ATLAS HH combination and EFT interpretation

Yanping Huang
IHEP, CHINA

8o e

YRHAS UL RO UT M

Institute of High Energy Physics
Chinese Academy of Sciences

- Dec. 21th, 2024



Higgs Self-coupling

The Higgs particle is responsible for the masses of elementary particles
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¢ Higgs potential approximation:
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€ Understanding Non-trivial Structure to the Higgs potential

4 Understanding the stability of the universe




Oyqr (PP — HH) [pb]

Di-Higgs production @ LHC

Directly sensitive to Higgs self-coupling at LO
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Dominant mode: oggr(HH)= 31.0+2:1_72fb@13TeV
Destructive interference between the two diagrams
Dependent on K\ and Kt
JHEP 05 (2018) 059 and others
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Parametrization with 3 independent samples (Kx, Ki)
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Second abundent mode: over(HH)= 1.72+0.04fb@13TeV
Dependent on Kx , Ky and Koy
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HH combination with different di-Higgs decays

All channels have trade-offs between branching ratio vs final state

bb

¢ HH—bbbb: Largest BR; but large QCD (muilti-jet) background, difficult to pair jet
into Higgs candidates

WW

¢ HH—bbtT: Moderate BR, Presence of hadronic taus effective at rejecting multi-
jet backgrounds; EW and top background mimic signal

TT 3% A% 0.39%

ZZ 1% A% 0.33% 0.069%
¢ HH—Dbbyy: Small BR; very clean final state, excellent di-photon mass resolution
YY 0.26% 0.10% 0.028% 0.012% 0.0005%
—e— Observed limit (95% CL) Channel Production mode Lumi Journal reference
\/A_ ras - (Expectgcri] limit h(95_°/3 CL)
s =13 TeV, 126—140 b HHH =0 hypothesis
oSt ver(HH) =3280 — Eig:zij o HH — bbd + ET,miss ggF + VBF 140 fb JHEP 02 (2024) 037
* | Obs.  Exp HH — Multilepton ggF + VBF 140 fb™ JHEP 08 (2024) 164
bt + Emiss 10 14
] ggF + VBF 126 fb™’ PRD 108 (2023) 052003
. O o FIF = bbbo VBF 140fb | PLB 858 (2024) 139007
bbbb- 5.3 8.1
st I8 o e HH — bbyy ggF + VBF 140 b | JHEP 01 (2024) 066
et 59 a0 HH — bbrr ggF + VBF 140 fb™ PRD 110 (2024) 032012
comwred- 429 24 Combination ggF + VBF 126-140 fb' | PRL 133 (2024) 101801

95% CL upper limit on HH signal strength uyy

Latest Run2 HH combination: expected limit improved from 2.9 to 2.4 from previous ATLAS HH combination
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Constraint on x; and x,,, from HH combination

" ATLAS
— Vs =13 TeV, 126—140 fb-!

- HH combination
— All other K fixed to SM
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—— Combined @ —— bbyy

—— Multilepton —— bbbb

—— bbif + EMss —— bbttT"

—— Obs:: 95% CL [-1.2,7.2]

- == Exp. (SM): 95% CL [-1.6,7.2]
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- ATLAS —— Combined —— bbyy

- —— bbbb
- Vs =13 TeV, 126—140 fb?

- HH combination

— All other k fixed to SM

— Multilepton

—— bbif + EMss —— bbT*T"

—— Obs.: 95% CL [0.6, 1.5]
— == Exp. (SM): 95% CL [0.4, 1.6]
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Best constraint on k, from HH — bbyy and k,,, from HH — bbbb




Fraction of events / 5 GeV

Updates on HH — bbyy

O-3_| LI I | | L I | L I | L I | L I L I | L ]
N | ATLAS Simulation -
0.25 {s=13 TeV HH—bbyy _‘
- bbyy mgﬁw _
- | " m, =300GeV -
0.2 my, = 500 GeV
| — HHggF, k=1 =
- HH VBF, =1 =
015— | ——  yy+jets —
0.1 -
0.051— ] ‘ -
O.“l-—s--!_":_'- e T D e o e s 1Y P P F NS M ophyinfippoyevee:
200 250 300 350 400 450 500 550 600

Invariant mass [GeV]

& 4-body mass definition for resolution cancellation: m*
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@ 7 optimized categories based on the tuning on training sample mixture and hyperparameters

¢ HH signal strength with 12% reduction in latest results:

* Uopsienny < 4.2(5.7) @ 95% CL (PRD 106 (2022) 052001)

* Uopsexpy < 4.0(5.0) @ 95% CL (JHEP 01 (2024) 066)



channel: Thad Thad bb

Updates on HH — bbrrt

] channel: ££bb
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channel: Tiep Thad bb
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STT: single Thad-vis triggers
DTT: di-Thad-vis triggers
SLT: single lepton triggers
LTT: lepton+Thac-vis triggers
DLT: di-lepton triggers
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Three SRS: 7).,y Ty TiepThaa (SLT) and 7,75, (LTT)

Three categories in each SR: low-mHH, high-mHH and VBF category

BDT score used as the discriminant for each SR

HH signal strength with 15% reduction in latest results:

* Hopsiexpy < 4.7(3.9) @ 95% CL (JHEP 07 (2023) 040)

*+ Uobs(exp) < 5.9(3.3) @ 95% CL (PRD 110 (2024) 032012)
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Updates on HH — bbbb

the smallest AR;;
pair # 2

a4 .| a.
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Leading Higgs Candidate

pair # 1
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ggF event " VBF event "
b
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Two orthogonal selections targeting ggF and VBF

HH pairing decision: higher-pT jet pair with smallest AR
separation has 90% correct rate

Fully data-driven background estimation using a neural
network to estimate multijet backgrouna

DiHiggs mass used as the discriminant for each SR

With full Run2 data, HH signal strength is
Hopsiexpy < 3-4(8.1) @ 95% CL

VBF Selection
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Boosted HH — bbbb

‘3 16 Tr ITYYTIYT'Y[I1'YIIYTY T Y'II]Y'I"]1YIT‘1Y[ 1 < 10 ||||||||||||||||||||||||||||||||| l’

—_— L o S e B e B e e B L B R s m e 3.0 c o i ‘e_TLAS F ¢ Data < B ATLAS Boosted+Resolved ,' N
S 250 — p o — = . VBF HH bbbb — 1000 x SM VBF - VBE HH bEbE Boosted-only /T
‘—c'\l : S = 13 TeV, 140 fb y VBF HH bbbb : 25 ﬂ 12— SR . — Kpy =0 VBF — 8 Observed === 95% CL: Koy € [0_52, 1_52] / ]
T - Data 2Pass _ S - Post-Fit Background - Resolved-only / |
S BN O LI 1 B, & 10}~ Uncertainty 95% CL: Kz € [0.03, 2.10]/ .
et 0/9 __ ) ® __
| = *e — 8._ L — a
- — 1.5 T -
150 — — |4 6 n ~

B : ] : : - S 950/0
- 1 /1.0 4 — 7
100 = — |3 ! :
:‘ 0%: 1 0.5 2_ l oo —
L- -’ — ] 0,.‘ I I 111 ! Ll l 1 ! Ll ! L1l ! L1l I 1 -

| = - _ — i - e . D T AR 0

50 I I I i B J.-.-luudl‘r-‘| I I ] I I ] I : é 1.5:— T _': 68/0

50 100 150 200 250 = s + ....................................................... 4 0 e 7
o 0.5F 3 04 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0
mpy, [GeV] O BT SOOI
0 01 02 03 D4 05 06 07 08 09 - Koy (Ky=1.0, ky=1.0)
BDT Sccre

¢ Particularly sensitive to «,, with the boosted construction:

+ HH system reconstructed with 2 large-R (R=1.0)jets
+ VBF signature from 2 resolved small-R(R=0.4) jets

¢ BDT score as the discriminant for the signal and background separation

¢ With boosted and resolved search combination: 0.55 < x,, < 1.49(0.37 < K,y < 1.67) @ 20

® K,y =0 is excluded with an significance of 3.40 (2.90)



HH — Multilepton

@ Final states from

HH — bbZZ*/VV*VV*[VV¥ T~ [t et e [yyVV*/yyr Tt~ (6.5% BR)

& Two types of categories: yy + ML and ML with the final discriminants of
m, ., and BDT score, respectively
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)]
§ ( Legend )
é 2 o oo -
_‘c-% channels
©
E 1 WATma | WA2(ATd) | | 2£SCi T i
S >

0 YY+7 2 S0 St 4¢+2b

0 1 2 3 ]

Number of light leptons

sl ATLAS
- {s=13TeV, 140 fo’

L3

50;_ Signal region

- Post-fit

[¢2]
-
c
()
>
L

40

20

10

N W%WW/ )V
| //%7///// 7
055 P77

¢ Data ]

= SM HH x 100 ]
Diboson

[ Non-prompt e/u
Single Higgs |
Other

22 Uncertainty

----Pre-fit bkg.

%/

0
1.25
075t  TTT

0,5

Data / BKg.

: . .
!,(/=/='+!z/=/-«‘-///2+///.7./7‘// ////%/*/%Xk%*%f/i///// //;%/)?4

0.55 0.6 065 0.7 0.75

0.8 0.85 0.9 0.95 1
BDT score

> T T
S gl ATLAS ¢ Data
o - {s=13TeV, 140 fb" — SM HH x 100
E [ yy+ Single Higgs
S 40r BDT Loose I yy-continuum
AT - Post-fit 72 Uncertainty

30}

20

10
2 129
5 1.25 i
5 e /*%////#/*+/*%
£ 075 +
0 05— - - -

110 120 130 140 150 160

ATLAS e Observed [ 1o
o Expected (uyy=0) 1 +20
Vs=13TeV,140fb' . Expected (Upy = 1)
Ot + var(HH) =32.8 fo Exp.
| Obs. (UhH=0)
40+ bb}- de 39 35
u o d 19 29
215CH ° d 32 42
20SC+Thag b ' d . 79 63
20+ 2Thadl do 41 37
{4 2Thagl | d 46 46
YY + 2(4, Thad) |- ci I ° 53 41
vy + Ik B 51 29
VY + Thaa - | d ° 112 60
Combined ML~ @ 14 14
Combined yy + ML}|- é ° 45 21
Combined [ .c;}.. TR R L S A
0 50 100 150 200

95% CL upper limit on HH signal strength gy

10



HH —> bbll + ET,miss

¢ Final states from
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EFT interpretations from HH combination

¢ HEFT used in latest HH combination: separate anomalous single-Higgs ‘ C L M (‘ T
and HH couplings and described by LO Wilson Coefficients o ffh :&%hh A ”
@ Only include the 3 most sensitive HH decays: bbt*z~, bbyy and bbbb | ' — B

| —0.38 < Cypy < 0.49(=0.36 < ¢y, < 0.36) @95 %
1 —0.19 < ¢, < 0.70(=0.27 < ¢, < 0.66) @95 % CL|

¢ Reweight methods on LO particle-level mHH distributions for alternative
WC

¢ Most stringent constraints on ¢, and ¢,
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Indirect Higgs self-coupling constraint via single-Higgs

Degeneracy between ki and K: in the HH-only measurement

g 209099999999 > ®----—-—----- H 9

A \ A Oe----- o

g Q0000000009 < ®---------- H 9 000000000000~ H

All the single Higgs production and decay processes are affected by an
anomalous trilinear (not quartic) Higgs self coupling, parametrized by ~ ).

With the NLO-EW correction for single-H processes, complementary for the HH
approach and less model dependent
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H+HH Combination
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New resonance search via HH events
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HL-LHC Prospects
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¢ Latest ATLAS combination projection using the three most sensitive channels of bbyy, bbt™t~, bbbb
[ATLAS-PHYS-PUB-2022-053]

¢ Updated ATLAS projection of the updated bbt 1 channel [ATL-PHYS-PUB-2024-016]
+ Updated categorization optimization and improvements of b-tagging and z-identification algorithms
+ Expected to observe HH with the significance of 3.80 (4.90)
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Summary

¢ Updated ATLAS HH combination with full Run 2 data:

+ Double-Higgs production signal strength constrainned with observed (expected) 95% CL
upper limit of y< 2.9 (2.4)

+ Higgs boson self-coupling modifier k, constrained with observed (expected) 95% CL
intervals of -1.2 <kx; < 7.2 (-1.6 <k; < 7.2)

+ Quartic HHVV coupling modifier k5, constrained with observed (expected) 95% CL
intervals of 0.6 < k,,,< 1.5 (0.4 < K,y < 1.6)

¢ New ATLAS projections for the HL-LHC at 3000 fb-obtained, but not based on fully latest
individual HH results

¢ More promising results with Run3 and HL-LHC
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