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Introduction

bbWW -

b V

*BRyy_ppurmer = 1.62 %

S - W-pair has spin correlation

o . W
Processes considered , bbr7r and bbZZ : + -small myand A,

* Experimental signature: 2b (close to my, 21 (OS),
MET from neutrinos)

* Constrain HH production through ggF and VBF
processes

‘BRyp pouymer = 091 %

-Light leptons are collinear

. . . . _ coll
* Constrain k, and K,y (coupling modifiers to Higgs v tozlepton (m;")

boson self-coupling and two vector bosons,
respectively)

* Shape of the Higgs boson potential and SM : - BRyp ozt = 0.095 %
Val]dlty : . ?#Sﬂzlslz to Z peak or small for
* Additional validity test for the SM - Only same flavour leptons

2 *includes bb2I2q



Simulated samples

Process ME Generator ME PDF PS/UE model UE Tune
SM HH (ggF) POWHEG BOX v2 PDF4LHC15NLO PyTHIA 8.244 Al4

SM HH (VBF) MADGRAPH5_ AMC@NLO2.7.3 NNPDF3.0nLO PYTHIA 8.244 Al4

tt POWHEG B0OX v2 NNPDF3.0NLO PyTHIA 8.230 Al4
Single-top POWHEG BOX v2 NNPDF3.0NLO PyTHIA 8.230 Al4
tt+W/Z MADGRAPH5 AMC@NLO2.3.3 NNPDF3.0NLO PyTHIA 8.210 Al4
W/Z + jets SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 SHERPA default
WWWZ,ZZ SHERPA 2.2.1 /SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.1/SHERPA 2.2.2 SHERPA default
ggF, H POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.212 AZNLO
VBF, H POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230 AZNLO
WH,ZH POWHEG BOX v2 NNPDF3.0NLO  PyTHIA 8.230/PYTHIA 8.186 AZNLO
ttH POWHEG BOX v2 NNPDF3.0NLO PyTHIA 8.230 Al4

* ggF: simulated samples at different values of x;, and combined using morphing techniques

* VBF: linear combination of six samples with different values for the k; and k,;, parameters



Event selection

* Pre-selection: ® ggF Signal Region:
* Veto VBF selection in SR

® VBF Signal Region:

 Single and di-lepton triggers
* Exactly two light leptons OS charge with

pT >0 GeV * At least 2 additional jets with pT > 30 GeV with
» Exactly two b-tagged jets with pT > 20 * max(Any) > 4
GeV and satisfying DLir (77% WP) + max(m;) > 600 GeV
My €€ + U (SF) Mpp ep + pe (DF)
tt CR _
210 Gev my < 250 GeV 210 GeV My it 2C51§Gev
Wt CR Wt CR
40 Gev my > 250 GeV 40 GeV my > 250 GeV

15 GeV 75 GeV 110 GeV m;, A 15 GeV 110 GeV m,



Multivariate Analysis (ggF region)

Event classification (optmise signal and background separation)

Input feature

Description

Classifier based on Keras+TensorFlow

same flavour

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

. . b F HH p5, P5 transverse momenta of the leptons, b-tagged jets
7 . . .
4,
Optmlze Separatlon etween gg Mg, P invariant mass and the transverse momentum of the di-lepton system
Sl gn al an d tt tW an d Oth er Mpp, P invariant mass and the transverse momentum of the b-tagged jet pair system
’ mb, stransverse mass of the two b-tagged jets [125, 126]

baCkgl‘OundS ARy, ARy AR between the two leptons and two b-tagged jets

Mpe min{ma‘x(mbofo yTMpy 24 )a max(mboh s TNh 1 £ )} [54]
F]nally , m()del 1S tra]ned W]th 5 O% / 5 O% min A Ry minimum AR of all b-tagged jet and lepton combinations

l. d . d Mpbee invariant mass of the bbéf system

Sp lt’ 0’3 rOpOUt rate to avol ERiss  EMiss_gic missing transverse energy and its significance [127]
Overﬁttln g mr (Lo, E2SS) transverse mass of the pr-leading lepton with respect to E3sS

minmmr g minimum value of mr (£, E25%) and my (£, EXSS)

« e . HE, measure for boostedness® of the two Higgs bosons

05%CL upper limits on pi;;; is used as
metric * Final SRs: 7 bins with highest DNN output score (max

0(10°) background events in a bin)

Signal output node score is binned ->

background uncertainties < 30% 5

°* DNN output score as final discriminant



Multivariate Analysis (VBF region)

Event classification (optmise signal and background separation)

* Classifier trained based on Adaptive
Boosting (AdaBoost) + TMVA framework

* Two-fold cross-validation with 50%/50%
train/test split

* Trained on VBF HH signal, with ggF HH
events classified as background to maximize
VBF sensitivity

* VBF sample k; = 0 used for training: best
performance in SM and BSM scenarios

* Final SRs: § bins with highest BDT output score (max
0(10°) background events in a bin)

°* BDT output score as final discriminant

Input feature

Description

4 J4
MNegs Meq s ¢£07 ¢€1, p'I(‘)a pTl

b b
Nvos Moy s ¢boa ¢b1) p’Iga pTl

Jjo 1
MNios Mj1s ¢jo7 ¢j1) Pr, p’]I‘
E,II\niSS, ¢Efrmss’ l;rrrniss_sig
p5, ARpy, Adrs, map

144 144
P1> ARyge, Apge, M, centrality
bbee

Pr 5 Mpbey

bbll+ ERss _
Dy » MMpbge4 praiss

Myy + E}Fiss

Pg?ISSHe, ACPE};PSS,M
P

Mtot

mi{LF

min ARy, ;, min ARy, ;
DM

max p’ ¥
max An;;, max Ag;;

min A Ry

Nforward jets Nj

bb
Moy

Meoll

7EMMC

n, ¢, pr of the pp-(sub)leading lepton

n, ¢, pr of the pp-(sub)leading b-tagged jet

o, n, pr of the pp-(sub)leading non b-tagged jet

missing transverse energy, its ¢ and significance [127]

pt, AR, A¢ and invariant mass of di-b-jet system

pr, AR, A¢, pr and centrality” of di-leptons system

pr and invariant mass of the bbl/f system

pr and invariant mass of bbl{ + E%iss system

invariant mass of di-lepton + EZ'% system

pr of and A¢ between EX'*S and di-lepton system

pr of bbll+ EX5+ pr-leading and -sub-leading jet
invariant mass of bbl{+ EXsS+ pr-leading and -sub-leading jet
Kalman fitter top-quark mass [129]

minimum AR between pr-(sub)leading /-5 couples

sum of the invariant masses of all /+jet combinations
maximum pr 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 [125, 126]
collinear mass (reconstruction of m..) [130]

value of the MMC algorithm (reconstruction of m.,) [130]




Background estimation

Top quark pair production (¢7), single top-
quark in association with W boson (Wt) and

Z/y* production in association with heavy-
flavour (b,c) jets

my; > 110 GeV and m;,; < 250 GeV
my > 110 GeV and my,; > 250 GeV

* Consider only SF events

* 75 GeV < my; < 110 GeV
* my,;, <40 GeV orm,, > 210 GeV

Normalization is constrained from data
and shape is taken from MC simulation

Fake-lepton background
* Photons or jets mis-ID as leptons as well as
lepton from hadronic decays of HF quarks

fake
N, MC,08

(transfer factors, TF)

. fSS—>OS —

. Nfake _ __ ajprompt
OS _fSS—>OS X (Ndata,SS NMC,SS)

* TF ranges from 1.2 to 1.9 (binned in pT of
sub-leading lepton)

* Estimated by data-driven approach

* Normalization and shape
estimated from MC Simulation



Signal and Control Region yields

Process ggF-SR VBF-SR tt-CR Wt-CR Z+HF-CR
SM background

tt 561220 4+ 150 52670 + 50 436840 + 130 2270+ 10 34700 £40

tt+V 1121 +4 194.7+1.9 1133+5 97.0+ 1.1 440.1+1.9

Single top (Wt) 16260 £ 50 1165+ 12 14100 £ 40 2901 £ 20 1237 +13

Single top (s/t-channel) 12.7+0.8 2.48 +£0.35 1.21+0.28 0.35+0.14 0.25+0.11

Z — ¢¢ (HF) 16090 4 180 1178 + 34 3610+ 70 525+ 11 43390 + 260

Z — ¢ (LF) 2720 £ 170 260 440 600 4+ 90 55+ 8 5470 £ 190

Z — 11 (HF) 2200 +£40 154 +13 3+7 1.94+0.5 4+6

Z — 77 (LF) 370 £ 50 24+4 -1.3+1.5 0.11 +0.06 0.8+£0.5

W +jets 0.7+0.5 0.09 +£0.08 -0.2+04 — —

Diboson 288 +4 32.6 £0.8 159.04+2.8 39.0+0.9 226.8+3.3

Single Higgs 601.0+1.1 105.1 +£0.4 336.5+ 0.5 22.06 £0.12 48.28 +0.29

Fakes 18510 £170 2390 + 60 10020 + 140 529 + 35 1360 £ 50

Total SM bkg. 619390 4 350 58170 + 100 466810 + 230 6440 + 40 86890 + 330
HH signal, ggF

ggF HH — bbWW 8.318 £0.016 0.857 £ 0.005 0.00113 + 0.00019 0.00033 £ 0.00010 0.0014 £ 0.0002

geF HH — bbrt 3.138 £0.009  0.3284 +0.0029  0.00332 + 0.00029 0.00068 £ 0.00015 0.0047 £ 0.0004

geF HH — bbZZ 0.633 £0.005  0.0873 £0.0018  0.00083 + 0.00018 0.00020 £ 0.00009 0.0442 £+ 0.0013

>.egeF HH 12.088 +0.019 1.272 +0.006 0.0053 £ 0.0004 0.00121 £ 0.00020 0.0504 £ 0.0014
HH signal, VBF

VBY HH — bbWW 0.1518 £0.0014 0.2138 +£0.0017  0.00013 + 0.00004 — 0.00009 £+ 0.00004

VBFY HH — bbrT 0.0537 £0.0006 0.0769 +0.0007 0.000086 + 0.000022  0.000048 £+ 0.000018  0.00024 + 0.00004

VBFY HH — bbZZ 0.0097 £0.0004 0.0184 +£0.0006 0.000040 + 0.000024 0.0000029 £ 0.0000016 0.00236 £ 0.00023

> VBF HH 0.2152 £0.0016 0.3091 £0.0019  0.00026 + 0.00005 0.000051 £ 0.000018  0.00269 + 0.00024

HH signal, ggF+VBF ~
> ggF+VBF HH 12.303 +0.019 1.582 + 0.006 0.0055 #£ 0.0004 0.00126 + 0.006)20 0.0531 +0.0014

* Pre-fit yields (Uncertainty from MC
statistics and template statistics only)

Z+jets splitinto
heavy (HF) and light
(LF) flavours

Fakes (fake-lepton from data
driven estimation)




Systematic uncertainties

Jets: JES/JER and b-tagging
Leptons: Momentum and ID efficiencies

Luminosity (0.83%), PU, trigger efficiency

Top-quark processes: scale variations, ISF/FSR, PDF and interference uncertainties

Z+jets: evaluated by variating merging/resummation scales and PDFs Statistical uncertainty also

becomes dominant source

Scale and PDF uncertainties, as well as PS (Herwig7 vs Pythia 8)

Production cross-section uncertainties: £3 % (PDF+ay), +6 %/ — 23 % (ggF scale)

In the ggF and VBF SRs: background modelling, experimental, signal normalization
* Most sensitive bins: ggF-SR 1 to ggF-SR3 and VBF-SR 1 and VBF-SR 2

In the CRs: background modelling and normalization .



Statistical results

0 | | | | | | | | | | | | | | g
§ ATLAS ¢ Data ~)Bkg. Unc. —
o o . W 408 (s = 13 TeV, 140 fb” [JZ+jets (HF) mmtt =
* A likelihood function is built as a product HH — 20b+21+E7 I Wt B Single Higgs =
Post-fit [ Fakes [ Other 7]
of Poisson distributions 10¢ - HH (1=97) =
N 103 —
L(datal|u, 8) = H Poisson(data;|u - s;(@) + upb;(0)) x G(0|0) 2 =
i—1 10 —§
* 5;and b;: signal and background contributions in i-th of
. 1

fitted variable .
g iaE =
p (signal strength) (POI) and y;, (background NF) g e SNSRI 1/, S, .4*}+ =
~ 0.8F o 1=
* @ (nuisance parameters) g oeE 1 =

B <si, M Vo Von Vor Vion Von Bn, <ui, W o Yor Yor Yo Y0r Yor 9
Co Ay %o SINC/CICIC Co Ay (TNSL SQRSORSQRSQRSQRSOQS
/VGA)0'928(1/8%'95&94&?3&99&97 N 0,9/5@95?; R R s OR 4R 558 55K,
Y, 7

* Overview of the signal and control regions used in the analysis after the

—921n Ilz((clla‘;a - <0 signal+background fit to data
T (( d at H 50)) » The fit is a conditional fit with the signal strength fixed to the observed
q —_— _ ata|, Iz < Yy < o e _
H 2ln L(dataln.0) 0<iu<u upper limit of y;;;; = 9.7
0 0> 10‘ Numbering High (VBF-SR 1 and ggF-SR 1) to Low score (VBF-SR 5 and ggF-

SR 7) for the bins used in the final fit



Upper limiton x4,

| I | | | | | | | I | I | | | | I I
ATLAS y e Observed - t1o
Is=13TeV, 14"93? o Expected +26
. HH — 2b+21+E] B
S0 goF signal Obs. (Exp.)
+ Upper limits on 11, oo | ggF SR&VBFSR  10.5 (17.0)
with consideration of - VBF signal
both the ggF and VBF sy ggF SR & VBF SR 118 (130)
. qq — HHjj
signals are set: _ _
. S1 ggF SR only 10.7 (16.6)
* Hgg =97 @ QS%CL 0?3”_> HH . '
goF+VBF signal
0]
acindid ggF SR&VBFSR 9.7 (16.2)
O — HH
1 1 l | | | | | 1 | I | | | | | 1 1 1 |

10 107 10°
" 95% CL upper limit



- 2A log(L)

Constraints onk; and x,,,

* Both ggF and VBF SRs are included

* Other k-modifiers are fixed to the SM predictions

K, in [—6.2,13.3] @95 % CL (obs)

Ky in [—0.17,2.4] @95 % CL (obs)
k, in [—8.1,15.5] @95 % CL (exp)

Ky in [—0.51,2.7] @95 % CL (exp)

T T ~ -
- 1 ,' - \—l_, B “ tl _
S ATLAS 1 C g [\ ATLAS .
I /s =13 TeV, 140 fb" , - g o ! s = 13 TeV. 140 fb"! ' ~
- HH — 2b+21+E7" ,' - . C HH — 2b+21+ET™ :
- “ observed " E 4L : -
- ‘ — ' 7 _ \ observed ' -
- 6.2, 13.3] @95% CL : - - v\ TT[0.47,2.4] @95% CL , -
- '\‘ ~_expected ! - 3 | expected ' __
- \‘ [-8.1, 15.5] @95% CL - - V' \" 77051, 2.7] @95% CL .
__ \“ __ 2 :_ \\\ ',I _:
- \\ : - \\ " :
:_ \ ] 1 :— \\\ l/l —:
I_ I 1 | | | — I —Il 0:1 (| | L1l l 1 1:\1‘|~1 i =] 1’111’1 I L1111 l L1 11 l I | I | l:
-10 -5 0 5 10 15 20 19 0.5 0 05 1 16 2 25 3 35
K, Koy



Summary

HH pair production via ggF and VBF production modes

Contributions from bbWW, bbt7r and bbZZ channels

No deviation wrt SM background processes is observed

Upper limit on u;, = 9.7 (observed), ( )

* Significant improvement with respect to previous iteration of this analysis (optimized for
bbWW only)

Constraints on k; and «,:
* k, in [—6.2,13.3] @95 % CL (obs)
* Ky in [—0.17,2.4] @95 % CL (obs)
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Overlap removal

if any electrons share a track, only electron with highest pT is kept;

If a hadronically decaying t-lepton candidate is within AR_y= 0.2 of any electron or muon, it is
removed;

If an electron and a muon share a track, the muon is kept only if it is associated with a
signature in the MS;

Any jet within AR_y = 0.2 of an electron and subsequent any electron within AR_y = 0.4 of any
jet is removed. Any jet within AR_y = 0.2 of a muon, or having an inner detector track ghost-
matched to a muon within AR_y = 0.2 of the jet, is removed if it has fewer then three
associated tracks;

Any muon within AR_y = 0.4 of a jet is removed as well as any jet within AR =0.2 of a
hadronically decaying t-lepton candidate.

15



Events

Data / Bkg. pred.

Pre-fit yields

E 117 T T T T T T T T T T T T T T T 3

- ATLAS . ¢ Data ~Bkg. Unc. -

105 = EH=_132; oY, 1900 Z+jets (HF) Il —
= Pre-fit T I Wit B Single Higgs =

10% [ Fakes Other ]
10° E
10° == =

10 &=

1&— =
1.6 ==
I VA
1 21 ) I 1/ WO/, /477 P & _“t-" * ___________ E
0.8E-° LB 77 1, ‘ O 0000000000
v N L O Z
0‘4 = 1 1 1 L 1 1 1 :

-~

al?lhzll/ll/ll/ll/ll/lotl? 01/91999999
O SH* A8 YBa YO TBn TBp On St YEAZIR. IR JOR. J9R. SOR. JIOR. 9K,
R, R0C R, KRG f\,@ )6‘,96 8,95 8‘,94 6‘,93 8'98 Sp ,



Run2 Analysis optimized to bbWW

Run2 analysis

| L | l | | |

| | |
ATLAS * Data
J5—=13TeV, 139 fp-! =8 Top

B Z/4+jets HF

Selection: [ Other

SR, SF+DF and no d.y cut

— HH (x20)

|

NSEREREUNEEINEAA

| | | | | | |

2 107
-
> 108
Breakdown of the main different sources of uncertainties 102
104
Uncertainty [%] SR-SF SR-DF 1 3
Top Z/y*+ HF Other Total Bkg. Top Z/y*+ HF Other Total Bkg. 0
Total uncertainty 28 18 20 14 30 26 41 25 102
Theoretical 21 15 17 11 20 15 40 17 1
Experimental 12 <5 8 <5 15 17 8 12 10
MC statistics 8 8 6 8 13 13 7 11 0 '
ITops MZ/y*+ HF 13 5 n/a 5 13 5 n/a 10 10~ &
1071
© 1.5
@
a 1.25
- 1.0
4]
g 0.072 :
-11
Observed and expected upper limits on HH pair production
—20 —1o Expected +1o +20 Observed
o (gg — HH) [pb] 0.5 0.6 0.9 1.3 19 1.2
o (gg — HH) /oM (gg — HH) 14 20 29 43 62 40
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