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Next-to-leading order QCD corrections to inclusive-hadron photoproduction
in polarized lepton-proton collisions

D. de Florian and W. Vogelsang
Theory Division, CERN, CH-1211 Geneva 23, Switzerland
~Received 8 December 1997; published 5 March 1998!

We calculate the next-to-leading order QCD corrections to the ‘‘direct’’ part of the spin-dependent cross
section for single-inclusive charged-hadron photoproduction. This process could be studied experimentally in
future polarized fixed-target lepton-nucleon experiments, but also at the DESYep collider HERA after an
upgrade to both beams being polarized. We present a brief numerical evaluation of our results by studying the
K-factors and the scale dependence of the next-to-leading order cross section.@S0556-2821~98!02209-7#

PACS number~s!: 13.88.1e, 12.38.Bx
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I. INTRODUCTION

In the last few years measurements of the spin asym
tries A1

N (N5p,n,d) in longitudinally polarized deep
inelastic scattering~DIS! have provided much new informa
tion on the spin structure of the nucleon. Theoretical lead
order ~LO! @1–3# and next-to-leading order~NLO! @1–4#
analyses of the data sets demonstrate, however, that thes
not sufficient to extract accurately the spin-dependent qu
(Dq5q↑2q↓) and gluon (Dg5g↑2g↓) densities of the
nucleon. This is true in particular forDg(x,Q2), since it
contributes to DIS in LO only via theQ2-dependence ofg1
~or A1! which could not yet be accurately studied experime
tally. As a result of this, it turns out@1–4# that thex-shape of
Dg seems to be hardly constrained at all by the DIS da
even though a tendency towards a fairly large positivetotal
gluon polarization,*0

1Dg(x,Q254 GeV2)dx*1, was found
@1,2,4#. The measurement ofDg thus remains one of the
most interesting challenges for future spin physics exp
ments. When selecting suitable processes for a determina
of Dg, it is crucial to pick those that, unlikeg1 , have a
gluonic contribution already at the lowest order. Sticking
polarized lepton-nucleon interactions, this implies to co
sider processes less inclusive than DIS. Among those is
production of a~charged! hadron with large transverse mo
mentumpT . To obtain a large number of such hadrons, it
expedient to go tophotoproduction, i.e. to the limit when the
~circularly polarized! photon which is exchanged betwee
the polarized lepton and the nucleon, is almost on-shell
this way one avoids the suppression of the cross section
the photon propagator.

As was shown recently@5#, a polarized version of the
DESY ep collider HERA with As'300 GeV would be a
very promising and useful facility for studying polarize
photoproduction reactions. In particular, two of the conce
able processes, single-inclusive hadron production and
production, show strong sensitivity to the polarized glu
distribution of the proton and also appear likely to yield s
tistics good enough for a successful measurement@5#. In the
framework of the LO calculation performed in@5#, the sen-
sitivity of these reactions toDg is due in the first place to the
subprocessgW gW→qq̄, where the arrows denote longitudin
polarization. As was stressed in@5#, and as is well-
570556-2821/98/57~7!/4376~9!/$15.00
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established in the unpolarized case, the~quasi-real! photon
will not only interact in a direct~‘‘pointlike’’ ! way, but can
also be resolved into its hadronic structure. As far as a
termination ofDg is concerned, such ‘‘resolved’’ contribu
tions ~which appear at the same order in perturbation the
as the ‘‘direct’’ piece! are to be considered as a backgroun
As was shown in@5#, the resolved component is subdom
nant with respect to the direct one in certain regions of
pidity and transverse momentum of the produced hadron
jet, thus maintaining the clear-cut sensitivity toDg resulting
from the direct piece. Focusing on the other hand on
resolved component, the study of polarized photoproduc
at HERA might even allow a measurement of the par
content of polarizedphotonsin the long run@5#—a unique
task for HERA which makes the polarization upgrade opt
of HERA appear even more fascinating.

Polarized photoproduction reactions can also be studie
fixed target experiments with polarized lepton beam and
larized target, like the future COMPASS experiment
CERN, or HERMES at DESY. Among other things, on
could look for charged tracks with largepT also in these
experiments, whereas the energies would obviously no
large enough for producing decent jets. The resolved com
nent at fixed target energies is expected to be generally
ligible.

In order to make reliable quantitative predictions for
high-energy process such as polarized inclusive-hadron p
toproduction, it is crucial to extend LO studies such as
one of @5# to NLO by determining theO(as) QCD correc-
tions. The key issue here is to check the perturbative stab
of the process considered, i.e. to examine to what ex
NLO corrections affect the cross sections and spin asym
tries relevant for experimental measurements. Only when
corrections are reasonably small and under control, ca
process that shows good sensitivity to, say,Dg at the lowest
order, be regarded as a genuine probe of the polarized g
distribution and be reliably used to extract it from futu
data. The first basic ingredient for such an extension to N
has been provided in the past two years by the NLO fits
polarized DIS data mentioned above, which yielded sp
dependent nucleon parton distributions evolved to NLO
curacy. Focusing on the direct part of inclusive-hadron p
toproduction, the calculation of the polarized cross section
4376 © 1998 The American Physical Society
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57 4377NEXT-TO-LEADING ORDER QCD CORRECTIONS TO . . .
NLO is then completed by using also~unpolarized! NLO
fragmentation functions for the produced hadron~as pro-
vided in @6#!, and by including theO(as) corrections to the
spin-dependent ‘‘direct’’ subprocess cross sections for
inclusive production of a certain parton that fragments i
the hadron. The calculation of the latter is the purpose of
paper.

An immediate problem arises here, as the direct part on
own is no longer a really well-defined quantity beyond t
LO. This is due to the fact that beyond LO collinear sing
larities appear in the calculation of the subprocess cross
tions for photon-parton scattering which are to be attribu
to a collinear splitting of the photon into aqq̄ pair and need
to be absorbed into the photon structure functions. As
latter only appear in the resolved part of the cross sect
and since factorizing singularities is never a unique pro
dure, it follows that only the sum of the direct and the r
solved pieces is independent of the factorization scheme
sen and thus is physical. This has been known for a long t
from the unpolarized case where the corrections to the di
@7,8# and to the resolved@9# contributions have all been ca
culated. Nevertheless, we will concentrate in this work o
on the corrections to the direct part of the polarized cr
section, mainly because this calculation—albeit already
ing quite involved—is much simpler than the one for t
resolved piece. Our results will therefore only be the fi
step in a full calculation of NLO effects to polarize
inclusive-hadron photoproduction. Despite the fact that th
are not complete in the sense discussed above, we be
our results to be very important, both phenomenologica
and theoretically: As mentioned earlier, the direct compon
dominates at fixed target energies and also still for
HERA collider situation in certain regions of phase spa
This means that our NLO results should be rather close to
true NLO answer in these cases even if the resolved com
nent is only taken into account on a LO basis, which in tu
implies that our NLO corrections should already be suffici
to shed light on the question of general perturbative stab
of the process. We also mention in this context that our
sults for the NLO corrections to the direct hard subproc
cross sections will help to obtain or to check those for
resolved ones as the Abelian~‘‘QED-like’’ ! parts of the two
are the same.

The paper is organized as follows: in Sec. II we pres
the calculation of theO(as) corrections to the direct part o
polarized inclusive-parton photoproduction. Section III is d
voted to a brief numerical evaluation of our results f
HERA and fixed target kinematics. Section IV contains t
conclusions.

II. CALCULATION OF THE NLO CORRECTIONS
TO THE DIRECT PART OF POLARIZED

INCLUSIVE-PARTON PHOTOPRODUCTION

A. General framework

The process we want to study is the single-inclusive p
duction of a hadronh in photoproduction in collisions o
longitudinally polarized electrons~or muons! and protons,
i.e. eW (pe)pW (pp)→h(ph)X. The NLO expression for the cor
responding spin-dependent cross section is given by
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Eh

dDsh

d3ph
[

1

2 S Eh

ds11
h

d3ph
2Eh

ds12
h

d3ph
D

5
1

pS (
i , j

E
12V1VW

1 dz

z2 E
VW/z

12~12V!/z

3
dv

v~12v !
E

VW/vz

1 dw

w
~1!

3D f g
e~xe ,M2!D f i

p~xp ,M2!D j
h~z,MF

2 !

3
pas~m2!aem

s
S dDŝg i→ j

~0! ~v !

dv
d~12w!

1
as~m2!

p

dDŝg i→ j
~1!

dvdw
~s,v,w,m2,M2,MF

2 ! D , ~2!

the subscripts ‘‘11,’’ ‘‘ 12’’ in Eq. ~1! denoting the set-
tings of the helicities of the incoming electron and proto
We have introduced the hadronic variables

V[11
T

S
, W[

2U

S1T
,

S[~pe1pp!2, T[~pe2ph!2, U[~pp2ph!2,
~3!

and the partonic ones

v[11
t

s
, w[

2u

s1t
,

s[~pg1pi !
2, t[~pg2pj !

2, u[~pi2pj !
2.

~4!

Neglecting all masses, one has the relations

s5xexpS, t5
xe

z
T, u5

xp

z
U,

xe5
VW

vwz
, xp5

12V

z~12v !
, ~5!

wherexe (xp) is the fraction of the longitudinal momentum
of the electron~proton! taken by the photon~by parton i !.
Similarly, z is the momentum share that hadronh inherits
from its parent partonj in the fragmentation process. Th
spin-dependent~‘‘helicity-weighted’’! parton distributions of
electrons and protons that appear in the expression~2! for the
polarized cross section are defined as usual by

D f i
e,p~x,M2![ f i ~1 !

e,p~1 !~x,M2!2 f i ~1 !
e,p~2 !~x,M2!, ~6!

where f i (1)
e,p(1)(x,M2) „f i (1)

e,p(2)(x,M2)… denotes the probabil
ity at scaleM of finding partoni with positive helicity and
momentum fractionx in an electron or proton with positive
~negative! helicity. As we only deal with the direct case, th
only parton type occurring for the polarized electron stru
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4378 57D. de FLORIAN AND W. VOGELSANG
ture functions is the photon, and theD f g
e coincide with the

spin-dependent Weizsa¨cker-Williams spectrum1 @10#:

D f g
e~y,M2![DPg/e~y!

5
aem

2p S 12~12y!2

y D ln
Qmax

2 ~12y!

me
2y2 , ~7!

with me being the electron~or muon! mass andQmax
2 the

allowed upper limit on the radiated photon’s virtuality, to b
fixed by the experimental conditions. The fragmentat
function D j

h(z,MF
2) in Eq. ~2!, describing the fragmentatio

processj→h, is of course the usual unpolarized one, sin
we sum over all polarizations in the final state.

Finally, the spin-dependent LO and NLO cross sectio
for the subprocesses g i→ jX, dDŝg i→ j

(0) /dv and

dDŝg i→ j
(1) /dvdw, which have been stripped of trivial factor

involving the electromagnetic coupling constantaem and the
strong oneas(m

2), are defined in complete analogy with E
~1!. Note that, as indicated in Eq.~2!, dDŝg i→ j

(1) /dvdw will
explicitly depend on the renormalization scalem as a result
of the renormalization procedure for the NLO virtual corre
tions, and also on the scalesM , MF of the parton distribu-
tions and fragmentation functions, owing to the factorizat
of initial and final state collinear singularities. The calcu
tion of thedDŝg i→ j

(1) /dvdw is the purpose of this paper.
To conclude this section, let us note that the express

for the unpolarized cross section for single-inclusive hadr
photoproduction is similar to the one in Eqs.~1! and ~2!,
taking the sum instead of the difference in Eq.~1! and using
unpolarized subprocess cross sectionsdŝg i→ j

(0) /dv,

dŝg i→ j
(1) /dvdw and parton distributions in Eq.~2!. The latter

correspond to taking the sum instead of the difference in
~6!, and for the electron case the unpolarized Weizsa¨cker-
Williams spectrum@10# is obtained from Eq.~7! by replacing
12(12y)2→11(12y)2. When calculating the polarize
dDŝg i→ j

(1) /dvdw, we will at the same time also determin
their unpolarized counterparts and compare them to exis
analytical results in the literature@8#. This will serve as a
very good check on our calculation. Furthermore, the un
larized cross section is needed when one wants to calcu
spin asymmetries, defined by

Ah[
EhdDsh/d3ph

Ehdsh/d3ph
, ~8!

which are usually the only quantities directly accessible
experiment.

1For the resolved contribution, one hasD f g
e→D f k

e in Eq. ~2!,
whereD f k

e is a convolution ofD f g
e in Eq. ~7! with the polarized

photon structure function for parton typek.
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B. LO contributions

The subprocesses contributing toDŝg i→ j
(0) are

gW qW→g~q!,

gW qW→q~g!,

gW gW→q~ q̄!. ~9!

Here it is understood that the final-state particle in bracket
unobserved and integrated over its entire phase space, w
the other fragments into the hadron. Note that the last p
cess in Eq.~9! is symmetric under exchange ofq, q̄. The
corresponding spin-dependent cross sections read

dDŝgq→g
~0! ~v !

dv
52CFeq

2 12v2

v
,

dDŝgq→q
~0! ~v !

dv
52CFeq

2 12~12v !2

12v
,

dDŝgg→q
~0! ~v !

dv
522TReq

2 v21~12v !2

v~12v !
,

~10!

whereCF54/3, TR51/2, andeq is the fractional charge o
the quark.

C. NLO contributions

Apart from the generic inclusive processesgq→g, gq
→q, and gg→q that are already present at the LO leve
there are also contributions that can arise only beyond
Born approximation. These aregg→g, gq→q̄, and gq
→q8, where in the latter processq8 denotes a quark~or
antiquark! of flavor different fromq. This means that the
following explicit subprocesses have to be evaluated:

~a! the interference between the Born graphsgW qW→g(q),
gW qW→q(g), gW gW→q(q̄) and the virtual corrections to
them,

~b! the real corrections to the Born graphs,gW qW→g(qg),
gW gW→q(q̄g), and

gWqW→qH~gg!

~qq̄!

~q8q̄8!

~note that for the latter contribution a finite answer
obtained only if all three subprocesses are added!,

~c! gW gW→g(qq̄), gW qW→q̄(qq), gW qW→q8(qq̄8).
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D. Regularization of singularities

It is well known that singularities are encountered wh
calculating the loop diagrams or when performing the ph
space integrations for the unobserved partons in the 2→3
processes: first of all, the loop-diagrams contain ultravio
divergencies which are removed by renormalization. Add
the renormalized loop and the corresponding 2→3 contribu-
tions, the infrared singularities which are individual
present in both parts, also cancel out, and one is left w
collinear singularities which are finally removed by the fa
torization procedure~for the contributions from~c! only sin-
gularities of the latter type occur!. Of course, for being able
to handle the singularities, one has to choose a consis
method of regularization. In our calculation we use dime
sional regularization for this purpose, whered5422e,
which is the most convenient and customary choice.

The calculation of the spin-dependent squared matrix
ements requires projection onto definite helicity states of
incoming particles~which are taken to have momentap1 ,
p2!, which is achieved by using the relations

u~p1 ,hq!ū~p1 ,hq!5 1
2 p” 1~12hqg5! ~11!

for incoming quarks with helicityhq ~analogously for anti-
quarks! and

em~p2 ,lg!e* n~p2 ,lg!5
1

2~12e! S 2gmn1
1

p1•p2
~p1

mp2
n

1p1
np2

m! D1
ilg

2p1•p2
emn

rsp2
rp1

s

~12!

for incoming gluons with helicitylg . The parts independen
of hq andlg contribute to theunpolarized matrix elements
for which the averaging of gluon spins ind dimensions
should be performed by dividing by thed2252(12e) pos-
sible spin orientations, as has been made explicit in Eq.~12!.
e

t
g

h
-

nt
-

l-
e

As is well known, the use ofg5 and the Levi-Civita tensor
appearing in Eqs.~11! and ~12! is not entirely straightfor-
ward in dÞ4 dimensions. For our calculations we will us
the original prescription of ’t Hooft and Veltman@11#, after-
wards systematized by Breitenlohner and Maison@12#
~HVBM scheme!, which is usually regarded as the most r
liable scheme in the sense that its internal algebraic con
tency is well established. In this scheme explicit definitio
for g5 and emnrs are given. In particular, g5
[ i emnrsgmgngrgs/4!, the e-tensor being regarded as
genuinely four-dimensional object with its components va
ishing in all unphysical dimensions. In this way th
d-dimensional Minkowski space is explicitly divided int
two subspaces, a four-dimensional one and
(d24)-dimensional one, each of them equipped with
metric tensor. As a result, apart fromd-dimensional scalar
productsp•q ~the usual Mandelstam variables!, also their
respective ‘‘subspace’’ counterparts can show up in calcu
tions, which renders the calculation of traces and phase s
integrations somewhat more complicated. Fortunately,
can rely in our calculation to a certain extent on known
sults, as will be discussed in the next subsection.

E. Virtual corrections and 2˜3 matrix elements

In @13# the NLO corrections to the ~‘‘non-
fragmentation’’! part of the hadronic single-spin cross se
tion for the production ofcircularly polarizedprompt pho-
tons, i.e. the QCD corrections forpW p→gW X, were calculated.
This calculation involved the virtual corrections to the Bo
graphsqW g→gW q, gW q→gW q, qW q̄→gW g, as well as the 2→3
matrix elementsaW b→gW cd. These ingredients were obtaine
in @13# in the HVBM scheme. We therefore can get the v
tual corrections forgW qW→gq, gW qW→qg, gW gW→qq̄ and the 2
→3 cross sectionsgW aW→bcd by appropriately crossing the
polarized photon with the unpolarized incoming parton in t
results of@13#, which greatly facilitates the calculation.

The virtual corrections obtained in this way read, in t
modified minimal subtraction (MS) scheme,
dDŝqg→q
~1!,V

dvdw
5

CFeq
2m2e

G~122e! S ~4pm2!2

s2v~12v ! D
e

d~12w!F2
2CF1NC

e2 dTqg2
1

e S b0dTqg22CF ln v1dTqg

1NCdTqg ln
v1

v
1NC

v1
2

v
1CF

v1

v
~51v ! D 1b0 ln

m2

s
dTqg2~2CF2NC!ln v1 ln v

122v
v

1~2CF2NC!ln2 v
122v

2v
1CF ln v

322v
v

2b0

v1
2

v
1~2CF2NC!

v1
2

v
ln v122CFv1

512v
v

1CFp2
226v1v2

3v
1NC ln v

12v1v2

v
2NCp2

126v12v2

6v G , ~13!

dDŝqg→g
~1!,V

dvdw
5

dDŝqg→q
~1!,V

dvdw
@v↔~12v !#, ~14!
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dDŝgg→q
~1!,V

dvdw
5

TReq
2m2e

G~122e! S ~4pm2!2

s2v~12v ! D
e

d~12w!S 2
2CF1NC

e2 dTgg2
1

e
„b0dTgg13CFdTgg2NCdTgg ln~vv1!…

1NC ln~vv1!27CFdTgg1b0 ln
m2

s
dTgg2NCdTgg ln v1 ln v1

1

6
~4CF2NC!p2dTgg2CF ln v

32v
v

2CF ln v1

21v
12v

2~2CF2NC! ln2 v
11v2

2~12v !v
2~2CF2NC! ln2 v1

222v1v2

2~12v !v D , ~15!
r-
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where NC53, b0511NC/62nf /3 ~nf being the number of
active flavors!, andm is the renormalization scale. Furthe
more,

dTqg5~12v2!/v, ~16!

dTgg52v1 /v2v/v1 , ~17!

with v1512v. Note that the result forqW gW→qg can also be
obtained from the one of@14# for qW gW→gq after crossing and
correct adjustment of color.

The integration of the real 2→3 matrix elements over the
phase space of the unobserved particles has been disc
in detail in @15,14# and need not be recalled here. The tec
nical complications related to the use of the HVBM sche
discussed above have been solved in@14#.

Adding the renormalized virtual and the real contrib
tions, all infrared singularities cancel out. In the next sect
we briefly recall the factorization procedure which remov
the remaining collinear singularities.

F. Factorization

The factorization procedure based on the factorizat
theorem @16# has been outlined in, for instance, Re
@15,14#. The mass singularities arise when either an inco
ing particle collinearly emits another particle~or splits into a
pair of collinear particles!, or when the ‘‘observed’’ final
state particle is collinear to an unobserved one. The sing
terms attached to the initial legs are separated off at the
torization scaleM and absorbed into the initial-state parto
distributions which then obey NLO QCD evolution equ
tions. In particular, if the singularity results from a colline
splitting g→qq̄, it is absorbed into the ‘‘pointlike’’ part of
the photon structure function. Of course there is freedom
choosing the factorization prescription, i.e. in subtracting
nite pieces along with the pole terms. As already pointed
in the introduction, this is the reason why a separation
direct and resolved contributions to a photoproduction cr
section becomes, strictly speaking, meaningless beyond
Final state singularities are factorized at the scaleMF into
the ~NLO! unpolarized fragmentation functionsD f

h .
As an example, let us briefly discuss the factorization

the polarizedqW gW→g(qg) subprocess. This is performed
the easiest way by adding a ‘‘counter cross section’’@15#
which, taking into consideration all possible collinear co
figurations, has the form
sed
-
e

n
s

n
.
-

ar
c-

in
-
ut
f
s

O.

f

-

dDŝqg→g
~1!,F

dvdw
;2

as

2p F E
0

1

dx1DHqq~x1 ,M2!
dDŝe

qg→gq

dv

3S x1s,11
t

sD d@x1~s1t !1u#

1E
0

1 dx3

x3
2 Hgg~x3 ,MF

2 !
dDŝe

qg→gq

dv

3S s,11
t

x3sD dS s1
1

x3
~ t1u! D

1E
0

1 dx3

x3
2 Hgq~x3 ,MF

2 !
dDŝe

qg→qg

dv

3S s,11
t

x3sD dS s1
1

x3
~ t1u! D G

2
aem

2p F E
0

1

dx2DHqg~x2 ,M2!
dDŝe

qq̄→gg

dv

3S x2s,11
t

x2sD d@x2~s1u!1t#G , ~18!

where the dDŝe
ab→cd(s,v)/dv are the polarized

d-dimensional2→2 cross sections for the processesab
→cd, to be found for the HVBM scheme in@14#. Further-
more,

~D!Hi j ~z,M2![2
1

ê
~D!Pi j ~z!S m2

M2D e

1~D! f i j ~z!,

~19!

where 1/ê[1/e2gE1 ln 4p, as usual in theMS scheme. In
Eq. ~19! the (D)Pi j (z) denote the unpolarized~polarized!
one-loop splitting functions for the transitionsj→ i @17#. The
functions (D) f i j (z) represent the freedom in choosing a fa
torization prescription. In theMS scheme these function
vanish. Note that even in the polarized case only theunpo-
larized Hi j contribute to the factorization of final-state sin
gularities, as we do not consider the production of polariz
hadrons.

Before proceeding, we have to mention an importa
subtlety related to the use of the HVBM prescription forg5 ,
which affects the polarized functionDHqq . It is a well-
known property of the HVBM–g5 that it leads to helicity
non-conservation at theqqg vertex in d dimensions, ex-
pressed by a non-vanishing difference of unpolarized
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polarizedd-dimensional LO quark-to-quark splitting func
tions,

DPqq
422e~x!2Pqq

422e~x!54CFe~12x!. ~20!

A disagreeable consequence of this is a non-zero first
ment~x-integral! of the non-singlet NLO anomalous dimen
sion for the evolution of polarized non-singlet quark den
ties, in obvious conflict with the conservation of the flav
non-singlet axial current@18,19,20#. At the same time,~20! is
responsible for producing a result for theO(as) correction to
the Bjo”rken sum rule@21# which disagrees with the one o
@22#. These two effects turn out to be closely related, as t
can be simultaneously removed by a factorization sche
transformation@19,20#, generated by the term on the righ
hand-side of Eq.~20!. In other words, it is advisable, albe
not mandatory in a purely mathematical sense, to dev
slightly from theMS scheme in the polarized case by choo
ing ~see also@20#!

D f qq~z!524CF~12z! ~21!

in Eq. ~19!. The factorization scheme transformation defin
by this equation has also been performed in the calculat
of the spin-dependent NLO splitting functions@19,20# and is
thus respected by the available sets of spin-dependent N
parton densities@1–4#. The ‘‘g5-effect’’ described above ha
been known to occur in the HVBM scheme for quite som
time @23,24,18,25# and is obviously a pure artifact of th
regularization prescription chosen. Since furthermore ph
cal requirements such as the conservation of the non-sin
axial vector current serve to remove the effect in a straig
forward and obvious way, results of NLO calculations
‘‘spin-physics’’ ~such as the ones of@19,20#, or ours! are
usually regarded as being ‘‘genuinely’’ in the convention
MS scheme onlyafter this transformation has been carrie
out. The quantitiesD f qg , D f gq , andD f gg in Eq. ~19! will of
course be set to zero, as in the usualMS scheme. Needless t
say that in the unpolarized case (MS) one hasf qq5 f qg
5 f gq5 f gg50.

Another comment concerns the functions (D)Hqg needed
for factorizing initial-state collinear singularities from
photon-splitting to aqq̄ pair. As mentioned above, such si
gularities are absorbed into the ‘‘pointlike’’ part of the ph
ton structure functions. Studies@26,27,28# of the photon
structure beyond LO have revealed that theMS-scheme pho-
tonic coefficient functions for the photon’s DIS structu
functionsF2

g ,g1
g exhibit a logarithmically singular behavio
o-

-

y
e

te
-

d
ns

O

i-
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t-

l

at large x. Combining at NLO the ‘‘pointlike’’ parts of
F2

g ,g1
g with estimates for the ‘‘hadronic’’ component base

on vector meson dominance~VMD ! arguments, one encoun
ters strongly negative results at largex, ruling out the use of
intuitive VMD ideas in theMS scheme. Instead, an appr
priately adjusted~‘‘fine tuned’’! non-VMD hadronic NLO
input would be required in theMS scheme, substantially dif
fering from the LO one, as the only means of avoiding u
wanted and physically not acceptable perturbative instab
ties for physical quantities likeF2

g ,g1
g . In the unpolarized

case the so-called DISg factorization scheme@26# was intro-
duced to avoid such ‘‘inconsistencies.’’ Here the idea was
absorb the photonic Wilson coefficient forF2

g into the pho-
ton’s quark densities by a factorization scheme transform
tion, hereby leaving the ‘‘hadronic’’ part untouched. In@28#,
this procedure was extended to the polarized case. It
found that after transforming to the DISg scheme, a pure
VMD input can be successfully used for phenomenologi
analyses going beyond the LO. We will therefore specify
functions (D) f qg to be used to transform to the DISg
scheme. They read:

f qg~x!5TRF @x21~12x!2#S ln
12x

x
21D16x~12x!G ,

D f qg~x!5TRF ~2x21!S ln
12x

x
21D12~12x!G ,

~22!

where TR51/2. Of course, the choice of factorizatio
scheme cannot affect the result for a physical quantity.
other words, in the unpolarized case, where all contributi
can be consistently calculated to NLO, it does not ma
eventually whether we use photonic parton densities defi
in the DISg or theMS scheme, as long as we use NLO ha
cross sections determined in the same scheme. In the p
ized case however, we are not yet able to consistently
clude the NLO ‘‘resolved’’ contributions, as was pointed o
several times before. Therefore, comparing the results for
direct part of the NLO cross section in theMS and the DISg
schemes might indicate the uncertainty resulting from
performing a consistent NLO calculation.

G. Final results

For all processes the final partonic cross section can
cast into the form
dDŝg i→ j
~1!

dvdw
~s,v,w,m2,M2,MF

2 !5F S cad~12w!1cb

1

~12w!1
1ccD ln

M2

s
1S cãd~12w!1cb̃

1

~12w!1
1cc̃ D ln

MF
2

s

1 c̃1d~12w!ln
m2

s
1c1d~12w!1c2

1

~12w!1
1c3S ln~12w!

12w D
1

1c4 ln v

1c5 ln~12v !1c6 ln w1c7

ln w

12w
1c8 ln~12w!1c9 ln~12vw!

1c10

ln@~12v !/~12vw!#

12w
1c11 ln~12v1vw!1c12

ln~12v1vw!

12w
1c13G . ~23!
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Distributions inw such asd(12w), 1/(12w)1 , etc. only
occur for the subprocesses that are already present a
Born level. An expression similar to Eq.~23! holds for the
unpolarized case with, obviously, different coefficien
ci(v,w). We note that we have compared our unpolariz
results to the ones presented in an analytical form in@8#. We
found an almost complete overall agreement; however, th
are a very small number of differences, some of which co
be related to typographical mistakes. The only major discr
ancies arise for the subprocessesgq→q(q8q̄8) and gq

→q8(qq̄8). For the first, we believe that the result in@8# was
accidentally presented in terms of the ‘‘crossed’’ proce
qg→q(q8q̄8). For gq→q8(qq̄8), it seems that the result in
@8# rather corresponds togq→q̄8(qq8). Anyway, none of
these small discrepancies turns out to have a significant
merical effect. The coefficientsci(v,w) for the unpolarized
and polarized cases are rather lengthy and will not be gi
here.2

III. NUMERICAL RESULTS

Let us now present some first numerical results for
NLO corrections to polarized single-inclusive photoprodu
tion of charged hadrons. Rather than performing a deta
numerical study of the process, we will restrict ourselves
the most interesting questions. These concern the gen
size of the corrections~‘‘ K-factors’’! and the residual depen
dence of the NLO cross section on the unphysical sc
present in the calculation.

Before starting, we mention that whenever we will calc
late the unpolarized NLO cross section, we will do so in
completely consistent way, i.e. by including both the dire
and the resolved parts at NLO. Here we make use of our o
results for the NLO corrections to the direct part of the cro
section ~see Sec. II!, and of the ones in@9# for the NLO
resolved part. Furthermore, we will for consistency use N
parton densities for the incoming proton@29# and the photon
@26#, as well as NLO fragmentation functions. For the lat
we will use the ones of@6# set up for the sum of charge
pions and kaons. They will also be our choice when cal
lating the polarized cross section.

In the polarized case at NLO, we will use spin-depend
parton distributions for the proton evolved at NLO and fitt
to the available DIS data. Several sets for these are avail
@1,2,3#; for definiteness we will choose the ones of@1# deter-
mined within the ‘‘radiative parton model.’’ These also ha
the agreeable property of providing parametrizations at N
and LO, the latter to be used for Born level predictions.
particular, we will choose the ‘‘valence’’ set of@1#, which
corresponds to the best-fit result of that paper, along with
other set of@1# based on assumingDg(x,m2)5g(x,m2) at
the low input scalem of @1#, whereg(x,m2) is the unpolar-
ized Glück-Reya-Vogt~GRV! @29# input gluon distribution.
This set will be referred to as ‘‘max. gluon’’ in what follows
Employing these two sets, which both provide a good fit
the available DIS data, but differ significantly in the pola

2They can be obtained in aFORTRAN code via electronic mail from
Werner.Vogelsang@cern.ch
the
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ized gluon density, we are able to see to which extent
relative size of the NLO corrections depends on the se
parton distributions used.

We also note that whenever we calculate a cross sectio
LO ~for instance, when determining theK-factor K
5sNLO/sLO!, we will for consistency use LO parton distr
butions and fragmentation functions. In this case we will a
use the one-loop expression for the strong coupling, whe
at NLO we obviously employ its two-loop counterpart. Th
LO and NLO values for the QCD scale parameterLQCD

(nf ) for
nf active flavors are taken from@29,26,1#. Heavy flavor
(c,b) contributions to the cross sections are neglected
simplicity. Unless we explicitly study the scale dependen
of our results, we will choose the renormalization and fa
torization scales to be equal to the transverse momentumpT
of the produced hadron.

We will provide numerical results for both the fixed targ
and the HERA collider kinematic domains. While the r
solved component is expected to be generally small at fi
target energies, it is known@5# to be dominant in certain
regions of phase space at HERA also for the polarized c
Here the direct contribution will dominate only at fairly larg
pT , and/or at negative rapiditiesh of the produced hadron in
the HERA laboratory frame, where we have, as usu
counted positive rapidity in the proton forward direction.
order to demonstrate this, and to isolate for our furth
HERA studies the region where the direct contribution dom
nates, Fig. 1 shows the ratio of the direct part of the po
ized cross section over the full (direct1resolved) one, calcu-
lated at LO and plotted vspT ~at h521! and h ~at pT
55 GeV!. We have assumedEe527 GeV and Ep
5820 GeV; the cuts on the polarized Weizsa¨cker-Williams
spectrum were chosen as in@5#. We have used the Glu¨ck-
Reya-Stratmann-Vogelsang~GRSV! ‘‘max. gluon’’ set for
the polarized proton. For the LO resolved part in the deno
nator we have to pick a suitable set of LO parton distrib
tions for the polarized photon. Of course, nothing is kno
as yet experimentally about the latter, so we need to reso
models for them. Here we will follow@5# to use two very
different scenarios, first considered in@30#. They are based
on assuming ‘‘maximal’’„D f g(x,m2)5 f g(x,m2)… or ‘‘mini-

FIG. 1. Ratio of LO direct and full (direct1resolved) polarized
cross sections for HERA energies~Ee527 GeV, Ep5820 GeV!.
~a! pT dependence ath521, ~b! h dependence atpT55 GeV.
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mal’’ „D f g(x,m2)50… saturation of the fundamental positiv
ity constraintsuD f g(x,m2)u< f g(x,m2) at the input scalem
for the QCD evolution, wherem and the unpolarized photo
structure functionsf g(x,m2) were adopted from the phenom
enologically successful radiative parton model predictions
@26#. These sets will be dubbed ‘‘max.g’’ and ‘‘min. g’’
sets, respectively, and Fig. 1 shows the results obtained
both sets. As can be seen, in the region defined byh<21,
pT>5 GeV the resolved component is expected to contrib
about 20% or less to the cross section~note that the direct
and resolved parts of the cross section turn out to be
opposite sign!.

Having determined the region where the direct compon
dominates for HERA energies, we can now turn to NL
Figure 2 shows theK-factors for the direct part of the polar
ized cross section in theMS scheme, again vspT ~at h
521! andh ~at pT55 GeV!. The solid line corresponds t
the ‘‘max. gluon’’ set for the polarized parton densities
the proton, whereas the dashed one displays the resul
tained within the ‘‘valence’’ best-fit scenario of@1#. As one
can clearly see, theK-factors are of very moderate size,K
&1 for almost allpT andh examined. Only at very largepT ,
near the edge of phase space for theh521 considered, does
the K-factor become much larger than unity within the ‘‘v
lence’’ scenario. This finding of generally small NLO co
rections is very important and corroborates the LO pred
tions previously made in@5#.

As frequently mentioned earlier, the NLO direct part
its own is factorization scheme dependent. For compari
we also plot in Fig. 2 theK-factor for the direct cross sectio
obtained within the DISg scheme introduced in Sec. II F. A
can be seen, the corresponding change of the result is ra
small. Finally, Fig. 2 also presents theK-factor for thefull
(direct1resolved) unpolarized cross section, which of cou
is scheme-independent. It turns out that it is very similar
size and shape to theK-factors we have obtained for th
direct part of the polarized cross section. This, again, i
very satisfactory finding, as it suggests that ourK-factor for
the direct part might not be too far off the result for the o
of the full polarized cross section, to be eventually det

FIG. 2. K-factors for the direct part of the polarized cross se
tion at HERA energies for different GRSV@1# parton distributions.
In ~a! the K-factor for the total unpolarized cross section is a
shown.
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mined when the NLO corrections to the resolved part of
polarized cross section will have been calculated.

Another important issue when going beyond the LO is
expected reduction in the dependence of the results on
unphysical scalesm, M , MF introduced previously. We now
setm25M25MF

25jpT
2 and plot in Fig. 3 the LO and NLO

direct cross sections as functions ofj for fixed h521, pT
55 GeV. Even though we can only consider the direct p
the improvement in the scale dependence when going f

FIG. 4. K-factors for the direct part of the polarized singl
inclusive charged-hadron cross section in a fixed target experim
with s5400 GeV2 at hcm50.

-

FIG. 3. Scale dependence of the direct part of the polari
inclusive-hadron photoproduction cross section atpT55 GeV and
h521 for HERA energies. All scales have been set equal
AjpT , and the parton distributions used correspond to the ‘‘m
gluon’’ set of @1#. The NLO cross section has been calculated in
MS scheme.
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4384 57D. de FLORIAN AND W. VOGELSANG
LO to NLO becomes already clearly visible.
We finally turn to the fixed target region, relevant for th

HERMES and the future COMPASS experiments. It is ag
interesting to study the size of theK-factor for this situation,
choosing a muon beam energy of 200 GeV. The results
our two sets of polarized parton densities of the proton
displayed as functions ofpT in Fig. 4, where we have fixed
the center-of-mass rapidity,hcm50. We have again calcu
lated the NLO cross section in theMS scheme. One can
clearly see that again theK-factors are of very reasonab
size, oncepT>3 GeV, where one intuitively would start t
trust perturbation theory.

IV. SUMMARY AND CONCLUSIONS

We have presented for the first time the next-to-lead
order QCD corrections to the spin-dependent cross sec
for single-inclusive charged-hadron photoproduction. T
process derives its importance from its sensitivity to the p
ton’s spin-dependent gluon distribution and, at high energ
to the so far completely unknown parton content of circula
ys
e
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d
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,
De

ng
e
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iff

y

n

or
e

g
on
s
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y

polarized quasi-real photons. It could be studied experim
tally in future polarized fixed-target lepton-nucleon expe
ments, but also at the DESYep collider HERA after an
upgrade to both beams being polarized.

Our calculation is an important first step in trying to a
sess the perturbative stability of this process. First numer
results show generally moderate NLO corrections for the
rect part of the cross section, theK-factor being close to
unity over a wide kinematical range at both HERA and fix
target energies. Also, the expected reduction in scale de
dence of the cross section when going from LO to NLO
found. We finally emphasize, however, that in order to
able to use our results for obtaining truly physical pred
tions, the NLO corrections to the resolved part of the cro
section will also have to be calculated in the future.
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