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From the literature one infers that the bulk of the order o, corrections to the Drell-Yan cross-
sections do/dm and m3d®o /dmdz r is constituted by the soft plus virtual gluon part of the coefficient
function. In the case of do/dm it can be shown that at fixed target energies the effect of the exact
order a? corrected coefficient function is very well approximated by its soft plus virtual gluon part.
Since the complete order a? contribution to the coefficient function is missing we have to assume
that the same approximation also holds for m*d®>c /dmdz . It appears that the discrepancy between
the exact order a; corrected cross section and the massive lepton pair data taken at fixed target
experiments can be partially explained by including the order a? soft plus virtual gluon part of the

coefficient function.

PACS number(s): 13.60.Hb, 12.38.Bx, 13.85.Qk

L. INTRODUCTION

Massive lepton pair production in hadronic interac-
tions is, aside from deep inelastic lepton-hadron scatter-
ing, one of the most important probes of the structure of
hadrons. It is well established that one of the dominant
production mechanisms is the Drell-Yan (DY) process
[1]. Here the lepton pair is the decay product of one
of the electroweak vector bosons of the standard model
(v*, W, and Z) which in the Born approximation are pro-
duced by the annihilation of quarks and antiquarks com-
ing from the colliding hadrons. This process is of experi-
mental interest because it provides us with an alternative
way to measure the parton densities of the proton and
neutron which have been very accurately determined by
the deep inelastic lepton-hadron experiments. Moreover,
it enables us to measure the parton densities of unstable
hadrons such as pions and kaons which is impossible in
deep inelastic lepton-hadron scattering. In addition to
the measurement of the parton densities there are other
important tests of perturbative quantum chromodynam-
ics (QCD) which can be carried out by studying the DY
process. Here we want to mention the scale evolution of
the parton densities, although not observed in this pro-
cess yet because of the low statistics, and the measure-
ment of the running coupling constant o, (u2) which in-
cludes the QCD scale A. Finally this process constitutes
an important background for other production mecha-
nisms of lepton pairs. Examples are J/1¢ and T decays
or thermal emission of lepton pairs in heavy-ion collisions
[2].
The DY process is also of theoretical interest. Since it
is one of the few reactions which can be calculated up to
second order in perturbation theory it enables us to study
the origin of large QCD corrections which are mostly due
to soft gluon bremsstrahlung and virtual gluon contribu-
tions. In order to control these corrections in the pertur-
bation series one has constructed various kinds of resum-
mation techniques mostly leading to the exponentiation
of the dominant terms [3—-7]. Another issue is the depen-
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dence of the physical quantities on the chosen scheme
and the choice of scales. Since the perturbation series
is truncated the theoretical cross section will depend on
the scheme and the renormalization and/or factorization
scale pu. These dependences can be reduced by including
higher-order terms in the perturbation series. An alter-
native way to determine p itself (optimum scale) by us-
ing so-called improved perturbation theory like the prin-
ciple of minimal sensitivity (PMS) [8], fastest apparent
convergence (FAC) [9], or the Brodsky-Lepage-Mackenzie
(BLM) procedure [10].

The first fixed target experiment on massive lepton
pair production was carried out by the Columbia-BNL
group [11]. Later on this process was studied in many
other experiments which were carried out at increasing
energies (for reviews see [12]). When the statistics of the
data were improving one discovered that the cross sec-
tion could not be described by the simple parton model
given by Drell and Yan in [1]. This was revealed for
the first time by the NA3 experiment [13] (see also [14])
where the data show a discrepancy in the normalization
between the experimental and theoretical cross sections.
This discrepancy is expressed by a so called K factor
which is defined by the ratio between the experimentally
observed cross section and its theoretical prediction. The
above group and the experiments carried out later on [15]
show that this K factor ranges between 1.5 and 2.5 and
is roughly independent of the type of incoming hadrons.
The most generally accepted explanation of this K fac-
tor was provided by perturbative QCD. The calculation
of the order o, corrections [16-19] to the DY cross section
in [1] show that a considerable part of the K factor can
be attributed to next-to-leading order effects. However
the order a, corrections do not account for the whole
K factor. More recent experiments [20-23] still indicate
that the ratio between the experimental cross section and
the order o, corrected theoretical prediction is about 1.4,
a number which might be explained by including QCD
corrections beyond order a, as we will show in this paper.

As has been mentioned at the beginning, the DY pro-
cess is one of the few processes where the order a? cor-
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rections to the coeflicient function are completely known.
The latter refers to the cross section do/dm only where m
denotes the lepton pair invariant mass. This coefficient
function has been calculated in the modified minimal sub-
traction MS [24] as well as in the deep inelastic scattering
(DIS) [25] scheme. However in the case of the double dif-
ferential cross section d?¢/dmdzp(d?0/dmdy) one has
only calculated the order o2 part of the coefficient func-
tion which is due to soft and virtual gluon contributions
[26] because the remaining part is very complicated to
compute. Fortunately, as shown in the literature [16-19],
the soft plus virtual gluon corrections dominate the total
and differential DY cross sections in particular at fixed
target energies, so that we can restrict our study to them
to make reliable predictions.

An analysis of the higher-order corrections to the to-
tal DY cross section for W and Z production at large
hadron collider energies has been performed in [24,25].
Such an analysis is still missing for the DY process at
fixed target energies, and therefore we present it here. In
particular we want to show that the discrepancy in the
normalization between the order a, corrected DY cross
section and the one measured at the fixed target experi-
ments can be partially explained by including the order
a? contributions due to soft plus virtual gluon effects.

This paper is organized as follows. In Sec. II we
present the expressions for the various DY cross sections
and give a review of the partonic subprocesses included
in our analysis. In Sec. III the validity of the soft plus
virtual gluon approximation will be discussed, and we
make a comparison between the order a2 corrected cross
sections and the most recent fixed target DY data. In
Appendixes A and B we give the coefficient functions for
d?0/dmdz r(d?o /dmdy) corrected up to order o, and or-
der o2, respectively. They are presented for arbitrary
renormalization and mass factorization scale in the MS
as well as in the DIS scheme.

II. HIGHER-ORDER QCD CORRECTIONS TO
d?c /dmdezp(d®o /dmdy) AND do/dm

Massive lepton pair production in hadron-hadron col-
lisions proceeds through the reaction

H,+H, >V +“X”

Li+lp. (2.1)

Here H; and H; denote the incoming hadrons, and
V is one of the vector bosons of the standard model
(v*,Z or W), which subsequently decays into a lep-
ton pair (Iy,l3). The symbol “X” denotes any inclusive
hadronic final state which is allowed by conservation of
quantum numbers. Following the QCD improved parton
model as originally developed in [1] the double differen-
tial DY cross section can be written as

d?o

1 1
dQ%dzy ;aV(Qz’MiZ/) /El dt, /32 dtz Hij(t1,t2, 4°)

X Ayj(ta, ta, 21,22, Q% p?) (2.2)

51 ORDER a? CONTRIBUTIONS TO THE DRELL-YAN CROSS . .. 45

Here Q? = m? where m denotes the lepton pair invariant
mass. The longitudinal momentum fraction zr of the
lepton pair and the Bjgrken scaling variable are defined
by

2 _Q°
Vs TS
where /S stands for the center-of-mass energy of the

incoming hadrons H; and H,. The quantity oy is the
pointlike DY cross section which describes the process

TFp =1 — Ty = =T1Zx2, (23)

Q+@-o>V-oli+l, (2-4)

where ¢; and g, denote the incoming quark and anti-
quark, respectively. If we limit ourselves to V = v*,Z
then oy gets the form

2 2(02 _ A2
ov(Q* M%) = 4;;; efel + EQ'(ZQ(T—Z)PA/IZ)ezeqCV,zCV,q
+ (Q2)2 (02 + Cz )(CZ CZ
IZ(Q2)|2 \A) Al V,q + A,q) )
(2.5)
with
Z(Q%) =Q*— M2 +iMzT5 . (2.6)

Here the width of the Z boson is taken to be energy
independent and all fermion masses are neglected since
they are much smaller than \/@ The charges of the
leptons and quarks are given by

2 1
€y = —, g = —— .

el:_l, 37 3

(2.7)

The vector and axial-vector coupling constants of the Z
boson to the leptons and quarks are equal to

1
Car= ——r—,
A= 9 sin 20w

Cau=—Caa=—-Cyy,

CV,[ == —*CA‘I(I -4 Sin2ow),

(2.8)
Cvu=Ca,(l— %sin29w),

CV,d = —CA,I(I — %Sinzaw).

The function H;; in (2.2) stands for the combination of
parton densities corresponding to the incoming partons
iand j(4,7 = q,§,g). Finally A;; denotes the DY coeffi-
cient function which is determined by the partonic sub-
process

i+j oV +eX7, (2.9)

where “X” now represents any multipartonic final state.
Both functions H;; and A;; depend, in addition to the
scaling variables ¢; and z;, also on the renormalization
and mass factorization scales which are usually put to be
equal to p. In addition to the cross section in (2.2) one
is sometimes also interested in the rapidity distribution
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of the lepton pair. In this case the left-hand side in (2.2)
is replaced by d20/dQ%dy where y denotes the rapidity
defined by [see (2.3)]

T
y= STl 2y = Jrel, mp = yfre Y (2.10)
2 o
or
_1 zF + /7% + 47 (2.11)

—TF + \/a:F +4r

Furthermore on the right-hand side the coefficient func-
tion A;; is replaced by its analogue corresponding to the
cross section d?0/dQ?dy.

The coefficient function A;; (2.2) can be expanded as
a power series in the running coupling constant a,(u?)
as follows:

A = i (%7’:2))” A, (2.12)

n=0

In lowest order the coefficient function of the differential
cross section (2.2) is determined by the subprocess

q+q—oV. (2.13)

Here V stands for either the virtual photon v* or the Z
boson and the coefficient function is given by

o_ 1
1 T1+ T2

8ty — 1)8(ts — x2) . (2.14)

The order a, corrections to the Born process (2.13) de-

noted by A( ) are given by the one-loop contributions to
(2.13) and the gluon bremsstrahlung process

g+d—-V+g. (2.15)

In addition to the process above we have another re-
action which instead of a quark or antiquark has a gluon
in the initial state:

g+q(@) =V +4q() - (2.16)

This reaction contributes to Aélq). Both contributions
A((Ilq) and A_S,}} have been calculated in [17,18,27] (DIS
scheme) and in [28] (MS scheme) and are presented in
(A1), (A7), and (AS8), respectively. A part of the order
a2 corrections to the coefficient function corresponding to
d?0/dQ?dzr has also been calculated in [26]. These cor-
rections originate from the soft plus virtual gluon contri-
butions. They consist of the two-loop corrections to pro-
cess (2.13) and the one-loop correction to process (2.15)
where the gluon is taken to be soft. Furthermore one has
also included the bremsstrahlung process

g+d—->V+g+g (2.17)
and fermion pair production
g+3d—>V+q+q, (2.18)

where the gluons were taken to be soft and the quark-
antiquark pair in the final state of (2.18) has a low in-

variant mass.

All above corrections contribute to Agzq) and can be
found in Appendix B for arbitrary factorization and
renormalization scale yu where they are presented in the
MS, as well as in the DIS scheme. The hard gluon cor-
rections (2.17) and the other two to three-body processes
(see below) are very hard to compute at least for the dou-
ble differential cross sections. Fortunately as has been
shown in [16-19] the bulk of the order «, radiative cor-
rections to the cross sections do/dQ? and d?c/dQ3*dzp
is constituted by the soft plus virtual gluon contribu-
tions to A,(;j). Therefore within the experimental and the-
oretical uncertainties one can assume that the order o2
part of the coefficient function Agg, which is only due
to soft plus virtual gluon contributions, is sufficient to
describe the next-to-next-to-leading order DY cross sec-
tion at fixed target energies. This can be tested for the
quantity do/dQ? which is defined by

1
do I_Td d?o . do _Elmd d?o
daQ? =~ J._, “*FaQrdzy 4@z ~ Linr YiQrdy

(2.19)

which can also be written as

dzx dzx
sz Zav (@ MV)/ 1// B2 (@, 22, 1%

z2
T Q2

XA\ ———5 ) »
T1T2 M

where A;; now stands for the coefficient function corre-
sponding to the integrated cross section do/dQ?.

Since the exact order a? corrections to this coefficient
function are completely known, see [24] (MS scheme) and
[25] (DIS scheme), one can now make a comparison be-
tween the exact DY cross section coming from the com-
plete coefficient function and the approximate cross sec-
tion due to the soft plus virtual gluon part. The full
order o2 contribution to the DY coefficient function re-
quires, besides the calculation of the subprocesses men-
tioned above, the computation of the following two-to-
three-body partonic subprocesses. First, we have the

bremsstrahlung correction to (2.16):

(2.20)

g+q(@) -V +q@+g, (2.21)

which entails the computation of the one-loop corrections
to (2.16). In addition one has to add the subprocesses

n+@2->V+a+a, (2.22)
2(q) + a(@) = V +q(@) + 4(@) , (2.23)

and
g+g—->V+ag+q. (2.24)

Reactions (2.21)—(2.24) contribute to the coefficient func-
tions A_S,f), A,(f;), A,(qu), and A_S,zg), respectively. The exact

result of the coefficient function calculated up to order a?
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for do/dQ? gives an indication about the validity of the
soft plus virtual gluon approximation of d?¢ /dQ2dzr (or
d?0/dQ?dy) for which a complete order a? calculation is
still missing. In [25] one has made a detailed analysis of
this approximation for the total cross section of W and
Z production which is derived from (2.20) by integrating
do/dQ? over Q2. From this analysis one infers that the
approximation works quite well in order a, as well as in
order a? when MZ /S > 0.01 provided the DY coefficient
function is computed in the DIS scheme.

This implies that in practice one can only apply it to
the cross section measured at the CERN Super Proton
Synchrotron (SppS) (V'S = 0.63 TeV). The reason that
this happens in the DIS scheme is purely accidental. It
originates from the large coefficient of the delta function
8(1 — z) appearing in Agg(z) which is small in the MS
scheme. Apparently the combination of the anomalous
dimension (Altarelli-Parisi splitting function) and the re-
maining part of the coeflicient function is very small in
the DIS scheme. It is expected that the approximation
will even work better when 7 = Q%/S — 1, a condi-
tion which is satisfied by fixed target experiments. In
this case the phase space of the multipartonic final state
in the above reactions will be reduced so that only soft
gluons or fermion pairs with low invariant mass can be
radiated off. Their contributions manifest themselves by
large logarithms of the type [In*(1 — z)/(1 — z)]4 which
appear in the coefficient function in the DIS as well as in
the MS scheme.

Notice that the above analysis holds if the mass fac-
torization scale p is chosen to be u? = Q2. Therefore it
is not impossible that the above conclusions have to be
altered when a scale completely different from u? = Q2
is adopted.

Finally, one has to bear in mind that a complete next-
to-next-to-leading order analysis cannot be carried out
yet because the appropriate parton densities are not
available. The latter can be attributed to the fact that
the three-loop contributions to the Altarelli-Parisi split-
ting functions or the anomalous dimensions have not
been calculated as yet. Therefore, the analysis of the
order a? corrected result for do/dQ? has to be consid-
ered with caution. This holds even more so for the or-
der o2 corrected differential distribution d?¢/dQ?dzF or
d?c /dQ%dy.

III. RESULTS

In this section we start with a discussion of the validity
of the soft plus virtual gluon (S + V) approximation of
the order a? correction to d?0/dQ%dzr (2.2). This is
done by making a comparison with the integrated cross
section do/dQ? (2.19) for which the coefficient function is
completely known up to order a?. Then, we include this
approximation in our analysis of the fixed target muon
pair data published in [20-23]. In particular we show that
this correction partially accounts for the difference in the
normalization between the data in [20-23] and the order
o, corrected cross section calculated in [17,18,27,28].

The calculation of the cross sections do/dQ? (2.19) and
d?c/dQ?dzr (2.2) will be performed in the DIS as well
as in the MS scheme chosen for the coefficient functions,

as well as for the parton densities. The coefficient func-
tions for do/dQ? up to order o2 can be found in [24] (MS
scheme) and [25] (DIS scheme). The coefficient functions
for d?0/dQ3*dx corrected up to order «, are obtained
from [17,18,27] (DIS scheme) and (28] (MS scheme). In
order to make this paper self-contained we have also pre-
sented them in Appendix A. The order a2 contribution
as far as the soft plus virtual gluon part is concerned has
been calculated in [26] and is presented in both schemes
in a more amenable form in Appendix B. For the next-
to-leading order nucleon parton densities we have chosen
the Martin-Roberts-Stirling set D_ [MRS(D_)] [29] for
which a DIS (A = 230 MeV) and an MS version (A = 215
MeV) exist. Further, we use the two-loop- (MS scheme)
corrected running coupling constant with the number of
light flavors ny = 4, and the QCD scale is the same as
chosen for the MRS (D_) set. For the pion densities we
take the leading log parametrization [Duke-Owens set 1
(DO1)] in [30]. Using this set one could only fit the old
lepton-pair data (for references see [30]) by allowing an
arbitrary normalization (or K factor) with respect to the
leading order theoretical DY cross section. In this section
it is shown that this factor can be partially explained by
including higher-order QCD corrections. Next-to-leading
(NLO) order parton densities for the pion exist in [28] and
[31], but they are only presented in the MS scheme. Also,
here one has to use an arbitrary K factor to fit the data,
which is smaller than found for the leading order process
since a part of the normalization is accounted for by the
order a, corrections. Because of the missing (NLO) par-
ton densities of the pion in the DIS scheme we prefer to
use the leading log parametrization in [30]. Finally, we
choose the factorization scale y to be equal to the renor-
malization scale where u? = Q2. All numerical results in
this paper are produced by our FORTRAN program DIFDY
which can be obtained on request.

The plots will be presented at three different fixed
target energies given by /S = 15.4, 21.8, and 38.8
GeV/c. At the first energy, ie., VS = 15.4 GeV/c
one has observed muon pairs produced in the reactions
p+W = ptp +“X" and 7~ + W — ptpu= + “X7
measured by the E537 group [20]. The second experi-
ment is carried out at v/S = 21.8 GeV/c by the E615
[21] group where the same lepton pair is measured in
the reaction 7~ + W — putu~ + “X”. Finally, we dis-
cuss the E772 experiment [22,23] at VS = 38.8 GeV/c
where the reaction p + N — ptp~ + “X” is studied,
where N is represented either by the isoscalar targets 2H
and C or by W (tungsten) which has a large neutron ex-
cess. Here we will only make a comparison with the ?H
data. In the case of the E537 and E615 experiments W
is given by Z/A = 0.405, whereas E772 used tungsten
with Z/A = 0.409. Here Z and A denote the charge and
atomic number of the nucleus, respectively. Finally, no-
tice that at the above energies we can safely neglect the
contributions coming from the Z boson in (2.5) since the
virtual photon dominates the cross section.

Let us first start with the discussion of the S + V ap-
proximation to the coefficient function corresponding to
do/dQ?. The soft plus virtual gluon part of the coefficient
function, which only appears in Ay, can be written as
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2i—1

MGV @@ = 51— 2)+ Y (22 [Zaﬁ-"’(czz,w) (}5‘1(—1_‘;"’—)) +5(1 - 2)p(Q% %)
=1 +

=0

where the logarithms have to be interpreted in the dis-
tributional sense (see [17]). The coefficients a;') and b()
depend on @Q? and the factorization scale u2. The above
coefficients can be read off the explicit form of (3.1) given
by Egs. (B.3) and (B.8) in [24] and (A.3) and (A.8) in
[25]. In order to test the S+ V approximation to the DY
cross section we study the ratios

do® | goS+ViD)

R(l)(\/"—') = d:ino.(o) df{:)
dm + dm

(3.2)

and

do(©) + do(1) + doStVi(2)
2 __ _dm dm dm
R( )(\/;) - do(0) do(1) do(2) . (3'3)

dm+dm+dm

In the above expressions do®)/dm(m = 1/Q?) denotes
the O(at) contribution to the DY cross section containing
the exact O(at) part of the coefficient function where
all partonic subprocesses are included. The quantities
doStV:() /dm stand for the O(al) contribution to the
cross sections where only the soft plus virtual gluon part
of the coeflicient function according to (3.1) is taken into
account.

In Fig. 1 we have plotted R()(,/7) and R® (/) in
the DIS scheme for the /7 ranges explored by the three

11 B .“_ T

08 [+

09 -

08 [

09 F 1-
]

0.2 0.3 0.4 0.5 0.6
v

FIG. 1. The ratios R (/7) (3.2) and R®(/7) (3.3)
presented in the DIS scheme. Solid line: RW(/7);
dotted line: R® (/7). Top window: +/S = 388
GeV/c (0.125 < /7 < 0.342)E772). Middle window:
VS = 21.8 GeV/c (0.185 < /7 < 0.575, E615). Bottom
window: /S = 15.4 GeV/c (0.26 < /7 < 0.60, E537).

(3.1)

—

experiments mentioned above. From the figure we infer
that the S + V approximation overestimates the exact
cross section by less than 10% at small /7 values. At
large /7 values this becomes better, which is to be ex-
pected since in the limit 7 — 1 the approximation be-
comes equal to the exact correction. In this limit hard
gluon radiation and all other partonic subprocesses such
as quark-gluon scattering are suppressed because of the
reduction in phase space. By comparing R(®(,/7) with
RW(,/7) we observe a slight improvement when higher-
order corrections are included in the denominator as well
as in the numerator. In Fig. 2 we did the same as in
Fig. 1 but now for the MS scheme. Here we observe
that the S + V approximation underestimates the exact
DY cross section by more than 10% in particular when
the c.m. energy v/S is small like in the case of E537
(V'S = 15.4 GeV/c) or E615 (/S = 21.8 GeV/c?. Fur-
thermore, R(®(y/7) (3.3) becomes worse than R (/7)
(3.2) in particular in the low /7 region. Hence we can
conclude that for do/dm the S+ V approximation works
better in the DIS scheme than in the MS scheme.

In the case of the double differential cross section
d?c/dmdzr (m = 1/Q?) the exact order a2 contribu-
tion to the coefficient function is not known so that one
can only make a comparison on the order a, level. The
S + V part of the coefficient function, of which the ex-
plicit form is given up to order a? in Appendixes A and
B, becomes

FETEE I

FETETETIS A S S

09 -

0A8|1111|||||||||:||||

FIG. 2. The same as in Fig. 1 but now for the MS scheme.
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[é(tl - .’131)6(t2 - IE2)

N (a1 @z 2y (/21— 1)) [In'(ta/zs — 1)
E+l<2i—2
) k - 1—
+6(t, — 1) Z bf:,)(Qz,uz) In®(t3/x2 — 1) Int T
b1 tz — Xy + T
E+l<2i-1
; lnk(tl/a:l -1) 11—z
+6(ty — b (Q2, u? In
(t2 — z2) kz; rl (Q°, %) t — 1 X .

R+1<2i—-1

i l1-z 11—z
+6(t1 — x1)0(t2 — z2) E : C&’(szﬁ)lnkm—lllanz—z}] ) (3.4)
k, 1
k+1<2i

where the definitions for the distributions indicated by a
plus sign can be found in Appendix A.

To study the S + V approximation we define an anal-
ogous quantity as given for do/dm in (3.2). In the sub-
sequent figures we plot the ratio

d2o(® d2oS+VI(D)

(1) _ dmdzp dmdz g
dRW(V1,2p) = 20 ok (3.5)

dmdz dmdz

where the meaning of d?0()/dmdxp and d?05+V:()
dmdzp is the same as for do® /dm and doS*+V() /dm
defined below (3.3). Notice that here we cannot
present dR(®(,/T,zp) because the exact cross section

1 L L : . 1 L " " " i L

09 R .
- 05 0 0.5 1

Xp

FIG. 3. The ratio dR"(,/7, zF) (3.5) presented in the DIS
scheme for 71~ + W — putpu™ + “X” at /S = 15.4 GeV/c
(E537). Solid line: /7 = 0.25; dotted line: /7 = 0.42;
dashed line: /7 = 0.60.

d?0® /dmdz is still unknown.

Starting with the DIS scheme we have plotted
dRM (/7,zF) at /S = 15.4 GeV/c (E537) for three rep-
resentative /7 values as a function of zz in Fig. 3. From
this figure one infers that at small \/7 around zr = 0 the
approximate cross section overestimates the exact one by
about 20%. This value is much larger than in the case
of the integrated cross section do/dm where it was at
maximum 10%. The approximation becomes better when
either |zp| or /T gets larger.

The overestimation is even bigger when the energy in-
creases. This can be observed in Fig. 4 (VS = 21.8
GeV/c, E615) or Fig. 5 (v/S = 38.8 GeV/c, E772). Here

12

0.9 L " P 1 " L " L 1 L L " " 1 n " L
-1 -0.5 0 0.5 1

Xp
FIG. 4. The ratio dR'(,/7, Xr) (3.5) presented in the DIS
scheme for 7~ + W — ptp~ + “X” at /S = 21.8 GeV/c
(E615). Solid line: /7 = 0.18; dotted line: /7 = 0.42;
dashed line: /7 = 0.65.
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1 L L L " 1 L " P

-1 -0.5 0 0.5 1
X

0.9
4

FIG. 5. The ratio dR(y/7,zr) (3.5) presented in the DIS
scheme for p+2H — ptp~+“X” at /S = 38.8 GeV/c (ET72).
Solid line: /7 = 0.13; dotted line: /7 = 0.23; dashed line:
VT =0.34.

one overestimates the exact cross section at small /7
values even by 25%. If we repeat our calculations in the
MS scheme we observe a considerable improvement of the
S + V approximation to the double differential cross sec-
tion (see Figs. 6-8). Although like in the case of do/dm
the approximation underestimates the cross section at
high /7 values, the difference with the exact one is less
than 5%.

Summarizing our findings we conclude that in the case
of the DIS scheme the S + V approximation works bet-
ter for do/dm than for d?c/dmdzpr whereas for the MS

13— 7T

0.9 L L n " | s L P Il s 2 s L |

FIG. 6. The same as in Fig. 3 but now for the MS scheme.

0.9

FIG. 7. The same as in Fig. 4 but now for the MS scheme.

scheme just the opposite is happening, except for 7 — 1
where R (\/7) and dR™) (\/7, zr) become close to 1 in-
dependent of the chosen scheme. Further from Figs. 3
8 it appears that when d20°*+V:(1) /dmdzp is integrated
over z according to (2.19), we get a result which differs
from the one obtained form doS+V:(1)/dm in (2.20) in
particular at small /7. On the first sight this is surpris-
ing because one expects the same cross section do/dm
independent of the order of integration. However, both
procedures only lead to the same answer for do /dm when
the full coefficient functions are inserted in the equations
for d®0 /dmdzr (2.2) and do/dm (2.20). If we limit our-
selves to the S + V part of the coefficient functions as
given in (3.1) and (3.4) then the two procedures to com-

13— 7T

0.9

FIG. 8. The same as in Fig. 5 but now for the MS scheme.
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pute do/dm only provide us with the same answer when
7 — 1. This we have also checked for the order a2 S+ V
contribution. Therefore, the expression in (3.1) is not the
integrated form of Eq. (3.4) except if 7 — 1. This ex-
plains why at large 7 RV (y/7) (3.2) and dRM (\/7,zF)
(3.5) are roughly the same and equal to 1, irrespective of
the chosen scheme. The above properties of the S+V ap-
proximation also reveal that if /7 becomes much smaller
than 1, one has to be cautious in predicting the still un-
known dR®)(y/T,zF) from the values obtained for the
known R®(y/7) (3.3) and dR™M) (y/7,zF) (3.5). In the
subsequent part of this work we will use as a guiding
principle that as long as |[dRM(\/7,zr) — 1] < 0.1 we
expect that the S+ V approximation of the second-order
contribution to d2c /dmdz g will be very close to the ex-
act result. If [dR™M(\/7,zF) — 1| > 0.2 then one should
not trust this approximation, and one has to rely on the
predictions obtained from the first-order corrected cross
section. This implies that for the experiments discussed
in this paper one can make a reasonable prediction for
the second-order correction as long as /7 > 0.3.

After having discussed the validity of the above ap-
proach at fixed target energies, we will now make a com-
parison with the data of the E537 [20], E615 [21], and
E772 [22,23] experiments. For that purpose we compute
the Born cross section d20¢/dmdzp, the order o, cor-
rected exact cross section d?0;/dmdzr and the order o?
corrected cross section d20,/dmdzp. Notice that in the
latter only the contribution due to the coefficient func-
tion Af;‘ v (3.4) (see Appendix B) has been included
because the other contributions are still missing. The
computations have been carried out in the DIS scheme.
The results for the MS scheme will be shortly commented
upon at the end of this section.

Starting with the experiment E537 (\/§ =15.4 GeV/c)
we have plotted the quantity

do/dm [(nb ¢?)/(GeV nucleon)]

6
m [GeV/c?)

FIG. 9. do/dm (3.6) for the reaction p+W — ptp~ +“X”
at v/§ = 15.4 GeV/c. The data are obtained from the E537
experiment [20]. Dashed line: Born; dotted line: O(a,) (DIS);
solid line: O(a?) (DIS); long dashed line: O(a?)(MS).

0.1

0.01 F

[(nb ¢?)/(GeV nucleon)]

do/dm

0.001

sl b by il

0.0001

6
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FIG. 10. The same as in Fig. 9 but now for the reaction
T+ W > Il'+l‘L_ 4 ux

do 1= d d?c

dm /0 TF dmdz F
in Figs. 9 and 10 for the reactions p+ W — ptp~™ +“X”
and 7~ + W — ptp~ + “X”, respectively. Notice
that zz in [20] is defined as zr = 2pr/[(1 — 7)V'S)
which differs from the usual definition in [17,18,27,28].
Since the higher-order QCD corrections are calculated for
d?0/dmdzr with z defined in (2.3) and the cross sec-
tion is not a Lorentz invariant we had to change the zp
bins in Table III of [20] according to our definition above.
Figures 9 and 10 reveal that the data are in agreement
with the order «, as well as with the order a2 corrected
cross section but lie above the result given by the Born
approximation. The difference between the latter and
the data is also observed when we consider the quantity

do 90 d?o
— = dm—-—r-—,
dzp L.O dmdz g
which is presented in Figs. 11 and 12 for the above two
reactions. Even the order a, corrected cross section lies
below the data for zr < 0.6 as can be seen in Fig. 12.
On the other hand the order a? corrected cross section is
in agreement with experiment over the whole zr range.
The second experiment, E615 [21] also studies the re-
action 7= + W — p~pt + “X” but now for VS = 21.8
GeV/c. In Fig. 13 we have compared the quantity
do/d\/T = V/Sdo/dm with the data where do/dm is de-
fined in the same way as in (3.6). Apart from the bump,
which is due to the Y resonance at about /7 = 0.43,
the order a2 corrected cross section reasonably describes
the experimental results whereas the Born and the order
a, prediction fall below the data. The importance of the
order o2 contribution is also revealed when we study the

8
double differential cross section

(3.6)

(3.7)

d?%G d?c

VT2
= 1 / d\/;——
d\/Tdzp VT2 = T ) d\/Tdzp

(3.8)
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FIG. 11. do/dzr (3.7) for the re-

action $ + W — putp~ + “X” at v/S = 15.4 GeV/c. The
data are obtained from the E537 experiment [20]. Dashed
line: Born; dotted line: O(a,) (DIS); solid line: O(a?) (DIS);
long dashed line: O(a?)(MS).

for various zp regions, see Figs. 14-19. The curves pre-
dicted by the Born and the order «, corrections all lie
below the data. For /7 > 0.277 even the order a? con-
tribution is not sufficient to close the gap between theory
and experiment. This is due to the presence of the T in
the region 0.323 < /7 < 0.599 which has not been sub-
tracted from the data. The discrepancy between the or-
der a2 corrected cross section and the data becomes even
more clear when we plot the K factor (Fig. 20) defined
by

1—7 20;
fO ddej‘l_'ZzF
Ki(VT) = im0 (3.9)
f drp 220
()] d\/‘l_'d:l:p
1 T T T T T T T T T T
=
H
5
=
S~
)
5 =
Iy
o
N
3
0.001 | E
0.0001 1 1 1 1 1 1 L 1 1 1
0.1 0 01 02 03 04 05 06 07 08 09 1

Xp

FIG. 12. The same as in Fig. 11 but now for the reaction
7l'—+W—)[-L+[I/_+“X.”

o
T

do/dV7T [nb/nucleon]
o
2
T

0.001 [ 4

1 1 n 1 1 n
0.2 0.3 0.4 D.IS 0.'6
VT

FIG. 13. do/d\/T = v/Sdo/dn [see (3.6)] for the reaction
T+ W o ptuT +“X” at /S = 21.8 GeV/c. The data are
obtained from the E615 experiment [21]. Dashed line: Born;
dotted line: O(a,) (DIS); solid line: O(a?) (DIS); long dashed
line: O(a?)(MS).

0.0001

in Fig. 20 and compare the above expression with the
experimental K factor which is given by

1—7 d2?Oexpt
exp
fO de d\/;dwp
1—7 d2o,
<% 90
Jo T dzr dyrdzr

Kexpt(\/;) = ) (3.10)

where d?0; /d+/TdzF denotes the order ot corrected cross
section. Figure 20 shows that neither K; nor K, fit the

dza/d\/‘;dx, [nb/nucleon]
@ IS

[N
T

I R

0‘.1.1‘|.|.|.1.|.|.n"'i
[¢] 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

FIG. 14. d%5/d\/Tdzr(3.8) with 0.185 < /7 < 0.231 for
the reaction 7~ + W — utu~ + “X” at VS = 21.8 GeV/e.
The data are obtained from the E615 experiment [21]. Dashed
line: Born; dotted line: O(a,) (DIS); solid line: O(a?) (DIS);
long dashed line: O(a?)(MS).




[nb/nucleon]

d20/dV/7dx,

-

FIG. 15. The same as in Fig. 14 but now for 0.231
< /T < 0.277.

data. The second-order corrected K factor is closer to
the data in the small /7 region. It is a pity that due to
the presence of the Y in the data it is difficult to compare
theory with experiment, in particular in those regions of
+/7 where the S + V approximation is supposed to work.

Finally, we also made a comparison with the data ob-
tained by the E772 experiment for the reaction p+2 H —
ptp~ 4+ “X” carried out at v/S = 38.8 GeV/c. The main
goal of this experiment was to find a charge asymmetry in

the sea-quark densities of the nucleon, i.e., @(xz) # d(z).

d%0/dV7dx, [nb/nucleon]
o o 1) o o 1) o
w IS o o ~ ® ©
T
1

Q
N

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Xp

FIG. 16. The same as in Fig.
< /T < 0.323.

14 but now for 0.277

51 ORDER a? CONTRIBUTIONS TO THE DRELL-YAN CROSS . .. 53

05— T T T T— ] T T T T [ " T T T T

0.4

0.3

[nb/nucleon]

d20/dV7dx,
o
n

0.1

FIG. 17. The same as in Fig. 14 but now for 0.323
< 4/T < 0.369.

Here we are also interested in whether the data obtained
for m3d?0/dmdzp are in agreement with the order o?
corrected DY cross section. In Fig. 21 we have plotted
the data for m = 8.15 GeV/c? and compared them with
the predictions given by the Born, the order o, corrected,
and the order o? corrected cross section. The figure
shows that the order o corrections are needed to bring
theory into agreement with the data. Notice that at this
m value one obtains /7 = 0.21, which is quite small for
the S+V approximation so that the result has to be inter-
preted with care. In the next figure (Fig. 22) we study
the effect of the higher-order QCD corrections on the
suppression of the cross section near zr = 0.0 which is
caused by the difference between the up-sea and down-sea

0.25 —T—T—T—] T

d?0/dV7dx, [nb/nucleon]

FIG. 18. The same as in Fig. 14 but now for 0.369
< /T < 0.484.
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FIG. 19. The same as in Fig. 14 but now for 0.484
< /T < 0.599.

quark densities. Notice that the pp reaction is symmetric
whereas the pn reaction is asymmetric around zr = 0.0
irrespective of whether or not there is charge asymmetry.
Therefore the pn reaction leads to an xr asymmetry even
for isoscalar targets such as 2H. In Fig. 22 we have pre-
sented the order a? corrected cross section for three dif-
ferent parton density sets for the nucleon. They are given
by MRS(S0) and MRS(D0) where the former has a sym-
metric sea [@(x) = d(z)] whereas the latter contains an
asymmetric sea [@(x) # d(z)] parametrization. For com-
parison we have also shown MRS(D_) which only differs

0 1 1 1
0.15 0.3 0.45 0.6 0.75

N

FIG. 20. Order ! corrected K factor denoted by K; (3.9)
compared with the experimental K factor (3.10) for the reac-
tion 77 + W — ptu~ + “X” at /S = 21.8 GeV/c. The data
are obtained from the E615 experiment [21]. Dotted line: K,
(DI8S); solid line: K> (DIS); long dashed line: K,(MS).
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FIG. 21. m3d®c/dmdzr for the reaction p+*H— ptp~
+4X" at v/S = 38.8 GeV/c and m = 8.15 GeV/cz. The data
are obtained from the E772 experiment [23]. Dashed line:
Born; dotted line: O(a,) (DIS); solid line: O(a?) (DIS); long
dashed line: O(a?)(MS).

from MRS(DO) in that the gluon and sea densities have a
much steeper small z behavior (Lipatov-Pomeron) than
the ones given by MRS(D0) and MRS(S0) (nonperturba-
tive Pomeron). Figure 22 reveals that there is hardly any
suppression of the cross section for zr < 0 while going
from the symmetric sea [MRS(S0)] to the asymmetric sea
[MRS(DO0)] parametrization so that both parton density
sets are in agreement with the data.

m?® d%0/dmdx, [(GeVZ nb)/(c* nucleon)]

02 01 0 01 02 03 o4 Tos 06 o7  os

FIG. 22. Parton density dependence of m®*d*o/dmdzr cor-
rected up to order a2 for the reaction p+3H— putpu~ + “X”
at v/S = 38.8 GeV/c and m = 8.15 GeV/c?. The data are ob-
tained from the E772 experiment [23]. Solid line: MRS(S0);
dotted line: MRS(DO0); dashed line: MRS(D_).



If other parton densities are used such as those dis-
cussed in [23] the suppression for zr < 0 can be much
larger. For the MRS set it appears that a change in the
small  behavior of the parton densities leads to a larger
suppression of the cross section [compare MRS(D0) with
MRS(D_)] than the introduction of a charge asymmetry
in the sea-quarks [MRS(S0) versus MRS(D0)].

In addition to the calculations performed in the DIS
scheme we have also presented in Figs. 9-21 the order
a? corrected cross section computed in the MS scheme.
Although the latter is an improvement with respect to
the order a, corrected result it is smaller than the cross
section computed in the DIS scheme except when zp is
large. This is not surprising because Figs. 6-8 already in-
dicate that the approximation underestimates the exact
cross section in the case of the MS scheme.

Summarizing the content of this work we can conclude
that up to the order o, level the soft plus virtual gluon
contribution gives a fairly good approximation of the ex-
act DY cross section d?0/dmdzp. Therefore we expect
that this approximation will also work for the a2 correc-
tion as long as the cross section is computed at fixed tar-
get energies and for /7 > 0.3. In this 7 region we expect
that all other partonic subprocesses are suppressed due to
the reduction in phase space. This expectation is corrob-
orated by a thorough analysis of the second-order contri-
bution to do/dm for which the exact coefficient function
is known. Because of the missing pieces in the order
a? contribution to the coefficient function corresponding

AR (t1,t5, 21,22, Q% 4?) = Cp

(5(t1 - x1)5(t2 - .’Ez)

T1 + x2

x [{4 p=2)0—22) |

T1T2
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to the cross section d?0/dmdzr and the absence of the
next-to-next-to-leading order parton densities, we have
to rely on the order a? soft plus virtual gluon approxi-
mation to make a comparison with the data. Using this
approach we can show that a part of the discrepancy be-
tween the data and the order a, corrected cross section
can be attributed to the higher-order soft plus virtual
gluon contributions.

APPENDIX A

In this Appendix we will present the order a, con-
tributions to the coefficient functions corresponding to
d?0/dQ?*dzp coming from the partonic subprocesses in
(2.15) and (2.16). Although these processes have been
calculated in the DIS scheme in [17,18] (see also [27])
and the MS scheme [28], we have some different defini-
tions for the distributions and we have a small disagree-
ment with the coefficient function for the gqg subprocess
in [28]. Moreover we want to give a clear definition for
the soft plus virtual (S + V') gluon part of the coefficient
function corresponding to the gg subprocess.

We have recalculated the double differential cross sec-
tion d?0/dQ?*dzr for the partonic subprocesses (2.15)
and (2.16). After performing the mass factorization in

the MS scheme the coefficients AS ) [see the definition in
(2.12)] read

6} an—: — 16 + 12¢(2) + 2 In? %w_ﬂ]

1) T1T2

+opdlizo) P 1n4Q—2+< : ) T
I + ) t2 — T + tg Mz t2 — Tg + T

+4 (ln(tz/ﬂiz—l)) +
ty — x +

ta + x2 111(1171 + z2)(1 — z1)(t2 — z2)

-2

ta —x2

4 Ty + T2 tg — I3
N P)
1 + t2 tz

t2 zyzo(ty + 1)

] + [t1 © t2, 1 ¢ 2]

1 t2 +(E2 1
+C 3 ( )
Far + 22 [(h —x1)4+(t2 — z2)+ t2 ti—x1/

-2

21131 2(1:2

t1 + 3 1 ) 4 " 2 + 2
t2 ta—x2 ), (t2+z1)(t1+2z2) ta(ts +x2)  ti(tz+ 1)

2(.’1:1 +:L'2)(t% +t§) , (Al)

T 12(ty + x2)

t%(tz + Il:l)

tit3(t1 +t2)

where the color factor Cp is given by Cp = (N2 — 1)/2N (QCD:N = 3). In this Appendix and in the next one the
distributions indicated by a plus sign in the denominator are defined as

N ty — T

[ (H’iﬂ‘—l—)) s = [ an O D g0 gy,
x + Tk

(A2)
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[l [ (M) (L) e
+ +

/ dt1/ dt, In*(ty/zy — 1) In? (t2 /25 — 1)

tp —x1 t — 2

f(ty,t2) — f(z1,t2) —f(t1,332)+f(931,$2):| . (A3)

Expression (A1) for A( ) is in agreement with Eq. (A4) in [28]. Notice that the authors in [28] give a different
definition for the dlstrlbutlons. This leads to a difference between (A2) and Eq. (A12) in [28] which equals

/‘ dta lntk/wk Flaw) = F(zx) [%]n2$k+Li2(1—$k):| , (A4)

where the dilogarithmic function Liz(z) is defined by

Lis(z) = — /0 ) %111(1 —4) . (A5)

The expression between the square brackets in (A4), multiplied by 2, has to be added to the coefficient of the
8(t1 — z1)8(t2 — z2) term in Eq. (A4) of [28] so that one obtains the same result as we have in (A1) above.

The soft plus virtual gluon part of A%) is defined by isolating the double singular terms in (A1) of the types
6(t1 - w1)6(t2 - 312), J(t]_ - ml)(E:—M)+’ (s(tz - J}z)(;_lTl).Q_ N and (ﬁ)+(ﬁ)+. Hence we obtain

4(t — T (5(t2 —1172)
Aqs;V’(l)(tlytZ’mlvwzanal’lz) =UF ( L z: l_ s
— — 2 1-— 1—=x
x [{4 pd =2l —22) 6} % 16+ 12¢(2) + 2 1n2(_jL_2)]
T1%2 H T1T2
2 : _
+CF6(t1—a:1) 4 ) Q +( 4 ) lnl 1
1+ T2 to — T2 + ,L to — o + T
4 (ln(tz/xz - 1)> ] + [t1 © t2,z1 & 2]
ta — x2 +
1 4 .
¢ (46)
+ Fﬂll +1132 [(tl — 1131)+(t2 — :1)2)+:l ’

where we have taken the residues at tx = x.
For the gq subprocess we obtain the coefficient function

(1)(t1,t2,$1,$2, 23/"'2) =T

5(t2 — 22) [{Zwi + (ts — )? } e

T1 + z 3 u

LT (= 20)?) (@ 4 22)(L=22)(ta = 21) | 43a(h = ml)]

t? Jtlmz(tl + $2) t:;

fr,— L [pit (@) ( : ) PSR C L LI
1 + T2 tl t2 — T2 + t (tz + Itl) t1t2

$11L'2(.’L'1 + .’1:2) _4 % + (.’L‘l + .’112)( 2 — .’L‘g)(tz + .’L‘1) 41:1.’112($1 + 1122)

—4
32 t3t2 t1t3(ty +t2)2 t2t2(t1 + t2)

(A7)

and

A‘(I.}J) (t11t27w17m25 Qza ”2) = Agz)(t23t15m23$17Q2’ #2) ’ (AS)



where Ty = 1/2.

There is a discrepancy between our answer in (A7)
and the one given in Eq. (A8) of [28]. The difference
between their result and ours equals 25§+—(t;3:z‘—)2. This
discrepancy can be attributed to the procedu;e that in n-
dimensional regularization before mass factorization the
cross section with one gluon in the initial state has to be
divided by n — 2 in order to average over the initial gluon
polarizations. Only in this case one can combine the co-
efficient functions with the parton densities of which the
scale evolution is determined by the two-loop anomalous
dimensions (or Altarelli-Parisi splitting functions) calcu-
lated in the literature (see, e.g., [32]). The expression
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in Eq. (A8) of [28] can be only obtained if the polar-
ization average factor is a 1/2 instead of 1/(n — 2). In
the latter case one has to modify the two-loop anoma-
lous dimensions via a finite renormalization. However
the MRS parton densities in [29] were constructed using
the anomalous dimensions in [32] so that one has to di-
vide the parton cross section by n — 2 and not by 2. The
choice of the polarization average factor shows up again
when we want to present the coefficient functions in the
DIS scheme. The results in the DIS scheme are obtained
by performing a finite mass factorization. The coefficient
functions in the two schemes are related by

1 1
Aij(ty, tz, T1, T2, Q%, ) = Z/ dul/ dulg; (%) Ty (?) Art(u1, uz, @1, 22, Q% 4*) (A9)
DIS ki ¥® ¥z ! 2 MS
Up to order a,,'gq(x), and Tgy(z) are given by
Qs In(1 — z)
Tg(z)=0(1—2z)+ —Cp|4| ————) —2(1+z)n(l-2z)+6+4x
4 1—=x +
14 22 3
-2 1_:L.lnm— (E—>++5(1—m)(——9—44(2))] (A10)
Qg 2 2 1—=2
Dgg(z) = 4—-Tf 2{z* + (1 —z)*}In +16z(1 —z) — 2| . (A11)
71' T

Expressions (A10) and (All) are in agreement with C};.lyz,‘ and Cg,)z in Appendix I of [33]. Notice that the authors
in [28] used a ['gg(z) where 16z(1 — ) — 2 is replaced by 12z(1 — z) which is obtained when the gluon polarization
average factor is taken to be 1/2 instead of 1/(n — 2). See the discussion above.

The coefficient functions in the DIS scheme read

8(ty — 1)6(t2 — 2) [

Ty + T2

Ty 1—:112
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1
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F$1+IE2 [(t1—$1)+(t2—$2)+ t2 tv—x1 )
2t1 + x1 1 ) _ 4 + 2 + 2
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T1 T2

-2 -2 Al12
t5(tr +z2)  ti(t2 +71) (412)

(z1 +z2)(83 + t3)
t2t2(t1 + ta) )

The soft plus virtual gluon part is obtained in the same way as discussed in the case of the MS scheme:
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+ (4111 1 + 3) ( ) + [tl iy, 1 & .’Ez]
T ta —x2 )/

1 4
+C . A13
Fo1+a, [(tl —z1)+(t2 — 22)+ (A13)
The coeflicient function for the subprocess with the gluon in the initial state becomes
(S(tz —-wz) 1132+(t1 —m1)2 QZ
1 2,2y _ 1 bl
qu)(tl,t27w13$27Q s K ) “Tf z1 + T2 2 t% lnﬂz
24 (t1 —=1)? 1- 2 t1 —
+2:4c1+( 13 z1) ln(:L'l + z2)(1 — z3) +__12a:1( 13 z;)
t3 z2(t1 + x2) t ty
1 P4 (81— 21)? 1 5+ (t 2 +z
+T; 2$1+( 13 z1) ( ) _2152-3!-( 1+ 22) 1'12 2
T ~+ i) tl tz — I + tl(tz + .’El) t1t2
:clzz:g(ml + 11:2) Il:% — .’Eg (1131 + :L‘z)(tg - :Ez)(tz + 1:1)
—4 32 —4—3 +2 2 2
tyt3 tits tltz(tl + tz)
z122(T1 + z2)
W fattntA et BLERaL74) I Al4
tit3(t1 + t2) } (A14)

where Aq(,;) is related to Ag}) via relation (A8).

We have explicitly checked that if the above coefficient functions are inserted in (2.2) and the integrations over zp
are performed according to (2.19) one gets the same answer as given by do/dm (2.20) with the coefficient functions
obtained from [24,25]. The coefficient functions for d20/dQ2dy have not been explicitly listed here but are present in
our computer program DIFDY. In the case of d20/dQ?dy we agree with the results for the MS scheme published in

[28] except for 1/2t; in Eq. (A20) which has to be replaced by ﬂ—%—"—m—‘l This difference follows again from taking the

average over the initial gluon polarizations as discussed for Ag(,},) above. Our results for the DIS scheme agree with

those presented in the Appendix of [27]. Notice that the soft plus virtual gluon part of A,Slq) for d%0/dQ?*dy can be
obtained from (A6) and (A13) by multiplication with z; + z».

APPENDIX B

The order o2 contribution to the coefficient function in the S + V approximation has been calculated in [26].
Including the mass factorization parts represented by InQ?/u? and rewriting the > coeflicient function in a more amenable
form as presented for the first order correction in Appendix A it reads in the MS scheme as

Aqs;-V,(Z)(tl,tZ’wlazZ)sz :u'z)
_ 6(t1 - Il)a(tg - (L'z)

T+ T2

[C}’,{ [18 — 8((2) + 8(P?(x1) + P?(z2)) + 24(P(z1) + P(z2))

+16P(.1:1)P(w2)] L2+ [—93 + 60¢(2) + 80¢(3) + 8(P3(z1) + P3(x2))

+24((P?(21)P(z2) + P(21)P?(x2)) + 24P(z1) P(x2)
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+12(P?(21) + P*(22)) + (— 64+ 16((2)) (P(z1) + P(rz))] Ly

+5—; — 128((2) — 60((3) + z’%C"’@) +2(P*(21) + P*(22))

+8(P3(z1)P(z2) + P(z1)P3(22)) + 12P?%(z1) P?(z2)
+(— 32+ 8¢(2)) (P*(21) + P*(x2)) + (— 64 + 16¢(2)) P(z1) P(x2)

+CACF{ [—11 - %(P(wl) + P(mz))} L2+ [% — 22¢(2) — 24¢(3)

SR e + P + (5 - 802)) (Pl + Pla)
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Lo+ 20 12c0) 4 2e)
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F5(PP(@1) + PY(22)) + 5 (P @) Ple2) + Plan) P*(22)) — 2 P(a1) P(e:)

112 8

+&;1—J—:»%‘) [Cf,{[lG(Dl(tz) + P(z1)Do(t2)) + 24Do(t2)] L7 + {2402(@)

+48P (1) D1 (t) + 24P%(z1) Do (t2) + 24(D1 (t2) + P(x1)Do(t2))

+8P%(z1)Do(t2) + ( — 64 + 16¢(2))(D1(t2) + P(z1)Do(t2)) + 32¢(3) Do (tz)}
+CACF{ [-?Do(tz)] L+ [—43—4D1(t2) - %P(ml)Do(tz)

+ (% ) Do(tz)J L = 5 Dalta) = 5 P@)Di(ta)

—23—21’2(931)170@2) + <29ﬁ - 84(2)> (D1(t2) + P(z1)Do(t2))

N (_%8 + 4?4((2) + 28((3)) Do(tZ)}

+nfCF{ [%Do(tz)] 2 4 [g(Dl(tz) + P(21)Do(ts)) — i‘gﬂpo(tz)] L,
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+3D3(t2) + 3 P@)Da(ta) + 3P (@) Da(t2) — 5 (Di(t2) + P(@) Do(ta))

+ (% - 24(2)) DO(tZ)}] + [t & t2, 21 € 22
1
x1 + T2

[Cf,{ [1GDo(t1)D0(t2)] L2 + [48(D1 (t1)Do(t2) + Do(t1)D1(t2))
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+ (? - 84(2)) Do(tl)Do(tz)}

8 8
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—%qDo(tl)Do(tz)}] . (B1)

Here the color factors are given by C4 = N,Cr = (N? —1)/2N (QCD:N = 3), and ny denotes the number of light
flavors. In the above expression we have introduced the shorthand notation

Pi(zy) = In’ (—1;%) , (B2)
In*(f — 1)
D;(tx) = (ﬁ) ) (B3)
+

1n the DIS scheme the above coefficient function becomes

AqS;VY(z)(tl’t2am17$27 st /1’2)
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+24(D1(t1)Do(t2) + Do(t1)D1(t2)) + (17 + 80((2))D0(t1)D0(t2)}

+CACF{ [—%Do(h)Do(tz)] L, - é;(171(151)170@2) + Do(t1)D1(t2))

+ (_2%8_ - 8((2)) Do(t1)D0(t2)}
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(B5)

If one chooses the renormalization scale yur unequal to the mass factorization scale y one has to add the following

term to the expressions in (B1) and (B5):

o, 2 2
ﬂO (#R) ln#—I;‘AqS;V’(l)(

4T

tl,tz,.'l'l,(l,‘g,Qz,[.Lz) ) (B6)

where (o is the lowest-order coefficient in the 3 function given by

Bo= —Ca—2n

3

2
B7
3f7 ()

and Ag;v’(l) can be found in (A1) for the MS scheme and in (A13) for the DIS scheme.
The coefficient functions for the cross section d20/dQ%dy can be very easily derived from the above expression by
multiplying the coefficient functions in (B1), (B5), and (B6) by the factor z; + z».
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