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We study high-energy quark-quark scattering with bremsstrahlung emission of a photon of mass g ?, where

2

g’ is a finite fraction of the energy, using a leading-logarithm approximation in quantum.chromodynamics.
The calculation exhibits the importance of current conservation in a cancellation among gauge-invariant sets
of graphs. To sixth order in the strong-coupling constant the amplitude is a power series in g *In%(q 2/A?)
dominated by infrared singularities (A is the infrared cutoff). This series does not exponentiate. Leading

graphs have color octet structure in a crossed channel.

I. INTRODUCTION

There is great interest in the calculation of the
asymptotic behavior of physical processes in non-
Abelian gauge theories. The motivation for this
interest is the possibility that the strong inter-
actions are described by quantum chromodynamics
(QCD), a gauge theory of massless colored quarks
and gluons with SU(3) of color as an exact gauge
symmetry.”® Such a model is asymptotically free
so that it would be consistent with the results of
deep-inelastic lepton-nucleon scattering.*5 It may
also result in confinement of color thereby account-
ing for the nonobservation of isolated quarks or
gluons.

The processes for which the asymptotic behavior

" has been previously calculated are the vertex
functions and quark-quark scattering ampli-
tudes.®!* The technique which is used to study
the asymptotic behavior is the leading-logarithm
approximation. In this approximation, one sums
the leading asymptotic terms of each order in per-
turbation theory. One hopes the qualitative fea-
tures of the exact amplitude are revealed by this
procedure. This approximation has resulted in
simple mathematical expressions, primarily expo-
nentiation, in calculations performed to date for
non-Abelian gauge theories. Typically in these
calculations, the leading behavior came from the
infrared contributions of virtual gluons. It has
been shown that these results can be summarized
as the solutions of a differential equation in the
vector-gluon mass.®*"* This equation, which has
not been proved, has a form which is very similar
to that of a renormalization-group equation. On
the basis of this equation (or of the form of the
answer) Cornwall and Tiktopoulos (CT) have argued
that colored particles are confined by the infrared
singularities of the theory. Others have calculated
the infrared singularities for certain inclusive
processes, and have found a pattern of cancellation
familiar from QED; they therefore do not see

confinement.!5"!” These two points of view involve
a difference in orders of limits, and we do not
take sides. However, the spirit of our calculation
is in line with the CT approach.

We have applied these ideas to another process
in quantum chromodynamics. We report here a
study of the asymptotic behavior of hard-photon
emission in high-energy (\/'5) quark-quark scat-
tering. We consider a photon of mass ¢2, ¢?/s
fixed as s -, emitted as a bremsstrahlung. We
shall perform this calculation only to lowest order
in the electromagnetic coupling. Production of
massive lepton pairs in hadron-hadron collisions
is an interesting process because, among other
things, it has been proposed as a test of the quark-
parton model.'® In this model, the massive lepton
pairs arise solely from parton-antipartion annihila-
tion and the contribution from the emission of the
massive pair as a bremsstrahlung is negligible.
This is based upon a postulate that the amplitudes
become small as the virtual partons go far off their
mass shell.'® Despite this, the bremsstrahlung
mechanism has been studied by several people.?% 2!
Bremsstrahlung may be in fact the dominant mech-
anism in kinematic regions in which the annihila-
tion process is not prominent, for example, when
the fractional change of the longitudinal momenta
for nucleon-nucleon scattering is large.??

The main result which we wish to report here is
an apparent nonexponentiation of the amplitude for
production of massive lepton pairs. We have cal-
culated the leading contributions to this process
through sixth order and have found a series in
2%In?(¢%/2?) which is not the expansion of an ex-
ponential series. Here g is the coupling constant
and X is the gluon mass (or infrared cutoff). The
leading diagrams in each order have the structure
of a color octet in some of the crossed channels
and always involve the trigluon couplings. The
requirements of gauge invariance (or current con-
servation) lead to an important cancellation among
gauge-invariant sets of graphs. The methods of
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calculation used are Feynman parametrization and
momentum- space techniques. We have restricted
our attention to the process in which the momentum
transfer between the quark lines is held fixed.

This paper is organized as follows. In Sec. II
we present the relevant kinematics and notation.
We shall also discuss the Born term and a cancel-
lation which occurs in this order betewen the
gauge-invariant sum of graphs. This is a cancella-
tion of forward divergences which has the effect of
reducing but not eliminating the forward peak of the
amplitude. This may be related to cancellations
found by Thacker?! in his calculation of the cross
section in a particular model. In Sec. III we pre-
sent arguments which, when combined with our
calculations in perturbation theory, show that this
feature of the Born term is maintained for the
higher-order amplitudes. In Sec. IV we present
the results of our fourth- and sixth-order calcula-
tion. We identify the diagrams which are asympto-
tically dominant and illustrate the calculational
method which is used. In Sec. V we present our
conclusions. In the Appendix we study in detail
an example of a leading Feynman graph in sixth
order.

II. KINEMATICS AND THE BORN TERM

We consider the exclusive emission of a massive
timelike photon in fermion-fermion scattering,
labeled as in Fig. 1.2® The interesting limits are
q?, s—», z=q%/s finite (generally speaking, 0<z
<1). We take ?,, ?, fixed. The subenergies s, and
s, then satisfy the constraint s;s,~¢%s, Finally
we choose for simplicity ¢ e component =0 SO that
t=t =t,= fixed.

Because of some cancellations which occur in
the calculation, it is convenient to be explicit about
a useful frame, the p,-p, center-of-mass frame.
Choose the x,-x, plane to be the fermion scattering
plane, labeled as in Fig. 2. In this frame, to O(6)

s = (p) +pp)?
5= (p3+q)2
s2= (pg +q)?
t =(p ~p3)
1= (pp=py)°

FIG. 1. A symmetric choice of the five independent
kinematic invariants for the process which we study.
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FIG. 2. Specification of the center-of-mass scattering
angle 0 for the case §=0. Scattering is in the X{=%X3
plane.

P, ~(Vs,1vs6,0,0),
p,~(0,-3Vs0,0,Vs),
psm(\/—w_m,—é ,,6,0,0),
P~ (0,3 Vw,,60,0, Vu,, ),

2.1)

q=(q0,0,0,q0) s
where we write an arbitrary four-vector
p“?(p-r ;ﬁ’ p-)= (p0+p3’p1’p2’p0 _‘ps) ’

Wy, = (py+py)°, and zero means of order 6. We
are retaining O(6) terms because of a cancellation
of factors which occurs in this process and which
requires keeping this order.

As discussed in Sec. I, we study bremsstrahlung
contributions in powers of the bare coupling g and
leading logarithms of large quantities in QCD—in-
deed the lowest-order graph is such a contribu-
tion. In order to handle the infrared divergences
which dominate the calculation, we give the gluons
a mass A, a procedure known to be gauge invariant
for the leading-logarithmic terms. Finally we
study emission of the photon from only one of the
fermion lines (the 1-3 lines); this procedure does
not destroy gauge invariance and does not affect

" the result in a significant way.

The amplitude for this process, T", is dominated
by the component p=L1 in our coordinate system.
In Sec. III we shall show this result to be a general
one; however, it is useful to set the stage by ex-
amination of the lowest-order contribution, the
Born term, shown in Fig. 3. In the process we

P 1 k p]
pl—w-— — p4

FIG. 3. The Feynman diagrams for the Born term.
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demonstrate a (not unconnected) cancellation be- octet in the ¢, or £, channel. This structure per-
tween the graphs of Figs. 3(a) and 3(b). In parti- sists in higher orders and may mean we are cal-
cular, the forward peaking in f (in the Feynman culating a (somehow) dynamically suppressed
gauge) from either graph is partially canceled in amplitude for which perturbation theory is irrele-
the gauge-invariant sum. vant.

The structure of the Born term is that of a color The amplitude corresponding to Fig. 3 is*

J

. &)i2i4ﬁ(p4’ AN u(Dy,Ny)

. 1 >,
Taom=+ 168" 757 My

1 1
X [EE‘ ﬁ(py 7&3)'}’ “k7/\u(p1’ )‘1) + E‘,? ﬁ(ps; As)ylkl'yuu(pp K]_)] (2-2)
=B+ Bl , (2.3)

where { are the color matrices and we define
k=(p3+q)) (24)
k, = (p1 - q) .

We reduce the spinor factors in B, as follows?®:

A(Pgy Ng)y "BV u( Dy, AE(P gy M)W tt (Dy5 A)
:kvﬁ(pqa X4)'}’%”(1’2, )\2)1/_!(173, >L:;)(gu)t')’u' - gu.l,yv +g uv>\7+ ieuv).p,yo,y 5)u(p19 Kl) . (2-5)

For our coordinate system we have the following explicit asymptotic forms to O(8):

T Dy )y, u( Dy, \y) R 2(sw )M 26,

A( Dy Ng)y_u(py,2y) =0,

APy, \)Y'u(by,0) =0,

(D3 Ny 2u( by, \) & (= 1)/ 2(0/2)6(sw,,) /2, 5

A Dy NV, u( Dy Ay) =0, (2.6)
A(Das Ny u(by, A) = 2(sp,) 25,

@by M)7'u(by,25) =0,

T by N)VU(Dyy N5) & (=14 2(1/2) 0(s, )1 25,

TPy M)y *¥ou( Dy, Ny) (=18 2T( Py )y u(py,0,)

Substituting these forms into Eq. (2.5), one finds to O(9)

. 1 = = 1
Blo=teg® Y sy, " (t)"zi4 (?) 4(sw34)1/26)‘3"16’-4kz

Vs (p=+),

O (I‘L='—)’ (2‘7)
—(8/8)[Vs +Vw,, +q,(-1)*s1 /211 /2] (p=1),

—iqo(6/8)[(-=1)*1/ 2 (~1)M1/2] (u=2),
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and similarly

. I - 1
B‘(‘b)=leg2t—__? ®)ii5 (t)4244(k—,z—> 4(s) 26y 5, 0,
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Vg, (u=+),
)0 (u=-), 0.9
(0/8)[Vs +Vwy, —qo(=1)/2(-1)}2/2] (u=1),
iq,(0/8)[ (=112 _(~1)1/2] (u=2).
Finally, we use
B2=Vs qy=-Vs/wy, k?=s, (2.9)
to sum Eqs. (2.7) and (2.8). We find
Thom=1€8" ;—_172' (F)ilig' (6i2i44(sw34)1/26h3h1514A2
(0 (u=+),
- -_ 1—(=1)*s"1/2(_1)*a-1/2 =1),
X -0/20)+ (0/9) [ = @}[ (12 1p2] (=)
—1 L 1 _1)s=1/2 _(_1)*a-1/2 -9
\ z<9/8>[@+@]n Dht/e_ (1Pt (u=2).

The term with p=+, which was independent of the
scattering angle 0, has been canceled out in the
sum, 26

III. GAUGE-INVARIANT CANCELLATION

In the preceding section, we demonstrated a can-
cellation among a gauge-invariant set of O(g?)
graphs which produces a reduction in the forward
peaking, or equivalently (see Ref. 21) reduces an
integrated cross section from one which grows lin-
early in s for fixed ¢? to one which is constant.

We shall now show that this feature is maintained
for diagrams of higher order in g2.

This argument is crucial for our work since if in
a given order of g? there were a piece of the ex-
act amplitude which did not exhibit this cancella-
tion it would be the leading asymptotic term by a
power, namely, of order Vs/f - for ¢ fixed rela-
tive to the Born term. We would therefore not
obtain a series which was a multiplicative factor
of the Born term.

An outline of our argument is as follows: The
general ¢ structure of the Feynman integrals for
the leading graphs is, neglecting numerator algebra
and logarithmic factors, (f-A%. (Special care
would have to be given to ¢® graphs corresponding
to infinite-momentum “shortcuts”??; we neglect
these because they will fall as a power when the
numerator structure of QCD is restored.) We

r

shall show that the u=+, — terms in the numera-
tor factor of the full amplitude T* [with the (£ - %)™
factor extracted] vanish as ¢ [more precisely van-
ish to O()] while the p=1 term behaves for small
tas Vi (as 6). Thus the p=1 terms will be domin-
ant as s—, and, moreover, will behave like the
Born term up to logarithms.

To show the vanishing of the p=+, - terms,
we first show the explicit vanishing of the u=-
terms [an example of this is given in Egs. (2.7)
and (2.8)]. The pu=+ terms then vanish by current
conservation, or in other words as a result of the
gauge-invariance requirement. In the example of
Sec. II this was shown explicitly. However, we
can show that it must follow more generally as
follows: Current conservation for the electro-
magnetic field requires for us

q,T*=3%(q, T-+q.T,)

=%q0(T++T-)=O) (3'1)

or

T,=-T.. (3.2)

Thus if the u=- piece vanishes, then the p=+
piece must likewise vanish when a gauge-invariant
set is added, as explicitly shown in Eq. (2.10).
We now turn, with some preliminaries, to the u
=~ terms.

The product of the bilinear forms for the two



fermion lines will have the following general struc-
ture:

F =7, Ty *T%u, u,T%u,. (3.3)

The quantities ', i=1-3, are matrices which con-
tain all of the numerator algebra. All possible
Lorentz indices of the I'’s have been suppressed;
note, however, that these must be contracted over
in (3.3). We shall consider the integrations over
internal momenta to have been performed so that
the I'’s are functions only of the external momenta
pi, t=1-4 and q. All of the Feynman graphs can
be accommodated in the above structure. For ex-
ample, the case in which the photon emission is ex-
ternal to the strong interactions is obtained by
setting T or I'? equal to the unit matrix.

Since we study the case of massless fermions,
both I'! and I'? are necessarily the product of an
even number of y matrices and I'"® the product of
an odd number. Thus we can write I'* and I
as a unique linear combination of the following set
of matrices:

(L VeV Ve Vi s YYi ¥ (Yo ¥V )

(Ref. 28). All other products of an even number of
¥ matrices can be expressed as a sum of the above

set. Similarly, the matrix I'* will be expressed as
a linear combination of the set (y,, Y., Y1, ¥s¥-Y1»
Y1Y2Ver Y1¥2¥-)-

We shall now argue that the product of the bi-
linear forms for p=- will be of second order in 6,
for small scattering angles 6. We show by enume-
rating all of the possibilities that the zeroth- and
first-order terms in the expansion for F~ vanish.

Since the spinors %, and u, are for particles which
have a large + component only of four-momenta,
we see immediately that the spinors which result

re3/
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from the operations %,I"'y_ and y_T'%, are no larger
than first order in 0 for all terms in the expansions
of T and I'? except for the y,y, part. This is a
consequence of the fact that y_u, and #;¥_ are no
larger than O(6). But the y,y, terms will result

in the bilinear form

UsY VY= Vit = Yy, Y )
=+ 4ily. vou,
=0(6%).

Thus the bilinear form corresponding to the “1-3”
fermion lines must be no larger than O(9). If the
product of the two bilinear forms is to be of first
order in 6, then the bilinear form for the “2-4”
lines must be of zeroth order. Thus we see from
Eq. (2.6) that we can omit all matrices in the ex-
pansion for T'® except y. and y_y°=-iy'y2y_, Addi-
tionally, we see that any of the matrices in our
expansion sets which contain a y, must be con-
tracted with another matrix containing a v, and not
a transverse component of an external momentum
(p;)., since these are all of first order in the scat-
tering angle 6.

We first examine the contribution from the y_
term in the expansion of I'"*, For this case, we
need only consider the matrices 1 and y,y. (the
only combinations without any y, terms) in the
expansions of I'* and T2, These matrices will al-
ways result in a bilinear form for the “1-3” lines
which either vanishes identically or is proportional
to #,y.u, which is of second order in 0.

The remaining matrix in the expansion set for I'
is y.9°, which contains two transverse y matrices.
These, as indicated above, must be contracted
with y,’s which occur in I and T2. The possibili-
ties are that either both I'* and I'* contain one vy,

B

(b) (c)

FIG. 4. The leading diagrams in O(eg?). Internal momenta and color indices are labeled for (a).
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each, or that one of them contains two y,’s and the proportional to #,y.y°u, = 0(6%). Hence, F"= 0(6%)
other none. For the former, we have already seen for small 6.

that the y,y, terms result in a bilinear form of The same type of argument shows that T#=* is,
0(6?) and the y_y, term vanishes identically. For in general, of O(6). In particular, for #,I''y I'?
the latter, one of the I'’s must be expressible as X u,%,3u, to be independent of 6, I'* must be

a combination of y, and y,y, and the other as a «y_ or y.7,. By tracing through the cases as
combination of 1 and y,y.. All possible combina- above, we find that it is not possible to construct
tions of these result in a bilinear form which is an amplitude independent of 8 with u=L.

IV. PERTURBATIVE CALCULATIONS
A. Order eg*
The diagrams which were found to be leading in this order are shown and labeled in Fig. 4. Let us first

consider graph 4(a),

. 1 1 _
T:(u) = Zeg4 t__'i—z' F u(pzl)'y‘\u(pz)fabc(tb ta)i 143(tc)

igig
d‘l’r ﬁ(pg)'y“%‘ya(ﬂl_ %)Yuu<p1)
@M TN [(Py- bat 7V = NE|(by = 7)?
X{(27+p2—p4)x Swt [2(174‘ pz) - T]vgax“‘ (pz —P4— 7)agvh} ’ (4'1)
where f,;, is the structure constant of the gauge group. The color weight of the above diagram is®®
favcltsta )i1i3(tc )i2i4 =-z iCA(t)ilis' ®) igiy (4.2)

where C, is the Casimir operator defined by
Fave Fave=C aBce -

We perform the integrations in Eq. (4.1) by standard Feynman-parameter techniques. These integrations
are of the same form as those which arise in the second-order form-factor calculations; here the time-
like % plays the role of the far-off-shell gluon while the lines labeled by p, and p, — p, play the role of the
on-shell fermions. [This analogy will carry through the O(eg®) calculations of subsection B.] The import-
ant range of integration will therefore be the infrared region » ~0. We simplify the numerator by neglect-
ing 7 everywhere. The numerator factor then becomes

uyy uk/'}’aﬁl'yvu1ﬁ47’ku2[(p2 - p4)1gav +2(py- Pz)ugam + (b, - p4)agvh ]= 2k27737 uulﬁn;ﬁxuz - 2k27737’ “kl)’ A“ﬂl{h“ 2
(4.3)
while for the remaining 7 integral we have

1 v dada,dab(l-Za;)
TA6n J, Rlayag+faja,- 2(a+ o)

@m)™* fd41’[(7’2 =Ny = b4+ 7 = N (D, = 7] (4.4)

We extract the leading behavior of (4.4) by evaluating only the contribution to the integral from the region
where®*® a,, a,—~0:

da,da 1n?(k2/22)
€ 2 3 —
[ aam (4.5)

Thus

+ieg’C, 1 1n%(k%/)\?)

Tiw= 3272 - ? 72 (t)ilis' ()i, @sy “uiB b u, ~ Ay ey M u T uy) (4.6)

4

Similarly we find for diagram 4(b)

+ieg?C, 1 10%(-k’%/X%) = e

T:(b) = 32.”2 1 — 22 121 (t)i1i3 ¢ (t) igiy (7’—‘37’ uulu-4ﬁ3uz - 7737 h%ly uulﬁ{}’ xuz) . (4' 7)

(We avoid the case where |22 |= | g% - k?|< | s|, which is on the boundary of the physical region.) Note thatfor
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both diagrams 4(a) and 4(b) the large minus-component transfer (p, - p,)., which must be given to g, is
routed through the gluon which is attached most closely to the emitted photon.

The sum of the above two diagrams can be written as (note that for the argument of the logarithms all of
the large variables are equivalent in a leading-logarithm approximation)

gC,
T:(a)+4(b) TBorn[ 327 2 ln (qz/)\z)}
ieg“C 1 - - _ _ # ﬁ
32172A [T W@ N2 (V)4 V)i, By ety kzl + Psi' Uy - (4.8)

Likewise diagram 4(c) can be calculated. The leading piece comes from two different regions of param-
eter space. These regions correspond to routing the (p,—p,). transfer through either the gluon line which
is attached before or after the photon emission. The result is

g*C,
T:(c) = T;orn[ 397 2 hl (qZ/AZ)]

iegiC 1 - - '
— ———?iw’zA = 1n2(q2/>\2)(t),-1,. -(t) 3')/ “u, &, (Z? %2—> U . (4.9)

3

The non-Born terms, which would not satisfy current conservation on their own, cancel in the gauge-in-
variant sum 4(a) +4(b) +4(c). The result of our leading-log calculation through fourth order. is

g°C
T = Bm[l_Tng In*(q 2/)3)} . (4.10)

All remaining diagrams in fourth order were found to contribute only to the nonleading terms. Note in

particular that we have not attempted to separate the color-singlet (in the ¢, and £, channels) amplitude
which first appears in this order.

B. Order eg®

In Fig. 5 we show one-half of the leading diagrams and their weights 2. We have drawn only those pieces
which are multiples of one of the two Born terms, namely Fig. 3(a). There is another set which is the
mirror image of those drawn and which is a multiple of the other Born term. The result in sixth order is

of the form

s s
i{‘;f ?/24 if/;//vlll‘i ¢ 1/24 1/24

(a) (b) (c) (d)

Ky
P
s
\ 1/6 if 1/24 \ 1/24 /1/6

(e) (f) @) (h)

FIG. 5. Half of the leading diagrams in O(egG) with weights indicated. There is symmetry with regard to the remain-
ing graphs found by taking the mirror image. Routing for large (p, —p,) . is indicated by the direction of the arrow.
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g2 . 2
T0(36)=T‘l;orn[‘ 1672 Cy lnz(qz/xz)] (g oy + s oy +

_Tl-‘ 7 g2 2 2 2 2
=Thora1y |~ 17z Caln @/23)] .

As for the fourth-order calculation, there are
leading pieces in any given graph which do not have
the structure of the Born term but which cancel
when the full gauge-invariant set of graphs is
summed. We do not show these contributions.

Also shown in Fig. 5 are arrows indicating the
dominant region of large-minus-momentum-com-
ponent flow. (These arrows should be included
when taking the mirror image of these graphs.)

The technique which is used in the calculation of
Figs. 5(a)-5(c) is familiar from the form-factor
calculation. If one chops off the pieces of the dia-
gram which do not contain the loop integrations, it
is seen that these graphs are the quark-quark-
vector form factor with one quark far-off-shell.
This form factor has been previously calculated
so that we shall omit the details of the calculation,®
except to state that we have verified the results.
The nonplanar graph shown in Fig. 6 is identically
zero owing to the vanishing of the color weight.®!
Note that, as for the fourth-order graphs, the
momentum flow is along that path lying closest to
the emitted photon.

Attaching the photon to interior lines results in
five more leading diagrams. As before, these
graphs have two types of dominant momentum
flow, contributing to multiples of the two separate
pieces of the Born term. The results for graphs
5(d)-5(h) have been checked in part by two methods
of finding the leading behavior of Feynman in-
tegrals, Feynman parameters and infinite-mo-
menta techniques. We illustrate the method by a
detailed calculation of graph 5(e) in the Appendix.

The sum of the leading contributions through
sixth order is

. gz
T =T;{1+[ - —1—6—777 cAlnz(qZ/AZ)]

+ 1%["?%% c, 1n2(q2/>\2)] } (4.12)

This expression is of course not the expansion of
an exponential series.

As in previous calculations of asymptotic be-
havior in non-Abelian theories, we have found the
contributions of graphs involving four-gluon coup-
lings, ghosts, scalars, etc. to be nonleading.

V. DISCUSSION

A main result of our paper is the apparent non-
exponentiation. of the leading-logarithm series for

ERRE N Y]

(4.11)

T

far-off-shell bremsstrahlung. We recognize that
occasionally such claims have proved faulty in the
past. However, this type of process was found to
exhibit features which were different from previous
calculations of asymptotic behavior of vertex func-
tions and fermion-fermion scattering amplitudes.
In particular, we mention the cancellation arising
from inclusion of gauge invariance of terms
normally present in, say, fermion-fermion scat-
tering. It is also interesting that for this process,
the non-Abelian gauge theories give an answer
which is qualitatively different from the result of
massive quantum electrodynamics, in contrast to
results found for calculations of the vertex func-
tions.®® This may be because the leading contri-
butions were found to arise solely from the con-
tributions of trigluon couplings.

The leading graphs are color octet in, say, the
t, channel. Should our result hold up, it would ap-
pear to spell difficulty for the program in which
confinement is postulated on the basis of the rapid
vanishing of the sum of leading-logarithmic terms
as A~ 0. The analogous result for the color-singlet
piece would be useful to know.

Nonexponentiation of leading terms is known to
be correct for color-singlet channels in fermion-
fermion scattering.'®!®* These amplitudes satisfy
a differential equation superficially similar to
the renormalization-group equation, as do the
exponentiating amplitudes. It would be interesting
to know whether our result can be described by a
differential equation of this type.

From a phenomenological point of view, ex-
perimental production of lepton pairs is an im-
portant process. The lore of the parton model is
that bremsstrahlung-type processes (as opposed
to annihilation of quarks and antiquarks) are
strongly suppressed. The parton model does not

s

FIG. 6. Nonplanar graph which has vanishing color
weight. It corresponds to crossed ladder exchange in a
form-factor calculation,
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reckon with the infrared effects we encounter but allowed. These questions deserve further attention.
rat . di .

ather with short-distance behavior; w‘e therefore . ACKNOWLEDGMENT
cannot say what relevance our calculations have
for the parton model. Regardless, bremsstrahlung One of us (P.M.F.) would like to thank the Aspen
processes may be important in kinematical regions Center for Physics for hospitality during part of
(and for processes) for which annihilation is not this work.

APPENDIX

We illustrate the method used in extracting the leading behavior of the sixth-order graphs by sketching
the calculation for the graph shown and labeled in Fig. 7. The amplitude for this graph is given by

d*r ;d r, N*

T4 =1eg®(t = N Y opeS cae(tatslaiyiy(tedii, G D’ (A1)
where '
N* =T,y P+ F )V (By+ 1)y (B + 73)y wiily Mu,
X[(7,= 27,)g Syt (Vo= 271) ap + (V1 +72)a Sug | _
}{(Dy= ba= 20288 +[7, = 2Dy = £)]°8, 1+ (Do = Ps+ 7)), 83 . : : (A2)
and
D= (72 = ) (1,2 = X)[(r, = 7)* = X2][(Bo = Dy = 71)* = N](Dy+75)2 (B, + 7)) (R + 7). (A3)
The group weight can be simplified to
Fare otolbalatdigiglto)i = =5 C2D 1 i e, - , (a4)

In the usual manner,®® one combines the propagators of Eq. (A1) by introducing Feynman parameters a;
as labeled in Fig. 7. Then by performing the integrations over the internal momenta one arrives at a para-
metric representation for the amplitude,

T = teg® t—22)1C z't’) . t‘) ld veeda 7 1 U2 N§ Ni“ Ny A5)
T 2(1672)2 ¢~ PUCITA "2‘4[0 Qe dy g;“ﬁ vitsyr tav ) (

O

%

FIG. 7. Labeling of internal momenta, color indices, and Feynman parameters for sixth-order graph that we present
in detail, Paths (a) and (b) for momentum transfer are indicated by broken lines.
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where U and V are the parametric determinants:

U= (04 Qg+ o) (@) + 0+ Qg+ 0) + @@y + @) (A6)
=A@ Ok A+ @) + UHta,lo (@, +ay+ ag) + a0, ]+ k2a,[oy (e, + a,+ @) + a,a,]
+ P, [ ag(a,+ o+ ag) + a0 + R2[a 0,0, + o, (e, + ag+ag)] ). (AT)
The numerator function N} is given by the following substitution for the internal momenta in Eq. (A2):
v~ U a,+q+a)(p,- P)a,—P,a,—k'a,] - a,a.pt, (A8)
7y~ U™Ha [(py— P, — prag—R'a,] —a (@, + Qg+ 0+ g+ ) Pyt .
|l
The functions N} and N} involve the two-index and
Lorentz tensor X;;, in the notation of Nakanishi.3? )
The terms in Eq. (A5) which involve these functions (@D (@)@, 0a0)(aa,0,)(@0.0,),
do not contribute leading logarithms and they will .
be omitted from the remainder of the discussion. (i) (@ a500)(@;aqa,)(ag0a,)(0,0a,),
Using well-known techniques, we now extract the (A10)

leading behavior from Eq. (A5). The regions of
parameter space which give the dominant contribu-
tions are the neighborhoods of the point where the
coefficients of the large variables k2 and k’? (note
g?=k?*+k’?) in Eq. (A7) vanish. These may include
regions where all of the parameters of a closed
loop vanish. To facilitate the inclusion of these
regions, we first perform a scale transformation
on the parameters of each loop. Specifically, we
scale the variables

= ’ = !
Up=0,0p, Q3=0,03,

— 7 4 4 ?
a =0,af, al+at+al=1
and
— 7 - n: — 4
O =00y, Q;=0,03, Q;=0,0,,

a— ’ - !
Qg=0,0g, Q;=0,07,

? ” ? 4 | =
aj+alf+al+al+al=1.

We shall consider the parametric functions ap-
pearing in Eq. (A5) expressed in terms of these
scaled variables. Next we perform scale trans-
formations, witha scale factor p, on the sets of
parameters of minimum effective length which
cause the coefficients of the large variables to
vanish when they themselves vanish. (The leading
terms will come from end-point contributions.)

The dominant asymptotic behavior is then extracted

by performing the integrations in the limit where
p—0.

For our calculation, we construct the following
independent sets of scaling sequences:

(i) (oy) ta3a6a7) (@ asa,)(a,0,),
(A9)

(il) (azaqza.)(a0.0,)(0,aa,)(a,a,)

©(iii) (0@ a9)(aaq0,) (aa.0.)(a,aa ),

(iV) (a5a6a7)(a3a6a7) (01a6a7) (01a1a6) °

Typically, we shall find that the leading contribu-
tions come from regions where a continuous path
of gluon lines carries the full large minus com-
ponent. of the momentum transfer (p,— p,) and all
remaining' gluons carry no large momentum com-
ponents. The possible paths are indicated by the
dashed lines in Fig. 7. For the region of param-
eter space corresponding to the scalings of Eq.
(A9) we find that the substitutions for the internal
momenta in Eq. (A8) can be approximated by

) Tl*aé(pz—pq),

Yy —agh; .

(A11)

Both of these substitutions are linear in a vanishing
scale factor p. We have not retained the higher-
order terms in p. Because the effective 7; is
small, these two scaling sets will correspond to
the momentum, routing of path (a).

Using the above substitution, we find an approxi-
mation for the numerator function to O(p):

N =~ 2R20 (R¥U B ™ u T ity + Ry 0 T, Bou,),
(A12)

It is necessary to retain the terms of O(p) because
for this momentum routing there is a trigluon ver-
tex involving three soft gluons. The neglected
terms of higher order in p will not produce leading
logarithms.

Evaluation of the parametric integrals for these
two scaling sets gives the result
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Ty = ieg*t 2 (g ) [ Cal0? @) | @y (D, {k—l,zusm U+ 5 ruwu} (A13)

The first term in curly brackets corresponds to a piece of the Born term with a weight . as shown for the
mirror image in Fig. 5(g)., The second term in the curly brackets, which does not have the form of any
part of the Born term, will be canceled when the contribution of a gauge-invariant (electromagnetic) subset
of diagrams is included.

Similarly, the scaling of Eq. (A10) corresponds to the momentum routing

7’1-’(1)2"‘174) 3 7’2"0, (A14)

as indicated by path (b) in Fig. 7. There are no vanishing trigluon couplings for this routing and the numer-
ator can be approximated by

Ny = 282 (- T,y By u Ty, + BP0y u T, P, — 2R "2T 0 u T, Bou,) . (A15)

Extraction of leading-logarithmic factors for these four sets of scalings gives
. 1
T‘(‘b) = Zegz(t - )\2) 1<E>[16ﬂ'2 CA an(qz/xz)}

- n 1 1 1 = |
X (045 (t)izi4{k2 N LA 2t 557 usy u1u4ﬁ ¢ _—usy“u1u4ﬁ1u2}. (A16)

The first term in the curly brackets is a contribution to the Born term structure with a weight factor of i
as shown in Fig. 5(g). The other two terms in the curly brackets are non-Born pieces which again cancel
in the gauge-invariant sum.

We shall also illustrate the use of the infinite-momentum technique by calculating the contribution for
momentum routing of path (b). For this routing, where there is no trigluon vertex involving the soft gluons,
the numerator factors play no role in the integrations, but instead they can be approximated by a leading
power, as in Eq. (A15). This power then constitutes the only difference between the full theory and the
equivalent ¢ graph (except for “shortcuts” allowed in ¢3—these will not concern us here). For such cases
infinite-momentum methods are quite straightforward.

Kinematics is as in Eq. (2.1):

Ty = —aieg®C 2(t = A2 1Y), 4, - (D,

inig

@) Nl oy 5 (A17)
where N, is given by Eq. (A15) and I, is the contribution of

1= [ @i,

from the momentum routing of path (b). We write D in terms of p,,p_,p,, and use the volume element
d*r; = zdv Ar, T, The f_,odr,,, is performed by closing the contour and using Cauchy’s theorem; these
integrals are in general nonzero only for finite values of the 7, integrations. It is convenient to write 7
as scaled variables:

yi-=xi(p2—p4)- .

This is significant because in our frame (p, - p,). is the large minus component which must be carried over
to g. We find

-1 1 1 1
(27)? fdzr d?r f dx. f dx
1572 2 2 A 2 - 1 x12x22(x1 _ xz)(l _ x1)2

) eete2) (e
1-x, x, 1-x x, 1-% %, x,-x,

x (B2 - Al __A_z_ A12 - B2 _ A1 +ﬁ - k2+k’2_i_ﬁ -t
1-x, x, x -x, 1-x, x, 1-x, «x

Iy =

1 %2 X 1 1 M
| A A A -1 A A A -1
X“(kl2_1 lx _x_z_x 12x > l<k'2+1 1x +x_2+x 12;[ > ] , (A18)
-X% 5 1= Xy - % 2 1772

where we have defined

_>x2 2 — (> x\2 2
A;=T2+2%, AL=(T, - T,)%+2%.
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(We ignore the distinction between A; and the factor T

will have no effect on our final answer.)

wh1ch appears from fermion denominators. This

In this integral, there are potential logarithmic contributions from end points in the x; integrations. For
path (b), we pick up contributions only from x,~1, x,~0 (any x; ~ 1 corresponds to the associated line

carrying the full minus component).

The contribution from this path is correctly given by retaining only the singular x behavior and dropping

nonsingular terms, i.e.,
tegrals of Eq. (A18) are given by

1o, f -1 A\ _y(kz_A2)+Al]
Azkz'/; dy%\A1k2<y_k—2> hl[ A +YA,

S

1-x,=y and ¥, compared to 1. We find after some algebra that the x, and x, in-

+2k'2(yk’2_

A)[yE R - A

y(R?Z+ A)+ A . -1
1]ln\:_y(k/z_ A2)+AL]} k42 In*(A,/k?)

where we have used more algebra and recognized that the leading behavior in the (T, T,) integration comes
from the region where 4; can be dropped compared to s. Thus

1n? (Al/kz)

2”) -
Iy = fdz dzr2A i

8k I2k4

@ da
3(n2 /)2 2
-~ g A [, &

2

1T4
- g (@ /X) .

Substituting this result in Eq. (A17) gives Eq. (A16).

*Work supported in part by NSF under grant No.
MPS-72-05166-A01.

C. N. Yang and R. Mills, Phys. Rev. 96, 191 (1954).

’H. Fritzsch and M. Gell-Mann, in Proceedings of the
XVI International Confevence on High Energy Physics,
Chicago-Batavia, Ill., 1972, edited by J. D. Jackson
and A. Roberts (NAL, Batavia, Ill., 1973), Vol. 2,
p. 135.

3H. Fritzsch, M. Gell-Mann, and H. Leutwyler, Phys.
Lett. 47B, 365 (1973).

D. J. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343
(1973).

H. D. Politzer, Phys. Rev. Lett. 30, 1346 (1973).

8J. M. Cornwall and G. Tiktopoulos, Phys. Rev. Lett.
35, 338 (1975); Phys. Rev. D 13, 3370 (1976).

"L. Tyburski, Phys. Rev. Lett. 37, 319 (1976); Phys.
Rev. D 13, 1107 (1976).

8B. M. McCoy and T. T. Wu, Phys.Rev. D 12, 3257 (1975).
°H. T. Nieh and Y.-P. Yao, Phys. Rev. D 13, 1082 (1976).

103, carazzone, E. Poggio, and H. Quinn, Phys. Rev.
D 11, 2286 (1975); 12, 3368(E) (1975).

5ol Pogglo and H. Qumn, Phys. Rev. D 12, 3279 (1975).

12p_ Carruthers and F. Zachariasen, Phys Lett. 62B,
338 (1976).

13p, Carruthers, P. Fishbane, and F. Zachariasen, pro-
ceeding paper, Phys. Rev. D 15, 3675 (1977).

¢, P. Korthals-Altes and E. de Rafael, Phys. Lett.
62B, 320 (1976).

157, Appelquist, J. Carazzone, H. Kluberg-Stern, and
M. Roth, Phys. Rev. Lett. 36, 768 (1976); 36, 1161(E)
(1976).

8E, Poggio and H. Quinn, Phys. Rev. D 14, 578 (1976).

7y -P. Yao, Phys. Rev. Lett. 36, 653 (1976).

83, D. Drell and T.-M. Yan, Phys. Rev. Lett. 25, 316
(1970); Ann. Phys. (N.Y.) 66, 578 (1971).

19p_ v. Landshoff and J. C. Polkinghorne, Nucl. Phys.
B33, 221 (1971); B36, 642(E) (1972).

A3, M. Berman, D.J. Levy, and T. L. Neff, Phys. Rev.
Lett. 23, 1363 (1969).

2y, B. Thacker, Phys. Rev. D 9, 2567 (1974).

22The antiparton distribution is non-negligible only
near x—0.

B3ee, e.g., E. Byckling and K. Kajantie, Particle
Kinematics (Wiley, New York, 1973).

%We denote the color index by i ; for the particle with
momentum p; .

%We follow the convention of J. D, Bjorken and S. D. Drell,
Relativistic Quantum Mechanics (McGraw-Hill, New
York, 1969), Vol. I, including the spinor normalization
for massless fermions zu=0.

%This cancellation may in some ways be similar to one
found for soft-photon emission in QED.

%G, Tiktopoulos and S. Treiman, Phys. Rev. D 3, 1037
(1971).

Bpor a review of the properties of the ¥ matrices in
this representation, see P. Fishbane and J. D. Sullivan,
Phys. Rev. D 4, 458 (1971).

%We present our results generalized to a semisimple
Lie group as the color group. For the physical case
of SU(3), C4=3.

%See R. J. Eden, P. V. Landshoff, D. J. Olive, and
J. C. Polkinghorne, The Analytic S-Matrix (Cam-
bridge Univ. Press, Cambridge, England, 1966).

3P, Cvitanovi¢, Phys. Rev. D 14, 1536 (1976).

%N, Nakanishi, Graph Theory and Feynman Integvals
(Gordon and Breach, New York, 1971).



