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Motivation

o Higgs boson

Discovered by the ATLAS and CMS experiments in 2012
o Understanding Higgs potential is important

Vacuum

Vacuum structure
EW symmetry breaking
Some new physics

o Higgs potential in SM model
V($) = —u?p* + Ap*

1

V(h) ==

(W) =3

. Trilinear coupling -
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/1 determines the shape of nggs potential

expectation
value

Higgs
patential

Expand around vacuum
expectation value v

In the SM: A3/ = sz ~ 0.13

A can be modified if there are some BSM effects
e.g. 2HDM model (Phys. Rev. D 101 (2020) 055032) K, can be
changed 0(100)%
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.055032

Production and decays

Only ~4300 events

» Production mode - our main target signal i Pun 2 dataset

» Decay mode

Gluon—gluon fusion (ggF) (140 fbt) Branching ratio is determined by
oor = 3077155, (scale + myop) + 2.3% (PDF + a;) fb branching ratio from two Higgs
H 9 9900999090999, > .J- ________ H — H decayS —
] bb WW T zZ YY
N <ﬁ> A  J
~._ Interference
H g 9920900900009 < ) S i
o U>)\ WW 25% 4.6%
Sensitive to k; ©
9 T 73% | 27% | 039%
= 1.687109%% (scale) + 2.7% (PDF + ay) fb 2
UVBF —0.05% \Scale 0 as T 7z 3.1% 11% | 0.33% | 0.069%

HH search is challenging because
HH production is a rare process
and has many decay channels
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HH searches at ATLAS

Each channel has different features: there are five main analyses targeting different decay channels

Run 2 analysis
o Dataset: 2015-2018 data (140 fb1)

( H decays \

n vy o Center-of-mass energy: 13 TeV
Main channels: bbbb, bbt#, bbyy Have been published!
(
! _ PRD 108 (2023) 052003 (126 fb~1)
N A = oot PLB 858 (2024) 139007
T HH - bbtt PRD 110 (2024) 032012
S HH - bbyy JHEP 01 (2024) 066
I -1
HH — Multilepton JHEP 08 (2024) 164
- HH - bbll + EMVss JHEP 02 (2024) 037
L Combination (Run 2) PRL 133 (2024) 101801
Large <—— Branching ratio ——> Small | | ' ~
: : : . . HH - bbyy
Low < > High \ ‘ﬂﬁw
ow Signal purity ig Run 3 analysis: ongoing ATLAS.CONF-2095.005
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https://doi.org/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.springer.com/article/10.1007/JHEP08(2024)164
https://link.springer.com/article/10.1007/JHEP02(2024)037
https://doi.org/10.1103/PhysRevLett.133.101801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/

HH searches In Run 2  ceuseesosn

8 _—IA-II-LJQSI o = (‘Zonl1birluedI — :bﬁ;y | 7]
—e— Observed limit (95% CL) L _ . _4 — Multilepton == bbbb
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Analysis £T ]
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|mprovements 1 'E 2
formain L e 8 } 59 33 | 3O " L, e -
. 0 E ------- e - ----------------------------------------------------------- E E<................>E yy aS .e
Channels 13 /0 : Combinedf— 0 : |_ | | L | 2.9 | 2.4L : . : best constraint
— bbbb added =7 0 5 10 15 20 25 30 35 40 —1.2 < k), < 7.2 (0obs.) for Kk,
] 95% CL upper limit on HH signal strength upn
gféostﬁgl Cha””ﬁ' for In this talk, | will focus on...
searc imi _ ] _ _ _ B
 bhite BBy Expected upper limit on 1. Run 2 analysis review (bbbb, bbt*17)
 O0YY Uyy improved 17% 2. Run 2 + Run 3 analysis: bbyy

improved analysis 3. HH future prospects
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https://doi.org/10.1103/PhysRevLett.133.101801

H H —> bE bE (Ru N 2)_ PRD 108 (2023) 052003 (126 fb%)

Previous analysis (36.1 fbl): JHEP 01 (2019) 030

» About this channel

- i I i 0) o 200 e R R T m
Highest branching ratio (34%) -y 8 | ATLAS Simulation sn | B 2
— b-jet pair is determined by using AR § 100 s st --- CR17] d
. . [ 9gF seleclion, Amt > 1.0 | i 0 .uihss : a
— Categorization 160[ 40 Sina CRz 1 Woxg
18_ categories (Anyy X 3 + Xyy X 2 + different data taking years) 1403_ _ 025
— Main background: QCD multijet - 1 | oz
Used data-driven estimation with reweighting by neural network "’F 1 M.
100— = |
Before reweigting After reweigting - 1 | |00
80— —
o s e 3 et e gemons : 1| Joos
& IOET 513 Tev, 2018 57.7 fo" S stat. Error E §3°°°§ VE=13TeV, 201857.7 fo~' S stat. + Bootstrap Error " 60— -
422500? 9gF CR1 + 4bData = £ 25001~ ggF CRY + 4bData — Lol Ly v b v b by v b by g o] L10.00
2 ook 3 8 ok E 60 8 100 120 140 160 180 200
1500F 3 N 1500; E my; [GeV]
4b signal data- = E Analysis improvement from
" MR > Results previous analysis: 20%
i s I 1 AUUMBNNE N I R 2 data @ 126 b Expected
I R T Upper limit for uygy 5.3 8.1
Background modeling is improved!! K, constraint 95% CL  [-3.5,11.3] [-5.4, 11.4]
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https://doi.org/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2019)030

HH SN bbT-I'T_ (Run 2)_ PRD 110 (2024) 032012

Previous analysis: JHEP 07 (2023) 040

» About this channel
— Branching ratio: 7.3%
— Target signal for tau: all hadronic decay (7,44Thqq), hadronic and leptonic decay (7;epThaa),
— Main background: Top quark (single top, ttbar), Z + heavy flavor jets, fake 15,4
» Analysis strategy
o Define 3 signal target regions: 7,,4Thqq X1 + TiepThaa X2
o Separated ggF and VBF channels by BDT< Improvement from previous analysis

ThadThad ( TiepThad \

Best expected sensitivity

F T | B B IR B B B R L N =La i B B BLELEL BN I I LR | 700,
700F- ATLAS —— ggF HH X 350 ATLAS N > R |t .
ey Bt o €SUltS  among all HH channels ™.
GO0 TegdThae £ D-E08 ‘op-quark pinay SLT. 2 b-ags, =4 — “
500: . ] 500 ‘:
- —— ggF HH x 2000
g E —3’:FHH:30000 = S a0 Run 2 data @ :.
2 400 o 1 %% 140 fb-1 Observed | Expected K
& s0of ke E K
F (bb,be,ce) i)
- -?m.:‘ - E sk e beeamy W4 .. . L ssssssssssssssssss :b':
[ i . .
o E ., 3 Upper limit : :
m,n: é = = 100 5.9 E 3-3 E
: p I fOI’ uHH p H
3 12 E o1oF % 12 \ 3 ‘ :
T oep S og ] S T4 AN e traint
SR ey Y TR R T I £ R R F R TR SR ¥ R TR TR Kﬂ constrain [_3 1 9 O] [_2 5 9 3]
ggF vs. VBF HH categorisation BDT score gaoF vs. VBF HH categorisation BDT score ggF vs. VBF HH categorisation BDT score 9 5% C L " ) " - ) -

o Final discriminant: BDT score
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP07(2023)040

HH — bEYY (Run 2 + partial Run 3) Pins cove

2025-005

» About this channel
— Branching ratio: 0.26%

— Main backgrounds: yy + jets, H - yy
BDT is used for separating signal and background

» Update from previous analysis (JHEP 01 (2024) 066)
Kinematic fit

_ _ _ New b-jet tagging
Correct m,5 by using the information of

H - yy momenta m,j resolution: 17% improvement DL1r = GN2 (based on a neural network)
360 Light jet rejection: x3
- ATLAS Preliminary Muon-in-et + PiReco + KF

300 (5= 13/136TeV, 140 /168 1% 4 Ry - Add Run 3 data (2022-2024) T

[ HH-bbyy pre-selection Yrets .
—— other Hx100 -

¢+ Data ]

Muon-in-jet + PtReco .

- === HH—bbyy x1000 —

250
- == ZH, H—yy x500

-0of- Before : A ]
N o ggF(VBF) cross section  30.77 (1.68) fb : 34.13 (1.87) fb :

- ! °
L o ! B
L 9 1
- i g o
150 g?"a o° 0w ZH, Hoyy x500
- ‘. ﬂoc

Events /2.5 GeV

Y.y E Data 140fb? {  168fb?
- T St # . T
. i Iy ) - r
50 B ek , | | 000 0o e _ I:E)((\?;clit)einbul_)mbesr; O:als 112 (061) E 124 (068)
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https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/

m ATLAS-CONF-

2025-005

HH - bEYY (Run 2 + partial Run 3)

» Result Significance is obtained ~1¢ .
e - Event display
> F T T T | \ ]
O 45 ATLAS Preliminary ¢ Data = N, .
Yo} - -
N 4F Vs=13/13.6TeV, 140/ 168 b Cont. background
g 3.55_ HHo by 7 Total background —f
fs)) - . = Signal + background H
g 3 log(1+Sg,,/ B) weighted sum s —
“— = By =094, =
O 2.5 —
E s
S E
1.5F 3
15 E
g s
05__ | | L | 1
OE\ 1 I Il 1 1 1 I 1 1 1 1 I 1 1 I‘\*I I+\ I*\+‘*I Il TI:
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m,, [GeV]

Improved by ~100%!!!

Updates

K, constraint 95% CL Expected

This analysis

Added Run 3 data 50% (140 + 168 fbrl) [-1.7,6.6] [-1.8, 6.9]
Kinematic fit 5% - :
Previous ar_llaly3|s 1.4, 6.9] [-2.8, 7.8]
b-tag 20% (140 fb1)
+ new categorization improvement ~10% 20% improvement from previous analysis

5/20/2025 ATLAS HH results / Sayuka Kita


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/

H L - L H C P r O S p eCtS ATL-PHYS-PUB-2025-006

* Projection from the ATLAS Run 2 HH search result
— Center-of-mass energy: 14 TeV

Cross section will increase ~18% from Run 2
— We will reach k, 68% constraint [ 0.58, 1.48 ] @ 3000 fb
— Significance will be improved:

©

L B B B LR m

S T ATLAS Profminary " Nosstune. | Discovery significance [o] @ 3000 fbt
% 82_\/§=14TEV —— Baseline —28 bl_)bl_) O 99
2 7L HH combination L ;Zioé :;;_huill‘fd_37 HH — .
- R 1o HH - bbtt 3.54
& //*x;“ HH — Multilepton 0.99
3.71 0 @ 2000 fb? R _w — bbll + EIMiss 0.48
h 1, Combination 4.26 O
» Upgrades for detector o
Inner Tracker, Timing detector, Integrated Luminosity [fo~']

Electronics (muon, calo), Trigger, data
acquision system... We may get a better

> Improvements for analysis == sensitivity with these
b-tagging, Tpgq ID.... upgrades!!

We will reach 7.7 o if the results
are combined with CMS
ATL-PHYS-PUB-2025-018
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http://cds.cern.ch/record/2925853
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/

Summary

— We are searching Di-Higgs production aiming for the understainding of Higgs potential
- Analyses of five channels are done/ongoing in the ATLAS collaboration

D
Run 2 |°"e

v 95% uyy = 0 signal upper limit: 2.4 obs. (2.9 exp.)
v' 95% K, constraint: —1.2 < k; < 7.2 (0bs.), —1.6 < k) < 7.2 (exp.)

Onan .
Run 2 + (partial) Run 3 |"9°lng

v' HH - bbyy channel has been updated with 308 fbl!
« ~10 SM signal was expected
¢ 95% K, constraint: —1.4 < x; < 6.6 (0bs.), —1.8 < x; < 6.9 (exp.)

v Other channels are ongoing

HL-LHC
v We expect to reach ~4.3c for the SM scenario ATLAS public results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsAndDiHiggsPublicResults

Backup
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EFT Interpretation — Run 2 combination

(c) (d)
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Best fit (6.6, -0.45)
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Expected (SM) 85% CL

[ VE=13 TeV, 126—140 it~ ]
[ HH = bbt*t~ + bbyy + bbbb
I All other ¢ fixed to SM

PRL 133 (2024) 101801

4 P

r ATLAS

[ VS=13TeV, 126—140 fb~'

[ HH - bbT*t~ + bbyy + bbbb
 All other ¢ fixed to SM

—— Observed 68% CL
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Best fit (-3.5, 0.74)
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Expected (SM) 95% CL
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https://doi.org/10.1103/PhysRevLett.133.101801

HH - bEbE (Run 2) PRD 108 (2023) 052003

Previous analysis: JHEP 01 (2019) 030

» About this channel
— Highest branching ratio (34%)
— Main background: QCD multijet

» Analysis stategy

o Make 2 signal target region: ggF, VBF 4 b-jet selection

. . . . i . 200 e N
o Selection for pair of jets: most smaller AR (jetl, jet2) pair E - ATLAS Simulation — SR 1 Ossg
e ~N _ _ g 180 s =13 Tev, 126 fo" -== CR17J 2
Pair candidatel Pair candidate2 Pair candidate3 E b e L e . crz | Mox?
AR ) AR 1=
> 7 s
)AR E E 0.15
100j ]
\_ -/ sof— 3 0.10
L —Regard as coming from the same Higgs C 1 | |oos
o Categorization J J I T
18categories (Anyy X 3 + Xyy X 2 + different data taking years) L
< 124GeV\2 117GeV\2 We can see a peak around
X = (m’“ N 0.1mH1> (mHZ N 0.1mH2> 125 GeV
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https://doi.org/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2019)030

HH - bEbE (Run 2) PRD 108 (2023) 052003

Previous analysis: JHEP 01 (2019) 030

» QCD multijet background modeling strategy Before reweigting

o e s LI B
rpSSOO—l T I I T T I =

Ba_ckground in 4b s?gnal region_is 2 b-jets : Qoo ATLAS e R oo 3
estimated from 2b2j control region + 2 jets g ” + oo E
S 200 B T T T T T T m _é
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£ 1fit]iglz‘:;aakacuon, w15 omml Ll CFl27 4002 |
L % I
140— = h TR { ] )
120— — 0.5 _3{|)0‘ = I4(‘]0I ‘ 5(‘]0I = ‘Sfl)O‘ = I?(‘)OI ‘ IBE)DI = ‘9("}0‘ = I10IO_
] . . My [GeV]
- 2o 3| feoe After reweigting
o ] 2 asoof] T T T T
i % B g - ATLAS |:\| Reweighted 2b Data
C 1 100 & 3000 = yaTev 201857.7 b QMW stat. + Bootstrap Error
60.-_ | | | | | _f %2500%— ;g_FCF% e \\i\ 4b Data i =
L b T T I IR R L i
60 80 100 120 140 160 m;?()[Ge\f]DO E
> Results Reweighting by neural network E
Run 2 data @ 126 fb~1 Observed Expected g T I—t— T
S0 s i et e ¥
Upper limit for 1292021 5.3 8.1 s ;30 B T R 'G¥o|0;)
. Muy [GeV]
K) constraint 95% CL [_3.5, 113] [_5.4, 114] Background mode"ng is improved!!
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https://doi.org/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2019)030

JHEP 08 (2024) 164

HH — Multilepton

ATLAS o Observed 1 1o
A * * * * 4 __— P * + - o Expected (uyy=0) 1 +20
Target: bbZzZ*, VV*VV*, VV*tTt ,t7t" t7t,yyVV*, yyt't VSo13TeV, 140fb- .. Expoctod (o 1)
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g 1ﬂ=‘+ st *ﬁf{ﬂ#‘m{#/‘* % ~7~./ s /,4/% %
gors 0 T gegege & : 0 _ _
SO 09 1] NS L EUEEE A S G ) K, constraint 95% CL [-6.2, 11.6] [-4.5, 9.6]

BDT score m,, [GeV]
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https://link.springer.com/article/10.1007/JHEP08(2024)164

JHEP 02 (2024) 037

HH — bEll —I— ETT!'liSS Branching ratio: 2.625%
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. N Updates from Phys. Lett. B 801 (2020) 135145

L L B B B e T T

I T i i T ?"gﬁjjm“'a““ :E“'f :gmm , - Add to analysis bbt*t~, bbZZ* as a final state
i i [ - Add VBFHH as a signal target
I — Used DNN for the signal/background separation
L 10°
K Run 2 data @ 140 fb~1 Expected
10 10t
R S O T T v iz Constraint 95% CL [-6.2,13.3]  [-4.5, 9.6]

VBF BDT Score ggF DNN Score
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https://link.springer.com/article/10.1007/JHEP02(2024)037
https://www.sciencedirect.com/science/article/pii/S0370269319308676
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