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Motivation — Higgs self-coupling

« The Higgs boson completes the Standard Model of Particle Physics.
« However, the shape of the Higgs potential has yet to be measured.

« We can probe the Higgs potential by measuring the Higgs self-coupling (4).

V(¢) = 1*¢'¢ + A(¢'¢)’
= Vo + Av*h® + Ak’ + T AR

> A A S
Massive scalar ,,/h h‘\ /x’h
myg = V2\v sl 2P
» h h’/ \\h
Measuring HH production gives us access [Out of reach even for HL-LHC
to the trilinear Higgs self-coupling (Ayyy)
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HH production

» Measuring HH production gives us access to the trilinear Higgs self-coupling (Agyy). | 2 = sm

_ Aunn

HHH

SM LHCHWGHH BSM enhancement

. Destructive interference, 1000x |
Gluon-gluon fusion (ggFHH) smaller than single H production. Non-resonant HH production
« ONNLO = 31.02 [fb] @13 TeV, mH = 125.09 GeV

* Anomalous couplings (k; # 1, etc.)

g H NI LITII LY - H

—————— (% A \

A

g \\H 9 0000009999
Vector boson fusion (VBFHH)
« oN3LO =1.723 [fb] @13 TeV, mH = 125.09 GeV

q q g 0990909999999 H

“““““ & Resonant HH production

» X: a narrow-width scalar particle

1% - A - <

g 0099900009999~ H
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGHH?redirectedfrom=LHCPhysics.LHCHXSWGHH

HHyybb Analysis overview

Search for Non-resonant and Resonant HH production in yybb channel (full Run2 data, 139 fb~1).

One of the most sensitive HH final states:
 H - bb: large branching ratio

 H — yy: excellent photon resolution, clean smoothly falling di-photon background for signal extraction
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HHyybb Analysis overview

Search for Non-resonant and Resonant HH production in yybb channel (full Run2 data, 139 fb~1).

Main backgrounds

* Non-resonant yy backgrounds > S R R T 3

_ _ _ 8 s ATLAS . ¢ Data E

- Single Higgs production v - fe=13TeV, 1391 WHH(SM) 3

o 160 C —ObYY . Single Higgs  —

— - ommon Preselection _ .

0 - My e

_ 2 140 =P -

Common Preselection 120 W vy +otherjets - 3

[ DataDriven yj .

« 2 identified and isolated photons 100 + + paabriven - =

: : . 80 =

» 2 b-tagged jets (77% DL1r b-tagging efficiency) 0 ]

« <6 central jets (reject ttH events) 40 2
* Veto events containing an electron or muon 20

ST 120 130 140 150 160
m,, [GeV]

Multivariate method designed to reject background processes

Statistical results obtained from a fit of m,,, distribution
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Event preselection

» Photon identification (Tight WP)

w 1 » Calorimeter- and track-based isolation within a cone of AR = 0.2
Hee - w Eis® < 0,065 - E; and pis® < 0.05 - E
w 4 > 105 <my, <160 GeV

> p%l/myy > 0.35, p}T/Z/mW > 0.25

0.2 T T T

0.18

ATLAS Simulation

Vs =13 TeV Correction, Peak, Width, Imp[%

0.16

b » DL1r b-tagging (a deep-learning neural network)
WP: 77% efficiency

2

0.14 Nominal 120.1 16.2

SM HH— bbyy

0.12 3 +BJetCalibration 122.1 12.7 21.6

Fraction of events / 5 GeV

» Energy correction 0.1
0.08

b * muon-in-jet correction: muons from semileptonic sos

b-hadron decays 0.04

0.02

* pr-reco correction: p loss due to neutrinos and

1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 -‘-.
%O 80 100 120 140 160 180

objects outside of the jet cone Mg [GeV]
my;, resolution improved by about 22%
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Event categorization

Non-resonant analysis: target SM HH — yybb processes, and possible modifications to ;.

Target only ggF HH production, but VBF HH events also considered as signal

Signal regions defined using m

*

yyb

, and BDT score

> Modified invariant mass m,,,, = m,,,, — My, — My, + 250 GeV

Provides cancellation of experimental resolution effects

Spliting into 2 mass regions provide enhanced sensitivity to k;

0.25

0.2

0.15

Fraction of events / 5 GeV

0.1

0.05

'l:lllllll

2
o

0.3

-u‘.'|25v

- -‘,-I Xy

|I|Il|ll||||l|||||l||lIII
ATLAS Simulation

s =13 TeV HH—bbyy ]
m m'k —
L =300 GeV
----- ——  my =500 GeV —
----- — HHggF, x,=1 ]

HH VBF, x,=1 ]
----- Ty+ets ]

0

Dl PR NPT "I \ N " S
300 350 400 450 500 550 600

Invariant mass [GeV]

Fraction of events / 20 GeV

0.25 R R I I A I I ]
B ATLAS Simulation i
0_2__ Vs = 13 TeV _]
N 5 HH—bbyy ggF §

" BSM: SM —x, =-6 ]
0.151 — . =0 7]
E — =1 E
0.1~ — K, =2 ]
L — _Kk=10 ]
0.051 _|: .

250 300 350 400 450 500 550 600 650 700 750

my;,. [GeV]

Step one = 2 HH mass regions

Low mass region
Targeting BSM
My pp < 350 GeV

High mass region
Targeting SM

My pp = 350 GeV
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Event categorization

Non-resonant analysis: target SM HH — yybb processes, and possible modifications to «;.

Target only ggF HH production, but VBF HH events also considered as signal

*

Signal regions defined using m,,,,

», and BDT score

» Boosted Decision Tree, one BDT in each mass region

Against yy and single Higgs backgrounds Step two = 4 BDT categories

BDT trained on photon, jet and missing transverse energy variables

g SRR RRRERE RN LR AR RN RRRRN RARRE RERRE RS S EAREEERARE RARAS EAARE RAARE RN RN RARAE B L=
S oasf- ATLAS 1 HHgoF, k=1 1 2 07 ATLAS 1 HHggF, =1 o
2 t =13T b HH ggF, ,=10 [ 2 F = b HH ggF, x,=10 [ -
% 03] Low mass region Single H :I;_ & 06 High mass region Single H s LOW mass region L.OOSG
Somst | rrsiets 3 s [T T r+iets E Signal: k, =10 ggF HH | Tight
§7%°F { Data 15 F . ' { Data -
8 o2F 3 8 04 § H 3
S e T L AN AASNR N
- , , : i 0.3= , : : i . .
0.15E 1005684 088 0.62 0.'9'6d. d ] ﬂ 1005662 088 0.6 obt'a. d ] ngh mass reglon Loose
- < —» s C- E— ] = .
:|"'E==:_._.:.::.:_|_E—|—||l—;—lllll ||||||||||| IIII:I_ Eo M‘ T.‘T‘*:ﬁf'ﬁ—."’; 1 1 1
0" 0T 02 03 04 05 08 07 08 08 1 00102 03 04 b5 06 07 08 08 1 Boun(_'iarles chosen tQ maximize
BDT Score BDT Score combined expected significance
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Event categorization

Resonant analysis: target X - HH — yybb processes, with my € [251,1000] GeV.

Non-resonant SM HH production included as background § wb  AmAS T eow
2 - H?—|=—>1bBny v %ﬂgmggs 3
u . . . * ; Common Preselection . ;fy}'gb
Signal regions defined using m,,,;, and BDT score £ ol = _
- E r?:ti%rg:)egjejv 3
: --- m, =500 GeV :
> Modified invariant mass 1 category for each my o
20 window cut around each my 13
o = the standard deviation parameter of the Crystal Ball function that best fits the m, 0 - 800 1000

Yybb m,z *~ [GeV]

Relaxed to 40 for 900 GeV and 1000 GeV mass hypotheses

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘ \\\\\\\\ ]
06~ ATLAS ]

= = C 5= eV, -1 ¢ Data .

> Boosted Decision Tree o 9T Lm0 G
B Single Higgs ]

— SMHH .

Two BDTs against yy+ttyy and single Higgs backgrounds respectively

I
S

Fraction of events / 0.05
o
[&]

o
&)
I

;

For each my, cut on the combined BDT score

e
)
I

Shared by all resonance masses to avoid lack of background at high mass

BDTs trained on photon, jet and missing transverse energy variables

T T T I A 11 I Il \:\ Il ‘ 11
0 01 02 03 04 05 06 07 0809 1
BDT,, Score
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Signal and background modeling

The signal and backgrounds are extracted by fitting analytic functions to m,,, distribution.

» Signal parameterization

0.25F . - -
E C ATLAS Slmulatlonfrellmmary Gaussian core
_ _ ) : 8 oz freTen 1w + asymmetric
Modeled with double sided crystal ball (DSCB) function derived from MC S | High mase BT igh aw tail
% 0.15F .gngYFHH power law talls
Non-resonant G o™
« Fitto SM HH signal, model shared with H background 0.05;—
* No sizable dependence on k, is observed ; §
g BTy
Resonant §1§1EE§ 120 122 124 126 128 130 1
mW[GeV\]sz
« Fit to resonance signals, model shared with SM HH and H background e
. . & 8:_ ¢+ Data ATLAS ]
> BaCkground parameterlzatlon I Continuum Background sz 1b35TeV,139 fo! ]
- —bbyy ]
. . . % 6 Total Background High mass BDT tight _|
Modeled with exponential function £ f ]
>
L
. . . . . 44 -
* Function form determined from spurious signal studies 1
. . : : : : . 2k .
« spurious signal = systematic uncertainty assigned to the function choice :“\ .......
m,, [GeV]

» Statistical results obtained from a maximum-likelihood fit to the m,,, distribution.
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Observed (Expected) Results

No signal is observed. Exclusion limits at 95%CL are set.

Non-resonant

aggF+VBF(HH) upper limit: 4.2 x SM (5_7 X SM) ATLAS 36 fb~1 JHEP 11 (2018) 040 CMS JHEP 03 (2021) 257
N HH) limit: 22 (28) x SM +vepr(HH) limit: 7.7 (5.2) x SM
. K, interval: [-1.5, 6.7] (-2.4, 7.7]) Zaar+vr (HH) limit: 22 (26) x Zoarsvar(HH)
kc; interval: [-8.2, 13.2] ([-8.3, 13.2]) k; interval: [-3.3, 8.5] ([-2.5, 8.2])

E105:"'|"'|"'|'"|'"|"'|"'|"'|"'|"':
= - ATLAS —— Observed limit (95% CL) —
T I s=13TeV, 139 fio~1 ---- Expected limit (95% CL) | . .
T HfH—>bBw = Expected limit +1c ' 0 ggr+ver(HH) upper limit
L 1045‘ [ Expected limit +26 5 _ 1
S B Theory prediction ; improved by a factor of 5w.r.t 36 fb~
'-'c-» 79\\7 SM prediction 1 ] ] ]
& ~2 from increase of luminosity
103}
: ~rest from analysis strategy
L |
102}
- Observed: «) € [-1.5,6.7] . _
L Expected: 1, € [-2.4,7.7] Kk, interval shrinks by a factor of ~2 ‘
101 N R 1 L 1

)0 8 6 4 2 0 2 4 & 8 10
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https://link.springer.com/article/10.1007/JHEP03(2021)257
https://link.springer.com/article/10.1007/JHEP11(2018)040

Observed (Expected) Results

No signal is observed. Exclusion limits at 95%CL are set.

Resonant
* o(X — HH) upper limits vary between 610 fb and 47 fb (360 fb and 43 fb) in my € [251,1000] GeV

E 1000I:| LI LI LI LI | LI | L L L T I: ATLAS 36 fb_l JHEP 11 (2018) 040
T 900 ATLAS = o(X - HH) upper limits vary between 1.1 pb and 0.12 pb
T goob s =13 TeV, 139 fb” E _
1 = HH—bbyy - (0.9 pb and 0.15 pb) in my € [260,1000] GeV
< 700E —e— Observed limit (95% CL) =
soot ¥ o Expected limit (95% CL) = | o
- [ ] Expected limit + 16 = o(X —» HH) upper limits
500 [ ] Expected limit £ 2 o E . .
400E- 3 improved by a factor of 2-3 depending on the my value
300 E ~2 from increase of luminosity
200F- =
- ] ~1.2 from analysis strate
100 4 = Y &
O I:| | | | | | | | | | | | | | | | 111 1 | 111 1 | 111 1 | 1 1 I: )
200 300 400 500 600 700 800 900 1000 The analyzed mass range expanded to lower values
m, [GeV]
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https://link.springer.com/article/10.1007/JHEP11(2018)040

Searches for non-resonant and resonant HH production are performed in the bbyy final state (139 fb™1).

No significant excess with respect to the SM background expectation is observed.
Improvement compared to the previous ATLAS result based on 36 fb~1 data
« Extends the data set by more than a factor of 4

* Incorporates a categorization based on m,,,,;,, and multivariate event selections

« More precise object reconstruction and calibration

Status: submitted to PRD
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HH production

I | | | | 3
HH production at 14 TeV LHC at (N)LO in QCD 1
------- My=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

§§§§§§§§§§§§§§ Phys Lett B 732 (2014) 142 _5
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Background Samples

Table 1: Summary of single Higgs boson background samples, split by production modes, and continuum background
samples. The generator used in the simulation, the PDF set, and tuned parameters (tune) are also provided.

Process Generator PDF set Showering Tune
ggF NNLOPS [65-67] [68, 69] PDFLHC [42] PytHiA 8.2 [70] AZNLO [71]
VBF Pownec Box v2 [39, 66, 72-78] PDFLHC PyTHIA 8.2 AZNLO
WH PowHEG Box v2 PDFLHC PyTHiA 8.2 AZNLO
qq — ZH PowHEGBox v2 PDFLHC PyTH1A 8.2 AZNLO
gg — ZH PowHEGBox v2 PDFLHC PyTHIA 8.2 AZNLO
ttH Pownec Box v2 [73-75, 78, 79] NNPDF3.0nlo [80] PyTHiA 8.2 Al4 [81]
bbH PowHEG Box v2 NNPDF3.0nlo PyTHIA 8.2 Al4
tHqj MADpGraPHS_aMC@NLO NNPDF3.0nlo PyTHIA 8.2 Al4
tHW MADGRrAPHS aMC@NLO NNPDF3.0nlo PyTHIA 8.2 Al4
yy+jets SHERPA v2.2.4 [56] NNPDF3.0nnlo SHERPA v2.2.4  —
ttyy MaADGraPHS_aMC@NLO NNPDF2.31lo PyTHIA 8.2 -
2022/7/26 18



Non-resonant BDT variables

Table 2: Variables used in the BDT for the non-resonant analysis. The b-tag status identifies the highest fixed b-tag
working point (60%, 70%, 77%) that the jet passes. All vectors in the event are rotated so that the leading photon ¢ is
equal to zero.

Variable Definition

Photon-related kinematic variables

Transverse momentum of the two photons scaled by their
invariant mass m,,,
Pseudo-rapidity and azimuthal angle of the leading and
sub-leading photon

pT/my'y

n and ¢

Jet-related kinematic variables

b-tag status Highest fixed b-tag working point that the jet passes

Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest b-tagging score
Transverse momentum, pseudo-rapidity and azimuthal
angle of b-tagged jets system

Invariant mass built with the two jets with the highest

pt1,n and ¢

P2, ny5 and ¢,

"bb b-tagging score

Hry Scalar sum of the pt of the jets in the event 5 5
. o Mmjij, — Mw Mjijojs — M

Single topness For the definition, see Eq. (1) Xwe = mm\/ (T) + (m—t) )

Missing transverse momentum-related variables

E!r"liss and ¢™iss Missing transverse momentum and its azimuthal angle
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Non-resonant Categorization

Z=+/2%[(s+b)*log(l+s/b)—s]

Low mass region High mass region

> o5 T T T T T T T T T T _] > [ T T T T T T T T T T ] > r T T T T T T T T T T ] > F T T T T T T T T T T 7
8 - ATLAS 4 Data : & 0 ArLAs 4 Data 1 & oL ATLAS 4 Data 1 & M™p Amas ¢ Data ]
0 B E = 137TeV, 139 fb>1 - HH (SM) 7 0 L E = 1§TeV, 139 fb-1 - HH (SM) n 0 L E = 137TGV, 139 fb-1 - HH (SM) n 0 r \I§ = 1CiTeV, 139 fb-1 - HH (SM) ]
N L HH-bbyy Single Higgs 1 N - HE=Dbry Single Higgs | N - Hb=Dbry Single Higgs 7| o 12 HH-bbyy Single Higgs |
< 20 my, <350 Gev >ingle Riggs | d g~ m, <350 GeV oingle iggs d L my =350 GeV oingle Figgs | Ny - my =350 GeV oingle Fliggs |
P L i Wy 4 * o Wy * 8- o My | @ C Y | R34 ]
= L BDT Loose 4 = I BDT Tight 7 + BDT Tight + r BDT Loose ]
c C [ yybb 7 c L [ yybb i c - [ yybb E c 10— [ yybb —
o L W yy +other jets ] o - W yy +other jets - o N W yy+other jets ] o C I yy +other jets ]
11} 15 - [l DataDriven yj | L 61— M DataDriven yj — L 6 B M DataDriven yj _| L 8 r Ml DataDriven yj ]|
- DataDriven ji - DataDriven j | H DataDriven ji - DataDriven j ]
. 4 ] af - ° E
] ] 5 4 .
2 — 2 — ]
i B 2

160 0 110 120 130 140 150 160 0 110 120 130 140 150 160 0 110 120 130 140 150 160

m,, [GeV] m,, [GeV] m,, [GeV] m,, [GeV]
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Resonant BDT wvariables

Table 4: Variables used in the BDT for the resonant analysis. For variables depending on b-tagged jets, only jets
b-tagged using the 77% working point are considered as described in Section 4.1.

Variable Definition

Photon-related kinematic variables

| 2408244 Transverse momentum and rapidity of the di-photon system
Azimuthal angular distance and AR between the two
Apyy and ARyy photons
2 2
BDTg; 1
Jet-related kinematic variables BDTyy = ;\/ C? (BDTEY + 1) +C2 ( szgleH t )
Invariant mass, transverse momentum and rapidity of the \ C12 + C%

bb

Mpp> Pt and y;, :
b tagged Jets system * 2-stage optimization
Azimuthal angular distance and AR between the two 1. Maximize significance for each resonance

. » Different coefficients and BDT scores
b-tagged Jets 2. Select coefficients providing a significance within 5% from the maximum value, for
Niets and Np_jets Number of jets and number of b-tagged jets each resonance

* A common C; = 0.65 coefficient is found, individual BDT cuts are used

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

Photons and jets-related kinematic variables

i Invariant mass built with the di-photon and b-tagged jets
Mbbyy system
Distance in rapidity, azimuthal angle and AR between the

AYyy.bb> Abyy pp 804 ARy, 15 di-photon and the b-tagged jets system

2022/7/26 21




Signal modeling - DSCB

A Gaussian core + asymmetric power law tails

£ T L UL T
£ 10°¢ OcB =
i = Gaussian Distribution : ATLAS =
( 2 5 < - iy O X=y -

= . = cB"%Low

et/ if —ajow <t < nigh 5 - 1
1,2 < 10° OcB-Uhigh =
e_2“low E ? 3
L (Riow — @iow —1)| " - i
fDSCB (m‘)’)’) = N x : _RlOW lOW lOW 10 E_ Power Ll%w N(m}’}’) _E
_1 az E N('my},) : E
e 2 high ‘f B Amy ]
117 > ay; - ]
1 R Afign bign 1= | | (/ | | _

\ | Rnigh (Rnigh = @nigh +1) 520 540 560 580 600 620 640 660 680
m,, [GeV]

where N is a normalization factor and the six parameters are

* uc and ocp describe the mean and the width of the Gaussian core, which are combined in
t = (myy — pc) /oce;

* ajow and ap;gp are the positions of the transitions with respect to ucg from the Gaussian core to
power-law tails, in unit of ocg, on the low and high mass sides respectively;

* niow and np;ep are the exponents of the low and high mass tails. With the a’s, they define

n « e
Rioye = a’l‘;?v and Rp;gp similarly.

non-Gaussian tails can arise from experimental effects, such as photon energy mismeasurements.
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Diphoton background decomposition

Reconstructed yy events is mainly composed of yy, y-jets and jet-jet events, where the jet(s) fake(s) a real photon.

The 2x2D sideband method is developed using the discriminating power of photon identification and isolation criteria.

The event yields in the signal region and the 15 sidebands can be expressed as functions of the photon efficiencies, jet fake rates

and correlation coefficients.

o o
2 3
: :
2 C D = C D
(@] o
© ©
= z
o o
o o
= £
=) S
= A B = A B
(@) (@)
° °
c z
o o
Photon isolated Photon non-isolated Photon isolated Photon non-isolated

Leading object Sub-leading object

CcC | CD DC DD
CA CB DA DB
AC | AD BC BD
AA AB BA BB

Reference

Suffers from low statistics, not used in constructing the background templates for the spurious signal procedure.
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https://cds.cern.ch/record/1450063/files/ATL-COM-PHYS-2012-592.pdf?

Spurious signal

Spurious signal: a bias estimated from a signal + background fit to a background-only MC template.

Ny = max |Ns(mpy)|

> Selection criteria:

O N, < 20% of the data’s statistical uncertainty + 2 x the MC background template statistical uncertainty

O must satisfy a simple y? requirement in a background-only fit to the MC template: p — value(x?) > 1%

 The least number of parameters is preferred.

« The smaller systematic uncertainty (spurious signal) is preferred.

Wald tests show that the data do not prefer a higher degree functional form with respect to the exponential form.
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Systematic uncertainties

In general the analysis is almost completely statistically dominated with the Run 2 dataset

Relative impact of the systematic uncertainties [%o]

Source Type Nonresonant analysis Resonant analysis
HH myx =300 GeV

Experimental

Photon energy resolution Norm. + Shape 0.4 0.6
Jet energy scale and resolution Normalization <0.2 03
Flavor tagging Normalization <0.2 0.2
Theoretical

AN

rate position spread
Factorization and renormalization scale =~ Normalization 0.3 <0.2
Parton showering model Norm. + Shape 0.6 2.6
Heavy-flavor content Normalization 0.3 <0.2
B(H — yy, bb) Normalization 0.2 <0.2
Spurious signal Normalization 3.0 33
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Statistical framework

» The results of the analysis are obtained from a maximum-likelihood fit of the myy distribution.

Likelihood

nc

=] (Poismc INe©) - | |[£e(m}y.0)]- G(6)
c i=1

Event parameterization

ield ield SS, _
Nc(0))=p- NHH,C(Hy ) + Nl?l::g c(azes ) + Nss,c - 0°>° + glgg,cres

Model PDF
1d h ield h
fc (m'yza 0) [,u NHH c(oyle ) fHH c(myya S ape) + ﬁisg 0(01)'2: ) ) f;ﬁz c(m'yy, ols'esape)

sha e = = sha e ield
; ) + gﬁg,cres fﬁllfgn Cres (m'yya nonp—res)]/ N (ezon—res)f

StE NSS,C ) oHI,-I ) fHH,c(my'ya
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Statistical framework

» The measurement of the parameter of interest is carried out using a statistical test based on the

profile likelihood ratio

the profile likelihood ratio the profile-likelihood-ratio-based test statistic
A (A AwOw)
A —2In =K <0,
AQu) = o 8) Paodo) F
L(4,0) Gu=1_71n AWOW) o p<
2In X aGyy OSASH
0 a > u.
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K, rewelghting for ggF HH samples

Common HH procedure. The method derives the scale factors as a function of k; in bins of myy by performing

a linear combination of samples generated at x; = 0, 1,20.

g H 9 2099990099998 -~ H

Ak, k) = KtZAl + kA,

A

O 2
Coer(pp > HH) / [l.All2 +2 ( ) ER(A*.AZ) + ( ) |A, |2]
g H 990000 t—e——L oo H Ky Ky

ok, =1,x;,=0) ~ |A1|2
o, =1x;,=1) ~ |A*+2RATA, + | A,

oli, =1,k =20) ~ [A]*+2-20RATA, +20%| A4,

K3 399 40 2,

a(xt,xl)fv;cf[( R et m) |S(1,0)|2+(§ = 5K )|S(1 1)[2

2
Ky — K;K; 2]
— ) 51,2
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HH summary

ATLA

Combined|_
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good sensitivity at low resonant masses
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