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Open questions on universe’s history and future

Higgs potential

in the SM
Baryogenesis favors a first- oo The stability of the electroweak
order electroweak phase hid vacuum remains uncertain —
transition, deviating from \ our universe may reside in a
the SM prediction AN ¢+ metastable state rather than the
N VAN . .
o7 ¢' true minimum
\
Current knowledge \‘

Need to directly measure the shape of Higgs potential
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But nature can be more complicate...
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Probe Higgs Potential

Multi-Higgs production offers a direct handle at LO on the coefficients of Higgs potential
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Leading production mode: ggF

between the two diagrams involved in ggF production
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https://arxiv.org/pdf/1910.00012

Leading production mode: ggF

The processes contribute to different kinematic phase space
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Need attention to softer kinematic events for better constraints on k;
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Sub-leading production mode: VBF

H
R g
.'3'103 ' ' %) RN R R L AN R RN RN R
= — 13 TeV € 0.25 -
— 16TV | § | pimere o IfsTReIs®
* Also some destructive interference, . g %2 TS TS
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HH searches in ATLAS

Large decay fraction The other Higgs Boson decay

WW

‘ bb
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One Higgs Boson decay

Clean final state
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Five orthogonal searches designed for
full Run-2, most of decays

* bbbb (resolved PRD 108 (2023) 052003,
boosted VBF PLB 858 (2024) 139007)

e bbTTPRD 110 (2024) 032012

e bbyy JHEP 01 (2024) 066

 bbef + EMSS JHEP 02 (2024) 037
« Multilepton JHEP 08 (2024) 164



https://doi.org/10.1103/PhysRevD.108.052003
https://doi.org/10.1016/j.physletb.2024.139007
https://doi.org/10.1103/PhysRevD.110.032012
https://doi.org/10.1007/JHEP01(2024)066
https://doi.org/10.1007/JHEP02(2024)037
https://doi.org/10.1007/JHEP08%282024%29164

Combination of HH searches in ATLAS

Combining the searches together, we can

* The procedure includes reconstruction of likelihood function, i.e. the correlation
in systematics as well as the shape of likelihood curve are carefully studied
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https://doi.org/10.1103/PhysRevLett.133.101801

How to maximize the sensitivity in Run-2?

e Remember that there is also a set of excellent HH searches in CMS
* Using statistically independent datasets

e QGet
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W'Wyy
Obs. (Exp.): 95 (54)

bbzz, 41
Obs. (Exp.): 33 (41)

YT
Obs. (Exp.): 31 (26)

Multilepton

Obs. (Exp.): 22 (20)
bbW*W

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbt*t

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

K, =K =Ky = Ky = 1
—e— Observed
------ Median expected

~138f7(13TeV)

== 68% expected
------ 95% expected

|

arXiv: 2510.07527

L L |
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95% CL limiton o(pp > HH) / ©

R |
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Theory

if we combine the two experiments together!
CMS

=?

Will definitely represent
a critical step toward
constraining the nature
of Higgs self-coupling
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https://arxiv.org/abs/2510.07527

Harmonization between ATLAS and CMS

All Run-2 HH analyses were affected by a bug in the production stage
e Aterm missing in two-loop amplitude calculation of Powheg box

* Will affect both distribution and cross section for k; # 1 'l [ TR AL S 5

— NNLO FTapprox (post Powheg-box erratum)

=
L
S -~ NNLO FTapprox (old)
a2l =1
3=
o | 1
\ - .
El.k -
-z
o)

A correction on xsec was agreed to address this issue

* Update both and of ]
* Didn’t correct shape as it requires re-run of analysis

|

0.8 LHC WG4
(TWIKI)

OTF Cross section: arXiv:2003.01700 R

. . . . . - Uncertainty: arXiv:2008.11626
ATLAS usually considers a big normalization uncertainty o era arXiv:2204.13045 / arXiv:2300.10525 -

| I . I | . I |

for H + heavy flavor jets background (arXiv: 2307.09992) S0 s ee 25 50 13 .
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https://arxiv.org/abs/2307.09992

Harmonization between ATLAS and CMS

BSM

CMS always considers the k; impact on Higgs decay | ., «) ZOO--SM _ ZBM (i [K%+ (ka = 1)Ci
branching ratio and single-H production cross-section

i
ICEVV

( ) BR?SM K§c+(K,l— 1)C{
1 Hr(Ka, Kf) = BR§M B 5, BR};M [K?Hm_ 1)C{]
Initially considered only in bbtt in ATLAS, now also introduced into bbbb and bbyy,
will serve as the in future ATLAS HH analyses

CMS

Combine

A

A
/
’

HistFactory-based tools

/
/
/

| inCMS V.S. g histfitter ... in ATLAS

X Fitter
The two experiments have diverged in the fitting tool developments
 Many dedicated classes and features are incompatible across experiments

With recent developments, we can each other’s workspaces
* Will benefit future ATLAS+CMS combination
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Combination procedure

Correlation scheme:

e Correlate

* The only possible experimental systematic — luminosity — remain uncorrelated
because of the difference in year-dependence

CMS
T T T T
K =K =K T Ky =1
== Observed = 68% expected
------ Median expected :----- 95% expected

Only five channels from CMS are included wwy “T5

138 7(13TeV)

Obs. (Exp.): 95 (54)

* The missing channels have impact of < 1% e

W't
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

Each experiment share the individual combined oo 1)
bbyy B

workspace and obtain the results independently e
using own statistical framework e
in results overall Combid_

Obs. (Exp.): 3.5 (2.5)

L | L MR |
1 10 100
95% CL limit on o(pp — HH) / O heory
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LHC HH combination: upper limit

ATLAS-CONF-2025-012/CMS-PAS-HIG-25-014

ATLAS and CMS Prellmmary___'___ (Ejf;:gt’:j(u pemov o) Flttlng rESUItS:
LHC Run 2 = Expected +1’Z’ ° Observed: #AHH — O 8+0 9 — O 8+O 6(Stat )+O4(theory)+0 3(exp )
Vs =13 TeV [ Expected 20
oM er(HH) =32.8 fb - Expected (AE™* =1) ° Expected: Ay = 1.07075 = 1.070 ¢ (stat. )+05(th30f}’)+0 3 (exp.)
065, s o) g ) « Statistical uncertainty still dominates,
| theoretical uncertainty is also sizable
cMsk i 35 26 36 . o
§ The observed (expected) local significance:
e 1.10 (1.30)
ATLAS|— ! 29 24 35
Expected 95% CL upper limit reach
w.r.t. single experiment
Combinedf— 25 1.7 2.8

Expected limit assuming SM HH production (2.8)
ST w9 0 is closer to the observed limit (2.5)

95% CL upper limit on HH signal strength gy
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
https://cds.cern.ch/record/2947521
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LHC HH combination: coupling

K, interval driven by bbyy and bbtt K,y interval driven by bbbb
Recall the kinematic
:I UL L L LR L | I.I ' T AT'LAS' ! I: < 8_| LA L L L [ L LI Y L L L BB dependence on Coupllng
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Improve the constraints by and w.r.t. the best constraints to date
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LHC HH combination: coupling

B | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | |
- ATLAS and CMS Preliminary = ATLAS 4
— LHC Run 2 — OMS T
- Vs =13 TeV —— Combined ]
- All other « fixed to SM B
— —— Obs.95%CL ¥ Bestfit(1.8,1.0) -
- —-—- Exp.95%CL % SMpredicton -
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Best-fit in the k) — K,y plane set to
with the SM

The value 1.8 of k; is preferred by SFOEWPT?
» Still too early to draw conclusions

arXiv: 2208.14466
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https://arxiv.org/pdf/2208.14466

Exciting Run-3 results came/coming

62 b (13.6 TeV) CMS Prelimi 61.9 b (13.6 TeV) Ob d
ey MCAE-R YL AA LAY, P —— serve
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. ---- Expected +26 =0 —— SMprediction ~ -=--- 68% expected
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(E))l()s 218 244010 (bbbb) B 2 \ i |
. O. Observed: 20 H H
H 1 _ 1 1
Combination e 1 ‘ CMS-PAS-HIG- CMSH i ' 35 26 36
served: H l l
Obs. 4.4 IE 25-007 (bb 7 ' '
Exp. 4.4 | | Conpined ] (bky) P
1L L L S Observed: 11 : 1
1 95% CL |,1Q 0207720 60" 80 100 120 140 160 180 i
%o upper limit on L 95% CLlimit on o(pp — HH) /o !
ATLAS ! 2.9 24 35
—e— Observed limit !
ATLAS -—-- Ex;:;:/:d Iilrnmilt (MHH=0) :
VS =13/136TeV, 140/ 168 b1 Expected limit (i = 0) +20 L
_ Expected limit (uyy = 0) =10 : :
HH - bbyy —+— Expected limit (U = 1) ! !
. Expected limit (upy = 0) 1 1
arXiv: 2507.03495 ° e o1 (2024) 06 Combined— - * 25 1.7 2.8
1 1
(bbyy) 005 (10r 0) s 2 1) i i
& s 1 1
E ! I I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
L i 8 4. . L1 L1 1 1 L1 1 1
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. : 1
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://arxiv.org/abs/2507.03495
https://arxiv.org/abs/2507.03495

Summary

* Final and best results of HH search in LHC Run-2:
e 95% CLU.L.: uyy < 2.5 (1.7 exp)
¢ 95%Clonky:[—0.71,6.1] ([—1.3,6.7] exp)
* 95% Clon k,y: [0.73,1.3] ([0.66, 1.4] exp)

* Keep optimizing the analysis and iterating the combination with Run-3 data
 We always get better improvement than a simple luminosity scaling
* Very likely to achieve evidence of HH with LHC combination at Run-3ifx; =1

i r --------- N"‘J
Projected Full Run 2,

Je
Full Run 2
combination

Credit to Liza

PUSDE
Projected Run 3 i V&

- - -

0 2 4 6 8 10

95% CL uppper limit on SM HH signal strength
2025/10/31
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https://indico.cern.ch/event/1532417/timetable/?view=standard
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LHC HH combination results

2025/10/31

Channel Details Expected Observed
HHH Ka Kay HHH Ka Kav
bbbb [30,32] <8.1 [-5.3,12] [0.38,1.7] <54 [-34,11] [0.55, 1.5]
" bbtt [34] <33 [-2.6,9.2] [-0.24,24] <5.8 [-3.3,9.1] [-0.51,2.7]
5 bbyy . [36] <52 [-3.0,79] [-1.1,33] <4.1 [-1.6,7.0] [-0.48,2.7]
z bbét + ET™  [38] <14 [-11,17] [-0.50,2.7] <9.6 [-6.5,13] [-0.19,2.4]
Multileptons  [40] <11 [-45,9.6] [-19,41] <17 [-6.4,12] [-2.5,4.7]
Combined [41] <24 [-1.7,7.2] [041,1.7] <29 [-13,7.2] [0.57,1.5]
bbbb [29,31] <43 [-4.6,12] [0.63,14] <7.0 [-5.0,12] [0.66, 1.4]
bbtt [33] <54 [-4.2,11] [-0.64,2.8] <35 [-19,89] [-0.32,2.5]
E bbyy [35] <57 [-3.5,8.8] [-0.94,3.1] <87 [-35,80] [-1.4,3.6]
O bbWW [37] <19 [-94,16] [-14,35] <15 [-6.1,13] [-1.0, 3.1]
Multileptons  [39] <20 [-8.0,12] [-2.5,46] <22 [-5.8,10] [-3.4,5.6]
Combined [42] <26 [-2.2,8.0] [0.63,14] <35 [-14,66] [0.66,1.4]
ATLAS + CMS combined < 1.7 [-1.3,6.7] [0.66,14] <25 [-0.71,6.1] [0.73,1.3]
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LHC HH combination results

2025/10/31

Ka Koy
Best fit 68% CL 95% CL Best fit 68% CL 95% CL
ATLAS Observed 3.5 [0.11,5.9] [-1.3,7.2] 1.0 [0.80,1.2] [0.57,1.5]
Expected 1.0 [-0.55,5.7] [-1.7,7.2] 1.0 [0.64,1.4] [041,1.7]
CMS Observed 1.6 [-0.04,46] [-14,6.6] 1.0 [0.83,1.2] [0.66,1.4]
Expected 1.0 [-0.86,64] [-2.2,8.0] 1.0 [0.78,1.3] [0.63,14]
Combination Observed 1.8 [0.36,46] [-0.71,6.1] 1.0 [0.87,1.2] [0.73,1.3]
Expected 1.0 [-0.27,5.2] [-1.3,6.7] 1.0 [0.79,1.2] [0.66,1.4]
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LHC HH combination results

ATLAS and CMS Preliminary —*~ ‘Ejbser‘t’e: ATLAS and CMS Preliminary —*— Observed
---- Expected (| A s e
LHC Run 2 B Expocted +10 LHC Run 2 Expected
N [ Expected +10
Vs =13TeV [ Expected +20 Vs =13TeV E tod +2
™ L xpected +20
oM. er(HH) = 32,823 fb B Theory prediction oSN (HH) = 1.726 b
Obs. Exp. udf =1 Obs. Exp.
1 1
1 1
1 1
i i
cMSH | 102 77 cMsH : 75 92
! !
i i i
1 1
1 1
1 1
i i
ATLAS ! 86 71 ATLASH 1 44 48
! !

: L . I,|

1 1

1 1

’ :

Combined|— ] 73 50 Combined|— ] 35 41

! !

i i
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIlIII ||l||IlllIlllIIIIIIIIIIIIIIIIIIIIII
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OggF + ver(HH) [fb] 95% CL upper limit on HH signal strength u)/2f
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LHC HH combination results

EI [ 11 I LI I LI I LI I LI I LI I LI I LI I L
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- LHC Run 2 = Observed 95% CL -
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