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Why Search for HH (and HHH)?

« Since discovery in 2012, measurements of the Higgs properties (mass, quantum
numbers and couplings) at the LHC have shown a scalar sector consistent with

the SM.

*  What remains unknown is the shape of the Higgs potential.

* Higgs self-interactions provide a direct test of electroweak symmetry breaking and
connect to broader questions such as the electroweak phase transition in the early

Universe. - _
Trilinear Quartic
Mass term Coupling Coupling
1 2 2 3 1 4
V(H) = EmHH H \svH |+ Z)\4H
13 14""
------ o @
HH ™, HHH .,
Production * Production *

* Deviations parametrized as k;=N/ ASM.
» HH production gives direct access to kj(k3), while
HHH production gives direct access to K.
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HH Production @LHC

T T T T
HH production at 14 TeV LHC at (N)LO in QCD

My=125 GeV,

MSTW2008 (N)LO pdf (68%cl)

HH cross-section ~1000x smaller than H

n
w
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Cross-section o

Process
ggF HH
VBF HH
ttHH
HHH
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13 TeV
30.8 fb
1.69 fb
0.67 b
0.079 fb

13.6 TeV
34.1 b
1.87 fb
0.8 fb
0.09 fb

MadGraph5 aMC@NLO

Gluon-gluon fusion is the dominant production mode and
gives direct sensitivity to k, through box-triangle

interference. 02
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0.1
=
" § VT T T~
Most sensitive to kyat & ([T T S—
low/intermediate myy. £ | box
S kT e triangle
-0.1 )
interference
— sum
-0.2

300 400 500 600 700
myu [GeV]

" R

o . 9 9990990090009 ———P— @ ---------~ H
Kt R\
rrgr A

g ¥, K

H 9 009900909990 A ———————O - - - - - - - - - - H

Vector Boson Fusion has a smaller rate but directly probes the
quartic gauge-Higgs coupling k..
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Where does HH sensitivity come from?

ATLAS probes HH through many final states. Sensitivity depends on more than branching
fraction: objects, acceptance, mass resolution and background control matter.

* Decay channels provide different experimental handles; production categories map them onto
complementary constraints on puy, Ky and iy,

bbbb (34%)

« Largest branching fraction.
« QCD multijet background.
bbrT (7.3%)

«  Good balance of branching fraction and purity. 34%
* T/MET handles.
bbyy (0.26%) 25%

« Tiny rate, high purity.

* Excellent my, resolution. 7.3%
bbe? + MET (~2.9%) 0.069%
* Leptons + MET give triggers and QCD rejection.

/ multiphoton final states (~6.5%) 0.26%  0.10% 0.028% 0.012% 0.0005%
 Clean low-QCD signatures; small yields.

WW ‘ TT YA W%

4.6%

1.7%
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Where does HH sensitivity come from?

ATLAS probes HH through many final states. Sensitivity depends on more than branching
fraction: objects, acceptance, mass resolution and background control matter.

* Decay channels provide different experimental handles; production categories map them onto

complementary constraints on Py, Ky and Kz ATLAS+CMS HH Full Run2 Combination
Channel Details Expected Observed
bbbb (34%) HHH Ka Koy HHH  Ka Koy
. ; ; bbbb <81 [-53,12] [OB8ITD <54 [-34,11]
Largest br?nchlng fraction. L, bbt €337 [-2.6,92] [-0.24,24] 1=587[-3.3,9.1] [-0.51,2.7]
« QCD multijet background. < voyy <52 [E31,79] [-1.1,33] <4.1 [E16,70] [-0.48,2.7]
bb1T (7.3%) E bbee+ EF <14 [-11,17] [-0.50,27] <9.6 [-6.5,13]  [-0.19,2.4]
Good bal b hing fracti Multilepton <11 [-45,96] [-19,41] <17 [-64,12] [-2.5,4.7)
© do iance of branching fraction Combined <24 [-1.7,72] [041,17] <29 [-13,72] [0.57,1.5]
and purity.
bbbb <43 [-4.6,12] [0 <70 [-5.0,12]
* T/MET handles. bbtt <54 [-4.2,11] [-0.64,2.8] (€35 [-1.9,89] [-0.32,2.5]
bbyy (0.26%) 2 bbyy <57 ([=315;88] [-0.94,3.1] <87 [=3:580] [-1.4,3.6]
, ) ) & bbWW <19 [-9.4,16] [-14,35] <15 [-6.1,13] [-1.0,3.1]
* Tiny rate, hlgh purity. Multilepton <20 [-8.0,12] [-2.5,46] <22 [-5.8,10] [-3.4,5.6]
e Excellent my, resolution. Combined <26 [-22,80] [0.63,14] <35 [-14,66] [0.66,14]

ATLAS + CMS combined < 1.7 [-1.3,6.7] [0.66,1.4] <25 [-0.71,6.1] [0.73,1.3]

Huw: Driven by the full combination, strong constraint from bbrT balancing yield and purity.
Ky : ggF rate + my, shape; bbyy gives clean mass resolution, bbTT adds larger yield with manageable backgrounds.

K5, . Boosted/VBF categories in bbbb target high-my, topologies, K., deviations are enhanced.

Mirella Vassilev 6 QCD@LHC 2026
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Run 2 HH Combination ATLAS+CMS

ATLAS+CMS HH Full Run2 Combination:

Best-fit signal strength:

1.1(1.3)o observed(expected) HH signal significance

Hun < 2.5(1.7) observed(expected)

Ky € [-0.71, 6.1], ., € [0.73, 1.3] at 95% CL

ATLAS Run 2 H+HH Combination:

Single-Higgs processes also depend on k, indirectly through NLO

Uy = 0.8%02 = 0.8107 (stat) 03 (theory) + 0.3 (exp.)

arXiv:2602.23991

arXiv:2608.07332

ATLAS and CMS
LHC Run 2
Vs =13TeV

—e— Observed

-- Expected (uf§im™®" = 0)
[ Expected 10
[ Expected +20
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Exp. Exp.
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EW corrections to production rates and branching ratios.
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£ | ATLAS — H K, only

g 7F Vs=13TeV, 126-140 fo™! —— HH k; only
N [ my=125.09 GeV, lynl <25 —— H+HH K, only
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X
>

95% CL upper limit on HH signal strength uyy

More details on
“Higgs Combinations
& EFT interpretations”

from Matthew

Maroun!
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C-jet rejection

arXiv:2505.19689
ATL-PHYS-PUB-2024-015

What are we doing with 13.6 TeV Run3 data (so far)?

Recent ATLAS HH Run2 + partial Run3 SearCheS: [ Run-2 used: 2015-2018, 140 fo-1 at 13 TeV Bl Run-3used at 13.6 TeV remaining recorded Run-3 data
+  HH(bbyy) 308 fb': Phys. Lett. B 876 (2026) 140280

«  HH(bbTT) 196 fb': arXiv:2607.26879

¢  ttHH 196 fb': arXiv:2603.13113

140 168 51% of Run-3
140 17% of Run-3

* Recent Run2 + partial Run3 HH results go beyond ttHH El 17% of Run-3
luminosity scaling: gains come from improved objects

reconstruction and targeted event categorisation.

" ATLAS Simulation Preliminary
[ VS =13 TeV GN2

ttjets, € = 70%
E Run 3 reco

DL1d

DL1r

DL1

1 1
2017 2018 2019 2020 2021 2022 2023
Year

Object-level ML developments:
GN2 flavour tagging transformer
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Fraction of events / 20 GeV

Phys. Lett. B 876 (2026) 140280

HH in Run 3: HH(bbyy)

O,
« Uses 140 fb™ Run-2 + 168 b~ Run-3 data, for 308 fb™" total. e +|27f’ on Meb__
[0] = . . ‘e 3
. . . & 0.225 ATLAS Simulation =
+ Diphoton trigger; 2 photons + at least two b-jets © 025 fi-1a/w0Tey E
S 0.18 ; HH—»b:w pre-selection é
+ ttH suppression with lepton veto and central-jet requirements. € o Meem : =
Li 014;7 ¢ Muon-in-jet + PtReco + KF ".' i
« Kinematic fit leverages the excellent m,, resolution and Higgs-mass ~ of2- e = 7, 3
. 0.1;— ‘ 259 11:%, pu g _;
constraints to improve the my,, and myy resolutions, on top of muon- oos- = 25 & 4/ =
. . 0.06 =
in-jet and PtReco corrections. +27% on my,, +46% on myy, 0.04F s E
. .. ) 0.02= .7 =
* Uses high and low mass BDT categories in Run2/Run3 targeting SM L . o

P RS R
40 60 80 100 120 140 160 180 200

and BSM-like HH. m,5 [GeV]
0_25J.,.,..,.g..,.‘,.,.I..,.,..,.‘..,.‘....,....‘K.,.A Low Mass ngh Mass
L ] ATLAS Simulation ] 0 AN L B B e TP —_—— T
0.2 Vs =13 TeV - § [ ATLAS — HH(sMm) 1 3 [ ATLAS — HH(sMm)
a HH-bbyy ggF . > 10F VS=13/136Tev, 140/168 10~ (00 2 10F VS=13/136Tev, 140/168 10~ (00 -
015 — k=6 B g E HH - bbyy pre-selection —— yy+iets § F' HH - bbyy pre-selection —— yy+iets 3
5 B _K7L=0 | 3 [ Low-mass region ¢ Data sidebands 1 :]_) [ High-mass region ¢ Data sidebands
C — K =1 ] E 1F E g 1= -
0.1 K =2 7 S E 1 3 E
: 1 ] g b
—_—K = - -
0.05 ' - =10 T
250 300 350 400 450 500 550 600 650 700 750 102 Lﬁ%‘ 10-2
E i
-l

f f m;Bw [GeV] 0 L

BSM ky\ SM+BSM Kov

BDT score BDT score
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HH in Run 3: HH(bbyy) Results

The m,, fit is performed simultaneously across all Run-2 and
Run-3 BDT categories.

*  Observed (expected) Significance: 0.78(1.1) o
e ppy=0.9711 =0.9713(stat) +£ 0.5 (syst.)

+ Coupling constraints:
* ky€[-1.6,6.6] at 95% CL
O € [-0.5, 2.6] at 95% CL

Statistically limited analysis, with the largest systematic impacts
from photon energy scale/resolution, HH signal modelling and
single-H + heavy-flavour production.

Improvements:
. ~ more data
+  ~20% b-tagging
* ~10% BDT categorization

e ~5% Kinematic Fit

-2InA

Phys. Lett. B 876 (2026) 140280

1 2 T I T T T I T T T I T T T I T T T I T ¥ T I I’
i [
. ATLAS --=- Expected [/
10 Vs=13/13.6TeV, 140/ 168 fb-! Observed ;|
[} .
1
HH - bbyy, Koy = 1 Observed ’/ i
8‘ 68% CL: k), € [-0.3,5.1] ]
N\ 95% CL: ky € [-1.6, 6.6] .
i Expected ]
6 68% CL: Ky € [-0.6,5.4] -
C 95% CL: K» & [-1.8,6.9] ]
4= 95% CL _
| I/' .
L / i
- II —
2 — // -
i P TR
0 6 8
K
—e— Observed limit
ATLAS ---- Expected limit (pyy = 0)
V5 =13/136TeV, 140/ 168 fo=1 Expected limit (i = 0) +20
_ Expected limit (uyy = 0) +10
HH - bbyy —«— Expected limit (uuy = 1)
Expected limit (upy = 0)
JHEP 01 (2024) 066
Exp. Exp.
OBS- (1 = 0) (= 1)
P
Run 2- ! *o 4‘, 48 42 55
N
1 i
Run 3- P \ 56 38 50
|
I
o
Combined i * 3.7 26 3.7
i I

.
0 2 4

8 10 12 14 16
95% CL upper limit on tpy

Hun < 3.7(2.6) observed(expected)

This single channel now reaches sensitivity comparable to the full Run-2 HH combination!

Mirella Vassilev 10
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arXiv:2607.26879

HH in Run 3: HH(bbTT) ' '

b b
H/ H ’
p*>¢<;p 94>¢<7p
Uses 140 fb™" Run-2 + 56 fb~" Run-3 data, for 196 b total. s el o
T}Y:(l from T decay
« Target final states: T,,,4T.q @and /
g Thad

« Control regions: dedicated regions constrain Z+HF, tf, tW and

fake-1,.4 backgrounds.

l)/_)‘[h;ul‘[h;xd (42%) /)/_)Tlcprlmd (45%)

e Final discriminants use a multiclass transformer architecture

ThadThad -

*  Two 1- or 3-prong Thaq candidates.
* Regions enhanced in ggF, BSM HH and VBF, designedto ¢  Single-T, di-T and di-b-jet triggers.
» Fake-t / multijet background.

combining event- and object-level info.

target different myy and coupling-sensitive topologies.

TlepThad :
SR Preselection * e/p from T decay + one Tpag.
l Transformer MVA (one for each channel) > Slng | e—|epton trigger.
*  Top-background dominated.
Multiclass Binary Aux Aux
Pggr> PvBF> PB> PBSM myy > 350 GeV, main-stream Top parentage Higgs parentage

PuH, Hi> PB, Hi

LTota.l = LMulticlass +10 LBinary +2 LAux Top 45 LAux Higgs

Binned profile-likelihood
fit: 12 signal regions + 4
control regions.

Categorisation score
P, ggF

PgeF + PVBF

myy > 350GeV &
main-stream

cat

SR VBF SR Lo SR Hi
2pyer 2pesm 2Py, wi
SSR VBE = -1 SSRLo=""— —— NS e —
Pver + P Pesm +Pp PuH, Hi T PB, Hi
Mirella Vassilev 11 QCD@LHC 2026
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HH in Run 3: HH(bbTT) Results

« Observed (expected) Significance: 2.6 (1.2) &
s MHH = 2.63:‘3 = 2.6“:%)'.8 (stat. J_“(l)'g (syst.)

* Upward fluctuation in data observed. Compatible across channels.
* Coupling constraints: k, € [-3.4, 1.6] U [5.5, 10.1], k., €[0.2, 2.4].

T T T T T T T T T T

(2] E it
T T T T T T § 108 L ATLAS ; 3;'1 2.59 -
105, T T T T T T T ATLAS :g’:fo‘,,fm Eizizng;:fg w § s =13 TeV, 140 0" let—1,,, fakes (MJ) %
o ATLAS Expected 95% Cl: 3 \5=13/136TeV, 140/56 fo =~ EXP- ¢, = 1) 105 - "had®ha SR HI — ;;HT fakes (Top, W)=
[y 4 E ha ’ E
b Vs=13/13.6 TeV, 140 /56 fb~' [-1.7,8.5] E HH — bbrz- ob . . E eeeen Pre-fit background Z+HF =
= s BBt Observed 95% Cl: B S xP- XP. | =—— ggF HHx 20 - W B
JE HH— bbr'z [-3.4,1.6]U 5.5, 10.1] [ " bk TS 10* 5 VBF HHx 20 I Others E
E . E TigpThea RUN 3 H : +— 11.6 (7.9) (8.8) = SM Higgs 3
E /3 o - i Y T 7] Uncertainty _
6 = TigpThaa RUN 2 o 7.8 (46) (55 10°g LR I E
- - L. o |
5 = TyagTnag RUN 3 BE + 9.1 (55)  (6.4) , 2 ]
E E _N _
4E-95% CL = TpagThag RUN 2 o 59 (30) (37) e E
[ e S 2 W A A 3 P——t e e — ————— — — — —— — . 7
af E Run 3 o +_ 79 (43)  (5.1) 10 _
2i 3 Run 2 ! q 54  (26) (1)

1§ 68% CL \ _i Combined | | . . .58 4 (28 i T
S N N = 0 5 10 15 20 25 30 35 S 15F T T T T T T T T T T LE——
1 I I oy et AR RN B 95% CL upper limit on 2 E ¢ + 5[ E
e N B ” o T e ' 'lr E
K £ o5b E

A < 0.5 1 1 I | | | 1 ) 1 L 1

HHH < 53(24) observed(expected) o {1 2 3 4 5 6 7 8 9 10 11 12

SSH Hi bln

* The same analysis chain is validated with ZH/ZZ—bbTT, giving first evidence for ZH—bb1T with 3.50
observed significance.

«  65% improvement on expected significance: ~20% MVA, ~15% additional data, ~10% GN2 b-
tagging, ~5% removing eVeto in hadhad, ~ new triggers in VBF region

Provides the strongest sensitivity for an individual channel in ATLAS and CMS, with expected sensitivity
comparable to the Run-2 combination!
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Run 3 HH Outlook:

Recent single-channel results already approach the ATLAS Run-2 combination sensitivity.

ATLAS+CMS Run-2 140 fb™
ATLAS Run-2 140 fb™*
ATLAS Run-2+3 bbyy 308 fb
ATLAS Run-2+3 bbrT 196 fb™1

The next major step is a full Run-3 HH program and Run-2+Run-3

combination.

+ Naive full Run-3 scaling gives expected SM HH sensitivities of

about 1.40 in bbyy and 1.80 in bbTT, before a combined fit or

further analysis improvements.

* A full combination should gain further from additional channels,

improved reconstruction, flavour tagging and categorisation.

Mirella Vassilev
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HHH 95% CL o o

obs(exp) Ka 95% CL Kov 95% CL

<25(1.7) [-0.71, 6.1] [0.73, 1.3]

<29 (2.4) [-1.3,7.2] [0.57, 1.5]

<3.7(2.6) [—1.6, 6.6] [-0.5, 2.6]

<5.3(2.4) [-3.4,1.6] U [5.5, 10.1] [0.2, 2.4]
3 2T
§ [ ATLAS
S 1.8~ HH- bbt*t searches —
% v Th?s analys?s, exp. (u i 1, u?:-o;ditiona[ data fit) ]
2oL, Memummiloteem U S
s r Phys. Rev. D 110 (2024) 032012 ]
» 14— Luminosity-based scaling -
% 1T T T T T T T T T e T =
o3 —_———A————— e — ——— — — —

0.8 j

o b b b b L]
150 200 250 300 350 400 450
Integrated Luminosity [fb™']
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HH in Run 3: ttHH

First ATLAS search for non-resonant ttHH production, using
196 fb™ of Run2+partial Run3 data.

* Probes a top-associated HH topology, complementary
to inclusive ggF/VBF HH searches and sensitive to
possible ttHH contact interactions.

Three targeted final states:

1L:
* 1lepton + =5 b-jets
+ largest expected yield

*  Fit transformer output
L

bbyy :

2 photons + =22 b-jets
clean H—yy peak

BDT categories + myy fit

SSML:

* 2 same-sign leptons or 23 leptons + =2 b-jets
* cleaner topology

*  Fit transformer output

Results: Largest sensitivity in 1L channel

*  Observed(expected) upper limit: pgqyy < 20(21) at 95% CL.

«  Cum €[-3.9,3.3].

Mirella Vassilev 14

arXiv:2603.13113

10 T T T T
<
c ATLAS —— Combined
~N
| o[ VS=13/13.6TeV, 140/56 07 L
tEHH 1L + SSML == SSML
Observed
61 Combined: i
95%: Cetrr € [-3.9, 3.3] /) /./
68%: CttHH € [-2.5, 2.0] / /
4p NN\ ] [ .. 95% CL
/
/
ok . /./ 4
777777 o f L e8%CL
\,\ / _ /
ol— L \-i&,. J— e L L
6 -4 -2 0 2 4 6
CttHH
ATLAS ggFHH Run2:cyyy € [-0.19, 0.7].
ATLAS —e— Observed limit
————— Expected limit
Vs =13/136TeV, 140/ 56 fo~? Expected limit +20
ttHH 1L + SSML + bbyy Expected limit 10
OB (=0)
bbyyr *E 75 79
SSML E\ 40 38
ir * E 26 29
Combined 20 21

10 10
95% CL upper limit on ey
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arXiv:2411.02040
arXiv:2607.05145

Can we access HHH? Run 2 HHH(6b) P

HHH production gives us direct access to the quartic Higgs self-coupling k, Y
HHH—6b uses the largest branching-fraction final state o o
* In Run2 dataset (126 fb-"), expect only 1.94 HHH events before selections. ka . "
*  Enormous QCD multijet + heavy-flavour background, with large combinatorics wn—----

from assigning six b-jets to three Higgs candidates.

Analysis strategy TR - )
* 4b, 5b and 6b regions define background and signal-enriched regions. ;

*  Multijet background estimated from data by extrapolating from the 4b/5b CR into
the 6b SR. Background modelling is largest uncertainty.

* A DNN classifier is used to distinguish HHH-like six-b-jet topology from multijet
background. Final fit to DNN score. 400

B Exp. 68% CL
- ATLAS E:g.gs% cL
L {s=13TeV, 126 fo" _.---v7mese. — Obs. 68% CL |

----0Obs. 95% CL
200— HHH —6b Unitarity

N ¥ SM

Results: 0:_ N
*  Upper limit: observed oy < 59 fb, corresponding to py<760. 7
*  First ATLAS constraints in the ky—k, plane. 200 .

-400(—

 Recent CMS HHH—6b result: observed oyyy < 44 fb with 138 fb™

ol
—_
o
n
o
[
o

P TR S R NI
-20 -10
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ATL-PHYS-PUB-2025-003
ATL-PHYS-PUB-2025-006

High-Luminosity LHC Projections

s T T 1 7 1 119
% - ATLAS Preliminary —— Nosystunc. ]
£ S vs=14Tev —— Baseline El
Prospects for di-Higgs with ATLAS at HL-LHC: = 7?2’)’1} Zzggig?;ion L ;Zioé Z;;_hui:\fd 47
o [ 1
« Extrapolations from 6 Run2 ATLAS Analyses to 3000 fb D o s
@+/s = 14 TeV 5 1s

«  O(10°) SM HH events produced. 4 // Ja
af ds

«  Expected discovery significance: 4.26a -_—

2r q2
- Expected k, measured as 1.0%3:23 i ]
* Driven by bbrt and bbyy i Bk
*  Expected k,, measured as 1.0%312 0—fgo0 7800 2000 200 3000 °
* Driven by boosted VBF HH(bbbb) Integrated Luminosity [fo~"]
* Does not fully capture possible gains from future g 3'5§ ATLAS Preliminary
analysis optimization. S 3 s eratey _S;Qﬁ,;?" une. E
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Summary

* HH production directly probes the Higgs potential, with complementary final states
mapping different regions of myy, object topology, and coupling sensitivity.

«  With Run2 HH searches largely complete, the ATLAS+CMS combination provides a
strong constraint on HH production and Higgs self-interaction
* 1.10 observed significance for SM HH production.
* New Run2 + partial Run3 ATLAS results already reach Run2 combination-level
sensitivity in key final states, helped by improved reconstruction, flavour tagging and
categorisation.

* HHH searches begin the experimental path toward kK, but remain limited by tiny rates.
Many more Run3 results on the way!

Working toward HH discovery at the HL-LHC, where HH is expected to become an
evidence-level measurement program with meaningful constraints on the Higgs
potential.
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