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Next-to-leading order QCD corrections to inclusive-hadron photoproduction
in polarized lepton-proton collisions
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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 EpSX6llider 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 J&flieh6-282(198)02209-7

PACS numbds): 13.88+¢€, 12.38.Bx

I. INTRODUCTION established in the unpolarized case, theasi-real photon
will not only interact in a direct“pointlike” ) way, but can
In the last few years measurements of the spin asymmealso be resolved into its hadronic structure. As far as a de-
tries AY (N=p,n,d) in longitudinally polarized deep- termination ofAg is concerned, such “resolved” contribu-
inelastic scatteringDIS) have provided much new informa- tions (which appear at the same order in perturbation theory
tion on the spin structure of the nucleon. Theoretical leadings the “direct” piece are to be considered as a background.
order (LO) [1-3] and next-to-leading ordefNLO) [1-4] As was shown irn[5], the resolved component is subdomi-
analyses of the data sets demonstrate, however, that these amnt with respect to the direct one in certain regions of ra-
not sufficient to extract accurately the spin-dependent quarRidity and transverse momentum of the produced hadron or
(Ag=q'—q') and gluon Ag=g'—g') densities of the jet, thus maintaining the clear-cut sensitivityAgy resulting
nucleon. This is true in particular foAg(x,Q?), since it from the direct piece. Focusing on the other hand on the
contributes to DIS in LO only via th@?-dependence afj; resolved component, the study of polarized photoproduction
(or A;) which could not yet be accurately studied experimen-at HERA might even allow a measurement of the parton
tally. As a result of this, it turns oltl—4] that thex-shape of  content of polarizegphotonsin the long run[5]—a unique
Ag seems to be hardly constrained at all by the DIS datatask for HERA which makes the polarization upgrade option
even though a tendency towards a fairly large positotal of HERA appear even more fascinating.
gluon polarizationf3Ag(x,Q?=4 GeV?)dx=1, was found Polarized photoproduction reactions can also be studied in
[1,2,4. The measurement okg thus remains one of the fixed target experiments with polarized lepton beam and po-
most interesting challenges for future spin physics experitarized target, like the future COMPASS experiment at
ments. When selecting suitable processes for a determinati@®ERN, or HERMES at DESY. Among other things, one
of Ag, it is crucial to pick those that, unlikg;, have a could look for charged tracks with large; also in these
gluonic contribution already at the lowest order. Sticking toexperiments, whereas the energies would obviously not be
polarized lepton-nucleon interactions, this implies to con4arge enough for producing decent jets. The resolved compo-
sider processes less inclusive than DIS. Among those is thgent at fixed target energies is expected to be generally neg-
production of a(charged hadron with large transverse mo- |igipje.
mentumpy . To obtain a large number of such hadrons, itis ~|n order to make reliable quantitative predictions for a
expedient to go tphotgroduction, i.e. to the limit when the high-energy process such as polarized inclusive-hadron pho-
(circularly polarizedl photon which is exchanged between toproduction, it is crucial to extend LO studies such as the
the polarized lepton and the nucleon, is almost on-shell. Ihne of[5] to NLO by determining the)(as) QCD correc-
this way one avoids the suppression of the cross section biyons, The key issue here is to check the perturbative stability
the photon propagator. _ _ of the process considered, i.e. to examine to what extent
As was shown recently5], a polarized version of the NLO corrections affect the cross sections and spin asymme-
DESY ep collider HERA with /s~300 GeV would be a tries relevant for experimental measurements. Only when the
very promising and useful facility for studying polarized corrections are reasonably small and under control, can a
photoproduction reactions. In particular, two of the conceiv-process that shows good sensitivity to, sAg, at the lowest
able processes, single-inclusive hadron production and j&rder, be regarded as a genuine probe of the polarized gluon
production, show strong sensitivity to the polarized gluongistribution and be reliably used to extract it from future
distribution of the proton and also appear likely to yield sta-data. The first basic ingredient for such an extension to NLO
tistics good enough for a successful measurerfignin the  has been provided in the past two years by the NLO fits to
framework of the LO calculation performed [8], the sen-  polarized DIS data mentioned above, which yielded spin-
sitivity of these reactions tdg is due in the first place to the dependent nucleon parton distributions evolved to NLO ac-
subprocess}jeqq, where the arrows denote longitudinal curacy. Focusing on the direct part of inclusive-hadron pho-
polarization. As was stressed ifb], and as is well- toproduction, the calculation of the polarized cross section to
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NLO is then completed by using alsenpolarized NLO dAog" 1
fragmentation functions for the produced hadr@s pro- Ep—z—=

vided in[6]), and by including theé)(«,) corrections to the d*pn 2
spin-dependent “direct” subprocess cross sections for the

E dcrrl+_E dcrrl_)
h dsph h dsph

inclusive production of a certain parton that fragments into _ i fl d_z 1-(1-W)z
the hadron. The calculation of the latter is the purpose of this 7S <7 Jiovivw 22 Jvwiz
paper.
An immediate problem arises here, as the direct part on its > do fl d_W )
own is no longer a really well-defined quantity beyond the v(l-v) Jywwz W
LO. This is due to the fact that beyond LO collinear singu-
larities appear in the calculation of the subprocess cross sec- X Af‘;(xe,Mz)Afip(Xp ,MZ)DJ-h(z,M,Z:)
tions for photon-parton scattering which are to be attributed
to a collinear splitting of the photon intogq pair and need was(,uz)aem( dAa'd(v)
to be absorbed into the photon structure functions. As the X S \ dov o(1-w)
latter only appear in the resolved part of the cross section,
and since factorizing singularities is never a unique proce- ag(u?) dAgV

- m)—dT(S,v,W,MZ.MZ,M;Z:). (2

dure, it follows that only the sum of the direct and the re-
solved pieces is independent of the factorization scheme cho-
sen and thus is physical. This has been known for a long timﬁ1e subscripts  +," *
from the unpolarized case where the corrections to the direcﬁngs of the heliciti:es of the incoming electron and proton.
[7,8] andto the resolved9] contributions have all been cal- We have introduced the hadronic variables

culated. Nevertheless, we will concentrate in this work only

+—""in Eq. (1) denoting the set-

on the corrections to the direct part of the polarized cross T Y

section, mainly because this calculation—albeit already be- Vv=1+—=, W=—-——,

ing quite involved—is much simpler than the one for the S S+T

resolved piece. Our results will therefore only be the first 5 ) 5
step in a full calculation of NLO effects to polarized S=(PetPp)®, T=(Pe=Pn)" U=(pPp=—Pn)
inclusive-hadron photoproduction. Despite the fact that they ©)

are not complete in the sense discussed above, we believe )
our results to be very important, both phenomenologically?"d the partonic ones
and theoretically: As mentioned earlier, the direct component

dominates at fixed target energies and also still for the UElJrE WE__U

HERA collider situation in certain regions of phase space. S’ s+t’

This means that our NLO results should be rather close to the

true NLO answer in these cases even if the resolved compo- s=(p,+ P2, t=(p,— pj)2, u=(p;— pj)Z‘

nent is only taken into account on a LO basis, which in turn
implies that our NLO corrections should already be sufficient
to shed light on the question of general perturbative stabilityNeglecting all masses, one has the relations
of the process. We also mention in this context that our re-
sults for the NLO corrections to the direct hard subprocess
cross sections will help to obtain or to check those for the S=XeXpS, 1= 7T, u= ?U’
resolved ones as the AbeligtQED-like” ) parts of the two
are the same.
. . . VW 1-V

The paper is organized as follows: in Sec. Il we present Xe= ——, Xy,=—,
the calculation of the)(«s) corrections to the direct part of vWZ P z(1-v)
polarized inclusive-parton photoproduction. Section Ill is de-
voted to a brief numerical evaluation of our results forWherexe (Xp) is the fraction of the longitudinal momentum

HERA and fixed target kinematics. Section IV contains theof the electron(proton taken by the photoriby partoni).
conclusions. Similarly, z is the momentum share that hadrbninherits

from its parent partorj in the fragmentation process. The
spin-dependen(t‘helicity-weighted”) parton distributions of
Il. CALCULATION OF THE NLO CORRECTIONS electrons and protons that appear in the expreg&ioior the
TO THE DIRECT PART OF POLARIZED polarized cross section are defined as usual by
INCLUSIVE-PARTON PHOTOPRODUCTION

®)

n _
A. General framework Af?p(x’Mz)Efﬁg() )(X’MZ)_fie('-pF() )(X'MZ)’ (6)
The process we want to study is the single-inclusive prowhereff('g()ﬂ(x,MZ) (ff('f_()_)(x,Mz)) denotes the probabil-
duction of a hadrorh in photoproduction in collisions of jty at scaleM of finding partoni with positive helicity and
longitudinally polarized electrongor muong and protons, momentum fractiorx in an electron or proton with positive
i.e. €(pe) p(pp)—h(pr)X. The NLO expression for the cor- (negative helicity. As we only deal with the direct case, the
responding spin-dependent cross section is given by only parton type occurring for the polarized electron struc-
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ture functions is the photon, and thef, coincide with the B. LO contributions
spin-dependent Weizsker-Williams spectrurh[10]: The subprocesses contributinger?)_; are
Yies
N Yd—9(a),
AfS(Y,M9)=AP (y)
_aem (1-(1-y)?|  Qhad1-Y) 56009,
v Yy mgy
Y9—q(0). ©)

with m, being the electrorfor muon mass andQ?,, the . ' C .
allowed upper limit on the radiated photon’s virtuality, to be Here itis underst_ood that the flna!-state_partlcle in brackets is
fixed by the experimental conditions. The fragmentationunObserved and mtegrated over its entire phase space, while
function D"(z,M2) in Eq. (2) describin' the fraamentation the other fragments into the hadron. Note that the last pro-
N d-1<) g 9 cess in Eq.(9) is symmetric under exchange gf q. The

processj—h, is of course the usual unpolarized one, since . . ;

we sum over all polarizations in the final state. corresponding spin-dependent cross sections read
Finally, the spin-dependent LO and NLO cross sections

for the subprocesses yi—jX, dAc{? /dv and dAa'd  (v) ,1-0v2

dAo{});/dvdw, which have been stripped of trivial factors do =2Ceeq—

involving the electromagnetic coupling constant, and the

strong onexg(1?), are defined in complete analogy with Eq.

~ ~(0) 2
(1). Note that, as indicated in Eq), dAo'}).;/dvdw will dAaygq(v) —2C ezl_(l_v)
explicitly depend on the renormalization scaleas a result dv P 1—p
of the renormalization procedure for the NLO virtual correc-

tions, and also on the scalés, My of the parton distribu-

. . . . . . ~ (0

tions and fragmentation functions, owing to the factorization dAU(yqu(v) _ 2v2+(1—v)2

of initial and final state collinear singularities. The calcula- dv B REq v(l—v)

tion of thedAo{}), ;/dvdw is the purpose of this paper. (10

To conclude this section, let us note that the expression _ _
for the unpolarized cross section for single-inclusive hadronwWhereCg=4/3, Te=1/2, andey is the fractional charge of
photoproduction is similar to the one in Eqd) and (2), the quark.
taking the sum instead of the difference in Ef). and using

unpolarized ~ subprocess cross  sectiondo'?)/dv, C. NLO contributions
do'}). /dvdw and parton distributions in Eq2). The latter Apart from the generic inclusive processeg—g, yq

correspond to taking the sum instead of the difference in Eg—~q, and yg—q that are already present at the LO level,
(6), and for the electron case the unpolarized Waikee:  there are also contributions that can arise only beyond the
Williams szpectrun[10] iszobtained from Eq(7) by replacing  Born approximation. These argg—g, yq—q, and yq
1-(1-y)*—=1+(1-y)". When calculating the polarized _.q’, where in the latter procesy’ denotes a quarkor
dAo'}) /dvdw, we will at the same time also determine antiquark of flavor different fromq. This means that the
their unpolarized counterparts and compare them to existintpllowing explicit subprocesses have to be evaluated:
analytical results in the literaturgd]. This will serve as a .

very good check on our calculation. Furthermore, the unpot@ the interference between the Born grappg—g(q),
larized cross section is needed when one wants to calculate ygq—q(g), yg—aq(g) and the virtual corrections to
spin asymmetries, defined by them,

(b) the real corrections to the Born graphggq—g(qg),

_ Endaa"dp, g  79-d(ag), and
"~ Endo/dipy,
(99)
which are usually the only quantities directly accessible to ¥a—q (q?)_,
experiment. (a'a’)

(note that for the latter contribution a finite answer is

obtained only if all three subprocesses are agded
'For the resolved contribution, one has®—Af} in Eqg. (2),

where Afy is a convolution ofAfS in Eq. (7) with the polarized . .. . _
photon structure function for parton tyje (¢ y9—a(qq), ya—a(aag), ya—a’(aq’).



D. Regularization of singularities

It is well known that singularities are encountered when
calculating the loop diagrams or when performing the phas

space integrations for the unobserved partons in the32

processes: first of all, the loop-diagrams contain ultraviole

divergencies which are removed by renormalization. Addin
the renormalized loop and the corresponding 2 contribu-
tions, the infrared singularities which are individually

collinear singularities which are finally removed by the fac-

torization proceduréfor the contributions fromnic) only sin-
gularities of the latter type occurOf course, for being able

to handle the singularities, one has to choose a consiste

method of regularization. In our calculation we use dimen
sional regularization for this purpose, whete=4-2¢,
which is the most convenient and customary choice.

The calculation of the spin-dependent squared matrix e
ements requires projection onto definite helicity states of th
incoming particles(which are taken to have momengs,
p»2), which is achieved by using the relations

u(py,hg)u(ps,hg)=3p1(1—hyys) (12)

for incoming quarks with helicityh, (analogously for anti-
quarks and

+ pip‘z‘>) +

1
—gH* — MRV
g pl-pz(plpz

GM(pz,)\g)é* V(p21)\g): 2(1_6)

iNg I
2py-py U
(12

for incoming gluons with helicit\ 4. The parts independent
of hy and\4 contribute to theunpolarized matrix elements,
for which the averaging of gluon spins i@ dimensions
should be performed by dividing by tlte-2=2(1— €) pos-
sible spin orientations, as has been made explicit in(Ez).

2 2e
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As is well known, the use of5 and the Levi-Civita tensor
appearing in Eqs(11) and (12) is not entirely straightfor-
ward ind#4 dimensions. For our calculations we will use
the original prescription of 't Hooft and Veltmdi1], after-
Wards systematized by Breitenlohner and Maisdi2]
(HVBM scheme, which is usually regarded as the most re-
fiable scheme in the sense that its internal algebraic consis-

gtency is well established. In this scheme explicit definitions

ys and €,,,, are given. In particular, ys
=ie"""7y,7,7,Y,/4!, the etensor being regarded as a
rE;enuinely four-dimensional object with its components van-
ishing in all unphysical dimensions. In this way the
d-dimensional Minkowski space is explicitly divided into
two subspaces, a four-dimensional one and a

?&—4)—dimensiona| one, each of them equipped with its

for

metric tensor. As a result, apart frodidimensional scalar
productsp-q (the usual Mandelstam variabjeslso their
I[espective “subspace” counterparts can show up in calcula-
tions, which renders the calculation of traces and phase space
?ntegrations somewhat more complicated. Fortunately, we
can rely in our calculation to a certain extent on known re-

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 sec-
tion for the production otircularly polarized prompt pho-
tons, i.e. the QCD corrections fap— yX, were calculated.
This calculation involved the virtual corrections to the Born
graphsqg— yq, gq— yd, qq— yg, as well as the 2:3
matrix elementsb— ycd. These ingredients were obtained
in [13] in the HVBM scheme. We therefore can get the vir-
tual corrections foryg—gq, yqd—qg, ygd—qq and the 2
—3 cross sectionga—bcd by appropriately crossing the
polarized photon with the unpolarized incoming parton in the
results of[13], which greatly facilitates the calculation.

The virtual corrections obtained in this way read, in the
modified minimal subtractionMS) scheme,

dacVV  Cre (4mu?)? \¢ 2C:+N 1
qy—q _ “FSqM TH | _SZFTNC _= _
dvdw _F(l—Ze)(szv(l—v)) o(1-w) € Tay € bodTqy=2Ck IN 01T,
U1 vf U1 w? 1-2v
+Nc5Tq7 In ?+NC7+CF7(5+U) +b0 In ?ﬂq},_(ZCF_Nc)ln U1 Inv
) —2v —2v U% vi 5+2v
+(2CF_Nc)In v 2 +C|: Inv _b07+(2CF_Nc) 7 In Ul_ZCFU]_ v
c 22—60-!—02 N.. | 1-v+uv? N 21—60+202 13
+ F'ﬂ' T+ C n U - C'ﬂ- T y ( )
dAgHV. dAotH
qQy—g _ qy—q _
dodw  dodw V(A0 4
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dAoy)Y,  Trequ?s [ (Amp?)? € 2C¢+N¢ 1
a1 ( )5(1—W)(—T&Tgy—Z(boé”Tg,/+3C,:5Tgy—Nc(5Tg,/In(vvl))

dvdw  T'(1-2¢)|sv(1-v)
% 1 ) 3-v
+N¢ In(vv,) = 7Cg6Ty,+ by In ?5Tgy— NcdTg, Invy Inv+ €(4CF—NC)7T 0Tg,—CeInv
Co | 2+v 2C— N In? 1402 2C— N In? 2—2v+v? 1
F nvll_v ( F C) n“v 2(1_U)U ( F C) n“ v, Z(l_U)U ' ( 5)
|
where Nc=3, by=11IN/6—n;/3 (n; being the number of dA&DF a 1 dA 59799
active flavor, and u is the renormalization scale. Further- ———29.__ 2| | gy AH ,(X{,M?) ————
dvdw 2| Jo 1T aai e dv
more,
t
5Tqy: (1—U2)/U, (16) X | X18,1+ s S[X1(s+t)+u]
1 dx Agdr—od
6Ty, =—vilv—vlvq, (17 +J 3 2 €
9y 0 ;32_Hgg(x31MF) dU
with v;=1—v. Note that the result foqy can also be t 1
v1=1-v sultfony—qg can é x| 5,14+ —| 8| s+ —(t+u)
obtained from the one ¢fL4] for qg— yq after crossing and X3S X3
correct adjustment of color. )
The integration of the real-2 3 matrix elements over the 1 dxg , dAgda9
phase space of the unobserved particles has been discussed + 0 X_gng(X&MF) dv
in detail in[15,14] and need not be recalled here. The tech-
nical complications related to the use of the HYBM scheme t 1
discussed above have been solvedli. X|s,1+ s ol s+ X—(t+u)
Adding the renormalized virtual and the real contribu- 3 3
tions, all infrared singularities cancel out. In the next section 1 dAo 9999
we briefly recall the factorization procedure which removes _ Yem 2y 2%
.. . . ... dXzAqu(Xz,M )
the remaining collinear singularities. 2w | Jo dv
o t
F. Factorization X X23,1+E [ Xo(s+u)+t]|, (18

The factorization procedure based on the factorization
theorem [16] has been outlined in, for instance, Refs.where the dAo3®~°Ys)/dv are the polarized
[15,14. The mass singularities arise when either an incomd-dimensional2—2 cross sections for the processab
ing particle collinearly emits another partidler splits intoa —cd, to be found for the HVBM scheme if4]. Further-
pair of collinear particles or when the “observed” final more,
state particle is collinear to an unobserved one. The singular
terms _attached to the initial legs are sepa_lrat_ed off at the fac- (A)Hij(z,Mz) (A)Pij(z)(
torization scaleM and absorbed into the initial-state parton M
distributions which then obey NLO QCD evolution equa- (19
tions. In particular, if the singularity results from a collinear

splitting y—qq, it is absorbed into the “pointlike” part of £ . .
: . . Eq. (19) the (A)Pj;(2) denote the unpolarizetpolarized
the photon structure function. Of course there is freedom M ne-loop splitting functions for the transitiops-i [17]. The

choos_ing the factor_ization prescription, i.e. in subtrgcting ﬁ'functions (A\)f, (2) represent the freedom in choosing a fac-
nite pieces along with the pole terms. As already pointed out_ .__ . WA — !
) . ; o . orization prescription. In theMS scheme these functions
in the introduction, this is the reason why a separation o

, N . anish. Note that even in the polarized case onlyuhgo-
direct and resolved contributions to a photoproduction CrOS(gxrized Hj; contribute to the factorization of final-state sin-

section becomes, strictly speaking, meaningless beyond LQy|aities, as we do not consider the production of polarized
Final state singularities are factorized at the sddle into  5drons.

the (NLO) unpolarized fragmentation functio; . Before proceeding, we have to mention an important

As an example, let us briefly discuss the factorization ofsyptlety related to the use of the HVBM prescription fey,

the polarizedqy—g(qg) subprocess. This is performed in which affects the polarized functioAHq. It is a well-

the easiest way by adding a “counter cross secti¢h3] known property of the HVBM—y; that it leads to helicity
which, taking into consideration all possible collinear con-non-conservation at thgqg vertex ind dimensions, ex-
figurations, has the form pressed by a non-vanishing difference of unpolarized and

2

€

+(A)fi(2),

| S

m>| =
Nl

where 1E=1/e— ye+In4a, as usual in théS scheme. In
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polarized d-dimensional LO quark-to-quark splitting func- at large x. Combining at NLO the “pointlike” parts of
tions, F7 .97 with estimates for the “hadronic” component based
Apé;ze(x)_ pa‘q*ZE(x) =4Cre(1—X). (20) on vector meson dominan€¢MD ) arguments, one encoun-

ters strongly negative results at largeruling out the use of
A disagreeable consequence of this is a non-zero first mantuitive VMD ideas in theMS scheme. Instead, an appro-

ment (x-integra) of the non-singlet NLO anomalous dimen- priately adjusted“fine tuned”) non-VMD hadronic NLO

sion for the evolution of polarized non-singlet quark densi-input would be required in th®1S scheme, substantially dif-
ties, in obvious conflict with the conservation of the fIavorfering from the LO one, as the only means of avoiding un-
non-singlet axial currerjt8,19,2Q. At the same time(20) is  wanted and physically not acceptable perturbative instabili-
responsible for producing a result for tti¥ as) correctionto ties for physical quantities lik&2,g7. In the unpolarized
the Bjorken sum rulef21] which disagrees with the one of 556 the so-called Dl|Sactorization schemg26] was intro-
[22]. These two effects turn out to be closely related, as they,ceq to avoid such “inconsistencies.” Here the idea was to
can be simultaneously removed by a factorization schemgpqqr, the photonic Wilson coefficient 8% into the pho-
transformatlor{19,2q, generated by the_ term on the rlgh.t- ton’s quark densities by a factorization scheme transforma-
hand-side of Eq(20). In other words, it is advisable, albeit ;. hereby leaving the “hadronic” part untouched.[€]

not mandatory in a purely mathematical sense, to deViatﬁwis,procedure was extended to the polarized case. It was
slightly from theMS scheme in the polarized case by choos+gnd that after transforming to the DJSscheme, a pure

ing (see alsd20]) VMD input can be successfully used for phenomenological
Afqq(z)=—4Cp(1-2) (22) analyses going beyond the LO. We will therefore specify the
functions @A)f,, to be used to transform to the DJS
in Eq. (19). The factorization scheme transformation definedscheme. They read:
by this equation has also been performed in the calculations

of the spin-dependent NLO splitting functiofE9,2( and is fx)=Tol [+ (1—x)2 (In 1-x — 1| +6x(1=x
thus respected by the available sets of spin-dependent NLO (X =T [ ( ] X ( )]
parton densitiefl—4]. The “ys-effect” described above has
been known to occur in the HYBM scheme for quite some —X

= — _ + —
time [23,24,18,2% and is obviously a pure artifact of the Afqy()=Tg) (2 1)(In X 1)j+21 X)}’

regularization prescription chosen. Since furthermore physi- (22

cal requirements such as the conservation of the non-singlet

axial vector current serve to remove the effect in a straightwhere Tr=1/2. Of course, the choice of factorization
forward and obvious way, results of NLO calculations in Scheme cannot affect the result for a physical quantity. In
“spin-physics” (such as the ones df19,20, or our are  Other words, in the unpolarized case, where all contributions
usually regarded as being “genuinely” in the conventionalcan be Consistently calculated tO.NLO, it does.r.10t ma.tter
MS scheme onhafter this transformation has been carried gventually whether we use photonic parton densities defined
out. The quantitied f,q, Afyq, andAfyyin Eq.(19) will of in the DISy' or theMS s'cherr.le, as long as we use NLO hard
course be set to zero, as in the usMa scheme. Needless to Cr0SS sections determined in the same scheme. In the polar-

sav that in the unpolarized cas®i$) one hasf. = f ized case however, we are not yet able to consi_stently in-
:]}/ f -0 P J 99799 clude the NLO “resolved” contributions, as was pointed out

99~ 'gg™ i i
Another comment concerns the functions)H, needed several times before. Therefore, comparing the results for the

for factorizing initial-state collinear singularities from direct part of the NLO cross section in tMS and the DIS
schemes might indicate the uncertainty resulting from not

photon-splitting to ajq pair. As mentioned above, such sin- performing a consistent NLO calculation.

gularities are absorbed into the “pointlike” part of the pho-
ton structure functions. Studig6,27,2§ of the photon
structure beyond LO have revealed that kh8-scheme pho-
tonic coefficient functions for the photon’s DIS structure  For all processes the final partonic cross section can be
functionsFJ,g] exhibit a logarithmically singular behavior cast into the form

G. Final results

dAc'y T, 1 | 2 1 | MZ
—_— = -W)+cp ———+ —+|cz8(1—-w)+cg———+cz|In—
dodw (s,v,w,u,M“,Mg) C.0(1—w) Cb(l—w)+ Cclln s Ccz0(1—w) Cb(l—w)+ czlIn S

2 1

To(l-win Xt es In(1=w)
+c16( —w)n?+cl ( —w)+02(1_w)++03

1-w

) +C4 |nU
+

In w
+c5In(1—v)+cgln w+c7m+c8 In(1—w)+cg In(1—ovw)

In[(1—-v)/(1—vw)] In(1-—v+ovw)
1—w +C11 |n(1_v+UW)+C12T

C1io +Cq3l. (23
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Distributions inw such ass(1—w), 1/(1—w), , etc. only L6 e
occur for the subprocesses that are already present at the dAc™/dAc
Born level. An expression similar to E23) holds for the 15 F | an=l 1 b.p=5GeV

unpolarized case with, obviously, different coefficients _.
c¢;(v,w). We note that we have compared our unpolarized 14 [
results to the ones presented in an analytical forfi8jnWe .,l
found an almost complete overall agreement; however, there 5 [}
are a very small number of differences, some of which could -.__
be related to typographical mistakes. The only major discrep- ,, |

ancies arise for the subprocesseqaq(q’a) and yq

——— max.y

—q’(qq’). For the first, we believe that the resul{B] was 11t

accidentally presented in terms of the *“crossed” process

ay—q(q’'q’). Foryg—q’'(qq’), it seems that the result in 1

[8] rather corresponds t9q—q’(qq’). Anyway, none of > plo (GeV] 13 ! 03 n 0
these small discrepancies turns out to have a significant nu- T

merical effect. The coefficients(v,w) for the unpolarized FIG. 1. Ratio of LO direct and full (direetresolved) polarized
and Eolarlzed cases are rather lengthy and will not be givegross sections for HERA energi¢g,=27 GeV, E,=820 GeV.
heres (a) pr dependence ay=—1, (b) » dependence gi;=5 GeV.

ized gluon density, we are able to see to which extent the
relative size of the NLO corrections depends on the set of
Let us now present some first numerical results for theparton distributions used.
NLO corrections to polarized single-inclusive photoproduc- We also note that whenever we calculate a cross section at
tion of charged hadrons. Rather than performing a detailetlO (for instance, when determining th&-factor K
numerical study of the process, we will restrict ourselves to=a""%/¢°), we will for consistency use LO parton distri-
the most interesting questions. These concern the generabtions and fragmentation functions. In this case we will also
size of the correction§' K-factors”) and the residual depen- use the one-loop expression for the strong coupling, whereas
dence of the NLO cross section on the unphysical scalegt NLO we obviously employ its two-loop counterpart. The
present in the calculation. LO and NLO values for the QCD scale parame&éggD for
Before starting, we mention that whenever we will calcu-n  active flavors are taken fromi29,26,1. Heavy flavor
late the unpolarized NLO cross section, we will do so in a(¢ b) contributions to the cross sections are neglected for
completely consistent way, i.e. by including both the directsjmpiicity. Unless we explicitly study the scale dependence
andthe resolved parts at NLO. Here we make use of our owrpf our results, we will choose the renormalization and fac-

results for the NLO corrections to the direct part of the crossgyization scales to be equal to the transverse momeptm
section(see Sec. )l and of the ones 9] for the NLO  of the produced hadron.

resolved part. Furthermore, we will for consistency use NLO  \ye will provide numerical results for both the fixed target
parton densities for the incoming protbzel and the photon  gnq the HERA collider kinematic domains. While the re-
[26], as well as NLO fragmentation functions. For the lattergg|yed component is expected to be generally small at fixed
we will use the ones of6] set up for the sum of charged target energies, it is knowfs] to be dominant in certain
pions and kaons. They will also be our choice when calcuregions of phase space at HERA also for the polarized case.
lating the polarized cross section. . Here the direct contribution will dominate only at fairly large
In the polarized case at NLO, we will use spin-dependent, . and/or at negative rapiditiesof the produced hadron in
parton distributions for the proton evolved at NLO and fittedihe HERA laboratory frame, where we have, as usual,
to the avallabl_e_DIS data. Se_veral sets for these are availablg, nted positive rapidity in the proton forward direction. In
[1,2,3; for definiteness we will choose the onesbf deter-  grder to demonstrate this, and to isolate for our further
mined within the “radiative parton model.” These also have 4ERA studies the region where the direct contribution domi-
the agreeable property of providing parametrizations at NLQyates; Fig. 1 shows the ratio of the direct part of the polar-
and LO, the latter to be used for Born level predictions. Injzeq cross section over the full (direetesolved) one, calcu-
particular, we will choose the “valence” set 1], which  |3i6q at LO and plotted vp; (at 7=—1) and 7 (at py
corresponds to the best-fit result of that paper, along with one. g Ge\). We have assumedE,=27 GeV and E,
other set of 1] based on assumlngg(x,zl_Lz_):g(x,Mz) al  —820 GeV; the cuts on the polarized Wéigkar-Williams
the low input scalgu of [1], whereg(x, 1) is the unpolar-  gnecirum were chosen as [if]. We have used the Cik-
ized G[u:k.—Reya—Vogt(GR\/) [29] input gluon distribution. Reya-Stratmann-Vogelsan@GRSV) “max. gluon” set for
This set will be referred to as “max. gluon™ in what follows.  he holarized proton. For the LO resolved part in the denomi-
Employing these two sets, which both provide a good fit top410r we have to pick a suitable set of LO parton distribu-
the available DIS data, but differ significantly in the polar- iions for the polarized photon. Of course, nothing is known
as yet experimentally about the latter, so we need to resort to
models for them. Here we will follow5] to use two very
They can be obtained inrDRTRAN code via electronic mail from  different scenarios, first considered [i80]. They are based
Werner.Vogelsang@cern.ch on assuming “maximal”(A f7(x, u?) = f?7(x,4?)) or “mini-

Ill. NUMERICAL RESULTS
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-6

a.n=-1 b. =5 GeV
K n ; Pr dAc/dndp; [pb/GeV]  p=5 GeV
5 b ) 1 GRSV max. glion MS | g | n=-1

/2 R - GRSV max. gllleSv
/ — — — GRSV valence MS

os | unpolarized | 9
1 _10 -
5 10 15 -1 05 0 ;
pr [GeVl n —— NLO
FIG. 2. K-factors for the direct part of the polarized cross sec- -1l | NS s LO

tion at HERA energies for different GRS\ ] parton distributions.
In (a) the K-factor for the total unpolarized cross section is also 06 08 1 12 14 16 18 2
shown. 13

FIG. 3. Scale dependence of the direct part of the polarized

” v, 2 — 1 1Hiv/-
mal (Af (.X"“A)fyo) S%tuf?sn of ;he furrlldamental p(?smv inclusive-hadron photoproduction cross sectiorpat 5 GeV and
ity constraints| (x,u9)|=f7(x,u%) at the input scalg. n=—1 for HERA energies. All scales have been set equal to

for the QCD evolution, wherg. and the unpolarized photon Jépr, and the parton distributions used correspond to the “max.

: 2
structure function$”(x, u%) \{vere adopted from the phepom-_ gluon” set of[1]. The NLO cross section has been calculated in the
enologically successful radiative parton model predictions irff;s scheme.
[26]. These sets will be dubbed “max.” and “min. y”
sets, respectively, and Fig. 1 shows the results obtained for . .
both setsp As ca¥1 be see?] in the region definedysy— 1 mined when the NLO corrections to the resolved part of the
pr=5 GeV the resolved component is expected to contribut@OIa”zeoI cross section will have be_en calculated. .
about 20% or less to the cross sectimwte that the direct Another important issue when going beyond the LO is the

and resolved parts of the cross section turn out to be o‘?XpeCte?d reduction in the _dependence of.the results on the
opposite sign unphysical scaleg, M, Mg introduced previously. We now

2__ 2__ 2 _ 2 : H
Having determined the region where the direct component€t#”=M“=Mg=¢pr and plot in Fig. 3 the LO and NLO
dominates for HERA energies, we can now turn to NLO.dIr€ct cross sections as functions dfor fixed 7=—1, py
Figure 2 shows th&-factors for the direct part of the polar- = > G€V. Even though we can only consider the direct part,
ized cross section in th&1S scheme, again ve; (at 7 the improvement in the scale dependence when going from

=-1) and 5 (at py=5 GeV). The solid line corresponds to
the “max. gluon” set for the polarized parton densities of

the proton, whereas the dashed one displays the result ob- N,,=0 fixed target

tained within the “valence” best-fit scenario ¢t]. As one K

can clearly see, th&-factors are of very moderate siz€, _
GRSV max. gluon MS -

— — — — GRSV valence MS

\
=1 for almost allpt and » examined. Only at very larger, 15 -‘\
near the edge of phase space for #ive— 1 considered, does A
the K-factor become much larger than unity within the “va- \
lence” scenario. This finding of generally small NLO cor- !
rections is very important and corroborates the LO predic- 1
tions previously made ifi5].

As frequently mentioned earlier, the NLO direct part on
its own is factorization scheme dependent. For comparison
we also plot in Fig. 2 th&-factor for the direct cross section
obtained within the DI$ scheme introduced in Sec. Il F. As
can be seen, the corresponding change of the result is rather
small. Finally, Fig. 2 also presents tikefactor for thefull
(direct+resolved) unpolarized cross section, which of course
is scheme-independent. It turns out that it is very similar in 5 s . B s ; 8
size and shape to th€-factors we have obtained for the pr[ GeV]
direct part of the polarized cross section. This, again, is a
very satisfactory finding, as it suggests that &ufactor for FIG. 4. K-factors for the direct part of the polarized single-
the direct part might not be too far off the result for the oneinclusive charged-hadron cross section in a fixed target experiment
of the full polarized cross section, to be eventually deterwith s=400 GeVf at 5,,=0.
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LO to NLO becomes already clearly visible. polarized quasi-real photons. It could be studied experimen-
We finally turn to the fixed target region, relevant for the tally in future polarized fixed-target lepton-nucleon experi-
HERMES and the future COMPASS experiments. It is againments, but also at the DES¥p collider HERA after an
interesting to study the size of te-factor for this situation, upgrade to both beams being polarized.
choosing a muon beam energy of 200 GeV. The results for Qur calculation is an important first step in trying to as-
our two sets of polarized parton densities of the proton argess the perturbative stability of this process. First numerical
displayed as functions @it in Fig. 4, where we have fixed results show generally moderate NLO corrections for the di-
the center-of-mass rapidity.,=0. We have again calcu- rect part of the cross section, théfactor being close to
lated the NLO cross section in thdS scheme. One can unity over a wide kinematical range at both HERA and fixed
clearly see that again thié-factors are of very reasonable target energies. Also, the expected reduction in scale depen-
size, oncepr=3 GeV, where one intuitively would start to dence of the cross section when going from LO to NLO is

trust perturbation theory. found. We finally emphasize, however, that in order to be
able to use our results for obtaining truly physical predic-
IV. SUMMARY AND CONCLUSIONS tions, the NLO corrections to the resolved part of the cross

section will also have to be calculated in the future.
We have presented for the first time the next-to-leading
order QCD corrections to the spin-dependent cross section
for smgle-mclus[ve_charged-hadron. photoprp(_jucuon. This ACKNOWLEDGMENT
process derives its importance from its sensitivity to the pro-
ton’s spin-dependent gluon distribution and, at high energies, The work of one of ugD.d.F) was partially supported by
to the so far completely unknown parton content of circularlythe World Laboratory.
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