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-ABSTRACT

We compute the amplitudes for pp — v and pp — £Z, taking into account
the Sudakov suppression resulting from radiation by isolated partons. Results for
the two-photon annihilation process and form factor are presented for several can-
didate proton distribution amplitudes. Results are also presented for the ratio
o(pp — v7)/o(pp — eTe™), which is free of experimental and theoretical normal-
ization uncertainties. Prospects for using these results to constrain the nucleon

distribution amplitude are discussed.
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_I. INTRODUCTION

Quantum Chromodynamics (QCD), the generally accepted theory of strong
interactions, has resisted detailed testing due to the extreme complexity even of
perturbative calculations. With the next generation of hadron colliders on the
horizon, it is of pressing importance to be able reliably to separate truly new
physics from QCD phenomenology; this demands a quantitative understanding of
hadronic processes and of the proton structure at the amplitude level.

The most sensitive probes of the proton structure are hard exclusive pro-
cesses [1]. The analysis of such processes is hindered by the large number of
Feynman diagrams contributing at tree level. To date, some of the simplest exclu-
sive processes have been analyzed at leading order [2-4] and even at one loop [5);
however, the leading-order calculations have not quantitatively accounted for the
“Sudakov suppression” [6] of exclusive reactions by radiation from isolated colored
partons, which can have a substantial effect on the cross section.

In this paper, we calculate the differential cross section for the process
~4 — pp, taking into account the Sudakov suppression in the manner given by
Sterman, Botts and Li [7-9].

The paper is organized as follows: Sec. 2 outlines the leading-order calcula-
tion, and discusses the use of proton distribution amplitudes. Section 3 discusses
the origin of the Sudakov corrections, and summarizes the method of [7] for their
calculation. Section 4 outlines our computational method; in Sec. 5, we dis-
play and comment on results for four candidate distribution amplitudes [10-13],
and describe the sources of theoretical uncertainty. Section 6 summarizes the com-
putation of the proton form factor, and presents results for the same distribution
amplitudes. Finally, Sec. 7 contains our conclusions and evaluates future prospects
for measuring the cross sections, and the possibility of gaining information about

the distribution amplitude.



_II. THE TREE-LEVEL PROCESS

To lowest order, the amplitude for a hadronic process is given by [1]:

M=y / [dz] [dy] [d8] [dF']
m,(d) (1)
X $m(z,b, 1) TpD (2, h, by, B, 85.Q, 1) dm(w, ¥, 41)
where

[dz] = dzydzades 6(1 — 3;2), and  [dB] = d%b; 425, 4283 62(3; by) ;

m and d are the indices of the wavefunctions and the hard-scattering Feynman
diagrams, respectively;

A1,2 are the photon helicities;

h and B’ are the parton helicities within a hadron of helicity k or &';
= \/|q_2| is the hard process 4-momentum transfer; and

ém(z,b, ) is the distribution amplitude for partons with momentum fraction
 and impact parameter b within the m*™ wavefunction at ‘separation scale’

p (the scale above which processes are deemed ‘hard?).

A. Distribution amplitudes

At leading twist, only the 3-quark “valence” Fock state contributes to the scat-
tering amplitude. The most general form of a distribution amplitude (neglecting

transverse momentum) for this state is

|pr) = Sf%_/[dw] ¢1(2) Jur(21) uy(z2) di(zs))
+ ¢2(2) [ur(z1) dy(e2) up(zs)) (2)

+ ¢3(2) |dy(z1) uy(z2) up(as)),



_ where fy is a constant with units of GeV?, determined by the value of the trans-
verse wavefunction at the origin.
Note that 25 is always attached to the negative-helicity quark. The ¢, are

not independent; rather, we have [10]

d3(z1, 22, 23) = d1(x3,22,21) and  ¢o(x) = —¢1(z) — ¢3(z) .

Although the amplitudes ¢, are known exactly {1] only in the limit u4 — oo,
several estimates [10-13] based on QCD sum rules have been advanced as models

for ¢ at u? ~ 1-2 GeV?; they take the form

bm(z1,22,23) = 120 21 23 23 Pry(21,22,23) ,

where Pp(z) is a quadratic polynomial. In Table 1, we show the decomposition
of the model polynomialé P;(z) into Appell polynomials, the eigenfunctions of the

distribution amplitude evolution equation {1].

Table 1. Model distribution amplitude coefficients.

Evolution Eigensolutions Coefficients in

n by bn CZ[10] COZ[11] KS[12] GS[13]
1 -1 1 1.0 1.0 1.0 1.0

2 2 r1 — T3 4309  3.675 3255  4.105
3 1 32y — 1 -1.923 —1.48¢ —1.295 —2.060
4 g 3(zy — z3)% + 29(5z9 — 3) 2.248 2.898 3.969 —4.720
5 I (z1 — z3) (42 — 1) ~1.156  —2.205 0.315  1.667
6 3 Tzp—5+ 3 (2} + 32123 + 23) 0.019 1.026  1.026  9.300




To minimize the effect of higher-order corrections, it is desirable to set the
scale @) so as to avoid large logarithmic contributions. In addition to determining
¢* for each exchanged gluon, we must take into account the fact that the dis-
tribution amplitudes depend somewhat on the momentum transfer Q2. For the
eigenfunctions shown, their evolution equation becomes

) ) 1 Q;_ —Tn
¢n($,Q) = ¢n(x;ﬂ) - Az
ln%;

with v, = (2Cp by, + 3CFr/2)/8 for the by, given in Table 1; here N¢g = 3 implies

b

Cp =2/3, Cr = 4/3, and 8 =11 — (2ns/3) [1]. Botts and Sterman have shown
[7) that we should choose the momentum transfer scale Q@ = w = max;{|b;|™!},
where Zj are the transverse separations of the quarks in position space. Thus we
can easily extract the distribution amplitude analytically for a given b. Note that
this form for the running of the distribution amplitude takes into account the

running of fy and the quark anomalous dimension [1].
B. Hard-scattering amplitude

Following [4], we classify the Feynman diagrams according to the topology of
the gluon lines, as shown in Fig. 1.

Class (g) contains 42 diagrams, from the distinct attachments of the photon
lines, but the color factor is zero; classes (a)-(f) each contain 56 diagrams, and the
color factor is 4/9. Thus there are 336 diagrams to be evaluated, 192 of which are
nonzero.

Fermion denominators in Ty are either linear in # and y or of the form Z;y;
or z;§; (throughout this work, we use Z; = 1 — z;), but never proportional to z;y;;

thus soft propagators are less of a problem, and we neglect fermion transverse
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Figure 1. Classes of hard-scattering Feynman diagrams. Arrows indicate

fermion flow.

momenta in Tl(r;i ) [8]. Since TH now depends only on sums of the form k| ; + & ;,
we obtain a factor in Ty of §%(b + 8'), reflecting the heuristic notion that the pp
pair is created at a point (the sign in the delta function is conventional; it arises

from the fact that the p and p are back-to-back).

It proves convenient to use
Ty = 2645+ §) 0@ gt oD 2 GO T (3)

where e and ¢ are the QED and QCD charges, and C (@) and eﬁ,‘? are the color factor
and the product of the charges of the struck quarks, respectively; then G(@ is the

product of the two gluon propagators, and T(% is a (dimensionless) kinematic



_quantity containing the numerator factors and Dirac propagators. To calculate

T(4), we found it convenient to parametrize the photon polarization vectors by [4]

e =oae(T)+Bea(l), and e =7ye(T)+bea(l),

allowing us to calculate the four photon helicity amplitudes all in one piece.

To leading twist, we may neglect quark masses so that the v and d quark
differ only through their charge; then T(4) is flavor-independent, and the results for
classes (b), (d), and (f) can be obtained from those of (a), (c), and (e), respectively,

by the operation
11 & 13, Y1 < Y3, ey < €3 .
There is also a charge-conjugation symmetry
Cizi oy, ae f, ’7H6, 6 —0-m,
D (d) (d) : :
which yields Ty™ = C(Ty’) for a diagram d; and ¢t < u crossing symmetry
X:iaey, Bed, 0—0-—7

gives Tl({Xd) =X (Tl(gd)).

We calculated all diagrams in (a) and (c), and used the symmetries X and
[in class (a)] C o € to check the results. Our kinematic conventions are described
in Appendix A, and the values of 7(%) are tabulated in Appendix B.

We then derived the ‘subamplitudes’ T for classes (b), (d), (e), and (f) by

application of



and
C:(a) « (b)), () « (¢), (d) & ().

Since we neglect the quark mass, helicity is conserved along each fermion line,
and there are only eight nonzero helicity amplitudes. Because of the symmetry of

the theory under P and C, only two of these amplitudes are independent. We will

display results for v(T)1(T) — p4+54 and v(1)v(l) = p4B+-

C. The gluon propagator

The next problem which we face is the computation of @, the gluon propagator
of Eq. (3). To avoid difficulties in convergence and retain numerical tractability,
we Fourier transform [8,9] only the unrenormalized propagator from (g, q) ) space
to (¢, b1) space.

In momentum space, the gluon denominator has the generic form

1
g = (gL +1Li+1 )%’

where ¢, is the portion of the hard-scattering momentum transverse to the proton
momentum (see Fig. 2), and [ ;, I} ; are transverse momenta within the wave-
functions. For spacelike ¢;, we take the Fourier transform to the hybrid (g¢;,b1)

space and average over possible orientations of b to obtain

Dspace = —Kj (lbz - b]l \% —k? ) Jo (lbt - ijQJ_I) )

where K| is a modified Bessel function and 4, j are the indices of the quark lines

connected to the gluon [14,13]
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Figure 2. Diagram A24. Here |q1 1| = |kL| = |E|sin 6cm, while ¢4 5 = 0.

To find the corresponding timelike propagator, we form the gluon momentum
as a sum of on-shell outgoing parton momenta to obtain (p1 + p2)? = —(p1 — p2)%;
thus the timelike denominator has the same form as the spacelike denominator.

Since ¢; = 0 for gluons of this type, we have the final form [16]

Disme(ansb) = Ko (|b| ¥ ) . (4)

For the running coupling constant, we use as(max{|g?|,1/|bL|2}) [8]; we shall
see that Sudakov suppression confines the wavefunction to |b| < A~!, so that no
further cutoff is needed. The physical justification for this choice is that very soft
gluon exchange is suppressed in color singlets, so that for b small the coupling does
not become strong. The region in which || — A is strongly Sudakov suppressed,

so that the divergence of the coupling there does not greatly disturb our results.



_III. SUDAKOYV EFFECTS

A color singlet with zero transverse size is effectively colorless, and initial-
or final-state radiation of gluons does not occur. However, the transverse size of
a physical hadron cannot be neglected; for example, if in a pion the quark and
antiquark are separated by a distance b, then gluons with transverse momentum
down to ljp will distinguish the pair. The sum of one-gluon corrections to the

baryon valence wavefunction is proportional to

C Qd2 (¢2) Qd

SYF (99l |5 —ilhe — BoY. as(91 9+

= / z [3 E‘exp{ i(b; — bj) q_L}] 5 g
4 1<) '

The probability of no radiation is obtained by exponentiating this term [17], lead-
ing to the Sudakov suppression of exclusive processes for large 4. In hadron-hadron
scattering, Botts and Sterman have shown (7] that the effects of this suppres-
sion can, to leading-logarithmic order, be absorbed into the wavefunctions by the
inclusion of a factor

exp{—z (2:Q, b /—f (u)} (5)

i
Here b; = by —bs, etc.; p is the separation scale, 74 the quark anomalous dimension,
A(l) (@) AQ) (Q A .
s(éQ,b ———-—- iln{ )+ —5 7—1)—— )
_AWg  (In(2h) +1  In(2g) +1
667\ b g

A@ 40
ZI‘B-%——ZEI— (2’}’—1—1112)} ln(

and

SR

M),
3283

[m?(z@ - 1n2(213)] ,

10



_ where

cj:—ln(-é%), 3sln<é7—yl-),

By = 33 —2ng , By = 153 —419nt ,

A(l)=§, A(2)=%z—-7-r32——%-gnf+§-ﬂ1('y—1n2),
and Euler’s constant v ~ 0.577. (Reference [8] defines b = + log(bA; our notation
is otherwise identical.)

It is the result (5) which we use to model the effects of the Sudakov suppres-
sion. As in [8,9], we impose the constraint that s(é@,b) > 0, so that the ‘suppres-
sion’ does not lead directly to enhancement. Also, for very small b the function s
becomes large; in this case, we set s = 0 since these contributions to s are from
hard gluons (with momentum R 57!) and form a skewed subset of the higher-order
hard-scattering contributions to T'y.

The advantage of this method is that it requires no unphysical parameters,
such as a gluon mass, to retain finiteness. However, the method rests on an im-
proved factorization obtained by retaining information about the transverse struc-
ture of the proton; thus, to implement it, we must be able to model that structure
(at least in the valence state).

We can write

¢m(x7b’ F‘) = ¢m($) ’(,bz(b) )

so that @m(z) is the familiar longitudinal distribution amplitude and .(b) is
an z-dependent transverse wavefunction. The definition of ¢, (z) requires the

normalization [18]

Ye(b=0)=1. (6)



The form of the noninteracting light-cone Hamiltonian [1]

cph_ P .
Hic=P Pt - P} = T
¢

leads us to consider a transverse wavefunction proportional to [18]

2.
L,
ex - —_— .
P { Z: 2z
We must determine the numerical value of a in a manner consistent with its use

here. We use the virial theorem. A transverse rescaling b — b, affects the

‘potential’ (gluonic) energy of the proton by an amount parametrized by n, =
(A/{U)) (d{U)/d)). Thus by the virial theorem, we must have

Ny

o = (Hic) = 5= mj .
U

We Fourier transform in k) space to obtain
2

0 = exp{ -2

x (z122(b1,1 — by 2)? + zo23(br2 — bis)? + @sz1(by s — br1)?) }

nym

2
- —_—— v r 72 72 72
= exP{ 42+ ny) (z1 2205 + z2 23 0] + z3 21 bz)} .

(7)
Note that 3, b; = 0 and [dd] = 9[db)].

Previous calculations [8,9] have set n, = 0, neglecting the b-dependence of the
proton wavefunction. We take n, = 3 [19] for the results presented here, and use
ny — 0 to examine the sensitivity of our results. At /s =5 GeV, this substitution
increases the overall normalization by 14%, and introduces variations of less than

10% for the GS model [20] and 3% for the others.

12



At first glance, inclusion of this transverse wavefunction appears to aggravate
the divergence at small z, since the available volume of b; -space increases as any
z; — 0. However, the Sudakov suppression [7] contains the wavefunctions to the

region where |b;| < A1
IV. CALCULATIONS

Combining the results of (2-6) with (1), we obtain

M=% [zt éntein) [ émtim) [ 15! LU

J

“ -
X exp{— > [S(%’Q,Tv) - / d% 'rq(ﬁ)] }
EJ‘.‘

X [Z 12873 aggp ed) 0@ o (q1; 8) rs(g2; B) G T(d)()\l,/\z;h,h')]
(d)

X eXP{—Z [(4i@.5) - /%’i 7q(ﬂ)]}

J i-1
b

(8)
To obtain definite predictions, we must make some simplifying assumptions.

First, we replace the running coupling constant c,(u?) with the ny = 3 form

o 127 drm .
as(p) = (33 — 2ny)In (u?/A?) - 9In (u?/A2)’

we take A = A% = 200MeV. The range of momentum transfers which interest us
runs from a few hundred MeV (b~! where b is a typical quark impact parameter)

to several GeV (,/Z;y;S, where z; and y; are typical parton momentum fractions

13



_and /s ranges up to 7-8 GeV), which is almost exactly the region in which this
approximation is viable. Certainly the resulting errors are minimal.
This form for the coupling constant allows us to rewrite (8) as

21252ﬂ.5 2 4/3
My = )

2
—37  %QED fN(lnp

3
x Z-:l / [de] [dy] 212225 Pr(z) 19293 Pr(y)

: @ D(a1,5;) D(g2, by) - :
x/[db]{ c g T(d)(/\,/\;h,h)}
%): ln(max{%lzz, Z?lA—z—}) ln(max{%%-,zzlx—z}) v

[ exp { (@i, 1) - s(uQ.B) - 3 (2132 4 it ) ]

where
Pr(z) is a sum of Appell polynomials with weights determined by the
input distribution amplitude and by w = max;{|b;|"!};
es,‘f) is the product of QED charges;
D(q, 7)) is the gluon propagator;
q1, g2 are the gluon longitudinal momenta;
i)j, by are the transverse separations of the corresponding quark lines;
T is the hard-scatteriﬁg subamplitude of diagram d;
s(z@, b) is the Sudakov suppression of [7]; and
Bmf, /20 is the inverse mean impact parameter for the wavefunction

in our ansatz.

14



_ Many of the individual subamplitudes T(d) diverge as :1:'-'1, and the gluon propaga-
tors diverge as In(z;). However, the distribution amplitude and transverse wave-
function contain factors of z;, so that the integral remains convergent. To increase

the numerical stability of integration, we use the change of variables

_ 1+si -1/2
s o = 7y Lol =1/2)

11
= /[d:v]=0/d§b/d77 2r/z13973

and similarly for [dy].

We integrated the resulting form numerically, obtaining the results shown in
Figs. 3-T7; in all cases, the statistical errors of the numerical integration were less
than 4%, small enough to- make no discernible contribution to the overall theoretical

uncertainties.

V. RESULTS AND COMMENTS

Three effects original to this paper cause our results to differ from those of
its predecessors [2-3]: the Sudakov suppression itself; the consideration of the
transverse wavefunction; and the running of the distribution amplitude.

The full amplitudes are shown in Fig. 3 for same-helicity photons and in Fig. 4
for opposite-helicity, with s = 25 GeV? in both cases. The same-helicity amplitude
is odd in cos 0., due to crossing symmetry.

The effects of replacing the Sudakov correction with the cutoff ay < 1 are
shown in Fig. 5. It is notable that for some values of 0., the “suppression”

actually leads to an enhancement in 37, — pp.

15
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Figure 5. Effects of Sudakov suppression on M(yy — pp), with COZ wavefunction.

Scaling of amplitudes is exhibited in Fig. 6(a) for same-helicity photons
(remember that the amplitﬁde is odd in cosf) and in Fig. 6(b) for opposite-
helicity. Both adhere closely to the dimensional-counting expectation o o« s*
when s R (5 GeV)?; this is a sign that our method is trustworthy at these energies.

Figure 7 presents our predictions for the timelike Compton cross section. The
size is quite sensitive to the choice of distribution amplitude. Recall that the
cross section is proportional to f}v; fn has been determined only approximately
[10] (f¥ = 5.1 £ 0.3 x 10~% GeV?). This uncertainty, combined with inevitable
experimental normalization uncertainities, means that the total cross section alone
is not a good test of the validity of a distribution. A more valid test, the shape of
the cross section, is nearly the same for the three main distribution amplitudes we
consider.

Note the piece of the cross section shown for the asymptotic wavefunction,

which resembles none of the candidates in this energy regime.

17
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~VI. THE PROTON TIMELIKE FORM FACTOR

The methods discussed above can also be used to derive the timelike proton

form factor

M(ete” — pp)
M(etem = ptp=)

Fi(¢*>0) =

In fact, the calculation of the form factor (neglecting F3) offers several simplifica-
tions:

o the number of hard-scattering Feynman diagrams is greatly reduced

(to 42, 28 of which vanish).

e all internal gluon momenta are timelike and purely longitudinal.

o there is no nontrivial angular or spin dependence.
The highest-energy currently available measurements of this form factor are those
of FNAL E760 [21]. Figure 8 shows our predictions for the form factor and the data
of [21] as a function of ¢?. Again, the dimensional-counting rules are very accurate.
Furthur experiments at FNAL E760 hopefully will extend the measurement of F7
to higher s.

Figure 9 shows the dependence of the normalized form factor on a cutoff

b < bmax. Note the upward kink at bpax =~ 0.9; in this region, the one-loop running
coupling o begins to grow large for small g;, but the Sudakov suppression is not yet
forceful. The interplay between factors contained in M at given b is illustrated in
Fig. 10, in which we have chosen for definiteness ¢? = ¢2 = 35A2, a typical gluonic
momentum for /s ~ 5 GeV. At small b, the logarithmic divergence of K(bQ) is
cancelled by the lack of phase space; as b — A~1, the divergence of the coupling
constant is overwhelmed by the Sudakov suppression. The dominant region in our
example is around bpmax ~ 0.6A~1, while the threatening ‘kink’ region is just above
bmax = 0.9A1. In the high-energy limit, this kink will entirely disappear as the

Sudakov suppression begins to force bpmax S Q1.

19
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_ Table 2. Model distribution results for R.,.,/,+e— and FJ'/FY.

Model CZ [10) COZ[11] KS[12] GS [13) Asymptotic
Fp/F? 0.237 0.240 0.218 0.042 0.253
Ryyjete- 555 8.9 12.4 19.1 200

The size of the ‘kink contribution’ is a measure of the unreliability of our
results; it is about 30% at /s = 3 GeV, but decreases to 10-15% for /s = 5 GeV.
This is comparable to the difference in the predictions for the COZ and CZ or KS
wavefunctions; thus measurement of the form factor alone is not a powerful test of
the proton distribution amplitude.

The neutron form factor FT* and the amplitude for vy — n#i can be calculated
in identical manner. It is unlikely that these measurements can be extended to
such high energies, but proposed experiments at Frascati [21] may measure the
cross section ete™ — nn at /s & 3 GeV. Thus we present here our predictions
for the ratios FJ'/F¥ (see Table 2) and o(yy — ni)/o(yy — pp) (Fig. 11).

Perhaps the most interesting quantity, due to its freedom from theoretical and
experimental normalization uncertainties, is the ratio

Rowrs = 39/d0(pp = 77)
77/_6 7 do/d(pp — ete™)

Figure 12 shows our predictions for this quantity. This ratio is much smaller
for all of the candidate distributions than for the asymptotic, reflecting the strong
suppression of the form factor using the asymptotic wavefunction. The values

given include a correction of about 8% resulting from the running of aqgp.
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Figure 12. Ratio R,,/c+¢- for candidate distributions
at s = 25 GeV?. Part of the curve for the asymptotic

wavefunction is also shown.

The major source of model dependence in R,,/c+.- is the n,-dependence.
The results presented here were obtained with n, = 3; using the flat wavefunction
n, = 0 decreases the predictions by 14% at /s = 5 GeV (10% at /s = 7 GeV).
Certainly the flat wavefunction represents an unphysical limiting case; we maintain
that this difference can be treated as a generous upper bound on the uncertainty
due to variation in n,.

The overall ratio

B = 0P =77 fm > 30°)
Trfetem = o(pp — ete™;0cm > 30°)

is displayed in Table 2 for each candidate distribution. This ratio is highly sensitive
to the choice of distribution; it is also much easier to measure than either the shape
of the do/dQ(pp — 47) or the running of Q*F7. Hence, it is probably one of the

best tests of the proton distribution amplitude.
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_VII. CONCLUSION

The value of the formalism of (7] is that it allows a consistent perturbative
treatment of hadronic processes without resorting to arbitrary cutoffs. Thus the
results we have just derived are (to next-to-leading log) trustworthy predictions
of QCD; the size of potential errors is estimated by the magnitude of the kink
contribution in the form factor, and of scaling violations in pp — ~~. It is our
belief that the model dependence of our main result, the prediction of R../e+e~,
is less than 15%, which is certainly adequate to allow tests of model distribution
amplitudes.

High precision measurement of R, /.+.- may be attainable at FNAL E760, an
antiproton accumulator experiment, or at the proposed SuperLEAR facility. This
would open the door to precision tests of the proton wavefunction, and set us on

the road toward understanding QCD at the amplitude level.
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~APPENDIX A. KINEMATICS AND CONVENTIONS

We computed all amplitudes in the center-of-momentum frame, with the out-
going proton momentum along the positive z-axis, and the y-axis perpendicular to

the scattering plane. That is,

p = E(1,0,0,1) proton ;
p» = E(1,0,0,-1) antiproton ;
k= E(1,sin6,0,cos§)  photon 711 ;

k' = E(1,-sin6,0,— cos ) photon 73 .

For the photon polarization vectors, we chose

eI(T) = %(COS 6,1, —sin 9) ’ Cl(l) = 71=2=(— cos 0,?:,Sin0) ;
(1) = %(cos 6,—i,—sinb) , e(l) = %(—cos 6,—1,sin@) .

We worked in the helicity formalism [22) in which the Dirac matrices are

This yields

1 0 6 0
¢+=¢_=—2E(0 0), ¢_=p'+=-zE(0 1),

2

' C SC ' 32 —8C
ki =F_ =—-2E .| K=K, =-2E . |
sCc S8° —S8C C

26



_where s = sin(8/2), ¢ = cos(6/2); the polarization vectors become

sca — scf —cta— 323)
b

2a+c2B —sca+ sch

= -a=va(

scy —scd  s?y+ %6
o =~ =V ( .

—cty — 826 —scy+ scb
For an external quark line, we need a factor z~/2uz(zp) = ux(p).

These spinors are
u+(p) =v2E (1 0), u-(p) =v2E (0 1),

for the outgoing quarks, and

os(¢') = VIE (‘1)) . o) =ViE (“01) ,

for the antiquarks [4]; the subscript denotes the helicity.

We find it convenient to adopt the notation

2 _ -
(ziyy;) = (a:,'p + yjp' - k) = —z;§; 82 — Ziy; et .
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APPENDIX B: HARD-SCATTERING AMPLITUDES

The nonzero contributions T to Ty are tabulated here. In each case, we list T'9) for only one of the class of diagrams

i

generated by the symmetries C, £, and X. In obtaining the amplitudes not listed, one must bear in mind that X

interchanges photon helicities and C reverses them. Parentheses indicate repeated diagrams.

d

£(d)

C(d)

Co&(d)

all A1l il )

X(d) Xof(d) XoCWd) XoCofd) '+ T Ts- Te-
Al12 B67 B21 AT76 [ 1 0 c 1 0
A21 B76 B12 A6T s Tiyy S in
Al3 B63 B25 AT75 sc 2 sc‘ 1 s Z1Z9 Ty
A3l B36 B52 A5T z2(z1,¥3) (1,93) ¢ T122(1,73) s¢ z1(21,93) |
Al4 B64 B24 AT4 T S 1 1 S z
Adl B46 B42 A4T z1(z1,93) s (z1,93) 3¢ (z1,93) s z1(x1,93)
Al6 B61 B27 AT2 s 1 _czpt z3c? c ) _c Ty(x2 + z3c%)
A61 B16 B72 A27 (Il,gsi s 1"3(371,373; xliwl,ﬁsj s n123(21,93)
Al17 B62 (B26) (A71) S ¢ 1 ¢ i (S
ATl B26 (B62) (A17) 3 y3(z1,93) s (z1,93) s T1y3(z1,93) s z1(z1,93)
A22 B77 B11 A66 c1—yc S 1 1 1
A22 B77 B11 A66 s i s T %€ T 317
A23 B3 B15 A65 s T(ptnd) _sptpd 8 s 1
A32 B37 B51 A56 c zzynixl,.@si c ylzwl,ﬂsi c 172i1'l,'!73; c le,ﬁsj
A24 B74 B14 A64 s T1§1s® + gac e B2 = T1¥3 $ —se L
A42 B47 B4l A46 ¢ Ziy1(z1,93) Tiyi(z1,93) ¢ Zi{z1,9 (z1,93)
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Appendix B. Hard-scattering amplitudes (continued)

C(d)

Co&(d)

d £(d) A1t =14 w11 a1
T

X(d) Xof&(d) XoC(d) XoCo £(d) Te- Te- Ts- +-
A25 B’ B3 A63 e 1 i 0 0
A52 B57 B31 A36 sy S T1Y1Y2
A26 BTl (B17) (A62) sy2 + yic sT1y3 — Tay2 + z3y1 3_3_ 1 sr2+ 3¢’
A62 B17 - (B71) (A26) cyi(z1,93) c z3y1(z1,93) ¢ (21,93 cz3(z1,43)
A4 B3 BS54 At S Z2ys ] S w
A43 B43 B45 A45 272T, U3 s z2y3(21,Y3) (@1, u3) 3 y3(Z1,¥3)
A35 B35  (BS3) (A53) &z S ¢ 1 IR
A53 B53 (B35) (A35) 3 z2(Z1,y3) s T2y2(%1,93) s (Z1,Y3 s y2(Z1,3)
Add B44 (B44) (A44) 861‘162 + 38° s3_F1 = Y3 BeZ1—Us z15° + yac
A44 B44 (B44) (A44) 2193(21,93) z193(21,93) z1y3(21,93)  Z1ys(Z1, )
Cl1 D66 E22 F17 s 1 _c3 1 1 _cl— ¢
Cli D66 E22 F71 T s T *zm s T
ci2  De7  E2 F16 ) . ¢ 1 c 1
C21 D76 E12 F67 s s T1Y1
C13 D64 E24 F75 0 0 sZy(sf—x2) s st — 19
C3l1 D46 E42 F57 cz1z2(Z2, N cz1(Z2, Y1)
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Appendix B. Hard-scattering amplitudes (continued)

d

C(d)

Co&(d)

€(d) A1 o 211 511

X(d) Xof(d) XoCWd) XoCofd) T+ Ti- Ty~ Ti-
Cl4 D65 E23 F74 0 0 c s2 — 1z _cayr Y5>
C41 D56 E32 F47 sz1(Z2, 1) s z1y2(Z2,91)
C15 D61 E27 F73 0 c 1 s 1 __1_5:332 + #1c
C51 D16 E72 F37 s T3y cT1yi sc T1T3Y)
C16 D62 E26 F72 . . % 2
Cé61 D26 E62 F27 | @) 1@, v1)
C117 D63 E25 F71 0 0 c (s2 — z2)93 _c s — x4
C71 D36 E52 F17 s T193(Z2, Y1) sz1(Z2,y1)
C25 D71 E17 F63 0 s 1 0 s 1
C52 D17 ET F36 cz3y) cT3y1
C35 D4l E4T F53 ) ¢ Za(c? — z2) 0 c -z
C53 D14 E74 F35 T szaz3(T2,91) sz3(z2,41)
C45 D51 E37 F43 0 s ¢ —1x 0 s TaY2 + Y2’
C54 D15 E73 F34 cz3(z2,91) cz3y2(T2, 41)
C55 D11 E77 F33 S 1 1 TR
C55 D11 E77 F33 Z3y s Z3y1 5T 30 memum
C56 D12 E76 F32 0 0 Z T2
C65 D21 E67 F23 T En ) a3z, Y1)
Cs7 D13 E75 F31 0 0 ¢ 73(s? — z2) c st —x
C75 D31 E57 F13 3 z3y3(Z2, Y1) 3z3(Z2,y1)
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