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Motivation

Why hh non-resonant searches?
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The double Higgs production is the principal
way to extract the SM Higgs trilinear
coupling, �hhh

One of the primary goals of a
high-luminosity phase of the LHC
BSM physics can be modelled with EFT
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Final states

Final states

BR(X ! hh ! yyzz)

7.3%

0.23%

hh ! 

bb
Although the low h! 

 branching ratio
(BR = 0:23%)

High photon-ID efficiency (& 90%)
High b-tagging efficiency (& 60%)


 excellent resolution (� 1%)
High h! 

 trigger efficiency at low
masses
Low background

hh ! ��bb
High � -ID efficiency (& 60%)

High b-tagging efficiency (& 60%)

High h! �� trigger efficiency

Low background

3 most sensitive channels: e�h, ��h and �h�h
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hh ! 

bb

Non-resonant
hh! 

bb

Analysis
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hh ! 

bb Backgrounds

Backgrounds

Driven by the h ! 

 main backgrounds

Main contribution is combinatoric:
prompt-prompt (pp) photons from the various
QED interactions (irreducible)

Other contribution: jets misidentified as
fake photons, prompt-fake (pf ) and

fake-fake (ff )
Isolated neutral mesons taking a
substantial fraction of the jet pT

Reducible with a suitable photon
identification

Minor contributions: DY, h ! 

, top+
s,
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hh ! 

bb Particles selection

Particles Selection
Photons

L = 19:7 fb�1,
p

s = 8 TeV

Inspired from h !!! 





 analysis:
Diphoton trigger, cut based
photon ID (exploiting isolation
and showershape variables), ...

Vertex with max(
P

p2
T)

Jets
AK5 jets and Loose jet ID
At least one b-tagged jet (CSV Medium
WP, 60-70% efficiency per jet)

h! b�b candidate: prefer b-tagged jets,
max(pjj

T ) pair

Kinematic fit
Constraint mjj in m

bb spectrum, compatible with mh = 125 GeV, taking into account the
experimental jet resolutions

Photons Jets Events classification
tight photon identification loose jet identification

pT
1=m

 > 1=3
pT
2=m

 > 1=4 pj

T > 25GeV
j�
 j < 2:5 j�jj < 2:5

100 < m

 < 180GeV 60 < mjj < 180GeV

at least 1 b–tagged jet
High purity: � 2 b–tagged jets

Medium purity: = 1 b–tagged jet
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hh ! 

bb Signal extraction

Signal extraction

2D Fit m

 �mjj

mKinFit


jj depends on the non-resonant hh

scenario (��, �t , c2) ! categorization also
in mKinFit



jj (2 additional categories)

Selections optimization of mKinFit


jj and

j cos �CS
HH j: SM HH as signal, MC simulations

as background and Selections which give the
best sensitivity

Signal and Background modelling:
Signal: Gaussian + Crystal-ball for
both m

 and mjj

Background: fit data with
Exp1� Exp1 (2-btag categories) or
Pow1� Pow1 (1-btag categories)

b-tag category High purity Medium purity
j cos �CS

HHj 0:9 0:65
mKinFit


jj categorization (GeV) < 350 > 350 < 350 > 350
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hh ! 

bb Results

Results

SM hh:
SM sensitivity � � BR > 1:85(1:56)
fb and 0.71 (0.60), assuming SM BRs.

�HH > 74(62+37
�22)

ATLAS combined result in bbbb,
bb�� , bb

 and 

WW is
�HH > 70(48), driven by the bbbbb
channel, e.g. 

bb �HH & 100

The analysis is statistics limited, the
effect of the systematics is just few
percent

�� scan:
Scan on �� assuming SM couplings
Models with high values of �� are
excluded
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hh ! 

bb Results

Results (II)
 (8 TeV)-119.7 fbCMS
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hh ! ��bb

Non-resonant
hh! ��bb

Analyses
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hh ! ��bb Backgrounds

Backgrounds

Driven by the h! �� main backgrounds, depending on the decay mode

Main irreducible backgrounds:
Z=
� ! ��

Diboson production (WW, WZ and ZZ), relevant for the `�h decay modes

Main reducible backgrounds:
QCD multijet with misidentified jets as �h, relevant for the �h�h decay
mode
Z+jets and W+jets with a misidentified jet as �h, relevant for the `�h decay
modes
Z=
� ! ``, t�t and single top production
SM Higgs production: Zh! bb, Wh! bb, Vh! �� , ggh! �� , qqh! ��

and ggh! bb

B. Marzocchi (INFN&Milano-Bicocca) Non-resonant di-Higgs production at CMS PHENO2016 - May 2016 11 / 18



hh ! ��bb Particles Selection

Particles Selection

Hadronic � ’s
Reconstructed by the Hadrons Plus Strips
(HPS) algorithm, combining PF charged
hadrons with neutral pions, taking into
account the conversions

MVA-based discriminator, exploiting the
transverse impact parameter of the ”leading”
track and the isolation

MVA-based electron discriminant,
exploiting calorimetric variables

MVA-based muon discriminant, exploiting
calorimetric and muon station variables

SVFit
m�� reconstructed by combining the
measured observables =Ex, =Ey and event
kinematic variables with a probability model

m�� which maximize the probability
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hh ! ��bb Particles Selection

Particles Selection (II)

Electrons
GSF electrons, matching the calorimetric
deposits with the tracks

MVA triggering electron-ID tight WP,

PF isolations are applied and electron
conversions are rejected

Muons
Standard muons identification, j�j < 2:4,
linking track segments reconstructed in the
silicon tracking detector and in the muon
system

Tight PFMuon-ID
PF isolations are applied

Jets
AK5 (AK4) jets in Run-I (Run-II)

Loose PFJet ID requirements applied

Loose WP of Pile-up jet ID

Missing Transverse Energy
Emiss

T with PF MET algorithm in Run-II
analysis

Emiss
T reconstructed using a multivariate

regression algorithm, discriminating
products of PU interactions from the hard
scattering, in Run-I analysis
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hh ! ��bb Run-I Analysis

Run-I Analysis
Event Selection: only �h�h decay modes

2 �h of pT > 45 GeV and j�j < 2:1 passing tight WP MVA-based discriminator & �
subleading
h

passing loose WP MVA-based electron discriminant

2 �h�h with the highest MVA-based discriminator, 80 < m�� < 140 GeV, reconstructed with SVfit

80 < mjj < 170 GeV and kinematic-fit �2 < 20

Events with isolated muons (pT > 15 GeV and j�j < 2:4) and electrons (pT > 15 GeV and
j�j < 2:4) passing the cut-based veto are discarded

Categorization
2jet2btag: � 2 jets� and 2 b-jets�

2jet1btag: � 2 jets� and 1 b-jets�

2jet0btag: � 2 jets� and 0 b-jets�

-> jets� � jets of pT > 30 GeV and j�j < 4:7
or passing b-jet selection

-> b-jets� � jets of pT > 20 GeV and
j�j < 2:4 or passing passing medium WP
of CSV algorithm

Background Estimation
Embedded Z=
� ! �� : Z ! �� events
selected in data, reconstructed muons replaced
by simulated taus

QCD: fully data driven

tt, single top: Shape from MC simulation,
normalization from data

Electroweak (W+jets, diboson, Z ! ee=��):
shapes from MC simulation, normalization from
MC simulan, but for W+jets
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hh ! ��bb Run-I Analysis

Run-I Analysis: Results
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Eg: for h ! �� , m2
T2 �

min[maxfm2
T(pTl� ; =p1);m2

T(pTl+ ; =p2)g],
where =pT = =p1 + =p2

mT2 provides an upper kinematic bound on
the mass of the di-Higgs system

Results
mT2 Estimator of the hh system as shape
variable to separate the signal from
backgrounds

Analysis dominated by the statistical
uncertainties
Observed (expected) limits of 0.59 pb
(0.94+46

�24), corresponding to 53 (84)��SM
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hh ! ��bb Run-II Analysis

Run-II Analysis
Event Selection

bb��h (bbe�h): 1 isolated muon (electron) of pT > 19(24) GeV and j�j < 2:1 and 1 isolated �h
of pT > 20 GeV and j�j < 2:3, passing MVA e� � discriminators

bb�h�h: 2 isolated �h of pT > 45 GeV and, j�j < 2:1, passing MVA e� � discriminators

Opposite charge leptons, events containing additional isolated e=� rejected

2 additional jets of pT > 30 GeV, j�j < 2:4, passing the CSV loose WP, with the highest CSV

m�� reconstructed with SVfit, 80 < m�� (mjj) < 160 GeV

Background estimation as Run-I analysis, no embedded samples

BDT leptonic channels
discriminator

Discriminate bb��h and bbe�h) from t�t
background

Input variables not affected by NLO
effects, mildly dependence on �hh:
��(hbb; h�� ), ��(h�� ;Emiss

T ),
��(hbb;Emiss

T ), �R(b; b) and �R(`; �h)

BDT selection to have 80% signal efficiency
and 85% background rejection

BDT output
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hh ! ��bb Run-II Analysis

Run-II Analysis: Results
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mbb�� as shape variable to
separate the signal from
backgrounds, sensitive to �hh

Analysis dominated by the
statistical uncertainties
Observed (expected) limits
of 8.8 (7.2) pb,
corresponding to 200��SM
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Conclusions

Conclusions

�hh measurement one of the primary goals of a
high-luminosity phase of the LHC
Results shown for Run-I and Run-II
non-resonant hh analysis
Run-I:

hh! bb

 (19.8 fb�1 and 8 TeV): 74��SM

and BSM models tested (��; �t; c2)

hh! bb�� (18.3 fb�1 and 8 TeV): 53��SM

Run-II:
hh! bb�� (2.7 fb�1 and 13 TeV):
200��SM and BSM models tested (��; �t)

Improve results with more data, 2016 data
taking

Test other BSM couplings, c2g and cg
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BACKUP

BACKUP
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BACKUP Particles Reconstruction

Photons Identification

Cut-based photon ID barrel endcap
R9 > 0.94 R9 < 0.94 R9 > 0.94 R9 < 0.94

PF isolation sum, chosen vertex 6 4.7 5.6 3.6
PF isolation sum worst vertex 10 6.5 5.6 4.4
Charged PF isolation sum 3.8 2.5 3.1 2.2
�i�i� 0.0108 0.0102 0.028 0.028
H/E 0.124 0.092 0.142 0.063
R9 0.94 0.298 0.94 0.24
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BACKUP Particles Reconstruction

�h Identification
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BACKUP Particles Reconstruction

Jets b-tagging

The presence of a secondary vertex
to identify the b-jets

Combined Secondary Vertex,
discrimination variables:

Significance of the flight
distance
Secondary vertex variables

Optimization on multijets and
top-jets samples

The medium WP, CSV > 0.679
(60-70% efficiency) is used
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Kinematic fit
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Constraint mjj compatible with mH = 125 GeV

Takes into account the experimental jet resolutions
Improves notably the 4-body mass spectrum resolution for signal
Shuffles events around for background
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SM Signal fit
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Background fit
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Signal Efficiency
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Event Yields

High Purity Medium Purity
Sample high M

jj;kin low M

jj;kin high M

jj;kin low M

jj;kin

SM: �� = 1, �t = 1, c2 = 0 2.03 0.28 1.99 0.20
�� = 20, �t = 1, c2 = 0 78.7 102 86.5 96.5
�� = 1, �t = 1, c2 = �2 103 16.2 101 16.5

ggH(! 

) 0.05 0.04 0.29 0.32
VBF (H ! 

) 0.01 0.01 0.05 0.05

WH(! 

) - - 0.12 0.09
ZH(! 

) 0.04 0.02 0.07 0.05
t�tH ! 

 0.16 0.17 0.30 0.17
b�bH ! 

 - 0.01 0.01 0.04


+ jets 13 21 151 268

+ jets - 4.3 28 53
QCD - - - -

DY+Zg+Wgg - 0.01 2.3 0.18
tgg+ttgg+ttgj 1.3 2.2 3.3 3.4

Data 41 37 136 319
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Systematics

Common normalization uncertainties
Luminosity 2.6%

Diphoton trigger acceptance 1.0%

Normalization uncertainties
Photons selection acceptance 1.0%

pT;j selection acceptance ( JES & JER) 1%
b tagging efficiency uncertainty 2 b tag category 5.0%

b tagging efficiency uncertainty 1 b tag category
Low mass resonant and nonresonant mKinFit



jj < 350 GeV -2.1%
Nonresonant mKinFit



jj > 350 GeV -2.8%
mKinFit


jj acceptance (PES � JES & PER � JER)

Low mass resonant 1.5%
Nonresonant mKinFit



jj < 350GeV categories 1.5%
Nonresonant mKinFit



jj > 350GeV categories -0.5%
Shape uncertainties

mregression
jj parametric resolution shift (JER) ��jj

�jj
= 10%

mregression
jj parametric scale shift (JES uncertainty) �mjj

mjj
= 2:6%

m

 parametric resolution shift (PER) ��


�



= 5% or ��


m



= 0:05%
m

 parametric scale shift (PES�M(H) uncertainty)
Low mass resonant �m



m


= 0:4� 0:2%

Nonresonant �m



m


= 0:5� 0:2%
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Event Yields
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Systematics

Normalization:
Tau trigger efficiency (4.5% per leg)
Tau ID efficiency (6% per tau)
UncertainOes on e! �h and �! �h fake-rates (30% per fake)
Theoretical uncertainties on cross-sections and PDF uncertainties
Luminosity uncertainty (2.6% for 2012)
Z=
 ! �� background yield in 2Jet2Tag, 2Jet1Tag, 2Jet0Tag to inclusive event
category (5% ”extrapolaOon uncertainty”)
Normalization uncertainties on background estimates, mainly due to limited event
statistics in control regions
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Systematics (II)

Shape:
Uncertainty on turn-on curve of single jet trigger, measured in data
Tau energy scale
Jet energy scale
Jet! �h fake-rate in W+jets MC (100% uncertainty on correction)
b-tagging efficiency and mistag rate
Top quark pT reweighting (100% uncertainty on correction)
Uncertainty on tight/(very-loose and fail tight) ratio for QCD
Normalization of tt+jets contamination subtracted from Z ! �� embedded
samples (10%)
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BDT bb`�h discriminator
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Event Yields
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Systematics
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