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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-inclusivegargadron 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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[. INTRODUCTION far in the polarized case. In this context, an exciting possi-
bility would be to have a polarized lepton-protaollider
The successful start of the BNL Relativistic Heavy lon such as the planned eRHIC project at B, which is
Collider (RHIC) spin program marks a new era in spin phys-currently under discussion.
ics. Very inelasticpp collisions at high energies open up  Motivated by this prospect, we present in this paper a
unequaled possibilities to thoroughly address many interesstudy for photoproduction of single-inclusive high-had-
ing questions, most importantly perhaps those concerning thens at a future lepton-proton collider with longitudinally
still unknown role of polarized gluonid]. QCD analyses of polarized beams, and investigate the sensitivity of this reac-
upcoming highpr prompt photon, jet, heavy flavor, tion to the contribution from resolved photons. We had made
inclusive-hadron, antv= boson production data will greatly first exploratory studies of this, and related, reactionsin
deepen and enrich the understanding of the nucleon and &ur present study goes beyond the resultf5dfin that we
QCD that we had gained previously from polarized deeplynow consistently include both the direct and the resolved
inelastic scatteringDIS) of leptons off nucleons. photon processes in the next-to-leading ordstO) of
Investigations of interactions between polarized lepton€QCD. This is crucial for reliable quantitative analyses in the
and nucleons will, however, continue to play a vital role infuture as theoretical uncertainties are expected to be under
spin physics. In addition to the many observables of DISmuch better control beyond the lowest orde©) approxi-
photoproductionprocesses are particularly interesting. Theymation of QCD. For the resolved contribution, the NLO cor-
give access to the parton content of circularly polarized phorections to polarized QCD hard-scattering have become
tons, due to the presence of contributions to the cross secticivailable only recently if6,7]. For the polarized direct com-
where the photon “resolves” into its parton content, for in- ponent, the corresponding cross sections were already calcu-
stance, by fluctuating into a vector meson of the same quanated some time ago if8]. We have rederived the expres-
tum numbers, prior to the hard QCD interaction. Such consjons and agree with the published results. In addition to
tributions compete with the “direct” part, for which the gyiending our study to NLO, we also tailor our phenomeno-
ph0t<_)n simply interacts as an eleme_ntary pointlike pa_lrt|cle.|ogica| results to the eRHIC situation.
It is well known([2] that at lower(fixed-target energies, In the next section we sketch the technical framework for
X ) L fhe description of polarized photoproduction reactions. Sec-
one. iny at collider energies d.o r(_asolved contrl_butlons befion Il is devoted to numerical studies for the eRHIC. We
come important. Extensive studies in the unpolarized case %tonclude in Sec. IV
the DESYep collider HERA and the CERMN:" e~ collider o
LEP have firmly established the concept of photonic parton
densitied 3] and shown that resolved photon processes con-
tribute a sizable fraction of photoproduction events in certain
kinematic regions. The fact that'e~ and ep data can be
universally described by the same set of photonic parton den- We consider the spin-dependent photoproduction cross
sities marks an important test and success of QCD. section for the reactiotp—1"HX, where the hadrohl is at
It has not yet been possible to observe resolved contribudigh transverse momentupy., ensuring a large momentum
tions for polarizedphotons, due to the fact that only fixed- transfer. We may then write the differential cross section in a
target lepton-nucleon experiments have been performed dactorized form,

II. TECHNICAL FRAMEWORK
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This generic form applies to both the direct and the resolved 1—(1—v)2 2 1
cases. The subscriptst“+” and “ + —” denote the helici- APV,(y):aemH (1=y) }Ianax(2 5 Y)
ties of the colliding lepton and protom, the renormaliza- 2m y myy

tion scale, andSE(P|+Pp)2 the available c.m.s. energy

squared. Neglecting all massasandW in Eq. (1) can be +2m2y? 1 _ 1-y
expressed in terms of the c.m.s. pseudorapigiignd trans- ! anax m|2y2
verse momentunp; of the observed hadron,

] 4

being the spin-dependent Weizkar-Williams “equivalent
photon”  spectrum including its  nonlogarithmic
Pt p? contributions [9]. Here,m, is the lepton mass an@ .y the
V=1- Tsefl and W= SV1-V) @ allowed upper limit on the radiated photon’s virtuality, to be
fixed by the experimental conditions. For the direct case, one
simply replaces
We count positive rapidity in the proton’s forward direction.
The sum in Eq.(1) is over all partonic channela+b
—c+ X contributing to the single-inclusive cross sections

Af;’(xyvﬂf)_}(s(l_xy)a (5)

_ ~(0) ~(1) i ) 'while in the resolved contribution the yet unmeasured parton
with dA oy ox anddA oy ox the associated polarized LO  distributions of circularly polarized photons occur that are
and NLO partonic cross sections, respectively. For the direghe focus of this paper. Likewise fE(x,, 1) denotes the
contribution to the cross section, depicted in Figa)lwe density of partorb in the polarized proton, anB"(z, /) is

havea=y, while for the resolved onefsee Fig. )] @  he ysual unpolarized fragmentation function for parton
s‘gands for th_e parton emerging from t_he photon. For Co.n.vegoing into the observed hadréty at scalew; . The relations
nience, we introduce effective polarized parton dens't'esbetween parton-level and hadron-level variables are
Af'a(x| 1), In the lepton, withx; the fraction of the lepton

momentum carried by partoa and us the factorization VW 1-V

scale. TheAfl(y,u;) are defined via the convolution S=(Pa+ Pp)°=XX,S, X=owz T i=0) (6)

As we mentioned earlier, it is a main feature of our paper

idy X that for the first time we include both the direct and the

AFL(X )= L 7A Py|(y)Afg( XY:V'M)’ (3)  resolved contributions to the polarized cross section at NLO,
|

as indicated by the first-order correctiond oll) ., in Eq.

(1). The actual calculation of these corrections is generally a
with formidable task. Since later on we will mainly consider spin
asymmetries, we also need the corresponding spin-averaged
partonic cross sections. Let us go through the various ingre-
dients that we need in a little more detail.

The resolved contribution is technically equivalent to a

hadroproduction cross section suchpgs—HX. The corre-

spondingdA '} .« may therefore be immediately adopted
from our recent calculatiof6] for this case. In that refer-
ence, we also rederived tlipreviously known10]) expres-
sions for the unpolarized case. There are in total 16 different
partonic channels.

(a) 0)

FIG. 1. Generic directa) and resolvedb) photon contributions The latter turn out to be numerically unimportant in our study,
to the proces$p—1'HX. but we keep them for completeness.
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The NLO contributions to the direct-photon componentstructure functiong]. The photonic parton densities in the
have been calculated i11,12 and[8] for the unpolarized MS and DIS, schemes are then related in the following way
and polarized cases, respectively. Having the techniqueg4];
available that we used ir6], it was straightforward, though
tedious, work to check the old results from scratch. For the AFYMS(x, ) = ATV P57, wp) + SAT(X), (10)
polarized case we fully agree wifB], at an analytical level. é é 2
In the unpolarized case, we were able to identify some minogere
mistakegbeyond those noted if8]) in the computer code of
[12]; apart from those we agree with that calculation as well.c v/ — Y

The technical details of the NLO calculation for the direct oAT4(x) 5quﬂx)
part may be found if8]. We will not repeat these here, but

o 1-x
will only recall an important aspect of photoproduction cross = —2Nce§ 4:“ (2x— 1)( InT —1]+2(1-x)|,
sections beyond the LO: writing the cross section as the sum
of the direct and the resolved photon contributions, SAF2()=0. (11)

dAo=dAogtdAores, ™ The relation between the partonic cross sections for the di-

we emphasize that neitheA oy, nor dA o are individu- rect contribution reads accordingly,

ally physical, i.e., experimentally measurable. This can be o
easily seen by noticing that the-23 contributions to the dA&BLS_{sz dAGYS o+ 2 SAFI®dAGL, ox (12
direct cross section have singular configurations arising from a
a collinear splitting of the incoming photon into a quark-
antiquark pair. These contributions are absorbed, accordingith SAfJ given above and the symbal denoting a stan-
to the factorization theorem, into the so-called “pointlike” dard convolution. ThedA oy, .cx are the appropriate LO
part of the NLO photonic parton densities and thus into thepartonic cross sections. For the resolved cross section all
resolvedcomponent. The subtraction of the singular part ispartonic cross sections remain unaffected by this transforma-
unique only up to finite pieces, and the ensuing ambiguitytion. It is straightforward to verify that the scheme transfor-
(i.e., the choice of “factorization schemg’cancels only mation indeed leaves the physical cross section in (Epg.
when the direct and resolved parts are combined. invariant.

As an example, when using dimensional regularization Our explicit analytical expressions for the polarized NLO
(d=4-2¢), the appropriate “counter cross section” that subprocess cross sections for the direct and resolved cases

cancels they—qq collinear singularity in the subprocess are too lengthy to be given here, but can be found in our
yg—gX is schematically given by computer code, which is available upon request.

dAACO_U”ter o I1l. NUMERICAL RESULTS
— XX M AN, @dAdgg. ® . . -
dvdw 2 ar q9—99 Let us now turn to a first numerical application of our
analytical results. Instead of presenting a full-fledged phe-
nomenological study of single-inclusive hadron production
in polarizedlp collisions, we only focus on the most inter-

esting questions: the importance of the NLO corrections, the

WheredAfrqgégg is the polarized Born cross section for the
reactionqg—gg in d dimensions, ande, denotes the quark

charge dependence on unphysical scales, and the sensitivity to the
1 e yet unmeasured parton densities of circularly polarized pho-
tons.
AHg, (%, u1)=| — =+ yg—Indm|3e[2x—1]| — :
ar(% 1) e E 77) ol ] u? For all our calculations we choose a c.m.s. energy/8f

=100 GeV as planned for polarized electron-proton colli-
+Ahg,(X). 9 sions at eRHIC. We limit ourselves to the case of neutral
pions (7°); extension to other hadrons would be straightfor-
The freedom in the choice of the factorization prescription isward. We will always perform the NLQLO) calculations
reflected by the arbitrary finite pieceh,,(x) which may be  using NLO(LO) parton distribution functions, fragmentation
subtracted alongside the singulae Xgontribution. For the functions, and the two-loogone-loop expression foras.
MS convention,Ah,,(x)=0. An alternative factorization The value foras is taken according to our choice of proton
scheme (DIS) was proposed in the unpolarized c4$8] to  parton distributions, which is CTEQAS5] for the unpolar-
facilitate the analysis of data on the DIS photon structurézed case and GRSM®6]| for the polarized one.
function F}. Here the photonic Wilson coefficier@, , in In the equivalent photon spectrum in E¢) we use simi-
the NLO expression foF} is absorbed into the definition of lar parameters as the H1 and ZEUS experiments at HERA.
the quark distributions of the photon. A similar scheme carlWe employQ?.,=1 GeV? and take the photon momentum
be set up in the polarized case as W&H] by subtracting the fraction to be within 0.2y=<0.85.
corresponding polarized coefficient functiaC, , in the The fragmentation functions for neutral pior3; , have
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been determined with some accuracy from analyses of date400 — T T T T T T T T T T
for pion production ine*e~ collisions[17,18. Even though i ]
our knowledge of th® [ certainly still needs improvement, i d(A)G / dnlab [pb]
we assume for this study that the fragmentation functions
will be well known by the time experiments at a future po-
larized lepton-proton collider are carried out. For our analy-
sis we take the LO and NLO sets of R¢L7] whichalso [ -----
yield good agreement with recent high- data for pp 200 L
— 79X at /S=200 GeV by the PHENIX Collaboratidri9]. I
Since the parton distributionsf” of circularly polarized B
photons are completely unmeasured so far, we have to in- 5
voke some model for them. Two extreme scenarios were 100 |-
considered in [20,5, with “maximal” [Af”(X,ug) -
=fY(X,uo)] and “minimal” [Af”(x, o) =0] saturation of -
the “positivity constraint” |AfY(x, ug)|<f"(X,m0). po de-
notes the scale where the boundary conditif2® for the 0
evolution are specified. For the spin-averaged densfties i
the phenomenologically successful GRV photon distributions | t—+—+——
[21] were used. We employ these two extreme sets for the 2 wo_/_/__
AfY in Eq. (3), along with appropriate LJ20] and NLO
[14,22] boundary conditions and evolution equations. Our

defa:ult choice for the numerical studies will be the “maxi- i dAG/dAG™O
mal” set. obo oAl v

As we already pointed out in previous LO studj&$ for 1 0 1 2 q
single-inclusive measurements rapidity differential cross sec- lab

tions are particularly suited for extracting the resolved con- 5 5 Unpolarized and polarized® photoproduction cross
t_rlbutlons_and hence the.polarlzed photonic partqn distribUzections in NLO(solid line§ and LO (dashed linesat yS=100
tions. This can be easily understood by looking at thegey, The polarized results are enlarged by a factor of 10. The lower

momentum fractions of the photon and proton distributionsyanel shows the ratios of the NLO and LO resuits in each case.
as a function of rapidity. As we count positive rapidity in the

proton’s forward direction, larg&,—1 are probed at large

negative rapidities. Here one expects no difference betwee@ne can see that in the unpolarized case the corrections are
the two photon scenarios since the cross section is dominatedughly constant, of size 60%80% over most of they,,

by the direct photon contribution sitting strictly af=1. In  region considered. In the polarized case, we find generally
addition, in the regiorx,— 1 the Af” are dominated by the much smaller corrections, at least for the above choice of
“pointlike” part which only depends on the starting scalg ~ scales. Only for negativen,, where the cross section
but not on the details of the hadronic input. On the otherchanges sign are the corrections large.

arized (x10)

hand, for large and positive rapidities, small values are An important reason why inclusion of the NLO correc-
probed, and the resolved contribution is expected to domitions is generally vital is that they are expected to consider-
nate more and more. ably reduce the dependence of the cross sections on the un-

Figure 2 shows our results for the unpolarized and polarphysical factorization and renormalization scales. This
ized photoproduction cross sections for neutral pions at LOmprovement in scale dependence when going from LO to
and NLO aty/S=100 GeV as functions of the laboratory- NLO is a measure of the impact of the NLO corrections, the
frame pseudorapidityy,,. For the asymmetric eRHIC kine- residual scale dependence at NLO perhaps providing a rough

matics €,=250 GeV,E,=10 GeV), 7y, is related to the estimate of the relevance of even higher order QCD correc-
c.m.s. frame rapidity via tions. Figure 3 shows the scale dependence of the spin-

dependent cross section at LO and NLO. In each case the
1 E, shaded bands indicate the uncertainties from varying the un-
Maw= 7+ 5Nz (13 physical scales in the rang®/2<u,= u;=u|<2p7. The
¢ solid lines are for the choice where all scales are sgito
We have integrated over the transverse momengmwm One can see that the scale dependence indeed becomes much

=4 GeV of the produced pion. All scales have been sefmaller at NLO and that the lowest order approximation may
equaliu, = =} =pr. capture the main features of the process but will not provide

The lower part of the figure displays the so-called® Salisfactory quantitative understanding.
“ K factor” Figure 4 demonstrates, as discussed in Sec. I, that the
direct and resolved contributions individually depend on the
d(A) N0 choice of the factorization scheme, but that the physical, i.e.,
-7 (14)  experimentally accessible, cross section does not. To make
d(A)ot© this point, we transform the polarized cross sections from the
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QT ] -0.04 | | | -
1 1 3 L l 1 1 1 1 I 1 1 1 1 l 1 1
-1 0 1 2
Miab

5| 0 1 2
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i . FIG. 5. Spin asymmetry forr® photoproduction in NLO QCD
FIG'_S' Scale dependence Qf the polarized ciass fectlc)n?or for the two extreme sets of polarized photon densities and two
EOdUCt'On at .LO and NLO n the ranng/Z\'“f_“ff'“f different choices of spin-dependent proton distributions. The “error
<2pr. The solid and dashed lines correspond to the choice WherBars" indicate the statistical accuracy anticipated for eRHIC assum-
all scales are set tpr. ing an integrated luminosity of 1 .

— . . can resolve such a difference, we also give in Fig. 5 an
MS to the DIS, scheme as described in Eq$0)—(12). estimate for the expected statistical errors:
A first determination of the parton content of circularly

polarized photons could be one of the key physics goals of

the spin physics program at a future lepton-proton collider. 1

Figure 5 shows the experimentally relevant spin asymmetry Al = ——F—, (16)
,Pelpp\/ﬁ()'bin

dAoc do,,.—do,_

do  do,. +do,_

Al = (15 whereP, and P, are the polarization of the lepton and pro-

ton beam, respectively; denotes the integrated luminosity

for w9 photoproduction at eRHIC. As before, we have inte-.Of the COOIII'S'OnSk’).andTb‘” IS thehunpolarlzed fross SZCUOn
rated ovepr=4 GeV and have chosen all scales toge integrated over bins iny;y,. We have used, ,=0.7 andL
9 T =1/fb, which are targets for eRHIC. It should be noted that

At positive rapidities the spin asymmetry shows the expectegin integrated luminosity of = 1/fb is expected to be accu-

dependence on the choice of the polarized photon dens't'es'ulated after only a few weeks of running so that the statis-

In order to be able to judge whether a future measureme ical accuracy may eventually be much better than the one
shown in Fig. 5.
b T T T To demonstrate that the sensitivity Ao ? is not masked
b by the dependence on the spin-dependanton densities,
[pb] we show in Fig. 5 also the results obtained for the GRSV
4

“max. Ag” set [16], which is characterized by a much larger
gluon densityAg than the one in the GRSV “standard” set.
It is evident that at large positive rapidities the asymmetry is
indeed mainly determined by the polarized photon structure.
In the region of7,,,<0, a measurement A&, would be
also an excellent source of information on the polarized
gluon density in the nucleon. We note that, in any case, by
the time eRHIC is commissioned we expect the spin struc-
ture of the nucleon to be known with much better accuracy
_ than at present.
P RS S S S NN S S S S R Figure 6 illustrates how different partonic scatteriregs
-1 0 1 2 Nt —cX contribute to the NLO MS) polarized resolved cross
section, versus rapidity. Recall that partoa’tmerges from
FIG. 4. NLO direct and resolved photon contributions inkh@  the photon and partonld” from the proton. Qualitatively
and DIS, factorization schemes. Also shown is their sum which hassimilar results are obtained for the “minimal” photon sce-
to be independent of theoretical conventions. nario and hence not shown here.
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L B L cross section are under good control. The polarized cross
section shows a significant reduction of scale dependence
when going from LO to NLO.

We finally note that a single process alone, like pion pho-
toproduction, will allow to establish the very existence of a
polarized resolved-photon contribution and may perhaps
point towards one of the two scenarios discussed above. It
will, however, not be sufficient to fully disentangle the vari-
ous quark flavor distributions and the gluon density of the
polarized photon. This will require, as for the nuclespin)
structure, a multitude of processes, combined in a global
QCD analysis. Of course, at eRHIC other photoproduction
processes, like jets, di-jets, or heavy flavors, will add further
valuable information. Measurements at a future polarized
lineare™e™ collider would be also extremely helpful in this

respect.
T‘llab P
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