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Trace anomaly, massless scalars, and the gravitational coupling of QCD
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The anomalous effective action describing the coupling of gravity to a non-Abelian gauge theory can be
determined by a variational solution of the anomaly equation, as shown by Riegert long ago. It is given by
a nonlocal expression, with the nonlocal interaction determined by the Green’s function of a conformally
covariant operator of fourth order. In recent works it has been shown that this interaction is mediated by a
simple pole in an expansion around a Minkowski background, coupled in the infrared in the massless
fermion limit. This result relies on the local formulation of the original action in terms of two auxiliary
fields, one physical scalar and one ghost, which take the role of massless composite degrees of freedom. In
the gravity case, the two scalars have provided ground in favor of some recent proposals of an infrared
approach to the solution of the dark energy problem, entirely based on the behavior of the vacuum energy
at the QCD phase transition. As a test of this general result, we perform a complete one-loop computation
of the effective action describing the coupling of a non-Abelian gauge theory to gravity. We confirm the
appearance of an anomaly pole which contributes to the trace part of the 7JJ correlator and of extra poles
in its trace-free part, in the quark and gluon sectors, describing the coupling of the energy-momentum

tensor (7') to two non-Abelian gauge currents (J).
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I. INTRODUCTION

The study of the effective action describing the coupling
of a gauge theory to gravity via the trace anomaly [1] is an
important aspect of quantum field theory, which is also not
deprived of direct phenomenological implications. This
coupling is mediated by the correlator involving the
energy-momentum tensor together with two vector cur-
rents (or TJJ vertex), which describes the interaction of
a graviton with two photons or two gluons in QED and
QCD, respectively. At the same time, the vertex has been at
the center of an interesting case study of the renormaliza-
tion properties of composite operators in Yang Mills theo-
ries [2], in the context of an explicit check of the violation
of the Joglekar-Lee theorem [3] on the vanishing of S-
matrix elements of Becchi-Rouet-Stora-Tyutin (BRST)
exact operators. In this second case it was computed on
shell, but only at zero momentum transfer. In this work we
are going to extend this computation and investigate the
presence of massless singularities in its expression. These
contribute to the trace anomaly and play a leading role in
fixing the structure of the effective action that couples
QCD to gravity. The analysis of [2], which predates our
study, unfortunately does not resolve the issue about the
presence or the absence of the anomaly pole in the anoma-
lous effective action of QCD because of the restricted
kinematics involved in that analysis of the 7JJ vertex,
and for this reason we have to proceed with a complete
recomputation.
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Anomaly poles characterize quite universally (gravita-
tional and chiral) anomalous effective actions, in the sense
that they account for their anomalies. They have been
identified and discussed in the Abelian case, both by a
dispersive analysis [4] and by a direct explicit computation
of the related anomalous Feynman amplitudes, quite re-
cently [5,6]. Extensive analysis in the case of chiral gauge
theory for anomalous U(1) models has shown the close
parallel between solutions of the Ward identities, the cou-
pling of the poles in the ultraviolet and in the infrared
region and the gravity case [7,8].

It is therefore important to check whether similar con-
tributions appear also in non-Abelian gauge theories
coupled to gravity. We recall that the same pole structure
is found in the variational solution of the expression of the
trace anomaly, where one tries to identify an action whose
energy-momentum tensor reproduces the trace anomaly.
This action, found by Riegert long ago [9], is nonlocal and
involves the Green function of a quartic (conformally
covariant) operator. The action describes the structure of
the singularities of anomalous correlators with any number
of insertions of the energy-momentum tensor and two
photons (T"JJ), which are expected to correspond both
to single and to higher order poles, for a sufficiently high 7.
For obvious reasons, explicit checks of this effective action
using perturbation theory—as the number of external
graviton lines grows—become increasingly difficult to
handle. The TJJ correlator is the first (leading) contribu-
tion to this infinite sum of correlators in which the anoma-
lous gravitational effective action is expanded.

Given the presence of a quartic operator in Riegert’s
nonlocal action, the proof that this action contains a single
pole to lowest order (in the T.JJ vertex), once expanded
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around flat space, has been given in [4] by Giannotti and
Mottola, and provides the basis for the discussion of the
anomalous effective action in terms of massless auxiliary
fields contained in their work. The auxiliary fields are
introduced in order to rewrite the action in a local form.
We show by an explicit computation of the lowest order
vertex that Riegert’s action is indeed consistent in the non-
Abelian case as well, since its pole structure is recovered in
perturbation theory, similarly to the Abelian case.
Therefore, one can reasonably conjecture the presence of
anomaly poles in each gauge invariant subset of the dia-
grammatic expansion, as the computation for the non-
Abelian T'JJ shows (here for the case of the single pole).
In particular, this is in agreement with the result of [4],
where it is shown that, after expanding around flat space-
time, the quartic operator in Riegert’s action becomes a
simple 1/ nonlocal interaction (for the 7JJ contribu-
tion), i.e. a pole term. We remark that the identification
of a pole term in this and in other similar correlators, as we
are going to emphasize in the following sections (at least in
the case of QED and for the sector of QCD mediated by
quark loops), requires an extrapolation to the massless
fermion limit, and for this reason its interpretation as a
long-range dynamical effect in the gravitational effective
action requires some caution. In QCD, however, there is an
extra sector that contributes to the same correlator, entirely
due to virtual loops of gluons in the anomaly graphs, which
remains unaffected by the massless fermion limit. The
appearance of such a singularity in the effective action,
however, does not necessarily imply that its contribution
survives in the physical S-matrix. We will also establish the
appearance of other singularities in the trace-free form
factors which, obviously, are not part of Riegert’s action.

We will comment in our conclusions on the possible
implications of these results and on some recent proposals
to link this type of behavior [10,11] to cosmology and to
the dark energy problem. We also remark that, in general,
the coefficient in front of the trace anomaly, for a given
theory, can be computed in terms of its massless field
content, and as such, it is well known. However, the
structure of the effective action, the characterization of
its fundamental form factors at nonzero momentum trans-
fer, and its complete analytical structure are novel results.
In this respect, the classification of all the relevant tensor
structures which appear in the computation of this corre-
lator is rather involved and has been performed in the
completely oft-shell case. We remark that the complexity
of the final expression, in the off-shell case, prevents us
from presenting its form. For this reason we will give only
the on-shell version of the complete vertex, which is ex-
pressed, as we have mentioned, only in terms of three
fundamental form factors.

Concerning the phenomenological relevance of this ver-
tex, we just mention that it plays an essential role in the
study of next-to-leading order NLO corrections to pro-
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cesses involving a graviton exchange. In fact, in theories
with extra dimensions, where a low-gravity scale and the
presence of Kaluza-Klein excitations may enhance the
rates for processes mediated by gluons and gravitons, the
vertex appears in the hard scattering of the corresponding
factorization formula [12] and has been computed in di-
mensional regularization. However, to our knowledge, in
all cases, there has been no separate discussion of the
general structure of the vertex (i.e. as an amplitude) nor
of its Ward identities, which, in principle, would require a
more careful investigation because of the trace anomaly.
Anomalous amplitudes, in fact, are defined by the funda-
mental Ward identities imposed on them, which we are
going to derive from general principles. We cover this gap
and show that both dimensional regularization and dimen-
sional reduction reproduce the correct Ward identity sat-
isfied by this vertex, showing at the same time that the use
of these regularizations is indeed appropriate. Results for
this vertex will be given only in the on-shell case, since in
this case the result can be expressed in terms of just three
form factors. We have computed also the off-shell effective
action, but its expression is rather lengthy and will not be
discussed here, since it is gauge dependent and of less
significance compared to the on-shell result. Most of our
work is concerned with a technical derivation of the lead-
ing contribution to the anomalous effective action of QCD
coupled to gravity. We have summarized in our conclu-
sions a brief discussion of the relevance of this study in the
ongoing attempt to link the trace anomaly and QCD to a
possible alternative solution of the problem of dark energy,
using this effective action as an intermediate step [10,11].

II. ANOMALOUS EFFECTIVE ACTIONS AND
THEIR VARIATIONAL SOLUTIONS

In this section we briefly review the topic of the varia-
tional solutions of anomalous effective actions, and of the
local formulations of these using auxiliary fields.

One well-known result of quantum gravity is that the
effective action of the trace anomaly is given by a nonlocal
form when expressed in terms of the space-time metric
&uv- This was obtained [9] from a variational solution of
the equation for the trace anomaly [1],

T4 = bF + b'(E — 20R) + b"0IR + cF*"F4,, (1)

(see also [13,14] for an analysis of the gravitational sector)
which takes, in D = 4 space-time dimensions, the form

1 i 2
Sanom[g: A] = g fd4x1/—g’[d4x’ —g/(E - gDR)
2
XA (x, x’)[ZbF + b’(E — §DR)

+ ZCFMVF'“V] . )

x/

Here, the parameters b and b’ are the coefficients of the
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Weyl tensor squared,

R2
F = CaurpCM" = Ry RMP = 2R, R + = (3)

and the Euler density

E="R,,,,"R*" =R,,,,R*"" — 4R R* + R?,

“)

respectively, of the trace anomaly in a general background
curved space-time. Notice that the last term in (2) is the
contribution generated in the presence of a background
gauge field, with coefficient ¢. For a Dirac fermion in a
classical gravitational (g,,) and Abelian (A, ) background,
the values of the coefficients are b = 1/(32072), b/ =
—11/(57607?%), and ¢ = —e?/(247?), with e being the
electric charge of the fermion. One crucial feature of this
solution is its origin, which is purely variational. Obtained
by Riegert long ago, the action was derived by solving the
variational equation satisfied by the trace of the energy-
momentum tensor. A} ! (x, x’) denotes the Green’s function
inverse of the conformally covariant differential operator
of fourth order, defined by

Apvp

Ay =V, (VAVY + 2R*" — 2RV,
=[P + 2RV, V, + {VHR)V, — 2RI, (5)

Given a solution of a variational equation, it is mandatory
to check whether the solution is indeed justified by a
perturbative computation. One specific feature of these
solutions is the presence of anomaly poles. In previous
works we have elaborated on the significance of these
interactions, extracted from a direct perturbative computa-
tion, by a painstaking analysis of anomaly graphs under
general kinematical conditions, and not just by a dispersive
approach. The dispersive approach allows us to connect
this behavior of the spectral density to a very specific
infrared configuration.

A. The kinematics of an anomaly pole

In our conventions we will denote with p and ¢ the
outgoing momenta of the two photons/gluons and with k
the incoming momentum of the graviton. s = (p + ¢)°
denotes the invariant mass of the external graviton line.
A computation of the spectral density p(s) of the TJJ
amplitude in QED shows that this takes the form p(s) ~
8(s). The configuration responsible for the appearance of a
pole is illustrated in Fig. 1(a). It describes the decay of a
graviton line into two on-shell photons. The decay is
mediated by a collinear and on-shell fermion-antifermion
pair and can be interpreted as a space-time process. The
corresponding interaction vertex, described as the ex-
change of a pole, is instead shown in Fig. 1(b). The actual
process depicted in Fig. 1(a) is obtained at diagrammatic
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FIG. 1. The diagrams describing the anomaly pole in the
dispersive approach. Figure (a) depicts the singularity of the
spectral density p(s) as a space-time process. Figure (b) de-
scribes the anomalous pole part of the interaction via the
exchange of a pole.

level by setting on shell the fermion-antifermion pair at-
tached to the graviton line. This configuration, present in
the spectral density of the diagram only for on-shell pho-
tons, generates a pole contribution which can be shown to
be coupled in the infrared. This means that if we compute
the residue of the amplitude for s — 0, we find that it is
nonvanishing. In the general expression of the vertex, a
similar configuration is extracted in the high energy limit,
not by a dispersive analysis, but by an explicit (off-shell)
computation of the diagrams. Clearly, the pole, in this
second case, has a vanishing residue as s — 0, but is
nevertheless a signature of the anomaly at high energy.
Either for virtual or for real photons, a direct computation
of the vertex allows us to extract the pole term, without
having to rely on a dispersive analysis. This point has been
illustrated in our previous computations of the chiral anom-
aly vertex [8] and in the computation of the 7'JJ vertex for
QED [5]. The identification of this singularity in the case of
QCD is in perfect agreement with those previous results.

B. The single pole from A,

In the case of the gravitational effective action, the
appearance of the inverse of the A, operator seems to be
hard to reconcile with the simpler 1/ interaction which is
predicted by the perturbative analysis of the 7JJ correlator,
which manifests a single anomaly pole. In [4], Giannotti
and Mottola show step by step how a single pole emerges
from this quartic operator, by using the auxiliary field
formulation of the same effective action. Clearly, more
computations are needed in order to show that the nonlocal
effective action consistently does justice of all the poles (of
second order and higher) which should be present in the
perturbative expansion. Obviously, the perturbative com-
putations—being either based on dispersion theory or on
complete evaluations of the vertices, as in our case—
become rather hard as we increase the number of external
lines of the corresponding perturbative correlator. For in-
stance, this check becomes almost impossible for correla-
tors of the form 77T7TT or higher, due to the appearance of a
very large number of tensor structures in the reduction of
the Feynman integrals from the tensor form to the scalar
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one. In the case of 7JJ the computation is still manageable,
since it does not require Feynman integrals beyond rank 4.

Expanding around flat space, the local formulation of
Riegert’s action, as shown in [4,15], can be rewritten in the
form

C
Sanom[g’ A]_) _6 fd4x\/ _gfd4x/

X _g/RxDx_,;’[Fa,BFaB]x/! (6)

which is valid to first order in the fluctuation of the metric
around a flat background, denoted as h s

k = 167Gy )

with Gy being the four-dimensional Newton’s constant.
The formulation in terms of auxiliary fields of this axion
gives

R
Suonlg A @, '] = f dw——g[— Op =3 ¥

g,uv = np,u + Kh,u,w

C
+ 5 FapFPo) ®)

where ¢ and i are the auxiliary scalar fields. They satisfy
the equations

Y’ = b0y, )

Oy! = %FaﬁFaﬁ, (10)
R

Op = -3 (11)

In order to make contact with the 7JJ amplitude, one
needs the expression of the energy momentum extracted
from (8) to leading order in h,,,,, or, equivalently, from (6)
that can be shown to take the form

v ¢ v v — o
Tinom(2) = 3 (87700 = 9#9); f d*x'0 L [F g F**],.
(12)

Notice that Thom is the expression of the energy-
momentum tensor of the theory in the background of the
gravitational and gauge fields. We recall, in fact, that in the
QED case, for instance, the energy-momentum tensor of
the theory is split into the free fermionic part T, the
interacting fermion-photon part T%,, and the photon con-
tribution 77, which are given by

T = —ify B3y + gt iy 0" g — mi ), (13)

Th' = —eJ A + eghrJ A, (14)
and
T = FFAFL — gt FAF) ), (15)

where the current is defined as
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JH(x) = () y* i (x). (16)

The connected components of 7JJ can be obtained
directly from the quantum average of T, defined as the
sum of the fermion contribution and its interaction part
with the photon field,

Th =T +TL. (17)

In the formalism of the background fields, the 7.JJ
correlator then can be extracted from the defining func-
tional integral

"= [Dupimge fsr [

_ <T;;,Veifd4x.l~A(x)> (18)

via two functional derivatives with respect to the back-
ground field A, and it generates the effective action

82<T;7LV(Z)>A _ Iw,ul/a/B + fw,u,vaﬁ
8A,(x)6A4(y) '

anom
A=0

Trreb(zx, y) =

19)

We have separated in (19) the pole contribution I'y,,,, from
the rest of the amplitude (f‘), which does not contribute to
the trace part. Notice that I'j,,,, derived from either the
classical generating functional (12) given by Riegert’s
action or from the direct perturbative expansion of (19),
should nevertheless coincide, for the pole term not to be a
spurious artifact of the variational solution. In particular, a
computation performed in QED shows that the pole term

extracted from T, via functional differentiation,
o 8 Them(0)
l"/-“’aﬁ ) — [d4 fd4 ipx+iq-y anom
anom (D> q) X ye 3Aa(x)AB(y)

62

T 1872

1
p(g’”k2 — k*k")u*F(p,q) (20)

with
u(p,q) = (p- 9)g*? — q“pP, 1)

indeed coincides with the result of the perturbative expan-
sion, as defined from the first term on the right-hand side of
(19). Thus, the entire contribution to the anomaly is ex-
tracted from 7o, as

&2
a2 FaBF“ﬂ. (22)
As we have already mentioned, the full action (2), varied
several times with respect to the background metric g,,,
and/or the background gauge fields A,,, gives those parts of
the correlators of higher order, such as (TTT...JJ) and
(TTT...), which contribute to the trace anomaly. In par-
ticular, the anomalous contributions of the 7"JJ vertices
are obtained by varying the local action, both with respect
to the metric and to the gauge fields.

gM,,Téﬁgm = cFaBF‘)‘ﬁ = —
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III. THE ENERGY-MOMENTUM TENSOR AND THE WARD IDENTITIES

Moving to the QCD case, we introduce the definition of the QCD energy-momentum tensor, which is given by

w1 1
Tur = —8uvLocp — Fi,Ff — ng@”(AZG‘TAf‘r) + E(A‘i%(a"AZ) + A5,0,(07A%))

i = L =
+ Z[lIbYﬂ(aV - lgTuA‘;)iJ/ - l//(av + lgTaA(lll)Y,u,'vl’ + '1[’71/(8# - lgTaAZ)l// - l/l(a,u + lgTaA{;L)YVl//]

+8,099,0° — gf P ASWY) + 9,099, 0" — gfPAGwb), (23)

where F9,, is the non-Abelian field strength of the gauge
field A,

Fa, = 9,A% — 0,A% + gf™AbAS, 24)

and we have denoted with w* the Faddeev-Popov ghosts
and with @ the antighosts, while ¢ is the gauge-fixing
parameter. The 7%’s are the gauge group generators in the
fermion representation and f“¢ are the antisymmetric
structure constants. For later use, it is convenient to isolate
the gauge-fixing and ghost dependent contributions from
the entire tensor,

1

TS, = E[Azaﬂ(a CAY) + A%a,(9 - AY)]
1 1
- ng[—z(a LA + 9 (A% -A“)], 25)

T = 0,0°Di o’ + 9,0 Dy 0" — g,,,0° @D .
(26)

The coupling of QCD to gravity in the weak gravita-
tional field limit is given by the interaction Lagrangian

L= —Leh*T,, Q27)

Notice that T, as defined in Eq. (23) is symmetric, while
traceless for a massless theory. The symmetric expression
can be easily found, as suggested in [16], by coupling the
theory to gravity and then defining it via a functional
derivative with respect to the metric, recovering (23) in
the flat space-time case.

The conservation equation of the energy-momentum
tensor takes the following form off shell [17,18]:

oS - 68
aMT#V = _waylﬂ - aul/’ﬁ
1 68 - oS
+ - on(— - —
504 (5g ot~ 17 55)
oS oS oS
— 9,44 =+ (A?, a)— 9,0
woas M\ sar) T S
oS
- aya_)a—_r (28)
o

where o, = 1[v,. v,]. It is indeed conserved by using
the equations of motion of the ghost, antighost, and

|
fermion-antifermion fields. The off-shell relation is par-
ticularly useful, since it can be inserted into the functional
integral in order to derive some of the Ward identities
satisfied by the correlator. In fact, the implications of the
conservation of the energy-momentum tensor on the
Green’s functions can be exploited through the generating
functional, obviously defined as

210, 7 v 0 h] = ffDADe,l/DJ/waDa‘)
X exp{i[d“x([ + AR + 7y
+Yn+ yo+ oy + hWTM”)},

(29)

where L is the standard QCD action and we have added the
coupling of the energy-momentum tensor of the theory to
the background gravitational field /,,,,, which is the typical
expression needed in the study of QCD coupled to gravity
with a linear deviation from the flat metric. We have
denoted with J, 1, 7, x, ¥ the sources of the gauge field
A (J), the source of the fermion and antifermion fields
(1, m) and of the ghost and antighost fields (y, x), respec-
tively. The generating functional W of the connected
Green’s functions is, as usual, denoted by

ZIJ,m % x % hl
710,0,0,0,0, 0]

expiWlJ, n, %, x, x, h] = (30)
(normalized to the vacuum functional) and the effective
action, defined as the generating functional I" of the one-
particle irreducible and truncated amplitudes. This is ob-
viously obtained from W by a Legendre transformation
with respect to all the sources, except, in our case, &
which is taken as a background external field,

F[AL" l)_bL" l//(," d)L') w(;r h] = W[J’ 7’) ’f)) /\/7 /?; h]

- [ & AL + 7,

mvo

+ P+ xo, + o).
(31)

The source fields are eliminated from the right-hand side of
Eq. (31), inverting the relations
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ow ow - ow
A# = <> (//c = <> ¢Ic = <
oJ, on on
(32)
oW oW
BRI S 2

so that the functional derivatives of the effective action I'
with respect to its independent variables are

5F__J ol ol
T T T
(33)
or - ol _
sw. X sa, X
and for the source h,,, we have instead
or ow
5 =—. (34)
hu, &h,,

The conservation of the energy-momentum tensor summa-
rized in Eq. (28) in terms of classical fields can be reex-
pressed in a functional form by a differentiation of W with
respect to &, and the use of Eq. (28) under the functional
integral. We obtain

S W W 8w
'ugh/“, noy 577] v 57’ n
oW oW

18#(‘ _—— >+8 —6 J
- = o — o
2 K “8n  8n wrl ves,

o
ow 4 oW

—x (35
57, 5% VSXX (35)

and finally, for the one-particle irreducible generating
functional, this gives
or’ ol - or
= Y. — Y. —
b Ve 7
1 or - or
+ 8M(—0'“ Y. — .ot — >

aﬂahﬂy Sy,

2 "\6y, 3¢,
sT sT sT
— 9"AL + oK AL - v
SAF ( °5A#) dw, P
ST
- 0D, —, (36)
6@,

obtained from Eq. (35) with the help of Egs. (32)—(34). We
summarize below the relevant Ward identities that can be
used in order to fix the expression of the correlator.

(1) Single derivative general Ward identity—The Ward
identities describing the conservation of the energy-
momentum tensor for the one-particle irreducible
Green’s functions with an insertion of 7, can be
obtained from the functional equation (36) by taking
functional derivatives with respect to the classical
fields. For example, the Ward identity for the
graviton—gluon-gluon vertex is obtained by differ-
entiating Eq. (36) with respect to A%,(x;) and
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Ab 5(x2) and then setting all the external fields to
zero,

8M<T/Ly(x)Agz (xl )AI;}(-XZ))trunc
= —9,8(x; — YDg}(xs, %)
— 3,846 — 0D} 0x, x)
+ a“(gav‘s4(x1 - X)D'[_gb(x% )C)

+ 85,0% (%2 — X)D 1 (xy, x)), (37)

where D;é(xl,xz) is the inverse gluon propagator
defined as

D p(x1, X3) = (Aq(x1)A 5(x2) runc
or

i 38
SAY(x,)6AP (x,) %)

and where we have omitted, for simplicity, both the
color indices and the symbol of the T product. The
first Ward identity (37) becomes

k'l"(T/Ly(k)Aa(p)Aﬁ(q»trunc
= quDan(P)gpy T PuD3 (@) 8ar — 4vD o 5(P)
= PuD4(9). (39)

Trace Ward identity at zero momentum transfer.—It
is possible to extract a Ward identity for the trace of
the energy-momentum tensor for the same correla-
tion function using just Eq. (39). In fact, differenti-
ating it with respect to p, (or g,) and then
evaluating the resulting expression at zero momen-
tum transfer (p = —g), we obtain the Ward identity
in d space-time dimensions,

(TE(0)AL(P)A(=P)irunc

d
— (z —d+tp- —)D;};(p), (40)
ap
where the number 2 counts the number of external
gluon lines. For d = 4 and using the transversality
of the one-particle irreducible self-energy, namely,

D_i(p) = (P*gap — Paqp)1(p?), (41)

the Ward identity in Eq. (40) simplifies to
<Tﬁ (O)Aa(p)AB(_p»trunc
dll
= 2p*(P°8ap — paq;a)d—lﬁ(pz). (42)

The trace Ward identity in Eq. (40) at zero momen-
tum transfer can also be explicitly related to the 8
function and the anomalous dimensions of the re-
normalized theory. These enter through the renor-
malization group equation for the two-point
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(iii)

function of the gluon. Defining the beta function and
the anomalous dimensions as

p) 9
B(g) = Ma—g, ¥(g) = p——logJZ,,
s Y
(43)
om
my,,(g) = ™
M

and denoting with Z, the wave function renormal-
ization constant of the gluon field, with g the renor-
malized coupling, and with m the renormalized
mass, the trace Ward identity can be related to these
functions by the relation

(T1(0)A 4 (P)A (= PDrrunc
= [B(g)% —2y(g) + m(y,,(g) — 1)%]

X DA(p) (44)

Two-derivative Ward identity via BRST symme-
try.—We can exploit the BRST symmetry of the
gauge-fixed Lagrangian in order to derive some
generalized Ward (Slavnov-Taylor) identities. We
start by computing the BRST variation of the
energy-momentum tensor, which is given by

8AY = ADY w, (45)
Swt = _%g)tfabcwbwc’ (46)
S = — é(amz))\, 47)
S = ighwt*y, (48)
S = —igyt? A", (49)

where A is an infinitesimal Grassmann parameter.
A careful analysis of the energy-momentum tensor
presented in Eq. (23) shows that the fermionic and
the gauge part are gauge invariant and therefore
invariant also under BRST. Instead, the gauge-
fixing and the ghost contributions must be studied
in more detail. Using the transformation equa-
tions (45) and (47) in (26) one can prove the two
identities

ATES = —A%9,80° — A%9,80"
+ gu[30 - A8 + A49P80"],  (50)
ATE, = —0,0"8A% — 9, 5AY
+ 8,97 @ SAY, (51)

which show that the ghost and the gauge-fixing
parts of the energy-momentum tensor (times the
anticommuting factor A) can be written as an ap-
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propriate BRST variation of ghost-antighost and
gauge contributions. Their sum, instead, can be
expressed as the BRST variation of a certain op-
erator plus an extra term which vanishes when
using the ghost equations of motion,

MTES + TE) = 8[—a,@°A% — 9,@A%,
+ 8,,(A%9,0 + 10 - Alw?)]
+ €, 40097 DY o, (52)

which shows explicitly the structure of the gauge
variant terms in the energy-momentum tensor.
Using the nilpotency of the BRST operator (6% =
0), the BRST variation of T, is given by

8T, = 8(TS, + T5))

A
= E[A;wyaﬂD;;bwb + A%9,0° DY w®

— 8us07(A507 DY ")) (53)

where it is straightforward to recognize the equa-
tion of motion of the ghost field on its right-hand
side. Using this last relation, we are able to derive
some constraints on the Green’s functions involv-
ing insertions of the energy-momentum tensor. In
particular, we are interested in some identities sat-
isfied by the correlator (T,,A%A%) in order to
define it unambiguously. For this purpose, it is
convenient to choose an appropriate Green’s func-
tion, in our case given by (T, 0*A%@"), and then
exploit its BRST invariance to obtain

&T,,0%A%a") =(8T,,0*A% ")
+ MT, 0D 0 @)
A
——
¢

where the first two correlators, built with operators
proportional to the equations of motion, contribute
only with disconnected amplitudes that are not part
of the one-particle irreducible vertex function.
From Eq. (54) we obtain the identity

02 98T, (DAL)AL () une = 0. (55)
which in momentum space becomes
P aP (T (KAL(P)AL(@)rune = 0. (56)

A subtlety in these types of derivations concerns
the role played by the commutators, which are
generated because of the T product and can be
ignored only if they vanish. In general, in fact,
the derivatives are naively taken out of the corre-
lator, in order to arrive at Eq. (56), and this can
generate an error. In this case, due to the presence
of an energy-momentum tensor, the evaluation of

TwaaAgaﬁA@ =0, (54)
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these terms is rather involved. For this reason one
needs to perform an explicit check of (56) to ensure
the consistency of the formal result in a suitable
regularization scheme. As we are going to show in
the next sections, these three Ward identities turn
out to be satisfied in dimensional regularization.

IV. THE PERTURBATIVE EXPANSION

The perturbative expansion is obtained by taking into
account all the diagrams depicted in Figs. 2—4, where an
incoming graviton appears in the initial state and two
gluons with momenta p and ¢ characterize the final state.
The different contributions to the total amplitude are iden-
tified by the nature of the internal lines and are computed
with the aid of the Feynman rules defined in Appendix A.
Each amplitude is denoted by I', with a superscript in
square brackets indicating the figure of the corresponding
diagram.

The contributions with a massive fermion running in the
loop are depicted in Fig. 2; for the triangle in Fig. 2(a) we
obtain

4
rt2alab 2 ba d’l
—iz , Tr(T*T%) [ ——
l2 ,LLVO[ﬁ(p Q) 2g I'( ) (277_)4
1
XV (l—qgl+ p)——
r{ wll—q p)l_d_mv
X ! ! } 57
l—myal+15—m’
p
— A“u
k p+1
m l + exch
h
o l—q
AL,
q
(a) (b)

FIG. 2. The fermionic contributions with a graviton /,,

hu i Aa“
7 /];
k
+ I I-q
A”ﬁ
\
q
(a) (b)

FIG. 3. The gauge contributions with a graviton £,
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where the color factor is given by Tr(T?T¢) = 18; the
diagram in Fig. 2(c) contributes as

. &l
15 T2 (p. q) = g2 Tr(T*T?) [ )
, 1 1
X Wi = Yo7 ©®)

with the vertices V},,(I — ¢, + p) and W},,,, defined in
Appendix A, Egs. (A1) and (A4), respectively. The remain-
ing diagrams in Fig. 2 are obtained by exchanging o <
and p < ¢,

ST a) = —is TP lms (59)
i3 T (. @) = — i TP @)lums (60)

Moving to the gauge sector we find the four contribu-
tions in Fig. 3: the first one with a triangular topology is
given by

h a A ‘ o
= 7
k
i l—q + exch
A b
~~
q
(c) (d)

, in the initial state and two gluons A%, A” in the final state.

Aa

=\

~/

Al

(d)

, in the initial state and two gluons A%, A% in the final state.

064023-8
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Ggg

. K K
—i Er[izfg(pr q) —- _ EngadEfbde

XV g(=l+q.1 —q)]

Qm)* P+ p)*(1—

q)2 [V,uvpo'(l - q i p)vv%aa(_lr [+ p; _p)

(61)

where the color factor is f44¢ fb4 = C, 8% Those in Figs. 3(b) and 3(c), containing gluon loops attached to the graviton
vertex, are called ““t-bubbles” and can be obtained one from the other by the exchange of @ < B and p < ¢. The first

t-bubble is given by

A1 VI (=L 1= p, = q)V3ao(k, —p, =1 + p)

K 1 &
— i s (p.a) = =5 S 821

(2m)*

P(—p)y ©

which is multiplied by an additional symmetry factor % There is another similar contribution obtained from the previous

one after exchanging @ < B and p < ¢,

. K a . K a
— i TRk (p. @) = =i ST (P, Dlos. (63)
The last diagram with gluons running in the loop is the one in Fig. 3(d), which is given by
iKbb, oy 1K f 'l Vil (L1~ p = 03"V (64)
2 wrap\P T 558 Qm)* P(l—p—gq)? '

where V*# is the four gluon vertex defined as

—ig?viahed = —ig?[fabe fede(g 1800 — 8uo&up) T UL 88 s — 8uo&up) T F S (8180 — 8up8ro)]

and therefore

adfvézhofg = CA 6ab ‘7;17&0',8

= _CASab(ga(rgﬁp + Sap8Bo — 2ga,3go'p)r

(66)
so that the amplitude in Eq. (64) becomes
K 1 & d*l
— '_I‘[3d]ab ) - _ _ 2C 5ab
l 2 /Lyaﬁ (P Q) 2 2 g A (277_)4

VS%U(_Z, l—= pP— Q)Viaaﬁ

P(l—p—q) '
(67)

In the expression above we have explicitly isolated the
color factor C48 and the symmetry factor %

Finally, the ghost contributions shown in Fig. 4 are given
by the sum of

p
. Ad
L0000
X p+l,
— A
WYY . exch
S
“pigel
000, Abﬂ
q
(a) (b)

(65)

_ K H4alap — _ K 2 cade pba
zEFWaﬁ(p,q)— LA A

a*l
@2m)*
C,u,l/pa'(l - Q)p(l + P)Ula(l - Q)B

Pl + p)*(l — q)*

(68)
for the triangle diagram in Fig. 4(a) and
K K d*l
_ '_1“[4b:|ﬂh ) — o2 fade rbde
l 2 Myaﬁ (p Q) 2 g f f (277_)4
Couvacl?(l—
5 Curacl” = @) (69)

(1 — q)*

for the t-bubble diagram shown in Fig. 4(c). The two
exchanged diagrams are obtained from those in Egs. (68)
and (69) with the usual replacements & < 8 and p < gq.

h AH
,{/I’\/ {j\ u
W{,
koo
! ' L I—g + exch.
%Ab,ﬁr
~
q
(c) (d)

FIG. 4. The ghost contributions with a graviton &, in the initial state and two gluons Ag, A% in the final state.
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. K 1 [4blab . K [4alab
—i5 T (0. @) = =5 DSIE (. @)lams, (70)

LK 4 LK 4
— iz T (@) = =i T (P lems. (T1)

Having identified the different sectors, we obtain the

total amplitude for quarks, denoted by a “g’’ subscript,

T up(pr @) = T2 (p, q) + T2 (1, )

+ T2k (b, q) + T2 (0, g), (72)

and the one for gluons and ghosts as

reb s q) = AZM[FE:*;L”;; (p. q) + Tl (p, )
J=2

+ Tk (p, ) + T2 (0, ) (73)

V. THE ON-SHELL (TAA) CORRELATOR, POLE
TERMS, AND FORM FACTORS

We proceed with a classification of all the diagrams
contributing to the on-shell vertex, starting from the gauge
invariant subset of diagrams that involve fermion loops and
then moving to the second set, the one relative to gluons
and ghosts. The analysis follows rather closely the method
presented in the case of QED in previous works [4,5], with
a classification of all the relevant tensor structures which
can be generated using the 43 monomials built as combi-
nations of 2 of the 3 external momenta of the triangle
diagram together with the metric tensor g,,. In general,
one can proceed with the identification of a subset of these
tensor structures, which allows us to formulate the final
expression in a manageable form. The fermionic triangle
diagrams, which define one of the two gauge invariant
subsets of the entire correlator, can be given in a simplified
form also for off mass-shell external momenta, in terms of
13 form factors as in [4,5], while the structure of the gluon
contributions are more involved. Some drastic simplifica-
tions take place in the on-shell case, where only three form
factors—both in the quark and fermion sectors—are nec-
essary to describe the final result.

We write the whole amplitude T#**2(p, q) as

rrraB(p, q) = TEP(p, q) + T P(p,q),  (14)

referring, respectively, to the contributions with quarks
(I';) and with gluons/ghosts (I';) in Egs. (72) and (73).
We have omitted the color indices for simplicity. The
amplitude I is expressed in terms of three tensor structures
and three form factors renormalized in the MS scheme,

PHYSICAL REVIEW D 82, 064023 (2010)

3
P (pq) = Z} D,/4(5, 0,0, m>) 3 1P (p, g).

(75)

One comment concerning the choice of this basis is in
order. The three form factors are more easily identified in
the fermion sector after performing the on-shell limit of the
off-shell amplitude, where the 13 form factors introduced
in [4,5] for QED simplify into the three tensor structures
that will be given below. It is then observed that the tensor
structure of the gluon sector, originally expressed in terms
of the 43 monomials of [4,5], can be arranged consistently
in terms of these three reduced structures.

The tensor basis on which we expand the on-shell vertex
is given by

‘MLWB(P’ q) — (Sg'“” _ k,ukV)uaﬂ(p, q), (76)

5P (p, q) = —2uF(p, @)lsg"” + 2(p*p” + q*q")
—4(p*q” + q*p")] (77)

LB (p, q) = (p*q” + p"qt)g™®
+ %(g“”gﬁ“ + g rgh”)

_ g,u,V<%gaB _ qap,B)

— (g% p* + gPHp")g”
— (g*q" + g**q")p", (78)

where u®®(p, g) has been defined in Eq. (21). The form
factors ®,(s, 5|, 5,, m?) have as entry variables, besides
s = (p + q)?, the virtualities of the two gluons s, = p?
and s, = ¢>. In the on-shell case only three invariant
amplitudes contribute, which for the quark loop amplitude
are given by

2 2,2
8 g&m
D, (50,0m*) = ——" +>——
1,,(S ) 367ts  6rts?
2.2 2
g'm MR Zm]
- —C ] 07 O) PUE—
672s ofs " )[2 K
(79)
2 2,2
8 gm
d, (5,0,0, m?) = — -
(5,0, 0.m) = = A T 2y
2,2
g'm
- WD(S, 0, 0, mz)
2,2 2
g'm 1 m]
- C b 0) O) ~ + B B
12725 ofs " )[2 s
(80)
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11g2 g2m2
g5, 0.0.m%) = S T 5y
4 2
+ 8%Co(s, 0,0, 2[—m + ]
8 Cols ) 47s 82
5¢%m
s @(s 0,0, m?)
g S BYS (s, m?), 1)
24

scalar integrals (s, 0, 0, m?),
BMS(s,m?) are computed in
In the massless limit the amplitude

where the on-shell
Cy(s,0,0,m?), and
Appendix B.
ry *B(p, q) takes a simpler expression and the previous
form factors become

2

8
D,,(50,00) = ———-, 82
lq(s ) 367TZS ( )
gZ
d,,(5,0,0,0) = ——2——, 83
2q(s ) 28872.5' ( )
g2
Psy(5,0,0,0) = = s [12L, = 35) (84)

where

L, = log<— iz) s <0, (85)
o’

In the gluon sector the computation of T'4**P(p, q) is

performed analogously by using dimensional regulariza-

tion with modified minimal subtraction (MS), and we
obtain for on-shell gluons

3
=3 ,,(5.0,08? ¢ F(p,q).  (86)

i=1

" (p, q)

2
®(5,0,0) = —

2
Dy(s,0,0) =

C —
2887 2(f 2 24772.

i=1

2 g2C

8
D5(5,0,0) = —=—(11n, — 65C,) —
3(s ) 288772( ny 4) 3

2

.y
gizs(znf —11Cy) + 6g— Z {7

g <[ a2 ofl .5 2 2
_2;{530 (s, m?) + m3 ;—i-g@(s,O,O,mi)+C0(s,0,0,mi)
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where the form factors obtained from the explicit compu-
tation are

11g2
D,(s5,0,0) = T2ms Ca, (87)
2
®,,(5,0,0) = 288 oo Ca (88)
65 1
P34(5,0,0) = _gzc*‘[zssw 487

- —BMS(O 0)+ 5Co(5,0,0, 0)]

(89)

The renormalized scalar integrals can be found in
Appendix B.

The full on-shell vertex, which is the sum of the quark
and pure gauge contributions, can be decomposed by using

the same three tensor structures ¢*”*#

Fg”aﬁ(p, g) and Ff;mﬂ(

appearing in the

expansion of D, q),

rrreB(p, q) = TE“P(p, q) + T4“P(p, q)

w2

= @,(5,0,0)87 ¢ “F(p,q),  (90)

with form factors defined as

ﬂf
®;,(5.0,0) + > @,;,(5,0,0,m3), (91)

j=1

(I),-(s, O, O) =

where the sum runs over the n, quark flavors. In particular,
we have

2
L Les00 m%)[l - 4&]} 92)
2s )

Z {1+ D(s, 0,0, m?) + - co<s00m2>[ 27’"2]} 93)

4 [% BY5(5,0) ~ BYS0,0) + 5C,(5.0.0,0]

=
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with C4 = N and the scalar integrals defined in
Appendix B. Notice the appearance in the total amplitude
of the 1/s pole in ®;, which is present both in the quark
and in the gluon sectors, and which saturates the contribu-
tion to the trace anomaly in the massless limit. In this case
the entire trace anomaly is just proportional to this com-
ponent, which becomes

2
(5,0,0) = — - np ~ 11C,). (95)

The correlator T'***P(p, g), computed using dimen-
sional regularization, satisfies all the Ward identities de-
fined in the previous sections. Notice that the two-
derivative Ward identity introduced in Eq. (56),

Paqpl**F(p, q) =0, (96)

derived from the BRST symmetry of the QCD Lagrangian,
is straightforwardly satisfied by the on-shell amplitude.
This is easily seen from the tensor decomposition intro-
duced in Eq. (75) because all the tensors fulfill the condi-
tion

Padpdl” " (p. q) = 0. 97)

Furthermore, we have checked at one-loop order the va-
lidity of the single derivative Ward identity given in
Eq. (39) and describing the conservation of the energy-
momentum tensor. Using the transversality of the two-
point gluon function, Eq. (39), this gives

k, #eB(p, q) = (¢"p*pP — q"g*Fp* + g"Pq"p*

= g"Ppp - @I(p?)

+(p"q"q" — p"g*F ¢

+87pPq* — "¢ p - 9ll(g?), (98)
where the renormalized gluon self-energies are defined as

ngA 5ub
144772
g2 Sab y

I(p?) = (15BYS(p2, 0) — 2)

— 3BMS(p2, m2)(2m? + p?)]. (99)

The QCD g function can be related to the residue of the
pole and can be easily computed starting from the ampli-
tude T'#*B(p, q) for on-shell external lines and in the
conformal limit

2 T8 (p, q) = 359 (5:0,0,0)u*P(p, q)
_ _,BE
8

= u*f(p, q), (100)
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with the QCD g function given by

g ( 11C +2 )
- = —ng).
162\ 3 4 3"/

B(g) = (101)

As we have already mentioned, after contracting the metric
tensor g,, with the whole amplitude I', only the tensor

structure ¢?' **B(p, q) contributes to the anomaly, with the
remaining ones being traceless, with a contribution entirely
given by ®,|,,— in Eq. (92), i.e. Eq. (95). In the massive
fermion case, the anomalous contributions are corrected by
terms proportional to the fermion mass m and represent an
explicit breaking of scale invariance. From a direct com-
putation we can also extract quite straightforwardly the
effective action, which is given by

Spie = — ¢ [ dxdROWO (6, ) PP

1 g <_11C L2 )
3162\ 3 A3

X [d4xd4yR(1)(X)D_l(X, y)Fa,BFaB

(102)

and is in agreement with Eq. (6), derived from the nonlocal
gravitational action. Here RV denotes the linearized ex-
pression of the Ricci scalar

RY =onosh* —Oh,  h=n,,h*  (103)
and the constant c is related to the non-Abelian S function
as

= -2 @ (104)
8
Notice that the contribution coming from 7.JJ generates
the Abelian part of the non-Abelian field strength, while
extra contributions (proportional to extra factors of g and
g?) are expected from the 7JJJ and TJJJJ diagrams (see
Fig. 5). This situation is analogous to that of the gauge
anomaly, where one needs to render gauge covariant the
anomalous amplitude given by the triangle diagram. In that
case the gauge covariant expression is obtained by adding

o ol

FIG. 5. Higher order contributions to the anomaly pole in-
volved in the covariantization of the graviton/two-gluon ampli-
tude.
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to the AVV vertex also the AVVV and AVVVYV diagrams,
with three and four external gauge lines, respectively.

VI. COMMENTS

The appearance of massless degrees of freedom in the
effective action describing the coupling of gravity to the
gauge fields is rather intriguing, and is an aspect that will
require further analysis.

The nonlocal structure of the action that contributes to
the trace anomaly, which is entirely reproduced, within the
local description, by two auxiliary scalar fields, seems to
indicate that the effective dynamics of the coupling be-
tween gravity and matter might be controlled, at least in
part, by these degrees of freedom. As we have just men-
tioned, however, this point requires a dedicated study, and
for this specific reason, our conclusions remain open
ended.

Our computation, however, being general, also allows
the identification of other massless contributions to the
effective action which are surely bound to play a role in
the physical S-matrix. They appear in form factors such as
®, [Eq. (93)] and ®5 [Eq. (94)] which do not contribute to
the trace, but are nevertheless part of the one-loop effective
action mediated by the triangle graph.

There are also some other comments, at this point, which
are in order. Notice that while the isolation of the pole in
the fermion sector indeed requires a massless fermion
limit, as obvious from the structure of Iy, the other gauge
invariant sector, described by Fg, is obviously not affected
by this limit, since the corresponding form factors are mass
independent. This obviously does not necessarily imply
that the gluon pole, which survives the extrapolation to
the massless limit, is coupled in the physical S-matrix.

Building on considerations of this nature, in particular,
on the possible significance of massless effective degrees
of freedom, the role of the trace anomaly in establishing the
effective interaction of gravity with matter has been recon-
sidered [10,11]. The explicit goal of this approach has
been to try to bypass the existing hierarchy problem be-
tween the value of the expected vacuum energy density
[p ~ (1073 eV)*], well described by a cosmological con-
stant, and the Planck mass (p ~ M;‘)), which is a funda-
mental issue in contemporary cosmology that has not yet
found a convincing explanation. In fact, it has been known
for a long time that free massless particles contribute to the
anomaly by an insignificant amount (7% ~ H{), propor-
tional to the fourth power of the current Hubble rate, which
is far too small a value to solve the dark energy problem,
due to the fact that we are living in a flat universe.
However, it has been suggested that this small value for
the vacuum energy density, originally attributed to the
anomaly, could be raised to the expected one if the gravi-
tational effective action is characterized by some effective
nonlocality. In this case the contribution due to the trace
anomaly could be modified as [19]

PHYSICAL REVIEW D 82, 064023 (2010)
T ~ HoAdep ~ (1073 eV)?, (105)

where Agcp is the QCD scale, which is tantalizingly close
to the estimated value. While this proposal and similar
others are clearly not the only possible solutions of the
dark energy problem (similar values of the vacuum energy
can be obtained, for instance, using axions misaligned at
the electroweak scale [20] and in several other ways), they
share the positive feature of being characterized by few
minimal assumptions. If so, one could envision a solution
of the problem of the origin of dark energy without the
need to enlarge the standard model spectrum with yet
unknown particles and symmetries. Crucial, in these types
of approaches, appears to be the role played by the effec-
tive scalar fields in the anomalous effective action, which
are present in the local formulation of Riegert’s action,
together with their possible boundary conditions.

VII. CONCLUSIONS

One of the standing issues of the anomalous effective
action describing the interaction of a non-Abelian theory to
gravity is a test of its consistency with the standard pertur-
bative approach. Thus, variational solutions of the effective
action controlled by the trace anomaly should be repro-
duced by the perturbative expansion. Building on previous
analyses in QED, here we have shown that, also in the non-
Abelian case, there is a perfect match between the two
approaches. This implies that the interaction of gravity
with a non-Abelian gauge theory, mediated by the trace
anomaly, indeed can be reformulated in terms of auxiliary
scalar degrees of freedom, in analogy to the Abelian case.
We have proven this result by an explicit computation. Our
findings indicate that this feature is typical of each gauge
invariant subsector of the non-Abelian 7'JJ amplitude, a
result which is likely to hold also for singularities of higher
order. These are expected to be present in correlators with a
larger number of energy-momentum insertions. We hope to
return with a more detailed discussion of the role of the
massless singularities—which have been found both in the
trace and in the traceless part off the 7JJ vertex in the near
future.
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APPENDIX A: FEYNMAN RULES

The Feynman rules used throughout the paper are col-
lected here.
(i) Graviton-fermion-fermion vertex:
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k
h 7 ! K
g = —ig Vi (ki ko)
2
A

ki, 95
h \l/ '
_,u,)u . R Ggg
= —1 ) dab V/,u/pa(k17 kZ)
‘ 1
= 25, {k‘1 “k2 Cppo + Dypo (1, k2) + = Epupo (k1 k2)}
SO 5

(iii) Graviton-ghost-ghost vertex:

ko et
s
h,u,, 7
ANAAX
.
A

(iv) Graviton-fermion-fermion-gauge boson vertex:

9 f
. K . K 1
= 19 § Te W;’wa =19 5 T {_5(711 Gva + T gua) + G fya} .
b !
(v) Graviton-gluon-gluon-gluon vertex:
9% ki ky 9
< K
abey 7G.
= _g§f b Vuy%g-%\(klak%kfi)
K
= —ggfabc {Cuvpo (k1 — k2)x + Cpuvpr (ks — k1)
’k\g c + Cm/a’k(kQ - k3)p =+ Fuupa'k(kla k27 k3)} :
s 9x
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r[1 1 '
= =iy {0l B+ )] = Sl + ks — 2|

K
= —ig 8% Clpo k1 p k20 -
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(vi) Graviton-ghost-ghost-gauge boson vertex:

95 ko &
7
Pl
\\r\
@
huw
C,uvpa' = 8up8vo + Suc8vp — 8uv8po (AT)

D,uypo-(kb k2) = gp,vkla'kZp - [gﬂgklljkg + g,upkla'kZV
- ng'kl,ukZV + (,LL e V)], (A8)

E[LVpO'(kl) kz) = gp,v(klpkla' + kZkaO' + klkaU-)
- [gV{TkI/.Lk]p + ngkZ,u,kZIr + (M A V)],
(A9)

F,u,vp(r/\(klv er k3) = g,u,pga')t(kZ - k3)v
+ gpca'gp)\(kS - kl)l/
+ gp.)\gpa(kl - kZ)V + (/J“ - V)~
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5 g fabc C;u/pa kg . (A6)

APPENDIX B: SCALAR INTEGRALS

We collect in this appendix all the scalar integrals in-
volved in this computation. To set all our conventions, we
start with the definition of the one-point function, or mas-
sive tadpole A ,(m?), the massive bubble B, (s, m?), and
the massive three-point function Cy(s, sy, 55, m?),

1 1
ﬂo(mz :l?fdill 3

2 —m

1 2
= mz[: +1- log<m—2):|,
é n

1
— )~ b7~ )

1 2 +1
=—-+2- log(m—z) —a;s log(a3 )
€ m az — 1

(B1)

1
Bo(k* m?) = — /d"l
oK% m7) i’ (2

1
Co(S, S1, 82, mz) = T fdnl

(A10) B2)
J
1
(2 = m*) (1 = 9)* = m*)((L + p)* — m?)
—b;, — 1 —b; +1 b; +1
i + Li i _ i
%) a — bl L12 - bl. Iy a; T bl:l, (B3)

with

4m2 b-=_Si+Sj+Sk
Si l Jo ’
where s; = s and in the last equation i = 1,2,3 and j, k #
i. The one-point and two-point functions written before in
n =4 — 2¢e are divergent in dimensional regularization
with the singular parts given by

(B4)

. 1 . 1
Ao(m?)E — —m?, By(s,m)TE— -, (BS)

with

(B6)

m|—

i — vy — Inm.
€

We use two finite combinations of scalar functions given

+1
Bols I = Agto®) = e[ 1 = astog 1 |
as —

(B7)
D, = D,(s, s;, m*) = By(s, m*) — By(s;, m*)
41 +1
_ [ai logZi T — 4i10g22 ] i=12 (BS)
a; — as —

The scalar integrals Cy(s, 0,0, m?) and D(s, 0,0, m?) are
the {s; — 0,5, — 0} limits of the generic functions
Co(s, 51, 55, m?) and D (s, 51, m?),

1 ) as + 1

Co(s, 0,0, m*) = —log ,
2S a3 - ]

(B9)
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D (s,0,0,m*) = D(s,0,m*>) = Ds(s, 0, m?)

+1
= [2 —az loga3 ]
as — 1

(B10)

The singularities in 1/€ and the dependence on the renor-
malization scale u cancel out when taking into account the
difference of two functions B, so that the D,’s are well
defined; the three-point master integral is convergent.

The renormalized scalar integrals in the modified mini-
mal subtraction scheme named MS are defined as

BMS(5,0) =2 — L, (B11)

1

BMS(0,0) = =, (B12)

PHYSICAL REVIEW D 82, 064023 (2010)

1r1 1 1 2
=—|S+—L,+-L2—— Bl
C()(S, Or Or 0) s [6()2 W N 2 N 12]’ ( 3)

where
(B14)

We have set the space-time dimensions to n =4 + 2w
with @ >0. The 1/w and 1/w? singularities in
Egs. (B11) and (B13) are infrared divergencies due to the
zero mass of the gluons.
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