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Direct evidence of Higgs self-coupling (1) remains one of the major missing pieces of Standard Model

Huge implications on the Higgs potential shape: EW stability, Phase Transition, Baryogenesis etc.
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https://arxiv.org/abs/2504.00672
https://arxiv.org/abs/2504.00672

Introduction v - mT%IH2+/1vH3+ ﬁ:ﬁ

Direct evidence of Higgs self-coupling (1) remains one of the major missing pieces of Standard Model

Huge implications on the Higgs potential shape: EW stability, Phase Transition, Baryogenesis etc.

Best way to probe the self-coupling is via the Higgs-Pairs production (single-Higgs possible at NLO)
Results are provided in upper limits on the signal-strength y,,,

Or in the k-framework where we aim to measure «; = A/,
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m
V(H) = THH2+/IVH3+

Direct evidence of Higgs self-coupling (1) remains one of the major missing pieces of Standard Model

Huge implications on the Higgs potential shape: EW stability, Phase Transition, Baryogenesis etc.

Best way to probe the self-coupling is via the Higgs-Pairs production (single-Higgs possible at NLO)
Results are provided in upper limits on the signal-strength y,,,

Or in the k-framework where we aim to measure «; = A/,

' " HH production at 14 TeV LHC at (N)LO in QCD . . .
~~~~~~~~~~~~~~~~~ T e, VRIS N0 e ford gluon-gluon Fusion (ggF) leading production mode @ LHC
\\\\\\ ~Swa Phys. Lett. B732 (2014) Ny 20
- ’ - 0, (SM) = 308757 fb @13 TeV
88 -7.1
Rt
g 9999999999999 > ®---------- H g H
. % Kt %)
1% g 9999999999999 < O B H 9 SI8888888~ H
4 3 2 . : ; I2 ; 4 (a) Box Diagram (b) Triangle Diagram
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https://www.sciencedirect.com/science/article/pii/S0370269314001828#fg0020

Introduction v - mT%IH2+/1vH3+ ﬁ:ﬁ

Direct evidence of Higgs self-coupling (1) remains one of the major missing pieces of Standard Model

Huge implications on the Higgs potential shape: EW stability, Phase Transition, Baryogenesis etc.

Best way to probe the self-coupling is via the Higgs-Pairs production (single-Higgs possible at NLO)
Results are provided in upper limits on the signal-strength y,,,

Or in the k-framework where we aim to measure «; = A/,

~~~~~~~~~~~~~~~~~ i o e Vector Boson Fusion (VBF) second production mode @ LHC
\\\“\\ L. Phys. Lett. B732 (2014) 73 q q
‘ - GVBF(SM) = 1.69 £ 0.05 /b @13 TeV
kov . H
- sensitive to the 5, = gyy/ gVVHH V-
\ Y m
q q
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https://www.sciencedirect.com/science/article/pii/S0370269314001828#fg0020
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Several decay channels are combined together to maximize the sensitivity!
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Several decay channels are combined together to maximize the sensitivity!

Main channels discussed today: PO W v £- Y
bb
- WW
TT
Pros: Very large Branching Ratio (34%) . 00605
Cons: overwhelming QCD background VY 0.012% 0.0005%
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—_—

Several decay channels are combined together to maximize the sensitivity!

bb WW TT /7
Main channels discussed today: Y
bb
) WW
- HH(bbt*17)
TT
Pros: Good compromise between Branching > 0 069%
Ratio (7.3%) and background
Cons: Complex object reconstruction and modelling vy 0.012% 0.0005%

LLorenzo Santi -15.07.2025



—_——

Several decay channels are combined together to maximize the sensitivity!

bb WW /7

Main channels discussed today: t YY

bb

_ WW

- HH(bbt™77)
- HH(bbyy) 1T
Pros: Very clean signature to trigger 77 0 069%
Cons: Extremely small BR (0.26%) Yy 0.072% 0.0005%
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—_—

Several decay channels are combined together to maximize the sensitivity!

bb WW TT /7 A,

In the combination we also include channels

with smaller sensitivity:

4.6%

- bbll + EJ'™

2.7% 0.39%

3.1% 1.1% 0.33% 0.069%

0.028% 0.012% | 0.0005%
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ATLAS HH analyses

e — e

LHc—< p——-HL-LHC /™
S e W L T
2015 2018 2022 2020 2020

@
Today

- and their combination with 140 fb~! collected data

- HH Combination: Phys. Rev. Lett. 133 (2024) 101801
- HH(bl_ﬂf):Phys. Rev. D 110 (2024) 022012

- HH(bbyy): JHEP 01 (2024) 066
- HH(bbbb): Phys. Rev. D 108 (2023) 052003 (Resolved), Phys. Lett. B 858 (2024) 130007 (Boosted)

- HH+H ATLAS Combination: Phys. Lett. B 843 (2023) 137745
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https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

ATLAS HH analyses

—— — ————— -

LHc—< p——-HL-LHC /™
— L T
2015 2018 2022 2020 2020

@
Today

- Run 2 analyses and their combination with 140 fb~! collected data
; data-taking using 308 fb~! data
- HH(bEyy) Run 2 + partial (22-24) Run 3: Arxiv:2507.0340
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https://arxiv.org/abs/2507.03495

ATLAS HH analyses

—— — ————— -

LHc—< p——-HL-LHC /™
— L T
2015 2018 2022 2020 2020

@
Today

- Run 2 analyses and their combination with 140 fb~! collected data
- First HH analysis with partial Run 3 data-taking using 308 fb~! data

) 3000 fb~! from Run 2 results input to ESU:
- HH(bbr7): ATL-PHYS-PUB-2024-016
- HH(bbyy): ATL-PHYS-PUB-2025-001
- HH(bbbb): ATL-PHYS-PUB-2022-053 (ggF), ATL-PHYS-PUB-2025-005 (VBF)

- HH Combination: ATL-PHYS-PUB-2025-006 o o @
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https://arxiv.org/abs/2504.00672
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/

o ®
Run 2 HH Combination e ———
ATLAS m
- Expected limit (95% CL)
Vs =13 TeV, 126—140 fb™! (UHH =0 hypothesis)
o . . SM [ Expected limit +10
Improvements in the combination: Ogar + ver(FH) =32.8 fo 1 Expected limit +20
. T _ T Obs. Exp.
- Reanalysis of Run 2 for HH(bbt™t™) and HH(bbyy) I B } ----------------------------------------------------- i :: ------
bbiL + Efiss -
- New boosted VBF HH(bbbb) — | * 71
-~ Added extra channels bbbb|- } : 53 8.1
bbyy— * | 4.0 5.0
Observed (Expected) upper limits @ 95% CL b |- f 59 33
on iy 2.9(2.4) X SM oot L e
0 S 10 15 20 25 30 35 40
17% improvement Wwrt previous resu]t: 95% CL upper limit on HH signal strength uyy
- 13% leading channels
- 4% other channels Observed HH SM Significance: 0.4 ¢

Expected HH SM Significance: 1.0 ¢

__ @
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Run 2 HH Combination

~21In A

Observed (Expected) limits @ 95% CL

| | I | | |

- ATLAS

- HH combination

|,’||||||||||||

|
’
/7

C Vs =13 TeV, 126—140 fb~!

— All other K fixed to SM

| | I | | | | I | | |
— Combined —— bbyy
—— Multilepton =—— bbbb
—— bbf + EMiss —— bbTtT"

—— Obs.: 95% CL [-1.2,7.2]
— == Exp. (SM): 95% CL[-1.6,7.2]
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Observed (Expected) limits @ 95% CL:

%,y € [0.6, 1.5]([0.4, 1.6])
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| EVS=13TeV, 126140 L e e -
- HH combination :

6 All other K fixed to SM —— Obs.: 95% CL [0.6,1.5] ]

i — == Exp. (SM): 95% CL[0.4,1.6] ]

o ]

- II -

!‘ ll |

40, o 95%CL{

Y 7

3t [ A
2:_ // // _:

Y RSN N WA VY A0 A A 268% Ol 2
oLl : A e
-0.5 0 0.5 1 1.5 2 2.5
Kav



Run 2 HH(bbbb)

VBF Boosted Topology

EXPERIMENT ATLAS

EXPERIMENT

Run: 362619 Run: 311402
Event: 524614423 Event: 2695204841
2018-10-03 08:06:34 CEST 2016-10-25 19:04:17 CEST
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Run 2 H H (bbbb) : Re SOlved Phys. Rev. D 108 (2023) 052003

r— 200 | | L | L | [ | 1 | 1 L L m
> L . . o ) =
&, [ ATLAS Simulation SR 1 M, 5
o 180 /5 _13Tev, 126t === CR17_ °
- — ggF selection, Xw; > 1.5 —— = =
- e CR2 - 030 X
160 — 4b Signal ] 0
L - 0)
C - =
L — 025 ™
140 — _
C i 0.20
120— —
L ] 0.15
100 — i
L ] 0.10
80— —
L 7 0.05
60 — —
i | | | 1 1 | I | I | I | I | 111 | 111 | 000

60 80 100 120 140 160 180 200
My [GeV]

SR and CR defined based on m; of the pairs
Reweighting CR1 and Interpolation from CR2
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https://link.aps.org/doi/10.1103/PhysRevD.108.052003

Run 2 HH(bbbb) Re SOlved Phys. Rev. D 108 (2023) 052003

;200_ I 1T 1 I 1T 1 I Imn I 1T 1 I T T I [ _ g-l

8 — ATLAS Simulation S — SR : SI- %J :l T 1T 1 | T T 1 | T T 1 | T T I T 1T 1 | Tl ll | T 1T 1 |:
-Tf- 180_ 13 TeV. 126 fb- ——— CR{i 0.35§ B c00 :_ ATLAS \ Post-Fit Background_:
£ [ 99Fselection, Xwi>15 . = R LO - Vs=13TeV, 126 fb~! N\ Stat. + Syst. Error
160 4P Signal - URE 0-30 & ™ £ ggF Signal Region 4+ 4pDat .
. 1 < 0 400 = |Anyy| < 0.5, Xpn < 0.95 aa —
C b 0.25 1 S - 400 x SM HH -
140: . D %0 [ 200x Kk =6HH
B ] 0.20 - 4 = n
1201~ - 200 _—I*** = —
C ] 0.15 - e s
L i * _._—.— :
C 5 0.10 ) Y 1 -
80— | 0 ol N N e e el B e o - w——

E i 15 L 1T 1T 1 T T 1 1T T T
L ] 0.05 8 - | | | | | | | AT
P | | | | | o Y e ey \
60 80 100 120 140 160 180 =200 00 T + -
MH1 [GeV] O 05 Cloo o b Ly | NIRRT R NI N N R RANER A |_
300 400 500 600 700 800 900 1000
Muy [GeV]

SR and CR defined based on m; of the pairs

Reweighting CR1 and Interpolation from CR2 Fit performed in bins of myy and | Angy |

Observed (Expected) upper limits @ 95% CL
on py 2 5.4(8.1) X SM

K, € [-3.9, 11.1]([—4.6, 10.8])

. @
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https://link.aps.org/doi/10.1103/PhysRevD.108.052003

Phys. Lett. B 858 (2024) 139007

x10~4
~ —r "~ 1 T T — =
© ,:9__ATLAS Simulation o _ -~
O, - Vs =13TeV, 140 fb™!, VBF HH bbbb 1 @20 2
EIN " Koy=1 (SM) 2Pass . o
200 __ ................... O,? __ 20 L|>J
B | 1.5
150 — I I b
r 1 H1.0
100 = =lE 05
50,5 250
Mmpy, [GeV]

Similar procedure as Resolved
SR, VR and CR
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https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub

Run 2 HH (bbbb) | BOOSted Phys. Lett. B 858 (2024) 130007

- .g‘) 16 IIII|IIII|IIIIIIIIIIIIIIIIIIllIIIIIIIII|IIII|IIII
o ATLAS ¢ Data .
«10~4 W 14 (s=13TeV, 140 fb” — 500 x SMggF
< — T ] . - [= - VBF HH bbbb — 1000 x SM VBF -
© ,:9__ATLAS Simulation o _ Q 121~ SR — Ky =0VBF
O "I Vs=13TeV, 140 fb~", VBF HH bbbb 1 B25 o - PostFi Dok -
T Koy =1 (SM) 2Pass | S 101 Z y
& S E o S - .
e 0,9 _ -~ 8— / ]
B _ 1.5 6 —
150 __ __ : | / _
B 1 H1.0 4_% i
[« ] = //// ///
100 —~ ] 205 21— _
B | E | S 0!!!!:!!!!,!!!!!!!!!!!!!!!!!!.!!!!!!!!!!,!!!/!,!!!!i
50, ~ 1 B @ 15F 3
50 ER //V/V/%/V//%V////////W
Q 05F e
0 .................................................

O 01 02 03 04 05 06 07 08 09 1
BDT Score

Similar procedure as Resolved
SR, VR and CR

Fit performed on BDT score

Observed (Expected) limits @ 95% CL:
Ky € [—0.55, 1.49]([-0.37, 1.67])
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https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub

Run 2 HH(bbT ) - Phys. Rev. D 110 (2024) 032012

Target two different final state depending on the

Thad%had ATLAS

EXPERIMENT

TlepThad Run: 339535

Event: 996385095
2017-10-31 00:02:20 CEST
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012

Run 2 H (b bT ) o Phys. Rev. D 110 (2024) 032012

| | S s00b atias | eseexsso

Target two different final state depending on the 7 €L Gerrovtaon' e -
0 600 ThadThae 2 0-120S Top-quark _

- L >4jets Jet — 1, _, fakes _
Thadhad 500~ Z +(bb,bc,cc) .

N L jet — 1, fakes (tt) _

T T 4002 B Other B

B [ ”” 7] Uncertainty _
lep had B Pre-fit background ,+ _
300 AEE T¥

L. S ) '":’///;7//////’ =

L 2004 /l/313‘:;‘,-;;;11535:3‘5;7/;”/17/'{7/{(/ vy -

BDT score to discriminate ggF from VBF -
100 .

-00;1.2__'I"'l"I'"I"'l"'I"'I;"I"'I"'_E

o 13*+++¢++ *- 4 ’¢‘¢é

S o8t ¢ 4 E

© ThEiaa v b b b b b b b b

0 1 08 -06-04-02 0 02 04 06 08 1

ggF vs. VBF HH categorisation BDT score

. @
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012

Run 2 HH (b b’[ ) o Phys. Rev. D 110 (2024) 032012

S 10°E | | | | T aaFHHx 200 | =
= = ATLAS — VBFHHx200 -
) . % 10°  (s=13TeV, 14010’ ¢ Data |
Target two different final state depending on the 2 10 E o i 2btags - HH (=22
- ggF SR, m_ =350 GeV Jet >,  fakes -
T Ty 4T 10 -ﬁ(bb’bc’fci) (th) =
= et — 1,_, fakes (tt) S
had*had ,.:,‘ B Other _
103 L g, Single Higgs _
- T, T = . Uncertainty E
lep had . ---- Pre-fit background -
10° E
BDT score to discriminate ggF from VBF 19 z
Fit performed in 3 categories: 1 |
-8' 1.5F | | | | | | | | | -
- ggF lOW‘mHH % 1; ® o . ® ‘ ¢ *“ ¥ : ! é
© 05 | | | | | | | | | | &=
Q
_ 0 1 2 3 4 5 6 7 8 9 10 11
ggk high-my, . o BDT score bin
Observed (Expected) upper limits @ 95% CL

- VBF

on py: 5.4(3.3) X SM
k, € [-3.1, 9.0]([-2.5, 9.3])

________ @
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012

JHEP 01 (2024) 066

Extremely pure and stat limited channel

EXPERIMENT

BDT to discriminate HH from non-resonant bkg.

separate in low-m; and high-my;,

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST
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https://link.springer.com/article/10.1007/JHEP01(2024)066

Extremely pure and stat limited channel

> _I 1 | T 1 I T | 1 1 T 1
S 10— ATLAS
L o [ {s=13TeV, 140 b ¢ Data
BDT to discriminate HH from non-resonant bkg. o oC HH o bBe Cont. background
o 8 HfR — bbyy |
: : + - -— Total background
- - S - High M
separate in low-m; and high-my;, g | igh Mass 3

Categorization performed to maximize the significance 4

Then a simultaneous unbinned fit on m,, is performed o | e .

(@)
|
[ | | | [ 1 | | L1 | | [ | | | [ 1 | | I

1 N R SN T N N .. I I R R Lo —
110 120 130 140 150 160
m,, [GeV]
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https://link.springer.com/article/10.1007/JHEP01(2024)066

JHEP 01 (2024) 066

Extremely pure and stat limited channel < I
C — _

NI - ATLAS —— Observed Z

6 vs=13TeV, 140 fo- ---- Expected

BDT to discriminate HH from non-resonant bkg. - HH-—Dbbyy -
o[ ‘ Observed , i

: _ - - 68% CL: Ky € [0.6,5.2] / -
separate in low-m;;; and high-my; £ o L L1 es R
CV Expected | [

32 \ 68% CL: k) € [-1.2,6.1] ," i

Categorization performed to maximize the significance SR otk e 28,78 :
Then a simultaneous unbinned fit on m,, is performed 2 E
) R W o 68% CL.-

Observed (Expected) upper limits @ 95% CL o\ IR I SR S-S gt R SR
4 -2 0 2 4 6 8 10

on //tHH: 4.0(5.0) X SM KA

x, € [1.4, 6.9]([2.8, 7.8])
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https://link.springer.com/article/10.1007/JHEP01(2024)066

Transtorming Flavour Tagging

All the presented analyses heavily rely on Flavour Tagging (a.k.a. the ability to identify the p b

All the Run 2 analyses have been performed using DLir

: : > Trained « The Flavour Tagging beauty story:
[, . . :
2 , -~ Originally simple taggers based on the track impact parameters
- IPxD SV1 JetFitter RNNIP DIPS . :
: . . and secondary vertices finding were developed
2 Impact parameter based Vertexing Vertexing Track NN Track NN
]
o,
>
D
-
-
=)
T
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Transforming Flavour Tagging

All the presented analyses heavily rely on Flavour Tagging (a.k.a. the ability to idezg'gy the b-
All the Run 2 analyses have been performed using DLir 4

The Flavour Tagging beauty story:

70F T e T T T T T
: fl-l;Alsg, ?uer\r)ulatlon Preliminary aN2 7% -~ Originally simple taggers based on the track impact parameters
F Fiets, £ = 70% L . and secondary vertices finding were developed
B -
- 50 B : 9 . ® .
=a  Eun 3 rec 1 9 - With Deep Learning developement new advanced algorithms
o 40F  Ref. Plots GN1 1100w have been developed based directly on tracks 4-vectors
- B : i -hl
S OF . DL1d 1000 =
“F DL 5 17 i 11| B ot
) ' 500
a mh : ~
2017 2018 2019 2020 2021 2022 2023

Intial track
representation

Year

LLorenzo Santi -15.07.2025


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/

What’s New?

HIGP-2025-10

ATLAS

EXPERIMENT
First ATLAS and Higgs-Pairs result using 308 /6! data

140 b~ Run 2 data (2015-2018) at 13 TeV

168 fb~! Run 3 data (2022-2024) at 13.6 TeV


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

bbyy)

Several improvements performed to enhance the sensitivity!

agg(SM ) = 34. lf%g b @13.6 TeV (+10% wrt 13 TeV)

- Selection improved requiring >2 b-jets with GN2 ¢, = 85 %
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Run2 HH(bbyy)

Several improvements performed to enhance the sensitivity!

ogé‘f,(SM) = 34.1*2¢ fb @13.6 TeV

- Selection improved requiring >2 b-jets with GN2 ¢, = 85 %

- Training simultaneous in Run 2 and Run 3

exploiting the correlation to categorize tighter

LLorenzo Santi -15.07.2025

Fraction of events / 0.04

B | | | I | | | I | | | I | | | I | | | |

- ATLAS —— HH (SM) |
10} VS=13/136TeV, 140/ 168 fo" - SEJESHM) -
- HH - bbyy pre-selection Yy + jets .

i High-mass region ¢ Data sidebands i
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: |
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- | |
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Run2 H(bbyy)

Several improvements performed to enhance the sensitivity!
ogé‘f,(SM) = 34.1*2¢ fb @13.6 TeV

- Selection improved requiring >2 b-jets with GN2 ¢, = 85 %
- Training simultaneous in Run 2 and Run 3 > SRR
o . . ) ¢ 0.22F ATLAS Simulation Preliminary =
exploiting the correlation to categorize tighter 0 Q.25 f- 13/ 138 Tev . =
— HH—bbyy pre-selection .- -
C\_'L) O W 8 :_ ® No correction ¢ *: =
- Kinematic fit improving the m,, resolution 5 0160 ¢ M I E
LL] 0. 43_ ¢ Muon-in-jet + PtReco + KF ,"’ '\. —E
0.1 23 IQR [GeV]  Impr. A ? ‘. -
— === 28.13:0.05 & * . —
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bbyy)

Several improvements performed to enhance the sensitivity!
ogé‘f,(SM) = 34.1*2¢ fb @13.6 TeV

- Selection improved requiring >2 b-jets with GN2 ¢, = 85 %

-~ Training simultaneous in Run 2 and Run 3
exploiting the correlation to categorize tighter

- Kinematic fit improving the m,, resolution

- And of course X 2.2 more data!
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< l ( b b ) S - 1 Expected
§ ATLAS 1 Observed
Run 2 + 3 HH B yy %1-2-\/§=13/13.6Tev, 140 /168 fb~?
- o - S - i>)~ HH—>b5yy
% 1.0F
Simultaneous fit in the 14 categories 8
L 0.8
0.6
1.01
Observed HH SM Significance: 0.8 ¢ 0l | ors o7s | 080 084
0.49
Expected HH SM Significance: 1.0 ¢ oo
0.0 Run 2 Run 3 Combined
ATLAS - Expacted it = 0
Observed (Expected) upper limits @ 95% CL oA 1AGTRV MO TTENE™ o concad im0 21
— Obyy —+— Expected limit (L = 1)
on py: 3.8(2.6) X SM o R v
1 b o Obs. HEHXZ' EHXZ
! Comparable with Full Run 2 HH Combination I S
Run 2+ ' ‘0 % 4.8 4.2 5.5
Run 3+ ' % \ 58 38 50
Combined - E ' 3.8 2.6 3.7
OIIIélIIélllII(ISIIIélII1IOIII1|2III1I4III16

95% CL upper limit on uyy @
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Run2 + partial Run 3 HH(bbyy)

Simultaneous fit in the 14 categories

Observed HH SM Significance: 0.8 ¢

Expected HH SM Significance: 1.0 ¢

Observed (Expected) upper limits @ 95% CL
on py: 3.8(2.6) X SM

! Comparable with Full Run 2 HH Combination

Observed (Expected) limits @ 68% CL:
kK, € [—0.4, 5.1]([-0.6, 6.9])

12

~2InN\

10

i I I I I I I I I I I I I I I I I I I I I [ I Ill 1
- ATLAS ---- Expected [ -
i 1]
— Vs=13/13.6 TeV, 140/ 168 fb- Observed [ -
[
- / _
A HH - bbyy, Koy =1 g;;eévl_e.d ,'I ]
‘ 5 CL: Ky € [-0.4,5.1] -
8\ 95% CL: Ky, € [-1.7, 6.6] i .
R Expected / i
- 68% CL: K € [-0.6,5.4] [/ —
B 95% CL: k) € [-1.8,6.9] // -
\
| \ —
N 95% CL _
5 Nl 7ot |
\
| \ _
| \\ _
o N B8%CL S -
__ | | | | | \\l\‘ = e — | | | __
2 0 2 8
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bbyy)

Simultaneous fit in the 14 categories

5 | I | | | | | | | | | | | | | | | | |
. e ATLAS Dat
Observed HH SM Significance: 0.8 ¢ 4.5 ¢ Data
AE- Vs=13/13.6 TeV,140/168fp™" """ Cont. background
Expected HH SM Significance: 1.0 o HH—-bbyy Total background
- Signal + background

log(1+Sg,,/ B) weighted sum

+1.4
MHH = 0'9-1.1

Sum of weights / 2.5 GeV
W
Ol

Observed (Expected) upper limits @ 95% CL

N
Ol
FHTrprrwfreeefrereyrereyprereyrrrryprrrrprrrrprrl

1.5
on py 3.8(2.6) X SM 1
! Comparable with Full Run 2 HH Combination >0 | o | | | -
0910 120 130 140 150 160
m,., [GeV]

Observed (Expected) limits @ 68% CL:
kK, € [—0.4, 5.1]([-0.6, 6.9])
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What’s next?

The Higgs pairs program plays a crucial role for
HL-LHC program

All the HH analyses have been input to the

European Strategy Update:

Highlights of the HL-LHC physics projections by
ATLAS an M
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https://arxiv.org/abs/2504.00672
https://arxiv.org/abs/2504.00672

The HL-LHC Extrapolations

The latest Run 2 results have been extrapolated to HL-LHC expected sensitivity in several scenarios!

Usually the extrapolations are be conservative given many improvements happens along the way

1 N L L L L L L L HLEL AL I B
—i L | — | — NN N I Y L L Y I S L Y L B B ] Q\g ATLA_S Preliminary JHEP 11 (2018) 040
O ATLAS Preliminary o | HH- bbyy searches a Phys. Rev. D 106 (2022) 052001 -
&\C)’ HH—s BBt . = v JHEP 01 (2024) 066
o — DDt Searches T ---- Luminosity-based scaling
® Phys. Rev. Lett. 121 (2018) 191801 = 20 2

I ol A JHEP 07 (2023) 040 B o

= i ¥ Phys. Rev. D 110 (2024) 032012 _ £

o I LT Luminosity-based scaling i 3
) @)
. — | -] (D)
= S 10 -
— | —] LLI -
O
3 i _

O
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X 4r A-.... } b
w- T e Bl e T —

\ A nil U
] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] i
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The HL-LHC Extrapolations

Scenarios assumed:

- Run 2 systematics

- Theoretical uncertainty halved
- Baseline

- Stat. only

Benchmark: 3000 fb~! at 14 TeV

Expected HH SM Significance: 4.1 ¢
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Significance [0]
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- ATLAS Preliminary
- Vs =14 TeV
- HH combination

T T T T 1 T T T ]9
—— No syst. unc. i

—— Baseline —8

Theo. unc. halved -

- — 17
- Expected SM Run 2 syst. unc. :
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- —— s — .
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— — 1
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° T ' ATLAS Preliminary —— Nosyst. unc.
The HL-LHC Extrapolations 31 Y — o
G [ vs=14TeV, 300010 Theo. unc. halved |
S — T TEEEEEEE———————— S 8__HH combination —+— Run 2 syst. unc. __8
| All other k fixed to SM ]
. 6 16
Scenarios assumed: —
- Run 2 systematics ae A\ L 95% Gl
- Theoretical uncertainty halved il 1,
. I 68% CL |
- Baseline N\ :
R R AR A T S SN A N S S S A N S S A
03 0 1 5 3 4 50
- Stat. only o
i i L L AR 10
. — £ | ATLAS Preliminary e
Benchmark: 3000 fb™" at 14 TeV S | verarev 200010 b
8~ Baseline = bbb -8
| All other K fixed to SM == et g+ EMiss |

— Combined

Expected limits @ 68% CL: ____________ ,_'fggs_?@,g’_:__L_{Ll
K, € [0.71, 1.48]
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The HL-LHC Extrapolations

All these scenarios do not take into account possible improvements as GN2

e T I e s e e B L B e e I e e e B L s s — 45 L L L L L
o | : o T} .
z 8 ATLAS Preliminary — 20 S.\f_st- unc. 18 T | ATLAS Prellmlnalry —x: II;IO S);.st. unc.
- —s— Baseline I _ - - - Baseline
3 =14 TeV. 3 ab~! ] 3. _\/_—14_-Tev,33b N
o 7F Vs - f ' a —4— Run 2 syst. unc. 17 o 4.0 I HH—>beV Theo. unc. 50%
2 | HH-bbT'T O DL1r77% WP c | . -
€ | Run2legacy projection . : S . Run 2 legacy projection —&— Run 2 syst. unc. |
S gl 1 GN282% WP 1g o [ S
= 0 - = " Fixed b-tagging mistag rates _
c - c 3.5
e — i) "
i : 3 O B N
o e w1
3 : ' 3 25 _
2f " ———+——+ 4+ 12 :
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The HL-LHC Extrapolations

0 12 . .
c ATLAS + CMS Projections ESPPU 2026
- - - _g 1ol VS =14TeV, 3 ab~! per experiment
g SM HH production (k) = 1)
% 8T bt?bB
All the improvements in the analyses 7 == bbyy
-'C-U’ 6 F TT
directly reflects to the updated combined r T rombnes
4_
extrapolation results where the expected
2_
sensitivity is almost doubled
: gspPU 2020
ATLAS+CM % | ATLIAS+(I:MS Prlojectionls ESPPU'2026 |
i S0l Vs =14 TeV, S3, 3 ab™! per experiment
< < o ~ All other couplings fixed to SM
Expected HH SM Significance: 7.2 ¢ . el coupIngs T
15}
— Combination
S bl?'r*'r‘
Expected limits @ 68% CL: 10} o
Multilepton
K, € [0.73, 1.31] |
_________________ ([ e 68%CL
%5 00 05 10 15 20 25 30 35
K3
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The HL-LHC Extrapolations

3 ab~! per experiment (14 TeV)

All the improvements in the analyses ¢ | ATLASt+CMS i
. . Projecti ESPPU 2026
directly reflects to the updated combined It . ! —
of .
extrapolation results where the expected 5| 1 :
sensitivity is almost doubled ‘3‘ | ! ;
2 : : I
| e -
ATLAS+CM o i !
BEI B i 95%Cl
Expected HH SM Significance: 7.2 ¢ —2f b es%Cl
3571 0 1 2 3 4 5 6 7 8
o 1.2¢ -
Imi <0 "illll EREER
Expected limits @ 68% CL: Y 188 _
< -1.2¢
-2 -1 0) 1 2 3 4 5 6 7 8
k, € 10.73, 1.31] -

Limits provided for different k, scenarios
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Conclusions

The Higgs pairs production is crucial process to probe
the Electroweak symmetry breaking

Best way to measure directly the 4 self-coupling o | gAY =

> Matt (LPTHE-Parls)

Run 2 ATLAS data-taking has been fully exploited
Run 3 is ongoing and many more results have yet to come

HL-LHC is just around the corner and promising results lie ahea
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