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Abstract

We use that the gravitational Compton scattering factorizes on
the Abelian QED amplitudes to evaluate various gravitational Comp-
ton processes. We examine both the QED and gravitational Compton
scattering from a massive spin-1 system by the use of helicity am-
plitudes. In the case of gravitational Compton scattering we show
how the massless limit can be used to evaluate the cross-section for
graviton-photon scattering and discuss the difference between photon
interactions and the zero mass spin-1 limit. We show that the forward
scattering cross-section for graviton photo-production has a very pecu-
liar behaviour, differing from the standard Thomson and Rutherford
cross-sections for a Coulomb-like potential.

*IPhT/t14/148, IHES/P/14/32



1 Introduction

The treatment of electromagnetic interactions in quantum mechanics is well
known and the discussion of electromagnetic effects via photon exchange
is a staple of the graduate curriculum. In particular the photon exchange
between charged particles can be shown to give rise to the Coulomb potential
as well as to various higher order effects such as the spin-orbit and Darwin
interactions [1]. The fact that the photon carries spin-1 means that the
electromagnetic current is a four-vector and manipulations involving such
vector quantities are familiar to most physicists. In a similar fashion, graviton
exchange between a pair of masses can be shown to generate the gravitational
potential as well as various higher order effects, but in this case the fact that
the graviton is a spin-2 particle means that the gravitational “currents” are
second rank tensors and the graviton propagator is a tensor of rank four. The
resultant proliferation of indices is one reason why this quantum mechanical
discussion of graviton exchange effects is not generally treated in introductory
texts [2].

Recently, by using string-inspired methods, it has been demonstrated that
the gravitational interaction factorizes in such a way that a gravitational
amplitude can be written as the product of two more familiar vector ampli-
tudes [3—7]. This factorization property, totally obscure at the level of the
action, is a fundamental properties of gravity and has deep consequences at
loop amplitude level, since many gravitational amplitudes can be constructed
by an appropriate product of gauge theory integrand numerators [8]. This
has triggered a lot of new results in extended supergravity [9-20], but quite
remarkably these techniques can be applied as well to pure gravity [7,21].

One remarkable property of amplitudes with emission of one or two gravi-
tons is its factorization in terms of Abelian QED amplitudes [7,22]. This
factorization has the important consequence that the low-energy limit of the
gravitational Compton amplitude for graviton photo-production is directly
connected to the low-energy theorem for the QED Compton amplitudes [7].

In a previous paper [22] this property was used to evaluate processes such
as graviton photo-production and gravitational Compton scattering for both
spin-0 and spin—% systems by simply evaluating the corresponding electro-
magnetic amplitude for Compton scattering. This permits the treatment of
gravitational effects without long tedious computations, since they are now
no more difficult than corresponding electromagnetic calculations. The sim-
plicity optioned through the factorization have important consequences for



the computations of long-range corrections to interaction potentials contain-
ing loops of intermediate photons- or gravitons [23-26]. In this paper we
extend such considerations to electromagnetic and gravitational interactions
of spin-1 systems. These calculations are useful not only as a generalization
of our previous results but also, since the photon carries spin one, these meth-
ods can be used to consider the case of photon-graviton scattering, although
there are subtleties in this case due to gauge invariance.

In all the cases under study, we show that the low-energy limit of the
differential cross-section has an universal behaviour independent of the spin
of the matter field on which photon or graviton is scattered. We demonstrate
that this is a consequence of the well-known universal low-energy behaviour
in quantum electrodynamics (QED) and the squaring relations between grav-
itational and electromagnetic processes.

The forward differential cross-section for the Compton scattering of pho-
tons on a massive target has the well-known constant behaviour of a Thomson
cross-section

o o
i 22— 1.1
eLHBo dQ) 2m?2’ (1.1)

and the small-angle limit of gravitational Compton scattering of gravitons on
a massive target has the expected behaviour due to a 1/r long-range potential
of a Rutherford like cross-section

g—Comp 92 9
lim dalab,S - 16G*m

= 1.2
0r,—0 ds? (9% ( )

We explain in section 6 why this formula reproduces the small-angle limit of
the classical cross-section for light bending in a Schwarzschild background.

The forward limit of the graviton photo-production cross-section has the
rather unique behaviour
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This limit is not only independent on the spin S but as well on the mass
m of the target. The small-angle dependence is typical of an effective 1/r?
potential. We provide an explanation for this in section 6.

It may be very difficult to detect a single graviton [27] but photons are
easily detected so it is would be interesting to be able to use the graviton



photo-production process to provide an indirect detection of a graviton. The
cross-section in Eq. (1.3) is suppressed by a power a Newton’s constant G
but, being independent of the mass m of the target, one can discriminate
this effect when comparing to Compton scattering.

In the next section then we quickly review the electromagnetic interac-
tion and derive the spin-1 couplings. In section 3, we analyze the Compton
scattering of a spin-1 particle. The corresponding gravitational couplings
are derived in section 4 and the graviton photo-production and gravitational
Compton scattering reactions are calculated via both direct and factoriza-
tion methods. In section 5 we discuss photon-graviton scattering and sub-
tleties associated with gauge invariance. In section 6 we consider the forward
small-angle limit of the various scattering cross-section derived in the pre-
vious section. We show that Compton, graviton photo-production and the
gravitational Compton scattering have very different behaviour in each case.
We summarize our findings in a brief concluding section.

2 Brief Review of Electromagnetism

In this section we present a quick review of the electromagnetic and gravi-
tational interactions and the findings of our previous work. The electromag-
netic interaction of a system may be found by using the minimal substitution
10, — 1D, =10, — eA, in the free particle Lagrangian, where A, is the pho-
ton field. In this way the Klein-Gordon Lagrangian

L5700 =0,0'0"p —m?plp, (2.1)
which describes a free charged spin-less field, becomes
L5790 = (0, —ieA,)p! (0" +ieA")p +mPpl ¢, (2.2)

after this substitution. The corresponding interaction Lagrangian can then
be identified as
L3570 = oAt Thop 1+ e2An A, 010, (2.3)

int

where . B
oY D.=CcvD - (VD). (2.4)

Similarly, for Spin—%, the free Dirac Lagrangian

L7 = (i W —m)y, (2.5)

3



becomes

L2 =i ¥ —e A—m)y, (2.6)
and the interaction Lagrangian is found to be
S=1 _
L =—ep A (2.7)
The resulting single-photon vertices are then
(s IV Ipi) s=0 = —ie(ps +pi)*. (2.8)
for spin-0 and
(s VS i) s—s = —iea(p)y u(pi), (2.9)

for spin—%, and in the case of spin 0 there exists also a two-photon (”seagull”)
vertex

(P VI i) =0 = 2i€*n™ . (2.10)
The photon propagator in Feynman gauge is
_inab
o\ —iN®
D (q) = 2+ ie (2.11)

The consequences of these Lagrangians were explored in ref. [22] and
in the present paper we extend our considerations to the case of spin-1, for
which the free Lagrangian has the Proca form

_ 1 ,
L= = —§BZVB“ +m’Bf B* (2.12)

where B, is a spin one field subject to the constraint 0B, = 0 and B, is
the antisymmetric tensor

B*" =0"B” — 0"B". (2.13)
The minimal substitution then leads to the interaction Lagrangian

Eis,;l = je A" BV <77mvu — UQH?» B* — eQA“A”BaTBB(anaB — Nualvp) s
(2.14)
and the one, two photon vertices

<Pf> 63"/;(,,11)“\291'7 €A>s:1 = —ieﬁ*B,g ((pf +Pi)“77aﬁ - U’B“pfa - UWPZ"B) €Aa
(pr,es|VE™ pisea)so1 = i€’egy (20" 0™ — 0™ — ™ n°") eaa . (2.15)
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However, Eq. (2.15) is not the correct result for a fundamental spin-1 particle
such as the charged W boson. Because the W arises in a gauge theory,
there exists an additional W-photon interaction, leading to which an “extra”
contribution to the single photon vertex

(pr, ep|0VE |pis ea) s=1 = de€qs (" (pi — ps)° — 0™ (pi — ps)*)) €aa -
(2.16)
The meaning of this term can be seen by using the mass-shell Proca con-
straints p; - €4 = py - eg = 0 to write the total on-shell single photon vertex
as

(pr, 8| (Vem + 0Ver )" [pis€ays—1 = —ie€ys ((pf + 0i)*1as — 20™" (s — py)°

+ 20™(pi — ps)?) €4 (2.17)

wherein we observe that the coefficient of the term —n**(p; — p;)? +n"(p; —
ps)® has been modified from unity to two. Since the rest frame spin operator
can be identified via!

E&—@&zﬂwﬁﬁw, (2.19)

the corresponding piece of the non relativistic interaction Lagrangian be-
comes

e T
L = —g5—(1S]i) - ¥ x A, (2.20)

where ¢ is the gyromagnetic ratio and we have included a factor 2m which
accounts for the normalization condition of the spin one field. Thus the
“extra” interaction required by a gauge theory changes the g-factor from
its Belinfante value of unity [28] to its universal value of two, as originally
proposed by Weinberg and more recently buttressed by a number of argu-
ments [29,30]. Use of g = 2 is required (as shown in [31]) in order to assure
the validity of the factorization result of gravitional amplitudes in terms of
QED amplitudes, as used below.

'Equivalently, one can use the relativistic identity

1

GB#q €A —€Auq - € = @ <m€ﬂg’y§pi (]’YS — %(pf +p¢)“63 cqEp - q) (218)

where S = ﬁe‘ngCe*BUEAT (pf + pi)¢ is the spin four-vector.



3 Compton Scattering

The vertices given in the previous section can now be used to evaluate the
Compton scattering amplitude for a spin-1 system having charge e and mass
m by summing the contributions of the three diagrams shown in Figure 1,
yielding

pi‘kf

€ - Pi€y - € - Pre; - i
Amp§Ie = Haey g |G ST
. « (€ Di €Dy . (€1 ps €5 Pi
— g lea- € kf] € ( — )—EA'ﬁi,ki'G ( — )]
[ [f f] b pi - ki pi‘kf [ ] B pi - ki
2| oea k] - [ep byl - — sea [eh Ky - o Rl
- €A " €, Rg] - €y “€p — €A €, * €4, R JE
I ops kA Rl s T gy T A R B
(9—2?%[ 1 o
- 2 ;- kiEA [, kil - pielg - [6f>kf] "Dy

1 . i}
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with the momentum conservation condition p; + k; = py + k¢ and where we
have defined

S-[QR-T:=S-QT-R—S-RT-Q.

We can verify the gauge invariance of the above form by noting that this
amplitude can be written in the equivalent form
2

om € *
Ampgy? = W{QGB'GA(Pi'E'Ff'Pi)

+ gl(€p - Fy-ea)(pi- Fi-ps) + (e - Fi - €a)(pi - Fy - py)]
2
— i ky(eh FyeFiecd) = pi- kil B Fy )]
B 2m? €B - f'pf)(pz" i-€a) — (€ Fi-pi)(pi- f'GA)] )
(3.2)

where F/" = €'k} — e/k and F}" = 'k} — ¢}k, Since F;; are obviously
invariant under the substitutions €; ; — €; 5 + Ak; ¢, @ = 1,2, it is clear that
Eq. (3.1) satisfies the gauge invariance strictures

€'k Amp 8P | = Kfe/ Amp), e = 0. (3.3)

6
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Figure 1: Diagrams relevant to Compton scattering.

Henceforth in this manuscript we shall assume the g-factor of the spin-1
system to have its “natural” value g = 2, since it is in this case that the
high-energy properties of the scattering are well controlled and factorization
methods of gravity amplitudes are valid [29, 30].

In order to make the transition to gravity in the next section, it is useful to
utilize the helicity formalism [32], whereby we evaluate the matrix elements
of the Compton amplitude between initial and final spin-1 and photon states
having definite helicity, where helicity is defined as the projection of the
particle spin along the momentum direction. We shall work initially in the
center of mass frame. For a photon incident with four-momentum k;, =
pem(1, 2) we choose the polarization vectors

i

i oA N

= — :l‘—f—Z)\,L y >\l_:i:7 31
EZ \/5( y) ( )

while for an outgoing photon with ks, = pem(1, cos ez + sin fem) we use
polarizations

A
€ = —7%((:08 Oemd + idpj — sinfen), Ap = =+. (3.5)
We can define corresponding helicity states for the spin-1 system. In this
case the initial and final four-momenta are p; = (Ecm, —pom?z) and py =
(Ecm, —pom(cos OcymZ+sin o)) and there are transverse polarization four-



vectors

-ty
eiu = (an:T):
—cosbOomz £ 1y + sin Oy 2
5, = (0,F MW My, (3.6)

V2

while the longitudinal mode has polarization four-vectors

1 .
62&# = E(pCl\/h _ECMZ) )
1 J .
B, = E(pCM’ —Ecn(cos OcnmZz + sinOou)) (3.7)

In terms of the usual invariant kinematic variables
_ 2 _ 2 _ 2
s=(pi+k)°, t=(ki—kp), u=pi—Fkp),

we identify

2

s—m
Pcm = 2\/5 )
s+ m?
FErny —
oM NG
1 (s —m2)2+st)z  (m*— su)2
cos =y = = )
2 s —m?2 s —m?2
1 (—st)z
in —6 = —t 3.8
S ve (s —m?) (38)

The invariant cross-section for unpolarized Compton scattering is then given
by

dO_COmp

S=1__
dt 167(s m223 2 3 5 X Bl 69

a,b=—,0,+ cdf——‘r

where

B'(ab; cd) = (py, b; kf,d|AmpC°mp|pZ,a ki, c), (3.10)

is the Compton amplitude for scattering of a photon with four-momentum
k;, helicity a from a spin-1 target having four-momentum p;, helicity ¢ to a
photon with four-momentum k¢, helicity d and target with four-momentum
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py, helicity b and the sum in Eq. (3.9). The helicity amplitudes can now
be calculated straightforwardly. There exist 3% x 22 = 36 such amplitudes
but, since helicity reverses under spatial inversion, parity invariance of the
electromagnetic interaction requires that?

|B(ab; cd)| = |B'(—a — b; —c — d)|.

Also, since helicity is unchanged under time reversal, but initial and final
states are interchanged, time reversal invariance of the electromagnetic in-
teraction requires that

|B*(ab; cd)| = |B*(ba; dc)| .

Consequently there exist only twelve independent helicity amplitudes. Using
Eq. (3.1) we can calculate the various helicity amplitudes in the center of
mass frame and then write these results in terms of invariants using Eq. (3.8),
yielding

o ((s = m?)? + m?t)?

B (++;++)| = [B(——;——)[=2e EEs e
1 N IV — 92 (m* — su)?

|B* (++; ——) B (——;++)[ =2 CETEHrETE
T o\ — 1. — 92 m't?

B (+—:;+-)] |B (—+; —+)[ =2 o2 (u )

Bl (4= —4)| = B (—i+o) =2

(s —m?)3(u —m?)’

B (+++-) = B (== =)= B (++i =) = B (== +-)],
m2t(m?* — su)

(s =m?)3(u—m?2)’

B4 = |B'(—4i =)l = B —+:44)] = B (= ).
m2t(m?* — su)

(s —m?)?(u —m?)’

= 2¢2

= 262

(3.11)

2Note that we require only that the magnitudes of the helicity amplitudes related by
parity and/or time reversal be the same. There could exist unobservable phases.



and

B0+ ++)] = [BY(0—;—=)| = [B'(+0;++)| = [B'(=0; ——)],
V2m(tm? 4 (s — m?)?)y/—t(m?* — su)
(s = m?)3(u — m?) ’
B (0+;+=)] = [BY(0—;—+)] = [B'(+0; —+)| = [B'(~0; +-)|,
002 V2msty/—t(m* — su)
(s —m2)3(u —m?)
|B 0+ —+)| = [B'(0—+-) = [B'(+0;+-)[ = [B}(~0; —+)|,
002 V2m3ty/—t(m* — su)
(s —m?2)3(u —m?) ~’
B (0+: =) = [B'(0—++)] = |B'(+0; =) = [B'(=0; ++)],
, 2 /2m(—t{m* — su)?
(s —m?2)3t(u —m?2) ’
(2tm? + (s — m?)?)(m?* — su)
(s — m?)?(u — m?) ’
m2t((s — m?)* + 2st)
5 — 2o — )

= 262

|BY(00; ++)| = |BY(00; ——)| = 2¢?

|BY(00; +—)| = |Bl(00;—+)|:262( (3.12)

Substitution into Eq. (3.9) then yields the invariant cross-section for unpo-
larized Compton scattering from a spin-1 target
dagiTp - et

dt 127m(s — m2)4(u — m?2)2

[(m*—su+t?)(3(m* —su)+t*)+t*(t—m?) (t—3m?)] ,

(3.13)
which can be compared with the corresponding results for unpolarized Comp-
ton scattering from spin-0 and spin—% targets found in ref. [22]—

dos2g” — - [(m* — su)® + m*t?]
dt 47t(s — m?)*H(u — m?)? ’
Com

Pso_ elmt = su)(20mt —su) +2) 4 mPRmt 0] o
dt = 87r(5—m2)4(u—m2)2 A

Usually such results are written in the laboratory frame, wherein the target
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is at rest, by use of the relations
2

s—m? = 2mw;, u-—m’=—2muws,
4 _ 2 2 oL 2, 2 .9 0r
m" —su = 4m w;wycos 50 m t = —4m~w;wy sin 5 (3.15)
and ) )
dt d 2w (1 —cos w
ar _ “Zw(_ cosfn) \ _ i (3.16)
dQ  2mdcosfy 1+ %(1 —costy) T

Introducing the fine structure constant a = e*/4x, we find then

+ 136—581114%(1 +2% sin? %) + 22—;;551“8 %L] ’
—dal(‘:‘lzg)_; = :1—22%2 ((cos4 %L + sin? %)(1 + 2% sin’ %L) + 2% sin® %L) ’
—dalg’géio = :1—22%3 (COS4 %L + sin? %) . (3.17)

We observe that the nonrelativistic laboratory cross-section has an identical
form for any spin

dolome [N 2 0 0 w
lab,S _ A Wi
0 Dy {(cos 5 + sin 5 )(1 —I—O(m))] , (3.18)

which follows from the universal form of the Compton amplitude for scat-
tering from a spin S target in the low-energy (w < m) limit, which in turn
arises from the universal form of the Compton amplitude for scattering from
a spin S target in the low-energy limit—

<S, Mf7 6f|‘A1npgomp|517 MZ; €i>w<<m - 2626)} : 61'51\42',]\4f +..., (319>

and obtains in an effective field theory approach to Compton scattering [33].

3That the seagull contribution dominates the non relativistic cross-section is clear from
the feature that

€ peEi- P w .
2of P B X AMpPgeaeun = 2e2ef - €. (3.20)

AmpBorn ~ 2e p- L m
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4 Gravitational Interactions

In the previous section we discussed the treatment the familiar electromag-
netic interaction, using Compton scattering on a spin-1 target as an example.
In this section we show how the gravitational interaction can be evaluated
via methods parallel to those used in the electromagnetic case. An impor-
tant difference is that while in the electromagnetic case we have the simple

interaction Lagrangian
Lmt = —6A#J'u, (41)

where J* is the electromagnetic current matrix element, for gravity we have
K
‘Cint - _Ehl“’Tl“/ . (42)
Here the field tensor hy, is defined in terms of the metric via

Juv = Nuv + Kh;u/ ) (43)

where k is defined in terms of Newton’s constant via x? = 32xG. The
Einstein-Hilbert action is

2
SEinstein—Hilbert = /d4$ vV —9g ? R? (44)

where ] .
V—g = +/—detg = exp §trlogg =1+ 577’“%”,, +..., (4.5)

is the square root of the determinant of the metric and R := R)‘Myg“ Y is the
Ricci scalar curvature obtained by contracting the Riemann tensor R¥,,,
with the metric. The energy-momentum tensor is defined in terms of the
matter Lagrangian via

2 0y/—gL
T, = I mat (4.6)
V=g  og"

The prescription Eq. (4.6) yields the forms

T = 0,0'0,6 + 0,0'0u6 — g (06T — m?ele), (A7)
for a scalar field and
s=1 -1 . 1 . 7
Tuw * = @D[Z%ﬂvu + ZVUﬁvu - guu(év - m)]¢7 (4‘8>
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Figure 2: (a) The one-graviton and (b) two-graviton emission vertices from
either a scalar, spinor or vector particle.

af
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Figure 3: The three graviton vertex
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for spin—%, where we have defined

i = GiV, ) — (V)0 (4.9)

The one graviton emission vertices of figure 2(a) can now be identified as

H 12 14 v
(s [V Ipi)s=0 = —ig (o} + 2pl =0 (v - pi = %) (4.10)
for spin-0,
v K 1 , 1
AV sy = —im ) [ g +p)” + 12 oy + 9 ulp), (411)

for spin—%, and

v K‘/ * 14 14 * v v
(pr enlVonds Ipis€a)s=r = =i { el - eall'p + piP}) — € - pilDels + eipy)
— ea pr(Pieg +pieR) + (pr - pi —m*)(ehel + ehep)
— 9" [(pi-pf —m®)ep - ea—€p-piea-prl},  (412)
for spin-1. There also exist two-graviton (seagull) vertices shown in fig-
ure 2(b), which can be found by expanding the stress-energy tensor to second
order in h,,. In the case of spin-0

vV, - LV 1 v [0 (e} 17
(VIR Pp)s—o = iK® [I " I an (D59] + P707) — 5 (n“ O p?zﬁ)

1 17840% 1 vV, o
-3 (1" = o B) (ps - pi —mQ)} , (4.13)
where .
Top s = 5(%7%5 + NasTgy)- (4.14)
For spin—%

vV, - — 1 14 (07 (e}
WAV lpsy = ik alor) { S0P 07 og 400" 4y 4 )

+ 0P (v (s + i)+ (P + pi)")]

3 1% €, (0% €,uv
16 (Pr + P I7 4 TOP [0

1
+ 1_669077/\%\75(qu,nclaﬁ,cr(pfp _ Io‘ﬂ’nd”y’acpz‘p)} u(pz) ’
(4.15)
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while for spin-1

+ o+ o+

2
(ps, en; kg |V |pi, e ki s—1 = —i% {[pispya
Mg (Di - D — 1) (MupTlvo + Mo — Ny Tlo)
NupNap(PivD o + DieDsv) — NawPigPfo — NpvPicP fa
NeoPivPia — NacPiaPiv + (Di - Df — M) (Nawge + Naalsv)]
Nuo Nas(PiDfp + PipPrv) — NawPisPsp — NpvPipPfa
NBpPivDfa — NapPipPsv + (Di - Pr — M MawNp + Naptew)]
Moo Nap (DipP o + PioPu) — NapPipPre — NuPioPfa
NsoDipPfo — NaoPisPsu + (i Dy = 10°) (Naplpo + Naosu)]
Nvo [Map(PiuDsp + DipPfu) = NouPisPro — NpuPipPsa
NspPipD o — NapPisDsu + (i D5 = 10°) Nanlp + Naplon)]
N[N0 PipP o + DiaPfp) — NapPipPte — NpPioDfa
NBoPipPfa — NacPipPfp + (pi-ps — m2)(77apnﬁa + nﬁpnaa)]
Npo [Mas (PiuD v + PivDsu) — NapDigPrv — NouPivPfa
NouPilfe — NawPigPs + (Di - Df — M%) Nanpy + Ngutln)]
(NapPin — Naulip) MsoP v — MuPso)
(MaoPiv = NowPio )T5pP 1 — NouPfp)
(MaoPin — NapPio ) (MapP sy — NevPsp)
(NopPiv — NeaPip) (oD — MouPso) } €54(€5)" - (4.16)
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Finally, we require the triple graviton vertex of figure 3

v 1K 1 . } ) 3
Tgﬁ,“f§<k) Q) = —7 {(Iaﬂ,w — 5770437]’}/5) kﬂk + (k _ q),u,(k, . q) + quq . _77
+ 2q>‘qa [IAmaﬁ]HMWS + ]Aa”‘/élu%aﬁ - ])\'u’oeﬁjauvé - IUV’a,B])‘“WcS}
+ @ Map D5 + 1061 0p) + 00" (Nas I s + 0ys I 0p)

= CWapI" s+ 15" ap) = 100 (Naplisro + Thslap o))
+ [2qA(IUV7751aﬁ,>\U(k - Q)H + IJH,'WS]&,B,)\U(IC - Q)V
- on’aﬂlfyé,/\ok‘u - Io%aﬁ‘['yé,)\crky)

+ q2(lgu7o¢,8['y6,au + [ab’,al’[gu”yﬁ) + UWQ)\CIU(Iaﬁ,ApIpU’w + [75,)\pjpg7aﬁ)]

124 ov. 1 v 1
+ (K + (k—q)?) <f”“’aﬁfws,a + 17 aplys6" — 0" (Tapys — 5%5%5))

2
- (k'277a/6’[W’75 + (k — Q)27775[W’aﬁ>]} :

We work in harmonic (de Donder) gauge which satisfies, in lowest order,

1
O"hyy = §8Vh, (4.18)
with
h = trh,, , (4.19)
and in which the graviton propagator has the form
1
Dapns(q) = m§(ﬁawﬂa + TasTpy — Napthys) - (4.20)

Then just as the (massless) photon is described in terms of a spin-1 polar-
ization vector €, which can have projection (helicity) either plus- or minus-1
along the momentum direction, the (massless) graviton is a spin two particle
which can have the projection (helicity) either plus- or minus-2 along the
momentum direction. Since h,, is a symmetric tensor, it can be described
in terms of a direct product of unit spin polarization vectors—

helicity = +2: hl(fy) = e:ej,

helicity = —2: hf;m =€,¢, , (4.21)
and just as in electromagnetism, there is a gauge condition—in this case
Eq. (4.18)—which must be satisfied. Note that the helicity states given in

Eq. (4.21) are consistent with the gauge requirement, since

ety =n'e e, =0, and k'e; =0. (4.22)
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With this background we can now examine reactions involving gravitons, as
discussed below.

4.1 Graviton Photo-production

We first use the above results to discuss the problem of graviton photo-
production on a target of spin-1—y+S — g+ S—+for which the four diagrams
we need are shown in Figure 4. The electromagnetic and gravitational ver-
tices needed for the Born terms and photon pole diagrams—Figures 4a, 4b,
and 4d—have been given above. For the photon pole diagram we require the
graviton-photon coupling, which is found from the electromagnetic energy-
momentum tensor [34]

1
T = —Fu o Fo + ZgMVFagFaﬁ : (4.23)
and yields the photon-graviton vertex*

v K’ * v 1% * v v
kg, e[V Ly ey = iz €3 - e(KIRY + kLK) — €5 - ki(Kel + el'kY)

grav
— & kp(ki el R eF) + k- kel ey + el
- [kf ki€l 6 — € ke - k;f” ) (4.24)

Finally, we need the seagull vertex which arises from the feature that the
energy-momentum tensor depends on p;,ps and therefore yields a contact
interaction when the minimal substitution is made, yielding the spin-1 seagull
amplitude shown in Figure 4c.

1
<pf7 €B; kfu 6f€f|T‘pi; €A; kiv 6i>seagull - 5’%6 [E; : (pf +pl)€} : 6'L'G*B c €4

€p " €i€) " PfE; €4 — €p  Pi€y €i€p - €4 — €A €€ i€y €p
— €A Ds€y €€y €p — €5 €a€i - (py +pi)er E*B} . (4.25)
The individual contributions from the four diagrams in Figure 4 are given in

Appendix A and have a rather complex form. However, when added together
we find a much simpler result—the full graviton photo-production amplitude

4Note that this form agrees with the previously derived form for the massive graviton-
spin-1 energy-momentum tensor—Eq. (4.12)—in the m — 0 limit.
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Figure 4: Diagrams relevant to graviton photo-production.

is found to be proportional to the already calculated Compton amplitude for
spin-1—Eq. (3.1)—times a universal factor. That is,

(pys kg erer| Tlpis iy €) = H x (E?aEiﬂTgfmpton(S = 1)> , (4.26)

where

_ kpyFyopi k€ prkypi— ;- piky - py

_26 kzkf _26 ]ﬂ]{}f ’
and e?aeingfmpmn(S) is the Compton scattering amplitude for particles of
spin S calculated in the previous section. The gravitational and electromag-
netic gauge invariance of Eq. (4.26) is obvious, since it follows directly from
the gauge invariance already shown for the Compton amplitude together with
the explicit gauge invariance of the factor H. The validity of Eq. (4.26) al-
lows the calculation of the cross-section by helicity methods since the graviton
photo-production helicity amplitudes are given by

C'(ab; cd) = H x B'(ab; cd), (4.28)

(4.27)

where B'(ab; cd) are the Compton helicity amplitudes found in the previous
section. We can then evaluate the invariant photo-production cross-section
using
doB™r° 1 1 1
— = = = C*(ab; cd)[? 4.29
dt 167m(s — m2)2 3 >, g 2. IO ek, (4.29)

a:_707+ C:—,-‘r
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yielding

doB)° e2k%(m* — su
fit_l = _967r7f(5 — <mQ)4(u _)m2)2 [(m4 — su + t2)(3(m4 _ su) + tz)
Since

1

= =" (M) : (4.31)

e 2t

the laboratory value of the factor H is

K2m? cos® 16,

Hpl? = —52 = 4.32
| Hia| 2e2 sin? %QL ( )
the corresponding laboratory cross-section is
hoto Com
de;b,sﬂ — B 5!2 Uzab,sp:1
dQ) ¢ dt
wi L0 0 0 0 50
= Gaw—i cos® EL (ctn2?L cos? EL + sin? EL)(l + 2% sin? %)2
16&)2 . 29L Wi . 29L 32(,04 . 60L
+ 3—77121 Sin 7(1 + 2% S ?) + 3—7712 S1n 7 (433)

The factor | Hyu|? can be thought of as “dressing” the photon into a gravi-
ton. We see that just as in Compton scattering the low-energy laboratory
cross-section has a universal form, which is valid for a target of arbitrary spin

da_photo 0 2] 0 0 ]
abS ) cos? 7L(Ctnz_L cos? -£ 4 gin? _L)(l + O(Cﬂ

- cos? = ; ). (@34)

In this case the universality can be understood from the feature that at low-
energy the leading contribution to the graviton photo-production amplitude
comes not from the seagull, as in Compton scattering, but rather from the
photon pole term,

e} . eie} - k;

Ampfyfpole K

M . - .
o 2/€f j kl X kl <pf, S, Mf|JM|pZ, S, M1> . (435)
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The leading piece of the electromagnetic current has the universal low-energy
structure

e

b —Piyy,

(pf; S, My|Ju|pis S, M;) = -

(py + Pi) wOns;n, (1 + O( (4.36)

2m

where we have divided by the factor 2m to account for the normalization
of the target particle. Since k; - (py + pi) — 2mw, we find the universal
w—

low-energy amplitude

e}i . ei(—:} - k;

Amp® = gew-L—L — 4.37
p’yfpole ke Qkf . kz ) ( )
whereby the resulting helicity amplitudes have the form
1 . 1 9 COS eiL 0
Amp. " = —— > (4.38)
ot 2\/5 1 - 1 0 cos 2L 20
bsingy ({mfe) = S sin? Y - =+
2
Squaring and averaging, summing over initial, final spins we find
dofys 0 0 0 0
b5 5 Garcos® = (ctn® == cos® == + sin® =) . (4.39)

Q)  w—0 2 2 2 2

as found above—cf. Eq. (4.34).

The power of the factorization theorem is obvious and, as we shall see in
the next section, allows the straightforward evaluation of even more complex
reactions such as gravitational Compton scattering.

4.2 Gravitational Compton Scattering

In the previous section we observed some of the power of the factorization
theorem in the context of graviton photo-production on a spin-1 target in that
we only needed to calculate the simpler Compton scattering process rather
than to consider the full gravitational interaction. In this section we tackle
a more challenging example, that of gravitational Compton scattering—g +
S — g+ S—from a spin-1 target, for which there exist the four diagrams
shown in Figure 5.
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Figure 5: Diagrams relevant for gravitational Compton scattering.

The contributions from the four individual diagrams can now be cal-
culated and are quoted in Appendix A. Each of the four diagrams has a
rather complex form. However, when added together the result simplifies
enormously. Defining the kinematic factor

_ W pickipikp K (s —m?)(u—m?)

© 8et ki-ky  16¢? t ’

(4.40)

the sum of the four diagrams is found to be given by

<pf7 €B; kf: 6fefllArnpgraLv ’pw €A; kia 6i€i>S:1
= Y x <pf7 €B; k:iv EflAmpem|pi» €A; kiy €i>5:1 X <pf; k:iv EflAmpem|pZa kiy €i>S:0 )
(4.41)

where

€ - Di€p Df € -DF€FPi
— — Ef . 67/ s
pi - ki pi - ky
(4.42)

(ps; iy €| Amp,, [pi; ki, €5) s—0 = 2€7

is the Compton amplitude for a spinless target.

In ref. [22] the identity Eq. (4.41) was verified for simpler cases of spin-0
and spin—%. This relation is a consequence of the general relations between
gravity and gauge theory tree-level amplitudes derived from string theory as
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explained in [26]. Here we have shown its validity for the much more complex
case of spin-1 scattering. The corresponding cross-section can be calculated
by helicity methods using the identity

D'(ab;ed) =Y x B'(ab;cd) x A%(cd), (4.43)

where Bl(ab; cd) is the spin-1 Compton helicity amplitude calculated in sec-

tion 2 while
m* — su
(s —m2)(u —m?)’

—m?t

A(++) = 2¢

A(+—) = 2¢° : (4.44)

(s =m?)(u —m?)

are the helicity amplitudes for spin zero Compton scattering. Using
Eq. (4.41) the invariant cross-section for unpolarized spin-1 gravitational
Compton scattering

g—Comp
dog_

- 1 1 1 . )
dt 167(s —m?)?3 ) 5 > D' abied), (4.45)

a:_707+ C:_7+

is found to be
do_g;?omp B I{4 |: 4
dt © 7687(s — m2)4(u — m?2)2¢2
+ m'ttBm —t)(m* —1)] .

This form can be compared with the corresponding unpolarized gravitational
Compton cross-sections found in ref. [22]

—Com
dggzé ) R (= su)P(2(m?* — su) + ) + mBtt(2m? —t))
dt - 5127 £2(s — m2) (u — m?)? ,
daéigomp A \ ) .
0 - . (447
) 256725 )i e L7 s ] (447)
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The corresponding laboratory frame cross-sections are

dO‘ —Comp w4 0 0 9 0
—1‘2’5 L= G2m2w—§ {(ctn‘l?L cos47L + sin’ 5 TS +2— sin’ QL)
16 w? 0 6 0L 0
+ ?%(COSG 2L + sin® ?)(1+2— n? 2L)
16w! . ,0 0r, N
+ ?w_z sin? 2L(cos 5 + sin QL)} ;
m
do® - Comp w3 0 0 n 0 0
—l‘;;g’i = @G m2w—§ ((ctn‘l?L cos* ?L + sin 2L) + QW (Ctn2 2L cos® 7L + sin” —
2 0 60
+ 2%2 (COSG? + sin® é)) ,
m
d"labgon(l)p i W00 40 n
d—Q :Gmw—?((zt QCOS?‘FS 2)

We observe that the low-energy laboratory cross-section has the universal
form for any spin

do.lga—bgomp 2 92 49L 9 QL

It is interesting to note that the “dressing” factor for the leading (++)
helicity Compton amplitude—

VAT = =

: (4.50)

0
2mt — su jan, K*m?cos®
=2

—t 2¢2  sin g

—is simply the square of the photo-production dressing factor H, as might
intuitively be expected since now both photons must be dressed in going
from the Compton to the gravitational Compton cross-section.® In this case
the universality of the non relativistic cross-section follows from the leading

5In the case of +— helicity the “dressing” factor is

2
YA+ = 7m2 (4.51)

so that the non-leading contributions will have different dressing factors.
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contribution arising from the graviton pole term

* v wn R
Ame*POZe . <€f ’ ei)2(k?kf + ksz )§<pf; S> Mf’T,uu‘pi; S, Mz> .

om Ak -k, )

Here the matrix element of the energy-momentum tensor has the universal
low-energy structure

K

5 (073 S, M| T lpis S, M) = BB,
(4.53)

where we have divided by the factor 2m to account for the normalization of

the target particle. We find then the universal form for the leading graviton

pole amplitude

T (Drui D)oy o (1 +O(

2
K * 2
Ampg—pole non—iel Smk—f s (Gf “€)"(pi - kepg-ky+pi-kips- ki)éMfyMi . (4.54)

Since p - K — mw the corresponding helicity amplitudes become

wLm
(14cosf.)? cost 2L _
NR 2(1—cosgL) T gin2 é t+=-
Amp, . = drGm ; Cvoy (4.55)
(1—cos@p)? _ sin™ — 4o = — 4+
2(1—cosfr) SinQGTL - :
Squaring and averaging, summing over initial, final spins we find
do; ;%Omp 0L 0 0L
—22 5 GP*m?*(ctn* == cos? = +sin? = 4.56

as found in Eq. (4.49) above.

5 Graviton-Photon Scattering

In the previous sections we have generalized the results of reference [22] to
the case of a massive spin-1 target. Here we show how these techniques can
be used to calculated the cross-section for photon-graviton scattering. In
the Compton scattering calculation we assumed that the spin-1 target had
charge e. However, the photon couplings to the graviton are identical to those
of a graviton coupled to a charged spin-1 system in the massless limit, and
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one might assume then that, since the results of the gravitational Compton
scattering are independent of charge, the graviton-photon cross-section can
be calculated by simply taking the m — 0 limit of the graviton-spin-1 cross-
section. Of course, the laboratory cross-section no longer makes sense since
the photon cannot be brought to rest, but the invariant cross-section is finite
in this limit—

do&_{omP 4rG*(35%u? — 4t?su + th)

H

dt m—s0 352¢2 ’ (5-1)

and it might be naively assumed that Eq. (5.1) is the graviton-photon scat-
tering cross-section. However, this is not the case and the resolution of this
problem involves some interesting physics.

We begin by noting that in the massless limit the only non vanishing
helicity amplitudes are

2

Dl(""", ++)m:0 = Dl(__7 __)mZO = 87TGS?7
2
1 1 u
D (==4+)m=0 =D (++i=—)m=o = 871G,
D (00; ++)meo = D(00; =)y = 871'0%, (5.2)
which lead to the cross-section
dos_P 11 1
= - — DY(ab: ed)|?
dt 167?523 | D" (ab; cd)
=+,0,—  c=+,—
1 4ot s2u?
= (G 2 — + —
16757 3. Q(W)X XL&?J%?JF t?]
dr st 4+ ut + s2u?
= —G? 5.3

in agreement with Eq. (5.1). However, this result demonstrates the problem.
We know that in Coulomb gauge the photon has only two transverse degrees
of freedom, having positive and negative helicity—there exists no longitudinal
degree of freedom. Thus the correct photon-graviton cross-section is actually

dog, 1
a 16#323 Z C; | D" (ab; Cd
1 4 4
- (SWG)x2x[S—+H_2 G2

s +u
s2t2 7

i
167522 -2 12 (5:4)
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which agrees with the value calculated via conventional methods by Sko-
belev [35]. Alternatively, since in the center of mass frame

dt weM
— = = 2.5

we can write the center of mass graviton-photon cross-section in the form

d 1+ cos® fgu
IO _ 9GPy (—COS 2 > , (5.6)

dS2 sin* 2
again in agreement with the value given by Skobelev [35].

So what has gone wrong here? Ordinarily in the massless limit of a spin-
1 system, the longitudinal mode decouples because the zero helicity spin-1
polarization vector becomes

1 m? . 1
G~ 5+ )2 = —pu+ (0

i o Z)+ ... (5.7)

m
"2
However, the term proportional to p, vanishes when contracted with a con-
served current by gauge invariance while the term in % vanishes in the mass-
less limit. That the spin-1 Compton scattering amplitude becomes gauge
invariant for the spin-1 particles in the massless limit can be seen from the
fact that the Compton amplitude can be written as

62

Amp$oT? — ——— [Tr(F,FyFaFp) + Tr(F,FAF;Fg) + Te(F,FsFpFy)
m=0 p; - ¢iPi * 4

—}l (Tr(FLF) Te(FaFg) + Tr(FuFa)Tr(Fy Fi) + Te(FLFy)Tr(FrEa)) |
(5.8)

which can be checked by a bit of algebra. Equivalently, one can check that the
massless spin-1 amplitude vanishes if one replaces either €4, by p;, or €g, by
pru- However, what happens when we have two longitudinal spin-1 particles
is that the product of longitudinal polarization vectors is proportional to
1/m?, while the correction term to the four-momentum p, is O(m?) so that
the product is non-vanishing in the massless limit. That is why the multipole
D(00; ++)m=0 = D(00; ——),,—0 is non vanishing. One can deal with this
problem by simply omitting the longitudinal degree of freedom explicitly, as
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we did above, but this seems a rather crude way to proceed. Shouldn’t this
behaviour arise naturally?

The problem here is that as long as the mass of the spin-1 particle remains
finite everything is fine. However, when the spin-1 particle become massless
the theory becomes undefined. This can be seen from the neutral spin-1
(Proca) Lagrangian, which has the form

1 1 1 1
L= _ZFWFW + émQAuA“ = —5(8#14,,8“14” — 0,A,0"A") + émZAHA“ :
(5.9)
The classical equation of motion then becomes
O'F,, +m?A, =0. (5.10)
Taking the divergence of Eq. (5.10) we find
m?0’A, =0, (5.11)

which yields the constraint m20“A, = 0. Then provided that m? # 0 we
have the stricture 0 A,, = 0, which is the condition that changes the number
of degrees of freedom from four to three, as required for a spin-1 particle.
However, in the massless limit, this is no longer the case. Another way to see
this is to integrate by parts, whereby Eq. (5.9) can be written in the form

L o= %AH(’)“”AW with  OM =0 — 9#9" . (5.12)
In particle physics the photon propagator is given by the inverse of this
operator—(’);l,l—which is defined via OO, ! = §" [1]. However, the opera-
tor O* does not have an inverse, since it has a zero eigenvalue, as can be seen
by operating on a quantity of the form d,A(z) where A(x) is an arbitrary
scalar function. The solution to this problem is well known. The Lagrangian
must be altered by adding a gauge fixing term

1 A
L _y— — 5w = 5(@#)2, (5.13)
where A is an arbitrary constant. We now have O* = p**0 — (1 — X\)0"0”
which does possess an inverse—(?;l,1 = % (nm, — %% . It is this gauge

fixing term, which is required in the massless limit, and which eliminates the
longitudinal degree of freedom. This degree of freedom acts like simple scalar
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field (spin-0 particle) and must be subtracted from the massless limit of the
spin-1 result. Indeed, from ref. [22] we see that the massless limit of the ++
graviton scattering from a spin-0 target becomes

DO(4+4) = (22 x Y = SWG% , (5.14)

while the +— helicity amplitude vanishes. This scalar amplitude is identical
the amplitude D;(00; ++) and eliminates the longitudinal degree of freedom
when it is subtracted from the massless spin-1 limit.
An alternative way to obtain this result is to use the Stueckelberg form
of the spin-1 Lagrangian, which involves coupling a new spin-0 field B [36]
1 m?

, 1 1
Ls=——F,F" +—(AM+E8#B)(A“+E8"B)

; > (0, A" +mB)(0,A"+mB) .

(5.15)
As long as m # 0 the fields A, and B are coupled. However, if we take the
massless limit Eq. (5.15) becomes

1 1 1
. pwyo H v _ a3
Ls — —FuF" = 0,A"9,A" + S0,B0"B, (5.16)

1
2

and represents the sum of two independent massless fields—a spin-1 compo-
nent A, with the Lagrangian (in Feynman gauge A = 1)
1
1 —_——

1 1
Ly = = FuF" = S0,A"9,A" = —SA'DA,, (5.17)

for which we do have an inverse and an independent spin zero component
having the Lagrangian

1
LY = 50nBO"B. (5.18)

It is the scattering due to the spin-1 component which is physical and leads
to the graviton-photon scattering amplitude, while the spin zero component
is unphysical and generates the longitudinal component of the massless limit
of the graviton-spin-1 scattering.

As a final comment we note that the graviton-graviton scattering ampli-
tude can be obtained by dressing the product of two massless spin-1 Compton
amplitudes [4]—

(pr,epeps kp, epe | AmpyTe, Ipicaca; ki, €i€:)m=o,5=2

= Y x <pf7EB;kfvef‘AmpSnimp’thA;ki€i>m:O,S:1
X (ps,ep;kyp, €| AmMpSe™®|pi, €43 Ki€i)m—0,5-1 - (5.19)
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Then for the helicity amplitudes we have
E*(++; ++)m=0 = Y (B (++; ++)m=0)’, (5.20)

where E?(++;++) is the graviton-graviton ++; ++ helicity amplitude while
B'(++;++) is the corresponding spin-1 Compton helicity amplitude. Thus
we find

2 3
%% X (2622)2 - SWG%, (5.21)
which agrees with the result calculated via conventional methods [37]. In this
case there exist non-zero helicity amplitudes related by crossing symmetry.
However, we defer detailed discussion of this result to a future communica-
tion.

E*(++; ++)m=0 =

6 The forward cross-section

The forward limit, i.e., 6, — 0, of the laboratory frame, Compton cross-
sections evaluated in section 3 has a universal structure independent of the
spin S of the massive target

oo o?
i D0 — 1
eLH—I}o dQ) 2m?2’ (6.1)

reproducing the Thomson scattering cross-section.

For graviton photo-production, the small angle limit is very different,
since the forward scattering cross-section is divergent—the small angle limit
of the graviton photo-production of section 4.1 is given by

" doPy  4Ga
m — =

9.—0  dS) 62
and arises from the photon pole in figure 4(d). Notice that this behaviour
differs from the familiar 1/6* small-angle Rutherford cross-section for scatter-
ing in a Coulomb-like potential. This divergence of the forward cross-section
indicates that a long range force is involved but with an effective 1/r? po-
tential. This effective potential arising from the ~-pole in figure 4(d), is the
Fourier transform with respect to the momentum transfer ¢ = ky — k; of the

(6.2)
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low-energy limit given in Eq. (4.37). Because of the linear dependence in the
momenta in the numerator one obtains

B 1 1
G4 g o 6.3
/ Crp g 22 (6-3)

and that leads to the peculiar forward scattering behaviour of the cross-
section. Another contrasting feature of graviton photo-production is the
independence of the forward cross-section on the mass m of the target.

The small angle limit of the gravitational Compton cross-section derived
in section 4.2 is given by

= 4
0r,—0 Q) ‘9}{ (6 )

The limit is, of course, independent of the spin S of the matter field. Fi-
nally, the photon-graviton cross-section derived in section 5, has the forward
scattering dependence

li = . .
bons0 Q2 0t (6.5)

The behaviours in Eq. (6.4) and (6.5) are due to the graviton pole in fig-
ure 5(d), and are typical of the small-angle behaviour of Rutherford scatter-
ing in a Coulomb potential.

The classical bending of the geodesic for a massless particle in a
Schwarzschild metric produced by a point-like mass m is given by b =
4Gm/0 + O(1) [38], where b is the classical impact parameter. The asso-
ciated classical cross-section is

do.classical 16G2m2
— ~o

b |db
dQ  sinf|df| T 6°

LO67Y, (6.6)

matching the expression in Eq. (6.4). The diagram in figure 5(d) describes
the gravitational interaction between a massive particle of spin S and a gravi-
ton. In the forward scattering limit the remaining diagrams of figure 5 have
vanishing contributions. Since this limit is independent of the spin of the
particles interacting gravitationally, the expression in Eq. (6.4) describes the
forward gravitational scattering cross-section of any massless particle on the
target of mass m and explains the match with the classical formula given
above.
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Eq. (6.5) can be interpreted in a similar way, as the bending of a geodesic
in a geometry curved by the energy density with an effective Schwarzschild
radius of v/2 Gwey determined by the center-of-mass energy [39]. However,
the effect is fantastically small since the cross-section in Eq. (6.5) is of order
05/(A? 0%y) where €% = hG/c ~ 1.62107%° m is the Planck length, and A
the wavelength of the photon.

7 Conclusion

In ref. [22] it was demonstrated that the gravitational interactions of a
charged spin-0 or spin—% particle are greatly simplified by use of the recently
discovered factorization theorem, which asserts that the gravitational ampli-
tudes must be identical to corresponding electromagnetic amplitudes multi-
plied by universal kinematic factors. In the present work we demonstrated
that the same simplification applies when the target particle carries spin-1.
Specifically, we evaluated the graviton photo-production and graviton Comp-
ton scattering amplitudes explicitly using direct and factorized techniques
and showed that they are identical. However, the factorization methods are
enormously simpler and allow the use of familiar electromagnetic calcula-
tional methods, eliminating the need for the use of less familiar and more
cumbersome tensor quantities. We also studied the massless limit of the spin-
1 system and showed how the use of factorization permits a relatively simple
calculation of graviton-photon scattering. Finally, we discussed a subtlety in
this graviton-photon calculation having to do with the feature that the spin-
1 system must change from three to two degrees of freedom when m — 0
and studied why the zero mass limit of the spin-1 gravitational Compton
scattering amplitude does not correspond to that for photon scattering. We
noted that graviton-graviton scattering is also simply obtained by taking the
product of Compton amplitudes dressed by the appropriate kinematic factor.

We discussed the main feature of the forward cross-section for each pro-
cess studied in this paper. Both the Compton and the gravitational Compton
scattering have the expected behaviour, while graviton photo-production has
a different shape that could in principle lead to an interesting new experi-
mental signature of a graviton scattering on matter. An extension of the
present discussion at loop order and implications for the photo-production
of gravitons from stars [40,41] will be given elsewhere.
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Appendix A

Here we give the detailed contributions from each of the four diagrams con-
tributing to graviton photo-production and to gravitational Compton scat-
tering. In the case of graviton photo-production—Figure 4—we have the four

pieces
Born — a:
Born —b:

+ -

+

_|_

Graviton Photo-production: spin-1

Amp, (S =1) =

ke
pi - ki
€A Dy€} - Ds€s - € + Dy - kye} - €ach - €5

€A~ € (€ ki€ - pres - pr— € - ki€ - pr€y - ki — pr - i€y - pre - €
pf - krey - ki€ - E*B]

€a-k; [e*B €i€; pp€; Py —€p - kypey ppe; € — € - pye; pre; €
ps - kypeh - e - e’fg}

*

EB-€}€A~€¢€}~pfpi'ki} ) (7.1)
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K
Pi-

€A kp€; - pi€y - € — pi- e} - eacs - €p)

€p - ki [eA " €i€p " Pi€yDi — €t Di€p - Pi€p €4+ €4 - k€ pi€y - €

pi - kye; - each €]

€+ € [€a - ki€ i€} - i — pi - ki€ pich - eat €a - kpeh i€ -k

pi - ky€} - €acy - kz}

€A €;€; - Di€p  €D; - ]ff} .

Ampy(S=1) = -

e * * * * * *
k:f {Ei Py [EA " €p€y - Pi€y - Pi — €p - Pi€y - Pi€yr €4
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Seagull — ¢ : Amp (S =1) = ke [€} - €i(€l - €a€} - (py + i) — €a - Prep - €; — € Pi€a - €})
€p " €FEA " €€ Py — €4~ €€ - €€} - Pf + €f - €a€s - €€ - (pf —i—pi)] , (7.3)
and finally, the photon pole contribution
ek
ok - ki
X {e}} €4 [e} “(pr +pi)(ky - i€} - € — €5 - ki - k)
€; - ki(€} - €iki - (pi +py) — € - ki€ - (py +Pi))}
— 2€5-pi [e’} cealky - kicy e — €5 - ki - ky)

v —pole —d : Ampe(S=1) =

+ eji-kzi(e}-6i€A~ki—e}-kiei~€A)}
— 2e4-py € - €plky - kieh - € — €} - ke - ky)
+ € ki(€) - eiep ki — €5 - ke - e*B)]} . (7.4)

In the case of gravitational Compton scattering—Figure 5—we have the four
contributions

Gravitational Compton Scattering: spin-1

Bom—a:  Amp,(S = 1) = k(e p(e} pyPea i

— (€} -pr)Pei-pilea- kiey - €+ €a- ey - p;)

— (ei-pi)ze}-pf(eE-e}eA-pf—l—e*B -kfeA-e’})

+ € - pi€; - prei - prea - ki€ - € + € pi€y - pre; - pica - €iep - ky

+ (€5 -py)’ey - €iea-€pi- ki + (6 - pi)’ep - €hea- €5y - ky

+ € pic; prlea- kiep - ke €5 +€p - €rea €pi - py)

— € " Di€p Di€p  €4€A - EPf -k — €5 - Dr€;i - prea - €€ - €5p; - Ky

— € Di€a - kicg - €p€p - epy -k — €5 - prep - kyea - €€ €5pi - ky

+ €a- €€ €;pi - kipp - ke € — mes, - €r€A - €€} - Dy€i - Pil .
(7.5)
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Born — b :

Seagull — ¢ :

+

+ +

+

- -
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€; pi€a - krep - €€ - €ppy - ki — € - prep - kiea - €;€; - €pi - ki

€a-€rep - €pi - kypy - ki € — m2el - ey - €r€i - Py€r - pil -
(7.6)
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Amp (S =1) = _Z[(ei : E;)Q(mQ — Di-Prlea-€p
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and finally the (lengthy) graviton pole contribution is

1{2
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