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We investigate the double Higgs production and decay at the 14 TeV LHC and 33 TeV HE-LHC in both
the standard model (SM) and Randall-Sundrum (RS) model. In our calculation we consider reasonably
only the contribution of the lightest two Kaluza-Klein (KK) gravitons. We present the integrated cross
sections and some kinematic distributions in both models. Our results show that the RS effect in the
vicinities of MHH ∼M1, M2 (the masses of the lightest two KK gravitons) or in the central Higgs rapidity
region is quite significant, and can be extracted from the heavy SM background by imposing proper
kinematic cuts on final particles. We also study the dependence of the cross section on the RS model
parameters, the first KK graviton mass M1, and the effective coupling c0, and find that the RS effect is
reduced obviously with the increment of M1 or decrement of c0.
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I. INTRODUCTION

The huge gauge hierarchy between the Planck scale and
electroweak (EW) scale in the standard model (SM)
motivates the proposal of new physics beyond the SM.
Among amounts of prospective candidates addressing the
hierarchy problem, extra dimension models stay distinctive
by taking into consideration the gravity effects at TeV scale.
There are two distinct mechanisms to eliminate the gauge
scale disparity in the higher dimensions scenario, the large
extra dimensions (LED) model, also known as the Arkani-
Hamed-Dimopoulos-Dvali (ADD) model [1], and the
Randall-Sundrum (RS) model [2].
In the scenario of the ADD model, the spacetime is

constituted by D ¼ 4þ n dimensions. The graviton can
travel in the D-dimensional bulk while the SM particles
are constrained to the normal (3þ 1)-dimensional brane.
The D-dimensional fundamental scale MD is related to
the effective four-dimensional Planck scale MPl via
M2

Pl ∼Mnþ2
D Rn, where R is the radius of the compactifi-

cation torus of the extra n dimensions. If R is large enough,
the fundamental scale can be around the EW scale (i.e.,
MD ∼ TeV); therefore, the gauge hierarchy problem is
solved. However, the ADD model reintroduces a new
hierarchy between the compactification scale R−1 ∼ eV −
MeV and the fundamental scaleMD ∼ TeV. In the scenario
of the RS model, there is only one extra spacial dimension,
which is compactified to an orbifold of the size of the order
ofM−1

Pl . The spacetime in the RS model is warped and has a
metric multiplied by an exponential factor that arises from
the background AdS5 spacetime. The gauge hierarchy
problem is solved by the exponential factor and the new
hierarchy in the ADD model is also avoided. Moreover, the
distinct characteristic of the Kaluza-Klein (KK) graviton

spectrum differing from that in the ADD model will lead to
rich phenomenology at TeV colliders.
The discovery of a new neutral boson with mass of

MH ∼ 126 GeV, which has promise to be the SM Higgs
boson, has been announced by both the ATLAS and CMS
collaborations at the CERN Large Hadron Collider (LHC)
[3]. It is of great interest for physicists to probe the
newfound particle’s properties to verify whether it is the
SM Higgs boson or the content of new physics. Moreover,
the measurement of couplings of the Higgs boson with
other particles as well as itself is desired to understand the
mechanism of electroweak symmetry breaking. The double
Higgs boson production provides an opportunity to probe
the Higgs trilinear self interaction and therefore reconstruct
the Higgs potential.
Up to now, the double Higgs boson production at the

LHC in the SM including the next-to-leading order (NLO)
QCD corrections has been calculated in Ref. [4]. The
evaluation for the next-to-next-to-leading order (NNLO)
QCD corrections to SM Higgs boson pair production at
hadron colliders within the large top-mass approximation
can be found in Ref. [5]. The Higgs boson pair production
at hadron colliders beyond the SM has also been explored,
such as in the SM with four generation quarks [6], littlest
Higgs model [7], universal extra dimensions model [8] and
supersymmetry as well as the LED model [9,10]. In
addition, the Higgs boson pair production via vector boson
fusion has been studied up to the QCD NNLO in the SM
[11] and type-II two-Higgs-doublet model [12].
In this paper, we study the possible RS effect on double

Higgs boson production at hadron colliders. The rest of this
paper is organized as follows: In Sec. II we give a brief
description of the RS model. The calculation setup of
related subprocesses is presented in Sec. III. In Sec. IV we
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present the numerical results and discussion. Finally, we
give a short summary in Sec. V. The relevant Feynman rules
are given in the appendix.

II. RELATED THEORY

The spacetime in the RS model is assumed to be a five-
dimensional bulk constituted of the (3þ 1)-dimensional
Minkowski spacetime and a warped extra dimension that is
compactified on an orbifold S1=Z2 with compactification
radius Rc. At the fixed points ϕ ¼ 0 and π of the orbifold,
two branes with opposite tensions, the ultraviolet (UV)
brane (Planck brane) and the infrared (IR) brane (TeV
brane), are set, respectively. It is assumed that the graviton
propagates in the whole bulk while the SM particles are
localized on the IR brane. By solving the corresponding
five-dimensional Einstein field equation, we get a non-
factorizable metric of the bulk as

ds2 ¼ e−2kRcjϕjημνdxμdxν þ Rc
2dϕ2; ð2:1Þ

where 0 ≤ jϕj ≤ π, ημν represents the ordinary Minkowski
metric, and k ∼OðMPlÞ is the curvature scale of AdS5.
The hierarchy between the Planck scale and EW scale is
therefore generated by the exponential warp factor e−kRcπ

via the relationship MPle−kRcπ ∼OðTeVÞ requiring not too
large Rc. To explore the gravity effects on the TeV brane at
ϕ ¼ π, one can expand the graviton field, treated as the
fluctuation around the background metric, into the RS KK

modes hðnÞμν upon compactification. Then the effective four-
dimensional interaction Lagrangian of the RS model is
given by [13]

L ¼ −
1

MPl
Tμνhð0Þμν −

1

Λπ
Tμν

X∞
n¼1

hðnÞμν ; ð2:2Þ

where Λπ ¼ MPle−kRcπ , MPl ¼ MPl=
ffiffiffiffiffiffi
8π

p
is the reduced

Planck scale, and Tμν represents the SM energy-momentum
tensor. The couplings of the zero mode (n ¼ 0) and massive
modes (n ¼ 1; 2;…) to SM particles are proportional to
1=M̄Pl and 1=Λπ , respectively. Because of the fact that
Λπ=MPl ∼Oð10−16Þ, the zero mode decouples from the
graviton mass spectrum. The mass of the nth RS KK
graviton can be written as

Mn ¼ xnke−kRcπ ¼ xn
x1

M1; ð2:3Þ

where xn is the nth root of the Bessel function, e.g.,
x1 ≃ 3.83, x2 ≃ 7.02, and x3 ≃ 10.17. The mass splitting
of the RS KK gravitons is of the TeVorder, which implies
that the RS KK gravitons can be produced as resonances at
multi-TeV colliders.
In this paper we choose the mass of the first KK mode

M1 and the effective coupling constant c0 ≡ k=MPl as the

two independent input parameters of the RS model. The
relevant Feynman rules of RS KK graviton couplings to
SM particles [14] are presented in the appendix. The
effective graviton propagator, defined as a sum over an
infinite tower of RS KK gravitons, in the de Donder gauge
can be expressed as

Gμν;αβ
KK ¼ 1

2
DðsÞ

�
ημαηνβ þ ημβηνα −

2

3
ημνηαβ

�
; ð2:4Þ

where

DðsÞ ¼
X∞
n¼1

i
s −M2

n þ iMnΓn
; ð2:5Þ

and Γn is the total decay width of the nth KK graviton
written as [15,16]

Γn ¼
1

16π
x2nMnc20Δn; ð2:6Þ

with

Δn ¼ Δγγ
n þ Δgg

n þ ΔWW
n þ ΔZZ

n þ
X
ν

Δνν
n þ

X
l

Δll
n

þ
X
q

Δqq
n þ ΔHH

n : ð2:7Þ

Δyy
n is the coefficient for the decay GðnÞ

KK → yy, and y is
the SM particle involved. The explicit expressions for
Δyy

n ðy ¼ γ; g;W; Z; ν; l; q;HÞ are given in Refs. [15,17].

III. CALCULATION SETUP

In our calculation we set the quark masses of the first two
generations to zero, i.e., mu ¼ mc ¼ md ¼ ms ¼ 0, and
consequently only consider top- and bottom-quark Yukawa
couplings with a Higgs boson. We use the dimensional
regularization scheme in D ¼ 4 − 2ϵ dimensions to isolate
UVand IR singularities and adopt the five-flavor scheme in
the convolution with parton distribution functions (PDFs).

A. Double Higgs boson production in the SM

Because of the masslessness of the first two generations
of quarks, the dominant contribution to the Higgs boson
pair production at a high energy hadron collider in the SM
is from the gg fusion and bb̄ annihilation partonic proc-
esses. Although the lowest order amplitude squared for
gg → HH is of the Oðα2ewα2sÞ, which is 2 orders of
magnitude in αs higher than that for bb̄ → HH, the gg
fusion subprocess can be dominant channel at TeV-scale
hadron colliders due to the high gluon luminosity. In this
paper we consider the gg → HH and bb̄ → HH partonic
processes only at the lowest order for the hadronic
production of the Higgs boson pair in the SM.
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1. Bottom-antibottom annihilation

The leading order (LO) contribution from the bb̄ → HH
channel at a high energy hadron collider in the SM is much
less than from the gg → HH channel, e.g., the LO con-
tributions from bb̄ → HH to the total cross section at the
14 TeV LHC and 33 TeV HE-LHC are less than 0.185%
and 0.163%, respectively. Therefore, it is reasonable to
include only the lowest order contribution for the bb̄ →
HH channel in the SM calculation. The tree-level Feynman
diagrams for the bb̄ → HH partonic process in the SM are
shown in Fig. 1. The cross section for bb̄ → HH is
expressed as

σ̂bb̄SMðŝÞ ¼
1

2

1

4

1

9

ð2πÞ4
4j~pj ffiffiffî

s
p

Z X
spin

X
color

jM0;bb̄
SM j2dΩ2; ð3:1Þ

where ~p is the three-momentum of one of the incoming

partons in the center-of-mass system, M0;bb̄
SM is the

Feynman amplitude for the tee-level diagrams in Fig. 1,
and dΩ2 is the two-body phase space element. The first
factor 1

2
is due to the two identical Higgs bosons of final

state, and the following two factors 1
4
and 1

9
are from the

averaging of spins and colors of initial state.

2. Gluon-gluon fusion

In Fig. 2 we demonstrate some representative Feynman
diagrams at the lowest order for the gg → HH partonic
process in the SM. They are all one-loop graphs and the full
one-loop amplitude for this partonic process, M1;gg

SM , is UV
and IR safe. The cross section for gg → HH at the lowest
order, σ̂ggSM, can be expressed as

σ̂ggSMðŝÞ ¼
1

2

1

4

1

64

ð2πÞ4
4j~pj ffiffiffî

s
p

Z X
spin

X
color

jM1;gg
SM j2dΩ2: ð3:2Þ

3. Integrated cross section

We denote σbb̄SM and σggSM as the integrated cross sections
for pp → bb̄ → HH þ X and pp → gg → HH þ X in the
SM, respectively. The two integrated cross sections can be
obtained by convoluting the parton-level cross sections,
σ̂bb̄SM and σ̂ggSM, with the corresponding PDFs,

σbb̄SM ¼
Z

1

0

dx1

Z
1

0

dx2½Gb=P1
ðx1; μfÞGb̄=P2

ðx2; μfÞ þ ð1 ↔ 2Þ�σ̂bb̄SMðŝ ¼ x1x2sÞ;

σggSM ¼ 1

2

Z
1

0

dx1

Z
1

0

dx2½Gg=P1
ðx1; μfÞGg=P2

ðx2; μfÞ þ ð1 ↔ 2Þ�σ̂ggSMðŝ ¼ x1x2sÞ; ð3:3Þ

where Gb;b̄;g=P are the PDFs of bottom, antibottom and
gluon in proton, xiði ¼ 1; 2Þ is the momentum fraction of a
parton in proton Pi, and μf is the factorization scale. Then
the integrated cross section for the parent process pp →
HH þ X in the SM is obtained as

σSM ¼ σggSM þ σbb̄SM: ð3:4Þ

B. Double Higgs boson production
in the RS model

In the framework of the RS model, the Higgs boson pair
can be produced via virtual KK graviton exchange, i.e.,

pp → gg=qq̄ → GKK → HH þ X; ðq ¼ u; d; c; s; bÞ;
ð3:5Þ

in addition to the production mechanism in the SM
mentioned in Sec. III A.

1. Tree-level contribution

In the SM, only the bb̄ annihilation can give a tree-level
contribution to the Higgs pair production at a hadron
collider. However, in the RS model both the gg fusion
and all the qq̄ðq ¼ u; d; c; s; bÞ annihilations can contribute
at tree level to the Higgs pair production via KK graviton
mediation, since the graviton field can couple with SM

FIG. 1. The tree-level Feynman diagrams for the bb̄ → HH
partonic process in the SM.

FIG. 2. The lowest-level Feynman diagrams for the gg → HH
partonic process in the SM, where Q represents massive quarks t
and b. (The diagrams with the exchange of initial and/or final
identical particles are not shown.)
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particles. The tree-level Feynman diagrams for gg=qq̄ →
GKK → HHðq ¼ u; d; c; s; bÞ are presented in Fig. 3. The
Feynman amplitudes for Figs. 3(a)–3(b) are denoted as
M0;gg

KK and M0;qq̄
KK , respectively. Therefore, the tree-level

amplitudes for the gg fusion and qq̄ annihilation subpro-
cesses in the RS model are

M0;gg
RS ¼ M0;gg

KK ðgg fusionÞ;
M0;qq̄

RS ¼ M0;qq̄
KK ðqq̄ annihilation; q ¼ u; d; c; sÞ;

M0;bb̄
RS ¼ M0;bb̄

SM þM0;bb̄
KK ðbb̄ annihilationÞ: ð3:6Þ

We denote the tree-level cross sections for gg → HH and
qq̄ → HH in the RS model as σ̂0;ggRS and σ̂0;qq̄RS , respectively.

Since the loop contribution from the SM-like diagrams
(shown in Fig. 2) for the gg fusion subprocess is rather
large, we include σ̂ggSM in the lowest order integrated cross
section for the parent process pp → HH þ X and therefore
obtain

σ0RS ¼ ½σggSM þ σ0;ggRS � þ
Xc;s;b
q¼u;d

σ0;qq̄RS

¼ 1

2

Z
1

0

dx1

Z
1

0

dx2½Gg=P1
ðx1; μfÞGg=P2

ðx2; μfÞ þ ð1 ↔ 2Þ�½σ̂ggSMðŝ ¼ x1x2sÞ þ σ̂0;ggRS ðŝ ¼ x1x2sÞ�

þ
Xc;s;b
q¼u;d

Z
1

0

dx1

Z
1

0

dx2½Gq=P1
ðx1; μfÞGq̄=P2

ðx2; μfÞ þ ð1 ↔ 2Þ�σ̂0;qq̄RS ðŝ ¼ x1x2sÞ: ð3:7Þ

2. NLO QCD corrections

Because of the smallness of bottom-quark density in the proton compared with the gluon and light quarks, the LO cross
sections contributed by the bb̄ → HH subprocess at the LHC and HE-LHC in the RS model are less than 0.181% and
0.153%, respectively. Therefore, we include only the LO contribution in the calculation of the bb̄ → HH subprocess in the
RS model. Some representative QCD one-loop diagrams for gg=qq̄ → HHðq ¼ u; d; c; sÞ involving KK graviton exchange
are shown in Fig. 4. The full one-loop amplitudes for the gg → HH and qq̄ → HHðq ¼ u; d; c; sÞ partonic processes in the
RS model can be written as

M1;gg
RS ¼ M1;gg

SM þM1;gg
KK ðgg fusionÞ;

M1;qq̄
RS ¼ M1;qq̄

KK ðqq̄ annihilation; q ¼ u; d; c; sÞ; ð3:8Þ

whereM1;gg
KK andM1;qq̄

KK are the one-loop amplitudes for gg → GKK → HH and qq̄ → GKK → HH, respectively. In order to
deal with the UV divergences, we introduce the quark and gluon wave-function renormalization constants as follows:

qðbareÞL;R ¼
�
1þ 1

2
δZq

L;R

�
qL;R; GaðbareÞ

μ ¼
�
1þ 1

2
δZG

�
Ga

μ: ð3:9Þ

FIG. 3. The tree-level Feynman diagrams for gg=qq̄ →
GKK → HH, where q ¼ u; d; c; s; b, and GKK represents the
KK graviton.

FIG. 4. The QCD one-loop Feynman diagrams for
gg=qq̄ → GKK → HHðq ¼ u; d; c; sÞ, where ug is the ghost for
gluon, GKK represents the KK graviton, and q0 in fermion loops
runs over u; d; c; s; t; b. (The diagrams with the exchange of the
initial two gluons are not shown.)
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By adopting the on-shell renormalization scheme, these renormalization constants are fixed as

δZq
L;R ¼ −

αsðμrÞ
4π

CFðΔUV − ΔIRÞ; ðq ¼ u; d; c; sÞ;

δZG ¼ −
αsðμrÞ
4π

��
4

3
nUVf TF −

5

3
CA

�
ΔUV −

�
4

3
nIRf TF −

5

3
CA

�
ΔIR

�

−
αsðμrÞ
6π

�
ln

μ2r
m2

t
þ ln

μ2r
m2

b

�
; ð3:10Þ

where CF ¼ 4
3
, CA ¼ 3, TF ¼ 1

2
, μr is the renormalization

scale, ΔUV;IR ¼ 1
ϵUV;IR

− γE þ ln 4π are UV and IR regula-

tors, nUVf ¼ 6 corresponds to the six flavors of quarks, and
nIRf ¼ 4 is the number of massless quarks. After performing
the renormalization procedure the UV singularities are
removed, and therefore the NLOQCD virtual corrections to
the gg → HH and qq̄ → HHðq ¼ u; d; c; sÞ partonic proc-
esses in the RS model, σ̂gg;VRS and σ̂qq̄;VRS ðq ¼ u; d; c; sÞ, are
UV finite.
The renormalized virtual corrections are UV finite, but

still contain soft (S) and collinear (C) IR singularities,
which can be canceled by adding the contributions of the
related real emission processes and PDF counterterms.
The real gluon emission partonic processes, gg=qq̄ →
HHgðq ¼ u; d; c; sÞ, have both soft and collinear IR
singularities that can be separated by applying the two
cutoff phase space slicing (TCPSS) method [18]. Two
cutoffs δs and δc are introduced in the TCPSS method to
divide the phase space into S, hard collinear (HC) and hard
noncollinear (HC) regions. Then the cross sections for the
real gluon emission partonic processes can be expressed as

σ̂ab;RRS ¼ σ̂ab;SRS þ σ̂ab;HC
RS þ σ̂ab;HC

RS ; ð3:11Þ

where ab ¼ gg; qq̄ correspond to the gg fusion and qq̄
annihilation, respectively. The hard noncollinear cross sec-

tion σ̂ab;HC
RS is IR finite, and the soft IR singularity in σ̂ab;SRS can

be canceled exactly by that in the virtual correction σ̂ab;VRS as
demonstrated by the Kinoshita-Lee-Nauenberg theorem
[19]. The collinear IR singularity in σ̂ab;HC

RS is partially
canceled by that in the virtual correction σ̂ab;VRS , and the
remaining collinear divergence can be absorbed by the
corresponding PDF counterterms. Then the full NLO
QCD corrections to the gg → HH and qq̄ → HHðq ¼
u; d; c; sÞ partonic processes in the RSmodel are obtained as

Δσ̂abRS ¼ σ̂ab;VRS þ σ̂ab;RRS þ σ̂ab;PDFRS ; ðab ¼ gg; qq̄Þ;
ð3:12Þ

whereq ¼ u; d; c; s and the superscriptsV,R, PDF represent
the virtual, real, and PDF counterterm contributions,
respectively.

The real light-quark emission partonic processes, gq →
HHq and gq̄ → HHq̄ðq ¼ u; d; c; sÞ, contain only collin-
ear IR singularities. We separate the phase space into C and
noncollinear regions by using the cutoff δc. The collinear
IR singularities in the real light-quark emissions are also
canceled by the PDF counterterms. Then we obtain the
corrections from the real light-quark emissions and corre-
sponding PDF counterterms as1

Δσ̂gqRS ¼ σ̂gq;RRS þ σ̂gq;PDFRS ;

Δσ̂gq̄RS ¼ σ̂gq̄;RRS þ σ̂gq̄;PDFRS ; ðq ¼ u; d; c; sÞ: ð3:13Þ

The PDF counterterm contributions in Eqs. (3.12)–(3.13)
can be expressed as

σ̂gg;PDFRS ¼ 2Pgg ⊗ σ̂0;ggRS ; σ̂qq̄;PDFRS ¼ 2Pqq ⊗ σ̂0;qq̄RS ;

σ̂gq;PDFRS ¼ σ̂gq̄;PDFRS ¼ Pgq ⊗ σ̂0;ggRS þ Pqg ⊗ σ̂0;qq̄RS : ð3:14Þ

Pgg, Pqq, Pgq, and Pqg are the QCD splitting functions [18],

PggðzÞ ¼ 6

�
z

1 − z
þ 1 − z

z
þ zð1 − zÞ

�
;

PqqðzÞ ¼ CF
1þ z2

1 − z
;

PgqðzÞ ¼ CF
1þ ð1 − zÞ2

z
;

PqgðzÞ ¼ TF½z2 þ ð1 − zÞ2�; ð3:15Þ

and the “⊗-convolution” is defined as

½P ⊗ σ̂�ðŝÞ ¼ 1

ϵ

�
αs
2π

Γð1 − ϵÞ
Γð1 − 2ϵÞ

�
4πμ2r
μ2f

�
ϵ
� Z

1

0

dzPðzÞσ̂ðzŝÞ:

ð3:16Þ

1Because of the charge parity conservation, the real emission
correction and corresponding PDF counterterm contribution for
gq → HHq are the same as for gq̄ → HHq̄, respectively, i.e.,
σ̂gq;RRS ¼ σ̂gq̄;RRS and σ̂gq;PDFRS ¼ σ̂gq̄;PDFRS .
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3. Integrated cross section

Because of the high gluon luminosity and low bottom-
quark density in the proton at the LHC and HE-LHC, we
include the Oðα2ewα2sÞ SM-like contribution [see Eq. (3.2)]
to the gg fusion and only consider the tree-level contribu-
tion to the bb̄ annihilation. Then the integrated cross
section for the double Higgs boson production at a pp
collider in the RS model can be written as

σRS ¼ σ0RS þ ΔσRS; ð3:17Þ

where ΔσRS is the full NLO QCD correction to the pp →
HH þ X process obtained by convoluting the parton-level
corrections, Δσ̂ggRS, Δσ̂qq̄RS, Δσ̂gqRS, and Δσ̂gq̄RS, with the
corresponding PDFs,

ΔσRS ¼
X
ab∈S

1

1þ δab

Z
1

0

dx1

×
Z

1

0

dx2½Ga=P1
ðx1; μfÞGb=P2

ðx2; μfÞ

þ ð1 ↔ 2Þ�Δσ̂abRSðŝ ¼ x1x2sÞ;
S ¼ fgg; qq̄; gq; gq̄jðq ¼ u; d; c; sÞg: ð3:18Þ

IV. NUMERICAL RESULTS AND DISCUSSION

A. Input parameters

The SM input parameters used in our calculation are
taken as [20,21]

αewð0Þ ¼ 1=137.035999074; mt ¼ 173.21 GeV;

mb ¼ 4.75 GeV;

MW ¼ 80.385 GeV; MZ ¼ 91.1876 GeV;

MH ¼ 126 GeV: ð4:1Þ

We checked numerically the independence of the integrated
cross section on the two cutoffs δs and δc, and take δs ¼
10−4 and δc ¼ δs=50 in further numerical calculation. We
adopt the MSTW2008nlo PDF set [22] with nf ¼ 5 and
αsðMZÞ ¼ 0.12018, and set the factorization and renorm-
alization scales being equal for simplicity, i.e., μf ¼
μr ¼ μ. To estimate the theoretical uncertainty from the
factorization/renormalization scale, we investigate the scale
dependence of the integrated cross sections in both the SM
and RS model. In this paper, we take μ0 ¼ MH and μ1 ¼
MHH (Higgs pair invariant mass) as two typical central
scales.
The theoretical constraint on the effective coupling c0 in

the RS model is c0 ∈ ½0.01; 0.1� [13]. Up to now, no
signature of the RS model has been observed and all the
experimental data are in good agreement with the SM

predictions, which gives more stringent constraints on the
RS model parameters. Recently a lower bound on the first
KK graviton mass was given by the ATLAS collaboration
at 95% confidence level as M1 > 1.23 and 2.68 TeV for
c0 ¼ 0.01 and 0.1, respectively [23]. In the following
numerical calculation we take M1 ¼ 2.75 TeV and c0 ¼
0.1 as the RS model input parameters. Then we obtain the
mass of the second KK graviton as M2 ¼ 5.04 TeV
from Eq. (2.3).
The effective graviton propagator is a sum over the

infinite tower of KK gravitons. Since the KK graviton mass
is proportional to the root of the Bessel function, which
increases notably, we may apply a cut on the number of
active KK gravitons instead of taking the infinite tower of
KK gravitons into consideration. We calculate the cross
section σ0RS for the Higgs pair production at the 14 TeV
LHC and 33 TeV HE-LHC with different numbers of active
KK gravitons, and find that the contribution of the nth ðn >
2Þ KK gravitons is less than 0.5% and can be neglected.
Therefore, in the following calculation we consider only the
dominant contribution of the first two KK gravitons.

B. Integrated cross section

In Table I we list the integrated cross sections for pp →
HH þ X in the SM and RS model, σSM and σRS, at the
14 TeV LHC and 33 TeV HE-LHC. In order to describe the
RS effect quantitatively, we define the relative RS effect as
δ ¼ ðσRS − σSMÞ=σSM. From the table we can see that the
relative RS effect is about 3.15% at the 14 TeV LHC, and
can reach 14.75% at the 33 TeV HE-LHC, which could be
detectable in experiment.
The RS effect is mainly contributed by the KK graviton

resonance production when partonic colliding energy is
greater than KK graviton mass. In order to enhance the RS
effect we apply a lower cut on the invariant mass of the final
Higgs boson pair as shown in Table II. In this table we
provide the integrated cross sections for pp → HH þ X in
both the SM and RS model and the corresponding relative
RS effects with the constraint of MHH > Mcut

HH at the
14 TeV LHC and 33 TeV HE-LHC. We can see clearly
that both σSM and σRS decrease, but the relative RS effect
increases, with the increment of the Higgs pair invariant
mass cut Mcut

HH. For example, the relative RS effects
are 3.21% and 14.92% at the 14 TeV LHC and 33 TeV
HE-LHC with the constraint of MHH > 300 GeV, and

TABLE I. The integrated cross sections for pp → HH þ X in
the SM and RS model (σSM and σRS) and the corresponding
relative RS effects at the 14 TeV LHC and 33 TeV HE-LHC with
μ ¼ μ1.ffiffiffi
S

p
(TeV) σSMðfbÞ σRSðfbÞ δð%Þ

14 14.8703(9) 15.339(1) 3.15
33 91.509(7) 105.01(1) 14.75
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increase to 336% and 791%, respectively, after applying the
cut of MHH > 1000 GeV.
In Table II we list both σ0RS and σRS in the RS model to

demonstrate the effect of the NLO QCD correction. We see
that the NLO QCD correction always enhances the LO
cross section in the RS model; therefore, neglecting the
NLO QCD correction would lead to an underestimation of
the RS effect. With the increment of Mcut

HH, the NLO QCD
correction in the RS model becomes more and more
significant, and the production rates for pp → HH þ X
in the SM and RS model go down quickly while the relative
RS effect increases rapidly. We can read out from the table

that the NLO QCD corrected cross section and the relative
RS effect are 0.601 fb, 336% at the 14 TeV LHC, and
15.15 fb, 791% at the 33 TeV HE-LHC, respectively, with
the constraint of MHH > 1000 GeV. In the following
calculation we fix the lower cut on the Higgs pair invariant
mass as Mcut

HH ¼ 1000 GeV.
In the SM the dominant channel for Higgs pair pro-

duction at hadron colliders is gluon-gluon fusion via the
virtual top quark. This production channel begins at one-
loop level; however, the higher order QCD corrections to
this process are quite significant. The NLO and NNLO
QCD corrections to the SM Higgs pair production at
hadron colliders within the large top-mass approximation
are already available in Ref. [5]. By using Eqs. (19)–(20) in
Ref. [5], we obtain that the NLO and NNLO QCD
K-factors for pp → gg → HH þ X in the SM at the
14 TeV LHC (33 TeV HE-LHC) are 1.873 (1.697) and
2.272 (2.029), respectively. It shows that the NLO and
NNLO QCD corrections enhance the LO cross section for
the gluon-gluon fusion Higgs pair production channel in
the SM significantly. When we take into account these
higher order QCD corrections, the relative RS effect will be
suppressed by the corresponding QCD K-factor approx-
imately. For example, the relative RS effects at the 14 TeV
LHC and 33 TeV HE-LHC for Mcut

HH ¼ 1000 GeV are
reduced to about 179% and 466%, respectively, if the NLO
QCD corrections to pp → gg → HH þ X in the SM are
taken into consideration.
Table III shows the dependence of the integrated cross

section on the factorization/ renormalization scale. We list
the integrated cross sections for pp → HH þ X in both the
SM and RS model (σSM, σ0RS, and σRS) at the 14 TeV LHC
and 33 TeV HE-LHC with μ ¼ μ0=2, μ0, 2μ0, μ1=2, μ1, and
2μ1, separately. To estimate the theoretical uncertainty from
the factorization/renormalization scale, we define the rel-

ative scale uncertainty as η ¼ σðμ¼μ0=2Þ−σðμ¼2μ0Þ
σðμ¼μ0Þ . Then we

obtain η ¼ 72% and 55% in the SM and η ¼ 15% and 11%
in the RS model at the 14 TeV LHC and 33 TeV HE-LHC,

TABLE II. The integrated cross sections (σSM, σ0RS and σRS) and
corresponding relative RS effects for the pp → HH þ X process
at the 14 TeV LHC and 33 TeV HE-LHC with μ ¼ μ1 for some
typical values of Mcut

HH . ffiffiffi
S

p ¼ 14 TeV
Mcut

HH (GeV) σSM (fb) σ0RS (fb) σRS (fb) δð%Þ
300 14.619 14.960 15.088 3.21
400 10.127 10.468 10.595 4.62
500 4.571 4.912 5.038 10.22
600 2.014 2.355 2.479 23.09
700 0.938 1.279 1.403 49.6
800 0.467 0.808 0.931 99.4
900 0.247 0.588 0.711 188
1000 0.138 0.478 0.601 336

ffiffiffi
S

p ¼ 33 TeV
Mcut

HH (GeV) σSM (fb) σ0RS (fb) σRS (fb) δð%Þ
300 90.30 100.57 103.77 14.92
400 66.24 76.51 79.71 20.33
500 33.35 43.61 46.81 40.36
600 16.44 26.70 29.89 81.81
700 8.54 18.81 21.99 157
800 4.72 14.99 18.17 285
900 2.77 13.03 16.21 485
1000 1.70 11.97 15.15 791

TABLE III. The integrated cross sections for the pp → HH þ X process in the SM and RS model at the 14 TeV
LHC and 33 TeV HE-LHC for some typical values of the factorization/renormalization scale.

ffiffiffi
S

p ¼ 14 TeV
μ μ0=2 μ0 2μ0 μ1=2 μ1 2μ1

σSM (fb) 0.52970(9) 0.36887(7) 0.26494(4) 0.18143(3) 0.13764(3) 0.10639(2)
σ0RS (fb) 1.41120(9) 1.07971(7) 0.85104(5) 0.54349(4) 0.47839(3) 0.40561(3)
σRS (fb) 0.9125(8) 0.8554(6) 0.7854(4) 0.6722(4) 0.6014(3) 0.5416(3)

ffiffiffi
S

p ¼ 33 TeV
μ μ0=2 μ0 2μ0 μ1=2 μ1 2μ1

σSM (fb) 4.9700(8) 3.7642(7) 2.9063(5) 2.1213(4) 1.7011(3) 1.3819(3)
σ0RS (fb) 24.504(2) 20.825(2) 17.951(2) 13.444(1) 11.965(1) 10.740(1)
σRS (fb) 20.18(3) 19.11(3) 18.09(2) 16.16(2) 15.15(2) 14.24(2)
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respectively. It shows that the integrated cross sections in
both the SM and RS model are sensitive to the factoriza-
tion/renormalization scale. However, it is more appropriate
to take the dynamic factorization/renormalization scale μ ¼
μ1 in the calculation of the pp → HH þ X process in the
RS model, because the contribution to the double Higgs
production at a high energy hadron collider is mainly from
the KK graviton resonance when

ffiffiffî
s

p
is larger than KK

graviton mass. In the following calculation we take μ ¼ μ1.

C. Kinematic distributions

Now we turn to the RS effect on the kinematic
distributions of final products. In Figs. 5(a)–5(b) we present
the Higgs pair invariant mass distributions for pp → HH þ
X in the SM and RS model at the 14 TeV LHC and 33 TeV
HE-LHC, respectively. As shown in the figures the SM-like
contribution to the MHH distribution is dominant in the
low invariant mass region, i.e., 1000 GeV < MHH <
1500 GeV. With the increment of MHH, the SM-like
contribution decreases significantly and the sensitivity to
KK graviton resonance becomes more obvious. This
behavior is also shown in Table II. From the two figures

we can see that there are two peaks around the masses of
the first two KK gravitons, i.e., MHH ∼M1 ¼ 2.75 TeV
and MHH ∼M2 ¼ 5.04 TeV, for the MHH distribution in
the RS model. It indicates that the resonances of the lightest
two KK gravitons contribute to the double Higgs boson
production significantly. Therefore, it is possible to apply a
mass window cut on the Higgs pair invariant mass to
enhance the RS effect.
In Figs. 6(a)–6(b) we depict the rapidity distributions of

final Higgs bosons for pp → HH þ X in both the SM and
RS model at the 14 TeV LHC and 33 TeV HE-LHC,
separately. Since there are two identical Higgs bosons in the
final state, we take the rapidities of both final Higgs bosons
as entries in the histograms.2 We define the relative RS
effect on the rapidity distribution of final Higgs bosons as
δðyHÞ ¼ ðdσRSdyH − dσSM

dyH Þ= dσSM
dyH . From the figures we see clearly

that the Higgs rapidity distributions in both the SM and RS
model and the relative RS effect concentrate in the central

FIG. 5. The Higgs pair invariant mass distributions for the pp → HH þ X process in the SM and RS model at (a) 14 TeV LHC and
(b) 33 TeV HE-LHC.

FIG. 6. The final Higgs boson rapidity distributions for the pp → HH þ X process in the SM and RS model at (a) 14 TeV LHC and
(b) 33 TeV HE-LHC.

2The histograms for rapidity as well as transverse momentum
distributions of final Higgs bosons (Figs. 6–7) should be divided
by 2 for normalization to the total cross section.
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rapidity region, and reach their maxima at yH ¼ 0. We can
read out from the figures that δðyH ¼ 0Þ ∼ 443% and
1083% at the 14 TeV LHC and 33 TeV HE-LHC,
respectively.
We also present the transverse momentum distributions

of final Higgs bosons for pp → HH þ X at the 14 TeV
LHC and 33 TeV HE-LHC in Figs. 7(a)–7(b), separately.
Similar to the data taking method in Figs. 6(a)–6(b), we
pick the transverse momenta of both final Higgs bosons and
fill them in the histograms in Figs. 7(a)–7(b). We can see
from Figs. 7(a)–7(b) that there are two peaks on each curve
for dσRS=dpH

T ; one is located at pH
T ∼ 1

2
M1 ¼ 1.375 TeV

and the other, which actually looks like a bulge, is
implicitly in the vicinity of pH

T ∼ 1
2
M2 ¼ 2.52 TeV. As

the increment of the pp colliding energy from 14 to 33 TeV,
the second bulge stands out and the RS effect is enhanced
in the highpH

T region. Fromall the distributions in Figs. 5(a)–
5(b), Figs. 6(a)–6(b), and Figs. 7(a)–7(b), we can see clearly
that the RS effect is significant in some kinematic regions,
such as MHH ∼M1;2, yH ∼ 0, and pH

T ∼ 1
2
M1;2.

D. RS model parameter dependence

We investigate the dependence of the integrated cross
section for pp → HH þ X on the RS model parametersM1

and c0. In our discussion we take c0 ¼ 0.03, 0.05, 0.07, 0.1,
and vary M1 in the range of [1.5,3.0] TeV. The integrated
cross sections at the 14 TeV LHC and 33 TeV HE-LHC are
depicted in Figs. 8(a)–8(b), respectively. The horizontal full
lines correspond to the cross sections in the SM. From the
figures we see that the integrated cross section in the RS
model decreases with the increment of the first KK graviton
massM1. For instance, we can read out from the curves for
c0 ¼ 0.03 that the integrated cross sections in the RS model
can reach 2.02 and 27.44 fb atM1 ¼ 1.5 TeV, and decrease
to 0.160 and 2.46 fb at M1 ¼ 3.0 TeV, which are almost
the same as the corresponding SM predictions, at the
14 TeV LHC and 33 TeV HE-LHC, respectively. We also
see that the integrated cross section in the RS model is
reduced obviously with the decrement of the effective
coupling c0. WhenM1 ¼ 2.75 TeV, c0 ¼ 0.03, 0.05, 0.07,
and 0.1, the relative RS effects for the pp → HH þ X
process at the 14 TeV LHC (33 TeV HE-LHC) are 30.5%
(72.0%), 84.8% (199%), 166% (391%), and 336% (791%),
correspondingly.

E. Double Higgs boson production with
semileptonic decay

We consider the Higgs pair production with subsequent
Higgs boson decays by employing the narrow width

FIG. 7. The final Higgs boson transverse momentum distributions for the pp → HH þ X process in the SM and RS model at
(a) 14 TeV LHC and (b) 33 TeV HE-LHC.

FIG. 8. The integrated cross sections for the pp → HH þ X process as functions of the first KK graviton mass M1 with c0 ¼ 0.03,
0.05, 0.07, and 0.1 at (a) 14 TeV LHC and (b) 33 TeV HE-LHC.
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approximation. The Higgs decay channels are chosen as
one Higgs boson decay to bb̄ and the other to τþτ−. The
branching ratios are obtained as BrðH → bb̄Þ ¼ 59.29%
and BrðH → τþτ−Þ ¼ 5.782% by using the HDECAY
program. In Figs. 9(a)–9(b), we demonstrate the HT

distributions for the signal process pp → HH →
bb̄τþτ− þ X in the SM and RS model at the 14 TeV
LHC and 33 TeV HE-LHC, respectively, where HT ¼P

ij~pTðiÞj is the scalar sum of the transverse momenta of
final quarks and leptons, i.e., b, b̄, τþ, and τ−. From the two
figures we find that theHT distribution in the RS model has
two peaks atHT ∼M1 andHT ∼M2, and behaves similarly
to the MHH distribution in the RS model. We also see that
the HT distribution in the SM declines seriously with the
increment of HT in the region of HT > 1000 GeV.
The separation between τþ and τ− on the rapidity-

azimuthal-angle plane is defined as ΔRτþτ− ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δy2 þ Δϕ2

p
, where Δy and Δϕ are the differences of

rapidity and azimuthal angle between τþ and τ−. We depict
the ΔRτþτ− distributions for pp → HH → bb̄τþτ− þ X in
the SM and RS model at the 14 TeV LHC and 33 TeV HE-
LHC in Figs. 10(a)–10(b), separately. From the figures we
see that the RS effect is quite significant in the region of
ΔRτþτ− < 0.4 and reaches its maximum atΔRτþτ− ∼ 0.2, but

is rather small and can be neglected when ΔRτþτ− > 0.9.
This characteristic is due to the fact that the RS effect mainly
comes from the resonant KK graviton production, in which
the final Higgs bosons are energetic and therefore the
separation between the sequentially produced τþ and τ−

is small. It is foreseeable that the distribution of the
separation between b and b̄ is almost the analogue to the
distribution between τþ and τ−, and therefore is not given in
this paper.
We also plot the transverse momentum distributions of

final τþ for pp → HH → bb̄τþτ− þ X in the SM and
RS model at the 14 TeV LHC and 33 TeV HE-LHC in
Figs. 11(a)–11(b), separately. Unlike the pH

T distribution
where the RS effect is obvious in high pH

T region, the RS
effect on the pτþ

T distribution is significant in the whole
plotted pτþ

T region, and becomes larger and larger with the
increment of pτþ

T in the region of pτþ
T < 1350 GeV. The

SM-like contribution is negligible when pτþ
T > 750 GeV.

In detecting the RS effect on the pp → HH →
bb̄τþτ− þ X process at the LHC or HE-LHC, we should
suppress the accompanied SM backgrounds. The main
backgrounds to the RS effect on Higgs pair production are
the pp → ZZ → bb̄τþτ− þ X, pp → ZH → bb̄τþτ− þ X,
pp → tt̄ → bb̄τþτ−ντν̄τ þ X processes, as well as the SM

FIG. 9. The HT distributions for the pp → HH → bb̄τþτ− þ X process in the SM and RS model at (a) 14 TeV LHC and (b) 33 TeV
HE-LHC.

FIG. 10. The ΔRτþτ− distributions for the pp → HH → bb̄τþτ− þ X process in the SM and RS model at (a) 14 TeV LHC and
(b) 33 TeV HE-LHC.
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contribution to the pp → HH → bb̄τþτ− þ X process. The
mass difference between the Z boson and Higgs boson is
about 35 GeV; therefore, almost all the bb̄τþτ− events from
ZZ and ZH productions can be excluded by applying the
invariant mass cuts of jMbb̄ −MHj ≤ 20 GeV and jMτþτ− −
MHj ≤ 20 GeV simultaneously. For tt̄ production with
subsequent decays t → Wþb → τþντb and t̄ → W−b̄ →
τ−ν̄τb̄, we apply pmiss

T < 50 GeV on the missing transverse
momentum in the final state to suppress this background. In
Table IV we list the signal event numbers (S), significances

( Sffiffiffiffiffiffiffi
SþB

p ), and relative RS effects for pp → HH → bb̄τþτ− þ
X at the 14 TeV LHC and 33 TeV HE-LHC with integrated
luminosities of L ¼ 600 and 1500 fb−1. For Mcut

bb̄τþτ− ¼ 0,
the relative RS effects are 3.15% and 14.75% and the signal
significances are about 4.7(7.4) and 13.1(20.8) for
L ¼ 600 fb−1 ð1500 fb−1Þ at the 14 TeV LHC and
33 TeV HE-LHC, respectively. With the increment of
Mcut

bb̄τþτ− , the signal event number declines seriously while
the significance raises at first and then declines. However,
the relative RS effect increases with the increment of

FIG. 11. The transverse momentum distributions of τþ for the pp → HH → bb̄τþτ− þ X process in the SM and RS model at
(a) 14 TeV LHC and (b) 33 TeV HE-LHC.

TABLE IV. The signal event numbers, significances and relative RS effects for pp → HH → bb̄τþτ− þ X at the
14 TeV LHC and 33 TeV HE-LHC with L ¼ 600 and 1500 fb−1.

ffiffiffi
S

p ¼ 14 TeV

Mcut
bb̄τþτ− (GeV)

S Sffiffiffiffiffiffiffi
SþB

p
δð%Þ

L ¼ 600 fb−1 L ¼ 1500 fb−1 L ¼ 600 fb−1 L ¼ 1500 fb−1

0 631 1577 4.7 7.4 3.15
300 621 1552 6.4 10.0 3.21
400 436 1090 13.6 21.5 4.62
500 207 518 12.9 20.3 10.22
600 102 255 9.7 15.4 23.09
700 58 144 7.5 11.9 49.6
800 38 96 6.2 9.7 99.4
900 29 73 5.4 8.5 188
1000 25 62 5.0 7.9 336

ffiffiffi
S

p ¼ 33 TeV

Mcut
bb̄τþτ− (GeV)

S Sffiffiffiffiffiffiffi
SþB

p
δð%Þ

L ¼ 600 fb−1 L ¼ 1500 fb−1 L ¼ 600 fb−1 L ¼ 1500 fb−1

0 4319 10797 13.1 20.8 14.75
300 4269 10672 17.4 27.5 14.92
400 3279 8198 37.8 59.8 20.33
500 1926 4814 39.9 63.0 40.36
600 1230 3074 34.4 54.4 81.81
700 905 2262 30.0 47.4 157
800 747 1869 27.3 43.2 285
900 667 1667 25.8 40.8 485
1000 623 1557 25.0 39.5 791

DOUBLE HIGGS BOSON PRODUCTION AND DECAY IN … PHYSICAL REVIEW D 92, 116005 (2015)

116005-11



Mcut
bb̄τþτ− . As the increment of Mcut

bb̄τþτ− to 500 GeV, the
signal event number drops to 207(518) and 1926(4814) for
L ¼ 600 fb−1 ð1500 fb−1Þ at the 14 TeV LHC and 33 TeV
HE-LHC, separately, but the RS effect could remain at a
visible level and the signal significance is also prominent. If
we take a more stringent constraint ofMbb̄τþτ− >1000GeV,
which is not the optimum invariant mass cut for signal
significance, the relative RS effects can reach about 336%
and 791% at the 14 TeV LHC and 33 TeV HE-LHC,
respectively. Therefore, we conclude that the double Higgs
production is a promising process to explore the RS effect
at the LHC and HE-LHC.

V. SUMMARY

In this work we study the possible Randall-Sundrum
effect on the double Higgs boson production at the 14 TeV
LHC and 33 TeV HE-LHC. We consider only the lightest
two KK gravitons that provide the dominant contribution to
the RS effect. We present the integrated cross sections and
some kinematic distributions of final products in both the
SM and RS model. The results show that the relative RS
effect in the vicinities of MHH ∼M1, M2 or in the central
Higgs rapidity region is quite significant. We find that with
the increment of Mcut

HH, the integrated cross section in the
SM declines more quickly than that in the RS model and
then the relative RS effect becomes significant. We con-
clude that with proper kinematic cuts the double Higgs
boson production process is promising in detecting the RS
effect. We also investigate the dependence of the integrated
cross section on the RS model parameters M1 and c0, and
find that the integrated cross section is reduced obviously
with the increment of the first KK graviton mass M1 or the
decrement of the effective coupling c0. We find that if we
take pp → HH → bb̄τþτ− þ X as the signal process to
probe the RS effect, it is possible to extract the RS effect on
the signal events from the heavy SM background by
choosing proper kinematic cuts on final particles.
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APPENDIX: THE RELEVANT
FEYNMAN RULES

The relevant RS couplings [14] used in our calculation
are listed below:

(i) Gμν
KKðk3Þ −Hðk1Þ −Hðk2Þ vertex:

−i
1

Λπ
½ημνðm2

H þ k1 · k2Þ − kμ1k
ν
2 − kν1k

μ
2�; ðA1Þ

(ii) Gμν
KKðk3Þ − ψ̄ðk1Þ − ψðk2Þ vertex:

− i
1

4Λπ
½γμðk1 þ k2Þν þ γνðk1 þ k2Þμ

− 2ημνðk1 þ k2 − 2mψÞ�; ðA2Þ

(iii) Gμν
KKðk4Þ − ψ̄ðk1Þ − ψðk2Þ − Aaρðk3Þ vertex:

igs
1

2Λπ
½γμηνρ þ γνημρ − 2γρημν�Ta; ðA3Þ

(iv) Gμν
KKðk3Þ − Aaρðk1Þ − Abσðk2Þ vertex:

i
2

Λπ
δab½ðCμνρστβ − CμνρβστÞk1τk2β þ

1

ξ
Eμνρσðk1; k2Þ�;

ðA4Þ

(v) Gμν
KKðk4Þ − Aaρðk1Þ − Abσðk2Þ − Acλðk3Þ vertex:

2

Λπ
gsfabc½ðk1 − k3ÞτCμντσρλ þ ðk2 − k1ÞτCμνσρτλ

þ ðk3 − k2ÞτCμνλστρ�; ðA5Þ

(vi) Gμν
KKðk5Þ − Aaρðk1Þ − Abσðk2Þ − Acλðk3Þ − Adδðk4Þ

vertex:

− i
1

Λπ
g2s ½feacfebdDμνρσλδ þ feabfecdDμνρλσδ

þ feadfebcDμνρσδλ�; ðA6Þ

(vii) Gμν
KKðk3Þ − η̄aðk1Þ − ηbðk2Þ vertex:

−i
2

Λπ
δabBαβμνk1αk2β; ðA7Þ

(viii) Gμν
KKðk4Þ − η̄aðk1Þ − ηbðk2Þ − Acρðk3Þ vertex:

2

Λπ
gsfabcBαρμνk1α; ðA8Þ

whereGμν
KK ,H, ψ , Aaρ, and ηa represent the fields of the RS

KK graviton, Higgs boson, fermion, gluon, and ghost for
gluon, respectively. In our calculation we adopt the
Feynman gauge, i.e., ξ ¼ 1. The tensor coefficients
Bμναβ, Cρσμναβ, Dμνρσλδ, and Eμνρσðk1; k2Þ are expressed
as [24]

ZHANG WEN-JUAN et al. PHYSICAL REVIEW D 92, 116005 (2015)

116005-12



Bμναβ ¼ 1

2
ðημνηαβ − ημαηνβ − ημβηναÞ;

Cρσμναβ ¼ 1

2
½ηρσημνηαβ − ðηρμησνηαβ þ ηρνησμηαβ þ ηραησβημν þ ηρβησαημνÞ�;

Dμνρσλδ ¼ ημνðηρσηλδ − ηρδηλσÞ þ ½ημρηνδηλσ þ ημληνσηρδ − ημρηνσηλδ − ημληνδηρσ þ ðμ ↔ νÞ�;
Eμνρσðk1; k2Þ ¼ ημνðkρ1kσ1 þ kρ2k

σ
2 þ kρ1k

σ
2Þ − ½ηνσkμ1kρ1 þ ηνρkμ2k

σ
2 þ ðμ ↔ νÞ�: ðA9Þ
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