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Abstract. We investigate spin-dependent parton distributions in the polarized virtual photon target in
perturbative QCD up to the next-to-leading order (NLO). In the case A? < P? < Q?, where —Q? (—P?)
is the mass squared of the probe (target) photon, the parton distributions can be predicted completely
up to NLO, but they are factorization-scheme dependent. We analyze the parton distributions in six
different factorization schemes and discuss their scheme dependence. We study, in particular, the QCD and
QED axial anomaly effects on the first moments of the parton distributions to see the interplay between
the axial anomalies and factorization schemes. We also show that the factorization-scheme dependence
is characterized by the large-z behaviors of the quark distributions in the virtual photon. The gluon
distribution is predicted to be the same up to NLO among the six factorization schemes examined. In
particular, the first moment of the gluon distribution is found to be factorization-scheme independent up

to NLO.

1 Introduction

In the two-photon process of eTe™ collision experiments,
we can measure the structure functions of the virtual pho-
ton (Fig. 1). The advantage in studying the virtual photon
target is that in case

A< PP <@? (1.1)
where —Q? (—P?) is the mass squared of the probe (tar-
get) photon and A is the QCD scale parameter, we can
calculate the whole structure function up to the next-to-
leading order (NLO) in QCD by the perturbative method,
in contrast to the case of a real photon target where in
NLO there exist non-perturbative pieces [1,2]. The spin-
independent structure functions Fy (z, Q?, P?) and F} (z,
Q?, P?) as well as the parton contents were studied in the
leading order (LO) [3] and in NLO [4-9]. The target mass
effect of an unpolarized and a polarized virtual photon
structure in LO was discussed in [10].

The information on the spin structure of the photon
would be provided by the resolved photon process in the
polarized version of the DESY electron and proton col-
lider HERA [11,12]. More directly, the polarized photon
structure function can be measured by polarized ete™ col-
lisions in the future linear colliders. For the real photon
(P? = 0) target, there exists only one spin-dependent
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Fig. 1. Deep inelastic scattering on a polarized virtual photon
in polarized eTe™ collision, ete™ — e*e”+ hadrons (quarks
and gluons). The arrows indicate the polarizations of the et

e~ and the virtual photons. The mass squared of the “probe”
(“target”) photon is —Q? (—P?) (A% <« P? < Q?)

structure function, g] (z, @?), which is equivalent to the
structure function W (z, Q%) (g7 = 2W) discussed some
time ago in [13,14]. The LO QCD corrections to g{ for
the real photon target was first calculated by one of the
authors [15] and later in [16,17], while the NLO QCD
analysis was performed by Stratmann and Vogelsang [18].
The first moment of the photon structure function g; has
recently attracted attention in the literature [17,19-22] in
connection with its relevance for the axial anomaly. More
recently the present authors investigated [23] the spin-
dependent structure function g7 (z, Q?, P?) of the virtual
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photon up to NLO in QCD, where P? is in the above
kinematical region, (1.1). The analysis was made in the
framework of the operator product expansion (OPE) sup-
plemented by the renormalization group method and also
in the framework of the QCD improved parton model [24]
using the DGLAP parton evolution equations.

In the past few years, the accuracy of the experimen-
tal data on the spin-dependent structure function g; of
the nucleon has significantly been improved [25]. Using
these experimental data together with the already exist-
ing world data, several groups [26-29] have carried out
NLO QCD analyses of the polarized parton distributions
in the nucleon. These parton distributions may be used
for predicting the behaviors of other processes such as po-
larized Drell-Yan reactions and polarized semi-inclusive
deep inelastic scatterings, etc. However, parton distribu-
tions obtained from the NLO analyses are dependent on
the factorization scheme employed. It is possible that par-
ton distributions obtained in one scheme may be more ap-
propriate to use than those in other schemes. In the case
of a nucleon target, however, it may be difficult to exam-
ine the features of each factorization scheme, since for the
moment it is inevitable to resort to some assumptions in
order to extract parton distributions from the experimen-
tal data.

On the other hand, it is remarkable that, in the case
of a virtual photon target with the virtual mass —P? be-
ing in the kinematical region of (1.1), not only the photon
structure functions but also the parton distributions in
the target can be predicted entirely up to NLO in QCD.
Thus, comparing the parton distributions predicted by one
scheme with those by other schemes, we can easily exam-
ine the features of each factorization scheme. In conse-
quence, the virtual photon target may serve as an optimal
place to study the behaviors of the parton distributions
and their factorization-scheme dependences.

In this paper we examine in detail the polarized parton
(i.e., quark and gluon) distributions in the virtual photon
target. The polarized parton distributions are particularly
interesting due to the fact that they have relevance for
the axial anomaly [30]. The interplay between the QCD
axial anomaly and the factorization schemes has already
been discussed for the spin-dependent structure function
g1 of the nucleon [31-37]. It was explained there that the
QCD axial anomaly effect is retained in the flavor sin-
glet quark distribution in the nucleon in the standard MS
scheme, but it is shifted to the gluon coefficient function in
a scheme such as the one called the chirally invariant (CI)
factorization scheme. Now it should be pointed out that
the polarized photon target is unique in the sense that not
only QCD but also the OED axial anomaly occurs. The
QED axial anomaly, which is an U(1) anomaly, emerges
when a quark has an electromagnetic charge. Thus the
flavor-non-singlet quark distribution is also relevant, be-
sides the flavor singlet one. Depending upon the factor-
ization schemes, the QED axial anomaly effect resides in
both the flavor singlet and non-singlet polarized quark
distributions in the virtual photon, or it is shifted to the
photon coefficient function, in which case we arrive at an
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interesting result: the first moments of the polarized quark
distributions in the virtual photon, both flavor singlet and
non-singlet, vanish in NLO. Also we find that the large-x
behaviors of the polarized quark distributions dramati-
cally vary from one factorization scheme to another. In-
deed, for x — 1, the quark distributions positively diverge
or negatively diverge or remain finite, depending on the
factorization schemes.

We perform our analyses in six different factorization
schemes: (i) MS, (i) CI (chirally invariant) (also called
JET) [37,38], (iii) AB (Adler-Bardeen) [36], (iv) OS (off-
shell) [36], (v) AR (Altarelli-Ross) [36], and finally (vi)
DIS,, schemes [39], and we will see how the parton dis-
tributions change in each scheme. In particular, we study
the axial anomaly effects on the first moments and the
large-x behaviors of the parton distributions. The gluon
distribution in the virtual photon is found to be the same
up to NLO, at least among the factorization schemes con-
sidered in this paper. Furthermore, the first moment of the
gluon distribution turns out to be factorization-scheme in-
dependent up to NLO. Part of this result has been briefly
reported elsewhere [40].

In the next section we discuss the polarized parton
distributions in the virtual photon. The explicit expres-
sions for the flavor singlet (non-singlet) quark and gluon
distributions predicted in QCD up to NLO are given in
Appendix A. In Sect. 3, we derive the transformation rules
for the relevant two-loop anomalous dimensions and one-
loop photon matrix elements from the MS scheme to other
factorization schemes and then explain the particular fac-
torization schemes we consider in this paper. In Sect. 4, we
examine the first moments of the parton distributions with
emphasis on the interplay between the QCD and QED
axial anomalies and the factorization schemes. The be-
haviors of the parton distributions near x = 1 and their
factorization-scheme dependence are discussed in Sect. 5.
The numerical analyses of the parton distributions pre-
dicted by the different factorization schemes will be given
in Sect. 6. The final section is devoted to the conclusion
and the discussion.

2 Polarized parton distributions in the photon

Let ¢(z,Q% P?), GL(x,Q? P?), I'l(z,Q% P?) be the
quark (with i-flavor), gluon, and photon distribution func-
tions with + helicities of the longitudinally polarized vir-
tual photon with mass —P2. Then the spin-dependent par-
ton distributions are defined as Aq¢® = ¢, + ¢ —¢* — ¢",
AGY = GL — G, and AI'" = I'] — I'". In the lead-
ing order of the electromagnetic coupling constant, o =
e?/4n, AI' does not evolve with Q? and is set to be
A (x,Q?, P?) = §(1 — z). For later convenience we use,
instead of Aq’, the flavor singlet and non-singlet combina-
tions of the spin-dependent quark distributions as follows:

Agd = Z Aq',

AQ
Aqig = Ze? (AqZ - Nfs) .

i

(2.1)
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In terms of these parton distributions, the polarized vir-
tual photon structure function g (z, Q?, P?) is expressed
in the QCD improved parton model as [23]

9] (z, Q% P?)

1
- [ {Aqg<y,Q2,P2>Acg (”i@?)
z Y Yy
+AG (y, Q% P?)ACY, (27622) + Aqds(y, Q% P?)

x
x ACq (y, Q2> } + ACY(z,Q%), (2.2)
where ACJ(ACYg), ACE, and ACY are the coefficient
functions corresponding to the singlet (non-singlet) quark,

gluon, and photon, respectively, and these are independent
of P2. The Mellin moments of g] are written as

97 (n, Q% P?) = AC (n,Q?) - AQ" (n,Q%, P?),  (2.3)
where
AC” (n,Q%) = (ACY, ACY, ACTs, ACY),
Aq’ (n, Q2 P2) (AqS,AG"Y AqNS,AF ),

and the matrix notation is implicit.

The explicit expressions of Agd, AG?7, and Aglg up to
NLO can be derived from (4.46) of [23], which are given
in Appendix A. They are written! in terms of one- (two-

) loop hadronic anomalous dimensions A’yon (A, . !
(i,j = ¢¥,G) and AVNS (71(\13) ), one- (two-) loop anoma-
lous dimensions AK™" (AK™M™) (i = 4, G,NS) which
represent the mixing between photon and three hadronic
operators R’ (i = 1, G,NS), and finally AA?, the one-
loop photon matrix elements of the hadronic operators
renormalized at p? = P?(= —p?),

n « n .

O@) | BE () [1(0))]e=p2 = - AAT (i =¢,G,NS).

(2.4)

The photon matrix elements AA are scheme-depen-

dent. In one-loop order, they are given, in the MS scheme,
by [34]

()

AAZ S WAA;\LIS MS
_12<2>N 77'7_15()4-L
= e f TL(’I’L+1) 1\n (n_|_1)2
1 1
. n} , (25)
AAZ,*S =0,
where S;(n) = Z?zl(l/j)~

! We use the same notations as in [23], except that the sym-
bol A has been appended to all the spin-dependent anomalous
dimensions, coefficient functions and photon matrix elements
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3 Factorization schemes

3.1 Rules for the transformation
from the MS scheme to the a-scheme

Although g7 is a physical quantity and thus is unique,
there remains a freedom in the factorization of g] into
AC” and Aq". Given the formula (2.3), we can always
redefine AC" and AG” as follows [41]:

Aév(n, Q% — Aév(ny Q)la

= AC" (n,0*)Z, ' (n,Q%), (3.1)
A (n,Q%, P?) — Aq(n, Q% P?)],
= Z.(n,Q*)AG" (n,Q, P?), (3.2)

where ACV|a and Agq|, correspond to the quantities in a
new factorization scheme a. Note that the coefficient func-
tions and anomalous dimensions are closely connected un-
der factorization. We will study the factorization-scheme
dependence of the parton distribution up to NLO, by
which we mean that a scheme transformation for the co-
efficient functions is considered up to the one-loop order,
since a NLO prediction for g{ is given by the one-loop
coefficient functions and anomalous dimensions up to the
two-loop order.

The most general form of a transformation for the co-
efficient functions in one-loop order, from the MS scheme
to a new factorization scheme a, is given by

N as
ACY, = Cg e <62>%Aws(n,a),
n n aS
ACE, = AC’g S~ <62>%Az(n, a)
ACYT = ACY"— — 25 Awng(n,a) (3.3)
NS,a = VNS MS  gp T NSULEh :

Ei R
ACY . = AC%NTS
where (e*) = >°.e}/Ny. The flavor singlet (non-singlet)
quark coefficient functions are expanded up to the one-
loop order as

ACT™ = (e2) (1 + %AB;} + 0(a§)) . (34)

ACTE =1+ —ABNS +0(a?),

with ABf = ABlg. The Az(n,a) (AZ(n,a)) term tells
how much of the QCD (QED) axial anomaly effect is
transferred to the coefficient function in the new factoriza-
tion scheme. The gluon and photon coefficient functions
ACYL™ and ACY™ start from the one-loop order (i.e., from
the NLO):

Yo 2 % n 2
ACE" = () (T2 ABE +0(a2)) .
o
AC)™ = 4—3Nf<e4>(AB;L + O(ay)). (3.5)
In the MS scheme, AC;Y’ S has been obtained from
ACZ:XTS’ but with changes: as/2m — (2a/ ) X (as/27),

(e?) — 3(e*), and 3 is the number of colors. Thus we have
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1 2y 0 0
Za (naQ ) =1I- 0 0
0 0
AP¢¢(R, QZ) APwG
AP(n, Q%) APgy(n, Q%) APgc
’ 0
0
AB! g = ABg - (3.6)

Since, in the leading order, the coefficient functions are
given by

ACY o = ACT o = ((¢*),0,1,0), (3.7)
the relations (3.3) between the coefficient functions in the
a-scheme and the MS scheme lead to Z !(n, Q?), which
is expressed as (see (3.8) on top of page the page) where
I is a 4 x 4 unit matrix.

Now we derive the corresponding rules for the trans-
formation from the MS scheme to the a-scheme for the
relevant two-loop anomalous dimensions. The parton dis-
tribution functions Aq” (n, Q?, P?) satisfy the following
evolution equation [39,41-44]:

dAq” (n,Q?, P?)
dlnQ?

= AP(n,Q)AQ" (n,Q%, P?), (3.9)

where (see (3.10) on top of the page) From (3.2) we obtain

AT (0, Q% PA)le _ dZ4(n,Q?)

quwy(na Q27 PQ)‘WS

dInQ?2 dInQ?2
+ Za (Tl, QQ) dAFqVFY (TS,II?;;PQ) ‘m
= AP(n, Q%) AT (n, Q% P?)a,
(3.11)
with
AB(n, Q)] = ‘w (3.12)
Za(n, @) AP(n, Qx| 727 (n, Q*).

The splitting functions AP;(n, Q?) (i = Y, v G, G, GG,
and NS) and Ak;(n,Q?) (j =S, G,NS) are expanded as

AP(n, @) = L&) ApO) )

27 ’
o\ 12
" {‘“Séff )] APO () + -, (3.13)
Aky(n, Q%) = - Ak (n) + a‘(”;g)Ak?)( )+
(3.14)
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0 23(e?)Az(n, a)
0 0
% Awns(n,a)  23((e") — (¢))*)A%(n,a) |’ (3:8)

0 0

n, Q%) 0 Aks(n, Q%)

n,Q?%) 0 Aka(n, Q) (5.10)
APxs(n, Q%) Akns(n, Q%) :

0 0

Since the QCD effective coupling constant as(Q?) satisfies

das(Q%) (Qz)
“dnQ?

= —ﬂo + -, (3.15)
where By = 11— (2/3) Ny is the one-loop coefficient of the
QCD beta function, and the nth anomalous dimensions

are defined as

APO (n) =~ 1007, APD () = 400", (3.16)
1
Ak (n) = AKO” Ak (n) = gAK§1)’"7 (3.17)
we find for one loop
A O, A A O,TL _A On
Vi 7, Ms’ K;, =AK XIS (3.18)

and for two loops

A l(pld)} — A»ﬁ%ﬂ&s +2Az(n, a)A’y + 460 Aws(n, a),
Myl = Ay%”;/ls +24z(n, a)[Aygs — Ay + 25]
+ 2Awg(n, a)Afwa7
Av&l’z = Ay&l’ﬁ/{s — 2Aws(n, a)AfyGw,
M08 = 2ol ~ 250 0 208
Avals):a =A ng’;gs + 48 Awns(n, a), (3.19)
AKG)" = AKJ I+ 2Aws (n, a) AKS™
+ 4A%(n,a)3(e >A’yww,
ARG = AR+ 44%(n, a)3(e?) Ay,
ARRS = AR+ 2Awns (n,a) AKRE

+44%2(n,a)3((e*) = (¢)*) A
The one-loop photon matrix elements of the hadronic
operators, AA} and AAfg in (2.4), are related to each
other by
(1) — (e?)?
AARg = AA$T7 (3.20)
and the sum

n ¢ n n
(AC;Y’ [+ () AAY + AANS) (3.21)
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is factorization-scheme independent in one-loop order [23].
Thus we obtain from (3.3)

AAY = AAY s+ 12(e?)A%(n, a),

,MS
AAL = AAL 55 =0, (3.22)
AARs o = AA g 75 T+ 12((e*y — (%)) A%(n, a).

Note that AA% = 0 in one-loop order.

It is possible to choose Az(n,a) and Az(n,a) arbitrar-
ily. In the following, we take AZ(n,a) = Az(n,a) in the
CI-like schemes and AZ(n,DIS,) # Az(n,DIS,) = 0 in
the DIS, scheme. In one-loop order we have Aws(n,a) =
Awns(n,a). Thus from now on we set Awsg(n,a) =
Awns(n,a) = Aw(n,a). Let us now discuss the features
of several factorization schemes.

3.2 The MS scheme

This is the only scheme in which both relevant one-loop
coefficient functions and two-loop anomalous dimensions
were actually calculated [34,45-47]. In fact, there still re-
main ambiguities in the MS scheme, depending on how
to handle 75 in n dimensions. The MS scheme we have
here is the one due to Mertig and van Neerven [46] and
Vogelsang [47], in which the first moment of the non-
singlet quark operator vanishes, corresponding to the con-
servation of the non-singlet axial current. Indeed, we have
A (1)777’:1

NS,MS
loop coefficient functions and two-loop anomalous dimen-
sions can be found, for example, in the appendix of [23]. Tt
is noted that in the MS scheme both the QCD and QED
axial anomalies reside in the quark distributions and not
in the gluon and photon coefficient functions. In fact, we
observe

= 0. Explicit expressions of the relevant one-

Ayﬁ’%l = 24CpTy # 0, (3.23)
n=1 __ n=1 __
ABp S = ABI'SE =0, (3.24)

where Cp = 4/3 and Ty = Ny /2. Also we find from (2.5)
that the first moments of the one-loop photon matrix el-
ements of the quark operators get non-zero values, i.e.,

e? -1
s = 7 e A4 -

which is due to the QED axial anomaly.

—12(e?)N¢, (3.25)

3.3 The Cl-like schemes

The EMC measurement [48] of the first moment of the
proton spin structure function ¢4 (z, Q?) presented us with
the issue called the “proton spin crisis”. Since then many
ideas have been proposed as solutions. One simple and
plausible explanation was that there exists an anomalous
gluon contribution to the first moment [31-33] originat-
ing from the QCD axial anomaly. This explanation was
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later [34] supported with the notion of the factorization-
scheme dependence. There is a set of factorization schemes
in which we obtain

ABE = 2Ny, MG =0. (3.26)
Let us call these Cl-like schemes. In this paper we con-
sider four Cl-like schemes, in which we take Az(n,a) =
AZ(n,a), since both QCD and QED anomalies originate
from similar triangle diagrams. With this choice, the re-
lation between the one-loop gluon and photon coefficient
functions, which holds in the MS scheme, also holds in the
Cl-like schemes,

n 2 n
ABV,CIflike = EABG,CIfIike' (3-27)

Thus, in addition to the relations in (3.26), we obtain in
the Cl-like schemes
AB;L,:cllfnke =—4, AA:J;,:ClIflike = AAI\IIE,ICIflike =0.

(3.28)
(i) The chirally invariant (CI) scheme. In this scheme the
factorization of the photon—gluon (photon—photon) cross
section into the hard and soft parts is made so that chi-
ral symmetry is respected [37,38] and the QCD and QED
anomaly effects are absorbed into the gluon and photon
coefficient functions. Thus the spin-dependent quark dis-
tributions in the CI scheme are anomaly-free. The trans-
formation from the MS scheme to the CI scheme is
achieved by

Aw(n,a = CI) =0,

Az(n,a = CI) = A%(n,a = CI) = 2Ny (3.29)

n(n+1)

It has been argued by Cheng [37] and Miiller and Teryaev
[38] that the a-dependence of the axial anomaly effect is
uniquely fixed and that its z-behavior leads to the trans-
formation rule (3.29) and thus to the CI scheme.

(ii) The Adler-Bardeen (AB) scheme. Ball, Forte and Ri-
dolfi [36] proposed several CI-like schemes for the analysis
of the nucleon spin structure function g;(x,Q?). One of
them is the Adler-Bardeen (AB) scheme which was intro-
duced by requiring that the change from the MS scheme
to this scheme be independent of x, so that the large-
and small-z behavior of the gluon coefficient function is
unchanged. In our case, we have in moment space

Aw(n,a = AB) =0,

Az(n,a = AB) = A%(n,a = AB) = Nf%. (3.30)
(iii) The off-shell (OS) scheme. In this scheme [36] we
renormalize operators while keeping the incoming particle
off shell, p?> # 0, so that at the renormalization (factor-
ization) point, u? = —p?, the finite terms vanish. This is
exactly the same as “the momentum subtraction scheme”
which was used some time ago to calculate, for instance,
the polarized quark and gluon coefficient functions [49,
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30]. The Cl-relations in (3.26) and (3.28) also hold in the
OS scheme?, since the axial anomaly appears as a finite
term in the calculation of the triangle graph for j£ be-
tween the external gluons (photons) and the finite term is
thrown away in this scheme. The transformation from the
MS scheme to the OS scheme is made by choosing

Aw(n,a = 08) = Cr {[S1(n)]* + 352(n)

50 (3 )

Az(n,a = 08) = Az(n,a = OS)

n—1 1
i {-Srms

1 4

+ 2 1) } . (3.31)
It is noted that in the OS scheme we have AAZ’OS =
AARs 0s = 0 not only for n =1 but for all n.

(iv) The Altarelli-Ross (AR) scheme. Using a massive
quark as a regulator for collinear divergence, Altarelli and
Ross [31,50] derived the same one-loop gluon coefficient
function ACY, as in the case of the CI scheme. In order
to obtain the one-loop quark coefficient function in this
scheme, however, we need to do an extra subtraction so
that the conservation of the non-singlet axial currents is
secured [51]. The transformation rule is

Aws(n,a = AR) = Cr {2[S1(n)]* + 252(n)

2 2
R
n n+l (n+1)2][’
Az(n,a = AR) = AZ(n,a = AR) = 2an(n;+1)'
(3.33)

3.4 The DIS, scheme

An interesting factorization scheme, which is called DIS,,,
was introduced some time ago in the NLO analysis of
the unpolarized real photon structure function Fy (z, Q?).
Gliick, Reya and Vogt [39] observed that, in the MS
scheme, the In(1—z) term in the photonic coefficient func-
tion CJ () for F, which becomes negative and divergent
for x — 1, drives the “point-like” part of F) to large
negative values as x — 1, leading to a strong difference
between the LO and the NLO results for F;’pointfhke in
the large-z region. They introduced the DIS, scheme in
which the photonic coefficient function C3, i.e., the direct-
photon contribution to Fy, is absorbed into the photonic

% TIn fact, the author of [30] treated the n = 1 moment of the
gluon coefficient function differently from other moments. See
also Appendix C.2 of [23]
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quark distributions. It is noted that, for the real photon
target, the structure function F) is decomposed into a
“point-like” and a “hadronic” part, the former being per-
turbatively calculable but the latter not. And beyond the
LO both the “point-like” and the “hadronic” parts depend
on the factorization scheme employed. A similar situation
occurs in the polarized case, and the DIS,, scheme was ap-
plied to the NLO analysis for the spin-dependent structure
function g} (z, Q?) of the real photon target by Stratmann
and Vogelsang [18].
In the polarized version of the DIS,, scheme we take

A wg(n,DIS,)

= Awns(n, DIS,) = Az(n,DIS,) = 0,
A 5(n,DIS,)

(3.34)

Ny s on
= A8

n—1 3 4 1
=Ny {—n(n+ LR n2} (3.35)

so that

n n 4 z
AB’Y,DIS»Y = ABW,WS — FfAZ(TMDISA/)

=0. (3.36)
Note that the relation & la (3.6) and (3.27) in the MS
and Cl-like factorization schemes does not hold anymore
in this scheme, i.e.,

2

n . 2
AB%DISw 7 N; ABG,DISA, <: NfABGMS) . (3.37)

For n = 1, we have

Az(n =1,DIS,) =0, (3.38)
and thus, together with (3.34), we observe that as far as
the first moments are concerned, DIS, scheme gives the
same results with MS. In other words, in the DIS,, scheme,
both the QCD and QED axial anomaly effects are retained
in the quark distributions.

With these preparations, we now examine the factor-
ization-scheme dependence of the polarized parton distri-
butions in the virtual photon. The two-loop anomalous
dimensions of the spin-dependent operators and one-loop
photon matrix elements of the hadronic operators in the
MS scheme are already known. Corresponding quantities
in a particular scheme are obtained through the transfor-
mation rules given in (3.19). Inserting these quantities into
the formulas given in Appendix A, we get the NLO pre-
dictions for the moments of polarized parton distributions
in a particular factorization scheme.

3.5 Gluon distribution in the virtual photon

Let us start with the gluon distribution. We find that all
the factorization schemes which we consider in this paper
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predict the same behavior for the gluon distribution up to
NLO:

AGY (n,Q? P?)|, = AG" (n, Q?, P2)|m7 (3.39)
where a means the factorization schemes of CI, AB, OS,
AR and DIS,,. This can be seen from the direct calcula-
tion or from the notion that, up to NLO, AG”|, satisfies
the same evolution equation as AG7|yg with the same
initial condition at @ = P?, namely, AG"(n, P?, P?)|, =
AG7(n, P?, P?)|35 = 0.

If we consider a more general factorization scheme in
which the hadronic part of Z; *(n, @?) in (3.1) is replaced
with a new one as follows:

- lAws —5=Az
0 1
— & Awg  —=Az
27 27
= ( A 1o g;Av>’ (3.40)

then, in this new factorization scheme, the predicted gluon
distribution is not the same as AG7(n,Q? P?)|gs in
NLO. However, the first moment is found to be still the
same. In other words, the first moment of the gluon dis-
tribution in the virtual photon, AG"(n = 1,Q?, P?), is
factorization-scheme independent up to NLO. This is due
to the fact that the new terms, which appear by the in-
clusion of Au and Av, will be proportional to AK, 3’" and

that AKS}’":I = 0. Also, the inclusion of Au and Av

terms in Z, ! does not modify the photon structure func-
tion g7 (x, Q?, P?) itself up to NLO, since the gluon coeffi-
cient function starts in the order as. Moreover, the quark
distributions in the virtual photon do not change by the
inclusion of Au and Av terms.

4 The n = 1 moments
of the parton distributions

The first moments of the polarized parton distributions in
the virtual photon are particularly interesting since they
have relevance to the QCD and QED axial anomalies. The
explicit expressions for the moments of Ag¢d, AG”, and
Agqs up to NLO are given in Appendix A. We take the
n — 1 limit in these expressions. Useful n = 1 moments of
one- and two-loop anomalous dimensions, photon matrix
elements, and coefficient functions both in the MS and
Cl-like schemes are enumerated in Appendix B. As far as
the first moments are concerned, the DIS, scheme gives
the same results as MS. Note that we have

AT =0, AT =26, MFH(=AngT) =0,
(4.1)
where \7=1 are eigenvalues of the one-loop hadronic

. . . =1
anomalous dimension matrix Afy?j’n
ues X~ = ARGt = 0 correspond to the conservation of
the axial-vector current at one-loop order.

. The zero eigenval-
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4.1 The n = 1 moment of the gluon distribution
The expressions for the moments of the gluon distribution

are given in Appendix A.2. In these expressions the factors

1 1 1
AT 2804+ AT 200 + AT — AT

(4.2)

may develop singularities at n = 1 and so we need to take
a little care when we deal with them. Taking the limit of
n going to 1, we find
LE™ =0, Lg™ — finite,
AE" — finite, BE" — 0,
AG" — 72(e*)N;Cp.

Bg" — finite,  (4.3)

The terms proportional to ﬁg.”, Bé”, and Ag” all van-
ish in the n = 1 limit, since they are multiplied by the
following vanishing factors:

{1 B [Z:Egz;r’l/moﬂ}’ {1 B [Zzgz;]ﬁ/wo}
(4.4)

The only exception is the term proportional to 1215” We
find for n — 1

. (@)

Ao {1 -]

Q%) — as(P?)
as(Q2) .

s 72(e2) N, Op &

(4.5)

Thus we obtain

_ 12a
5o

as(Q%) — as(P?)
as(Q?)
(4.6)
for the first moment of the gluon distribution in the vir-

tual photon. It should be emphasized that this result is
factorization-scheme independent.

AGT(n=1,Q% P?) (e*) Ny

4.2 The n = 1 moment of the quark distributions

The expressions for the moments of the quark distribu-
tions are given in Appendix A.1 and A.3. In all the factor-
ization schemes under study, i.e., the MS, DIS, and the
CI-like schemes, we find for n — 1

Lg™ =0, L™ —0, L¥s—0,
A'S"" — finite, AS_" — 0, flﬁs — finite, (4.7)
Bd™ =0, Bg"™ — finite, Blg — 0.

The terms proportional to /Alér” and B§ " are multiplied
by the vanishing factors in (4.4), and the ARg term is

multiplied by
| es(@)] 5
as(P?) ’

(4.8)
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and, therefore, the L;f”, LS", Lﬁs, Ag", AS”, Aﬁs, B;",
Bg", and Bl terms in (A.1) and (A.17) all vanish in
the n = 1 limit. Then the first moments of the quark
distributions are given by

Agl(n=1,Q2, P? Lo 2 AAn=t (4

(=10, )8500 47r¢7(9)
Q n Q ne—

Aqig(n=1,Q% P?) = S = EAANS% (4.10)

We now see that scheme dependence for the first moments
of the quark distributions is coming from the photon ma-
trix elements AAZ and AARq

In the case of Cl-like factorization schemes, a = CI,
AB, OS, AR, we have

Aw(n =1,a) =0,
Az(n=1,a) = Az(n =1,a) = Ny,

for a = CI,AB,O0S,AR.  (4.11)
We find from (3.22) and (3.25) that these schemes give

AAQ, AANS "= (4.12)
This leads to an interesting result: The first moment of
spin-dependent quark distributions in the virtual photon

vanish in NLO for a = CI, AB, OS, AR. We have

AQg(n = laQQaP2)|a = AQI’\YIS(R = 1aQ27P2)|LL = O

(4.13)
The vanishing first moments imply that the axial anomaly
effects do not reside in the quark distributions. In these
Cl-like schemes, the QCD and QED axial anomalies are
transfered to the gluon and photon coefficient functions,
respectively, and their first moments do not vanish. Indeed
we obtain from (3.1) and (3.8)

2
ACym=t = —<62>LéQ )Nf, (4.14)
: 7r
2
Acyr=t = 22N, (1 - O‘(Q)> :
T T
for a = CI, AB, OS, AR, (4.15)
where we have used [45,52,23]
ﬁACW” s = ACYE T s
—1- 21003, (4.16)
T
AC’;Y’”:1|W =0+ O(aa?). (4.17)

On the other hand, in the MS (and also in the DIS,)
case we obtain from (2.5)

A4 Ss = —12(e?) Ny, (4.18)
AALSKs = 120" — ())Ny,  (419)

and thus Ag)" " |5 and Al ™55 are non-zero con-
stant. Actually we can go one step further to in the order
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of the ay QCD corrections. This is due to the fact that, in
the MS scheme, the parton distribution Aq”(n = 1)|55 =
(Agd, AG™, Aqlls) |5pg satisfies a homogeneous differential
equation without inhomogeneous LO and NLO AK terms.
Indeed, we find

Agd(n=1,Q% P?)lys

_ {—%3<62>Nf} {1 B 620045(132) ; as(Q2)Nf} , (4.20)

Ags(n=1,Q% P?)|ys
= [-Z3(et) = (2] {1+ 0(a2)},

(4.21)

the derivation of which is shown in Appendix C. In the MS
scheme, the axial anomaly effects are retained in the quark
distributions. The factors [—(a/m)3(e?)Ny| and [—(a/m)
3((e*) — (e*)?)Ny] are related to the QED axial anomaly
and a term (2/0)(as(P?) — as(Q?))/7Ny in Agd" 555
is coming from the QCD axial anomaly.

4.3 The n = 1 moment of g7 (z, Q?, P?)

The polarized structure function g7 (x, @2, P?) of the vir-
tual photon satisfies the following sum rule [20,23]:

1
/ deg) (x,Q, P?)
0

= —3—a<e4>Nf (1 - %(QZ’)>

+f§o[<e2>NfF“S(P =@ o). (122)

This sum rule is of course factorization-scheme indepen-
dent. Now we examine how the scheme-dependent parton
distributions contribute to this sum rule. In the CI-like
schemes (a = CI, AB,OS, AR), the first moment of the
quark distributions vanish in NLO, and thus the contri-
bution to the sum rule comes from the gluon and photon
distributions. Equations (4.6) and (4.15) show that

ACLWTIAGY (n=1,Q%, P?)|o + ACYI=" (4.23)
leads to the result (4.22). On the other hand, in the MS

scheme (and also in DIS,), the one-loop gluon and photon

n=1 n=1
coefficient functions vamsh AB GMS = AB7 NS = = 0 and,

therefore, the sum rule is derived from the quark contri-
butions. Indeed we find from (4.16), (4.20)—(4.21)

ACITS Agd(n =1,Q% PP)lsrs

+ACY s AR (n = 1,07, PPy

(4.24)

leads to the same result.

It is interesting to note that the sum rule (4.22) is
the consequence of the QCD and QED axial anomalies
and that in the CI-like schemes the anomaly effect resides
in the gluon contribution while in MS, it is in the quark
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contributions. Furthermore, the first term of the sum rule
(4.22) is coming from the QED axial anomaly and the
second one is from the QCD axial anomaly?.

5 Behaviors of parton distributions
near t = 1

The behaviors of the parton distributions near x = 1
are governed by the large-n limit of those moments. In
the leading order, parton distributions are factorization-
scheme independent. For large n, Agd(n, Q% P?)|Lo and
Aglg(n, Q?, P2)\Lo behave as 1/(nlnn) while AG7(n, Q?,
P?)|Lo « 1/(nlnn)?. Thus in 2 space, the parton distri-
butions vanish for x — 1. In fact, we find

o 47 9 -1

@3 (z,Q% P*)|o = (QQ)N re 2>1m7
(5.1)
AGT (5, @, P o ~ 2 ﬁgz)w T gt

(5.2)

The behaviors of Aglg(z, Q?, P?) for  — 1, both in LO
and NLO, are always given by the corresponding expres-
sions for Agd(z, Q2 P?) with replacement of the charge
factor (e?) Wlth ({e*) — (e2)?).

In the MS scheme, the moments of the NLO parton
distributions are written in the large-n limit as

« Inn
Agd(n, Q% P)lpoxis — - Np(eh)6- =, (5.3)
« 1
AGV(”) Q27P2)|NLO,M7S - 4 Nf< >3ﬁ (54)

So we have near x = 1
2 p2 -
Aqg(m,Q , P )|NLO,WSN

AG (z, QQ’ PQ)'NLO,WS ~

N (e)6[-In(1 - )], (5.5)

%Nf<62>3[—lnx]. (5.6)

It is remarkable that, in the MS scheme, the quark parton
distributions, Agd(7)|xpo s and Agks(2)|nLo a5 POS-
itively diverge as [—In(1 — z)] for # — 1. Recall that
AG7(z,Q?, P?)|n1o is the same among the schemes which
we consider in this paper. The NLO quark distributions in
the CI, AB, AR and DIS, schemes also diverge as z — 1,
since their moments behave as Inn/n in the large-n limit.
We find for large x

Agd(z,Q% P?)|xvo.cr

~ =N (e?)6[-In(1 - 7)),
Agd (7, Q% P?)|Nro,AB

~ Ny (e?)6[-In(1 ) + 2,
Agd(z,Q* P

3 This notion was first pointed out by the authors of [20]

2)|NLO,AR
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~ %Nf<62>18[_1n(1 — 1)), (5.9)
Agd(z, Q% P?)|nLo,pis,

—N(e*)6ln(1 — z). (5.10)

47

It is noted that Agd(z,Q? P?)|nLo,pis, negatively di-
verges as £ — 1. This is due to the fact that the photonic
coefficient function ACY(x), which in MS becomes nega-
tive and divergent for x — 1, is absorbed into the quark
distributions in the DIS,, scheme.

On the other hand, the OS scheme gives quite different
behaviors near z = 1 for the quark distributions. Since the
typical two-loop anomalous dimensions in the OS scheme
behave in the large-n limit as

n n Inn
Aydts ~ MyW5s ocin®n,  AKUSE o — (511)
while in the MS scheme
2
(1).n (1)n W In'n
AVNS,W ~ Afyqq)m x lnn, AKS as X (5.12)

we find that the moment of Agd(n, @?, P?)|nro in the OS
scheme is expressed in the large-n limit as

@ 69 3 1
A @2 P)lvsoos — £oNpe | 2+ S 1
(5.13)
In z space, Agd(z, Q% P?)|xvo,0s does not diverge for
x — 1 but approaches a constant value:

69

«
qg(x7Q27P2)‘NLO,OS — ENf<€2> |:8

+ Nf]

(5.14)
Therefore, as far as the large-z behaviors of the quark
distributions, and gluon and photon coefficient functions
(see (5.18)—(5.19) below) are concerned, the OS scheme
is more appropriate than other schemes in the sense that
they remain finite. Also the quark coefficient function in
the OS scheme has a milder divergence for z — 1 than
those predicted in other schemes (see (5.17)).
Before ending this section, we now show that, asz — 1,
the polarized virtual photon structure function g7 (z, @2,
P?) approaches a constant value:

KR = ng<64> |: 51 + 3Nf:|

.1
47 8 (5.15)

in NLO. This result is, of course, factorization-scheme in-
dependent. It is interesting to note that the constant value
k coincides exactly with the one given in (4.39) of [53],
which was derived as the large-n limit of the moment of
the NLO term b (2) for the unpolarized structure function
FJ [1]. In the leading order, (5.1) tells us that

g?(l’, QQa P2)|LO

= <62>Aqg(I7Q27P2)|LO + AQKIS(J:7Q27P2)|LO
o 4w +9 -1
= oM (5.16)
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and thus g7 (z, Q% P?)|Lo vanishes as z — 1.

In order to analyze the large z-behavior of the next-
leading order, g7 (x, Q?, P?)|xLo, We need information on
the coefficient functions. Note that ABlgle = ABE|..
They behave, for x — 1, as

ABg(x)]|oa —
2In(1 — =) —
2CE for a = MS, CI, AB, DIS,,
11_ +
—2Cp [2 - } for a = AR, (5.17)
1—-2z n
- f —
3CF i x)+ or a = OS,
ABg(x)|s —
2N¢In(1 — z) for a = MS, CL, AB, AR, DIS,,
(5.18)
—4Ny for a = OS,
Cx)la —
4&<64>12Nf1n(1 —a) for a=MS,CI,AB, AR ,
—g<e4>24Nf for a = OS, (5.19)
47
0 for a = DIS,,.

The coefficient functions ABg(z) and ABg(z) are the
same as the ones that appear in the polarized nucleon
structure function g1 (x, Q?). ABs(z) in all schemes con-
sidered here diverges as x — 1, but the OS scheme gives
a milder divergence for ABg(x) than the other schemes.
Also note that ABg(z)|os remains finite as © — 1, but
the ABg(z) in other schemes negatively diverge.

Let us write ¢] (z, Q%, P?)|xLo in terms of the partonic
contributions as follows:

g?(xa Q27 P2)|NLO

= 9l (@70 + 9] (@)[&ro + ACT (), (5.20)
where
! (@) |85
= <€2>AQ§/(%Q2’P2)|NLO + AQI’GS(QZJ)Q27P2)|NLO
2 Oés(Qz) v 2 p2
+<€ > An ABS(:L') ®Aqs($,Q aP )|LO
2
as
+%ABN5($) ® Aqgs($7Q2,P2)|LQ, (521)

g1 (@)kro
<€2> aS(Q ) AB

i (z) @ AG" (2,Q%, P?)|ro. (5.22)

Then we find, for z — 1,

k
91 (@) IRo" —
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(67

—4—<e4>12Nf In(1—x) for a = MS, CI, AB, AR,
T

a 141 3

47T< YNy [8 + 4Nf} for a = OS, (5.23)
@ 51 3

47T< >Nf |:—8—|-4Nf:| fOI"CL—DIS,y.

The NLO gluon contribution g7 (x, Q%, P2)[&%" vanishes
faster than (Inz)? in any scheme under consideration. As
for the NLO quark contribution, g7 (x, Q?, P?) \%‘iagk in the
MS, CI, AB, AR schemes diverges as [~In(1 — z)] for
x — 1. However, (5.19) shows that the one-loop photon
coefficient function AC7(x) in these schemes also diverges

s [-In(1 — )] with opposite sign, and the sum becomes
finite. On the other hand, in the OS scheme, we observe
from (5.23) and (5.19) that both the quark contribution
and the photon coefficient function remain finite as z — 1,
and it is easily seen that the sum

91 (@) [8500s + AC@)] o (5.24)

approaches the constant value k given in (5.15). In the
DIS,, scheme, the NLO quark contribution g; (z) %fiaékms
reaches the finite value k as  — 1, since AC(z )v pIs, =

0. In fact, as we see from (5. 21) ( )|k s made up

of two parts one from Agd(z, Q?, P )InLo and the other
from ABs(z) @ Agd(z, Q2 P2)|Lo, plus their non-singlet
quark counterparts. In DIS,, both contributions diverge
as x — 1, but with opposite sign, and the sum remains
finite.

The constant value « in (5.15) is negative unless Ny >
9. Consequently, it seems superficially that QCD with
eight flavors or less predicts that the structure function
g1 (x, Q% P?) turns out to be negative for z very close
to 1, since the leading term g (x, Q?, P?)|Lo vanishes as
x — 1. But the fact is that = cannot reach exactly one.
The constraint (p + ¢)? > 0 gives

TS Tmax = L (5.25)
B Q? + P’
and we find
91 (z = Tmax, @, P?)|Lo > ng<e4>iﬁo, (5.26)
47 Cr

and the sum g} (z = Tmax, @%, P?)|Lo+NLo is indeed pos-
itive.

6 Numerical analysis

The parton distribution functions are recovered from the
moments by the inverse Mellin transformation. In Fig. 2
we plot the factorization-scheme dependence of the singlet
quark distribution Agg (z, @2, P?) beyond the LO in units
of (3Ny{e >oz/7r)1n(Q2/P2) We have taken Ny = 3, Q% =

30GeV?, P2 = 1GeV?, and the QCD scale parameter
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Q%=30 GeV?

In Q% /P

a
I

AQY(x, Q2 P2)/3Nf <e?>

Fig. 2. Factorization-scheme dependence of the polarized sin-
glet quark distribution Aq;’(x,Q2,P2) up to NLO in units
of (3Nj{e*)a/m)In(Q?*/P?) with Ny = 3, Q* = 30GeV?,
P? = 1GeV?, and the QCD scale parameter A = 0.2 GeV,
for MS (dash-dotted line), CI (solid line), AB (short-dashed
line), OS (long-dashed line), AR (dashed line) and DIS, (dash-
2dotted line) schemes

A =0.2GeV. All four Cl-like (i.e., CI, AB, OS and AR)
curves cross the z-axis nearly at the same point, just below
x = 0.5, while the MS curve crosses above = 0.5. This is
understandable since we saw from (4.13) and (4.20) that
the first moment of Agd vanishes in the CI-like schemes
while it is negative in the MS scheme. The DIS,, curve
crosses the z-axis below = 0.5, though the first moment
of AnglgW is negative, taking the same value as the one
in the MS scheme. Comparing the DIS, curve at large x
with the MS one, we will see that the rapid dropping of
the DIS, curve as x — 1 drives the crossing point below
z = 0.5.

As z — 1, we observe that the MS, CI, AB, and AR
curves continue to increase. In fact, we see that the MS
and CI curves tend to merge, the AB curve comes above
those two curves, and the AR curve diverges more rapidly
than the other three. On the other hand, the OS and DIS,
curves start to drop at large x. The OS curve continues to
increase till near x = 1, and then starts to drop to reach a
finite positive value. The DIS, curve reaches a maximum
at = ~ 0.8 and drops to negative values. These behaviors
are inferred from (5.5), (5.7)—(5.10) and (5.14).

Concerning the non-singlet quark distribution Agq(z,
Q?, P?), we find that when we take into account the charge
factors, it falls on the singlet quark distribution in almost
the whole x region; namely the two “normalized” distri-
butions Agd = Aqgd/(e?) and Agiq = Aglg/((e*) — (e%)?)
mostly overlap except at the very small x region. This sit-
uation is the same in all factorization schemes we have
studied in this paper. This is attributable to the fact that
once the charge factors are taken into account, the evo-
lution equations for both Agd and Aglg have the same
inhomogeneous LO and NLO AK terms and the same
initial conditions at Q2 = P? (see (3.20)).

In Fig. 3 we plot again the OS and DIS, predictions for
Aqd(z,Q?, P?) together with the LO result. The motiva-
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Q% =30 GeV?
P?= 1GeV?
N,=3 -

nQG /P

a
Tt
\

(x, Q2, P )I3N, <&? >

Y
s

Aq

Fig. 3. The polarized singlet quark distribution Aqgd(z,Q?,
P?) up to NLO predicted by the OS and DIS, schemes in
units of (3N (e*)a/m)In(Q?/P?) for Ny = 3, Q* = 30 CGeV?,
P? =1GeV?, and A = 0.2 GeV, together with the LO result

tion to introduce the DIS,, scheme into the analysis of the
unpolarized (polarized) real photon structure function £y
(g97) was to reduce the discrepancies at the large-x region
between the LO and the NLO results for the “point-like”
part of F) (g¢7). When applied to the polarized virtual
photon case, it is seen from Figs.2 and 3 that the DIS,
scheme gives a better behavior for Agd (z, Q?, P?) at large
x than MS in the sense that the DIS, curve is closer to the
LO result. However, we observe that absorbing the pho-
tonic coeflicient function ACY into the quark distributions
in the DIS, scheme has too much effect on their large-z
behaviors: The DIS,, curve for Agd (z, Q?, P%) goes under
the LO one at  ~ 0.6 and the difference between the two
grows as ¢ — 1. In fact, the DIS, curve drops to negative
values near at x = 1.

From the viewpoint of “perturbative stabilities” we
find that the OS curve shows a more appropriate behavior
than the other ones. We see from Fig. 3 that the differences
between the OS and LO curves are very small for the range
0.05 < & < 0.7. And the OS curve turns out to lie above
the LO for x > 0.7.

Figure 4 shows the Q*-dependence of Aggd (z, Q?, P?) in
the OS scheme in units of (3N (e?)a/m)In(Q?/P?). Three
curves with Q2 = 30,50 and 100 GeV? almost overlap in
the whole z region except in the vicinity of x = 1. We see
from Fig.4 that, in the OS scheme, Agl beyond the LO
behaves approximately as the one obtained from the box
(tree) diagram calculation,

ox o Q2
Aqg(b )(x,QQ’PQ) = (22 — 1)3Nf<€2>;1nﬁ.

(6.1)

The gluon distribution AG” (x, Q?, P?) beyond the LO
is shown in Fig. 5 in units of (3N (e?)a/7)In(Q?/P?), with
three different Q2 values. Recall that every scheme con-
sidered in this paper predicts the same behavior for the
gluon distribution up to NLO. We do not see much dif-
ferences in the three curves with different Q2. This means
that AG” is approximately proportional to In(Q?/P?).
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Fig. 4. The polarized singlet quark distribution Aqd(z, Q?,

P?) up to NLO in the OS scheme in units of (3N(e*)a
mIn(Q*/P?) with three different Q> values, for Ny = 3,
P?2=1GeV?, and A =0.2GeV

o~
o
™ 0
(o4
= P’ =1GeV?
. i
6/{ 2 2
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V_ -0.2F — 30 1
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N F 4
o —-—-— 100
o
O o4t 1
3
=
) L i
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Fig. 5. The polarized gluon distribution AG™(z, @*, P?) be-
yond the LO in units of (3N;{e*)a/m)In(Q?/P?) with three
different Q2 values, for Ny =3, P?2=1GeV? and 4 =0.2GeV

But, compared with the quark distributions, AG” is very
small in absolute value except in the small-z region.

In Fig. 6 we plot the virtual photon structure function
g1 (z,Q?, P?) in the NLO for Ny = 3, Q% = 30 GeV? and
P2 =1GeV? and the QCD scale parameter A = 0.2GeV.
The vertical axis corresponds to

3a 2
g?(x’QQ’Pz)/?Nf<e4> lnﬁ (62)
Also shown are the LO result, the box (tree) diagram con-
tribution,

Q2

ox 3a
91" (@, Q% P?) = (20 = ) Ny{e") n 55,

(6.3)
and the box diagram contribution including the non-
leading (NL) correction with mass being ignored,

3o

g1 (@, Q7 P?) = TNy (e
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In Q?/ P

a
T

(X, Q2, P?)/3N<e? >

Y
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X

Fig. 6. Polarized virtual photon structure function
g7 (x, Q2 P?) up to NLO in units of (3Nya(e*)/7)In(Q?/P?)
for Q2 = 30GeV?, and P? = 1GeV? and the QCD scale
parameter A = 0.2GeV with Ny = 3 (solid line). We also
plot the LO result (long-dashed line), the box (tree) dia-
gram (2dash-dotted line) and the box including non-leading
contribution, box (NL) (short-dashed line)

2

X (2x—1)an—

2~ 22z — 1)(Inx +1)| . (6.4)

In our previous paper [23], there was an error in the pro-
gram for the numerical evaluation of the NLO g{ (z, Q?,
P?). The corrected graph (NLO curve) here is different
from the corresponding one in Fig. 2 of [23]. The new NLO
curve appears lower than the previous one for x < 0.7 and
rather enhanced above z = 0.7. We observe that the cor-
rected NLO curve remains below the LO one, and that the
NLO QCD corrections are significant at large x as well as
at low x.

For the case of the real photon target, P? = 0, the
structure function can be decomposed as

gi)’(x7 QQ) = g’ly(x7 Q2)|pert. + giy(xa Q2)‘non—pert.-

The first term, the point-like piece, can be calculated by
a perturbative method. Actually, it can be obtained by
setting P? = A? in the expressions of parton distribu-
tions in (2.2) or (2.3). The second term can only be com-
puted by some non-perturbative methods. In Fig.7, we
plot the point-like piece of the real photon ¢ (z,Q?) in
the NLO, together with the LO result and the box (tree)
diagram contribution. The NLO curve, which is calculated
by the corrected computer program, is different from the
previous one in Fig.6 in [23]. The new NLO curve ap-
pears to be lower than the previous one for z < 0.6 and
enhanced above z = 0.6. Also it remains below the LO
curve. The NLO result is qualitatively consistent with the
analysis by Stratmann and Vogelsang [18]. In the unpo-
larized case, the moment of Fy has a singularity at n = 2
which leads to the negative structure function at low x.
Thus we need some regularization prescription to recover
a positive structure function as discussed in [54-56]. Note
that we do not have such a complication at n = 1 for the
polarized case.

(6.5)
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Fig. 7. Point-like piece of the real photon structure function
g7 (x,Q?) in NLO in units of (3Nya(e*)/m) In(Q?/A?) for Q* =
30GeV? with A = 0.2GeV, Ny = 3 (solid line). Also plotted
are the LO result (long-dashed line) and the box (tree) diagram
contribution (short-dashed line)

Finally, in our numerical analysis, we took P? =
1 GeV?, which may not be necessarily large enough for
the non-perturbative effects to be dying away. For our
normalized parton distributions, however, the larger val-
ues of P2 would not give any sizable change in shape and
magnitude.

7 Conclusion

In the present paper, we have studied in detail the spin-
dependent parton distributions inside the virtual photon,
which can be predicted entirely up to NLO in perturba-
tive QCD. The virtual photon target provides a good test-
ing ground for examining the factorization-scheme depen-
dence of the quark and gluon distributions. We have inves-
tigated the polarized parton distributions in several differ-
ent factorization schemes. We derived the explicit trans-
formation rules from one scheme to another for the coeffi-
cient functions, the finite photon matrix elements and the
two-loop anomalous dimensions or parton splitting func-
tions.

In particular, we studied the QCD and QED axial
anomaly effects on the first moments of the quark dis-
tributions to see the interplay between the axial anoma-
lies and factorization schemes. We find that, in the CI-
like schemes, the first moments of the polarized quark
distributions, both flavor singlet and non-singlet, vanish
in NLO while the standard MS scheme gives a non-zero
value. Also we find that the large-x behaviors of the po-
larized quark distributons dramatically vary from one fac-
torization scheme to another. Indeed, for x — 1, the quark
distributions positively diverge or negatively diverge or re-
main finite, depending on the factorization schemes. The
numerical analyses performed for the parton distributions
reconfirm the above observations. From the viewpoint of
“perturbative stabilities” the OS scheme gives more ap-
propriate behaviors for the quark distributions than the
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others. The gluon distribution turns out to be the same
up to NLO among the six factorization schemes examined.
Furthermore, its first moment is found to be factorization-
scheme independent up to NLO.

The same analysis of the factorization-scheme depen-
dence of the unpolarized parton distributions of the virtual
photon can be carried out and will be discussed elsewhere.

Acknowledgements. We thank J. Bliimlein, S.J. Brodsky, J.
Kodaira, M. Stratmann, O.V. Teryaev and W.L. van Neerven
for valuable discussions. One of the authors (K.S.) would like to
thank J. Bliimlein and T. Riemann for the hospitality extended
to him at the 5th Zeuthen Workshop “Loops and Legs 2000”.
Some of the results in this paper have been reported at the
workshop. We also thank E. Reya and C. Sieg for the commu-
nication regarding the numerical evaluation of the structure
function. This work is partially supported by the Monbusho
Grant-in-Aid for Scientific Research NO.(C)(2)-12640266.

Appendix

A NLO expressions for polarized parton

distributions in the virtual photon

We give the explicit expressions of Agd, AG7, and Agq
up to NLO. They are written in terms of one- (two-)
loop anomalous dimensions A’y?j’n (Aﬁyi(jl)’") (i,j =¥, Q),
ARE (™), AK™ (AKD™) (1= %, G,NS), and the
one-loop photon matrix elements of the hadronic opera-
tors, AA}. The expressions of one-loop and MS scheme
two-loop anomalous dimensions are found, for example,
in the appendix of [23].

A.1 Singlet quark distribution

o

87Tﬁ0

_ am 7 +n as(Q2 M /20041
S e {1‘ )

A . - as(Q2) A" /2B0+1
@’ {1 )

_as(QQ)— A /260
i
QQ)‘ AT /280
)
‘ Q2 1AL /2B80+1
2)_ }
)

P
"o QQ 1A /2B0+1
Lo (P?)

Agd(n,Q*, P?)

~—

(A1)
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A.3 Non-singlet quark

(0%

Aglg(n, Q*, P?) 870
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irg = AKSD . — L (A.18)
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BRg = AKY! —— (A @ _ By ) A.20
NS NS 93, A INS 3, s ( )
CRs = 260AARs, (A.21)
with
ts = ML (A.22)
B The first moments
B.1 One-loop order
A’yﬁfé’zl = A'yg)’g:l =0, (B.1
A=t =0, AygpT! = —6Ck, (B.2
0,n=1 22 8
M=l =0, A"T=-25,
AKYE™ = AK)" =0, (B.5)
where A N
Ca=3, Cp=-, T;=-—L B.6
A 3 F 37 f 9 ) ( )
with N being the number of flavors.
B.2 MS scheme
(1),n=1 _
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A SC); MSl 8CFTf + ?CATf — ?C’% = —204,
(B.11)
(1),n=1 (1),n=1 (1),n=1
AKw s = AKG s = AKNS s =0 (B.12)
AAY S5 = —12(e®) Ny, (B.13)
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AN =0, (B.14)
AT = —12((e") — (€%)*) Ny, (B.15)
n=1 __ n=1
AB| 5 = AByg 3s = —3CF, (B.16)
N
n=1 __ f n=1 __
ABlSs = SLABSE =0, (B.17)
B.3 Cl-like schemes (Cl, AB, OS, AR)
A~ =0, (B.18)
1),n=1
Ayfm=t =, (B.19)
(1),n=1 (1),n=1 __
AypGa =4y VoG ME = 0, (B.20)
1),n=1 __ (1),n=1
Ay TGi,a =4 G, MS
142 8
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n 68
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=20 + 12NfCF7 (B.22)
1),n=1 1),n=1
AR = ARG =0, (B.23)
ARG = —72<e2>Nch, (B.24)
AAYT = AA” = AALSL =0, (B.25)
AB}L = ABNS W = —3Cr, (B.26)
n= N n=
ABpTl = TfAB%al = —2Ny. (B.27)

C Derivation of (4.20) and (4.21)

We observe that, in the MS scheme, we have AK%"=1 =
AKM"=1 = 0, where AK" = (AK}, AKZ, AKR).
(Note that AKg,)é)?fllike # 0; see (B.24).) Then, up to
NLO, the parton distributions Ag”(n = 1)|55 = (Add,
AGY, Agllq)l5pg satisfy a homogeneous differential equa-
tion instead of an inhomogeneous one:

dAq"(n =1,Q* P?)|5
dln Q2
=Aq"(n= 1,Q2,P2)|M—SAP(n = 17Q2)|W57
where the 3 x 3 splitting function matrix AP is the

hadronic part of AP given in (3.1). Expanding AP(n =
1,Q%) s as

(C.1)
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(C.2)

i {QSQSQ)] Ab,= 1) s+

and introducing ¢ instead of Q? as the evolution variable,

2 aS(P2)
t= n—-_-=, C.3
50 S(Q ) ( )
we find that (C.1) is rewritten as
dAq! (V)55
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as(®) [y pa 0
+ =5 AP s AP() +0(a

We look for a solution in the following form:

Aqy (0)lsrs = 44,90 (1) + Aq; ) (s, (C5)
with the initial condition (see (2.5)),
Ag)(0) =0, (C.6)
«
Aq)(0) s = 1 AAn=1ls
3a
=——N¢((e 2,0, (") = (e%)?).  (C.7)

In the LO, we easily find that Aq'Y(O)( t) = 0 due to the
initial condition (C.6).
The evolution equation in the NLO is written as

qun ()| (0)
A=t — gy 1<>|MS{A 0,

(0
APn )1:| }

+ 2;) {AP v —

and we obtain for the solution

Aq)Y (1) lys = Aq) ] (0)grgexp(M), (C.9)
where
M= AP+ — [O‘S(O) ) ]
ﬂo s ™
x [AP,Sl_)lMS %AP(O) ] (C.10)
Since
AP© = Lago oapm o Laso
n=1 — 4 ’Yn:h n=1IMS — 8 ,yn 11MS>»
(C.11)

and using the information on the first moments of the
anomalous dimensions which are listed in Appendices B.1
and B.2, we find that M turns out to be a triangular
matrix in the following form:

a b 0
M = (0 c 0) , (C.12)
0 0 d
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with

- [2-20] (g). eon

3 as(0) ozb(
b= QCF”@)[ o
1 oayn= n=1 _ 351
1
c= 26 (C.15)

1 [as(0)  as(t) 1 1)n=1
d= — . (C.16
5 | - (i) a0
The matrix exp(M) is, therefore, written in the form
e B 0
0 e 0],
0 0 ef
and thus we obtain from (C.7) and (C.9),
3a

exp(M) = (C.17)

Aqg(n = 17Q2aP2)‘m = _?Nf<e2>
X eXp {_836’ {045(0) — ozh(t)} A*yfpld))";ﬁ_sl} (C.18)
0 m s ’
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xexp{—gﬂo { - - } AVNS,W }
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(1),n=1 __

where in the last line we use the fact AVNS S

Incidentally, under the following approx1mat10n:

b~ gC’Ft, a+c=ec, (C.20)
B is evaluated as
1 1 1 b. .
30}:‘ |:as(P2) :|
~—— 1. C.21
Bo Low(@) (C.21)

This leads to the expression for the first moment of gluon
distribution AG”(n = 1,Q?, P?)|g5 given in (4.6).
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