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Introduction

CMS and ATLAS have observed a  
Standard Model-like Higgs boson

Couplings match SM predictions 
Spin-parity consistent with 0+Higgs mass in expected range
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Introduction

CMS and ATLAS have observed a  
Standard Model-like Higgs boson

Couplings match SM predictions 
Spin-parity consistent with 0+Higgs mass in expected range

• The Standard Model cross section of gg→HH production is ~ 10 fb (40 fb) at 8 TeV (14 TeV). 
Non-resonant HH. Measuring this is important, but hard! Excesses will point to BSM. 

!
• Experimentally feasible and important to search for HH resonances produced exclusively by 

BSM physics. Informs us on how to go about non-resonant searches. 
!
The Higgs boson (H) is now a tool for searches Beyond the Standard Model.
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Outline

Some theoretical motivation for resonant HH production 
• 2 Higgs-doublet models 
• Warped extra dimensions 

!
Experimental searches at CMS 

• 4 b-jet Final State:                                X→HH→(bb̄)(bb̄) [Shown] 
• 2 Photons and 2 b-jets Final State:      X→HH→(ɣɣ)(bb̄)  [Shown] 
• Multi-leptons and Photons Final State: X→HH→(ll)(ll/ɣ)   [Shown]  
• 2 Taus and 2 b-jets Final State:           X→HH→(𝜏𝜏)(bb̄) [In progress. Not shown] 

!
What next?!

• Re-optimize analyses for Run 2 
• Boosted X→HH in Run 1 data and for Run 2 
• Non-resonant HH searches
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•  IntroducMon+
+

!  Analysis+Strategy'

!  Signal+Modeling+

!  Background+Modeling+

!  SystemaMc+UncertainMes+
+

•  Background#Fit+Choice+Bias+Study+

•  Signal+InterpolaMon+

•  Unblinded+Data+

•  Results+

Outline
‣ Introduction 

‣ Theoretical Scenarios 
‣ Event Selection(s) 

‣ Low Mass and High Mass search 
‣ Kinematic Fit 
‣ Background Estimate 

‣ Modeling 
‣ Signal 

‣ Systematic uncertainties 
‣ Background 

‣ Control Region cross checks 
‣ Expected Limit
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Example Theoretical Models
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2 Higgs-Doublet Models!
!
• Two EWK SU(2) Higgs doublets, 𝚽1 and 𝚽2 
!

• 5 Higgs bosons emerge: H, h, A, H+, H- 
!

• Parameters for theoretical exclusion:  
  tan𝛽 and cos(𝛽 - α), where 

!
   
      
!
!

Example Theoretical Models

the mixing angle ↵ that diagonalizes the 2⇥ 2 neutral scalar h�H mass squared matrix,
 p

2 Re(�0
2)� v2p

2 Re(�0
1)� v1

!
=

 
cos↵ sin↵

�sin↵ cos↵

! 
h

H

!
; (2.3)

the four physical masses mh,mH ,mA,mH± ; and the couplings �5,�6, and �7, shown explicitly

in Appendix A. The discrete symmetry that ensures the Glashow-Weinberg condition also

requires �6 = �7 = 0, though in what follows we will consider the e↵ects of nonzero �6,7

where appropriate.

The angles ↵ and � fully determine the couplings between a single physical Higgs boson

and two gauge bosons or two fermions, as well as the coupling between two Higgses and a

single gauge boson. Only renormalizable couplings involving three and four physical Higgs

bosons depend on the additional parameters of the potential. Therefore if we identify the

lightest CP-even neutral Higgs scalar h with the observed SM-like Higgs at 126 GeV, with

the remaining scalars H,A,H± equal in mass or heavier, then deviations in the production

and decay rates of the SM-like Higgs from the SM prediction may be parameterized entirely

in terms of ↵ and �.

Thus far, the signals of the Higgs boson measured by ATLAS and CMS have remained

largely consistent with SM predictions. This consistency suggests that if the EWSB sector is

described by a 2HDM, it is likely to lie near the alignment limit where sin(��↵) = 1 and the

coupling of h to vector bosons is SM-like [36].5 Given this preference, it is useful to express

the couplings of various Higgs scalars to SM fermions and gauge bosons in terms of deviations

from the alignment limit. In particular, the couplings to fermions in various types of 2HDM

depend on four trigonometric functions of ↵,� that may be expanded near the alignment

limit. The couplings of the CP-even scalar h depend entirely on the combinations

sin(��↵)� tan� cos(��↵)' 1� tan� cos(��↵)� 1

2
cos2(��↵) +O(cos4(��↵)) (2.4)

sin(��↵) + cot� cos(��↵) ' 1 + cot� cos(��↵)� 1

2
cos2(��↵) +O(cos4(��↵)) (2.5)

while the couplings of the remaining scalars depend on the combinations

tan� sin(��↵)+cos(��↵)' tan�
h
1+cot� cos(��↵)� 1

2
cos2(��↵) +O(cos4(��↵))

i
(2.6)

cot� sin(��↵)�cos(��↵) ' cot�
h
1�tan� cos(��↵)� 1

2
cos2(��↵) +O(cos4(��↵))

i
(2.7)

In the second equality we have expanded around sin(� � ↵) = 1. In Table 2 we use these

trigonometric identities to express the fermion and vector couplings of all scalars in the four

discrete types of flavor-preserving 2HDM as a function of tan� and � � ↵.

5Note that we distinguish the alignment limit sin(� � ↵) = 1 from the decoupling limit m2
A � |�i|v2.

When mH,A,H± � mh these limits coincide, but in general we also wish to consider the case where all scalars

are relatively light but the couplings of h are entirely SM-like, perhaps due to accidental cancellations in the

2HDM potential.

– 7 –
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Figure 10: Contour plot for Type I 2HDM where contour lines give s * Br for H ! hh. Parame-
ters a and tan b give Heavy higgs’s couplings to SM fermions and massive gauge bosons. This
figure is similar to one from theory paper by Nathaniel Craig et al. [4], the only difference is
plotting of tan b, instead of b, on the vertical axis.
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Figure 11: Left: Observed and expected limits on Heavy higgs of mass 300 GeV in Type I
2HDM. The parameters a and b determine the cross section for H production, the Br(H ! hh)
and the Br(h ! WW, ZZ, tt, gg). Right: The s * Br(H!hh) contours for TYPE I 2HDM. This
figure is similar to one from theory paper by Nathaniel Craig et al. [4], the only difference is
plotting of tan b, instead of b, on the vertical axis. The regions below the observed limit lines
and within the loop by marked by observed limit are excluded.

Type I 2HDM where y1u,d,e = 0. Contour 
lines give 𝜎(pp→H→hh) for a given tan𝛽 
and cos(𝛽-α).  !
Experimental exclusion curves will be 
placed on such plots.
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2 Higgs-Doublet Models!
!
• Two EWK SU(2) Higgs doublets, 𝚽1 and 𝚽2 
!

• 5 Higgs bosons emerge: H, h, A, H+, H- 
!

• Parameters for theoretical exclusion:  
  tan𝛽 and cos(𝛽 - α), where 

!
   
      
!
!

Example Theoretical Models
Warped Extra Dimensions!

!
• Randall Sundrum (RS1) warped extra dimension 

models require a scalar radion to stabilize the 
length of the extra dimension  

[Goldberger-Wise mechanism] 
!

• A radion with mass above 250 GeV can decay 
to two SM Higgs  
[Radion phenomenology, Csaba Csaki et al]

the mixing angle ↵ that diagonalizes the 2⇥ 2 neutral scalar h�H mass squared matrix,
 p

2 Re(�0
2)� v2p
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1)� v1
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=
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; (2.3)

the four physical masses mh,mH ,mA,mH± ; and the couplings �5,�6, and �7, shown explicitly
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single gauge boson. Only renormalizable couplings involving three and four physical Higgs

bosons depend on the additional parameters of the potential. Therefore if we identify the

lightest CP-even neutral Higgs scalar h with the observed SM-like Higgs at 126 GeV, with
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and decay rates of the SM-like Higgs from the SM prediction may be parameterized entirely
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trigonometric identities to express the fermion and vector couplings of all scalars in the four

discrete types of flavor-preserving 2HDM as a function of tan� and � � ↵.

5Note that we distinguish the alignment limit sin(� � ↵) = 1 from the decoupling limit m2
A � |�i|v2.

When mH,A,H± � mh these limits coincide, but in general we also wish to consider the case where all scalars

are relatively light but the couplings of h are entirely SM-like, perhaps due to accidental cancellations in the
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Figure 10: Contour plot for Type I 2HDM where contour lines give s * Br for H ! hh. Parame-
ters a and tan b give Heavy higgs’s couplings to SM fermions and massive gauge bosons. This
figure is similar to one from theory paper by Nathaniel Craig et al. [4], the only difference is
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Figure 11: Left: Observed and expected limits on Heavy higgs of mass 300 GeV in Type I
2HDM. The parameters a and b determine the cross section for H production, the Br(H ! hh)
and the Br(h ! WW, ZZ, tt, gg). Right: The s * Br(H!hh) contours for TYPE I 2HDM. This
figure is similar to one from theory paper by Nathaniel Craig et al. [4], the only difference is
plotting of tan b, instead of b, on the vertical axis. The regions below the observed limit lines
and within the loop by marked by observed limit are excluded.

Type I 2HDM where y1u,d,e = 0. Contour 
lines give 𝜎(pp→H→hh) for a given tan𝛽 
and cos(𝛽-α).  !
Experimental exclusion curves will be 
placed on such plots.

Theoretical cross section for the RS1 radion 
with radion decay constant ΛR = 1, 2, 3 TeV. 
Experimental exclusion curves will be placed 
on this plot.4
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X→HH→(bb̄)(bb̄) 

5

Background Definition 77

Given the extremely large cross section, QCD multi-jet events contaminate in a significant

way the sample selected for this analysis. The four jet production at leading order accuracy in

massless QCD is about 200 nb1 [140, 139]. However, the strong requirement of four tagged b-jets

and with pT above certain thresholds in the final state reduces by large factors the background

component due to fake tagging.

The analysis uses an operation point of the b-tagging discriminant such that the probability

to tag a b-jet is 74.6%, an udsg-jet is about 3.4% and the probability to tag a c-jet is 23%. The sig-

nal signature can be faked by real b-jets created by gluon splitting or jet misidentified as coming

from b-quark hadronization due to b-tagging algorithm limitations. In Fig. 5.2 some examples

of QCD bbbb production are shown.

Using the SHERPA event generator [139] the bbjj production is estimated to be a factor ⇠ 200

larger than the bbbb production cross section at LO, which is few tens pb, (�(jjjj) : �(bbjj) :

�(bbbb)=6500:200:1). It contributes to the selected data sample if both the light jets are misiden-

tified as originated from a b-quark. Given the b-tagging algorithm performances at the opti-

mized working point, both the jjjj and bbjj result to be highly reduced and not dominant with

respect to the non-resonant bbbb QCD production. Though a small contribution is expected

from misidentified bbjj and bbcc events, as shown in Tab. 5.1.

q

q̄ g
g

p

p

b

b

b̄

b̄

g

g
g

g

g

p

p

b

b̄

b

b̄

Figure 5.2: Example of lowest order Feynman diagrams for QCD multi-jet production with quarks and glu-
ons in the initial state contributing to the four b-jets final state.

Huge amount of MC events needs to be generated to properly estimate the QCD multi-jet

background, which contributes to the small phase space selected by this analysis. Moreover,

one would have to be very confident in the details of the detector simulation. Therefore a data

driven technique is used to model it, as it will be explained in Chapter VII.

Top pairs production provides final states very similar to the signal, with two real b-jets. Also

two additional c-jets from the two W decays can be misidentified as b-jets, and the b- and c-jets

coming from the same top decay may mimic the dijet system topology of the Higgs boson. The

full hadronic decay mode, hence contributes in a non-negligible way to the selected data sample.

In the rough estimate reported in Tab. 5.1 the other jets combinations, which are possible among

1The settings used for the calculations are: pT > 30 (anti-kT , �R=0.5), |⌘| < 2.5, CT10 (NLO) as PDF set, µR = µF =
HT /2

78 Chapter V. HH! bbbb Analysis Strategy

the six jets for the fully hadronic decay mode, are not taken into account.

q
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q̄

p

p

t

t̄

g

g
g

p

p

t

t̄

g

g

p

p

t

t̄

Figure 5.3: Lowest order Feynman diagrams for tt production at LHC.

The production of a Z boson in association with multiple high pT jets where two b-jets can

be produced by the Z decay can also produce the same signal signature, and so do diboson and

Higgs associated production (ZZ and ZH) with both bosons decaying into b-jets. In Fig. 5.3 and

5.4 some lowest order Feynman diagrams for these processes are shown.

q

q̄

Z

gp

p

b̄

b

b̄

b

Figure 5.4: Lowest order Feynman diagram for Z+jets production at LHC.

As shown in Tab. 5.1 the dominant background is from QCD production, followed by tt. The

other backgrounds give negligible contribution. The production of the Higgs boson via gluon

fusion in association with jets is predicted to be about 1 pb at NLO [141, 142] and it is expected

to contribute in a negligible way to the phase space selected in this analysis. MADGRAPH 5.1 [143]

is used to generate the signal, di-boson, Z+jets, and tt samples. QCD multi-jet samples are sim-

ulated with PYTHIA. Samples of the Higgs boson produced in association with a Z boson are

produced using the POWHEG [144, 145, 146] event generator interfaced with HERWIG++ [147] for

parton showering and hadronization. The PYTHIA parameters for the underlying event are set to

the Z2STAR TUNE [148]. The response of the CMS detector is modeled using GEANT4 [149].

Signal Example QCD multijet !
background diagram

Example tt ̄!
background diagram
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X→HH→(bb̄)(bb̄) 

Highest Higgs branching fraction to bb̄. Have to unearth signal from under copious 4-jet QCD multi-jet 
background, which includes ~ 23% of tt.̄ We exploit: 

!
• Resonant structure of signal over relatively smooth background in mX 
• Signal shape modeled from MC, where X is a radion 
• Background decomposed into two components 

• tt ̄component. Parametric form from MC 
• QCD multi-jet component. Form modeled from data sidebands,  

validated in several Control Regions 
!
• b-tagging at the trigger 
• Powerful offline b-tagging (CMVA algorithm) with 75% b-tagging and 3% mistagging efficiency 
• Good mbb̄ resolution for a sharp signal peak 
• Further enhanced by kinematic constraint on jet energies to the Higgs mass 
• Conducted in two mass regimes:  

Low Mass Regime: 270 GeV ≤ mX ≤ 450 GeV, High Mass Regime: 450 GeV < mX ≤ 1100 GeV

X4b, basic idea

• gluon fusion production of a massive X 

• resonant HH final state 

• negligible SM contributions to HH final state 

• X has negligible natural width 

• Assuming SM H BR, looking at the 4b final state  

• H→bb̄ as leading BR 

• high b-tag efficiency  

• good m(bb̄) resolution 

3

g

g
X

H

Hp

p

b̄

b

b̄

b

• The Higgs boson discovery opens new possibilities for searches BSM 
• As a "tool" to search for higher mass resonances (X) decaying into pairs of H  

• looking in the 270 GeV - 1.1 TeV mass range

5

Background Definition 77

Given the extremely large cross section, QCD multi-jet events contaminate in a significant

way the sample selected for this analysis. The four jet production at leading order accuracy in

massless QCD is about 200 nb1 [140, 139]. However, the strong requirement of four tagged b-jets

and with pT above certain thresholds in the final state reduces by large factors the background

component due to fake tagging.

The analysis uses an operation point of the b-tagging discriminant such that the probability

to tag a b-jet is 74.6%, an udsg-jet is about 3.4% and the probability to tag a c-jet is 23%. The sig-

nal signature can be faked by real b-jets created by gluon splitting or jet misidentified as coming

from b-quark hadronization due to b-tagging algorithm limitations. In Fig. 5.2 some examples

of QCD bbbb production are shown.

Using the SHERPA event generator [139] the bbjj production is estimated to be a factor ⇠ 200

larger than the bbbb production cross section at LO, which is few tens pb, (�(jjjj) : �(bbjj) :

�(bbbb)=6500:200:1). It contributes to the selected data sample if both the light jets are misiden-

tified as originated from a b-quark. Given the b-tagging algorithm performances at the opti-

mized working point, both the jjjj and bbjj result to be highly reduced and not dominant with

respect to the non-resonant bbbb QCD production. Though a small contribution is expected

from misidentified bbjj and bbcc events, as shown in Tab. 5.1.

q

q̄ g
g

p

p

b

b

b̄

b̄

g

g
g

g

g

p

p

b

b̄

b

b̄

Figure 5.2: Example of lowest order Feynman diagrams for QCD multi-jet production with quarks and glu-
ons in the initial state contributing to the four b-jets final state.

Huge amount of MC events needs to be generated to properly estimate the QCD multi-jet

background, which contributes to the small phase space selected by this analysis. Moreover,

one would have to be very confident in the details of the detector simulation. Therefore a data

driven technique is used to model it, as it will be explained in Chapter VII.

Top pairs production provides final states very similar to the signal, with two real b-jets. Also

two additional c-jets from the two W decays can be misidentified as b-jets, and the b- and c-jets

coming from the same top decay may mimic the dijet system topology of the Higgs boson. The

full hadronic decay mode, hence contributes in a non-negligible way to the selected data sample.

In the rough estimate reported in Tab. 5.1 the other jets combinations, which are possible among

1The settings used for the calculations are: pT > 30 (anti-kT , �R=0.5), |⌘| < 2.5, CT10 (NLO) as PDF set, µR = µF =
HT /2
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the six jets for the fully hadronic decay mode, are not taken into account.
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Figure 5.3: Lowest order Feynman diagrams for tt production at LHC.

The production of a Z boson in association with multiple high pT jets where two b-jets can

be produced by the Z decay can also produce the same signal signature, and so do diboson and

Higgs associated production (ZZ and ZH) with both bosons decaying into b-jets. In Fig. 5.3 and

5.4 some lowest order Feynman diagrams for these processes are shown.

q

q̄

Z

gp

p

b̄

b

b̄

b

Figure 5.4: Lowest order Feynman diagram for Z+jets production at LHC.

As shown in Tab. 5.1 the dominant background is from QCD production, followed by tt. The

other backgrounds give negligible contribution. The production of the Higgs boson via gluon

fusion in association with jets is predicted to be about 1 pb at NLO [141, 142] and it is expected

to contribute in a negligible way to the phase space selected in this analysis. MADGRAPH 5.1 [143]

is used to generate the signal, di-boson, Z+jets, and tt samples. QCD multi-jet samples are sim-

ulated with PYTHIA. Samples of the Higgs boson produced in association with a Z boson are

produced using the POWHEG [144, 145, 146] event generator interfaced with HERWIG++ [147] for

parton showering and hadronization. The PYTHIA parameters for the underlying event are set to

the Z2STAR TUNE [148]. The response of the CMS detector is modeled using GEANT4 [149].

Signal Example QCD multijet !
background diagram

Example tt ̄!
background diagram

Souvik Das. PHENO 2015



X→HH→(bb̄)(bb̄): QCD Background Modeling
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MC. Functional form from studying data. 
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Signal Region (SR) defined in (mH1, mH2) plane 

Δm2H1 + Δm2H1 < (17.5 GeV)2 where ΔmH1,2 = mH1,2 – 125 GeV 
We cannot look in here. Blind Analysis. 

!
Sideband Region (SB) defined as  

(35 GeV)2 < Δm2H1 + Δm2H1 < (17.5 GeV)2 

       and ΔmH1ΔmH2 < 0 
       
Validation Region (VR) and Validation Region Sideband (VS) 

centered around (90 GeV, 90 GeV)

6

Souvik Das. PHENO 2015



X→HH→(bb̄)(bb̄): QCD Background Modeling
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X→HH→(bb̄)(bb̄): Results
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Figure 4: The mX distribution in data in the SR between 260 and 650 GeV of the LMR (top-left),
between 400 and 900 GeV of the HMR (top-right), and between 600 and 1200 GeV in the HMR
where one of the Higgs boson candidates has pT > 300 GeV (bottom). All distributions are
fitted to the background-only hypothesis for illustration, showing the relative contributions of
the QCD-multijet (dashed-dotted red) and tt (dashed green) processes. Also for illustration,
we overlay the signal models of the spin-0 resonance (dotted blue) corresponding to mass hy-
potheses and production cross sections of 350 GeV and 653 fb for the LMR, 700 GeV and 17.6 fb
for the HMR, and 900 GeV and 8.1 fb for the HMR with H pT > 300 GeV on their respective
plots. These cross sections correspond to the observed upper limits, which are computed for
signal mass hypotheses from 270 to 450 GeV in the LMR, from 450 to 730 GeV in the HMR, and
from 730 to 1100 GeV in the HMR with H pT > 300 GeV.
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Figure 5: The observed and expected upper limits on the cross section for pp ! X !
H(bb)H(bb) at a 95% confidence level, where the resonance X has spin-0 (left) and spin-2
(right). The theoretical cross section for the RS1 radion, with LR =1 TeV, kL = 35, and no
radion-Higgs boson mixing, decaying to four b jets via Higgs bosons is overlaid on the left
plot. The theoretical cross section for the first excitation of the KK-graviton for the same pa-
rameters is overlaid on the right plot.

9 Summary

We have presented a model-independent search by the CMS experiment at the LHC for a nar-
row resonance produced in proton-proton collisions at

p
s = 8 TeV and decaying to a pair of

125 GeV Higgs bosons that in turn each decays into bottom quark-antiquark pairs. The ana-
lyzed data correspond to an integrated luminosity of 17.9 fb�1. No evidence for a signal is
observed. Upper limits at a 95% CL on the production cross section for such spin-0 and spin-2
resonances, in the mass range from 270 to 1100 GeV, are reported. Using these results, a radion
with decay constant of 1 TeV and mass from 300 to 1100 GeV, and a Kaluza–Klein graviton with
mass from 380 to 830 GeV are excluded at a 95% confidence level.
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X→HH→(bb̄)(bb̄): Results

No significant deviation from expectations!
!

• Maximum excess has local p-value of 2.1𝜎, global p-value of 1𝜎. No significant excess and no 
significant deviation from expected limits. 
!

• Recent result. Being reviewed at PLB. http://arxiv.org/abs/1503.04114.  
Twiki: https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14013PaperTWiki 

!
• The RS1 radion in WED scenario kL = 35, right handed top on EWK brane, no radion-Higgs 

mixing, with ΛR = 1 TeV is excluded between 300 and 1.1 TeV. The first excitation of KK-graviton 
in same scenario excluded from 380 to 830 GeV at a 95% CL. Br(R→HH) = 0.25 is assumed.
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Figure 4: The mX distribution in data in the SR between 260 and 650 GeV of the LMR (top-left),
between 400 and 900 GeV of the HMR (top-right), and between 600 and 1200 GeV in the HMR
where one of the Higgs boson candidates has pT > 300 GeV (bottom). All distributions are
fitted to the background-only hypothesis for illustration, showing the relative contributions of
the QCD-multijet (dashed-dotted red) and tt (dashed green) processes. Also for illustration,
we overlay the signal models of the spin-0 resonance (dotted blue) corresponding to mass hy-
potheses and production cross sections of 350 GeV and 653 fb for the LMR, 700 GeV and 17.6 fb
for the HMR, and 900 GeV and 8.1 fb for the HMR with H pT > 300 GeV on their respective
plots. These cross sections correspond to the observed upper limits, which are computed for
signal mass hypotheses from 270 to 450 GeV in the LMR, from 450 to 730 GeV in the HMR, and
from 730 to 1100 GeV in the HMR with H pT > 300 GeV.
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rameters is overlaid on the right plot.
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We have presented a model-independent search by the CMS experiment at the LHC for a nar-
row resonance produced in proton-proton collisions at

p
s = 8 TeV and decaying to a pair of

125 GeV Higgs bosons that in turn each decays into bottom quark-antiquark pairs. The ana-
lyzed data correspond to an integrated luminosity of 17.9 fb�1. No evidence for a signal is
observed. Upper limits at a 95% CL on the production cross section for such spin-0 and spin-2
resonances, in the mass range from 270 to 1100 GeV, are reported. Using these results, a radion
with decay constant of 1 TeV and mass from 300 to 1100 GeV, and a Kaluza–Klein graviton with
mass from 380 to 830 GeV are excluded at a 95% confidence level.
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X→HH→(bb̄)(ɣɣ)Two photons and two bottom quarks Motivation

Warped Extra Dimensions (I) : motivation
Benchmark model

WED models: radion and (kk)graviton
These radion and graviton couple to h
� depend on the scale ⇤R

Radion mass depends on ED
stabilization mechanism (= model)
Graviton mass depends on the
geometry of the ED

Consider only non-boosted regime
mX 2 [270, 1100] GeV

X
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HIG-13-032 : dedicated resonant HH search
Gluon-fusion production of a massive object X

Object X decaying to a pair of h(125)
hh (SM) decay to bb̄��:

Low BR (0.26 %) - clean final state - low bkg - reconstruction of X

O. Bondu (CERN) Production of two Higgs bosons in CMS ICHEP’14 - July 5th 8 / 14

• This channel has a lower branching fraction (0.26%), but also lower 
QCD multi-jet background. We exploit: 

• High efficiency to reconstruct photons (>90%) 
• Sharp H(ɣɣ) resolution 
• Three invariant mass handles: mɣɣ, mjj, mɣɣjj 
!

• Two di-photon triggers [used by H(ɣɣ) analysis] used to collect data. 
!

• Two mass regimes of the analysis: 
• Low Mass Regime: 260 GeV ≤ mX ≤ 400 GeV 
• High Mass Regime: 400 GeV < mX ≤ 1100 GeV 
!

• Each regime analyzed in two purity categories: 
• Medium purity: 1 b-tagged jet 
• High purity: 2 b-tagged jets
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Warped Extra Dimensions (I) : motivation
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WED models: radion and (kk)graviton
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HIG-13-032 : dedicated resonant HH search
Gluon-fusion production of a massive object X

Object X decaying to a pair of h(125)
hh (SM) decay to bb̄��:

Low BR (0.26 %) - clean final state - low bkg - reconstruction of X

O. Bondu (CERN) Production of two Higgs bosons in CMS ICHEP’14 - July 5th 8 / 14

• This channel has a lower branching fraction (0.26%), but also lower 
QCD multi-jet background. We exploit: 

• High efficiency to reconstruct photons (>90%) 
• Sharp H(ɣɣ) resolution 
• Three invariant mass handles: mɣɣ, mjj, mɣɣjj 
!

• Two di-photon triggers [used by H(ɣɣ) analysis] used to collect data. 
!

• Two mass regimes of the analysis: 
• Low Mass Regime: 260 GeV ≤ mX ≤ 400 GeV 
• High Mass Regime: 400 GeV < mX ≤ 1100 GeV 
!

• Each regime analyzed in two purity categories: 
• Medium purity: 1 b-tagged jet 
• High purity: 2 b-tagged jets

Photon Object Selection!
!
• Tight photon identification 
• Sliding pT cuts: 

• pTɣ1/mɣɣ > 1/3 
• pTɣ2/mɣɣ > 1/4 

• |nɣ| < 2.5 
• 100 GeV < mɣɣ < 180 GeV 8
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HIG-13-032 : dedicated resonant HH search
Gluon-fusion production of a massive object X

Object X decaying to a pair of h(125)
hh (SM) decay to bb̄��:

Low BR (0.26 %) - clean final state - low bkg - reconstruction of X

O. Bondu (CERN) Production of two Higgs bosons in CMS ICHEP’14 - July 5th 8 / 14

• This channel has a lower branching fraction (0.26%), but also lower 
QCD multi-jet background. We exploit: 

• High efficiency to reconstruct photons (>90%) 
• Sharp H(ɣɣ) resolution 
• Three invariant mass handles: mɣɣ, mjj, mɣɣjj 
!

• Two di-photon triggers [used by H(ɣɣ) analysis] used to collect data. 
!

• Two mass regimes of the analysis: 
• Low Mass Regime: 260 GeV ≤ mX ≤ 400 GeV 
• High Mass Regime: 400 GeV < mX ≤ 1100 GeV 
!

• Each regime analyzed in two purity categories: 
• Medium purity: 1 b-tagged jet 
• High purity: 2 b-tagged jets

Photon Object Selection!
!
• Tight photon identification 
• Sliding pT cuts: 

• pTɣ1/mɣɣ > 1/3 
• pTɣ2/mɣɣ > 1/4 

• |nɣ| < 2.5 
• 100 GeV < mɣɣ < 180 GeV

b-jet Object Selection!
!
• Loose jet identification 
• Pileup rejection 
• pTj > 25 GeV 
• |nj| < 2.5 
• Combined Secondary Vertex. b-tag 

eff = 70%, mistag rate = 1-2%8
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X→HH→(bb̄)(ɣɣ): Background Modeling

Two photons and two bottom quarks Motivation

Warped Extra Dimensions (I) : motivation
Benchmark model

WED models: radion and (kk)graviton
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geometry of the ED
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HIG-13-032 : dedicated resonant HH search
Gluon-fusion production of a massive object X

Object X decaying to a pair of h(125)
hh (SM) decay to bb̄��:

Low BR (0.26 %) - clean final state - low bkg - reconstruction of X

O. Bondu (CERN) Production of two Higgs bosons in CMS ICHEP’14 - July 5th 8 / 14

Three invariant mass handles mɣɣ, mjj, mɣɣjj
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Warped Extra Dimensions (I) : motivation
Benchmark model

WED models: radion and (kk)graviton
These radion and graviton couple to h
� depend on the scale ⇤R

Radion mass depends on ED
stabilization mechanism (= model)
Graviton mass depends on the
geometry of the ED

Consider only non-boosted regime
mX 2 [270, 1100] GeV

X

h

h

g

g

b̄

b

�

�

HIG-13-032 : dedicated resonant HH search
Gluon-fusion production of a massive object X

Object X decaying to a pair of h(125)
hh (SM) decay to bb̄��:

Low BR (0.26 %) - clean final state - low bkg - reconstruction of X

O. Bondu (CERN) Production of two Higgs bosons in CMS ICHEP’14 - July 5th 8 / 14

Three invariant mass handles mɣɣ, mjj, mɣɣjj

Kinematic!
Fit

Low Mass Regime. !
!

• Cut on mɣɣjj AND mjj.  
• Fit mɣɣ 
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HIG-13-032 : dedicated resonant HH search
Gluon-fusion production of a massive object X

Object X decaying to a pair of h(125)
hh (SM) decay to bb̄��:

Low BR (0.26 %) - clean final state - low bkg - reconstruction of X

O. Bondu (CERN) Production of two Higgs bosons in CMS ICHEP’14 - July 5th 8 / 14

Three invariant mass handles mɣɣ, mjj, mɣɣjj

Kinematic!
Fit

Low Mass Regime. !
!

• Cut on mɣɣjj AND mjj.  
• Fit mɣɣ 

High Mass Regime!
!

• Cut on mɣɣ AND mjj.  
• Kinematically constrain mɣɣ and mjj to 125 GeV 

within energy resolutions 
• Fit mɣɣjj 9
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X→HH→(bb̄)(ɣɣ): Results

No significant deviation from expectations!
!

• The RS1 radion with ΛR = 1 TeV is excluded below 970 GeV. The KK-graviton is 
excluded from 340 to 400 GeV at a 95% CL. 
!

• Public results available here: CMS-HIG-13-032 
!
• Being prepared for approval of non-resonant HH→(bb̄)(ɣɣ) results 10
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X→HH→(ll)(ll/ɣ)

Multiple lepton requirement cuts down QCD. Cut 
and count analysis performed 
!

• di-photon and di-lepton triggers used 
!

• Final states classified by: 
Nl, opposite-sign-same-flavor (OSSF) pairs, on/off-

Z, Nɣ, N𝜏, Nb, ETmiss 
!

• Multi-lepton channels contributing the most: 
• Channels without OSSF-pair (greatly 

reduces DY-background) 
• Channels with OSSF-pair but off-shell Z 
• Channels with SSSF-pair. Has low SM 

background

4.3 Channel selection based on search signal 5

h ! WW⇤ h ! ZZ⇤ h ! tt h ! bb h ! gg

h ! WW⇤ X X X X X
h ! ZZ⇤ - X X X X
h ! tt - - X X X
h ! bb - - - X X
h ! gg - - - - X

Table 2: The various decay modes of h. The combination of these decays considered for the
analysis are marked with “X” and those not considered for the analysis are marked with a “X”.

h ! WW⇤ h ! ZZ⇤ h ! tt h ! gg

Z ! ll X X X X
Z ! qq X X X X
Z ! nn X X X X

Table 3: The various decay modes of h and Z boson. The combination of these decays consid-
ered for the analysis are marked with “X” and those not considered for the analysis are marked
with a “X”.

channels to have limited statistics.

4.3.1 Search for H ! hh

For the H ! hh search, based on Brs for h, sensitivity mostly comes from decays of h to W
bosons and taus. Based on this, the multilepton channels that are expected to contribute the
most are as follows

• Channels without OSSF pair (greatly reduces Drell-Yan backround)
• Channels with OSSF pair but the invariant mass of the pair is off-Z (That is, invariant

mass of OSSF pair is outside on-Z definititon)
• Channels with a same sign pair as they have very low SM background

Table 2 gives the various decay modes of h. Various combinations of these modes then populate
our search channels as shown in Table 4.

Final states from hh decays Search Channels h decays populate
WW⇤WW⇤

or no OSSF pair in bins of Emiss
T and b-tag

WW⇤tt Three or four leptons (upto one th), OSSF pair off-Z
tttt

ZZ⇤tt
ZZ⇤bb

ggWW⇤

2photons (Mgg within higgs bin)ggZZ⇤

ggtt + 1 or more leptons(upto 2 th),in bins of Emiss
T

Table 4: The various combinations to h decay modes and the search channels they populate.
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most are as follows

• Channels without OSSF pair (greatly reduces Drell-Yan backround)
• Channels with OSSF pair but the invariant mass of the pair is off-Z (That is, invariant

mass of OSSF pair is outside on-Z definititon)
• Channels with a same sign pair as they have very low SM background

Table 2 gives the various decay modes of h. Various combinations of these modes then populate
our search channels as shown in Table 4.

Final states from hh decays Search Channels h decays populate
WW⇤WW⇤

or no OSSF pair in bins of Emiss
T and b-tag

WW⇤tt Three or four leptons (upto one th), OSSF pair off-Z
tttt

ZZ⇤tt
ZZ⇤bb

ggWW⇤

2photons (Mgg within higgs bin)ggZZ⇤

ggtt + 1 or more leptons(upto 2 th),in bins of Emiss
T

Table 4: The various combinations to h decay modes and the search channels they populate.
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Multiple final states considered

Example diagram

A published result!
!

Paper: Phys. Rev. D 90 (2014) 112013!
CMS PAS: https://cds.cern.ch/record/1637776/
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X→HH→(ll)(ll/ɣ): Results

Signal bin with largest excess in 
4-leptons, OSSF1, off-Z, 1 𝜏had and 
0 b-jets. !
!
Total excess: 

obs (exp) = 20 (10.7 ±1.9) 
!
Local significance p = 1.5%!
40 channels significance: p = 46%
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X→HH→(ll)(ll/ɣ): Results

Signal bin with largest excess in 
4-leptons, OSSF1, off-Z, 1 𝜏had and 
0 b-jets. !
!
Total excess: 

obs (exp) = 20 (10.7 ±1.9) 
!
Local significance p = 1.5%!
40 channels significance: p = 46%

Observed and expected limits for 
𝛔(gg→H→hh). Standard Model 
branching fractions are assumed 
for the Higgs. 

!
No significant deviation from 

expectations!
!

Publi results: CMS-HIG-13-025
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X→HH→(ll)(ll/ɣ): Results

Signal bin with largest excess in 
4-leptons, OSSF1, off-Z, 1 𝜏had and 
0 b-jets. !
!
Total excess: 

obs (exp) = 20 (10.7 ±1.9) 
!
Local significance p = 1.5%!
40 channels significance: p = 46%

Observed and expected limits for 
𝛔(gg→H→hh). Standard Model 
branching fractions are assumed 
for the Higgs. 

!
No significant deviation from 

expectations!
!

Publi results: CMS-HIG-13-025

Interpret limits on 𝛔(gg→H→hh) in 
Type I 2HDM parameter space 
!
Regions below the curves and 
within the loops are excluded
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Combined Results 

No significant deviation from expectations!
!
• X→H(ɣɣ)H(bb̄) and X→H(bb̄)H(bb̄) sensitivities cross. Complementary searches. 
!

• Resonant searches constrain Beyond the Standard Model Physics: 2HDM and WED (RS1) 
!
• New Run 1 analysis for X→HH→(𝜏𝜏)(bb)̄ also underway.

13
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Run 2 X→HH→(bb̄)(bb̄)

14

Run 2!
HH→(bb)̄(bb)̄!

• Better designed triggers in place. Run 1 triggers were 

designed for a Z(bb̄)H(bb̄) search! 
• AK4 jets instead of AK5 jets will allow us to go further 

without substructure 
• We can probe non-negligible resonance widths, thus 

offering 2HDM exclusion 
• QCD multijet 4 b-jet cross section increases 7 fold for √s 

going from 8 TeV→ 13 TeV. (http://arxiv.org/pdf/1410.2794.pdf). tt ̄

cross section increases 3 fold.  
• However, theoretical cross sections of all signals grow at 

least by the parton luminosity ratio of 3 - 10 
• What theories other than WED and 2HDM can we probe? 

!

Work ongoing

Souvik Das. PHENO 2015
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Boosted X→HH→(bb̄)(bb̄)

15

Run 1!
!
Boosted HH→(bb)̄(bb)̄!

• We analyze merged jets 
• Use jet substructure to b-tag 
• Overlap in mX range with unboosted analysis. Can extend 

our search range up to ~ 3 TeV. 

!

Work ongoing

• References: 
– Main draft Note: 

CMS AN-13-152 
– Summer student (Tijs) report: 

CMS AN-2013/347 
– Last presentation: 

on January 2014 

 

• X Æ HH Æ 4b 
– Very boosted final states 
– Two merged jets Æ fat jets 

Introduction 

2 

b 
H 

H 

b 

b 

b 
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Non-resonant HH production
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Non-resonant HH production
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Expanding around the VEV after EWSB:
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Non-resonant HH production

16

Expanding around the VEV after EWSB:

we see the trilinear and quartic  
self-coupling of the Higgs:

EWSB
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• Quartic coupling out of reach of LHC & HL-LHC, but trilinear coupling accessible with 3 ab-1. 
SM HH cross section at 14 TeV is 40.2 fb [NNLO] 
!

• Destructive interference between these diagrams: 
!
!
!
!
!
• Common question: The mass and VEV settle the trilinear term, do we really need to measure it? 

• Answer: Yes! This assumes the textbook Mexican-hat potential before EWSB. Nature may be 
more sophisticated. Excesses will give direct handle on BSM physics, pinning down 
coefficients of dimension 6 operators in a generalized EFT Lagrangian. 

!
• We can measure non-resonant HH production with 60% uncertainty using 3 ab-1 at 14 TeV

Non-resonant HH production

16

Expanding around the VEV after EWSB:

2
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

we see the trilinear and quartic  
self-coupling of the Higgs:

EWSB

Souvik Das. PHENO 2015



Conclusions

17

• CMS has Run 1 results for resonant Higgs pair production at 8 TeV. No 
statistically significant signal observed. Interpreted as exclusions in WED 
and 2HDM parameter space. 
!

• We will cast a wider net in Run 2 for resonant searches 
• Non-negligible resonance widths 
• mH not constrained to 125 GeV, but scanned 
• Will use jet substructure Higgs-tagging tools 
!

• Experience gained with resonant HH searches will be put to good use in 
non-resonant HH searches. Non-resonant H(bb̄)(ɣɣ) and H(bb̄)(bb̄) 
analyses for Run 1 underway and setting up for Run 2

Higgs pair-production hunters are now a vibrant community within CMS

Souvik Das. PHENO 2015
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Multi-lepton and Photons: Systematics

12 5 Background Estimation

Source of Uncertainty Uncertainty
Luminosity 2.6%

PDF 10%
Emiss

T Resolution/Smearing: 0-50 GeV, 50-100 GeV, > 100 GeV (-3%, +4%, +4%)
Jet Energy Scale 0.5%

B-Tag scale factor 0.1% (WZ), 6% (tt̄)
Muon ID/Isolation at 30 GeV 0.2%

Electron ID/Isolation at 30 GeV 0.6%
Trigger Efficiency 5%

tt̄ xsec 10%
tt̄ fake rate contribution 50%

WZ cross-section 15%
ZZ cross-section 15%

Table 6: The systematic uncertainties associated with this analysis. The Emiss
T resolution sys-

tematic is given for WZ background on Z for different cuts on Emiss
T and for different cuts on

MT given a cut of Emiss
T > 50 GeV.

5.4 Systematic uncertainties and statistical procedures

We discuss the sources of systematic uncertainty and how they impact the search sensitivity
before extracting upper limits on the contributions from physics outside the SM. Table 6 lists
the salient systematic effects and the resultant uncertainties. All channels share systematic
uncertainties for luminosity, renormalization scales, parton distribution functions, and trigger
efficiency. The precision in estimating lepton selection efficiencies increases with lepton pT.

We do a counting experiment with several channels and utilize the broad agreement between
the expected SM backgrounds and observations to set limits on the rates of new physics (cross-
sections). We use these limits to constrain new physics scenarios and to interpret them in terms
of underlying model parameters. The statistical model for the number of events in each channel
is a Poisson distribution with expected value, observed value, and log-normal distributions
for nuisance parameters. The significant nuisance parameters are the luminosity uncertainty,
trigger efficiency, lepton identification efficiencies and background uncertainties. The expected
value in the model is the sum of the signal and the expected backgrounds.

We generally aim at using as many channels as possible. For practical reasons during limit set-
ting, we determine the expected CLs limit of all channels as a measure of sensitivity, order the
channels, and discard those with the worst sensitivity. More precisely, we add the channels one
by one, starting with the most sensitive. Sensitivity of the channel is based on single channel
expected CLs limit. Once we find that the channels cover 90% of the total selected signal, we
do not add any more channels.

We set 95% confidence level (C.L.) upper limits on the signal parameters and cross sections
using the modified frequentist construction CLs (usually referred to as LHC-type test statistic).
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Multi-leptons and Photons: Background Estimation

Multi-lepton final states!
!

• Z+jets, W+jets. Data-driven estimation (of jets 
misidentified as leptons) 
!

• tt ̄and VV: MC-based estimation 
!

• Asymmetric photon conversion. DY process 
with one soft lepton and another lepton radiating a 
photon that converts. Data-driven estimation of 
photon conversion.

20 mɣɣ
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Multi-leptons and Photons: Background Estimation

Multi-lepton final states!
!

• Z+jets, W+jets. Data-driven estimation (of jets 
misidentified as leptons) 
!

• tt ̄and VV: MC-based estimation 
!

• Asymmetric photon conversion. DY process 
with one soft lepton and another lepton radiating a 
photon that converts. Data-driven estimation of 
photon conversion.

Di-photon final states!
!

• Background estimated from mɣɣ sidebands 
keeping the range 120 GeV — 130 GeV blinded. 
!

• Fitted to a falling exponential

20 mɣɣ
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Multi-lepton and Photons: Event Counts
13

4 Lepton Results
Selection on- or off-Z Emiss

T Nt=0, Nb�Jet=0 Nt=1, Nb�Jet=0 Nt=0, Nb�Jet �1 Nt=1, Nb�Jet �1
obs expect obs expect obs expect obs expect

OSSF0 NA (100,•) 0 0.07 ± 0.07 0 0.18 ± 0.09 0 0.05 ± 0.05 0 0.16 ± 0.1
OSSF0 NA (50,100) 0 0.07 ± 0.06 2 0.8 ± 0.35 0 0 ± 0.03 0 0.43 ± 0.22
OSSF0 NA (30,50) 0 0.001 ± 0.02 0 0.47 ± 0.24 0 0 ± 0.02 0 0.11 ± 0.09
OSSF0 NA (0,30) 0 0.007 ± 0.02 1 0.4 ± 0.16 0 0.001 ± 0.02 0 0.02 ± 0.04
OSSF1 off-Z (100,•) 0 0.07 ± 0.04 4 1 ± 0.33 0 0.14 ± 0.09 0 0.46 ± 0.2
OSSF1 on-Z (100,•) 2 0.6 ± 0.2 2 3.4 ± 0.8 1 0.8 ± 0.41 0 0.6 ± 0.26
OSSF1 off-Z (50,100) 0 0.21 ± 0.09 5 2.6 ± 0.6 0 0.21 ± 0.11 1 0.7 ± 0.32
OSSF1 on-Z (50,100) 2 1.3 ± 0.39 10 12 ± 2.5 2 0.6 ± 0.33 1 0.8 ± 0.3
OSSF1 off-Z (30,50) 1 0.16 ± 0.07 4 2.4 ± 0.5 0 0.06 ± 0.06 0 0.47 ± 0.21
OSSF1 on-Z (30,50) 3 1.2 ± 0.35 11 14 ± 3.1 0 0.22 ± 0.12 0 0.8 ± 0.31
OSSF1 off-Z (0,30) 1 0.38 ± 0.18 11 5.7 ± 1.7 0 0.05 ± 0.04 0 0.5 ± 0.26
OSSF1 on-Z (0,30) 1 2 ± 0.5 32 30 ± 9.2 1 0.19 ± 0.11 3 1.3 ± 0.42
OSSF2 TwoZ (100,•) 0 0.02 ± 0.15 – – 0 0.21 ± 0.13 – –
OSSF2 OneZ (100,•) 1 0.43 ± 0.15 – – 0 0.5 ± 0.29 – –
OSSF2 off-Z (100,•) 0 0.06 ± 0.03 – – 0 0.09 ± 0.07 – –
OSSF2 TwoZ (50,100) 3 2.8 ± 2.1 – – 0 0.33 ± 0.11 – –
OSSF2 OneZ (50,100) 1 2 ± 0.7 – – 1 0.5 ± 0.28 – –
OSSF2 off-Z (50,100) 2 0.2 ± 0.14 – – 0 0.12 ± 0.1 – –
OSSF2 TwoZ (30,50) 19 22 ± 9 – – 2 0.7 ± 0.24 – –
OSSF2 OneZ (30,50) 6 6.5 ± 2.4 – – 0 0.32 ± 0.12 – –
OSSF2 off-Z (30,50) 3 1.4 ± 0.6 – – 1 0.15 ± 0.08 – –
OSSF2 TwoZ (0,30) 118 109 ± 28 – – 3 2 ± 0.5 – –
OSSF2 OneZ (0,30) 24 29 ± 7.6 – – 1 0.6 ± 0.17 – –
OSSF2 off-Z (0,30) 5 7.8 ± 2.3 – – 0 0.18 ± 0.06 – –

Table 7: Observed yields for four lepton events from 19.5 fb�1 data recorded in 2012. The
channels are broken down by the number of and mass of any opposite-sign, same-flavor pairs
(whether on or off Z), whether there are any b-jets present and the Emiss

T . Expected yields are
the sum of simulation and data-driven estimates of backgrounds in each channel. The channels
are exclusive.

6 Results and Interpretation
6.1 Numbers of Observed and Expected Background Events

In this section we present the results for the H ! hh and the A ! Zh search. The number of
observed events and the expected SM backgrounds are given in Tables 7 to 12.The background
breakdown for some of the most sensitive channels is given in Table 13. Figure 4 shows obser-
vations and stacked plots for background estimates and signal for some of the most sensitive
search channels in the Heavy Higgs search, for mH = 300 GeV and assuming s * Br = 3.59 pb
[20]. Figure 5 shows the same for A ! Zh search, for mA = 300 GeV and assuming identical s
* Br. Signal sensitivity for the five most sensitive channels for the H ! hh search ranges from
0.01% to 0.02% while that for the A ! Zh search ranges from 0.005% to 0.1%.

6.2 Search Sensitivity and Limits

We apply our analysis to get 95% C.L. upper limits [21–23] on production cross sections (s).
Figure 6 shows 95% upper limit on s * Br for H ! hh search along with 1-sigma and 2-sigma
bands on the expected contour using only the multilepton channels. Figure 7 shows 95% C.L.
upper limits on s * Br for the same signal using the multilepton and the diphoton channels. It
can be seen that the photon channels add up to half a pb to the sensitivity and a couple of pb
in the observed limit. They also serve as an important cross check in case we see any excess in
multilepton channels.

The discrepancy between expected and observed 95% C.L. limits in Figure 6 and Figure 7 is
driven by the 3(e/µ)+th off-Z channels with no b-tags. The three relevant entries in Table 3 re-
fer to an observed (expected) yield of 11 (5.1 ± 1.7), 4 (2.4 ± 0.5), 5 (2.6 ± 0.6) events for the three
different Emiss

T bins. The probability of a statistical fluctuation in a single measurement with the
expected yield of 10 ± 1.9 events to result in 20 or more observed events is only about 1.5%.
However, once trial factors are incorporated to account for this search looking simultaneously

14 6 Results and Interpretation

3 Lepton Results
Selection Emiss

T N(t)=0, NbJet=0 N(t)=1, NbJet=0 N(t)=0, NbJet�1 N(t)=1, NbJet�1
obs expect obs expect obs expect obs expect

OSSF0(SS) (200,•) 1 1.3 ± 0.6 2 1.4 ± 0.5 0 0.7 ± 0.36 0 0.7 ± 0.5
OSSF0(SS) (150,200) 2 2.1 ± 0.9 0 3 ± 1.1 1 2.1 ± 1 0 1.5 ± 0.6
OSSF0(SS) (100,150) 9 10 ± 4.9 4 9.9 ± 3 12 12 ± 5.9 4 6.3 ± 2.8
OSSF0(SS) (50,100) 34 37 ± 15 54 66 ± 14 32 32 ± 15 24 22 ± 10
OSSF0(SS) (0,50) 47 46 ± 11 196 221 ± 51 28 24 ± 11 21 31 ± 9.6

OSSF0 (200,•) – – 5 4.8 ± 2.4 – – 6 5.9 ± 3.1
OSSF0 (150,200) – – 12 18 ± 9.1 – – 21 20 ± 10
OSSF0 (100,150) – – 94 96 ± 47 – – 91 121 ± 61
OSSF0 (50,100) – – 351 329 ± 173 – – 300 322 ± 163
OSSF0 (0to50) – – 682 767 ± 207 – – 230 232 ± 118
OSSF1 below-Z (200,•) 2 2.5 ± 0.9 4 2.1 ± 1 1 1.9 ± 0.7 2 2.4 ± 1.2
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Table 8: Observed yields for three lepton events from 19.5 fb�1 data recorded in 2012. The
channels are broken down by the number of and mass of any opposite-sign, same-flavor pairs
(whether on or off Z), whether there are any b-jets present and the Emiss

T . Expected yields are
the sum of simulation and data-driven estimates of backgrounds in each channel. The channels
are exclusive.

2 Lepton and 2 Photon Results
Selection Emiss

T obs expect
OSSF1 off-Z (50,•) 0 0.19±0.25
OSSF1 on-Z (50,•) 0 0.1±0.17
OSSF1 off-Z (30,50) 1 0.17±0.25
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T . Only channels where invariant mass of photons
lies in the higgs mass window (120-130 GeV) are considered. Expected yields are data-driven
estimates of backgrounds in each channel. The channels are exclusive.
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Emiss
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(120-130 GeV) are considered. Expected yields are data-driven estimates of backgrounds in
each channel. The channels are exclusive.
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Figure 6: Observed and expected limits with 1- and 2-s bands for H ! hh in terms of s * Br.
These limits are based only on multilepton channels. Brs for h are assumed to have SM values.
No contribution from gg!A!Zh is considered in this limit.
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Figure 10: Contour plot for Type I 2HDM where contour lines give s * Br for H ! hh. Parame-
ters a and tan b give Heavy higgs’s couplings to SM fermions and massive gauge bosons. This
figure is similar to one from theory paper by Nathaniel Craig et al. [4], the only difference is
plotting of tan b, instead of b, on the vertical axis.
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Figure 11: Left: Observed and expected limits on Heavy higgs of mass 300 GeV in Type I
2HDM. The parameters a and b determine the cross section for H production, the Br(H ! hh)
and the Br(h ! WW, ZZ, tt, gg). Right: The s * Br(H!hh) contours for TYPE I 2HDM. This
figure is similar to one from theory paper by Nathaniel Craig et al. [4], the only difference is
plotting of tan b, instead of b, on the vertical axis. The regions below the observed limit lines
and within the loop by marked by observed limit are excluded.6.2 Search Sensitivity and Limits 23
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Figure 12: Left: Observed and expected limits on Heavy higgs of mass 300 GeV in Type II
2HDMs. The parameters a and b determine the cross section for H production, the Br(H ! hh)
and the Br(h ! WW, ZZ, tt, gg). Right: The s * Br(H!hh) contours for TYPE II 2HDM. This
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Figure 13: Left: Observed and expected limits on A of mass 300 GeV in Type I 2HDMs .The
parameters a and b determine the cross section for H production, the Br(A ! Zh) and the
Br(h ! WW, ZZ, tt, gg). Right: The s * Br(A!Zh) contours for TYPE I 2HDM. This figure is
similar to one from theory paper by Nathaniel Craig et al. [4], the only difference is plotting of
tan b, instead of b, on the vertical axis. The region below the observed limit line is excluded.

to map the current fits to the signals of the SM-like Higgs to the production and decay rates

of the remaining scalars.3

The absence of tree-level flavor-changing neutral currents in theories with multiple Higgs

doublets is guaranteed by the Glashow-Weinberg condition [35] that all fermions of a given

representation receive their masses through renormalizable Yukawa couplings to a single Higgs

doublet, in which case the tree-level couplings of neutral Higgs bosons are diagonal in the mass

eigenbasis. This restriction may be enforced by a discrete symmetry acting on the doublets.

In theories with only two Higgs doublets, the Yukawa couplings are

Vyukawa = �
X

i=1,2

⇣
Q�̃iy

u
i ū+Q�iy

d
i d̄+ L�iy

e
i ē+ h.c.

⌘
(2.1)

and the Glashow-Weinberg condition is satisfied by four discrete assignments, where by con-

vention up-type quarks are always taken to couple to �2:

• Type 1, in which yu,d,e1 = 0; all fermions couple to one doublet.

• Type 2, in which yu1 = yd2 = ye2 = 0; the up-type quarks couple to one doublet and the

down-type quarks and leptons couple to the other.

• Type 3, in which yu1 = yd1 = ye2 = 0; quarks couple to one doublet and leptons to the

other.

• Type 4, in which yu1 = ye1 = yd2 = 0; up-type quarks and leptons couple to one doublet

and down-type quarks couple to the other.

The signals of Type 3 and Type 4 2HDM typically resemble those of Type 1 and Type 2

2HDM, respectively, since these pairings share the same quark assignments and thus the

same parametric scaling for dominant production and decay modes.4 The primary exception

is for signals involving leptonic final states, for which the branching ratios are parametrically

enhanced (suppressed) in Type 3 (4) 2HDM compared to their Type 1 (2) counterparts. In

what follows we will largely focus on 2HDM of Type 1 and 2, though we will discuss distinctive

features of Type 3 and 4 where appropriate.

The most general scalar potential for a CP-conserving 2HDM allowed by gauge invariance

is given in Appendix A. Including the vacuum expectation values, there are 12 real degrees

of freedom in the potential; 9 remain free after minimizing the potential and fixing the

electroweak symmetry breaking vev v2 = v21 + v22 = (246GeV)2. A convenient basis for

the remaining free parameters consists of the ratio of vacuum expectation values of �0
1,2,

parameterized by

tan� ⌘ |h�0
2i/h�0

1i| ; (2.2)

3Note that although we focus on the case where the light CP-even scalar h is the SM-like Higgs, the coupling

fits are identical (under ↵ ! ↵+⇡/2) when the heavy CP-even scalar H is the SM-like Higgs, up to the possible

e↵ects of new decay modes involving additional scalars.
4Note that some other 2HDM studies switch Type 3 and Type 4 assignments.
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• Type 2, in which yu1 = yd2 = ye2 = 0; the up-type quarks couple to one doublet and the

down-type quarks and leptons couple to the other.

• Type 3, in which yu1 = yd1 = ye2 = 0; quarks couple to one doublet and leptons to the

other.

• Type 4, in which yu1 = ye1 = yd2 = 0; up-type quarks and leptons couple to one doublet

and down-type quarks couple to the other.

The signals of Type 3 and Type 4 2HDM typically resemble those of Type 1 and Type 2

2HDM, respectively, since these pairings share the same quark assignments and thus the

same parametric scaling for dominant production and decay modes.4 The primary exception

is for signals involving leptonic final states, for which the branching ratios are parametrically

enhanced (suppressed) in Type 3 (4) 2HDM compared to their Type 1 (2) counterparts. In

what follows we will largely focus on 2HDM of Type 1 and 2, though we will discuss distinctive

features of Type 3 and 4 where appropriate.

The most general scalar potential for a CP-conserving 2HDM allowed by gauge invariance

is given in Appendix A. Including the vacuum expectation values, there are 12 real degrees

of freedom in the potential; 9 remain free after minimizing the potential and fixing the

electroweak symmetry breaking vev v2 = v21 + v22 = (246GeV)2. A convenient basis for

the remaining free parameters consists of the ratio of vacuum expectation values of �0
1,2,

parameterized by

tan� ⌘ |h�0
2i/h�0

1i| ; (2.2)

3Note that although we focus on the case where the light CP-even scalar h is the SM-like Higgs, the coupling

fits are identical (under ↵ ! ↵+⇡/2) when the heavy CP-even scalar H is the SM-like Higgs, up to the possible

e↵ects of new decay modes involving additional scalars.
4Note that some other 2HDM studies switch Type 3 and Type 4 assignments.

– 6 –

�L = �
X

i=1,2

(yui Q�̃iū+ ydi Q�id̄+ yeiL�iē+ h.c.)
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H(bb̄)H(ɣɣ): Signal Spectra

4 4 Event reconstruction and candidate selection
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Figure 1: Simulated mass spectra for the signal and the sum of all production mechanisms of
the standard model Higgs boson, after basic selections on photons and requesting at least one
loose b–tagged jet. The two top plots show the mgg (left) and mjj (right) spectra, while the
bottom plots show the mggjj spectrum before the kinematic fit (left) and after the kinematic fit
(right). All spectra are normalized to unity.
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Low Mass Regime!
!
Simulated signal shape in mɣɣ 
for the medium purity category 
!
Events in mɣɣ spectrum in medium  
purity for signal hypothesis of  
300 GeV (sliding photon pT cuts) 
Fitted to power-law

X→HH→(bb̄)(ɣɣ): Signal and Data

24
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High Mass Regime!
!

Simulated signal shape in mɣɣjjkinFit 
for the medium purity category 
!
Events in mɣɣjjkinFit spectrum  
for signal hypothesis of 500 GeV 

!
Bias Study!

Several “true” background shapes 
tried. Negligible bias on signal  
strength.

Low Mass Regime!
!
Simulated signal shape in mɣɣ 
for the medium purity category 
!
Events in mɣɣ spectrum in medium  
purity for signal hypothesis of  
300 GeV (sliding photon pT cuts) 
Fitted to power-law

X→HH→(bb̄)(ɣɣ): Signal and Data

24
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H(bb̄)H(ɣɣ): Background Fits

9
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Figure 3: Non-resonant background fits in mgg for the high-purity (top) and medium-purity
(bottom) categories for two heavy resonance mass hypotheses - 260 GeV (left) and 270 GeV
(right).
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H(bb̄)H(ɣɣ): Background Fits

10 7 Systematic uncertainties
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Figure 4: Events in mgg spectrum in high-purity (top) and medium-purity (bottom) categories
for two heavy resonance mass hypotheses - 300 GeV (left) and 350 GeV (right). The non-
resonant component of the background is shown (black line) with 1 and 2s bands on the back-
ground estimation.
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H(bb̄)H(ɣɣ): Background Fits

12 7 Systematic uncertainties
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Figure 6: Events in mggjj spectrum in medium-purity (left) and high-purity (right) categories.
The non-resonant component of the background is shown (black line) with 1 and 2s bands on
the background estimation.

The experimental uncertainties are applied to the reconstructed objects in simulated events by
scaling and smearing the relevant observables. The total normalisation uncertainty related to
the uncertainty in the estimation of the produced luminosity is taken to be 2.6% [36]. They
other sources can be separated in two categories: the photon-related and jet-related.

The photon-related uncertainties are taken from [22]. An uncertainty between 0.23 and 0.93%
is considered on the energy resolution (PER) and between 0.12 and 0.88% on the energy scale
(PES), depending on hg and the electromagnetic shower shape. When pTg > 100 GeV the
uncertainty of the energy scale is conservatively increased up to 1%. A 1% normalization un-
certainty is assumed on the offline photon selection efficiency and on the trigger efficiency. An
additional conservative normalization uncertainty of 5% is assumed for the high mass region
to account for the differences in the pT spectrum of the signal photons and of the electrons from
Z!ee used to estimate the quoted uncertainties.

The jet energy scale uncertainty (JES) is accounted for by varying the jet response by 1-2%,
depending on the kinematics [31], while the jet energy resolution uncertainty (JER) by varying
the jet resolution by 10%. An additional 1% uncertainty on the 4-body mass response accounts
for effects in the high-mass region related to the partial overlap between the two b-jets coming
from the Higgs decay. The uncertainty on the b-tagging efficiency is estimated by varying the b-
tagging scale factor by one standard deviation in each category [33], and the related systematics
were shown to be anti-correlated between the two categories.

Theory systematics are considered for the SM single Higgs contribution including scale depen-
dence to account for the missing order effects and the dependency on proton parton density
functions [37, 38]. On the other hand, no theory systematics are assumed on the signal. Finally
an additional systematic uncertainty is assigned to the Higgs mass, both for the signal and for
the SM Higgs background. It is taken to be 0.45 GeV and corresponds to the experimental
uncertainty from the Higgs mass measurement in the H ! ZZ channel [15].

The impact of the quoted systematic uncertainties on the result is summarized in the Table 4.
The analysis is statistics limited, and the systematic uncertainties worsen the expected limits
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H(bb̄)H(ɣɣ): Systematics 13

by 1.7% at most.

Common normalization uncertainties
Luminosity 2.6%

Diphoton trigger acceptance 1.0%
Low mass analysis: fit to mgg

Normalization uncertainties
Photons selection acceptance 1.0%

”b-tag” eff. uncertainty 2 btag cat 4.6%
”b-tag” eff. uncertainty 1 btag cat -1.2%

mjj and pT,j cut acceptance ( JES & JER) 1.5%
mggjj cut acceptance (PES � JES & PER � JER) 2%

Shape uncertainties
Parametric scale shift (PES�M(H) uncertainty) Dmgg

mgg
= 0.45 � 0.35%

Parametric resolution shift (RES) Ds
mgg

= 0.25%
Ds
sgg

= 22%

High mass analysis: fit to mkin
ggjj

Normalization uncertainties
Photons selection acceptance 1.0%

”b-tag” eff. uncertainty 2 btag cat 5.3%
”b-tag” eff. uncertainty 1 btag cat -1.8%

mjj and pT,j cut acceptance ( JES & JER) 1.5%
mgg cut acceptance (PES & PER ) 0.5%
Extra High pt norm. uncertainty 5.0%

Shape uncertainties
Parametric abs. shift (PES � JES ) Dmggjj

mggjj
= 0.45 � (0.8 � 1.0) = 1.4%

Parametric shift (PER � JER ) Ds
sggjj

= 10%

Table 4: Systematic uncertainties by fit strategy.

8 Models on theoretical interpretations
The theoretical interpretation of our results is made using three reference models based on
gravity particles from WED scenarios.The relevant assumptions used to produce the cross-
section expectations used in this document are described below:

• There are two possibilities to describe a KK-graviton from WED, depending on the
choice of localization of the SM matter fields: localized in the extra dimensional
bulk [11] or on the TeV brane [4] (RS1 model). The LHC production rates for a
KK-graviton in the bulk scenario are suppressed by four orders of magnitude with
respect to RS1 model. The tools used to calculate the cross sections were respec-
tively [39] and an adapted version of [40], described in details in [41]. We fix the
product of the curvature and size of the compact extra dimension (kl) to be 35.

- To define the bulk scenario one needs to specify the localization of the
SM matter field on the bulk. Here we use the setup of [42], where all the
SM fields are allowed to propagate on the bulk following the SM gauge
group. On this setup the right handed top quark is TeV localized, this
choice is known as to assume an elementary top. The KK-graviton branch-
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H(bb̄)H(ɣɣ): Results
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H(bb̄)H(bb̄): Combined MVA tagger

The$CMVA$tagger$combines$features$from$different$b8
taggers:$

•  Jet$Probability$for$IP$
•  CSV$for$combining$SV$informa@on$
•  SoA$leptons$informa@on$when$available$
•  Inclusive$Vertex$Finder$to$determine$Secondary$

Ver@ces$
$

•  2x#be&er#fake#rejec-on#at#70%#efficiency#

•  CMVA$SF$for$MC$computed$as$a$correc@on$to$CSV$
SF,$determined$in$a$tt$enriched$region$of$data$

•  ±1σ$varia@ons$of$this$scale$factors$propagates$to$a$
12.7%$systema@c$uncertainty$on$the$signal$efficiency$

CMVA

• The CMVA tagger uses combination of features from 
different b-taggers 

• Lifetime: 

• JP for track IP 

• CSV for vertices 

• Leptons: 

• SoftElectrons 

• SoftMuons 

• Uses IVF to determine the SV's  

• probes small angles 

• does not use jet direction 

• Factor 2x better rejection at 70% efficiency 
• A few percent better efficiency overall, especially in high 

efficiency region 

• Working Point and related SF to be computed 
!

!

CMVA has performances better than CSV 
and competitive with ATLAS

14
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Signal Modeling!
!
• Signal shape from simulation of  

RS1 radion decaying to bb̄bb̄  
via HH. 

!
• Negligible natural width 1 GeV 
!
• Samples  

mX = 270 GeV to 1100 GeV

X→HH→(bb̄)(bb̄): Signal and tt ̄Background

Event Selection Criteria!
!

• Event contains at least 4 jets with 
pT > 40 GeV, |η| < 2.5, CMVA ϵ = 
70% 
!

• Low Mass Regime: 
• HH candidates from the 

selected jets such that  
 |mH – 125 GeV | < 35 GeV 

• At least 2 of these jets with pT 
> 90 GeV 

!
• High Mass Regime: 

• HH candidates from the 
selected jets such that jets 
associated with an H have ΔR 
< 1.5 

• If mX > 740 GeV, H pT > 300 
GeV 

!
• In case of multiple HH candidates, 

we choose the combination that 
minimizes |mH1 – mH2| 
!

• mHH must fall within SR 31
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tt ̄Modeling!
!
• tt ̄contributes 22% (27%) of  

background in Low (High) mass 
regimes 
!

• Modeled from MC.

Signal Modeling!
!
• Signal shape from simulation of  

RS1 radion decaying to bb̄bb̄  
via HH. 

!
• Negligible natural width 1 GeV 
!
• Samples  

mX = 270 GeV to 1100 GeV

X→HH→(bb̄)(bb̄): Signal and tt ̄Background

Event Selection Criteria!
!

• Event contains at least 4 jets with 
pT > 40 GeV, |η| < 2.5, CMVA ϵ = 
70% 
!

• Low Mass Regime: 
• HH candidates from the 

selected jets such that  
 |mH – 125 GeV | < 35 GeV 

• At least 2 of these jets with pT 
> 90 GeV 

!
• High Mass Regime: 

• HH candidates from the 
selected jets such that jets 
associated with an H have ΔR 
< 1.5 

• If mX > 740 GeV, H pT > 300 
GeV 

!
• In case of multiple HH candidates, 

we choose the combination that 
minimizes |mH1 – mH2| 
!

• mHH must fall within SR 31
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H(bb̄)H(bb̄): Signal Modeling and Efficiencies

The mX distribution of signal events after the event selection 
criteria for each of mass hypothesis. Momenta of b-jets have 

been corrected by the kinematic constraint to mH 

The selection efficiency for X to H(bb̄)H(bb̄) signal 
events at different stages of the event selection for each 

mass hypothesis. The vertical lines represents the 
transition from the Low Mass Regime and the High 

Mass Regime as evaluated to optimize the expected 
significance.

The sum of two Gaussians 
fitted to the mX= 400 GeV 

distribution of simulated signal 
events after the event selection 

criteria for the Low Mass 
Regime.

Souvik Das. PHENO 2015



H(bb̄)H(bb̄): Background Composition

LMR$(%)$ MMR$&$HMR$
(%)$

Z"+"jets" <"0.1" <"0.04"

ZZ" 0.003" 0.003"

ZH" <"0.001" <"0.004"

tt" 22" 27"

The tt ̄composition of the data events in the SR region for the Low 
Mass Region (top) and the High Mass Region (bottom) as 

estimated in simulation. All event weights to correct for data/MC 
differences in pile-up, trigger and b-tagging efficiencies have been 
applied. Momenta of b-jets have been corrected by the kinematic 

constraint to mH.

The contribution of Z+jets, ZZ, ZH and tt ̄to the background after 
all selection criteria. The remainder of the background comes from 

QCD multi-jet events
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H(bb̄)H(bb̄): tt ̄Modeling

The mX of simulated ttbar events after the event selection criteria for 
the Low Mass Region (left) and High Mass Region (right). The 

distributions are fitted to the GaussExp function 
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H(bb̄)H(bb̄): QCD Multi-jet Modeling

Low Mass Region: The mX distributions of the QCD multi-jet component of the background in the Validation 
Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of LMR. The distributions are 

fitted to the GaussExp function. 
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H(bb̄)H(bb̄): QCD Multi-jet Modeling

Low Mass Region, anti-btag Control Region: The mX distributions of the QCD multi-jet component of the 
background in the Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of 

LMR. The distributions are fitted to the GaussExp function. 
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H(bb̄)H(bb̄): QCD Multi-jet Modeling

Medium Mass Region: The mX distributions of the QCD multi-jet component of the background in the 
Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of LMR. The 

distributions are fitted to the GaussExp function. 
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H(bb̄)H(bb̄): QCD Multi-jet Modeling

Medium Mass Region, anti-btag Control Region: The mX distributions of the QCD multi-jet component of the 
background in the Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of 

LMR. The distributions are fitted to the GaussExp function. 
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H(bb̄)H(bb̄): QCD Multi-jet Modeling

High Mass Region: The mX distributions of the QCD multi-jet component of the background in the Validation 
Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of LMR. The distributions are 

fitted to the GaussExp function. 
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H(bb̄)H(bb̄): QCD Multi-jet Modeling

High Mass Region, anti-btag Control Region: The mX distributions of the QCD multi-jet component of the 
background in the Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of 

LMR. The distributions are fitted to the GaussExp function. 
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H(bb̄)H(bb̄): Unblinded Data

• Background-only fit shown to data in LMR, MMR and HMR. Red curve is the QCD multi-jet contribution. 
Black curve is QCD multi-jet + tt background. !

!
• Shaded region corresponds to 1σ variation of parameterized fit. Number of degrees of freedom 

corresponds to the number of fit parameters subtracted from the number of bins in histogram!
!

No clear deviation from background-only hypothesis. Compute upper limits.
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H(bb̄)H(bb̄): Radion Exclusion

Cross sections of the radion assume k-factor for top-loop in gluon-fusion production 
of R to be identical to that of Higgs production. Also, Br(R→HH) = 0.25
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H(bb̄)H(bb̄): Graviton Exclusion

 The results are interpreted as upper limit on the production cross section for a spin-2 particle. Signal efficiency is 
larger than for the spin-0 hypothesis. This results in the exclusion of a smaller cross section. The observed and 

expected upper limits on the cross section for a spin-2 X to H(bb)H(bb) at 95% confidence level using data 
corresponding to an integrated luminosity of 17.93/fb at sqrt{s} = 8 TeV using the asymptotic CLs method are 

shown. Theoretical cross sections for the RS1 KK-Graviton decaying to four b-jets via Higgs bosons are overlaid. 
!

WED scenario: kL = 35, k/MPl=0.2
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CMS double-Higgs: Graviton Exclusion

The expected and observed upper limit of spin-2 X to HH production at 95% CLs provided by combining the 
searches performed by the CMS experiment looking at the bb̄bb̄ (HIG-14-013), bb̄gg (HIG-13-032) final states.  

!
WED scenario: kL = 35, k/MPl=0.2
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• CMS has conducted projection studies for 14 TeV, HL-LHC with 3 ab-1 with the channels 
• HH→(bb)̄(ɣɣ)  
• HH→(bb)(WW)  
• HH→(𝜏𝜏)(bb̄) and HH→(bb̄)(bb̄) under consideration 

!
We can reach sensitivities of ~ 3 x SM with 3 ab-1

Non-resonant HH production
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Figure 2: Total cross sections at the NLO in QCD for the six largest HH production channels at pp colliders. The thickness of the lines
corresponds to the scale and PDF uncertainties added linearly.

scale and PDF uncertainties added linearly. More details
are available in table 1 for selected LHC energies, i.e., 8,
13 and 14 TeV. The first uncertainties (in percent) corre-
sponds to scale variation, while the second (only shown at
the NLO) to PDFs systematics. Several observations are in
order. Firstly, contrary to what happens in single-Higgs
production, the top-pair associated channel is the third-
largest starting at about

√
s =10 TeV, and becomes the

second-largest when c.m. energies approach
√

s =100 TeV.
Secondly, the theoretical uncertainties due to scale varia-
tions in the three most important processes (gluon-gluon
fusion, VBF, and tt̄ associated production) are sizably re-
duced by the inclusion of the NLO corrections. Thirdly,
the K-factor is always slightly larger than one, except for
gluon-gluon fusion where it is of order two, and for the top-
pair associated channel where it is smaller than one. Fi-
nally, PDF uncertainties are comparable to NLO scale un-
certainties, except in the case of gluon-gluon fusion, where
the latter are dominant. In the case of V HH and tjHH
production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by
varying the scales does not give a reliable estimate, as
NLO corrections for these processes are much larger than
the LO scale dependence band. This is due to two facts:
these processes are purely electro-weak processes at the
LO, and therefore the scale uncertainties are artificially
small; furthermore in the kinematic region probed by these

processes, the quark-gluon initiated channel which opens
up at the NLO can be important.

In fig. 3 we display total LO and NLO cross sections
for the six dominant HH production channels at the LHC
with

√
s =14 TeV, as a function of the self-interaction cou-

pling λ. The dashed (solid) lines and light- (dark-)colour
bands correspond to the LO (NLO) results and to the scale
and PDF uncertainties added linearly. The SM value of
the cross section corresponds to λ/λSM = 1. The sensi-
tivity of the total cross sections to the actual value of λ
depends in a non-trivial way on the relative couplings of
the Higgs to vector bosons and top quarks, and on the
kinematics in a way that is a difficult to predict a priori,
i.e., without an explicit calculation. The reduction of the
scale uncertainties that affect the gg → HH , VBF, and
tt̄HH rates, due to the inclusion of NLO corrections, and
pointed out in table 1 for the SM, is seen here also for
values of λ ̸= λSM.

We then plot typical distributions for all channels and
at the 14 TeV LHC, which we obtain by generating sam-
ples of events at parton level, which are then showered
with Pythia8 (solid) and HERWIG6 (dashes). Being
tiny at the 14 TeV LHC, we do not show the results for
single-top associated production. We present observables
at the NLO+PS accuracy in the main frames of the plots:
the transverse momentum of the hardest (softest) Higgs in
fig. 4 (fig. 5), and the transverse momentum (fig. 6) and the

4
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