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pp collider, designed for √s = 14 TeV (7 TeV 
in 2011, 8 TeV in 2012, 13 TeV in 2015) 

• 27 km circumference, 100 m underground, 
1232 superconducting dipole magnets, 
magnetic field nominally 8.3 T, max 
instantaneous luminosity 1034cm-2s-1

• 4 detectors at collision points: ATLAS, 
CMS, LHCb, ALICE (TOTEM and LHCf)
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Run I (2009-2012) data taking

Pile-up

Disadvantage of high luminosity:
increasing pile-up events

Mean Number of Interactions per Crossing
0 5 10 15 20 25 30 35 40

/0
.1

]
-1

Re
co

rd
ed

 L
um

in
os

ity
 [p

b

0

10

20

30

40

50

60

70

80 Online LuminosityATLAS

> = 19.5µ, <-1Ldt = 6.3 fb∫ = 8 TeV, s

> =  9.1µ, <-1Ldt = 5.2 fb∫ = 7 TeV, s

The average number of
interactions per beam crossing
< µ > increases from 9.1 in 2011
to 19.5 in 2012

Z → µ+µ− candidate with 25
reconstructed vertices
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K. Nikolopoulos Sep 25th, 2015Probing the Higgs Yukawa couplings at the LHC

Large Hadron Collider Run I
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7.73×10333.65×10332.07×1032
Peak Luminosity [ cm-2s-1 ]

1232 superconducting dipoles with B field of  (up to) 8.3T 
1.9K → the coolest place in the universe!

~20 fb-1 of 8 TeV + 5 fb-1 of 7 TeV 
used for Run I analyses  
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Higgs boson discovery 

The puzzle being completed, the two experiments ATLAS and 
CMS enter the era of properties measurement of the newly 
discovered particle and  the search for New Physics beyond the 
Standard Model.  

4 July 2012 seminar@CERN
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Higgs production at the LHC
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a) Gluon-gluon fusion (ggH) 
b) Vector boson fusion (VBF) 
c) Associated V=W,Z production (VH) 
d) Associated tt production (ttH) 

• H-->bb: high BR but suffers from 
large QCD background   

• H--> ττ: sensitivity enhanced in VBF 
production  

• H-->γγ: narrow resonance over a 
continuum background 

• H-->ZZ: -->4l golden channel 
excellent mass resolution and S/B --> 
llqq and llνν  

• H-->WW: -->lνlν and lνqq
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Properties measurement

for the prefit case and

δmHpostfit ¼ "0.22 GeV

¼ "0.19 ðstatÞ " 0.10 ðsystÞ GeV ð7Þ

for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature
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FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and total
(black error bars) uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central value
and the total uncertainty of the combined measurement, respectively.
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predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09$ 0.24 GeV

¼ 125.09$ 0.21 ðstatÞ $ 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS and CMS could not be operated
efficiently. We acknowledge the support of ANPCyT
(Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan);
SSTC (Belarus); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, and FAPESP (Brazil); MES
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FIG. 3 (color online). The impacts δmH (see text) of the nuisance parameter groups in Table I on the ATLAS (left), CMS (center), and
combined (right) mass measurement uncertainty. The observed (expected) results are shown by the solid (empty) bars.

 (GeV)Hm

124 124.5 125 125.5 126 126.5 127

) µ
S

ig
na

l s
tr

en
gt

h 
(

0.5

1

1.5

2

2.5

3
CMS and ATLAS

 Run 1LHC

γγ→HATLAS
l4→ZZ→HATLAS

γγ→HCMS
l4→ZZ→HCMS

All combined

Best fit
68% C.L.

FIG. 4 (color online). Summary of likelihood scans in the 2D
plane of signal strength μ versus Higgs boson mass mH for the
ATLAS and CMS experiments. The 68% C.L. confidence regions
of the individual measurements are shown by the dashed curves
and of the overall combination by the solid curve. The markers
indicate the respective best-fit values. The SM signal strength is
indicated by the horizontal line at μ ¼ 1.
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Higgs boson production processes and decay channels, in particular those which are expected to be small
in the SM but might be enhanced if new physics beyond the SM would be present.

Table 8 shows the results of the fit to the data with a breakdown of the statistical and total systematic
uncertainties, while the complete breakdown into the four components of the uncertainties is shown
in Table 19 in Appendix A. The assumptions that the coupling modifiers are the same at the two centre-of-
mass energies is assumed to be valid in this case as in the parameterisation of the ratios of cross sections
and branching ratios. These tables only show the values and uncertainties for positive values of all the
parameters, while Fig. 9 illustrates the complete ranges of allowed values with their total uncertainties,
including the negative ranges allowed for �WZ and � tg , the two parameters chosen to illustrate possible
interference e�ects due to ggZ H or tH production. Figure 10 shows the likelihood scan results for
these two parameters in the case of the combination of ATLAS and CMS, both for the observed and
expected results. In both cases, the best-fit values correspond to the positive sign, but the sensitivity to the
interference terms remains small at this stage. As described in Section 2.4, these are responsible for the
small asymmetry between the likelihood curves for the positive and negative values of these parameters
of interest. The p-value of the compatibility between the data and the SM predictions is 13%. As for the
first generic parameterisation, all results are consistent with the SM predictions within less than 2� except
for �bZ and �tg which reflect similar tensions to those described in Section 4.1 for the measurement of
the ratios of the bb and Z Z decay branching ratios and of the ttH and ggF production cross sections.

5. Measurements of signal strengths

In Section 4.1, the fit results from a generic parameterisation, expressed mostly as ratios of cross sections
and of branching ratios, have been shown. This section probes more specific parameterisations with
additional assumptions. In the following, results from the fits are presented starting with the most
restrictive parameterisation as a function of a single parameter of interest, which has historically been
the approach to assess the sensitivity of the experimental data to the presence of a Higgs boson. The
results are obtained from the combined fits to the

p
s = 7 and 8 TeV data under the premise that the signal

strengths are the same at the two energies.

5.1. Global signal strength

The simplest and most restrictive signal strength parameterisation is to assume that the µi and µf values
are the same for all production processes and decay channels. In this case, the SM predictions of signal
yields in all categories are scaled by a global signal strength µ. Such a parameterisation provides the
simplest test of the compatibility of the experimental data with the SM predictions. A fit to the combined
ATLAS and CMS data at

p
s = 7 and 8 TeV with µ as the parameter of interest results in the best-fit

value:
µ = 1.09+0.11

�0.10 = 1.09+0.07
�0.07 (stat) +0.04

�0.04 (expt) +0.03
�0.03 (thbgd)+0.07

�0.06 (thsig),

where the breakdown of the uncertainties into their four main components is done as described in Sec-
tion 3.3. The overall systematic uncertainty of +0.09

�0.08 is larger than the statistical uncertainty and its largest
component is the theoretical uncertainty on the ggF cross section. This result is consistent with the SM
expectation of µ = 1 within less than 1� and the p-value of the compatibility between the data and the SM
predictions is 34%. This result is shown in Table 9, together with that from each experiment, including
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Measurements of the Higgs boson production and decay rates and
constraints on its couplings from a combined ATLAS and CMS

analysis of the LHC pp collision data at
p
s = 7 and 8 TeV

The ATLAS and CMS Collaborations

Abstract

Combined ATLAS and CMS measurements of the Higgs boson production and decay rates,
as well as constraints on its couplings to vector bosons and fermions, are presented. The
combination is based on the analysis of five production processes and of the H ! Z Z,WW ,
��, ⌧⌧, bb and µµ decay modes. All results are reported assuming a value of 125.09 GeV
for the Higgs boson mass, the result of the combined Higgs boson mass measurement by
ATLAS and CMS. The analysis uses the LHC proton-proton collision datasets recorded by
the ATLAS and CMS detectors in 2011 and 2012, corresponding to integrated luminosities
per experiment of approximately 5 fb�1 at

p
s = 7 TeV and 20 fb�1 at

p
s = 8 TeV. The Higgs

boson production and decay rates of the two experiments are combined within the context of
two generic parameterisations: one based on ratios of cross sections and branching ratios and
the other based on ratios of coupling modifiers, introduced within the context of a leading-
order Higgs boson coupling framework. The combined signal yield relative to the Standard
Model expectation is measured to be 1.09±0.11 and the combination of the two experiments
leads to observed significances of the VBF production process and of the H ! ⌧⌧ decay
at the level of 5.4� and 5.5�, respectively. Several interpretations of the results with more
model-dependent parameterisations, derived from the generic ones, are also given. The data
are consistent with the Standard Model predictions for all parameterisations considered.

© 2015 CERN for the benefit of the ATLAS and CMS Collaborations.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Combined Measurement of the Higgs Boson Mass in pp Collisions at
ffiffi
s

p
¼ 7 and 8 TeV

with the ATLAS and CMS Experiments

G. Aad et al.*

(ATLAS Collaboration)†

(CMS Collaboration)‡

(Received 25 March 2015; published 14 May 2015)

A measurement of the Higgs boson mass is presented based on the combined data samples of the ATLAS
and CMS experiments at the CERN LHC in the H → γγ and H → ZZ → 4l decay channels. The results
are obtained from a simultaneous fit to the reconstructed invariant mass peaks in the two channels and
for the two experiments. The measured masses from the individual channels and the two experiments
are found to be consistent among themselves. The combined measured mass of the Higgs boson is
mH ¼ 125.09" 0.21 ðstatÞ " 0.11 ðsystÞ GeV.

DOI: 10.1103/PhysRevLett.114.191803 PACS numbers: 14.80.Bn, 13.85.Qk

The study of the mechanism of electroweak symmetry
breaking is one of the principal goals of the CERN LHC
program. In the standard model (SM), this symmetry
breaking is achieved through the introduction of a complex
doublet scalar field, leading to the prediction of the
Higgs boson H [1–6], whose mass mH is, however, not
predicted by the theory. In 2012, the ATLAS and CMS
Collaborations at the LHC announced the discovery of a
particle with Higgs-boson-like properties and a mass of
about 125 GeV [7–9]. The discovery was based primarily
on mass peaks observed in the γγ and ZZ → lþl−l0þl0−

(denoted H → ZZ → 4l for simplicity) decay channels,
where one or both of the Z bosons can be off shell and
where l and l0 denote an electron or muon. With mH
known, all properties of the SM Higgs boson, such as its
production cross section and partial decay widths, can be
predicted. Increasingly precise measurements [10–13] have
established that all observed properties of the new particle,
including its spin, parity, and coupling strengths to SM
particles are consistent within the uncertainties with those
expected for the SM Higgs boson.
The ATLAS and CMS Collaborations have independ-

ently measured mH using the samples of proton-proton
collision data collected in 2011 and 2012, commonly
referred to as LHC Run 1. The analyzed samples corre-
spond to approximately 5 fb−1 of integrated luminosity atffiffiffi
s

p
¼ 7 TeV, and 20 fb−1 at

ffiffiffi
s

p
¼ 8 TeV, for each experi-

ment. Combined results in the context of the separate
experiments, as well as those in the individual channels, are
presented in Refs. [12,14–16].

This Letter describes a combination of the Run 1 data
from the two experiments, leading to improved precision
for mH. Besides its intrinsic importance as a fundamental
parameter, improved knowledge of mH yields more precise
predictions for the other Higgs boson properties.
Furthermore, the combined mass measurement provides
a first step towards combinations of other quantities, such
as the couplings. In the SM, mH is related to the values of
the masses of the W boson and top quark through loop-
induced effects. Taking into account other measured SM
quantities, the comparison of the measurements of the
Higgs boson, W boson, and top quark masses can be used
to directly test the consistency of the SM [17] and thus to
search for evidence of physics beyond the SM.
The combination is performed using only the H → γγ

and H → ZZ → 4l decay channels, because these two
channels offer the best mass resolution. Interference
between the Higgs boson signal and the continuum back-
ground is expected to produce a downward shift of the
signal peak relative to the true value of mH. The overall
effect in the H → γγ channel [18–20] is expected to be a
few tens of MeV for a Higgs boson with a width near the
SM value, which is small compared to the current pre-
cision. The effect in theH → ZZ → 4l channel is expected
to be much smaller [21]. The effects of the interference on
the mass spectra are neglected in this Letter.
The ATLAS and CMS detectors [22,23] are designed to

precisely reconstruct charged leptons, photons, hadronic
jets, and the imbalance of momentum transverse to the
direction of the beams. The two detectors are based on
different technologies requiring different reconstruction
and calibration methods. Consequently, they are subject
to different sources of systematic uncertainty.
The H → γγ channel is characterized by a narrow

resonant signal peak containing several hundred events
per experiment above a large falling continuum back-
ground. The overall signal-to-background ratio is a few

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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The exclusion of all non-SM spin hypotheses at a 
more than 99.9% CL in favour of the SM 0+

arXiv:1506.05669, Phys. Rev. D 92, 012004

So far, compatibility with the SM properties —> SM Higgs boson discovered  
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Higgs self-coupling

Jahred Adelman Irvine 7

One long-term LHC goal
Observe the Higgs boson self-coupling, crucial to testing if 

the Higgs potential is the one predicted in the SM

arXiv:1212.5581 (Baglio et al), 
among many
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One long-term LHC goal
Observe the Higgs boson self-coupling, crucial to testing if 

the Higgs potential is the one predicted in the SM
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Accessible 
in Higgs pair production Extremely challenging  

Expressed in terms of mass, trilinear and quartic couplings: 
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5

Ecm 8 TeV 14 TeV 33 TeV 100 TeV

σNNLO 9.76 fb 40.2 fb 243 fb 1638 fb

Scale [%] +9.0− 9.8 +8.0− 8.7 +7.0− 7.4 +5.9− 5.8

PDF [%] +6.0− 6.1 +4.0− 4.0 +2.5− 2.6 +2.3− 2.6

PDF+αS [%] +9.3− 8.8 +7.2− 7.1 +6.0− 6.0 +5.8− 6.0

TABLE I. Total cross section as a function of the c.m. en-
ergy at NNLO accuracy. We use the exact LO prediction
to normalize our results. The different sources of theoretical
uncertainties are discussed in the main text.

ties we used the MSTW2008 90% C.L. error PDF sets
[31], which are known to provide very close results to the
PDF4LHC working group recommendation for the enve-
lope prescription [32]. We observe that nonperturbative
and perturbative uncertainties are of the same order.
The ratio between NNLO and NLO predictions as a

function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
in the range 8TeV ≤ Ecm ≤ 100TeV:

σNNLO

σNLO
= 1.149−0.326

(

Ecm

1TeV

)−1

+0.327

(

Ecm

1TeV

)−1/2

,

(19)
which runs from 1.22 at 8TeV to 1.18 at 100TeV. On
the other hand, the ratio between NNLO and LO runs

from 2.39 to 1.74 in the same range of energies, and can
be parametrized by the following expression

σNNLO

σLO
= 1.242−7.17

(

Ecm

1TeV

)−1

+5.77

(

Ecm

1TeV

)−1/2

.

(20)
Finally, the total scale variation at NNLO is approxi-
mately given by ±p(Ecm)%, with

p(Ecm) = 4.07− 9.8

(

Ecm

1TeV

)−1

+ 18.6

(

Ecm

1TeV

)−1/2

.

(21)
In this case, we have ±9.4% and ±5.8% at 8 and 100TeV
respectively.
It is worth noticing that the soft-virtual approxima-

tion presented in [17] gives an extremely accurate pre-
diction for the NNLO cross section, overestimating for
example the Ecm = 14TeV result by less than 2%. As
expected, this approximation works even better than for
single Higgs production, due to the larger invariant mass
of the final state.
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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 =
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4
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3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to
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3πv
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aµνh−
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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.
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the full one-loop contribution to dihiggs production to
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Again, we already included the counter terms in the

definition of σ̂(c+)
qg and σ̂(c−)

gq . Finally, for the quark-
antiquark subprocess we have

σ̂b
qq̄ =

∫

d cos θ1 dθ2 dy

√

x(x − 4M2
H/s)

512 π4
fqq̄(x, y, θ1, θ2) .

(17)
The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.†

III. PHENOMENOLOGY

We present, here, the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top- and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
HH =

C(2)
H . We analyzed the impact of this still unknown co-

efficient varying its value in the range 0 ≤ C(2)
HH ≤ 2C(2)

H

† We notice that the exact LO is taken into account in a slightly
different way in Ref. [16]. The numerical effect is anyway small.
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FIG. 3. Total cross section as a function of the c.m. energy
Ecm for the LO (dotted blue), NLO (dashed red) and NNLO
(solid black) prediction. The bands are obtained by varying
µF and µR as indicated in the main text. The inset plot shows
the corresponding K factors.

and found a variation in the total cross section of less
than 2.5%.
In Figure 2 we show the hadronic cross section for the

LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the pertur-
bative series appears, finding a nonzero overlap between
the NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.
In Figure 3 we present the total cross section as a func-

tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections.
In Table I we show the value of the NNLO cross sec-

tion for Ecm = 8, 14, 33 and 100TeV. We consid-
ered three different sources of theoretical uncertainties:
missing higher orders in the QCD perturbative expan-
sion, which are estimated by the scale variation as indi-
cated before, and uncertainties in the determination of
the parton distributions and strong coupling. To esti-
mate the parton flux and coupling constant uncertain-

SM hh production: destructive interference between the trilinear coupling 
diagram and the box diagram 
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Ecm 8 TeV 14 TeV 33 TeV 100 TeV

σNNLO 9.76 fb 40.2 fb 243 fb 1638 fb

Scale [%] +9.0− 9.8 +8.0− 8.7 +7.0− 7.4 +5.9− 5.8

PDF [%] +6.0− 6.1 +4.0− 4.0 +2.5− 2.6 +2.3− 2.6

PDF+αS [%] +9.3− 8.8 +7.2− 7.1 +6.0− 6.0 +5.8− 6.0

TABLE I. Total cross section as a function of the c.m. en-
ergy at NNLO accuracy. We use the exact LO prediction
to normalize our results. The different sources of theoretical
uncertainties are discussed in the main text.

ties we used the MSTW2008 90% C.L. error PDF sets
[31], which are known to provide very close results to the
PDF4LHC working group recommendation for the enve-
lope prescription [32]. We observe that nonperturbative
and perturbative uncertainties are of the same order.
The ratio between NNLO and NLO predictions as a

function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
in the range 8TeV ≤ Ecm ≤ 100TeV:

σNNLO

σNLO
= 1.149−0.326

(

Ecm

1TeV

)−1

+0.327

(

Ecm

1TeV

)−1/2

,

(19)
which runs from 1.22 at 8TeV to 1.18 at 100TeV. On
the other hand, the ratio between NNLO and LO runs

from 2.39 to 1.74 in the same range of energies, and can
be parametrized by the following expression

σNNLO

σLO
= 1.242−7.17

(

Ecm

1TeV

)−1

+5.77

(

Ecm

1TeV

)−1/2

.

(20)
Finally, the total scale variation at NNLO is approxi-
mately given by ±p(Ecm)%, with

p(Ecm) = 4.07− 9.8

(

Ecm

1TeV

)−1

+ 18.6

(

Ecm

1TeV

)−1/2

.

(21)
In this case, we have ±9.4% and ±5.8% at 8 and 100TeV
respectively.
It is worth noticing that the soft-virtual approxima-

tion presented in [17] gives an extremely accurate pre-
diction for the NNLO cross section, overestimating for
example the Ecm = 14TeV result by less than 2%. As
expected, this approximation works even better than for
single Higgs production, due to the larger invariant mass
of the final state.
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HL-LHC prospects 

1 Introduction

The ATLAS and CMS collaborations have recently reported the discovery of a Higgs boson with a

mass of mH ≃ 125 GeV [1, 2]. The measurement of the Higgs boson self-coupling and subsequent

reconstruction of the Higgs potential is crucial in order to confirm whether the Higgs boson discovered

has the properties predicted in the Standard Model.

A direct measurement of the Higgs trilinear self-coupling λHHH requires the study of Higgs bo-

son pair production. At hadron colliders, the dominant Higgs pair production mechanism is gluon

fusion, with the other production mechanisms1 being more than an order of magnitude smaller [3].

For a centre-of-mass energy of 14 TeV, the production cross section of pairs of 125 GeV Higgs bo-

sons is estimated to be 40.8 fb (with an error of ±8.5% from QCD scale uncertainties and ±7% from

PDF+αS ) [4, 5].

The various decays of the Standard Model Higgs boson offer a variety of final states which can be

studied, and the most interesting of these are given in Table 1, along with their branching ratios and the

approximate event yield in the anticipated High-Luminosity LHC (HL-LHC) dataset corresponding to

3000 fb−1.

Decay Channel Branching Ratio Total Yield (3000 fb−1)

bb + bb 33% 40,000

bb +W+W− 25% 31,000

bb + τ+τ− 7.3% 8,900

ZZ + bb 3.1% 3,800

W+W− + τ+τ− 2.7% 3,300

ZZ +W+W− 1.1% 1,300

γγ + bb 0.26% 320

γγ + γγ 0.0010% 1.2

Table 1: Branching ratios for different HH final states, and their corresponding approximate expected

yields in 3000 fb−1 of data before any event selection is applied, assuming a total production cross

section of 40.8 fb and mH = 125 GeV.

The H(→ bb̄)H(→ γγ) final state discussed in this note offers the potential for a clean HH signal ex-

traction thanks to the narrow mass peak of the H → γγ decay. The low branching for this decay mode

leads to low expected signal rates, so only the gluon-gluon production mode has been studied. The

analysis documented in this note has been done using truth-level samples (i.e. 4-vectors describing the

kinematics of the various physics objects) produced by the event generators described in Section 3.1,

applying smearing functions in order to model the expected performance of the upgraded ATLAS de-

tector at the HL-LHC. These smearing functions were obtained from fully simulated samples produced

for various benchmark physics processes, with an average number of collisions per bunch crossing,

< µ >, of around 140 [6, 7]. The high-luminosity conditions provide a challenging experimental envir-

onment, which will be mitigated as far as possible by improvements to the ATLAS detector design and

technology, as described in Ref. [8].

This note focuses on the observation of Higgs boson pair production in the H(→ bb̄)H(→ γγ)
final state; a precise measurement of λHHH would need a combination of analyses from several decay

channels, each with its own sensitivity to the effects of the Higgs self-coupling.

1vector boson fusion, higgsstrahlung, and associated production with tt̄.
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couplings is shown in the dashed line with its 68% and 95% error bands. The solid black, dashed blue and dotted
violet lines show a fit of the expected number of events normalised by the SM number of events for di�erent �HHH

after the selection for the ⌧had⌧had, ⌧lep⌧had electron and muon channels.

8 Conclusions

Cut and count studies have been performed on Monte Carlo simulation under several e�ective assumptions
of the Higgs trilinear self-coupling constant �HHH for three di�erent channels on the HH ! bb⌧⌧ final
state. In each case, the selection has been optimised to maximise the signal to background ratio, considering
most of the reducible and irreducible backgrounds. A parametrisation of the ATLAS detector has been
used to estimate the impact of its performance in rejecting the backgrounds.

As a final result, the expected significance for detecting the signal has been calculated combining the
di�erent channels under a 3% luminosity uncertainty and a 3% background modelling uncertainty as-
sumption for the main backgrounds. Under such conditions, it is expected that the signal would have a
significance of 0.60�, while if the e�ective Higgs trilinear self-coupling �HHH is twice the SM prediction,
a significance of 0.40� could be reached and if it is zero, the significance would be 0.84�. Assuming we
have Standard Model data, we can also set an upper limit of 4.3⇥�(HH ! bb̄⌧+⌧�) at 95% Confidence
Level on the signal cross section. Finally, we can project an exclusion at 95% Confidence Level of BSM
HH production with �HHH/�SM  �4 and �HHH/�SM � 12.
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The CMS collaboration showed  
(CMS-PAS FTR-15-002)

that combining the bbγγ and the bbττ decay 
channels, the expected significance of a Higgs 

pair production is 1.9σ



New Physics 

2 Higgs Self-Coupling Phenomenology

Higgs boson pair production from gluon fusion can be described at leading order (LO) by the Feyn-

man diagrams shown in Figure 1. Only the diagram on the left hand side includes a contribution from

the triple Higgs coupling, whereas in the case of the diagram on the right hand side the self-coupling

constant does not play a role. Both diagrams contain fermionic loops and are dominated by the con-

tribution from the top quark. There is a relative minus sign between the two contributions, resulting

in destructive interference that effectively reduces the total Higgs pair production cross section in the

Standard Model.

Figure 1: Feynman diagrams describing Higgs pair production from gluon fusion at LO.
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Figure 2: The dependence of the inclusive Higgs pair production cross section at
√

s = 14 TeV on

λHHH , on the left with a linear y-scale and with a log y-scale on the right. The LO and NLO values are

obtained with the HPAIR program [9], and for NNLO the results from Ref. [4, 5] are used.

This effect can be seen in Figure 2 (left), where di-Higgs cross sections for different values of the

self-coupling λHHH are shown, at LO, next-to-leading order (NLO), and next-to-next-to-leading order

(NNLO). A value of λHHH = 0 corresponds to the case where there is no self-coupling of the Higgs

boson, and thus the amplitude of the left diagram in Figure 1 vanishes. For this case the cross section is

enhanced by approximately a factor of two compared to the Standard Model [10, 11]. The cross section

decreases with increasing values of the self-coupling up to a value of 2.44 times the Standard Model

value (λS M
HHH

) where the cross section is at its minimum. Figure 2 (right) shows that the cross-section

is never zero. For larger values of λHHH the cross-section increases again. Due to the (approximately)

parabolic shape of the cross-section, measuring only the total cross section for the pair production

process does not allow the value of the self coupling constant to be inferred but the degeneracy could

be removed by further measurements of its dependence on kinematical variables.

Figure 2 also shows that the differences between cross-section predictions at different order in

pQCD are large. The NNLO values are used in the remainder of this note.

2

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

hh Motivation 
•  SM hh production 
–  Direct test of  Higgs potential 
–  Small cross section: O(40 fb) at 14 TeV 

•  BSM hh production 
–  Higgs sector may be more complex than SM 

•  Additional Higgs, modified λ or new vertices, new particles in loop, … 

–  New resonances could greatly enhance hh production 
•  E.g. KK-Gravitons, H in 2HDM, new scalar in Higgs portal, … 

•  Focus on hh�4b channel 
–  Largest BR~33% 
–  Heavy resonances produce  

boosted Higgs-jets 
–  Must combine jet substructure  

with heavy flavor identification 

4"

Jahred Adelman Irvine 9

What about extensions to the SM?

• Can enhance non-resonant hh production in many 
extensions to the SM
• tthh interactions, light colored scalars, if Higgs 

boson self-coupling were                                         
altered, or if top quark had non-                         
standard Yukawa coupling

h

h

t
t
t

arXiv:1205.5444 (Contino et al) 1207.4496 (Kribs 
and Martin), 1212.5581 (Baglio et al) among many

A variety of extensions of the SM would enhance Higgs boson pair production 

Non resonant production 

- non SM Yukawa couplings 
- direct tthh vertex (composite models)
- addition of light colored scalars 
- dimension-6 gluon Higgs operators … 

Resonant production 

- SUSY: 2HDM the heavier H —>hh (—>1pb) 
- Production and decay of exotic particles: graviton, radion or stoponium.. 
- Hidden sector mixing with the observed h 

10

ATL-PHYS-PUB-2014-019 



Search for hh in Run I

ATLAS Collaboration 

• Searches for Higgs boson pair production in the hh→bbττ,γγWW∗,γγbb,bbbb channels 
with the ATLAS detector Phys. Rev. D 92, 092004 (2015) 

• Search for Higgs boson pair production in the $b\bar{b} b\bar{b}$ final state from $pp$ 
collisions at $\sqrt{s} = 8$ TeV with the ATLAS detector Eur. Phys. J. C (2015) 75:412 

• Search For Higgs Boson Pair Production in the γγbb Final State using pp Collision Data 
at √s=8 TeV from the ATLAS Detector Phys. Rev. Lett. 114, 081802 (2015) 

CMS Collaboration 

• Search for the resonant production of two Higgs bosons in the final state with two photons 
and two bottom quarks CMS PAS HIG-13-032 

• Search for resonant pair production of Higgs bosons decaying to two bottom quark-
antiquark pairs in proton-proton collisions at 8 TeV, CMS-HIG-14-013

• Searches for a heavy scalar boson H decaying to a pair of 125 GeV Higgs bosons hh or 
for a heavy pseudoscalar boson A decaying to Zh, in the final states with h to tautau, 
CMS-HIG-14-034 

11



ATLAS detector
Inner Detector EM Calorimeter

Three subdetectors (B=2T)
- Pixel detector
- Semi-Conductor Tracker
- Transition Radiation Tracker

Reconstruct charged particles 

Sampling calorimeter Pb-LAr

Three longitudinal layers: 
- layer 1: very fine segmentation along η 

allowing γ/π0 discrimnation 
- layer 2: bulk of the EM shower deposited 
- layer 3: tail of the EM shower 
A presampler up to |η|<1.8 corrects for losses 
upstream the calorimeter 
12



hh—>bbγγ
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hh—>bbγγ

Powerful final state: 
- large h—>bb branching ratio 
- excellent diphoton invariant mass 

resolution
- low backgrounds 
- clean diphoton trigger 

• Loose diphoton trigger ~ 100% efficient
• pT>0.35 (0.25) mγγ for leading 

(subleading) photon 
• |η|<2.37 excluding 1.37<|η|<1.56 
• Tight identified photons 
• Track isolation  (ΔR<0.2) < 2.6 GeV 
• Calorimetric isolation (ΔR<0.4) <6 GeV 

corrected for γ energy leakage and pileup
• 105< mγγ<160 GeV  

H—>γγ selection

14



hh—>bbγγ

Anti-kT jets (R=0.4) satisfy: 
-  pT>55 (35) GeV for leading (subleading) jets
- |eta|<2.5 
b-tagging use multivariate algorithm with an 70% 
efficiency for jets from b fragmentation in simulated 
ttbar events: rejection factor of ~ 130 (4) for light 
quark (charm) jets 

Calibrate b-tag scale using dilepton ttbar events 

Jahred Adelman Irvine 19

Jets and b-tagging

• Require two anti-kT R=0.4 
jets with |η| < 2.5

• Perform b-tagging using 
neural network tagger at 
70% efficiency for b-jets in 
simulated ttbar events
• Rejection factor 130x (4x) 

for light quark (charm) 
jets

• Calibrate b-tag scale 
factors using dilepton 
ttbar events
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ATLAS-CONF-2014-004
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Jets and bb invariant mass
• Leading jet pT > 55 GeV, subleading pT > 35 GeV 

after adding in 4-vectors of any muons with pT > 4 
GeV with dR < 0.4 to jet

• Require 95 < mbb < 135 [GeV], 75% efficiency for hh
• Asymmetric cut optimized in simulation and largely 

due to energies losses from escaping neutrinos
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95< mjj < 135 GeV: mass resolution ~ 13 GeV asymmetric cut since neutrinos from 
semileptonic b-decays are not measured 
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Non resonant search

Signal parameterisation: Crystal Ball+gaussian fit to SM dihiggs sample
The combined acceptance and selection efficiency for SM hh signal = 7.4 %

Continuum background Modelling: 
determined from data sidebands 
An exponential function is used to fit 
the data in the sidebands in a control 
region <2b-tag. The slope is shared 
with the signal region i.e >=2b-tag 
to constrain the bkg shape.

Its composition is checked using truth 
smeared samples 
bbγγ, bbγj, γγbj, γγjj, bγjj, bbjj 
The contribution from ttbar where 2 
electrons fake the 2 photons is 
roughly 10% of the total bkg. 

Single Higgs background modelling: determined from simulation (dominated 
by ttH and ZH processes). A CB+gauss fit is used. 

16



Systematic uncertainties: non-resonant search

The systematic uncertainties are small compared to 
the statistical uncertainty: 30-35% 

 

Largest uncertainty coming from bkg shape determination 11%: 
fit sidebands to 0-tag data, 1-tag, data with reversed photon identification and 

using flat function to fit

17



Non resonant search

Jahred Adelman Irvine 28

Backgrounds for hh→bbγγ

• Compares with 0.04 
hh events and 1.3 
events from continuum 
backgrounds in 
±2!(mᵧᵧ)

• Continuum split evenly 
between ""jj and "jjj
• j can be b, c or light
• ttbar ~ 10% of the 

total

Process Fraction of total

ggH 11%

qqH 2%

WH 1%

ZH 17%

tt̄H 69%

Total 0.17± 0.04 Events

TABLE I: Predicted number and composition of SM single Higgs boson background events in the non-resonance search. The
total expected SM signal from pair production of Higgs bosons is 0.04 events.

Predicted number of events in SR for 
SM single Higgs background  

Fitted number of continuum 
background in the SR coming from 

data sidebands : 1.3 events 

Total expected SM hh signal is 0.04 
events 

5 events are observed

2.4σ from background-only 
hypothesis 

95% CL upper limit (using CLs) 
is 2.2 pb (expected 1.0 pb)  

18



Resonant search

Same analysis as non-resonant but require mbb to be 125 GeV: scaling the 
combined bb 4-vector multiplying it by mH/mbb   —> improve 4-object invariant 
mass resolution mγγbb by 30-60% depending on the mass hypothesis

Require mγγbb to be within 
window selecting 95% signal 

efficiency in simulation 
Window varies from 17 GeV 
(mX=260 GeV) to 60 GeV 

(mX = 500 GeV)

Resonant hh production modeled with a gluon-initiated spin-0 resonant state in a 
narrow-width approximation (NWA) —> signal simulation 

The impact of the mass constraint 
was checked not to alter 
significantly the shape of the 
background 

19



Resonant search: bkg

Continuum background: take the shape from a <2b-tag control region
Fit with a Landau function  

Measure the efficiency of continuum to pass the cut on mγγbb with |mγγ-mh|/<2σμγγ
For mX low (260 GeV) and high (500 GeV), efficiency for continuum <8%

For mX= 300 GeV, 18% of continuum 

Nb of bkg  in |mγγ-mh|<2σμγγ
and  Nsidebandcontinuum is the number of 
observed events in the sidebands of mγγ
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Figure 62: Example test-statistics (versus rate) of background-only toys for the resonance analysis, at
mX = 260 GeV.

for the sideband and signal region (SR) are (dropping uncertainties):
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and then trivially,

NSideband = NSideband
Continuum + NSideband

SM + NSideband
BSM (7)

NS R = NS R
Continuum + NSR

SM + NSR
BSM (8)

The limit (significance) is evaluated in 10 GeV steps from 260 to 350 GeV, and then in 25 GeV steps,1421

up to 500 GeV.1422

Example test statistics are shown in Figure 62. The discretization of the test statistic and rate, corre-1423

sponding to the very small number of fitted events is apparent.1424

10.2.1 Evaluating the Look Elsewhere E↵ect1425

The statistical model was not implemented as a smooth function of m��bb; instead all of the toys were1426

generated separately for each local test. For this reason, a new method was required to take into account1427

correlations between adjacent mass points when evaluating the look-elsewhere e↵ect.1428

To do this, we exploited the discretization of the possible parameter values. For each mass hypothesis,1429

there were only two observables of interest: the number of events in the sideband and the number of1430

events in the signal region. These numbers are simple integers. For the approximately 20 tested masses,1431

sidebands with a Poisson generated from 9 events (roughly, 0-20), and up to 5 signal events, this leads to1432

just ⇠1600 distinct p values. The local p0s were therefore extracted for each combination of parameter1433

values, at each mass point, and saved. This is illustrated in Figure 63.1434

The parameter space was then simulated using a simplified model with two Poisson variables: one1435

for the m�� sideband region and the other for the signal region. The value in the signal region is taken as1436

mγγ20
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The resonance search

35

Resonant search: bkg
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mγγbb mass in resonance search

Same 5 events
in SR as before
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Figure 62: Example test-statistics (versus rate) of background-only toys for the resonance analysis, at
mX = 260 GeV.

for the sideband and signal region (SR) are (dropping uncertainties):
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and then trivially,
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The limit (significance) is evaluated in 10 GeV steps from 260 to 350 GeV, and then in 25 GeV steps,1421

up to 500 GeV.1422

Example test statistics are shown in Figure 62. The discretization of the test statistic and rate, corre-1423

sponding to the very small number of fitted events is apparent.1424

10.2.1 Evaluating the Look Elsewhere E↵ect1425

The statistical model was not implemented as a smooth function of m��bb; instead all of the toys were1426

generated separately for each local test. For this reason, a new method was required to take into account1427

correlations between adjacent mass points when evaluating the look-elsewhere e↵ect.1428

To do this, we exploited the discretization of the possible parameter values. For each mass hypothesis,1429

there were only two observables of interest: the number of events in the sideband and the number of1430

events in the signal region. These numbers are simple integers. For the approximately 20 tested masses,1431

sidebands with a Poisson generated from 9 events (roughly, 0-20), and up to 5 signal events, this leads to1432

just ⇠1600 distinct p values. The local p0s were therefore extracted for each combination of parameter1433

values, at each mass point, and saved. This is illustrated in Figure 63.1434

The parameter space was then simulated using a simplified model with two Poisson variables: one1435

for the m�� sideband region and the other for the signal region. The value in the signal region is taken as1436

Resonant search

Not enough statistics to perform robust fit sidebands after resonance selection 

Perform instead cut-and-count analysis 

Only 
|mγγ-mh|/<2σμγγ

The combined acceptance and 
selection efficiency for a resonance 
signal to pass all requirements varies 
from 3.8% at mX=260 GeV to 8.2% 
at mX=500 GeV 22



Resonant search: systematics

Use simulation to evaluate differences in shape between γγbb and γγjj

Use alternative fit functions to Landau distribution 
23
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Limits in resonance search
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p-values in resonance search

Global p-value = 2.1σ
41

Resonant search: results

The observed exclusion ranges 
from 3.5 to 0.8 pb

The expected exclusion improves 
from 1.8 to 0.8 pb 

Also shown the expectation from a 
sample type I 2HDM with

 cos(β-α)=-0.05 and tanβ=1. 

The max local significance is 3σ 
at mX=300 GeV 

The global probability of such an 
excess occurring at any mass in 

the range studied is 2.1σ

24



hh—>bbbb
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hh—>bbbb

Despite the fully hadronic final state being subject to large 
multijet background, searches for hh—>bbbb have good 

sensitivity for both the resonant and non-resonant searches 
—> high BR for h—>bb 

It is a much more sensitive analysis at high mX where the 
bkg can be controlled to a manageable rate 

Start the search at mX = 500 GeV 

Combination of 5 unprescaled triggers —> 99.5% efficiency

Two Higgs boson reconstruction techniques which are 
complementary in their acceptance are performed. 
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hh—>bbbb
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hh�4b Analysis Overview  7"

Resolved analysis:  
1.  Four b-tagged anti-kT R=0.4 jets 
2.  Arrange into close-by pairs, ΔR<1.5 
3.  Mass dependent pT and |Δη| cuts 
4.  ttbar veto, using 5th jet to test 

consistency with mW / mtop 

Boosted analysis: 
1.  Two anti-kT R=1.0 jets, trimmed with 

Rsub=0.3 and fcut=0.05 
2.  Each with 2 b-tagged R=0.3 track jets 
3.  pT  and|Δη| cuts 

 

Signal region: Xhh =
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Resolved analysis:  
1.  Four b-tagged anti-kT R=0.4 jets 
2.  Arrange into close-by pairs, ΔR<1.5 
3.  Mass dependent pT and |Δη| cuts 
4.  ttbar veto, using 5th jet to test 

consistency with mW / mtop 

Boosted analysis: 
1.  Two anti-kT R=1.0 jets, trimmed with 

Rsub=0.3 and fcut=0.05 
2.  Each with 2 b-tagged R=0.3 track jets 
3.  pT  and|Δη| cuts 
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Figure 1: Acceptance times reconstruction and selection e�ciency as a function of graviton mass for the bulk RS
model, for the resolved and boosted analyses. The shapes of the curves are driven by the separation between the
b-quarks from the Higgs boson decays and the impact on jet clustering. The requirements are defined in Sects. 4.2
and 5.2.

production. In the bulk RS model, the fermion and boson fields can propagate in a warped extra dimension,
which has a curvature parameter k. This benchmark model is investigated with three coupling constant
values, k/M̄Pl = 1.0, 1.5 and 2.0 (M̄Pl = MPl/

p
8⇡ is the reduced Planck mass), which cover much of

the possible parameter space [8]. The 2HDMs considered have CP-conserving scalar potentials (Type-I,
Type-II, Lepton-specific and Flipped) [10], in the regime mH = mA = mH± , with the potential parameter
that mixes the two Higgs doublets m2

12 = m2
A tan �/(1 + tan2 �). Interpretations are made as a function

of tan � and cos (� � ↵). The parameter tan � is the ratio of vacuum expectation values of the two Higgs
doublets and ↵ is the mixing angle between the two neutral CP-even scalars.

2 The ATLAS detector

ATLAS is a multi-purpose particle physics experiment [24] at the LHC. The detector1 consists of inner
tracking devices surrounded by a superconducting solenoid, electromagnetic and hadronic calorimeters, and
a muon spectrometer. The inner tracking system provides charged-particle tracking in the pseudorapidity
region |⌘| < 2.5 and vertex reconstruction. It consists of a silicon pixel detector, a silicon microstrip tracker,
and a straw-tube transition radiation tracker. The system is surrounded by a solenoid that produces a 2 T
axial magnetic field. The central calorimeter system consists of a liquid-argon electromagnetic sampling
calorimeter with high granularity covering |⌘| < 3.2 and a steel/scintillator-tile calorimeter providing
hadronic energy measurements in the central pseudorapidity range (|⌘| < 1.7). The endcap and forward
regions are instrumented with liquid-argon calorimeters for both electromagnetic and hadronic energy
measurements up to |⌘| = 4.9. The muon spectrometer is operated in a magnetic field provided by air-core
superconducting toroids and includes tracking chambers for precise muon momentum measurements up to
|⌘| = 2.7 and trigger chambers covering the range |⌘| < 2.4. A three-level trigger system is used to select

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � is the azimuthal angle around the beam pipe. The
pseudorapidity, ⌘, is defined in terms of the polar angle ✓ as ⌘ = � ln[tan(✓/2)].
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decay and two from the decay of the W boson. Since the probability to mis-tag charm-jets is much higher
than the probability to mis-tag light-jets, in the majority of cases the dijet is formed from the b-jet and a
charm-jet from the decay of the W boson. In order to reduce the tt̄ background, jets not already used in
the formation of the two dijets (“extra jets”) in the event are used to reconstruct W boson and top quark
candidates by combining them with each of the dijets. These extra jets are required to have pT > 30 GeV,
|⌘| < 2.5, and �R < 1.5 relative to the dijet. The W boson candidates are reconstructed by adding the
four-momentum of each of the possible extra jets to the four-momentum of the jet in the dijet system
with the lowest probability of being a b-jet according to the multivariate b-tagging algorithm. Top quark
candidates are then reconstructed by summing the dijets with each of the extra jets. The compatibility with
the top quark decay hypothesis is then determined using the variable:

Xtt =

s 
mW � m̃W

�mW

!2

+

 
mt � m̃t

�mt

!2

,

where mW and mt are the invariant masses of the W boson and top quark candidates, �mW = 0.1 mW ,
�mt = 0.1 mt, m̃W = 80.4 GeV and m̃t = 172.5 GeV. The values of �mW and �mt reflect the dijet and
three-jet system mass resolutions. If either dijet in an event has Xtt < 3.2 for any possible combination with
an extra jet, the event is rejected. This requirement reduces the tt̄ background by ⇠ 60%, whilst retaining
⇠ 90% of signal events (shown as “tt̄ Veto” in Fig. 2).

The event selection criteria described above are collectively referred to as the “4-tag” selection requirements.
These requirements select 1891 events.

Following the 4-tag selection, a requirement on the leading and subleading dijet masses (mlead
2j and msubl

2j ,
respectively) is used to define the signal region. The central value of this region corresponds to the median
values of the narrowest dijet mass intervals that contain 90% of the MC signal (these were found to be
stable with resonance mass). The definition of the signal region is

Xhh =

vuut0
BBBBBB@

mlead
2j � 124 GeV

0.1 mlead
2j

1
CCCCCCA

2

+

0
BBBBBB@

msubl
2j � 115 GeV

0.1 msubl
2j

1
CCCCCCA

2

, (1)

where the 0.1 m2j terms represent the widths of the leading and subleading dijet mass distributions. The
signal region is defined as Xhh < 1.6. This corresponds to the kinematical requirements illustrated by
the inner region in Fig. 3, albeit with data from the 2-tag sample shown. It is optimized to maximize the
expected sensitivity of the search. The acceptance times e�ciency of the full selection, including this
signal region requirement, is shown in Fig. 2 as “Signal Region”. For SM non-resonant Higgs boson pair
production, the full selection has an A ⇥ " = 0.60%.

The final step of the Higgs boson pair resonant production search is to perform a fit to the four-jet mass m4j
in the signal region. The sensitivity of this fit is increased by improving the m4j resolution in this region,
using the constraint that the two dijet masses should equal the Higgs boson mass, i.e. mlead

2j = msubl
2j = mh.

To this end, each dijet four-momentum is multiplied by a correction factor ↵dijet = mh/mdijet. This leads to
an improvement of ⇠ 30% in the signal m4j resolution—with a significant reduction of the low-mass tails
caused by energy loss—with little impact on the background.
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Figure 8: The leading–subleading large-R jet mass distribution for the 2-tag and 3-tag data sample in the boosted
analysis. The signal region is the area surrounded by the inner black contour line, centred on mlead

J = 124 GeV and
msubl

J = 115 GeV. The control region is the area inside the outer black contour line, excluding the signal region. The
sideband region is the area outside the outer contour line.

The estimated background yield in the 4-tag sample, N4�tag
bkg , is computed according to

N4�tag
bkg = µQCD N2+3�tag

QCD + ↵tt̄ N4�tag
tt̄ + N4�tag

Z , (4)

where N2+3�tag
QCD is the number of multijet events in the 2+3-tag data sample, N4�tag

tt̄ and N4�tag
Z are the

numbers of events in the 4-tag tt̄ and Z+jets MC samples. The parameter µQCD corresponds to the ratio of
multijet event yields in the 4-tag and 2+3-tag data samples, as defined in Eq. (2), except for including both
2- and 3-tag events in the denominator. Finally, the parameter ↵tt̄ is a scale factor designed to adjust the tt̄
event yield from the MC simulation. Both µQCD and ↵tt̄ are extracted from a binned likelihood fit to the
leading large-R jet mass distribution obtained in the sideband region of the 4-tag data sample, as depicted
in Fig. 9. Due to the large minimum pT requirement for the leading large-R jet, much of the tt̄ contribution
is concentrated at high mass close to the top-quark mass. In this fit, the multijet distribution is extracted
from the 2+3-tag data sample, after subtraction of the tt̄ and Z+jets contributions predicted by the MC
simulation. The tt̄ and Z+jets distributions in the sideband region of the 4-tag data sample are taken from
the MC simulation, but the Z+jets contribution is very small and its distribution is added to the multijet
distribution for the fit. The resulting fit values are µQCD = 0.0071 ± 0.0007 and ↵tt̄ = 1.44 ± 0.50 with a
correlation coe�cient of �0.67 between these two parameters.

Figure 10a shows the dijet mass distribution for the 4-tag data sample in the sideband region with the
background estimated using the above method. This figure indicates that the 2+3-tag sample provides a
valid description of the background kinematics in the 4-tag sample. The modelling of the background
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Figure 3: The distribution of the subleading dijet mass, msubl
2j , vs the leading dijet mass, mlead

2j , for the 2-tag data
sample used to model the multijet background in the resolved analysis. The signal region is the area surrounded by
the inner black contour line, centred on mlead

2j = 124 GeV, msubl
2j = 115 GeV. The control region is the area inside the

outer black contour line, excluding the signal region. The sideband region is the area outside the outer contour line.

of the total background model to data for three kinematic distributions which are found to have the
largest disagreement between 2-tag and 4-tag events: the leading dijet pT, the �R separation between
the jets in the subleading dijet, and the �R separation between the two dijets. The reweighting is done
using one-dimensional distributions, but is iterated so that correlations between the three variables are
approximately accounted for. Three iterations are found to be su�cient. After the correction process,
there is good agreement between the background model and sideband region data in kinematic variables
that were not explicitly corrected. Systematic uncertainties in the normalization and shape of the multijet
background model in the signal region are assessed using control-region data, as described in Sect. 4.4.

4.3.2 t t̄ background

The tt̄ background is described using a hybrid model: the normalization is derived from data in a tt̄ control
sample, while the shape is taken from MC simulation because there are too few events in the tt̄ control
sample to describe the shape precisely enough.

The tt̄ control sample is formed from events which pass the 4-tag selection, except for the top veto, which
is reversed: if either of the dijets fails the top veto, the event enters the tt̄ control sample. This selection
leads to a sample of 41 events within the signal region of the tt̄ control sample, of which ⇠ 50% are tt̄ and
⇠ 50% multijet. The multijet background component is estimated using the same methods as used for the
nominal selection, but with a wider control region in order to reduce the sideband region tt̄ fraction. After

10

28

Dominant background: multijet events estimated using a 2-tag region (one dijet 
system b-tagged): 

4.3 Background estimation

After the 4-tag selection described above, about 95% of the remaining background in the signal region
is expected to originate from multijet events, which are modelled using data. The remaining ⇠ 5% of
the background is tt̄ events. The tt̄ yield is determined from data, while the m4j shape is taken from MC
simulation. The Z+jets contribution is < 1% of the total background and is modelled using MC simulation.
The background from all other sources–including processes featuring Higgs bosons–is negligible.

4.3.1 Multijet background

The multijet background is modelled using an independent data sample selected by the same trigger and
selection requirements as described in Sect. 4.2, except for the b-tagging requirement: only one of the two
selected dijets has to be formed from b-tagged jets, while the other dijet can be formed from jets that are
not b-tagged. This “2-tag” selection yields a data sample comprising 485377 events, 98% of which are
multijet events and the remaining 2% are tt̄. The predicted contamination by the signal is negligible.

This 2-tag sample is normalized to the 4-tag sample and its kinematical distributions are corrected for
di↵erences introduced by the additional b-tagging. These di↵erences arise because the b-tagging e�ciency
as well as the charm- and light-jet rejection vary as a function of jet pT and ⌘, the various multijet
processes contribute in di↵erent fractions, and the fraction of events passed by each trigger path changes.
The normalization and kinematic corrections are determined using a signal-free sideband region of the
mlead

2j -msubl
2j plane, in dedicated samples collected without mass-dependent requirements, which increases

the statistical precision of the kinematic corrections. The resulting background model is verified and the
associated uncertainties are estimated using a control region. The sideband and control regions are shown

in Fig. 3. The sideband region is defined as:
r⇣

mlead
2j � 124 GeV

⌘2
+
⇣
msubl

2j � 115 GeV
⌘2
> 58 GeV,

while the control region is defined as the region between the signal and sideband regions. These definitions
are chosen to be orthogonal to the signal region and to give approximately equal event yields in the
sideband and control regions.

The normalization of the multijet background prediction is set by scaling the number of events in each
region of the 2-tag sample by the following factor, µQCD, calculated in the sideband region:

µQCD =
N4�tag

QCD

N2�tag
QCD

=
N4�tag

data � N4�tag
tt̄ � N4�tag

Z

N2�tag
data � N2�tag

tt̄ � N2�tag
Z

, (2)

where N2�/4�tag
data is the number of events observed in the sideband region in the 2- or 4-tag data sample,

respectively. The yields N2�/4�tag
tt̄ and N2�/4�tag

Z are the estimated number of tt̄ and Z+jets events in the
2-/4-tag selected sideband region. The tt̄ normalization is estimated from data, as described in Sect. 4.3.2,
while the Z+jets is estimated using MC simulation.

To predict the distributions of the multijet background in each region, the predicted tt̄ and Z+jets 2-tag
distributions are first subtracted from the 2-tag data sample distribution before the distribution is scaled by
µQCD.

The correction for the kinematic di↵erences between 2-tag and 4-tag samples is performed by reweighting
events in the 2-tag sample. The weights are derived in the sideband region from linear fits to the ratio

9

Require XHH < 1.6 to define the signal region, then constrain dijet systems mass to 
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Table 5: The number of predicted background events in the hh signal region for the resolved analysis, compared to
the data. Uncertainties correspond to the total uncertainties in the predicted event yields. The yield for two potential
signals, SM non-resonant Higgs boson pair production and a 500 GeV G⇤KK in the bulk RS model with k/M̄Pl = 1 are
shown, with the uncertainties taken from Table 4.

Sample Signal Region Yield

Multijet 81.4 ± 4.9
tt̄ 5.2 ± 2.6
Z+jets 0.4 ± 0.2

Total 87.0 ± 5.6

Data 87

SM hh 0.34 ± 0.05
G⇤KK (500 GeV), k/M̄Pl = 1 27 ± 5.9
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Figure 6: Distribution of the four-jet mass, m4 j, in the signal region of the resolved analysis for data (points) compared
to the predicted background (solid histograms). The filled blocks represent the combined statistical and systematic
uncertainty in the total background estimate. Two simulated signal m4j peaks for the bulk RS model with k/M̄Pl = 1
are shown as dashed lines.

impact of energy depositions due to pile-up and the underlying event, the jets are trimmed [22]. This
trimming algorithm reconstructs subjets within the large-R jet using the kt algorithm with radius parameter
Rsub = 0.3, then removes any subjet with pT less than 5% of the large-R jet pT. Further calibration of both
the energy and mass scales is applied as a function of pT and ⌘ as determined from simulation and in situ
measurements [65].

A novel aspect of the boosted technique presented here is the use of track-jets [23] to identify the presence of
b-quarks inside the large-R jet. Such track-jets are built solely from tracks with pT > 0.5 GeV and |⌘| < 2.5,
satisfying a set of hit and impact parameter criteria to make sure that those tracks are consistent with
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6 Results

The results from the analyses in Sects. 4.5 and 5.5 are interpreted separately using the statistical procedure
described in Ref. [1] and references therein. Hypothesized values of µ, the global signal strength factor,
are tested with a test statistic based on the profile likelihood ratio [74, 75]. In the profile likelihoods, the
maximum likelihood values are obtained with the systematic uncertainties treated as independent, Gaussian
or log-normal constraint terms. The statistical analysis described below is performed using data from the
signal region solely. In the case of the search for non-resonant hh production, only the number of events
passing the final selection is used whereas the m4j or m2J distributions are used in the case of the search for
hh resonances.

6.1 Background-only hypothesis tests

Tests of the background-only hypothesis (µ = 0) are carried out to determine if there are any statistically
significant local excesses in the data. The significance of an excess is quantified using the local p0, the
probability that the background could produce a fluctuation greater than or equal to the excess observed
in data. A global p0 is also calculated for the most significant discrepancy, using background-only
pseudo-experiments to derive a correction for the look-elsewhere e↵ect across the mass range tested.

In the case of the resolved analysis, the largest deviation from the background-only hypothesis is found to
be 2.1� for a pp! H! hh! bb̄bb̄ signal with fixed �H = 1 GeV at m4j = 1200 GeV. This corresponds
to a global significance of 0.42�. The significance of any deviation for a G⇤KK signal with k/M̄Pl = 1 is
very similar, albeit with slightly smaller local discrepancies as a result of the larger signal m4j width.
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In the case of the boosted analysis, the largest local deviation corresponds to the data excess at m2J ⇠ 900 GeV
apparent in Fig. 12, with a local significance of 2.6� for pp! G⇤KK! hh! bb̄bb̄ with k/M̄Pl = 1. The
global significance of this deviation corresponds to 0.78�.

Given these low significance values, the results of both analyses are consistent with the background-only
hypothesis. Of the 117 events selected in the data by either the resolved or boosted analysis, only four
events are common to both.

6.2 Exclusion limits

The data are used to set upper limits on the cross-sections for the di↵erent benchmark signal processes.
Exclusion limits are based on the value of the statistic CLs [76], with a value of µ regarded as excluded at
95% confidence level (CL) when CLs is less than 5%.

The non-resonant search is performed using the resolved analysis, since it has better sensitivity than the
boosted analysis. Using the SM hh non-resonant production as the signal model, the observed 95% CL
upper limit is �(pp ! hh ! bb̄bb̄) = 202 fb. This can be compared to the inclusive SM prediction (as
defined in Sect. 3) of �(pp! hh! bb̄bb̄) = 3.6 ± 0.5 fb.

For the resonant Higgs boson pair production search, the resolved and boosted analyses o↵er their best
sensitivity in complementary resonance mass regions. Figure 13 shows the expected and observed cross-
section upper limits from each analysis for pp ! G⇤KK ! hh! bb̄bb̄ within the bulk RS model with
k/M̄Pl = 1. The resolved analysis can be seen to give a more stringent expected exclusion limit for
resonance masses up to 1100 GeV, while the boosted analysis o↵ers better sensitivity beyond that mass.
This motivates a simple combination of the separate exclusion limits from the resolved and boosted
analyses. For each of the signal models, the limit for each mass point is taken from the analysis which
o↵ers the most stringent expected exclusion.
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(b) Boosted Analysis
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Figure 13: The expected and observed limits for the bulk RS model with k/M̄Pl = 1 for (a) the resolved analysis and
(b) the boosted analysis. The overlay of expected limits is shown in (c), demonstrating that the resolved analysis
gives better sensitivity for mG⇤KK

< 1100 GeV, while the boosted analysis is better for mG⇤KK
> 1100 GeV. The red

curves show the predicted cross-section as a function of resonance mass for the model considered.

Figure 14 shows the combined 95% CL upper limits for three signal models: pp ! G⇤KK! hh! bb̄bb̄
within the bulk RS model with k/M̄Pl = 1 and 2, and the pp! H! hh! bb̄bb̄ with a fixed �H = 1 GeV.
The most stringent limits of �

⇣
pp! X! hh! bb̄bb̄

⌘
⇠ 3 fb are set in the range 900 < mX < 1600 GeV,
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(a) Type-I 2HDM, cos (� � ↵) = �0.2 (b) Type-II 2HDM, cos (� � ↵) = �0.2

Figure 17: Excluded regions of the (mH , tan �) parameter space for (a) the Type-I 2HDM signal model and (b) the
Type-II 2HDM signal model. The grey areas demarcate the phase-space regions where �H/mH is large (�H/mH > 0.15
for mH = 500 GeV, increasing to �H/mH > 0.23 for mH = 1100 GeV) and the limits have not been demonstrated to
be reliable.

(a) Lepton-specific 2HDM, cos (� � ↵) = �0.2 (b) Flipped 2HDM, cos (� � ↵) = �0.2

Figure 18: Excluded regions of the (mH , tan �) parameter space for (a) the Lepton-specific 2HDM signal model
and (b) the Flipped 2HDM signal model. The grey areas demarcate the phase-space regions where �H/mH is large
(�H/mH > 0.15 for mH = 500 GeV, increasing to �H/mH > 0.23 for mH = 1100 GeV) and the limits have not been
demonstrated to be reliable.
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(a) Bulk RS, k/M̄Pl = 1
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(b) Bulk RS, k/M̄Pl = 2
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Figure 14: The combined expected and observed limit for pp! G⇤KK! hh! bb̄bb̄ in the bulk RS model with (a)
k/M̄Pl = 1 and (b) k/M̄Pl = 2, as well as (c) pp! H! hh! bb̄bb̄ with fixed �H = 1 GeV. The red curves show the
predicted cross-sections as a function of resonance mass for the models considered.

Table 9: Range of KK graviton masses excluded at 95% confidence level for k/M̄Pl = 1.0, 1.5 and 2.0.

k/M̄Pl 95% CL Excluded G⇤KK Mass Range [GeV]

1.0 500 � 720
1.5 500 � 800 and 870 � 910
2.0 500 � 990

where there is little expected background and either the resolved or boosted analysis provides good signal
acceptance. The excluded mass ranges for the bulk RS KK graviton are shown in Table 9.

The excluded mass range for the 2HDM is parameter dependent, principally because the production
cross-section varies, but also because the exclusion limit depends on the parameter-dependent H boson
width, �H . The theoretical cross-section used to determine the 95% CL excluded regions is the sum of the
cross-sections of gluon-fusion production, vector-boson-fusion production and b-associated production.

The e↵ects of �H are accounted for by creating mH distributions with a range of widths, 0 < �H/mH  0.5,
for each mH considered. These distributions are based on parameterizations which include resolution and
acceptance e↵ects combined with a Breit–Wigner line-shape. A grid of limits are calculated with each
of these mass distributions. Then, for each point in mH , cos (� � ↵), and tan � space, the cross-section
limit is determined by interpolating between the appropriate limits, based on the �H given by the model
for that point. For the widest signals considered, the exclusion limits worsen by up to a factor of three.
The exclusion regions determined through this process are shown as a function of cos (� � ↵) and tan � for
mH = 500 GeV in Figs. 15 and 16, and as a function of mH and tan � for cos (� � ↵) = �0.2 in Figs. 17
and 18. The validity of the process has been tested using the widest available signals, gravitons in the bulk
RS model with k/M̄Pl = 2. Phase-space regions with �H greater than these graviton widths are considered
unvalidated and are shown in the figures as grey areas.

25

pp—>H(1 GeV)—>hh—>bbbb
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hh—>bbττ
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hh—>bbττ

bbτlτhad final state considered

Trigger requires at least one lepton pT>24 GeV —>~ 100% efficient

Requiring one lepton pT>26 GeV, one hadronically decaying tau lepton with 
pT>20 GeV and meeting medium criteria and two or more jets with pT>30 GeV. 
Between 1 and 3 of the selected jets must be b-tagged. 90< mbb< 160 GeV
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Four categories are considered in the analysis: pTττ<100 GeV, pTττ>100 GeV, 
number of b-tagged jets (nb=1 or >=2) 

            Roberto Salerno (LLR) - Higgs Coupling 2015 - Lumley Castle - 13/10/2015
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Selection largely following  
the SM H→!! analysis  
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Embedded

“Fake-factor” method
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Table 2: The numbers of events predicted from background processes and observed in the data passing the final
selection of the resonant search for the four categories. The top quark background includes contributions from both
tt̄ and the single top-quark production. The “others” background comprises diboson and Z! ee/µµ contributions.
The numbers of events expected from the production of a mH = 300 GeV Higgs boson with a cross section of
�(gg!H)⇥BR(H!hh) = 1 pb are also shown as illustrations. The uncertainties shown are the total uncertainties,
combining statistical and systematic components.

nb = 1 nb � 2
Process p⌧⌧T < 100 GeV p⌧⌧T > 100 GeV p⌧⌧T < 100 GeV p⌧⌧T > 100 GeV
SM Higgs 0.5 ± 0.1 0.8 ± 0.1 0.1 ± 0.1 0.2 ± 0.1
Top quark 30.3 ± 3.6 19.6 ± 2.5 30.9 ± 3.0 23.6 ± 2.5
Z!⌧⌧ 38.1 ± 4.4 20.2 ± 3.7 6.8 ± 1.8 2.6 ± 1.0
Fake ⌧had 37.0 ± 4.4 12.1 ± 1.7 13.7 ± 1.9 5.4 ± 1.0
Others 3.2 ± 3.7 0.5 ± 1.5 0.7 ± 1.6 0.2 ± 0.7
Total background 109.1 ± 8.6 53.1 ± 6.0 52.2 ± 8.2 32.1 ± 5.4
Data 92 46 35 35

Signal mH = 300 GeV 0.8 ± 0.2 0.4 ± 0.2 1.5 ± 0.3 0.9 ± 0.2
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Figure 3: Distributions of the final discriminants used to extract the signal: (a) m⌧⌧ for the nonresonant search and
(b) mbb⌧⌧ for the resonant search. The top quark background includes contributions from both tt̄ and the single
top-quark production. The background category labeled “Others” comprises diboson and Z!ee/µµ contributions.
Contributions from single SM Higgs boson production are included in the background estimates, but are too small
to be visible on these distributions. As illustrations, the expected signal distributions assume a cross section of
10 pb for Higgs boson pair production for both the nonresonant and resonant searches. In (b), a resonance mass
of 300 GeV is assumed. The gray hatched bands represent the uncertainties on the total backgrounds. These
uncertainties are largely correlated from bin to bin.
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Figure 3: Distributions of the final discriminants used to extract the signal: (a) m⌧⌧ for the nonresonant search and
(b) mbb⌧⌧ for the resonant search. The top quark background includes contributions from both tt̄ and the single
top-quark production. The background category labeled “Others” comprises diboson and Z!ee/µµ contributions.
Contributions from single SM Higgs boson production are included in the background estimates, but are too small
to be visible on these distributions. As illustrations, the expected signal distributions assume a cross section of
10 pb for Higgs boson pair production for both the nonresonant and resonant searches. In (b), a resonance mass
of 300 GeV is assumed. The gray hatched bands represent the uncertainties on the total backgrounds. These
uncertainties are largely correlated from bin to bin.
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Small deficit ~2sigma at 300 GeV
 in the resonant analysis 

Non resonant observed limit = 1.6 pb 
(expected 1.3pb) 

Non resonant Resonant

33

hh—>bbττ

For the non resonant search, mττ  is used 
as a final discriminant
For the resonant search, mbbττ is used as a 
discriminant and 100< mττ <150 GeV



hh—>γγWW*
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hh—>γγWW*

WW*—>lνqq' final state considered to 
reduce mulitjet bkg

Events are recorded with diphoton triggers, 
efficiency close to 100%

Same diphoton selection as for hh—>γγbb, 
in addition to require >=2 jets and exactly 1 
lepton, any b-tagged jet is vetoed to reduce 
bkg from top, and large ETmiss

Require mγγ to be within 2σ from the Higgs 
mass. 

Background: - single SM h (dominated by Wh, tth and Zh) = 0.25+/-0.07
                       - continuum bkg (Wγγ+jets) estimated from mγγ sidebands in data
                        A control region selected as the signal sample without the lepton and
                        ETmiss requirements, fit with an exponential function excluding 5 GeV 

                 around mh
35



Non resonant: The observed 
(expected) exclusion is 11.4 (6.7) pb

hh—>γγWW*

Small nb of events—>cut-and-count method
Selection efficiency for signal of SM non-resonant = 2.9% and for resonant is 
=1.7% for mX=260 GeV and 3.3% at 500 GeV. 
Number of background events =1.40+/-0.47
4 events are observed in the signal window, significance = 1.8σ
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Combination
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These limits are directly applicable to models such as those of Refs. [72–76] in which the Higgs boson h
has the same branching ratios as the SM Higgs boson.
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Figure 6: The observed and expected 95% CL upper limits on �(gg ! H) ⇥ BR(H ! hh) at
p

s = 8 TeV as
functions of the heavy Higgs boson mass mH , combining resonant searches in hh!��bb, bbbb, bb⌧⌧ and ��WW⇤
final states. The expected limits from individual analyses are also shown. The combination assumes SM values
for the decay branching ratios of the lighter Higgs boson h. The green and yellow bands represent ±1� and ±2�
uncertainty ranges of the expected combined limits. The improvement above mH = 500 GeV is due to the sensitivity
of the hh!bbbb analysis. The more finely spaced mass points of the combination reflect the better mass resolutions
of the hh!��bb and hh!bbbb analyses than those of the hh!bb⌧⌧ and hh!��WW⇤ analyses.

10 Interpretation

The upper cross-section limits of the resonant search are interpreted in two MSSM scenarios, one referred
to as the hMSSM [28, 29] and the other as the low-tb-high [30]. In the interpretation, the CP-even light and
heavy Higgs bosons of the MSSM are assumed to be the Higgs bosons h and H of the search, respectively.
The natural width of the heavy Higgs boson H where limits are set in these scenarios is su�ciently smaller
than the experimental resolution, which is at best 1.5%, that its e↵ect can be neglected.

In the hMSSM scenario, the mass of the light CP-even Higgs boson is fixed to 125 GeV in the whole
parameter space. This is achieved by implicitly allowing the supersymmetry-breaking scale mS to be very
large, which is especially true in the low tan � region where mS�1 TeV, and making assumptions about
the CP-even Higgs boson mass matrix and its radiative corrections, as well as the Higgs boson coupling
dependence on the MSSM parameters. Here tan � is the ratio of the vacuum expectation values of the
two doublet Higgs fields. The “low-tb-high” MSSM scenario follows a similar approach, di↵ering in that
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Table 4: The expected and observed 95% CL upper limits on the cross sections of nonresonant gg!hh production
at
p

s = 8 TeV from individual analyses and their combinations. SM values are assumed for the h decay branching
ratios. The cross-section limits normalized to the SM value are also included.

Analysis ��bb ��WW⇤ bb⌧⌧ bbbb Combined

Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

Table 5: The impact of the leading systematic uncertainties on the signal-strength parameter µ of a hypothesized
signal for both the nonresonant and resonant (mH = 300, 600 GeV) searches. For the signal hypothesis, a Higgs
boson pair production cross section (�(gg!hh) or �(gg!H) ⇥ BR(H!hh)) of 1 pb is assumed.

Nonresonant search Resonant search
mH = 300 GeV mH = 600 GeV

Source �µ/µ [%] Source �µ/µ [%] Source �µ/µ [%]
Background model 11 Background model 15 b-tagging 10
b-tagging 7.9 Jet and Emiss

T 9.9 h BR 6.3
h BR 5.8 Lepton and ⌧had 6.9 Jet and Emiss

T 5.5
Jet and Emiss

T 5.5 h BR 5.9 Luminosity 2.7
Luminosity 3.0 Luminosity 4.0 Background model 2.4
Total 16 Total 21 Total 14

The large impact of the b-tagging systematic uncertainty reflects the relatively large weight of the hh!
bbbb analysis in the combination.

For the resonant production, limits are set on the cross section of gg!H production of the heavy Higgs
boson times its branching ratio BR(H ! hh) as a function of the heavy Higgs boson mass mH . The
observed (expected) limits of the hh!bb⌧⌧ and hh!��WW⇤ analyses are illustrated in Fig. 5 and listed
in Table 6 (along with results from the hh! ��bb and hh! bbbb analyses). The mH search ranges are
260–1000 GeV for hh! bb⌧⌧ and 260–500 GeV for hh! ��WW⇤. For the hh! bb⌧⌧ analysis, the
observed limit around mH ⇠ 300 GeV is considerably lower than the expectation, reflecting the deficit
in the observed mbb⌧⌧ distribution. At high mass, the limits are correlated since a single bin is used
for mbb⌧⌧ & 400 GeV. The decrease in the limit as mH increases is a direct consequence of increasing
selection e�ciency for the signal. This is also true for the hh!��WW⇤ analysis as the event selection is
independent of mH .

The hh ! ��bb and hh ! bbbb analyses are published separately and the mass range covered by the
two analyses are 260–500 GeV and 500–1500 GeV, respectively. The results of these four analyses,
summarized in Table 6, are combined for the mass range 260–1000 GeV assuming the SM values of the
h decay branching ratios. To reflect the better mass resolutions of the hh!bbbb and hh!��bb analyses,
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Non resonant production: 

combined 
significance 

= 1.7σ

Resonant production: 

2.5σ excess at 
300 GeV  

Combined channels

38



Comparison with CMS results
These limits are directly applicable to models such as those of Refs. [72–76] in which the Higgs boson h
has the same branching ratios as the SM Higgs boson.
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s = 8 TeV as
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final states. The expected limits from individual analyses are also shown. The combination assumes SM values
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of the hh!bbbb analysis. The more finely spaced mass points of the combination reflect the better mass resolutions
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10 Interpretation

The upper cross-section limits of the resonant search are interpreted in two MSSM scenarios, one referred
to as the hMSSM [28, 29] and the other as the low-tb-high [30]. In the interpretation, the CP-even light and
heavy Higgs bosons of the MSSM are assumed to be the Higgs bosons h and H of the search, respectively.
The natural width of the heavy Higgs boson H where limits are set in these scenarios is su�ciently smaller
than the experimental resolution, which is at best 1.5%, that its e↵ect can be neglected.

In the hMSSM scenario, the mass of the light CP-even Higgs boson is fixed to 125 GeV in the whole
parameter space. This is achieved by implicitly allowing the supersymmetry-breaking scale mS to be very
large, which is especially true in the low tan � region where mS�1 TeV, and making assumptions about
the CP-even Higgs boson mass matrix and its radiative corrections, as well as the Higgs boson coupling
dependence on the MSSM parameters. Here tan � is the ratio of the vacuum expectation values of the
two doublet Higgs fields. The “low-tb-high” MSSM scenario follows a similar approach, di↵ering in that
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Results look quite consistent, no combination is yet performed for CMS. 
The expected limit in the case of bbγγ is slightly better in CMS due to looser jet pT 

cuts and to an addition of 1b-tag category 
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explicit choices are made for the supersymmetry-breaking parameters [30]. The mass of the light Higgs
boson is not fixed in this scenario, but is approximately 125 GeV in most of the parameter space. The mh
value grows gradually from 122 GeV at mA ⇠ 220 GeV to 125 GeV as mA approaching infinity. Higgs
boson production cross sections through the gluon-fusion process are calculated with SusHi 1.4.1 [77–79]
for both scenarios. Higgs boson decay branching ratios are calculated with HDECAY 6.42 [80] following
the prescription of Ref. [29] for the hMSSM scenario and with FeynHiggs 2.10.0 [81–83] for the low-tb-
high scenario.

The upper limits on �(gg! H) ⇥ BR(H ! hh) can be interpreted as exclusion regions in the (tan �,mA)
plane. In both scenarios, the Higgs boson pair production rate �(gg ! H) ⇥ BR(H ! hh) depends on
tan � and the mass of the CP-odd Higgs boson (mA), and so does the mass of the heavy CP-even Higgs
boson H. The values of mA and mH are generally di↵erent: mH can be as much as 70 GeV above mA in
the parameter space relevant for this publication with the di↵erence in masses decreasing for increasing
values of tan � or mA. Constant mH lines for a few selected values are shown in Fig. 7. The decay
branching ratios of the light Higgs boson in these scenarios depend on tan � and mA and are di↵erent
from the corresponding SM values used to derive the upper limits shown in Table 6. The upper limits,
as functions of mH , are recomputed; the hh decay fractions for each final state are fixed to their smallest
value found in 1 < tan � < 2, the range of the expected sensitivity. This approach yields conservative
limits, but simplifies the computation as the limit calculation does not have to be repeated at each tan �
value. The results are used to set exclusions in the (tan �, mA) plane as shown in Fig. 7. The analysis
is sensitive to the region of low tan � and mA values in the range ⇠ 200–350 GeV. For mA . 200 GeV,
mH is typically below the 2mh threshold of the H ! hh decay, whereas above 350 GeV, the H ! hh
decay is suppressed because of the dominance of the H ! tt̄ decay. The observed exclusion region in the
(tan �,mA) plane is smaller than the expectation, reflecting the small excess observed in the data.
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Figure 7: The observed and expected 95% CL exclusion regions in the (tan �,mA) plane of MSSM scenarios from
the resonant search: (a) the hMSSM scenario and (b) the low-tb-high scenario. The green dotted lines delimit
the ±1� uncertainty ranges of the expected exclusion regions. The gray dashed lines show the constant values of
the heavy CP-even Higgs boson mass. The improved sensitivity in the expected exclusion on the contour line of
mH ⇠ 260 GeV reflects the improved expected limit on the cross section while the hole or the wedge around the
mH ⇠ 325 GeV contour line in the observed exclusion is the result of a small excess at this mass, see Fig. 6. The
gray shaded region in (b) shows the region where the mass of the light CP-even Higgs boson is inconsistent with
the measured value of 125.4 GeV. There is no such region in (a) by construction.
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Interpretation in hMSSM

hMSSM: the mass of the light CP-even h = 125 GeV. SUSY-breaking scale allowed 
to be very large —> model dependent on 2 parameters: mA and tanβ

The observed exclusion is smaller 
than the expectation reflecting the 
small excess observed in the data 

Exclusion in the hMSSM model via 
direct searches for heavy H and fits 

to the measured rates of h 
production and decays. 
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channels discussed previously is displayed in Figs. 18 and 19 for, respectively, the previous

and the next LHC phases. As can be seen, a vast improvement in the sensitivity is expected

if the H/A! tt̄ channel is included, in particular at the forthcoming LHC run with
p
s = 14

TeV and 300 fb�1 data. The improvement is even more impressive at the high–luminosity

LHC option, when the luminosity is increased to 3000 fb�1; see Fig. 20. In this case, almost

the entire hMSSM parameter space, up to MA values close to ⇡ 1TeV, can be probed.
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Figure 18: Expectations for the 2� sensitivity in the hMSSM [tan�,MA] plane when the searches
for the A/H/H± states in all channels, including the gg ! H/A ! tt process, are combined at the
LHC with

p
s = 8 TeV and 25 fb�1 data.
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Figure 19: The same as in Fig. 19 but at the LHC with
p
s = 14 TeV and 300 fb�1 data.
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Further on hMSSM

Expectations for 2σ sensitivity in the hMSSM for the forthcoming 300 fb-1 data
The entire parameter space can be probed, any value of tanβ 

can be probed up to mA~400 GeV

*hh in this plot considers only results of bbγγ, better limits expected using the 
combined channels. 41
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Perspectives 

Run II already started  ~ 3.5 fb-1 to be 
used for physics analyses 

Higher instantaneous luminosities (25 vs 
50 ns bunch spacing) 

13 vs 8 TeV allows to explore new phase 
space for BSM physics 

An increase in cross section going from 
13 to 8 TeV 

Very naive estimation: 
To reach the same sensitivity for bbγγ 
(assuming a real 3σ excess) we therefore 
need 2.5 less luminosity with 13 TeV . To 
have 5σ—> 21fb-1 at 13 TeV (assuming 
bkg and signal behave the same with √s) 
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Experimental improvements:
 
A new pixel layer (Insertable 
b-layer IBL) mounted on 
beam pipe allows a much 
better b-tagging 

Perspectives 

BSM Physics is one of the most important searches to perform in the coming 
Run II and Run III of LHC data taking as well as beyond that. 

Stay tuned for further results ! 

Thanks for your attention!  
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Table 4: The expected and observed 95% CL upper limits on the cross sections of nonresonant gg!hh production
at
p

s = 8 TeV from individual analyses and their combinations. SM values are assumed for the h decay branching
ratios. The cross-section limits normalized to the SM value are also included.

Analysis ��bb ��WW⇤ bb⌧⌧ bbbb Combined

Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

Table 5: The impact of the leading systematic uncertainties on the signal-strength parameter µ of a hypothesized
signal for both the nonresonant and resonant (mH = 300, 600 GeV) searches. For the signal hypothesis, a Higgs
boson pair production cross section (�(gg!hh) or �(gg!H) ⇥ BR(H!hh)) of 1 pb is assumed.

Nonresonant search Resonant search
mH = 300 GeV mH = 600 GeV

Source �µ/µ [%] Source �µ/µ [%] Source �µ/µ [%]
Background model 11 Background model 15 b-tagging 10
b-tagging 7.9 Jet and Emiss

T 9.9 h BR 6.3
h BR 5.8 Lepton and ⌧had 6.9 Jet and Emiss

T 5.5
Jet and Emiss

T 5.5 h BR 5.9 Luminosity 2.7
Luminosity 3.0 Luminosity 4.0 Background model 2.4
Total 16 Total 21 Total 14

The large impact of the b-tagging systematic uncertainty reflects the relatively large weight of the hh!
bbbb analysis in the combination.

For the resonant production, limits are set on the cross section of gg!H production of the heavy Higgs
boson times its branching ratio BR(H ! hh) as a function of the heavy Higgs boson mass mH . The
observed (expected) limits of the hh!bb⌧⌧ and hh!��WW⇤ analyses are illustrated in Fig. 5 and listed
in Table 6 (along with results from the hh! ��bb and hh! bbbb analyses). The mH search ranges are
260–1000 GeV for hh! bb⌧⌧ and 260–500 GeV for hh! ��WW⇤. For the hh! bb⌧⌧ analysis, the
observed limit around mH ⇠ 300 GeV is considerably lower than the expectation, reflecting the deficit
in the observed mbb⌧⌧ distribution. At high mass, the limits are correlated since a single bin is used
for mbb⌧⌧ & 400 GeV. The decrease in the limit as mH increases is a direct consequence of increasing
selection e�ciency for the signal. This is also true for the hh!��WW⇤ analysis as the event selection is
independent of mH .

The hh ! ��bb and hh ! bbbb analyses are published separately and the mass range covered by the
two analyses are 260–500 GeV and 500–1500 GeV, respectively. The results of these four analyses,
summarized in Table 6, are combined for the mass range 260–1000 GeV assuming the SM values of the
h decay branching ratios. To reflect the better mass resolutions of the hh!bbbb and hh!��bb analyses,
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values of the Higgs boson mass mh and, therefore, have been updated using a common mass value of
mh = 125.4 GeV [24] for the combinations. The decay branching ratios of the Higgs boson h and their
uncertainties used in the combinations are taken from Ref. [27]. Table 3 is a summary of the number of
categories and final discriminants used for each analysis.

Table 3: An overview of the number of categories and final discriminant distributions used for both the nonresonant
and resonant searches. Shown in the last column are the mass ranges of the resonant searches.

hh Nonresonant search Resonant search
final state Categories Discriminant Categories Discriminant mH [GeV]
��bb̄ 1 m�� 1 event yields 260–500
��WW⇤ 1 event yields 1 event yields 260–500

bb̄⌧⌧ 4 m⌧⌧ 4 mbb⌧⌧ 260–1000
bb̄bb̄ 1 event yields 1 mbbbb 500–1500

The four individual analyses are sensitive to di↵erent kinematic regions of the hh production and decays.
The combination is performed assuming that the relative contributions of these regions to the total cross
section are modeled by the MadGraph5 [39] program used to simulate the hh production.

9 Results

In this section, the limits on the nonresonant and resonant searches are derived. The results of the hh!
bb⌧⌧ and hh!��WW⇤ analyses are first determined and then combined with previously published results
of the hh! ��bb and hh! bbbb analyses. The impact of the leading systematic uncertainties is also
discussed.

The observed and expected upper limits at 95% CL on the cross section of nonresonant production of
a Higgs boson pair are shown in Table 4. These limits are to be compared with the SM prediction of
9.9 ± 1.3 fb [17] for gg!hh production with mh = 125.4 GeV. Only the gluon fusion production process
is considered. The observed (expected) cross-section limits are 1.6 (1.3) pb and 11.4 (6.7) pb from the
hh! bb⌧⌧ and hh!��WW⇤ analyses, respectively. Also shown in the table are the cross-section limits
relative to the SM expectation. The results are combined with those of the hh! ��bb and hh! bbbb
analyses. The p-value of compatibility of the combination with the SM hypothesis is 4.4%, equivalent to
1.7 standard deviations. The low p-value is a result of the excess of events observed in the hh! ��bb
analysis. The combined observed (expected) upper limit on �(gg!hh) is 0.69 (0.47) pb, corresponding
to 70 (48) times the cross section predicted by the SM. The hh! bbbb analysis has the best expected
sensitivity followed by the hh!��bb analysis. The observed combined limit is slightly weaker than that
of the hh!bbbb analysis, largely due to the aforementioned excess.

The impact of systematic uncertainties on the cross-section limits is studied using the signal-strength
parameter µ, defined as the ratio of the extracted to the assumed signal cross section (times branching ratio
BR(H!hh) for the resonant search). The resulting shifts in µ depend on the actual signal-strength value.
For illustration, they are evaluated using a cross section of 1 pb for gg! (H!)hh, comparable to the limits
set. The e↵ects of the most important uncertainty sources are shown in Table 5. The leading contributions
are from the background modeling, b-tagging, the h decay branching ratios, jet and Emiss

T measurements.
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Figure 14: Normalized distributions of PT,H , ηH , MHH , θ⋆HH and yHH for different values
of the trilinear Higgs coupling in terms of the SM coupling, λ/λSM = 0, 1, 2.

4.2 The bb̄γγ decay channel

In this subsection, the bb̄γγ final state for the production of two Higgs bosons with a mass
of 125 GeV at

√
s = 14 TeV is investigated. Earlier studies can be found in Ref. [38].

The calculation of the signal, pp → HH → bb̄γγ, is performed as described above by
incorporating the matrix element extracted from the program HPAIR into Pythia 6. We
include the effects of NLO QCD corrections on the signal by a multiplicative factor,
KNLO = 1.88, corresponding to a 125 GeV Higgs boson and a c.m. energy of 14 TeV.
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pp Higgs factories
1 M Higgs produced so far 
– more to come! 
15 H bosons / min – and 
more to come

10x more Higgs 

6x higher cross section  
for H self coupling

42x higher cross section 
for H self coupling



pp Higgs coupling cross sections vs c.m. 
energy

H H

H

➔ high statistics studies of  ttH  
    … and, at long last, HHH couplings

VHE-LHC is ultimate machine to measure Higgs self coupling! 
(~2-5% level)
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Coupling      LHC          CepC            FCC-ee          ILC       CLIC        FCC-hh 
 √s (TeV)!       14                 0.24              0.24 +0.35       0.25+0.5   0.38+1.4+3         100       
  L (fb-1) !  3000(1 expt)     5000                13000               6000         4000           40000           

KW                       2-5           1.2              0.19              0.4          0.9          
KZ                        2-4          0.26            0.15               0.3         0.8            
Kg                        3-5           1.5               0.8               1.0          1.2            
Kγ                        2-5           4.7               1.5               3.4         3.2              < 1    
Kµ                        ~8            8.6               6.2               9.2         5.6             ~ 2 
Kc                        --             1.7               0.7                1.2          1.1            
Kτ                       2-5           1.4               0.5                0.9         1.5           
Kb                       4-7           1.3               0.4                0.7         0.9           
KZγ                  10-12         n.a.               n.a.               n.a.           n.a. 
Γh                        n.a.           2.8               1%               1.8           3.4 
BRinvis             <10          <0.28           <0.19%           <0.29        <1%          
Kt                      7-10          --             13% ind. tt scan    6.3          <4            ~ 1 ? 
KHH                ?          35% from KZ  20% from KZ       27             11            5-10 

                                 model-dep      model-dep
❑ LHC: ~20% today ! ~ 10% by 2023 (14 TeV, 300 fb-1) ! ~ 5% HL-LHC 
❑ HL-LHC: -- first direct observation of couplings to 2nd generation (H! µµ)  
                   -- model-independent ratios of couplings to 2-5% 
❑ Best precision (few 0.1%) at FCC-ee (luminosity !), except for heavy states (ttH and HH) 

where high energy needed ! linear colliders, high-E pp colliders 
❑ Complementarity/synergies between ee and pp

from Kγ/KZ, using  
KZ from FCC-ee 

from ttH/ttZ, 
using ttZ and H 
BR from FCC-ee

Few preliminary  
estimates available 
SppC : similar reach

rare decays ! pp  
competitive/better

Units  
are %


