PHYSICAL REVIEW D, VOLUME 58, 054007

Measuring polarized gluon and quark distributions with meson photoproduction
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We calculate polarization asymmetries in the photoproduction of high transverse momentum mesons, fo-
cusing on charged pions, considering the direct, fragmentation, and resolved photon processes. The results at
very high meson momentum measure the polarized quark distributions and are sensitive to differences among
the existing models. The results at moderate meson momentum are sensitive to the polarized gluon distribution
and can provide a good way to measure it. Suitable data may come as a by-product of deep inelastic experi-
ments to measurg, or from dedicated experiments.
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[. MOTIVATION another measure of this integréRion photoproduction in
the unpolarized case has been successfully studied theoreti-

In this article, we will discuss the photoproduction of high cally and experimentallf2], but not at the highest transverse
transverse momentum pions from polarized initial statesmomenta where the pions will be dominantly produced in a
There are three motivations for doing so. One is the opporShort-distance process rather than via fragmentdfidhi4.)
tunity to learn the polarization distribution of quarks and _Fresently, information on polarized quark distributions
gluons in nucleons. We will show that pion photoproductionS°Mes from deep inelastic electron or muon scattering with
with polarized initial states has, over a wide kinematic regionpOI"’mzed beams and targ¢®. Single arm measurements of

of moderate transverse momentum pions, a large sensitivit%1 give information about a charge-squared weighted com-
. o pions, 9 ination of polarized quark distributions. Obtaining polarized
to the polarized gluon distribution functions of the target.

- e i ) . . distributions of individual flavors is not possible from this
Within this wide kinematic region there are broad circum- P

, L oan ata alone, but requires extra theoretical input in the analysis.
stances where the known polarized quark distributions al oincidence measurements/&ﬁ(a)e/’ “% give more in-
give similar pion photoproduction contributions, so that dif—f . Fm A9

ferences among the results are due mainly to the polarize rmation and have been reporte]. This data, for a proton

I distributi H data wh th d deuteron target, gives different linear combinations of up
giuon distributions. Rence data where ratner ordinary Mexng qown quark polarized distributions, allowing a flavor

sons are produced can select among the various models fHEcomposition without further theoretical ing.
this quantity. , , Polarized gluon distributions are not well determined at

Another motivation, which we wrote something about present. Something may be learned frg8s-11 the mea-
earlier [1], comes from the kinematic region of very high syrements ofy;, but gluons contribute tg; only in higher
transverse momentum pions where the gluon contributiongrder or through their effects upon the evolution of the po-
are small but the differences among the various models fofarized quark distributions. The analysesggfcan be abetted
the polarized quark distributions are significant. Hence expy perturbative QCD considerations at higH8]. Overall,
amining different kinematic regions of pion photoproduction however, the present constraints upon the polarized gluon
yields information about both polarized quark and polarizeddistributions are not great and there is a large variance
gluon distributions. amongAg(x,«?) models, as may be seen in Fig. 1.

A third motivation, also dependent upon the highest trans- The process we discus§5—> mX (where the photon is
verse momentum pions, is the possibility of learning somereal and targets other than protons are posgilees a
thing about the pion distribution amplitude. In this region, complementary way to find the polarized quark distributions
the ratios of the cross sections determine the target's quarknd is sensitive to the gluon distributions in leading order.
distributions, but the magnitude of the cross section dependghe perturbative QCD that we use in the analysis is justified
upon the same integral involving the pion distribution ampli-on the basis of high meson transverse momentum, rather
tude that enters the pion electromagnetic form factor of thehan by high virtuality of an exchanged photon, and the ex-
m%yy* vertex. Hence if one looks at the unpolarized caseperiment is a single arm experiment rather than a coinci-
where the target distributions are fairly well known, one hasdence one. Good data can in fact come as a by-product of a

g, experiment since the detectors that measure the final elec-
tron or muon can also pick up charged hadrons; recall that if
*On leave from Kharkov Institute of Physics and Technology,the final lepton is not measured, the form of the cross section
Kharkov, Ukraine. Current address: Department of Physics, Nortlensures that the virtuality of the exchanged photon will in
Carolina Central University, Durham, NC 27707. general be rather low.
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1.2 . ™ . : photon and gluon have opposite helicity. Hence this process
, BFR-AB /-f,,/"‘\ is even more significant for the polarization asymmetry than
Ir ¥4 it is overall. There are situations where the results excluding

[ i \ . BBS the gluon polarization are close to the same for all the mod-

ern parton distribution function models or parametrizations.
Then the differences among the results from different models
are due to the polarized gluon distributions, and the differ-
ences over the spectrum of available models are large.
Hence, the data will adjudicate among the different sug-
gested polarized gluons distributions.

There is also the resolved photon process, where the pho-
ton turns into hadronic material before interacting with the
target. We will discuss it in some detail below. However, for
the kinematic situations we highlight, the resolved photon

X contributions are below both the fragmentation and direct
contributions.
~ FIG. 1. A number of polarized gluon distributions, all normal-  ca|culational details are outlined in the following section.
ized to the unpolarized BBS gluon distribution. The sources ofgome results and tests of the calculations are outlined in Sec.
these distributions are given later in the text. ll. Then, in Sec. IV, we show results involving polarized
initial states, in particular showing how sensitive the results

There are several processes that produce pions. At there to the different models for the polarized parton distribu-
highest transverse momenta, mesons are produced by shatitns and how well they can be extracted from the data.
range processes illustrated in Fig. 3. We call these direcBome conclusions will be given in Sec. V.
processes because the photon interacts directly with the
target partons and also the pion is produced immediately.

(The word “direct” was used with a similar meaning in a IIl. CALCULATIONS

mN— y* X context by Brodsky and Berger long agb2].) There are three categories of processes that contribute to
Direct processes are amenable to perturbative QCD calculgsion photoproduction which we call fragmentation pro-
tion [3,4] and produce mesons that are kinematically isolateqesses, direct processes, and resolved photon processes.
in the direction they emerge. These processes possess sevatglgmentation processes have quarks and gluons produced in
nice features. One is that if the pion three-momentum is meashort-range reactions followed by fragmentation at long dis-
sured, no integrals are needed to calculate the differentighnces of either a quark or a gluon to produce the observed
cross section. In particular, the momentum fractioaf the  pion. The short-distance part of the process is perturbatively
struck quark is fixed by measurable quantities. Formulas fogajculated and the long-distance part is parametrized as a
x were given in Ref| 1] and will be repeated below, this time fragmentation function for partons into pions. Direct pro-
including mass corrections. The situation is reminiscent otesses, in our nomenclature, occur when the pion is produced
deep inelastic lepton scattering, where experimentally megn g short-range reaction via a radiated gluon giving a quark-
surable quantitie®” and » determine the quark momentum antiquark pair, one of which joins the initial quark to produce
fraction by x=Q?%2myv. Another nice feature is that the the pion. This process is perturbatively calculable, given the
asymmetry for the meson production subprocess is easy @stribution of initial quarks, and produces isolated pions
calculate and is large. Finally, mesons of a given flavor comeather than pions as part of a jet. The direct process can
mainly from quarks of a given flavor. Hence in the region dominate the fragmentation process for very high transverse
where the direct process dominates, we can choose whiGgRomentum pions. Resolved photon processes are photons
flavor quark we study the polarization distribution of. Note fyctuating into hadrons, most simply a quark-antiquark pair,
that the high transverse momentum region involves only thgyhich then interact with the partons of the target. The re-
high x quarks and that the various models for the quarksolved photon processes can be important for high initial
distributions separate from each other at high energy, especially for pions produced backward in the center
At moderate pion transverse momentum, the main proces§ mass.
is one we call the fragmentation process. The photon does Fragmentation processes, of which one example is shown
interact directly with the partons of the target, but the mesonn Fig. 2, are important over a wide range of kinematics for
is produced by fragmentation of one of the final state quarkshe present paper, and we start by recording the relevant
or gluons. This time, an integration is needed to calculate theormulas[13]. In general, if the photon interacts directly with

cross section, but any given model makes a definite predicg constituent of targetl but the pion is produced as part of a
tion that can be compared to data. Unlike the casegfor jet,

interactions involving the gluons in the target contribute to
the cross section in lowest order. One of the important sub- -

processes is photon-gluon fusiop;+ gﬂq+a The polar- o= 2 J' Ga/N(X)d_‘AT(7+ a—c+ d)D,,,C(z)dditdz.
ization asymmetry of this process is very large. Indeed, ne- a.cd dt
glecting masses, it is-100%: the process only works if the 1)
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q
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FIG. 2. One diagram for photoproducing mesons via frag-
mentation.

Here, x is the (light-cone@ momentum fraction of the target
carried by the struck partom, z is the fraction of the parton

¢’'s momentum that goes into the pion, a®d, andu are the
Mandelstam variables for the subprocessa—c+d. The
scale dependence of the parton distribution functiGnand
the fragmentation function® will often be tacit, as it is

above. As a differential cross section for the pion, one gets

2

do my,

STk

S—

1 dz
2 f _XZGa/N(X)
Zmin

—art a,c,d Z

xd—itr(y+a—>c+d)DW,C(z). (2)

The Mandelstam variables for the overall process andu
are defined for the inclusive process by

s=(p+0)?,
t=(q—k)?,
u=(p—k)? 3

whereq, p, andk are the momenta of the incoming photon,
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FIG. 3. One of four lowest order perturbative diagrams for di-
rect photoproduction of mesons from a quark. The four diagrams
correspond to the four places a photon may be attached to a quark
line.

For quarks and gluons and proton targets we will often use
the notationg(x) =G p(X) andg(x)=Gg,p(X) and their po-

larized equivalents. The cross section is now given by
dAo  s—mg fl L dAo
T d3k - — ot ad Zmin?x a/A(X) d’i

X(y+a—c+d)D,(2). 8

The relevant subprocess cross sections are

87Te§aas —_§+ u
32 |0 -8

d&(+ fare
G (yta—ata

d0'(+ +_)_q
dAtygqq

Wezaas(

dAc

_ _|_ + =
& (y+g—g+0q)

u

=

8We§aas( s

3s2 |\ —u

dAo _
?(7+9—>Q+Q)=— 9

wegaasl] t
t u/

§2

the target, and the outgoing pion, respectively. The lower

integration limit is

2
t+u—my

(4)

Z L= —
min S— ml%l

and

—t
X= .
z(s—m2)+(u—m3)

(5

When the target and projectile are polarized, we define

AU:E(UFH_O'R—), (6)
whereR andL represent photon helicities and represent

target helicities, and similarly fos. Also, the polarized par-
ton distributions are defined by

AGyn(X) =AGa,N(X,,u2) =GN+ (X) = Gao N+ (X). @

The cross section foy+qg—g+q is written fort being the
momentum transfer between the photon and the gluon. The
asymmetry for the quark target is positive and the asymmetry
for the gluon target is- 100%.

For the direct process, the subprocess is shown in Fig. 3.
When the incoming photon is circularly polarized and target
quark is longitudinally polarized, one gets, to lowest order,

do(ygq—mq’) B 12&:],2:772aa§| 2(

dt B '

2
eq eq,
27(—t)s? U

s U
X [$2+ U2+ \h(s2—1?)], (10)
where\ is the helicity of the photorfy is twice the helicity
of the target quark, angr is a flavor factor from the overlap
of theqq’ with the flavor wave function of the meson. It is

unity for most mesons if the quark flavors are otherwise suit-
able; for example,

12 for =°, "
9= 1 for «". (D
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The integral .. is given in terms of the distribution amplitude
of the meson

l —f £ = b al£,?) (12
It is the same integral which appears in the perturbative cal- FIG. 4. A resolved photon process.
culation of thew= electromagnetic form factor or of the
7%y form factor. For the asymptotic distribution amplitude dAa 2(s— mN)
$(£)=6£,£,f 1213, one getd ,= 31 /2, wheref ,~93 T fy dyL w2t

MeV. Finally, in this case

dAo
X AGb/y(y)AGa/N(X)W D.c(2), (18

s=(p1+a)?
0= (py—k)? (13) wherg again.the scale depgndence is tacit and the unpolarized
! ' case is obtained by removing tiés. Also,
andt is the same at. —yt
The direct process is higher twist, nominally suppressed X= yz(s— mﬁ)Jr(u_m’%l) ’
by a factor of scaléf,/s. However, for very high transverse
momentum pions it is the dominant production process. —(u—mﬁ)
When it is the dominant process, one can take advantage of Ymin= T2 o 1
. . (s—my)+t
the nice feature that the momentum fractiof the struck
quark is completely determined by experimentally measur- —(u—mﬁ)—yt
able quantities. Withp;=xp and estimating mass correc- Znin= —————. (19
tions with a proportional mass approximation, one has y(s—my)

A A For estimating the size of the resolved photon contribu-
sti+tu=2x"mg. (14 tions, we began with the lowest order nontrivial result for the
photon splitting functior{13,14]
Further,

_ a2 %2 _ )2 Q_Z)
s=xs—x(1-x)m?, t=t, U=xu—x(1-x)m3. GorY) SebZW[y =y ]|n<Qc2> (20

a3 and
Hence, « Q?
_2p2 2 (12
iy AGp(y)=3e5y"=(1-y) Nn(@%)' (21)
=—F. 16
s+u—2mjg (18 with Qu=0.3 GeV. In addition, we considered the more

complete parametrizatiorj45] that use vector meson domi-
Thus to the overall process, the direct subprocess makesr@nce to initialize the nonperturbative parton densities.
contribution that requires no integration to evaluate. For the The subprocess cross sections, both polarized and unpo-
polarized case larized are available in Ref16]. For a quark or antiquark
scattering off a gluon in the target,

dAo  (s—m)x? do(yp— m+X)

_ d(A
Bk~ —at dxdt (8)o

dt

T 4
(qg—>qg)——(sz+u2)<—— —) , (22
9su

2 AGyp(X, p )w, where the upper and lower signs correspond to the unpolar-
t ized and polarized cases, respectively, ars the momen-
(170  tum transfer from incoming to outgoing quark. For quark-
quark (or antiquark-antiquankscattering,

where the helicity summations are tacit. The unpolarized

case is the same with th's. d(A)o mag 4] s?+ 0
We now come to the resolved photon contributions. One s qi (Ga0p—0a0p) = 2 9| 2

such contribution is illustrated in Fig. 4, where the photon

(s mN)x

turns into hadrons such as a quark-antiquark pair before in- 2+t2 282
teracting with the target. +ap 3l (23
The cross section is
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where the coding of thet is the same as above, the sub- MeV for four flavors.(This corresponds to abodt6% in ag

scripts ond, refer to flavors of incoming quarks, ads ~ for u=1-5 GeV, to a four flavor ocp of 295 MeV in the
the momentum transfer between incoming and Outgoingﬂext to Ieading order formula, which matches to a five flavor

quarks of the same flavofNote, of course, thé— 0 sym-  “acp 0f 209 MeV, which is the central value quoted by the
metry for the same flavor cas@he last case is the scattering " aticle Data Grou19]. Uncertainties are roughly-40
of a quark by an antiquark, MeV on the 209 and 175 MeV numbers, a0 MeV on
the 295 MeV numbey.
dA)e  — . mdla 32+ 2 The fragmentation functions we use may be found in the
—A(qaqﬁquqy):Tg 0u50py =7 Appendix of Ref.[3]. Briefly, the fragmentation of quarks
dt S t into pions contains a pai,, if the primary quark is a va-
2,02 202 ] lence quark in the pion, and also a secondary parfor any

——— 0y~
s? ? 35t

+ 8,56, quark-pion combination. Three examples are

1
(24 D ;+u=Dp+Ds, Dwo,u=§Dp+Ds,

where again the upper and lower signs correlate with the

unpolarized and polarized caséss the momentum transfer Dy

from incoming to outgoing quark, and, B, y, and 6 are At the benchmark scal@vhich we took to be 29 GeV

flavor indices.

Good data can come from electroproduction experiments 5 ) 5(1—2)*

where only the outgoing pion is observed. Because of the Dp=5(1-2° and Ds=g— . (30)

g~ “in the cross section, the photons are nearly all close to

real, and the equivalent photon approximation gives the gerfhese forms lead to good fits to teée™ — 7+ X data, and

eral connection between the electroproduction and photoprgo we stick with them. At the time of Ref3], the known

duction cross sectiond 7], fragmentation functions were more than a decade old and no
longer up-to-date data. Since then a number of other modern

Ee . : -
do(eN— 7T)():f dE,N(E,)da(yN—mX), (25) fragmentation functions have appearg20], which also
Emin match the data. The benchmark gluon fragmentation function

=D,. (29)

is
whereE,, is the energy of the photon and
2(1-2)°
N(E a |E3+E2 E, 1 Ei(leé . we=3 5 (31
=— —— Ih—-= +
(E)= 7€, £2 m. 2)" 22\ "E,

The mass corrections we estimated using a proportional
mass approximation. We gave the parton that came from the
, (26)  target a masgmy, and gave the final parton that did not go
into the pion the same mass. The parton that did go into the
, - pion we treated as massldsémilar to the pion, and did the
yvhere E¢:Ee_ E,. The lower limit on the photon energy same for the parton that came from the photon in the re-
integral is solved photon process. A fully defensible treatment of mass

corrections would require a solution to QCD. The propor-
— K _ 27) tional mass approximation just described has the virtues of
1—2(k/my)Sir?(6,,,/2) being simple and of giving the same kinematic limits from
thresholds and energy conservation for the subprocess as for

When the electron is polarized, the polarization transferghe overall process. Hence, it is an improvement over putting
nicely to the photon provided the photon takes most of thén no mass corrections, though we may treat it largely as a
electron’s energy. Polarization details can be found in Refway to receive a warning to be careful when the mass cor-
[18]; if P,, andP, are the circular and longitudinal polariza- rections are big. For the situations we study, the mass cor-

(Eet Eé)z,r 2E,
2EZ " E.+E,

Emin

tions of the photon and electron, respectively, then rections are not large except when the cross sections are very
, , small.
Py y (4_y )
5 S A Au iag? (28)
Pe 4-4y'+3y Ill. RESULTS WITHOUT POLARIZATION
wherey’'=E, /E.. Our present main interest is on results obtainable for po-

We close this section with a few comments on our procelarized beams and targets. However, both for checking the
dures. We used(u?) with the renormalization scale set to model and for intrinsic interest we will present some results
the pion transverse momentum. Not all the pieces needed favith no polarization involved. First in Fig. 5 we show the
our calculation are known beyond leading order and we haveelative size of the fragmentation and direct and resolved
worked to lowest order throughout. We todkocp=175  photon contributions for some kinematics of interest,
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k (GeV) k (GeV)

FIG. 5. Comparing fragmentation, direct, and resolved photon FIG. 6. Ther "/« ratio for E,=50 GeV andd,,,=5.5° for the
processes foe+p— 7" +X with E;=50 GeV and6,,,=5.5°.  pions. The dashed curve is for GRV and the solid curve is for
These all use the GRSV parton distributions. The relative size of th€ TEQ. Both haveu(x)/d(x)~ 1/(1—x) for largex. The four pairs
contributions should not depend much on which parton distributionsf curves are for, from top to bottom, protons, a target which is 5/9
we use. For the resolved photon contribution, the result of both thgrotons and 4/9 neutrons, an isoscalar target, and neutrons.
perturbative splitting function for the photon, ERO0), and the
more sophisticated SaS 2D are shown. Both are small for the

. . Except at the highe&, which will be discussed below. Also
kinematics.

included in the figure are two sets of predictions for the
w17~ ratio of isoscalar or nearly isoscalar targets.
namely, 50 GeV electrons with the only observed final state In Fig. 7 we give details of ther™/#~ ratio for 50 GeV
particle being ar* emerging at 5.5° in the lab. The resolved incident electrons on a target that is 5/9 protons and 4/9
photon curve used the simple perturbative parton densities ineutrons(These are relevant numbers for one actual ammo-
the photon given by Eq20). The resolved contributions are nia target, where the nitrogen 18N and the hydrogens have
still small for our kinematics if one of the more realistic plain proton nucle).

distributions is used. As an example, Fig. 5 also shows the The predictions for ther™/#~ ratio are different for
resolved photon contribution using SaS 2D from Schuler angburely direct and purely fragmentation processes. For an
Sjostrand [15]. It increases the resolved photon result byisoscalar target, the ratio is not sensitive to the quark distri-
about 80% for the smallest momentum shown and then givelsutions, and the observed behavior of th&/ 7~ ratio could

a smaller result for momenta above 13 GeV. In the kinematbe a clear signal of the direct process taking over from frag-
ics of Fig. 5, average fractions of the photon momentummentation with increasing pion momentum. For a proton or
carried by its partons argy)=0.69 for the lowest pion mo- neutron target, there is much sensitivity to the quark distri-
mentum in Fig. 5, 0.8 for momentum 15 GeV, and 0.9 forbutions. The size ofi(x) vs u(x) at highx is one of the
momentum 24 GeV. Because of these large valuégnfwe  remaining open questions for unpolarized quark distribu-

neglected a possible gluon fusion procegg-&gq). We put tions, and if it can be established that the highhighk
commentary on the quark and gluon distribution models weesults are mainly director mainly fragmentation, if that
use in the next section, so that we can bundle the remarks dgiould happen against our expectatjotieen the observed
the polarzed and unpolarized distributions into one location.

One sees that the cross section falls quickly with increas- 1.5
ing pion momentum. The fragmentation process is the main -
one at lower pion momenta, and the direct process takes over 1.4
above about 26 GeV for this particular angle and incoming i
energy.

In addition, one sees that the resolved photon process is
not particularly important here. At higher energies it in-
creases in relative importanf21] and at energies reached at
the DESYep collider HERA (ys~300 GeV, the resolved
photon process dominates except for very forward angles. .
The reason for its fast increase involves the lower aveyage : CTEQ
possible at higher energies, as well as the reduced kinematic of
constraint upon a three stdfhree integrals in the calcula- 8 12 16 20 24 28 32 36 40
tion) process as the energy increases. k (GeV)

The =/~ ratio off proton and neutron targets is shown
in Fig. 6, again for 50 GeV incoming electrons. Most of the  FIG. 7. Detail ofw*/#~ ratio for E,=50 GeV andf,,,=5.5°
models for the parton distributions lead to the similar resultgor the pions, for a target which is 5/9 protons and 4/9 neutrons.

131

ratio

12}

ntin
H
=

i
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a7 ratio becomes a direct measuredgik)/u(x).

To elaborate on the preceeding remarks, consider what RN ‘
happens fox approaching unity, where only valence quarks I ]
matter andw" comes fromu and =~ comes fromd. If N

where the target is fractiof, proton. The 4, of course, is
(e,/eg)?. Also, for fragmentationu(x) and d(x) must be
understood as appearing inside some integrals, but only the
ratio d(x)/u(x) asx—1 will matter here.

For the direct case, the short-distance nature of the reac-
tion allows the photon to interact with the producgg pair
as well as with the target quark, so it makes less difference
whether arr™ or 7~ is produced. One hdsee Eq.(10)]

fragmentation dominates, then -
+

"k

* fou(x)+(1—f,)d(x

=~ _, fpd< ) (1 fp> (). @ T

T lpag  Tpd0CO+ (1= Fpu(x) g

g

84|

0.4 Dl o oo oo,
10 15 20 25 30 35 40

k (GeV)

’7T+

s+2|u|
2s+|ul

2fu(x) + (1= f)d(x)
fod(X)+(1—fpu(x)’

FIG. 8. The asymmetr§ for y+n—m"+X, at E,=50 GeV
and 6,,,=5.5°. The upper six curves are far production and the
lower six curves are forr™ production. For each set of six, there
The prefactor is less than 1, but approaches 1 for smalire three curves with the full calculation, with the loose dotted
angles and maximum pion energy, WHelh—>s. curve using parton distributions from GRSV, the dashed curve us-
For isoscalar (3=0 suffices or nearly isoscalar targets ing GS-A, and the tight dotted line using the CTEQ of Soffeal.
the = /7~ ratio would approach 4 for maximum momen- and the BBS polarized gluon distribution. The other three curves
tum in the fragmentation process or approach 1 for the diredtave Ag set to zero, with the solid line using GRSV, the dash-
process, and rise with momentum. One can qualitatively undotted curve using GS, and the dash-triple dot curve using the
derstand the curve shown for the near isoscalar case in Fi§.TEQ of Sofferet al.
6: at lowk, fragmentation dominates but the"/ 7~ ratio is
not large as there are important contributions from gluons
and sea quarks in the target. Asrises, the valence quark
contributions become relatively more important and the ratio
rises. Then the direct or short-distance process takes over a
the ratio falls, and finally rises a bit due to the prefactor in
the last equation after the process is almost pure direct.
For a proton target, the—1 limit of the ratiod(x)/u(x)
is important. Possibilities include

(33

direct

ORi— ORp—
E=-——~ RT (35)
O'R++O'R_

Eﬁlle notationE comes from early pion photoproduction work
(see, for example, Ref24]). We will now see how well we
can achieve our goal of determining the polarized parton
distributions from these experiments that measkreWe
have direct sensitivity to the polarized gluon distribution

2 -
0 manyfits Ag(x,u”) since at moderate and lower momenta a reason-

d(x) able fraction of the pions are produced by reactions off the
T 175 PQCD (34 gluons within the target. Other determinations/of have
1/2  SuUe), depended upon higher order effects such as the evolution of

the polarized quark distributiofd 1], which is driven in part

where PQCD stands for perturbative QCD. Both CTEQ]
and Glick, Reva, and VogtGRYV) [23] haveu(x) andd(x)
falling with different powers of (+x), with d(x) falling

by Ag.
We will begin by presenting results fo}+ n—m*+X
and for y+p— 7~ + X where the photon comes from radia-

faster, and thus are examples of the first category. Thgon off an incoming electron beam of energy=50 GeV
BrOdSky'BUrkardt'SChm|d(BBS) [8] distributions, whose and the pions are observed at lab angli%: 5.5°. The out-

nonseparation of] and q is inconsequential at highj, do
satisfy the PQCD constraint and so give a differefit/ 7~
ratio as the pion momentum reaches its maximum.

IV. RESULTS WITH POLARIZATION

We have calculated the asymmetgy (or A, ) for 7=
photoproduction off both the proton and neutronRIfindL

represent photon helicities and represent target helicities,

thenE is defined by

come plotting asymmetr vs the magnitude of the pion
momentum is given in Figs. 8 and 9 using three differing sets
of polarized parton models.

The polarized parton models are those of Gehrmann and
Stirling (G [9], Gluck, Reya, Stratmann, and Vogelsang
(GRSV) [10], and a suggestion of Soffet al.[25]. Both the
GS and GRSV polarized fits use the fits of GtuReya, and
Vogt [23] when they need unpolarized distributions, at least
in leading order. For the first two, we have obtained the
renormalization scale-dependent results for the polarized par-
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FIG. 9. The asymmetrE for y+p— =" +X, at E,=50 GeV

T . FIG. 10. Th for y+n—z" +X, atE= v
and 6,,,=5.5°. This time, the upper six curves are fot produc- G. 10. The asymmetr¢ for y+n— atE,=50 Ge

: : _ . . and 6,,,=5.5°, with one model for the quark distributions and sev-
tion and the lower six curves are fer~ production. As in Fig. 8, . A
eral models for the polarized gluon distribution. We choose to use

fo_r each set of six, there are three curves _WI'['h the full calculatlonthe quark distributions of GS. The solid curve is the benchmark
with the loose dotted curve using parton distributions from GRSV, .
with Ag set to zero. The short dashed curve uses the quark and

the dashed curve using GS-A, and the tight dotted line using the . S . -
CTEQ with the suggestion of Soffet al. and the BBS polarized unpolarized gluon distribution of GS but the polarized gluon distri

S . bution of GS model A. The long dashed curve uses GS model C.
gluon distribution. The other three curves havg set to zero, with The dash dot curve uses GRSV. The dash triple dot curve similarly

the solid curve using GRSV, the dash-dotted curve using GS, and -
the dash-triple dot curve using the CTEQ with the suggestion c)Pses BBS, the tight dotted curve uses BFR model AR, and the loose

dotted curve uses BFR model OS.
Sofferet al.

o . to zero. Figure 9, for the proton target, is similar except that
ton distributions directly from the authors. The Softgral. .~ o4 = 110w, One reaches the following con-

suggestion reIa_tt_es the polarized and unpolarized d'smbuuoelusions from the graphs.
functions, specifically,

At large pion momentunk contributions from gluons in
Auy(X) = Uy(X) — dy(X), the target are not significant but the results for differing po-
larized quark distributions are quite different, allowing the
1 data to discriminate among the various polarized quark dis-
Ady(x)=— §dv(X), (36)  tribution models. Note that for both™ at highk, two of the
models give quite similar results and one is different. How-

and other polarized distributions are treated as small. Whefver, form™ it is the CTEQ with the suggestion of Soffet
we use the Soffert al. Suggestion, we team it with the al. that is different, whereas for thﬁ+ it is GS that stands

CTEQ[22] quark distributions and the polarized gluon dis- OUut.

tribution of Brodsky, Burkhart, and SchmidBBS) [8]. In At low or moderatek the results for the different model
addition this case requires a polarized distribution for the sefolarized quark distributions are—if evaluated with zero or
quarks, which we take as the sameAg—rather similar. In the figures, we show the
curves withAg=0. The clearest case s~ production off a
As(x)=—0.66711-x), (37)  proton target.

) o At low or moderatek, the differences among the models
with the same sea distribution for up, down, and strangge mainly due to the differences &g (even noting that the
quarks. This givegAs+ As)=—1/6. In all cases, we set the |argestAg are not represented on these two figiraad thus
renormalization scalg.? to k2, where kt is the transverse the measurements can discriminate among the differing mod-
momentum of the produced meson. els forAg.

Although there are 12 different curves on Fig. 8, itis not We elaborate on the last point in Fig. 10, where we use
so complicated. In all casek, is generally positive for the only one quark distribution, but six different gluon distribu-
m~ and negative for ther™, so there are six curves above tions to show the differences in their effect upon this asym-
for the =~ and six below for ther™. Each of the three metry. Two of the new polarized gluon distributions are from
parton distribution models is represented twice, once witiBall, Forte, and RidolfiBFR) [11], and we use versions AR
the full calculation and once with the polarized gluon distri-and OS.(Neither BBS nor BFR give quark distributions for
butionsAg(x) [but not the total gluon distributiog(x)] set  each individual flavor quark and antiquark, so we can show
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FIG. 11. The asymmetrE for y+n—m"+X, at E,=27.5 FIG. 12. The asymmetrf for y+p—m+X, at E,=27.5
GeV andf,,,=5.5°. The remainder of the caption is the same as for®€V andfiz,=5.5°. The remainder of the caption is the same as for

Fig. 8. Fig. 9

results from their gluon distributions only in combination @P0ut 1 GeV and moderate pion momenta can be a useful
with other authors' models for the quark3he other new and successful way to learn about the polarized gluon distri-

polarized gluon distribution is GS version C. One can se@Ution. In this region, the various models for the polarized
that the available polarized gluon distributions, all inferregduark distributions all give rather similar results when the

from g, data, sometimes abetted by PQCD considerations Sffects of the polarized gluon distributions are removed. The
high x 1[8] gi;/e distinct results in the present case. effects of the polarized gluon distributions are distinct for the

Incidentally, the minimunx that enters the calculation of different models, and particularly for the BES] and BFR

the fragmentation process is the same as the unigthet [11] models are quite large. For the I_<ine_matics we have
enters the direct process, H46). Hence for the situation of looked at, the resolved photon gontnbuhons are a!ways
Figs. 8 or 10, the minimurm for pion momentunk=8 GeV smalll. In the_ low to moderat& region, the fragmentation

IS Xmin=0.05 and fork=20 GeV, X.,=0.16. This gives contribution is dominant.

some idea of the range that is probed by these experiments. 0.3

We continue showing results in Fig. 9 by giving the ana-
logue of Fig. 8 but for a proton target. The electron energy is
still E.=50 GeV andd,,,=5.5°. Thew™ curves, which are
the lower ones in this figure, bunch very well at l&vfor the
three curves witlA g set to zero, and the curves using the
pertinent to each model are quite distinct. Thé curves are
less distinct from each other, but it is still true that for the
models chosen the curves wilg=0 all lie, at lowk, above
the curves with gluon polarization included.

The next three figures show the analogues of the preced-
ing three figures but for an incoming electron energy of 27.5
GeV; the lab angle is stilp,,=5.5°. Figure 11 shows the
asymmetryE for == production off a neutron target for the
three models we have chosen, with and withAgt Figure
12 does the same for a proton target. The figure with one .
quark distribution model but six polarized gluon distributon ~  Bolecwo oo
models is Fig. 13. It is the analogue of Fig. 10, but for
variation we have given this figure with a proton instead of a
neutron target.

e
o

+

E (for e+p—> 1 +X)

e
L I‘\I:N\I

o
/

S
e

-0.2

FIG. 13. The asymmetrf for y+p— 7~ +X, atE,=27 GeV
V. DISCUSSION and 6j,,=5.5°, with one model for the quark distributions and sev-
eral models for the polarized gluon distribution. We use the quark

We feel we have demonstrated that with polarized initialdistributions of GS. The upper set of curves is for #hé and the
states, pion photoproduction at loilvut still with ky above  lower set is for ther™; otherwise the caption is the same as Fig 10.
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At the highest allowed pion momentum the asymmetrytromagnetic form factors. For both of these, using the
does become sensitive to the differences among the variossymptotic distribution amplitude and a suitable choice of
quark models, and so can empirically distinguish amongenormalization scale, the magnitude of the correction was
them. What we call the direct process, i.e., pion production aibout 20%, decreasing theyy and increasing the™ form
short distance rather than via fragmentation, dominates ifactors.
this region. In particular, the higk quarks of the target give Our calculations can also be applied to production of ka-
the dominant contributions and the models for the polarize®ns and to neutral pions. For neutral pions, the fragmentation
quark distributions do not agree at high process cross section is the average oftHeand 7~ cross

Questions may be asked about the use of perturbativeections. However, the direct production of neutral pions is
QCD, upon which our analyses depend. We are, of coursdess than the direct production of either charged pion. Useful
mainly considering ratios of cross sections so that many postudies are also possible using single polarization asymme-
tential problems cancel out. tries. We hope to return to these subjects in the near future.

Also, studies of the polarized gluon distribution dependWe conclude with a summary.
mainly upon the fragmentation process. This is a leading Of the three processes that contribute to highpion
twist process, so using perturbation theory to calculate iproduction, or to its single arm electron equivalent N
should be accurate and has not generally been questioned— 7+ X, the resolved photon process is unimportant for in-

Within the context of perturbation theory, one may askcoming energies of a few 10’s of GeV and small angles. The
how large the higher order i corrections are. For the fragmentation process dominates at low or moderate mo-
unpolarized case, the answer is that the next to leadinghenta, the direct process dominates at high pion momenta.
corrections double the resyl2]. We should state that we The =" /=~ ratio predictions are different for fragmenta-
have simply doubled our lowest order calculations to obtairtion and direct processes. For isoscalar or near isoscalar tar-
our results: remember we are taking ratios. We are nogets, with pions at high momenta, fragmentation would give
aware of next leading ordéNLO) calculations ofyg—qq  about a 4:1 ratigcoming from ,/e4)?] but the direct pro-
or ;/ﬁ—>qg_ However, NLO calculations oﬁﬁ—qu and  Cess gives about 1:1. Verification that short-distance produc-
-

tion takes over from fragmentation production lies in seeing
gg— g and related 23 processes have been ddmé].

! - a fall in thew "/~ ratio (still for | =0 target$ as the take-
TheK factors[ratio of LO + NLO to LO cross sectionifor  5er occurs.

the polarized cross sectiaho always exceed unity, so that  \yhere the direct process dominates, and without polariza-

the effect of thg NL_O corrections upon the ralidor direct tion, the rate is proportional to things that are known apd

photon production is not great. , the same integral over the pion distribution amplitude that
Much of our further discussion concerns the direct pro-fixeg y* 4 4 7% and y* + =* — =*. Currently data for the

cess, which is a higher twist contribution and using pertur{as; two processes taken at face value gives discordant values
bative QCD has been questioned is some such cases. We cgn

for completeness summarize some earlier argundrts With initial state polarization, one can form the double
Our analysis requires that thein y+p—m+Xisoutof  pejicity asymmetnyA,, or E. Where the direct process domi-
the resonance region. For the energies we have considergthies” at high pion momentum, the asymmetry is propor-

this is easy to satisfy except at the highlest _ tional to the polarized quark distributionsu for the 7+ and
Another question regards further higher twist corrections, 4 for the . times things that are known or easily calcu-

for example, corrections due to the quarks in the pion havingapie Hence. one can measure the, individually
- 1 | .

finite momentum transverse to the pion’s overall momentum.  \when the fragmentation process dominates, experiments
This has b_een much studied in the context of the pion eIeC\7\/i'[h initial state polarization are sensitive &qy. The polar-
tromagnetic form factof27]. In the present case, the virtual i, 4tion asymmetry is 100% in magnitude for the production

gluon in the direct process is much farther off shi#|B] than off a gluon target, and the current spectrum of models\for
for the pion form factor at presently accessible kinematics|e(,m|S to a wide ,diversity of,, or E predictions for pion
Hence higher twist effects will be less significant for the hotoproduction in the fragmentation region.
measurable photoproduction of high transverse momenturﬂ

mesons than for meson form factors at any currently mea-
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