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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...
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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.

vig)

EW vamum
Fermion

masses and
Higgs sector

Deeper
minimum

Absolute
minimum

‘ Higgs potential (mostly unexplored
at the LHC)

Image by Kateryna Radchenko Serdula




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 > 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




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 $—otH 1
SM: V() = —pi*¢* +0¢" O M?H? + DwHE + JAH!

mass term self-interaction terms (never observed)

9 5]
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= 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.
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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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https://www.nature.com/articles/s41586-022-04899-4
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.201802

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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ATLAS Physics Briefing: Twice the Higgs, twice the challenge Phys. Lett. B 800 (2020) 135103
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https://cds.cern.ch/record/2759320
https://doi.org/10.1016/j.physletb.2019.135103

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
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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
bbbb wWw 25% 4.6%
yybb bbrr n 73% § 27% | 039%

H

7z 3.1% 11% 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 | o2sx | oaex |
sensitivity (see back-up slides): : ‘
> 2b + 2£ + E,’_l{“iss./ T 7.3% 27% ’ 0.39% ]
» multi-lepton/photon final states. 2z 31% | 11%  033%  0069%

" 026% oo% —

Image by Katharine Leney
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e ATLAS results: individual Run 2 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)

i (UU) University of Milano-Bicocca
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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 B cre M o
. oq ] 2
Higgs boson (pairing based on angular E 2
distances). 10
» Data-driven background model based on A | oo
SR event re-weighting: E
1 100
e 2b — 4b re-weighting function derived s
with machine-learning techniques in CRs wow e e a0
H1
around the SR.
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100 =
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3 15T T T T ,
Obs. (exp.) 95% CL upper limit on S ot — ++ l S
gL E
Ulg_IgPII:+VBF = 5.4 (8.1) x SM prediction. B e n‘m o gyér?w[e';\l/"_?
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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.

University of Milano-Bicocca, 19/05
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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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» Di-photon trigger and event selection + 2 b-jets.

» 7 event categories based on:
& 3 3 .
e my,. . (low vs high);
e classification BDT output ranges, trained on
different signal hypotheses.

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

A. Ferrari (UU) University of Milano-Bicocca,

» 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

Fraction of Events / 0.04
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HH — bby~y

» Signal and backgrounds:

e HH and single-H shapes from simulation;
e continuum background shape from data.
» Signal extraction through parametric fits of m.,,.
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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 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
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2F E g o E H
5
15 of E §
2
E 2 E
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3 o 4 2| 4
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. |
Obs. (exp.) 95% CL upper limit on U%g§+VBF = 4.0 (5.0) x SM prediction.




e Combined Run 2 HH search results in ATLAS
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Putting it all together...
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|
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-! (it =0 hypothesis)
Sy == Expected limit +10
HH)=32.8 fb
Ogr +ver (HH) =1 Expected limit +20
Obs.  Exp.
bbil + Efissi— + 10 14
Multilepton{— + 17 1
bbbbi— * 53 8.1
bbyyf~ } 4.0 5.0
bbT*T™ - + 59 33
Combinedf— + 29 24
| | | | | | | |
5 015 20 25 30 3 40

95% CL upper limit on HH signal strength i

» 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).
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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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HH combination: VVHH quartic coupling

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

—o— Observed 68% CL

ATLAS
VE=13TeV, 12614010 . oeeceate Ol
S e T T s e 1 11 somonaton g
=4 PR | —— SM prediction
~ s |~ Multiepon —— bbbb ]
\ S-18TeV, 1261401 o ol pser . » -
HH combination | Combined| N
6~ All other « fixed to SM —— Obs. 95% CL[0.6,1.5] T 10238
-== Exp. (SM): 95% CL[0.4,1.6] ] | . . oo
5 bbbl
W [ - 101
& A ! R el
1= ‘.\ ! e 10
W ! ——— 04
4 /
3F H / . r—— et oy
Y bbee+ EPs
A / —t—— 143
2k Y /
K ‘ ! N (3 A———————t- 1.0
h / bbyy] .
1 / —— 113
\\// Ay e PR— ————
I | St Loc Multiepton| .
v-05 0 0.5 1 15 - 04t
-2 -1 ) 2 5 10 20

» Obs. (exp.) 95% CI for k,y = [0.6; 1.5] ([0.4; 1.6]), dominated
by the VBF HH — bbbb search in boosted topologies.
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HH combination — comparison with CMS
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» Results from CMS-PAS-HIG-20-011.

» Similar sensitivity to the HH signal strength (exp. 2.5, obs. 3.5) but the leading
channel is HH — bbbb, in which CMS has a search for ggF boosted topologies.

ok

» Obs. (exp.) 95.4% CI for k, = [-1.40; 6.43] ([-2.29; 7.95]).
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ATLAS+CMS HH combination

» Results from arXiv:2602.23991 [hep-ex].

T e S N R
> T T T T T T
f;’&‘:ui”; cms T e < [ ATLASand CMS —— ATLAS
3.5 Ei
Vs=13TeV [ LHC Run 2 cMS ]
offf +olEf =32.81b 3pVs=13Tev — Combined 4
[ All other k fixed to SM 1
25¢ —— Obs.95%CL  + Bestfit(1.8,1.0) 7
oms|- 35 26 36 oF == Exp.95%CL % SMpredicton
ATLAS 29 24 35
Combined— E vj 25 17 28
rrv et AT T I NI e b b b b b b
1“2‘335‘(‘3‘7&‘1‘91‘01‘112 0 4 6 8
95% CL upper limit on HH signal strength gy K»

» Observed significance of 1.10, for a best-fit signal strength of 0.873-2.
» One-dimensional obs. (exp.) 95% CI for k, = [-0.71; 6.1] ([-1.3; 6.7]).
» One-dimensional obs. (exp.) 95% CI for K,y = [0.73; 1.3] ([0.66; 1.4]).
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https://arxiv.org/abs/2602.23991

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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HH in Effective Field Theories

ATLAS has performed HEFT re-interpretations of Run 2 HH legacy 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
gm‘ EA 1"LAS ' ¢ Observed limt (95% (‘:L)—
SM L Lo o] 0 il eon o Srommes
1 5.11 1.10 0 0 0 ST [HH-bbT* T +bbyy+bbbb = Expected limit +10
. : g [0 Expected limit +20
9 6.84 1.03 1 1 0 10k 4 *  Theory prediction B
* N 6 3 . a & Exp. bbbb
- l l l v v Exp. bbyy
3 221 | 105 ] -5 | 3 P . e o e bbrr
4 279 1090 | -1 | -1 -1 7 - I S R
N ’ 6 3 2 102 - O ¥ s
T : : «sBal .
5 3.95 | 117 | —3 B —3 BB 5
6 —0.68 | 0.90 | -1 L 0.25
6 2
. . ol
7 —0.10 | 0.94 1 6 6 Benchmark point
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https://scipost.org/SciPostPhysCommRep.2

HH in Effect

ve Field Theories

ATLAS has performed HEFT re-interpretations of Run 2 HH legacy 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):

T T T T
ATLAS

VE=13TeV, 126—140 o'

8 HH - bbt*T~ + bbyy + bbbb
Allother ¢ fixed to SM

Observed

-2InA

Combined:
68%: Cogm € [0.17,0.39]
95%: Cogm € [-0.38,0.49)

" Combined
— bbrir
— bbbb
— by

Universi

-2InA

Al other ¢ fixed to SM
Observed

‘Combined:
68%: Cunn € [0.29,0.58]
95%: cam < [0.19,0.70)

T T
ATLAS — Combined
VS=13TeV, 126—140 fb-! — bbrr

81 HH > bt~ + bbyy + bbbb — bbbb

— bbyy

89% C

050 025F

025 060 o5
Cutnn
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HH in Effective Field Theories

ATLAS has performed HEFT re-interpretations of Run 2 HH legacy searches
in the bbbb, bb77 and bbvyy 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.




e Beyond the LHC Run 2




New search for HH — bby~ (1)

ATLAS published a new search for HH — bb~yy [arxiv:2507.03495] with some
improvements with respect to the Run 2 result:
» Addition of a partial Run 3 dataset (2022-2024, i.e. 168 fb~1);
» New samples of simulated events, updated HH cross-sections;
» New GN2 algorithm at 85% working point (instead of 77%) for b-tagging,
and relaxed requirement of N, > 2;
» Kinematic fit relying on the p, / p, balance against photons to improve the
mass resolutions of the H — bb candidate and bb~y~y system.

350 T T T T

T
ATLAS

Muon-in-et + PiReco + ki
—— HH--bByy x1000

300F—Vs=13/136 TeV, 140/ 168 o™ A vy x50
HH . bbyy pre-selection

250

Events / 2.5 GeV

200

150

Ees . D“Dm.‘ Cog |
90 40 60 80 100 120 140 160 180 200
me [GeV]
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https://arxiv.org/abs/2507.03495

New search for HH — bby~y (2)

Event categories similar to the Run 2 legacy search:

» Low- and high-mass regions with a threshold at my, . = 350 GeV;
» 2x(4+3)=14 categories based on resp. low- and high-mass BDT scores
and Run 2/3 datasets;

» Same BDT score thresholds and di-photon continuum background shapes
for the corresponding Run 2 and Run 3 categories.

0 T T T T T T T T - — T T T T T T T T
I s 1 3 ]
g [ ATLAS —— HH (SM) 1 s [ ATLAS — HH(SM) 1
2 Lo~ ~ ~ = HH (BSM) 1 = _ . = HH (BSM)
P 10? ﬁAﬁjia.sTe\/.MUHGBlb‘ Single H 3 ‘E 10? \sttsr/wae'rev‘womssm‘ Singlo H E
g E HH - bbyy pre-selection VY +iets E E HH - bbyy pre-selection v +ets q
3 [ Low-mass region 4 Datasidebands 18 [ High-mass region 4 Datasidebands ]
.~ o
° 1F 4 s -
c E i s E|
S E i 3 E|
k] r 1 @ 3
g * ; I =
101", |
Ele I
oo S
[ AN — [
ALYy L PPYY P 1|
2| LT o
B = ] AR AR AN (-
E P
PRI EERIRI NURRI | SR N T |
0 0.2 0.4 0.6 0.8

BDT score




New search for HH — bby~y (3

Sum of weights / 2.5 GeV

ATLAS
VS =13/136TeV, 140/ 168 fb~!
HH - bbyy

—e— Observed limit
=== Expected limit (i = 0)

— &~ Expected limit (uyy = 1)

o

Expected limit (iyy = 0) £20
Expected limit (i = 0) £10

Expected limit (i = 0)
JHEP 01 (2024) 066

Exp.

Exp.
OBS: (110 = 0) (= 1)

455 ATLAS ¢ Data

4E Vs=13/13.6TeV, 140/168 fo* """ Cont. background
355 HH — bbyy ==+ Total background

“E = Signal + background

3 log(1+Sg,,/ B) weighted sum "
25E Moy = 0911

S5

2c Run 2
15F

1 Run 3
osfl g TTETT | I .
GE | | ‘\* o b t? L TRAN
110 120 130 140 150

» Best-fit HH signal strength of 09f}% (exp.
» Signal significance of 0.84¢ (exp. 1.00 in the SM);
» Obs. (exp.) 95% CL upper limit on puyy = 3.8 (2.6) x SM prediction
= sensitivity close to the combined ATLAS Run 2 legacy result!

Universi

48 42 55

1‘0 1‘2 1‘4 16
95% CL upper limit on

lf}g in the SM);
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New search for HH — bby~y (4)

< 12 < P2
£ [ ATLAS - Expected |/ ] < [ ATLAS - Expected ]
S —— Observed [/ ] S — Observed ]
! 10 Vs=13/13.6TeV, 140/ 168 fb-' ’:' 7 101’ Vs§=13/13.6 TeV, 140/ 168 fb~! |
HH = bbyy, Key= 1 Observed 1 HH = bbyy, K = 1 Observed b
8l 68% CL: k) € [-0.4,5.1] - 8| 68% CL: kay € [0.0,2.1] -
95% CL: k) € [-1.7,6.6] 1 95% CL: Kay € [-0.5,2.6] A
Expected ] Expected
[ 68% CL: k), € [-0.6,5.4] — 6 68% CL: Ky € [0.1,2.1]
95% CL: k) € [-1.8,6.9] 1 95% CL: Koy € [-0.4,2.6]
4 95% CL. 4 4
of B 2
1 L
0 3 ] %
Kx
AP T
< 7 AlLAS Observed 95% CL ]
VS=13/136TeV, 140/ 168 fb”' E*m:e: ::j gt
S - by o ot ] » Expected width of the x, and kqy 95%
rdton
o+ ] CT improved by resp. 20% and 30% with
‘ respect to the Run 2 legacy result.
. . _ +2.3. +0.6
e ] > 2D scan Z)7<“A71K12v) =(2.755:5; 1.6179)
+4.7, 1+1.
e (exp. (153:75 113:3)).
=6 4 -2 0 2 4 6 8 10 12




HEFT interpretations:

w HH — bby~y EFT results (1)

New EFT interpretations of HH — bbvyy in ATL-PHYS-PUB-2025-034:

» Extend the analysis to include EFT
effects on VBF HH;

>

2 A

Perform likelihood scans while profiling
other HEFT anomalous couplings —

better represents sensitivity when other
(correlated) HEFT operators also affect

HH production.

ATLAS Preliminary
Va=13/136TeV.
L=140/ 168 0"

Oberved
— Expocted

HH > by
o HEFT.allother  fxed to SM

2k

ATLAS Preliminary
V3=13/136TeV.
L=140/ 168 0"

HH

foating, ¢ c fixed to SM

Cbserved
— Expected

Chin

Chih

5 x Cggnh

5 x Cunn

T T T T T T T
ATLAS Preliminary Observed 68% CL
Vs=13/13.6 TeV, 140/ 168 fo~" —m— Expected 68% CL
HH - bbyy Observed 95% CL

+ Expected 95% CL
HEFT —— SM prediction
non-scanned c fixed to SM

I 253

0.00:188
0.09:784

00032

Chhh

5% Coghn

5 x Crn|

0.02:318
| | | |
t t t t
Cgghi Cun fixed to SM and others floating
— f—
I -0.7%4
[N 1 0.00°38
0.06:43}

0.00:45
049401

L
-6 -4 2 0 2 4 6 8 10



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-034/

New HH — bbyy EFT results (1)

New EFT interpretations of HH — bbvyy in ATL-PHYS-PUB-2025-034:

HEFT interpretations:

>

>

Extend the analysis to include EFT
effects on VBF HH;

Perform likelihood scans while profiling
other HEFT anomalous couplings —
better represents sensitivity when other
(correlated) HEFT operators also affect
HH production.

1D constraints are comparable to those
obtained in the Run 2 HH combination!

Large differences between 1D and 3D
constraints show important correlations
of the three HEF'T operators on the HH
signal yield, most significantly between
Chpp 80d Crypp-

Chhh

T T T T
ATLAS Preliminary Observed 68% CL
V§=13/13.6 TeV, 140/ 168 fo~' @~ Expected 68% CL
HH - bbyy Observed 95% CL
+ Expected 95% CL
HEFT —— SM prediction

non-scanned c fixed to SM

._+_.4 1,047
1,224

[ 233

b
' ol 0.00°158
5 x Coghh '_+_' e
99! 0.09°181
n-.—l_‘... 0.00°320
5 x Cum 3%
0.02:318
| | | | | | | | |
t t t t t t t t t
Cgghi Cun fixed to SM and others floating
— Cren
Chhn s
-I- -0.7%4
n-;—+—¢-| 0.00:385
5xc, 250
ot 006331
5xc RS S Y| 0.00:45
ttnh 0.49:33!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-034/

New HH — bbyy EFT results (2)

New EFT interpretations of HH — bbvyy in ATL-PHYS-PUB-2025-034:
SMEFT interpretations:

» Same pattern of electroweak symmetry
breaking as in the SM = this enforces
correlations among the new interactions
involving the Higgs boson.

1 (6) o (6)
Lsyprr = Lsu Tt I Zci )012 )
1 (8) )(8)
e DIL AR
J

» Five operators and Wilson coefficients of
interest in HH production, where ¢ ;O
uniquely modifies the Higgs self-coupling
and is of primary interest in the SMEFT
analysis.
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New HH — bbyy EFT results (2)

New EFT interpretations of HH — bbvyy in ATL-PHYS-PUB-2025-034:

SMEFT interpretations:

» For each Wilson coefficient, linear-only "ATLAS Profiminary | — Exp. Linear + Quadrati

<
and linear-quadratic truncation schemes 58t Lﬁ:llgﬂ?ff;ey g:z- Linear + Qusarae |
indi 5 idi HH — bbyy - Exp. Linear
are probed = indicates the validity of the LTI alloter s e o SM
SMEFT truncation and the potential size
of dimension-8 contributions. 4—\ / L
(6) Y [ 4
AMLf[ . +Z o6 ZRe(M M )+ c}mﬁ,;m M:D)M;fl 2 \ .
o Msml® TN IMsm|” RN
v T O
o No Dim-8 v ; ; ]
o 2Re (MIAL;,, )
AT Ml

A = 1TeV and a gray bar indicates
where one of the ggF HH category
yields becomes negative.
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w HH — bby~y EFT results (2)

New EFT interpretations of HH — bbvyy in ATL-PHYS-PUB-2025-034:

SMEFT interpretations:

» For each Wilson coefficient, linear-only
and linear-quadratic truncation schemes
are probed = indicates the validity of the
SMEFT truncation and the potential size
of dimension-8 contributions.

. (6) Age .
sl 1 Z ﬂ ZRE(M' Mw) . el MOm®
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A M
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ATLAS Preliminary Observed 68% CL
5= .6 TeV, ~ =@ Expected 68% CL

13 /13.6 TeV, 140/ 168 fb !

HH — bbyy Observed 95% CL

SMEFT. A = 1 TeV ===+ Expected 95% CL
N v ) —— SM prediction

Linear + Quadratic
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HL-LHC timeline

A major task of the HL-LHC is to further explore the Higgs sector, in
particular establish and measure the Higgs self-interaction.

AGE HADAON COLLIDER

LHC / HL-LHC Plan 4 Hitumi)

LHC HL-LHC
Run1 | | Run 2 | | Run3 | | Runa-s..
EYETS LS2 13.6 TeV. =5 13.6-14 TeV.
13 Tev. —ts ey 136 1976V cneray
‘splice consolidation cryolimi LIV Installation
7Tev_ 8T8V “buton collmators erscion inner tplet HETH

R2E project regions. Olvil Eng. P1-P5 piot beam Taciation hmit installation

mmmmmmﬁmmmmml@
beam pipes G

2 nominal Lumi

rominalLumi 2 nominal Lumi, ALICE - LHCh 2 xnominal Lumi
upgrade

75% nominal Lumi

3000 fb!

luminosity
HL-LHC TECHNICAL EQUIPMEN

DESIGN STUDY PROTOTYPES / 'CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS conss

of Milano-Bicocca,



New ATLAS HH prospects at HL-LHC

» Latest projections based on the
Run 2 legacy publications, see
ATL-PHYS-PUB-2025-006.

» Combined significance at 4.3;
» The 68% confidence interval for
Ky is 1.0:8:32, improved w.r.t

2020 ATLAS+CMS projections.

T T
ATLAS Preliminary
Vs =14 TeV, 3000 fo-!

8 Baseline
All other k fixed to SM

—2AIn(L)

J -
=== bbyy
Multilepton
=== bbbb
bBI* 1+ EPSS

—— Combined

10

Absolute error of Ky

T T T
ATLAS Preliminary
o= V'S =14 TeV, 3000 fb'
HH combination

Al other k fixed to SM

Significance HH [o]

" syt e
—— Baseline

Theo. unc. halved 10

+— Run 2 syst. unc.

o

T T
ATLAS Preliminary

F Vs =14TeV, 3000 fo-!
HH combination

[ All other « fixed to SM

T 25
Run 2 syst. unc.
Theo. unc. halved J

—— Baseline

—— Nosyst. unc
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Combined HH prospects at HL-LHC

CMS ATL-PHYS-PUB-2025-018
> CMS-HIG-25-002
iy § S~
EXPERIMENT KT 31st March 2025

ATL-PHYS-PUB-2025-018
Highlights of the HL-LHC physics projections
by ATLAS and CMS

The ATLAS! and CMS? Collaborations

In the following:
» S2 ~ ATLAS and CMS baseline scenario for systematic uncertainties;

» S3 = S2 + 5% improvements in b-tagging and 7=identification efficiencies.

University of Milano-Bicocca, 19/05/2026



Combined HH prospects at HL-LHC

Projected ATLAS+CMS results on the HH signal significance:

3ab~! (52) 3ab! (99)

ATLAS CMS ATLAS CMS
bbr T 3.5 2.4 3.87 2.7
bbyy 2.4 2.4 2.6 2.6
bbbb resolved 1.0 1.2f 1.0 1.3
bbbb boosted - 2.2f - 2.2t
Multilepton 1.of - 1.0f -
bbet e 0.5" - 0.57
Combination 4.3 4.2 4.5 4.5
ATLAS+CMS 7.2 7.6

Only one t symbol per row = measurement extrapolated to
6ab~! assuming the same sensitivity for both experiments.
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Combined HH prospects at HL-LHC

Projected ATLAS+CMS results on the HH signal significance:

=
N

ATLAS + CMS Projections ESPPU 2026

Vs =14TeV, 3 ab~! per experiment
SM HH production (k) =1)

=
o
T

bbbb
mmm bbyy
6l bbTT
s Combined

4t
| I I
0 L A
0
2

HH statistical significance
o]




Combined HH prospects at HL-LHC

Projected ATLAS+CMS results on the Higgs self-interaction:

G T T i T T T T 3 ab~! per experiment (14 TeV)
= ATLAS + CMS Projections ESPPU 2026 < o ATLAS+CMS i
i 20 Vs =14TeV, 53, 3 ab~! per experiment ,| Projections ESPPU 2026 il
~ All other couplings fixed to SM 6 52 I ] '
! 68% CL k3 €[0.74,1.29] 5 il
4 |
15 3 | |
—— Combination I
—— bbTtT- 2 i .
i 1 i
— bbyy i
10 P 0 L]
—— bbbb 1 i ! ~
Multilepton N ¥ | 95°A:CI
bbll - i 68%cCl
5 P21 0 1 2 3 4 5 6 71 8
_____________________________________ 5% CL
L 33
_________ NN\ —_____es%ucL| ¥ O'g' RERERRE I I | fHiiinns
%5 00 05 10 15 20 25 30 35 i35 it 3
K3 Kkiue

|
A precision on the Higgs self-coupling modifier below 30% can be
obtained in the S3 scenario with 3 ab~! of data per experiment!
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Summary

>

>

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

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

> Ky €[—1.2;47.2] at 95% CL.

» Novel re-interpretations of HH searches in Effective Field Theories.
ATLAS recently published the first HH search with Run 3 data in the
bb~y~ final state.

The Run 2 legacy results served as the basis in recent HL-LHC prospect
studies for the 2026 update of the European Strategy for Particle Physics.
With 3000 fb~! of data at 14 TeV per experiment:
» HH signal significance of 4.5 per experiment, above 7 after combination.
» Precise measurement of the Higgs self-interaction, with an uncertainty
better than 50% per experiment, and close to 30% after combination.
Significant improvements with respect to the 2020 update of the ESPP.

i (UU) University of Milano-Bicocca, 19/05/2026



Summary

>

>

>

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

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

> Ky €[—1.2;47.2] at 95% CL.

» Novel re-interpretations of HH searches in Effective Field Theories.
ATLAS recently published the first HH search with Run 3 data in the
bb~y~ final state.

The Run 2 legacy results served as the basis in recent HL-LHC prospect
studies for the 2026 update of the European Strategy for Particle Physics.
With 3000 fb~! of data at 14 TeV per experiment:

» HH signal significance of 4.5 per experiment, above 7 after combination.

» Precise measurement of the Higgs self-interaction, with an uncertainty

better than 50% per experiment, and close to 30% after combination.

Significant improvements with respect to the 2020 update of the ESPP.

|
So imagine what we can do in the next 20 years!
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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.

H 7
PEN g Ty
N £ e
/ N c [olpp = H(H)+X) i
5 6L Vg= — 7
H------¢é pro---- )is g 10 L s=13 Tev &
BN 4 @ ?H E
N ’ 8. sl g
S~ 5 10 qaHH 3
;——/d

P I R B B AU BTN PR
20 15 10 -5 0 5 10 15 20

LHCHWG-2022-002



https://cds.cern.ch/record/2803606

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

< 3 . Mpb, My,
» 2 e/p and 2 b-jets, no Sl s
: iss Z+HF CR| o .
requirement on E'SS; 210 Gev ACR 210 Gev aen
SR 1 SR .
» SRs and CRs based on m = -
oL Wt CR Wt CR
' 40 Gev my > 250 GeV ey iy > 250 GeV
and myy; | 7 e > | . ‘
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.

i (UU) University of Milano-Bicocca, 19
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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%“““; 210 Gev HCR 210 Gev  CR
- my < 2 eV
SR1 SR .
» SRs and CRs based on m,, = .
- 40 Gev i > 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.

i (UU) University of Milano-Bicocca, 19


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-02/

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; S 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.

at+bp
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2ASC4 100

24 2Ty

VY + 2L Thaa)|
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VY + T
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Combined|
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oSl . vor(HH) =32.8 b Exp.
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95% CL upper limit on HH signal strength s
|
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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

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
bbyy|
bbbb

bbeL + Efiss

bbttT

Combined

Obs. Exp.
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95% CL upper limit on VBF HH signal strength piver
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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).

5 [T T — g T T — T T
= I 1 T 100 |
£ 105 ATLAS 4 g E R 2 N . o T
f E vS-13TeV, 126-139 o' —— Observed limit (95% CL) = { T E
x [ spino ---- Expected limit (95% CL) g Lo \ A ]
LRI = Expected limit 10 4 S o v ARV i
E 3 Expected limit +20 E E &/ A E
b .\ 4 e ]
EoAn 3 1oE El
102 - [ ]
£ ] 10 E
1ol E ATLAS —=— bbbb 3
E E £ Bote ]
e 3 b ve-13Tev, 126-130 b - bbrT 1
Foo—pby N 10 Spin-0 —v bbyy B
10°  —=— Combined | E —e— Combined
E 3 Fao
S T B TETY I S W S AP Y M| |
200 500 500 7000 2000 3000 5000 200 500 500 000 2000 3000 5000
mx [GeV] my [GeV]

Phys. Rev. Lett. 132 (2024) 231801

University of Milano-Bicocca, 19/05/2026


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/

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).

% Qbs. comtined =4 Obs. combined
8 o e, ze—1oa 1 I vist R et TeV, 126139 fo-! Exp.combined
of HomnMi Exp ::;; 801 H —» hh, Type-l 2HDM, cos(B- x)=-0.1 """ Exp. bbr* 7
95% CL upper limits s amy o 95% CL upper limits ~ wem Fymy > 5%~ ©P-bobb
el il 50 - -~ Exp.bbyy
7

=
200 300 400 500 600 700 800 05551 1000 1200
my [GeV] my [GeV]

Phys. Rev. Lett. 132 (2024) 231801

University of Milano-Bicocca, 19/
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Old HH prospects at HL-LHC

HH prospect studies for the European Particle Physics Strategy

Update in 2020:

» 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 .
b HL-LHC prospects
bory I i 70
MS
B - =] L — —— Combination
bbre e — — i — Stat. uncertainty|
bBo5 = .
bBVV(IvIY) | o
bbzz(4l)
combined ==
L L L | | L |

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
4.5 4.0

ATLAS and CMS 3000 fb' (14 TeV)
HL-LHC prospects
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——cMms
—e— Combination

-2AIn(L)




Combined HH prospects at HL-LHC

» Projected Cls for k, can constrain

BSM scenarios with new particles
beyond the HL-LHC energy reach
that deform the Higgs potential.

Constraints from HH production
probe k, in a model-independent
way only close to the minimum.

The shape of the potential across a
wider range of ¢ can be probed in
EFTs (e.g. dim-6 SMEFT).

Arrows indicate where four BSM
scenarios predict a strong FOPT
(first-order phase transition).

Vig)

V(¢) — Vsm(9)

ATLAS +CMS

T Projections ESPPU 2026

VS=14TeV, S3, 3ab" per experiment

- — SM SMEFT 6
- min 10 Uncertainty
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""" SMEFT 8, k" 69, k" =5.4 HH-driven

—-= Log. Potential, kJ"" = 1.57
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10 Uncertainty
k3€[0.74-129]

MEFT 6
20 Uncertainty
SMEFT 6
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10 Uncertainty
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Combined HH prospects at HL-LHC

» Projected Cls for k, can constrain 12

. . . . ATLAS +CMS
BSM scenarios with new particles ;

1.0~ projections ESPPU 2026

Vs= ,53,3ab i
beyond the HL-LHC energy reach £ LTS, 53, 3307 perexperiment
R . A 0.8-— SM SMEFT 6
that deform the Higgs potential. - SMEFT 6, k5™ = 166 Pt
S o6 SMEFT 8, k" =1.69, kK{" =54 p griven
» Constraints from HH production s = Log. Potential, (%= 1.57 e o)

Exp. Potential, k" = 1.99

probe k, in a model-independent 04
way only close to the minimum. 02l
» The shape of the potential across a 0.0b%
wider range of ¢ can be probed in le=6
EFTs (e.g. dim-6 SMEFT). il S s
VS =14TeV, S3, 3ab~! per experiment
» Arrows indicate where four BSM s
scenarios predict a strong FOPT &
(first-order phase transition). <
Near the minimum, the 95% CL red band B TSy e S,
excludes all strong-FOPT scenarios across _al B = |
the four BSM hypotheses. The HL-LHC is 0.980 0.985 0,990 0.995 1.000 1.005 1.010 1.015 1.020
thus of extreme importance to understand ¢

the early universe!
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Combined HH prospects at HL-LHC

Other projected ATLAS+CMS results:

Measurement of the VVHH quartic Improvement on the sensitivity to
coupling with a precision better S — HH by roughly an order of
than 15%. magnitude.
q 20.0
5 ATLAS +CMS Projections ESPPU 2026 _ $2 scenario : (14 Tev)
9175 VS =14TeV, 3ab~! per experiment % 5 F ATLAS+CMS Spin 0, Gluon fusion production 7
: Boosted VBF HH - bbbb I 10°E projections ESPPU 2026 Narrow Width Approximation E
I 15.0 All other couplings fixed to SM IT F - 95% CL upper limit k|
S Expected
o 10°E - 95%
125 —— 52, 68% CL Koy €[0.87,1.16] T E 68% 1
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10.0 : E E
7.5 F e é
= 3ab'perexperiment NN 0000 7T e
>0 10| ===~ 139fb" (CMS-only, 13 TeV) §
25 NN F Real singlet (b, = 100 GeV, 0= 0.2) E
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Kav mg [TeV]
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