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The Higgs potential

Many Standard Model (SM) predictions have been confirmed Vig)
by the LHC experiments! A
Among all, the existence of the higgs field, responsible for the \ B
generation of the particle masses, sets an incredible milestone.
- HOWEVER:
The actual shape of the higgs field potential is still |
largely unconstrained! Re(¢) Tm(o)
V(p) = —u?¢p? + 1¢p*
L (@) =—p°¢p°+1¢ Y
Higgs The simplest potential that works...but why stop there...
potential
~ A “thrilling” subject ~
Our Stable Without new physics our universe could be
vacuum .
What we know ; in a metastable phase!!
sofci‘{ --b Metastable \- /
: high stakes!
| Higgs! \ very
«__| field ) N\




~— Electro-Weak Symmetry Breaking mechanism ~
2 12 4 EWSB 1
V(gp) = —u¢p° + A ) ~ V(H) = —EmHHZ + AvH3 + = /1H4
- —(@W+h |
N R / \ y
'4 \
. o | Higgs mass ! Quartic
The observation of multi-higgs final states in Tri-linear coupling
particle interactions grants direct access to H D H  coupling H H
the self-coupling constants 45 and 4,4. H ®
H @ H A4 H
+HOWEVER: ~ Az ey

These processes are extremely rare!!

_* Triple production: ~0.1 fb~1

» Pair production: ~38 fb~1 — (~1000 times less than single-Higgs)

@ 13.6 TeV

We need very sensitive analyses just to put broad constraints

on the shape of the potential...

Investigated in the k-framework
Switch the focus to the coupling
variation w.r.t. the SM: k; = A3/4




Main HH production at the LHC

~— Gluon-gluon fusion (ggF)

~N
g H g asessesnesn, . R o . Sensitive to K ; and rct
N or(HH) = 30.8%%2 fb @13 TeV
e I ggF(HH) = 34.1%%25 fb @13.6 TeV
g s 2 T Small 0 M. due to destructive interference!
\_ M(Kt' K/l) = KtK),MT + K¢ MB . )

Phys. Lett B732 (2014)

- Vector boson fusion (VBF)

M(icoy, Ky, ;) = Kyl My + ic,y My + ky* M3
e Accesstok; and K,y
. ggF(HH) = 1.96 + 0.05 fb @13 TeV

_ * Oggr(HH) = 1.87 +0.05 fb @13.6 TeV

T | ]
HH productlon at14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

cpestl T
=l
sl |
-

MadGraph5 aMCe@NLO



https://www.sciencedirect.com/science/article/pii/S0370269314001828

The HH decays network y

The ATLAS experiment deploys a vast net of different channels anlyses to boost its sensitivity!
(typically requiring b-quarks to boost BR)

Not a single “golden” channel, but 3 “silver candidates” (+additional complementary chanels)

,— Silver channels -———————- N

HH — bb{{ + ET"° (2.9%)
Targeting simultaneously bbWW,
bbtt and bbZZ di-lepton decays

HH — bbbb (34%)
Highest decay fraction but
messy multi-jet bacnground
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The “compromise”, medium |
abundance but cleaner final |
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|, Multi-lepton final states (6.4%)
Scanning the remaining final states
orthogonal to the main channels

state

final states

HH — bbyy (0.26%) . -
Low branching ratio but Targeting the remaining photon
(no b-quarks) decays

excellent myy resolution
\ \_/
[ 5

——— —— — — — — — — — — — — — — — — — — — — — — —




Run 2+(partial)3 HH — bbyy

~Analysis strategy

N Published on Physics Letter B (April 2026)
* Categorisation: Definition of 7 categories for both Run 2 - Phys. Lett. B 876 (2026) 140280
: > L L B L B L L BB BN I
and Run 3 (independently) based on a BDT score 3 = ATLAS wortj s
 Signal Extraction: Simultaneous m,,,, fit on all categories 13 300 fs=13/13.6TeV, 140/166 1" — 2z om0
L YY ) ﬁ - HH—bbyy pre-selection _g;l:rtz 100 :
..9 250__ Data ]
. . . CIC.) C oot M:on-in-iet + PtReco ]
* Relying on a di-photon trigger D 200F oo
- [ 1 -1 - _?VO No correction ]
selecting event_s with qt le.tast 2y an.d 2 b-jets | / 150F- ; e
* New event based Kinematic Fit used to increase resolution of - ! -
the myy, peak 1008 : ! E
* Continuum background normalised on data sidebands 50F bty =
* First ATLAS HH result using 308 fb~?! data! (e °' , .".'810 el A ke
140 fb~! Run 2 data (2015-2018, /s = 13 TeV) . [GeV]
-1 - — bb
168 fb™" Run 3 data (2022-2024, s = 13.6 TeV) . Phys. Lett. B 876 (2026) 140280 Phys. Lett. B 876 (2026) 140280
~ Results N Besamas w4 Fames 0 Tombmn
. ¥ fs=13/13.6TeV, 140/ 168"~ Cont. background 3 L VS=13/136TeV,140/168 fo~| ™ Expected 68% CL
Best fit Hug — 0. 9t%(3) (Stat) i 0. S(Syst.) > 3: HSH—>bEyy IR L Total background 3 S \ popopeddOmCL
. 5 aflog(i+S. /Byweightedsum  oOn@ + background 2 7 " % SMpredetion ]
. HI . q;') M MHH=0'9'+11-'14 _g 3; __________________ —]
Obs. (Exp.) gy upper limit: 3.7(2.6)xSM z g : T
IS = - { s
S 3 1 \\\ “‘. _
Obs. (Exp.) K, constraints: @ } £ i |
E | .
9 -1.6(-1.8)<k;<6.6(6.9) ) R BRI B o
oy e 140 150 160 S S e—
Most sensitive channel to k! m_ [GeV] R


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/

Run 2 HH (main) analyses

»Run2 HH — bEbE

Resolved (+ Boosted)

ggF+VBF

* 2 b-jets trigger

— Results

(+ Large-R jets trigger)
Er > 450 GeV
* b-jets pairing based on AR
* Full data-diven background estimation
(relying on a NN to reweight 2b events to 4b)
* BDT used to select signal
* Combined myy fitin all SRs

M [GeV]

Phys. Lett. B 108 (2024) 052003 \

\.

Obs. (Exp.) K, constraints:
-0.0(-0.1)<rc,;<2.1(2.1)

Obs. (Exp.) gy upper limit: 5.4(8.1)xSM

I e o R m
ATLAS — SR ] 5003
F L Vs= 13TV126fb === CRi1] 2
ggF selection, Xwi> 15 _ ol ... =
160/ 4bdata a" ™~ G2 400 D
’ N @
o =
F o & N
140 — X o —
J 300
120 ] E —
o . 3
=
il ‘a”} . . S| 200
\\~ —‘:9'" 9
R 100
ILI | |Em |0 A
60 80 100 120 140 160 180 200
myq [GeV]
w_/

\_

Strongest constraint on K,y !
K,y =0 scenario excluded with 3.80

Considering both final states:
e Had-had bbThTh
* Lep-had bbty,tT,
Further devided into:
e SLT (Single Lepton Trigger)

Events / bin

e LTT (Lepton + Tau visible Trigger)

e Two BDTs used:
o ggF vs VBF

o Signal vs background E

» Fake tau background derived

from data

« Fit of BDT score in the 9 SRs

~— Results .
Obs. (Exp.) gy upper limit:

5.9(3.3)xSM
Obs. (Exp.) K ; constraints:
. -3.1(-2.5)<k;<9.0(9.3) )

J

Phys. Rev. D 110 (2024) 032012

10° w

TLAS

10°

104

E:

10°

A

Vs =13 TeV, 140 fo' ¢ Data
ThagThae 2 D-tags

ggF SR, M2 350 GeV Jet — 1, fakes

T T T T ggFHHx200 | 3

—— VBF HH x 200

I HH (1=2.2) E
Top-quark 3

Z + (bb, bc ,CC) —-
I Jet — 1., fakes (t\)
I Other

Single Higgs
- Uncertainty 3
- Pre-fit background

156 T T T T T T T
1§ LJ g [ ] -
058 1 | L
1 2 4 5 6 7 8 9 10 11
BDT score bin
ths Rev.D 110 (2024) 032012
— T T
ATLAS . CE)bser\t/eg 0 -i;c
s =13 TeV, 140 fb” ° EXpeCeg =y °
HH — bbt*t - Expected p=1
B Obs. (Exp.) |
23 (20)
. 17 (7.2)
3.4 (3.8)
59 (3.3

10?
95% CL upper limit on My



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/

ATLAS HH combination y

[ The srongest asset of the ATLAS HH search is the channels combination!! ]
(fundamental in rare processes to boost sensitivity)
ATLAS Run 2 legacy combination Phys. Lett. 133 (2024) 101801
—e— QObserved limit (95% CL)
e ATLAS HH analyses are orthogonal by design ATLAS Expected limit (95% CL)
Vs =13TeV, 126—140 fb™! (MHH =0 hypothesis)
. . . [ Expected limit £1
« Analyses are optimised for their strengths (Ugy, K1, K2v) oG erHH) =3280 O
. T . Obs. Exp.
e Each analysis uses specialised triggers B
bbig + Emiss 10 14
Phys. Lett. 133 (2024) 101801
/ RESUItS N 2 AL B ‘ |ysw wew . — ‘( — |) — Multilepton 17 "
. . . % 87 ATLAS : Com.bined : blzy\[ ]
Combined upper limit: 2.9 (2.5) X SM [ oot semtaoet o ‘;‘;‘,";__: o 53 8.1
i —— Obs. 95% CL + Bestfit (4.3,0.92) |
Obs. (Exp.) significance: 0.4¢ (1.00) : SRR AL Stmedr bbyy 40 50
HhTtT 5.9 3.3
Obs. (Exp.) Kk, constraints: 7
-1.2(-1.6)<K/1<7.2(7.2) Combined 2.9 2.4
b b b b b b b g 1
H . 0 5 10 15 20 25 30 35 40
Obs. (Exp) lczy constraints: 95% CL upper limit on HH signal strength iy
\ 0.6(0.4)<x,,<1.5(1.6) )



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/

The first tt H H search y

New HH analysis aiming at investigating BSM scenarios Just submitted to JHEP (March 2026)
through the ¢, EFT coupling.

[Even smaller cross section: o gy ~ 0.87 fb]

Relies on 3 different decay modes:

* bbyy

e Same Sign Multi Lepton (SSML)
(HH - bb + [ZZ,tt, WW))

e 1 Lepton (1L)

* Using both Run 2 (140 fb~1) and Run 3 (56 fb~1) (HH - bbbb)
o ATLAS-HIGP-2024-33 ATLAS-HIGP-2024-33
e Results N | ATLAS —— Combined | ATLAS —— Ouservedimi
o T T xpected limit
. I [Vvs= _ , - L * V5 =13/136 TeV, 140/ 56 b~ <oected limit £20
Best fit Uy = _St%% Bjtt'“Is:IH 11511286M1I-_ev HORe R — - SSML tfHH1L+SSML+b5yy5 — Exgec:ej :imi: ;io
| Observed | Exp.
Obs.
H . 6F- N Combined: ; N (MetHn = 0)
Obs. (Exp.) 111 constraint: I 05% o € 39,331 |/ /.// ] T
'3'9('4'0)<CttHH<3'3(3'5) TN 68%: Ceer € [-2.5, 2.0] 7 gser oLl boyy 75 79
4k A \‘ y ./ o =
. . \4\' \\\ / ! /'/ SSMLr 40 38
Obs. (Exp.) gy upper limit: RN 7 ,
ot NN (A ] 1L
S 016M |7\ P =
[ \\\\— J 7 | Combinedf 20 21
%2 2 0o 2 4 6

CttHH 95% CL upper limit on Ugp
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High-luminosity LHC

- ~ 4 Run 3 A r ~N
Run 2 e ~300 fb~ 1! for analyses R:n 4-5
* ~140 fb~1! for analyses  13.6 TeV center of mass energy * ~3000 fb~" for analyses

e 13 TeV center Of mass energy ° O-HH increased by 11% * 14 TeV center Of Mass energy
. )\ J _° Ony increased by 18% Y

LHC /HL-LHC Plan HiLuMm

13.6 TeV

13 TeV energy

Dlodes Consolidation

splice consolidation olimit LIU Installation ) ) HL-LHC
7 TeV 8 TeV button collimators |n eraction . inner triplet ; N
— reglons Civil Eng. P1-P5 pilot beam radiation lim installation

R2E project

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2023 2027 2028 2029 2030 II"I"w

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS m;
peam plpes nominal Lumi _2Xnominal Lumi ALICE - LHCb 2 x nominal Lumi B
upgrade

75% nominal Lumi I l/""

. J




H H projections for Hi-Lumi

* Expected discovery significance with 3000 fb~! data at+/s = 14 TeV: 4.260

* Precisionon ugy: ~ 25% “Baseline scenario”
e Precision on K; (Sl\/l): _|_4.8%/_4.2% scaling down statistical uncertainties and

. . . . o/ /__ 0 assuming improvements in analysis
Precision on i, (SM): +18%/—15% techniques (HL-LHC projections)

ATL-PHYS-PUB-2025-006 ATL-PHYS-PUB-2025-006
lEl 9: T I T T T T I T T T T I T T T T I T T T I I I | 9 lEl 12_ L I L I L I LI I LI I LI I LI I LI 12
‘o | ATLAS Preliminary —— Nosyst.unc. 3 T | ATLAS Preliminary — Nosyst.unc.
2 8 s_14Tev —— Baseline -8 T | B —— Baseline ]
S I > .e , Theo. unc. halved - 3 10_V§= 14 T.eV,lSOOO o Theo. unc. halved—) 10
= 7f HiH combination —— Run 2 syst.unc. 7 s | HH combination —— Run2syst.unc. |
o [ Expected SM - S [ Allother k fixed to SM
D 6 -6 g 8 :
- ] @ |
5 15 i
- ] 6
3 o -3 4_
F ‘ ' 1 I
2 2 5
- 2
1 1 -
O: | I | | | | I | | | | I | | | | I | | | | I | : 0 i Ll
1000 1500 2000 2500 3000 Q1

Integrated Luminosity [fo=]
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The HHH frontier y

Run2 HHH — 6D (the first HHH public result!) Phys. Rev. D 111 (2025) 032006

- H h; ,"' N = - ATLAS -Eiﬁ 95%CL
R 1114 ---e H - Vs=13TeV, 126 fbo! _.commmmmes, . — Qs 8% CL
o . he 200— HHH —s 6b o o Onitaity
--- 0= H “H -l ~H | e H - N, ¥ SM 8
AN ‘s~ J ”’ B ,":' \‘\ i
ti . T " o g
~ H — :' “‘ —
Phys Rev. D 111 (2025) 032006 B A n
e [Frororre BN B LN B L B T . A _
c  [amas ® Data 1 N -
B LATLAS e s Very small cross section dueto -
10* =Non-resonant interpretation * — . . . i i
= 60 Signal Fegion, Post it SMHHH . interference with 45 P S
- *Signal normalized to background [l Post-fit background . -600— e
\ B 4Uncertamty ] GHHH ~0.08 fb B 1 I_‘é'ol Ll |_1|0| L1 8 T R | 1|0 L1 2|0 [ | 3T0
10° = Low-Score ; High-Score = . . . . . «
1 * Multi-jets & Multi b-jets triggers |
. ~ > 6 jets (= 4 b-jets) ~ Results \

(categorisation on b-jet multiplicity) | No excess over the SM expectation
* DNN to discriminate signal

3 12 : : Upper limit of 59 fb on the SM

e i u to , & define SR and CR cross-section is set at 95% CL

5o %f/ff/f//{/ﬂw-m W/{/% * Main QCD background extracted - J
3 5 7 via data-driven methods

nonresDNN score

First constraints on the quartic coupling!



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/

Determines the properties

* The shape of the higgs boson potential is fundamental of the scalar sector & the
evolution of the universe...

* HH and HHH productions directly probe the higgs potential through the self

Interacting terms Look forward for the

full Run 3 analyses!

* ATLAS HH searches are already steadily closing in on the tri-linear coupling

e ATLAS HL-LHC projections indicate a discovery significance of ~ 4. 20

* First HHH serches just published!

Still far from probing the SM but it opens a

very compelling new research field
(to possibly even study BSM effects)



Thank you for the
attention
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Improvements for Run 3 - Triggers

New specialised triggers for fully hadronic HH — bbtt New specialisedtriggers for HH — bbbb
JINST 20 (2025) P03002 JINST 20 (2025) P03002
c>)~- [T LR B T 11 L L L I L L I B OO % 5\ _'"""""""""""""""""": >
o 1.9 ¢ Run 31-triggers || 2b2) y :e(HH—bbtt) = 78% —0.14 O c 12— 202j7™ || 3b1j3¥™ || 2b1j || 2b2jcent: £(HH — bbbb) =59% ] o
2 Run 3t-triggers: e(HH - 589 - o+ —0.40 O
5 L 3 ggers:e(HH—bbtt) = 58% ) ] - QL L 4 202" £(HH — bbbb) = 55% . =
W= - A 202 g(HH—bbt7) = 53% ATLAS Simulation ] %) S B j7/™: €(HH — bbbb) = 55% . "
o - O Run2t-triggers:e(HH—bbt1) = 54% Vs =13,13.6 TeV —0.12 & 5 1.0 4 Run 2: e(HH - bbbb) = 41% —0.35 £
s T 13.6 TeV m,, distribution N — > . [ 1 13.6 TeV myy distribution 7 G>J
S —— 1ny O > ——030 ©
= r —— 01 @ > 0.8 P = -
0.8 N ey I .- = T j_LV —— —$—_‘P_—:0.25 g
- —— - —0.08 B . —— = T
- —g— A _ S 0.6 —0.20
0.6 —— —— —r— 2 N - g £
o =é==é= Offline selection: 2t, 2 bjets J0.06 - - - o.15 =
| B 0.4— —m .
0.4 o i _ N ATLAS Simulation 3 0.10
== —0.04 W= Vs=13,13.6 TeV 3
LA ] ' —0.05
0.2 —0.02 - ]
i ] 0.0 L—— : : 0.00
O_I ] | I | | I | L1 1 1 I I I I I I I I | _0 (o\| 20 [ T T T T T |_
[ - |
c\l 1 8 T T T T T T T : — —
% }g —— a - _
—— - .
T 15 —— L 45 | Ao ]
o 14 —— o - e -
o 13 — 5 —— §
™300 400 500 600 700 _ 800 _ 900 _ 1000 %0 800 800 7000
myy [GeV]
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Improvements for Run 3 - Triggers

Major improvement in b-tagging algorithm
(deployedi in Run 3 analyses)

FTAG-2023-01

A D e e L
"F ATLAS Simulation Preliminary 2500
[ — o) 1
: tt jets, €p = 70% 12000
O - ; ! 3]
g 40 :_ i Run 3 reco _: 1500 %
ol | -
%30? . DL1d 11000 =
- DL1r ! ] O
20F  pL1 i 1
i | —-1500
° i :
oL | L. -0

2017 2018 2019 _ 2020 2021 _ 2022 2023

Year
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H H mass distribution

Non linear dependence on k; due to destructive interference between
“triangle” and “box” diagrams
The “triangle” diagram dominates at low myy
Higher values of k; more difficult to probe sperimentally due to low

momenum objects in the final state

do
dmuH

200

300

400

“Triangle diagram”

500

600

“Box diagram”

700 800
mun [GeV]

Arbitrary units

0.14

0.12

L ‘ ..... kKx=0,0=70.4fb ]

0.08

0.06

0.04[~

0.02-

\s=13TeV

..... Ky=1,0=31.11b
— K\=2,0=1381b

-- K\=5,0=9481b




Run2 HH — bb¢{¢ + ETSS

Single-lepton and di-lepton triggers Moo A o Moo e
Two light Ieptolns (e/M), pr > 9 GeV 510 Gev | TR 510Gevd i CR
Two b-tagged jets (e=77%) e e
SRs and CRs based on m,, and m, S R .
VBF and ggF categories: 106GV T mu>206ey 40OV T s > 250 GeV
 BDT trained with VBF HH as Signal 15 GeV 75 GeV 110 GeV )m“ 15 GeV 110 GeV )m”
and ggF HH as background JHEP 02 (2024) 037
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Run2 H H multilepton
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Run 2 EFT interpretations

Effective Field Theories (EFTs) provide a model-independent framework to parametrise deviations
from the SM, where higher-dimension operators modifv the interactions of the SM particles
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Resonant H H searches

Higgs boson pairs can also be produced via the decay of a hypothetical

heavy resonance (X), and many BSM theories predict the existence of such
heavy particles.
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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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