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In many new physics scenarios, the particle content of the Standard Model is extended and the Higgs

couplings are modified, sometimes without affecting single Higgs production. We analyze two models with

additional quarks. In these models, we compute double Higgs production from gluon fusion exactly at

leading order, and present analytical results in the heavy-quark mass approximation. The experimental

bounds from precision electroweak measurements and from the measured rate of single Higgs production

combine to give significant restrictions for the allowed deviation of the double Higgs production rate from

the Standard Model prediction as well as on the branching ratio for the Higgs decay into photons. The two

models analyzed eventually present a similar Higgs phenomenology as the Standard Model. We connect this

result to the magnitude of the dimension six operators contributing to the gluon-fusion Higgs production.
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I. INTRODUCTION

The search for the source of electroweak symmetry
breaking has dominated particle theorist’s efforts for deca-
des. Now that a particle with many of the right properties to
be the Higgs boson of the Standard Model has been discov-
ered [1,2], the efforts turn to understanding the properties of
this particle. In the Standard Model, the couplings of the
Higgs boson to fermions, gauge bosons, and to itself are firm
predictions of the model. In models with new physics,
however, these couplings can be different.

The dominant production mechanism for a Higgs boson
is gluon fusion, which is sensitive to many types of new
physics. The simplest possibility is for new heavy colored
scalars [3,4] and/or fermions [5– 15] to contribute to Higgs
production. However, since the observed Higgs candidate
particle is produced at roughly the Standard Model rate,
extensions of the Higgs sector beyond the Standard Model
are extremely constrained. For example, a model with a
sequential fourth generation of chiral fermions predicts
large deviations in the Higgs rates [16– 20] and is excluded
by the limits on Higgs production for any Higgs mass
below around 600 GeV [21,22]. The properties of these
potential new colored particles are further limited by pre-
cision electroweak measurements. Models in which the
Higgs boson is composite [23– 34], along with models
which generate new higher dimension effective operators
involving the Higgs boson and gluons [35,36], can also
induce a single Higgs production rate different from that of
the Standard Model. Untangling the source of possible
deviations from the Standard Model by measuring the
production and decay rates of the Higgs boson will be
quite difficult in models where there are only small differ-
ences from the Standard Model predictions.

In this paper, we examine the extent to which the gluon
fusion production of two Higgs bosons can have a rate very
different from that predicted by the Standard Model [37,38],
given the restrictions from electroweak precision physics

and from single Higgs production. The observation of
double Higgs production via gluon fusion is important in
order to measure the cubic self-coupling of the Higgs boson
[39,40]. In the Standard Model, the rate is small, although
theOð!3

sÞradiative corrections are known in the infinite top
quark mass limit and are large [41,42]. For a 125 GeVHiggs
particle, the most likely channel for HH exploration is
gg ! HH ! b !b"" [43], where studies have estimated
that the LHC at full energy will be sensitive to this process
with around 600 fb!1. Using jet substructure techniques, the
HH ! b !bWþW! and HH ! b !b#þ#! channels may be
available with about 600 fb!1 [44] and 1000 fb!1 [40]. This
is clearly not physics which will be done during the early
phase of LHC operations, unless the rate is significantly
larger than in the Standard Model [45].
Double Higgs production can further be studied through

vector boson fusion, which is also sensitive to the three
Higgs self-coupling [46]. Vector boson fusion production
of two Higgs bosons can be affected by new operators
involving the W and Z gauge bosons and the Higgs, but
is not sensitive to the new colored particles which contrib-
ute to the gluon fusion process. Hence the two production
mechanisms can provide complementary information.
Double Higgs production from gluon fusion first occurs at

one loop and is therefore potentially modified by the same
new heavy colored particleswhich contribute to singleHiggs
production. However, as pointed out in Ref. [36], single
and double Higgs production are sensitive to different higher
dimension effective operators and in principle, the single
Higgs production rate could be Standard Model-like, while
the double Higgs production could be highly suppressed or
enhanced.Here,we consider the effects of bothheavy vector-
like and chiral colored fermions on the single and double
Higgs production rates, and the interplay between them. We
will not consider models with extended Higgs sectors, or
with higher dimension nonrenormalizable operators.
For single Higgs production, it is useful to analyze the

effects of non-Standard Model colored particles using a low
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Abstract
We study Higgs boson pair production processes at future hadron and lepton colliders including

the photon collision option in several new physics models; i.e., the two-Higgs-doublet model, the

scalar leptoquark model, the sequential fourth generation fermion model and the vectorlike quark

model. Cross sections for these processes can deviate significantly from the standard model predic-

tions due to the one-loop correction to the triple Higgs boson coupling constant. For the one-loop

induced processes such as gg → hh and γγ → hh, where h is the (lightest) Higgs boson and g and γ

respectively represent a gluon and a photon, the cross sections can also be affected by new physics

particles via additional one-loop diagrams. In the two-Higgs-doublet model and scalar leptoquark

models, cross sections of e+e− → hhZ and γγ → hh can be enhanced due to the nondecoupling

effect in the one-loop corrections to the triple Higgs boson coupling constant. In the sequential

fourth generation fermion model, the cross section for gg → hh becomes very large because of the

loop effect of the fermions. In the vectorlike quark model, effects are small because the theory has

decoupling property. Measurements of the Higgs boson pair production processes can be useful to

explore new physics through the determination of the Higgs potential.
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Higgs triple coupling

induced processes such as gg → hh and γγ → hh, cross sections can depend on new physics

particles in additional one-loop diagrams. In the THDM and scalar leptoquark models,
cross sections for e+e− → hhZ and γγ → hh can be enhanced due to the nondecoupling

effect on the hhh coupling constant through the extra scalar loops. In the chiral fourth
generation model, cross sections of double Higgs boson production processes can become

significantly large, because new particles mediate in the leading order loop diagram as well
as the nondecoupling effect on the hhh coupling constant. In models with vectorlike quarks,

the effect on the cross sections are small because of the decoupling nature of the theory.
By measuring these double Higgs boson production processes at different future collider

experiments, we would be able to test properties of new physics particles in the loop, which
helps identify the new physics model.

In Sec. II, effects of the hhh coupling constant in Higgs boson pair production processes
gg → hh at LHC, e+e− → hhZ and e+e− → hhνν̄ at ILC and CLIC, and γγ → hh at their

photon collider options are discussed. Model dependent analyses for these processes are
given in Sec. III for the THDM, the scalar leptoquark models, the chiral fourth generation

model, and the vectorlike quarks. In Sec. IV, summary and discussions are given.

II. THE HIGGS BOSON PAIR PRODUCTION PROCESSES AT COLLIDERS

In this section, we discuss Higgs boson pair production processes gg → hh [16–18],

e+e− → hhZ [22], e+e− → hhνν̄ [23] and γγ → hh [29] in various new physics models.
These processes contain the hhh coupling constant so that they can be used to determine

the hhh coupling constant at future collider experiments. The effective ggh and γγh vertices
would be precisely measured in the single Higgs boson production processes as gg → h at

hadron colliders [32] and γγ → h resonance production at the PLC [33], which will be used
to extract the hhh coupling constant from the one-loop induced processes such as gg → hh

and γγ → hh. In this section, before going to the discussion on the calculation for the cross
sections in each model, we first consider the results in the SM with a constant shift of the

hhh coupling constant by a factor of (1 +∆κ);

λhhh = λSM
hhh(1 +∆κ), (1)

where λSM
hhh = −3m2

h/v at the tree level 2 with v (≃ 246 GeV) being the VEV and mh

being the mass of the Higgs boson h. This constant shift can be realized when there is

2 At the one-loop order, the effective hhh vertex function have been evaluated as [7]

ΓSM
hhh(ŝ,m

2
h,m

2
h) ≃ −

3m2
h

v

{
1−

Ncm4
t

3π2v2m2
h

[
1 +O

(
m2

h

m2
t

,
ŝ

m2
t

)]}
, (2)

where Nc(=3) is the color factor. The full expression of the vertex function ΓSM
hhh

(p21, p
2
2, p

2
3) is also given

in Appendix A for completeness. In numerical analysis, we include the SM one-loop correction to the hhh

coupling constant.
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The double Higgs boson 
production at the e+e− 

collider 

FIG. 3: The double Higgs boson production at the e+e− collider. The double-Higgs-strahlung

process e+e− → hhZ and the vector boson fusion process e+e− → hhνeν̄e.

FIG. 4: The cross sections of e+e− → hhZ process at the ILC as a function of collision energy
√
s

for mh = 120 GeV (left) and mh = 160 GeV (right).

process may decrease the cross section. On the other hand, if we have large enough energy,
one can control the collision energy to obtain the maximal production rate. In FIG. 4, the

cross sections of the double-Higgs-strahlung are evaluated as a function of e+e− center of
mass energy

√
s. The left (right) panel shows the case with the Higgs boson mass to be

mh = 120(160) GeV. The curves are presented in the same manner as in FIG. 2. Under the
variation of the hhh coupling constant, the cross section of the double-Higgs-strahlung has

the opposite correlation to that of gg → hh. Therefore, the positive contributions to the
hhh coupling constant has an advantage to obtain better sensitivities.

At a high energy lepton collider, the hard photons can be obtained from the Compton
back scattering method [38]. By using hard photons, Higgs boson pairs can be produced in

γγ → hh process. Feynman diagrams for this process are shown in FIG. 5, and the helicity
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
for ga;!ðp1Þgb;"ðp2Þ ! Hðp3ÞHðp4Þ is

A!"
ab ¼ #s

8$v2 %ab½P!"
1 ðp1; p2ÞF1ðs; t; u; m2

t Þ

þ P!"
2 ðp1; p2; p3ÞF2ðs; t; u; m2

t Þ&; (1)

where P1 and P2 are the orthogonal projectors onto the
spin-0 and spin-2 states respectively,

P!"
1 ðp1; p2Þ ¼ g!" ' p"

1p
!
2

p1 (p2
;

P!"
2 ðp1; p2; p3Þ ¼ g!" þ 2

sp2
T

ðm2
Hp

"
1p

!
2 ' 2p1:p3p

!
2 p

"
3

' 2p2:p3p
"
1p

!
3 þ sp!

3 p
"
3Þ; (2)

s, t, and u are the partonic Mandelstam variables,

s ¼ ðp1 þ p2Þ2;
t ¼ ðp1 ' p3Þ2;
u ¼ ðp2 ' p3Þ2;

(3)

pT is the transverse momentum of the Higgs particle,

p2
T ¼ ut'm4

H

s
; (4)

and v ¼ ð
ffiffiffi
2

p
GFÞ'1=2 ¼ 246 GeV. The functions F1 and

F2 are known analytically [37,38]. Finally, the partonic
cross section is given by

d&̂ðgg ! HHÞ
dt

¼ #2
s

215$3v4

jF1ðs; t; u; m2
t Þj2 þ jF2ðs; t; u; m2

t Þj2
s2

; (5)

where we included the factor of 1
2 for identical particles

in the final state.
In the Standard Model, the chiral fermions are

c i
L ¼ uiL

diL

 !
; uiR; diR; (6)

where i ¼ 1, 2, 3 is a generation index and the Lagrangian
describing the quark masses is

'LSM
M ¼

X

i

'd
i
!c i
L"diR þ 'u

i
!c i
L
~"uiR þ H:c: (7)

Here " ¼ ð(þ;(0ÞT is the Higgs doublet, ~" ¼ i&2"
)

and (0 ¼ vþHffiffi
2

p . Note that in the Standard Model the

Higgs couplings 'u;d
i are purely scalar. In the following

we will focus on the third generation quarks and use the
standard notation u3 ¼ t, d3 ¼ b, with 'd

3 * '1 and
'u
3 * '2.

FIG. 1. Feynman diagrams for gg ! HH in the Standard Model.
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].
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LET (Low energy theorem) : 
In the Standard Model, the dominant contributions come from top quark loops. Analytic expansion of the amplitudes in

the limit m2
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4
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Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox
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Wigner d-functions, djsi;sf , where j is the total angular
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Here ! is the angle between an initial state gluon and final
state Higgs,
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy
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p
in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs
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Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi
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).

1The exact result always includes the contributions from both
the top and bottom quarks.
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the top and bottom quarks.
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4

t Þ in Fbox
1 there is also

an angular momentum dependent piece proportional to p2
T .

Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox

1 and further
insight into Fbox

2 , the functions can be decomposed into

Wigner d-functions, djsi;sf , where j is the total angular

momentum and si (sf) is the initial (final) state spin:
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Here ! is the angle between an initial state gluon and final
state Higgs,

t ¼ m2
H ' s

4
ð1' " cos!Þ and " ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1' 4m2

H

s

s
: (11)

In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy

ffiffiffi
S
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in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs

m2
t
Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi
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).

1The exact result always includes the contributions from both
the top and bottom quarks.
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox
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Since the initial and final states for the F1 contribution are
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy
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in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs
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t
Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi
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).

1The exact result always includes the contributions from both
the top and bottom quarks.
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4

t Þ in Fbox
1 there is also

an angular momentum dependent piece proportional to p2
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Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox

1 and further
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Here ! is the angle between an initial state gluon and final
state Higgs,
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy
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in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs
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Þ corrections (dashed lines), normalized to the exact
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factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi
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).

1The exact result always includes the contributions from both
the top and bottom quarks.
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Projection for spin-0In the Standard Model, the dominant contributions come from top quark loops. Analytic expansion of the amplitudes in
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4
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1 there is also

an angular momentum dependent piece proportional to p2
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Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy
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in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs
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Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi

s
p

).

1The exact result always includes the contributions from both
the top and bottom quarks.
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Triangle diagram (Higgs triple coupling): No angular dependence

Box diagram (Higgs triple coupling): angular dependence in 
mt^(-4)
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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the Oðs
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the top and bottom quarks.
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
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Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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the top and bottom quarks.

UNRAVELLING AN EXTENDED QUARK SECTOR THROUGH . . . PHYSICAL REVIEW D 87, 014007 (2013)

014007-3

In the Standard Model, the dominant contributions come from top quark loops. Analytic expansion of the amplitudes in
the limit m2

t ! s yields the leading terms

F1ðs; t; u; m2
t Þ $ Ftri

1 ðs; t; u; m2
t Þ þ Fbox

1 ðs; t; u;m2
t Þ;

Ftri
1 ðs; t; u; m2

t Þ ¼
4m2

H

s'm2
H

s
!
1þ 7

120

s

m2
t
þ 1

168

s2

m4
t
þO

"
s3

m6
t

#$
;

Fbox
1 ðs; t; u; m2

t Þ ¼ ' 4

3
s
!
1þ 7

20

m2
H

m2
t
þ 90m4

H ' 28m2
Hsþ 12s2 ' 13p2

Ts

840m4
t

þO
"
s3

m6
t

#$
;

F2ðs; t; u; m2
t Þ ¼ ' 11

45
s
p2
T

m2
t

!
1þ 62m2

H ' 5s

154m2
t

þO
"
s2

m4
t

#$
:

(8)

The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]

F1ðs; t; u; m2
t ÞjLET !

"
' 4

3
þ 4m2

H

s'm2
H

#
s;

F2ðs; t; u; m2
t ÞjLET ! 0:

(9)
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1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular
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order in Fbox
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T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
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both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox

1 and further
insight into Fbox

2 , the functions can be decomposed into

Wigner d-functions, djsi;sf , where j is the total angular

momentum and si (sf) is the initial (final) state spin:

Fbox
1 ðs; t; u;m2

t Þ ¼ ' 4

3
s
%"

1þ 7

20

m2
H

m2
t
þ 540m4

H ' 116m2
Hsþ 59s2

5040m4
t

#
d00;0ð!Þ þ

13s2 ' 52m2
Hs

5040m4
t

d20;0ð!Þ þO
"
s3

m6
t

#&
;

Fbox
2 ðs; t; u;m2

t Þ ¼ ' 11

45
s
s' 4m2

Hffiffiffi
6

p
m2

t

%
1þ 62m2

H ' 5s

154m2
t

þO
"
s2

m4
t

#&
d22;0ð!Þ:

(10)

Here ! is the angle between an initial state gluon and final
state Higgs,

t ¼ m2
H ' s

4
ð1' " cos!Þ and " ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1' 4m2

H

s

s
: (11)

In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions

8 10 12 14 16 18 20
√S (TeV)

0.6

0.8

1

1.2

1.4

1.6 σO(1/mt
2
)/σExact

σLET/σExact

pp→HH, mH = 125 GeV
CT10 NLO PDFs

µ = 2 mH

µ = MHH = √s

FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy

ffiffiffi
S

p
in the

infinite top mass approximation, LET, (solid lines) and retaining
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factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi
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).

1The exact result always includes the contributions from both
the top and bottom quarks.
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In the Standard Model, the dominant contributions come from top quark loops. Analytic expansion of the amplitudes in
the limit m2

t ! s yields the leading terms
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4

t Þ in Fbox
1 there is also

an angular momentum dependent piece proportional to p2
T .

Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox

1 and further
insight into Fbox

2 , the functions can be decomposed into

Wigner d-functions, djsi;sf , where j is the total angular

momentum and si (sf) is the initial (final) state spin:
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Here ! is the angle between an initial state gluon and final
state Higgs,

t ¼ m2
H ' s

4
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy

ffiffiffi
S

p
in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs

m2
t
Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi

s
p

).

1The exact result always includes the contributions from both
the top and bottom quarks.
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Angular dependence

In the Standard Model, the dominant contributions come from top quark loops. Analytic expansion of the amplitudes in
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The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]
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From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4

t Þ in Fbox
1 there is also
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Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
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In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy

ffiffiffi
S

p
in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs

m2
t
Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi

s
p

).

1The exact result always includes the contributions from both
the top and bottom quarks.
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At leading order,



LET is a poor 
approximation  

for di-Higgs



(PDF) set [58 ] and run the strong coupling constant
through NLO from its value !sðmZÞ ¼ 0:118. We fix
mt ¼ 173 GeV and mb ¼ 4:6 GeV. The low energy theo-
rem results are quite sensitive to the scale choice, and
typically reproduce the exact results to within roughly
50% error. This ‘‘agreement’’ between the infinite mass
approximation (LET) and the exact result is not improved
by the inclusion of higher orders in the large mass expansion.
In single Higgs production, the reliability of the infinite
mass approximation has been investigated through NNLO
[59 – 62]. Because of the shape of the gluon parton luminos-
ity, which peaks at large values of x ¼ m2

H=s and decreases
rapidly, the largest contribution to the hadronic single Higgs
cross section comes from the region below the top quark
threshold, s < 4m2

t , where the large top mass approxima-
tion holds. As a consequence, finite mass corrections to
single Higgs production have an effect of less than 1%. On
the other hand, for double Higgs production the partonic

energy is always s > 4m2
H and the condition for validity of

the low energy theorem, s $ 4m2
t , is typically not satisfied.

Figure 3 shows the sensitivity of the results to the choice
of the PDF sets. The exact result has a small sensitivity to
the choice of LO vs NLO PDFs. However, the infinite mass
limit (LET) of the result is quite sensitive to the choice of
PDFs. Including higher order terms in the top mass expan-
sion does not reduce this sensitivity to the choice of PDFs.
The inadequacy of the infinite mass approximation for

double Higgs production becomes even more apparent
when looking at kinematic distributions [57]. Consider
for example the invariant mass of the HH system,
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FIG. 3 (color online). Total cross sections for HH production using CTEQ6L LO PDFs and CT10 NLO PDFs. The renormalization/
factorization scale is $ ¼ 2mH in (a) and $ ¼ MHH ¼ ffiffiffi

s
p

in (b). For all curves, !s is evaluated at NLO.
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where Sis the hadronic center of mass energy squared,
MHH ¼ ffiffiffi

s
p

, and ! ¼ s
S. In Fig. 4 we analyze the impact of

the finite mass corrections to the invariant mass distribu-
tion at the

ffiffiffi
S

p
¼ 8 TeV and

ffiffiffi
S

p
¼ 14 TeV LHC. The

inclusion of the Oðm#2
t Þcorrections does not significantly

improve the low energy theorem results. The m#4
t terms

fail entirely in reproducing the exact distribution, in par-
ticular at large values of MHH. Similar features are
observed in the pT spectrum shown in Fig. 5. Even for
very small pT % mt, the infinite mass spectrum does not
reproduce the distribution accurately, although the trans-
verse momentum distribution is well described when
including the Oðm#4

t Þterms. However, for pT > mt, the
results from the heavy mass expansion drastically fail to
approximate the exact distributions. A similar behavior has
been observed for the differential cross section d"=dpT in
higher order corrections to single Higgs production [63].

B. Non-Standard Model bottom
quark Yukawa coupling

We briefly discuss the role of the bottom quark loops
which are omitted when using the low energy theorems. In
Fig. 6, we show the exact kinematic distribution for double
Higgs production in the Standard Model, along with the
result of the low energy theorem. The bottom quark
contribution is negative but negligible in the Standard
Model (Cb ¼ ybb

mb
¼ 1 is a rescaling factor of the bottom

Yukawa coupling ybb with respect to the Standard Model).
The result of the destructive interference between the top
and bottom quark loops remains small even when the
bottom Yukawa is scaled up by a factor of 10. Only

enhancements by factors as large as 50 cause the bottom
loops to dominate and give significant deviations. In the
Standard Model (with CT10 NLO PDFs and# ¼ MHH), atffiffiffi
S

p
¼ 8 TeV, the infinite mass approximation for the

double Higgs cross section is about 70% of the exact
double Higgs cross section. This remains roughly true if
Cb is increased to &10. However, if the b quark Yukawa
coupling is increased by a factor of 50, this ratio goes to 9,
and the low energy theorem is wildly inaccurate.

C. Additional heavy quarks

A simple extension of the Standard Model with addi-
tional quarks of charge 2

3 which can mix with the Standard
Model-like top quark occurs in many new physics scenar-
ios, for example little Higgs [49– 52,64] and composite
Higgs [23– 26,28– 34] models. There can also be new heavy
charge # 1

3 quarks [65,66] and the formulas in this section
apply to both cases. We will take the new quarks to be in
the fundamental representation of the color group. For an
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FIG. 7. Additional Feynman diagrams contributing to gg !
HH in models with new heavy quarks coupling to the Higgs
boson through nondiagonal Yukawa interactions.
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
for ga;!ðp1Þgb;"ðp2Þ ! Hðp3ÞHðp4Þ is

A!"
ab ¼ #s

8$v2 %ab½P!"
1 ðp1; p2ÞF1ðs; t; u; m2

t Þ

þ P!"
2 ðp1; p2; p3ÞF2ðs; t; u; m2
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where P1 and P2 are the orthogonal projectors onto the
spin-0 and spin-2 states respectively,
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s, t, and u are the partonic Mandelstam variables,

s ¼ ðp1 þ p2Þ2;
t ¼ ðp1 ' p3Þ2;
u ¼ ðp2 ' p3Þ2;

(3)

pT is the transverse momentum of the Higgs particle,

p2
T ¼ ut'm4

H

s
; (4)

and v ¼ ð
ffiffiffi
2

p
GFÞ'1=2 ¼ 246 GeV. The functions F1 and

F2 are known analytically [37,38]. Finally, the partonic
cross section is given by
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dt

¼ #2
s

215$3v4

jF1ðs; t; u; m2
t Þj2 þ jF2ðs; t; u; m2

t Þj2
s2

; (5)

where we included the factor of 1
2 for identical particles

in the final state.
In the Standard Model, the chiral fermions are

c i
L ¼ uiL

diL

 !
; uiR; diR; (6)

where i ¼ 1, 2, 3 is a generation index and the Lagrangian
describing the quark masses is

'LSM
M ¼

X

i

'd
i
!c i
L"diR þ 'u

i
!c i
L
~"uiR þ H:c: (7)

Here " ¼ ð(þ;(0ÞT is the Higgs doublet, ~" ¼ i&2"
)

and (0 ¼ vþHffiffi
2

p . Note that in the Standard Model the

Higgs couplings 'u;d
i are purely scalar. In the following

we will focus on the third generation quarks and use the
standard notation u3 ¼ t, d3 ¼ b, with 'd

3 * '1 and
'u
3 * '2.

FIG. 1. Feynman diagrams for gg ! HH in the Standard Model.
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
for ga;!ðp1Þgb;"ðp2Þ ! Hðp3ÞHðp4Þ is
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i are purely scalar. In the following

we will focus on the third generation quarks and use the
standard notation u3 ¼ t, d3 ¼ b, with 'd

3 * '1 and
'u
3 * '2.

FIG. 1. Feynman diagrams for gg ! HH in the Standard Model.

S. DAWSON, E. FURLAN, AND I. LEWIS PHYSICAL REVIEW D 87, 014007 (2013)

014007-2

1. New �hhh

2. New Scalar

3. New colored fermions
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].
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and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
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t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].
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In order to suppress FCNC at tree level,
we impose Z2 symmetry

I. INTRODUCTION

II. THE TWO HIGGS DOUBLET MODEL

h0, H0, A0, H+, H−

mh, MH , MA, MH±

The general 2HDM [? ] involves Φ1 and Φ2 which are two complex Y = 1, SU(2)L Higgs

doublet scalar fields. The most general potential with CP invariance and softly broken Z2

symmetry is given by [? ]

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
1

2
λ5

[
(Φ†

1Φ2)
2 + h.c.

]
(1)

where all of the parameters are real.

The scalar potential (??) is bounded from below only if the following conditions are

satisfied [? ? ? ? ]

λ1 > 0, λ2 > 0, λ3 > −
√

λ1λ2, λ3 + λ4 − |λ5| > −
√

λ1λ2. (2)

In addition, we demand perturbativity as

|λi| < 4π. (3)

After spontaneous symmetry breaking, the doublets have the vacuum expectation values as

follows,

⟨Φ1⟩ =
1√
2

⎛

⎝ 0

v1

⎞

⎠ , ⟨Φ2⟩ =
1√
2

⎛

⎝ 0

v2

⎞

⎠ , (4)

where v1 and v2 are are taken to be real. For CP conservation, we further require

v2 ≡ v21 + v22 = (246 GeV)2,
v2
v1

= tan β. (5)

Before, we defined tan β = vu/vd, which implies

Φu = Φ1, Φd = Φ2. (6)

1

model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"u uR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u , d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ
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Higgs potential  

II. BRIEF REVIEW OF THE 2HDM

A 2HDM [79] introduces two complex Y = 1, SU(2)L Higgs doublet scalar fields, Φ1

and Φ2. As both Φ1 and Φ2 develop nonzero VEVs as ⟨Φ1,2⟩ =
(
0, v1/

√
2
)T

, electroweak

symmetry breaking occurs. When parameterizing tβ = v2/v1, one linear combination H1 =

cβΦ1 + sβΦ2 has nonzero VEV v =
√

v2a + v22 = 246 GeV while its orthogonal combination

H2 = −sβΦ1 + cβΦ2 acquires zero VEV. We define the fluctuation fields about the minima

v1 and v2 as

Φi =

⎛

⎜⎝
φ+
i

vi + ρi + iηi√
2

⎞

⎟⎠ , i = 1, 2 . (1)

The most general potential with CP invariance and softly broken Z2 symmetry is

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 +H.c.)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
1

2
λ5

[
(Φ†

1Φ2)
2 +H.c.

]
(2)

where CP invariance requires all of the parameters to be real, and m2
12 breaks the Z2 symme-

try softly. Note that m2
12 parameter can be negative. Using the tadpole condition, m11 and

m22 can be written in terms of v, tβ, and λi=1,··· ,5. The Higgs potential has 7 free parameters

of m2
12, tβ, and λi=1,··· ,5.

The changed Higgs boson is one linear combination of φ+
1 and φ+

1 , and the pseudo scalar

A0 is one of η1 and η1, of which the orthogonal state is a Goldstone mode G+ and G0

respectively. their mixing angle is β through
⎛

⎝ φ+
1

φ+
2

⎞

⎠ =

⎛

⎝ sβ cβ

−cβ sβ

⎞

⎠

⎛

⎝ H+

G+

⎞

⎠ ,

⎛

⎝ η1

η2

⎞

⎠ =

⎛

⎝ sβ cβ

−cβ sβ

⎞

⎠

⎛

⎝ A

G0

⎞

⎠ . (3)

And their masses are

m2
H+ =

m2
12

cβsβ
− (λ4 + λ5)v

2, m2
A =

m2
12

cβsβ
− 2λ5v

2. (4)

The CP-even Higgs bosons h0 and H0 are obtained by diagonalising the mass squared

matrix M2
0 given by

M2
0 =

⎛

⎝ M2
11 M2

12

M2
12 M2

22

⎞

⎠ (5)

4
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Alignment limit

If sin(β − α) = 1

Type I Type II Type X Type Y

ŷHu = −ŷAu − 1
tanβ − 1

tanβ − 1
tanβ − 1

tanβ

ŷHd = ŷAd − 1
tanβ tanβ − 1

tanβ tanβ

ŷHℓ = ŷAℓ − 1
tanβ tanβ tanβ − 1

tanβ

TABLE I: In the limit of sin(β − α) = 1, the Yukawa couplings of H0 and A0 with the up-type

quarks (u), down-type quarks (d), and the charged lepton (ℓ), normalized by the SM Yukawa

coupling mf/v.

several Higgs triple vertices. The triple couplings of Higgs bosons with weak gauge bosons

or other Higgs bosons can be classified into two categories, one proportional to sin(β − α)

and the other proportional to cos(β − α):

sin(β − α) : ghW+W− , ghZZ , gZAH , gW±H∓H , (2)

cos(β − α) : gHW+W− , gHZZ , gZAh, gW±H∓h, gHhh.

The couplings proportional to cos(β − α) vanish in the alignment limit.

The exact alignment limit simplifies the total Higgs phenomenologies greatly. The most

important implication is that it guarantees the SM-like nature of the observed 125 GeV

state. In addition to the same couplings of h0 as in the SM, this limit prohibits the dangerous

“feed-down” contributions to the observed Higgs rates from the production of heavier Higgs

bosons through their decay into h0 [23, 37]. Dominant “feed-down” sources are A0 → Zh0

and H0 → h0h0. Their couplings are proportional to cos(β − α), and thus vanish in the

exact alignment limit. Second, no excess of events in the ZZ and WW decay channels is

still consistent with H0 and/or A0 having mass below 600 GeV. In particular, the CP-even

H0 coupling with WW and ZZ vanish in this alignment limit as in Eq. (2). Finally, the

Yukawa couplings of all heavy Higgs bosons are determined by a single parameter tan β. In

the alignment limit, the Yukawa couplings normalized by the SM ones, denoted by ŷH,A
f , are

summarized in Table I. The general expressions for ŷ’s are in Ref. [10, 26].

Focused on the heavy Higgs searches in γγ, τ+τ−, and tt̄ channels, the assumption in

Eq. (1) leaves practically the following four parameters:

mH , mA, mH± , tan β. (3)

5

For

where

M2
11 = m2

12t
2
β +

λ1v2

1 + t2β
, (6)

M2
12 = −m2

12 + λ345v
2 tβ
1 + t2β

,

M2
22 =

m2
12

t2β
+ λ2v

2
t2β

1 + t2β
.

The mixing angle is α ∈
[
−π

2 ,
π
2

]
:

⎛

⎝ ρ1

ρ2

⎞

⎠ =

⎛

⎝ cα −sα

sα cα

⎞

⎠

⎛

⎝ H0

h0

⎞

⎠ (7)

and the masses as

m2
H,h =

1

2

[
M2

11 +M2
22 ±

√
(M2

11 −M2
22)

2 + 4(M2
12)

2
]
, (8)

The SM Higgs field, which corresponds to H1, are expressed in terms of h0 and H0 as

HSM = sβ−αh
0 + cβ−αH

0 (9)

In the light hidden Higgs scenario, the condition of cβ−α = 0 guarantees very SM-like H0,

called the alignment limit.

The alignment limit if H0 = h125: cβ−α = 1 (10)

As shall be shown, the surviving parameters from all the constraints are distributed around

the alignment limit. It is interesting to observe that this limit maximizes or minimizes some

triple couplings of Higgs bosons with weak gauge bosons or other Higgs bosons, which are

divided into wo categories, one proportional to sβ−α and the other proportional to cβ−α:

sβ−α : ghW+W− , ghZZ , gZAH , gW±H∓H , (11)

cβ−α : gHW+W− , gHZZ , gZAh, gW±H∓h, gHhh.

The couplings proportional to cβ−α vanish in the alignment limit.

Yukawa couplings of Higgs bosons are different according to type, i.e., the Z2 charges

of the SM fermions. The general expressions for the Yukawa couplings are referred to

Ref. [8, 14].

5

ZERO!

h0 = h125
s��↵ = 1

No resonance decay into hh!
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
for ga;!ðp1Þgb;"ðp2Þ ! Hðp3ÞHðp4Þ is

A!"
ab ¼ #s

8$v2 %ab½P!"
1 ðp1; p2ÞF1ðs; t; u; m2

t Þ

þ P!"
2 ðp1; p2; p3ÞF2ðs; t; u; m2

t Þ&; (1)

where P1 and P2 are the orthogonal projectors onto the
spin-0 and spin-2 states respectively,

P!"
1 ðp1; p2Þ ¼ g!" ' p"

1p
!
2

p1 (p2
;

P!"
2 ðp1; p2; p3Þ ¼ g!" þ 2

sp2
T

ðm2
Hp

"
1p

!
2 ' 2p1:p3p

!
2 p

"
3

' 2p2:p3p
"
1p

!
3 þ sp!

3 p
"
3Þ; (2)

s, t, and u are the partonic Mandelstam variables,

s ¼ ðp1 þ p2Þ2;
t ¼ ðp1 ' p3Þ2;
u ¼ ðp2 ' p3Þ2;

(3)

pT is the transverse momentum of the Higgs particle,

p2
T ¼ ut'm4

H

s
; (4)

and v ¼ ð
ffiffiffi
2

p
GFÞ'1=2 ¼ 246 GeV. The functions F1 and

F2 are known analytically [37,38]. Finally, the partonic
cross section is given by

d&̂ðgg ! HHÞ
dt

¼ #2
s

215$3v4

jF1ðs; t; u; m2
t Þj2 þ jF2ðs; t; u; m2

t Þj2
s2

; (5)

where we included the factor of 1
2 for identical particles

in the final state.
In the Standard Model, the chiral fermions are

c i
L ¼ uiL

diL

 !
; uiR; diR; (6)

where i ¼ 1, 2, 3 is a generation index and the Lagrangian
describing the quark masses is

'LSM
M ¼

X

i

'd
i
!c i
L"diR þ 'u

i
!c i
L
~"uiR þ H:c: (7)

Here " ¼ ð(þ;(0ÞT is the Higgs doublet, ~" ¼ i&2"
)

and (0 ¼ vþHffiffi
2

p . Note that in the Standard Model the

Higgs couplings 'u;d
i are purely scalar. In the following

we will focus on the third generation quarks and use the
standard notation u3 ¼ t, d3 ¼ b, with 'd

3 * '1 and
'u
3 * '2.

FIG. 1. Feynman diagrams for gg ! HH in the Standard Model.
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boson is m H > 92:8 GeV, and that for the CP-odd Higgs
boson is m A > 93:4 GeV in the minimal supersymmetric
SM whose Higgs sector is the THDM [1]. The bound for
charged Higgs boson mass has also been set as m H! >
79:3 GeV [1]. The electroweak precision data from the
LEP experiment may indicate that the Higgs sector approxi-
mately respects the custodial SUð2Þ symmetry [53]. This
symmetry becomes exact in the Higgs potential in the limit
of m A ¼ m H! with arbitrary sin ð! % "Þ or in the limit of
m H ¼ m H! with sin ð! % "Þ ¼ 1 (or m h ¼ m H! with
cosð! % "Þ ¼ 1). The breaking of the custodial symmetry
in the two-Higgs-doublet potential gives large contribution
to the T̂ parameter which is proportional to the mass
differences of extra Higgs bosons. In order to suppress these
contributions, we take their masses to be degenerate in the
following discussion; i.e., m H ¼ m A ¼ m H! .

The one-loop correction to the hhh coupling constant in
the THDM is evaluated as [7]

!THDM
hhh

!SM
hhh

’ 1 þ m 4
H!

6#2v2m 2
h

!
1 % M2

m 2
H!

"
3
þ m 4

H

12#2v2m 2
h

'
!
1 % M2

m 2
H

"
3
þ m 4

A

12#2v2m 2
h

!
1 % M2

m 2
A

"
3
; (12)

where sin ð! % "Þ ¼ 1 is taken. The deviation from the SM
results can be very large whenM2 ’ 0. The full calculation
of the vertex function is shown in Ref. [7].5 In Fig 8, the
deviation in the effective hhh coupling constant from
the SM value is shown as a function of

ffiffiffi
ŝ

p
, the energy of

h( ! hh in the THDM [7]. The mass of the SM-like Higgs
boson is taken to be m h ¼ 120 GeV (left) and m h ¼

160 GeV (right). The masses of extra Higgs bosons are
taken to be m " ¼ 200 GeV (dotted line), m " ¼ 300 GeV
(dashed line), and m " ¼ 400 GeV (long-dashed line),
where m " ) m H ¼ m A ¼ m H! . These effects can be
about 120–70% for m h ¼ 120–160 GeV with m " *
400 GeV. Fig 8 shows that the deviation in the hhh cou-
pling constant can be approximately described by the
analysis with a constant shift by the factor of (1 þ #$).
In Fig 9, the invariant mass distribution of the differen-

tial cross section for gg ! hh at the LHC is shown in the
THDM.6 The curves are given in the same manner as in
Fig 8, and the SM predictions are also denoted by solid
curves for comparison. Higgs bosons do not couple to
gluons at the tree level, so that the one-loop effect of the
extra Higgs bosons only appear in the correction to the
hhh coupling constant. For larger extra scalar masses
m " ¼ 400 GeV, peaks can be found in the near threshold
region of a Higgs pair, which come from the enhancement
of the hhh coupling constant. There are also peaks around
Mhh * 400 GeV, which are interference effects between
the triangular and the box diagrams. Those contributions
weaken each other, and hence the enhancement of the hhh
coupling constant decreases the cross section as in the SM
with constant deviation.
In Fig 10, we show the cross section of the process

eþ e% ! hhZ as a function of the collision energy
ffiffiffi
s

p
in

the THDM7. The curves are presented in the same manner
as in Fig 9. Relatively large nondecoupling effect of the
extra scalar bosons can appear in the radiative correction to
the hhh coupling constant.

FIG. 8 (color online). The rates for one-loop contributions from H , A, H! in the THDM to the hhh coupling constant for
m h ¼ 120 GeV (left) and for m h ¼ 160 GeV (right).

5In the case other than sin ð! % "Þ ¼ 1, the hhh coupling
constant can deviate from the SM value at the tree level because
of the mixing between h and H . The discussion at the one-loop
level with including such a mixing effect is also given in Ref. [7]

6Cases without sin ð! % "Þ ¼ 1 were considered in Ref. [54].
The s-channel resonance effect of new physics particles were
also discussed in Ref. [55].

7More general types of double Higgs-boson production pro-
cesses at eþ e% colliders were studied in Ref. [56]
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FIG. 8: The rates for one-loop contributions from H,A,H± in the THDM to the hhh coupling

constant for mh = 120 GeV (left) and for mh = 160 GeV (right).

The one-loop correction to the hhh coupling constant in the THDM is evaluated as [7]
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where sin(β − α) = 1 is taken. The deviation from the SM results can be very large when

M2 ≃ 0. The full calculation of the vertex function is shown in Ref. [7] 5. In FIG. 8, the
deviation in the effective hhh coupling constant from the SM value is shown as a function of√
ŝ, the energy of h∗ → hh in the THDM [7]. The mass of the SM-like Higgs boson is taken

to be mh = 120 GeV (left) and mh = 160 GeV (right). The masses of extra Higgs bosons are

taken to be mΦ = 200 GeV (dotted line), mΦ = 300 GeV (dashed line), and mΦ = 400 GeV
(long-dashed line), where mΦ ≡ mH = mA = mH±. These effects can be about 120–70%

for mh = 120–160 GeV with mΦ ∼ 400 GeV. FIG. 8 shows that the deviation in the hhh
coupling constant can be approximately described by the analysis with a constant shift by

the factor of (1 +∆κ).
In FIG. 9, the invariant mass distribution of the differential cross section for gg → hh at

the LHC is shown in the THDM 6. The curves are given in the same manner as in FIG. 8,
and the SM predictions are also denoted by solid curves for comparison. Higgs bosons do

not couple to gluons at the tree level, so that the one-loop effect of the extra Higgs bosons
only appear in the correction to the hhh coupling constant. For larger extra scalar masses

mΦ = 400 GeV, peaks can be found in the near threshold region of a Higgs pair, which come
from the enhancement of the hhh coupling constant. There are also peaks aroundMhh ∼ 400

5 In the case other than sin(β − α) = 1, the hhh coupling constant can deviate from the SM value at the

tree level because of the mixing between h and H . The discussion at the one-loop level with including

such a mixing effect is also given in Ref. [7]
6 Cases without sin(β−α) = 1 were considered in Ref. [54]. The s-channel resonance effect of new physics

particles were also discussed in Ref. [55].
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mΦ = 400 GeV, peaks can be found in the near threshold region of a Higgs pair, which come
from the enhancement of the hhh coupling constant. There are also peaks aroundMhh ∼ 400

5 In the case other than sin(β − α) = 1, the hhh coupling constant can deviate from the SM value at the
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FIG. 9: The invariant mass distribution of gg → hh process at the LHC with
√
s = 14 TeV for

mh = 120 GeV (left) and mh = 160 GeV (right) in the THDM.

FIG. 10: The cross section of e+e− → hhZ process as a function of
√
s for mh = 120 GeV (left)

and mh = 160 GeV (right) in the THDM.

GeV, which are interference effects between the triangular and the box diagrams. Those

contributions weaken each other, and hence the enhancement of the hhh coupling constant
decreases the cross section as in the SM with constant deviation.

In FIG. 10, we show the cross section of the process e+e− → hhZ as a function of the
collision energy

√
s in the THDM 7. The curves are presented in the same manner as in

FIG. 9. Relatively large nondecoupling effect of the extra scalar bosons can appear in the
radiative correction to the hhh coupling constant.

In FIG. 11, the cross sections of the Higgs pair production at the PLC are given for
the THDM [57–59]. The extra Higgs boson can contribute to the corrections of the hhh

coupling constant as well as γγ → hh process. The hhh coupling constant can be probed
by choosing the collision energy to be near threshold region for relatively heavy extra Higgs

bosons mΦ ! 400 GeV. There are threshold enhancement from the box diagrams after

7 More general types of double Higgs-boson production processes at e+e− colliders were studied in Ref. [56].
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mΦ = 400 GeV, peaks can be found in the near threshold region of a Higgs pair, which come
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5 In the case other than sin(β − α) = 1, the hhh coupling constant can deviate from the SM value at the

tree level because of the mixing between h and H . The discussion at the one-loop level with including

such a mixing effect is also given in Ref. [7]
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13

FIG. 8: The rates for one-loop contributions from H,A,H± in the THDM to the hhh coupling

constant for mh = 120 GeV (left) and for mh = 160 GeV (right).

The one-loop correction to the hhh coupling constant in the THDM is evaluated as [7]

ΓTHDM
hhh

ΓSM
hhh

≃ 1 +
m4

H±

6π2v2m2
h

(
1−

M2

m2
H±

)3

+
m4

H

12π2v2m2
h

(
1−

M2

m2
H

)3

+
m4

A

12π2v2m2
h

(
1−

M2

m2
A

)3

,

(12)

where sin(β − α) = 1 is taken. The deviation from the SM results can be very large when

M2 ≃ 0. The full calculation of the vertex function is shown in Ref. [7] 5. In FIG. 8, the
deviation in the effective hhh coupling constant from the SM value is shown as a function of√
ŝ, the energy of h∗ → hh in the THDM [7]. The mass of the SM-like Higgs boson is taken
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not couple to gluons at the tree level, so that the one-loop effect of the extra Higgs bosons
only appear in the correction to the hhh coupling constant. For larger extra scalar masses

mΦ = 400 GeV, peaks can be found in the near threshold region of a Higgs pair, which come
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5 In the case other than sin(β − α) = 1, the hhh coupling constant can deviate from the SM value at the
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In the Standard Model, the dominant contributions come from top quark loops. Analytic expansion of the amplitudes in
the limit m2

t ! s yields the leading terms

F1ðs; t; u; m2
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#$
:

(8)

The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]

F1ðs; t; u; m2
t ÞjLET !

"
' 4

3
þ 4m2

H

s'm2
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#
s;

F2ðs; t; u; m2
t ÞjLET ! 0:

(9)

From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4

t Þ in Fbox
1 there is also

an angular momentum dependent piece proportional to p2
T .

Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox

1 and further
insight into Fbox

2 , the functions can be decomposed into

Wigner d-functions, djsi;sf , where j is the total angular

momentum and si (sf) is the initial (final) state spin:
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(10)

Here ! is the angle between an initial state gluon and final
state Higgs,

t ¼ m2
H ' s

4
ð1' " cos!Þ and " ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1' 4m2

H

s

s
: (11)

In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions
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2
)/σExact

σLET/σExact
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µ = 2 mH

µ = MHH = √s

FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy

ffiffiffi
S

p
in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oðs

m2
t
Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi

s
p

).

1The exact result always includes the contributions from both
the top and bottom quarks.
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FIG. 9: The invariant mass distribution of gg → hh process at the LHC with
√
s = 14 TeV for

mh = 120 GeV (left) and mh = 160 GeV (right) in the THDM.

FIG. 10: The cross section of e+e− → hhZ process as a function of
√
s for mh = 120 GeV (left)

and mh = 160 GeV (right) in the THDM.

GeV, which are interference effects between the triangular and the box diagrams. Those

contributions weaken each other, and hence the enhancement of the hhh coupling constant
decreases the cross section as in the SM with constant deviation.

In FIG. 10, we show the cross section of the process e+e− → hhZ as a function of the
collision energy

√
s in the THDM 7. The curves are presented in the same manner as in

FIG. 9. Relatively large nondecoupling effect of the extra scalar bosons can appear in the
radiative correction to the hhh coupling constant.

In FIG. 11, the cross sections of the Higgs pair production at the PLC are given for
the THDM [57–59]. The extra Higgs boson can contribute to the corrections of the hhh

coupling constant as well as γγ → hh process. The hhh coupling constant can be probed
by choosing the collision energy to be near threshold region for relatively heavy extra Higgs

bosons mΦ ! 400 GeV. There are threshold enhancement from the box diagrams after

7 More general types of double Higgs-boson production processes at e+e− colliders were studied in Ref. [56].
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
for ga;!ðp1Þgb;"ðp2Þ ! Hðp3ÞHðp4Þ is

A!"
ab ¼ #s

8$v2 %ab½P!"
1 ðp1; p2ÞF1ðs; t; u; m2

t Þ

þ P!"
2 ðp1; p2; p3ÞF2ðs; t; u; m2

t Þ&; (1)

where P1 and P2 are the orthogonal projectors onto the
spin-0 and spin-2 states respectively,

P!"
1 ðp1; p2Þ ¼ g!" ' p"

1p
!
2

p1 (p2
;

P!"
2 ðp1; p2; p3Þ ¼ g!" þ 2

sp2
T

ðm2
Hp

"
1p

!
2 ' 2p1:p3p

!
2 p

"
3

' 2p2:p3p
"
1p

!
3 þ sp!

3 p
"
3Þ; (2)

s, t, and u are the partonic Mandelstam variables,

s ¼ ðp1 þ p2Þ2;
t ¼ ðp1 ' p3Þ2;
u ¼ ðp2 ' p3Þ2;

(3)

pT is the transverse momentum of the Higgs particle,

p2
T ¼ ut'm4

H

s
; (4)

and v ¼ ð
ffiffiffi
2

p
GFÞ'1=2 ¼ 246 GeV. The functions F1 and

F2 are known analytically [37,38]. Finally, the partonic
cross section is given by

d&̂ðgg ! HHÞ
dt

¼ #2
s

215$3v4

jF1ðs; t; u; m2
t Þj2 þ jF2ðs; t; u; m2

t Þj2
s2

; (5)

where we included the factor of 1
2 for identical particles

in the final state.
In the Standard Model, the chiral fermions are

c i
L ¼ uiL

diL

 !
; uiR; diR; (6)

where i ¼ 1, 2, 3 is a generation index and the Lagrangian
describing the quark masses is

'LSM
M ¼

X

i

'd
i
!c i
L"diR þ 'u

i
!c i
L
~"uiR þ H:c: (7)

Here " ¼ ð(þ;(0ÞT is the Higgs doublet, ~" ¼ i&2"
)

and (0 ¼ vþHffiffi
2

p . Note that in the Standard Model the

Higgs couplings 'u;d
i are purely scalar. In the following

we will focus on the third generation quarks and use the
standard notation u3 ¼ t, d3 ¼ b, with 'd

3 * '1 and
'u
3 * '2.

FIG. 1. Feynman diagrams for gg ! HH in the Standard Model.
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energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49– 55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
for ga;!ðp1Þgb;"ðp2Þ ! Hðp3ÞHðp4Þ is
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ab ¼ #s
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where P1 and P2 are the orthogonal projectors onto the
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P!"
1 ðp1; p2Þ ¼ g!" ' p"

1p
!
2

p1 (p2
;

P!"
2 ðp1; p2; p3Þ ¼ g!" þ 2

sp2
T

ðm2
Hp

"
1p

!
2 ' 2p1:p3p

!
2 p

"
3

' 2p2:p3p
"
1p

!
3 þ sp!

3 p
"
3Þ; (2)

s, t, and u are the partonic Mandelstam variables,

s ¼ ðp1 þ p2Þ2;
t ¼ ðp1 ' p3Þ2;
u ¼ ðp2 ' p3Þ2;

(3)

pT is the transverse momentum of the Higgs particle,

p2
T ¼ ut'm4

H

s
; (4)

and v ¼ ð
ffiffiffi
2

p
GFÞ'1=2 ¼ 246 GeV. The functions F1 and

F2 are known analytically [37,38]. Finally, the partonic
cross section is given by

d&̂ðgg ! HHÞ
dt

¼ #2
s

215$3v4

jF1ðs; t; u; m2
t Þj2 þ jF2ðs; t; u; m2

t Þj2
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; (5)

where we included the factor of 1
2 for identical particles

in the final state.
In the Standard Model, the chiral fermions are

c i
L ¼ uiL

diL

 !
; uiR; diR; (6)

where i ¼ 1, 2, 3 is a generation index and the Lagrangian
describing the quark masses is

'LSM
M ¼

X

i
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i
!c i
L"diR þ 'u

i
!c i
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~"uiR þ H:c: (7)

Here " ¼ ð(þ;(0ÞT is the Higgs doublet, ~" ¼ i&2"
)

and (0 ¼ vþHffiffi
2

p . Note that in the Standard Model the

Higgs couplings 'u;d
i are purely scalar. In the following

we will focus on the third generation quarks and use the
standard notation u3 ¼ t, d3 ¼ b, with 'd

3 * '1 and
'u
3 * '2.

FIG. 1. Feynman diagrams for gg ! HH in the Standard Model.
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double Higgs production rates are the same as the Standard
Model up to corrections of Oð s

m2
t
; s
M2

T
Þ. These corrections

are further suppressed by the small mixing angles allowed
by the bounds from electroweak precision data [5]. Both
total and differential distributions are very close to the
Standard Model (Fig. 8), and one cannot use double
Higgs production to obtain information about additional
vector singlet quarks. Figure 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 charges
2
3 and # 1

3 , respectively. The quarks are in the SUð2ÞL
representations,

c 1
L ¼

T 1
L

B1
L

 !
;T 1

R;B1
R; c 2

R ¼
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, whileT 2 andB2 have the left- and
right-handed fermion assignments reversed from those of the
Standard Model. For simplicity, we assume there is no mix-
ing between the heavy mirror fermions and the Standard
Model fermions. This assumption eliminates the need to
consider limits fromZ ! b !b [65] and relaxes the restrictions
from precision electroweak data discussed in Sec. III B 1.2

The most general Lagrangian for the interactions of the
mirror fermions with the Higgs doublet is

#L ¼ !A
!c 1
L"B1

R þ !B
!c 1
L
~"T 1

R þ !C
!c 2
R"B2

L

þ !D
!c 2
R
~"T 2

L þ !E
!c 1
Lc

2
R þ !F

!T 1
RT 2

L

þ !G
!B1
RB2

L þ H:c:

¼ !"t
L½Ut

LMUU
ty
R '"t

R þ !"b
L½Ub

LMDU
by
R '"b

R þ H:c:

(31)

The mass eigenstates "q
P (P ¼ L, R;q¼ t, b) are obtained

through unitary rotations

Uq
P ¼

cos#qP # sin#qP
sin#qP cos#qP

 !
; (32)

and the mass matrices are

MU ¼
!B

vffiffi
2

p !E

!F !D
vffiffi
2

p

0
@

1
A ; MD ¼

!A
vffiffi
2

p !E

!G !C
vffiffi
2

p

0
@

1
A :

(33)

We will denote the two toplike and the two bottomlike
mass eigenstates as T1, T2 and B1, B2 respectively. The
Lagrangian parameters !i can be expressed in terms of the
physical quark masses and the mixing angles. We report
these relations in the Appendix.
Since all the quarks have different quantum numbers, it

is not possible to rotate away any parameter in the
Lagrangian. However, the SUð2Þ symmetry requires that

MU;12 ¼ MD;12; (34)

and therefore

MT2
cos#tR sin#

t
L #MT1

cos#tL sin#
t
R

¼ MB2
cos#bR sin#

b
L #MB1

cos#bL sin#
b
R: (35)

This relation can be written as

½MT2
þMT1

' sin#t# þ½MT2
#MT1

' sin#tþ
¼ ½MB2

þMB1
' sin#b# þ½MB2

#MB1
' sin#bþ; (36)

where #tðbÞ( ¼ #tðbÞL ( #tðbÞR .
The couplings of the fermion mass eigenstates to the

Higgs boson are

#LH
M¼cT1T1

2v
!T1LT1RHþcT2T2

2v
!T2LT2RH

þcT1T2

2v
!T1LT2RHþcT2T1

2v
!T2LT1RH

þcB1B1

2v
!B1LB1RHþcB2B2

2v
!B2LB2RH

þcB1B2

2v
!B1LB2RHþcB2B1

2v
!B2LB1RHþH:c:; (37)

where

cT1T1
¼ MT1

½1þ cosð2#tLÞ cosð2#tRÞ' þMT2
sinð2#tLÞ sinð2#tRÞ ¼ 2MT1

"
cos2#t# #MT1

#MT2

2MT1

ðsin2#tþ # sin2#t#Þ
#
;

cT1T2
¼ MT1

cosð2#tLÞ sinð2#tRÞ #MT2
cosð2#tRÞ sinð2#tLÞ ¼

MT1
#MT2

2
sinð2#tþÞ #

MT2
þMT1

2
sinð2#t#Þ;

ðcT2T2
; cT2T1

Þ ¼ ðcT1T1
; cT1T2

Þ with MT1
$ MT2

;#t( ! ##t(: (38)

Similar expressions hold in the bottom sector.

2We will not explore UV completions of this model that can mediate the decay of the mirror fermions through higher-dimensional
operators and prevent the new quarks from becoming stable.

S. DAWSON, E. FURLAN, AND I. LEWIS PHYSICAL REVIEW D 87, 014007 (2013)

014007-8

double Higgs production rates are the same as the Standard
Model up to corrections of Oð s

m2
t
; s
M2

T
Þ. These corrections

are further suppressed by the small mixing angles allowed
by the bounds from electroweak precision data [5]. Both
total and differential distributions are very close to the
Standard Model (Fig. 8), and one cannot use double
Higgs production to obtain information about additional
vector singlet quarks. Figure 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 charges
2
3 and # 1

3 , respectively. The quarks are in the SUð2ÞL
representations,

c 1
L ¼

T 1
L

B1
L

 !
;T 1

R;B1
R; c 2

R ¼
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, whileT 2 andB2 have the left- and
right-handed fermion assignments reversed from those of the
Standard Model. For simplicity, we assume there is no mix-
ing between the heavy mirror fermions and the Standard
Model fermions. This assumption eliminates the need to
consider limits fromZ ! b !b [65] and relaxes the restrictions
from precision electroweak data discussed in Sec. III B 1.2

The most general Lagrangian for the interactions of the
mirror fermions with the Higgs doublet is

#L ¼ !A
!c 1
L"B1

R þ !B
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L
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The mass eigenstates "q
P (P ¼ L, R;q¼ t, b) are obtained

through unitary rotations

Uq
P ¼

cos#qP # sin#qP
sin#qP cos#qP
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; (32)

and the mass matrices are
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vffiffi
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2
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(33)

We will denote the two toplike and the two bottomlike
mass eigenstates as T1, T2 and B1, B2 respectively. The
Lagrangian parameters !i can be expressed in terms of the
physical quark masses and the mixing angles. We report
these relations in the Appendix.
Since all the quarks have different quantum numbers, it

is not possible to rotate away any parameter in the
Lagrangian. However, the SUð2Þ symmetry requires that

MU;12 ¼ MD;12; (34)

and therefore
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cos#tR sin#
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L #MT1

cos#tL sin#
t
R

¼ MB2
cos#bR sin#
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R: (35)
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þMB1
' sin#b# þ½MB2
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' sin#bþ; (36)

where #tðbÞ( ¼ #tðbÞL ( #tðbÞR .
The couplings of the fermion mass eigenstates to the

Higgs boson are
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where
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#
;

cT1T2
¼ MT1
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Similar expressions hold in the bottom sector.

2We will not explore UV completions of this model that can mediate the decay of the mirror fermions through higher-dimensional
operators and prevent the new quarks from becoming stable.
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double Higgs production rates are the same as the Standard
Model up to corrections of Oð s
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; s
M2
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Þ. These corrections

are further suppressed by the small mixing angles allowed
by the bounds from electroweak precision data [5]. Both
total and differential distributions are very close to the
Standard Model (Fig. 8), and one cannot use double
Higgs production to obtain information about additional
vector singlet quarks. Figure 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 charges
2
3 and # 1

3 , respectively. The quarks are in the SUð2ÞL
representations,

c 1
L ¼

T 1
L

B1
L

 !
;T 1

R;B1
R; c 2

R ¼
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, whileT 2 andB2 have the left- and
right-handed fermion assignments reversed from those of the
Standard Model. For simplicity, we assume there is no mix-
ing between the heavy mirror fermions and the Standard
Model fermions. This assumption eliminates the need to
consider limits fromZ ! b !b [65] and relaxes the restrictions
from precision electroweak data discussed in Sec. III B 1.2

The most general Lagrangian for the interactions of the
mirror fermions with the Higgs doublet is
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The mass eigenstates "q
P (P ¼ L, R;q¼ t, b) are obtained

through unitary rotations
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P ¼
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; (32)
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(33)

We will denote the two toplike and the two bottomlike
mass eigenstates as T1, T2 and B1, B2 respectively. The
Lagrangian parameters !i can be expressed in terms of the
physical quark masses and the mixing angles. We report
these relations in the Appendix.
Since all the quarks have different quantum numbers, it

is not possible to rotate away any parameter in the
Lagrangian. However, the SUð2Þ symmetry requires that

MU;12 ¼ MD;12; (34)

and therefore

MT2
cos#tR sin#

t
L #MT1

cos#tL sin#
t
R

¼ MB2
cos#bR sin#

b
L #MB1

cos#bL sin#
b
R: (35)

This relation can be written as

½MT2
þMT1

' sin#t# þ½MT2
#MT1

' sin#tþ
¼ ½MB2

þMB1
' sin#b# þ½MB2

#MB1
' sin#bþ; (36)

where #tðbÞ( ¼ #tðbÞL ( #tðbÞR .
The couplings of the fermion mass eigenstates to the

Higgs boson are

#LH
M¼cT1T1

2v
!T1LT1RHþcT2T2

2v
!T2LT2RH

þcT1T2

2v
!T1LT2RHþcT2T1

2v
!T2LT1RH

þcB1B1

2v
!B1LB1RHþcB2B2

2v
!B2LB2RH

þcB1B2

2v
!B1LB2RHþcB2B1

2v
!B2LB1RHþH:c:; (37)

where

cT1T1
¼ MT1

½1þ cosð2#tLÞ cosð2#tRÞ' þMT2
sinð2#tLÞ sinð2#tRÞ ¼ 2MT1

"
cos2#t# #MT1

#MT2

2MT1

ðsin2#tþ # sin2#t#Þ
#
;

cT1T2
¼ MT1

cosð2#tLÞ sinð2#tRÞ #MT2
cosð2#tRÞ sinð2#tLÞ ¼

MT1
#MT2

2
sinð2#tþÞ #

MT2
þMT1

2
sinð2#t#Þ;

ðcT2T2
; cT2T1

Þ ¼ ðcT1T1
; cT1T2

Þ with MT1
$ MT2

;#t( ! ##t(: (38)

Similar expressions hold in the bottom sector.

2We will not explore UV completions of this model that can mediate the decay of the mirror fermions through higher-dimensional
operators and prevent the new quarks from becoming stable.
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double Higgs production rates are the same as the Standard
Model up to corrections of Oð s

m2
t
; s
M2

T
Þ. These corrections

are further suppressed by the small mixing angles allowed
by the bounds from electroweak precision data [5]. Both
total and differential distributions are very close to the
Standard Model (Fig. 8), and one cannot use double
Higgs production to obtain information about additional
vector singlet quarks. Figure 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 charges
2
3 and # 1

3 , respectively. The quarks are in the SUð2ÞL
representations,

c 1
L ¼

T 1
L

B1
L

 !
;T 1

R;B1
R; c 2

R ¼
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, whileT 2 andB2 have the left- and
right-handed fermion assignments reversed from those of the
Standard Model. For simplicity, we assume there is no mix-
ing between the heavy mirror fermions and the Standard
Model fermions. This assumption eliminates the need to
consider limits fromZ ! b !b [65] and relaxes the restrictions
from precision electroweak data discussed in Sec. III B 1.2

The most general Lagrangian for the interactions of the
mirror fermions with the Higgs doublet is

#L ¼ !A
!c 1
L"B1

R þ !B
!c 1
L
~"T 1

R þ !C
!c 2
R"B2

L

þ !D
!c 2
R
~"T 2

L þ !E
!c 1
Lc

2
R þ !F

!T 1
RT 2

L

þ !G
!B1
RB2

L þ H:c:

¼ !"t
L½Ut

LMUU
ty
R '"t

R þ !"b
L½Ub

LMDU
by
R '"b

R þ H:c:

(31)

The mass eigenstates "q
P (P ¼ L, R;q¼ t, b) are obtained

through unitary rotations

Uq
P ¼

cos#qP # sin#qP
sin#qP cos#qP

 !
; (32)

and the mass matrices are

MU ¼
!B

vffiffi
2

p !E

!F !D
vffiffi
2

p

0
@

1
A ; MD ¼

!A
vffiffi
2

p !E

!G !C
vffiffi
2

p

0
@

1
A :

(33)

We will denote the two toplike and the two bottomlike
mass eigenstates as T1, T2 and B1, B2 respectively. The
Lagrangian parameters !i can be expressed in terms of the
physical quark masses and the mixing angles. We report
these relations in the Appendix.
Since all the quarks have different quantum numbers, it

is not possible to rotate away any parameter in the
Lagrangian. However, the SUð2Þ symmetry requires that

MU;12 ¼ MD;12; (34)

and therefore

MT2
cos#tR sin#

t
L #MT1

cos#tL sin#
t
R

¼ MB2
cos#bR sin#

b
L #MB1

cos#bL sin#
b
R: (35)

This relation can be written as

½MT2
þMT1

' sin#t# þ½MT2
#MT1

' sin#tþ
¼ ½MB2

þMB1
' sin#b# þ½MB2

#MB1
' sin#bþ; (36)

where #tðbÞ( ¼ #tðbÞL ( #tðbÞR .
The couplings of the fermion mass eigenstates to the

Higgs boson are

#LH
M¼cT1T1

2v
!T1LT1RHþcT2T2

2v
!T2LT2RH

þcT1T2

2v
!T1LT2RHþcT2T1

2v
!T2LT1RH

þcB1B1

2v
!B1LB1RHþcB2B2

2v
!B2LB2RH

þcB1B2

2v
!B1LB2RHþcB2B1

2v
!B2LB1RHþH:c:; (37)

where

cT1T1
¼ MT1

½1þ cosð2#tLÞ cosð2#tRÞ' þMT2
sinð2#tLÞ sinð2#tRÞ ¼ 2MT1

"
cos2#t# #MT1

#MT2

2MT1

ðsin2#tþ # sin2#t#Þ
#
;

cT1T2
¼ MT1

cosð2#tLÞ sinð2#tRÞ #MT2
cosð2#tRÞ sinð2#tLÞ ¼

MT1
#MT2

2
sinð2#tþÞ #

MT2
þMT1

2
sinð2#t#Þ;

ðcT2T2
; cT2T1

Þ ¼ ðcT1T1
; cT1T2

Þ with MT1
$ MT2

;#t( ! ##t(: (38)

Similar expressions hold in the bottom sector.

2We will not explore UV completions of this model that can mediate the decay of the mirror fermions through higher-dimensional
operators and prevent the new quarks from becoming stable.
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double Higgs production rates are the same as the Standard
Model up to corrections of Oð s

m2
t
; s
M2

T
Þ. These corrections

are further suppressed by the small mixing angles allowed
by the bounds from electroweak precision data [5]. Both
total and differential distributions are very close to the
Standard Model (Fig. 8), and one cannot use double
Higgs production to obtain information about additional
vector singlet quarks. Figure 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 charges
2
3 and # 1

3 , respectively. The quarks are in the SUð2ÞL
representations,

c 1
L ¼

T 1
L

B1
L

 !
;T 1

R;B1
R; c 2

R ¼
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, whileT 2 andB2 have the left- and
right-handed fermion assignments reversed from those of the
Standard Model. For simplicity, we assume there is no mix-
ing between the heavy mirror fermions and the Standard
Model fermions. This assumption eliminates the need to
consider limits fromZ ! b !b [65] and relaxes the restrictions
from precision electroweak data discussed in Sec. III B 1.2

The most general Lagrangian for the interactions of the
mirror fermions with the Higgs doublet is

#L ¼ !A
!c 1
L"B1

R þ !B
!c 1
L
~"T 1

R þ !C
!c 2
R"B2

L

þ !D
!c 2
R
~"T 2

L þ !E
!c 1
Lc

2
R þ !F

!T 1
RT 2

L

þ !G
!B1
RB2

L þ H:c:

¼ !"t
L½Ut

LMUU
ty
R '"t

R þ !"b
L½Ub

LMDU
by
R '"b

R þ H:c:

(31)

The mass eigenstates "q
P (P ¼ L, R;q¼ t, b) are obtained

through unitary rotations

Uq
P ¼

cos#qP # sin#qP
sin#qP cos#qP

 !
; (32)

and the mass matrices are

MU ¼
!B

vffiffi
2

p !E

!F !D
vffiffi
2

p

0
@

1
A ; MD ¼

!A
vffiffi
2

p !E

!G !C
vffiffi
2

p

0
@

1
A :

(33)

We will denote the two toplike and the two bottomlike
mass eigenstates as T1, T2 and B1, B2 respectively. The
Lagrangian parameters !i can be expressed in terms of the
physical quark masses and the mixing angles. We report
these relations in the Appendix.
Since all the quarks have different quantum numbers, it

is not possible to rotate away any parameter in the
Lagrangian. However, the SUð2Þ symmetry requires that

MU;12 ¼ MD;12; (34)

and therefore

MT2
cos#tR sin#

t
L #MT1

cos#tL sin#
t
R

¼ MB2
cos#bR sin#

b
L #MB1

cos#bL sin#
b
R: (35)

This relation can be written as

½MT2
þMT1

' sin#t# þ½MT2
#MT1

' sin#tþ
¼ ½MB2

þMB1
' sin#b# þ½MB2

#MB1
' sin#bþ; (36)

where #tðbÞ( ¼ #tðbÞL ( #tðbÞR .
The couplings of the fermion mass eigenstates to the

Higgs boson are

#LH
M¼cT1T1

2v
!T1LT1RHþcT2T2

2v
!T2LT2RH

þcT1T2

2v
!T1LT2RHþcT2T1

2v
!T2LT1RH

þcB1B1

2v
!B1LB1RHþcB2B2

2v
!B2LB2RH

þcB1B2

2v
!B1LB2RHþcB2B1

2v
!B2LB1RHþH:c:; (37)

where

cT1T1
¼ MT1

½1þ cosð2#tLÞ cosð2#tRÞ' þMT2
sinð2#tLÞ sinð2#tRÞ ¼ 2MT1

"
cos2#t# #MT1

#MT2

2MT1

ðsin2#tþ # sin2#t#Þ
#
;

cT1T2
¼ MT1

cosð2#tLÞ sinð2#tRÞ #MT2
cosð2#tRÞ sinð2#tLÞ ¼

MT1
#MT2

2
sinð2#tþÞ #

MT2
þMT1

2
sinð2#t#Þ;

ðcT2T2
; cT2T1

Þ ¼ ðcT1T1
; cT1T2

Þ with MT1
$ MT2

;#t( ! ##t(: (38)

Similar expressions hold in the bottom sector.

2We will not explore UV completions of this model that can mediate the decay of the mirror fermions through higher-dimensional
operators and prevent the new quarks from becoming stable.
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double Higgs production rates are the same as the Standard
Model up to corrections of Oð s

m2
t
; s
M2

T
Þ. These corrections

are further suppressed by the small mixing angles allowed
by the bounds from electroweak precision data [5]. Both
total and differential distributions are very close to the
Standard Model (Fig. 8), and one cannot use double
Higgs production to obtain information about additional
vector singlet quarks. Figure 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 charges
2
3 and # 1

3 , respectively. The quarks are in the SUð2ÞL
representations,

c 1
L ¼

T 1
L

B1
L

 !
;T 1

R;B1
R; c 2

R ¼
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, whileT 2 andB2 have the left- and
right-handed fermion assignments reversed from those of the
Standard Model. For simplicity, we assume there is no mix-
ing between the heavy mirror fermions and the Standard
Model fermions. This assumption eliminates the need to
consider limits fromZ ! b !b [65] and relaxes the restrictions
from precision electroweak data discussed in Sec. III B 1.2

The most general Lagrangian for the interactions of the
mirror fermions with the Higgs doublet is

#L ¼ !A
!c 1
L"B1

R þ !B
!c 1
L
~"T 1

R þ !C
!c 2
R"B2

L

þ !D
!c 2
R
~"T 2

L þ !E
!c 1
Lc

2
R þ !F

!T 1
RT 2

L

þ !G
!B1
RB2

L þ H:c:

¼ !"t
L½Ut

LMUU
ty
R '"t

R þ !"b
L½Ub

LMDU
by
R '"b

R þ H:c:

(31)

The mass eigenstates "q
P (P ¼ L, R;q¼ t, b) are obtained

through unitary rotations

Uq
P ¼

cos#qP # sin#qP
sin#qP cos#qP

 !
; (32)

and the mass matrices are

MU ¼
!B

vffiffi
2

p !E

!F !D
vffiffi
2

p

0
@

1
A ; MD ¼

!A
vffiffi
2

p !E

!G !C
vffiffi
2

p

0
@

1
A :

(33)

We will denote the two toplike and the two bottomlike
mass eigenstates as T1, T2 and B1, B2 respectively. The
Lagrangian parameters !i can be expressed in terms of the
physical quark masses and the mixing angles. We report
these relations in the Appendix.
Since all the quarks have different quantum numbers, it

is not possible to rotate away any parameter in the
Lagrangian. However, the SUð2Þ symmetry requires that

MU;12 ¼ MD;12; (34)

and therefore

MT2
cos#tR sin#

t
L #MT1

cos#tL sin#
t
R

¼ MB2
cos#bR sin#

b
L #MB1

cos#bL sin#
b
R: (35)

This relation can be written as

½MT2
þMT1

' sin#t# þ½MT2
#MT1

' sin#tþ
¼ ½MB2

þMB1
' sin#b# þ½MB2

#MB1
' sin#bþ; (36)

where #tðbÞ( ¼ #tðbÞL ( #tðbÞR .
The couplings of the fermion mass eigenstates to the

Higgs boson are

#LH
M¼cT1T1

2v
!T1LT1RHþcT2T2

2v
!T2LT2RH

þcT1T2

2v
!T1LT2RHþcT2T1

2v
!T2LT1RH

þcB1B1

2v
!B1LB1RHþcB2B2

2v
!B2LB2RH

þcB1B2

2v
!B1LB2RHþcB2B1

2v
!B2LB1RHþH:c:; (37)

where

cT1T1
¼ MT1

½1þ cosð2#tLÞ cosð2#tRÞ' þMT2
sinð2#tLÞ sinð2#tRÞ ¼ 2MT1

"
cos2#t# #MT1

#MT2

2MT1

ðsin2#tþ # sin2#t#Þ
#
;

cT1T2
¼ MT1

cosð2#tLÞ sinð2#tRÞ #MT2
cosð2#tRÞ sinð2#tLÞ ¼

MT1
#MT2

2
sinð2#tþÞ #

MT2
þMT1

2
sinð2#t#Þ;

ðcT2T2
; cT2T1

Þ ¼ ðcT1T1
; cT1T2

Þ with MT1
$ MT2

;#t( ! ##t(: (38)

Similar expressions hold in the bottom sector.

2We will not explore UV completions of this model that can mediate the decay of the mirror fermions through higher-dimensional
operators and prevent the new quarks from becoming stable.
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The couplings to the electroweak gauge bosons that are
needed for the computation of the Peskin-Takeuchi pa-
rameters (Sec. III B 1) are reported in the Appendix.

1. Higgs production using low energy theorems
in the mirror model

For single Higgs production through top quark and
mirror fermion loops, the low energy theorem of Eq. (20)
yields

Agg!H ¼ ASM
gg!H

!
1þ cT1T1

2MT1

þ cT2T2

2MT2

þ cB1B1

2MB1

þ cB2B2

2MB2

"

# ASM
gg!Hð1þ!Þ; (39)

where we introduce the fractional difference ! of the
single Higgs amplitude from that of the Standard Model.

Both for simplicity and because one expects large cor-
rections to the oblique parameters for a large mass splitting
within each chiral doublet, we assume MT1

¼ MB1
¼ M

and MT2
¼ MB2

¼ Mð1þ !Þ. In this limit,

Agg!H ¼ ASM
gg!H

#
1þ 4& 1

1þ !
½ð2þ !Þ sin"t&

& ! sin"bþ(½ð2þ !Þ sin"b& þ ! sin"bþ(
$
; (40)

where we impose [see Eq. (36)]

ð2þ !Þ sin"t& þ ! sin"tþ ¼ ð2þ !Þ sin"b& þ ! sin"bþ:

(41)

Given the recent observations at the LHC, we are inter-
ested in the case when Agg!H ) ASM

gg!H. One simple way to

recover this limit is to have

"t& ) #

2
; "b& ) #

2
; (42)

which for single production gives3

Agg!H ) ASM
gg!H

#
1& !2

1þ !
cos2"bþ

$

¼ ASM
gg!H

#
1& !2

1þ !
sin2ð2"bRÞ

$
: (43)

To get the Standard Model result for gg ! H further
requires either !) 0 or "bR ) "tR ) 0, where the constraint
on the right-handed mixing angle in the top sector arises
from Eq. (41).

The result of Eq. (43) can be understood by inspecting
the Yukawa couplings in the limit "t;b& ¼ #

2 :

cT1T1
¼&cT2T2

¼&M!cos2ð"tþÞ¼&M!sin2ð2"tRÞ;

cT1T2
¼cT2T1

¼&M!

2
sinð2"tþÞ¼

M!

2
sinð4"tRÞ:

(44)

Similar relations hold for the charge & 1
3 sector. Hence, for

!) 0 or "t;bR ) 0 the diagonal Yukawa couplings go to zero
and only the top quark, with its Standard Model Yukawa
coupling, contributes to single Higgs production. The off-
diagonal couplings of the mirror fermions to the Higgs boson
are slightly less suppressed, and could induce deviations in
the double Higgs rate from that of the Standard Model.
From the low energy theorem of Eq. (21), the box

contributions to gg ! HH production (including top
quark loops) can be estimated:

Fbox
1 # Fbox;SM

1 ð1þ !boxÞ;

!box¼
c2T1T1

4M2
T1

þ
c2T2T2

4M2
T2

þ
c2B1B1

4M2
B1

þ
c2B2B2

4M2
B2

þ cT1T2
cT2T1

2MT1
MT2

þ cB1B2
cB2B1

2MB1
MB2

¼ 4þ 3

2

$2
1 & $2

2 þ $2
3 & $2

4

1þ !

þ 1

4

ð$2
1 & $2

2Þ2 þð$2
3 & $2

4Þ2
ð!þ 1Þ2 ; (45)

where we defined

$1 ¼ ! sin"bþ þð2þ !Þðsin"b& & sin"t&Þ;
$2 ¼ ð2þ !Þ sin"t&; $3 ¼ ! sin"bþ;

$4 ¼ ð2þ !Þ sin"b&:
(46)

For "t;b& ) #
2 , Eq. (45) yields

4

!box¼
!2

1þ !
cos2"bþ þ !4

2ð1þ !Þ2 cos
4"bþ: (47)

Note that Fbox
2 does not contribute in the infinite fermion

mass limit. The terms proportional to cos2ð"bþÞ come from
the contributions of the off-diagonal fermion-Higgs cou-
plings. For this simple choice of parameters, the same term
governs the deviations from the Standard Model both in
single and double Higgs production.
We are interested in determining how large a deviation

from the Standard Model gg ! HH rate is possible with a
minimal deviation in the gg ! H rate. With the assump-
tion of no mass splitting within the mirror doublets, there
are five independent parameters: the mass scale M, which
drops out in the heavy mass limit for the Higgs production
rates; the mass splitting between families, !; and three
angles. Using Eq. (40), we replace one of the angles with
the fractional deviation ! of the gg ! H amplitude from
that of the Standard Model,

3This relation holds for small !. For ! ¼ 0, Eq. (36) requires
sin"t& ¼ sin"b&, and Agg!H ¼ ASM

gg!Hð1þ 4cos2"b&Þ. This result
can be easily understood from the Yukawa couplings, cT1T1

¼
cT2T2

¼ Mcos2"b& and cT2T1
¼ &cT1T2

¼ M
2 sinð2"b&Þ. Also in

this case, the gg ! H rate is identical to the Standard Model
rate for "b& ¼ #

2 .

4In the exact ! ¼ 0 limit the result reads Fbox
1 ¼ Fbox;SM

1 ½1&
4cos2"b& þ 8cos4"b&(.
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For gg ! hh
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The couplings to the electroweak gauge bosons that are
needed for the computation of the Peskin-Takeuchi pa-
rameters (Sec. III B 1) are reported in the Appendix.

1. Higgs production using low energy theorems
in the mirror model

For single Higgs production through top quark and
mirror fermion loops, the low energy theorem of Eq. (20)
yields

Agg!H ¼ ASM
gg!H

!
1þ cT1T1

2MT1

þ cT2T2

2MT2

þ cB1B1

2MB1

þ cB2B2

2MB2

"

# ASM
gg!Hð1þ!Þ; (39)

where we introduce the fractional difference ! of the
single Higgs amplitude from that of the Standard Model.

Both for simplicity and because one expects large cor-
rections to the oblique parameters for a large mass splitting
within each chiral doublet, we assume MT1

¼ MB1
¼ M

and MT2
¼ MB2

¼ Mð1þ !Þ. In this limit,

Agg!H ¼ ASM
gg!H

#
1þ 4& 1

1þ !
½ð2þ !Þ sin"t&

& ! sin"bþ(½ð2þ !Þ sin"b& þ ! sin"bþ(
$
; (40)

where we impose [see Eq. (36)]

ð2þ !Þ sin"t& þ ! sin"tþ ¼ ð2þ !Þ sin"b& þ ! sin"bþ:

(41)

Given the recent observations at the LHC, we are inter-
ested in the case when Agg!H ) ASM

gg!H. One simple way to

recover this limit is to have

"t& ) #

2
; "b& ) #

2
; (42)

which for single production gives3

Agg!H ) ASM
gg!H

#
1& !2

1þ !
cos2"bþ

$

¼ ASM
gg!H

#
1& !2

1þ !
sin2ð2"bRÞ

$
: (43)

To get the Standard Model result for gg ! H further
requires either !) 0 or "bR ) "tR ) 0, where the constraint
on the right-handed mixing angle in the top sector arises
from Eq. (41).

The result of Eq. (43) can be understood by inspecting
the Yukawa couplings in the limit "t;b& ¼ #

2 :

cT1T1
¼&cT2T2

¼&M!cos2ð"tþÞ¼&M!sin2ð2"tRÞ;

cT1T2
¼cT2T1

¼&M!

2
sinð2"tþÞ¼

M!

2
sinð4"tRÞ:

(44)

Similar relations hold for the charge & 1
3 sector. Hence, for

!) 0 or "t;bR ) 0 the diagonal Yukawa couplings go to zero
and only the top quark, with its Standard Model Yukawa
coupling, contributes to single Higgs production. The off-
diagonal couplings of the mirror fermions to the Higgs boson
are slightly less suppressed, and could induce deviations in
the double Higgs rate from that of the Standard Model.
From the low energy theorem of Eq. (21), the box

contributions to gg ! HH production (including top
quark loops) can be estimated:

Fbox
1 # Fbox;SM

1 ð1þ !boxÞ;

!box¼
c2T1T1

4M2
T1

þ
c2T2T2

4M2
T2

þ
c2B1B1

4M2
B1

þ
c2B2B2

4M2
B2

þ cT1T2
cT2T1

2MT1
MT2

þ cB1B2
cB2B1

2MB1
MB2

¼ 4þ 3

2

$2
1 & $2

2 þ $2
3 & $2

4

1þ !

þ 1

4

ð$2
1 & $2

2Þ2 þð$2
3 & $2

4Þ2
ð!þ 1Þ2 ; (45)

where we defined

$1 ¼ ! sin"bþ þð2þ !Þðsin"b& & sin"t&Þ;
$2 ¼ ð2þ !Þ sin"t&; $3 ¼ ! sin"bþ;

$4 ¼ ð2þ !Þ sin"b&:
(46)

For "t;b& ) #
2 , Eq. (45) yields

4

!box¼
!2

1þ !
cos2"bþ þ !4

2ð1þ !Þ2 cos
4"bþ: (47)

Note that Fbox
2 does not contribute in the infinite fermion

mass limit. The terms proportional to cos2ð"bþÞ come from
the contributions of the off-diagonal fermion-Higgs cou-
plings. For this simple choice of parameters, the same term
governs the deviations from the Standard Model both in
single and double Higgs production.
We are interested in determining how large a deviation

from the Standard Model gg ! HH rate is possible with a
minimal deviation in the gg ! H rate. With the assump-
tion of no mass splitting within the mirror doublets, there
are five independent parameters: the mass scale M, which
drops out in the heavy mass limit for the Higgs production
rates; the mass splitting between families, !; and three
angles. Using Eq. (40), we replace one of the angles with
the fractional deviation ! of the gg ! H amplitude from
that of the Standard Model,

3This relation holds for small !. For ! ¼ 0, Eq. (36) requires
sin"t& ¼ sin"b&, and Agg!H ¼ ASM

gg!Hð1þ 4cos2"b&Þ. This result
can be easily understood from the Yukawa couplings, cT1T1

¼
cT2T2

¼ Mcos2"b& and cT2T1
¼ &cT1T2

¼ M
2 sinð2"b&Þ. Also in

this case, the gg ! H rate is identical to the Standard Model
rate for "b& ¼ #

2 .

4In the exact ! ¼ 0 limit the result reads Fbox
1 ¼ Fbox;SM

1 ½1&
4cos2"b& þ 8cos4"b&(.
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We relate the deviations in the photon decay branching ratio to the deviation ! from the Standard Model single Higgs
production rate,6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"ðH ! !!Þ

"ðH ! !!ÞSM

s
¼ 1$ 24

47

"
4ð"þ 1Þ

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
$ ð"þ 2Þ sin#t$ þ " sin#bþ

ð"þ 2Þ sin#t$ $ " sin#bþ

#

$ 4

47
!
"
1þ 3ð"þ 2Þ sin#t$

ð"þ 2Þ sin#t$ $ " sin#bþ
$ 12ð"þ 1Þ

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
#
$ 6

47
!2 "þ 1

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
: (58)

Imposing only the bounds from electroweak precision ob-
servables, and performing a general scan over the input
parameters ", #bþ, #

b
$, #

t
þ [fixing #t$ through Eq. (41),

M ¼ 800 GeV and " in the range f$0:5; 2g], we find that

the Higgs branching ratio into photons can have large
differences from the Standard Model predictions, with
suppressions as large as 90% and enhancements up to
10%. Requiring also the single Higgs production rate to
be close to the Standard Model value puts severe con-
straints on these deviations. For a single Higgs production
amplitude equal to the Standard Model prediction, the
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FIG. 12 (color online). Differential double Higgs production cross section in the Standard Model and in the mirror fermion model for
#t$ ¼ $

2 , M ¼ 800 GeV. The single Higgs production amplitude with respect to the Standard Model is suppressed by 10% (a), equal

(b) or enhanced by 10% (c). We use CT10NLO PDFs and % ¼ MHH ¼ ffiffiffi
s

p
. The curves labeled Low Energy Theorem use the infinite

mass approximation to the rate.

6This result holds for arbitrary values of the parameters.
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We relate the deviations in the photon decay branching ratio to the deviation ! from the Standard Model single Higgs
production rate,6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"ðH ! !!Þ

"ðH ! !!ÞSM

s
¼ 1$ 24

47

"
4ð"þ 1Þ

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
$ ð"þ 2Þ sin#t$ þ " sin#bþ

ð"þ 2Þ sin#t$ $ " sin#bþ

#

$ 4

47
!
"
1þ 3ð"þ 2Þ sin#t$

ð"þ 2Þ sin#t$ $ " sin#bþ
$ 12ð"þ 1Þ

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
#
$ 6

47
!2 "þ 1

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
: (58)

Imposing only the bounds from electroweak precision ob-
servables, and performing a general scan over the input
parameters ", #bþ, #

b
$, #

t
þ [fixing #t$ through Eq. (41),

M ¼ 800 GeV and " in the range f$0:5; 2g], we find that

the Higgs branching ratio into photons can have large
differences from the Standard Model predictions, with
suppressions as large as 90% and enhancements up to
10%. Requiring also the single Higgs production rate to
be close to the Standard Model value puts severe con-
straints on these deviations. For a single Higgs production
amplitude equal to the Standard Model prediction, the

MHH (GeV)

0

0.01

0.02

0.03

dσ
/d

M
H

H
 (f

b/
G

eV
)

SM, Exact
SM, Low Energy Theorem
Mirror Fermions, Exact, δ=0.4
Mirror Fermions, Low Energy Theorem, δ=0.4

pp→HH, √s=8 TeV
mH=125 GeV, θ+

b
=0, θ-

t
=π/2, ∆=-0.1

(a)

MHH (GeV)

0

0.005

0.01

0.015

0.02

0.025

0.03
dσ

/d
M

H
 (f

b/
G

eV
)

SM, Exact
Low Energy Theorem (SM and Mirror Fermions, δ=0.2)
Mirror Fermions,  Exact, δ=0.2

pp→HH, √s=8 TeV
mH=125 GeV, θ+

b
=0, θ-

t
=π/2, ∆=0

(b)

300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

200 300 400 500 600 700 800 900 1000

MHH (GeV)

0

0.005

0.01

0.015

0.02

dσ
/d

M
H

H
 (f

b/
G

eV
)

SM, Exact
SM, Low Energy Theorem
Mirror Fermions, Exact, δ=0.07
Mirror Fermions, Low Energy Theorem, δ=0.07

pp→HH, √s=8 TeV
mH=125 GeV, θ+

b
=0, θ t

=π/2, ∆=0.1

(c)

FIG. 12 (color online). Differential double Higgs production cross section in the Standard Model and in the mirror fermion model for
#t$ ¼ $

2 , M ¼ 800 GeV. The single Higgs production amplitude with respect to the Standard Model is suppressed by 10% (a), equal

(b) or enhanced by 10% (c). We use CT10NLO PDFs and % ¼ MHH ¼ ffiffiffi
s

p
. The curves labeled Low Energy Theorem use the infinite

mass approximation to the rate.

6This result holds for arbitrary values of the parameters.
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We relate the deviations in the photon decay branching ratio to the deviation ! from the Standard Model single Higgs
production rate,6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"ðH ! !!Þ

"ðH ! !!ÞSM

s
¼ 1$ 24

47

"
4ð"þ 1Þ

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
$ ð"þ 2Þ sin#t$ þ " sin#bþ

ð"þ 2Þ sin#t$ $ " sin#bþ

#

$ 4

47
!
"
1þ 3ð"þ 2Þ sin#t$

ð"þ 2Þ sin#t$ $ " sin#bþ
$ 12ð"þ 1Þ

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
#
$ 6

47
!2 "þ 1

ðð"þ 2Þ sin#t$ $ " sin#bþÞ2
: (58)

Imposing only the bounds from electroweak precision ob-
servables, and performing a general scan over the input
parameters ", #bþ, #

b
$, #

t
þ [fixing #t$ through Eq. (41),

M ¼ 800 GeV and " in the range f$0:5; 2g], we find that

the Higgs branching ratio into photons can have large
differences from the Standard Model predictions, with
suppressions as large as 90% and enhancements up to
10%. Requiring also the single Higgs production rate to
be close to the Standard Model value puts severe con-
straints on these deviations. For a single Higgs production
amplitude equal to the Standard Model prediction, the
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FIG. 12 (color online). Differential double Higgs production cross section in the Standard Model and in the mirror fermion model for
#t$ ¼ $

2 , M ¼ 800 GeV. The single Higgs production amplitude with respect to the Standard Model is suppressed by 10% (a), equal

(b) or enhanced by 10% (c). We use CT10NLO PDFs and % ¼ MHH ¼ ffiffiffi
s

p
. The curves labeled Low Energy Theorem use the infinite

mass approximation to the rate.

6This result holds for arbitrary values of the parameters.
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Conclusions

• Di-Higgs process is elusive.

• In the SM, the signal rate is very small.

• It is very di�cult to have large NP e↵ects.
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