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Longitudinally polarized photoproduction of inclusive hadrons beyond the leading order
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We present a complete next-to-leading order QCD calculation for single-inclusive large-pT hadron produc-
tion in longitudinally polarized lepton-nucleon collisions, consistently including ‘‘direct’’ and ‘‘resolved’’ pho-
ton contributions. This process could be studied experimentally at a future polarized lepton-proton collider
such as eRHIC at BNL. We examine the sensitivity of such measurements to the so far completely unknown
parton content of circularly polarized photons.
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I. INTRODUCTION

The successful start of the BNL Relativistic Heavy Io
Collider ~RHIC! spin program marks a new era in spin phy
ics. Very inelasticpp collisions at high energies open u
unequaled possibilities to thoroughly address many inter
ing questions, most importantly perhaps those concerning
still unknown role of polarized gluons@1#. QCD analyses of
upcoming high-pT prompt photon, jet, heavy flavor
inclusive-hadron, andW6 boson production data will greatl
deepen and enrich the understanding of the nucleon an
QCD that we had gained previously from polarized dee
inelastic scattering~DIS! of leptons off nucleons.

Investigations of interactions between polarized lepto
and nucleons will, however, continue to play a vital role
spin physics. In addition to the many observables of D
photoproductionprocesses are particularly interesting. Th
give access to the parton content of circularly polarized p
tons, due to the presence of contributions to the cross sec
where the photon ‘‘resolves’’ into its parton content, for i
stance, by fluctuating into a vector meson of the same qu
tum numbers, prior to the hard QCD interaction. Such c
tributions compete with the ‘‘direct’’ part, for which the
photon simply interacts as an elementary pointlike partic

It is well known @2# that at lower~fixed-target! energies,
the direct component tends to dominate over the reso
one. Only at collider energies do resolved contributions
come important. Extensive studies in the unpolarized cas
the DESYep collider HERA and the CERNe1e2 collider
LEP have firmly established the concept of photonic par
densities@3# and shown that resolved photon processes c
tribute a sizable fraction of photoproduction events in cert
kinematic regions. The fact thate1e2 and ep data can be
universally described by the same set of photonic parton d
sities marks an important test and success of QCD.

It has not yet been possible to observe resolved contr
tions for polarizedphotons, due to the fact that only fixed
target lepton-nucleon experiments have been performe
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far in the polarized case. In this context, an exciting pos
bility would be to have a polarized lepton-protoncollider
such as the planned eRHIC project at BNL@4#, which is
currently under discussion.

Motivated by this prospect, we present in this pape
study for photoproduction of single-inclusive high-pT had-
rons at a future lepton-proton collider with longitudinal
polarized beams, and investigate the sensitivity of this re
tion to the contribution from resolved photons. We had ma
first exploratory studies of this, and related, reactions in@5#.
Our present study goes beyond the results of@5# in that we
now consistently include both the direct and the resolv
photon processes in the next-to-leading order~NLO! of
QCD. This is crucial for reliable quantitative analyses in t
future as theoretical uncertainties are expected to be u
much better control beyond the lowest order~LO! approxi-
mation of QCD. For the resolved contribution, the NLO co
rections to polarized QCD hard-scattering have beco
available only recently in@6,7#. For the polarized direct com
ponent, the corresponding cross sections were already ca
lated some time ago in@8#. We have rederived the expres
sions and agree with the published results. In addition
extending our study to NLO, we also tailor our phenomen
logical results to the eRHIC situation.

In the next section we sketch the technical framework
the description of polarized photoproduction reactions. S
tion III is devoted to numerical studies for the eRHIC. W
conclude in Sec. IV.

II. TECHNICAL FRAMEWORK

We consider the spin-dependent photoproduction cr
section for the reactionlp→ l 8HX, where the hadronH is at
high transverse momentumpT , ensuring a large momentum
transfer. We may then write the differential cross section i
factorized form,
©2003 The American Physical Society18-1
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This generic form applies to both the direct and the resol
cases. The subscripts ‘‘11 ’’ and ‘‘ 12 ’’ denote the helici-
ties of the colliding lepton and proton,m r the renormaliza-
tion scale, andS[(Pl1Pp)2 the available c.m.s. energ
squared. Neglecting all masses,V and W in Eq. ~1! can be
expressed in terms of the c.m.s. pseudorapidityh and trans-
verse momentumpT of the observed hadron,

V512
pT

AS
eh and W5

pT
2

SV~12V!
. ~2!

We count positive rapidity in the proton’s forward directio
The sum in Eq.~1! is over all partonic channelsa1b

→c1X contributing to the single-inclusive cross section
with dDŝab→cX

(0) anddDŝab→cX
(1) the associated polarized LO

and NLO partonic cross sections, respectively. For the di
contribution to the cross section, depicted in Fig. 1~a!, we
have a5g, while for the resolved ones@see Fig. 1~b!# a
stands for the parton emerging from the photon. For con
nience, we introduce effective polarized parton densit
D f a

l (xl ,m f), in the lepton, withxl the fraction of the lepton
momentum carried by partona and m f the factorization
scale. TheD f a

l (y,m f) are defined via the convolution

D f a
l ~xl ,m f !5E

xl

1dy

y
DPg l~y!D f a

gS xg5
xl

y
,m f D , ~3!

with

FIG. 1. Generic direct~a! and resolved~b! photon contributions
to the processlp→ l 8HX.
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DPg l~y!5
aem

2p H F12~12y!2

y G lnQmax
2 ~12y!

ml
2y2

12ml
2y2S 1

Qmax
2

2
12y

ml
2y2D J ~4!

being the spin-dependent Weizsa¨cker-Williams ‘‘equivalent
photon’’ spectrum including its nonlogarithmi
contributions1 @9#. Here,ml is the lepton mass andQmax the
allowed upper limit on the radiated photon’s virtuality, to b
fixed by the experimental conditions. For the direct case,
simply replaces

D f a
g~xg ,m f !→d~12xg!, ~5!

while in the resolved contribution the yet unmeasured par
distributions of circularly polarized photons occur that a
the focus of this paper. Likewise,D f b

p(xp ,m f) denotes the
density of partonb in the polarized proton, andDc

H(z,m f8) is
the usual unpolarized fragmentation function for partonc
going into the observed hadronH, at scalem f8 . The relations
between parton-level and hadron-level variables are

s[~pa1pb!25xlxpS, xl5
VW

vwz
, xp5

12V

z~12v !
. ~6!

As we mentioned earlier, it is a main feature of our pap
that for the first time we include both the direct and t
resolved contributions to the polarized cross section at NL
as indicated by the first-order correctionsdDŝab→cX

(1) in Eq.
~1!. The actual calculation of these corrections is general
formidable task. Since later on we will mainly consider sp
asymmetries, we also need the corresponding spin-aver
partonic cross sections. Let us go through the various ing
dients that we need in a little more detail.

The resolved contribution is technically equivalent to
hadroproduction cross section such aspp→HX. The corre-
spondingdDŝab→cX

(1) may therefore be immediately adopte
from our recent calculation@6# for this case. In that refer-
ence, we also rederived the~previously known@10#! expres-
sions for the unpolarized case. There are in total 16 differ
partonic channels.

1The latter turn out to be numerically unimportant in our stud
but we keep them for completeness.
8-2
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The NLO contributions to the direct-photon compone
have been calculated in@11,12# and @8# for the unpolarized
and polarized cases, respectively. Having the techniq
available that we used in@6#, it was straightforward, though
tedious, work to check the old results from scratch. For
polarized case we fully agree with@8#, at an analytical level.
In the unpolarized case, we were able to identify some mi
mistakes~beyond those noted in@8#! in the computer code o
@12#; apart from those we agree with that calculation as w

The technical details of the NLO calculation for the dire
part may be found in@8#. We will not repeat these here, bu
will only recall an important aspect of photoproduction cro
sections beyond the LO: writing the cross section as the
of the direct and the resolved photon contributions,

dDs5dDsdir1dDs res, ~7!

we emphasize that neitherdDsdir nor dDs res are individu-
ally physical, i.e., experimentally measurable. This can
easily seen by noticing that the 2→3 contributions to the
direct cross section have singular configurations arising fr
a collinear splitting of the incoming photon into a quar
antiquark pair. These contributions are absorbed, accor
to the factorization theorem, into the so-called ‘‘pointlike
part of the NLO photonic parton densities and thus into
resolvedcomponent. The subtraction of the singular part
unique only up to finite pieces, and the ensuing ambigu
~i.e., the choice of ‘‘factorization scheme’’! cancels only
when the direct and resolved parts are combined.

As an example, when using dimensional regularizat
(d5422«), the appropriate ‘‘counter cross section’’ th
cancels theg→qq̄ collinear singularity in the subproces
gq̄→gX is schematically given by

dDŝgq̄→gX
counter

dvdw
;2

aem

2p
DHqg ^ dDŝqq̄→gg ~8!

wheredDŝqq̄→gg is the polarized Born cross section for th
reactionqq̄→gg in d dimensions, and (eq denotes the quark
charge!

DHqg~x,m f !5S 2
1

«
1gE2 ln4p D3eq

2@2x21#S s

m f
2D «

1Dhqg~x!. ~9!

The freedom in the choice of the factorization prescription
reflected by the arbitrary finite pieceDhqg(x) which may be
subtracted alongside the singular 1/« contribution. For the
MS convention,Dhqg(x)50. An alternative factorization
scheme (DISg) was proposed in the unpolarized case@13# to
facilitate the analysis of data on the DIS photon struct
function F2

g . Here the photonic Wilson coefficientC2,g in
the NLO expression forF2

g is absorbed into the definition o
the quark distributions of the photon. A similar scheme c
be set up in the polarized case as well@14# by subtracting the
corresponding polarized coefficient functionDC1,g in the
11401
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g . The photonic parton densities in th

MS and DISg schemes are then related in the following w
@14#:

D f a
g,MS~x,m f !5D f a

g,DISg~x,m f !1dD f a
g~x!, ~10!

where

dD f q
g~x!5dD f q̄

g
~x!

522NCeq
2 aem

4p F ~2x21!S ln
12x

x
21D12~12x!G,

dD f g
g~x!50. ~11!

The relation between the partonic cross sections for the
rect contribution reads accordingly,

dDŝgb→cX
DISg 5dDŝgb→cX

MS 1(
a

dD f a
g

^ dDŝab→cX ~12!

with dD f a
g given above and the symbol̂ denoting a stan-

dard convolution. ThedDŝab→cX are the appropriate LO
partonic cross sections. For the resolved cross section
partonic cross sections remain unaffected by this transfor
tion. It is straightforward to verify that the scheme transfo
mation indeed leaves the physical cross section in Eq.~7!
invariant.

Our explicit analytical expressions for the polarized NL
subprocess cross sections for the direct and resolved c
are too lengthy to be given here, but can be found in
computer code, which is available upon request.

III. NUMERICAL RESULTS

Let us now turn to a first numerical application of o
analytical results. Instead of presenting a full-fledged p
nomenological study of single-inclusive hadron producti
in polarizedlp collisions, we only focus on the most inte
esting questions: the importance of the NLO corrections,
dependence on unphysical scales, and the sensitivity to
yet unmeasured parton densities of circularly polarized p
tons.

For all our calculations we choose a c.m.s. energy ofAS
5100 GeV as planned for polarized electron-proton co
sions at eRHIC. We limit ourselves to the case of neu
pions (p0); extension to other hadrons would be straightfo
ward. We will always perform the NLO~LO! calculations
using NLO~LO! parton distribution functions, fragmentatio
functions, and the two-loop~one-loop! expression foras .
The value foras is taken according to our choice of proto
parton distributions, which is CTEQ5@15# for the unpolar-
ized case and GRSV@16# for the polarized one.

In the equivalent photon spectrum in Eq.~4! we use simi-
lar parameters as the H1 and ZEUS experiments at HE
We employQmax

2 51 GeV2 and take the photon momentum
fraction to be within 0.2<y<0.85.

The fragmentation functions for neutral pions,Dc
p , have
8-3
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been determined with some accuracy from analyses of
for pion production ine1e2 collisions@17,18#. Even though
our knowledge of theDc

p certainly still needs improvemen
we assume for this study that the fragmentation functi
will be well known by the time experiments at a future p
larized lepton-proton collider are carried out. For our ana
sis we take the LO and NLO sets of Ref.@17# which also
yield good agreement with recent high-pT data for pp
→p0X atAS5200 GeV by the PHENIX Collaboration@19#.

Since the parton distributionsD f g of circularly polarized
photons are completely unmeasured so far, we have to
voke some model for them. Two extreme scenarios w
considered in @20,5#, with ‘‘maximal’’ @D f g(x,m0)
5 f g(x,m0)# and ‘‘minimal’’ @D f g(x,m0)50# saturation of
the ‘‘positivity constraint’’ uD f g(x,m0)u< f g(x,m0). m0 de-
notes the scale where the boundary conditions@20# for the
evolution are specified. For the spin-averaged densitiesf g

the phenomenologically successful GRV photon distributio
@21# were used. We employ these two extreme sets for
D f g in Eq. ~3!, along with appropriate LO@20# and NLO
@14,22# boundary conditions and evolution equations. O
default choice for the numerical studies will be the ‘‘max
mal’’ set.

As we already pointed out in previous LO studies@5#, for
single-inclusive measurements rapidity differential cross s
tions are particularly suited for extracting the resolved c
tributions and hence the polarized photonic parton distri
tions. This can be easily understood by looking at
momentum fractions of the photon and proton distributio
as a function of rapidity. As we count positive rapidity in th
proton’s forward direction, largexg→1 are probed at large
negative rapidities. Here one expects no difference betw
the two photon scenarios since the cross section is domin
by the direct photon contribution sitting strictly atxg51. In
addition, in the regionxg→1 theD f g are dominated by the
‘‘pointlike’’ part which only depends on the starting scalem0
but not on the details of the hadronic input. On the oth
hand, for large and positive rapidities, smallxg values are
probed, and the resolved contribution is expected to do
nate more and more.

Figure 2 shows our results for the unpolarized and po
ized photoproduction cross sections for neutral pions at
and NLO atAS5100 GeV as functions of the laboratory
frame pseudorapidityh lab. For the asymmetric eRHIC kine
matics (Ep5250 GeV,Ee510 GeV), h lab is related to the
c.m.s. frame rapidity via

h lab5h1
1

2
ln

Ep

Ee
. ~13!

We have integrated over the transverse momentumpT
>4 GeV of the produced pion. All scales have been
equal:m r5m f5m f85pT .

The lower part of the figure displays the so-call
‘‘ K-factor’’

K5
d~D!sNLO

d~D!sLO
. ~14!
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One can see that in the unpolarized case the corrections
roughly constant, of size 60%280% over most of theh lab
region considered. In the polarized case, we find gener
much smaller corrections, at least for the above choice
scales. Only for negativeh lab where the cross sectio
changes sign are the corrections large.

An important reason why inclusion of the NLO corre
tions is generally vital is that they are expected to consid
ably reduce the dependence of the cross sections on the
physical factorization and renormalization scales. T
improvement in scale dependence when going from LO
NLO is a measure of the impact of the NLO corrections, t
residual scale dependence at NLO perhaps providing a ro
estimate of the relevance of even higher order QCD corr
tions. Figure 3 shows the scale dependence of the s
dependent cross section at LO and NLO. In each case
shaded bands indicate the uncertainties from varying the
physical scales in the rangepT/2<m r5m f5m f8<2pT . The
solid lines are for the choice where all scales are set topT .
One can see that the scale dependence indeed becomes
smaller at NLO and that the lowest order approximation m
capture the main features of the process but will not prov
a satisfactory quantitative understanding.

Figure 4 demonstrates, as discussed in Sec. II, that
direct and resolved contributions individually depend on
choice of the factorization scheme, but that the physical,
experimentally accessible, cross section does not. To m
this point, we transform the polarized cross sections from

FIG. 2. Unpolarized and polarizedp0 photoproduction cross
sections in NLO~solid lines! and LO ~dashed lines! at AS5100
GeV. The polarized results are enlarged by a factor of 10. The lo
panel shows the ratios of the NLO and LO results in each case
8-4
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MS to the DISg scheme as described in Eqs.~10!–~12!.
A first determination of the parton content of circular

polarized photons could be one of the key physics goals
the spin physics program at a future lepton-proton collid
Figure 5 shows the experimentally relevant spin asymme

ALL
p 5

dDs

ds
5

ds112ds12

ds111ds12
~15!

for p0 photoproduction at eRHIC. As before, we have in
grated overpT>4 GeV and have chosen all scales to bepT .
At positive rapidities the spin asymmetry shows the expec
dependence on the choice of the polarized photon dens
In order to be able to judge whether a future measurem

FIG. 3. Scale dependence of the polarized cross section fop0

production at LO and NLO in the rangepT/2<m r5m f5m f8
<2pT . The solid and dashed lines correspond to the choice wh
all scales are set topT .

FIG. 4. NLO direct and resolved photon contributions in theMS
and DISg factorization schemes. Also shown is their sum which h
to be independent of theoretical conventions.
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can resolve such a difference, we also give in Fig. 5
estimate for the expected statistical errors:

dALL
p .

1

PePpALsbin

, ~16!

wherePe andPp are the polarization of the lepton and pr
ton beam, respectively,L denotes the integrated luminosit
of the collisions, andsbin is the unpolarized cross sectio
integrated over bins inh lab. We have usedPe,p50.7 andL
51/fb, which are targets for eRHIC. It should be noted th
an integrated luminosity ofL51/fb is expected to be accu
mulated after only a few weeks of running so that the sta
tical accuracy may eventually be much better than the
shown in Fig. 5.

To demonstrate that the sensitivity toD f g is not masked
by the dependence on the spin-dependentproton densities,
we show in Fig. 5 also the results obtained for the GR
‘‘max. Dg’’ set @16#, which is characterized by a much larg
gluon densityDg than the one in the GRSV ‘‘standard’’ se
It is evident that at large positive rapidities the asymmetry
indeed mainly determined by the polarized photon structu
In the region ofh lab<0, a measurement ofALL

p would be
also an excellent source of information on the polariz
gluon density in the nucleon. We note that, in any case,
the time eRHIC is commissioned we expect the spin str
ture of the nucleon to be known with much better accura
than at present.

Figure 6 illustrates how different partonic scatteringsab
→cX contribute to the NLO (MS) polarized resolved cros
section, versus rapidity. Recall that parton ‘‘a’’ emerges from
the photon and parton ‘‘b’’ from the proton. Qualitatively
similar results are obtained for the ‘‘minimal’’ photon sc
nario and hence not shown here.

re

s

FIG. 5. Spin asymmetry forp0 photoproduction in NLO QCD
for the two extreme sets of polarized photon densities and
different choices of spin-dependent proton distributions. The ‘‘er
bars’’ indicate the statistical accuracy anticipated for eRHIC ass
ing an integrated luminosity of 1 fb21.
8-5
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IV. CONCLUSIONS

In this paper we have presented the first complete N
calculation for the spin-dependent photoproduction of inc
sive high-pT hadrons, consistently including the direct a
resolved photon contributions at NLO. Our results are r
evant for future polarized lepton-proton collider projects li
eRHIC, to which we have tailored our numerical results. T
spin asymmetry for this process is a promising tool for a fi
determination of the spin structure of circularly polariz
photons. We found that the QCD corrections to the polari

FIG. 6. Relative contributions of different partonic scatterin
ab→cX to the NLO (MS) resolved photon cross section forp0

production at eRHIC, using the ‘‘standard’’ set of GRSV@16# for
the proton and the ‘‘maximal’’ scenario for the spin-dependent p
ton densities.
e

d

e
.

el
lar
0

s.

c

11401
-

l-

e
t

d

cross section are under good control. The polarized cr
section shows a significant reduction of scale depende
when going from LO to NLO.

We finally note that a single process alone, like pion ph
toproduction, will allow to establish the very existence of
polarized resolved-photon contribution and may perh
point towards one of the two scenarios discussed abov
will, however, not be sufficient to fully disentangle the va
ous quark flavor distributions and the gluon density of t
polarized photon. This will require, as for the nucleon~spin!
structure, a multitude of processes, combined in a glo
QCD analysis. Of course, at eRHIC other photoproduct
processes, like jets, di-jets, or heavy flavors, will add furth
valuable information. Measurements at a future polariz
linear e1e2 collider would be also extremely helpful in thi
respect.
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