Higgs self-coupling measurement (@ LHC
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Ratio to SM

Higgs self-coupling is crucial to understand the EW symmetry breaking mechanism
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Higgs potential approximation:
V(p) = — u’ep* + Ap*

Expand about the minimum:
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The Higgs Boson potential

A V()

Standard Model prediction

.
.
o
\ S s s

EW vacuum

mw=mz=my =0 Higgs boson

=
=
-7 e

.........

Deeper minimum \

Potential Energy in (100 GeV)*
o
(o]

! . 0.4
...... Broken \
symmetry! o d’j 0o
pO/ansatlon Value of mmvm: 2 g d)i | Deeper minimum '
Higgs field, h Ll Figure by K. Serdula o_ol

Absolute minimum

0 50 100 150 200 250 300 350
Higgs Field in GeV

@ Is the current minimum the True minimum?
@ |s there another, deeper minimum elsewhere?

¢ Is there new physics for the deformation of potential shape?
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Higgs self-coupling measurement with HH production
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Higgs self-coupling measurement via HH production
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ATLAS/CMS data
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HH Decays

charm/anti-charm, 2z YY  Z*Y others

bbbb aufantau 2 bbWW (bbVV)
Second branching fraction

Highest branching fraction
Large background, but cleaner
with at least one lepton

Large multi-jet background

1 1
W+ -

WWyy

; Clean yy peak, leptonic final
state or jet

bbyy
Very small branching fraction

Clean signal due to the good
photon resolution

©
=

TTYY
Clean yy and 77 but small BR

4% 0.3% 0.2%

5% 0.4%

(%) AXAX < HH dd

bbtt
Very small branching fraction

Multilepton

Many different signatures of
WWWW, WW77 and 7777

s Clean leptonic final states

Cleaner signal due to
dedicated 7 construction




Public HH results

CMS

« HH — bbbb: Phys. Rev. Lett. 129.081802; Latest results: PAS HIG-24-010

+ HH — bbbb (boosted ggF and VBF): Phys. Rev. Lett. 131.041803

+« HH — bbtt: Phys. Rev. Lett. 842 (2023) 137531

e HH — bl_yy}/: JHEPQ3(2021)257; Latest results: PAS HIG-25-007

o« HH — bbZZ(4¢): JHEP06(2023)130

e HH - WWW*W*, WWrrt, trrt (multi-leptons): JHEP07(2023)095

o HH anniversary combinations: Nature vol. 607, pages 60—68 (2022)

« HH — bbWW: JHEP07(2024)293 and VHH — bbbb: JHEP10(2024)061

« HH + H 2023 combination: Phys. Lett. B 861 (2025) 139210

o HH — WWyy: CMS-PAS-HIG-21-014 (not published yet)

o« HH - bbWW(WW — 4b): CMS-PAS-HIG-23-012

o HH — yyrt: arXiv:2506.23012 (submitted to JHEP)

ATLAS

+ Run 2 HH — bbbb (Resolved): Phys. RevD. 108.052003

+ Run 2 HH — bbbb (Boosted VBF): Phys. Lett. B 858 (2024) 139007

+ Run 2 HH — bbf? + MET: JHEP02(2024)037

+ Run 2 Legacy HH — bbyy: JHEP01(2024)066

+ Run 2 Legacy HH — bbtt: Phys. RevD. 110.032012

o« Run2 HH — bbZZ, AW, 4Z, VVrz, 41, yyVV, yyrt (multi-leptons):
JHEP08(2024)164

o HH 2022 combination: Phys. Rev. Lett. 133.101801

+ Run 2 VHH — wudb, £uv4b, ££4b: Eur. Phys. J. C 83 (2023) 519

+ Run 2 + partial Run 3 HH — bbyy: arXiv:2507.03495

¢ Run 2 + partial Run 3 ttHH — 17, bEyy, multi-leptons: (Just HIGP
Approved)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://www.nature.com/articles/s41586-022-04892-x
https://link.springer.com/article/10.1007/JHEP07(2024)293
https://link.springer.com/article/10.1007/JHEP10(2024)061
https://www.sciencedirect.com/science/article/pii/S0370269324007688?via%3Dihub
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/
http://www.arxiv.org/abs/2506.23012
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub
https://link.springer.com/article/10.1007/JHEP02(2024)037
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP08(2024)164
https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
http://dx.doi.org/10.1140/epjc/s10052-023-11559-y
https://arxiv.org/pdf/2507.03495

HH search (@ Run2

HH — bbbb HH — bbrt HH — bbyy
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¢ Orthogonal Analyses

¢ Trigger with low pt threshold for the lower m region (sensitive to x;)

¢ State-of-the art object reconstruction and identification

¢ Sensitivity optimization and background estimation with different MLs



Run2 HH combination

Limit on inclusive HH cross section assuming no Higgs Boson pair production

CMS Preliminary 138 b (13 TeV)
.. T ' T T ' T T
____________ Expected limit (95% CL) —— Observed == 68% expected
VS =13 TeV, 126—140 fb-! (Upp = 0 hypothesis) I Median expected :----- 95% expected
SM [ Expected limit +10 W*Wyy
0] HH)=32.8fb Obs. (Exp.):
aor + ver (1) 1 Expected limit +20 o (2155 (54
bbzZZ, 4l B N
Obs. Exp. Obs. (Exp.): 33 (41)
- . YYTT B 7
bbll + E7"*° * 10 14 Obs. (Exp.): 31 (26)
Multilepton B ]
Multilepton — 17 11 Obs. (Exp.): 22 (20)
o bbW*W B B
bbbb— 5.3 8.1 Obs. (Exp.): 16 (18)
- bbyy B a
b5yy— * 4.0 5.0 Obs. (Exp.): 8.4 (5.6)
o bbt*t B N
bbttT™ * 59 3.3 Obs. (Exp.): 3.4 (5.3)
------------------------------------------------------------------------------------------------------------------ bbbb B N
Obs. (Exp.): 7.5 (4.
Combinedi— is 2.9 2.4 b (BX): 7.5 (49)
| | L I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I | Comblned
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ATLAS Obs. (exp): 2.9x SM (2.4x SM) CMS Obs. (exp): 3.5x SM (2.5x SM)

Run2 “legacy” expected significance of 1;;;; ~1.0 standard deviations for each experiment

10



Run2 HH combination

Limit on VBFHH cross section

PRL 133 (2024) 101801 PAS HIG-20-011
CMS Prellm/nary 138 fb' (13 TeV)
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bbig + Eiss * 100 120 o | _
T
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bbt*T™ [ 93 72
O Combined
Combined _{ 44 47 Obs. (Exp.): 79 (91)
| | | | | | | L1 L1 L . e . e . L]
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ATLAS Obs. (exp): 44x SM (47x SM) CMS Obs. (exp): 79x SM (91x SM)
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Run2 HH combination

Limit on K;-Kx,, plane
PRL 133 (2024) 101801 PAS HIG-20-011

E’ 8__ATL1I43 I —I Combined I— bbyy l > _(.:I.VI.S| I.D.re.lﬂ .I.n.ap{. e e L o s |-!:.38 |ﬂ?. .(1:.3.-|-.e|\./)_
i — Multilepton — bBbB 1 !N 30_— - Qb SErVEd — 58.3% CL (10’) ]

[ Vs=13TeV,126—140f0~" - " e phre : Expected ~ eeesen 95.4% CL (20)
g F#H combination . — - ¢ Bestfi cieie 99.99994% CL (50)
i —— Obs. 95% CL + Bestfit(4.3,0.92) _ 2.51 :
- ——- Exp. (SM) 95% CL W SM prediction [ ]
i e - 200, :
"""""",‘:‘_‘_j:::-_—_-_;-_-_-_:._._:\:‘ ______________ 150 T e .

2__ —————— t---- = _’-;“"“'"""";‘::::}*—\v ~~~~~~~~~~ N i . 7 :
N ‘,\Q M > ““““““““ 1.0F ’ j -
N R Y o5t —
_2:_ ‘\::: ~~~~~~~~~~~~~~ ’// _-_: 0.0 K; = KV =1 "
_|5 — (I) \\—'_-45' ''''''' 1IO 15 IR B S R B RN B SN R SN B
K -8 6 4 -2 0 2 4 6 8 10 1]2(
A A
ATLAS Obs. (exp) K [_1_2, 7_2] ([-1.6, 7_2]) CMS Obs. (exp) K- [-1.39, 7.02] ([-1.02, 7.19])
Ky\- [0.6, 1.5] ([0.4, 1.6]) Ky [0.62, 1.42] ([0.69, 1.35])

® k, limit dominated by HH — bbyy and HH — bbrr
® K,y limit dominated by 4b boosted signature, k,;, = 0 excluded at > 40
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Run2 HH combination

Limit on K;-Kx,, plane
PRL 133 (2024) 101801 PAS HIG-20-011
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L combinat — bbif+EFE —— bbTT [ VS =10 18, 120 —— bbi+EPs — bbtt ] 4 gL 1 2 ]
- HH combination . - HH combination 1 o °F l
6 —All other K fixed to SM —— Obs.: 95% CL[-1.2,7.2] ] 6 — All other K fixed to SM —— Obs.: 95% CL[0.6,1.5] — I ] ' 99.99994% CL -
C ——- Exp. (SM): 95% CL[-1.6,7.2] ] C ——=- Exp. (SM): 95% CL[0.4,1.6] ] Al 9B4%CLY e E
. 5 ] :
< < _ I ]
= = 4B 3F ] 99.994% CL -
(\I] C\II ':“: ------------------------------------------------------ : T |/ At L c_)_______
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i oo N el 95:4% CLT
R YU WY A\ r 4
1 N [ 68.3% CL 1
S ol L R IR s M= il N SRR S S Al B
0L 8 10 . 1.0 1.5 2.0 2.5
0. K, Koy

ATLAS Obs. (exp) k,: [-1.2, 7.2] ([-1.6, 7.2]) CMS Obs. (exp) «;: [-1.39, 7.02] ([-1.02, 7.19])
K,: [0.6, 1.5] ([0.4, 1.6]) K,y [0.62, 1.42] ([0.69, 1.335])

® k, limit dominated by HH — bbyy and HH — bbrr
® K,y limit dominated by 4b boosted signature, k,;, = 0 excluded at > 40
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ATLAS-CMS di-Higgs “legacy” Run2 combination

ATLAS-CONF-2025-012

ATLAS and CMS Preliminary —e— Observed (%1 4 : | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | :
LHC Run 2 - Expeted 4" -0 < F ATLAS and CMS Preliminary — ATLAS  °
[ Expected +10 3 5 CMS ]
Vs =13 TeV 1 Expected +20 ' B LHC Run 2 g
oM. or(HH) =32.8 fb - Expected (g™ =1) - Vs =13 TeV —— Combined -
o, E®  Em SE Al other k fixed to SM B
(HA™Y =0) (U™ =1) B 7
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 2.5 —— Obs.95% CL ¥ Bestfit (1.8, 1.0) —
CMS= ‘:f 35 26 36 - === Exp. 95% CL W SM prediction -
21— _
ATLASH i * ’i' 2.9 2.4 3.5 1.5 :_ _:
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Combined| i 01:r 2.5 1.7 2.8 0.5 f_ _f
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII E I I I I I I E

1 2 3 4 5 6 7 8 9 10 O L 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1

95% CL upper limit on HH signal strength uyy —2 0 2 4 6 38

K

@ ATLAS-CMS obs. (exp) HH: 2.5x SM (1.7x SM w.o0 SM HH/ 2.8x SM w SM HH)
@ Obs. (exp) significance: 1.10 (1.30)

@ Obs. (exp) «;: [-0.71, 6.1] ([-1.3, 6.7]) with sensitivity improvement of 10%

K2 [0.73, 1.3] ([0.66, 1.4]) with sensitivity improvement of 8%
14



Indirect self-coupling constraint via single Higgs

All the single Higgs production and decay processes are affected by an
anomalous trilinear (not guartic) Higgs self coupling, parametrized by K ).
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Higgs self-coupling constraint from H+HH combination
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HH anomalous coupling with EFT interpretation

HEFT framework: anomalous single-Higgs and HH coupling separately
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& The results are compatible with the SM predictions (p(nghh)=0.087 and p(C,,;,;)=0.16)

« Due to insufficient sensitivity, strong correlations among C,,,, C,,,.,, and nghh .



HH anomalous coupling with EFT interpretation

I I I
3 4 5
P 0

HEPO03(2020)091
Benchmark scenario
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HEFT benchmark | HEFT benchmark 2
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@ No significant deviations from expectations

@ overall excess in all benchmarks between 1o and 2¢ o



VHH production with HH — bbbb

V hadronic and leptonic decays V leptonic decays
q'/a Wiz CMS 138fb' (183 TeV) S T
520?' ‘9s%cL . oo ta3 4 & 1000-arLas ¢ Data N
_ 4 8 S [ s=13TeV, 13010 1F  Ferees 2 1c
I = 10 - £ 800 -Post-Fit V4230 —
10 E i ] ?ol gbr;aclkzc;ilj :d :::Jz 1¢c ]
: np 600 : P Mt —
5 - - I Other =
= i 7/ Uncertainty |
of 2001 5 o AsZH—Zhh ]
: (0 i : (m,,m,) = (800,300) GeV_
—5; 200/
_10} =10 ..
! 68% CL - Ot -
—15:—0 SM i CL/ ) D 12 ?/ E
oL Bestit (s, k) = (26,101 1. ° 8 os %X/’V B AV/)// "
60 40 20 0 20 40 K60 0'260__0' 400 600 800 1000 1200 1400
JHEP1 0(2024)061 A EPJC (2023) 83:519 Mz [GeV]
Obs. (exp) VHH: 294x SM (124x SM) Obs. (exp) VHH: 183x SM (87x SM)
ky: [-37.3, 37.2] ([-30.1, 28.9]) ky: [-34.4, 33.3] ([-24.1, 22.9))
KZV: ['12.2, 13.5] (['7.2, 8.9]) K2V: ['8-6, 10-0] (['5-7, 7.1])

19



Events / GeV
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ttHH production with HH — yy + bb/ WW/tr
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Rpgess | 5 “Ness | e g in the SM 0.775fb @13TeV
— ﬂxso) E L — ﬂxso) -
%22% _ 6 /¢ ? %22% -
| ] 4H\:\:._. i + + % ¢ Obs. (exp) ttHH: 2.9x SM (2.4x SM)
O O e oo
Tot B subtracted e l (IR ‘ " TotB subt 'a'téc'j'
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.y (GeV) m,, (GeV)
PAS-HIG-23-004
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HHH production

HHH (0.079fb): directly probe quartic coupling x, and complementary to trilinear coupling «;

02000909
H H

5 0.03: S

KiR3 QRG(’TT B) """ < 0025: T Me=2ka =

N ¢ ) L —— K3=3,K4=1
~ 10 k4 2Re(T; (P+£3T3)) - :
l k4 2Re(T} (P+ K3 B+ K2 T;)) —— 002t
,g K P+ k3 B+ k3 T3l 0.015—
— Tal®st -
Ry Tal %4 0.01—
= -
—8 0 R 0.005—

| | | I | | | | | | |
200 400 500

| | | | | | I | | | |
800 900 1000

L L1 |
600

| I700I | |

400 600 800 1000 1200 1400 e [GeV]
Q (GeV]
Various interference terms between «; and k; M1y distribution variations on «; and k;
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HHH — 6)

< 400 [ T T & L | L 0 07 1 T T CMS Pre/iminal‘y 138 fb-1 (1 3 TeV)
o n Bl

A TLAS Exp_ 68°% CL < 500 AL Y I Y I N N N B L L B B L L Y I L B I I B B N B
- EXp 95% CL — £ [ HHH 6b ]
Other L Vs=13TeV, 126 fbo! _.cemmmmees — ggs. 68% 8:: - 400 —6b,u, (kgk,), w, (Ks) Exp. 68% CL =
\;VYVWng WWhbbbb 200— HHH — 6b o Uni?égt?//o . - Exp. 95% CL -
e 21.7% - . x SM s = - = Obs. 68% CL e
bbogi e & . 300 —— Obs. 95% CL ]
o Y i - 500F [ Unitarity bound 3
WWZZbb - - — —
2.0% 0 i | Z + SM _
WWbbcc — ]
éfbbbb i : 100 - =
- - oF E
\?ViNE)brr Y £ oo ) E E
gvyybbgg i | -100 =
;bbérr 400 . E E
- - ~200F =
WWWWbb bbbbgg - — — 7]
8.0% 8.3% — -
i i -300 —
—'600 Bl ol . — ]
B et n i N N NN TN T TN TN N T TN TN TN AN T N N S Y ST N A N N T NN TR T Y

ol o b b o —400
Ky K3

Obs. (exp) HHH: 760x SM (750x SM) Obs. (exp) HHH: 588x SM (572x SM)
K5t [-11, 17] ([-11, 17]) K3: [-7, 12] ([-6, 11])
K,: [-230, 240] ([-230, 240]) K,: [-190, 190] ([-190, 190])

Constraints that exclude regions of phase space by perturbative unitarity bound
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HHH — 4b2y

CMS Prel/m/nary 138 b (13 TeV) -
—rrr+r[pvrr4erprrrrrrrrrrrrTr T | L | L ]
= = <
" HHH — 4b2y All HHH Categories E 1000
- ¢ Data =
3 — S4B fit E 750
— . meees B component
I I =lo - 500
+2 O _E
E 250
- ] 0
= B
_ I I 1 1 1 | I ol 11 I [ T I | i' _250
-500
-750
-1000

CMS Preliminary 138 fb~1 (13.0 TeV

N

—— Observed 95% CL (Kx3=-10.3, Ky4=-435.9)
Expected 95% CL (K)\3=1 .0, Knsa=1 2)

Allowed range for K3
from H+HH measurements

-20 -10 0 10 20

K)3

Obs. (exp) HHH: 3400x SM (2086x SM)
ks: [-16.1, 20.2] ([-13.8, 18])
k,: [-533, 541] ([-397, 406))
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How Higgs Pair Production in Run3?

R P L R AL EIEL AR N SR - o 1.6 CMS smuator {5 = 13, 13.6 TeV
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® of 5 3000 @ Signal XS improvement (~1.7) and more data (~2)
50|- 5 : . . . oo .
ol o o000 ¢ |Improved object reconstruction and identification
30} 12000 : : o
| | @ Higher trigger efficiency
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: - ‘ 1000
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Run2 + Partial Run3 HH — bbyy @ ATLAS

> Sp— AL L L L - 12— [ — N — I — [ — N — ]
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\-06 5 5 :_ HH s I Obs. (Hrs = 0) (s = 1) : \“ Expected III :
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E ‘8. Run 3| : \ 58 38 50 :
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Main improvements over Run2 legacy

@ More data! 140 fb-1 — 308fb-1 (50%)
¢ Obs. (exp) signal strength: 3.8x SM (2.6x SM) ® New GNN-based tagger GN2 (20%)

¢ First HH results to reach 10 expected significance!

@ Correlation between Run2 and Run3 events in BDT
¢ Limits set on Higgs self-coupling «;: [-1.7, 6.6], and category optimization (10%)

competitive with the Run2 legacy HH combination [-1.2,7.2]| & kinematic Fit for m,,, resolution improvement (5%)
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Partial Run3 HH — bbyy @ CMS
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HH — bbbb @ CMS
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@ Upper limits on non-resonance HH productions using 22+23 data: improved by more than a factor of
two with an equivalent integrated luminosity

+ Significance improvement on b-tagging and trigger for both resolved/merge cases
+ Obs. (exp) signal strength: 4.4x SM (4.4x SM)

+ Limits set on Higgs self-coupling «;: [-3.3, 9.7]([-3.4,10.0])

¢ Re-analysis-Run?2 results: improvement of ~25%

+ Obs. (exp) signal strength: 10x SM (5.9x SM)
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HH — bbbb @ CMS

62 fb" (13.6 TeV) o 62 fb' (13.6 TeV)

I = 5
CMS — SM —Observed [:lo =~ [ CMS 95% CL upper limits ]
. ---- Expected +2 c - imj — Ob d T
Preliminary Xp o S 4otk Preliminary serve i
I - - = =+ Median expected =
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p — 1 . SN . L 10 i v N BN, ¢/ /A
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@ Upper limits on non-resonance HH productions using 22+23 data: improved by more than a factor of
two with an equivalent integrated luminosity

+ Significance improvement on b-tagging and trigger for both resolved/merge cases
+ Obs. (exp) signal strength: 4.4x SM (4.4x SM)

+ Limits set on Higgs self-coupling «;: [-3.3, 9.7]([-3.4,10.0])

¢ Re-analysis-Run?2 results: improvement of ~25%
+ Obs. (exp) signal strength: 10x SM (5.9x SM)
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LHC HL-LHC

- |
1

‘ ‘ Run 2 | ‘ Run 3 \ Run4-5...

AL 13.6 TeV LS3 13.6 - 14 TeV

—_ _— Dlodes Consolldation

splice consolldation crvolimit LIU Installation . _ HL-LHC
7 TeV 8 TeV button collimators inferaction _ inner triplet installati
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit nstalation
2012 AV K 2014 2015 2016 2017 2018 2019 2020 2022 2023 2025 2026 2028 2030 IIIII"“
ATLAS - CMS —
experiment upgrade phase 1 ATLLAS - CMS 4min?altciu7r'r?i
beam plpes : : : : HL upgrade
nominal Lumi 2 X nominal LumlJ' ALICE - LHCb : 2 x nominal Lumi :

75% nominal Lumi | / upgrade
/m 190 fb" 500 fb! factisen 3000 1o
luminosity EEVE{ v

HL-LHC TECHNICAL EQUIPMENT:

Detector upgrades and advanced reconstruction

technique to achieve better performance at ~200PU
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HH Projection @ HL-LHC

—1 —1 —1
2 different systematic scenarios ATLAZSab (SZ)CMS ATLA3Sab (SZ)CMS ATLAS W (SS)CMS
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®S2: reduced systematic uncertainty - 30 o 3t 4 Y T
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- Multilepton 0.8 — 1.0 — 1.0 —
and 7 rec. eff. (recent improvement bBM_P 0! j 0t B o<t B
evaluatio n) Combination -, 4.2 4.5
ATLAS+CMS 47.2 4 7.6

20% 9%

=
N

¢ From S2 to S3: 5% gain in precision
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¢ From 2ab-1 to 3ab-1: 20% gain in precision
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¢ Well exclude alternative BSM scenarios with strong first-order
phase transition (FOPT) in the early universe

¢ Exp HHH: 86x SM which can exclude portions of unitarity bound region
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Summary

¢ ATLAS and CMS have wide investigations of HH (ggHH, VBFHH, VHH,ttHH) @
Run2 and start new studies of HHH @ Run2 and HH @ Run3

¢ More room for further sensitivity improvement: more data, better reconstruction/
identification/trigger, novel deep learning techniques

® Question: is evidence of SM HH production possible in Run3?

Direct observation of / — HH interaction is a “guaranteeable”

discovery that HEP is aiming for
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