam,

CMS
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HH prospects beyond the HL-LHC

» Direct HH searches:

» lead the sensitivity to the
Higgs self-interaction;

» but require large /s at ete”
colliders;

» ZHH above ~ 500 GeV, also
VBF HHv_v,_ beyond 1 TeV.

» Indirect but accurate measurement
of the self-interaction via single-H
production at future ete™ colliders
once large datasets are available.
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The HL-LHC results on the Higgs self-interaction will represent an important

legacy for several decades.

Nikhef,

msterdam, 25/10/



e Conclusion

Nikhef, Amsterdam, 25/10/2024



Summary

>

>

Elusive non-resonant pairs of Higgs bosons are the prime experimental
signature of the Higgs self-interaction.
ATLAS has published impressive results with the LHC Run 2 dataset
(and so did CMS):

» oy above 2.9 times the SM prediction is excluded at 95% CL;

> ky €[—1.2;47.2] at 95% CL.
VBF HH searches uniquely allow to probe the VVHH quartic coupling;:
the K9y, = 0 hypothesis has been excluded with a significance above 3o
in ATLAS (and 6.60 in CMS).

Novel re-interpretations of HH searches in the framework of Effective
Field Theories.

Resonant production of Higgs boson pairs allows to probe several models
with an extended Higgs sector.

LHC physicists are eagerly analysing the LHC Run-3 dataset to further
probe HH events.

Nikhef, Amsterdam, 25/10/2024



	smblkcircle Introduction
	smblkcircle Higgs boson pairs: production and decay modes
	smblkcircle ATLAS results: individual HH searches
	smblkcircle Combined HH searches in ATLAS and comparison with CMS
	smblkcircle Beyond the Higgs self-interaction
	smblkcircle Beyond the LHC Run 2
	smblkcircle Conclusion

