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Motivation

Our universe might be meta-stable

Need direct probe of Higgs potential shape

bn the SM

L0 342 H 5
V(H) = —miH? + JavH + 4/14H + O(H®)

My
/13=/14=/15M=2_ Ase,.. =0

,0..

But is it true?
> Limited experimental knowledge

> Alternative shapes are motivated (to allow
first order electroweak phase transition)

How to probe the shape?
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https://www.nature.com/articles/s42254-021-00341-2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.201802

Higgs self-coupling

Multi-Higgs production offers a direct handle of the shape at leading order

S H

SM onHH @ 13 TeV ~ 33 b

7/ N\
7/ N\
7/ N\
H “H
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Higgs self-coupling

| | | [ | ]
HH production at 14 TeV LHC at (N)LO in QCD -
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) _

( Gluon-gluon Fusion production (ggF)\
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https://www.sciencedirect.com/science/article/pii/S0370269314001828

The challenges

do & s

© Destructive interference o '%P(i
between the triangle and box
amplitudes

>~ muH Shape strongly depends on K
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® Kx~ 2.4 max. destruction at ik [GeV]
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> Decay production difficult to detect N =0 - ] Set «,=1.0 and ¢,=1.0
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0.02F :. A 7 0.02;— Iq=|%I:i:b:|l
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Need excellent experimental performance and analysis techniques
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/

HH decay channels

Large decay fraction © bbbb (34%):
> The most abundant final state

> Challenging multi-jet backgrounds
® bbyy (0.26%):

>~ Low decay fraction

>~ Excellent myy resolution
® bbtT (7.3%):
» Happy medium
» bbll + neutrinos (2.9%):

> Targeting where one H » bb
® Multilepton (6.5%):
> Targeting where both H » bb

Clean final state
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ATLAS detector

A general-purpose detector at the LHC with nearly 41t coverage in solid angle.
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Combination of HH searches in ATLAS

® Combining searches together can maximise sensitivity

® The procedure includes reconstruction of likelihood function, i.e. the
correlation in systematics as well as the shape of likelihood curve are carefully
studied

Phys. Rev.Lett. 133 (2024) 101801
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https://doi.org/10.1103/PhysRevLett.133.101801

Combination of HH searches with CMS

® ATLAS and CMS has independent datasets

L . - 2510.07527, submitted to
>~ Combination benefit from larger statistics

Reports on Progress in Physics
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https://doi.org/10.1103/PhysRevLett.133.101801
https://arxiv.org/abs/2510.07527

Harmonisation between ATLAS and CMS

Run 2 HH analyses are affected by a
missing term in Powheg box when

calculating two-loop amplitude. Affected
cross section and shape for Ky#1

¢

Kx-dependent correction applied to cross
section and uncertainty to KA#1. No shape
correction is applied.

r—
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w NNLO FTapprox (post Povheg-box erratlum)
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(TWIK))
Cross section: arXiv:2003.01700
Uncertainty: arXiv:2008.11626

Db

Errata: arXiv:2204.13045 / arXiv:2309.10525
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Harmonisation between ATLAS and CMS

Kx Impact on Higgs decay branching ratio ' _BSM (k1 - 1)C'
i _ ; - ion i pi(Ka, ki) = = Z " (k) |K] + ———
and single-H production cross-section is oM~ “H KL
included in CMS and ATLAS bbtrt m BRESM & + (ka - 1)C!
| ok, 2y) = jSM _ f 7« 1 |
l _ BR 2j BR§M K+ (K- 1)C} y

Implemented in ATLAS bbbb, bbyy

Two experiments developed different fitting tools with dedicated RooFit classes,
and many features are incompatible with each other.
We improved ATLAS tools to reliably process CMS fit. It will benefit future
ATLAS+CMS combination.
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Correlation

® Correlate HH and H theory cross-section and Br

systematics
@ Experimental systematic remain uncorrelated cms  w'Ten
K"K TK, ", "
. Median xpscied s 5% oxpected
S |
® Only five channels from CMS are included .
> The missing channels have impact of < 1% = zorm
Mulilegton

oW

O Ep i ¥IW

@ Using ATLAS fitting tools get excellent agreement i S

of CMS results BYT e
webb
Q. Exp
Combinad N
s Expx )
1 T T
85% CL limit on a(po — HH) ) OM
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Results: HH

® Fit results

ACXp _ 1.O+O‘9 —

Pun ~0.8
A e+09 _
HHH = 0'8—0.9 —

The observed (expected) local significance: 1.10 (1.30);

| .O+8:g(stat)f8:§(theory)f8:§(exp.)

().8J_“8:g(stat)fgé(theory)fgg(exp.)

Expected 95% CL upper limit reach 1.7;

~30% Improvement w.r.t. single experiment;

Limit assuming SM HH production (2.8) is close to .

observed limit (2.95).
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Results: kappa

-2InA

Rui Zhang

Ka IS driven by
bbyy and bbTT

I l 1 I I I I-

ATLAS and CMS

B ATLAS ]
- LHC Run 2 — OMS -
L Vs-13TeV —— Combined

—— Obs. 95% CL: [-0.71,6.1] -

[ All other k fixed to SM
| -== Exp. 95% CL: [-1.3,6.7]

-2InA

Kov IS driven by
bbbb

ATLAS and CMS —— ATLAS
~ LHC Run?2 —— CMS -
f Vs =13 TeV —— Combined -

—— Obs. 95% CL:[0.73,1.3] -

- All other « fixed to SM
i -== Exp. 95% CL: [0.66, 1.4]

Improve the constraints by 10% on k) and 8% on
Kov W.I.t. the best constraints to date
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Recall kinematic
dependence on coupllng
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HL-LHC Projection: ATLAS+CMS
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ATL-PHYS-PUB-2025-018

3 ab™! per experiment
2026

m¢ from tt+4jet

---- 8 TeV (20.2 fb 1)
—— 13 TeV (36.3 b 1)
— 52 with profiling

S2 without profiling

Rui Zhang

ATLAS + CMS : ! ATLAS+CMS
Projections ESPPU 2026 e - . .
vs =14 TeV, S3, 3 ab~! per experiment .:III . PrO_/eCtIOns ESPPU
o/ -
— SM SMEFT 6 B 130.0
o min — 1 lo Uncertainty — ]
SMEFT 6, k3 | 1.66 | k3 = [074 - 129] :;I L
""" SMEFT 8, k3™ =1.69, kg™ =5.4 HH-driven 3 Instabil |ty
—-- Log. Potential, k"" =1.57 mm 1o Uncertainty o i
_ . ks €[0.74 -1.29] ./
Exp. Potential, ki"" =1.99 :;' 177.5 -
O
O | Metastability
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i — =
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- th - F—
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S2: reduced experimental uncertainties, halved theoretical uncertainties, and

neglected Monte Carlo statistical uncertainties

Profiling: whether uncertainties are allowed to be constrained or not
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/

Summary

@ HH Is a unique process to probe the Higgs potential
® HH events are rare (33 fb 2> ~ 4600 SM events in Run 2 dataset)

> Call for highly efficient analyses

® ATLAS conducted searches in final states covering 50% of decays

>~ Reached best expected sensitivity to date on HH cross section, uqn < 2.9 (2.4 exp)

> ... and on the Higgs self-coupling, —1.2< Kya<7.2 (-1.6 <Kx < 7.2 exp)/
V(¢)

® Promising prospect for Run 3 and HL-LHC

\

More details about ATLAS+CMS HH combination
in 2602.23991, accepted by PRL

/
I

Re (¢)
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https://arxiv.org/abs/2602.23991

