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% Summary of ATLAS results with full Run 2

¢ Non-resonant production:

0,,:=31.05"7%,£0.93fb Oype=1.73"2%10.04 fb -/
No longer preliminary || New since last year
Decay channel [Target production mode |[Reference Release date
bbyy ggF+VBF arxiv:2310.12301 18-10-2023
bbtt ggF+VBF* JHEP 07 (2023) 040 22-09-2022
bbbb ggF+VBF + EFT interpretation [Phys. Rev. D 108 (2023) 052003 [09-01-2023

VHH

Eur. Phys. J. C 83 (2023) 519 11-10-2022

bbWW dilepton [ggF+VBF Phys. Lett. B 801 (2020) 135145 |19-08-2019

bbll+ETmiss ggF+VBF arXiv:2310.11286 17-10-2023
Non-resonant + single-

Combination Higgs Phys. Lett. B 843 (2023) 137745 |03-11-2023

Prospects Non-resonant ATL-PHYS-PUB-2022-053 08-11-2022

*VVBF accounted for, but not specifically targeted
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$HH — bbyy (1)

¢ Run 2 Legacy paper: VBF included in training
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?HH — bbyy (2)

¢ Mass categories + BDT selection

Low-mass

Fraction of events / 20 GeV

High-mass
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Fraction of Events / 0.04

?HH — bbyy (2)

¢ Mass categories + BDT selection
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$HH — bbyy (3)

¢ Upper limits on signal strength (p):

- 12% improvement wrt previous analysis

¢ Constraints on k, and «,:
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?HH — bbbb, HH — bbyy: EFT interpretation (1)

¢ HEFT: Higgs effective field theory

Benchmarks points: distinct,
representative kinematic shapes
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¢ Benchmarks 3, 4, 5, 7 excluded at a 95% CL

Benchmark pomt



$HH — bbbb, HH — bbyy: EFT interpretation (2)

. Wilson Coefficient Operator
¢ SMEFT: Standard Model effective field theory o (H)
- ion of SM lagrangian with di n ' (e )
expansion o agrangian with dim-6 operators, I
. . ; Cn (H'H)(OH!)
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¢ No significant deviations from SM, best fit agrees with SM within 1o



§HH — bb + Il + E_™= (1)

¢ HH — bb + WW*, ZZ*, 1t — bb + 2 opp. charge leptons + E_™

/ Preselection \

VBF selection
> 2 additional pT > 30 GeV jets:
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HH — bb + Il + E_ms (2)

¢ BDT for VBF: ¢ DNN for ggF:
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$HH — bb + Il + E_ ™= (3)

¢ 95% CL upper limits:

— main syst in SR: background modelling, =

exp, signal normalisation

— most sensitive bins: dominated by stat

¢ Constraints on k, and «,;:
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?HL-LHC Prospects

¢ L egacy 4b, non-legacy bbtt and bbyy

¢ Expected significance:

~
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¢ Constraints on K
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& Conclusion

¢ Most of legacy results available: 4b, bbyy, bbll

- a few more to go

¢ Legacy results optimised for both ggF and VBF signals

— constraints on K, and Koy

— EFT interpretations

¢ Expected limits and constraints at 95% CL:

No longer preliminary || New since last year

Decay channel |Target production mode M Ky Ko

bbyy ggF+VBF 5.0 [-2.8 ; 7.8] |[-1.1; 3.3
bbtt ggF+VBF* 3.9 -3.1; 10.2]|[-0.5; 2.7]
bbbb ggF+VBF 8.1 -5.4; 11.4]|[-0.1; 2.1]
bbll+ETmiss ggF+VBF 16.2 [-8.1; 15.5] |[-0.5; 2.7]

*VBF accounted for, but not specifically targeted
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Fraction of Events / 0.05

%bbyy: VBF BDT tagger
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?bﬁvy: BDT selection

¢ Kinematics of photon and jets
¢ Extra HH related variables: mbbw*, ARW, AR

¢ VBF related variables:

Fraction of Events / 0.04

101

10°

101

102

¢ 7 categories based of the maximum significance

— BDT to select the VBF jet

— kinematics and b-tag score of 3rd and 4th jet

- m, Anjj, event-shape variables
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?bﬁyy: Fits

¢ Simultaneous unbinned maximum likelihood fit in all categories:
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bbyy: Limits on EFT models (1)

¢ HEFT: Higgs effective field theory

— parameterized lagrangian allowing for deviations from SM

as Cgghh

SMm 3 me 2y 2\ ~2 a, uv
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B HH—’bBYY I Expected 68% CL
— Expected 95% CL
g i % Bestfit
B . ¢ SM prediction
- \

llIlllllllllllllllllllllll

E __l T T I T T T T T T I T T I I T T |
L;: 2:ATLAS — Observed 68% CL ] _2|||||||1|||||1||||||| i AR AR
1.6F vs=13TeV, 140 fb-" - Observed 95% CL ] -12 -8 4 0 4 8 16 20
E HH - bbyy Expected 68% CL E Chhh
1.2 Expected 95% CL
C % \Best fi ]
0.8 ¥ \ tpfntediction 3 Wilson coefficient 95% CL Observed 95% CL Expected
0.4f - lenmn [-1.7 ,7.7 | [-3.4 .89 |
0:_ E Ctthh [-0.28,0.73] [—0.48,0.94]
—0.45— _E [nghh [—0.42,0.52] [—0.59, 0.69] ]
s S ; ¢ No significant deviations from SM
-1.21 —
C v o b by by I * M M
e S B B | ¢ Best fit agrees with SM within 16 13



% bbyy: Limits on EFT models (2)

1/N dN/dm,,,,/ 20 GeV

¢ HEFT: Additionally search for benchmarks
— represent distinct, representative kinematic shapes in SD HEFT phase space

0.5 T T T T T T T T T

[ ATLAS Simulation Preliminary [ sm

[ Vs=13TeV — BM1
0.2_— BM 2

r BM 3
0.15 -
0.1 N

o :
: ;ﬁlmgﬂﬂ

0
200 300 400 500 600 700 800 900 1000
My, [GeV]

1N dN/dm,,,,/ 20 GeV

0.5 T T T T T
| ATLAS Simulation PreIiminaryD SM
[ Vs=13TeV — BM4
0.2~ BM5 |
r BM6 -
= — BM7 4
0.15— —
0.1— |
0.05- .
0_ '||\||||||\|||||\_\h|_h-hﬂ'0-v—-_':_——
200 300 400 500 600 700 800 900 1000
m,,, [GeV]

OggrF(HH) [fb]

102

¢ Benchmarks 3, 4, 5, 7 excluded at a 95% CL

- partially due to harder m,  spectrum

101

Benchmark

Chhh Cith Cggh Cgghh Ctthh
SM 1 1 0 0 0
1 511 1.10 0 0 0
2 6.84 1.03 -1/3 0 1/6
3 221 1.05 1/2 1/2 -1/3
4 279 09 -1/3 -1/2 -1/6
) 395 117 1/6 -1/2  -1/3
6 -0.68 090 1/2 025 -1/6
7 -0.10 094 1/6 -1/6 1
_I I I L I L I L I L I L I L I L I I I_
. ATLAS e Observed limit (95% CL)
- \/E =13 TeV. 140 fb_‘] o Expected limit (95% CL) -
HH - bBYY ’ [ Expected I?m?t t1o
— [ Expected limit £20 —
- # Theory prediction .
i g i
B s i
®
N . 5 i
o o *

- + + f L © :. s _
- ¢ - =
L1 I L1 1 | I I I L1 1 | I L1 1 1 I L1 1 | I I I L1 1 | I L1
SM 1 2 3 4 5 6 7

Benchmark point
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?bﬁyy: Limits on EFT models (3)

¢ SMEFT: Standard Model effective field theory

— expansion of SM lagrangian with dim-6 operators, includes 5 Wilson Coefficients

INSM:C. =C = =C =C._=0. coefficients of O(1/A?)
Ho “tH HE _
Loerr = CHn(HTH)D(HTH)+CHD |(HTD’LH)|2+CH(HTH)3+CTH(HTH qHt + h.c)+ HTH tr(GﬂvG‘”)+ (qI_CIWTE‘l HctRG‘”a)

— Less general. h is contained in SU(2) doublet (same as SM)
— More useful for global combination: many other LHC searches use SMEFT

o [T T T T T ]
° 60l ATLAS —— Observed 68%CL ]
- Vs=13TeV, 140 fo~'! ——- Observed 95% CL .
B >bb Expected 68% CL ]
40 = bbv Exgec}(ed 95%CL ] Wilson coefficient  95% CL Observed 95% CL Expected
i % Bestfit .
202_ Y&  SM prediction _j cy [-14.4, 6.2] [-16.8, 9.7]
i 1 CHO [— 9.4,10.2] [—12.4,13.7]
ofF .
—20¢ ] ¢ No significant deviations from SM
_40: il I 1 — 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l il 1 1 ]—— ‘ Best fit agrees With SM Within 10




?bﬁyy: Variables for BDT event selection

Variable

Definition

Photon candidates

primy,
n and ¢

AR(y1,72)

Transverse momentum of each photon divided by the diphoton invariant mass m.,,,
Pseudorapidity and azimuthal angle of each photons
Angular distance between the two photons

b-jet candidates

b-tag status
Pt 1 and ¢
P’ M and @y
AR(b1,b2)

Mpp
Single topness

Tightest fixed b-tag working point (60%, 70%, 77%) that each jet passes
Transverse momentum, pseudorapidity and azimuthal angle of each jet

Transverse momentum, pseudorapidity and azimuthal angle of the two-b-jet system
Angular distance between the two candidate b-jets

Invariant mass of the two candidate b-jets

Variable used to identify t — Wb — ¢4’ b decays. For the definition, see Eq.( 2?).

Other jets (only first two, if present, ranked by discrete b-tagging score)

b-tag status
Pr.- 1 and ¢

Tightest fixed b-tag working point (85% or none) that each jet passes
Transverse momentum, pseudorapidity and azimuthal angle of each jet

VBF-jet candidates

An(j1, j2),mj;

Pseudorapidity difference and invariant mass of the two jets

Event-level variables

Transverse sphericity, planar flow, pt balance
Hry

E%niss and quiss

#*

bEyy

For the definitions, see Ref. , Ref. , and Eq. (??)

Scalar sum of the pt of the jets in the event

Missing transverse momentum and its azimuthal angle

The 4-body invariant mass of the two photons and two candidate b-jets, mz Byy =
Mppyy — (Mpp =125 GeV) = (my, — 125 GeV)
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?bﬁvy: Expected number of events

High Mass 1

High Mass 2 High Mass 3 Low Mass 1

Low Mass 2

Low Mass 3

Low Mass 4

1) < +0.03 104+0.021 +0.10 +0.007 0.004 +0.004 +0.004
SM HH(k, = 1) signal 0.26" 5 0.1947 3> 0.84%; 4 0.048% 00 0.03870 00 0.039% 05 0.0327 2
+0.03 188+0.021 140.10 +0.007 0.004 +0.004 +0.004
ggk 0.2575 04 0.188% 032 08155 14 0.046%500s  0.036%57006  0-037%5006  0-025%5 004
103 +0.6 +0.5 +4 1 0R+0.28 1 71+0.16 1 061021 +0.6
VBF x10 797,72 53753 297 1.98%57, L7175 1.967 74705
Alternative HH (x, = 10) signal 2.5%0%4 18102 6.2+0% 50705 3.8 3.7 3.6%0%%
+0.4 1 @4+0.25 +0.8 1.0 +0.7 +0.7 +0.34
gek 23753 16475 49706 47558 3.6206 3.3%05 204557
1+0.019 17(+0-019 1 7g+0.15 +0.20 +0.23 +0.10 1 §7+0.17
VBF 023175017 017075017 12975 1% 0287571 0.2375°1 03675 08 L5775 16
: _ . +0.04 +0.05 +0.7 +0.04 +0.06 +0.023 177+0.04
Alternative VBF HH (kv = 3) signal 0.237, 0.207; o4 3.8 0.037; 05 0.0375 0 0.0487 15 0.1775 03
- : 1 5+0.5 +0.21 +0.25 1 79+0.31 +0.08 +0.14 16+0.06
Single Higgs boson background 1L.5757 0.48%, 70 0.5775 70 L7275 0.537 06 0.297; 7 0.16%, 3
+0.5 144021 +0.25 +0.31 +0.08 +0.13 +0.06
gek 0.5753 0.14%5709 0255571 0.297575 0087504 0.0755 66 0.04%5703
- +0.034 +0.009 +0.008 +0.09 14+0.029 100+0-012 +0.005
wH 0.30275 03, 0-06975005  0-06375 07 0777508 0.214% 556 0.100%5055  0.048%5 005
1+0.06 174+0.020 1RK]+0.035 +0.05 140+0.028 +0.033 +0.010
ZH 0.6175765 0.174%5 016 0-188%5 6% 0.4975 04 0.149%5055  0.069%505;;  0.028%07
177+0.08 +0.030 +0.04 18 1+0.030 0.016 +0.007 +0.008
Rest 0.1775 04 0.08974 616 0.07Z4 02 0.181%G 510 0-089%57009  0.046%550,  0.0395 700
: 11 2+15 +0.8 +0.8 2.9 : 1.5 +0.9 1 1+0.5
Continuum background 11.37 3.275% 2.8, 37.2*55 10872 4.47 1173
Total background 12.871¢ 3.749% 3.470% 38.9*5% 11.3*3 4.7 13703
Data 12 4 1 29 8 5 4
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?bﬁvy: Systematic uncertainties

¢ Dominant systematic uncertainties in the expected p,,, upper limit at 95% CL

— relative variation of the expected upper limit when re-evaluating the profile
likelihood ratio after fixing the nuisance parameter in question to its best-fit
value, while all remaining nuisance parameters remain free to float

Systematic uncertainty source Relative impact [Y]
Experimental

Photon energy resolution 0.4

Photon energy scale 0.1

Flavour tagging 0.1
Theoretical

Factorisation and renormalisation scale 4.8

B(H — vy, bb) 0.2

Parton showering model 0.2
Heavy-flavour content 0.1

Background model (spurious signal) 0.1




?bEIHETm‘SS: Signal and Control Regions

® Used to constrain normalisation in SR

~ same lepton flavour: - different lepton flavour:

Moo A ee + Moo A ey + pe
1 # CR | #f CR
210 Gev mu < 250 GeV 210 Gev myt < 250 GeV
1 Wt CR 1 Wt CR
40 Gev ma > 250 GeV 40 Gev Mg > 250 GeV
15GeV 75 GeV 110 GeV m, 15 GeV 110 GeV 3 m
‘ Mpe min{max (mp,¢,, Mp, ¢,), Max(Mp,e,, Mp,,) }
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?DNN selection for ggF HH (1)

Events

Data / Bkg. pred.

Input feature

Description

¢ Variables:

same flavour
£ b
Pt Py
e
mee, Pr

min ARbg

Mpbee
IT11S8S IMISS o5
ET™, ET "-sig
miss
mT(&)s ET )

unity if final state leptons are ee or uu, zero otherwise

transverse momenta of the leptons, b-tagged jets

invariant mass and the transverse momentum of the di-lepton system
invariant mass and the transverse momentum of the b-tagged jet pair system
stransverse mass of the two b-tagged jets

AR between the two leptons and two b-tagged jets

min{max (mp,¢,, Mp,¢, ), Max(Mpe,, Mp,6,) }

minimum AR of all b-tagged jet and lepton combinations

invariant mass of the bb{{ system

missing transverse energy and its significance

transverse mass of the pr-leading lepton with respect to E%liss

min mr, ¢ minimum value of mt (€, E%“SS) and mt ({1, E%“SS)
H%Z measure for boostedness' of the two Higgs bosons
L L L L UL I 2] L L L L L B L BN
10’ = ATLAS ¢ Data [Bkg. Unc. § 5 EATLAS ¢ Data [Bkg. Unc.
{s = 13 TeV, 140 b D1Z+jets (HF) M . W 10°E" {5 = 13 Tev, 140 b D1Z+jets (HF) M .
s HH - 2b424ET mWt W Single Higgs E HH - 2b+21+E™ mWt W Single Higgs
10° E™ ggF category, pre-fit with ji__= post-fit EFakes [JOther I ggF category, pre-fit with u_ = post-fit [ Fakes JOther
Bkg. =+HH@u=0_ /o) 10% = Bkg. = HH (u=0_ /oy
—I—_._ Bkg. E _.__.__._ Bkg.
~ -
= -
104 e b,lead
My 2 ... = Pr
— -
10° =
102:§
10 10 :g
1.65 3 B 16 =
1.4F- 3 & 14F 3
W e D B AN AN
8E s 08F E
0.6 5 S 06F 5
04E , , , , , , , .3 0.4F , , , , , 3
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 25

m,, [GeV] pT-Ieading b-tagged jet p; [GeV]



?DNN selection for ggF HH (2)

Loss

2.45
2.3}
2.2
2.1
20}

1.9}

¢ Loss for the training and validation

—— Training set
—— \/alidation set ]
ATLAS Simulation
s=13TeV 1
HH — 2b+2I+ErTnlss

0...

¢ ROC curve:

N
(6]

5 10 15 20

Epoch

1 - Background Efficiency

¢ Accuracy for

the training and validation

> T T L I R
® —— Training set
= ) ) i
8 0.876 - —— Validation set -
< -
0.874}
0.872}
0.870}
ATLAS Simulation
0.868 Vs=13TeV .
I HH — 2b+2|+E7"* ]
0.866 |- 7
———— N I RN I R
I —— Signalnode | 0 5 10 15 20 25
12r § Epoch
1.0 | 1
0.6 -
0.4 .
- ATLAS Simulation ~
021Vs=13TeV
"HH — 2b+21+E7"
0.0 T R RS AT R
00 02 04 06 08 1.0 20

Signal Efficiency



Events

Data / Bkg. pred.

Events

Data / Bkg. pred.

?BDT selection for VBFHH

10°

104

10°

¢ Variables:

[FrTrrpovrroTT
L ATLAS
s=13TeV, 140 fo
HH — 2b+21+ET"*
VBF category, pre-fit with Moo= post-fit
Y.F .

-

-

LI L e

¢ Data
[JZ+jets (HF)
Wt
M Fakes

= VBF HH (u =

R e
[@Bkg. Unc.
mit

[l Single Higgs
[ Other

GBkg_/ Oyar )

mbb

0 50 100 150 200 250

10°

104

10°

102

300 350

400 450

500

m,, [GeV]
L B e e e EEEEE mas maa
ATLAS ¢ Data [@Bkg. Unc. 3
Vs =13 TeV, 140 b [Z+jets (HF) MRt =
HH — 2b+21+E£7"® mWt [ Single Higgs _|
VBF category, pre-fit with = post-fit [EFakes [ Other

o GBkg_/ Oyar )

o

= VBFHH (u=

10
1.6F ' =
1.4F =
125 4

e e Tl e O S e e e e e T e &
0.8F =
0F 3
0.4, . . . ‘ . . . . 3

20 3 40 50 60 70 8 90 100

3

®

)

= o
5

Input feature

Description

& 0

Mby> Mby ¢b()= ¢b1 ’ p"?()’ p"l;l
Mjo» Mji1s ¢j()’ P p¥)’ P-{-l
E'rrniss’ ¢E¥‘”‘S, E%ﬁss_sig
PP, ARpp, Adpb, mpp

re e
P> ARee, Adees mees @iy
bbee

pr s Mbbee
bbeL+EMS
Pr s Mppee+EDs

{i_;qE‘%ll';';
EMssyee
T .
Pr s Ad piss ¢
tot
Pt
Mot
m%(LF

min ARy, ;, min ARy, ;
2mej

Nforward jetss N J
bb
M)

Meoll
mmymMmcC

1, ¢, pr of the pr-(sub)leading lepton

1, ¢, pt of the pr-(sub)leading b-tagged jet

¢, n, pr of the pr-(sub)leading non b-tagged jet
missing transverse energy, its ¢ and significance
pT, AR, A¢ and invariant mass of di-b-jet system
1, AR, Ad, pr and centrality'of di-leptons system
pr and invariant mass of the bb{{ system

pr and invariant mass of bb{( + E%ﬁss system

invariant mass of di-lepton + E%ﬁss system

pt of and A¢ between E%‘iss and di-lepton system

prof bbll + Ef}‘iss+ pr-leading and -sub-leading jet
invariant mass of bb{f + Ef"™*+ pr-leading and -sub-leading jet
Kalman fitter top-quark mass

minimum AR between pr-(sub)leading ¢-j couples

sum of the invariant masses of all {+jet combinations
maximum pt and invariant mass of any two non b-tagged jets
maximum An and A¢ between any two non b-tagged jets
minimum AR of all b-tagged jet and lepton combinations
number of forward jets, number of non b-tagged jets
stransverse mass of the two b-tagged jets

collinear mass (reconstruction of mi,;)

value of the MMC algorithm (reconstruction of m ;)

27



?bEIHETmiSS: Systematic uncertainties

Uncertainty in region ggF-SR7 ggF-SR6 ggF-SRS5 ggF-SR4 ggF-SR3 ggF-SR2 ggF-SR1
Total Standard Model expectation 550 363 209 123 60 39 15
Total statistical (4/Nexp) +23 +19 +14 +11 +8 +6 +4
Total Standard Model systematic o Y v 9 +6 +5 +4
Background normalization t61 | t58 ’:?55 t2362 tll'_58 tll'_13 ’:%%
Background theory f‘;g t3227. +21 tlz?) +11 +7 +6
Experimental e T v +9 w +4 +1.8
Fake extraction +0.7 +0.5 +0.4 +0.29 +0.11 +0.11 +0.29
Signal normalization t56 +6 +6 +7 +6 +6 t78
Signl theory R O R
Template statistics +11 +10 +8 +5 ﬂ,r s w23

Uncertainty in region VBF-SR5 VBF-SR4 VBF-SR3 VBF-SR2 VBF-SR1

Total Standard Model expectation 3430 920 123 8.8 1.3

Total statistical (y/Nexp) +60 +30 +11 +3.0 +1.2

Total Standard Model systematic +120 ‘:‘g% L +1.7 t%%

Background normalization ’:‘}%0 tlzg g% t%zz?‘ ’:%(;%

Background theory w3 i e 09 +0.28

Experimental o e e +1.4 030

Fake extraction +2.4 +0.7 +0.08 +0.04 +0

Signal normalization f%h f‘;% tll'_gg t%% +0.4

Signal theory +0.07 +0.06 +0.04 +0.014 +0.009

Template statistics +0 +10 +5 ills?, ’:%22% 28




?HL-LHC projection

€ Scenarios considered:

* A scenario where only statistical uncertainties are considered (No syst. unc.).

» A baseline scenario where relevant systematic uncertainties are scaled down, following the im-
provements expected with the larger HL-LHC dataset available [26]. The data-driven background
uncertainties are also reduced according to the integrated luminosity. This consists in a 50% reduction
of the bootstrap uncertainty at the HL-LHC, while the shape uncertainty is assumed to be identical
to Run 2. Table 1 shows a summary of the considered uncertainty scale factors in this scenario.

* A scenario where Run 2 experimental uncertainties are considered but theoretical uncertainties

associated to HH signals are halved (Theoretical unc. halved).

* A scenario where Run 2 experimental uncertainties are left unchanged (Run 2 syst. unc).

¢ Baseline scenario for systematics:

Scale factors for

HL-LHC baseline scenario

Systematic uncertainties

Scaling factors (sf)

Theoretical uncertainty 0.5
b-jet tagging efficiency 0.5
c-jet tagging efficiency 0.5
Light-jet tagging efficiency 1.0
Jet energy scale and resolution 1.0
Luminosity 0.6
Background bootstrap uncertainty 0.5
Background shape uncertainty 1.0

Uncertainty scenario Bootstrap unc.  Shape unc.
Pessimistic bkg. unc. 1.0 1.0
Conservative bkg. unc. 1 (fix bootstrap unc.) 1.0 0.2
Conservative bkg. unc. 2 (fix shape unc.) 0.2 1.0
Optimistic bkg. unc. 0.2 0.2
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