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Search for Higgs Boson Pair Production at the LHC

HH productlon at 14 TeV LHC at (N)LOi |n QCD
M =125 GeV, MSTW2008 (N)LO pdf (68%cl)
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Gluon Fusion (ggF)

Several CMS analysis search for HH production using all Run 2 data
(138 fb~1).
Studying main production modes: Gluon and Vector Boson Fusion.
Oggr ~ 20 X oypp
e 2 additional forward jets (with high invariant mass) in the VBF
production mode.
Analysis objectives:
* Obtain the upper limitonr = g /ogy.
* Constrain the values of the Higgs couplings involved.

Vector Boson Fusion (VBF)
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Search for Higgs Boson Pair Production at the LHC

BR HH—xxyy
{my = 125 GeV)

e Studying decay HH — bbtt: Medium branching ratio (~7.3%) and
relatively low background.

* Considering the fully-hadronic (t,7y), and semi-leptonic (.7,
7, Tp) final states (3,BR(7T — 7,75) = 88%).

KPrevious CMS HH — bbtt result: iB\
778 (2018) 101

« Using 2016 data: 35.0 fb~1 £° Latest results: CIMIS-PAS-HIG-20-010 }

* Presented already at Moriond EWK.

* 95% CL upper limiton o(gg — HH)
obs (exp) ~30(25) X ogy
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https://doi.org/10.1016/j.physletb.2018.01.001.
https://cds.cern.ch/record/2803419?ln=en
https://moriond.in2p3.fr/2022/EW/Program.html
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MAIN BACKGROUNDS
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http://cds.cern.ch/record/2694158/files/DP2019_033.pdf

Analysis flow

[ Trigger requirements ]

e, U, T object selection
H — 77 pair identification

b jets, VBF jets selection
H — bb pair identification

VBF pair identification

Event categorization

[ Signal extraction ]
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Analysis flow
[ Trigger requirements ] |:>

{ e, U, T object selection

H — 17 pair identification J %

b jets, VBF jets selection
H — bb pair identification
VBF pair identification

Event categorization

Signal extraction J
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Targetting H — 77 decay products:
* 7,Tp channel: single muon, muon-ty cross trigger

* T,T, channel: single electron, electron-t; cross trigger

\° T, T channel: di-ty, trigger, dedicated VBF H — 1,7, triggery

* Match offline to trigger objects
* Apply kinematic, isolation and identification requirements.

HH - bbtt




Analysis flow

Trigger requirements J

e, U, T object selection
H — 17 pair identification

b jets, VBF jets selection
H — bb pair identification
VBF pair identification

) N\

Event categorization

Signal extraction J
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K New ML-based b jet candidates'
selection: HH-btag
* Improving H — bb selection
efficiency and mass resolution
w.r.t. CMS standard b-tagging

(Deeplet).
» Select VBF jet candidates (highest

HH - bbtt


https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012

Analysis flow

_ 8 final analysis categories
Triggers

i 1 —TauTau candidate o : iri fat iet
Trigger requirements J ol Boosted category: Requiring a fat je

with 2 loose b-tag subjets matched to
the selected b jets.

 Resolved 1 btagand 2 b tag: one or two
jets passing medium b-tag WP.

* VBF categories: m;; > 500 GeV and
|A77jj| > 3, medium b-tag requirement
on at least one b jet candidate. Five

(1btag ) ((2btag ) subcategories identified using a

multi-classifier.

2 VBF cand.?
e, U, T object selection
H — 17 pair identification

H — bb pair identification
VBF pair identification

b jets, VBF jets selection J

“Probability”
& HHggF 0.41
[ Event categorization . HHvsr  0.18
Example 2 b Categorize
tp '_(3 ttbar 0.13 - byhighest
even g DY 0.9 output
ttH  0.19
Signal extraction J Y =1
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Analysis flow

[ Trigger requirements ] * Using a dedicated ML discriminator that provides a single
prediction to discriminate between signal and background.

* Trained with boosted and resolved events and considering as

signal only the ggF samples.

* Binned shape of the output score used in all analysis categories.

e, U, T object selection
H — 17 pair identification

8
CMS  supplementary 59.7 " (13 TeV) CMS  Supplementary 507 b (13 TeV)

) ) ) _g 10° bb .7, —Pre[il‘?qHH SM x 150.0 = Prefit ggHH SM x 5.0 g bb 7,7, — Pretil qgHH SM x 150.0 —— Prefit ggHH SMx 5.0
b jets, VBF jets selection Eop ™ Ea ;‘ng S 10 cassypr ok - -~ ~
. . o . P g:;ir;vsipw_m"m pata I Others ¢ Dala
H — bb pair identification 10° Resolved st Resolved 2 b
VBF pair identification 1o ’ VBF subcat tag and VBF
L subcategory
10°! — ThTh, 2018
[ Event categorization ] o - /
[ Signal extraction ] ﬁ
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Results: Upper limits @SM

CMS _bbr, 138fb (13 Tev) bbrt, 138 fb' (13 TeV)
L L L L L B B "'|"'|"'|"'|"'|"‘|'
r=0/0 Ky = Ko =_1 —e— Observed ~ ----- Medlan expected Ky = Ky =_1 —e— Observed ~ ----- Median expected r =0 o
F+V/B FSM Ky = Kay =1 B 68% expected Ky = Koy =1 B 68% expected VBF VBF/ SM
(gg ) ----- 95% expected | | ===e- 95% expected (VBF Only,
- — — — assumming 7gop = 1)
2016 2016
Expected 10.6 Expected 357
Observed 8.92 Observed 283
2017 2017
Expected 11.7 Expected 392
Observed 9.47 Observed 280
2018 2018
Expected 8.16 Expected 226
Observed 5.51 Observed 241
Run 2 Run 2
Expected 5.22 Expected 154
Obsewed 333 1 1 I 11 | I 1 1 | I 11 | I I I 1 1 | I 11 1 Obsewed 124 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 l 1
0 5 10 15 20 25 30 35 0 200 400 600 800 1000 1200
95% CL limit on o(pp — HH (incl.)) / cTheory 95% CL limit on o(pp — qqHH)/ GTheory
Obs (exp) upper limit on inclusive HH production: Obs (exp) upper limit on VBF HH production:

* ggF + VBF: second most sensitive CMS HH analysis.
* VBF: most sensitive CMS HH analysis.
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Results: Inclusive HH upper limits vs. kj and K,

ory

The:

95% CL limit on o(pp — HH (incl.))/ o
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Conclusions

* Search for non-resonant HH production in the bbtt final state has been presented.
* Using the full Run 2 data set (138 fb™1).
e Studying the main production modes: ggF and VBF.
* Considerable improvement compared to the previous CMS HH — bbtt results due to
increased statistics and introduction of advanced Machine Learning techniques at analysis
and object identification levels.

* Observed (expected) 95% CL upper limit for the SM point:

* Oggr+ver = 3.3 (5.2) X Sé\i[:wBF

* OVYBF — 124 (154) X O-VBF
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BACKUP
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Latest HH — bbtt results (2016 dataset)

CMS preliminary 359fb' (13 TeV)
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https://doi.org/10.1016/j.physletb.2018.01.001.
https://doi.org/10.1103/PhysRevLett.122.121803

Multi-class classification for VBF categorization

* In order to separate the VBF signal from the ggF and “Probability”
other background contamination, we classify the events HHger 041
in this category into 5 subcategories using a multi-class — % AHver 018 Categorize
oo . Xample = C
classification. evemp e fthar 013 g by highest
. . . . S DY 0.09 output
* In this strategy, machine learning techniques are used to o 019

assign probability estimates for an event to belong to S

categories associated to any of the relevant physics a

processes under consideration.

Lorentz Boost Network
Vector inputs Particles Boosted particles Features 1
0000
. OO0 S Neural Network
LBN takes N input four- °
vectors, creates M P : Q000
. 9090 0000 0000
particles, boosts them V /0000! P N
their rest fram.es and PO, _8838 : : 8 - Objective
extracts generic features OO0 e
. — . — — P ,—,,

from them and their D : ratwe () i
combinations. @ 0000 1o}
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https://arxiv.org/pdf/1812.09722.pdf

DNN for signal extraction

* A dedicated ML discriminator that
provides a binary signal vs background
classification is trained.

* Trained with events belonging to the
resolved and boosted categories and
considering as signal only the ggF LO
sample.

e Each discriminator is an ensemble of
ten neural networks trained via ten-fold
cross validation.

* The final score is a weighted sum of
the DNN scores from the ensemble

* Binned shape of the output score is
used for the final signal extraction in all
analysis categories.
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DNN architecture

Continuous
features

[ Categorical features ]

!

Categorical
embeddings

|

X

Linear - Swish - Dropout

,;@, Concatenation
Y

Linear - Swish - Dropout

:Q

Y
Linear - Sigmoid
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DNN for signal extraction

* An extensive set of high- and low-level features is considered as possible inputs.
 The most influential inputs are selected using a series of steps:

* Cleaning of linearly correlated features

* |terative cleaning based on feature importance using Random Forest classifiers.

* Pruning of features with a high mutual dependency among the remaining ones.
* The final NN ensemble is trained on 20 continuous and 6 categorical features.

Some of the most important continuous features Categorical features

M(HH) (KinFit)
x? (KinFit)
M(zt) (SVFit)
AR(t,7) - p:(H(tT)(SVFit))
My (t,, MET)

Channel
Year
Boosted flag
VBF jets presence
Highest deepflavour WP from the first b

Deepflavour CvsB of the first b jet
Highest deepflavour WP from the second b
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Background composition (7,7, 2018)

mmm classVBF | classGGF | _classTT | _classDY | classTTH

46.71 18670.46  15577.77 369.8 151.13 4786.5 198.89 1613.41
dy+jets 15.12 6150.25 638.72 86.7 22.77 66.59 87.72 11.21
qcd 0 1978.46 398.11 52.4 0.36 164.78 27.91 0
tth 0.83 19.75 23.43 0.37 0.59 3.92 0.64 10.81
others 13.89 5876.12 783.2 61.57 15.83 312.37 44.56 94.73
BKG SUM 76.55 32695.04 17421.23 570.84 190.68 5334.16 359.72 1730.16
ggHH SM 0.15 0.72 0.8 0.066 0.09 0.012 0.0071 0.022
VBFHH SM 0.0014 0.013 0.011 0.042 0.0037 0.0032 0.0014 0.0018
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Background composition (7,Tj, 2018)

32.57 11466.95 9418.7 224.51 91.95 3031.34 132.82 1111.3
dy+jets 14.16 5080.67 474.66 65.45 15.85 69.61 83.49 16.27
qcd 0 743.47 0 0 0 50.05 10.05 0
tth 0.53 12.34 14.72 0.20 0.36 2.50 0.41 7.05
others 12.82 3387.06 680.1 26.24 12.14 205.79 30.84 65.1
BKG SUM 60.08 20690.49 10588.18 316.4 120.3 3359.29 257.61 1199.72
ggHH SM 0.15 0.72 0.8 0.066 0.09 0.012 0.0071 0.022
VBFHH SM 0.0014 0.013 0.011 0.042 0.0037 0.0032 0.0014 0.0018
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Background composition (73,73, 2018)

0.42 260.90 220.41 17.52 2.91 119.56 4.54 26.63

dy+jets 8.27 829.12 90.16 14.66 8.51 23.25 36.64 1.75

qcd 1.07 769.12 58.13 18.1 1.56 80.61 9.89 0.26

tth 0.25 3.68 2.93 0.15 0.27 0.62 0.11 0.86

others 4.97 133.53 27.55 7.06 3.3 12.6 5.83 3.34

BKG SUM 14.98 1996.35 399.18 57.49 16.55 236.64 57.01 32.84

ggHH SM 0.14 0.7 0.82 0.051 0.066 0.0088 0.0039 0.008
VBFHH SM 0.0016 0.013 0.011 0.024 0.0025 0.0015 0.00076 0.00041
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Results: Upper limits @SM

ATLAS RESULT r (ggF+VBF) SM only!

Table 5: Observed and expected upper limits at 95% CIL. on the cross-section of non-resonant HH production
according to SM-like kinematics, and on the cross-section of non-resonant HH production divided by the SM
prediction. The +1 ¢ and +2 o variations around the expected limil are also shown.

Observed -20 —-lo Expected +lo +20
O geF+VBF [fD] 145 70.5 94.6 131 183 245

Tadthad /oM e 495 238 319 443 617 827
o 0 geFveE [b] 265 124 167 231 322 432
fep Thad TearsVBE/Tonpype 916 422 566 786 109 147
_ O oerirvir [1D] 135 613 823 114 159 213
Combined = ever/o™ || 465| 208 279 [387| 539 722
* CMS HH — bbtt upper limitsin a/agy: ggF +VBF 3.3 (5.2)

VBF 124 (154)
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HH - bbtt 21


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/

