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We show that the mixed gravitational/gauge superstring amplitudes describing decays of massless closed
strings — gravitons or dilatons - into a number of gauge bosons, can be written at the tree (disk) level
as linear combinations of pure open string amplitudes in which the graviton (or dilaton) is replaced by a
pair of collinear gauge bosons. Each of the constituent gauge bosons carry exactly one half of the original

closed string momentum, while their +1 helicities add up to +2 for the graviton or to O for the dilaton.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

Quantization of gravitational waves yields gravitons: massless
spin 2 particles with two polarized degrees of freedom (helicity
+2 =++ and —2 = ——) in four dimensions. While the existence
of gravitational waves is well established, the detection of indi-
vidual gravitons may be impossible due to extremely low cross
sections. Nevertheless, theoretical understanding of gravitons and
their interactions is a prerequisite for constructing a viable theory
of quantum gravity.

Superstring theory offers an interesting insight into gravitons.
In this framework, they appear as zero modes of closed strings. On
the other hand, it is known that zero modes of open strings give
rise to spin 1 gauge bosons. With the closed string seen as a loop
of two open strings connected at both ends, graviton appears to
be a “bound state” of two vector bosons. This is also suggested by
the form of graviton vertex operator: in type II superstring theory,
it is a product of two spin 1 vertex operators (from the left- and
right-moving sectors of world-sheet excitations). Helicity ++ ap-
pears as a superposition of two helicity + states while helicity ——
comes as a superposition of two helicity — states. In addition, the
products +— and —+ create two degrees of freedom of the scalar
(complex) superstring dilaton.

In 1985, Kawai, Lewellen and Tye (KLT) [1] derived a formula
which expresses any closed string tree amplitude in terms of a sum
of the products of appropriate open string tree amplitudes. At the
level of zero modes, KLT relations allow expressing the graviton
and dilaton amplitudes in terms of products of gauge boson am-
plitudes. The existence of such relations means that, at least in
the leading order of perturbation theory, the content of Einstein’s
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gravity is encoded in Yang-Mills (YM) theory. The quadratic form
of KLT relations is perfectly consistent with the heuristic picture
of a closed string as a loop of two open strings. In fact, string
field theory suggests a similar description [2]. This does not help,
however, in answering the question of whether the graviton can
be considered as a pair of gauge bosons beyond the world-sheet,
as an actual bound state in physical space-time. One alternative
description has been developed in [3,4], by constructing closed
superstring amplitudes through the “single-valued” projection of
open superstring amplitudes. This projection yields linear relations
between the functions encompassing effects of massive closed and
open superstring excitations, to all orders in the inverse string
tension «’. They reveal a deeper connection between gauge and
gravity string amplitudes than what is implied by the KLT rela-
tions, but they do not provide new insight into their o’ — 0 field
theory limit.

In this Letter, we present a linear relation between the ampli-
tude for the decay of one massless closed string state, i.e. a gravi-
ton or a dilaton, into an arbitrary number N — 2 of gauge bosons
and a sum of purely open string amplitudes involving N gauge
bosons. The sum involves so-called partial amplitudes associated
to particular gauge group factors. The original closed string state
is replaced by two vector bosons, each of them carrying exactly
one half of its momentum, and its helicity is split in the same way
as in string vertex operators. In the forthcoming publication [5],
we will show that in all open and closed string amplitudes, gravi-
tons and dilatons can be replaced by pairs of such collinear vectors
bosons.

Although our derivation utilizes full-fledged Type II super-
string theory, it is instructive to discuss the field theory limit
(i.e. the zero slope o’ = 0 limit of Regge trajectories) of mixed
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gravitational/gauge interactions. This limit is described by
Einstein-Yang-Mills (EYM) theory coupled to the dilaton.! All tree
level amplitudes can be constructed by using the recursion rela-
tions derived by Britto, Cachazo, Feng and Witten (BCFW) [8], with
the basic building blocks provided by the following three-point
amplitudes:

iy (12)°
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A(1T7, 247,37 = 3P
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where we used superscripts to label helicity states, with +— and
—+ assigned to the dilaton and its complex conjugate, respectively.
We are using standard notation of the helicity formalism, see [9].
The mass dimension (—1) gravitational coupling /k is implied
by the above expressions. In addition, three gauge bosons inter-
act with the well known Yang-Mills amplitude
3
A(17,27,3%) = &, (2)
(23)(31)

where we omitted the (dimensionless) gauge coupling constant.

A good example of an amplitude involving both gravitational
and gauge couplings is the amplitude for the graviton decay into
three gauge bosons. In this case,

4
A(H 23 ) = 0 3)
(12)(23)(31)

which can be obtained either by using BCFW recursion relations
or by a straightforward Feynman diagram calculation. In this Let-
ter, we focus on the amplitudes similar to (3), describing gravitons
and dilatons decaying into an arbitrary number of gauge bosons.
In string theory, these are disk amplitudes with one closed string
vertex insertion on the world-sheet and a number of open strings
attached at the boundary.

In order to compute the amplitudes, it is convenient to use the
“doubling trick,” to convert disk correlators to the standard holo-
morphic ones by extending the fields to the entire complex plane
[10]. Furthermore, the integration over positions of world-sheet
symmetric closed string states (such as graviton or dilaton) can be
extended from the half-plane covering the disk to the full complex
plane. Open string vertices representing N — 2 gauge bosons with
momenta p;j, i=1,...,N — 2 (in an arbitrary helicity configura-
tion) are inserted on the real axis at x;, while a single closed string
vertex operator, which represents the graviton or dilaton with mo-
mentum g, is inserted at complex z. All momenta are restricted to
four dimensions, with p,.2 = g% = 0 (although the following deriva-
tion is independent on the space-time dimension and can be ad-
justed to massive states). The amplitudes involve integrals of the
form
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1 For early work on EYM scattering amplitudes, see Ref. [6]; for more recent work,
see [7].
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where we included the momentum-conserving delta function and
divided by the volume Vckg of the conformal Killing group. The
powers n;s, N, fj, n are some integer numbers. To be specific, we
focus on the amplitude associated to one particular Chan-Paton
factor (partial amplitude), Tr(T'T2 ... TN=2), with the integral over
ordered x; <Xz <...<XN_2.

The techniques for evaluating generic disk integrals involving
both open and closed strings have been developed in [11]. For the
concrete case (4), we write the complex integral as an integral over
holomorphic and anti-holomorphic coordinates, by following the
method proposed in [1]. After writing z = z; + iz, the integrand
becomes an analytic function of z, with 2(N — 2) branch points
at +i(x; — z1). We then deform the z,-integral along the real axis
Im(z) =0 to the pure imaginary axis Re(zp) = 0. In this way, the
variables
—izp=z (5)

E§=z1+in=z n=z

become real. After changing the integration variables (z1,z3) —

(&, n) (with the Jacobian det "52;2)) = %), Eq. (4) becomes an inte-

gral over N real positions x;, &,

Fy = Vs (Zk)/ndx,[odsfdn
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X (xi — &) (x;i — ™, (6)
with the open string momenta k; = p,, r=1,...,N — 2 and the
closed string momentum split in half:
1
kN_1 = kN = zq. (7)

Eq. (6) resembles a generic open string integral involving N open
strings with external momenta k; supplemented by the extra phase
factors

(X, €,1) = eZJTfOl’kikNﬂ*(Xifé)(xifn)]7 (8)
where 6 denotes the Heaviside step function. These monodromy
factors (8) account for the correct branch of the integrand, making
the integral well defined. Note that the phases, which are indepen-
dent on the integers n, n;, n;,n do not depend on the particular
values of integration variables, but only on the ordering of & and
n with respect to the original N — 2 vertex positions. In this way,
the original integral becomes a weighted (by phase factors) sum of
integrals, each of them having the same form as the integrals ap-
pearing in N-point (partial) open string amplitudes, with the ver-
tices inserted at x;, [=1, ..., N, where we identified xy_1 =& and
xn = 1. Note that the order of the original N — 2 positions remains
unchanged. Since the graviton as well as dilaton vertices factorize
into two gauge bosons inserted at z =& =xy_1 and Z =1n = xy, we
conclude that the amplitude A(1,2,..., N —2;q) describing gravi-
ton (or dilaton) decays into N — 2 gauge bosons can be written as
a weighted sum of pure open string amplitudes with the graviton
(or dilaton) replaced by a pair of collinear gauge bosons, each of
them carrying exactly one-half of its momentum, cf. Eq. (7).
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In order to express the partial amplitude A(1,2,...,N—2;q) in
terms of N-point open string amplitudes, we need to analyze the
phase factors. For a given x; <& <x;4q1 with [=2,...,N — 3 the
phase factor (8) in the integrand can be accommodated by con-
sidering respective contours in the complex n-plane. After fixing
the position of the first open string vertex at x; = —oo we have
the situation depicted in Fig. 1. Quite generally, around all open
string vertex positions x; < & the contour goes clockwise, while for
x; > & anti-clockwise. In either case we can deform the contour to
the left or right. To obtain a minimal set of integration regions for
X <§&< Xpyy we move the contours to the left, cf. Fig. 2. On the
other hand, for Xrng < & < xy_2 we swap the contour to the right.
This way for each region x; <& <x;41 withl=2,..., f%] -1 we
obtain a residual contour of | — 1 loops starting from x; = —oco and
encircling the [ — 1 points X, ...,x;. On the other hand, for each
region x; < & < x41 with [ = [%],...,N — 3 we get a contour of
N —2—1 loops starting from +oc and encircling the N —2 —1 points
XN—2, ..., Xi41. In total we obtain ([57—2)(| %] —1) terms:

A(1,2,...,N=2;q)

r3-1

I !
= Zsin(n ZSI,N1>
i=2 j=i

=2
xA(,...,i—1,N,i,...,IN—=1,1+1,...,N—=2)
N-3 N-2 i
+ Z sin(n Z sj,N1>
1;,’%] i=l+1 j=I+1

xAQ,....,LN—=1,1+1,...;i,N;ji+1,...,N—2), (9)

where s; j = sij = 2a’kik;j. On the rh.s., according to (7) ky—1 =
kn =q/2, and the helicities of respective (labeled by N — 1 and N,
respectively) gauge bosons are determined by the graviton (—— or
++), or by the dilaton (+— or —+). Note that in the zero slope
o’ — 0 limit sin(;rsg) — sy all N-point open string amplitudes
become pure Yang-Mills subamplitudes:

Apym(1,2,...,N—2;q)

x Aym(1,...,i—1,N,i,...,LN—-1,1+1,...,N—2)

tr Nf NZZ( Z Sf’N—l)

lzl'%]i=l+l j=l+1
x Aym(1,...,LN—=1,141,...,i,N,i+1,...,N—2).
(10)

Let us consider some examples with a small number of external
particles.” For N=5,6 and N =7 our formula (9) yields:

A(1,2,3;q) =sin(ms24)A(1,5,2,4,3), (11)
A(1,2,3,4;q) =sin(sy5)A(1,6,2,5,3,4)
+sin(mwsas)A(1,2,3,5,4,6), (12)

A(1,2,3,4,5;q) =sin(s6)A(1,7,2,6,3,4,5)
+ sin(rs3g)A(1,2,7,3,6,4,5)
+ sin[7 (s36 + 526)]A(1,7,2,3,6,4,5)
+sin(sse)A(1,2,3,4,6,5,7). (13)

The first two cases have already been worked out in [11]. However,
let us investigate their structure in more detail.

In order to make connection with EYM theory, let us take the
zero slope limit of Eq. (11), for the same helicity configuration as
in Eq. (3):

A(1F, 24,3777 ) =msaaAym(17,57,2%,47,37)
(¢’ —0). (14)
The Yang-Mills amplitude is the maximally helicity violating

+ 5= ot 4— 3- [12*
AYM(l ,57,27,47.3 )=4—2 (15)
[1q1[g31[13][24]
where we set [4] = |5] = %, cf. Eq. (7). After using sp4 = 22 = &
and momentum conservation, we find that the graviton amplitude
agrees with Eq. (3), up to an overall factor which is necessary in
order to convert string mass units into the gravitational /k. On
the other hand, at the full-fledged string level of Eq. (11), we can
use the expression for the five-point open superstring amplitude

2 A formula similar to Eq. (10) has been considered before in Ref. [12].
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A(1,5,2,4,3) [13], and take its collinear limit, i.e. S12 =S5, S;3 =1,
$34 = 3, S45 =0 and ss51 = 4, cf. Eq. (7), to obtain

t s u
A(1,2,3;9) = -Aym(1,5,2,4,3)sviF| =, = | 1> (16)
2 2 2

where?
ra ra
F(S’u)=w (17)
I'l+s+u)

is the four-point open superstring formfactor and sv is the single-
valued projection,* previously discussed in the string context in
[3,4]. Alternatively, we can use the well-known relation [14]

s25Aym(1,5,2,4,3) = —s12Aym(1, 2,3,4,5)
—(s12 +523)Aym(1, 3, 2,4,5), (18)

to rewrite (16) as:

A(1,2,3;9) = —w[sAym(1,2,3,4,5)

—tAym(1,3,2.4, 5)]SV{F(%,%>}. (19)

Note that in (16) and (19) the single-valued projection eliminates
all powers of ¢, in the a’-expansion of the amplitude A(1, 2, 3; q).
This is special for final states with two or three gauge bosons; with
more gauge bosons in the final state, the amplitudes will start re-
ceiving contributions from the ¢, (F W)A‘ effective interaction terms.

Next, let us discuss the five-point amplitude (12). Here, we
use the expressions for six-point open superstring amplitudes
A(1,2,3,5,4,6) and A(1,6,2,5,3,4) [13], and take their collinear
limit. Six-point string functions depend on nine kinematic invari-
ants: siiy1 =a'(ki +kiy1)?, i=1,...,6 mod 6, and t; = a'(ky +
ko + k3)2, t = o/ (ky + k3 + ks)?, t3 = o’ (k3 + k4 + k5)%. In the
collinear limit of Eq. (7), S12 = S1, S23 = S2, S34 = S3, S45 = 374,
s56 =0, Sg1 = 575 and t] =54, t) =S5, t3 = 371 + 573 (cf. [15]), where
Si=Sii+1, 1=1,...,5 mod 5, are the five-point kinematic invari-
ants. In this way, we obtain

A(1,2,3,4:q) = {FeaAym(1,6,2,5,3,4)
+ Fep[Aym(1,6.5,2,3,4)
+ Aym(1,5,6,2,3,4)]} + (1 < 3), (20)

with the o’ expansions:

15s5(s1 —S3—5
Fgq = _ 13561 255 = 50) 1- éh—2(25152 — S184 + $354 — S4S5)
2 S4 2
+0(a'?),
1 S5
Fep = 55{(54 + 55) — £2(525354 + 515255 — 525455)
+0(a'?). (21)

The collinear limits of Yang-Mills amplitudes have been stud-
ied for a long time [9]. Partial amplitudes with adjacent (in the
gauge group trace factor) gauge bosons, like number 4 and 5 on
the r.h.s. of Egs. (19) and (18), contain collinear divergences and, at
the leading order, factorize into a divergent factor times the ampli-
tude with the collinear pair replaced by a single particle [9]. These
leading divergences cancel in Eq. (19), as it is clear from Eq. (18).

3 According to the definition in Eq. (6) we have F5 = ”{sv{F(%,
4 1t is worth mentioning that sv{F (s, u)} = sv{F (s, t)} = sv{F(t, u)

)

[N

The collinear limits on the r.h.s. of Eq. (9) do not contain singular-
ities because the relevant gauge bosons are not adjacent. It would
be very useful to have some compact formulas for such limits.
They would require understanding the case of adjacent collinear
gauge bosons at the subleading level.”> For full-fledged string am-
plitudes, one also needs collinear limits of string formfactors, as in
Eq. (21), to all orders in «’.

It is tempting to think of the two gauge bosons - that substi-
tute for the graviton or dilaton in the scattering amplitudes - as
their constituent particles. The idea that gravity may be induced
by some other interactions was contemplated long ago by Andrei
Sakharov [18] (see also [19]), but it has never been implemented
in a satisfactory theoretical framework. It is clear that Weinberg-
Witten theorem [20] represents a significant (but hopefully sur-
mountable) obstacle to graviton compositeness, so it would be
interesting to see how it works in the context of amplitude rela-
tions derived in this work. In order to seriously consider gravitons
as bound states of gauge bosons, one would have to understand
the monodromy factors of Eq. (9) in terms of two-particle wave
functions of the underlying gauge (open superstring) theory.

Acknowledgements

We are grateful to CERN Theory Unit, where a substantial por-
tion this work was performed, for its hospitality and financial sup-
port. This material is based in part upon work supported by the
National Science Foundation under Grants Nos. PHY-0757959 and
PHY-1314774. Any opinions, findings, and conclusions or recom-
mendations expressed in this material are those of the authors and
do not necessarily reflect the views of the National Science Foun-
dation.

References

[1] H. Kawai, D.C. Lewellen, S.H.H. Tye, A relation between tree amplitudes of
closed and open strings, Nucl. Phys. B 269 (1986) 1.

[2] W. Siegel, Hidden gravity in open string field theory, Phys. Rev. D 49 (1994)
4144, arXiv:hep-th/9312117.

[3] S. Stieberger, Closed superstring amplitudes, single-valued multiple zeta val-
ues and the Deligne associator, J. Phys. A 47 (2014) 155401, arXiv:1310.3259
[hep-th].

[4] S. Stieberger, T.R. Taylor, Closed string amplitudes as single-valued open string
amplitudes, Nucl. Phys. B 881 (2014) 269, arXiv:1401.1218 [hep-th].

[5] S. Stieberger, T.R. Taylor, in preparation.

[6] Z. Bern, A. De Freitas, H.L. Wong, On the coupling of gravitons to matter, Phys.
Rev. Lett. 84 (2000) 3531, arXiv:hep-th/9912033.

[7] M. Chiodaroli, M. Gunaydin, H. Johansson, R. Roiban, Scattering amplitudes in
N =2 Maxwell-Einstein and Yang-Mills/Einstein supergravity, arXiv:1408.0764
[hep-th].

[8] R. Britto, F. Cachazo, B. Feng, E. Witten, Direct proof of tree-level recursion
relation in Yang-Mills theory, Phys. Rev. Lett. 94 (2005) 181602, arXiv:hep-
th/0501052.

[9] M.L. Mangano, S.J. Parke, Multiparton amplitudes in gauge theories, Phys. Rep.
200 (1991) 301, arXiv:hep-th/0509223;

LJ. Dixon, Calculating scattering amplitudes efficiently, in: QCD and beyond,
Boulder, 1995, pp. 539-582, arXiv:hep-ph/9601359.

[10] V.A. Kostelecky, O. Lechtenfeld, S. Samuel, Covariant string amplitudes on exotic
topologies to one loop, Nucl. Phys. B 298 (1988) 133.

[11] S. Stieberger, Open & closed vs. pure open string disk amplitudes,
arXiv:0907.2211 [hep-th].

[12] Y.X. Chen, YJ. Du, B. Feng, On tree amplitudes with gluons coupled to gravitons,
J. High Energy Phys. 1101 (2011) 081, arXiv:1011.1953 [hep-th].

[13] C.R. Mafra, O. Schlotterer, S. Stieberger, Complete N-point superstring disk
amplitude 1. Pure spinor computation, Nucl. Phys. B 873 (2013) 419,
arXiv:1106.2645 [hep-th];

C.R. Mafra, O. Schlotterer, S. Stieberger, Complete N-point superstring disk am-
plitude II. Amplitude and hypergeometric function structure, Nucl. Phys. B 873
(2013) 461, arXiv:1106.2646 [hep-th].

5 In the soft limit, subleading divergences of graviton and Yang-Mills amplitudes
have been recently studied in Refs. [16] and [17], respectively.


http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4B617761695851s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4B617761695851s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib53696567656C534Bs1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib53696567656C534Bs1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib53746965626572676572574541s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib53746965626572676572574541s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib53746965626572676572574541s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib53746965626572676572484241s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib53746965626572676572484241s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4265726E4258s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4265726E4258s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4368696F6461726F6C69584941s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4368696F6461726F6C69584941s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4368696F6461726F6C69584941s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib42726974746F4651s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib42726974746F4651s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib42726974746F4651s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib6E6F746174696F6Es1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib6E6F746174696F6Es1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib6E6F746174696F6Es2
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib6E6F746174696F6Es2
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4B6F7374656C65636B795058s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4B6F7374656C65636B795058s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib537469656265726765724851s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib537469656265726765724851s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4368656E4354s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4368656E4354s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4D616672614E5669s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4D616672614E5669s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4D616672614E5669s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4D616672614E5669s2
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4D616672614E5669s2
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4D616672614E5669s2

S. Stieberger, T.R. Taylor / Physics Letters B 739 (2014) 457-461 461

[14] Z. Bern, ].J.M. Carrasco, H. Johansson, New relations for gauge-theory ampli-
tudes, Phys. Rev. D 78 (2008) 085011, arXiv:0805.3993 [hep-ph].

[15] S. Stieberger, T.R. Taylor, Multi-gluon scattering in open superstring theory,
Phys. Rev. D 74 (2006) 126007, arXiv:hep-th/0609175.

[16] FE. Cachazo, A. Strominger, Evidence for a new soft graviton theorem,
arXiv:1404.4091 [hep-th].

[17] E. Casali, Soft sub-leading divergences in Yang-Mills amplitudes, ]. High Energy
Phys. 1408 (2014) 077, arXiv:1404.5551 [hep-th].

[18] A.D. Sakharov, Vacuum quantum fluctuations in curved space and the theory
of gravitation, Dokl. Akad. Nauk SSSR 177 (1967) 70; Gen. Relativ. Gravit. 32
(2000) 365.

[19] D. Amati, G. Veneziano, Metric from matter, Phys. Lett. B 105 (1981) 358;

S.L. Adler, Einstein gravity as a symmetry breaking effect in quantum field the-
ory, Rev. Mod. Phys. 54 (1982) 729; Rev. Mod. Phys. 55 (1983) 837 (Erratum).

[20] S. Weinberg, E. Witten, Limits on massless particles, Phys. Lett. B 96 (1980)
59.


http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4265726E514As1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib4265726E514As1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib537469656265726765725445s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib537469656265726765725445s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib43616368617A6F465741s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib43616368617A6F465741s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib436173616C69585041s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib436173616C69585041s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib73616B68s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib73616B68s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib73616B68s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib56656E657A69616E6Fs1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib56656E657A69616E6Fs2
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib56656E657A69616E6Fs2
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib5765696E626572674B51s1
http://refhub.elsevier.com/S0370-2693(14)00790-4/bib5765696E626572674B51s1

	Graviton as a pair of collinear gauge bosons
	Acknowledgements
	References


