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The gauge-invariant three-gluon vertex obtained from the pinch technique is characterized by 13
nonzero form factors, which are given in complete generality for unbroken gauge theory at one loop. The
results are given in d dimensions using both dimensional regularization and dimensional reduction,
including the effects of massless gluons and arbitrary representations of massive gauge bosons, fermions,
and scalars. We find interesting relations between the functional forms of the contributions from gauge
bosons, fermions, and scalars. These relations hold only for the gauge-invariant pinch-technique vertex
and are d-dimensional incarnations of supersymmetric nonrenormalization theorems which include finite
terms. The form factors are shown to simplify for N" = 1, 2, and 4 supersymmetry in various dimensions.
In four-dimensional nonsupersymmetric theories, eight of the form factors have the same functional form
for massless gluons, quarks, and scalars, when written in a physically motivated tensor basis. For QCD,
these include the tree-level tensor structure which has prefactor 8y = (11N, — 2N;)/3, another tensor
with prefactor 4N, — Ny, and six tensors with N, — N¢. In perturbative calculations our results lead
naturally to an effective coupling for the three-gluon vertex, @(k?, k%, k%), which depends on three
momenta and gives rise to an effective scale Q2%;(k3, k3, k3) which governs the behavior of the vertex.
The effects of nonzero internal masses M are important and have a complicated threshold and
pseudothreshold structure. A three-scale effective number of flavors N(k3/M?, k3/M?, k3/M?) is defined.
The results of this paper are an important part of a gauge-invariant dressed skeleton expansion and a
related multiscale analytic renormalization scheme. In this approach the scale ambiguity problem is

resolved since physical kinematic invariants determine the arguments of the couplings.
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I. INTRODUCTION: GAUGE-INVARIANT
GREEN’S FUNCTIONS

The main purpose of this paper is to analyze the struc-
ture of the gauge-invariant three-gluon vertex [1], calculate
the 14 form factors at one loop, and outline some of the
phenomenological applications. Before proceeding, it is
worthwhile to review the motivation and current status of
gauge-invariant Green’s functions.

In the conventional formulation of gauge field theories,
the manifest gauge-invariance of the original action is lost
upon quantization, simply because one has to fix a gauge
in order to perform calculations. Generically, Greens’s
functions are gauge dependent and thus not physical by
themselves. Only the particular combinations of Green’s
functions which form physical observables must be gauge-
invariant. In many theoretical studies, however, one would
like to consider individual Green’s functions and extract
physical meaning from them [2]. For example, studies of
the infrared behavior of gauge theory using Dyson-
Schwinger equations [3] often rely on gauge-dependent
truncation schemes which one hopes are not too brutal.
The existence of gauge-invariant two-point functions is
crucial for defining meaningful resummed propagators
[4], particularly near threshold, for the construction of
effective charges [5], for a postulated dressed-skeleton
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expansion of QCD [6], and for justifying renormalon
analyses [7].

Thus there is strong motivation for gauge-invariant
Green’s functions with physical content. We will now
briefly discuss the relationship between three different
approaches to gauge-invariant Green’s functions: (1) the
pinch technique (PT), (2) the background field method
(BFM), and (3) the * effective Lagrangian scheme of
Kennedy and Lynn. All three approaches will lead to the
same Green’s functions.

The pinch technique (PT) was first constructed by
Cornwall [2] in order to study gauge-invariant Dyson-
Schwinger equations and dynamical gluon mass genera-
tion, but the approach is much more generally applicable.
In the PT approach, unique gauge-invariant Green’s func-
tions are constructed by explicitly rearranging Feynman
diagrams using elementary Ward identities (WI) as the
guiding principle. Longitudinal momenta from triple-
gauge-boson vertices and gauge propagators inside of
loops hit other vertices and thus generate inverse propa-
gators (via WI’s), which, in turn, cancel (or pinch) some
internal propagators. In this way, certain parts of Green’s
functions are reduced to parts of lower n-point functions,
and should properly be included in the latter.

As an example of the PT, consider the gluon (or massive
gauge boson) self-energy. The conventional self-energy is
gauge-dependent and physically meaningless by itself.
However, when embedded in any physical process, there
will be associated parts of vertex and box graphs which
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undergo the reduction described above and thus have the
same tensor and kinematic structure as the gluon propaga-
tor. These pinched parts are then added to the conventional
gauge-dependent self-energy, yielding a gauge-invariant
self-energy and gluon propagator that has the correct
asymptotic UV behavior dictated by the renormalization
group equation. The resulting two-point function has nu-
merous positive attributes [4,5,8—10], including unique-
ness, resummability, analyticity, unitarity, and a natural
relation to optical theorem, from which it can also be
derived [4,11].

Resumming these two-point functions leads to physical
effective charges, a la Grunberg [12], which can be ex-
tended to the supersymmetric case and leads to an analytic
improvement of gauge coupling unification with smooth
threshold behavior [13].

This method has been applied to a variety of Green’s
functions [1,14—17], with applications to electroweak phe-
nomenology [18,19]. In particular, the gauge-invariant
three-gluon vertex was first constructed in [1] to one-loop
order, where the authors showed that the vertex satisfies a
relatively simple Abelian-like Ward identity. However, the
integrals were not evaluated, so that little could be said
about the individual form factors except that the UV di-
vergent term in the tree-level tensor structure is correct.
The main motivation of this paper is to extend this work by
evaluating the integrals for the 14 form factors, and ex-
pressing the results in a convenient tensor basis for phe-
nomenological applications. In doing so, an interesting
structure emerges, in which the contributions of gluons
(G), quarks (Q), and scalars (S) are intimately related.
These relations are closely linked to supersymmetry and
conformal symmetry, and, in particular, the N' = 4 non-
renormalization theorems. For all form factors F in dimen-
sions d, we find that

Fg+4F, + (10 — d)Fs = 0, (1)

which encodes the vanishing contribution of the N = 4
supermultiplet in four dimensions. Similar relations have
been found in the context of supersymmetric scattering
amplitudes [20,21]. In Appendix E, the effects of internal
masses are discussed, and the above sum rule becomes
modified

for internal massive gauge bosons (MG), fermions (MQ),
and scalar (MS). The external gluons remain massless and
unbroken, so the internal gauge bosons might be the heavy
X,. Y, bosons of SU(5), for example. In [22], supersym-
metric relations were found for electroweak gauge boson
four-point scattering amplitudes.

The PT method has been explicitly extended beyond
one-loop [23-25], has recently been proven to exist to all
orders in perturbation theory [26-29], and interestingly,
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each Green’s function is equal to the corresponding
Green’s function of the background field method (BFM)
in quantum Feynman gauge &, = 1, a result suggested in
[30,31]. Heuristically, this is due to the fact that there are
no longitudinal (pinching) momenta in the gauge propa-
gator or the elementary vertices in this special gauge.
The background field method (BFM) [32] constructs
manifestly gauge-invariant Green’s functions in the follow-
ing way. First, the field variable (A) in the path integral is
separated into a background (B) and quantum (Q) field,
A = B + Q. Only the quantum field Q propagates in loops,
since it is a variable of functional integration. In contrast,
the background field B appears only in external legs. By
judiciously choosing the gauge-fixing function, one arrives
at an effective action which remains manifestly invariant
under background field gauge-transformations 6B, =

—f*w’BS, + éa n . Furthermore, derivatives of the

BFM effective action with respect to the background field
B yield the same 1PI Green’s functions as the conventional
effective action with a nonstandard gauge-fixing. Thus, it
can be shown [32] that the correct S-matrix is obtained by
sewing together trees composed of 1PI Green’s functions
of B fields. In doing so, one can fix the gauge of B, which
propagates only at tree level, independently of the gauge
fixing of Q. For example, convenient noncovariant gauges
might be used for the trees while BFM Feynman gauge
£o = 1 (BFMFG) can be used for the loops.

The correspondence between the PT and BFM is not
surprising, since the BFM is a formulation of gauge theory
where Green’s functions of the gauge field are manifestly
(background) gauge-invariant. Although this is true for all
values of the quantum gauge-fixing parameter £, itis only
for the special value £, = 1 that the BFM Green’s func-
tions also have the correct kinematic structure of the irre-
ducible PT Green’s functions. Alternatively, it has been
shown [31] that applying the PT algorithm to the BFM for
&o # 1 leads back to the canonical (§y = 1) PT Green’s
functions.

Finally, in the * scheme of Kennedy and Lynn [33], a
gauge-invariant effective Lagrangian was constructed for
electroweak four-fermion processes by explicitly rearrang-
ing the one-loop corrections. As in the pinch technique,
vertex parts must be added to would-be two-point func-
tions to yield genuine two-point functions. One particular
motivation is that fact that the photon acquires a spurious
mass from its mixing with the Z°, II,,,(¢*> = 0) # 0, un-
less the correct vertex parts are added. The resulting effec-
tive charges, a,(g?) and s3(g?) are in fact precisely equal
to the corresponding pinch-technique effective charges at
one loop, including all finite terms and threshold depen-
dence [8].

Thus, all three methods for constructing physical gauge-
invariant Green’s functions lead to the same results, which
in this paper will be referred to as either PT or PT/BFMFG
Green’s functions.
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The organization of this paper is as follows. In Sec. II,
we will discuss the general structure of the gauge-invariant
three-gluon vertex, which is constrained by the Ward iden-
tity and Bose symmetry. Two convenient tensor bases and
their relation are discussed. In Sec. II1, the main results of
this paper are given. First, the nontrivial supersymmetric
relations between the gluon, quark, and scalar contribu-
tions to each form factor are discussed. The explicit results
for the form factors are given in two different bases for
massless internal particles, with the full mass effects rele-
gated to Appendix E. In Sec. IV, we briefly discuss the
phenomenological application to physical scattering
processes, where we derive an effective coupling for the
three-gluon vertex, @&(k7, k3, k3), and an effective scale,

2:(k2, k3, k3), both of which depend on three distinct
gluon virtualities. In Sec. V, the phenomenological effects
of internal masses are discussed. A complicated threshold
and pseudothreshold structure emerges. Furthermore, a
three-scale effective number of flavors Ny(k3/M?, k3/M?,
k3/M?) is defined. Conclusions and future directions are
given in Sec. VI. In Appendix A, a brief outline of the
calculational method is given, and some basic one- and
two-point integrals are given. Appendix B is devoted to a
thorough discussion of the massive triangle integral, and
analytic continuations are given for each kinematic region.
Appendix C collects some useful results for special func-
tions. Appendix D explains the corrections to the form
factors when a supersymmetric regularization is used.
Finally Appendix E gives explicitly the corrections to the
form factors arising from internal massive gauge bosons,
fermions, and scalars.

II. GENERAL STRUCTURE OF THE
THREE-GLUON VERTEX

A. Symmetries

One of the most important aspects of the gauge-invariant
three-gluon vertex discussed in this paper is the relatively
simple Ward identity it satisfies, which has the same form
as the Ward ID satisfied by the tree-level vertex. This was
proven at one-loop in the original paper by Cornwall and
Papavassiliou [1] using the explicit one-loop result, which
is the gluon part of Eqgs. (17) and (18) below. It is straight-
forward to show that the fermion and scalar parts also
satisfy the same Ward identity (just as in QED).
Furthermore, the equivalence of the BFMFG and PT to
all orders [26] allows one to write the Ward identity
satisfied by the three-gluon vertex to all orders as

pirabe (p1. P2 p3)
= fadc(t,uly,z(pZ)adb + Hzl?/LZ(pZ)) - fdbc(t,u,],uQ(p])6da
+ 105, (p1), (3)

plus two other equations which are cyclic permutations.
The transverse tensor f,,(p) = p>g,, — p,p, comes
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FIG. 1 (color online). The notation and loop momentum rout-
ing used throughout this paper. The internal particle could be a
gauge boson, ghost, quark, or scalar.

from the tree-level term. Here all momenta are defined to
be incoming and all labels are defined in counterclockwise
fashion, as shown in Fig. 1. This Ward identity represents a
great simplification compared to the usual Slavnov-Taylor
identities satisfied by the conventional gauge-dependent
three-gluon vertex, which involves the gluon propagator,
the ghost propagator, and the ghost-ghost-gluon vertex
function. The self-energy function in the above equation
is not the usual gauge-dependent self-energy, but rather the
gauge-invariant pinch-technique self-energy, which is the
only self-energy discussed in this paper. An immediate
consequence is that the longitudinal (L) part of the vertex,
defined as the part which contributes to the above Ward ID,
must have only the antisymmetric color factor f?¢ so
long as gluons conserve the color charge, I1%,(q) =
8911 ,,(q). As far as we know, the transverse (T) part of

the vertex (defined by p4° Fffﬁg,)h (p1, p2 p3) = 0) is not

required to be proportional to f**¢, but may in principle
contain d*’¢ terms. Nevertheless, no such terms appear at
one or two-loop order, and so in the subsequent discussion
we take

1“;1‘1)](’;,“2#3 (plr P2 P3) = fabcrlu,ly,z,u;(pl’ P2, p3)r (4)

in terms of which the Ward identity becomes

PYT 4 s (P1 P2 P3) = 1,0, (P2) (1 + T1(P3))

Bose symmetry, the fact that 3 identical particles are
entering the vertex, and the properties of ¢ imply defi-
nite properties of I', , ,.(p1, p2, p3) under the inter-
change of labels. In particular, defining the five elements
of the permutation group S5 to act by
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(,U«b p1)— (,U«z, P2)
g3 = | (2 p2) = (13, p3) |,
(3, p3) = (@1, p1)

2 = ((M,Pl)—’ (12, Pz))

. (2, p2) = (@1, p1) ’ (6)
g0y = ((,U«L p2) = (us, P3))

. (13, p3) = (@2, P2) ’

_ (,U«3,P3)—’(M1,P1)
T\ (e p1) = (3, p3)

and g3 =g one finds that (g1 8301, 812,
g2, &31) yields (+,+,—, —, —) when acting on
F;Ll,uz,u.3(pl’ P2 p3)

The non-Abelian nature of the permutation group S;
prevents one from finding a basis in which all of the tensors
are eigenstates of all of these operators. Thus, aesthetic and
physical principles must guide us in choosing convenient
bases.

B. Two convenient bases

Here we will discuss two convenient tensor bases. The =
basis is useful in realistic perturbative calculations, since it
is constructed so that most of the basis tensors vanish when
dotted into conserved vertices. In contrast, the LT basis is
more useful for theoretical work such as solving the Ward
ID in Eq. (3). As will be discussed further in this section,
these two bases are complementary in their relation to
current conservation.

To motivate and explicitly construct these bases, let us
consider the most general tensor structure. The three index
Lorentz covariant tensor must be constructed out of the
metric g,, and the momenta ( p). Since the momenta are
not independent, p; + p, + p3 = 0, simple combinatorics
implies that there are in general 14 independent tensor
components, 6 of which have one power of momenta and
also the metric, and 8 of which have 3 powers of momenta.
Many different basis choices can be made, although we
will use essentially two.

In the subsequent discussion, some efficient notation

will prove useful. This is summarized in Table 1.
J

ay, = (00—) = 001 — 002,
by, = (00+) = 001 + 002,
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TABLE I

Definition of tensor abbreviations.

001 = gﬂlﬂzles
200 = 8 uaps P2y,
030 = g#3M1p3M2
211 = pzl’«]plﬂzp]ﬂs
232 = P, P3u, Pops
331 = P33, P3u, Py
312 = P3u, Pip, P2y,

002 = g#lll«zpzlkz
300 = 8puu, P3p,
010 = g#}l’«]plﬂz
212 = p2M|p1M2p2H3
332 = P3u P3u, Pops
311 = P3p Plu, Py,
231 = P2y P3u, Py

dy; = (—00) = 200 — 300,
by = (+00) = 200 + 300,

Thus, each tensor is rewritten as a 3 slot object, where
slots correspond to w;, p,, w3 in that order, and the
content of each slot is either “1,” “2,”” or “3” to represent
momentum py, p,, p3,ora “0,” which must occur in pairs
and represents that those two indices are connected by the
metric tensor.

The most naive thing to do would be to just eliminate
one momenta, say ps = —p; — p, and use the following
14 basis tensors: 100, 200, 010, 020, 001, 002, 111, 112,
121, 211, 122, 212, 221, 222. This is not very useful since
the explicit Bose symmetry between the three gluons has
been broken, and thus delicate relations between the form
factors will have to enforce it.

1. The = basis

A more natural choice is obtained by starting from a
manifestly symmetric, but redundant basis, which has 36
possible basis tensors, 9 with one power of momenta, and
27 with three powers of momenta. As a step towards our
final basis, we find it convenient to eliminate all such
tensors with momenta p{"', p5?, or pi?, ie. anything
with 1 in the first slot, 2 in second slot or 3 in the third
slot. This yields the 14 basis tensors 001, 002, 200, 300,
030,010, 211, 212,232, 332,331, 311, 231, 312, which are
shown in Table I. Note that under the action of g;,3 we
have 200 — 030, 300 — 010, 211 — 232, 311 — 212 etc.
Also, notice that 200 and 300 are interchanged by the
action of g,3, while 211 and 212 are interchanged by the
action of g;,, etc. Thus, it is convenient to take appropriate
linear combinations such that one of these interchange
operators is diagonal for each tensor. Such basis tensors
are

a3, = (0 — 0) = 030 — 010
by; = (0 + 0) = 030 + 010

Cp=(++-), Cpy=(—++), Gy = —+) 7
dp=(——+) dyy = (+ — ), dy = (—+-)
h=(---), §=(+++)

where the notation means (* = *) = (2 £3,3 + 1,1 * 2), so that (+ + —) = 231 — 232 + 211 — 212 + 331 — 332 +
311 — 312, etc. The subscripts are chosen because, for example, a;, is an eigenstate of gi,, etc.
Suppressing indices and momentum dependence, the three-gluon vertex is then written as
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I = (A12d15 + Bybyy + Cpaé1y + Dypdy, + perms)
+ S5 + Hh, ®)

where the lower case letters represent the basis tensors,
while the upper case letters are the form factors, which
depend on p3, p3, and p3. In addition to indicating which
basis tensors they are associated with, the subscripts on
form factors also indicate the ordering of momenta in
the arguments. For example, A}, = A(p?, p3lp3), Ay =
A(p3, p3lpi). Asp = A(p3, pilp3), and the first two argu-
ments are either symmetric or antisymmetric. The behavior
of these form factors under S5 can be inferred from the
behavior of the basis tensors under S; (which will be
discussed momentarily), along with the overall require-
ment for the vertex given below Eq. (6). One finds that
A(x, ylz) = +A(y, x|z), and thus A;, = A,,, etc. Similarly,
BlZ = _BZI’ C12 = C21, and D12 = _DZI' H is totally
invariant under the interchange or permutation of any
momenta, while S goes to —§ under any interchange of
momenta, but is invariant under a cyclic permutation gi3.

It is straightforward to see that under the action of the
permutation operator (g;,3) these 14 basis tensors are
organized into four triplets, {4 s, dy3, 431}, D12 b3, D31}
{612, 83, 831}, {d 1, dy3, ds; ), as well as /i and §. The latter
two are eigenstates of all five operators.

Consider the properties of {4}, 4,3, 43} under the per-
mutation group. It is easy to see that under the action of any
element g;, we have

apn app
axy | — gl ax | 9
asy asy

with the matrices given by
0 0 1
8321 = ( 100 )
010

01 0
8123=<0 0 1>,
1 0 0
1 0 0 0 0 1
812=_<0 0 1>, 823=—<0 1 0>, (10)
01 0 1 0 0
01 0
831=_<1 0 0>,
0 0 1

The transformation rules are identical for {c,;}, and
similar for {b;;} and {d;;} with the only change being that
there is no minus sign in the three interchange operators
812> 823, and g3;.

The basis constructed above [Eq. (7)] will be called the
* basis. As discussed later, this basis is the most conve-
nient for phenomenology and furthermore the form factors
exhibit particularly simple relations between the gluon,
quark, and scalar contributions [Egs. (45) and (55)].
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However, the * basis as it stands does not contain the
tree-level tensor structure. Thus, one is naturally led to
diagonalizing the permutation operator g,,3." Clearly, this
is the most symmetric choice and, more importantly, one of
the resulting eigenvectors is the tree-level tensor structure.

In the triplet representation of Sz, g»3 is diagonalized
by the similarity transformation

. 1 1 1
S=—]|1 A2 X[,
V3 _
1A A (1)
1 0 O
S'em;S=8=[0 A 0]
0 0 X
where A = exp(37) = —%+i§, A = A* are cube roots

of unity. This results in new basis tensors and form factors
do ap 1 1 ap
a_ a 1 A a
31 31 (12)
( x ) 1 (Alz ) 1 < |
A+ =9 A23 =—11
A ) B \a,) 3\

D el

1\ /A
A> <A23 )
A Az

This procedure is repeated identically for the (b, B), (c, C),
and (d, D) basis tensors and form factors.

Notice that &, = gmm(pl — Pz)m + guzm(pZ —
p3)m + gmm(pS - p])ﬂ2 is the tree-level tensor, which
is why the extra factors of /3 were included above.

The transformation properties for the basis tensors a;
and ¢; are deduced from g ,3 given above, g3 =
diag(1, A, A), and

1 00 1 00
gn=—-10 0 1| gn=—[0 0 A
010 )
1 0 0
gu=-10 0 A (13)
0 A O

while the transformation properties of the form factors are
deduced by demanding that behavior given below Eq. (6) is
respected. For example, since d¢_ — —Ad_. under 3,3, we
find A_ —> M, sothat A_a_ — —A_a_. For (b, B) and
(d, D), the only change in the above is that there is not a
minus sign in g;,, g,3, and g3;.

'One can readily check that the only two operators in S3 which
commute are gi,3 and its inverse g3,;. Thus one can diagonalize
these two, OR one of the interchange operators g;,, €23, €31-
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We have not touched & and §, as these are already
eigenstates of all five operators (g123, €321, €12 €23 &€31)>
with eigenvalues (+ + ———) and (++ + + +),
respectively.

We will call the above constructed basis the symmetric
* basis. Note that any basis can be symmetrized in the
same manner by diagonalizing the permutation operator
g123- The basis we started with in Eq. (7) is motivated by

(a) its simple and symmetric construction from only

metrics and (p;+1 * p;—1) u,»

(b) it is the most convenient basis for perturbative cal-

culations, as will be discussed in Sec. IV, and

(c) The individual form factors have a relatively simple

form, as will be discussed in Sec. III.

2. The LT basis

For some theoretical studies, another convenient basis is
determined by the distinction between transverse (7)) and
longitudinal (L) tensors [34,35]. The L tensors contribute
to the Ward ID (or the more complicated Slavnov-Taylor
ID for the gauge-dependent vertex) while the T tensors
satisfy homogeneous equations p4 Tgl)ﬂz u; = 0. Thisis a
very convenient basis for evaluating the loop corrections to
|

G =001 — 002 = ap,,
by, = 001 + 002 = by,

PHYSICAL REVIEW D 74, 054016 (2006)

the vertex, since the L and T parts separate, as described in
Appendix A.

The = basis and the LT basis are complementary in the
following sense. The * basis is constructed out of combi-
nations of longitudinal ( + ) and transverse ( — ) momenta,
so that for example (00+) =g, .,(P1., + Pou,) =
— 8, m,P3u, vanishes if the u3 index is contracted into a
conserved current. Meanwhile, the LT basis distinguishes
between parts of the vertex that do (7) and do not (L)
vanish when dotted with longitudinal momenta. These
straightforward relations to current conservation and
Ward identities are essentially the reason these two bases
are the most convenient to work with.

In our notation, the vertex can be written in the LT basis
asI'=1, + I'7, where

FL = (A_126_112 + 312512 + 612612 + perms) + Si, (14)
Iy = (Fiof o + perms) + H h,
and the bar distinguishes this LT basis from the * basis

defined above in Eq. (7). The relation between basis ten-
sors is given by

1., - - A R
Cip =211 = 212 = (p; * p,)(001 — 002) = Z(Clz —dy +dy —h) — (p1 - pan,

fi2=(p1 - p2)(p2 - p3)001 = (p3 - p1)002] — [(py - p3)211 — (p3 - p1)212]

(15)
(p1 " P2) . . | P 5 5 - N A
- 12 El-pian + (p} = pDbi] + g[l’%(é‘lz —dy +dy — h) + (p7 — pdip — Ex3 + &3 — 9],
h =231 —312 — [(p; - po)(030 — 300) + (p, - p3)(001 — 010) + (p5 - p;)(200 — 002)]
1 .~ . . 1 . N . N . N
= Z(h + et tiy)t 5[17%6!12 — (p1 — pP3)bia + pias — (p3 — pIbas + p3as — (p3 — pPbail,
1 A A N
§=231+312= Z(§ + dlZ + d23 + d31),
and we used (p, - p,) = (p3 — p? — p3)/2. This implies the relation between form factors
- S o = PP F
Ap =Ap —(p 'Pz)Clz_j[(Pl “p)F, — H], B, =B, + > [(p1 - p2)F1, — H],
1/ P2 p2—p? p2—p? _
C12=4—1<H+C12+73F12+ 12 2Fy + 22 3F23>,
Ve A & . Plsg _Pigp  PI—D 5
D, :Z<S+Cz3_c31 +71F23_72F31 + = F12>, (16)
Ve A _Pig A _Plz _~ _Pig
H = Z(H —Cp— 23 Fip = Cy3 — 71F23 —C3 — ?2F31>,
1/ p2—p. p2—p . p2—p?_
S=1<S+ 22 1F12+ 32 2F23+ ! 3F31>,
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The unwritten form factors (A,3, etc.) and basis tensors can IT1. RESULTS FOR THE FORM FACTORS
be obtained trivially from the above equations by cyclic
permutation (g1,3). In doing so it is useful to keep in mind
the properties described under Eq. (8), along with Fy =
Fj, Ajj=Aj, B;j= —Bj;, C;; =Cj;, while H and §
have the same transformation properties as H and S,
respectively.

In this section, we will present the results for the form
factors in arbitrary dimension d using dimensional regu-
larization (DREG), for gluons in the adjoint representation,
and massless quarks and scalars in arbitrary representa-
tions. The corrections due to supersymmetric regulariza-
tion and massive fermions, scalars, and gauge bosons are
given in detail in Appendices D and E, respectively.

The gauge-invariant vertex at one loop can be written as

i

2
. . 8
gr%f‘tzll«a (pl’ D2 p3) = gfabc[rg]l)#zﬂ«s (pl’ P2 p3) - 7<CAGMIM2M3 + ZZTflva,lel‘«zM3 + 2ZT‘YNSSl‘«1M2M3>i|’ (17)
f s

where the gluon (G), quark (Q), and scalar (S) integrals are

ailr 1
GMle,U«s = ,/W 121212 [FZ#W(IZ’ P _13)F§M201(l3’ D2, _ll)rgﬂsﬂ(ll’ Ps3 _lz) + 2(12 + 13)M1(13 + ll)/’«z(ll + 12)M3
1°2°%3

_qn _ _ Q2 _ _Qp _
BIH(8 1y s Piss — 8paps Pisy) — 85(8puypus Papy = 8puyps Papy) — 8138 sy P3psy — 8pusur Piw)))

d4l 1 (18)
= [ £ 7 i
Q#1M2M3 (27T)d l%l%l% r[yﬂll3yﬂzll 7#312]
dl 1
SM1M2M3 = (I + 13)1’«1(13 + ll)Mz(ll + 12)M3'

) @md BEE

The gluon contribution was first derived in [1] using the pinch technique (PT), and is equivalent to the vertex obtained in
the Background Field Method in quantum Feynman gauge (BFMFG). The quark and scalar integrals come straightfor-
wardly from the one-loop triangle diagrams. The notation and routing of the integral are defined in Fig. 1 such that /; =

py+ 13, 1, = p3y+ 1, 5 = p, + [, and the tree-level vertex I'® and I'* are defined as

rﬁgl)uzm(l?l’ P2 P3) = 8y, (P1 — Py T &rpps (P2 = Py + &8s, (P3 = Py

Fg,uly(lz’ P _13) = Zplﬁg,uly - 2plyg,ulﬁ - (12 + 13)/1,]g/3y'

All massless integrals can be reduced to two basic scalar
integrals:

J= I 2 p2) = 'l 1
p]: p2> p3 (27T)d l%l%l%: 20
all 1 dll 1 (20

Jy = Jl(P%) =

em? B2~ ) @m? B+ p)?

These functions, and the massive integrals which are
considered later, are summarized in Appendices A and B,
where J is written in terms of Clausen functions. In the
following we will suppress the momentum arguments and
write our results in terms of J, Jy, J,, J3.

A. (Supersymmetric) relations between gluons, quarks,
and scalars

Before presenting the results for individual form factors,
which are somewhat lengthy, we will discuss the relation-
ship between the gluon (G), quark (Q), and scalar (S)
contributions. We will end up finding relations similar to
those found in the context of supersymmetric scattering

(19)

[
amplitudes [20,21,36]. For a generic form factor F, let us
write the one-loop contribution as

Fe l-g2<CA Fg+ 23 TyN;Fy + ZZTSNSFS) @1
f N

where the coupling constant ig? and group theory factors
have been pulled out. The standard notation is used, so that
Cy = Cy(G) =N, for SU(N,), and Ti[r41}] = T,;8%.
Thus, F 0 stands for the contribution of one Dirac fermion
in the fundamental representation of SU(N,), or, due to a
symmetry factor of J for Weyl fermions, the contribution of
adjoint gluinos divided by N,. Similarly, Fg stands for the
contribution of one complex scalar in the fundamental
representation, or the contribution of a real scalar in the
adjoint, divided by N,. These identifications will be used
shortly.

After explicitly calculating the integrals in Eq. (18), we
noticed that the gluon, quark, and scalar contributions have
a similar structure for each form factor. To make this
explicit, define the following sums for form factor F:
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(d—-2)
2

Soc(F) = Fy + Fg,

(22)
2s6(F) = (d — 2)Fs — Fg.

Although the results for each form factor are often long,
these sums are particularly simple, as can be seen in
Egs. (42), (45), and (55). For all form factors in any basis,
it also turns out that

(d - 10)ESG = SEQG (23)

and 3o is always proportional to d — 10. The above two
equations and the results of Egs. (42), (45), and (55) can be
used to determine the Q and S contributions to any form
factor, given the gluon contributions written explicitly
below. Furthermore, Egs. (22) and (23) can be combined
leading to

Fg+4F, + (10 — d)Fg = 0. (24)

Considering the very different origins of each form factor
[Egs. (17) and (18)], it is remarkable that they are related in
such a simple manner. Note that no such analogous relation
holds for the gauge-dependent vertex [35].

This type of relation hints at supersymmetry. To further
understand the content of these relations, we will consider
various supersymmetries in d = 4.

(1) N = 1 From the above definitions, it is clear that a
vector superplet V| (gluons plus gluinos) contributes
ig’N (Fg + Fg) = ig’NFy, to a generic form fac-
tor F, while Ng chiral superplets contributes
ig?No( Fy + Fs) = ig’NgFg. By the sum rule
Eq. (24) in d = 4, we have Fy, + 6Fg = 0. Thus
any form factor can be written

L)
. 1 —
F = ig* (N Fy, + NyFq) = %BBN DRy, (25)

where NV = 3N, — I Ng is the first B function
coefficient. Hence the contributions of vector and
chiral superplets have precisely the same functional
form for each form factor. Furthermore, every form
factor is proportional to 3, even though all but one
of them are UV finite.

(i) N =2 Here the vector superplet gives
ig’N.(Fg + 2Fy + 2F5) = ig’NFy,, while N,
hyperplets (a Weyl fermion of each helicity plus a
doublet of complex scalars) yield ig?N,(F ot
2F) = ig’N,F),. The sum rule Eq. (24) can be
written as Fy, + 2F), = 0, and thus

L)
. 1 _
F = ig?(NFy, + NyF,) = %Bé” VR, (26)

where B(()N:Z) = 2N, — N,.

(iii)) N = 4 Here the vector superplet (the only multi-
plet allowed) contributes 2ig’N (Fg; + 4F ot
6Fg) = N Fy,, which is identically zero by the
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sum rule, which of course is a consequence of
(N=49 —
0

Thus, the similarities between form factors in d = 4 are
related to supersymmetric nonrenormalization theorems.
In particular, the exact conformal invariance of N = 4
implies that the gauge-invariant three-gluon Green’s func-
tion is not renormalized at any order in perturbation theory.
Furthermore, at one-loop order there are not even finite
corrections, as reflected in Eq. (24).

Analogous results hold for supersymmetry in d # 4.
Here we must be careful, because in the sum rules and
form factors presented in this paper we worked in d di-
mensions everywhere except in the traces over gamma
matrices, where we used the conventional rule of dimen-
sional regularization tt[y,y,] = 4g,,, and similarly for
other traces. Properly working in integer valued d dimen-
sions, we should use tr[y,v,] = d(d)g,,, where the
spinor dimension of the gamma matrices is

_ [ 242 d even
ds(d)—<2(d_l)/2> for(d Odd). @7)

Thus F, , = d‘id) F is the contribution of a Dirac fermion

in d dimensions, and we have

O Fy, + (10— d)Fg 0. (28)

Fg+—r
¢ 4,

Rather than using Eq. (28), one can alternatively use
Eq. (24) and be sure to count fermion degrees of freedom
in terms of d = 4 spinors. Thus the Weyl fermions of d =
6 and the Weyl-Majorana fermions of d = 10 are com-
posed of 2 and 4 Weyl fermions of four dimensions,
respectively. From this, it is straightforward to show that
d=6, N =2 and d =10, N =1 gauge theory give
vanishing contribution to every form factor. For the d = 6,
N =1 case, one finds
ig?

FZ?:BOFVI’ Bo =2N, — Ny, (29)
where S is determined from Eq. (37) in d = 6.

Note that it is not straightforward to analytically con-
tinue d,(d) into arbitrary noninteger d, which is the reason
for the simple dimensional regularization rule. However,
the sum rule expressed in Eq. (24) is an analytic function of
d and thus represents an analytic continuation of super-
symmetric nonrenormalization theorems to arbitrary d.
This is intimately related to the existence of a supersym-
metry preserving regulator, dimensional reduction
(DRED), where vector degrees of freedom are kept in
four dimensions while the integrals are still performed in
d dimensions. Around four dimensions, d = 4 — 2¢, we
have Fg + 4F, + (6 + 2€)Fg = 0 in dimensional regu-
larization, and we see that the € term plays the role of
the so-called e-ghosts of DRED. We have calculated the
form factors in DRED (see Appendix D) and verified that
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Fg+4Fy+6Fs=0  (DRED). (30)

In the preceding discussion of supersymmetries in various
dimensions we implicitly used DRED.

The extension of these relations to the massive case is
outlined in Appendix E, where the full effects of internal
massive fermions (MQ), massive scalars (MS), and mas-
sive gauge bosons (MG) are included, and the sum rule
becomes

in DREG while in DRED the only change is 9 — d is
replaced by 5. Note that the external gluons remain mass-
less and unbroken, so the internal massive gauge bosons
might be the colored heavy gauge bosons arising in GUT
models. The change of 10 — d in the massless case to 9 —
d in the massive case reflects the fact that massive gauge
bosons ‘“‘eat’” one scalar degree of freedom.

It should be emphasized that relations such as Eq. (24)
do not exist for the gauge-dependent three-gluon vertex
[35], since the gluon contributions depend on the gauge-
parameter, while the quarks and scalars do not. Indeed, it is
uniquely the pinch technique (or equivalently BFM in
quantum Feynman gauge) Green’s function which satisfies
this homogeneous sum rule. For example, calculating in
the BEM with £, # 1, leads to a nonzero RHS of Eq. (24).

Since the sum rule applies to all form factors, one finds

G + 40, 0,4 T (10— d)S =0, (32

Mo 3 MM i3

which is remarkable given the expressions in Eq. (18). One
can explicitly show this by performing the trace in Eq. (18)
and some tedious algebra to rearrange the I'"T'FT* term.
This can also be seen in the second order formalism of the
BFM [20,21,36].

A similar relation holds for the one-loop gauge-invariant
(pinch-technique) gluon two-point function in d dimen-
sions,

1180, (p) = 8°(P* 8y, = Py P T1(P?)

= igzsab<NCGM1M2 T 2Zf‘_TfoQM1#2

+ 2ZTSNXS#]M>, (33)
where from Egs. (36) and (37) below we find
Gy T40,,,, +(10—-4a)S, ,, =0. (34

Unfortunately, analogous relations do not hold for
higher gauge-invariant gluon n-point functions. This is
essentially because the color and spacetime indices mix
nontrivially. However, inhomogeneous relations of the

form
G+ 40 + (10 — d)§ = simple (35)

still hold [20,21,36], where “‘simple”” means an integral
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with fewer powers of loop momenta in the numerator. In
the four-gluon case, this is just a simple scalar integral with
no powers of loop momentum in the numerator. These loop
momentum counting rules have been derived in the second
order formalism, which is reviewed in [36]. Note that the
Ward ID for the four-gluon vertex [17] relates it to the
three-gluon vertex, and thus the longitudinal parts of the
four-gluon vertex must satisfy the homogeneous sum rules
Fg+4Fy + (10 — d)Fg = 0.

It is interesting to see if extensions of these sum rules
apply to two-loop calculations, where the supersymmetric
Yukawa vertices must be taken into account. As a first
application, the two-loop pinch-technique gluon self-
energy has been calculated including finite terms.
Interestingly, the finite terms do not vanish for N = 4
SUSY, so it appears that the homogeneous sum rule in
Eq. (24) does not have a counterpart at two loops. In any
case, the finite parts of the two-loop result allow for an
improved extraction of the PT couplings from data as well
as giving the three-loop beta function. This calculation will
be reported elsewhere [37].

Now explicit expressions for the form factors will be
given, first in the LT basis, and then in the = basis.

B. The longitudinal form factors

It is straightforward to solve the Ward identity [Eq. (5)]
for the ten longitudinal form factors, defined in Eq. (14), in
terms of the gluon self-energy function Il defined by
14, (p) = 6“°(p*8,, — PupP)I(p?). Note that this is
not the usual gauge-dependent self-energy, but rather the
gauge-invariant pinch-technique self-energy. At one loop
in d dimensions this is given by

, a’l 1
II(p*) = ig?By(d) jw U+ pp (36)
where By(d) is given by
_7d-6 2(d-2)
Bod) = 3=y 4O = (g ST
1
- mgTst (37)

for massless gluons, quarks, and complex scalars. The

mass-dependent results are given in section V and

Appendix E. This result holds for dimensional regulariza-

tion (DREG), whereas for dimensional reduction (DRED)

the gluon coefficient changes from (7d — 6) to (84 — 10).
The longitudinal form factors are given by

i 1D +11(p3) 5. — WpD) —T1(p)
12 — ) ’ 12 — ) ’
_ 1(»2) — I1(p2 _
Cpp = (p1) (pz)’ §=o,

(38)
Pi— P

and of course cyclic permutations yield results for A, etc.
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Note that one of the 14 form factors vanishes to all orders
and only the A form factors contain UV divergences.
In the notation of Egs. (20) and (21) we have

A2(6) = 55— 13 U1 + 0o,
(@) = =531+ 22 (9)
Ap(S) = z(dl 0 2(11 + 1),

and similarly for the B and C form factors.

C. The transverse form factors

These form factors cannot be determined from the Ward
ID, and must be calculated explicitly. The algorithm used is
briefly described in Appendix A.

Because of the lengthy expressions, the following short-
hand notation will be used for the kinematic invariants:
|

2a(Jy — J,) — B(J,

PHYSICAL REVIEW D 74, 054016 (2006)
b= p%,
B =p2-p3

_ 2 - 2 - .
a = py, ¢ = PpP3 a = py- P

Y =D3° P (40)
We also define the symmetric invariants

Q =a+B+y, K=aB+ By + ya,

41
P = apBy. D

Note that the dot products can be written in terms of the

virtualities @« = (c —a —b)/2, B=(a—b—¢c)/2, y =
(b—c—a)/2,orviceversaa=—a—vy,b=—a—f,
c= —f — v, but the formulae are simpler and more

transparent when selectively written in terms of both «,
B, v and a, b, c.

We will only write the full gluon contribution explicitly,
since the quark and scalar parts can be determined from the
results of Sec. III B [see Eqs. (22)—(24)] and the quark-
gluon sum rules for the transverse form factors, which are

(d —10)

] (d - 10) — 7)) — Y5 — J) )
EQG(FIZ) = —W(a.l + B —y 3 3 ! ), EQG(H) = ?J (42)
The gluon contributions to the transverse form factors in the LT basis are
_ (d+ 1By
F(G) = 5 <J(10’P + (K — Ta? - 3By)) + ( — )
X <TJ + Cl’y.]l + CYBJZ + B’y.]g - 4(‘]1 + J2 + J'g))
7d — 6 _ h—h
1 2y oy d—=2_  T7d—6 _d—15d+14 _
"‘m[zﬁ (d—2) X ) apB Q-2 a)’}(h J3)
1 2y oy =2, T7d—6 _2d2—15d+14 _
ioi| 27 K= g ey ="y aB | = 1) @3)
and
A(G) = - %( [85(2 F(d-2)PQ +(d+ 1)‘”’6?} + 972 (K = 2a9)0) — 1)

+ B(K = 2Ba)(J
+ 1

d —_
+ :P— TR AR A pa—
[ (Jy +Jy + J5) K

2 —J3) + (K =2B8y)(J; — Jy)]

1 (ayJ, + aBJ, + ,37J3)D- (44)

D. The form factors in the physical basis

Now we will present the results in the physical * basis [Eq. (7)], before symmetrization, Eq. (12), since this is the most
convenient way to present the results. Of course, these results can be obtained from the relation between the * basis and
the LT basis given in Eq. (16), but we write them explicitly for future convenience and phenomenological applications.

The quark-gluon sums are given by
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d—10
Sqota = L1
d—10
SqaB) = L%y — pavs + G+ pras, -
d—10
206(C1) = _ 1K )(CYCJ + yJy + B, + cl3),

2qc(D1) =0,

PHYSICAL REVIEW D 74, 054016 (2006)

(abcd + aBJ; + byJ, + caly),

Qa + y)bJ, — a(B — v)J3), (45)

2qc(H) =0, 20c(8) =0,

and the remaining sums (for A,3, etc.) are related trivially by permutations « = 8 —y— o, a—b—c—a, J| —

J2 g .13 g Jl‘
The gluon form factors in d dimensions are

+ CJ3<7J<a + P+ ch ?)

—4KB15(G) = abJ(1K + By)(y — B) + aJl(qu —by(B-Y+ K

— bJ2<7.’Ky +aB(B—v)+ XK

16K3C,(G) = cJ[3K*(10a + ¢) + K(a® — 6cBy) + PK(d + 4) — P(d +

(d? — 30d + 24)

+ J1<.’K2[(3 —2d) a—vy

2a(7d — 6) + B
d—1

-1

20(7d — 6) + 'y) (46)

d—1

) +(y — 3)J3<7:l<a + P+ :KCZ - ?)

D(a® +2B7)]

+ 3[3} v Pd+ 1)[(1—5_<1 + (20 — 3a)}

d—1 d—1
(@ - 3) (d> — 8d +9) d-2)
N K[ L 37_47261—1}
_ 2
+ J2<J<2[(3d _21d) a — (d d38d1+ 24) + 37} + P(d + D[cl_j—(l + BRY — 3oz)i|
N S W 52 PATEE 1
+ CJ3<(3(ZZ_—11)5<2 N K[az a2 (j - ?) (@ ;id1+ l)ﬁv} @t 1)PRO 30[))’ @
163D (G) = abla — b)I(K(Q +2a) — (d + 1)P) — aJ1< —— 5+ 5([,82 - ﬁy(ij__f) —ap? - 4_d1+ D
+ 4a? (j : ?)} — Qa + B)P(d + 1)) + bJ2<(05 4) X2+ K[ ,87((5__13)
— a'yi(d2 ;idl—i_ D + 4a2—(3 : ?)} - Qa+y)Pd + 1))
+a— b)];<(4j 7 g2 4 IK[ ,B'y(a;__f)} — aPd + 1)), (48)
16KCH(G) = abcJ(P(d + 1) — K Q) + aJ1<3d__21d X+ [‘f Zay - [ﬂjc -+ )ﬁ?)
d &2 - —2d
+ sz< Y 21 X2+ [d aB — vy }K +(d + 1)y?> + cJ3<3d _21 x?
2
+ [‘2 By —«a }gc +(d+ 1)a’P>, (49)
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165C3S(G) = (a — b)(b — ¢)(c — a)JBKQ — (d + 1)P) + (b — c)J1<

:](2

@+ 1)PRY - 33)) +(e— a)12<
2
@+ 1DPRY — 3'y)> +(a— b)J3< 3K

—d+1)P2O - 3a)>.

Now we turn to the physical symmetrized basis. From
Eq. (12), we see that for any triplet of form factors, say A;
we have

lj’

Ay = A + Ay + Ay),
¢ =HAp + My + AAy) = Ay + A, (51)
A- = YA + My + A43) = A — Ay,

where we have defined

V3

1 1
A :g(Alz_E(Aza +A31)>, Ay :?(AZS — Az

(52)

A, and A, correspond to the real and imaginary parts of
A. only when J, J,, J,, J3 are real. This occurs (in the
massless case) when K > 0, which can only happen if all
three-gluon virtualities are of the same sign, either all
spacelike or all timelike. This is often not the case for
real problems. In general, however, it can be shown that

A% (a, b,c) = Az (—a, —b, —c),

Bi(a, b, ¢) = By(—a, —b, —c),

Bi.(a,b,c) = Bz(—a, —b, —¢),

Cyla, b, c) = —Co(—a, —b, —c),

Ci(a, b, c)=—Cs(—a, —b, —c), (53)
Dj(a, b,c) = —Dy(—a, —b, —c),
D% (a, b,¢c) = —D=(—a, —b, —c¢),

H*(a, b, c) = —H(—a, —b, —¢),

S*(a, b,c) = —S(—a, —b, —c).

Furthermore, all of the above form factors except for A
are scale invariant,

F(Aa, Ab, Ac) =
A>0.

F(a, b,c) = F(a/c,b/c,1) for

(54)

Only Ag is not scale invariant and does not satisfy a
simple reality condition.

PHYSICAL REVIEW D 74, 054016 (2006)

3K? 2a’—2 d—4d+1
= +.’K|:4 d_l-i-ay 1 3,8}
,d—2 d—4d+1
+5<[4b d_1+ae,8 ) 3)/}
,d—2 d—4d+1
+.’K[4cd_1+,8'y T 3ai|
(50)
{
The quark-gluon sums are given by
d—10
2QG(AO) = %‘Do’
2o6(Ax) =0,
d—10
2q6(Bo) = — @10 K )Bo(G),
d—10
Sqo() = C 2P (-3(Q, + KB - 3)
(55)
+iV3(Q®, — KJ(Q - 3a)),
d—10
26(Co) = ( 6 )J,
d—
Sao(€2) = L0 @, + i3y
206(Dy) = 2q6(D+) =0,
206(H) = 2q6(S) =0,

where we have defined the commonly occuring functions

Dy = abcJ +aBJ, + byJ, + cals,
O = (K =3By = 3yJ; =3B, +3(B + y)J3,
O, = a(f =y + Qa+ y)J, — Qa+ B,

+ (B =y

(56)

From the definition of g in Eq. (22) we see that the
quark and gluon [and thus scalar, by Eq. (23)] contributions
have the same functional form for the seven form factors
which have a zero in the above. Letting F' stand for A, Dy,
D., Hor S, we find that

T3 SN JF)

(57)

, 4
F= 182<Nc — 732N+
f

which, in d = 4 QCD, reduces to F = ig*(N. — N;)F(G).

In addition, both A, and B, are governed by one func-
tion, since they satisfy different sum rules. In particular, the
tree-level tensor structure has coefficient
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gl 23d-8)
4o = 21]((3 Co = Sa=2) 2T
2

This form factor will be discussed in more detail in the next
section.

Also, one finds from explicit calculation that the scalar
contribution to By vanishes,

By(S) =0, By(G) +4By(Q) =0, (39

and thus

1
By = ig2<NL - EZTfo>B()(G), where
7

Bo(G) = — 5 3l(a = )b ~ e — a)J

+(b—0)2Q =3B)J +(c—a)2Q —3y)),
+(a—b)2Q —3a)J3] (60)

Finally, since § = 0 exactly, we know that our 14 di-
mensional basis is degenerate, which is reflected in the fact
that S + 3Dy, = 0. Hence we define a new basis tensor
dly = dy — 35 so that Dydy + S§ = Dy(dy — 35) = Dyd).

Thus, we find that eight of the 13 nonzero form factors
have the same functional form for gluons, quarks, and
scalars. Only the five form factors B., Cy, and C. do
not. These statements are basis dependent. One can always
find bases where none of the form factors have a vanishing
QG sum rule. In the course of our calculations, we found
that the * basis gives the maximum number of such zeroes
among bases which are reasonable and contain the tree-
level tensor structure. In this sense the (symmetric) = basis
is the simplest and most compelling. We will see in the next
section that this is also the most convenient basis for
perturbative calculations. Of course, as discussed in a
previous section, with supersymmetry every form factor
is proportional to By, and so supermultiplets are governed
by the same function in any basis.

IV. THREE-GLUON VERTEX IN PERTURBATION
THEORY

In this section we will outline the application of our
results to physical processes. Along the way, we will
introduce a three-scale effective charge @(k3, k3, k3) and
derive the effective scale of the three-gluon vertex

Qi (KT, K3, k3).

Applying the pinch-technique (PT) construction to the
three-gluon vertex occurring in a physical process involv-
ing three external on-shell legs, one arrives at a tree-level
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s

(B)
+ perms

A)

FIG. 2 (color online). The tree-level skeleton graphs dressed
with pinch-technique vertices and self-energies, which are used
to define effective charges both for the quark-quark-gluon vertex
(depending on a single gluon virtuality) and for the three-gluon
vertex, which depends on three different momenta.

skeleton graph dressed with pinch-technique vertices and
self-energies as shown in Fig. 2. The PT gluon self-energy
and three-gluon vertex are the only universal and gauge-
invariant one-loop corrections which contribute to cou-
pling constant renormalization. These will be called non-
conformal terms. The remaining box and vertex diagrams
(including the entire PT vertex coupling the gluon to the
external lines) are process-dependent and contribute noth-
ing to coupling renormalization. These are referred to as
conformal terms. In the following, we will resum and
absorb the nonconformal terms into the running couplings,
thus achieving an “optimal” renormalization improvement
of the tree-level diagram. There will be no ambiguity in the
renormalization scale or scheme.

Generically the amplitude of the three-gluon graph can
be written as

“,]Vl ngvlyl V;Z VéjsD,LL]VI (k ) Moo (kZ)D,u,3V3 (k3)
X F k2, k3)r (61)

MM M3 (kl’

where C is the overall color factor and g, is the bare
coupling. The PT vertices V; are for gluons coupled to
external particles, whose indices are suppressed; this is
shown in Fig. 2 for external quarks. I' = Z}il F; f ; 1s the
gauge-invariant three-gluon vertex, whose 13 form factors
(F;) are given in the preceding section. Finally the “gauge
invariant” PT gluon propagator is

» (k)
D0 =12 (1 +MH(k2)

k,k, .
Euv — T2 } ) {covanant
in

§l,w(k)>,

t,w(k) = } gauges,

_ nyk,tkyn,
nk

axial

—
oo

S

X

7 . [covariant
1, (k) = ot 1n{

i } gauges, (62)
axial
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where ¢ is the gauge-fixing parameter. This is “‘gauge
invariant’” in the maximal sense, i.e. the gauge dependence
comes only from the tree-level terms, and in particular
I1(k?) is totally gauge invariant.

Regardless of whether the external particles are quarks,
gluons, or scalars, the vertices satisfy &}V » = 0 when
these particles are on shell (OS). One can then show that
the gauge-dependent terms coming from Eq. (62) vanish in
the full amplitude consisting of all of the graphs in Fig. 2.
This can be seen trivially in the covariant gauges where the
gauge cancelations occur graph by graph, and with some
work in axial gauges, where the cancelation occurs be-
tween all of the graphs. In the latter case, one must use the
fact that the three-gluon vertex satisfies the Ward ID in
Eq. (3). Therefore we can take

v
k(1 + T1(k%))

Also, in the * basis (Eq. (7)) any tensor with a “+”" in any
slot gives vanishing contribution to M. For example,
(+00) = (ky + k3) 0, 8oy = —k1 p, &y and ky ,,, dots
into V, ,,, yielding zero. Hence only (00 — ), ( — 00), (0 —
0), and ( — — — ) contribute, and we find

D, (k) — (63)

|

3
zlj!\/l—l—_l_[(kz) Moy o 3

Aok}, K3, K3) = Ag(K3, I3, K3)

and
VMl VMZV
M = Cg(k%)g(k%)g(kz)wljgo[(l + Ao)ao
1%2
+A,a, +A_a_ + Hh]. (68)

This naturally leads to the effective coupling of the three-
gluon vertex
gkt k3, K3) = go(1 + A(k7, K3, K3)),
g*(a,b,c) _ ag (69)
4ar 1 —2Ay(a, b,c)

ala, b, c) =

first obtained by Lu in [38]. Our amplitude then takes the
final form

vitvErves
kik3k3
+ HAJ (70)

M = Cg(k})g(k3)g(k3) g (k3. 3, I3)
X [ag+Ard, +A_a_
2Equation (66) holds for external fermions or scalars, but for

gluons one would instead have three additional three-gluon
effective couplings, as is clear from the derivation of Eq. (69).
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M = C8o
(1 4+ TI(&3))(1 + TI(k3))(1 + T1(k3))
V.U-lv.u-zv
W Orﬂlﬂzﬂz(kl! k2’ k3), (64)

where the three-gluon vertex connected to on-shell (OS)
external particles is

ros (kb ks, k3) =

08 orta (1+Agdy+Asas +A_a_ + Hh,

(65)
in the notation of Sec. Il where hatted objects are three

index basis tensors.
Now one naturally defines PT effective charges by>

2

2(k2) = .
g (k2) = 1+H @ 1,23 (66)

Since we only have a single power of g, for each 1/(1 +

1 (k?)), this leaves [T3_, 1/4/1 + II(k?) = 1 — $(I1(k}) +
I1(k3) + TI(k3)) to be absorbed into the three-gluon vertex.
Thus we have

(ky, ko, k3) = (1 + Ag)dy + Aya,. +A_a_ + Hh,

i X (67)
=5 (k) + T1@) + T(K)),

{
Recall from the previous section that A, H « N, — N, in
QCD.
The three-gluon effective coupling evolves according to
i 1y b y
da, b, c) = __&lag by co) G
1 —2(Ao(a, b, ¢) — Ag(ag, b, o))
In four dimensions with regularization scheme R =
DRED or DREG and for the case of massless internal
particles (the complicating effects of internal masses are
discussed in the next section), we have

- a,
Apla, b, c) = — 8_77"80[L(a’ b, ¢) —logu* — Cyy — M3,

11 2 1

h — —N,—ZN,—-N,
where BO 3 ¢ 3 f 6 5
1
Cyy = —— yg + logdm,
N, (72)
7 =02+Q)+ 3—1806R,DREG’
QO 16 Cl,(7/3) = 3.125
= _——Cl,(7/3) = 3.125.
33

The scheme dependence Ogprpg is explained in more
detail in Appendix D. Here we have defined
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1
L(a, b, c) = %(ayloga + aBlogb + Byloge

—abcl(a, b, c)) + Q, (73)
and the (massless) triangle integral function J=
J(a, b, c) = —16i7*J(a, b, c) is given in Appendix B in
terms of Clausen functions, Eqs. (B13) and (B14). This
result [Egs. (69) and (72)] differs from Lu [38] by only the
finite constants which (slightly) affects the numerical ex-
traction from data. The discrepancy can be traced to the
inconsistent application of dimensional regularization in
[38].
The logarithmlike function L satisfies

L(a, a, a) = loga (74)

since
4
a3

One can use the real part of this function to define an
effective scale of the three-gluon vertex:

J(a, a, a) = Cly(7/3). (75)

L(a, b, ¢) = log(Q%;(a, b, ¢)) + iImL(a, b, c),

0%(a, b, c) = |a|*/*|p|*F/K|c|BY/*
b _ (76)
X exp(Q — a_:Kc ReJ(a, b, c)).

This is sensible since the dimensions of Q%(a, b, c) are
indeed mass squared.

The three-gluon effective charge @(a, b, c) is related to
the usual MS coupling @(g?) by

1 2
_ =_ 1 + & longff(a: b; C)
ala,b,c) a(u® 4m w?

+ iImL(a, b, ¢) — 773>

1 - Bo
= +i— ImL(aq, b, ¢).
ale Q% (a b,0)  dm (@b

(77)

Since exp(’}) = 14, we see that when using MS, the scale
should be fourteen times lower than the typical virtualities
of the gluons, given by Q. (a, b, ¢). Of course, this is true
only if the three-gluon vertex diagram dominates the physi-
cal process. In general there will be different scales at the
various quark-gluon vertices when using the PT scheme [as
seen in Eq. (70)]. In contrast, in MS the same scale is used
at every vertex. The following approximate values of the
three-gluon coupling are derived from Eq. (77) (including
the effects of quark masses which discussed in the next
section) for various symmetric timelike (7°) and spacelike
(S) configurations:

PHYSICAL REVIEW D 74, 054016 (2006)
SSS: @(—M2%, —M2, —M3%) = 0.192,

SST: @(—M2, —M%, +M2%) = 0.157 + 0.0231,

STT: &(—M3%, +M2, +M3%) = 0.156 + 0.0251,
TTT: a(+M2, +M2%, +M2) = 0.170 + 0.0621.

It is clear that the three-gluon coupling is stronger than
naively expected from agg(Mz) = 0.118.

The effective scale Q2%(a, b, ¢) satisfies the following
relations:

Q%ila, b, c) = Q%(—a, —b, —c),
Q2%(Aa, Ab, Ac) = |A|Q%(a, b, ¢),
Qz(a, a, a) = |al,
ngf(a, —a, —a) = 5.54|al,

0%:(a, a, c) = |cle?™%  for |al > |cl,

(78)

Q%i(a, —a, c) = |cle® for lal > |cl,

bllc
bllel

Q%(a, b, c) = al for lal > |bl, |el.

Lu [38] has previously found the last of these limits in the
case where all momenta are spacelike, giving an effective
scale OminOmed/ Omax- It should be noted that the rate of
convergence to the above limits strongly depends on the
signatures (S = spacelike « p? <0, T = timelike <
p* > 0) of the virtualities a, b, c. If the signatures are
mixed (TTS) or (TSS) then the convergence is very slow,
and the effective scale tends to stay larger compared to the
cases (SSS) or (TTT).

Some plots demonstrating the novel behavior of Qt%ff are
given in Figs. 3—6).

/’—\

T T T 1T T T T T
1 2 4680 20 50 100 200 400

pr2(GeVA)

FIG. 3 (color online). The effective scale ngf(lo GeV?,
10 GeV?, p?) is the lower blue curve, while Q%:(—10 GeV?,
—10 GeV?, p?) = 0%;(10 GeV?, 10 GeV?, —p?) is the upper
red curve. These both asymptote to zero, although very slowly
for the upper curve.
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50

407

301

207

107

o- T T T TT T T T T

1 2 4680 20 50 100200400
pr2(GeVr2)

FIG. 4 (color online). The effective scale
ngf(lo GeV?, p% p?) is the lower blue curve, while

02:(—10 GeV?, p?, p?) = 0%;(10 GeV?, —p?, —p?) is the
upper red curve. These both asymptote to 10e? GeV? =~
31.25 GeV2.

FIG. 5 (color online). A contour plot of QZ%(1,x,y). The
contours, from red to blue, are at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20.

FIG. 6 (color online).
ngf(l’ X, )’)

A three-dimensional contour plot of

PHYSICAL REVIEW D 74, 054016 (2006)

The effective scale Q2 (k?, k3, k3) represents a general-
ization of the BLM scale [39] to the three-gluon-vertex.

The full application of the ideas in this section to specific
processes will be presented in the future, although one
particularly interesting case in briefly discussed in the
conclusion (Sec. VI).

V. PHENOMENOLOGICAL EFFECTS OF
INTERNAL MASSES

So far, all fields propagating in the triangle graphs have
been treated as massless. This was useful for simplifying
the discussion and elucidating the general structure of the
radiative corrections and the supersymmetric sum rules.
However, in real world applications one usually does not
have all three-gluon virtualities in the same desert region
M? < a, b, c < M?_,. Thus, mass corrections should be
taken into account. We have calculated the effects of
massive fermions (MQ), massive scalars (MS), and mas-
sive gauge bosons (MG) for all of the form factors; the
complete results are given in Appendix E. The corrections
for the case of massive fermions were first obtained in
Ref. [40] and we are in agreement. Here we will focus on
the massive quark (MQ) contribution to the form factor
multiplying the tree-level tensor structure, which from
Appendix E and Sec. III is

aM? n 3d — 8
3(d—2) 6K(d—2)
X [abedy + aBJ iy + byday + cadsyy] (79)

AyMQ) = Im

Here Jy, Jiy» Jou, and J3y, are the massive analogs of J,
J1, J, and J3, respectively. The two-point function J;,, and
tadpole T, are reviewed in Appendix A, while Appendix B
is devoted to a discussion of the massive triangle integral,
Ju, and its analytic continuations and various limits.

As in the previous section, when considering a physical
matrix element we always have the combination A, =
Ao —3(ITy + II, + IT;)  multiplying  the tree-level
tensor structure. This leads us to consider the massive
quark contribution A,(MQ)=A,(MQ) — %(H 1(MQ) +
I1,(MQ) + I15(MQ)), which upon using Eq. (El), insert-
ing the prefactor ig?, and expanding around d = 4 be-
comes

~ a1 M? 2
A(MQ) = — E[g (CUV - 10g?> *3

+ ﬁ(dbcm —ayL(a) — apL(D)

- ey + 2 (7 + 2 E
3 a

42 —bﬁ(b) 42 _CL(C)H'

Here J,, = —16i7*J,, and

(80)
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L (a) = v(a) log%, where v(a) = 1/1 - @, (81)

comes from Ji,; and has the analytic continuations given in Eq. (A12). The three-scale logarithmlike function for massive

quarks (MQ) is thus given by

LMQ< i > -3 (ayL(a) + aBL(b) + ByL(c) — abcIy(a, b, c) + Q

MM M) K
-2 -2 -2
(OS2 22 HO 22 ) 82)
a b c
- a; a c M?
Ag(MQ) = (1277)[LM<MZ’1V[2’ W) + log? —Cyy — (2 + Q)i|-
This massive logarithmlike function has the following limits:
Luo(~. S =240, M2 lal, Ibl, I
MQ W’W’W -~ ) > al, , 1€,
(83)

a b ¢
LMQ(W’W’W

with the number ) = 3.125 defined in Eq. (72). The
convergence to the massless limit is very slow, indicating
that threshold effects must be included for most
applications.

In Figs. 7 and 8 we have plotted Ly for the symmetric
case a = b = c for timelike and spacelike momenta. For
the timelike case, the threshold at ¢ = 4M? and the pseu-
dothreshold at @ = 3M? are evident. In Fig. 9 the mixed
case Lygla/M? a/M? —a/M?) is plotted, where the
thresholds at @ = =4M? and the pseudothreshold at a =
5M? are evident. For the purely timelike (TTT) case in
Fig. 7, there is a discontinuity in the imaginary part and the
real part diverges at the pseudothreshold. In contrast, for
the mixed signature case (TTS) the imaginary part diverges

- - N N
o o o o
Lol b a bl

(6]

o

DT

|
-

o
o -
~ -
o -
o -
-
o
—
)
S
-
o

FIG. 7 (color online). Lygq(a/M? a/M? a/M?) vs a/M? for
timelike @ > 0. The solid line is the real part and the dashed line
is the imaginary part.

) ~ L(a, b, c) — logM?,

M> < al, 1b], lcl,

{
while the real part is discontinuous. This pseudothreshold
phenomena is explained in more detail in Appendix B.

From the above results, one can define the effective
number of active quarks which characterizes the effects
of quark mass:

N a b ¢\ e d L a b ¢
F<M2’M2’M2> dMZ MQ<M2’M2’MZ>'
(84)

This clearly goes to zero and one in the limits M? >
lal, |6, |c] and M? < |al, |b|, |c|, respectively.

To motivate this definition, let us look at the single-scale
pinch-technique effective charge (using the notation of

[13]) as a function of spacelike momenta a = — Q?
6.0
5.5:
5.0:
LMQ T
4.5:
4.0:
1 LN BN R I N N N B N N BN BN N I N B B B |
0 5 10 15 20
am

FIG. 8 (color online). Lyq(—Q*/M? —Q?/M?, —Q?/M?) vs
Q/M for spacelike —Q? < 0.
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8 6 4 2 0 2 4 6 8 10
aM?

FIG. 9 (color online). Lygq(a/M? a/M? —a/M?) vs a/M>.

The solid line is the real part and the dashed line is the imaginary

part. The real thresholds are at @ = =4M? while the pseudo-
threshold is at a = 5M>.

Y (L(@2/m3) ~10 L
alQ?) «ap 4w 7 P\TP P gm%,

~ Cuy - n,,), (85)

where 3, is the contribution of each particle p to the first 8
function coefficient, and to a very good numerical approxi-
mation (for spacelike momenta)

2 2 Q2
L,(Q*/m2) ~ 10g<e7’P + W) (86)

p

where the constants 7, are 5/3, 8/3, and 40/21 for mas-
sive fermions, scalars, and gauge bosons, respectively. The
exact one-loop formula are given in Eq. (23-26) of
Ref. [13], although the analytic continuation in Eq. (26)
of that paper should have opposite imaginary part. This
effective charge satisfies the RGE

da(Q® _ dL,(Q*/m})
dlogQ? 4772 b dlogQ2
__ @ o
_ 47T§BPNP(’"%>’ (87)
0%\ _ dL,(Q*/m}) dL,(Q*/m})
N[=)|= I
”(m?,) dlogQ? dlogm?

_ 1
1+ % e
The function N, goes to one when Q% > m3 and zero
when Q% < m? and unambiguously measures what frac-
tion of particle p is “turned on” at scale Q2.

Moving back to the three-scale case, we now have the
complication that our effective charge is a solution of a
multiscale RGE

PHYSICAL REVIEW D 74, 054016 (2006)

da(a, b, ¢) a? d a b ¢
-~ = = —L -
4W§B ? dloga MQ(MZ’ M?> M2>’

(88)

dloga

and two other permutations with @ — b or a — c. This
leads to three different N;’s:

Nf% b C):dL (abC) (89)

M? M?)  dloga MUAM? M2 M?
and two cyclic permutations, each of which goes to 1/3 in
the symmetric desert a = b = ¢ > M>. This suggests
adding all three together to define a symmetric

a b c d d d
F _’_’_ = + +
<M2 M? M2> (dloga dlogh dlogc>
b
X LMQ(i —,i), (90)

which is in fact the same as given in Eq. (84).

The results for Ny can be obtained with the help of the
results in Appendix B. Instead of presenting these lengthy
results, let us focus on the symmetric case a = b = c,
where we find for spacelike a < 0

N ay _ d L a a a
F<M2> ~ dloga MQ<M2’ MZ’M2>

_ d I a a a
dlogM? MQ(MZ’MZ’ M2>
e - o1
=1+ 18— + 2M*J,(a, a, a)
a

a—2M?

+ 54M?* L(a) @ =30 a — 4D

In this example, spacelike a is chosen to avoid the pseudo-
threshold @ = 3M? and the threshold a = 4M?. Figure 10

o.75§
0.5
0.25%
0.0é

-0.25

0 5 10 15 20
Q/m

FIG. 10 (color online). The effective number of quark flavors.
The lower blue solid curve is Np(Q?/M?) for the symmetric
spacelike (a = b = ¢ = —Q?) three-gluon vertex, while the
upper dashed red curve is the fermion number of flavors
N, /2(Q*/M?) for the single-scale effective charge.
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shows a plot of this along with single-scale quark number
of flavors function N,_;/, from Eq. (87).

The negative value of N at 0 = Q < 4M is not entirely
novel, as a similar behavior was also found in the context
of two-loop quark mass corrections to V-scheme effective
charge [41]. It is essentially due to the antiscreening of

color charge, this case in the triangle interaction, and does
|

PHYSICAL REVIEW D 74, 054016 (2006)

not arise in the one-loop single-scale effective charge, as
seen in Fig. 9.

Using the results of Appendix E, the above analysis can
be easily extended to the case of massive scalars (MS) or
massive gauge bosons (MG), which have the following
logarithmlike functions

LMs<i A i) — gelay L@ + @BLK) + By L(©) = abeTyla b,c) + O

MZ’ M2’ M2
a b c
a b ¢ 1 _
LMG<W’ = W) = (@Y L(@) + aBLb) + ByL(c) — abeTy(a. b, ) + O
N EM2<£(a) -2 N L(b)—-2 N L(c)—2 E) 93)
7 a b c

The qualitative behavior is the same as the quark case.

Finally, we should consider the limitations of the effective scale ngf(a, b, c¢) introduced in the last section and effective
number of flavors Np(a/M?, b/M?, c/M?) discussed in this section. Given the complicated structure of the full mass-
dependent form factors, such tools for characterizing and understanding the behavior of the vertex are helpful. However, in
areal calculation such methods may be of limited use and the full mass-dependent results should be used. For example, the
effective scale Q2 has been defined only in the massless case so far because the definition becomes complicated and

somewhat arbitrary in the massive case. In particular, consider the possible definition (for QCD):

11 2 a b c _/11C,
Re [?CAL(CZ’ b,c) — §;(LMQ<V§; m, @) + logM%ﬂ = <

where N is some suitably defined number of flavors,
possibly a step function such as 6(a +b + ¢ — 3M2)
possibly the Ny defined in Eq. (84), or some other deﬁm-
tion. It should be clear that any choice of N determines
Q2%:, and vice versa, and there seems to be no compelling
choice for these quantities. Furthermore, in the approach
advocated here, the couplings at each vertex depend on
physical momentum scales which will typically be inte-
grated over in the phase space. Thus, matching onto a
conventional MS type approach can only be done at the
end of the calculation, so that trying to define a Q%; at an
intermediate stage is not very useful.

Thus, in real world applications, one should generally
use the full results for the mass-dependent form factors.
This constitutes a multiscale analytic renormalization
scheme that contains information which cannot be ob-
tained in the simple single-scale leading-log renormaliza-
tion methods. In other words, every three-gluon vertex (at
tree level) can be dressed, or “RG improved,” with this
gauge-invariant effective coupling and the associated form
factors, which are process independent and contain more
information than the MS procedure.

32 (MZ,MZ,M2>>longff(a b, ¢),
94)

{
VI. CONCLUSIONS AND FUTURE DIRECTIONS

The results of this paper represent only a fraction of
what is needed for a reorganization of perturbation theory
into fully gauge-invariant pieces with physical content,
each of which can be renormalized independently, leading
naturally to a physical multiscale analytic renormalization
scheme. This is possible due to the remarkable properties
of the pinch technique (PT)/background field method
quantum Feynman gauge (BFMFG) Green’s functions.
There is still much progress that can be made in calculating
these Green’s functions in perturbation theory.

The present paper gives a complete and general charac-
terization of the off-shell three-gluon vertex at one-loop. A
similar study of the gauge-invariant triple-gauge boson
vertices of the Standard Model [14] would be very useful.
It may also be possible to quantitatively look at the uni-
fication of triple-gauge boson vertices and couplings, in
analogy with the work on the unification of single-scale PT
couplings [13]. Some progress has been made on the
conventional gauge-dependent three-gluon vertex at two
loops [42,43], which gives hope for eventually treating the
gauge-invariant three-gluon vertex at two-loops.
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The gauge boson two-point functions and the associated
effective charges for QCD [2,5], electroweak theory
[8,11,15], and supersymmetric grand unified models [13]
have been calculated in the past to one-loop. We know
from general principles the divergent parts at two-loops,
but no complete two-loop PT calculation as yet exists. To
fill this gap, the two-loop gluon PT self-energy will be
presented in the near future [37]. This will allow for a more
precise determination of coupling from data, as well as
giving the three-loop S function coefficient. Furthermore,
by the Ward identity in Eq. (3), this also yields the longi-
tudinal form factors of I'¥%¢) ,  through two loops.

The gauge-invariant PT/BFMFG quark self-energy turns
out to be equal to the conventional self-energy in the
Feynman gauge [25], and so is known through two-loops
[44]. Because of the Ward identity [24] satisfied by the PT/
BFMFG quark-gluon vertex, this also yields the longitudi-
nal form factors of T through two loops.

In QCD, another logical step is the four-gluon vertex at
one-loop. In the general off-shell case, there are hundreds
of independent tensors structures and form factors.

Beyond perturbation theory, the study of Dyson-
Schwinger equations [3] and renormalons [7] in the PT/
BFMFG approach may yield new insight.

The methods outlined in this paper may have a particu-
larly important application to processes involving the
three-gluon vertex for which the one-loop corrections are
unknown, since often the difference between the tree-level
and one-loop predictions is large. The gauge-invariant
dressed-skeleton-expansion (see Fig. 2) should capture
the bulk of the one-loop corrections without explicitly
having to perform the full one-loop calculation. As a
specific example, consider the production of two heavy
quarks plus two associated transverse jets in proton-proton
collisions:

pp= 00 + 2 jets (pr # 0), 95)

which is illustrated in Fig. 11. The transverse momenta of
the jets controls two of the gluon virtualities, while the
invariant mass of the heavy quark pair is the third gluon
virtuality (for the diagram involving the three-gluon-
vertex). Thus, in principle, one could measure the running
of the three-gluon effective charge by measuring the cross
section for different values of these physical kinematic
invariants. We have performed a preliminary analysis of
this process using the methods outlined in section IV. We
find that both the differential and total cross sections are
considerably larger compared to MS scheme predictions
when the scale is chosen as the heavy quark pair invariant
mass. This means that the true effective scale is much
lower than would be guessed in MS. In general, the novel
functional form of Q%;(a, b, ¢) cannot be guessed. A de-
tailed analysis of this process and other applications will
appear in the future.
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proton

proton

+ crossed

FIG. 11. The hadro-production of heavy quarks and two asso-
ciated transverse jets, as a direct probe of the three-gluon vertex.

It should be emphasized that our approach represents an
optimal renormalization improvement of the tree-level
result, in the sense that we resum the universal (process
independent) and gauge-invariant higher order corrections,
which are associated with the running of the coupling. The
remaining one-loop corrections are both (1) process de-
pendent and thus need to be calculated explicitly, and
(2) not associated with the running of the coupling, and
thus called conformal terms. For most observables the
nonconformal terms dominate over the conformal terms.’
Of course, to rigorously prove that we have captured the
majority of the one-loop corrections one must fully calcu-
late the 2 — 4 process at one-loop, a challenging task.

One can also apply these techniques to processes which
do not involve the three-gluon vertex, such as ete™ — 4
heavy quarks. A preliminary analysis using the PT single-
scale couplings [Eq. (660)] also shows an enhancement of
the rate compared to MS.

To summarize, in this paper we have analyzed the be-
havior of the gauge-invariant three-gluon vertex at one-
loop. Starting from the symmetry principles governing the
vertex, a convenient tensor basis decomposition was given
in Egs. (7) and (12). As seen in Eq. (65) and the subsequent
discussion, this basis is the most convenient for phenome-
nological studies, since it is built out of ““transverse” ( —)
and ‘“‘longitudinal”” ( + ) momenta, the latter of which
vanish when dotted into external on-shell vertices, thus
leading to relatively simple matrix elements. In the case
considered in Sec. IV, only four form factors remain, rather

3Indeed, this is why BLM methods prove so useful. The
underlying philosophy is to respect the correct analytic structure
of heavy particle thresholds.
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than the 13 which would be present in a generic basis.
Nonetheless, the choice of basis is only a matter of conve-
nience, and the real physics lies in the 13 nonvanishing
form factors given explicitly in Sec. IIL

The supersymmetric relations between the scalar, quark,
and gluon contributions leads to a simple presentation of
the results for a generic (unbroken) gauge theory. Only the
gluon contributions to the form factors are given explicitly
in Sec. III, while the quark and scalar contributions are
inferred from the homogeneous relation Fg + 4F, +
(10 — d)Fs = 0 and the results for the relatively simple
sums  Zog(F) = (d—gz)FQ + F; which are given in
section III for each form factor F. The extension to the
case of internal masses is outlined in Appendix E and leads
to the modified sum rule Fy;g + 4Fyg + (9 — d)Fys = 0.

The phenomenology is largely determined by the form
factor of the tree-level tensor structure, which in section IV
is used to define a three-scale effective charge @(a, b, ¢). In
addition, the characteristic scale ngf(a, b, ¢) governing the
behavior of the vertex and the effective charge was ana-
lyzed, thus providing a natural extension of BLM scale
setting [39] to the three-gluon vertex. Physical momentum
scales always set the scale of the coupling. The phenome-
nological effects of quark masses are discussed in Sec. V
and are found to be important for generic physical appli-
cations, since decoupling is slow and a complicated thresh-
old and pseudothreshold behavior is observed. The
interpretation of the pseudothreshold phenomena deserves
further study.
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APPENDIX A: REDUCTION TO SCALAR
INTEGRALS

First, we will describe the evaluation of the massless
integrals, and then briefly mention the modifications due to
internal masses. As before, we will use the shorthand
notation

a=p%,

@ =py" P

c=p§,
Y = P3 " P1-

b=p%,

(AD)
B =p2-p3

In order to evaluate the integrals in an efficient manner,
it is very convenient to choose a manifestly symmetric
routing of the loop momenta, as shown in Fig. 1, where
clearly
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Lh=pyt1h L=pst1h ly=pi + L (A2
Of course there is only one integration momenta /, which
can be chosen to be [, [;, or I5, thus breaking the cyclic
symmetry. However, using the symmetric labeling greatly
simplifies the analysis.

First we decompose the full vertex I" into longitudinal
(L) and transverse (T) parts, I' = I'; + I'7, as in Eq. (14).
The tensor integrals in Eq. (18) are then converted into
scalar integrals by applying projection operators. In doing
so, the longitudinal (L) and transverse (7') parts essentially
decouple, and the ten independent L form factors are easily
found either directly, or by solving the Ward ID, resulting
in Eq. (38). The remaining four T parts are found by
applying the following four projection operators to
Eq. (18): 200, 030, 001, and 231, where as in Table I we
have defined 030 = ps3,, g, 4,, €tc. Thus, for the gluon
contribution G we have four scalar integrals: G(200) =
P20, 8 s Gy pops» G(030), G(001), and G(231). Simi-
larly, there are four integrals for the quarks and scalars as
well. In the numerator of each of these integrals there will
be various dot products of momenta, which can always be
reduced to momentum squares using Eq. (A2). For ex-
ample, p; -, =(3 -5 —p})/2and [, - 3= (B3 + 13—
p3)/2. Thus we are left with integrals of the form

BBy @B (lz)f B)"
ljk -
where [ = f o )d and i, j, k € {0, 1, 2}. Using the standard
rules of dimensional regularization, it is easy to see that
any integral with any two of i, j, kK nonzero must vanish.
Furthermore, it is straightforward to show that
—Blioo, Ty = —adgo.
(A4)

Iy = looo = —vloi0,

Thus we are left with only two types of integrals: (1) the
trivial two-point integrals Ji, J,, and J3, where

1 1
J =1 = ol ) AS
=tw= [ [ @9
and (2) the master triangle integral
J=J(p3 pi p3) = | A6
= J(p1, p3 p3) = PRE (A6)
16243

For the gluon contribution, for example, one then has a
system of four equations with four unknowns, the trans-
verse form factors. Denoting the gluon contribution to the
longitudinal projections by L;(200) = 200 - I';(G), etc.
we solve for the transverse form factors
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Fi(G) G(200) — L5(200)
Fn@) | | 6030) - Lo(030) B
FoG) | M| Goon) — Loy | Where Mr =
A(G) G(231) — Lo(231)

and similarly for the quark and scalar contributions.

The above procedure can also be followed for the mas-
sive case, with only a few modifications. First, the tadpole
M 2 TM =

—BJ; we now have

. . ?
[ =57 does not vanish. Thus, instead of [ 55 =
i 273
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B (d=1)p B 2—-d
_ 4 Y d—=1y 2-d
X (d—1a a a 2—d | (A7)

K K X 0

{
1

I = Iu(p} v P = |
M M\F1 P2 F3 (l% _ M2)(l% —

M3 — M%)’
(A10)
To summarize, in the massive case we need Jy;, Jiy,

Joms J3y, and Ty In the massless case we need J, Jy, J,,
and J3. For each of these we pull out the factor 17— and

2 e
/(12 Mz)(lz ol —BJiu + MTy,  (A8)  define Jy = = Jy, etc. . ' . '
Some formula for these integrals in d dimensions can be
where Jy,; = f(zz MZ)(ZZ = =/ 7= MZ)((H T We  foundin [35]. Here we will give only the expansions in four
b dimensions and define Cyy = 1 — y + logds where d =
also need the following result and permutations: 4 e €
B — M 12— M " The tadpole integral is
f B— M f gz MTw (A9 - 2
Finally, we have the master triangle integral with nonzero K
masses The two-point integral is
|
" 2vutanh™'(v™!) = vioget! a<0
Jiy = Cyy +2 — log— — L(a), L(a) = 2utan” Y(p71) for 10<a<4M?
M 2utanh™!(v) — imv = viog{*L — imv a>4M?
(A12)
{
and the generalized velocities are and Veltman [45] derived a formula which is valid for all
values of the kinematic variables a, b, ¢ and mass M,
_ Lo am? _ o AME . A13 although careful analytic continuation is required. We
v a V=, ' (AL3) il first write the results of [45] in our notation and then
In th less Timit this b discuss the analytic continuations. The various functions
N the massless fimit this becomes involved and some reference formula are summarized
— lal below in Appendix C.
Ji=Coy +2- log— + imb(a). (Al4) Defining p = +/— XK, where as before

APPENDIX B: RESULTS FOR THE TRIANGLE
INTEGRAL

The massive triangle integral

Ju = JM(P%, P%r P%)
_ [
Ik

X
(=M +ie)

1
— M? +ie)(

— M? + ie)
(BI)
is finite in four dimensions. We will give the results for

Jy = —il6m*J,,. This integral has been discussed previ-
ously in the literature [40,45—47]. In particular, 'tHooft

K =aB+By+ya
= —Xa®> + b* + ¢* = 2(ab + bc + ca)), (B2)

we have

— 1
Ty = _5(13(6417, c) + Ii(blc, a) + Ii(cla, b)). (B3)

The results for I5(alb, c) can be expressed in terms of the

velocity v = 4/1 — 4(M 9 and the variable x = B/p:
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I1(alb, ¢) = Liy(z;) — Liy(z7) + Liy(z,) — Lir(Z2)

Z 1
—n(x—v,x+v)10gz—2+ n(—l—v, )
21 X—v

1
Xlogz; — 77<1 —v, )logz
xX—v
+ 1+ ! I
- v, o
77( x—i—v) £22
1
— 77(1 + v, —) logzy, (B4)
x+v
where we have defined
_x+1 _x+1
R 27
o oox—1 _ox—1 (B5)
4T v IR

and the function 7(x, y) compensates for the branch cut in
the logarithms:
logxy = logx + logy + n(x, y),
n(x, y) = 2i7(6(—Imx)0(—Imy)d(Imx Imy)
— 6(Imx)#(Imy)#(—Imx Imy)).

The other two integrals I5(b|c, a) and I;(c|a, b) are
easily obtained by permutation of the above results, so

that x = vy/p, v=,/1—4TM2 and x=a/p, v=

1- %, respectively. Although these results entirely

(B6)

characterize the massive triangle function, it is a rather
tedious exercise to analytically continue the results to the
six different physical kinematical regions. To our knowl-
edge, such complete analytic continuations have not ap-
peared in the literature thus far.

Jy takes different forms for K >0 and K < 0 since
then the variable x is imaginary and real, respectively. The
case K >0 can occur only if all momenta are spacelike
(a, b, c < 0) or timelike (a, b, ¢ > 0). The case K < 0 can
occur for momenta of any signature. Thus, if all momenta
are spacelike or all timelike, the ratios of momenta will
determine if K > 0 or K < 0. For each of these two cases,
we must also distinguish when a is spacelike, timelike
below threshold, and timelike above threshold. For time-
like above threshold and spacelike, the generalized veloc-

_ 4M?
1 a

used in the analytic continuation and hence not included
below. Below threshold v = io = iy[*4* — 1.

1. Case X >0
For K > 0 we have

p=V-K=iNK=ip,
x=pB/p=—iB/p=—iw,
(i) K>0and vreal & (a <0 or a > 4M?),

ity v = is real, except for the ie term which is

(B7)
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Ii(alb, c) = i(2CL(2¢,) — CL(2¢, — 2¢,)
— CL(2¢, + 2¢,)

(B8)
+ 2im(py — ¢y)0(a — AM?)),
¢y = tan”(w), ¢y = tan”'(w/v),
(i) K>0and v = ive=(0 < a < 4M?),
L(alb, c) = i<2C12(2¢_>1) —CL(2¢, —2¢,)
- CL2, +24,) + 24 log |27 ‘
—2im, 61wl a))
¢, =tan"'(1/w), ¢, =tan'(1/D).
(B9)

Note that the prefactor of i in the above equations cancels
against the i from p = ip in the prefactor of Eq. (B3), so
that the terms involving the Clausen function Cl,(x) (dis-
cussed in Appendix C) contribute to the real part of J,.

2. Case KX <0

Here x is real.
(i) K <0and vreal & (a <0ora > 4M?),

I3(alb, ¢) = Re(Liy(zy) — Liy(z7) + Liy(z0) — Liy(z3))
+2im(p,0(a)0(|x| — v)
+ @,0(a — 4M?)),

11 x+1l
=_0 s
Y1758 |
1 x+v)(x—1)
=] —_— 1, B10
OO =)+ 1) (B10)
(i) X<0and v =iv & (0 < a < 4M?),
I;(alb, ¢) = 2Re(Liy(z;) — Liy(z7)),
x+ 1 x—1 (BI1)
2 = —, 1= —.
X —iv xt+iv

Several features of these results deserve comment.

First, in the K > 0, v = iv case, there are anomalous
thresholds which give rise to a nonzero imaginary part and
a diverging real part. As seen in Eq. (B9), these anomalous
thresholds occur in I5(alb, ¢) (and similarly for I5(b|c, a)
and I;(c|a, b) by permutation) when

lw| =0 & abec = 4M* K. (B12)

There will be a nonzero imaginary part for |w|>v &
abc > 4M?* K. Note that since here 4M?>a >0 and
K >0, we must have b, ¢ > 0. Let us now look at some
special cases:
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(i) a = b = ¢ Here the condition for an anomalous
threshold reduces to a > 3M?2, which was found in
[40].
(ii) b=c¢ This leads to (a/M?) = (b/M?) X
(4 — (b/M?)), which is possible only if b < 4M?.
There are also anomalous thresholds for the case of K <0
and a > 4M?. For example, for the mixed signature sym-
metric case a = b = —c >0, there is a discontinuity in
the real part of Jy(a,a, —a) and a divergence in the
imaginary part at ¢ = 5M?, as seen in Fig. 9. Anomalous
thresholds were analyzed long ago [48,49].

In the case K >0, v real, there is an imaginary part
above threshold, a > 4M?, which vanishes in the massless
limit % — oo.

In [47], the authors find an interesting geometrical in-
terpretation and derivation of the triangle integral (and
higher n-point integrals).

In the symmetric limit a = b = ¢, the above results
reduce to those given in Egs. (55-62) of [40].

In the massless limit, we obtain

i K>0
Jab,c) = — %(cuzqsa) +CLQ2dy) + Clh(24,))

b, = arctan<£>, etc. (B13)
a

(i) K<0
Tabe)=— %(él"wm) + Cny )

+ élTlﬁZd)Q +imd,0(a) + imdz0(D)
+ ime,0(c))

1 +
b, = log |u | etc. (B14)
2 a—p
where
—~ [/ Clhy(2¢,) for ab>0
Clhy2.) = (Ac1h2(2¢a) for ab < 0)’
(B15)

and similarly for él\th(2¢B) when (bc > 0, be < 0)

and Clh,(2¢,) when (ca > 0, ca <0).
The results for the massless case are well known
[34,35,38,45], although the notation is nonstandard. Here
we have adopted the notation of [38] by using the hyper-
bolic Clausen function Clh,(x), and alternating hyperbolic
Clausen function AClh,(x), which are discussed below.

APPENDIX C: SPECIAL FUNCTIONS

Here we collect some useful results, mainly taken from
[50]. The dilogarithm function is defined for complex z by
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Lis(z) = — ﬂ: dxlog” ;x).

(CDH

In order to find the real and imaginary parts of this func-
tion, one should first ensure that the modulus is less than
unity by judiciously using
. . m 1
Liy(z) = —Liy(1/2) — — — Slog*(—2).
6 2
The notation Li,(r, #), with two arguments, is used for the
real part of Liy(re?). For modulus less than unity, r <1,
we have the integral representation
1 [r log(1 — 2xcosf + xz)d

Liz(r, 0) = - E X. (C3)
0 X

The imaginary part for r <1 is

(C2)

. 1
Im(Liy(re'?)) = Tlogr + §(C12(20) + CL(2T)

— Cl,(26 + 2T)), (C4)
T = tan1<r8i7n0>.
1 — rcoséf
In particular,
Im(Li,(e’?)) = CL,(#) and
(C5)

Cly(6) = 5 (Lin(e") — Lio(e ).

The Clausen function frequently appears in the triangle
integral and has the following representations:

0 -

o Z sinnx

= 5
n=1 n

Furthermore, Cl,(x) is odd, Cl,(—x) = —Cl,(x), satisfies
periodicity, Cly(x + 2n) = Cl,(x), and a duplication for-
mula Cl,(2x) = 2Cl,(x) + 2Cl,(x — ). Many other prop-
erties can be found in [50] and the some are conveniently
summarized in the appendix of [38].

We have used the notation of Lu [38], who used the
hyperbolic Clausen function, Clh,(x), and alternating hy-
perbolic Clausen function, AClh,(a), defined by the inte-
gral representations

Cl,(x) = —foxdylog

.Y
2 sin>
sm2

Clhy(x) = — [x dylog 2sinhg ’,
. (C6)
AClhy(x) = — f dylog 2cosh% ‘
0
These can also be written as
Clh,(x) = LRe(Li,(e*) — Li,(e ™)),
2(x) = 3Re(Liy(e") 2(e7™) €

ACIh,(x) = LRe(Liy(—e*) — Liy(—e ™))

in analogy with Eq. (C5).
Finally, some elementary relations which are used often
include (for x, y real)
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arg(x + iy) = tan”(%) + m0(—x)o(y),

J’_
tan"!(x) + tan"1(y) = tan_1<u>
1 —xy

+ 7o(x)0(xy — 1), (C8)

tan—'(x) + tan~'(1/x) = O'(x)g.

where o(x) = x/|x| is the sign function and the step func-
tion 6(x) = (o(x) + 1)/2 should not be confused with the
angle 6.

APPENDIX D: FORM FACTORS WITH
DIMENSIONAL REDUCTION (DRED)
REGULARIZATION

Here we discuss the form factors regularized using
dimensional reduction (DRED) in integer number of di-
mensions dp, defined analogously to the usual dp = 4
DRED scheme. This could be used for dp = 6 or dp =
10 theories, but of course we mainly have in mind the four-
dimensional case.

It is easy to see that the quark and scalar contributions
are unchanged from DREG, and only the gluon contribu-
tion is different. This is most easily expressed in terms of
the modified sum rule

FG(DRED) + 4F, + (10 — dg)Fs = 0, (D1)

which implies Fg(DRED) = F3(DREG) + (dy — d)F.
Expanding d = dy — 2e€ around the real number of dimen-
sions di leads to Fg(DRED) = F;(DREG) + 2€F,
which makes manifest the role of the 2e adjoint DRED
“ghosts” which preserve supersymmetry.

In four dimensions we have

F(DRED) + 4F, + 6F5 = 0. (D2)

Since only the A form factors have a UV divergence in
four dimensions, only these form factors will be changed
when using DRED:

PHYSICAL REVIEW D 74, 054016 (2006)

8prep(A¢(G)) = — § 7. and all other form factors are
unchanged.

APPENDIX E: QUARK AND SQUARK MASS
CORRECTIONS

Here the corrections to the form factors due to fermion
and scalar masses will be given. The massive quark (MQ)
contributions were first obtained in [40], and we obtain
exactly the same results. To our knowledge, the squark
contributions, either massless or massive (MS), have not
yet appeared in the literature.

First, the well known formulas for the scalar and fermion
self-energies are reproduced in our notation:

II,(MQ) = f_;i,]lM + 2M2<2J1Ma_(l(i ;)Z)TM)
El
IT,(MS) = =) d)JlM M2< al=d) )

with the integrals Jy,, Ty, given in Appendix A. These
yield the massive fermion and scalar contributions to the
longitudinal form factors through Eq. (38).

Notice that the terms proportional to M? in the above
two equations are equal up to a factor of —2. After explicit
calculation, it was discovered that the scalar mass correc-
tion terms (Syg) are just minus one-half of the quark mass
correction terms (Jyq) for all form factors. Thus, for
generic form factor F

FMS) = F(S)|y + Spms(F),
FMQ) = F(Q)ly + Smo(F),

(E2)

The notation F(S)|;, simply means to take the appropriate
massless result for the form factor F, as given in section III,
and replace J— Jy, Ji—= Jiy, Jo— Joys J3— T3y
everywhere.

Because of the relation §y;q = —20ys, we need only

Sprep(A12(G)) = Sprep(A12(G)) = — ! ;2 (D3)  write either the fermion or scalar mass correction terms
3 167 explicitly. Here we choose the scalar contributions, which
In the symmetrized physical = basis we have  for the transverse form factors are
|
_ 2M? T (K — 3By P —-2aK — y*Ba+2y — B)
oms(Fpp) = — Jy + J
MS( 12) .7(2 |:< d_2 ) M a(B_ 'y)(d_ 1) 1M
P—2aK — B*Ba+2B—7) 2c Q-dXKa
- Jom — Ssm t 57— 7 Tm (E3)
b(B—y)d—1) d—1 2(d — 1)ab
and
_ 2M?[ 3P K —=2ay XK —=2ap XK -=2By XK(d—2)
oms(H) = - - - J T E4
wms(H) .’Kz[d 7'M d—1 Jwm d—1 'm d—1 ™7 3a-) M} (E4)
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The results in the physical * basis can be obtained from those of the LT basis through the use of Eq. (16), and are

included here for completeness.

M? Jiy + Bloy + cJ
Sms(Arn) = ?[dc_azJM Rl dB_ZA; < 3M} (E5)
M? -b 2a + )y — Qa + By + (B — v)J
Bus(Bry) — _%[(ad_z)a . Qa + y)Jy —( ad _/31) wm+ (B—y) 3Mi|’ (E6)
M? [8P + a’c +3B%(a — y) + 3y a — 8P+ a*(B—vy) + y’(Sa+ 7B + 4
Bys(Cr) — 43(2[ a’c +3pB Ela_ 27) y(a = B) Jy+ a*(B Z)(d _yl() a+7B+4y) »
8P + a’(y — B) + B*(Sa + Ty + 4pB) 4c> +2By — K
" b(d — 1) Jou F d—1 am
(d—2)K(a?+ 2By +3XK)
(d — 1)2ab TM} (E7)
e (D) — M? (K + 3a?)(a — b) K+ 4a® + 2ay _,’K+4a2+2aﬁj
Ms( 12)_4j<2|: d—2 M J—1 1M d—1 oM
2By — 3XK)(a — b) (d—2)XK(a —b) -
c(d—1) M 2(d — e M} (E8)
M? 2P+ ab K-2 K-2 K-2 d—2)K
5MS(H):4J<2[ 2—26 m d_{”]w d—fﬁszJr d—iBy 3M_(2(d—)1)T } E9)
_ M? [3(a—b)(b—c)c—a) (4a®> + 2ay — 3K)(b — ) (4b* + 2aB — 3K)(c — a)
dws(S) =~ 13 [ 2—d T+ a(d — 1) M b(d — 1) om
(4c®> +2By —3XK)(a — b) _(d—=2)a—-b)b—c)c—a)K
- cd—1) M 2(d — 1)abc TM} E10)

It is straightforward to see that all of the correction terms
are ultraviolet finite.

The relation —26\;s = Opq is necessary for the preser-
vation of the form of a quark/scalar sum 255 = 2Fg + F,
which is equal to ﬁ 3G using the results of section III.
In other words 2Fy;s + Fyg = 2Fsly + Foly, so that this
quantity has no correction terms proportional to M?.

However, the relations between massive gauge bosons
and massive fermions and/or scalars will be different, since
the gauge bosons eat a degree of freedom to acquire mass.
Consider the contribution of a massive gauge boson to the
gauge-invariant gluon self-energy®:

2M? (dg — 1)
a (d-1)

8d —dp — 7
HI(MG):JIM[ R i|

2d—1)

X [JIM + %(2 - d)TM} (E11)

“This is also the contribution of W* to the photon self-energy.

[where as before dp = d in dimensional regularization
(DREG) and dp = 4 (or the real integer number of dimen-
sions) in dimensional reduction (DRED). From this and
Eq. (E1) we deduce

I1, MG) + 4I1,(MQ) + (9 — dp)II,;(MS) =0 (E12)
and thus the massive 2N' = 4 sum rule becomes

for the longitudinal form factors. It can also be shown that
this holds for the transverse form factors and so the results
of this paper also give the contributions of massive internal
gauge bosons. Proving this involves detailed analysis of the
vertices and diagrams that contribute to the triple gluon
vertex when the PT/BFMFG is applied to a spontaneously
broken gauge theory that leaves a non-Abelian subgroup
(of gluons) intact. This can be done following a pinch-
technique route similar to [15,19]. Because of the equiva-
lence of the PT and BFMFG, it is more convenient to
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follow the BFMFG route similar to [51]. For example, in
SU(5) GUTs the colored superheavy X and Y gauge bosons
give a contribution which satisfies the above massive sum
rule. We should emphasize that these sum rules are simply
a convenient way of relating the contributions of various

(1]

(2]
(3]

(4]

(5]
(6]
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spin particles, all with hypothetical mass M, but no as-
sumption is made about the actual masses for a given
theory under consideration; the sum rules are entirely
stripped of color factors.
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