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Introduction

* In the Higgs sector, couplings involving multiple Higgs bosons remain largely unconstrained experimentally

« Higgs self-couplings (1) provide key information on the shape of the Higgs potential V(h)

« Adirect probe of the Higgs trilinear self-coupling is possible via Higgs boson pair (HH) production
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HH production

ggF HH production drives the sensitivity to the Higgs trilinear self-coupling k;
VBF HH production provides additional sensitivity to «; and has a unique sensitivity to the quartic couplings
between two Higgs bosons and two W or Z bosons &k,

Anomalous values of these couplings would point to physics beyond the Standard Model (BSM)

_______________________________________________________________

Vo
Gluon-gluon fusion (ggFHH) oNNLO = 31.05 [fb]* ! |
’ e SO
H. A i i
9 H 9 9999999999999~ iif/ ffffffff H E E
Ky = Agnu/ Afllgﬂ i ;

» 1000 times smaller than those of single-Higgs boson production in SM *@13 TeV, my = 125 GeV
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HH- bbyy analysis

« The bbyy final state is one of the most sensitive HH final states.

« H — bb decay: high branching ratio

* H — yy decay: excellent photon trigger and m,,,, resolution, larger expected signal-to-background (S/B) ratio

bb wWw T 7z vy A HH signal
bb
Continuum yy+jets backgrounds
WW 25% 4.6%
s o . b:
TT 7.3% 2.7% 0.39% e
‘..
7 3.1% 1.1%
vy 0.26% B
m,,
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Event selections: Pre-selections

» Triggers: combination of di-photon and single photon (~ 0.1% contribution) triggers

« Selections on photons and jets to identify H — yy and H — bb decays

« ttH(yy) is a major single Higgs background — can be reduced based on its final state topology

H — yy selection H — bb selection

« 2 tight and isolated photons « 2 b-jets @77% WP from DL1r tagger

Pl (0)2) * u-in-jet and pr-reco* correction * Niepton =0
> 0.35(0.25) : :
Myy “undetected energies from neutrinos ¢ N gpirai jers < 6
* my,, €[105,160] GeV and out-of-cone effects
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EXPERIMENT Improves the signal mass resolution
due to the cancellation of detector

Event SG'ECtiOhS: CategOrizatiOn resolution effects

. . . . . . . * _ _ _
Mass regions: define two mass regions based on modified four-body invariant mass m;; = m;s,,

(my, — 125 GeV) — (m,; — 125 GeV) to target HH signals with different i; and &, values
 Boosted decision tree (BDT) score: in each mass region, a dedicated BDT discriminant is trained to distinguish

HH signals from the continuum yy background and single Higgs backgrounds
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Event selections: Categorization BDT

T T T I T T T T T T T T
- BDT input variables: oL ATLAS v
F Vs=13TeV, 140 fb-! ——+HHggF, k=10 E
H . g . * L HH - bbyy —— SM HH VBF
- Event-level kinematic quantities e.g. E7*°, m5,, e Vet s

Fraction of Events / 0.05

- Kinematic properties of photons, b-jets and 2 additional jets i
VBF jets (in VBF HH) identified by a BDT-based jet tagger L

« XGBoost hyperparameter optimization based on number-counting

significance Z = \/2 - [(§ + B) - In(1 + S/B) — S] as the evaluation me, A
metric to better correlate with the statistical results [ J [ ] [ ]
- Category boundaries chosen by maximising the combined counting 350 GEV |heeenemeeneanemneneet e nen et et e en et e s en et e enene.

Low Mass Region

significance
Lo J o T oo T
>

BDT score
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Data/MC comparison

- The agreement between data and MC in m,,, spectrum for 7 categories.

Tnstitute of High Tnergy Physics
Cliinese Academy of Sciences
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Signal Extraction

- The HH signals are extracted from an unbinned maximum-likelihood fit to m,, spectrum across all categories
- Signal model: Double sided crystal ball function, derived from SM HH MC samples, shared with BSM HH and H

- Continuum background model: Exponential function, normalization and shape parameters from fit to data
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Results

No significant excess over the expected background is observed

Upper limit at 95% CL on HH production py;: 4.0xSM (obs), 5.0xSM (exp)

1D and 2D constraints at 68% and 95% CL for k; and k., are evaluated via profile log-likelihood scans
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EFT interpretations

* The results are also interpreted in the context of
and Standard Model effective field theory (SMEFT)
« Set constraints on the Wilson coefficients of the operators describing

anomalous Higgs boson interactions

g H £ 00009,
Cggh Chhh ,’, \\ ,',
------ ' % A 1

Chhh

nghh

Ctthh

- ATLAS
. Vs=13TeV, 140 fb~1
| HH - bbyy

SM prediction

Observed 68% CL |
Expected 68% CL |
Observed 95% CL |
- Expected 95% CL |

| HEFT Interpretation

5.9
-1 10783
———————————— —_— e+ 24
+ - 3.4%53
0.46
. 0.00+3:48
0.25
i 0.04:3%%
— 0.71
F -1 0.00&).26
— 0.28
N 0.22%537

\\ ‘\ | SMEFT Interpretation (linear + quadratic terms)
* N . A=1TeV
g H g 2999099 H
.- T T EEEE= - - 0.0%53,
5 o : e o s
: i BSM-like leading-order Feynman diagrams for
| TR S ggF HH production ol T < oosr |
N =] ° 5.1
I AR I - - - 0.8:3;
I | 0 10 5 20
. . -

' = No deviations w.r.t. SM predictions observed
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Summary

Run 2 legacy search for HH production in bbyy final state
* No excess over the expected background was observed
« Constraints were placed for coupling modifiers x; and i,

» Sizable improvements w.r.t previous publication
Expected 95% CL uyy upper limit reduced by ~12%
Expected confidence interval width for x; reduced by ~6%
Expected confidence interval width for x5, reduced by ~17%

 New features w.r.t previous publication
Addition of VBF HH signals in event classification BDT
Dedicated VBF-jet tagger based on BDT
EFT interpretations in HEFT and SMEFT frameworks

5 TR utr b Eiu f 2023/11/15 12
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Thank you for your attention!
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HH combination
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Samples
Data: full Run2 dataset, 140 /b1

- e e = e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e o e e e e e e e e e e e e e e e e e e e e e e e e

MC Signals
« ggF HH at NLO using Powheg+Pythia8

MC Backgrounds

* Resonant Single Higgs:
ka=1 12 =10 ggH, VBFH, WH, qq—ZH, gg—ZH, ttH, tHjb, tWH, bbH
« VBF HH at LO using MadGraph+Pythia8

(11, Koy, ky) = (1,1,1), 12 BSM samples

 Non-resonant:
Sherpa 2.2.4 yy+0,1(NLO),2,3(LO) partons, FastSim

T T

e N T T

Ky Ky Ky ki Ky Ky Sherpa 2.2.12 yy+bb produced with a b-jet filter, FullSim

1 1 0 1 7 2 1 1 . . .
* increased efficiency from generator-level requirements on
2 1 05 1 8 10 1 1
3 1 15 1 9 1 1 05 the b-quarks, reduces the statistical uncertainty by 2
4 12 1 O ttyy using aMC@NLO+Pythia8
5 1 3 1 1 0 0 1
6 0 1 1 12 5 1 05
e 2023/11/15 17
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Samples

Process Generator PDF set Showering Tune Accuracy Order of
o calculation

geF HH PowHEG Box v2 PDFALHCI5NLO  PyTHIA 8.2 Al4d NLO NNLO
VBF HH MADGrAPHS AMC@NLO NNPDF3.0nLO PyTHiA 8.2 Al4 LO N3LO
ggF H NNLOPS PDF4LHC15~nL0  PyTHIA 8.2 AZNLO NNLO N3LO
VBF H PowHEG Box v2 PDF4LHC15nL0  PyTHIA 8.2 AZNLO NLO NNLO
WH PowHEG Box v2 PDF4LHC15NnL0  PyTHIA 8.2 AZNLO NLO NNLO
qq — ZH PowHEGBox v2 PDF4ALHCI15nL0o  PyTHIA 8.2 AZNLO NLO NNLO
gg — ZH PowHEGBox v2 PDFALHCI5NLO  PyTHIA 8.2 AZNLO LO NLO
ttH PowHEG Box v2 NNPDF3.0nLO PyTHIA 8.2 Al4 NLO NNLO
bbH PowHEG Box v2 NNPDF3.0nLO PyTHIA 8.2 Al4 NLO NNLO
tHq MaDGRrAPHS_AMC@NLO NNPDF3.0nLO PyTHIA 8.2 Al4 NLO NLO
tHW MapGrarPHS AMC@NLO NNPDF3.0nLO PyTHia 8.2 Al4 NLO NLO
yy-+jets SHERPA 2.2.4 NNPDF3.0NNLO ~ SHERPA2.2.4  — — —
yybb SHERPA 2.2.12 NNPDF3.0nNLO  SHERPA 2.2.12 - — —
ttyy MaDGRrAPHS_AMC@NLO NNPDF2.3L0 PyTHIA 8.2 Al4 — —

3 taasrdkpiuzsi
&
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K, and k,,, parameterization

» Only a handful of signal HH MC samples are available with carefully selected values of coupling modifiers.
» Legacy analysis uses linear combination method for HH parameterization.

» BSM ggF basis is generated by a k;-reweighting tool based on the particle-level invariant mass myy

____________________________________________________________________________________________________________________________

0 44r(HH) depends on (k;, k)

Basis: 3 reference samples Basis: 6 available reference samples

I \
1 1
1 1
1 !
| ; i
1 1
1
i | VL dover 6842, L Wiaykyka  TI2KY 56Kk K3k3\  doyar
| (12, k¢) = (0,1) reweighted from SM sample ! —p Kakavsky) =|—a- —davky+ — o+ et -~ — + — 7o (LLD
1 1
1 !
! Ky, k¢) = (1,1) SM sample - 4’ 16
! (12, 1) = (1,1) P N + |2 + 4y, - SKV do;&fF(l,l.S,l)
1 0 1
- (12, k¢ ) = (20,1) reweighted from k; = 10 sample ' !
i A Rt A I 2 2 4 3 )
: : : N 11K2V K2v Ky, B 19xv kv k2 B 53KV _+13KVK,1 3 Ky K3 dovypr (2 | 1)
| p 2 299 p ! 60 3 4 30 6 8 e 77
1 1
i OggF _ .2 2 | KX OggF !
i 10 (K, ki) = Ki {(nt + 20 380H’\Ht) X —% 0,1) = N 14, , Weavkvka | 136}, Skyka . K%,Ki) do'VBF(lO, L1)
| P 140 216 270 54 72 do
: 40 2 2 dO'ggF 1.1 : : 2 2 4 3
: + ﬁlﬁl)\lﬁlt ﬁlﬂi)\ dd ( 5 ) : : N 88K2V B 16K2VKV N dkoy Ky K N 152KV B 4KVK/1 y dO'VBF(l | 0.5)
: 2 e i » 45 3 9 45 9 do 7
i A Al g9F P!
: + < 380 ) d(I) (20, 1):| : : " SK%V _ 4K2VKVK/1 _ % " 4K:€,K,1 dO'VBF (_5 1.0 5)
! o 45 9 45 9 do T
\ ;7\

e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e B e

2023/11/15 19

N T T



ATLAS

EXPERIMENT

Input variables of event categorization BDTs

Variable

Definition

Photon candidates

Primyy
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
pr.nand ¢
bb = and . -
Py s Mpp and ¢y
AR(by, b2)
) /11,
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 — ¢gg’b decays. For the definition, see Eq.( ??).

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

b-tag status
pr.nand ¢

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(ji, j2).mjj

Pseudorapidity difference and invariant mass of the two jets

Event-level variables

Transverse sphericity, planar flow, pt balance
Hry
EFIIPISS and ¢mlSS

*
m®*_
bbyy

For the definitions, see Ref. , Ref. , and Eq. (??)
Scalar sum of the p of the jets in the event

Missing transverse momentum and its azimuthal angle
*

bbyy

The 4-body invariant mass of the two photons and two candidate b-jets, m
mbl;’)’)’ - (mbl; - 125 GeV) - (m'y'y - 125 GCV)

2023/11/15
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Input variables of VBF-jet tagger

Variable Definition

p{, and n/ Transverse momentum and pseudorapidity of each of the VBF-jet candidates

AR(j,yybb) and Angular and pseudorapidity separation between the VBF-jet candidates and the
An(j,yybb) yybb system

ey 111 and An(7, J) Invariant mass and pseudorapidity separation of the two VBF-jet candidates

AR(jj,yybb) and Angular and pseudorapidity separation between the VBF-jet candidate pair and
An(jj,yybb) the yybb system

p%yb bij. ;777’951'1' , Transverse momentum, pseudorapidity, and invariant mass of the system formed

and m by the VBF-jet candidate pair, the two photons and the two b-tagged jets

yybbjj

Hrt Scalar sum of the pt of the jets in the event

2023/11/15 21
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Yield table

High Mass 1 High Mass2 High Mass3 Low Mass1 Low Mass2 Low Mass3 Low Mass 4
SM HH (x, = 1) signal 0.267003  0.1947002L  0.84*%10  0.048*090%  0.038* 0001 0.039*%90%  0.032+0.0M
0.03 0.021 0.10 0.007 0.004 0.004 0.004
ggF 0.2570%  0.188*002L  0.81*%10  0.046*090%  0.0367000L  0.037+090%  0.025*0.0M
3 0.6 0.5 4 0.28 0.16 0.21 0.6
VBF x10 7.9+08 5.3+ 29+ 1.987028  1.71%0:1¢ 1.96+0:20 7.4+05
Alternative HH (k, = 10) signal 2.5404 1.817920 6.2+ 5.0%5% 3.8407 3.7 3.6
0.4 0.25 0.8 1.0 0.7 0.7 0.34
ggF 2.3404 1.64%0.23 4.9%08 4748 3.6407 3.3%07 2.04%0.31
0.019 0.019 0.15 0.20 0.23 0.10 0.17
VBF 0.23179019 0.170*%919  1.29*%13 0.28*0:20  0.23*92  0.36*010 1.57+0:17
Alternative VBF HH (kay = 3) signal ~ 0.23*0:9% 0.20*%:9° 3.8407 0.0379%%  0.03*%0%  0.048*00%5  0.17+40
; ; 0.5 0.21 0.25 0.31 0.08 0.14 0.06
Single Higgs boson background 1.5753 0.48%5%0 0.57%% L7275 0.53%5 06 0.2975 7 0.1675 3
0.5 0.21 0.25 0.31 0.08 0.13 0.06
ggF 0.5%%3 0.14%0.20 0.25%92> 0.29*03L  0.08*0%  0.077%0%  0.047996
= 0.034 0.009 0.008 0.09 0.029 0.012 0.005
ttH 0.302+993%  0.069*%00%  0.063*0008 077000 0.214*00%  0.10079012  0.048+990%
0.06 0.020 0.035 0.05 0.028 0.033 0.010
ZH 0.61%70.06¢  0.174*0.020  0.188*005  0.49*00°  0.149*%928  0.069*0033  0.028+0.010
0.08 0.030 0.04 0.030 0.016 0.007 0.008
Rest 0.17+0.98 0.089*0.030 0.07*%9%  0.18170.039  0.089*%916  0.046*9%7  0.03970008
; L.5 0.8 0.8 2.9 1.5 0.9 0.5
Continuum background 11.37% 3.2%5% 28753 37.2%55 10.8% % 4.47 [ v
1.6 0.9 0.8 2.9 L.5 0.9 0.5
Total background 12.87% 3.7 % 34755 38.975% 11375 4.7 1.375%
Data 12 4 1 29 8 5 4
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Signal modeling

-y
o
w
T

e The m~~ shape for the HH signals and single Higgs back-

grounds is modelled with a double-sided crystal ball
function (DSCB).

e Shape parameters of the DSCB in each category are se- °

lected by an unbinned fit on the SM ggF HH and VBF HH
MC samples.

10%E

Projection of signal pdf

106 110 115 120 125 130 135 140 145
m,, [GeV]

e The resulting signal model in each category is shared by the HH signals and single Higgs
backgrounds.
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Impact of the systematic uncertainties

« Breakdown of the dominant systematic uncertainties in the expected uy; upper limit at 95% CL

Systematic uncertainty source

Relative impact [ %]

Experimental

Photon energy resolution 0.4
Photon energy scale 0.1
Flavour tagging 0.1
Theoretical

Factorisation and renormalisation scale 4.8
B(H — yy, bb) 0.2
Parton showering model 0.2
Heavy-flavour content 0.1
Background model (spurious signal) 0.1

2023/11/15
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EFT interpretations

EFT interpretations for the Legacy HH — bbyy

In addition to interpreting the statistical results in terms of constraints on the coupling modifiers «; and «,,, the Legacy HH — bbyy One advantage of HEFT

analysis provides 1-dimensional and 2-dimensional constraints on anomalous Higgs boson couplings in the EFT framework!

» Two EFT frameworks are available in HH: ===—fp» HEFT and SMEFT! Compared with SMEFT is

HEFT , SMEFT that it provides a one-to-one
® Only minimal assumption are set in the scalar sector. | ® The observed Higgs boson is a complex doublet of the )
» The observed Higgs boson is a singlet. SU(2), group. = More SM-like description! relation between Operators
® In the HEFT framework, ggF HH production is affected by 5 Wilson e We would like to set 1-dimensional constraints on 2 Wilson (and Correspondlng Wilson
coefficients and their operators. s . .
coefficients. coefficients) and effective
» Chihr Cithe Cethh , and Coghh: o ) . )
T e Wilson Coef. Operator | 2-dimensionl, | interactions, which allows
) BSM-like HH couplings ;
couplings Cy (D)3 + constraints on inal nd di-Hi b n
® We would like to set limits on the HH cross-section for 7 HEFT benchmarks. CHO aﬂ(cp’rq))aﬂ(q)’rq)) - (Cps ! single- a -H1ggs boso
benchmark o= ) — .
(= modisa) | M4 | % | [ |G| e , couplings to be separated,
sM T 1 lolo] o  1-dimensional constraints on ¢, ® Both the HH and the single Higgs processes are
: : | and c,,;, and 2-dimensional . . L . . . g
; 2; 1(1)2 2 _Og 3 + ~ Iikelihﬁglo/d abiite 16 gmzarr) parametrized as a function of Cy and Cy, considering |ead|ng to S|mp||f|ed HH
2 e and (CygCopy) planes. - the linear+quadratic parametrization only. _ _
5 3.95 | 117 73 éj 72 The parametrization allows to vary Interpretatlons
6 —0.68 /090 | —¢ | 3 | 025 all HEFT couplings.
7 -010 (094 | 1 | & | -}
ATLAS Week (CERN, Oct. 2023) Search for Higgs boson pair production in the bI-Jyy final state with the ATLAS detector 12
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HEFT results .

104

Oggr(HH) [fb]

108

Observed limit (95% CL)

[ ATLAS Expected limit (95% CL)
Vs =13TeV, 140 fb-! Expected limit +10
HH - bbyy Expected limit +20

Theory prediction
SM prediction

102
I Expected: chnn € [-2.4,8.0]
[ Allowed range: 10.4
- Observed: chhn € [-1.8,7.7]
101 Allowed range: 9.5
:\ L1 | I - I L1 1| I - I - I - I - I L1 1 |
-10 -75 -5 =25 0 2.5 5 7.5 10
Chhh
E 7\\'\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\7
= | ATLAS e Observed limit (95% CL)
% L VS o143 TeV. 140 fb-' o Expected limit (95% CL)
TL; s HH—>b6YY [0 Expected I!m!tﬂo
ocu10 — [ Expected limit +20 —
. #+ Theory prediction E
L % i
= o
.
L . . i
o
] o * .
.
2 +* Y o
102 * o < + f =
-, i
101\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\
SM 1 2 3 4 5 6 7

Benchmark point

HH) [fb]

=

OggF

Consider only ggF HH production

HH signal reweighting: as a function of truth my,

E —— Observed limit (95% CL)
r ATLAS Expected limit (95% CL)
4 Vs =13 TeV, 140 fb-! [0 Expected limit +10
10%= S bbyy == Expected limit +20
F —— Theory prediction
r ﬁr SM prediction
103E
e e
© Expected: cogn € [-0.5,0.6]
| Allowed range: 1.0
10" Observed: cygnn € [-0.4, 0.5]
I Allowed range: 0.9
B - I L1 1 | I - I L1 1 | I - I L1 1 | I - I L1 1 |
-2 -15 -1 -0.5 0.5 1 1.5 2
Cgghh
é T T I T 1 1 I 1 1 I 1 1 I T 1 1 I 1 1 I 1 1 I 1 1 I T 1 1 I T
S 3 ATLAS —— Observed 68%CL ]
' Vs=13TeV, 140 fb~! —=- Observed 95% CL ]
[ HH- bBVV Expected 68% CL ]
2 Expected 95% CL —
I & Best fit ]
= . Y¢  SM prediction E
L ~ i
1= \ S~~ o _
Uny 7]
B \ ]
1 ~~‘~_Jl —]
_2 B L1 I L1l I L1 | I L1 | I L1l I L1 | I L1 | I L1 | I L1l I Il ]
-12 8 4 0 4 8 12 16 20

Chhh

H) [fb]

OggF(H

Cgghh

E —— Observed limit (95% CL)
i ATLAS Expected limit (95% CL)
4 Vs =13 TeV, 140 fo-! [0 Expected limit 10
10 E HH- bE‘YY [ Expected limit +20
F —— Theory prediction
I 7,'\3 SM prediction
103
102 PSR, R
F Expected: G € [-0.4,0.8]
|”  Allowed range: 1.2
10" Observed: cym € [-0.3,0.7]
I Allowed range: 1.1
B L1 1 | I I I L1 1 | I I I L1 1 | I I I L1 1 | I I
- -1. -1 -05 0 0.5 1.5
Ctthh
of T T I I I I ]
r ATLAS —— Observed 68% CL ]
1.6 Vs =13TeV, 140 fo-' —=—=- Observed 95% CL -
I HH- bBVV Expected 68% CL ]
1.2 Expected 95% CL
u % Best fit E
0.8 ¥ SM prediction .
0.4F -
oF =
~0.4f =
-0.8F -
-1.2F -
L1 [ P P [ P N
-8 -4 0 4 8 12

Chhh

X
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SMEFT results

« Consider only ggF HH production
« Dependencies in H background
* Include relevant dimension-6 operators

* HH signal reweighting: as a function of truth my,

* H background reweighting: as a function of truth H py
) " ATLAS —— Observed limit (95% CL) ) " ATLAS —— Observed limit (95% CL) gD B ‘A _'I_L‘A‘S T T T T
o 104 77 Expected limit (95% CL) o 104 77 e Expected limit (95% CL) 60 N —— Observed 68% CL
T F Vs =13TeV, 140 fb~’ [ Expected limit +10 T F vs=13TeV, 140 fb~! 0 Expected limit +10 L Vs =13TeV, 140 fb~! === Observed 95% CL
T_._; L HH - bbyy [ Expected limit +20 I; C HH - bbyy [0 Expected limit +20 [ HH- bbyy Expected 68% CL
65’ - —— Theory prediction OU’ o —— Theory prediction 40+ Expected 95% CL
108k Y¢  SM prediction 108k Y¢  SM prediction i 4 Bestfit
E E i Y% SM prediction
L ee——— 20
o o= e A F Nl N\ :
1 02 E \/ 1 02 E_ 0 ;
| Expected: cpg € [-8.1,17.4] | Expected: cy € [-15.0,7.4] r
1 1 _ -
10 E  Allowed range: 25.5 10 E  Allowed range: 22.4 20 o
[ Observed: cyy € [-7.4,13.6] [ Observed: cy € [-14.3,6.3] i
| Allowed range: 21.1 | Allowed range: 20.6 —40
'1 00 | | | I 11 | | I 11 | | I 11 | | I 11 11 I 11 11 I Ll Ll ‘1 OO | I I - I I - I I I I - I I I I - I L1 1 | k\ | I | | I | | I | | I | | I |
-10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 -30 -20 -10 0 10
CHo CH
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Spurious signal

The spurious signal test W‘.I?ﬁe

The best functional form for modeling the continuum background in each category is chosen as a compromise between having
a minimal number of degrees of freedom and a small bias! yy+iets MC normalized to data sidebands! 4\ Spurious signal: the maximum

[ L} Measured by performing S+B fits on a background-only template! .
The chosen functional form has to pass the u y p ing S+B fi grou y o] absolute value of the bias on the

(relaxed) spurious signal teSt:/fb Expected signal » « The number of signal events is extracted for different values of my € [123,127]

* . |N,| < 10%@ Y g GeV with steps of 0.5 GeV. fitted signal yield in multiple
- ' ° Bias (i.e. spurious signal) of the tested functional form = largest signal yield in . \
e . Stat. uncertainty on the my; window! signal+background fits to the
e |IN._ | <20% {0, the fitted number of
|| ’ @ signal events on the background-only template
bkg template.

Spurious signal test results for the simple exponential and power-law functions.

: H 1= (o)
» If no function satisfies these conditions, Criteria: smaller than 20% of the

Category Function Nsp  max(Nsp/obkg) max({sp) [To] max(Nsp/Sres.sm) [%] Prob(x?) [%]

the test is further relaxed by replacing oy 3 Exponential 0451 288 0 361 555 statistical uncertainty on the
N. with £, where: 5 Power  0.505 322 0 63 251
sp sp’ ’ Power -0.147 -10.3 0 -60.8 57.9 . . .
SM_2
-2 Exponential -0.188 132 0 B 552 expected fitted signal yield plus
. Power  -0.788 30 485 -306 891
N, +2A ifN,+2A,,-,<0 SM_1 .
(o MC E tial  -0.937 -35.7 -10.6 -365 7.03 . i .
ke L A= e entia twice the statistical uncertainty on
C _ N 2A £N. 0 BSM 4 Exponential ~ 0.33 23 0 727 18.8
sp— sp~ “Bmc WNg— = Power  0.361 25.2 0 798 119
. Exponential 1.1 48.1 4.11 2.75e+03 0.056 i i i
0 otherwise BSM_3 S i o s 300 ol the Spurious S|gnal itself.
BSM 2 Power  -0.137 541 0 446 219
Local stat. fluctuations — Exponential -0.299 -11.5 0 -825 40.9
of the background BSM |  Exponential  0.649 10.3 0 1.36e+03 44
template. = Power 1.69 26.7 0 3.54e+03 319
12 August 2022 The spurious signal test 13
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Systematic uncertainties

Systematic uncertainties

The impact of each source of systematic uncertainty has to be quantified and included when performing the statistical analysis.

‘ The systematic uncertainties are propagated through the full analysis workflow!

» They may result in 10 variations for the expected yields or the shape parameters for the signal HH and single Higgs

processes!

ggF HH

Single Higgs

® BR(yy) (2.9%)

® BR(yY) (2.9%)

® BR(yy) (2.9%)
® Heavy Flavor

o |

. and and BR(bb) .
Crosbs sec:f:n and BR(bb) (1.7%) (1.7%) uncecrtamty
;anc. ing o PDF + a5 (3%) |e PDF + as (10'5)6,BT:nly f;r
Theory raction ® Scale + mtop (2.1%) \S/J\?H) , an
(+6%_2390) ® Scale (0.04%)
ggF HH VBF HH
Acceptance parametrization | parametrization )
Scale, PDF + as, Parton Shower
® Pile-up modelling;
e Di-photon trigger efficiency;
® Photon identification and isolation efficiency;
Yields ® Photon energy scale and resolution;
Exp. ® Jet energy scale and resolution;
® Jet vertex tagger efficiency;
® Flavour tagging efficiencies.
Shape Photon energy scale, photon energy resolution.

Peak position and peak width for the resonant shape
in the m,,, spectrum.

' The spurious signal!
y » Only source of uncertainty affecting the continuum

" background modeling.

® Related to the particular choice of the analytical
function used for modelling the continuum background
in each analysis category.

® Evaluated by performing a signal + background fit on a
MC-based background only template, and extracting
the number of fitted signal events.

® The main component of the spurious signal are stat.
fluctuations in the background template!

Suppressed in this analysis, thanks to the new

high-efficiency yy + bb Sherpa 2.2.12 sample!

Selection efficiency X 40 w.r.t. the older yy+
jets Sherpa 2.2.4 sample!

36

position

spread
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Statistical model
el

The statistical results are derived by performing an unbinned maximum likelihood fit to the m,, distribution in the invariant
mass window 105 < m,, < 160 GeV.

>

The contributions of the systematic uncertainties are included in the fit as constrained NPs. ‘

| Fit performed
|
* The normalization and the shape parameters for continuum background are unconstrained and are profiled on data. ‘ simultaneously over
* The yields for the single Higgs background processes are fixed to their SM values. all the analysis
. | categories!
* The POIs can be either floated or fixed in the fit. —’ Depending on the statistical interpretation! 9

» The HH signal strength x4 and the coupling modifiers «, and « /!

di-Higgs signals
A

- Affected by the NPs from experimental and
theoretical systematics.

- Depend from the the POIs y, k;, and «,!
- The normalization and shape

parameters are completely data-driven!
*
- The only systematic uncertainty related Caas®

to the continuum bkg. modeling is the
spurious signal.

| Same strategy
;l w.r.t. previous

giEms

X i analysis
& | -
- Affected by the NPs from experimental and
> theoretical systematics.
- Yields fixed to SM expectations.
m},},

12 August 2022 Statistical model
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« Observed 95%CL uyy upper limit reduced by ~5%
« Observed confidence interval width for K, increased by ~5%

« Observed confidence interval width for k,, reduced by ~16%

S £ o T T T T T T
i s
The increase in the width of the observed «, confidence interval arises from the fact that this new analysis ' 6; Mo bsfy,bbserved T ggranalysis .
favours larger, less negative values of the signal strength, corresponding to larger magnitudes of the coupling 5 .
strength modifier x,. The compatibility, considering only statistical uncertainties, between the allowed 4_ E
k interval at 95% CL from this study and that of Ref. [32] is evaluated using a bootstrap technique [99], O\ ] et
based on the data events passing the selection of either the previous analysis, or that of the current one, or i 0% CLing < o1 41:5.50] g
both. The compatibility between the two results is at the level of 0.3 standard deviations. oF Loy oo E
N 95% CL: k) € [-1.44,6.92] ]
L N2y —68% CL
S R s S
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