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Mandelstam diagrams are not enough to study the high-energy behavior of ¢3 theory*

Barry M. McCoy'
Institute for Theoretical Physics, State University of New York, Stony Brook, New York 11794

Tai Tsun Wu?
Fermi National Accelerator Laboratory, Batavia, Illinois 605108
(Received 18 November 1974)

Viewed in the crossed channel, the ¢*> Mandelstam diagrams for the Reggeon-particle cut represent repeated
interaction between two of the three exchanged particles. A much larger class of Feynman diagrams is
obtained by allowing all three exchanged particles to participate in the interaction, as required by Bose
statistics. It is found that, in the limit of high energies, all diagrams of the same order in this larger class
contribute comparably. In particular, the contributions from the Mandelstam and non-Mandelstam diagrams
are of the same order of magnitude. This larger class of diagrams is summed in terms of an integral equation.
It is found from this integral equation that if the momentum transfer is not too large, then the leading
singularity in the angular momentum plane is a pole. As the momentum transfer increases this pole eventually
disappears into a cut. These considerations are generalized, in a nontrivial way, to the case of the Reggeon-
Reggeon cut. The signature factor plays a most important role, and some of the contributing diagrams show
unexpected high-energy behavior. The profound effect of these additional diagrams on the program of
Reggeon calculus is discussed.

I. INTRODUCTION

In 1963, Mandelstam® invented his famous dia-
grams, shown in Fig. 1, that give the Reggeon-
particle cut in ¢° theory. In the ensuing decade,
many authors®~2° have studied the properties of
Regge cuts from various point of view.

Let us look at the Mandelstam diagrams of Fig.

1 from the crossed, or {, channel. We see three
particles, two of which interact repeatedly with
each other, while the third one participates only
at the two ends. We recall, however, that in ¢3
theory all the particles are the same. Thus the
idea of emphasizing the Mandelstam diagrams,
with their choice of interaction mainly between
two of the three particles, seems inconsistent
with the concept of identical pavticles.

It was Mandelstam himself who warned that at

high energies there may be other diagrams which

are just as important as those that he explicitly
considered. In fact, Polkinghorne® subsequently

produced such a diagram. However, the complete

(a) 8th order (b) 10th order (c) 12th order

FIG. 1. The ¢® Feynman diagrams of Mandelstam.
The s channel runs horizontally from left to right, and
the ¢ channel is vertical.
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set of diagrams which, at high energies, are com-
parable to the Mandelstam diagrams has never
been obtained. It is the purpose of this paper to
present this complete set of diagrams and to study
the properties of the resulting amplitude.

From the point of view of identical particles,
this complete set of diagrams can be easily de-
scribed. Aside from the technical problem of
avoiding the pitfall of the AFS (Amati-Fubini-
Stanghellini) diagrams,?' the complete set of dia-
grams is obtained by permitting arbitrary orders
of repeated pairwise interaction between the three
exchanged particles. In this way, the divect and
exchange intevactions are lrealed completely on
the same footing. Some examples of such diagrams
are shown in Fig. 2. As s -« with fixed ¢, the

(a) 10th order (b) 12th order
diagram No.! diagram No.!

(c) 12th order (d) 12th order
diagram No.2 diagram No.3

FIG. 2. Non-Mandelstam diagrams, which in ¢3 are
of comparable magnitude as the Mandelstam diagrams
of the same order.
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contribution from the diagram of Fig. 2(a) is of the
same order of magnitude as that of the diagram of
Fig. 1(b), while those from Figs. 2(b), 2(c), and
2(d) are of the same magnitude as that of Fig. 1(c).
More generally, the contribution from any diagram
of this class is of the same order of magnitude

as that of the Mandelstam diagram with the same
number of ¢* vertices.

All the above considerations are also valid for
the Reggeon-Reggeon case with 4 particles ex-
changed in the ¢ channel.

Let us now go into some of the more technical
details. The contributions from both diagram 1(b)
and diagram 2(a) are of the order g'% ~*(Ins)® as
s - with fixed f. Similarly, the contributions
from diagrams 1(c), 2(b), 2(c), and 2(d) are each
of the order of g'%s™%(Ins)*. However, all these
contributions are cancelled by the corresponding
crossed diagrams obtained by exchanging s and u;
this happens for both the Mandelstam diagrams
and the non-Mandelstam diagrams. Thus the re-
sulting contributions are of the orders of
£'% 7*(1ns)? and g '%s "%(Ins)?, respectively. If only
the Mandelstam diagrams are kept, the resulting
series of leading terms is essentially a geometric
series and the summation can be carried out easily.
When the additional diagrams are also retained,
the series is much more complicated. In fact,
the summation of this series cannot be carried out
explicitly, and the structure in the complex an-
gular momentum plane must be studied through a
non-Fredholm integral equation. For forward
scattering £=0, there is, in addition to a branch
cut, also at least one pole to the right of the
branch cut. When —{ increases, the pole moves
closer to the branch cut, and at some finite value
of | | this pole disappears into the branch cut. The
discontinuity across the branch cut is of course
quite different from the contributions from the
Mandelstam diagrams alone. In view of the pres-
ence of the pole, we find the term “Reggeon-par-
ticle cut” somewhat misleading; the diagrams are
in fact characterized by the presence of the three-
particle intermediate states. The properties of
such diagrams are discussed in Sec. II.

In Sec. III, we deal with the corresponding dia-
grams with four-particle intermediate states.
These diagrams include in particular the usual
double Mandelstam diagrams that give the Reggeon-
Reggeon cut. The physics is essentially the same
but the details are more complicated. In particu-
lar, the signature factors play a role of paramount
importance. This fact makes the analysis much
more delicate. For this reason, we present in
great detail the necessary calculations. In order
not to lose sight of the chain of reasoning, which
is really quite elementary, we relegate such de-

tails to a series of appendixes.

It is perhaps illuminating to rephrase the results
of this ¢* calculation in terms of the Reggeon cal-
culus of Gribov and collaborators.® ® !! This cal-
culus embodies not only the concept of the Regge
cut but also deals with the possibility of repeated
Reggeon-particle (and Reggeon-Reggeon) scatter-
ing. Such processes can occur in perturbation
theory only through non-Mandelstam diagrams.

In the language of Reggeon calculus, the study of
this paper demonstrates, in the perturbation the-
ory of Feynman diagrams, that such repeated in-
teractions of Reggeons are not small compared to
the single Reggeon-particle (or Reggeon-Reggeon)
term. In other words, in the sense of leading
terms, Reggeon calculus replaces an infinite set
of Feynman diagrams with simple vertices by an
infinite set of Reggeon diagrams with nonlocal,
s-independent vertices, which are not small even
in the weak coupling limit. In order for the so-
called hybrid diagrams of Reggeon calculus to be
useful, this infinite set must be treated nonper-
turbatively. This is discussed in Sec. IV.

1. THREE-PARTICLE INTERMEDIATE STATES

In this section we consider all Feynman diagrams
which contribute to the Reggeon-particle cut in
leading order. Let P, and P, be the momentum
of the incoming particles and P; and P, be the mo-
mentum of the outgoing particles; then

P +P,=P' +P! . (2.1)
1 2 2

Define the usual Mandelstam variables

s=(P,+P,)?, (2.2a)

t=(P, - P))?, (2.2b)
and

u=(P, - P)? (2.2¢)
[with the metric (+- - -)]. We are interested in

the limit s -« with ¢ fixed and nonpositive. Since
t is spacelike we may write

Pl—P{=(0,0,K), (2.3)

where A is a two-dimensional vector.

The plan of this section is as follows: In Sec.
ITA we will recall a few well-known properties
of Mandelstam diagrams. Next, in Sec. II B we
discuss the tenth-order diagram of Fig. 2(a). We
then, in Sec. IIC, discuss the role of signature
and, in Sec. IID, consider the twelfth-order dia-
grams of Figs. 2(b), 2(c), and 2(d). In Sec. IIE
we describe the general class of diagrams which
contributes to the Reggeon-particle cut and in
Sec. II F we derive an integral equation which sums
the contributing diagrams. Finally, in Sec. IIG



548 BARRY M. McCOY

we demonstrate the existence of the three-particle
Regge pole.

A. Mandelstam diagrams

The leading term in the s —« expansion of the
amplitude for the Mandelstam diagram in 2(n +1)-
order perturbation theory (z = 3) is well known®'?
to be

(2n+2) _ _ 9 io =2 1 n-= (n)
M7 2mis 2 gt CEE In""Is £ (R)
+0(s%In" %) , (2.4)

where

£P3) - fz 5 s ¢ E-R) (2.5)
and

1
«(B)=¢ /‘2(21r)3 +m® (A=K)? +m (2.6)

The function fﬁ,")(A) may be symbolically repre-
sented by the diagram in transverse-momentum
space of Fig. 3(a).

AND TAI TSUN WU 12

(a) (b)

(c) (d)

FIG. 3. The transverse diagrams for (a) the 2(n + 1)th-
order Mandelstam diagram, (b) the tenth~order diagram
1 of Fig. 2(a), (c) the twelfth-order diagrams 1 and 2 of
Figs. 2(b) and 2(c), and (d) the twelfth-order diagram 3
of Fig. 2(d).

B. Tenth-order non-Mandelstam diagram

The lowest order in which there are important diagrams other than Mandelstam’s is tenth, where we have

the diagrams of Fig. 2(a).

This diagram is analyzed in Appendix B and we find

MO =572 g 02w 27 ln's F19/(D) +0(s 7as) 2.7
where
10 dzk 2’ dz-.ka dz.lZ‘l T =1(% -1 ({7 2 2\ =1 ({r 2 -1
7@ = | 32t e a@a agae 5 0 B )™ @ o) R o)
X[(A-&, =K, +n?) " [(A-K, - K,)? +n2] T [(A-K, - K,)? +n?] (2.8)

This amplitude is represented by the transverse diagram of Fig. 3(b).

The amplitude (2.7) is indeed of the

same order of magnitude as the Mandelstam amplitude (2.4) with n=4.

C. Signature

Of course, even in eighth order the Mandelstam
diagram of Fig. 1(a) is not the only diagram which
contributes, as it is always possible to interchange
the s and « channels to obtain the “crossed” dia-
gram of Fig. 4(a). Similarly, for the tenth-order
diagram of Sec. II B we have the crossed diagram
of Fig. 4(b). For both of these crossed diagrams
it is easily verified that the leading term of the
s — = expansion is precisely the negative of the
leading term (2.4) and (2.7) of the uncrossed dia-
grams. Therefore, this leading-order expansion
for the individual diagrams is not accurate enough

to study the sum of all the contributing diagrams.

However, it is not difficult to refine the asymp-
totic expansion to compute the leading term of the
sum of the diagram and the crossed diagram. As
shown in Appendix B the expansion (2.7) of I{!?
is more precisely given as

M) =5~ 1°27n — (lns - m)? F {19 (R)

+As 2In%s +O(s "%Ins) , (2.77)

where A is purely imaginary. Moreover, the ex-
pansion of the amplitude for the crossed diagram
mi s
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Em(l;"’ =s72g02m 1 lnssf"(llo)(z) &m‘,“” + MO = _ 272 “2g‘°§ln2sf-(,‘°)(3)
31!
-2
- As™2In%s +0(s 2Ins) . (2.9) +O(s Ins) . (2.10)
Therefore A cancels out when we sum ﬁll(,“’) and Similarly for the 2(n +2)-order Mandelstam dia-
M and we obtain gram we have
—
- 1 o = - o =
3“,(”2'”4) + mﬁﬁnﬂ) =272 2g4 (n_ 1 In" 1Sf$,"“)(A)+0(S 21" 23) . (2'11)

D. Twelfth-order non-Mandelstam diagrams

In twelfth order we consider the three diagrams® of Figs. 2(b), 2(c), 2(d) and the three crossed diagrams
of Figs. 4(c), 4(d), 4(e). These diagrams are explicitly expanded in Appendixes C, D, and E and we find

M2 g2 = _ g2 2g 12 §1—'~ In%s £ {12)(A) +O(s 2In%s) , (2.12)

M2 4 D = M2 4 I (12 4 O(s “2In3s) | (2.13)
and

M + M = - 27252 12 ng In®s £§2(Z) +0(s In%s) , (2.14)
where

FuoGd = [k dh dk AR AR g () (]2 ) (R ) (R )

2(27)° 2(27)° 2(2q7)° 2(27)° 2(2w)®

- > -

X[(A-Kk, &)+ M [(A-K, - K,)? +n2] ' [(A-K, - K,)? +n?] " [(A-K, - k)% +m2] (2.15)

and

4k 2% 21z 2 i, 2
FO9(F) = fz 21; 421:53 ‘le;;a% 2‘(’2‘;)3 (kzwf)‘[m_ﬁl-ﬁ)sz]“}

>

X (&, +n2) 7 (&,? +m2) 7 (R? +m) (A=K, = K% 402 ] T [(RA- K, - K, 4] (2.16)

The transverse diagrams for f{'2 and f{®?) are given in Figs. 3(c) and 3(d . Again, these expansions are
of the same magnitude as the corresponding expansion (2.11) for the twelfth-order Mandelstam diagram.

r

E. The class of contributing diagrams the left-most vertical lines are connected by a
horizontal line. This step can always be carried
out in two ways and the two diagrams so construc-
ted transform into each other under s —u exchange.

It is clear that the Mandelstam diagrams are the
subclass of diagrams obtained by only allowing
horizontal lines between particles 1 and 3. It is
also clear that the tenth- and twelfth-order non-
Mandelstam diagrams of Fig. 2 are included in this
class of diagrams.

The contribution of one of these diagrams plus
its s = u crossed diagram in 2(n +1)-order per-
turbation theory is

We now wish to generalize the results of the
tenth- and twelfth-order perturbation-theory cal-
culations to arbitrary order. The result is that
there is a class of diagrams (which includes the
Mandelstam diagrams) that contributes to the lead-
ing order.?® Several examples are given in Fig. 5.
The class is described as follows:

(1) From the upper horizontal line draw three
vertical lines (labeled “1”, “2”, and “3” in Fig. 5).
(2) Line 1 (the left-most vertical line) and line
3 (the right-most vertical line) are then immedi-

ately connected by a horizontal line.

(3) An arbitrary number of horizontal lines may
then be drawn in an arbitrary order between 1 and
2, 1and 3, and 2 and 3.

(4) The three vertical lines must be connected
to the lower horizontal line so that the right- and (2.17)

2n+2 1 n=2

n-2)1 1"

-2m%s"%g

X (integral from the transverse diagram),
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~
(@)
(b) (c)
T~
() (e)

FIG. 4. The s ~—u crossed diagrams corresponding
to (a) the eighth-order Mandelstam diagram of Fig. 1(a),
(b) the tenth-order diagram 1 of Fig. 2(a), (c) the
twelfth-order diagram 1 of Fig. 2(b), (d) the twelfth-
order diagram 2 of Fig. 2(c), and (e) the twelfth-order
diagram 3 of Fig. 2(d).

where the transverse diagram is obtained by
shrinking all horizontal lines.

F. Integral equation

We now study the s —« behavior of the sum of
the class of diagrams of Sec. IIE. For this pur-
pose it is advantageous to pass from s to the con-
jugate angular momentum variable j by making
the Mellin transform

M(j)= [ dssmIamGs) . (2.18)
0

If for IM(s) in (2.18) we use

1 _
—s7%In" for 1<s ,
n!

(2.19)
0 for 0<s<1,

we have
%f dss™ s =(2+5)""! . (2.20)
1

Therefore, using (2.20) we find that in the vicinity
of j=~2 the Mellin transform of (2.17) is

- 2"2g2ﬂ+2(]‘ +2)"'7l+l

X (integral from the transverse diagram) .

(2.21)

(a) (b)

(c) (d)

FIG. 5. Four examples of the class of diagrams that
are as large as the Mandelstam diagrams when s —:
(a) an eighteenth-order diagram, (b) the eighteenth-
order diagram obtained from (a) by s «—u exchange,
(c) a twentieth-order diagram, and (d) the twentieth-
order diagram obtained from (c) by s =— « exchange.

We may now write an integral equation for J(j)
valid near j=-2.

Consider a general transverse diagram and cut
all three lines just before they join the bottom
line (Fig. 6). With each line there is associated
a transverse propagator. Therefore consider the
function obtained by omitting the three propagators
cut by the dashed line (and the associated inte-
grations). In (27 +2)-order perturbation theory

2

2
_____ =T | Ey S

FIG. 6. A typical transverse diagram of twentieth
order. The dashed line indicates the cut used to derive
the integral equation (2.29).
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call this function f™(k,, k,, k,), where k, +k, +k,

= A is the momentum transfer (2.3). From inspec-
tion of Fig. 6 we see that, for given K,

f"(k,, k,, k,) must of the form

(&, Ky, Ky) =F0(R) +£1(K,) +£5 (Ky) . (2.22)
Furthermore, define, for {=1,2,3,

filk) =3~ 7 (k) (2.23)

n=3

and

FR) =f,(R) +£,(K) +f,(k) . (2.24)
Then, in terms of the variable

£=j+2 (2.25)
f(lnﬂ)(i) f(ln)(E)

daz’ 1

the amplitude M (j) for the sum of all diagrams of
our class is related to f(Kk) by
- L fd%k - 1 -
F(i)= o251 _ -
M(j)=g7%¢ 167° f(k) B ent a(a E) .
(2.26)

Furthermore, since our class of diagrams begins
with the eighth-order Mandelstam diagram we
find from (2.11) that

fOk) =P (k,)=0 (2.27a)
and
FOR) =-27%% " a(A-K,) .

The functions f{™(k;) satisfy the recursion rela-
tion, for n=3,

(2.27b)

A0 |= e B =B | 0@ | ve7e [

gn+ 1)(?) gn)(‘ﬁ)

221 R+ (A=K -Kk) +md

01 1f [F"(&")
= 1 10 1| (k)
11 0| [£F"&) (2.28)

Therefore, summing over 7 and using the initial condition (2.27) we obtain the desired equation for f;(k)

(k) 0

[1-¢aA

fs(k) 0

01 1||f, &)

dx’ 1 1

D] £ |= [-27%g%c ' a(A-K)| +£ g2

- — 1 0 1!]f.(k")

2270 k2 +nf (A-k-K')2+

11 0||f(k)] (2.29)

from which, by adding together the three equations, we obtain the integral equation for F(®),

[1-¢"a(R-B) fR) =-217g% " a(B-F) +20 g2 [

G. Three-particle Regge pole

We conclude Sec. II by studying the singularities
of M(j).

Consider first the equation obtained from (2.30)
by omitting the last term. This is the equation we
would obtain if we considered only the Mandelstam
diagram. The equation is easily solved and, call-
ing M ,(j) the resulting amplitude, we find

Tul)=-27'5% [ {5 pror 1 _ff;:f)_ 5’
(2.31)

which clearly has a branch point at
j==2+0a(0) . (2.32)

This branch cut is known in the literature as the
Reggeon-particle cut.
We now demonstrate that, in fact, the full am-

d%*k’ 1 1

T6n° K7 n? (A-K—Kp o2 /&)

(2.30)

r

plitude M (;j) has a pole to the right of this cut
when A is not too large.

The amplitude I (j) will have a pole if f(k) has
a pole for some value of ¢ = a3(K). At this three-
particle Regge pole, the inhomogeneous term in
(2.30) is to be neglected and thus the homogeneous
equation

[1- 0, 7(B) AR -] 1,(K)

20" @s" [ {25 g (K-E-l‘k")2 w2 To®)
(2.33)

has a nontrivial solution f,(k). Define
a(A-k)=g2167° a(A-K) (2.34)

and

=g 21673 ay,(A) . (2.35)
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Then multiply (2.33) by A to obtain an equation with
no coupling constant,

[~ &E-B)/®) =2 [ d%" g

1
X EE-Tr e o)
(2.36)
Symmetrize (2.36) by defining

R(K) = (K2 +n2) 12 £ (K) (2.37)

J

AND TAI TSUN WU E
so that
[r- HE-B) A =2 [ aR’ & +m?) /2
X(E’2+mz)_l/2
h(k')
(A k-k"2+n? *
(2.38)

This integral equation may be obtained by a vari-
ational principle. Therefore we find that the
largest eigenvalue A ,, obeys

( = . - w1/e___ hRA(E) e
A= 2% 12 - ffz o/ (Ter2 1/2 1/2 [[22 .
. s;xpl[fd RRE) (BB +2 [ | R 2 40?) /2 (@ 4o) o s || [ 4R ’
(2.39)
To demonstrate that
X x> @(0) = mm ™2 (2.40)
it suffices to use as a trial function in (2.39)
1 if |k-2Al<a,
h(k) = (2.41)
0 otherwise .
Then we have the estimate
[ sk azke @e2 emiy 2 @ )2 3 hlik_)h(,‘;z)m >[I E] +a)? +n2] *[(| B]+2a) +n2] " (1@ . (2.42)
Moreover, if we use the inequality valid for x>-1
1 2 3
Tx 2l =-x+x%=-x (2.43)
we find that
2*“ ->, — —.—-’ = 2
[d k@) o(2-q) m<ad Efd £ k’2+m2 K'2 +n? - 2k k' +k2
2r¥am P (l-Fatm?2-4a*m™? - Fa®m™) . (2.44)
Therefore, using (2.42) and (2.44) in (2.39) we find
_ { 2 1 1 % 1 |
- 2 — —_ - - 2 6 _ —_ 4,78
Ama = 80)>max 18° ) FO R P (1A 1+2aF +n2] ~ 12nd ~18°™ ~ 1677 - (2.45)
The expression on the right-hand side is positive for sufficiently small values of a if
Am™<2V6-1. (2.46)

Hence it follows that if A satisfies (2.46), then the amplitude () has a three-particle Regge pole which

lies to the right of the Mandelstam cut.

III. FOUR-PARTICLE INTERMEDIATE STATES

We now turn our attention to the case of four-
particle intermediate states in the ¢ channel. Our
results are qualitatively the same as those of Sec.

II. In particular we show the following:

(1) The class of diagrams which contributes to
the leading ordér as s —« is much larger than the
class of double Mandelstam diagrams illustrated
in Fig. 7.
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(2) When the momentum transfer Ais zero, the
singularity of the amplitude in the j plane which is
farthest to the right is not the “Reggeon-Reggeon”
cut at

j==3+2a(0), (3.1)

because there is a cut due to the convolution of the
three-particle Reggeon of Sec. II G with an addi-
tional elementary particle which lies to the right
of (3.1).

This case of “Reggeon-Reggeon” scattering has
been extensively discussed by previous authors.®
Our treatment differs from these previous treat-
ments in two respects:

(1) Many diagrams previously thought to be neg-
ligible are demonstrated to be important.

(2) The effects of signature are properly taken
into account. These signature effects are par-
ticularly important for the diagrams which pre-
vious authors thought were small.

A. Double Mandelstam diagrams

The diagrams analogous to the Mandelstam dia-
grams for the exchange of a Regge pole and a par-
ticle are the double Mandelstam diagrams of Fig.
7. These diagrams have been analyzed by Cicuta

1 1

[ : —

¥ H

S e | S

: i — é i
(@ (b)

XL

(c) (d)

FIG. 7. Double Mandelstam diagrams with m rungs in
the outer ladder and # rungs in the inner ladder. Dia-
grams (c) and (d) are obtained from diagrams (b) and
(a), respectively, by s ~—u.

and Sugar?* and by Hasslacher and Sinclair.?® They
find for the general diagram of Fig. 7 with » rungs
in the outer ladder and » rungs in the inner ladder

that, form=1and >0,

1 1

(m+ ) _ P n+m+ — - X — >
mﬁl nre __nm.ng42ms 31“ * 28 [(ﬂ"‘l)' (m+l)! fm+1.n+1(A) +2 (n+2)! m! fm,rl+2(A)

1

Th+3)! m-1)1

where for m+#0

- 2k - -
B = [ "B & (BT, (3.32)

fon(B) =0, (3.3b)

and

3 ifm=n+2,
Nmyn = (3.4)
1 otherwise

We note that the method of specifying diagrams
given by Fig. 7 is not unique and that the diagrams

—J

Fresea B+ 0l 107 35), (3.2)

r

specified by (m, n) and by (2 +2,m~2) are the same.
Therefore, when (3.2) is summed over m and 7,
one must divide by two to avoid double counting.

Along with the diagrams of Fig. 7(a) we must
also consider the three additional diagrams ob-
tained by twisting the legs of the ladders as shown
in Figs. 7(b), 7(c), and 7(d). These four diagrams
are each of the order g2(™*™%) g 3|p"* ™25 How-
ever, when added together their sum is only of the
order g2(™ ") 3|n™* s This loss of two powers
of Ins is expected on the basis of considerations
of the signature of each constituent ladder. Call-
ing the four separate amplitudes of Fig. 71, 2, 3
and 4, respectively, we find®* ?°

2 s —31.m 11 - 1 1 -
> mrer) =y, , g42(mi)° s In *"'s[-r;-!- a1 S 1ne (B) 2025y oy T Fmanea(8)
i=1
st 1 (Z)} +0(s ™ ™ ls) (3.5)
(n+2)! (m=2)17 m7ms : ’
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B. Non-Mandelstam diagrams

The lowest order in which there are non-Mandel-
stam diagrams which are comparable to the double
Mandelstam diagrams of Fig. 7 is twelfth order.
These lowest-order diagrams are given in Fig. 8
and are obtained by adding a vertical line to the
tenth-order non-Mandelstam diagrams of Fig. 2(a)
in all possible ways plusthe crossed diagrams. We
note that the diagrams of Fig. 8(b) and 8(c) are
their own crossed diagrams.

We could go on systematically and calculate these
four twelfth-order diagrams. However, since the
calculations are somewhat tedious we will proceed
directly to a diagram (Fig. 9) of particular interest
which has been discussed incorrectly in the lit-
erature.? This twentieth-order diagram is surely
one which should be considered in an attempt to
study the interaction of two Reggeons. The cal-
culation of the s -« behavior of this diagram is
somewhat subtle. We carry it out in Appendix F
and find that it behaves as

- g2 In’s f(A). (3.6)

Moreover, f(A) does not have a natural repre-
sentation in terms of an amplitude in transverse-
momentum space.

By itself the diagram of Fig. 9 is one power of
Ins smaller than the twentieth-order double Man-
delstam diagrams [(3.2) with m+n=6]. However,
(3.6) is one power of Ins larger than the sum (3.5)
of all four double Mandelstam diagrams which
must be added together to obtain the correct sig-
nature factors. This clearly indicates that in addi-
tion to the diagram of Fig. 9 we must consider
other diagrams as well.

We obtain further insight into the diagram of
Fig. 9 by straightening out the top and bottom lines
as shown in Fig. 10. (There are, of course, 3

\
A

(a) (b)

\

() (d)

FIG. 8. The four twelfth-order diagrams which are
comparable to the twelfth-order double Mandelstam dia-
grams of Fig. 7.

other possible ways to straighten out these lines
and each way must, in general, be discussed sep-
arately. See Appendix F.) In this form it is clear
that we should consider the signature partner dia-
gram obtained from Fig. 10 by

(a) transposing at the upper end the two interior
vertical lines,

(b) transposing at the lower end the two interior
vertical lines, or

(c) transposing the two interior lines at both the
top and the bottom.

These diagrams are shown in Figs. 11, 12, and 13
(see Appendix G). Furthermore, there are the
additional diagrams obtained from these by s ~—u
crossing.

These diagrams are treated in Appendixes F and
G. It is found that each of these non-Mandelstam
diagrams is of order g%°s°In’s. We also find that
the diagrams obtained by transposing the upper
or the lower interior pair of lines are both purely
imaginary in leading order. However, if both the
upper and the lower ends are transposed, there is
also a real part to the amplitude. When we sum
these four amplitudes together the imaginary parts
cancel and the result (G10) is of the form

g% 7%In"s £ (B) (3.7)

where f (K) is real and is representable as an am-
plitude in transverse momentum space (Fig. 14).
Now when we add the four s —u« crossed diagrams
we lose a power of Ins and gain a factor of ¢ so the
final result is proportional to

—ig20s™3Infs f(A) . (3.8)

This has exactly the same power of Ins as does the

FIG. 9. A twentieth-order diagram that contributes to
Reggeon-Reggeon scattering.
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FIG. 10. The diagram of Fig. 9 redrawn in a useful fashion. The Feynman parameters indicated are used in the cal-

culation of Appendix F.

a2

| Y8,

315,

7485

Alee gl e A g il
9

6,9 89

FIG. 11. The diagram obtained from that of Fig. 10 by transposing the two inner vertical lines at the top.
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/
gla

2 118,

N

3Y8

56,7

,B.’Ye,s

gllﬁé

69 6,-89 9

FIG. 12. The diagram obtained from that of Fig. 10 by transposing the two inner vertical lines at the bottom.

sum (3.5) of the double Mandelstam diagrams of
twentieth order.

In general, the class of contributing diagrams is
described as follows:

(1) Draw 4 vertical lines from the upper hori-
zontal line.

(2) Connect the outer two lines by a horizontal
line.

(3) Draw any number of horizontal lines between
lines (1, 2), (1,3), (1,4), (2,3), (2,4), and (3, 4)
in any order whatsoever.

(4) Join the 4 vertical lines to the bottom hori-
zontal line in such a fashion that the outer two
lines are connected by a horizontal line.

As in the previous example, when we add to-
gether the amplitudes of the diagram and its sig-
nature partners we obtain a result which is pro-
portional to the amplitude of the transverse dia-
gram obtained by contracting all horizontal lines.

The sign of all contributions is the same. This
is a reflection of the fact that ¢* is a theory of
attractive bosons.

C. Integral equation

The sum of all these contributions is given by
an integral equation analogous to that of Sec. II F.
In particular, consider the amplitude obtained by
cutting a transverse diagram at the bottom. Call-
ing this amplitude f(k,, k,, k,, k,), with

k, +k, +k, +k, =4, (3.9)
we have, for given K,
f(Eu -1;2, an E‘;) =f12(E1’ Ez) +f13(121y Es) +f14(-12u Eq)

+Fas(Ry o) + 2R, Ky) +£20(e, Ky) s
(3.10)
where
fu’(Ex, E1')=fu’(Ez', E1) . (3.11)
Then for the Mellin transform JM(j) we have, with
£=j+3, (3.12)
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S -, [d%k, d%k, . . - . -
M= > g K dky o (kL k) = a(A-k,-k;)
4

1 1
1673 1643 71 VR 2em? kp 2+

o, [d*k 4’ - 1 1 - .
=8'C" ) To77 1607 T O F) g Trene AB-E-FD, (3.13)
where
&Y= Y fulk k). (3.14)
1=<1I<l'=4

Furthermore, calling f{}/(k,, k;») the amplitude in 2(n +4)-order perturbation theory, we find

FO =D oo gD 2 g0 (3.15a)

and
iV, k) = -2n% g2 (A -k, - k) . (3.15b)

Then the f(") satisfy the recursion relation

(70 (&, &) (7R, &))
f(rH- ')(E,E') f(")(k k')
Fa k) |=¢ (B -k-F) | F2 (K &)
£tV &, &) 755 (&, &)
"”)(E,E') (n)(k k')
L_f(“ V(E, E’)J Lfg:)(k, k) |
(00000 1\[F&”, Z-k-% =% )
000010||fk&",A-k-k -k”
+e7e” ti;l;g E"zlmf (Z-E—E'l--iﬂ)hm2 0001002, 3-k-F -k
001000 fMk”,A-k-k' -k”)
01000O0||f”k”,A-k-k'-k”)
10000O0|[fiP&",A-k-k'-k”)
L J L )
(~ i
011110

£, EN £ R, )
10110 1||F0E k" +f P&,k

s [d%k” 1 1 1 i
1,2 - - = (n) /r () (Tt T
+§ g 16‘”3 k”2+m2 (A_i_ki_ilt)z +'n2 2 1 1 00 1 1 f (k )+f (k sk ) . (3~16)

& E + &, &N
FR& &) + 7 (k' k)
Lf:(;:)(k, E") +f§:)(kl, i”)

(o = =
—
—
—
—
(O = =

Summing (3.16) on z from 1 to < and using the initial condition (3.15) we obtain
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(1l B
Ful& B
FuE R (1 (@ k- F)]
fool&, )
Faul®, B

)

( 0 R
0
- 0
-271%; gl (A -k -K)
0
— 0 -/
(0000 0 1)(F,&", A-k-k'=%k"))
000010|rf,k”Aa-k-k"-k”
*g—lngf;l:’ 1<"2+m2 (A-%k- i'l TEme (000100 S, B-k-K' -k
00100 0| f,k, A-k-k'-k”
01000 O0|f,Ek,a-k-k'-k”
10000 0 fouk”, A-k-k'-k")]

R) 1 1 1 1 a 712(E9 E”) +f12(E'! E,’?
10110 1|f,& %"+, &, k"
de” 1 1 1 T T L

1673 EHZ_’_”[‘! (K—E—R'—E”)Z P _2' 110011 f14(E9k )+f14(k ’k ) . (317)

fzs(Ea k") +f23(E’,

+§"1g2

->

11001 k”)

10110

-

1
1| fau(&, k) +£50(k", k)
0 1 11 1 0J{faulk, k) +f4(k", k")

We may now add together all six of these equations and obtain the desired equation for f(k, k’) of (3.14)

F&E)N1-¢'a(A-k=-k")]=-27%; g2 a(A-Kk =Kk

g-l 2 dzE” 1 1 {f(E” Z 'E KI Eu)
1673 ﬁ"2+nf (‘A’_E_E;_K”)z s y BT R=TR =
+2[ (R, &) +f(k, k] } . (3.18)
It is instructive to consider what this equation k+k’=q . (3.19)
becomes if we consider summing only the Mandel-
stam graphs. Then the term containing f(k, k”) Therefore, calling
+f(k’,k”) is omitted, and calling the resulting f—”(a) =f.v(E, &) (3.20)

function f4(k, k') we see that f,(k, k) obeys an
equation that depends on k and k’ only through we find from (3.18) that
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FIG. 13. The diagram obtained from that of Fig. 10 by transposing the inner vertical lines both at the top and at the
bottom.

Fu@[1 -t (B Q) ]=-27%¢ g2 (B - Q)
+Fy(A- (A -q)
(8.21)

To solve this write the companion equation with
q- A"qy
FuR-9[1- ¢ a@)]=-27%¢ g% a(@)
+fu@¢'a@ . (3.22)

Eliminating f—M(_A’—cD between these equations, we
get

- 273 "'g2a(A— )
1-¢" [a(A=-q) +a(@)] ~

Fu@ = (3.23)

Therefore using this in (3.13) we obtain the known
result for the sum of the double Mandelstam dia- FIG. 14. The transverse diagram for the function
grams F@).
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dxq o?(A L)
167° 1-¢7'[a(A-q)+a(@)]
(3.24)

We concludg’ by discussing the singularities of
JN(j). When A=0 we see from (3.24) that I ,(j)
has a branch point at

£=2a(0) . (3.25)

This branch point is expected to remain in the full
amplitude M (j). However, included in M (j) are
all diagrams which convolve a single elementary
particle with the sum of all three-line graphs dis-
cussed in Sec. II. We have seen in Sec. IIG that
these three-line graphs lead to a three-particle
Regge pole at as(Z). Therefore, the convolution
of this three-particle pole with an elementary par-
ticle gives a fixed cut at

¢ =ay(0). (3.26)

M(j)==-gt™?2n%

We do not know a,(0) exactly; however, a more
sophisticated variational calculation than that of
Sec. IIG shows that

a,4(0)> 2a(0) . (3.27)

Therefore, the “Reggeon-Reggeon” cut is not the
right-most branch cut in the j plane.

IV. COMPARISON WITH GRIBOV’S REGGEON CALCULUS

We have now seen explicitly that in ¢* theory
Mandelstam’s diagrams are not nearly enough to
study the s =« behavior of the scattering ampli-
tude with either three- or four-particle interme-
diate states. In the case of three-particle inter-
mediate states, if only Mandelstam’s diagrams
are taken into account, the amplitude behaves as
the convolution of a Reggeon and an elementary
particle. In fact, due to the non-Mandelstam dia-
grams the discontinuity across the cut starting at
j==-2+a(0) is different from that given by the
Reggeon-particle convolution and, in addition,
there is at least one pole that lies to the right of
-2+ a(0) if A is not too large. Moreover, in the
case of four-particle intermediate states, the
branch point is not at -3 +2a(&/2) but is at a lar-
ger value. In this case, the discontinuity across
the branch cut is of course also different from
that of the simple convolution of two Regge poles
obtained by summing only the double Mandelstam
diagrams.

As presented in Sec. II (and III) each of the 3
(or 4) particles in the ¢ channel are treated on an
equal footing as is natural and as required by Bose
statistics. This leads to an amplitude determined
through an integral equation which describes the

mutual interaction of the 3 (or 4) particles in the
space of transverse momenta. However, it is
also possible to proceed in a somewhat different
fashion by first summing over the repeated inter-
actions between pairs to produce Reggeons. We
discuss here four points of view in connection with
this approach.

(a). The calculations of the preceding sections
demonstrate that these repeated interactions of
Reggeons are just as important as the term which
contributes to the single two-Reggeon (or Reggeon-
particle) term. A great deal of effort has been
spent in the past several years in the nonperturba-
tive study of these repeated interactions of Regge-
ons in the ¢ channel.'®?° However, most of this
work deals with systems having a triple-Regge
vertex. From Sec. II and III here, we find no
triple-Regge vertex in the ¢* problem under con-
sideration, but find instead a four-Regge vertex
describing the scattering of two Reggeons to two
Reggeons. Furthermore, even in the weak cou-
pling limit and to the leading logarithm approxima-
tion, this four-Regge vertex must be taken into
account. A four-Regge vertex has been considered
before in a nonperturbative fashion,'® but the the-
ory presented there would also seem to allow the
coupling of 1 Reggeon to 3 Reggeons which is not
relevant to the present ¢* problem. A further de-
tailed investigation to clarify the situation would
seem desirable.

(b) One can attempt to be more phenomenologi-
cal and say that we should now multiply the Man-
delstam discontinuity formula by some new func-
tion in order to get the correct discontinuity. The
hope may be realized that, at least when no addi-
tional poles appear, this new function is qualita-
tively simple. To pursue this approach, two lines
of attack can be tried. First, on the basis of the
diagrams studied in this paper, we may study this
ratio of discontinuities, perhaps even numerically.
If the result is simple and appealing, it may be
tried on cases of more physical interest. Second-
ly, it is very interesting to look for somewhat dif-
ferent versions of ¢ theory where perhaps no
three-particle Regge pole is present. If such
cases can be found, it is then possible to learn
about the effect of the three-particle Regge pole
on the ratio of discontinuities. In particular, can
the sign of this ratio change?

(c) One may force the amplitude into the form of
the convolution of a Reggeon and a particle (or
of 2 Reggeons) at the expense of using much more
complicated (and s-dependent) vertex functions
for the coupling of the external particles to the
Reggeon-particle pair or to the two Reggeons.

The possible structure of these vertex functions,
usuually called N, has been discussed by Gribov,
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Pomeranchuk, and Ter-Martirosyan® and by
Gribov.® It would be illuminating to apply these
formalisms to ¢® theory and find out what addi-
tional information, if any, need be added to re-
gain the results of Secs. II and III.

(d) Finally, we may argue that ¢° theory has no
relevance to hadron physics. In some sense this
is surely correct. However, our ¢° calculations
are for processes where only 3 or 4 particles are
exchanged in the ¢ channel. Reggeon calculus
would seem to be not inapplicable to such process-
es. Therefore the usual objection to ¢* theory
about the instability of a system of attractive
bosons against collapse is perhaps not a serious
source of difficulty.

On the other hand, ¢° theory in the weak cou-
pling limit suffers unavoidably from the problem
that the Born approximation is larger than the
single-Reggeon (ladder) approximation by a power
of s and that the diagrams with 3 particles in the
t channel are down from ladder graphs by another
power of s. The renders discussion of the rela-
tion of ¢* to Reggeon calculus somewhat uncer-
tain. To overcome this problem a systematic
study of some other field theory is essential. The
most natural candidate is perhaps quantum elec-
trodynamics.
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APPENDIX A

The following integral appears repeatedly in the
Mellin transform of both Mandelstam and non-
Mandelstam amplitudes

%2 Y2
1=f dxf ay(xy +a +i€)”?, (A1)
-x N

where Rep >1, and x,, x,, ¥,, and ¥, are all fixed
positive numbers. We want to evaluate / approxi-
mately for small a.

Integration over y gives

x
1=—(p—1)"f S dx iy, va v i€) N
x

= (=xy, +a+ie)?*],

(a2)

Since the corresponding integrations over (-=,-x,)
and (x,, ) are both bounded as a—~0, we get from
(A2)

=== [ dele i) oy, vas ie) "

- (=xy, +a+i€)?"]
+0(1). (A3)

Here the integral of the first term vanishes by
closing the contour in the upper half plane, while
the second term gives

I==271i(p=1)Ya+ie)?"1+0(1) (A4)

as a—~0. The larger Rep is, the smaller the rela-
tive error becomes.

APPENDIX B

In this appendix we study the behavior, as s~
with fixed £, cf the tenth-order Feynman diagram
of Fig. 2(a). This is the lowest-order non-Man-
delstam diagram that we need to consider. This
diagram is redrawn in Fig. 15 in a more sym-
metrical fashion. Our asymptotic evaluation will
be carried out by means of Feynman parameters.

The amplitude for this diagram is

m{lo) =—4!(161r"’)"*g‘°é]1“°’, (Bl)
where

1
9;"0):—[ d{a}
(]

A (D a-1)
(sDg +uD, +tD, = m2D,, + i€)® *

(B2)

In (B2), a stands symbolically for all the Feyn-
man parameters, including all the a, a@’, 3, g’,
and v of Fig. 15. As s —« with fixed ¢, u is ap-
proximately —s; hence the coefficient of s is
D,-D,.

In (B2), A, D,, D,, D,, and D, are functions of
all the &’s. They can be described in a number of

aQ a,
12 I
B2 B2 1YB:
Q3
3
Y423
a
24
By34 A3 418,
af ab
34 a

FIG. 15. The Feynman diagram studied in Appendix B.
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ways. For example, A is given by the sum of all
the cuts that leave the diagram connected, where
D,, D,, and D, are respectively the sum of all the
cuts in the s, u, and ¢ channels.?® We find it con-
venient to use instead the determinantal form
originally given by Chisolm.?” In fact, for some

of the more complicated diagrams to be treated

in later appendixes, we have not been able to carry
through the analysis in any other way.

The determinants are in fact those from circuit
analysis. We begin by choosing independent loop
currents. For the diagram of Fig. 15, there are
four such loops, indicated by “1,” “2,” “3,” and
“4” in the figure. If any loop current in a line is
in the direction opposite to the arrow for the line,
then we add a minus sign in front of the number
for the loop current. Treating the Feynman pa-
rameters as resistances, we can write down from

circuit analysis the 4X4 matrix, where the diago-
nal element A;; is the sum of all the Feynman pa-
rameters in the jth loop, while the off-diagonal
element Ay, is the sum of all the Feynman param-
eters common to the jth and kth loops (with a
minus sign if the loop currents are in opposite
directions). The determinant of this matrix gives
A,

To obtain D;~D,, we add an extra row and an
extra column (column 5) to the above 4 X4 matrix.
The (5,5) element is zero, the (j,5) element is the
sum of the Feynman parameters in the jth loop
which are also in the top line of the diagram, and
the (5,7) element is the corresponding sum using
the bottom line of the diagram. Note that the
arrows in the top and bottom lines are both from
left to right. D, - D, is given by the determinant
of this 5X5 matrix:

a +0,+ 0+ 5+, a, + B a, 0 a +a,
) +B 0 + 0+ B +By+Y =Y oy e,
D,-D,= a, -y ) + 0+ 3] +By+Y ) + B 0 (B3)
0 o o+B  ragaogefef O
0 0 a) o) +ay 0
We shall not write down D, and D, at this stage because they are not needed in their full form. We merely
note that they are not zero even if we put all the @ and @’ to zero.
As a first step, we subtract column 5 from column 1, and subtract row 5 from row 4. Thus
o+, +5, a, +B, a, 0 a +a,
B, @ + 05+ +By+Y -y a; o,
D,-D,= a, -y Q) + 0, + B+ +Y  a+ B 0 |. (B4)
0 o EH ag+B+B 0
0 0 ay a; +a, 0
We proceed to evaluate this determinant explicitly
Dy = D, ==v(, B, = 0,8, (@) B = 3 B7) + (@, 8, = 0,8,) 03 A, + (B = @;8]) 0, A, + 2,00 A, (B5)
where
Ay = (0 + B3] + (0] + @+ B + 85 +7) 0, (B6)
A= (a5 +B)a, + () + a5+, +B,+7)a,, B7)
and
Ay =0y 0(By+By) = @00y + @, 05 (0 + B + ) + @10, (0 + B, +B,). (B8)
A more useful form of (B5) is
Dy =D, ==7(, B, — 0,3, = @A, /¥)(@]B; = ;8] = Az A, /y) + @;a; By, (B9)

where
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B=AA,+7A,

=[((13 +B;)(a:lg + Ba) +Y(Ba + 3;)] (11 a]{ + [(all + 03 +B; ‘*"B:;)(al + a; + /31 +Bg) +7(a]_ + ayl_ + ag + (1; +Bl + B{ + Bg + B:;)]ag a,

2

+l(og+By) (g + @y + By + By +7) + (@ + B + Bllay g+ [(@y + B) (0, + @y + By + By +7) +7 (@ + B, +B)laja,.  (B10)

Since D, - D, is the coefficient of s in the denomi-
nator of (B2), the most important contribution to
91 comes from the region where D, - D, is small.
From (B9), D, -D,=0 if

a,=a,=0, (B11)
or
a/=a;=0, (B12)
or
@, B, - @, - a,A,/y=a,
=0, (B13)
or
B, - @B - A,/ y=a;
=0, (B14)
or
@[3, - ) - A, Jy=a,
=0, (B15)
or

XB, - g p - @A, Jy=ay
=0. (B16)

The leading contribution comes from, roughly

speaking, the region where (B11)-(B16) are simul-

taneously satisfied. Such cases are conveniently

treated by the method of Mellin transform.?®
Define

3{1°’(§)=J g10s1=% gs, (B17)

o

r

Since

Fr2-9rm-2+¢)
(n=-1)!

XAT2regTnta-t (B18)

j (As +B) "s'"%ds =
o

we get from (B2) that

go0 () - 2=ETE2D)
x f d{at A% (Sa-1)
X(D,— D, +i€) 2" (D +i€)™3" ¢,
(B19)
where
D = (4m? = t)D, + tD, ~ m2D,,. (B20)

In order to get the asymptotic behavior of 9{1° for
large s, we need the behavior of §{!%(¢) for small
g.
In view of (B11) and (B12), let

@, =pa,, @,=pa,,
and (B21)
o =p'a), a;=p’a,
such that
a + 52 =El' +a
=1, (B22)

This kind of change of variable is called scaling.
Since p and p are small, we can carry out these
two integrations to get, for small ¢,

[N

1 —_— —_— — — —_— — — —_—
31(10)@)"' Tlig_zf da,da, dal’ ddé daada; dp, dp, dg, dBl' dﬁé dﬁ; dyo(1 - Q- az)6(1 - 01, - a;)
o

X5(1 - Q- a;—Bl —Bz‘ 33- B;‘%‘B;‘V)Alapl-a
x(—‘)’{alﬁz - 62131 - ag[(a; +B3)61 + (a; + B[ +Ba +Y)62]/7}
x {8, - ] - il + B + (g + B + By +7)2;)/7}

+ agai{l(a, +Bi) (@ + By) + ¥ (By + B @ @ +[(ay + 8] + BN (@] + B, +Bs)

+7’(a3 + a; + Bl + B{ + 33 + B;)] az'&é

+[(@f+B)(ay + B + By +7) +7 (B + By)] @ @ +[(ay + B) (g + By + By +¥)

+7(8, + Bl a,t/y + i€)2*¢  (B23)
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where
Ay =Al gz omag- agma

and (B24)
D, =D| = ap= af=af=o+

If we identify the quantities in the first two braces of the last factor in (B23) with the x and ¥ of Appen-
dix A, i.e.,

x= alBZ - aaﬁl = ayl(og + Ba)al +(@g+B, +B, + 7’)62]/7
and (B25)
y =08, - a8y — agl(ay + oy + (o + 8] + By + 7)) /7,

then we get from (A4) that
1

7)) ~— ni;'zf da,da;dp, B, dBydp; dB,dB,dyd(1 — oy — a3 = B, = B, = By = By = B, = By — V)N °(D, +i€)™y™*
(1]

X[By + By +ay(By +7) /¥ )78 +8; + g8y +7)/¥]™
x (agagy ™ {[(org + By (g + Bo) + ¥ (By + By 00 + (et + B + By (g + By + By)
+y(0+ 0+ By + 3] + By + Byl @y 050
+[(ag + B)(ay + By + By +7) + ¥ (B] + Byl g0y
+[(ay + B + By + By +7) +¥ (B, + B ¥yt + €)1 (B26)
where @,,, @,,, @; and @, are obtained from (B22) and (B25) with x = =0.
It is now clear that the leading behavior of §{'®(¢) for ¢ small is from a,~a;~0, Thus

1
Fa0(g)~~Laig [ dB, dp, dB,dp] dpldB,dy 5(1 = B, — By = By = Bl — B — By —v)A 3Dy~
(]

X {8385 +7(Bs + BB, B] +[(B] + B5) (B, + By) + ¥ (By + B + By + BB, B,

+[B3(B1,_ + B:’; +7) +7(B; + B;)]Blﬂé +[ﬁ;(31 + ﬁg +7) +Y(ﬁl + Bg)]B{Bz _l, (B27)
where
A, =A1| o= ab=0
and (B28)
D, =D1| oa=0y=0 *
Explicitly
B, +B, B 0 0
A,= By Bi+By+y =7 0
0 -r  Bi+Bs+Y B
0 0 B B + B
=the quantity in the curly brackets of (B27), (B29)
and

Do =H{B,8,85(B15; + B35 + B3) + BLB;85 (BuB, + 3,8 + ByBy)
+Y[B3B4(By + By) (Bl + By) + By B, B5 (B + B3) + B{ ByBs (B, + By) + By B, 81 By It
-m?A,. (B30)
The desired asymptotic behavior of §*® then follows from (B27) and (B17) as

1
8010~ g mis™(ins ) | dp, dB, dBydf; B dBydy S(L - B ~ B, ~ By~ B~ B = By = VIAGDS . (B31)
4]
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When rewritten in terms of momentum integrals,

(B31) with (B1) gives (2.7).

The derivation of (B31) is somewhat tedious al-
though straightforward, Let us add the following
remarks to clarify the situation.

(a) The leading contribution comes from the pinch

singularity

x =y =0,

(B32)

as given by (B25), together with the end-point

singularity

a =0, =0, =0

r_ -
1 2 3 l_a =a

’
2

’
3

:0,

(B33)

(b) Even for this relatively simple case, the
formulas involved are quite lengthy. Since the
corresponding formulas for more complicated dia-
grams are not manageable, we develop in Ap-
pendix C a better formalism where, instead of
direct expansion, properties of determinants are
used. Since the machinery for this formalism is
fairly complicated, we have avoided using it here.

(c) Without additional work, what can we say
about terms of the order s™%(lns)® in 97*®? In terms
of Mellin transform, we have to deal with terms of
order ¢~3. They can come from, for example, the
expansion of the factor I'(2 - ¢£)I'(3 +¢), or from the
region of large p, or large p’, or large a,. All
these contributions have the property that the coef-
ficient of {~3, when divided by the coefficient of
¢™%, is real. There is only one way to get a ratio
that is not real, namely from the last factor of

(B19)

(D +ie)3¢,

We see from (B30) that for physical values of mo-
mentum transfers ¢<0 and hence D,<0. We there-
fore get a factor e”*"%. Therefore (B31) can be

improved to be

10) ~ _ L 572
9, - 35 MLS

X[(lns - i1)39{1? +const X (Ins)? +O(lns)],

a,+ay+ ag+ B+ B,
a,+B,
-a,
u 0
0
0

a,+B,
ata+ B+t By
a+ B,

o

where ¢{!? is the integral over 8, ', and y that
appears in (B31), and the constant is purely real.
Equation (2.7") follows from (B34).

(d) What does the present consideration say
about the crossed diagram shown in Fig. 4(b)?
Let us define a corresponding 41, then

98 =91l (B35)
Therefore the Mellin transforms are related by

9 ~§-1(10)|DS-D,,—-- (Dg=Dy) * (B36)
We see from (B19) that this change of sign has two
effects: a cancellation of the factor e™*"* dis-
cussed in the last paragraph, and a complex con-
jugation to restore the signs of i€, Therefore,
by (B34)

940 ~ Lrjs™2

X[(lns)?981® 4+ const X (Ins)? +O(Ins)].
(B317)

Since the constants in (B34) and (B37) are the
same, we get finally

910 + 9040 ~ 5 1’2 (Ins P o{'”. (B38)

APPENDIX C

In this appendix we study the behavior, again for
s = with fixed ¢, of the twelfth-order Feynman
diagram of Fig. 2(b). The amplitude for this dia-
gram is

fmim):m(lsﬂz)-sg 129§12), (Cl)
where
! A*% (D a-1)
(12) _ .
4 J; d{a} (sDg+uD,+tDy —m®D,, +1€)°
(c2)

Figure 2(b) is redrawn as Fig. 16, where the Feyn-
man parameters and the choice of loop currents
are also shown.

Since there are five loop currents, we need to

(B34) write down a 6X 6 determinant for D; -D,,,
o
-, 0 0 a,+a,
a+pBy o 0 a,
Qg Qg+ @+ B+ ity a+ By -aj 0
a+pBy o+ o+ B+ B+ By a+B] 0
Y al+p! al+aj+a+pi+p; 0
0 af al+a] 0
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The prescription for writing down this determinant is exactly the one used in Appendix B. Once more we
subtract the sixth row from the fifth row and the sixth column from the first column to get

ag+By+B, a,+B, -y 0 0 a,+a,
B, a,+a+ B+ By+ By a+B, a 0 a,
D,-D,= -0 a+p, Qg+ Qg+ a+ B+ Bi+y a+p; -al 0 o
0 a a+p; al+a+Bl+BB,  al+Bl O |.
0 0 -3 Bl a+Bl+p, O
0 0 0 af aj+a; O

This is the determinant that we shall concentrate on.
What we need is a procedure that can be generalized to deal with more complicated cases. For this pur-

pose, we introduce the following notation: D,,...,,,. .., Mmeans the minor obtained from the right-hand
side of (C4) by omitting the n rows a,, a,, 4, ..., a, and the n columns b, b,,b,,...,b,. Thus for example
ag+ B+ 8, a,+B, —-ay a,+a,
B, a,+a+ B+ By+ By a+f, a,
D, = 5
56,45 -ay a+p, ag+al+a+B+Biry 0 ’ (C5)
0 a a+B] 0
a+B, Qgtai+a+ PPty a+ B4 -a
@ a+p; aj+o+Bi+pi+By al+pl
= , C6
5)12,16— 0 _a; B{ a+ﬁ{+ﬁ32’ ( )
0 0 al aj+a,
and 6 =(Dy=D,)D1z56, 1456 = Ds6,45D1z,16 - (C10)
, , Let us consider this § in three special cases.
Q+ By QgtagtatBtBity First, suppose we replace the (3.1) element
D)256,1456 o a+Bl (cn
g a,
[ ]
It is also convenient to use the special notation a2 P 8,
that Q is the determinant with the last row and ! . 3
the last column omitted: =]
BA23
Q=D (c8) f
Y, 234
Furthermore, let , ..., .5, denote the cor- 344
responding minor obtained from Q: a
-35
Q“l"'“ﬂ-bl' "°n=D¢1"'¢ﬂ6."1""’nﬁ' (CQ) &[5 3 \d 45 ,3|’
g gl
We are now ready to study D,~D, on the basis of s 45

(C4). Consider FIG. 16. The Feynman diagram studied in Appendix C.
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(which is —a,) of the determinant in (C4) by zero.
Then

Ds=D, = Dy456 5345 D12, 16 » (C11)

Ds6,45 = Paase,2345D1256, 1456 9 (c12)
and hence

5=0. (C13)

Secondly, suppose we replace instead the (5, 3)
element (which is —aj) by zero; then

Dy=D, =D 534, 1236Ds6,45 » (C14)
Di2,16 = D134, 1236D1256, 1456 » (C15)

and we again get (C13). Thirdly, suppose we re-
place the (4, 2) element (which is a) by zero, then

D—D, = =Dp4,126Dss6,345 » (C16)
D12, 16 = Dizase, 13456 Dres, 126 5 (C17)
Dse,45 = ~ Dizsse, 12456 Dase, 345 » (C18)
Dias6,2345 = Diaase, 13456 L1zsse, 12456 7 (C19)

and we get (C13) once more. Since § is zero in all
these three special cases, § is in general of the
form

_J

5=0a,0500, (C20)
and
Dg=D, = (D356, 1456) " (Ds6,45 D12, 16 + ¥30500) .
(ca1)

With (C21), we are ready to discuss the behav-
ior, near £ =0, of the Mellin transform of the am-
plitude

()= [ aisi-tas

0

_T@-r(4+{)
5!

X fld{a}A“é(Z)a—l)

X (Dg=D, +i€)2*¢(D+ie)™*"¢,
(c22)

where D is given by (B20) with the D,, D;, and
D, for the present diagram. Since D;-D, =0 if
wither o, =a, =0 or a]=a,=0, we use the change
of variables (B21) and (B22), and first integrate
over p and p’:

1 — — —
() ~558™ f da,da,da)d aydoydajda dp,dB,dp,dp,dpdp,dp;dpdyd(1 - a,-a,)5(1 -] —a;)

0

X 6(1 —ag—a=a =B, =B, =Bs=Bs=Bi—Bs—Pi=Bi=y)A*(D,+i€)"*~¢[(D,=D,), +ie]2*¢, (C23)

where the subscript 1 means the following:

Ay =Aly =a,=aj=ag=0> (C24)

Dy =Dly =a,=ay=ag=0> (C25)
and

(Ds=D,), = paloi‘H:,_.o(PP')'l(Ds—D.) . (C26)

g

r

The second step is to define

X = lim p-1®56'45/®1256,1456 (C27)
p—o
and
y= lim p’-13)12.16/:01256,1456 ’ (C28)
p'=o0

integrate over a, and a; by (A4), and then integrate over a;, af, and a:

1
g2~ - kmit™ | ap,ap,dp,dp,dpidp;dp;d;dy(B,+By) ™ (B1+B3) 161~y =Bo=Bs =By =Bi—B;~B3=Bi =)

XA (Do+i€) ™45 (6y+d€)~1* 8,

where

A =A = = =a'=a'=a!'=a=
0 lctl—ozz-ots—al_cxz-as a=0"

(C30)

Dy=Dly -a_=a,= =a!=a=
(1] lal-otz—ctaa o =0 =0

and

(C29)

Oy =[ lim

p—>0, p'=0

A
(pp’)"é] . (c31)

In (C31), the superscript A means that the quan-
tity is evaluated at
a, =B/ (B+B,), (C32)
a;=B1/(Bl+83),
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and where the subscript 0 means a,=a,= o= a{=a;
el e e =aj=a=0. At this stage, we can use Jacobi’s
% =a3=a=0. (c33) identity for minors?®
Also note that, in writing down (C29), we have
made use of the fact that Qi 1S, =4, 1%,; =84 5 (C36)
31255-14561"‘3:“5“’ =0>0. (C34) for any determinant @, provided that ¢ <k and
j<l. f
It remains to find §,. For this purpose, some g Therefore
matrix manipulation is necessary: 80=(By+ B) (B4 B (=005, 52)o
6, = [0‘-1 lim  (pp’)"H(Dyase, 1456Dss, 1
P pT0 = (B,+8,)7 (B1+ By (a0 )
+D356'145D125l136)] 1 B2 1 Bz 1235,1345/0
=(By+B) " (Bl+B3) ! =(B+B) MBI+ B A, (C37)
x[a-l(_91256,1456®36,36+9356,4569126,136)]0 This is the desired formula.
=(B+B) " (B1+ B! For ¢ <0,
X[~ (s 45212 13— Q, 5)
[ ( :5 ,45%7912,13 125,145%93,3 ]O D0= - m2A0+thlal=u2=a3=u‘l.=a21=a:;=a o (C38)
=(B,+B)2(B1+ B) 2
X[a (2,42 ,5=R,42,3) )0 » (C35) if negative. If we define
1
9512) = f dﬁldﬁzdﬁadﬁqdﬁ;dﬁédﬁédﬁid?’b(1‘ﬁl"Bz‘ﬁa"34-3{"Bz"'ﬁs{-ﬁé'?’)Aos(—Do)d s (C39)
0
then
()~ —Frigtetmg(?), (c40)
This implies that
1
g{12) = _ 1_15 a mis~[(Ins—i7)*9{**) + const X (Ins)® + O(In%s)], (C41)
where the constant is real.
For the crossed diagram shown in Fig. 2(b), the corresponding 8{!?’ is given by
1
g{12) = ) 4% 7is %[ (Ins)*g{'?) + const X (Ins)* + O(In®s)] , (C42)
and hence
11
8(1) 1 g{12) = - 103 7252 (Ins)*4{**) + O(In?s)] . (C43)

Equation (2.12) follows immediately from (C43).

APPENDIX D

We apply the formalism of Appendix C to the twelfth-order diagram of Fig. 2(c). The amplitude for this

diagram is
M= 51(1672)%g 12g{'2)
where

9512)=-/o.1d{a} A45(Z;a—l)

(sDg+uD,+tDy=m?D+i€)

Figure 17 is the same as Fig. 2(c) with the Feynman parameters and loop currents added on.
For this case, similar to (C4), D,-D, is given by

(D1)

(D2)
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g+ B+ By a,+B, - Qg 0 0 a,+a,
B, a +a+ B+ B+ B,y By a 0 a,
-ag B, Qg+ g+ B+ Bit+y -8 a; 0
R a -8 alrarBl+B+E al+B O (03
0 0 aj Bi ag+Bi+B; O
0 0 0 ay al+a, 0

Equations (C10)-(C21) and (C24)—-(C28) apply here without any modification at all. Equations (C22) and
(C23) also hold if (%) is replaced by §§'2). However, since (C34) is not satisfied in the present case,
(C29) is replaced by

1
gélz ()~ - Hmigs _[ dp,dp,dp,dp,dpidp;dpidpidy(B,+ B,) " (B{+ ﬁz’)-lﬁ(l—ﬁl_ﬂz-33_34_3{_%—B:;—B;-7)

XA Do+ i€) =5 (=5y+1€)"1* ¢, (D4)

where A,, D,, and §, are still given by (C30)-(C32). This minus sign with 5, is neatly compensated, be-
cause (C35) holds here if the left-hand side is replaced by —-6,. This change in sign is due to the fact that
the (5,3) element of (D3) is a;, while that of (C4) is —a;. Therefore, for the present diagram we get

=80 = (B1+B5)"H(B{+ B)) ™A (D5)

instead of (C37).

The similarity between the diagram under consideration and that treated in Appendix C goes even fur-
ther. If we contract all the o and o’ in the diagrams of Figs. 16 and 17, the results are identical. There-
fore both A, and D, are entirely the same for the two cases, and the right-hand sides of (C29) and (D4) are
identical. Therefore

sz‘m= 3“1(”)[1 +0((lns)™Y)], .
and

M2 o {32) = (9 ) + M ED)1 +0((Ins)™Y)] . (D7)

APPENDIX E

We next apply the formalism of Appendix C to the twelfth-order diagram of Fig. 2(d). The amplitude for
this diagram is

M2 = 5|(1672)-5g 12g{12) | (E1)
where
! A% (3 a-1)
(12) -
% f ot puD s iD,-m Dt ieF (E2)
() u

Figure 2(d) has been redrawn as Fig. 18.
For this case, similar to (C4), D,-D, is given by

az+B,+B, a,+8, -0 0 0 a,+a,
B, @, +ag+ B+ B+ Byt y Ba -y a, a,
D,-p,= | % Ay ag+ a+ B+ By a 0 0 (©3)
0 =Y a aj+a+Bi+Bi+y  aj+p] 0
0 g 0 Bi al+pl+B 0
0 0 0 af aj+al 0
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Although it is possible to treat this determinant directly, we can save a great deal of writing by inter-
changing the second and the third columns. Let us add a minus sign to every element of the new third col-

umn to get
g+ B+ B, —-ay -a,-B,
B, ﬁ«g ‘a1"a:;_31—63_ﬁ4-7
Dy-D, = -0, gt a+ P+ B -8,
0 a Y
0 0 -ay
0 0 0

The similarity between (E4) and (C4) is now strik-
ing. In particular, the crucial elements at the
(3,1), (4,2), and (5, 3) positions are identical,
Therefore, the entire analysis of Appendix C
goes through with no modification. The final re-
sults for 4{'®), 4{!*), and their sum are given re-
spectively by the right-hand sides of (C41), (C42),
and (C43).

Unlike the previous case of Appendix D, both
D, and A, are given by different formulas in the
present case than those of Appendix C.

APPENDIX F

In this appendix, we generalize the method of
Appendix C to deal with the Reggeon-Reggeon cut.
This generalization is not completely straight-
forward.

Instead of starting with the non-Mandelstam
diagram of the lowest possible order, we prefer
to treat here a case of particular interest.

Q Q2
2 |
B2 By2 1¥8:
Q3
3
BA3
a
24 3y
BY-34
al
75
Biyas B4 545,
af [
45 5

FIG. 17. The Feynman diagram studied in Appendix D.

0 0 o+ a,
!
g Qg a,

o 0 (E4)

Bi ag+Bi+ By

!

0

ajta+Bi+Bi+y a+p; 0
0

a; aj+ay 0

Specifically we shall find the asymptotic behavior,
for large s and fixed ¢, of the contribution from
the Feynman diagram of Fig. 9. This is a twen-
tieth-order diagram, and gives the effect of
Reggeon-Reggeon scattering. The matrix element
is

5)[((12°)=9!(161r2)'9g2°1(12°) , (F1)

where

160= fd{a} GD.vu A*o(pa-1)

D,+ tD;~m?D,, +i€)** *

(F2)

This diagram of Fig. 9 is redrawn as Fig. 10.

With the choice of loop currents shown D - D,
can be expressed in terms of a 10X 10 deter-
minant. Analogous to (C4), after subtracting the
tenth column from the first column and the tenth
row from the ninth row, the result is

FIG. 18. The Feynman diagram studied in Appendix E.
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(ed)
0 fo+io+)n 0 0
0 d+id+in 0 Jo-
0 o Yo+ i+ jo+ [0 0
0 Jo- 0 jg+ig+ o+ o
0 Ao - g
0 0 H o
'o 0 0 i
0 0 0 0
fo 0 0 0
to+i0+'0 0 0 0

9=
el

g+ g+ fg+ g +°0+ 0

4= b Y-
—\6|
o

0

0
0

io-
‘0
A~ 1g-"0-
Ut A+l +ig+50+°0+50+50
A+tg+ S0
90—
‘o

0

0 0 0
0 0 0
0 0 0
i 0 0
e % 0
"A+tg+ S0 ‘0- ‘0
"A+tg+5g+5g+'g+20+'0 g tg—
g °J+°g+°0+*0 0
g - 0 Yg+Sd+S0+50
'g+'o Yo- ‘o

o © © o ©o o

‘g
bo—
0

J+'d+to
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We encounter here the first difference between
four-line diagrams and three-line diagrams. The
right-hand side of (F3) is zero if one of the follow-
ing four sets of conditions is satisfied:

a,=a,=a,=0, (F4)

a,=p,=B,=0, (F5)

a'=al=al=0, (F6)
and

al=pI=p!=0. (F7)

However, A, which appears in the numerator of
(F2), also vanishes if (F4) and (F5) are both sat-
isfied, or if (F6) and (F7) are both satisfied.
Therefore the leading contribution to 729 comes
from 4 independent regions in the vicinity of the
following points: (1) (F4) and (F6), (2) (F4) and
(F7), (3) (F5) and (F6), and (4) (F5) and (F7).
These four regions need to be studied separately.
For definiteness, we shall treat here only the
first region.

Consider the difference

6= SD1490.1690(Ds -D,)- Dgo,69D 14,10 5 (F8)

where the subscript 0 is used to designate the
tenth row or column. Similar to the treatment in
Appendix C, we consider two special cases.
First, suppose that the (2, 10) element d,, (which
is equal to a,) and the (3, 1) element d,, (which is
—a,) of the determinant are both replaced by zero,
then we have

Dy — D, = Dy3567890,23456789 14,109 (F9)

Dyo,60 =D23s67890,23456788 D 1400,1690 > (F10)
and hence

5=0. (F11)

Similarly, when the (10, 8) element d,; (which is
a}) and the (9, 7) element dg, (which is -a;) are
both replaced by zero, then

Dy — Dy =D 15345678, 12345780 Ps0,69 (F12)

s)14.10 =ﬁ)12345675. 1234578091490.1690! (F13)

and hence we get (F11) again. Thus 8 vanishes
when d,,=d,;, =0 or dyy=ds; =0. We can therefore
expand 0 with respect to these four elements

5=8"+38", (F14)

where &' is the quadratic part, which is of the
form

8, = d20d0851 + d20d9782 + d31d0853 + dﬁldm54 ’ (Fls)

and 8’ is the cubic and quartic part, which is of
the form

5" =d,ody, (dogds + d9.756) + dosd97(d2057 + dy,5,)
+ dyolly dogd; O - (F16)
These 3‘ can be written down explicitly by direct
expansion. Let D’ have the same meaning as ®

except that the (2, 10), (3,1), (10, 8), and (9, 7)
elements are all set equal to zero. Then

51=_Dl490.1690 :D?fo.ao + Déso.eao :Dlmo.mo ’ (F17)

82 == D 490,1690 Dig,70 D390,690 Diss, 1705 (F18)

53 =Dy400, 1690 30,18 = 3);90.169 Dls0,1805 (F19)
and

84 =D 1490, 1690 D3, 17 = D300, 169 Piao, 170 - (F20)

Jacobi’s identity may be applied to each of these
four &’s to give respectively

81 =Dt’>,oDI\2490. 16890 3 (F21)
8z =Dg,0 12490, 16790 » (F22)
53 = Df,; Dizago, 16890 > (F23)
84 =95, Disaso, 16790 - (F24)

In order to go further, we consider, correspond-
ing to the pinch singularity, the special case
where

do=Hrdy, dy=pd,,

(F25)
dog =1 dgg, dog=' dgg -
Let ®” be D’ when (F25) is satisfied,
D =D |, , (F26)
then
Dyo=1 105,
=u"'og,
=(pp)'og,,, (F27)
and hence
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57 = ’ ’ ’ ’
0 I(Fzs) D o(dyodog Diz400,16890 * L' daoller D400, 16790% K 3,805 D13450, 16890+ 1 s, Aoy Dlaa00, 16790

A+t B3+B, 0 -Bs a, 0 0 a,
0 Qg +ag+Bs+Bs Bs ~Qg 0 0 Loy,
a, —@g QLAY Gttt BBy Y, al -a! 0
=Do 0 oD ) ~as=B7 -, B -B; 0
0 0 @l o al+al B+ 0 0
0 0 0 -af 0 aj+al+pi+p, O
0 0 0 0 Way a, 0
Qg tag+Bs+ By Bs 0
=Dg,0 [~ 050] A =Y Bs
0 af aj+al+Bl+p;
Qtag B+ By o 0
—“,aaasa;aﬁ, o "as_B; "ﬁ:;
0 —al  al+al+Bi+B;
aztagtB+By B 0
tha,a0; 0] o ag+pBy g+
0 oy altal+Bi+BE
Qg+t B+ By o, 0
tupa,oapaq a5 Qs+ag +y, o5 =Py ’ (F28)
0 -y agtag+Bi+By

After this rather lengthy study of the s coefficient D, -~ D,, we are now ready to study the asymptotic
behavior of / (lz") when s—« with fixed ¢. It is convenient to define the Mellin transform slightly differently
as

I"f"’(g): fml()zo)sz—g dc (F29)
0
instead of (B17). By (F2)
16(5) = L8000 O [7 yla} aso(Da - 1), - D, + i) (D + )1~ (F30)
M 0

where D is still defined by (B20). As discussed after (F7), there are four independent regions of contri-
bution. We shall concentrate on region 1, and call the contributions from region 1 to /2 and 7 {29(¢), re-
spectively, 1?9 and I ?9(¢).

The change of variables (B21) and (B22) is generalized to

=poy =00y =Dy = ntry! [N [N
Q,=pay, Q,=pay, A3=pl; Q@;=pQ);, Q&=p'a; Q3=p a3,
and (F31)
~ -~ Y o=l !
O, ta, A =al+al+al
=1.

For small , we get by carrying out the p and p’ integrations
1
TGN~k ¢ f dado?da do'dBdp'dyd(1 - Do~ a'- 28 - 1A'= 2y)6(1 - Da)d(1 - Do)
0

XA 8D, +ie) "¢ [(Dy-D,), +i€e] ¢, (F32)
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where x=lm P-I:Ds;o.ss/$14eo.1eso (F36)
R p—0
do= dodoyda, (F33) and
do = da da ;do . /-
eTeTer y= l’1m P’ T D10/ D 400, 1690 - (F37)
etc. Similar to (C24) and (C25), D, and A, are pr=o
defined by Unlike (C34), the above denominator O 40 1500
A=Al P (F34) does not have a definite sign. We therefore define
and A =sign of D44, 1600 - (F38)
D1=Dl°‘1=°‘z=°‘3=°‘i=°‘é=°‘s'=° ’ (F35) Because of (F14)-(F26), a,, a, a,, and o are
while (D, - D, ), is defined by (C26). all small in the important region of integration.
In view of (F8), we define, analogous to (C27) Thus 6 may be replaced by 8’ and the integration
and (28), over a, and a/ gives

J

TeAg)~ = 34 mig™ fd&_sd&_;da da'dBdp’'dyd(1 - Na-Ya'- T8 -X8 - y)
X |D 1400, 1600] (B, + B) ™' (B] + B3) A (D, +i€) T (NG + i) (F39)

where
A =[ lim (pp')’ls']

p—>0, p'=0

A
’

(F40)

and the superscript A here means (C32) without (C33).
Equation (F28) can now be used to yield

IEN) ~ = ok mig™? f doiyday da da’ dB dp’ dvD(1 -8 -28'- )8, + B,) H(BL + B} ) 'A S (Dy +i€)™"*E |
XIDEISO.IGQOI {)‘[Axaaasa:; a +A, B +B;)” 1E:«"‘s"“; ag +Aa(31+32)-la4asa:§ Qg
+A4(B, +B,) (B! + By ) laagalal ] +ie} 2T (F41)

where A,, D, and D%, 0 are respectively A, D, and D,y 690 With all @ and all o’ set to be zero. In
(F41),

A =7,(Bs + B)(Bs + Bg )y

A,=B7(Bs +B5)(B3 + By ),

Ay =PB(Bs + B)(Bs+83), (F42)
and

A =v,(Bs + B)(Bs + B;)

are all non-negative. Here X is, from (F38), simply

Brtv, Byt Bty ty,
A=sign of

=71 -Bi=7,
=sign of (v,7,—B,B;)
=sign of (A,A,-A,A,).

In view of (F41), let us take A =+1 and consider the following integral

(F43)

1
J(§)=f dagdadodogdag dogdogdag (A 00,0500 +A,0,0,0,0;+As0,00505+A,0,0e040; )"2*¢ (Fad)
()

when ¢ is a small positive number. If we scale with respect to the pairs (ag, a,), (@, ag), (@], @f), and
(@i, at), then
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1
J(g) = g-4f daydor do dagderl do] doe dou 8(1 = iy — 0,)0(1 = oty = ag)0(1 = &l — @] )6(1 - a! = !
0

X (A a050) @l + Ao a0l al+Aa,a0lal + Aaagalal )72 (F45)

We can still scale with respect to the pairs (a,, a4) or (a,, a,), and (@), @) or (@], @!). These four regions

are all the same, so we get

1
J(g)~ g-sf daydogdaldalb 8(1 — oy - ag)d(l = al-al)(A a0+ Aa,0l +Aga.al + Aa.al )2t
0

1
~ g“*f dogdal[A +(A,-A)a, +(A,—A)al+(A, -A,-A, +A)a,al] 2
0]

Finally the substitution of (F46) into (F39) yields

=C7%(A,A,-AL,A) ™ In[(A |A)/(A,A,)] . (F46)

TENE) ~ = o5 mig™® f dpdp’ dy 6(1-238-208" =25 v)A Dy [1nly,y,) - In(B,8;)| (F47)
and hence
(12.01)"‘ 7!;52 mis~3(lns)’

7 7 2
x fdﬁl“ °*dB,dpic et dﬁ7'd71d725<1 -2Bi =28 -27¢>A0600'7lln(7,}'2) -1n(B,87) . (F48)
1 1 1

This is the desired answer for region 1.

The most peculiar feature of this answer is that it cannot be naturally represented in transverse-mo-
mentum space. This and other related questions are studied in Appendix G.

APPENDIX G

In this appendix we discuss the important and
interesting problem of summing over the signature
partners of a diagram. Suppose we are given a
four-particle diagram and one of the important
regions of contribution, as discussed, for ex-
ample, after (F7). Draw the diagram such that
each of the Feynman parameters that appear in
the top and bottom lines is small. The signature
partners are defined to be those three diagrams,
together with their respective important regions
of contributions, that differ from the original dia-
gram only in that the connections to the middle
segment of the top and/or the bottom line are
reversed. This is best illustrated by an example.
Consider the diagram treated in Appendix F with
its first region of contribution; then we obtain
from Fig. 10 the three signature partners as
shown in Figs. 11-13. In relation to the 7?9 of
Appendix F, let the corresponding contributions
be 129, 1¢9,, and I?9,,., where t and ¢’ desig-
nate transposing lines respectively in the top and
bottom lines of the diagram. We are interested
in the sum

1G9 =12+ 190 + 190 + 1G04 G1)

Let us first compare Fig. 10 with Fig. 11. If
we write down a 10X 10 matrix for the diagram
of Fig. 11 in a way similar to (F3), the result
differs from (F3) in the following ways: First,
the (2, 10) element is -, instead of a,; secondly,
the (1, 2) element is also —a, instead of a,;
thirdly, the (4, 10) element is @, + @, instead of
a,; fourthly, the (4, 4) element has an additional
+a,; fifthly, the (1, 4) element has an additional
+a,; and finally, the (2, 4) and (4, 2) elements
both have an additional —a,. Let us recall at this
point that for this first region of contribution,
the variable a, is scaled twice; first with a, and
a, as given by (F31), and again with a, in the
evaluation of J(¢) defined by (F44). Therefore an
additional a, reduces the size of the integral by
at least a factor of (Ins)>. For this reason, a
reference to (F15) shows that only the first dif-
ference listed above is significant. Therefore,
the effect of transposing lines at the top of the dia-
grams is to change the sign of «@,. Similarly, the
effect of transposing at the bottom is to change
the sign of a;.

In order to get the high-energy behavior of
169, 129, and I%?9,,, from 1%, we need only to
replace the J(¢) of (F44) by, respectively,
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1
Ji(¢)= f dadadadogda)do)doldal (A 0,005l -Aa0afal +Aa,00lal +Aa,a.0lal +i€)™2E,
(]

(G2)

1
J,:(§)=f doda,dadogda; dogdoldaf (A aa0)al+ Aaa.0)al-Aaa0lal +A,aalal +i€) 2,
o]
(G3)

and
1
J,,'(§)=f dogdadadagdo g doydoldof (A aa0)al-Aaa0lal-Aa,a0)al + Ajea.alal +ie) 2t
0o
(G4)

But these three integrals can be evaluated by continuing analytically (F46) in the A coefficients, and the
results are

J(E)~L™%(-A A +A,A.) ™ In[(A,A,)/(A,A,)]

~=J(g), (G5)
J(E)~E™%(-A, A +A,A.)  In[(A,A,)/(A,A,)]
~=J(¢), (G6)
and
()~ LA, A, —A,A)  In{(A A )/N(-A, +i€)(=A, +i€)] }=d(£) - 2mig™ (A, A, - A, A" . (GT)
The sum is thus
Jo(£) =J (&) + (&) + Tpo(8) + Jygr(8) ~ = 2™ (A | A = A, A )" . (G8)

Note that the right-hand of (G8) is purely imaginary while the right-hand side of (F46) is purely real.
Since this ¢ changes into -7 by complex conjugation when A changes sign, we get finally

1
T, (0)~= s 12 [ dBdg’ dyo(1 =T~ D' = DI (D + i€)"~¢ (@9)
[
and
1
I8 )~ - 77138 xizs ws(ins ~in) [ dBdp’ dyd(1 - 5B - D8 - SyIA D, (G10)
]

The sum over signature partners is thus much nicer and can be easily expressed as an integral in trans-
verse-momentum space. Note that both (F48) and (G10) are of the order s~%(lns)’.

Corresponding sums over signature partners for the regions 2, 3, and 4 as discussed after (F7) are
exactly the same. The signature partners, however, do not come from the same diagrams.
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