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Scattering of glue by glue on the light-cone worldsheet. I1. Helicity conserving amplitudes
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This is the second of a pair of articles on scattering of glue by glue, in which we give the light-cone
gauge calculation of the one-loop on-shell helicity conserving scattering amplitudes for gluon-gluon
scattering (neglecting quark loops). The 1/p™ factors in the gluon propagator are regulated by replacing
p' integrals with discretized sums omitting the p* = 0 terms in each sum. We also employ a novel
ultraviolet regulator that is convenient for the light-cone worldsheet description of planar Feynman
diagrams. The helicity conserving scattering amplitudes are divergent in the infrared. The infrared
divergences in the elastic one-loop amplitude are shown to cancel, in their contribution to cross sections,
against ones in the cross section for unseen bremsstrahlung gluons. We include here the explicit
calculation of the latter, because it assumes an unfamiliar form due to the peculiar way discretization
of p* regulates infrared divergences. In resolving the infrared divergences we employ a covariant
definition of jets, which allows a transparent demonstration of the Lorentz invariance of our final results.
Because we use an explicit cutoff of the ultraviolet divergences in exactly four spacetime dimensions, we
must introduce explicit counterterms to achieve this final covariant result. These counterterms are
polynomials in the external momenta of the precise order dictated by power counting. We discuss the
modifications they entail for the light-cone worldsheet action that reproduces the bare planar diagrams of
the gluonic sector of QCD. The simplest way to do this is to interpret the QCD string as moving in six

spacetime dimensions.
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I. INTRODUCTION

This is the second of a pair of articles on scattering of
glue by glue to one loop in the language of the light-cone
worldsheet [1-3]. The first article (I) [4] worked out the
(finite) one-loop amplitudes for helicity nonconserving
processes. In this article we extend the calculation to the
helicity conserving case, for which it is necessary to deal
with ultraviolet and infrared divergences.

We refer the reader to the introduction of [4] for the
detailed motivation and background for this work. Here we
briefly mention the highlights. The goal of the program to
give a worldsheet description of the sum of planar dia-
grams is to shed light on field/string duality from the
“field” side at weak coupling. This is just the perturbation
expansion of the field theory. The mapping of the sum of
planar diagrams to a worldsheet system [2,3] in essence
allows one to read off the worldsheet dynamics for scalar
field theory and Yang-Mills theory in this weak coupling
limit. A serious limitation of these initial articles, however,
is that they transcribed the ‘“‘bare” Feynman diagrams,
without including any of the counterterms necessary to
maintain gauge invariance. In the context of dimensional
regularization this limitation is innocuous, because dimen-
sional regularization automatically includes them. How-
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ever, we want the worldsheet formalism to work in four
dimensions, and so we must have in the worldsheet action
the flexibility to include counterterms that go beyond the
initial input Lagrangian. In [5] the ultraviolet structure of
¢? theory was analyzed on the light cone and it was shown,
to all orders in perturbation theory, that two new counter-
terms in addition to those associated with mass, wave
function, and coupling renormalization were necessary
and sufficient. Happily, a local modification of the bare
worldsheet action allowed for these new terms.

The aim of [4] and the present article is to execute the
same program for Yang-Mills theory in light-cone gauge.
Because the corresponding analysis is considerably more
complex, we have limited their scope to one loop. In [4] we
focused on one-loop helicity violating amplitudes for
which the on-shell tree diagrams vanished. As a conse-
quence the one-loop amplitudes are finite in both the
ultraviolet and infrared. We could therefore confirm that
the worldsheet description produces the correct known
answers without dealing with collinear and soft gluon
emission processes.

In contrast, the helicity conserving processes studied in
the present article display the full infrared divergence
structure of non-Abelian gauge theory. Just as in [4], our
infrared regulator is discretization of the p* integrals
omitting the p* = 0 terms. But for the one-loop ampli-
tudes we deal with here, this is essentially equivalent to
simply reserving the p* integrations to last. This is be-
cause all of the artificial p* = 0 divergences actually
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cancel algebraically if the integrands from all diagrams,
with momentum routed appropriately, are combined before
the loop integrations are performed [6]. However, the true
infrared divergences, for which p* discretization provides
a temporary regulator, are not cancelled in this combina-
tion but rather are organized to cancel against divergences
due to the absorption and emission of real soft and col-
linear gluons according to the Lee-Nauenberg theorem [7].
In addition, of course, these amplitudes have ultraviolet
divergences which are taken care of by the renormalization
program [8,9]. In this paper we give a complete light-cone
gauge calculation of the scattering of glue by glue, includ-
ing the processes involving extra gluons that resolve the
infrared divergences. We work in four dimensions using
the worldsheet friendly ultraviolet cutoff employed in
[4,5]. We organize the Feynman diagrams of the SU(N,)
Yang-Mills theory according to ’t Hooft’s large N, expan-
sion [1], and we calculate the one-loop planar diagrams
surviving the N, — oo limit. The ’t Hooft limit suppresses
diagrams with quark loops, so they are not included here.

We remark here that our nontraditional methods of
regulating and dealing with divergences are not sheer
perversities on our part, but rather they are guided by the
desire to fit these calculations into the framework of the
light-cone worldsheet formalism. We hope the reader will
bear with us on this point, and we assure her that, although
unconventional, we have been extremely careful with the
well-known subtleties and pitfalls of this difficult subject
[10,11].

To keep this paper reasonably self-contained, we repeat
two short sections from [4] that summarize the light-cone
Feynman rules (Sec. II) and some useful identities
(Sec. III). A brief Sec. IV lists all the four gluon trees.
Then in Sec. V we discuss bremsstrahlung processes. We
use a covariant definition of jets that proves to be very
helpful in achieving nice compact results for these pro-
cesses. We deal with initial state collinear (mass) diver-
gences as in the original Lee-Nauenberg paper [7], where
they are cancelled by including extra near collinear gluons
in the initial state. This is in contrast to the standard
technique, used in analyzing jets experimentally, that ab-
sorbs the initial state collinear divergences into the initial
state parton distribution function [11]. Section VI briefly
summarizes the results for triangle and swordfish diagrams
obtained in [12]. Section VII contains the meat of this
paper, the calculation of box diagrams. The reduction
procedure developed in [4] for the helicity violating box
diagrams is helpful for this. Section VIII describes the
results of calculating the remaining quartic triangle and
double quartic diagrams, and Sec. IX finally puts every-
thing together and explains the cancellation of infrared
divergences in cross sections. Section X discusses the
problem of giving a local worldsheet description of all
the counterterms necessary for Lorentz invariance. We
find this can be simply done by interpreting the ‘“‘string”
dynamics of the worldsheet as occurring in six-
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dimensional spacetime. The two added dimensions are
holographically generated on the string side of field/string
duality and play no role on the field side. A final Sec. XI
wraps up the paper with a brief look at issues still to resolve
in the future.

The reader who does not wish to follow the technical
details of this work may get a glimpse of the main results
and their impact on the light-cone worldsheet dynamics by
simply reading Secs. II, IX, X, and XI. We particularly
would like to draw his attention to the nice and compact
final results for the infrared finite and Lorentz covariant
probabilities (more precisely, the unnormalized squared
amplitudes for jet-jet scattering) Eqgs. (121) and (122) of
Sec. IXB. The implications of the necessary counterterms
for the worldsheet dynamics, which is the subject of
Sec. X, should also be amusing for this reader.

II. FEYNMAN RULES FOR LIGHT-CONE GAUGE
YANG-MILLS

Here, we use the notation and conventions in Ref. [13],
according to which the values of the nonvanishing three
transverse gluon vertices are

2817; + oA TN 2817; A
= PiPy— PPt )= KD
/ﬁ\ PP ( ) PP

1 2 (1)
280% (v v+ ouy L 28DP3 o
= pPipy—Papi)= K
/j\\ piP; ( ) piP;
| 2 (2)

The quartic vertices in this helicity basis are given by

In these expressions, pp = (pj+ip)/v2, p! =
(p} — ip)/~2,and pf = (p? + p3)/~/2 are momenta en-
tering the diagram on leg k, and g is proportional to the
conventional QCD coupling g,. Note that these are light-
cone gauge (A_ = 0) expressions and include the contri-

_2 21M (3)
(Pt + P )?
2 (pT py + P3P,
(P} + pi)?
L PLPy+Prp3 ) )
(P} + p5)?
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butions that arise when the longitudinal field A is elimi-
nated from the formalism." We also should point out that
we are giving these rules in the context of the ’t Hooft’s
1/N, expansion at fixed N,.g2. Then the planar diagrams of
the SU(N,) theory are correctly given if we take g =

gs+/N./2. Nonplanar diagrams with this definition of g
must be accompanied by appropriate powers of 1/N2,
depending on the number of “handles” in the diagram.
We have not spelled the details out here, because our focus
will be on the planar diagrams in this article. The results we
obtain should therefore be compared to the limit N, — oo,
fixed g2N, of those in the literature. In making such
comparisons, note that our definition of g multiplies con-
ventionally defined n-gluon tree amplitudes by a factor
N?/ R N, for n = 4, so for each gluon scattering pro-
cess we remove this factor before comparing to the
literature.

III. K IDENTITIES

As we have seen, the quantities
Kf = pipf = pipf (5)

play a central role in the cubic Yang-Mills vertex. In fact,
we shall find that the simplest forms of the various helicity
amplitudes are achieved by expressing them as functions of
the K’s. These simple forms are in fact identical to those
achieved by Parke and Taylor using a bispinor representa-
tion of polarization vectors as the now famous Parke-
Taylor amplitudes [14]. For us the role of the spinor matrix
elements in those formulas will be played exclusively by
K} and K.

In order to reduce the expressions for the helicity am-
plitudes to the Parke-Taylor form, we will need a number

of identities enjoyed by the K’s. For a general n-gluon
|

PI KHKTYy
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amplitude we can form K;; for each pair of gluons (i)),
where i, j = 1, ..., n distinguish the different gluons. By
momentum conservation, it is immediate that

> K=o (6)
J

From the fact that K is an antisymmetric product we have
Bianchi-like identities

pi Ki + p{Kl; + p[Kj; =0, )
KpKA + KRKD + KLKp, = 0. )

Finally, the most powerful type of identity follows from a
very simple calculation

KAKY P
Jk + o+ J
+ = D pk T (9)
; P ;21?]-

which seems like a complicated nonlinear relation.
However, when we are considering scattering amplitudes,
the momenta all satisfy p; = 0 so the right side is zero.
This identity plays a central role in showing that trees with
all but one like-helicity vanish. (Trees with all like-
helicities cannot even be drawn.) They are also crucial
for reducing the complexity of the helicity amplitudes
that do not vanish.

IV. SUMMARY OF TREE AMPLITUDES

In this section we simply list the four point tree ampli-
tudes on and off shell obtained in [4]. There are no tree
diagrams for A A AA or V V VV polarizations. The off-
shell A A AV four point tree is given by, omitting the
coupling factor 2g for each vertex,

At/{e/?/\v == |:
pi Py p3 L(pa + p3)?

K3 K3, }
(p1 + p2)?
. PI (K4/1\3K§\2P% + Kf\4K£\3p% + Ké\l Kf\4l7% + Ké\ZKé\lpzzt) -

Py ps Py (p1 + p2)*(p2 + p3)?

0 on shell. (10)

The notation here is that A denotes an incoming arrow representing helicity +1, while V denotes an outgoing arrow
representing helicity —1.

The only nonzero four point trees are those with two of each helicity. There are two distinct helicity patterns. The
amplitude for adjacent helicity A A VV is given by

(1’91+ + P;)ZKﬁ\l KX_;
pipsripi(pi+ po)?

tree —
A/\AVV -

B pypi KuKY . pips +p2+p4+} _
(pf + pi)Lpspd (p1 + pa)?

piry (pr+ pa)? 2

"These vertex rules are convenient for the mixed 7 = ix*, p*, p representation used in the imaginary x* worldsheet formalism [2],
in which an i from each vertex has been absorbed in each dx™: idxt = dr and the propagator is (2p*)~! e~ ™P’/2P" Tt will sometimes
be convenient in this paper to return to full Minkowski momentum space p~, p*, p. Then with the vertex rules given here and no i’s in
the momentum space propagators 1/(p*> — i€) with p> = p?> —2p*p~, each Minkowski loop momentum integral should be
accompanied by a —i: — id*q,,. With a further Wick rotatation to Euclidean space d*q,, = id*qg the i’s would disappear entirely.
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When some legs are off shell, we use the shorthand notation p = p?/pi to simplify the writing.
_ 2K K

Py Py P3Py (p1+ p2)*(py + pa)?
_ p3pi(pi — pY) + pi pi(pi — p)

(p{ + p3)pi + P> — P53 — py)
2(p; + py)?

tree —
AAAVV'_

(12)
2pi + pi)py + pa)?
(P + P37 + P)(Ps + pY)  KNKG () + py)lpi py (P} — p3) + ps pi (P — pl)]
2(p1 + p2)*(p1 + pa)? pi Py pypi(py + p2)*(p1 + pa)?
2K K
— - ~ (On Shell) (13)
Py Py Py pi(py + p)*(py + pa)’
The other distinct helicity arrangement for four gluon scattering is alternating helicity A V A V :
avee | {pTPS KiKs,  pips KuKy _pipy + P;PI}
(pf + P Lpipd (pi+p)* pipy (po+ pa) 2
B 1 [pTPI KsKY pops  KGKy  pipi + pré*} (14)
(pi + P32 Lpspy (pr+p)*  pipl (p1+ po)? 2

where the quartic vertex contribution has been split between the last terms in each of the square brackets. Notice that the
second line on the right side is obtained from the first line with the relabeling substitutions 1 -2 — 3 — 4 — 1 and
A — V — A. Furthermore, the first line can be obtained from the first line on the right of (11) by interchanging 2 < 3 and

multiplying by the factor —1. Thus, by inspection we immediately obtain the simplifications

(15)

awee _ _ 2KKE  plhpai(pl + p)(P5 + Py | phlpi s+ pipi t pipi + pips]
AVAV
pi P3Py Py phrL 2phris 2phPis
_ gy P3Papi+ pY) + pipi(p3+ pd) — pipy (Pt pd) — PPy (Pt P
31842 T F o+ 7 ¥ 0.2 (py + pa)?
PPy p3pi(pr+ pa)(pr + po
L Pipa(pl = p3) + pipi(pi = p3) . plpi(ps = p3) + pips(pi = pl)
2P%4Pfr4 2P%2p1+2
2K/\2KV2
- - (On Shell).
P1 P2 P3 P4 P12P14

Here and in the following we use the shorthand notation
Pii+1 = Pi T pir1, Withi =0, 1,2, 3 and py = py.

V. GLUON BREMSSTRAHLUNG AND JETS

The consistent resolution of infrared divergences in loop
corrections to scattering amplitudes involves a cancellation
against corresponding infrared divergences in the cross
section for the emission (or absorption) of an extra gluon,
whose momentum is either collinear with one of the gluons
in the core process or “‘soft.”” If the core process is scat-
tering of glue by glue, the associated bremsstrahlung am-
plitudes are 5 gluon amplitudes.

In the context of the large N, limit, it is necessary to
combine coherently only the bremsstrahlung diagrams
with the same cyclic ordering. So, for example, in the
diagrams shown in Fig. 1 at N, = oo it is only necessary
to square the sum of the two diagrams on each line and
combine the results on different lines incoherently.

[

Because N, = oo suppresses nonplanar diagrams, a gluon
line attached between two outgoing gluons (as with the
diagrams on the first line of Fig. 1) must be outgoing when
N, = 00?2 Similarly a gluon line attached between two
incoming gluons must be incoming. On the other hand, a
gluon attached between an incoming and an outgoing
gluon (as with the diagrams on the second line of Fig. 1)
may be either incoming or outgoing.

At first glance the reader might think that the distinction
between an incoming or outgoing line has nothing to do with
planarity. But a well-defined large N, limit only makes sense for
physical quantities that are singlets under the gauge group. We
specify our planar scattering amplitudes by imagining that the
external gluons are all attached to a huge connected Wilson loop
including a single connected portion at late times and another
single connected portion at early times. The large N, limit of
such a quantity has the properties we describe in this paragraph.
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As is well known, infrared and collinear divergences are
present only when the bremsstrahlung gluon attaches to
external legs. For example if the bremsstrahlung gluon is
collinear with p,, there is a collinear divergence in the
phase-space integral of the square of the diagrams where
the gluon is emitted from or absorbed by leg 4. Calling the
bremsstrahlung gluon’s four-momentum k, for fixed k* the
collinear point is k = k" p,/p; . Then it is convenient to
write

K=k 2t f (16)

+
4

S

and examine the phase-space integral for |k| in a neighbor-
hood of zero. Here we assume k* = O(1) so the brem-
bremsstrahlung gluon is not soft. In effect, rather than
measuring a single gluon, we insist that we measure a
“jet” of total transverse momentum P = (k¥ +
pi)p4/py within a resolution A [15]. A simple calculation
shows that

(P4+k - k+1’4)2
gl

where the overarrow denotes the three spatial components

= 20klIpal(1 — cosd),  (17)

of a four-vector and cos# = k - p,/|k||p4]. The left side is
thus a nice measure of the angular size of a jet, so we define
the phase space of a jet of resolution A by the restriction

(P4+k - k+P4)2
Lagiy g

This translates to k> < [k*[A2/Ip}l.

The amplitudes for the emission of a hard bremsstrah-
lung gluon from the right of leg 4 (as in the first diagram on
the first line of Fig. 1) are given, for the two polarizations,
by

< A2 (18)

kKt + pi KY4Acoe(P1, P2 P3 k + pa)

Agrem = _2g k+pi (k + p4)2 ’
outgoing helicity, (19)
AA - P4+ K]24ACore(pl’p2: P3,k + P4)
Brem gk+(k+ +PI) (k+[)4)2 4
incoming helicity. (20)

When the bremsstrahlung gluon (with momentum k) is
emitted from the left of leg 4, the amplitudes are the
same except that K, appears instead of K, ,. Thus the
amplitudes for emission from left and right have opposite
signs. The amplitudes do not cancel, however, because they
have different gauge group structure. As already men-
tioned at N, = oo the two terms enter the cross section
incoherently. When the bremsstrahlung gluon has the same
helicity as leg 4 and is collinear with p,, it and gluon 4 are
distinguished only by their p* values. Then we arbitrarily
call the one with smaller |p™| the brem gluon.
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FIG. 1. The bremsstrahlung diagrams associated with glue-
glue scattering involving leg 4. At N, = oo the sum of the
diagrams on each line may be independently squared to give
the leading contribution to the cross section. Similar pairs of
diagrams involving each of the other legs must also be included.

Now it is easy to see that
K.y = —pik,
k4 Py " o Q1)
(k+ pg)? = —pik*/k* = —2pF k" kY K+,

Then we have immediately,
dp4 dk

2lp | 21kF1Q2m)

_dp  dk pi (KT +pi)?
21P*| |k*|(2m)3 kT + pI( pi?

+2 2
P4 8
W)pmcml? 22)

(1AV]> + 1A%

The collinear divergence is now transparent in the integra-
tion over k near zero. It is the coefficient of the phase-space
factor dP/2|P*| that we should compare to the square of
the tree amplitudes with self-energy corrections on exter-
nal lines.

We now show that the collinear divergence just isolated,
when summed over all possible k", is canceled by a
corresponding divergence in the self-energy correction to
leg 4. This cancellation is a consequence of the Lee-
Nauenberg theorem [7], which stipulates that all collinear
states with the same energy be included. The total energy
of the brem gluon and the gluon represented by leg 4 is in
the collinear limit

k2 2 2
k= + py =2k—++2‘%=%(1+k+/p1)
P2
S S 23
20+ pi) >
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which makes it clear that we should include all k™, p;
consistent with fixed P* = k" + p;. We temporarily
regulate the divergence by giving the collinear gluons a
small mass w. Since light-cone phase space is mass inde-
pendent, p only appears in the above analysis in the
expression for (k + py)?:

+ (kt + pi)?
%+p0”~—%$@2+ML—7F%LJ. (24)
4

With this regulator, the transverse momentum integral we
need is just
72

dk —
ﬁ<k2|n4 fl<liar IR+ pPkt + pl)?/ pitT
[k py 1A*

A

=r7ln—/——5>——. (25)
[k* + piPule
Then the coefficient of the jet phase-space factor is
dk
e — 2 4 AN 2
[Azlk+|(277)3<| 2 +14%P)
_ g_2<<k+ +py
k] 872\ py
1t A2
P Ny Wlpia
(k+ +)3> Core |k+ pa |2 20

The blowup as u — 0 is the collinear divergence we are
seeking to resolve. According to the Lee-Nauenberg theo-
rem, to get an infrared safe quantity we must sum over all
k" inthe range 0 < |k*| < |P*|. And we must also include
brem emission from the left of leg 4. The first term repre-
sents the emission of a brem gluon with identical helicity to
leg 4, so when we sum that term over the whole range of k™
we have included emission from both the left and right of
leg 4. However, the second term represents the emission of
a brem gluon with opposite helicity, and when summed
over the whole range gives only brem gluon emission from
the right of leg 4. The emission of an opposite helicity
gluon (with momentum k) from the left has the same
squared amplitude, but it is convenient to switch the roles
of k and py, so k always refers to the right gluon. Then the
total emission rate is given by
dk V]2 + A2 + A2
o G i
B |P+| +|P+_k+|3
kZS,n.Z (|k+(P+ _k+)| |k+P+3|
|k+|3 |k+(P+ _ k+)|A2

|(P* = k)P PP ple

)lACoreI2 In
(27)

Calling x = |k™|/|P*], |P*| times the quantity in paren-
theses can be rearranged

PHYSICAL REVIEW D 74, 045018 (2006)
1 1—x3 %
1-x

x(1 —x) X

=2<x(1—x)+1xTx+1_x>

X

1—x

[P — k| & P — k|
2 +
P+2 |P+_k+| |k+|

(28)

So with this notation the squared amplitude for jet produc-
tion along gluon 4 is

dk
——_ _(lAY 2 4 AN 2 4 AN 2
o<|k;;|P+I]A2|k+|(277-)3 Wi
_ & IAcOrelzz . x  l—x
47% |PT| < 1—x X
_ 2
% 1 x(l x)A (29)
w’e

We still have to include the self-energy corrections on the
external lines.
1 - X
by

In Ref. [4] we obtained
X In(x(1 — x)p28e”) (30)

¢
A =
41 | +|Z<

for the gluon self-energy for an off-shell gluon of momen-
tum p after subtraction of the counterterms necessary to
keep the gluon massless. Redoing the calculation with a
mass w for the particles circulating in the loop yields the
modification

HV

A
M

_ g 1 2 2
_mm;(ﬂ + x(1 — x)p?)
X (1 + + %) In((u? + x(1 — x)p?)de?)

€19

1
(1—x)?

2
— Constant +

g 1—x
4—kZ<X(1_X)+—+ ; )
X ln(,uz(SeVH) (32)

in the on-shell limit p?> — 0. The constant (which is of
order %) must be absorbed in a mass counterterm to keep
the gluon massless. On the external line the p? is canceled
by the extra gluon propagator, and the effect of the correc-
tion is just the wave function renormalization

g’ 1—x
_1+4 g +|Z(x(l—x)+7+ - )

X In(u28er+h). (33)
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Of course the tree amplitude is multiplied by +/Z for each
leg and the squared tree amplitude by a factor of Z. Thus
the correction on leg 4 is just

2 2
8 |AC0re| X
Z = DlAcoel* = =5 1—x) +——
(Z = Dol = 550 ;(( X+

+ lx;x> In(u28e7). (34)

Combining this self-energy correction with (29) gives for
the complete jet production, identifying P = p,

2
8 |AC0re X 1 —x
M) == > (21— x) + ——+
<| | >_]Ct 47T2 |p+| . <.x( x) 1 —x X >

X In[x(1 — x)A28e?]. (35)

|2

We see that the collinear divergence problem, which in
light-cone gauge is confined to the self-energy insertions
on external lines, is resolved provided we interpret scatter-
ing amplitudes in terms of jets.

However, this is not the end of the story because we still
see UV divergences (Iné) and IR divergences due to x near
0 or 1. As explained in [4], the latter divergences are
regulated by discretization of p*. The UV divergence
from this calculation is to be combined with the UV
divergences from triangle, box, and internal line self-
energy diagrams to give the appropriate scale-dependent
coupling. Part of the IR divergences here will be canceled
by soft gluon bremsstrahlung which we discuss next. In
particular, we must find that the dependence on the reso-
lution A is finite. But there will be residual IR divergences
that are to be canceled by IR divergences from the other
one-loop diagrams (box, triangle, etc.).

Our discussion of jet production only included the dia-
gram with the brem gluon attached to the external leg
identified with the jet (for definiteness we chose leg 4),
neglecting its interference with diagrams with the brem
gluon attached to other lines. This approximation is only
valid, however, when the resolution is smaller than the
momentum k" py/p; of the gluon in the jet. We can
stipulate that all of the momenta p; are of order O(1),
but even so for small enough k" it is essential that we
include the other diagrams. In this case all components of
the brem gluon momentum are small and we must combine
gluon emission from all legs coherently. In the large N,
limit life is simpler because we only need to include
coherent emission from neighboring lines as already
discussed.

PHYSICAL REVIEW D 74, 045018 (2006)

For definiteness, focus first on the coherent emission of a
gluon between legs 3 and 4, both of which we assume to
have outgoing helicity. Then the emission amplitudes are

AV = —2gAc [k+ +pi Kia k' + p3
"L kTpl (k+py)? ktpy
K3,
(k + p3)? } (36)
kT + pf) (k+ pa)? KT+ pY)
K3,
3k | 37
e &7

In these formulas we have assumed that A, is the same in
both terms, which is approximately true when all compo-
nents of k are small. The case where k is collinear with one
of the external momenta but not small will not introduce
errors, because in that case the interference between differ-
ent terms is negligible. For this we need to insist that no
two external legs are collinear, which we do. The squared
amplitudes are
(Kt + pI)2K%,4
2k p 2 (k + pa)t
(kt + p;)2K%,3
2k 2p(k + ps)?t
T+ p KT+ p K- Kk,4}
k*2p3 py(k+ p3)*(k + py)?
PI ZK%A
2kT2(k* + pi)*(k + py)?
" P; 2Ki3
2kT2(k* + p3)*(k + ps)*
B P pi Kz Kis
kP2 (k™ + p )™ + pi)(k + p3)*(k + py)*]

AV = 4g2|Ac0m|2{

IAA|2 = 482|AC0re|2{

These expressions contribute to the jet cross section for jets
both along p; and py. Let us define v; = p;/p;. Then they
should be integrated over the union of the two domains
Dy: (k — kT v)> <k™A?/pf and Ds: (k — ktv,)? <
k*A%/p?. In order not to double count we integrate over
the entire first domain, but we integrate only over the part
of the second domain satisfying (k — k*vy)? > k" A%/pf.
The necessary integrals over 2D, can be found in
Appendix A. Define k=k—k* v,, and give all of the
gluons 3, 4, and k a small mass w. Then we have

k+pIA2

1 ] . Kj, 1 [ g k? 7
—_— . = = n—’
2% Jo, (k+p)t 2 0o (6 kT + pf)?/pi? 20 (KT + piYute

(38)
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R Kt pr2(A2—kt pa?)
1 f N K%3 l [ ~ k+2(k - k-'—v34)2 _7 In pf(k*er;)z,lize34 o kTl < |p4 |vM
Y ~ + 5+ a2
2k*? (k+p3)* 2 )p, (K — kT vs)? + p2(k* + p)?/pi?? 2 lnw];fv%’ k1> |p+|,,
(39)
L / i Kk3 Kk4 f dkA I’C\ (kA - k+ v34)
K (k+p3)*(k+pa)* I, (k2 + p2(T + i/ pi?)(k = K vsg) + w2k + p3)*/pi?)
_ | e WIS i B (40)
2 O, |k+| > +|v2 B
where the final forms are valid as u — 0. We have used the identity
K2'+ 2k++ +)2 +2 _+‘2+ 2++ +)2
(k + pi)2 _ ki M ( Di ) (k k vl) M (k P, ) (41)

k*pi

to simplify the integrands.

k*pi

In assembling these contributions we write separate equations for small and large k*, simplifying the coefficients in the

first case:
AP 1A lAcoel® | KT pp s (- K piusy /A A 4
GG G GE T L GE O TR (42)
D, w m ( P4) ( pz) P4 1V3y
/ AP 1AM gzlAcOrelz{((k+ +pi) pi’ )h, k' py A?
o, 16]k*|7 87 pi? (k* +pi)2) (k" + pi)u’e
o+ 2 A2 A2
- (( p3) +p3 T 2) ln(l - +7+2>} for |k+| >
P3 (k 3) k™ pjv 34 |P | L&
gzlACOrel2 {((k+ + P4 )2 pIZ ) AZ
872 P4 (k+ + py )2 (k+ + P4) M e
A2 A2
—2In[1 ——— | for [kT]| > ——, 43)
(~F) i

where the approximation in the last line is valid because the logarithm factor cuts off large k*. We still need to add the
contribution of the part of the domain D5 that does not intersect Dj,.
To handle the double constraint on the domain of integration, it is convenient to divide the contribution into two

contributions,

k* kKt
I A2 < (k — kT v,)? < — A}

P4 Py

k+
I — A3 < (k — ktvy)%
Dy

where we choose Ay >> A large enough so that in region II
we only need to include the diagram with the brem gluon
attached to leg 3. It is not hard to show that in region Il k*
necessarily satisfies

K> —< (46)

U34

i ol

Unfortunately, the converse is not quite true: the condition

+
(k — kv < z—+A2, (44)
3
k+
(k - k+v3)2 < p—+A2, (45)
3

[
on k* that implies k is in region II is slightly more strict:

) )

k* >U—34(F \/Z

But at least the contribution from the part of region II that
satisfies this last constraint is simply given:
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2mg*|Ac |2<(k+ S DA ) L2< I >2<k+ <L2< B , 4 )2
ore +2 + +)2 ’
P3 (k™ + p3) s\ ipil (e v\ flp7l /Ips ]
4 P3 P4 P3
k* +A2
XI5 (48) (49)
(k" + P3) m-e
for |k*|> L( A9 4 A )2_ which contains a mixture of regions I and II. But by taking
U§4 /| pjl | p;r| Ay > A, the contribution of this window can be made

arbitrarily small, and at the same time A can be neglected

There remains the narrow window in k* in the lower limit on (48)
AV + [AA2 214 2 (Kt + pi)2 +2 kT pT A2 A2
[ A +| 3| ~¢ lzcorjl <( +53) + +p3 +2>1“ ¥ p3+2 7, for [k7] > +02 (50)
DI 16|k |7 8|k | P3 (k™ + P3 ) (k™ + P3 ) e |p4 |v34

We limit the size of Ag so that all k* contributing to region I are negligible compared to the external p; . In that case the
integrand for region / simplifies to

&1y

K; K} Ky K
A+ AN = A e ks 2 .

K20+ p)* T kP2(k + py)t Tk2(k + pa)P(k + pa)?

In region I, one can show that /|k*| > A(\/ngrl — \/ij |)/\/|p;’p2' |vsy so we stipulate that |pS | > |p7 | so that k™ stays

away from 0 and it is safe to take the continuum limit of the k" sums. (To deal with the case | p7 | < |p; | we just switch the

roles of legs 3 and 4 in the calculation). Now we use the identity (41) and
1 1
K3 Ko =k"ps-py— §k+P§r(k + pa)® — §k+PI(k +p3)* — wXpipd + kKt py + kT py) (52)

to simplify the integrand even further

AV[2 + |AM? =~ 402|A 2 _pI _p;k+(k + p3)2 - sz;—Z
| | | | = ag | Corel ¥ 2 2 4
k*(k + py) k™*(k + p3)
_2k"2py - py+ kT pi(k+ py)* + kT pl(k + ps)?
k*2(k + p3)*(k + ps)? }

242 2ps - p
4 A ]2 o 3 P4 ) 53
8% Acorel {k+2(k + p3)t (k+ p3)2(k + pg)? Y

We have dropped u? terms in the numerators when the denominators are prevented from vanishing strongly enough by
virtue of being in region I. Since only (k + ps)? is allowed to get small in region I, we only needed to keep > when that
factor appears squared in the denominator. The first term in braces will only receive contributions in the integration for
k= 0('“22 as u — 0. Thus the second constraint defining region I collapses to a constraint on k¥ only: A% < k¥ p; vi, <
A3, so the k integration can be freely done:

KA/ pF oA A _/1'2 ,LL2 1
27T/;) kdkm: -7+ WW—P -7 = 77111;, for AZ < k+pIU%4 < A(% (54)

The second term in braces is not only Lorentz invariant but only involves the variables constrained in defining region I:

— 2k - p3 < A?, A2 < =2k py <A} (55)

[In this form the constraints coincide with the earlier ones only when u = 0. But the effect of the change is O(u?) and
negligible in region I.] Furthermore, the measure for k integration dk* dk /2|k*| = d*k&(k*> + u?) is also invariant. Thus it
can be evaluated in any convenient frame (for instance, one in which p; = p, = 0.) The result is, assuming u < A,
Ay < p;,

= —— 11 .
L (k+ p3)i(k + py)? pis A —piu?

2 2 2 3
2[ de Sk Tu) o Agy AlA (56)
D
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Of course, we cannot directly compare this to our previous results because they have not yet been integrated over k*. But it
is amusing to compare it with the integral of (50) over the missing range A? < k* pfv3, < AJ:

gzlAC()rel2 d|k+| In k+A2 ~ g2|AC0re| 1 A—2|:1I1 A2 +1In A()A i| 2|AC0re| A2 1‘ AC!A3 (57)
412 k™ P3+,U~2€ 4 |P3 |u?e U34|P4 | 47 A2 %4:“26
because v§4 (v —vy)? = — p3 +/ P35 py . Remarkably, this integral exactly matches the entire effect from region I. The

upshot is, that even though we did not do the calculation this way, we can summarize the complete answer by quoting the
following ““results” for the k integrals:

~ In for |k < ——,
16]k* |7 47|k whe? lpilvs,

I JAYE AR Aol | kMU~ K pl e, /A7) A2 )
Dy

fdklAVI“rIAAI2 2IAc0m|2{<(k+eri)zJr pi? ) k* py A +<(k++p3)2+ pi? )
Dy

6l 872k pi? (K + pi)2) (k" + pi)Pule Py (K + py)>?
+ + A2 2 2
xln% 2ln<1—+A—+2>} for |k+|>A7 (59)
(k" + P3) m-e k™ py U3y |p4| U3y

We must also remember that in executing the sum over k", the phase-space measure is treated differently for the jet
associated with each leg. Namely, the k™ sum associated with the jet along leg i is taken holding k™ + p;” = P/ fixed, and
there is an additional factor |p;|/|k* + pf| = |P; — k™|/|P{| arising from transforming dp; dp,/pl (1P —
k*|/IP;1)dPfdP;/ P/ . Fortunately these subtle modifications are only significant when k™ = O(p;"), i.e. for a hard
brem gluon whose contribution is dominated by a single diagram. Putting everything together we can write

1

1 P} P — kT (P — k1)A?
|MBrem2_8g—Z|ACore ( zk+ ( ))1‘ ( )

+ ¥ +3 +2,,2
i34 |k+|>A2/|P;|v§4|k I\P P; Pi~u’e
2 2 +4
8 |ACore| 1 k ‘U34
T > T 1n—M462 , (60)

Ikt |<A%71PE 102,

where we have used the cancellation

2 2 11 2| Acorel?
2lAcol [%hl(l_,)_Mf ﬂl(l—m)_o 1)
0 1

4772 472

valid after the (safe for these terms) limit of continuous k™.
It is illuminating to rewrite (60) in a way that makes the symmetry under 3 < 4 manifest.

rem + (P;r — k) kJr(Pi+ — kH)A?
|MB |2 8 ) ZI Corel Z V3l ( _ T+ Plj*'3 )ln P?’2,u2e

=34 |kt
g |AC | 1 k+2v34|p3 p4|
M= T3 A ©)
[k*|<A%/|Pf v,
(Pf — k"), kY (P —kT)A?
2 Z |AC0relzz K ( Tt 55 )h} 72
8 i=3.4 i | o P; P u"e
+ 8 |ACore| 1 1 k+2U‘3"4|P;PI| _ 1 AZ 1 A2 63
T L A e, M ©
™ k=4 41v3 3 U3y

Here we have picked A > m, the k' discretization unit, and have approximated
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1
k™

k*2v%,|PT P _

A4

In
A<[|k*|<A%/|P} v,

In the form (63) the symmetry 3 < 4 is transparent, but the
finiteness of the A dependence, manifest in (60), has been
obscured: the coefficient of InA? has a small k* divergence
on the first line that is canceled by a small k™ divergence on
the second line. Another advantage of (63) is that the first
line just gives the 34 contribution to the production cross
sections of jet 3 and jet 4 that matches our earlier discus-
sion. In particular the w — 0 divergence is now transpar-
ently canceled by the wave function renormalization.

A virtually identical calculation applies to the absorption
of extra gluons in the initial state by the right of leg 1 and
by the left of leg 2. Outgoing brem gluons emitted between
legs 1 and 2 are suppressed at N, = oo just as were incom-
ing unseen gluons absorbed between legs 3 and 4 were
suppressed. The result for soft gluon absorption between
legs 1 and 2 is obtained from (60) by substituting 1, 2 for 3,
4. In this case k™, p], p; are all positive so the many
absolute value signs can be dropped. We note that this
treatment of the initial state uses the Lee-Nauenberg pro-
cedure as a model of incoming legs as incoming jets, so the

four legs of the core process are treated in a parallel
|

+2
Py

A?/|Pf|v3, dt
A t

(P

PHYSICAL REVIEW D 74, 045018 (2006)

2 2

2.4
ntv34|P;P4+|_

Ad = —In

1 In .
AlPy vy, AlPT V3,

(64)

{
fashion. This is in contrast to the by now standard proce-
dure of absorbing the initial sate collinear divergences in
the initial state parton distribution functions. This standard
procedure is indeed appropriate in interpreting collider
experiments, where the gluonic process describes the scat-
tering of the hard constituents of incoming hadrons. The
Lee-Nauenberg procedure we follow is more general and
works even in theories, such as N = 4 supersymmetric
Yang-Mills, in which hadronlike bound states of constitu-
ents do not form.

The situation for unseen gluon absorption and brems-
strahlung radiation on the left and right, either between
legs 1 and 4 or between legs 2 and 3, is more complicated
even at large N,, because extra gluons in the initial state,
the final state, and both must be taken into account. This is
because all these processes are now allowed at N, = oo.
For definiteness let us focus on the region between 1 and 4:
gluons emitted or absorbed by the left of leg 4 and the left
of leg 1. The diagrams for emission of a single unobserved
gluon are shown on the second line of Fig. 1. The squared

—_ k+)2 (k _ k+v4)2

A+ 1P = 4glcucl| | 35y

P2 (Pf —k*)?

2P;?

amplitudes are
}[(k — kv + P/ (Py — k)P
(k — k+v1)2

gl )

2P — k)
Py (P] — k")

2P}?

Py (P — k")

[(k — k" 0,)? + u?P{?/(P] — k")’P

-

PI (P} — k")

P{ (P} — k")

}

(k—k"vy) - (k—k'v,)

X E s PP~ Pk~ Koy R T

Here we have used P = p; + k* and expressed the (k +
p;)? in terms of K; ; which we have written out explicitly.
The main differences with the 34 contribution are that the
helicities of the two legs are opposite and p; > 0 while
pi, k™ < 0. Similarly, with an extra unobserved soft gluon
in the initial state, the relevant diagrams have a gluon
absorbed on the left of leg 1 or leg 4, but the result of
the calculation is the same as for emission with the under-

standing that k™ > 0.
|

Vv |2 A2 PIZ
|AOut + IAOut =~

(P} +kT)?

{

As we have already seen in the 34 case, the interference
term is negligible unless all components of k are small so
we can simplify that term by neglecting k* compared to
the p;. For the future discussion we also write out sepa-
rately the outgoing and incoming gluon cases sending k —
—k in the outgoing case so that k* > 0 in both cases:

(k —k* U4)2

4g2|AC0re|2{|:2(P2_ + k+)2

(P] +kT)?

2P kv + w?P2/(P + kPP

}[(k
(k — k* U1)2

P+2
+ 1
|:2(P1Jr + k)2 2P1+2

}uk Ko+ PP K ()
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. Z(k - k+v1) . (k - k+v4)
[(k — kT v))* + w?[(k — k*vy)* + uz]}
P+2 (P+ _ k+)2 (k _ k*v )2
AV 12 4+ |AA 2 = 402]|A 2 4 4 4
AR+ 1451 = gl Aco| {[2(1’: — k)2 2P }[(k — k") + w?P?/ (P — KPP

(P — k')

(k —k* 01)2

[ -

2(PF —k*)? 2pPf?

[(k — k*v))? + u?P{?/(P} — k*)’P
2(k - k+v1) . (k - k+v4)

[k — K vo)? + pf Tk — K ug)? + u?]

Clearly, simply adding in these two contributions cannot be
the whole story since only one of them is needed to cancel
IR divergences from loops.

There is also a difficulty with the contributions for a hard
unobserved gluon. A collinear divergence is present when
an extra hard outgoing gluon is collinear with either leg 4
or leg 1. When collinear with leg 4 it is simply part of the
jet associated with that leg and combines with the collinear
gluon emission from the right of leg 4 to cancel the col-
linear divergence in the self-energy correction to leg 4. The
divergence coming from an outgoing extra gluon collinear
with leg 1 has a very different meaning. Since we have
stipulated that none of the gluons in the core process are
collinear, this hard extra gluon is well separated from
gluons 3 and 4 and therefore in principle detectable: In
this case the final state is unambiguously a three gluon
state. A similar situation applies when an extra hard gluon
in the initial state is collinear with leg 4. These nonjetlike
collinear divergences have nothing to do with self-energy
corrections on external lines and must be canceled by
something else.

The mechanism [7] that takes care of the doubled soft
bremsstrahlung and the nonjetlike collinear divergences is
shown in Fig. 2. At first glance it seems that these diagrams
would not be relevant, because they are either disconnected

FIG. 2. Diagrams representing an unseen bremsstrahlung
gluon in both the initial and final state. The interference term,
between the disconnected diagram on the top left and the
remaining three diagrams, in the square of the sum of the four
diagrams is of order O(g®) and therefore comparable to the
bremsstrahlung probability for one unseen gluon in the final
state and none in the initial state or vice versa. To account for the
factors of 1/2 see Fig. 3.

}. (66)

[

(the first diagram) or apparently higher order (the diagrams
involving two extra gluons). However, when we square the
sum of these diagrams, the cross terms between the first
term and the remaining three contribute as connected
structures which are exactly the right order O(g%) to be
comparable to the one-loop and single gluon bremsstrah-
lung diagrams. The reason the last two diagrams are multi-
plied by 1/2 is explained in Fig. 3. It is essentially the same
reasoning as that for multiplying self-energy bubbles on
external lines by 1/2. Otherwise the squared amplitude
would count equivalent contributions twice compared to
what is required by closure for the unitary evolution op-
erator U(t,t,) or, equivalently, by unitarity of the §
matrix.

We now discuss the evaluation of the cross terms in the
square of the sum of diagrams in Fig. 2. Since the gluon
momentum cannot simultaneously be collinear with both
leg 1 and leg 4, the cross term with the second diagram on
line 1 will only be singular for a soft forward scattered
gluon. With incoming gluon polarization A this contribu-
tion is given by

M~ M~
A A
c c ()
B B
L— L—

FIG. 3. One of the processes on the second line of Fig. 2
viewed as a unitarity cut of a larger diagram. Because the
unobserved gluon injects zero momentum into the single line
it scatters from, the unitarity cuts A and B are equivalent and
only one of them should be used in constructing the unitarity
sum of the squared amplitude. This explains the factors of 1/2 in
Fig. 2. The situation is entirely analogous to the well-known
procedure of weighting self-energy bubbles on external lines
with a factor of 1/2, as indicated on the right. In both cases the
unitarity cut C is distinct and unique.
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(pg — kD)(p + kDK Ky
(g)* [kﬂl% pi(ps — k) (py + k)? }
g S (pg — k)T +kT)Kyy - Ky
k2 pi pi (ps — KX (py + k)
(k — kvy) - (k — kT vy)

[(k — ktwy)* + w2k — kT v)? + u?]
(k —k*vy) - (k — k" v)
(k — k+v4)2(k - k+v1)2’

where the first form on the second line neglects k* com-
pared to p; and p;, and the second form also uses the fact
that the IR divergence of this contribution is insensitive to
the temporary gluon mass . Although the p™ dependent
factors for the other polarization of incoming gluon V are
slightly different, this difference disappears for soft gluons.
So adding the two polarizations just multiplies this result
by a factor 2. Comparing this expression to (65) and (66),
we see that it will cancel one of the two interference terms,
so only one will be counted.

Next we turn to the diagrams on the second line of Fig. 2.
Since they are similar to each other, we only need do one in

detail, say the first. It will give a singular contribution not
J

~ 4g2

e 4g2

(67)

AN 4g2K,:1K21

(py + k)

P (pApy + kP + P k2pi?

_4g’(pf k)

k+P (k — k*v)?

PHYSICAL REVIEW D 74, 045018 (2006)

only when k is soft, but also when it is hard and collinear
with leg 1. In the latter case there will be three well
separated gluons in the final state and therefore no con-
fusion with the two gluon final state we want to describe.
Nonetheless, the collinear singularity from this contribu-
tion will cancel the one from a collinear brem gluon
emission from leg 1 with no extra gluon in the initial state.

These diagrams with the forward scattering process
entirely on an external leg are formally singular because
the propagator between the last emission vertex and the rest
of the diagram is on shell. In this regard it is analogous to
self-energy corrections on external lines. The most reliable
way to handle such situations is to compute the forward
scattering process with p; off shell, giving the intermediate
gluons a small mass u, and then go on shell by extracting
the residue of the pole and factorizing it which means
keeping only half of the correction to the residue (see
Fig. 3). This process correctly discards the double pole
contribution which is properly interpreted as an energy
shift.?

Applying the Feynman rules to this diagram (without the
factor of 1/2) with p, off shell and k= = (k> + u?)/2k"
we find

ACore(pl’ P2 P3s P4)

k*2p2(p3)? 2k — kY w))? + p? — kT (kT + ph)p3/pi?
(k — k+v1)2

] Acore(P1> P2» P35 Pa) (72)

pi KTk 4 p))k —kTvy)?

3 2g2(p1 + k")
pi(p})? [

(k — k"v))* + u?

A s
Nzﬂkkwf+u]}cm

3 A rougher procedure is to attempt to work on shell from the beginning and use the i€’s in the denominator to keep things finite.

Then we would obtain

AVA — 4g2K]Z1K21 (pi + k+)2A .
R e Ry RS
AT = A KL, pi + K A (69)
—iel(py + k) + p? — ie] |:k+2(p;r + k)2 piipr + k+)2i| Core-

When the cross term is constructed, each of the above expressions will be multiplied by A&, and added to its complex conjugate and

finally multiplied by 1/2:

14g°K2, (pt + k*)? 1 1
C T AV — = s 1 A 2 _
ross term 2 —ie k*2p? A corl [(pl +k)?+ pr—ie (p;+k?>+ u®+ iei|
_ (p?- + k+)2 4g2K%,1|ACore|2 (70)
k2pt? 2[(py + k) + p? —iell(py + k) + pu? + ie]
Cross Term VA = —[ ri’ + ke } 48K Aol . (71)
k2 (pt + k5 ppf + k)2 12[(py + k) + p? — iell(py + k) + p? + ie]

Compared to the treatment in the text, which defines jet amplitudes as they would be extracted from larger diagrams with unitarity cuts,
this rough procedure misses an overall factor (p{ + k*)/p{ . For soft k this discrepancy is negligible, but for hard collinear k the
treatment in the text is the one that reflects the Lee-Nauenberg theorem.

045018-13



D. CHAKRABARTI, J. QIU, AND C.B. THORN PHYSICAL REVIEW D 74, 045018 (2006)

where the superscripts indicate the polarization of the kKt (k* + p7) p+3
. . AV/\ = -7 2 1 1
unseen gluon. The first term in square brackets is a double 8 +2 Tt )2
. 5 . . . . P k (P Nl k )
pole in p{ with a coefficient that will not have a collinear +3 oy
divergence (when smeared over K). Its residue will be k (k — k™ vy)
. . . . . + T/ + 2 + 2 272 *Core*
proportional to the derivative of A, but will not contrib- pi(pf + k) ]k — kT vy)* + p?]
ute to the collinear divergence. The residue of only the (74)

second term in square brackets, which is a single pole in
p3, will be divergent, and we easily read off the divergent
contribution for this polarization

There are two contributions for VA polarization because
_28%(py kT KT(KT + pT)

ANV ~ the gluon connecting the absorption and emission vertices
k*pf pi? can have either polarization.
(k — k*v,)> When the cross term is constructed each of the above

(73)  expressions will be multiplied by Ay, . and added to its

Core
complex conjugate, which doubles it, and finally multi-

plied by 1/2 which undoubles it:

Acore-
[k — kTv)? + w2P 75

The other polarization is given by
J

2g*(pf + k) (k — k*v))?
cross term AV = — 1 |Acorel® (75)
pid k= kv + P
+ k+4 (k —ktov )2
term VA = —202| L1 1 Ac |2 76
cross term g [pf ey T M2]2| Corel (76)

Adding together the contribution for the two polarizations gives

(pi + k7 pf Kt } (k— k')
pi? pi Tk pPpf + k[ — kv + p
The process described here is one where an outgoing extra gluon is collinear with gluon 1 which is incoming. This gluon is

thus not in jet 3 or jet 4. It can therefore be experimentally detected unless it is too soft. Comparing to (65) we see that the
first two terms of (77) almost cancel the second term of (65). Integrating the difference over a neighborhood of k = k*v,

cross term = —2g2[ P |ACore|*- (77

in the limit u — 0O involves

(k — k+v1)2

P+2

(k — k+1’1)2

' (78)

[dk[[(k kv + @2P2 /(P + k)T - [(k— Kk v)? + #2]2} ~ 771117(});r eyl

This vanishes as k™ — 0, when the extra gluon is unde-
tectable, and when k™ is finite it will be excluded from an
outgoing jet along p; or p4. Thus it should not be included
in the undetected bremsstrahlung associated with the core
process. The last diagram of Fig. 2 removes the divergent
contribution of the first term of (66) in a similar way. The
last term of (77) is negligible for soft bremsstrahlung and,
when k™ = O(1) cancels a spurious collinear divergence
from a brem gluon emitted from gluon 1 with the opposite
helicity to that considered here. The squared amplitude for
that opposite helicity process is

kT4
pii(pf — k*)?
(k — k" v1)*|Acore(p1 — &, P2, p3, po)I?
[(k — k*v)? + u?(pf — k)2 p 2T
(79)

|AIA |2 — 2g2

Brem

{
Here the superscript denotes the polarization of the brem

gluon, and —k is the incoming momentum of the brem
gluon (so k* > 0). Notice that the first argument of A is
P, = p; — k, not p; as in (77). To see all these cancella-
tions, it is important to recall that k is to be smeared in a
narrow region about the collinear point k = k" p,/p.
Then P, = p, — k = (p{ — k7)p,/p{ so the integration
measure of the bremsstrahlung probability is

dk dp, _ dk dP, Pf +k*
21kt 2pf 20kt 2Py Pf

(80)

In (77) the first argument of Ac,. 1S p; which is to be
identified with p here. So we should compare (77) to
(pt + k*)/p* times the appropriate term in (65).

After these cancellations what remains of the brems-
strahlung contributions (65) and (66) is just
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2 2 P4+2 (P4+ + k+)2 (k — k+v4)2
48%|Acorel {|: PR 72 } .32 1pi2/(pt + kT2
2(Pf + k%) 2P [(k — kTvy)*> + pu?P2/(Pf + k1)?]
B 2k — kTvy) - (k — kT vy) P2 N (P} — kT)? (k — ktv))?
UET N ey R b e e (et ey ey

(81)

But now notice that these residual terms are the same as the 34 contribution if we identify P; with —P;. Thus when
summed over k™ the 14 total contribution can be obtained from the 34 contribution with the substitution p; — — p;. This is
consistent because unlike p; + py4, which is spacelike, p, — p; is timelike.

To summarize this section we collect together all the contributions from hard collinear gluons, soft gluons, and self-
energy corrections on external lines. The soft contributions boil down to a contribution like (60) for each pair of
neighboring lines:

: gzlACOre|2< 1P/ P — kP N L )1 |k (P — kT)[A%8e” N & 2% lAcorl?
S e S 872 |k*(PF — k)| |k* P3| (P — k*)Pj3| ] [P |? = 47
% 1 | k+2v?,i+1|Pi+Pi++1 ] A? 1 A?
|k+| n A4 1q'A|P+| 2 nA|P+ | 2 :
K T<A i Vi i+ 11V

Here v}, = (v; — v))> = —(p; + p;)*/P{ P} = |(p; + p;)*|/|P] P} |. Notice that the terms on the first line correspond to
contributions associated with each leg of the diagram, whereas those on the second line involve contributions associated
with pairs of consecutive lines. The first category of terms includes the wave function renormalization due to self-energy

bubbles on external lines

4 4
g |A
S DAcel? =25 > I;ofl
i=1 i= i

Z(Xi(l — i)+ fix 1= xi>ln(M25€y“) (82)

i i

so that the collinear divergence as u — 0 cancels. So we

see that the temporary cutoff u can be removed as soon as

we combine everything together. We shall see that the

remaining divergences in these expressions cancel against

similar ones that come from the remaining one-loop cor-

rections to the glue-glue scattering process. These include ko k2 ko ks
self-energy insertions on internal lines together with tri-

angle and box diagrams.

ki

VI. CUBIC VERTEX FUNCTION ki \ /

We shall not include calculational details for the one-

loop corrections to the cubic vertex function. They can be
found in [12]. Instead we present the final answers for the
vertex corrections with two on-shell gluons. We put the
combination of swordfish and triangle diagrams (see X X
Figs. 4 and 5) with two like-helicities and two legs on shell ko k2 0 2
in the form
2 70 11
1_‘lloop + 1_‘C.T. == %Ftree<3 - ? 1I1(5p3€7) + S) / k, ki

3
s X (83)

a 1272 E’ FIG. 4. The triangle diagrams contributing to I'**V. The labels

o q, ko, k1, ko are dual momenta. The actual momentum of any line
where the vectors k;, K carry the polarization of the two is the difference of the momenta of the regions it bounds. p; =

like-helicity gluons, p,, is the four-momentum of the off-  k; — kg, etc.
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ko ks ko k2 ko k2 ko k2 . .
0 2

ki ki ki ki f

<1

FIG. 5. The swordfish diagrams contributing to I'*V,

. 2 | |
St (p1, p2) = {[—+ + }(
PR +Z+ g" pi+ps—a" pi—q"

9" <p,
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shell gluon, & = 1 when the on-shell gluons have like-
helicity, and o = 0 otherwise. Finally S is an infrared
sensitive term that depends on the location of the off-shell
gluon, but not on any of the gluon helicities. In the case p{,
p5 >0, we denote by S;f (p1, po) the value of S when leg i
is off shell, and with loop momentum chosen so that g*
the longitudinal momentum of the internal line joining
leg 1 to leg 3, satisfying 0 < ¢* < p{. Then,

+
q 2 1 |
In(8pie”) + ln—> + |: - + —i|
1 5 T —q° ¥ T ¥ ¥

1 Py tp—q q

Pl —q } {[1 2
X In + —
2 Z gt pf tpy—

q">p]

1 pi+p —q"
+ +i|<ln(5p%637) + ln%>
q Py 2

pl+p, —q"

+ Z[1+ 2 I
Rt A S S A A

(84)
pi+p;

+ 2 1 1
Sg (p1, p2) = Z |:++ + + Tt — q+}ln

G 7l PU TP T4

/A {[2+ ! P }
T+ ps ;q* pi+ps—qa" pf—q"

q+
X <ln(6p%ey) + ln—+>} +
14

1

J{ 2 1 1}161
g —p pitri -9 g

+ 2 1
S3 (p1, p2) = {|:—+ +— T Tt —
q+%1+ g P tpr 49 P

1 2 1 T+ pt—g*
{|:—+ +— — —+— +}<ln(6p%ey) + lnw>
q Py T py— — P p

q q p 2

+ o+
n—f"}, (85)

! :|<ln(5p12e7) + lnq—>
—q" p

+ p3

+[1+ 2 . }
" pi+pi—q" ¢ —pf

4 pr—gt 2 1 1
1 +172 +q _}_[ § +}
py T p; Py —q p1+p2—q

+ +
ol 2l ol
X In————! + —+ In(8p2,e?) + Pl P2 4
Py qur q" pltpy - a" —pf 12 I + p2
1 1 * 2 1 1 gt — pf
+ | =+ + In + [ + — —} In——+L }
Lﬁ pitp—q" pf—f} pitpy Ld"—pi pitpr—4 4 Py
(86)
In addition to these corrections to the tree level cubic
vertex, the triangle diagram with three like-helicities (see
Fig. 6) is nonzero, and it is given, for the case of two on-
shell legs, by
1"/\/\/\ — _g73 KA3 (87) k() kz k() kz
. 6w pi p; pip3’
3 V3
g K
W=-=s - (88) ki \ ky

67 pi p3 pip;

where p, is the momentum of the off-shell gluon.

FIG. 6. The triangle diagrams contributing to ',
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VII. BOX DIAGRAMS

For box diagrams, the presence of g™ pole and double
pole singularities in the integrand makes a direct evaluation
of the integrals horrendous. Fortunately, it is possible to
manipulate these integrands so that all of these problematic
singularities reside in trianglelike diagrams. This is be-
cause on-shell tree amplitudes do not possess these singu-
larities. We can identify tree amplitudes as subdiagrams of
one-loop diagrams, but some of the legs of these subdia-
grams will be off shell, so it would seem that features of the
on-shell limit cannot be exploited. However, if one leaves
the denominators of the off-shell tree subdiagrams alone,
then the numerators can always be written as the on-shell
expression (with no ¢g* singularities) plus terms each of
which contain at least one factor of the virtuality g? of one
of the off-shell legs. In a box diagram such terms will
cancel a propagator reducing the required loop integrand
to one with the structure of a triangle diagram. Since
triangle integrals with ¢* singularities are considerably
easier to analyze than such box integrals, the resulting
simplification is very useful. In the following subsection,
we apply this technique to all of the helicity conserving
box diagrams. (The helicity violating case was done in [4],
where each box integrand was completely reduced to a sum
of trianglelike integrands.) In the remaining subsections we
complete the evaluation of the box diagrams.

A. Box reduction

The 13 box diagrams, seven for the helicity patterns A V
AV, and six for A AV V, are shown in Figs. 7 and 8,
respectively. The integrand of any of these box diagrams
has the structure

1 RN
@m)* py Py pipi(g— ko) (g — k)* (g — k)*(q — k3)*’
(89)

where N is a quartic monomial of K;;’s carrying the gluon
polarization information, and R is a rational function of g+,
p; . There are only six possible N ’s:
(1) K¢\ K55K%5K{,: First diagram of Fig. 7.
(2) K KjsK3sKg,: Second diagram of Fig. 7; first two
diagrams of Fig. 8.
(3) K¢, KjsKsKg,: Third diagram of Fig. 7; third dia-
gram of Fig. 8.
(4) K K55KYsKf,: Sixth diagram of Fig. 7; sixth dia-
gram of Fig. 8.
(5) K¢\ KjsK3sK¢,: Fourth diagram of Fig. 7; fourth
diagram of Fig. 8.
(6) KO KYsKiKY,: Fifth and seventh diagrams of
Fig. 7; fifth diagram of Fig. 8.
Since these structures come in complex conjugate pairs
there are really only three essentially different structures.
The forms of the rational functions R change from diagram
to diagram and we just list them in order:
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FIG. 7. The boxes for the AV AV scattering process. The
dashed boxes enclose subdiagrams whose replacement would
convert the box to trianglelike loop integrals.

+2,,+2

pi*py
+2(‘] _P1+2)2’
pii—2p+2
(g7 — p{)*g™ + pi)*
P pi2ptipt?
q g™ — p)g" + pi)g" — pH)*
+2(q+ _ p12) p+2p+2
(" = p @t +pDH* (@ —p))gt +p))*
(" —p))q" +pi)? (" —prp)*
+2(61 _P12)2 ' q

2
+2 +2 42

P17P3
(¢* = p{)(q* + p}
+2(C] _P12)2
g™ (" — pi) g + p}
pi2ptiqt?
(¢" = p{) gt + p)* " — ph)*
+2 +2

p32p;
(g7 — pD)Hg* + pi)?

+2 42

Py D3
+2(61 _Pfrz)z’

q

q
(‘]+ - Prz)z’

2

Ok

(90)

We can expand each of these 13 rational functions in
partial fractions and each will then be expressed as a sum
of pure double poles, pure single poles, and a constant.

B:
R= C+Z[ _k+)2 lk*} 1)

1

where k] is one of the four values 0, p", p},, —p4 . Except
for the fourth diagram of Fig. 7, one or more of the pole
terms will be absent. Also C = 1 for the fifth and seventh
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FIG. 8. The boxes for the A A VV scattering process. The
dashed boxes enclose subdiagrams whose replacement would
convert the box to trianglelike loop integrals.

diagrams of Fig. 7 and for the first and second diagrams of
Fig. 8; and C = 0 otherwise.

The eight box diagrams with a helicity violating subdia-
gram (enclosed by dashed boxes in the figures) can be
completely reduced to trianglelike diagrams without col-
linear divergences. Each of these completely reducible
diagrams has one of the first four polarization structures
in our list, i.e. two neighboring K’s have the same polar-
ization. Then for a like-polarization pair, one can use an
identity like

KisKg, . KuKgs _ K§4K3A5¢1% + K6A4K§\4‘I%
a3 Pt Ph43

92

which underlies the on-shell vanishing of the three like-
helicity amplitude to convert the integrand to a trianglelike
one which is free of collinear divergences. The integrals
over ¢, g~ can be evaluated as in [4]. The sum over g* can
be converted to an integral and carried out for the terms
with no poles in ¢*. The sums with g% poles are left
undone as what we call the infrared divergent contribution,
and eventually will be canceled against real gluon brems-
strahlung in their contribution to cross sections. For more
detail on the calculation of these eight diagrams, see
Appendix E.

The remaining five diagrams cannot be completely re-
duced to trianglelike diagrams. But we can manipulate the
integrand so that all g* divergences are located in triangle-
like diagrams. Then the remaining box integral can be
straightforwardly evaluated. Since the procedure works in
essentially the same way for each of these five diagrams,
we shall illustrate the method by picking one of the two
polarization structures, the last in our list, which appears in
the fifth and seventh box diagram of Fig. 7 and in the fifth
diagram of Fig. 8. As already mentioned, the constant term
in R only appears in these two (the fifth and seventh of
Fig. 7) of the five “difficult’” diagrams. Its contribution is
the same for both diagrams, the integrand being
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1 K K35K55K,
Qm)* pyp3pypi(q — ko)*(q — k1)*(q — ky)*(q — k3)?
(93)

and the integral of (93) is evaluated in Appendix D.

Of the pole terms in R it is sufficient for our illustrative
evaluation to single out only one of the ¢g* pole locations,
say that at g™ = p; . Thus we wish to integrate the follow-
ing integrand

A v A Y
K61K25K35K64

1 < A, B )
Cm*\(q* = p)?  a" —pl)pipspirididiards’
(94)

where we have introduced the shorthand notation g; = g —
k;, with k; the dual momenta related to the actual momenta
by p; = k41 — k;. We usually take k; = 0 but leave kg
arbitrary. Next we list eight identities, the last two of which
enable the desired manipulation of this model integrand.
K§ Kg, + KGuKg) = Ko - Kea
+2,2 2
q °p q
=—1+2(pf(qg" + pi)
2 2
+ o+ 2
q P44
+pi(pl — )+
4l 4}

5 (95)

+
q
K Kg, — KguKgy = p—a(KﬁK%ﬁ — K\, KG + KuKg,

~ KIiKG,), (96)

K35K3s + K3sK3s = Kss - Kos

(P> — q")?p3y
2

3
+ 7(—p2+(q+ +pi)

(" — p)p3 43
q+))+ 212 243

- p3(pf —

g™ —prigi

, 97
> 97)
p, — q+
K§\5K§/5 - K?SK;/S =12 ;3 (K§\2K;/2 - Kglng\z
+ K§‘2K§’3 - K§2K§\3 ’ (98)
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K3sKgy + K K3s = Kzs - Keu

:(PI+‘1+)2P%2_61_%( + o+
3 ) P34

+pi(ph—q"))
L@+ pOpias

2
+ 4 pt)pt g2
_ (q p4 )p4 q2, (99)
2
+ +
Py tq
Ké\sKg4 - K€4K¥5 =4 ;4 (K§\4Kg5 - K§/4Ké\5)’
(100)
K§i K35 + K3sKg) = Kei - Kas
_(p{ —a"’pi +‘ﬁ( + o+
= > 5 Py 4
+pi(ph—q")
L~ 4" g5
2
+ _ Yyt a2
_(P1 q")p, ‘12y (101)
2
q" — pf
K&K%/s - Kﬁ\sKgl = T ! (Kﬁ\lKgs - KéllKé\s)-

12
(102)

The first six identities are needed for other box integrands.
All but the first terms of any of the right sides contain a
factor of g7 which would cancel one of the propagators
converting the box to a trianglelike diagram. Depending on
which term in the partial fraction expansion we consider,
we can use one of these identities to switch A and V on a
pair of K factors. For our model case we use the last two
identities to write the first two K factors in two different
ways
+ o ty2 2 2
KoKy = —Kykg + DL P  Lg
(pi — a3 qq
Fpt(py =g + LT
_(q* = p{)pi 3
2 ’
q+ B p?— (
+
12

K§ K35 = K Kps + K3 Kgs — K3\ K§s).

(103)

We use the first rewrite for the double pole and the second
for the single pole. The first terms of either convert the
polarization structure to one which completely reduces to
trianglelike diagrams free of collinear divergences just as
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with the eight box diagrams with helicity violating subdia-
grams. Their calculation follows the models given in
Appendix E. The second terms of either have an explicit
factor that cancels the singular g denominators, leaving a
box integrand free of ¢* divergences. However, only the
box from the second line is free of collinear divergences;
its evaluation is therefore straightforward and is given in
Appendix F. There are no more terms for the second
rewrite, and the remaining terms of the first each have a
virtuality factor g3, g3, g5 which converts the integrand to a
trianglelike one. Unfortunately, both these last trianglelike
diagrams and the box integrand left after the first rewrite
individually have collinear divergences. They must, of
course, cancel among themselves, but to achieve clean
results we discuss in the next subsection a way to rearrange
the integrands to finesse this difficulty.

Summarizing this subsection, we have rewritten our
model integrand in the form

A S 1
Cm*\(g* —pi)? " = pi)pipipipri@daidids
_ A P%zKé\sngt

Q@m)* 2p{ p3 p3 P 45416343

B (Kﬁ\lKgs — K¥1Ké\5)K§\5Kg4

Qm)* phpipsryriaiaiaiqs

+ trianglelike.

(104)

In the next subsection we show how to deal with the
collinear divergence in the first term of the right side and
in the trianglelike diagrams associated with it:

A K35Ks, [P;Cﬁ +pi(ph—q")
Q@m)* 2(pf — ¢")pi pF Py P lele
(pi —q9)py  (pf —q")pf
919593 94143 }

+

(105)

Actually the prefactor kills the collinear divergence in the
first term in the square brackets so we only need deal with
the last two terms.

B. Subtracting collinear divergences

The box reduction we have so far accomplished has the
undesirable feature that the new box integrands have col-
linear divergences that were not present in the original box
integrands. This means that there must be canceling col-
linear divergences among the trianglelike diagrams that we
generated in the reduction procedure. The terms with four
K’s in the numerator will not have this problem but all the
terms with only 2K’s in the numerator do. In order to deal
with this problem we must add some trianglelike diagrams
to these problematic box integrands in such a way as to
regulate these divergences. To begin, we note that the terms
linear in loop momentum dependent K’s can be made IR
finite by a simple subtraction of two trianglelike terms. We
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find that each of the combinations

K _ Ky, _ K3 _ Kﬁlsl’%zl’ﬁ — Khpiag — Kéi’%zq%
BARBB  BIPHEG B%BG5PL 9B DBIPIPa ’

K§ _ K _ KD _ K@lp%zpit — Kfﬁp%zlﬁ — Kf‘zpﬂq%
RABE  GBPLG  ABBPh 43919595 P12 Pis ’

Ky Ky Ky _ Kiphph — Kurha — KSphas (106)
BNDBG BPHEG %9195 P T 43919593 P12Pia ’

ngt Kz\(l K§/4 KZ4P%2P%4 - Kz\ﬁp%zqg - K§/4P%4‘I<2)

2,22

it @arg  dardiph adata3aiphri

is finite integrated in the infrared, and the trianglelike subtractions are quadratically convergent in the ultraviolet. This nice
IR behavior is not spoiled by multiplying each expression by further factors of loop-momentum-dependent K’s, and up to
two such factors could be applied keeping the UV behavior no worse than logarithmic. Thus we can satisfactorily regulate
the terms quadratic in loop momenta by simply multiplying one of these expressions by the appropriate K. There are
several choices for regulating each term, so we arbitrarily choose one of them. Of course, as already mentioned the term
quartic in the loop momenta is IR convergent by itself and needs no subtractions.

When we pass to the Schwinger parameterization (with the notation of Appendix C) the numerator factors in (106) enjoy
a nice simplification after an appropriate shift in g:

K3sptpt = Kioplads = K5sphai = (P2 4" = 7 p))phapis = 29 - (Ko = pi = p)KYopty — 29 (Ko — pOK35phs
+ (Kﬁgl’%z + KYZP%4)(X1X3P%2 + X2X4P%4 - 4%,

Kgiphapis = K phdi = Kihplags — (P g = ¢ pPphpts — 2 - KoKy ply = 29 - (Ko = pOKi i
+ (K ph + Khpi)(xix3pl, + x0x4pty — ¢,

K?sp%zpﬁ - K3A4P%4CI% - K2A3P%2CI% - (P;CIA - (ng\)P%zPﬂ —2q-(Ky— p1 — Pz)K3A4P%4
—2q - (Ko + p)K5spty, + (K3ypiy + Kupi)(xixspiy + x0xapiy — ¢°),

K& phriy — K phas — Kphaas — (0 qY — 4" pl)phris — 2q - KoKYupis — 2q - (Ko + pa)K3 pis

+ (Kz\ﬁl’%z + K§/4P%4)(X1X3P%2 + x2x4p%4 - 4. (107)

[

Here Ky = x,p; + x3(p; + p2) — x4p4 is the § — 0 limit
of K — ky where K has been defined in Appendix A.
Now consider the terms quadratic in loop momentum
dependent K’s. These terms involve one of the pairs
(K»s, K35), (K3s, Kea), (Kea, Ko1), (Ke1, K»s); each pair is
associated with a neighboring pair of external lines of the
box diagram. The two members of each pair have opposite
polarization, with both possibilities occurring. It is easy to
confirm that the terms involving each pair can be obtained

from one another by cyclic symmetry. Therefore we need
|

only analyze one class of terms, say, those involving the
pair occurring in the model integrand of the previous
subsection, Kg‘s, Kg’4. These terms can be regulated in the
infrared either by multiplying the last line of (106) by K7s
or the third line by K¢,. We choose the former and for the
other pairs make the choice dictated by cyclic symmetry.
The terms in the numerator that will survive integration
over g are

Ké\s(KéP%zPﬁ - KXIP%ZC]% - K§/4P%4q(2)) — —2¢"q"(x Ky + x2K93)(K§/4P%4 + KXIP%Z)

+ (K35 + x| K)(KY, pty + KXy pi)(xix3ply + x0x4p3, — ¢7)

(108)

In addition to dropping terms that directly integrate to 0, we also used —g"g~ — g”¢" valid under g integration. As
shown in Appendix C, the effect of ¢ in the numerator is its replacement by a factor 2H = 2(x;x3p3, + x,x4p3,) and the
effect of g”q" is its replacement by H/2. Thus we can replace

Kjq5  Kia3

P%z P%4

K§\5<Kg4 -

Ky, | K3,
) — =2(x1x3p7, + X% piy) (2 KDy + le3A4)<—z + _§>

(109)
Pis P12
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KK K3,
= —4(x1x3p1, + X024 p1) (0 KDy + x, Kfy) — 450 (110)
P P3 P12P1a
The loop integral involving this pair of K’s can be done (see Appendix C)
f d*q PhLKSKE, Iy = f d'q pLK4(Kg, — K3ua3/pt, — K343/ p1)
167" 2p} p3 p3 pi 45419343 167 2p{ p3 P35 P4 90419395
Iy = K5KD {K{\ZKXI In(p1,/p1y) T PLERKY [ + 1112(17%2/17%4)]}.
167°p2p32p3 pi | Plalpt, + Ply) 2p14(pi, + PR,
(111)

The box integrands involving other pairs of K’s can be regulated and evaluated in an exactly parallel fashion. We shall
quote the results of combining all contributions in our results Sec. IX.

C. Calculation of the triangle diagrams with collinear divergences

We now turn to the trianglelike diagrams which contain collinear divergences, the last two terms of (105). These
divergences must be canceled when we add back in the trianglelike diagrams we subtracted from the box to cancel its
collinear divergences.

A K Ke, [ 124 _ 24 } n A K3y [ pLKY, n K3, }
Cm* 2(pT — g )pipyrivi Laia3d:  ddaidd]  Qm* 2pT plpipi L Phaddidd  4tddds
Cm2pipypiril (P —qDaiazq; (p{ —qMasaias  Pla969143

The last two terms in the square brackets on the right have a collinear divergence due to the vanishing of g3 and ¢ when ¢
is collinear with py, specifically at ¢ = ¢* p;/p; . In this limit we have

_ pi K55Kg, o [(p] — aDK3 + ¢ KnlKY) P%zKé\sKL — [(p — gDK3 + ¢ KH1KY)
(pi — 97439343 (pi — a)ddairis phataias (pi —addairi,

(113)

We see that this collinear divergence cancels. Similarly the first and last terms have a collinear divergence due to the
vanishing of ¢7 and g3 when g, is collinear with p,, specifically at ¢ = p; + (¢* — p{)p./p5 . In this limit

Ké\s[p;K%@ +(pf —qK] - (P — ¢ KK P%2K3ASKX1 - (P> — ¢KRKY
(pi — 4N a}4343 (pi —aM)@ra3p3, pPLasatas (pi — 4")atg3pis

(114)

and they also cancel. The other possible collinear divergences in these expressions are killed by the polarization factors K¢,
and K.

To calculate these trianglelike contributions, we remove from each triangle structure its collinear limit. We work out one
case, the first one in (113), explicitly. We integrate dg~ first.* The ¢~ integrals of all six types of bubble integrands and all
four types of trianglelike integrands are listed in Appendix B. Note that, under the assumption that pj” < —pJ, for 0 <
g* < p{ only the g, pole contributes, for p < g* < —p; only the g3 pole contributes, and the integral gives 0
otherwise:

*All our formulas have treated d*q as Euclidean, but to integrate over g~ we convert to Minkowski measure d*q = —id*q,,, and use
the usual prescription for propagator denominators g> — g? — ie. Then the integral over ¢~ just gives 27ri times the sum of residues
and the i’s cancel.
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.qu‘[

—; _

27 | (pf —q")a5ai43
Ké\lKg4K§\4Kz\(1 (" + PI)

+

pipi*(py —a")pia—qtpi/pi) g —q" ps/pi)?
KiKYqtpilat + pil/(gt — pT)

[(p?— - q+)K§\4 + q+K§3]KX1i|
(pi —aa3q3p,

for 0 < g™ <py

pilg —q* ps/ o) pi(a" — pi)a—aq"ps/pi)* + pia@" + pi)g—q" pi/pT)]
KxKGpTlat + pil/(q" = pl)

for pf <q* <-—pf

g — gt ps/p) (g + ps— (" + pDpua/pi)* — (@t — pD)g™ + pi)pl/ it

We see indeed that no collinear divergences are encoun-
tered when these expressions are integrated over gq.

The other cases are similar. The fact that the 012 inte-
grand has two collinear divergences that require cancella-
tion is not a problem, because, as seen in Appendix B, after
the integral over ¢, the two divergences occur in disjoint
regions of ¢*, so one can simply remove them additively:

3 l.[dq‘ [pfzK%KXl _py — g"KY + " KxylKY)
27 | pl44909395 (py — aHa3air3,

for pf <q* < -—pi.

(115)

{
Another approach to the collinear divergence problem is to
calculate the individual diagrams with a mass regulator >
and send u — O only after combining the terms that to-
gether are free of collinear divergences. In fact, for the
purposes of automating our calculations, we found this
latter regulator method more efficient, and used it to obtain
the combined final results of all these integrations quoted at
length in Appendix G.

VIII. NONBOX ONE-LOOP CORRECTIONS TO
SCATTERING OF GLUE BY GLUE

(Pfrz - q+)K£\3KXl 116 . . . .
(T — aHEEP: (116) A. Cubic vertex corrections and self-energy insertions
! e on internal lines
is thus free of collinear divergences as is We quote here the contribution of triangle corrections to
glue-glue scattering combined with the self-energy bubbles
_[dq |:K§\5[p2+Kg4 + (p — ¢M)KY, on internal lines (see [4,12]):
— i
27 (P! — 4 )aia343
_ [(PT B q+)K§\4 + q+K€3]KX1:| (117)
(P! — a")da5ai P
|
+2 VA + o+ + .+
Piy KKy |:11 2 73 pipy tpips
IMSE = — — In(p1e”d) — — + ———5— — S3(p1, p2) = S3(—p4, —p3)
BB R2aplpypipiph 3T 9 3p17 ’
1 /pipT KEKY,  pipi KLKNN\[11 73
+ A(p? ’p+):| _ ( 1 P3 Ba3fy 2Py B3 41>[_ In(p2e?8) — — — Sy(—pa —Pa3)
e 327 \py Py PiiPis PP PiPl/L3 . 9
= Silprep) + Al piy) | (118)
1 /pipl KLKY, pipi KLKON\T11 73
[AVAV — _ 1 P4 B3alBpp 2 P3 Bag 12>—ln 2 078) — =2 — 8.(py, — (= pa, —
A+SE 3277_2 (p;_p; p?_zzp%z p?_pz_ p?_zzp%z 3 (P]z ) 9 3(p1 pZ) 3( P4 p3)
1 /pipTy KEKY,  pipi KLKNN\[11 73
+ Al piy) | = 35 (DE0E s+ PP DR S in(phers) = 5= Sa(=p — )
PO e \pipd pirl pips piZpJL3 Y 9
= $1(p1a p2) + A(pi,, pa)} (119)
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p¢

FIG. 9. The quartic triangle diagrams shown generically, with-
out arrows indicating spin flow. Particle labels 1234 are applied
counterclockwise starting at the lower left of each diagram.

X
X

FIG. 10. Half of the quartic triangle diagrams for the A V AV
scattering process. The six others are similar but with the quartic
vertex at the left or top. Particle labels 1234 are applied counter-
clockwise starting at the lower left of each diagram.

p¢
X

X
X

where

1 1
At =3 e

T

q

q—+>p2675}. (120)

_ gV A
K6,4K3,5

Sl
own| —

g*x

8772

k(‘;<q+<k;r

Q
w| —

(kg —k)(ky —q7)
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FIG. 11. Half of the quartic triangle diagrams for the A A VV
scattering process. The five others are similar but with the

quartic vertex at the left or top. Particle labels 1234 are applied
counterclockwise starting at the lower left of each diagram.

B. Quartic triangle diagrams

There are four distinct quartic triangle structures (see
Fig. 9), which we label by the two legs entering the quartic
vertex. Half of the diagrams for each polarization configu-
ration are given in Figs. 10 and 11. The integrand of each
diagram has three of the four possible propagator factors
1/ q% fori = 0, 1, 2, 3, a numerator consisting of one of the
eight polarization structures K\ K&, K{K, KiK.
KKy, KisKYs, KYsK5s, K¢\ KYs, K¢ K5, times a rational
function of ¢* and the p;. The ¢~ and ¢ integrations are
virtually identical from one diagram to the other.

A model integrand for a quartic triangle is

Q|
|

1
Z[logHs + log(8e?)]

1
~ 4 llogH, + log(3eM)(kf ~ ¢*)

(kg — k3)
1 _ 1+ + + + _ ,+ 1
ki <q" <ki —[logH, + log(5e7)]( ks +k2 )(kg q’) + —[logH,; + log(8e?)](k3 — ¢*)
4 (ko — kz) 4
1 -k + k) (kT — gt 1
ki <qgt <ki Z[logHS + log(éey)]( 3 (k+2 )(kg) ) + Z[long + log(8e”)](ky — q™).
0 "2

The various H’s are defined:

k(;r<q+<k3+

_Pilgt — k) —qF)

H
* (k§ — k3)?

_ Phlky —q") (=g + k)

(k7 —q")k§ —q")pt,
(kg — k3)(ky — k3)

(k(;r - ‘1+)2P%4

Hd:

H,
(K = kG — k)

H, =— ,
6 — KDk — k)

045018-23



D. CHAKRABARTI, J. QIU, AND C.B. THORN PHYSICAL REVIEW D 74, 045018 (2006)
k; <gt < k?’

_Phle’ — k) =) (" K —q)

s (kg — k3)? = (ki = k3)?
H, - Py — ¢ )k —q7) H — - Pk — g ) ks —q%)
(ki — k3 )(—k3 + k3) (—k3 + k3 )k — k3)
g Phlks —a)(=q" + k) o~ kg —a)(=q" +k)piy
‘ (ki — kg (kg — k3) ’ (ki — k)i — k)
kl+ <gt < k;
g _ Phld” —k)ks —q7) g _ Pk —q )k —q")
’ (ki — k)? CT (kg KDk — k)
T I o
2 1 3 2 2 1 0 2

Assume that the coefficient of this diagram is A + B(¢™ — k3 ) + single pole + double pole. Multiply the above result by
the prefactor, partial fraction the coefficient of the logarithm into pole terms and polynomials. The polynomials can be
integrated to give

(k3 — kg )(ki — k3 )(—4Bki + 2Bk; + 9A + 2Bk{) — 5;(Bkj — 2Bki + 3A + Bky )(ki — k3 )(ki — k{)
X log(p?,8e”).

It is quite interesting that although in principle, a single pole term in the prefactor can still contribute, their net effect is
zero. After the polynomial terms are integrated out, the remaining terms will be the infrared terms—they either cancel or
combine with infrared terms from other diagrams into complete trees.

Similarly, the quartic triangle integrand

111
— KY KN — — —
LOTS2 2 a2 g3

gives

t— gkt — Kk
(ky = g" )k — ky) _i[logHu + log(8eN)](kf — ¢*)

1
ki <q* <ki + Z[logHS + log(de?)]

(ky —kg)
1 k¥ — g (ki — k7 1
ki <q*<ki + =[logH, + 10g(5e7)]( 2 ci X 1+ 0) ——[logH, + log(8e")](k{ — ¢™)
4 (k2 — kg ) 4
1 + _ 1.+ _k+ + + 1
ki <q"<ki — Z[logHs + log(de?)] (ki (%Jr)( kg) q’) + Z[logHM + log(8e”)](ky — q™).
2~ Ko

Assume that the prefactor of this integrand is A + B(¢™ — k") + single pole + double pole, a similar procedure gives for
the A, B terms:

25 (—k§ + ki) (—k3 + k) (—4Bk{ + 2Bk + 2Bkj + 9A) + 5 (ki — k3 )(kg — ki )(Bkg — 2Bk{ + Bky + 3A)
X log((p3,8e?))

Next, the integrand

_ gV KA
K6,1K6,4

§N|._
»Q|
ow| —
'Q|_
(SN S]

gives:
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ki <qg"<ki +

k3+<q+<kfL -

1
Z[logHr + log(8e”) (kg — q™)
(ki —q") ki —k$) | 1
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—+

1
Z[logH, + log(8e?)]

ki <qt <ki 0.

(k= k) 4

[logH, + log(6e”)](ky — q™*)

Assume the prefactor of this model integrand is A + B(¢™* — k') + single pole + double pole. Then the A, B terms can be

integrated to give

25 (k3 — kg )(—k§ + k7 )2Bk{ + 2Bky + 9A — 4Bk{) + 5;(k§ — ki) (ki — kg )(Bki — 2Bky + 3A + Bk{)

X log(p?,8e”).

Finally, the integrand

_ \ A
K3,5K2,5

gives

ki <qt <ki 0

ki <qgt<ki +

S -
<

w| T
9 |
o —

(ki + k) (=g + k) 1

1
1 [logH, + log(8e?)]

kl+<q+<kz+ —

Assume the prefactor of this model integrand is A +
B(g™ — k3') + single pole + double pole. And the A, B
terms can be integrated to give

&5 (k3 — k3 (ki — k3 )(2Bk{ + 2Bk; — 4k3 B + 9A)
— 5ki — k3) (ki — k3 )(Bki + Bk{ + 3A — 2k3 B)
X log(p},8e).

C. Double quartic diagrams

A typical double quartic integrand (see Fig. 12) is

1 1
@ 4

This gives

{ e e
{ peod ex

FIG. 12. The double quartic diagrams for the two possible
polarization patterns. Particle labels 1234 are applied counter-
clockwise starting at the lower left of each diagram.

K=k

1
Z[logH, + log(8e”)](ky — q™).

— ;[logH, + log(3eN1k3 ~ q")

SRR W 1 SR

i 2 Se?
828 kf —kf 2 ki —kp)p P10 }

We can also have a diagram like # ﬁ . Its contribution is
0 72

similar, but spans over all three regions.

1 11 (g7 —ky)ky —q™)
_ 4 | 0 2 2 Se? |.
R R

872

Assuming that the prefactors of the double quartic dia-
grams are A + pole terms. We can integrating out the A
term, leaving the rest as infrared terms. Thus we have

1

-1

for the first case and

1 -1
AW 7[_2 + log(pi,8e”)]

for the second case.

IX. FINAL RESULTS

In the previous sections we have described our calcula-
tional methods by choosing a single example of each
distinct type and analyzing it in detail (relegating the
more tedious parts to appendices). These examples are
chosen to illustrate every type of technical complication
we encountered. However, along with each such example
there are quite a few others involving essentially identical
calculations. In fact, there are so many that we chose to

045018-25



D. CHAKRABARTI, J. QIU, AND C.B. THORN

automate their calculation using MATLAB and
MATHEMATICA. After the results of all these many calcu-
lations are combined, there ensues a stunning simplifica-
tion that allows us to present the complete elastic glue-glue
scattering amplitude in the first subsection below. In the
second subsection, we obtain the complete answer for
probabilities including unseen gluons in the initial and
final states. This last result is compact, infrared ﬁnite

2

PHYSICAL REVIEW D 74, 045018 (2006)

manifestly Lorentz invariant, and displays the ultraviolet
behavior dictated by asymptotic freedom.

A. One-loop corrections to elastic scattering of glue by
glue

We quote here the amputated four gluon amplitudes,
which do not include any external leg corrections.

_ g p 2
Alloop — W[—(logzpz + 7 > -3 log[p3,8e7] + }A‘,{e,fvv 528 [3 (4 pt vertex) + g2 ﬂ + [IR terms],
I-loop _ _ g* [_ iy + phpls + Pl 21’7%2 2 @ (14pi, + 19ph,pis + 11ph) Piz
AAV/\V b} 2 2 \4 log 2 + + 2 2\3 log 2
8 (Pis + P1) DPia 3 (Pis + PTo) DPia
11 pr.p3 g2 1 2
——1 2 5e” +7'4 12 —Atree —(4ptvertex) + ¢2= | + [IR t .
3 el phaoe] + PP AR + | S@ptvertex) + 27 |+ (IR tems]

The infrared terms for both helicity arrangements are the same multiples of the corresponding trees:

I'r =

ka’<q+<k;

(ky —gq")(=

—_ égZAtree X
a

K+ )phoe”

1 1
+ lo
[Cf —ki q" - kf}

(kg
g ) g — kg)pi,8e”

_ k2+)2
(ki — q*)(—kg + q*)pi,6e”

_ og
gt =k
2
+[ T }10
q

_k(-)*-
k;<q+<k1+

g(—kar + g7)*p3,0e”
(ki = kg )ky — k)

(k" = kg )k = kg)

2
- (0]
[f-ka*} s

(k5" = kg )k = kg)

11 1og(kz+ — g )=k + g )pi,6e”
g™ — ki g —kf (kg — k3)?
T (ki —q")q" — kf)p},6e”

- ! Io
ko q+—kz+} s

2

(—kiy +k7)?
(kg —q")g" — k)p},oe”

2 (g" — kD) — gF)pi,Se”

+—k?—

:|10g

(—ki + kg kg — k3)
(ki + ¢ )(ki — g )pde”

+ lo
[fﬁ } s

2

(ky — ko) (ky — k)
(ki —q)g* — kf)pi,e”

2
lo
_f—@}g(@—@WH
k;r < qJr <k£r

1

+ 1
+ k) [eﬁ—ka} BTk ARk kD)

(k3 — q")(=ky + q")phoe”

1
+ |
ky q*—kf} ©
2

(g7 — k) (—k3 + q")p},6e”

(kg = k3)?

(g7 — k)(ki — q")pj,6e”

e

| 2 lo
g™ —kS} £

(—ky + q*)zpﬁﬁe”

(ks = k) kg — k)

+[ 2 }log
q" — k3

(k" = kg )k = k3)

(ky = k)(ky = k3)
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The reader will note that the infrared sensitive terms de-
pend on the ultraviolet cutoff §. This entangling of infrared
and ultraviolet divergences is a familiar consequence of the
way we have cut off p* = 0 singularities. These entangled
divergences are precisely cancelled by similar divergences
in the self-energy corrections to external lines which con-
tribute to the []+/Z; factors that convert the amputated
amplitudes to properly normalized scattering amplitudes.
When these factors are included (as they will be in the next
subsection on physical probabilities), the net coefficient
of In§ becomes —11g%/247* in precise agreement with
asymptotic freedom [8,9].

The terms in these amplitudes that are not multiplied by
trees are Lorentz violating anomalies that must be removed
by counterterms. In Sec. X we show how this can be done
locally in target space and described locally on the world-
sheet. As we shall see, after these counterterms are taken
into account, the only change in the rest of the formula is a
change 73/9 — 67/9 in the constant terms multiplying the
respective trees. We assume these changes have been done
in our discussion of unseen gluons in the following

subsection.
|

PHYSICAL REVIEW D 74, 045018 (2006)

The expressions for the loop amplitudes are real in the
unphysical region for scattering in the 12 channel where
p}, = —s and p?, = —1 are both positive. The physical
region for this process is s > 0, t < 0, which we can obtain
by analytic continuation. Since the physical s is above the
cut on the positive real axis, we obtain the physical ampli-
tudes by substituting p?, = e~ /7s in the above formulas. In
this way we see that in the physical region the amplitudes
acquire an imaginary part. In the next subsection we use
these physical region amplitudes in the calculation of
gluon detection probabilities.

B. Probabilities including bremsstrahlung and unseen
initial gluons

In this section, we will focus on the case when the extra
gluon (we can break the Bose symmetry by defining it to be
the softest one) is between particle 3 and 4. Recalling the
results of Sec. V, there is a total of three terms that
contribute to the infrared and collinear singularity.

_ Z /I (1P (Pfl— k) K+ gk (IPI1 — K)a2
Mo = g 2, e KEAPFT=&%) - P (PFT = &9)IP; P P
2 + +2 2 2| p+ 2| p+
_ 8 2 dk k*2s A%|Py| . A*|P[]
M, = el -1 1
soft brem 4772 | corel |i'[|k+|<A |k+| 0g|P;PI|A4 og As og As
g dk™* kt4s? dkt  |P{P{]

4

A2|PF
<1g |P7

o’

While the infrared terms from loop calculation in re-

gion 34 are
_ 2A 2 |P+|dk+ k+2
Mioop = ¢ Zorel —7 logy S+
4 0 IP [P ]
+[|P§|dk+l k+2s +]IP;I dk*
—_— 0 P — —_—
ok CRPINPIT e Kk
P — kM| PS
< 1oglPE1 =K ﬂ'
1Py |+ k7)Ps ]

First, notice that M is organized according to which
leg the collinear emission is attached, but for the sake of
the current discussion, we need to break them up into
different regions. For example, rewrite the term (take i =
3)

2
o 2 by |
77_2| core| |:]k+|<A |k+| Og

A?|P]|

+ lo
]|k+|<A |k O+ IAT
logAﬂ.

|P;rPZ|2 k+2A4

|P5 (IPF] —k*)? k*3
k*(IPy] — k™) kT |IPTIP (Pl = kH)IPy PP
as
(1P| — k)3 1 N k*3
Kkt |k* P33 [Pyl — k" (IP7| — kD)IPF3|

The first two terms are related to the last two by substitut-
ing k¥ — (P{ — k™). The first two will be divergent when
the extra gluon becomes soft. The last two will be divergent
when the extra gluon becomes dominating over gluon 3, so,
by the definition of “‘the extra gluon” given above, gluon 3
becomes the “extra one.” Hence we assign the last two
terms to region 23.

Second combine Mo, With Mfiprem (leaving out a

2
common factor £ |Acore|®)
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P - |P;|dk+1 k*2s N IP;Idk*l k*2s 1. )40 dk* | |Pt P
toop * Msottbrem UA R THIZE ]A K S PINP 3“} j|m<A|k+| Ska

A?|Pf A?|P;
— 2<log Ll - 10gA><10g Ll - 10gA>,
s s

where

P;1 dkt  (IPT| — kM)|P]
T3 =j - logr o
-1p;1 k (IPy |+ kM)[PT|

We can see that the first two terms in M prem cancel the divergence in the first two terms of M. Performing the first two
integrals:

|Py P s dk*  |P{P;|
- 2[log2|P§r| + log?|Pf | — 2log?A + log e log |P3 P7l + 134:| ﬁ)<k*<AkT log 7S

A?|PT A?|P]
—2<1g 175l lA)(log | |—1gA>

Rewrite the divergent integral as

5 dk*l \P{P{I_ (iesldkt og IPYPEL (e dkt og |P} P}
0<k+ <A k+ k+2A4 k+ k+2A4 k+ k+2A4

PP |PyP]]
— [—logZIP;I — log?|P}| + 2log?A + log 124 log 3A44 }
The first two integrals will be cancelled by M, later. We get
1Py dk* |PTPf 1Pyl dk*
Mloop + Msoftbrem = |:10g2|P+| + 10g2|P+| + 10g|P+P+|10g|P+PI + I34j| + j(; k+ lo 0og k+2A4 + ﬁ k—+
|PyP]| |P{PS A?|Pf A2|P]|
% 21 pH| + loo2|PF| — +pt 304 3 4
lgk+2A4 [log [Py | + log?|Py | — log|P5 P; | log——"— X —2log g log .
1Pyl dk™* |Py Py 1Pi1l dk™* |P3 Py A?
=213 + f = ey KT2A? +f Ea 08 oA KT2AR — 2log? —
1Pyl dk™* (IP;l —k*)3 kT (IPT| — kT)A?
M.y = — 1 +3<4
e A e o A
:f“’?'ﬂ 5 L UPSI— KD — 1PN KT (PTL— kDA o,
o k' 1P Py’ '

Putting everything together, we get
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A? Py dk* |PT P kT2(IPT| — k)2 A%
_2134_210g— {] k—+1 |:k+2A4 P;—4 i|+3‘—’4}
|P;| + P+ _ 1.+)3 _ P+3 + P+ _k+ AZ
L[ [ QPEI= K < IPPL KPEI =00
ok 1Py Py
1P dk™ 1P| (|PT] — k*)?2 67 11
=215 — 21 —+ +1 3 +3—4l+2 ogA?
Tos = Zog’ U [ Slpil T F P } } [18 5! }
Py 67 11
=213 — 21 —+ log? =2 +2 — logA?
- (1) e
1 1 P; , A? 2 [P 67 11
= —2(—-m —zlog> 3 — 21 —+ 7 ) —log? =2+ + 2| — ogA?
(737 gt PI) o8 T+ (-5 e Pl 18 6
21 67 11
= —2log>— + -7 + [3 Az}
Thus, after including the 12, 23, and 41 cases, the total probabilities are
2 2 2 2 2
g A A T 67 11 A s
Py = [Axavv]? [1 + E[ 2log? — — ZIOgZW +2- 5 + 5 ?[log(AzﬁeV) + logm:| + logzmﬂ, (121)
2 2 2 2 4
g oA oA w67 11 1 A
=|A 21+ =25 -2 ——21 2 4+2-— 4+ ———|log(A%8e?) + = log—
Puvav = [Axvavl |: 172 |: 0og 0g Il 379 3 [Og( de?) 5 Ogs|t|i|
2 4 st + 12)? 5t2—5 2t 4+ 118 — 1153 t
(A S g 8 BSOS M2 ) o5 B (122)
(t+ ) || 6(t +s) [t (¢ +s)
{
We see that all IR divergences have cancelled, that Fhe uv [AVAY — g2 R pipi + pipt
divergences are exactly those dictated by asymptotic free- anom 242 T 2
SETY TIORE . T (P +p3)
dom, and Lorentz invariance is manifest. N
o PIPi Y Pps 2g2} (127)
X. WORLDSHEET DESCRIPTION OF (py +p3)

COUNTERTERMS S
Local counterterms must be polynomials in the momenta.

As we have seen, counterterms that are polynomials in ~ However, we note that the nonpolynomial parts of these
the dual momenta must be added to the two, three, and four ~ anomalies are proportional to the quartic vertex contribu-
point functions in order to achieve the correct Lorentz  tions to the corresponding tree amplitudes The addition of

covariant results. Specifically in [4] we required the fol-  a term to I12¥ proportional to p?, which is an allowed
lowing counterterms: counterterm by power counting, would contribute a term
proportional to the part of the same trees built from pairs of
% = ———=[k{? + k§kp + k2], (123)  cubic vertices. By tuning the coefficient of p?> we can
127 convert these nonpolynomial anomalies to complete trees,
’ 2 obviating the need to cancel them with a counterterm. They
s = — g pt+ 8 —, (124)  just correspond to a perfectly allowed finite coupling re-
- 24mé 416 normalization. The change in II{%. which accomplishes

this is just

AAV — A A A
I’ o 2[k + kit + k5], (125) S g2 s & . g2 128)
CT7 " 24ms " T an?s " 24m2 "

which are all polynomials in the dual momenta.

Quartic counterterms must also be included in the list. ~ After this rearrangement we see that the required quartic
At first sight the terms in I" that need to be canceled seem to counterterms are simply constants:
be rational functions of the p;” (which would be nonlocal 4 4

3 Y AAVV __ __ 8 I‘A\//\V — 8 129
in x7): gy a2’ or T (129)

2 +
TAAVY — - -2 ZM + 2g? 126 It is noteworthy that these quartic counterterms are spin
(126) y q P
anom 24 77.2 ( +)2 ’ . .. . . . .
pi independent. This is consistent with the interpretation of
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the anomalies as ultraviolet artifacts of box diagrams: The
large momentum behavior of box integrands must of ne-
cessity be of the form g#'g*2q*3q*+/q® which integrates
to completely symmetrized Kronecker deltas.

This is all quite satisfactory from the field theoretic point
of view, but the worldsheet description makes more strin-
gent requirements on the counterterms: They must be
generated by purely local changes to the worldsheet action.
Worldsheet locality is quite independent of field theoretic
(target space) locality, and we must still show how it can be
preserved. We start with IT{/ . Interpreted as a contribu-
tion to the worldsheet path integral representation of a
gluon propagator, it should be multiplied by 7/2p* [4].

- +

2p”* 167 D
2

8 9q\?

+ drdo|—| .

48772] T U( 0')

When exponentiated (through higher loop corrections) this
expression can be interpreted as adding new terms to —S,
where S is the worldsheet action. The first term modifies
the treatment of the worldsheet boundary in a similar way
to the description of a mass term [5], and the second term is
a new bulk term. Both terms violate helicity in the right
way to cancel the helicity violation implied by the non-
vanishing of II**. These new terms also produce new
effects from contact contributions arising when the bulk
term sits on the same time slice as an interaction vertex,
similarly to the generation of quartic vertices from two
cubics [3]. Using the generating function obtained in that
reference we find, for correlators on the same time slice,

() ()

_p/\zpv 2 pVré; 1
=2 £ 4 [J_T}

3 ap?lm p

Ty ¢ f qu“(O) + g™ (p")

(130)

(131)

qiv1 — 4i\Y(qj+1 — 9;\"? p™pY
= , (132
amz<< m > ( m ) . p+2 ( )

i1 — 4\ (4qj+1 — 4\ 2(q1+1 — 91\Y
m m m
J’_

p/\2pV2 + 2 pApV 611 + 811 _ 2 2 61]
a pt2 m e 2
P a m

(133)
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amz<((]i+1 - 61i>v<qj'+1 - qj‘>’\2<(]1+1 - 611>V>
- m m m

:aﬂﬁ[@_i}

(134)

P alm p*|
Here a, m are the discretization units of 7, o, respectively.
The terms proportional to a will be negligible in the con-
tinuum limit, so we see that the only contact contribution
that survives is the last term on the last line. Its effect is to
produce new quartic vertices similar to the quartic anoma-
lies already discussed. Indeed the usual quartic vertices
arise from the second term of the correlator

qi+1 — 4:\Y(qj+1 — 4;\" =pApv+l Sy 1
m m p™? alm p*t]f

(135)

which has an exactly analogous 1/a contribution. By a
parallel calculation we easily find that the contraction
terms produced by 1134 give the following quartic verti-
ces:
AAVV . _ g4 PTP? + p;PI
'™y = 5 5 + 1]
127 Pii

(136)

1277.2 +2

pavav — 8" [pfp§+P§pZ+p?pi+p§p§+2}
11 2 .
P4 P12

(137)

These new terms add to the anomalous contributions pre-
viously discussed:

2
[AAVY _, TAAvY 8 |:_4 2p1+p3++P;PIi|

anom anomws 2472 (p?_ n pz_)z
(138)
Iahom' = Tanomws
_ & [42PiPtpPipg
24772 8 ( + 4+ ph)2
™ Pi T P4
+pt 4 ptpt
+4g2p1 pj pf 1273 +6g2} (139)
(pi +p3)

The nonlocal terms in these expressions can be handled as
before by retuning the p? term in IT" a little differently:
2 2 2
8 8 8
H/\V —_— H/\V — + + +
CL 7 HCTws T T ams 45 T2a

7P’
(140)
The worldsheet description of the first two terms in IT2Y |

has been explained in [4]: The first term can be absorbed in
a worldsheet boundary cosmological constant, and the
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second term, which has the interpretation as a shift in the
gluon (mass)?, can be absorbed in the worldsheet descrip-
tion of a mass counterterm [5]. The way to put the last term
in the worldsheet description is a little more subtle. We first
note that its effect is simply a finite contribution to wave
function renormalization Z which multiplies the cubic
vertex by Z*/2 and the quartic vertex by Z2. It is convenient
to, at the same time, make a finite renormalization of the
coupling constant g — g/Z to reduce the effect to multi-
plying the cubic vertex by Z!/2 leaving the quartic vertex
untouched. Then the net effect, to be described by the
worldsheet formalism, is to modify the constant part of
the correction multiplying the part of the tree involving
gluon exchange from 73/9 — 67/9 without touching the
correction multiplying the quartic vertex part of the tree,
which gets adjusted to 67/9 by the nonlocal part of the
quartic anomaly. One’s first thought is to simply change the
coefficient of the cubic vertex appropriately. But then the
worldsheet contact contributions would make a corre-
sponding modification to the quartic vertex contribution
and the change would only amount to a finite renormaliza-
tion of g. Fortunately it is possible to prevent the dg/do
worldsheet insertions from generating quartic contribu-
tions by altering the ghost worldsheet action near the
interaction point.

The crucial feature of the ghost path integral that permits
this was explained in [2]. The discretized (p* = Mm)
ghost action on a fixed time slice is

M—1
> (bivy = b)(civr — ¢, (141)
i=0

FIG. 13. Discretized worldsheet for a four gluon tree. The solid
squares indicate where dg/do insertions can be located. The
short vertical lines indicate the links to be deleted in the
worldsheet ghost action. All indicated ghost link deletions are
present regardless of the insertion location.
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where by, by, co, ¢y = 0. The effect of the worldsheet
integral of the exponential of this expression is to supply a
factor of M which cancels a 1/M from the coordinate part
of the path integral. If a single link in the sum is deleted, the
result of integration is down by 1/M; in other words, it is 1.
This was the mechanism we used to generate needed 1/p™
factors in the vertex functions. The location of these ghost
deletions is indicated by short vertical lines in Fig. 13. If
two links are deleted on the same time slice of the same
gluon propagator, the worldsheet integral gives zero. Thus,
when the insertions are on the same time slice there will be
two deleted links and the contribution will be suppressed.
Since the deleted links produce unwanted 1/p* factors,
one must also include dummy ghost insertions (defined in
[3]) to put back corresponding factors of p*. Thus we can
suppress contact contributions from being produced by the
cubic counterterms by accompanying each dg/do inser-
tion with an extra deleted link. We show in Fig. 14 which
ghost link deletion is made for each of the six possible
dq/do insertions (three for the fusion vertex and three for
the fission vertex). This ghost deletion scheme allows us in
effect to change the cubic vertex by a multiple of itself
without affecting the quartic vertex, and this in turn allows
the conversion of the nonlocal parts of the quartic counter-
terms to complete trees.

The same scheme is very useful in translating the cubic
counterterm (125) to the worldsheet:

LIE b

] !

by | |

11
=

my ol ol

FIG. 14. Discretized worldsheet for a four gluon amplitude
with one tree cubic vertex (solid squares) and one cubic counter-
term vertex (open squares). The squares indicate where dg/do
insertions can be located. The short vertical lines indicate the
links to be deleted in the worldsheet ghost action. Notice that
each counterterm insertion is accompanied by an extra ghost link
deletion. Inspection shows that whenever two insertions are on
the same time slice of the same gluon propagator, there are two
deletions and hence the contact contribution is suppressed.
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ko A|B k2

2 P>

FIG. 15. Worldsheet for cubic fusion vertex.

3
Teq = Sk + k) + k)
g3
= S5l — k4 K — k4 37

g3
= alp? ~pt 3k

3 A A
_ 8 [ +9%4 + 94 A
= —(B) — —(A) + 3¢™(A)).
i (pr S ® - ot S 3w

(142)

Here A and B label worldsheet points just to the left and
right of the internal boundary separating the two gluon
propagators that fuse to or fission from the third gluon
propagator (see Fig. 15). We can then use the ghost dele-
tion scheme just described to guarantee that these inser-
tions produce no modification of the quartic counterterms.

We have now shown how the self-energy and the cubic
counterterms, together with the nonlocal parts (in target
space) of the quartic counterterms can all be given a local
worldsheet description. It remains to find a local world-
sheet description of the purely constant parts of the quartic
counterterms

N

I‘AVAV —
C.T.ws 477_2

AAVY —
’

C.T.ws (143)

We cannot simply postulate a direct quartic interaction
vertex in the worldsheet formalism without destroying
worldsheet locality. We therefore search for a cubic vertex
whose contact contributions generate constant quartic ver-
tices. Consider the simple ansatz

CMY = g>¢(ph = p1)

Logh 09"
_’g3§<l72 —(2) P %(1)>,

o (144)

where the legs of the vertex are labeled 1, 2, 3 counter-
clockwise and 1, 2 have like-helicity. Then it is not hard to
see that the four gluon trees, built from one tree cubic and
one of these vertices, generate the contact contributions
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C/\AVV — _846’ C/\V/\V — +284§- (145)

That is the ratio of the two polarization structures is the
same as that coming from the [A,, A,]* term, in the field
theoretic Lagrangian. To make this work we need to sup-
press the new cubic couplings while retaining the contact
contributions. To do this we can write

0=CMY —CMY (146)
and apply ghost link deletions on the second term so that it
will not produce contact contributions. Then the exchange
graphs will cancel leaving only the contact quartic vertex.

We have found no simple variation of this scheme that
provides us with exactly the counterterm (143). Instead,
our proposal is to increase the flexibility of the worldsheet
formalism by increasing the dimensionality of the world-
sheet fields g(o, 7). This is not unprecedented. Recall that
in the AdS/CFT correspondence [16], the string theory is
formulated in ten spacetime dimensions whereas the super-
symmetric gauge theory is formulated in only four space-
time dimensions. Similarly, in developing the worldsheet
description of N =4 supersymmetric gauge theories
[17], we found it particularly convenient to add six extra
dimensions, that is the index of g’ took the values i =
1,2,...,8. The boundary conditions on the six new ¢g’s
were strict Dirichlet conditions qi = (0 on all boundaries,
internal or external. At the same time we added three new
sets of b, ¢ ghosts, which like the original set have strict
Dirichlet boundary conditions. Since the extra ¢’s and
ghosts share identical boundary conditions, their contribu-
tions to the path integral exactly cancel: they are just
dummy integration variables.

For our purposes, to locally produce the necessary
quartic counterterms in pure gauge theories, two extra
dimensions and one extra set of b, ¢ ghosts suffice. We
thus have four transverse dual momenta corresponding to
six-dimensional spacetime. Let us call the new dimensions
r* k = 1,2 and we can, if we wish, use a complex basis r*,
r¥. But here A, V do not represent helicity but rather an
analogous charge in the extra dimensions. Next we allow
spurions with values *1 of this charge to couple to two
gluons as indicated in the top line Fig. 16. In order to
guarantee that the spurion decouples, we insert a factor
p,)dr/do on the spurion propagator near the interaction
point. Because * = 0 on all worldsheet boundaries, the
average of this factor over worldsheet fields vanishes,
except when there is another such factor on the same
time slice. In other words all the four gluon diagrams
exchanging the spurion with internal propagators vanish,
leaving only the contact contributions. By inspecting the
coupling assignments shown in Fig. 16, we see that

LAYV = —(ad + be)g?,

spur

(147)

TontY = —2(ac + bd)g*. (148)
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/%Jg}\

FIG. 16. New cubic counterterms, with a spurion (dashed line)
coupling to two gluons.

Altogether we have five adjustable parameters to produce
two independent counterterms:

reyy = CcMWY + TGy = —(ad + be + &gt (149)

TAYAY = CAVAY + TAYAY = —2(ac + bd — £)g*,
(150)

Since &, a, b, ¢, d are arbitrary, there is more than enough
flexibility to produce the necessary counterterms, and more
generally to adjust them appropriately at each order in
perturbation theory. It is perhaps most economical to em-
ploy the extra dimensions only to cancel the part of the
anomaly due to UV artifacts, which would demand spin
independence for this part: ad + bc = 2(ac + bd). With
this choice we then determine & = —(ad + bc) =
—1/1272%.

XI. CONCLUSION

In this paper we have completed the light-cone gauge
calculations of the scattering of glue by glue through one
loop. Our results completely agree with those obtained
using covariant methods [18—20]. In addition to obtaining
the elastic amplitudes through one loop which are diver-
gent in the infrared, we have also calculated their contri-
butions to probabilities and have shown that infrared
divergences cancel against contributions from extra gluons
in the initial and final states. This is all in accord with the
Lee-Nauenberg theorem.

The expressions for the final infrared finite probabilities,
including the bremsstrahlung gluons, are extremely com-
pact and are manifestly Lorentz invariant. Infrared diver-
gences have been traded for a resolution parameter A
characterizing unseen gluons and jets.

All calculations were done in four spacetime dimensions
without the benefit of dimensional regularization, which
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means that (local) counterterms beyond wave function and
coupling renormalization must be included. In spite of
artificial p™ = 0 divergences (which raise the ugly possi-
bility of requiring nonpolynomial counterterms), all neces-
sary counterterms are polynomials in the external momenta
of the degree dictated by power counting. We would like to
underline here the fact that we did nothing sophisticated
with p* zero modes. We simply discretized the p* inte-
grals and omitted the zero modes [21,22]. Apart from
collinear divergences, which are only a problem for self-
energy insertions on external lines, this discretization pro-
vides an apt infrared regulator for light-cone calculations.
Our calculation shows that in all infrared safe calculations,
including on-shell gluon scattering with due care taken
with jets and gluon bremsstrahlung, the continuum limit
of this discretization is finite and yields all previously
known results obtained in covariant gauges [20,18,19]. A
sophisticated treatment of p* zero modes is not required.

Finally, we have discussed how to incorporate all of the
counterterms we require in the light-cone worldsheet for-
malism. A particularly convenient way to do this is to
interpret the QCD string dynamics as occurring in six-
dimensional spacetime. We stress that the extra two di-
mensions are holographically generated on the string side
of field/string duality and are not present at all in the field
theoretic description of the field side of the duality.
Significantly, this can all be done while preserving a local
worldsheet dynamics.

For perturbative QCD, the next step is to prove that the
light-cone gauge calculational procedure we have adopted
carries through to all orders in perturbation theory. We
believe it will because we have only needed to introduce
strictly local counterterms, consistent with the concept that
gauge violating artifacts are entirely associated with the
ultraviolet part of the dynamics. The fact that we needed
some counterterms that were not in the input classical
Lagrangian is completely standard with the use of a gauge
noninvariant regulation and should not obstruct the usual
renormalization program. This is because the new counter-
terms introduced obey the power-counting rules of renor-
malizable theories.

If the renormalization program goes through as we ex-
pect, then the modifications we have made in the bare
worldsheet description to accommodate the counterterms
should suffice to all orders in perturbation theory. This
would fulfill our ambitious goal of establishing a string
theory dual of the large N, limit of QCD, working entirely
from the field theory side of the duality. Then the exciting
prospect before us would be to use this duality to deepen
our insight into nonperturbative aspects of the strong
interactions.
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APPENDIX A: BREMSSTRAHLUNG INTEGRALS

In the evaluation of soft and collinear bremsstrahlung
cross sections we need to do several integrations over
phase space. For the hard collinear case the integral was

PHYSICAL REVIEW D 74, 045018 (2006)

simple enough to treat in the text. Here we sketch the
evaluation of the integrals for soft radiation which are
more complex.

At N. = oo, each amplitude is the sum of gluon emis-
sions from two neighboring lines, so the squared amplitude
has two direct terms and a cross term. We first consider the
transverse integration over the resolution of a direct term,
which has the structure

(AD)

|
1 (k + v)? 1 [ 2m k* + v* + 2kv cos¢
Dlrect(v) 2 f [(k n v)z + M2]2 2 /0 ﬁ) ¢ (k2 + v2 + M? + 2kv COSQZ”)2

The ¢ integral is easily done by transforming to a contour integral over z = ¢’® and evaluating residues. Changing
variables from k to t = k? then leaves us with

T (A7 (t — v2)? + M?(t + v?)
Ipir, =— dt A2
biree(¥) = 3 ﬁ [t — v?)? + 2M*(c + v?) + M (A2
_m (A? —v?) — M? .
4 JAA? =) + M+ 2APM? + 2P 4
M? —v? + A% + (A% — ) + M* + 2A2M* + 2M*0?
L7 ln( v V( v )2 v?) (A3)
2 2M
m A?—? T v?
~ 5 IHW for A/Z > ‘Uz; 5 lnm for A/Z < 'Uz, (A4)
where the last line applies as M — 0.
The transverse momentum integral of a cross term has the structure
(k+v)-(k+w)
ICross = jdk 2 2 2 2
[(k + v)* + M*|[(k + w)* + M?]
_ fA’ " [277 P k? —i; vwcosa + kv Zosq’) :— kw czos(d) - a) . (A5)
0 0 (k* + v* + M* + 2kvcosd)(k* + w? + M?* + 2kw cos(¢p — a))

Again the ¢ integral is easily done by converting to a contour integral in z = ¢®. In this case we can simplify life by taking
M = 0 from the beginning, in which case the poles of the integrand are at z = —v/k, —k/v, —we'®/k, —ke'®/w. The
contour at the unit circle will enclose precisely two of these poles: z = — min(v/k, k/v), —e'* min(w/k, k/w), with four
possibilities depending on the relative size of k, v, w. For definiteness let us assume that v > w. Then when w < k < w it
turns out that the two pole contributions exactly cancel. Then the angular integral is

! ! for k>v >
T . — | v>w
|:k2 —vwe i@ k2 — vwe”"i|
(A6)

1 1
- . — | f >w>k
7T|:k2 —vwe 1 k* — vwe’“} orvow

0, forv>k>w,

and we get with u = k?, assuming A”? > v?, w?,

I T (v J 1 . 1 7 A” J 1 . 1
= — = u : : — u . 4
Cross 2 j:) {u —vwe 'Y u-— vwe’“:| 2 fvz |:u —vwe 'Y u— vwe’“i|

2

7 A% —2A%vwcosa + viw
~In
2 (v? + w? — 2uwcosa)?

working out the other ranges for A”, gives all together:
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A% —2A2%y - w + viw?

T
Tcross = 5 In o , for w2 <1v?2<AZ
2
T (v—w
ICross = - 5 ln%, for W2 < A/Z < Uz;
A* —2A2y - w + vw?
Icross = — = In 5 . for A? <w? <%
. 2 vw

If v < w, the same result follows. The complete transverse integral for soft gluon radiation is the combination

ITotal = IDirect(v) + IDirect(w) - ICross

7. (A% — vH)(A? — w?) (v—w)?
ZEIDA’4—2A’2v-w+v2 5+ ln e for w? < v? < A”?;
. (A? —w?) (v —w)?
:EIHW 51 W’ for W2<A12<U2;

T (A/Z _ UZ)(AIZ _ w2)
= ——1In

n 2 2
2 A% —2A2y-w + vw? for AT <w?<v

For k™ — 0 both v/A’, w/A" — 0 so we see that the small k* region is insensitive to the resolution A’.

APPENDIX B: EVALUATION OF BUBBLE AND TRIANGLE INTEGRALS

We list here the ¢~ integrations of bubble and triangle integrands that are useful in analyzing collinear divergences. First
the six bubble integrands:

dg— 1 1

—i = , for0<gqt <pf, (BD)
] 27 q3q7  2pi (g0 — g5 pi/p; ) o M
dg~ 1 1
— i = , for 0<gqi <p7, (B2)
f 27 qiq3  2p3(q1 — qi p2/p3)? b
dg- 1 -1
—i = , for0<gif <-—pf, (B3)
f 27 3¢5 2p3(gs — qips/p3i)* 3 }
dg- 1 -1
—i , for0<qg™ < -—pJ, (B4)
f 27 RE 2pi(qo — ag pa/pi) 4
dg~ 1 1
—i = for 0 < g < pt, (B5)
f 27 qiq3  2pl(g0 — ad P2/ PH)* + ag (pih — ai)pt/piT 0 e

dg- 1 1
— 1 = for 0 < g | <|phil. (B6)
/ 27 q1q3  2lphill(a — gy pio/Pi)? — ai (@i + pioph/piET ! 1

Here we recall the notation ¢; = g — k;, where k; are the dual momenta, related to the gluon momenta by p; = k; — k;_1,
with k; = ko. We normally take kg = 0. Next we list the triangle integrals:

 (dq 1 q0
—1 = for 0 < gj < pi
f 27 ¢3q3q3  2pi pih(ao — a5 P/ P @0 — 4d P12/ PR + ad (P — ad)ph/ P o
+ 4
= P12 — 49
2p3 ph(ao — P12 — (a5 — P2/ Py (g0 — 4§ P12/ PH)* + af (Pl — ai)pi/pit]

for pi” <qf <p),
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C(dqg 1
_; _ ,
f 27 qiqiq3  2pipi(a0 — ai /) g0 — ag pa/pi)?

for 0<gqg <py

—qy — pi

2p3 pia(qo — a3 p4/Pi) (g0 + s — (a5 + pI)P1a/PT)* — (a5 + pi)ag — pY)pia/PiE)

for pi <q§ < —p3.

—qf

. (dq” 1
_; _
/ 27 @2q3q5  2p5 pilar — qf po/p3)(ar — ¢ P/ pi)? — (g + piDat P/ i

qi — p;

+ +
5, for0<gq <-—pj

2p3 Py (g1 — gy p2/p3 ) (@1 — p2 — (af — p3)ps/p3)*

dg- 1

—qq

for — piy <gqy <p;

CI(T - P1+2

_; _
f 27 qiq3d;  2phpil(go — aTpi/ph)? + a5 (ph — a¢)ph/piN@e — a T pa/pi)?

, for0<gg <-pf

for — p; <gq¢ < piy

2p5 Ph(ao — P12 — (a5 — PL)P3/p3)*(@o — 4 P12/ PH)* + af (Pl — af) T/ i)

Once the ¢~ integrals have been performed, the transverse
q integrals can be done using one or two Schwinger
parameters to exponentiate the one or two denominators.

C. EVALUATION OF BOX INTEGRALS

The box integrals we encounter can be most easily
handled through the introduction of Schwinger parameters
T,, T,, Ts, T, for the internal line propagators (g — k)2,
(g — k)72, (g — ko)"2, (g — k3)~2, respectively. Since
some of them are divergent in the ultraviolet, we also retain
the worldsheet UV cutoff factors e~ 2", The integration
over ¢ is then a Gaussian that is easily done by completing
the square and shifting ¢ — g + K, with

K = KT+ Ty + koTs + kT,
Ty +6

_ (koTy + k Ty + koT5 + k3Ty)™

a Ty

’

(ChH
Kt

>

where we use the shorthand Ty =T, + T, + T5 + T,.
One then finds, using the Feynman parameters x; =
Ti / T14 that

0K
Kig— —pla+qp— x3K, — x4Ky + P1+T—,
14

(€2

+ + + 8K
Ks; — —pyq+tq pr—x4K —xKip + p; T
(C3)

Kis— p3q—q 'p+ 0Ky + x K3 —

[

piad (C5)

Ko — piq—q" ps+ x3K3 + x,K4y — pj T
14

and the Gaussian factor left over is just
exp{—T14(x,x3p%, + xpx4p3,) + O(5)}. The O(5) term
in the exponent is negligible in the box integrals because
the log divergence is insufficient to overwhelm it. Also
when the K;; occur in the numerator of the box integrand
the terms p;'8K/T), are negligible since they are O(1)
only when all T; = O(8) and they occur only in integrals
convergent in this region. The Gaussian integration over ¢
involves up to four powers of g as prefactors.

fd4qe_T14q2_542 = ™

T14(Tyy + 6)

w2

2T y(Tyy + 6)?
. 7TZ(ZT14 + 8)
T3,(T)4 + 8)*

77.2

- 2T14(Ty4 + 8)°
_ 7T2(3T14 + 5)
2Ty (T + 8)

2

v/‘d4qquVefT14q275q2

d4qq2677‘14q27 qu
f (C6)

fd4q(quv)2€_T14qz_6q2

fd4qquVq2e—T14q2—8q2

Changing variables from the 7 to three of the x; and 7, =
T reduces the integration measure to d*x8(1 — 3 x,)T3dT.
In the first three cases it is safe to set 6 = 0, and the
integral over T gives

2 2

(x1x3p%, + xax4p1,)* 2(x1x3pt, + Xox4pty)’
5 (ChH
T

2 2
X1X3P1p T XoX4P1y

2
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respectively. In the last two cases we must evaluate inte-
grals that are log divergent for 6 — 0. We find, as 6 — 0,

© T &
L TH L Ny — In(8H),
ﬁ(T+3)”“ ,;k ¥ ~ In(oH)

o T2dT ., 3
ﬂ) TEor e ~ 5Ty In(6H), (C8)

©TG3T + 8)dT 4
o T o TH ~ —4 — 3y — 31n(5H),
ﬁ) (T + 6)° ¢ Y n(6H)
where v = —I"(1) is Euler’s constant.

We shall have use for the following combinations of
momenta which arise in the box integrand after shifting ¢
and sending 6 — 0:

Ko = xop1 + x3(p1 + p2) = x4ps, (C9)

Ko = p1 = x3p2 + x4(py + p3) = x1py, (C10)
Ko = p1 = p2 = x4p3 + x1(p3 + py) = xapy, (C11)
Ko + py = x1ps + x2(p1 + p4) — x3p3, (C12)

Finally, we list the integrals over Feynman parameters that
arise in the box diagrams. We use the shorthand notation
dx =[]k, dx;6(1 — 3 x)).

L= /d3xln(x1x3A + xyx4B)

11 BInB+AlnA AB )
-—+ T
18 6(A + B) 12(A + B)2<

1 1 A
L, = | d = 72+ 1n%2=),
XIX3A + X2X4B 2(A + B) B

(-le x3)
L= [ #x—02
1A f xX1X3A + )C2X4B
In(A/B) B
= +
2(A+ B) 4(A + B)?

<7T2 + In? i‘), (C15)
B

L= | &x (X2, X4)
.X'IX3A + XZ.X'4B

_In@B/A) , A
2(A+ B) 4(A + B)?

X1 X
Ly= | fsx—53
X]X3A + )C2.X4B

A
(77'2 + In? —), (C16)
B

o Bln(A/B)
" 6(A+B) 3(A+ B)?

+ BB - 4) N ,
12(A + B)?

PHYSICAL REVIEW D 74, 045018 (2006)

XoXy
Ly= | d@Px—————
B f x)C1X3A + X2.X4B
1 N Aln(B/A)
6(A+ B) 3(A + B)?

AA-B) [,
12(A + B)3<

+ In? A),
B

(C18)

Le= [ &x (X122, X2 X3, X3X4, X4X1)
X1X3A + X2.X'4B
_ 1 (a-Bn@A/B
6(A + B) 6(A + B)?

AB A
+ 7(772 + In? —),

(C19)

2 2
L2B = fd3x—(x2’ X4)
X1X3A + X2)C4B

~ 1—1In(A/B) _Aln(A/B)

6(A+B) 3(A+B)?

A? ) ,A
+———— |7 +In"—)
6(A + B)? B

(C20)

LZA = d3x —(X%’ X%)
)CIX3A + )CzX4B

_ 1 —In(B/A) BlIn(B/A)

6(A + B) 3(A + B)?

B? 5 A
+—— |7 +1In" =)
6(A + B)? B

(C21)

X1X2X3X4
b = fd3x (x123A + xXox4B)?
o (B — A)In(A/B)
"~ 2(A + B)? 2(A + B)?
A*+ B? — 4AB< A>

2+ m2l) (22
Da+pr (T tig) €22

2.2

xX3x

Lay= | &x =3
A4 f (x;x3A + x,x4B)?

_ A-2B  B(5A— B)In(A/B)
" 6A(A + B)? 6A(A + B)?

+ B(25 — 4) N ,
6(A + BY B

(C23)

Loy = [d3x (x1x2, X2X3, X3X4, X4x1)x1x3
(x1x3A + xpx4B)?

(5B — A)In(A/B)
" 6A+B)

A
2 + In? —),
B

_ B-24
"~ 6A(A + B)?
B(2A — B)
6(A + B)* (

(C24)
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(2, x2)xyx4 x3x3
Lyg= | & — Ly, = / dPx————
2AB f * (X1X3A + XZX4B)2 34 .)CIX';A + XZX4B
_ _A+4B | (A-5B)In(B/A) B (2B% — 5AB — A%)In(A/B)
6B(A + B)? 6(A + B)3 8(A + B)? 24(A + B)?
B(B — 2A) A AB A
+———— (7 +In?=), C25 —— = (7 +m2=
6+ B (77 n B) (C25) +8(A+B)4<7T + In B) (C27)
P N £
(x;x3A + x,x4B)?
2 2
___ B @+54B+3B)In(4/B) APPENDIX D: EVALUATION OF EQ (93)
2A(A + B)? 6A(A + B)>

N The numerator in the integrand, after introduction of

+ B < a2 + In2 é)) (C26) Schwinger parameters and the appropriate shift of ¢ can
2(A + B* B be replaced as

|

KN KYSKSKY, — [p3 g™ + K55 + 1Kl py q¥ + x3K3, + K} [ pf g™ + x3KPy + x4 K\ py qY + x,KY5 + x1K),]
= pipsp3ipia"a’a"q” = p{pips piH? /A + pip;(q"q” — xixsply/2)[xKps + X KE,
X [x:K3, + X2K41] + pipi (a2 — xpx4p1y /20 KDy + x1 K3 K3y + X1KY2:|
+ pipi(a"q" — x1x3p1y/ 2K + Ky K + xi K]+ p3 pi (gt gY — xox4pty/2)
X [x3KPy + x4 K [x3KY, + x,K), ] (DD

The second term in the first line of the last equality came from the quantity
- ZI;PTP;P;IM [(X1X3P12) + (x2x4p14) 1+ x10x3x[KY K, K95 K3y + K3 Ky KK

which can be greatly simplified using

+
p 1
KNKLKS Ky = — p_iKi\lKYZKf\ZKZI == ZPTP;P;PIP%M@ (D2)
1
so it becomes
— 4P p3 P3 pi (xspl, + xoxypi)? = —ipf py pipi H? (D3)

Putting in the rest of the factors and doing the ¢ integration yields the x integral

fd3x 161 i {—(ln(HSeV) o)+ x2x4p%4[(x2K£\3 + x K5 (x3K3, + ,K})) (x3K12 + x, K3 (K3 + x4 12):|
T

p3 pi H? pips H?
+x1x3p7 [(XZKB 0K (6K + 12) (3K + 2 K3y (03 K3 + szXI)M
12
ps p3 H? i
l (xp K35 + leA4)(X%K§/4 + K3)

1 d
-— {— <(n(3e) +2) = L(ph, ph) — B d3x[

(X3K12 + X4K 1)()C4K23 + X1K12):|
pipsH

P3 p4H

(D4)
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. Ai /d3x|:(x2Ké\3 + X1K§4)(X4K¥3 + X]Kilz + (X3Kf\2 + X4K4/_\1)(X3K%/4 + XZKZI):H
0A pypiH pipiH

iz

52

Bp4

= _1 —l(ln(SeV) + 2) — L(p2 p2 ) _ 2p2 P2 L (pz pz ) _ L (A B) K&Kz\lll KZ‘\IK%
621" 6 12 P14 12P14LaB (P12 P14 op L2 pipt oot
KAMKY, + KANKY K»KY, + K41 K. KA KY. KXKY,
+LC(A,B)[ ulan T ARy 12 3 +41 12}}|AP A—{LzA(A B)[ 3481 12 14}
3 P4 PP s}, dA pipi  pipd
KAKV+K K KAKY, + K)NKY,
+LC(A,B)[ T Raly  Bola ¥ R 34}}|A ,,2}
2 P3 P1 Pa . %4
1 1
= @{— ¢ (n(de?) +2) = L(pty, pla) = 2p12PhaLas (P PT) (D5)
KK KNKY. KA KY, + KX KY, KAKY, + KNKY,
+ p? {Lz (P2 PP )[ »ha K4 23} + Les(p2y P2 )[ 348841 23834 KiaKos 41 12}}
o e PQFPI p?—p; 1w P?PI Pl Pz
KA\ KY. K& KY, K2 KY, + KA KY, KAKY, + KNKY,
+ p? {Lz (%, p* )[ 3812 A1 34}+L (P2, p? )[ LS ufs | Apky 41 %4}”
12 "244(Piz P1a)| T s calP1y P1y pip? S5

The various L’s in this formula are listed in Appendix B. Equation (D5) can be algebraically rearranged and cast into a
nicer form. Putting in the coupling constant we find for the contribution of (93) (p3,)?

_ 8w {[logzplz b }[_ oG 1 R 1 () }
AVA
872 P14 32 (P%4 + P%z)z 16 (P%4 + P%z)3 32 (P%4 + P%2)4
+ log Plz |: 1 plz i (p%z)z i (p%2)3 :| i p%z _ i (p%z)z }
P14 48 P14 + P12 32 (P%4 + P%z)z 16 (P%4 + P%z)3 32 P%4 + P%z 32 (P%4 + P%z)z
B gl ([~ L 2B S k) L bk ) k) LA Lk ok
872 jZh 48 (k3 — kg)p (ki —kg) 48 (k3 — k)pi ki —k3) 48 ki —ky 48 ki — k3
2k2+—3k3++k0+} 1 [ 1 k¥ — kg
+ +— -
48ky — 48k, 24 (k3 = k) piaki —kg)  plyki — k3)(ky — kg ) (ki — k3)
ki — kT 2k — ki — kit 1 1
+ 3 1 _ 3 2 0 KAKY ) 1 S +
P R PR i R 3 e+ g

APPENDIX E: COMPLETE RESULTS OF THE TWO MODEL BOXES

There are basically two model integrands that have an adjacent pair of vertices with the same helicity:

N = KgK3sK3Kpg or N = Kg K)sKs3Kjlg.
Assume for the moment that R = 1. These diagrams can be reduced into triangles using Eq. (92). The first contribution is

1

4
s28 K K35KS K6 X

kar<q+<k3+

(q" —k3)(kg — k(K3 — kg) | 1 (k3 — g )Pk —k)(kg — k)

(g7 — k{)ky —q™)
(k§ — ki)ply

K KY, log(H,be”)

1

— H57+ log(H, 6e”
1(qg" — k) k3 —q") l(q — k)3 — k) )(k3 — kg)

- : KMNKY, log(H 8e?) + = 17 203 97 log(H,de?
4 (k;“—kfr)pﬁ 14832 og(H,be”) g k;’—kfr og(H,be?)
1

4
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ki <qt <kf
L R~ kPGS ) 1 G~ D — kD — kDG~ k)
[8 ky — k3 4 ky — k3
| — KD DK — K K — AP
- = log(H 0e”
: U5 — kD — &) Jrstt.sen

1(g" — ki —q) 1 (g" — kD)(kd —g*)
— KAKY 1 H5e) + — 1 3 KM KV loo(H.Se”
4 (k5 —kDpl, 14K, log( )3 ki — k)pl, 14K3, log(H,6e)

% o q+)2(/:+1+__ kkf M=K sogtrte) - % (q+(/:;ki)1(<]§)p_%4q+)1<f4l<¥2 log(H,¢”)
ki <g* <ki

L )5y =P K D

“ (k+<;;qi)2+;p§4kl+)f<ﬁf<n log(H 0¢”) - (" - k“zf‘f - : L g5

% = (k;qi)z(j*;pékﬁ KKy, log(H,8¢”).

. . . _ _ l l _ _ 1 . . . .
Assuming its coefficient to be —C — A PRI + B(q+_k1+) or —C A( - k+)z + B( ) its contribution will be

: 4{[C ¢ log<p128ev>}<—k; Rk + kDG — kDS — kD)

872% 1|36 24
[C 2k kT — kg kT — k3 kT —k;kg—k;k;kaz”—i-kgz_ C (kf —k;)zl gp12+Bk+ + k3 — kg — k3
24 P%4 24 P%4 P14 8 P14
A 2 Bk — kY
+— logpl2 F-—1—=1o pu}KﬁK32 + infrared terms}
4P14 P14 8 P14 P14

And it is impossible for this diagram to have poles at ¢ = kg or k5 . The reader can work out the infrared terms by partial
fractioning the coefficient of each logarithm and taking only the pole terms (but be very careful when applying these results
to actual boxes, you might need to take a conjugation occasionally).

The second case is very similar:
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3 KA KAKY K
ki <gqt <ki
L — ks —g7)
4 (kg = k3)pt,
_1(g" —k)kg —q")
4 (kg —k)ph

UG = a0 = kDK — k)
kg — ks

K% K}y log(H 6e?) + < 2 log(H,8e”)

K% K}, 1log(H, 6¢e?)

ki <q™ <kf

1(qg" —k)(=¢q" +kg) L (kg — k{)*(k3 — kg )(ky — k7)

0% K\ KY, log(H 8e”) + [g

4 (kg —K)ph ki — ki
1 (k3 — kg )(ky — k3) (kg — k) (—q™ + k§)
4 ki — ki
L1 (ki — kD)t — k) (ki — ki — kT + kD) (=gt + k)?
log(H,8e”
T3 k — k)T — k) } og(H;0¢7)
1(g" = k)(—=q" + k) (q — k3 ) (k§ — kD)(kT — k)
+ 3 W - k;)p%z K5\ K}y log(H, 8e”) — s log(H;8¢e”)
1 (g7 —k3)(—q" + k) ( gt + k)i — k(KT — ky)
- KX KY. log(H,8¢”) + — 203 2 log(H, 8e”
4 (ka_ _k;)p%z 21843 Og( 10e”) 3 ka. —k; Og( roe )

C1(g" — k) (=gt + k)
4 (k;f B k;)P%z

K) K}y log(H, 6e?)

kf' <gt < k;’

1(q" =k )(—q" + kj)

ta + ) 1,2
4 (ko —k; )P12

(gt~ KPR — kDK — k)

8 kg — k;

K5 K}y log(H be?)

1(g" —k)(=q" +k;)
4 (kg — k3)pt,

log(H;6e”) —

K3, K3 log(H,S¢).

Assuming its coefficient to be —C — A or —C—A

its contribution will be

(g — k+)2+B

8—) (+ k+)2+B + k+)9

% 4{[ c ¢ 10g(l?145e7)i|(k; LD — kDK — kDK — kD)

36 24
[ C (kT =k KK+ hh kR + kK - 2kiky) 1 (kg —k)? | phy
p12 24 p%2 p%4
B —ky ki +ki —k;y 1 1 k — k5
B 1 P12 +-.20 ™, gplz}Ké\lK)é + infrared termS}
8 p12 4P12 P14 8 p12 p14

And it is impossible for this diagram to have poles at g* = k{ or k7.
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APPENDIX F: COMPLETE RESULTS OF THE SECOND TERM OF EQ. (104)

%gﬁx{_lwi—kﬁwi—ﬁﬂwi—kﬁﬁm+ﬁﬁ+—puﬁ)
2

14 8 (k; - kfr)(p%4 + P%z)

+ _ 1+ + 2 1+ + 2
1 (k5 —k )Pi4 Piky — ki p1p KﬁJQ’g} n 12g4A[10g2 Ph g }
4 (ki — k)piy(ply + ph) ) 8 Pis
{ 1 plph (ke + k)G — k) ks — k§ + k= k)
(P14 + 1”12)2(}‘+ - k+)
1 12(( k+ + 2k+ k+)P14 + plz(k+ ki) 1 p12
8 (ki =k} )(py + ph)? KA“K”} g2 Blog >
1 NP1 P12 P14 m P14
{ 1 phky — kDB — 6ky ki — 2k{ kg + 2kiky +3kiT — 4kfkT + 4kTk{ — kI + kD)
P%4 + P%z
1 k+2 + 2k k) — 2k ki — 2kThky — kT A kT 4 kS 1 (p2)2(kf — k) (ki — kG + & — k3 )?
g kT — Kkt + K32K43 + 8 + 2
(k3 SNty + pho) (pty + Ph)
1

Pk —k§ + ki — k3>
4 (kG — kD (P2, + )’

1 1
KK + e (5 = KPR — kD) = (= KD — kDT~ k)

1k — & 1 2 1 p (ki — K2k — ki
3 ——— KKy, + 6(k; — ki) (kg + k+)} g4B[log2 péz + 77'2} X {— 6 Pip(k3 . 2) (22 )
P14 P1a Pis T P12
1 (p2)2 kS — kD) 2k + 2k kf — 4kTkd — 2k ki — 3kF ki + 3kikf + 2k + kT — kFk))
4+ 12 2 1 2 0 "2 3 "2 172 0 ™3 3™ 3 0 0™
16 (P%4 + p%2)2
VKR Rk = kg h kT = 2k + 2Kk = 2kk kT Kph o
8 (k+ _ k+)( 2 + 2 )2 32243
3 2 \P1s T P12
R R R o e R it A MR N P R Lt S S 0 W I B
16 (P2 + p2)° 8 (ki — k) (p2, + o) nia Te a8
P14 T P12 3 2 P14 T P12 T
%‘iﬁﬂ?ﬁm@‘ﬁ+ﬁ‘ﬁy LS — ks 4k =k e ey — L ks — kg — k)
16 ph+ ph 8 (kf —kf)(pl+p3y) 2%® 163 10T
+ V(1 + + + + + 1 ky — ki A RV Lo 2+ + +
+—(k — kD) (ki — &Gk — ki — 2k; )Jrgp—KMKu—B(k3 — K2k — k§ — k)
14
- B )
8 P14

The results for other pole locations can be obtained from this by rotational symmetry and conjugation.
If we put these terms from each diagram together, there is usually some nice simplifications. For the fifth box of Fig. 7:

2

_ 8 e o 2 Ph 4o 1 (R ) Yo Ph ’ (P%z)z __Phb
g2 Aavavy| 10875 2 (0% + 22 (02 + o) gz (P2 + p2)? 21 2
T P Pia ™ P12 Pia ™ P12 Py P14 P12 Pia ™ P12

And also a piece that does not fall into a tree:
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1 410 gpu % {[2]9%2(—/(3 +ky) + Zp%z(k; — k) i 217%2(1%+ — k) _ z(k; - kg)(_kg +k5)

o 28

872 P14 1’7%4(‘7‘5r —k7) P%4(k; — k) P%4(k2+ — k) (k3 — kf)z
N 2(—k0 + k) Q2ky —ky —ky) 2—k0+ + k5 . —ky + k5
(k3 = k3)(k3 — &) ky — ki } [ pralky — k3)(ky — kg)(kg — k7)
B 2kf — ki — kF A 1 —k + kfkS + kT = 3k kT kT + kY
prlky — k(K3 —k)?  ply(ki — k) (k3 — kg) (ky — k§)(k3 — k3 )?piy(ki — k)
—4 1 :|K§‘2KX3} + _g4 % {|: (Zk; B kg — k;)P%z _ (_kg k;)(Zk; - k(J)r B k;)
2 (1+ V(1 + + 2 + +\,2 + +)2
Pialks —ky)(ky — k) 8 (k3 — k{)piy (k3 — k)
—kg + k5 2k — kT — k¥ 1
+2-0 2 +2} [—8 L0 ns +38 }K’\KV}
ki — ki Pk — k25 — k) plalky — kD — k) ]2
For the fourth box of Fig. 7:
1, P12 P%z 5 (P%2)2 (P%2)3 1 P%z P%z
— g Alree {[logz + 7r :||: - — + — —:| + 10g—|:4—
g2 ® TAVAY P4 Platrh 2P+ ph)® (Pl +ph) 2 Pl Pl + ph
(p1,)* i| i }
+
(P%A& + P%z)z P%4 + P%z
And also a piece that does not fall into a tree:
L tralfe [o[ PR KK ) i k) ok K
87 (ky —k)phki —kg)  plalky —k))k — k) kf =k k3 — kg
2k3+—k2+—kg ki —ky ki — k3
+4W:| |:_4 kT — kO kT — DV KT — K k+ _ k+ 2 k+ _ k+ :|K91K;/4
3 2 (k3 0 (k3 0 )k 0)P12 ( )*( )P12
r —2ki + kT + kT 1
+14 = +4 }K’\ K},
Lk — k) ky — kKT = kg)ph, (k) — k) (k3 — kg)ph, | 2%
r =2k + ki + ki 1
+| —4 A —4 }K’\ K,
(& —kg)(ky — k) —kDpl, (k] — k) — k)ph, |2
r 1 ki —kt ki — ki
+_82+ (1t ++82+ +3+ 0++ + + +\ (1 + +)2
L P]4(k2 - ko )(kl - ko) P14(k3 - kz )(kz - k )(k - kz) (k - k )(k - k ) p14

Lg 2K~k kg KARY. + ki — kg ki — kg KA K
(k3 — kg (k5 —k+)2p1j e [ GGG N T —k*)plj s 32}

k*—k+ k*—k+ 2k — ki — kT ki — kD) (kT — kS
e [ B e L
8 —k; k3 — k; k3 — k; Pk — k3 ) (ki — ky)
ki — ks kK —kf (kf — k) (k3 — 3kg + 2k7)
+|: k+_k+ k+_k+ k+_k+ +4k+_k+32_ kY — kD)3 (kF — k) p2 :|K21K43
( )( )( )P12 ( ) ()) P12 ( 2 0) ( 3 o)Plz
+[ ki — kg o, kK (k3 — kg)Qky + kg — 3k;)}K X
(ky = kg )i = kD ki —k)ph, (ks — kg )’ pi (ky — kg)3(ki —kpt, 787
NS ki + ki — ki + kDT — KTk — kfkT — KTk + 2k kS — kykS + k;Z)KAK }
(ki — k) — kD) (k3 — k3)2(kf — k$)pha e

For the seventh box of Fig. 7:

1 1 2 ptree
- B : [_ 87728 A/\V/\vi|

And
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1 00?2 5 [ 44 (ks — kg )k — ko) en kv 4 gk~ kT — k(i — kg + 2k))
8728 082, 5 — k)2 — k) ki — k3)phy 02

K&K,
(ky =k PO — kD) — kg Pppy
Qk =k — kD ki — kKT — k)
—4

(ki — k) k) — k)
KAKY, —4 1 0 )\Ky ’ KA RY
(s — k205 — KPR — k)T T R — kD - R,
—4 b~ )~ k) O e =0 U ) 9 [ LSl 20 SO
(ki — k) ki — k7 2k — kg )p2, 4% G = — k) KK
s — ko) — kg )(=2ky + k" + k3 YR —
(kzk+ kok)fl)cé(m kg )k(+)§ki (k+k1 k+k)3)K‘/‘\3 Ky +4 (ki — k)i — &)
3 7 K Kk T PR T Ky

1
A KV + 4
(k;r — kJ)Z(k; _ k(‘)")(kii- _ kg)l’%z 32 43} —877_28
% {M(—k; + ki — kg + kDT — k) k] — k)
Pk — k(K3 — k) (K — kg)?

(3K 2k kT 2k RS R 2k kT — kT kG — ki kS
L R e e L R R R O T
-2k + R+ o C R e L o T+ i 36
-2k~ 25+ kK - 4 S AL KB Kk

Bk =2k kS — 2k kG — 2kFkG + RGKT kTR + k;kg)Kngvl}.

APPENDIX G: DETAILS ON TRIANGLELIKE DIAGRAMS WITH COLLINEAR DIVERGENCES
After ascertaining that the combination of

A KYsKp3pth A KYsKMph A K3sKg, [(_kr + ko )=k +4") n (—ky + k{)(k — q+):|
2 gig3qiph, 2 @idaqopis 2 (g7 — k) 33493 419593

does not have collinear divergence, we simply list its contribution here. Note in the results below, we have put back in the
term

A KSKgy (kT + k)T — kD) + (k- k(T — k)
2 (qg" = ki)?

Vv A A \
K3,5K6,4 K16K5,2

9459395 (g% — k) a}atddd’

[more specifically, the above contains all the trianglelike terms in Eq. (104) and the two subtractions from the first term of
Eq. (104)].
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1
g8
ki <qt <ki
L = kD — kDG~ K
8 (g — k) (kg — k)

log(H,)

1 (g7 — kg — k) 1(ky =g )g" —k)kg — k))

+- K)NKY, log(H) + — —2 20 17 Jog(H,
T RO ik — ke (4" =K oeltha)
1 ki —q* 1 gt —kf

—- - KK log(Hy) — — - K4 KY, log(H
1 K —kp, KR e g G T A el
1 (ky — k3 )(ks — q")(kg — ki) 1 ki —q”"

_ 2 loo(H.) + = KMNKY log(H
R B T

k3+ <gt < k?’

1 (gt — k) (—q" + k) kG — kD) — &) 1 1

+- log(H,) + — ——————— KXKY, log(H
8 (ka_ — k;_)(q+ — ki{-)z Og( s) 4 (k?_ — k;—)p%4 437232 Og( s)
1 (k3 — k) (ks — g )(kg — k') 1 1

+ - = log(H,) + - —————— KN\KY, log(H
8 @ kDG — k) o) T g Gy e, KK log(H)
1(q" —k)ky — g ") (kg — k) 1 ki —q"

—— : log(H,) + ~ K)KY, log(H,
8 (g — &} el + g e — i, ekhloelHy)
1 (g7 — KDk — k) 1 gt — ki

- K5NKY, log(H)) — — 2 K\ KY, log(H.
T — KDk — kG — k) KR 1osH) = g G G = gy KlaK: Tog( L)
1 (k5 —k3)(ks — q")(kg — k{) 1 ki —q”
- log(H,) + — KN\ KY, log(H
5 @ ks kTG i - kg, K et

ki <qt <ki

1 (kf — kD) (=gt + k) (gt — kD) — &k 1 —qt kS

+3 ( 2 2 )( z +02)(q+ _E)( . : ) 1Og(HT) ) ¥ 1 s 9_ + Kf\4K;,/2 log(H&)
8 (C] _k1)(ko _kz) 4p14(k() _k1 )(q _k1)
1 1 1 (k5 —q")(g" —k)ky — k)

_ K/\ KV 1 H)— = 3 2 0 1 1 H
4 (kg — kfr)pﬂ 14K log(H,) g G — k1+)2 og(H,)
1 ki —q" 1 (g% — k) ki — k)

+- : K5KY, log(H,) — — = Ki5KY, log(H,
4 (q+ _ k+)(k+ _ k+)p2 43132 Og( d) 4 p2 (q+ _ k+)(k+ _ k+)(k+ _ k+) 4332 Og( l)

1 3 2 14 14 1 1 2 3 2
1 q+ — k;— A gV
K{,K3, log(H,).

4 (ki — kg™ = khHp%,

Again, we can integrate out whatever can be integrated out, and sweep the rest underneath the infrared term rug. Thus we
have

RS p_%z[_uk;—k;)(ka—k;><kr—ka>_1 ki =k ik |
82 L 8 ki — k3 4 (ki —kHpt, !

The combination of

A KS Kol A KSKG L A K§KSs (kg +k)(Ckg +q7) (k4 k) — ")
52222 52222 §(+_k+)2 2272 2.2 72
909192 P14 909149312 q 0 909293 90491492
A K§ K35 (kg — k)" — k) + (K — k)i —qF) N K3 K3s  KeuKie
2 (¢ —kp)? 334} (¢" — k) Ba3d3a

This is the rotation by 90° clockwise of the previous one. Its contribution is
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1
877'28 X
ki <gqt <ki

(—k3 + k) (—ky +q") ki — k)
(—kg + g )—ky + k)
—k;’ + q+

l —ky +q*
8
1
Y s N s gy 5
0 T4 )P1\Tk3 2
1
4

1
log(Hy) — -
) Rk )
1
8

K3 K35 log(H,)
(—k3 + k) (kT + ki) (—kf +¢7)
(—kg + g )k — kg)

1 (k+ ki) (—ki + g ) (—ky + k)

(ki = k§)(—kg +q7)

log(H,)

K K3 log(Hy) +

(ki + g (k5 + k)
(kg + gDk — k§)ph(—ky + k7))
1 (—ky + k{)(—k7 +g™)
4 (—ky + q)ki = k§)P3 (ki +ky)

K%K log(H,) —

X log(H,) +

K3 K33 log(H,)

ki <q" <kf

(g = k) — ko) (ks + ky) | L (ki + k) (—k3 +q") (ki +q7)(ki — kg)

1

— = H +
8 (—k+ + q+)(—k2+ + kg) og(H;) (—k3 +ki)(—kg +g7)?

— k5 1 (g7 — k), — kg)(—k3 +q7)

X log(H KAKIH—— LA S LA log(H,
Og( t) 4 ( k+ + k+)p12( k+ + +) 32243 Og( d) (_k+ + q+)2 Og( I)
1 — k5 1 (k3 + ky)(—ki + kD) (=& + q*)

— K5 KY. log(H + H
o bR 7 K o) W - K)k tqr)
1 (—ky + kg) =k +q")

— = K,KY, log(H,)
4=k + k) pLkf — k) (—kg + ) 2 808

_ l (k(;r - k;)(_kf + qu)(_kSr + k1+) 10g(H )

8 (ki — kg)(—kg +q") r
1 (—k3 + kg)(—k +g7)
+— K% K} log(H,)
4 (—ki + k3 )ph (ki — ki) (—kg +q*) 2%
k?’ < q+ < k;
N [ l( ky + ki) (—k3 +k5) 4 l (kg — k) (—ky + kF)(—k3 + q+):| (H)
4 —k3 +k§ 8 (—k§ +q*)(—ky + k)
| kiki — 2kTkt — 2k g™ + qtki +kikl + Tk}
N 4 (ki — kD) (=kt + gk — kF)p? : K2, K3 log(Hy)
1 0 0o T4 0 3)P12
1 (—k3F + ki) (—k3 +4g7)
- K2, K}, log(Hy)
4 (ki — ki)(—ki +q*)(—ki +k5)p}, 28
1 —ki +q* 1 (—=ki + gDk — kD) (kT +q7)

—— KAKY. 1 H,) — = 2 1 0 3 1 H
4 (_kg + q*)p%z(—kg T k;) HK;log(H,) 3 (—k0+ ¥ q)? og(H,)

1 —ki +q7" 1 (ki + k) (k¥ + kD) (—kf + ™)

+ - KAKY. 1 H)—— 2 0 3 1 1 1 H
s P Sty M R oy (5 v R
1 (=K +g")(—k3 + k)

- K2 KY, log(H,).
4k —k)ph(—ky T q Ik +kg) ek

Its finite contribution is

Pl 10— kDG kDU k) 1 Kk,
8 ki — ki 4 (ki —kD)pt, 28]

The combination of
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éKY,GKQIP%z+A Ky Ké\zp%z A KYeKs, [( kit k)(ky +g7) | (kg + kK —q+)}

2 Gqiairt, 2 Bagerpl 2 (@t —k3)?

;a3q’ Baa;

A KYKS,  (ky — kgt — k) + (kg — k) (ks —g7) 4 KY6Ks,  K3sKga
2 (q"

gives

k;“<q+<kfr

kf'<q+<k+

LK kDG - k) (ks + g k) 1 K-k
LU = kDA + DK+ g") 1 K-k

LR AR g

+

—k3)? 39195 (" — k) 3530743

1
Awg“)(

1K+ gD — KR+ DR +q)
8 (—ki + k3 )(—kf +q7)

1 ks ta” KKlo(H)+1;

4(—kF + ) (—kF + k)p2, 21408 =k + k)

L D — ) (K + KD~ kD)

8 —ki +q* 4 (kg — ki)p(=ki + KN)(—=ki +4¢7)
1

8

1

4

log(H,)

K3 Ky log(H,)

log(H,) "‘ K3,K ;3 log(Hy)

(=ki +q")(— k3++k;)(q+—k5r) (H)—l—l —ki +q*
pi(—ki + k) (—ki +q7)

KK, log(H
(— k; +q+)2 32843 og(H,)

(—k§ + g )(—ki + k)
Pia(—ky + g ) kg — k)(—k3 +k3)

K3, Ky5log(H,)

log(H,) + — K3 K} log(H
8 (k3 + kg)(—ky +q7)* og(H,) 4=k + kD) p kg — ki) 2 og(Hy)

log(H,) + K§\2Ké\1/3 log(H,)

8 (ki + kH)(—ki +47) 4 (ki + kHp2, (ki — k)

(—k§ +q*)(—ki + k)

—k*—l—q

KQZK:& log(H,,).

H,;) —— AKY log(H
8 —kf +4* 0g(H,) 4( kK + q+)p14(k+ — k(K + k) K3 K5 log(Hy)
1 (k3 +kg)(—ki +4q7) -k +4¢*
8 ) —kO; + qlr log(H;) + P (—ki + k)(—ki + +)K§\2KX3 log(H,)
1 (ki +q")—ki +k3)(—k§ + ¢ ) 1 —kf +q*
2 n og(H,) +2 KK, log(H,)
8 (—k3 +q*)? po(—ki +kD)(—ki +47)
1 (—ky + g ) (ki + ki)
- - K}, KY; log(H,)
4 (=ki + g )pky — ki) (ki +k3) 2P
1 + +\(_1t+ + +32
_( k3 ka)( k%r ; ki 1( ko+ q") log(H,)
8 (k3 + g7 ) (—ky + k)
1 (—k§ + g (—ki + k) 1 ( ky + ki) (—k§ + q+)
- = K&K, log(H H
10 PR+ a Ik k) e oely) = g T e el
1 (ki + g™ )(—ki + k) 1 ( ky + k) (—kf + q+)
3 KDL kg i K loa(H) g T e oslH)
1 —ki +q7 1 (—kf + q*)( ki +ky)(—kg +q")
— KK log(H)) + = 2 0 log(H,)
4( K+ g (—k +k+) P2 3843 10811, 3 (—k; ¥ q) g
1
4

(—ki +q")(—ki +k3)p?
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Its finite contribution is

Wg P%4
The combination of
A Ko KUl A KQKY Pl +4 Ke4Kis [(—k; +kD(=k +4q7) " (=k3 +k)ky — 6]+)}
2 $aigerts 2 @a3qirh, 2 (¢ — k) 445497 939349;
A KgKis (k3 +ki)g" — kD) + (k — kg™ — k) A KeiKis K5 K3s
20" —K) 419543 (¢" — k3)* qiddadai

gl - LK K k) | K K]
3 KK GRS

gives
1
4

kg<q+<k3+

N [_1 (kg = kDK = k) 1 (k7 — k3)(kg — k3)(kg — Q+):|10g(H)
4 kg — ks 8 (ky —q ") (kg — k3) ’
1 1 Vkfkf — 2k ki —2¢ kT + gtk + gt ki + kT kT
+- 1 KAKY loo(H) — - t1™2 1%3 2 3 1 253 BARY loo(H
4 (ki —k)p}, og(H) 4 ki — k) — g™ (ki — kH)p?, K3 log(H,)
1 ki —q* 1 (k7 — kDK — kD) (=gt + k)
— - KMNKY, log(H,) — — 021 3 32 log(H,)
40 =gk —kph PR TR TG — D — ) gl
1 (kg —k)(=q" + k) 1 (ki — kD) (ki — k3)(kt —q™)
+ = KAKY 1 H,)) —— 0 3 1 2 0 1 H
105 — g — kKRR leed) =g TG T s ke
1 ke —q" 1 (ky —k3)kg —q )k —¢q7)
o ‘ K5 Ky log(H,) — = —= 30 1 log(H,)
4 (ki — k) —q)pt, P 8 (ki —q*)
1 k+ _ q+
+— 0 KM KY, log(H,)
4 (ki = k) —q)pt,

ky <gqt <kf

_ Lkg —q")ky — k3)(k{ — kg) 1 (ky —g")(ky — k) (=g" + k)(k{ — kg)

log(H,) + = loo(H

8 gy k) T k7 k)0 — a7 os(H)
1 (kg — k) (ki — k)5 — ¢7) 1 (k= gk — k)

T2 lo (H)—— KAKY 1o (H)
8 (ky —k3)ky —q*) g\Ha) =7 Pk — kIR —q7) BT g(Hy
1 k;’ — q+ 1 (k+ _ q+)(k+ _ k+)(k+ _ k+)

T K5KY log(H)) — = -2 0 3 )Wk 2) ou(H,)
4 phks — g kg — k) BT ORI TR TG = kg — k3) g
1 ki —q* 1 (kf — kDK — gH) (=g + k)

tg s K5KY, log(H,) — = —2 3 7270 1 Jog(H,)
4 (k(;r - k;)(k; — q+)p%2 437221 ) (k; _ q+)2
1 k+ _ q+

+2 s KAKY, log(H,)
A =Rk —gp, e

ki <qgt <ky

Lk~ kD — kD0~ g") L k-

Y 10 (Hs) —_ — 0 K/\ KV 10 (Hs)
8 (kg — k)3 —q™) g 4 (ks — gy — ki)ph 383108
1 — k) — kDK — ¢7)

M T T ey o 4 log(Hy)
8 (kz _k3)(k2 —q")
L~ kDK~ a) L kg

7 K} KY, 1o (H)—— 3 KAKY 1o (H)
10—k —kpp, R TS = g — ke, R

1k+_+k+_k+ k+_k+ 1 k+_+
+tq y Z X 0+ :)( 1+ :) log(H,) — 7 == +0 +q )2
8 (kz - q )(ko - kz ) 4 (k() - kz )(kz - q )p12

K35 K3) log(H,).
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