
what can we learn from 
measurement of double 

higgs production ?

snowmass : seattle energy frontier workshop
Jun 30, 2013

Kunal Kumar

Carleton university

1



Outline

• Trilinear Self Coupling at Colliders

• Other Accessible Couplings -  tthh, hhVV

• Effects of New Colored Particles        

• Resonant vs Non Resonant Contributions to di-
Higgs
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Higgs trilinear self-coupling
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Self Coupling at LHC
• In the Standard Model (SM) the trilinear and 

quartic higgs self couplings are fixed by the Higgs 
mass

• Former is accessible via di Higgs production at 
LHC 

• Gluon fusion is the most promising production 
mode (10 - 30 times higher than the others)(a) gg double-Higgs fusion: gg → HH
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lenghty and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publically available code HPAIR [42] in
which the known NLO corrections are implemented. As a central scale for this process
we choose

µ0 = µR = µF = MHH , (7)

where MHH denotes the invariant mass of the Higgs boson pair. The K–factor, describing
the ratio of the cross section at NLO using NLO PDFs and NLO αs to the leading order
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Baglio, Djouadi, Grober, Muhlleitner, Quevillon, Spira  arXiv : 1212.5581

�NLO
8TeV = 8 fb

�NLO
14TeV = 34 fb

Note: Destructive Interference. For self coupling = 2xSM the cross 
section at 14 TeV is 16 fb
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Self Coupling at LHC

• Promising decay modes

hh ! bb̄��

hh ! bb̄⌧+⌧�
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Higgs Self coupling 

•  λ=SM, σ=34 fb  
λ=0, σ=71 fb 
λ=2xSM, σ=16 fb 

•  ATLAS HH!bbγγ yields 3σ 
significance with 3000fb-1 

•  Combining with HH!bbττ, & with 
two experiments, hope to reach 30% 
precision on λ 
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FIG. 1. Representative Feynman diagrams for the process gg ! HH.

factor 10 and 30 smaller than that for gg ! HH [25,20]. Since Higgs pair production at the
LHC is rate limited, we concentrate on the gluon fusion process in the following.

For mH < 140 GeV, the dominant decay mode of the SM Higgs boson is H ! bb̄, and
the QCD bb̄bb̄ background overwhelms the gg ! HH signal [28]. For mH > 140 GeV,
H ! W+W� dominates, and the W+W�W+W� final state has the largest individual
branching ratio. If all W bosons decay hadronically, QCD multi-jet production dwarfs
the signal. A similar result is obtained for the `±⌫ + 6 jet (only one W boson decays
leptonically), and `±⌫`0⌥⌫ + 4 jet (one W+W� pair decays leptonically) final states, where
W+ multi-jet and W+W�+ multi-jet production provide very large backgrounds. This
leaves the same-sign dilepton final states, (jj`±⌫)(jj`0±⌫), modes where three W bosons
decay leptonically and one decays hadronically, and the all-leptonic decay modes. The
latter su↵er from a large suppression due to the small WWWW ! 4` + 4⌫ branching ratio
of (0.216)4 = 0.0022 (BR(W ! `⌫) = 0.216, ` = e, µ). In the following we therefore only
consider the (jj`±⌫)(jj`0±⌫) and (jj`±⌫)(`0±⌫`00⌥⌫) final states.

In this section we discuss in detail the calculation of signal and background cross sections
for the (jj`±⌫)(jj`0±⌫) final state. The three lepton final state will be considered in Sec. III.

A. Calculation of the signal cross section

The Feynman diagrams contributing to gg ! HH in the SM consist of fermion triangle
and box diagrams (see Fig. 1) [16]. Non-standard Higgs boson self-couplings only a↵ect
the triangle diagrams with a Higgs boson exchanged in the s-channel. We calculate the
gg ! HH ! (W+W�)(W+W�) ! (jj`±⌫)(jj`0±⌫) cross section using exact loop matrix
elements [16]. As demonstrated in Ref. [21], the infinite top quark mass limit, which is
commonly used in place of exact matrix elements to speed up the calculation, reproduces
the correct total cross section for HH production to within 10% to 30% for Higgs masses
between 140 GeV and 200 GeV, but produces completely incorrect kinematic distributions.
The intermediate Higgs and W bosons are treated o↵-shell using finite widths in the double
pole approximation in our calculation. Decay correlations for the H ! W+W� ! 4 fermion
decays are fully taken into account [29].

Signal results are computed consistently to leading order QCD with the top quark mass
set to mt = 175 GeV and SM HWW and top quark Yukawa couplings, and the renormaliza-
tion and factorization scales are taken to be the Higgs boson mass [16]. The contributions
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Higgs tripple 
self-coupling 

λ"

•  Higgs pair production includes destructive 
interference between processes: 

HH!bbγγ"

ttH, H!γγ"

Pippa Wells, LP2013 conference talk

hh ! bb̄W+W�

• ATLAS                          : 3 sigma sig. 

hh ! bb̄��

• Expected to obtain 30% precision 
on       after including additional 
decay modes with 3000 fb-1

�

• Boosted Jet + Substructure techniques have improved 
signal significance

Butterworth, Davison, Rubin, Salam [0802.2470] ,   Dolan, Englert, Spannowsky [1206.5001]
Papaefstathiou, Yang, Zurita [1209.1489]
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Self Coupling at LHC

• Can also be constrained by considering ratio of 
di-Higgs to single higgs production via gluon 
fusion

• With 3000 fb-1 the  1 sigma uncertainty is  +30% 
and -20% 

• This result would vary if the top yukawa is 
different or if new particles are present in the 
loops

Goertz, Papaefstathiou,Yang, Zurita [ arXiv : 1301.3492 ]

6



3

e�

e+

Z

Z

h

h

(a)

e�

e+

Z

Z

h

h

(b)

e�

e+

Z

Z

h
h

h

(c)

FIG. 1. Feynman diagrams for e+e� ! Zhh. We include the
crossed version of diagram (a).
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-
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TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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e↵ective theory described by Eq. (1) using CalcHEP [15]
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we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
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to be measured in e+e� ! Zh). We perform such a
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tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
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The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
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A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].

(500 GeV)

(1 TeV) 
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Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.11 fb 0.082 fb 0.041 fb

Doublet 1 0.14 fb 0.11 fb 0.027 fb

GM 1.32 0.19 fb 0.18 fb 0.090 fb

SM 1 0.16 fb 0.12 fb 0.071 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [20]) for the three benchmark mod-
els with a = 0.9. The SM cross sections are shown for com-
parison. Cross sections do not include any Z or h branching
ratios. In all cases we assume d = 1.

1000 GeV center-of-mass energy.
Our e↵ective theory does not include the contribu-

tions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, nor does it include processes involving sin-
gle production of the heavier custodial singlet H0 (de-
caying to hh) that is present in all three of our bench-
marks. For simplicity, we assume that these extra states
are heavy enough that their on-shell production is kine-
matically forbidden at the e+e� collision energies that
we use in our analysis. This requires MH0 & 910 GeV
(from e+e� ! ZH0 at 1 TeV; WBF production of
H0 is severely kinematically suppressed near threshold),
MA0 & 875 GeV (from e+e� ! hA0), and MH± &
500 GeV (from e+e� ! H+H�). We discuss the viabil-
ity of this assumption in our specific model benchmarks
in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

with masses above these thresholds does not significantly
change the double-Higgs production cross sections of in-
terest.5

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵erent
ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a fit
using preliminary double-Higgs production cross section
uncertainties from the ILC Large Detector (ILD) study
for the ILC Technical Design Report [6]. At 500 GeV the
process of interest is e+e� ! Zhh, with Z ! eē, µµ̄, ⌫⌫̄,

5 For example, a benchmark point with MH+ = 660 GeV
and MA0 = 880 GeV increases �500(Zhh) by less than 1%,
�1000(WBF) by about 1.5%, and �1000(Zhh) by about 7%. Be-
cause Zhh production contributes only about 10% of the ⌫⌫hh
signal rate at 1 TeV after the selection cuts of Ref. [6], the change
in �1000(Zhh) increases the total signal rate by less than 1%.

Model b ��/�(Zhh, 500 GeV) ��/�(⌫⌫hh, 1 TeV)

Singlet 0.81 38% 32%

Doublet 1 32% 42%

GM 1.32 24% 18%

SM 1 27% 23%

TABLE II. Expected experimental uncertainties on the dou-
ble Higgs production cross sections at the 500 GeV and 1 TeV
ILC. The SM values have been taken from Ref. [6]. The un-
certainties for the other models have been scaled to account
for the change in cross section produced by the di↵erent a
and b values. An integrated luminosity of 2 ab�1 is assumed
in each case. The electron and positron beam polarizations
have been taken as P (e�, e+) = (�0.8,+0.3) at 500 GeV and
(�0.8,+0.2) at 1 TeV.

and qq̄. At 1 TeV the process of interest is e+e� ! ⌫⌫̄hh,
including contributions from WBF and Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM in Ref. [6] based
on the number of signal events at our benchmark points.
We also take into account the di↵erent selection e�cien-
cies for the Zhh and WBF processes at 1 TeV by scaling
our computed Zhh cross section to obtain the same rel-
ative e�ciency quoted in Ref. [6].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the 68% and 95% confidence regions for our
three benchmark points based on these two rate measure-
ments in Fig. 3. We find that the GM model with a = 0.9
can be distinguished from the doublet and singlet mod-
els at 68% confidence level, and that the overlap at 95%
confidence level is small. The doublet and singlet mod-
els cannot be distinguished using only these two event
rate measurements. The crescent shape of the 95% con-
fidence region for the GM model is caused by the WBF
cross section not being monotonic in b, as can be seen
from Table I.

Finally we note that the study in Ref. [6] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV, the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [22]. The lost precision is expected to be recover-
able by including hh ! WWbb̄ [23].

C. Mhh as a kinematic discriminant

The ILD collaboration has developed a method to
improve the sensitivity to the Higgs self-coupling d by
weighting events according to the invariant mass Mhh of

�Zhh
500 = 0.16 fb

�Zhh
1000 = 0.12 fb

�WBF
1000 = 0.07 fb
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Model b ��/�(Zhh, 500 GeV) ��/�(⌫⌫hh, 1 TeV)

Singlet 0.81 38% 32%

Doublet 1 32% 42%

GM 1.32 24% 18%

SM 1 27% 23%

TABLE II. Expected experimental uncertainties on the dou-
ble Higgs production cross sections at the 500 GeV and 1 TeV
ILC. The SM values have been taken from Ref. [7]. The un-
certainties for the other models have been scaled to account
for the change in cross section produced by the di↵erent a
and b values. An integrated luminosity of 2 ab�1 is assumed
in each case. The electron and positron beam polarizations
have been taken as P (e�, e+) = (�0.8,+0.3) at 500 GeV and
(�0.8,+0.2) at 1 TeV.
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FIG. 3. 68% and 95% confidence regions (�2 = 2.28 and 5.99,
respectively) for the singlet (b = 0.81), doublet (b = 1) and
GM (b = 1.32) models, with d = 1. In all cases we fix a = 0.9.

C. Mhh as a kinematic discriminant

The ILD collaboration is exploring a method to im-
prove the sensitivity to the Higgs self-coupling d by
weighting events according to the invariant mass Mhh

of the Higgs pair [21]. This improves the precision on the
extracted value of d by about 10% at both 500 GeV and
1 TeV in the SM case (a = b = 1) [7].

This method could be adapted to improve the simul-
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FIG. 4. Di↵erential cross section as a function of Mhh for
e+e� ! Zhh in the SM at 500 GeV. The four curves cor-
respond to contributions from di↵erent sets of diagrams in
Fig. 1.

taneous sensitivity to d and b because the values of these
couplings a↵ect the shape of the cross section in Mhh as
well as the total rate. This shape is illustrated in Figs. 4
and 5.

In Fig. 4 we plot the SM cross section for e+e� ! Zhh
at 500 GeV as a function of Mhh, showing separately the
contributions of the three diagrams in Fig. 1 as well as
the total cross section. (Interference among the diagrams
contributes significantly to the total cross section.) The
contribution to the amplitude from the diagram involving
d is largest at low Mhh, while the contribution from the
diagram involving b has a broader Mhh distribution.

In Fig. 5 we plot the cross section for WBF e+e� !
⌫⌫̄hh at 1 TeV as a function of Mhh for the SM and
our three benchmark model points. Notice in particu-
lar that our three benchmark models all have a = 0.9,
d = 1, and di↵er only in their b values. The b value has
a dramatic e↵ect on the Mhh spectrum, due in part to
interference e↵ects among the three diagrams in Fig. 2.
Diagrams (b) and (c) interfere constructively, leading to
the enhancement in the di↵erential cross section at low
Mhh for higher b values (compare the distributions for
the GM and doublet models to that for the singlet model
in Fig. 5). Diagrams (a) and (b) interfere destructively,
leading to the flattening of the spectrum at intermediate
Mhh for higher b values (compare the distribution for the
doublet model to that for the singlet model in Fig. 5).

D. Synergy with LHC

The Higgs self-coupling d can also be accessed through
double Higgs production in gluon fusion at the LHC. In
addition to d, the cross section depends on the top quark
Yukawa coupling and can also receive contributions from
new colored particles that run in the gluon-fusion loop
(new contributions to the gg ! hh box diagram can be
especially large). In particular, double Higgs production

3

e�

e+

Z

Z

h

h

(a)

e�

e+

Z

Z

h

h

(b)

e�

e+

Z

Z

h
h

h

(c)

FIG. 1. Feynman diagrams for e+e� ! Zhh. We include the
crossed version of diagram (a).

e�

e+

�̄e

�e

W

h

h

(a)

e�

e+

�̄e

�e

W

W

h

h

(b)

e�

e+

�̄e

�e

W

W

h

h

h

(c)

FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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FIG. 1. Feynman diagrams for e+e� ! Zhh. We include the
crossed version of diagram (a).
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].

K. Fujii, Higgs Snowmass Workshop 2013,
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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FIG. 1. Feynman diagrams for e+e� ! Zhh. We include the
crossed version of diagram (a).
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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• Improved precision after reweighting
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– visible energy less than 900 GeV, missing pt large than 5 GeV, and missing mass larger than 0.

• Final-selection:

1. Cut1: Evis < 700 + 5MissPt GeV.

2. Cut2: MLPl⌫bbqq > 0.84.

3. Cut3: MLP⌫⌫bbbb > 0.36.

4. Cut4: Bmax3 +Bmax4 > 0.71.

TABLE VII: The reduction table for the signal and backgrounds after the final selection for ⌫⌫HH at 1 TeV mode, together
with the number of expected events and generated events. The cuts names are explained in text.

Process expected generated pre-selection Cut1 Cut2 Cut3 Cut4

⌫⌫HH (fusion) 272 1.05⇥ 105 127 107 77.2 47.6 35.7
⌫⌫HH (ZHH) 74.0 2.85⇥ 105 32.7 19.7 6.68 4.88 3.88
yyxye⌫ 1.50⇥ 105 6.21⇥ 105 812 424 44.4 11.0 0.73
yyxyl⌫ 2.57⇥ 105 1.17⇥ 106 13457 4975 202 84.5 4.86
yyxyyx 3.74⇥ 105 1.64⇥ 106 18951 4422 38.5 26.7 1.83
⌫⌫bbbb 650 2.87⇥ 105 553 505 146 6.21 4.62
⌫⌫ccbb 1070 1.76⇥ 105 269 242 63.3 2.69 0.19
⌫⌫qqh 3125 7.56⇥ 104 522 467 257 30.6 17.6
BG 7.86⇥ 105 34597 11054 758 167 33.7

1. Summary of the ⌫⌫HH at 1 TeV

In this e+ + e� ! ⌫⌫̄HH searching mode, assuming the Higgs mass of 120 GeV and the integrated luminosity of
2 ab�1, with the beam polarization P (e�, e+) = (�0.8,+0.2), it is expected to observe 35.7 signal events with 33.7
backgrounds events, expecting the measurement significance of 4.3�. The cross section of ⌫⌫HH from fusion can be
measured to the precision of 23%, corresponding to the precision of 20% on the Higg self-coupling according to the
sensitivity in Figure 4 (right). And with the weighting method, the precision on Higgs self-coupling would be further
improved to 18%. Another important information from this analysis is that the double Higgs production excess with
a statistical significance of 7.2� is expected to be observed.
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TABLE IV: The reduction table for the signal and backgrounds after the final selection for bbHH dominant category, together
with the number of expected events and generated events. The cuts names are explained in text.

Process expected generated pre-selection Cut1 Cut2 Cut3 Cut4 Cut5 Cut6

qqHH 310 3.73⇥ 105 111 26.9 25.1 23.0 22.4 21.1 13.6
l⌫bbqq 7.40⇥ 105 3.56⇥ 106 17240 363 103 18.7 15.9 12.8 0.03
bbuddu 1.56⇥ 105 8.87⇥ 105 565 11.4 11.3 10.0 7.65 6.92 0.55
bbcsdu 3.12⇥ 105 1.26⇥ 106 6109 89.0 78.4 67.6 51.2 45.1 1.01
bbcssc 1.56⇥ 105 1.17⇥ 106 12456 263 246 212 147 129 3.69
bbbb 4.02⇥ 104 7.19⇥ 105 22889 2319 733 16.5 15.0 11.8 5.25
qqbbbb 140 1.23⇥ 105 82.9 13.9 12.7 9.80 9.19 5.78 3.03
qqqqh 818 5.98⇥ 104 154 27.5 25.4 22.5 21.6 18.5 10.9
ttz 2.20⇥ 103 8.49⇥ 104 172 17.2 13.6 12.5 12.3 11.4 2.88
ttbb 2.11⇥ 103 8.25⇥ 104 450 47.8 29.9 26.0 24.5 22.6 3.40
BG 60119 3152 1253 395 304 264 30.7

TABLE V: The reduction table for the signal and backgrounds after the final selection for light qqHH dominant category,
together with the number of expected events and generated events. The cuts names are explained in text.

Process expected generated pre-selection Cut1 Cut2 Cut3 Cut4 Cut5 Cut6

qqHH 310 3.73⇥ 105 111 84.0 36.9 34.2 31.0 30.8 18.8
l⌫bbqq 7.40⇥ 105 3.56⇥ 106 17240 16877 408 147 74.0 73.2 1.07
bbuddu 1.56⇥ 105 8.87⇥ 105 565 554 102 96.7 48.4 47.9 5.93
bbcsdu 3.12⇥ 105 1.26⇥ 106 6109 6020 1200 1094 501 492 15.7
bbcssc 1.56⇥ 105 1.17⇥ 106 12456 12193 2308 2111 848 829 16.0
bbbb 4.02⇥ 104 7.19⇥ 105 22889 20570 273 22.0 18.1 17.2 10.0
qqbbbb 140 1.23⇥ 105 82.9 68.9 11.1 9.49 7.92 6.95 4.07
qqqqh 818 5.98⇥ 104 154 126 37.8 34.0 30.5 29.9 16.1
ttz 2.20⇥ 103 8.49⇥ 104 172 155 30.3 29.4 25.7 25.5 7.74
ttbb 2.11⇥ 103 8.25⇥ 104 450 402 62.4 59.3 49.0 48.6 14.0
BG 60119 56967 4433 3603 1603 1570 90.6

1. Summary of the qqHH mode

In this e+ + e� ! qq̄HH search mode, assuming the Higgs mass of 120 GeV and the integrated luminosity of 2
ab�1, with the beam polarization P (e�, e+) = (�0.8,+0.3), in bbHH dominant category, it is expected to observe
13.6 signal events with 30.7 backgrounds events, corresponding to a ZHH excess significance of 2.2� and a ZHH cross
section measurement significance of 2.0�; in light qqHH dominant category, it is expected to observe 18.8 signal
events with 90.6 backgrounds events, corresponding to a ZHH excess significance of 1.9� and a ZHH cross section
measurement significance of 1.8�. .

V. COMBINED RESULT OF e+e� ! ZHH AT 500 GEV

The results of the three searching modes of e+e� ! ZHH are shown in Table VI for the beam polarization
P (e�, e+) = (�0.8,+0.3), which is favored benefiting with higher cross section. The ZHH excess significance (i) and
the measurement significance (ii) are also shown there. Notice that there are two independent parts in the qq̄HH
mode. In this section, we will combine these results and try to answer the following two crucial questions:

• Can we observe the ZHH events? How much is the combined ZHH excess significance?

• Can we observe the trilinear Higgs self-interaction? How precisely can we measure the trilinear Higgs self-
coupling?

2000 fb-1

2000 fb-1
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Self coupling at CLIC 

• 120 GeV Higgs, Unpolarized beams

• 1.4 TeV  (1500 fb-1)

• 3 TeV (2000 fb-1)

��

�
⇡ 25%

��

�
⇡ 10%

•                              at 1.4 TeV and 3 TeV e+e� ! ⌫⌫̄hh

Lastowicka, Strube - Higgs Self Coupling Studies (Preliminary) -LCWS2012

�1400 = 0.16 fb

�3000 = 0.63 fb

��

�
⇡ 30� 35 %

��

�
⇡ 15� 20 %

For 126 GeV Higgs the cross section uncertainties increase by a few % 
and their effect on the self-coupling uncertainty is being studied
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Self Coupling at PLC

• Photon Linear Collider (PLC) could measure the 
di-Higgs signal to 5 sigma significance with 5 yrs 
of running at ~ 270 GeV (study done for 120 GeV)

• Corresponding precision on self-coupling is yet to 
be studied

Kawada et. al , arXiv : 1205.5292
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tthh 
hhVV 

Other accessible couplings
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tthh as sign of Composite Higgs

• EWSB  triggered by strong dynamics at the TeV 
scale the 

• Scenario where the additional scalars aren’t light

• di-Higgs can be increased by an order of 
magnitude
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [32], although they can be numerically important when the top or bottom degree of

compositeness becomes large [33]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [34, 32] and explained in Ref. [33]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 35]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [30]. The code will be made public with the next o�cial release of ALPGEN, and it allows

one to compute the total cross section and di↵erential distributions, as well as to generate events for

an arbitrary choice of the Higgs couplings c, d3, c2. The validation of the code has been performed

by means of an independent C++ program linked to the QCDLoop [36] and to the LHAPDF

routines [37]. All the results reported in the following have been derived by use of the ALPGEN

matrix element calculation with CTEQ6l parton distribution functions and renormalization and

factorization scales Q = m(hh). The top quark mass has been set to m
t

= 173 GeV.

The amplitude of each diagram in Fig. 1 is characterized by a di↵erent energy scaling at large
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tthh as sign of Composite Higgs
physics states, the e↵ective Lagrangian describing a light Higgs h has the form
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where q
L

= (t
L

, b
L

) and a, c
t,b

, c2 and d3 are the numerical coe�cients that parametrize the Higgs

couplings. The dots stand for terms which are not relevant for double Higgs production via gluon-

fusion. In particular, we assume that the strength of single interactions of the Higgs to the fermions

is not extremely enhanced compared to its SM value, so that the contribution of the light fermions

and the bottom quark to double Higgs production can be safely neglected. The coupling to the

bottom, c
b

, is relevant only in the Higgs decay, and we will set

c
t

= c
b

= c (3)

for simplicity in the following. We also neglect ggh and gghh local interactions which can be

generated by new heavy states at 1-loop level, as for example scalar or fermionic partners of the

top quark.

In this analysis we will freely vary the parameters that appear in the e↵ective Lagrangian. In

specific models, however, they can be related to each other. For example, the SM Lagrangian is

obtained for

a = c = d3 = 1 , c2 = 0 . (4)

A class of theories that we will consider in the following are the composite Higgs models based on

the symmetry pattern SO(5)/SO(4) [27, 28]. In these models the parameter a is given by

a =
p

1� ⇠ , (5)

where ⇠ = v2/f2 and f is the Nambu-Goldstone decay constant. The values of c, c2 and d3 depend

on which SO(5) representation the fermions are embedded in. For the two minimal choices of

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p

1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections
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Figure 6: Isocurves of discovery luminosity (in fb�1) at the 14 TeV LHC in the plane (c2, d3) for c = 1
(on the left) and in the plane (c, c2) for d3 = c (on the right). Outside each contour, the pp ! hh ! ��bb̄
signal can be discovered with the corresponding integrated luminosity. In both plots the Higgs mass is set
to m

h

= 120GeV and the Higgs decay branching ratios are fixed to their SM values. See the Appendix for
the definition of discovery luminosity.

on the left and on the right show the luminosity contours respectively in the plane (c2, d3) for

c = 1, and in the plane (c, c2) for d3 = c. As expected, the sensitivity on c and c2 is stronger than

that on the Higgs trilinear coupling d3. In particular, while a discovery in the SM would require

at least 1200 fb�1, we find that much lower luminosities are su�cient even for moderately small

values of c2. Figure 7 shows the corresponding discovery luminosity in the composite Higgs models

MCHM4 and MCHM5 as a function of ⇠. We find that values of ⇠ as small as 0.15 can be probed

with 300 fb�1 of integrated luminosity. Compared to other processes like double Higgs production

via vector boson fusion [31], these results show that gg ! hh can be extremely powerful to study

the non-linear couplings of a composite Higgs and thus probe its strong interactions.

Once a discovery is established, one can measure the couplings c2 and d3 by using the value of

c and of the Higgs branching ratios determined in single-Higgs processes. The left plot of Fig. 8

shows the region of 68% probability in the plane (c2, d3) with 300, 600 and 1200 fb�1 (light, medium

and dark blue regions) obtained by injecting the SM signal (c = d3 = 1, c2 = 0). 6 In this case

the precision on c2 is poor even with 1200 fb�1, while d3 is basically unconstrained. A much

6That is: the rate of observed events is assumed to be that predicted in the SM with mh = 120GeV.
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, c2 and d3 are the numerical coe�cients that parametrize the Higgs

couplings. The dots stand for terms which are not relevant for double Higgs production via gluon-

fusion. In particular, we assume that the strength of single interactions of the Higgs to the fermions

is not extremely enhanced compared to its SM value, so that the contribution of the light fermions

and the bottom quark to double Higgs production can be safely neglected. The coupling to the

bottom, c
b

, is relevant only in the Higgs decay, and we will set

c
t

= c
b

= c (3)

for simplicity in the following. We also neglect ggh and gghh local interactions which can be

generated by new heavy states at 1-loop level, as for example scalar or fermionic partners of the

top quark.

In this analysis we will freely vary the parameters that appear in the e↵ective Lagrangian. In

specific models, however, they can be related to each other. For example, the SM Lagrangian is

obtained for

a = c = d3 = 1 , c2 = 0 . (4)

A class of theories that we will consider in the following are the composite Higgs models based on

the symmetry pattern SO(5)/SO(4) [27, 28]. In these models the parameter a is given by

a =
p
1� ⇠ , (5)

where ⇠ = v2/f2 and f is the Nambu-Goldstone decay constant. The values of c, c2 and d3 depend

on which SO(5) representation the fermions are embedded in. For the two minimal choices of

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
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2
, MCHM4, spinorial representation , (6)
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections
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Extracting hhVV at ILC

• Extended Higgs sectors with Higgs mixing

• The EW quantum numbers of the scalar the Higgs 
mixes with are not determined by the 3 pt. 
couplings in general

• hhVV depends on isospin and hypercharge and 
can therefore help determine EW quantum 
numbers of the other scalar

b
h V f f̄

h V f f̄h V f f̄

h V f f̄

2

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value (vev), V = W or Z, and kW = 1, kZ = 1/2 ac-
counts for the extra symmetry factor in the term involv-
ing ZµZµ. In the SM, the scaling parameters ai, bi, ci, di
are all equal to 1. In general one can define a di↵er-
ent scaling parameter cf for each fermion. Models in
which the custodial SU(2) symmetry is violated can have
(aW , bW ) 6= (aZ , bZ).

A. SM Higgs mixed with an additional scalar

We consider the case in which the SM Higgs boson
� mixes with the real neutral state � of a general elec-
troweak multiplet X. The discovered Higgs particle h is
then a linear combination of � and �,

h = � cos ✓ � � sin ✓. (2)

This mixing generically modifies the couplings of h to
gauge boson and fermion pairs. The most di�cult sce-
nario to probe experimentally is that in which X does
not couple to fermions1 and does not acquire a vev. The
single-h couplings to gauge bosons and fermions are then
given by

aW = aZ ⌘ a = cos ✓, cf ⌘ c = cos ✓. (3)

In particular, measurements of these couplings tell us
nothing about the quantum numbers of X.

When X acquires a vev, it contributes to the masses
of the W and Z bosons and reduces the vev that can
be carried by the doublet. This drives up the Yukawa
couplings of the doublet that are required in order to
obtain the observed fermion masses. It also gives rise to
a coupling of � to WW and ZZ proportional to the vev
of X. In this case, a 6= c; in particular the hV V and hff̄
couplings become (see Appendix A for details)

aV = cos ✓ sin � �
q

b�V sin ✓ cos �, c =
cos ✓

sin �
, (4)

where sin � = v�/vSM is the doublet vev in units of the
SM Higgs vev vSM, and we define b�V as

b�W = 2


T (T + 1) � Y 2

4

�
, b�Z = Y 2. (5)

Here T and Y are the weak isospin and hypercharge of
the multiplet X and we have used Q = T 3 + Y/2 = 0

1 The coupling of a scalar electroweak multiplet X to fermions is
forbidden by gauge invariance unless X is an isospin doublet.
(We do not consider the lepton number violating couplings that
can be written down involving a scalar triplet [7].) In the latter
case, couplings of X to fermions can be forbidden using a discrete
symmetry, yielding a Type-I two Higgs doublet model [8, 9]. Such
a symmetry allows the model to avoid stringent experimental
constraints on flavor-changing neutral currents [10].

to simplify the expressions for the real neutral state �.
In this notation, the couplings of the SM Higgs � (with
T = 1/2, Y = 1) are b�W = b�Z = 1.

Note in particular that the two couplings, aV and c,
depend on three a priori unknown parameters, b�V , cos ✓,
and sin �. The parameter b�V thus cannot be extracted
from measurements of three-point Higgs couplings even
in the case that the additional multiplet X carries a vev.

B. hhV V coupling

The hhV V coupling receives contributions from both
the ��V V and ��V V couplings. These couplings are in-
dependent of the vevs of � and X. The relevant Feynman
rules in the electroweak basis are

��W+
µ W�

⌫ : i
g2

2
b�W gµ⌫ , ��ZµZ⌫ : i

g2

2c2W
b�Zgµ⌫ , (6)

where b�V are defined in Eq. (5).
After mixing, the hhV V coupling scaling factors bV

become

bV = cos2 ✓ + b�V sin2 ✓. (7)

This coupling depends only on the mixing angle ✓ and
the electroweak quantum numbers of X. When X does
not carry a vev, measurements of a and/or c fix the mix-
ing angle and a measurement of bV can then be used to
determine these quantum numbers. When X carries a
vev, measurements of aV , c, and bV provide enough in-
formation to unambiguously determine the electroweak
quantum numbers of X.

Note that while the hhWW and hhZZ couplings in
general have di↵erent scaling factors, models that pre-
serve custodial SU(2) symmetry will have bW = bZ . We
consider such models in what follows.

C. Three benchmark models

SM mixed with a singlet: In this case the discovered
Higgs boson h is a mixture of the SM doublet Higgs field
� and a real singlet scalar s [11],

h = � cos ✓ � s sin ✓. (8)

The singlet does not couple to SM fermions or gauge
bosons, so a = c = cos ✓. The couplings bV are then
given by

bW = bZ ⌘ b = cos2 ✓ = a2. (9)

This relationship between b and a holds regardless of
whether the singlet carries a vev.

SM mixed with an additional doublet: In a model con-
taining two (or more) Higgs doublets, the hhV V cou-
plings are given by

bW = bZ ⌘ b = 1, (10)
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determine these quantum numbers. When X carries a
vev, measurements of aV , c, and bV provide enough in-
formation to unambiguously determine the electroweak
quantum numbers of X.

Note that while the hhWW and hhZZ couplings in
general have di↵erent scaling factors, models that pre-
serve custodial SU(2) symmetry will have bW = bZ . We
consider such models in what follows.

C. Three benchmark models

SM mixed with a singlet: In this case the discovered
Higgs boson h is a mixture of the SM doublet Higgs field
� and a real singlet scalar s [11],

h = � cos ✓ � s sin ✓. (8)

The singlet does not couple to SM fermions or gauge
bosons, so a = c = cos ✓. The couplings bV are then
given by

bW = bZ ⌘ b = cos2 ✓ = a2. (9)

This relationship between b and a holds regardless of
whether the singlet carries a vev.

SM mixed with an additional doublet: In a model con-
taining two (or more) Higgs doublets, the hhV V cou-
plings are given by

bW = bZ ⌘ b = 1, (10)

a
h V f f̄

h V f f̄

h V f f̄

c
h V f f̄

h V f f̄

h V f f̄

d
h V f f̄

Killick, KK, Logan, arXiv : 1305.7236
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Extracting hhVV at ILC

• Accessible at ILC via di-Higgs 

• Same cross sections that are used to extract the 
self-coupling (d) can be used to extract hhVV  (b) 
simultaneously

4

Model b ��/�(Zhh, 500 GeV) ��/�(⌫⌫hh, 1 TeV)

Singlet 0.81 38% 32%

Doublet 1 32% 42%

GM 1.32 24% 18%

SM 1 27% 23%

TABLE II. Expected experimental uncertainties on the dou-
ble Higgs production cross sections at the 500 GeV and 1 TeV
ILC. The SM values have been taken from Ref. [7]. The un-
certainties for the other models have been scaled to account
for the change in cross section produced by the di↵erent a
and b values. An integrated luminosity of 2 ab�1 is assumed
in each case. The electron and positron beam polarizations
have been taken as P (e�, e+) = (�0.8,+0.3) at 500 GeV and
(�0.8,+0.2) at 1 TeV.
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FIG. 3. 68% and 95% confidence regions (�2 = 2.28 and 5.99,
respectively) for the singlet (b = 0.81), doublet (b = 1) and
GM (b = 1.32) models, with d = 1. In all cases we fix a = 0.9.

C. Mhh as a kinematic discriminant

The ILD collaboration is exploring a method to im-
prove the sensitivity to the Higgs self-coupling d by
weighting events according to the invariant mass Mhh

of the Higgs pair [21]. This improves the precision on the
extracted value of d by about 10% at both 500 GeV and
1 TeV in the SM case (a = b = 1) [7].

This method could be adapted to improve the simul-
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FIG. 4. Di↵erential cross section as a function of Mhh for
e+e� ! Zhh in the SM at 500 GeV. The four curves cor-
respond to contributions from di↵erent sets of diagrams in
Fig. 1.

taneous sensitivity to d and b because the values of these
couplings a↵ect the shape of the cross section in Mhh as
well as the total rate. This shape is illustrated in Figs. 4
and 5.

In Fig. 4 we plot the SM cross section for e+e� ! Zhh
at 500 GeV as a function of Mhh, showing separately the
contributions of the three diagrams in Fig. 1 as well as
the total cross section. (Interference among the diagrams
contributes significantly to the total cross section.) The
contribution to the amplitude from the diagram involving
d is largest at low Mhh, while the contribution from the
diagram involving b has a broader Mhh distribution.

In Fig. 5 we plot the cross section for WBF e+e� !
⌫⌫̄hh at 1 TeV as a function of Mhh for the SM and
our three benchmark model points. Notice in particu-
lar that our three benchmark models all have a = 0.9,
d = 1, and di↵er only in their b values. The b value has
a dramatic e↵ect on the Mhh spectrum, due in part to
interference e↵ects among the three diagrams in Fig. 2.
Diagrams (b) and (c) interfere constructively, leading to
the enhancement in the di↵erential cross section at low
Mhh for higher b values (compare the distributions for
the GM and doublet models to that for the singlet model
in Fig. 5). Diagrams (a) and (b) interfere destructively,
leading to the flattening of the spectrum at intermediate
Mhh for higher b values (compare the distribution for the
doublet model to that for the singlet model in Fig. 5).

D. Synergy with LHC

The Higgs self-coupling d can also be accessed through
double Higgs production in gluon fusion at the LHC. In
addition to d, the cross section depends on the top quark
Yukawa coupling and can also receive contributions from
new colored particles that run in the gluon-fusion loop
(new contributions to the gg ! hh box diagram can be
especially large). In particular, double Higgs production

Red - SM + real singlet scalar

Blue - SM + additional doublet

Green - SM + complex triplet +     
real triplet  (Georgi-Machacek 
model)
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FIG. 2. Feynman diagrams for e+e� ! ⌫⌫̄hh via W boson
fusion. We include the crossed version of diagram (a).

A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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A. Double Higgs production at ILC

Double Higgs production in e+e� collisions proceeds
through the processes e+e� ! Zhh and e+e� ! ⌫e⌫̄ehh
via W boson fusion (WBF). Feynman diagrams are
shown in Figs. 1 and 2. The cross section for double
Higgs production via Z boson fusion, e+e� ! e+e�hh,
is much smaller than that from WBF and we neglect it
here.

We computed the double Higgs cross sections in the
e↵ective theory described by Eq. (1) using CalcHEP [15]
and checked our results using MadGraph [16]. In all cases
we set a = 0.9 and d3 ⌘ d = 1. The resulting values of
b in our three benchmark models are given in Table I,
along with the double-Higgs production cross sections.

The e↵ective theory that we use ignores the contri-
butions from t- and u-channel exchange of the custodial
SU(2) triplet states H±, A0 present in the doublet and
GM models, as well as processes involving single produc-
tion of the heavier custodial singlet H (decaying to hh)
present in all three of our benchmarks. For simplicity, we
assume that these states are heavy enough that their on-

Model b �500(Zhh) �1000(Zhh) �1000(WBF)

Singlet 0.81 0.109 fb 0.0815 fb 0.0411 fb

Doublet 1 0.136 fb 0.113 fb 0.0273 fb

GM 1.32 0.188 fb 0.183 fb 0.0901 fb

SM 1 0.157 fb 0.119 fb 0.0712 fb

TABLE I. Values of b and unpolarized signal cross sections
(computed using CalcHEP [15]) for the three benchmark
models with a = 0.9. The SM cross sections are shown for
comparison. Cross sections do not include any Z or h branch-
ing ratios. In all cases we assume d = 1.

shell production is kinematically forbidden at the e+e�

collision energies that we use in our analysis. This re-
quires MH & 910 GeV (from e+e� ! ZH at 1 TeV) and
MH±,A0 & 875 GeV (from e+e� ! hA0). We discuss the
viability of this assumption in Appendix B.

We checked using an explicit calculation in the doublet
model that including the diagrams involving H± and A0

changes the double-Higgs production cross sections of in-
terest at our benchmark point by less than 3% for H±, A0

masses above 1 TeV.

B. Extracting b and d from event rates

The dependence of the double-Higgs production cross
sections on b and d varies with center-of-mass energy and
with the process considered. Therefore, measurements of
the double-Higgs production cross section at two di↵er-
ent ILC center-of-mass energies can be used to fit for the
parameters b and d, given a fixed value of a (assumed
to be measured in e+e� ! Zh). We perform such a
fit using preliminary double-Higgs production cross sec-
tion uncertainties from the ILC Large Detector (ILD)
study for the ILC Detailed Baseline Design Report [7].
At 500 GeV the process of interest is e+e� ! Zhh, with
Z ! eē, µµ̄, ⌫⌫̄, and qq̄. At 1 TeV the process of interest
is e+e� ! ⌫⌫̄hh, including contributions from WBF and
Z(! ⌫⌫̄)hh.

Because the signal rates for our benchmark points are
di↵erent than the signal rates in the SM, we rescale the
statistical uncertainties found for the SM as described
in Ref. [7] based on the number of signal events at our
benchmark points. We also take into account the di↵er-
ent selection e�ciencies for the Zhh and WBF processes
at 1 TeV by scaling our computed Zhh cross section to
obtain the same relative e�ciency quoted in Ref. [7].

The resulting rescaled uncertainties are summarized
in Table II. This rescaling increases the fractional uncer-
tainties for the singlet and doublet models and decreases
them for the GM model. We do not attempt to account
for the e↵ect of the kinematic cuts on the relative con-
tributions of the diagrams in Figs. 1 and 2 to the total
cross sections.

We plot the fit results for our three benchmark points
in Fig. 3. We find that the GM model with a = 0.9 can be
distinguished from the doublet and singlet models at 68%
confidence level, and that the overlap at 95% confidence
level is small. The doublet and singlet models cannot be
distinguished using event rates. The crescent shape of
the 95% confidence region for the GM model is caused
by the WBF cross section not being monotonic in b, as
can be seen from Table I.

Finally we note that the study in Ref. [7] assumes
Mh = 120 GeV and both Higgs bosons decaying to bb̄.
At 125 GeV the Higgs decay branching fraction to bb̄
is smaller, reducing the signal cross sections by about
20% [20]. The lost precision could be recovered by in-
cluding hh ! WWbb̄ [21].
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Constraints on dimension 6 operators

• c1 and c2 can be determined by measuring higgs 
and di-Higgs production

1 Introduction

If the Large Hadron Collider (LHC) does not produce any resonances aside
from the Higgs boson required to unitarize W -W scattering, physicists will
be forced to look for new physics in indirect ways. One approach, recently
re-emphasized by [1], is to hunt for new physics via the presence of higher-
dimension operators involving only Standard Model fields. Many of these
operators, exhaustively catalogued in [2], are already well constrained by
existing precision measurements from LEP and are unlikely to be probed
further at the LHC. Here we discuss higher-dimension operators containing
the Higgs boson that are currently poorly constrained, but could directly
influence collider phenomenology at the LHC. Our primary focus will be on
final states with two Higgs bosons.

Colored particles that get part of their mass from electroweak symmetry
breaking (EWSB) can induce the operator

O1 = c1

αs

4πv2
Ga

µνG
µν
a H†H (1)

at the loop level. The mass scale v = 246 GeV has been chosen for later
convenience, and 4πv may or may not be the actual scale of new physics. The
influence of this and other operators on single Higgs boson production and
branching ratios was recently discussed in [1, 3]. By itself, O1 is insufficient
to completely describe the low energy effects on both single and pair Higgs
boson production. To see this, consider a new particle whose mass comes
entirely from EWSB. This yields a different (non-decoupling) operator. As
is familiar from Higgs low energy theorems, a heavy quark with Yukawa
coupling λ→ ∞ generates not O1 but

O2 = c2

αs

8π
Ga

µνG
µν
a log

(

H†H

v2

)

, (2)

which can be understood by thinking of H as a background field and treating
the heavy quark mass as a threshold for the running of the QCD gauge
coupling [4]. If we expand O1 and O2 in terms of the physical Higgs boson
h (H = 1√

2
(h + v)),

O1 ⊃
c1αs

4π
GµνG

µν

(

h

v
+

h2

2v2

)

, O2 ⊃
c2αs

4π
GµνG

µν

(

h

v
−

h2

2v2

)

, (3)

then the differing effects on Higgs boson pair production are manifest.
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Figure 4: Differential cross-sections as a function of mhh. In the top graph
c2 = 0 is fixed while c1 varies, and in the bottom graph c1 = 0 is fixed while
c2 varies. We have set mh = 120 GeV and mt = 174.3 GeV. The curves
for mh = 180 GeV are quite similar, with the trivial modification that the
threshold energy is changed. Note that the asymptotic behavior at large mhh

is controlled by the difference |c1 − c2|. When c1 = −0.5 and c2 = 0, there is
a pronounced dip at mhh = 400 GeV, coming from interference between O1

and the Standard Model top loops.
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Figure 5: Differential cross-sections as a function of mhh for mh = 120 GeV.
Here, the single Higgs production rate is fixed by fixing (c1 + c2), but the
properties of di-Higgs production are clearly modified as the proportion of
O1 and O2 changes.

c1 = −2.0 −1.0 −0.5 0.0 0.5 1.0 2.0
c2 = −2.0 44 10 21 55 100 180 380

−1.0 86 11 2.7 14 46 97 260
−0.5 120 21 2.9 4.3 25 66 200

0.0 150 39 9.9 1.0 12 36 170
0.5 200 63 24 4.5 5.0 26 130
1.0 260 94 44 15 5.0 15 95
2.0 370 170 110 54 25 15 53

Figure 6: The ratio of σ(gg → hh) to the Standard Model di-Higgs cross
section for mh = 180 GeV. The Standard Model cross section is 13 fb, and
the bounds in Eq. (14) from direct Tevatron searches is −1.2∼< (c1+c2)∼< 0.5.
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for mh = 180 GeV are quite similar, with the trivial modification that the
threshold energy is changed. Note that the asymptotic behavior at large mhh

is controlled by the difference |c1 − c2|. When c1 = −0.5 and c2 = 0, there is
a pronounced dip at mhh = 400 GeV, coming from interference between O1

and the Standard Model top loops.
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Figure 5: Differential cross-sections as a function of mhh for mh = 120 GeV.
Here, the single Higgs production rate is fixed by fixing (c1 + c2), but the
properties of di-Higgs production are clearly modified as the proportion of
O1 and O2 changes.

c1 = −2.0 −1.0 −0.5 0.0 0.5 1.0 2.0
c2 = −2.0 44 10 21 55 100 180 380

−1.0 86 11 2.7 14 46 97 260
−0.5 120 21 2.9 4.3 25 66 200

0.0 150 39 9.9 1.0 12 36 170
0.5 200 63 24 4.5 5.0 26 130
1.0 260 94 44 15 5.0 15 95
2.0 370 170 110 54 25 15 53

Figure 6: The ratio of σ(gg → hh) to the Standard Model di-Higgs cross
section for mh = 180 GeV. The Standard Model cross section is 13 fb, and
the bounds in Eq. (14) from direct Tevatron searches is −1.2∼< (c1+c2)∼< 0.5.
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Long Tail compared to SM

Tail size governed by

the signal to background ratio except at the most extreme values of the ci.
The differential cross sections as a function of mhh are shown for various

choices of the ci in Figs. 4 and 5. Because the rate of single Higgs production
is related to (c1+c2), we keep the sum (c1+c2) fixed in Fig. 5 while varying the
difference. The large variety of shapes and normalizations show how di-Higgs
production can be an important probe of the properties of the Higgs boson.
There are two specific features to notice in these figures. First, compared to
the Standard Model alone, there is a long tail in the mhh distribution when
Oi is turned on, and the size of that tail is governed by |c1 − c2|. Second,
for values of c1 and c2 that are not too large (∼< 0.5), interference with the
Standard Model can be important, possibly causing a significant deficit of
events around mhh = 400 GeV.

With sufficient luminosity, a measurement of σ(gg → hh) as well as of
the mhh distribution in di-Higgs events will give some handle on the sizes
of O1 and O2. It is beyond the scope of this paper to try to estimate the
errors on the measurements of c1 and c2 due to energy resolution, background
subtraction, and statistics. However, because of the large enhancement of
di-Higgs production due to these new operators, it is not unreasonable to
expect some mhh shape information to be available after several years of
high luminosity (100 fb−1/yr) running at the LHC.

4.2 Above the W+W− Threshold

For a Higgs with a mass near 180 GeV, its dominant decay mode is to W+W−.
The hh → W+W−W+W− mode was considered in [13, 14], where it was
determined that the the cleanest channel for discovering Higgs pairs was when
the four W ’s yielded two same sign leptons, i.e. hh → W+W−W+W− →
jjjj"±ν"±ν. For various values of ci, the cross sections in this channel are
given in Fig. 6. Using the cuts in [14] with 600 fb−1, there are 110 Standard
Model di-Higgs events with an expected signal/background ratio of 1 to 5.

Because of the presence of two final-state neutrinos, the invariant mass
of the two Higgses cannot be determined uniquely. In [14], an approximate
variable mvisible was used, which systematically underestimates the real in-
variant mass by taking the invariant mass of just the final state leptons and
jets. On the other hand, once jets are combined to give pseudo-W ’s, the
decay topology of hh → W+W+"−ν"−ν allows for a full reconstruction of
the neutrino four-vectors, up to discrete ambiguities. Eight constraints are
required to measure the eight components of the two neutrino four-vectors.

12

di-Higgs prodn. can help disentangle c1 & c2

SM

Hopefully the di-Higgs inv mass shape  will 
emerge after several hundred fb-1 of data
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FIG. 3. Di-Higgs as well as single Higgs production cross sections normalized to the Standard Model values. The solid lines
show �(pp ! hh)

scalar+top

/�(pp ! hh)
top

, while the colored regions show when �(pp ! h)
scalar+top

/�(pp ! h)
top

is less than
the numerical value labeling each region. Panels (b) and (c) are “zoomed in” versions of panel (a), to more clearly see the
contours in the light MS < 200 GeV region.

itatively distinct throughout the pT,h range. For the ef-
fective operator calculation, the high-pT tail is governed
by kinematics alone, where as there is an extra suppres-
sion from the form factors once we incorporate momen-
tum dependence. An accurate pT spectra is vital for
phenomenology; the Higgs pT will be transferred to its

decay remnants, and the details of the remnant kinemat-
ics are a necessary ingredient for successfully separating
signal from SM background, regardless of the identity of
the final state particles.

7

strong evidence from the LHC for a new particle with
properties consistent with a Higgs near mh = 125 GeV
[39, 40]. While much work remains to be done to verify
that the 125 GeV particle is indeed the (or a) Higgs bo-
son, there is a more direct reason for our continued inter-
est in a heavier Higgs boson. As we showed in Ref. [12],
colored scalars can suppress single Higgs production well
below the current bounds from LHC for a wide range of
Higgs masses. So the argument that “we have already
searched for a heavier Higgs boson and did not find it,
so the Higgs must be the 125 GeV Higgs-like particle”
is simply wrong. This reasoning is wrong because the
argument applies only to the Standard Model. The gen-
eral class of models we consider in this paper – colored
scalars with Higgs portal couplings – provide a clear class
of counterexamples. Of course we are not disputing the
strong evidence for a 125 GeV particle; instead, we be-
lieve maintaining a healthy dose of skepticism regarding
the true identity of this particle, given the wide num-
ber of impostors [41] that could be masquerading as a
Higgs-like resonance.

II. EFFECTIVE COUPLINGS

Low energy theorems for Higgs physics provide pow-
erful methods to determine the e↵ective Higgs couplings
to both Standard Model particles as well as new physics
[15, 42–46]. We are interested in extending the Stan-
dard Model to include a general set of colored scalars �i

in arbitrary representations of QCD. The multiplicity of
scalars (number of flavors) is taken into account, while
our predictions for the single and di-Higgs rates are oth-
erwise independent of the electroweak quantum numbers
at leading order in the couplings.

The minimal Lagrangian for colored scalars in complex
representations is

Lc = (Dµ�i)
†(Dµ�i)� m2

i �
†
i�i � i�

†
i�iH

†H (1)

while for real scalars the Lagrangian is

Lr =
1

2
(Dµ�i)

2 � 1

2
m2

i �
2

i �
i

2
�2

i H
†H . (2)

We have not included quartic (or possibly cubic) self-
interactions, nor interactions among di↵erent flavors of
scalars, since these couplings will not play any role
in our calculations of di-Higgs production. The field-
independent scalar mass-squared is

M2

i ⌘ m2

i +
iv2

2
, (3)

while the Higgs field-dependent mass is

M2

i (h) = m2

i +
i

2
(v + h)2 , (4)

both of which apply to scalars in real or complex repre-
sentations. When mh ⌧ Mi, the colored scalars can be
integrated out, resulting in an e↵ective theory in powers

of 1/Mi. The leading interactions of the Higgs to glu-
ons can be determined by matching the strong coupling
constant in the low energy and high energy theory [45],

L
e↵

= �1

4

1

g2
e↵

(µ, h)
Ga

µ⌫Ga µ⌫

= �1

4


1

g2(µ)
� 1

12⇡2

log
mt(h)

µ

�
X

i

Ci

24⇡2

log
Mi(h)

µ

�
Ga

µ⌫Ga µ⌫ (5)

where we have included the top quark and an arbi-
trary set of colored scalars with explicit Higgs field-
dependence. For a real scalar field, Ci is the Dynkin
index, e.g. Ci = 3 for a color octet; for a complex repre-
sentation, replace Ci ! 2Ci. This leads to the one-loop
e↵ective Lagrangian,

↵s

12⇡

"
logmt(h) +

X

i

Ci

2
logMi(h)

#
Ga

µ⌫Ga µ⌫ , (6)

where we have shifted Ga
µ⌫ back to the canonical basis.

Expanding Eq. (6) to first order in h/v, we obtain the
single Higgs e↵ective interaction with colored scalars,

h

v
Ga

µ⌫Ga µ⌫
X

i

↵s

48⇡
Ci

iv2

M2

i

. (7)

The single Higgs e↵ective interaction, Eq. (7), is for ex-
ample identical to the result obtained from our previous
study of Higgs suppression through colored scalars in the
limit mh ⌧ Mi [Eq. (2.7) from Ref. [12]].
The 4-point di-Higgs e↵ective interaction is similarly

obtained,

h2

2v2
Ga

µ⌫Ga µ⌫
X

i

↵s

48⇡
Ci

✓
iv2

M2

i

� 2

i v
4

M4

i

◆
. (8)

The top quark contributions to the e↵ective couplings
can also be obtained by expanding Eq. (6),

↵s

12⇡

✓
h

v
� h2

2v2

◆
Ga

µ⌫Ga µ⌫ . (9)

There are two critical observations we can make at the
e↵ective interaction level. First, when Mi >

p|i|v, the
relative sign of the the top quark contribution to the ef-
fective operator h2Ga

µ⌫Ga,µ⌫ is is opposite (the same as)
that of the scalar contribution when i > 0 (i < 0).
Second, in the limit mh, v ⌧ Mi, we see that the same
coe�cient that determines the single Higgs e↵ective in-
teraction also uniquely determines the di-Higgs e↵ective
interaction. This will be important for gaining some
qualitative understanding of our di-Higgs cross section
results.
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FIG. 2. Scalar loop contributions to gg ! hh. The three diagrams on left are O(↵s), while the four diagrams on the right
are O(↵s

2), where  is the Higgs-portal coupling.

contributions only have Pµ⌫ gauge structure:
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ŝ � m2

h

◆
⇥

�
2M2

i C
0

(p
1

, p
2

: Mi) + 1
�

. (15)

The first term in the parenthesis comes from attaching
the 4-point vertex in the  interaction to the scalar loop,

while the second term comes from connecting a Higgs
propagator and 3-point vertex to the triple-Higgs self-
interaction.
The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµ⌫ , Qµ⌫) Lorentz struc-
tures. We evaluate the scalar contribution to P and Q
(as well as P

tri

in Eq. (15)) in terms of the Passarino-
Veltman one-loop functions given in Appendix A. We
obtain:

P
box

=
X

i

↵s v2 2

i Ci

2⇡
⇥

m2

h � t̂

ŝ
C

0

(p
1

, k
1

: Mi) +
m2

h � û
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Adding the scalar loop P,Q to the top loop contribu-
tions gives us the totalM(gg ! hh)µ⌫ amplitude. Squar-
ing and adding phase space, color- and spin-averaging
factors, we arrive at the di↵erential partonic cross sec-
tion,

d�̂(gg ! hh)

d cos ✓⇤
=

�h

1024⇡ŝ

�|P
tot

|2 + |Q
tot

|2� . (18)

Note that the overall factor of 1/2 for creating a pair of
identical particles is canceled by Pµ⌫Pµ⌫ = Qµ⌫Qµ⌫ = 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:
a single real, color-octet, electroweak neutral scalar
Sa [12, 47–49],

LS =
1

2
(DµSa)

2 � 1

2
M2

S (Sa)
2 � 

2
(Sa)

2 H†H

� !

4
(Sa)

4 � µS dabc SaSbSc . (19)

Here we have included one Higgs-portal interaction, with
coupling , as well as additional renormalizable self-
interactions among the Sa: a quartic interaction with
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The first term in the parenthesis comes from attaching
the 4-point vertex in the  interaction to the scalar loop,

while the second term comes from connecting a Higgs
propagator and 3-point vertex to the triple-Higgs self-
interaction.
The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµ⌫ , Qµ⌫) Lorentz struc-
tures. We evaluate the scalar contribution to P and Q
(as well as P

tri

in Eq. (15)) in terms of the Passarino-
Veltman one-loop functions given in Appendix A. We
obtain:

P
box

=
X

i

↵s v2 2

i Ci

2⇡
⇥

m2

h � t̂

ŝ
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û t̂ + 2M2
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Adding the scalar loop P,Q to the top loop contribu-
tions gives us the totalM(gg ! hh)µ⌫ amplitude. Squar-
ing and adding phase space, color- and spin-averaging
factors, we arrive at the di↵erential partonic cross sec-
tion,

d�̂(gg ! hh)

d cos ✓⇤
=
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1024⇡ŝ
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|2 + |Q
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Note that the overall factor of 1/2 for creating a pair of
identical particles is canceled by Pµ⌫Pµ⌫ = Qµ⌫Qµ⌫ = 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:
a single real, color-octet, electroweak neutral scalar
Sa [12, 47–49],

LS =
1

2
(DµSa)
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2
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2 H†H
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4
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Here we have included one Higgs-portal interaction, with
coupling , as well as additional renormalizable self-
interactions among the Sa: a quartic interaction with
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Light colored scalars can enhance di-Higgs considerably for 
negative     even if single Higgs is within 10% of SM
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FIG. 3. Di-Higgs as well as single Higgs production cross sections normalized to the Standard Model values. The solid lines
show �(pp ! hh)

scalar+top

/�(pp ! hh)
top

, while the colored regions show when �(pp ! h)
scalar+top

/�(pp ! h)
top

is less than
the numerical value labeling each region. Panels (b) and (c) are “zoomed in” versions of panel (a), to more clearly see the
contours in the light MS < 200 GeV region.

itatively distinct throughout the pT,h range. For the ef-
fective operator calculation, the high-pT tail is governed
by kinematics alone, where as there is an extra suppres-
sion from the form factors once we incorporate momen-
tum dependence. An accurate pT spectra is vital for
phenomenology; the Higgs pT will be transferred to its

decay remnants, and the details of the remnant kinemat-
ics are a necessary ingredient for successfully separating
signal from SM background, regardless of the identity of
the final state particles.

7

strong evidence from the LHC for a new particle with
properties consistent with a Higgs near mh = 125 GeV
[39, 40]. While much work remains to be done to verify
that the 125 GeV particle is indeed the (or a) Higgs bo-
son, there is a more direct reason for our continued inter-
est in a heavier Higgs boson. As we showed in Ref. [12],
colored scalars can suppress single Higgs production well
below the current bounds from LHC for a wide range of
Higgs masses. So the argument that “we have already
searched for a heavier Higgs boson and did not find it,
so the Higgs must be the 125 GeV Higgs-like particle”
is simply wrong. This reasoning is wrong because the
argument applies only to the Standard Model. The gen-
eral class of models we consider in this paper – colored
scalars with Higgs portal couplings – provide a clear class
of counterexamples. Of course we are not disputing the
strong evidence for a 125 GeV particle; instead, we be-
lieve maintaining a healthy dose of skepticism regarding
the true identity of this particle, given the wide num-
ber of impostors [41] that could be masquerading as a
Higgs-like resonance.

II. EFFECTIVE COUPLINGS

Low energy theorems for Higgs physics provide pow-
erful methods to determine the e↵ective Higgs couplings
to both Standard Model particles as well as new physics
[15, 42–46]. We are interested in extending the Stan-
dard Model to include a general set of colored scalars �i

in arbitrary representations of QCD. The multiplicity of
scalars (number of flavors) is taken into account, while
our predictions for the single and di-Higgs rates are oth-
erwise independent of the electroweak quantum numbers
at leading order in the couplings.

The minimal Lagrangian for colored scalars in complex
representations is

Lc = (Dµ�i)
†(Dµ�i)� m2

i �
†
i�i � i�

†
i�iH

†H (1)

while for real scalars the Lagrangian is

Lr =
1

2
(Dµ�i)

2 � 1

2
m2

i �
2

i �
i

2
�2

i H
†H . (2)

We have not included quartic (or possibly cubic) self-
interactions, nor interactions among di↵erent flavors of
scalars, since these couplings will not play any role
in our calculations of di-Higgs production. The field-
independent scalar mass-squared is

M2

i ⌘ m2

i +
iv2

2
, (3)

while the Higgs field-dependent mass is

M2

i (h) = m2

i +
i

2
(v + h)2 , (4)

both of which apply to scalars in real or complex repre-
sentations. When mh ⌧ Mi, the colored scalars can be
integrated out, resulting in an e↵ective theory in powers

of 1/Mi. The leading interactions of the Higgs to glu-
ons can be determined by matching the strong coupling
constant in the low energy and high energy theory [45],
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where we have included the top quark and an arbi-
trary set of colored scalars with explicit Higgs field-
dependence. For a real scalar field, Ci is the Dynkin
index, e.g. Ci = 3 for a color octet; for a complex repre-
sentation, replace Ci ! 2Ci. This leads to the one-loop
e↵ective Lagrangian,
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where we have shifted Ga
µ⌫ back to the canonical basis.

Expanding Eq. (6) to first order in h/v, we obtain the
single Higgs e↵ective interaction with colored scalars,
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. (7)

The single Higgs e↵ective interaction, Eq. (7), is for ex-
ample identical to the result obtained from our previous
study of Higgs suppression through colored scalars in the
limit mh ⌧ Mi [Eq. (2.7) from Ref. [12]].
The 4-point di-Higgs e↵ective interaction is similarly

obtained,
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The top quark contributions to the e↵ective couplings
can also be obtained by expanding Eq. (6),
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✓
h

v
� h2

2v2

◆
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µ⌫Ga µ⌫ . (9)

There are two critical observations we can make at the
e↵ective interaction level. First, when Mi >

p|i|v, the
relative sign of the the top quark contribution to the ef-
fective operator h2Ga

µ⌫Ga,µ⌫ is is opposite (the same as)
that of the scalar contribution when i > 0 (i < 0).
Second, in the limit mh, v ⌧ Mi, we see that the same
coe�cient that determines the single Higgs e↵ective in-
teraction also uniquely determines the di-Higgs e↵ective
interaction. This will be important for gaining some
qualitative understanding of our di-Higgs cross section
results.
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FIG. 2. Scalar loop contributions to gg ! hh. The three diagrams on left are O(↵s), while the four diagrams on the right
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2), where  is the Higgs-portal coupling.

contributions only have Pµ⌫ gauge structure:
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The first term in the parenthesis comes from attaching
the 4-point vertex in the  interaction to the scalar loop,

while the second term comes from connecting a Higgs
propagator and 3-point vertex to the triple-Higgs self-
interaction.
The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµ⌫ , Qµ⌫) Lorentz struc-
tures. We evaluate the scalar contribution to P and Q
(as well as P

tri

in Eq. (15)) in terms of the Passarino-
Veltman one-loop functions given in Appendix A. We
obtain:
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Adding the scalar loop P,Q to the top loop contribu-
tions gives us the totalM(gg ! hh)µ⌫ amplitude. Squar-
ing and adding phase space, color- and spin-averaging
factors, we arrive at the di↵erential partonic cross sec-
tion,

d�̂(gg ! hh)

d cos ✓⇤
=

�h
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�|P
tot

|2 + |Q
tot

|2� . (18)

Note that the overall factor of 1/2 for creating a pair of
identical particles is canceled by Pµ⌫Pµ⌫ = Qµ⌫Qµ⌫ = 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:
a single real, color-octet, electroweak neutral scalar
Sa [12, 47–49],

LS =
1

2
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2
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2
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2 H†H

� !

4
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Here we have included one Higgs-portal interaction, with
coupling , as well as additional renormalizable self-
interactions among the Sa: a quartic interaction with
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The first term in the parenthesis comes from attaching
the 4-point vertex in the  interaction to the scalar loop,

while the second term comes from connecting a Higgs
propagator and 3-point vertex to the triple-Higgs self-
interaction.
The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµ⌫ , Qµ⌫) Lorentz struc-
tures. We evaluate the scalar contribution to P and Q
(as well as P
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Adding the scalar loop P,Q to the top loop contribu-
tions gives us the totalM(gg ! hh)µ⌫ amplitude. Squar-
ing and adding phase space, color- and spin-averaging
factors, we arrive at the di↵erential partonic cross sec-
tion,
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Note that the overall factor of 1/2 for creating a pair of
identical particles is canceled by Pµ⌫Pµ⌫ = Qµ⌫Qµ⌫ = 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:
a single real, color-octet, electroweak neutral scalar
Sa [12, 47–49],

LS =
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(DµSa)
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Here we have included one Higgs-portal interaction, with
coupling , as well as additional renormalizable self-
interactions among the Sa: a quartic interaction with

4

G. Kribs,A. Martin, arXiv : 1207.4496

• Not all models that are consistent with SM for single 
Higgs production can lead to enhanced di-Higgs 
however
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• Extended Quark Sector

• Restrict                 to deviate by 10% at most

• In two cases the                     is found to be close to 
SM di-Higgs rate

• SM + vector singlet 

• SM + mirror quarks (no mixing)
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FIG. 8: Invariant mass distribution in the Standard Model and in the top-singlet partner model

(with MT = 1 TeV) at the
√
S = 8 TeV LHC.

double Higgs production to obtain information about additional vector singlet quarks. Fig. 8

uses the largest mixing angle allowed by precision electroweak data, and the reduction in the

total cross section for the singlet top partner model from the exact Standard Model result

is roughly 15%. This is of similar size to the reduction in the gg → H rate found in Ref. [5].

This model is an example of a case which will be extremely difficult to differentiate from

the Standard Model.

B. Mirror fermions

As a second example, we consider a model which has a generation of heavy mirror

fermions [71, 74–77]. There are four new quarks T 1, T 2 and B1, B2, with charge 2
3 and

−1
3 , respectively. The quarks are in the SU(2)L representations,

ψ1
L =





T 1
L

B1
L



 , T 1
R ,B1

R ; ψ2
R =





T 2
R

B2
R



 , T 2
L ,B2

L . (30)

The first set of heavy quarks has the quantum numbers of the Standard Model quarks, while

T 2 and B2 have have the left- and right- handed fermion assignments reversed from those
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S. Dawson, E. Furlan, I. Lewis, 
arXiv :1210.6663

SM charge assignments SM charge assignments swapped for left 
and right handed fields

Effects of New Colored Particles

gg ! h

gg ! hh

Observing enhanced di-Higgs and SM-like single Higgs production would 
help rule out models that cannot produce such enhancements
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Resonant and Non Resonant 
Contributions to di-Higgs
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Resonant Contributions to diHiggs 

• Heavier Higgs ( 300 GeV )     
can be discovered in 

of this channel (and several others similar to it) with the H → WW results of the previous
section increases the significance of discovery. In this particular example final state, there are 3.9
signal events compared to 1.4 background events in the transverse mass region 0.8 TeV < MT <
1.4 TeV with 500 fb−1. Discovering hidden sector Higgs theories with reasonable significance
by adding up all possible channels2 will come first at lower luminosity, but the results above
indicate that careful checks of various final states and self-consistency are possible, albeit at a
much higher luminosity stage of the collider. This would give us the opportunity to study the
precise nature of the trans-TeV Higgs boson through its various branching fractions.

4.2 H → hh Signal

We now examine Higgs-to-Higgs decays, and consider whether these decays might be the first
evidence for either the H or h boson [20] at the LHC. Although it might be possible to effectively
search for both Higgs bosons when the heavier one is in the trans-TeV mass range, we focus on
somewhat lighter Higgs boson masses in this section which clearly show the feasibility of this
kind of search over much of parameter space.

We normalize gg → H production to the NNLO rates [21] of 10.3 pb and 5.7 pb for 300
GeV and 500 GeV SM Higgs bosons, respectively. VBF production is normalized to the NLO
rates [22] of 1.3 pb and 0.54 pb for 300 GeV and 500 GeV SM Higgs bosons, respectively. Both
cross-sections are then multiplied by sin2θ=0.5 to obtain the production rates for H and h.

To begin with, let us suppose that the heavy and light Higgs mass eigenstates are mH =
300 GeV and mh = 115 GeV, respectively (see point 1 of Table 2). Even if the 115 GeV
mass eigenstate had full-strength SM couplings, its discovery is by no means easy. A SM
Higgs with mass around 115 GeV relies principally on the tt̄h → tt̄bb̄ production channel
as well as direct production gg → h → γγ. If signal production is reduced by half (i.e.,
sin2 ω = 1/2) and/or background rates are greater than calculated, or systematic uncertainties
prove larger than anticipated, the discovery of this lighter Higgs boson will require significantly
more data. We consider the possibility that the lighter higgs may be discovered instead through
H → hh → γγbb̄ decays. In our example point, as with all example points in this section, the
branching ratio of H → hh is 1/3.

To determine the viability for discovery, we first calculate the background processes that
could contribute to γγbb̄ events in the SM. The factorization and renormalization scales (µF

and µR) used for computing this background are set to the leading pT jet in the event. The
observable we define requires two photons and two jets, with at least one jet tagged as con-
taining a b quark. We furthermore require |mh − mγγ | < 2 GeV, |mh − mj1j2| < 20 GeV, and
|mH − mγγj1j2| < 20 GeV. Fig. 5 shows the reconstructed invariant mass of the two photons
and two jets with one b-tag.

The general strategy to extract the signal over SM background is the same as for the super-
symmetric H → hh → γγbb̄ search channel [23]. We argue here that this signature is important

2There are many more channels to exploit, potentially including the ZZ channel arising from gg → H

production. This could be a productive channel since tagging jets are not needed to reduce the tt̄X background.
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Higgs Portal Scenario

Point A Point B Point C
s2

ω 0.40 0.31 0.1
mh (GeV) 143 115 120
mH (GeV) 1100 1140 1100

Γ(H → hh) (GeV) 14.6 4.9 10
BR(H → hh) 0.036 0.015 0.095

Table 1: Points illustrating parameters of trans-TeV mass Higgs boson. Point C is studied in
detail in section 4.

Point 1 Point 2 Point 3
s2

ω 0.5 0.5 0.5
mh (GeV) 115 175 225
mH (GeV) 300 500 500

Γ(H → hh) (GeV) 2.1 17 17
BR(H → hh) 0.33 0.33 0.33

Table 2: Points illustrating parameters that allow large branching fractions of H → hh. Each
of these points are studied in detail in section 4.

η = −
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M2
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ωm2
h + s2

ωm2
H (13)

M2
12 = cωsω(m2

H − m2
h) (14)

M2
22 = s2

ωm2
h + c2

ωm2
H (15)

In Tables 1 and 2 we provide 6 benchmark points in parameter space, some of which will be
used in section 4 for collider physics analysis. They all can satisfy the theoretical bounds as we
shall see in section 3. We list them in Table 1 and Table 2.

Γ(H → hh) for points 1, 2, 3 are obtained based on the assumption that the branching ratio
BR(H → hh) = 1/3 where BR= Γ(H→hh)

Γ(H→hh)+s2
ωΓSM (mH) . ΓSM(mH) is the well-known SM result,

which can be obtained from the HDECAY program [7].

5

Figure 5: Differential cross-section as a function of invariant mass of γγbb̄ for H → hh → γγb̄b
(solid) and the sum of the backgrounds (dashed) requiring one b-tag.

for a broad range of models. Although it is only considered important for supersymmetry sce-
narios with small tan β, this decay channel looks to be important for a wide range of parameter
space for Higgs-mixing scenarios because of its relatively high rate of triggering and narrow
mass reconstruction.

As the numbers in Table 3 indicate, we find that signal-to-background ratios for both the
single and double tag samples are sufficient for discovery. Even after detector triggering and
reconstruction efficiencies are applied, there should still be enough events for a discovery in
the first few years of data taking at the LHC. We thus argue that, for this model, the light
Higgs might be discovered through these H → hh → γγbb̄ decays before appearing in the more
conventional tt̄h, qq → qqh, or gg → h searches, especially if the systematics for those channels
prove to be more challenging than expected.

If the lighter Higgs boson is above the 2mW threshold, qualitatively new features of the
signal develop that we explore now. For example, let us suppose that the lighter Higgs boson
is 175 GeV and that the heavier Higgs boson mass is mH = 500 GeV, which allows H → hh
decays with 1/3 branching fraction (see point 2 of Table 2). For this point we again have a
reduction of 1/2 in the cross-section due to s2

ω = 1/2.
In this case, the most common final state for H → hh decays will be four W bosons. This

signature has been studied in the context of dihiggs production [24] but SM dihiggs production
is on the order of 10-30fb [25]. In Higgs-mixing scenarios, H → hh production is generically an
order of magnitude or two larger.

We divide the study up into two searches by the number of leptons in the final state. First,
we require three leptons, where the opposite-sign pairs must have opposite flavor (OSOF). This
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Resonanct Contributions to diHiggs 
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FIG. 2: Upper panels: cross sections in the portal scenario for the parameter point mentioned in the text. We scan over the
multiples of the trilinear couplings Eq. (2.3) that are in one-to-one correspondence with diagrams involving the h,H propagators
and show contours relative to the central expectation Eq. (2.4). Lower panels: invariant di-Higgs mass distributions.

production∗:

hhh : 3/2(2λHs3χvH + 2λSc
3
χvS

+ ηχc
2
χsχvH + ηχcχs

2
χvS) , (2.3a)

HHH : 3/2(2λHc3χvH − 2λSs
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+ ηχcχs
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χvH − ηχc

2
χsχvS) , (2.3b)

hHH : 2(3λH − ηχ)c
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χvS

+ ηχs
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χvH + ηχc
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hhH : 2(3λH − ηχ)cχs
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χvH − 2(3λS − ηχ)c

2
χsχvS

+ ηχc
3
χvH − ηχs

3
χvS , (2.3d)

where cχ = cosχ and sχ = sinχ. Current observations
leave open a lot of parameter space for such signatures
to be relevant at the LHC. In Fig. 1 we scan over the pa-
rameters of the Higgs portal potential enforcing unitarity
and electroweak precision constraints, as well as current
limits from the ATLAS and CMS experiments [2, 3]. If

∗Triple Higgs production, which is sensitive to the modified Higgs
quartic couplings yields phenomenologically irrelevant cross sec-
tions just like in the SM [16].

the heavier Higgs mass is mH ≥ 250 GeV, there are pa-
rameter choices such that the sin2 χ suppression of the H
decay to SM matter from Eq. (2.2) renders the prompt
decay of H to observable SM matter subdominant to the
cascade decay H → hh. This can be traced back to large
trilinear couplings O(vH , vS) that arise as a consequence
of electroweak symmetry breaking. Therefore, there is
the possibility to constrain the portal model by measur-
ing the trilinear couplings in resonant and non-resonant
pp → hh, hH,HH +X production.
In Fig. 2, we show a scan over the cross sections

of pp → hh, hH,HH → (visible) as functions of the
involved trilinear couplings for a exemplary parameter
point vS $ 246 GeV, vH $ 24 GeV, mh = 125 GeV, and
mH $ 255 GeV, ΓH = 24 GeV. The central inclusive
cross section values at leading order implying (prompt)
visible final states are

pp → hh+X : 44.4 fb (2.4a)

pp → Hh+X : 5.57 fb (2.4b)

pp → HH +X : 667 ab (2.4c)

(the SM cross section is 16 fb). Comparing to the
NLO QCD corrections in the context of the (MS)SM
by running Higlu [33] and Hpair [34], we can expect

Dolan, Englert, Spannowsky, 
arXiv : 1210.8166

Higgs Portal Scenario
• Measuring tot. cross section and cross 

section close resonance can  help 
measure            and             and  hence 
constrain the Portal Lagrangian

�Hhh�hhh

3

0.5

0.75

1

1.25

1.5

2

3
!1.0 !0.5 0.0 0.5 1.0

!1.0

!0.5

0.0

0.5

1.0

h propagator

H
pr
op
ag
at
or

1000

1

0.1

0.01

0.001

300

pp → hh + X

mhh [GeV]

d
σ

h
h
/d

m
h
h

[f
b
/G

eV
]

(a) σ/σ(portal) and invariant di-Higgs
mass distribution for pp → hh+X at the

LHC 14 TeV.

0.1

0.1
0.25

0.25

0.5

1

1.5

2

2.5

!1.0 !0.5 0.0 0.5 1.0
!1.0

!0.5

0.0

0.5

1.0

h propagator

H
pr
op
ag
at
or

1000

1

0.1

0.01

0.001

300

pp → hh + X

mhh [GeV]

d
σ

h
h
/d

m
h
h

[f
b
/G

eV
]

(b) σ/σ(portal) and invariant di-Higgs
mass distribution for pp → hH +X at the

LHC 14 TeV.

0.02

0.02

0.1

0.1

0.3

0.3

0.5

!1.0 !0.5 0.0 0.5 1.0
!1.0

!0.5

0.0

0.5

1.0

h propagator

H
pr
op
ag
at
or

1000

1

0.1

0.01

0.001

1300500

pp → HH + X

mHH [GeV]

d
σ

H
H

/d
m

H
H

[5
ab

/G
eV

]

(c) σ/σ(portal) and invariant di-Higgs
mass distribution for pp → HH +X at

the LHC 14 TeV.

FIG. 2: Upper panels: cross sections in the portal scenario for the parameter point mentioned in the text. We scan over the
multiples of the trilinear couplings Eq. (2.3) that are in one-to-one correspondence with diagrams involving the h,H propagators
and show contours relative to the central expectation Eq. (2.4). Lower panels: invariant di-Higgs mass distributions.

production∗:

hhh : 3/2(2λHs3χvH + 2λSc
3
χvS

+ ηχc
2
χsχvH + ηχcχs

2
χvS) , (2.3a)

HHH : 3/2(2λHc3χvH − 2λSs
3
χvS

+ ηχcχs
2
χvH − ηχc

2
χsχvS) , (2.3b)

hHH : 2(3λH − ηχ)c
2
χsχvh + 2(3λS − ηχ)cχs

2
χvS

+ ηχs
3
χvH + ηχc

3
χvS , (2.3c)

hhH : 2(3λH − ηχ)cχs
2
χvH − 2(3λS − ηχ)c

2
χsχvS

+ ηχc
3
χvH − ηχs

3
χvS , (2.3d)

where cχ = cosχ and sχ = sinχ. Current observations
leave open a lot of parameter space for such signatures
to be relevant at the LHC. In Fig. 1 we scan over the pa-
rameters of the Higgs portal potential enforcing unitarity
and electroweak precision constraints, as well as current
limits from the ATLAS and CMS experiments [2, 3]. If

∗Triple Higgs production, which is sensitive to the modified Higgs
quartic couplings yields phenomenologically irrelevant cross sec-
tions just like in the SM [16].

the heavier Higgs mass is mH ≥ 250 GeV, there are pa-
rameter choices such that the sin2 χ suppression of the H
decay to SM matter from Eq. (2.2) renders the prompt
decay of H to observable SM matter subdominant to the
cascade decay H → hh. This can be traced back to large
trilinear couplings O(vH , vS) that arise as a consequence
of electroweak symmetry breaking. Therefore, there is
the possibility to constrain the portal model by measur-
ing the trilinear couplings in resonant and non-resonant
pp → hh, hH,HH +X production.
In Fig. 2, we show a scan over the cross sections

of pp → hh, hH,HH → (visible) as functions of the
involved trilinear couplings for a exemplary parameter
point vS $ 246 GeV, vH $ 24 GeV, mh = 125 GeV, and
mH $ 255 GeV, ΓH = 24 GeV. The central inclusive
cross section values at leading order implying (prompt)
visible final states are

pp → hh+X : 44.4 fb (2.4a)

pp → Hh+X : 5.57 fb (2.4b)

pp → HH +X : 667 ab (2.4c)

(the SM cross section is 16 fb). Comparing to the
NLO QCD corrections in the context of the (MS)SM
by running Higlu [33] and Hpair [34], we can expect
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FIG. 2: Upper panels: cross sections in the portal scenario for the parameter point mentioned in the text. We scan over the
multiples of the trilinear couplings Eq. (2.3) that are in one-to-one correspondence with diagrams involving the h,H propagators
and show contours relative to the central expectation Eq. (2.4). Lower panels: invariant di-Higgs mass distributions.
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where cχ = cosχ and sχ = sinχ. Current observations
leave open a lot of parameter space for such signatures
to be relevant at the LHC. In Fig. 1 we scan over the pa-
rameters of the Higgs portal potential enforcing unitarity
and electroweak precision constraints, as well as current
limits from the ATLAS and CMS experiments [2, 3]. If

∗Triple Higgs production, which is sensitive to the modified Higgs
quartic couplings yields phenomenologically irrelevant cross sec-
tions just like in the SM [16].

the heavier Higgs mass is mH ≥ 250 GeV, there are pa-
rameter choices such that the sin2 χ suppression of the H
decay to SM matter from Eq. (2.2) renders the prompt
decay of H to observable SM matter subdominant to the
cascade decay H → hh. This can be traced back to large
trilinear couplings O(vH , vS) that arise as a consequence
of electroweak symmetry breaking. Therefore, there is
the possibility to constrain the portal model by measur-
ing the trilinear couplings in resonant and non-resonant
pp → hh, hH,HH +X production.
In Fig. 2, we show a scan over the cross sections

of pp → hh, hH,HH → (visible) as functions of the
involved trilinear couplings for a exemplary parameter
point vS $ 246 GeV, vH $ 24 GeV, mh = 125 GeV, and
mH $ 255 GeV, ΓH = 24 GeV. The central inclusive
cross section values at leading order implying (prompt)
visible final states are

pp → hh+X : 44.4 fb (2.4a)

pp → Hh+X : 5.57 fb (2.4b)

pp → HH +X : 667 ab (2.4c)

(the SM cross section is 16 fb). Comparing to the
NLO QCD corrections in the context of the (MS)SM
by running Higlu [33] and Hpair [34], we can expect
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where cχ = cosχ and sχ = sinχ. Current observations
leave open a lot of parameter space for such signatures
to be relevant at the LHC. In Fig. 1 we scan over the pa-
rameters of the Higgs portal potential enforcing unitarity
and electroweak precision constraints, as well as current
limits from the ATLAS and CMS experiments [2, 3]. If

∗Triple Higgs production, which is sensitive to the modified Higgs
quartic couplings yields phenomenologically irrelevant cross sec-
tions just like in the SM [16].

the heavier Higgs mass is mH ≥ 250 GeV, there are pa-
rameter choices such that the sin2 χ suppression of the H
decay to SM matter from Eq. (2.2) renders the prompt
decay of H to observable SM matter subdominant to the
cascade decay H → hh. This can be traced back to large
trilinear couplings O(vH , vS) that arise as a consequence
of electroweak symmetry breaking. Therefore, there is
the possibility to constrain the portal model by measur-
ing the trilinear couplings in resonant and non-resonant
pp → hh, hH,HH +X production.
In Fig. 2, we show a scan over the cross sections

of pp → hh, hH,HH → (visible) as functions of the
involved trilinear couplings for a exemplary parameter
point vS $ 246 GeV, vH $ 24 GeV, mh = 125 GeV, and
mH $ 255 GeV, ΓH = 24 GeV. The central inclusive
cross section values at leading order implying (prompt)
visible final states are

pp → hh+X : 44.4 fb (2.4a)

pp → Hh+X : 5.57 fb (2.4b)

pp → HH +X : 667 ab (2.4c)

(the SM cross section is 16 fb). Comparing to the
NLO QCD corrections in the context of the (MS)SM
by running Higlu [33] and Hpair [34], we can expect
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FIG. 3: Invariant mass distribution for pp → hh + j +X in
the portal scenario.

an enhancement of the cross section by about K =
σNLO/σLO ! 2.
For pp → hh + j + X with pT,j ≥ 80 GeV we calcu-

late a leading-order cross section of σ = 10.1 fb (Fig. 3)
which should be contrasted to a SM leading-order cross
section of σ = 2.58 fb, which can be isolated from the
background [19]. Hence, the measurement of the one
jet-inclusive cross section will assist in formulating con-
straints on such a model.
Note that, pp → HH + X → visible is naively sup-

pressed ∼ sin6 χ. Therefore, for the bulk of the por-
tal parameter space, heavy di-Higgs production (and di-
Higgs+jet production different from pp → hh+ j+X) is
phenomenologically inaccessible at too small rates, with
no space left for kinematical signal-over-background S/B
improvements.

Summary: The Higgs portal scenario offers the pos-
sibility of large enhancements in the di-Higgs produc-
tion rate, from both resonant and non-resonant (via
changes in λhhh) new physics. Extracting the rate for
pp → h∗ → hh using the boosted kinematical techniques
from our previous paper [19] along with measuring the
resonant peak in the di-Higgs invariant mass spectrum
will aid in the full reconstruction of the Higgs portal la-
grangian by correlating these two independent measure-
ments. This strategy is assisted by the cross section’s
large dependence on λhhh. A high luminosity analysis of
hh and hh + j production can also facilitate a measure-
ment of the trilinear coupling in this model.

B. The MSSM at small tan β

The Higgs portal model of Sec. II A bears some re-
semblance to a generic two Higgs doublet model, and
therefore our findings are also relevant for searches for
supersymmetry in the context of the MSSM and its ex-
tensions.
The trilinear couplings of the Higgs bosons in the

MSSM are given by

λhhh = 3 cos 2α sin(β + α)

λHhh = 2 sin 2α sin(β + α)− cos 2α cos(β + α)

λHHh =− 2 sin 2α cos(β + α)− cos 2α sin(β + α),
(2.5)

up to radiative corrections, details of which can be found
in the second reference of [15], tanβ = vu/vd is the ratio
of vevs of the two MSSM Higgs doublets, and α diag-
onalizes the Higgs mixing matrix. The above couplings
are in units of λ0 = M2

Z/v. In principle, disentangling
the contributions proportional to λHhh and λhhh in dou-
ble Higgs production would allow a reconstruction of the
angles α and β.
We observe that when β is small and we are near the

decoupling limit where α ∼ β − π/2 then the λHhh is
proportional to cosβ. Thus when 2mh < mH < 2mt

H has a large branching ratio into a pair of Higgses hh,
similar to the Higgs portal model in Sec. II A. Probing
the dihiggs final states is thus probably the best way
of finding H if tanβ is low. The presence of squarks
can further enhanced the production by running in the
loops†.
Achieving a Higgs mass of 125 GeV at such low values

of tanβ requires exceptionally heavy stop masses and
mixings. Scanning over the squark masses and mixings,
we find that mq̃ > 50 TeV in order to achieve mh ∼
125 GeV. These spectra are characteristic of ’mini-split’
SUSY, which has recently been advocated in [36], which
suggests that the weak scale is tuned and supersymmetry
present at higher energies. However, it is unusual to have
all the scalars heavy except the extra Higgses. This would
require the presence of a cancellation between m2

Hu
and

m2
Hd

if these quantities are large like the other scalar soft
terms, or else that they have some suppression relative
to the squark and slepton masses.
Moving beyond the MSSM, another possibility is that

tanβ is low and that a large contribution to the mass of
the lightest (SM-like) Higgs boson comes from an extra
singlet field S with superpotential couplings λSHuHd.
This induces an extra contribution to the Higgs mass
∝ λ2 sin2 2β which is enhanced at low tanβ; this is the
so-called λ-SUSY scenario of the NMSSM [37]. We fo-
cus exclusively on the MSSM here, however we expect
the phenomenology to be similar in the NMSSM if the
singlet-like states are heavier than the MSSM Higgses.
We find a point with tanβ = 3, and adjust the scalar

masses until we achieve mh ∼ 125 GeV. We set the
mass of the other CP-even boson of the MSSM H to be
290 GeV. In this regime the branching fraction BR(H →
hh) ∼ 45%, and the decay width is ΓH = 0.25 GeV.
The other main partial decays are into bb̄ (12%), W+W−

†Note that, depending on the color charge assignment di-Higgs pro-
duction can be enhanced compared to single Higgs production [35].

• Measuring the above allows a reconstruction of      and     ↵ �
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FIG. 10: Comparison of composite di-Higgs production pT,H

spectra with the SM for ξ = 0.25.

The result in comparison to the SM is shown in Fig. 10
for pp → hh + X production. For a typical mass
spectrum mt " 174 GeV and the lightest composite
fermion mlightest " 1500 GeV we find agreement with
the enhanced cross sections as reported in Ref. [69],
σ(hh)/σSM(hh) ∼ 3. The phase space dependence of
this enhancement is rich and non-trivial as a consequence
of the non-diagonal couplings and additional mass scales
that show up in the box contributions, which also in-
terfere with modified trilinear interactions. Hence, it is
difficult to comment on quantitative similarities of the
composite Higgs phenomenology for different parameter
choices.
However, on a qualitative level, since the composite

scale needs typically to be large in order to have agree-
ment with direct searches and flavor bounds, the inclu-
sive pp → hh + X composite phenomenology will be
dominated by modifications with respect to the SM at
medium pT,h " 100 GeV. This phase space region is
mostly sensitive to modifications of the tth coupling and
the modified trilinear h vertex. At large pT,h we ob-
serve an enhancement due to the presence of new mas-

sive fermions in the box contributions of the
(−)
q g-initiated

subprocesses, which access the protons’ valence quark
distribution. We note that higher order QCD corrections
are likely to further enhance the cross section prediction
beyond the naive SM-rescaling [34, 73].
We find an even larger enhancement of leading order

pp → hh + jet production cross section, with pT,j ≥
80 GeV

σ(hh+ j) " 13.0 fb , (3.9)

for both scenarios shown in Fig. 10. This result needs to
be compared to the corresponding LO prediction in the
SM which is σSM = 2.8 fb, and amounts to an enhance-
ment of a factor of 4.6. For the fully hadronized search of
Ref. [19] this amounts to S/B " 7, which is well beyond

systematic background uncertainties for high luminosity
searches.
The relatively larger increase of the one jet-inclusive

cross section can be understood along the following lines.
The additional top partners introduce a new mass scale
to the one-loop amplitude. At large transverse momen-
tum, the cross section is dominated by continuum hh
production which mostly proceeds via box diagrams in
addition to initial radiation. The latter is increased as a
result of the newly introduced mass scale in comparison
to the SM, and initial state radiation allows the initial
state partons to access the large valence quark parton
distributions. This effect is also visible in the NLO pre-
dictions of pp → hh+X in composite models employing
the effective theory approximation [73].

Summary:

The composite Higgs scenario is a well-motivated
model of electroweak symmetry breaking that is consis-
tent with current flavor constraints and direct searches
for heavy top partners. Furthermore, composite Higgs
models typically predict a large enhanced di-Higgs cross
section, which is further enhanced in for hh + jet final
state by the introducing a new mass scale to the phe-
nomenology. While small di-Higgs(+jet) rates in the con-
text of the SM might hinder a determination of the SM
Higgs potential in case no further indications of physics
beyond the SM become available, composite di-Higgs
production will overcome this shortcoming due to its
large production cross section. Consequently, also for
extremely heavy top partners, di-Higgs(+jet) production
is going to provide a powerful test of Higgs compositeness
at the LHC.

IV. CONCLUSIONS

A precise determination of the realization of Higgs
mechanism sui generis is an important task that has to be
pursued at the LHC, especially after the recent discovery
of an SM Higgs-like particle. While measurements based
on single Higgs boson production provide only indirect
constraints on the realization of electroweak symmetry
breaking, the partial experimental reconstruction of the
Higgs potential is indispensable to gain a fuller under-
standing at a more fundamental level.
In this paper, we have investigated di-Higgs and di-

Higgs+jet production in a variety of model classes, whose
single Higgs production characteristics can account for
the observation of the new particle at the LHC. Rather
than employing an agnostic field theory approach‖ we
have picked well-motivated examples of realistic BSM
(scalar) sectors, supplemented by the required fermionic

‖See Ref. [74] for related discussions.
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be compared to the corresponding LO prediction in the
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to the SM, and initial state radiation allows the initial
state partons to access the large valence quark parton
distributions. This effect is also visible in the NLO pre-
dictions of pp → hh+X in composite models employing
the effective theory approximation [73].

Summary:

The composite Higgs scenario is a well-motivated
model of electroweak symmetry breaking that is consis-
tent with current flavor constraints and direct searches
for heavy top partners. Furthermore, composite Higgs
models typically predict a large enhanced di-Higgs cross
section, which is further enhanced in for hh + jet final
state by the introducing a new mass scale to the phe-
nomenology. While small di-Higgs(+jet) rates in the con-
text of the SM might hinder a determination of the SM
Higgs potential in case no further indications of physics
beyond the SM become available, composite di-Higgs
production will overcome this shortcoming due to its
large production cross section. Consequently, also for
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at the LHC.
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breaking, the partial experimental reconstruction of the
Higgs potential is indispensable to gain a fuller under-
standing at a more fundamental level.
In this paper, we have investigated di-Higgs and di-

Higgs+jet production in a variety of model classes, whose
single Higgs production characteristics can account for
the observation of the new particle at the LHC. Rather
than employing an agnostic field theory approach‖ we
have picked well-motivated examples of realistic BSM
(scalar) sectors, supplemented by the required fermionic

‖See Ref. [74] for related discussions.
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FIG. 9: Branching ratios for the mh = 125 GeV Higgs as a
function of χ in MCHM5.

To incorporate proper hypercharges we need to extend
the symmetry group to SO(5)× U(1)X , and we identify
hypercharge as Y = X+T 3

R like in other models of strong
symmetry breaking [38]. This mechanism is elegantly de-
scribed by holographic approaches [43], where symmetry
breaking is realized via the Hosotani mechanism [64] in
gauge-Higgs unified models.
The crucial parameter that measures deviations of the

physical Higgs’ couplings to SM matter and parametrizes
the model’s oblique corrections, is given by ξ = v2/f2,
where f is the analogue to the pion decay constant. Con-
sistency with experimental data can be achieved without
tuning, which makes this model class a promising candi-
date for a BSM Higgs sector. In these composite Higgs
models one generates fermion masses (at least partially)
via linear mixings with composite fermionic operators in-
stead of Technicolor-type interactions to avoid bounds
ξ " 1. In total, this amounts to a highly modified di-
Higgs phenomenology compared to the SM expectation,
which has already been discussed in Refs. [65–68] in some
detail. In Ref. [69], the effects of the light additional
fermionic degrees of freedom in the minimal composite
Higgs model based on Eq. (3.6) (referred to as MCHM5)
have been included to inclusive di-Higgs predictions be-
yond LET (see also Ref. [70]). The additional fermions
that run in the gluon fusion loops strongly enhance the
cross section, and, therefore, can be highly constrained
by applying the strategies that involve jet recoils in di-
Higgs production discussed in our previous paper [19] as
we will see below.
MCHM5 introduces a set of composite vector-like

fermions that form a complete 5 under SO(5). The 5
decomposes under the unbroken SU(2)L × SU(2)R, ψ ≡
52/3 = (2, 2)2/3 + (1, 1)2/3. Obviously, the 52/3 contains
a weak doublet of fields with the same quantum numbers
as the left-handed SM quark doublet qL = (tL, bL)T and

right-handed top quark, and we can interpret the large
mass of the top quark as a mixing effect,

− Lm = yf(ψ̄LΣ
T )(ΣψR) +m0ψ̄LψR

+∆Lq̄LQR +∆RT̃LtR + h.c. , (3.7a)

where the non-linear Higgs field Σ is parametrized via the
SO(5)/SO(4) coset space generators and can be chosen
(see e.g. Ref. [69])

Σ = (0, 0, sin(h/f), 0, cos(h/f)) . (3.7b)

Expanding the non-linear sigma model we recover the
interactions with electroweak gauge bosons as well as the
Higgs self-couplings relevant to this study

Lh =
1

2
(∂µh)

2 −
m2

h

2
h2 −

1− 2ξ√
1− ξ

h3 + . . .

+
g2f2

4
sin2

(
h

f

)(
W+

µ W−µ +
1

cos2 θw
ZµZ

µ

)
, (3.8)

i.e. we need to rescale the SM trilinear hV V vertices
by a factor

√
1− ξ and we have f2 sin2(〈h〉 /f) = v. The

Higgs branching ratios of MCHM5 are depicted in Fig. 9.
Following Ref. [69], we do not include another 5−1/3

multiplet for generating the bottom quark mass, but in-
clude it by breaking partial compositeness with an ex-
plicit coupling of the Yukawa-like interactions. Expand-
ing Eq. (3.7) in the mass diagonal basis, we obtain the
masses of the fermionic mass spectrum and interactions
hf̄ifj and hhf̄ifj (where i, j run over the heavy fermion
flavors) which are relevant for di-Higgs(+jet) production
from gluon fusion, which is the dominant production
mechanism¶.
In general, the composite Higgs interactions Eq. (3.7)

will not be flavor-diagonal in the space of states that con-
tains the composite multiplet augmented by tL,R, and
constraints from both direct detection of flavor measure-
ments are eminent. For the remainder of this section we
will choose parameter points that are in agreement with
these constraints to discuss the composite Higgs model’s
implications on di-Higgs and di-Higgs+jet phenomenol-
ogy following Ref. [69].
We take into account all non-diagonal couplings and

keep the full mass dependence in the calculation beyond
any approximation. This results in computationally in-
tense calculations, especially for the pentagon part in
gg → ghh and box gg → hh (sub)amplitudes where non-
diagonality of the hf̄ifj vertices increases the feynman
graph combinatorics, Fig. 8.

¶Di-Higgs production from weak boson fusion [71] is suppressed,
also because in addition to the hV V vertices the hhV V vertices
are rescaled by 1 − 2ξ with respect to the SM. Unitarization of
the VLVL → VLVL, qq̄ amplitudes is partially taken over by the
exchange of techni-ρ like resonances. These can be studied in the
weak boson fusion channels [72].
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FIG. 10: Comparison of composite di-Higgs production pT,H

spectra with the SM for ξ = 0.25.

The result in comparison to the SM is shown in Fig. 10
for pp → hh + X production. For a typical mass
spectrum mt " 174 GeV and the lightest composite
fermion mlightest " 1500 GeV we find agreement with
the enhanced cross sections as reported in Ref. [69],
σ(hh)/σSM(hh) ∼ 3. The phase space dependence of
this enhancement is rich and non-trivial as a consequence
of the non-diagonal couplings and additional mass scales
that show up in the box contributions, which also in-
terfere with modified trilinear interactions. Hence, it is
difficult to comment on quantitative similarities of the
composite Higgs phenomenology for different parameter
choices.
However, on a qualitative level, since the composite

scale needs typically to be large in order to have agree-
ment with direct searches and flavor bounds, the inclu-
sive pp → hh + X composite phenomenology will be
dominated by modifications with respect to the SM at
medium pT,h " 100 GeV. This phase space region is
mostly sensitive to modifications of the tth coupling and
the modified trilinear h vertex. At large pT,h we ob-
serve an enhancement due to the presence of new mas-

sive fermions in the box contributions of the
(−)
q g-initiated

subprocesses, which access the protons’ valence quark
distribution. We note that higher order QCD corrections
are likely to further enhance the cross section prediction
beyond the naive SM-rescaling [34, 73].
We find an even larger enhancement of leading order

pp → hh + jet production cross section, with pT,j ≥
80 GeV

σ(hh+ j) " 13.0 fb , (3.9)

for both scenarios shown in Fig. 10. This result needs to
be compared to the corresponding LO prediction in the
SM which is σSM = 2.8 fb, and amounts to an enhance-
ment of a factor of 4.6. For the fully hadronized search of
Ref. [19] this amounts to S/B " 7, which is well beyond

systematic background uncertainties for high luminosity
searches.
The relatively larger increase of the one jet-inclusive

cross section can be understood along the following lines.
The additional top partners introduce a new mass scale
to the one-loop amplitude. At large transverse momen-
tum, the cross section is dominated by continuum hh
production which mostly proceeds via box diagrams in
addition to initial radiation. The latter is increased as a
result of the newly introduced mass scale in comparison
to the SM, and initial state radiation allows the initial
state partons to access the large valence quark parton
distributions. This effect is also visible in the NLO pre-
dictions of pp → hh+X in composite models employing
the effective theory approximation [73].

Summary:

The composite Higgs scenario is a well-motivated
model of electroweak symmetry breaking that is consis-
tent with current flavor constraints and direct searches
for heavy top partners. Furthermore, composite Higgs
models typically predict a large enhanced di-Higgs cross
section, which is further enhanced in for hh + jet final
state by the introducing a new mass scale to the phe-
nomenology. While small di-Higgs(+jet) rates in the con-
text of the SM might hinder a determination of the SM
Higgs potential in case no further indications of physics
beyond the SM become available, composite di-Higgs
production will overcome this shortcoming due to its
large production cross section. Consequently, also for
extremely heavy top partners, di-Higgs(+jet) production
is going to provide a powerful test of Higgs compositeness
at the LHC.

IV. CONCLUSIONS

A precise determination of the realization of Higgs
mechanism sui generis is an important task that has to be
pursued at the LHC, especially after the recent discovery
of an SM Higgs-like particle. While measurements based
on single Higgs boson production provide only indirect
constraints on the realization of electroweak symmetry
breaking, the partial experimental reconstruction of the
Higgs potential is indispensable to gain a fuller under-
standing at a more fundamental level.
In this paper, we have investigated di-Higgs and di-

Higgs+jet production in a variety of model classes, whose
single Higgs production characteristics can account for
the observation of the new particle at the LHC. Rather
than employing an agnostic field theory approach‖ we
have picked well-motivated examples of realistic BSM
(scalar) sectors, supplemented by the required fermionic

‖See Ref. [74] for related discussions.
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Summary

• di-Higgs production provides a window to the 
EWSB sector

• Access to hhh, tthh, hhVV couplings

• Constrains higher dimensional operators

• Distinguish models based on their effect on single 
vs di-Higgs production

• Resonant and Non Resonant contributions can be 
studied via di-Higgs and di-Higgs + jet final 
states
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