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We study the polar and azimuthal decay angular distributiall ¢fmesons in photoproduction experiments
as functions of the inelasticity variabteand transverse momentupp. Future measurements of decay angular
distributions at the DES* p collider HERA will provide a new test of theoretical approaches to factorization
between perturbation theory and quarkonium bound-state dynamics and shed light on the color-octet produc-
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I. INTRODUCTION a photon-proton collision is written as a sum of factorizable
terms,
The production of quarkonium in various processes, espe-
cially at high-energy collidergfor reviews, sed1,2]), has
been the subject of considerable interest during the past few do(H)= > f dx1dXafi/,(X1) Fjp(X2)

years. New data have been takerpat ep ande*e™ col- hieda.9.7
liders, and a wealth of fixed-target data also exist. In theory, o H
progress on factorization between perturbative and the X; do(i+j—cc[n]){Oy), @

guarkonium bound state dynamics has been made. The ear-
lier “color-singlet model” has been superseded by a consis-
tent and rigorous approach, based on nonrelativistic QCvheren denotes the color, spin and angular momentum state
(NRQCD) [3], an effective field theory that includes the so- of an intermediatec pair andf;;, andf;,, the parton distri-
called color-octet mechanisms. On the other hand, the “coloputions in the photon and the proton, respectively. The short-
evaporation” model of the early days of quarkonium physicsdistance cross sectiomsr(i +j—cc[n]) can be calculated
[4] has been revived5]. Despite these developments the perturbatively in the strong couplings. The matrix ele-
range of applicability of these approaches to the practicaments(OH)=(0|0}|0) (see[3] for their definition are re-
case of charmonium is still subject to debate, as is the quariated to the nonperturbative transition probabilities from the
titative verification of factorization. The problematic aspectcc staten into the quarkoniunH. The magnitude of these
is that, because the charmonium mass is still not very largprobabilities is determined by the intrinsic velocityof the
with respect to the QCD scale, nonfactorizable correctiondound state. Thus the above sum is a double expansiag in
may not be suppressed enough, if the quarkonium is not pagnduv.
of an isolated jet, and the expansions in NRQCD may not Within NRQCD the leading term im to inelastic photo-
converge very well. In this situation cross checks betweemroduction ofJ/¢ comes from an intermediatec pair in a
various processes, and predictions of observables such aslor-singlet 3S, state and coincides with the color-singlet
quarkonium polarization and differential cross sections, arénodel result(The notation for the angular momentum con-
crucial in order to assess the importance of different quarkofiguration is 2°"1L; with S, L andJ denoting spin, orbital
nium production mechanisms, as well as the limitations of aand total angular momentum, respectivelgross sections
particular theoretical approach. In this paper we discuss hoys], polar [7], and polar and azimuthdB] decay angular
polar and azimuthal decay angular distributionslaf, pro-  distributions have been calculated for the direct-photon con-
duced by real photons colliding on a proton target in thetribution, in which casé ="y andf,, (x)=48(1—x) in (1).
inelastic regionp;>1 GeV (or, more conventionallyz=p,  The angular integrated cross section is known to next-to-
Pp/P, Pp<<0.9), may serve this purpose. leading order(NLO) in ag [9]. The color-singlet contribu-
In the NRQCD approach, to which we adhere in this pa-tion, including next-to-leading correctionsiny, is known to
per, the cross section for producing a charmonium dtaie  reproduce the unpolarized data adequately. But there is still a
considerable amount of uncertainty in the normalization of
the theoretical prediction, which arises from the value of the
*Present address: Institut rfuTheoretische Physik, Physik- charm quark mass and the wave function at the origin, as
Department der Technischen Universitddiinchen, 85747 Garch- well as the choice of parton distribution functions and renor-
ing, Germany. malization or factorization scale.
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At orderv*~0.05-0.1 relative to the color-singlet contri- production, also at close to 1, which is largely independent
bution, theJd/ can also be produced through intermediateof normalization uncertainties.
color-octet®s;, 'S, and 3P, configurations. In the inelastic ~ The polarization of the)/¢ can be determined by mea-
region, they have been considered[i0,11] for the direct ~suring the angular distribution of the leptonic decaly
photon contribution and if12] for resolved photons, in —!71~. To date, experimental measurementslbf polar-
which case the photon participates in the hard scatterinézation exist only for diffractive(elastic and proton dissocia-
through its parton content. Color-octet contributions to theflon) photoproductiori18,19, to which the inclusive formal-
total photoproduction cross sectiintegrated over alz and ~ 1Sm 0of NRQCD does not apply, and for fixed-target
p,) are known to next-to-leading ordgt3]. The polarization h_ad_roproductlpr[ZO]._ The latter can be compared with pre-
of inelastically produced/# due to these additional produc- dictions obtained in the color-singlet mod¢k1] and

tion mechanisms, however, has not been calculated so far.NRQCD [22,23 for pr-integrated cross sections. As dis-

i - cussed in2] the experimental finding of no polarization is
Because the color-octet contributions are suppressed %‘%Iy marginally consistent with the NRQCD prediction. Pho-

?’4’ but, in the |nela§t|c region, FOHF”bUte at the same 0rdeiEoproduction offers another opportunity to learn about
In a5 as the color-singlet contribution, they are of mtergst hether thel/ s polarization carries information on the spin
only if they are enhanced by other factors, either numericayt the heavy quark pair produced at short distances, which is
or kmemzatlcal. In_th|s regpect t.he situation is similar to Aexpected in theoretical approaches in which spin symmetry
certain v* correction, which arises already in the color-ig at work. With the expected increase in luminosity at the
singlet mode[14] and becomes kinematically enhancead at pDESY ep collider HERA, polarization in photoproduction of
close to 1. The color-octet production channels are indeed;y; at different values of andp, could provide an attractive
kinematically different from the color-singlet one, becausediagnostic tool in addition to the widely discussed polariza-
the 'S, and 3P; configurations can be produced through tion measurement ipp collisions at the Fermilab Tevatron
t-channel exchange of a gluon already at lowest ordeysin  [24-27).
(For the 3S; octet this is true for the resolved procésBhis The paper is organized as follows: Sec. Il discusses the
leads to a significantly enhanced amplitude, in particular inproduction mechanisms and calculational details regarding
the largez region. The color-octet contributions 83 pho-  decay angular distributions. In Sec. lll we pause for theoret-
toproduction are indeed strongly peaked at lazgd 0,11 ical considerations that influence our choice of cuts and other
Such a shape is not supported by the data, which at first sigi@rameters in the analysis. Section IV presents results and
could lead to a rather stringent constraint on the octet matri%heir discussion, followed by a summary in Sec. V. Appen-
elements(Og[n]), ne{'Sy,°Py} and to an inconsistency dix A contains the covariant definitions of coordinate sys-
with the values obtained for these matrix elements fromtems and polarization vectors and Appendix B summarizes
other processes. However, the peaked shape of ttistri-  the density matrices for all subprocesses considered in the
bution is derived neglecting the energy transfer in the nonPaper.
perturbative transitiorcd n]—J/+ X. In reality the peak
may be considerably smeargi] as a consequence of re- || PRODUCTION MECHANISMS AND CROSS SECTIONS
suming kinematically enhanced higher-order corrections in
v2 and no constraint or inconsistency can be derived from We assume that thel/s transverse momentunp,
the endpoint behavior of the distribution at present. As a >1 GeV, in order to suppress the diffractive contribution
consequence, the role of octet contributions to the direct proand higher-twist corrections in general. Away frgy=0 (or
cess remains unclear. The resolved photon contribution, o= 1) the leading-twist hard subprocesses contributing to in-
the other hand, could be entirely color-octet dominatecelasticJ/¢ production can be classified as follows.
[12,16. Thez distribution should then begin to rise again at (1) Direct photon mechanisms. At leading order in the
small z, if the color-octet matrix elements are as large asstrong coupling constan©(«a?), these are
suggested by NRQCD velocity scaling ru[d§,3] and fits to
hadroproduction data. _

Our motivation for considering the decay angular distri- y+g—cd®sP 28 15 3PP+ g, 2
butions, including all direct and resolved production mecha-
nisms, is to provide another observable that can clarify the o .
relative importance of color-octet production in photopro- y+alg-cd>s? 'SP PP+ alq )
duction in different kinematic regions. Many of the above-
mentioned uncertainties and difficulties do not affect the po- I -
larization yield. For example, the resummation that isgr]\ere the initial-state parton originates from the target pro-
necessary in the endpoint region may lead to a significant . :
redistribution ofda/dz in z, but affects the normalized de- (23) Resolved photon mechanisms. At leading order,
cay angular distributions to a lesser degree, if they do noP(@s). the subprocesses are
have a strong dependence in the region affected by the
smearing. We find that some angular coefficients, especially
those for the azimuthal angle dependence, take essentially
different values in the color-singlet and color-octet pro-
cesses. A measurement of decay angular distributions would —  —3a(8) 1c(8) 35(8) _
therefore provide information on the relevance of color-octet g+a/g—cd®s? 'y 2P ]+ alg (5

g+g—cg’sy ’s® 15 PP+ g, @
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g+g—cq°s® ,1s® pP1+g, (6) In resolved photon interactions, on the other hand, the
358 channel dominates @=5 GeV, because it includes a
where one of the initial-state partons originates from the phogluon fragmentation componeri28], in both the gluon-
ton and the other originates from the proton. ~ gluon and gluon-quark fusion contributions, and therefore
The direct-photon mechanisms domln_ate in the region falls only as 1|bf at largep,. The resolved photon ampli-
=0.2, whereas resolved-photon mechanisms become impofges are identical to those relevant Xty production in
tant in the regionz=0.2. (These numbers depend on the paqron-hadron collisiong29,26 and at HERA energies the
values of the color-octet matrix elements, as well as ompthe rg|ative importance of the various contributions as functions
cut) At HERA energies, photon-quark fusion can contribute p, is nearly the same as at Tevatron energies.

about 10-15 % to the cross section at large&Quark-gluon The direct-photon mechanisms above all decrease at least
fusion constitutes about 20—40 % of the resolved cross segg 1p° at largep,, with the exception ofy+gq— cqS®)]

tion atz=0.2 and becomes more important than gluon-gluon, 4 “cragmentation contributions in photon-gluon fusion ex-
fusion at largerz. Quark-antiquark fusion is always com- ist only at the next order inr,. They exceed the leading-

pIe_ﬁ]Iy nggligi?le.' ludes th | ducti h order contributions afp,;=10 GeV [30,16. We therefore
e above list includes those color-octet production chang,qj,de that our list includes all important leading-twist

nels thgt are suppre;sed by at mobtelative to the leading production mechanisms for alz and as long asp,
color singlet production channel. The suppression of the oc— 15 ey
tet contributions follows from a multipole expansion of the =,/ exbect that higher-twist corrections due to multiple
i itiocd 3p(8) . : .
nonperturbative transitiordn]—J/y+X. From a °P; interactions with the proton or photon remnant would be
intermediate state, the physicHl/ state can be reached by a suppressed as a power &f/(Q2+ ptz) whereA <1 GeV is
single chromoelectric dipole transition, from3s(18) state by 4 typical QCD scale an® is one of the scales involved in
two consecutive electric dipole transitions, and fromS§  the bound state dynamicQ~m., m., or mw?2. Since
state by a chromomagnetic dipole transition. Each electrigny2~ A for charmonium and bottomonium, one may expect
dipole transition brings a factar?, and the magnetic dipole |arge higher-twist corrections at smad}, when the heavy
transition a factov®. In addition, the hard production vertex quark-antiquark pair moves parallel with a remnant jet and

for a P-waveccstate is suppressed alreadydiyrelative to  remains in its hadronization region over a time\ lih the
production in anS-wave state. In photon-gluon fusion, the quarkonium rest framé.

35®) amplitude is kinematically identical to thits{") ampli- The differential cross section fal/ s production and its
tude. The 38(18) channel is therefore insignificant for the subsequent leptonic decalf#—1*1~ through any of the
direct-photon contribution. resolved-photon subprocesses can be written as

1 do' 1 1 2X.Xop; o .

i , , i S BN | SN i _ i

By dQdz dp Ll,mindxlf"’(xl’“F)f”p(XZ’“F) 16732 2(x,—2) B P11t Poot (P11 PaoICOS’ 0

+v2 Re(ply)sin 29 cos ¢+ p} _, sir? @ cos 28], )

whereB,, is the J/—1"1~ branching ratios=(p,+ pp)z, and
S=X;X,S and the parton distribution of the proton is evalu-

ated at 2(s2— M?)
X1> X1,min=m- (10
y _xlpt2+ M2(x,—2) ® The anglesy and ¢ refer to the polar and azimuthal angle of
2 sAx—2)

'Some aspects of higher-twist correctionsyte g—cq SV ]+g
with factorization scalewg. Here and in the following we have been considered [B81], with the surprising conclusion that
useM=2m,. The variablesz and p, are subject to the re- the higher-twist correction is\?/(4m;), even at very largep;,
striction rather thanA?/p?. The term that does not scale 4%/p? enters in

the combinatiore,(z) +4d,(z), wheree,; andd, are certain twist-4
multiparton correlation functions defined [81]. However, in the
approximation considered if81] one findse;=4d,. If there ex-

(1-2)(sz—M?)> pt2 (9) isted a sign inconsistency [81], the A2/(4m?2) term would disap-
pear and the result conform to our intuition.
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thel™ in the J/+4 decay with respect to a coordinate system The calculation then consists of evaluating the density
defined in thel/ ¢ rest frame(See Appendix A for details on matrix elements for each separate term(i@) and all par-
their definition) Finally tonic subprocesses. We express these matrices as

ol = AL — g0+ XIAR T — Iy +X] (1D PN = A" (1)~ €(1)]
+M2BI[Nn][p;-€* (N)p1-e(X)]

are density matrix elements fal/4y production, where a . ,
/ R +MZCTN]py € (VP €(\)]

summation(average over the spins oX(i,j) is understood.

The kinematical relations for the direct-photon process fol- +M2D'[n][p;- € (\)py- €*(\')
low from settingi =y andf,,,(X;,ug) = 6(1—Xy).
The polarization analysis in NRQC[25,23,33 is based + P2 € (N)ps1-€(N')], (19

on the symmetries of the NRQCD Lagrangian, of which spin ) o ,

and rotational symmetry are crucial. In electric dipole tran-Wheree(\) is theJ/y polarization vectorp, is the momen-
sitions the heavy quark spins remain intact, so thatiihe UM of the photor{or the parton originating from the photon
spin orientation will be the same as the perturbatively calcul? resolved contributions and p, is the momentum of the
lable orientation of the totaC spin s+ Sy in the interme- ~ Parton in the target. The coefficientsB,C,D are indepen-
diate state. ThéS® intermediate state is rotationally invari- d€nt of the choice of axes in thi#y rest frame and propor-

ant and leads to random orientation of théy spin. ti_onal to a NRQCD_matrix elgment. Their analytic expres-
Technically, we have sions are collected in Appendix B.

The decay angular distribution in th¥ ¢ rest frame is
often parametrized as

P =P ST P81+ 03, [S7)

N do
+pl [{S=1L=1}®]+-- (12) —deyM1+)\(y)CO§ 6+ u(y)sin 26 cos ¢
where p!| ,[n] refers to production through ec pair in a n v(y) Sir? 0 cos 2 (16)
staten. The above decomposition implies that no interfer- 2 '

ence occurs between the amplitudes for the different terms in ) )
the sum. The symmetries of NRQCD do not forbid interfer-Wherey stands for a set of variables and u, v are obvi-

ence of different®P, states. One findg5] ously related tqappropriate integrals pthe density matrix
J elements as
P [{S=1L=1}®7 > Alij—cd(1L,;10)]+X] )= P Poo M:‘fz Re p1o b= 2p1-1 17)
C +poo’ + ' +poo’
z P11 Poo P117 Poo P117 Poo

o Because of the dependence «ff\) on the definition of a
XA*[ij—cd (1L,;IN" )]+ X] coordinate systenfsee Appendix A the parameters, u, v
depend on this definition.
+ E pixj)\,[spgs)]' (13) IIl. THEORETICAL CONSIDERATIONS
J=0,1,2 . . . . . .
In this section we discuss some theoretical issues that in-
- . fluence our choice of cuts. We also motivate the values of
where the quantum numbers of thec pair refer 10  NRQOCD long-distance matrix elements that we subsequently
(LL;,SS). NRQCD factorization implies that the density ,gq
matrices can be written as The NRQCD expansion of the quarkonium production
cross section applies to the leading-twist contribution of an
ij i Iy inclusive production cross section. Leading-twist means that
P L1 =K nJap, (O30 [Nab...), (14) the result is accurate up to corrections that scale as some
power of A/m. in the limit thatm,— . Up to such correc-
where(O0)V[n].,.) is a NRQCD matrix element with Car- tions, NRQCD also applies to the tothly photoproduction
tesian indicesa,b,..., and K"[n],, the corresponding cross section. The leading contributiorQ¢a o) and purely
short-distance coefficient. The final step is a tensor decomeolour-octet[10,33. It formally contributes only az=1,
position of these matrix elements, which, in the case of inp,;=0, i.e., in the diffractive region. Soft-gluon emission dur-
terest, can be formulated as a projection of¢ke@roduction  ing conversion of the color-octetc pair into aJ/y is ex-
amplitude. Ford/ ¢ production at the considered orderuf, pected to “smear” the delta functions a&=1 andp;=0
the symmetries of NRQCD are sufficient to reduce all non-over a regionsz~0.25, §p;~0.5 GeV[15]. One may ask
perturbative input to the four parametdi@”¥[n]) with n  whether the experimentally measured diffractifes cross
e {35V ,3s®) 15(®) Sp®)y defined as founpolarized Jy  section(with or without proton dissociationcould be con-
production. sidered as part of the leading-twist total cross section. Or
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whether it should be considered as a pure higher-twist phder elastic productior{with or without proton dissociation
nomenon which cannot be regarded as dirathe sense of A p, cut atp,>1 GeV already eliminates most of the diffrac-
parton-hadron dualityto the O(aay) contribution in the in-  tive contribution as well as higher-twist corrections in gen-
clusive formalism. eral and no further cut om is necessary. In fact, the cross

In order for the first possibility to be realized, the soft section with an additional cut<0.9 cannotbe reliably pre-
gluons, which are emitted in the transition of the color-octetdicted in NRQCD. As emphasized ifi5], because the
ccpair intoJ/ i+ X, would have to recombine into a proton NRQCD expansion is singular at= 1, only an average cross
or a low-mass diffractive final state. Although it cannot beSe€ction over a sufficiently large region closezte 1 can be
argued from first principles against this possibility, it cer- Predicted. Thez distribution itself requires additional non-
tainly appears unlikely. It would also hardly be COmp‘-ﬂimeperturbatwe information in the form of so-called shape func-
with the factorization assumption of NRQCD that the abovelions. These shape functions are also required to predict the
color neutralization is universal, i.e., independent of the resP: distribution with an additional cut<0.9, but not ifz is
of the process, again up to higher-twist correctici@early, integrated up to its kinematic maximum. In the following, we
complete independence is not possible, because some colgfine the inelastic region through the gyt-1 GeV. If sta-
exchange betweed/y+X and the rest of the process is tistics is not a limitation, it might be preferable to upe
necessary, if thd/y+ X state originates from a color-octet >2 GeV to further suppress the higher-twist contributions
ccpair) and difficulties in predicting the, distribution at lowp;,

The clearest indication that the diffractive contribution Pecause ofperturbative soft-gluon emission. Note that the
should be considered as a higher-twist correction, which i§€ésummation of higher-order” corrections in NRQCD wil
not part of a leading-twist calculation of NRQCD, is experi- also cause some smearing in transverse momentum, which
mental. The H1 Collaboration has measufég] the polar ~We expect to be less important than that caused by perturba-
decay angle distribution and the ZEUS Collaboration hagdive soft-gluon emission.
measured19] the polar and azimuthal decay angular distri- Because the color-octet contributions to inelasti¢ pro-
bution. Models of diffractive production based on hard two-duction are strongly enhanced at lagjean immediate con-
gluon[34,35 or soft-Pomeror36] exchange predick =1 sequence of integrating up m,,, rather than 0.9 is that the
[34] [\ is defined in[16]], in agreement with the HERA Px distribution is now dominated by color-octet production,
measurements and earlier fixed-target §a@. On the other as Wwill be discussed in more detail below. The suggested
hand, the polarization signature of the leading-twist partorimportance of the color-octet mechanisms could be further
reactionyg—ccis identical to the signature in the process investigated experimentally, if hadronic activity in the vicin-
gg—cc[23]. The result isn=0 if the 'S, configuration ity of the J/¢ could be detected. If a/y is produced
dominates and =1/2 if P, dominates. Any linear combi- through a color-octetcpair, we expect it to be accompanied
nation of these values is incompatible with the experimentaPy light hadrons more often than if it is produced through a
data. Since the diffractive cross secti¢according to the color-singlet pair.
experimental definitions df18,19) is about as large as the The cross sections and decay angular distributions depend
inelastic cross sectiofil8,38, we conclude that NRQCD on four parameters related to the probability of the transition
cannot be used to predict the photoproduction cross sectiopd n]—J/¢+X. The color singlet matrix element can be
integrated over alz andp;. related to theJ/y wave function at the origin. For

In order to apply NRQCD we therefore have to cut the(OF *(*S;)) we use the value obtained j&6] from a fit to
elastic region without restricting the inclusive nature of thehadroproduction of)/¢ at largep;. Its precise numerical
process. The HERA collaborations conventionally define thevalue does not influence our analysis, because the
inelastic region through the requirement 0.9. Let us now  *S;-color-octet channel is important only for resolved pho-
argue that it is theoretically advantageous to define the intons at large transverse momentum. Our predictions do de-
elastic region through a cut iny . It is obvious theoretically, pend crucially on{O3*(*Sy)) and (O3 *(°Py)), both of
and confirmed experimentally, that the slope of phelistri- ~ which are not very well known. The following constraints
bution is significantly smaller for inelastic production than can be obtained from othdf ¢y production processes:

35
(O IAsy))+ —(0 JU(3Pg))=(3.90+1.149x 102 GeV® (Tevatron [26])
C
;
(OFV(Asy)) + — (OV(®Py))=3.0x10"2 Ge\® (fixed-target hadroproductiof23])
C

(O (*Sp)) + ¥<O§’¢(3Po)><2.8x 1072 GeV®  (B—J/yX)
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TABLE I. Values of the NRQCD matrix elements in about a factor of 2 as compared to the leading-ordecksiu
102 Ge\” taken for the analysisn.=1.5 GeV. Reya-Vogt(GRV) parametrization. However, the values of
the nonperturbative color-octet matrix elements as extracted
Scenario (07"(°S,)) (05"(°S)) (05"(*S0)) (O5"(Pa))/ME  from fits to the Tevatron dati26] depend on the choice of
I 116 1.06 3.0 0.0 me, as, 4 and the parton distribution in approximately the
I 116 1.06 0.0 1.0 opposite way such as to compensate the change in the short-
distance cross section. At leading-twist and leading order in
ag, the overall normalization uncertainty of the color-octet
wherem,=1.5 GeV is assumed. For various reasons, all ofcontributions tal/¢ photoproduction is thus in the range of
these determinations should probably be considered as uenly about=+10%, if the short-distance cross sections are
certain within a factor of 2. The constraint from inclusiBe  multiplied with nonperturbative matrix elements that have
decays has been obtained from the leading-order calculatigfieen extracted from hadroproduction data using the same set
of [11,39, setting the color-singlet contribution, whose mag-of input parameters. The long-distance factor of the color-
nitude is rather uncertain, to zer0N|trjzthe parameters of singlet cross sectiot®?*(3s,)) on the other hand can be
[39], we would have obtained 4410~ GeV* instead of  yotarmined from the leptonic decay width and is not very

P X . N
Z'Sﬁjot Get\f‘) tlrr:cl_udmg }.rt'e colo_r(;smgbllet SOF;[EPU“O” iensitive to the choice of parameters, up to unknown contri-
would strengthén the ineéquality considerably, but this Cannoy i, ng from next-to-next-to-leading-order QCD corrections.

be justified given the NLO result d#40]. In view of these o :
o . .Consequently, the normalization uncertainty of the short-
uncertainties and given that they do not allow us to constrain

separately O3 (1Sp)) and(OF*(*Po)) with confidence, we distance cross sect_icxm[r(ij _’CE_[SS(ll)]) is not compen-
consider two scenarios in which the constraints(approxi-  Sated by a change in the long-distance factor and the color-
mately saturated either bXOJ/z//(lso)> or <OJ/¢(3P ) singlet contribution should be considered uncertain within a
alone. 8 g8t o factor of two. Next-to-leading order QCD correctio® in-

The values of all parameters are summarized in Table [c/€@S€ the colo_rl-singlﬁt crr?s_s sec;tion 50-40 %, de-
Further constraints could be obtained from thelistribution p]?fndln% in r?etal ?nh;/e choice 8. pgt:ameters, but do not
in photoproduction, if all kinematically allowed are inte- a eqtt e shape of tha/ys energy IStr ut|_on_. . .
grated over. However, for the reasons mentioned earlier, no Given the large normalization uncertainties in particular

constraint can be derived from the endpoint region ofzhe of the color-singlet contribution, no conclusive statement
distribution about the size of the color-octet matrix elements can be de-

rived from theJd/ s energy distribution in the regior<0.8.
On the other hand, the dramatic increase of the color-octet
IV. RESULTS cross section at larger is not supported by the data. One

A. Cross sections should not interpret this discrepancy as a failure of the
NRQCD theory itself, but rather as an artifact of our leading-
order approximation invs andv? for the color-octet contri-
'butions. Close to the boundary of phase spacez#0.75,
the shape of the distribution cannot be predicted without
resumming singular higher-order terms in the velocity ex-
pansion15]. This difficulty is exactly analogous to the well-

known problem of extracting the Cabibbo-Kobayashi-
HERA photon-proton center-of-mass energ,, =100 GeV Maskowa (CKM) matrix element|V,,| from the endpoint

and compared with H118] and ZEUS[38] data. (Apart  yaqion of the lepton energy distribution in semileptofic
from slightly different color-octet matrix elements, the pre- yocay To constrain the color-octet contributions from the
sentation coincides with that §12].) The color-octet contri- JI4 7 distribution, the distribution would have to be aver-

butions exceed the color-singlet contribution both for Iargeaged close to the endpoint over a regiomch largerthan
z=0.65 and for smalk=<0.25. 02~0.25.

The normalization of the short-distance cross sections is The low= region is not expected to be sensitive to higher-
stg;ggly aﬁ?CtEd Ey the ch0|c¢|e_ of _the/fcharm quark mass, thg,qer terms in the velocity expansion. Therefore, if the data
QCD coupling, the renormalization/factorization scale 14 be extended to the lowregion, an important resolved

and the parton distribution functions. Varying the parameter?)hOton contribution should be visible, if the color-octet ma-

in the range }-35 Gevm.<1.65GeV,m.<u<4mc, and  yjy elements are not significantly smaller than assumed in
150 MeV< AY<250 MeV, the  normalization  of Table I.

do(ij—cdn]) is altered by~+50% around the central
valuez_ at me=1.5GeV, u=2m;, and /_\(4):200 MeV. " shown in Fig. 2 with a lowez cut: z>0.1. As discussed in
Adopting, e.g., the Martin-Roberts-Stirling set RMIRS  gec 1 no upper cut ire is necessary or advisable to sup-
(R2)] set of parton distributionf43] and the corresponding press the diffractive contribution, if the transverse momen-
value of as decreases the short-distance cross sections bym s above about 1 GeV. With this definition the differen-
tial cross section is dominated by color-octet contributions,
which exceed the color-singlet contribution by almost an or-
2To study thea, dependence of the cross section, we use consisder of magnitude, similar to their significance in hadron-
tently adjusted sets of parton densitjd4,42. hadron collisions at fixed-target energ{@8]. Experimental

We begin with differential cross sections in order to dis-
play the relative magnitude of the various contributions
whose different polarization yield will influence the decay
angular distributions.

The J/ energy distribution is shown in Fig. 1 as a func-
tion of the scaling variable=p,-p,/p,-p, for a typical

The p, distribution for inelastically produced/ is
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do/dz (nb)
Vs,p = 100 GeV, py > 1 GeV

B H1 (30 < V5, < 150 GeV)
A ZEUS (50 < V&, < 180 GeV)

7

10 | ~<

-
-

LI Dttt e B B S B S L B B e BB B B S L B B B HE S EL L

FIG. 1. Color-singlet(CS and color-octet
(CO) contributions due to direct and resolved
photons to thel/ ¢ energy distributiordo/dz at
the photon-proton center-of-mass energg,,

{ ] =100 GeV in comparison with HERA data

[18,38 averaged over the specified range of

j} VS,p- The shaded area bounded by the solid lines

represents the sum of all contributions according
to scenarios | and Il for the color-octet matrix
elements. The lines corresponding to separate
color-octet  contributions are plotted for
(03(1)) =(OF(°Py))/mE=0.008  GeV.
The color-singlet cross section is evaluated in
leading order inag. Other parametersm,

] =1.5GeV, renormalization/factorization scale
AN pn=2m., GRV LO proton and photon parton dis-
tributions[41], A{$=200 MeV.

data from HERA exist only fop,<3 GeV[18,38. The data
are presented with a cut a& 0.9, in which case the differ-
ential cross section gh,=1 GeV (3 GeV) is found to be
about a factor of 102) smaller than in Fig. 2. The transverse
momentum distribution at<<0.9 is adequately accounted for

have to be taken into account. We expect that soft-gluon
resummation will be more important for the color-octet pro-
cesses, because there is no Sudakov form factor for radiation
off the cc pair in the color-singlet’S; channel, for which
there exists a color dipole moment only.

by the color-singlet channel, including next-to-leading-order

corrections inag [9]. Diagrams witht-channel gluon ex-
change lead to largK factors that increase with increasing
transverse momentum and harden hespectrum of the

B. Decay angular distributions

We now turn to the decay angular distributions, which

color-singlet channel at NLO considerably. We do not expecponstitute the main result of this work. B(_alow we present the
a similar strong impact of next-to-leading order QCD correc-Z @hdp; dependence of the polar and azimuthal decay angu-
tions on the transverse momentum distribution of the colorar distribution parametens, u, v defined in(16), at a typical
octet cross sections. It would be interesting to learn whethelERA center-of-mass energy afs=100 GeV. The quasi-
including allz can lead to stringent constraints on the size ofreal photons at HERA are actually not monoenergetic, but
the color-octet matrix elements. However, in order to obtairhave a distribution in energy given approximately by the

an accurate theoretical prediction in the lovpgrregion, p;

Weizs@ker-Williams approximation. However, in general

<2-3GeV, perturbative soft-gluon resummation wouldwe have found little energy dependence in the energy range

10 3

do/dp, (nb/GeV)
Vs

P

=100GeV,z>0.1

| RIS AR

FIG. 2. Color-singlet(CS and color-octet
(CO) contributions due to direct and resolved
photons to thel/¢ transverse momentum distri-
bution do/dp, at the photon-proton center-of-
mass energy/s,,=100 GeV;z is integrated to
its upper kinematic limit. Other specifications are
as in Fig. 1.
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angular parameter A(z) (w/;yp =100 GeV, p, > 1 GeV)
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F ] N FIG. 3. Angular parametek
[ ] [ ] of the decay angular distribution
05 - 1 0 ] as a function ofz. Direct and re-
| recoil F Gottfried-Jackson solved photons are included. The
4 o A e L dashed line is the color-singlet
0 0.2 0.4 2 0.6 0.8 ! 0 0.2 0.4 0.6 08 ! model prediction. The shaded area
| : . . S— ) : : ‘ : : shows the NRQCI_D prediction
Rl [ ] bounded by the choice of param-
05 ] 05 [ - eters according to scenarios | and

Il. Other parameters are as in Fig.
1.
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relevant to HERA(the only exception being the predictions We computed the decay angular distribution parameters in
in the recoil frame az=<0.3) and thus considered a single four commonly used framegrecoil or s-channel helicity
energy. frame, Gottfried-Jackson frame, target frame and Collins-
Since the decay angular distribution parameters are noiSoper framgdefined in Appendix A. Each plot exhibits the
malized, the dependence on parameters that affect the absesult from the color-singlet channel alo@ashed lingand
lute normalization of cross sections, such as the charm quattke result after including the color-octet contributions. The
mass, strong coupling, the renormalization/factorizatiortwo solid lines correspond to the two scenarios for the color-
scale and parton distribution, cancels to a large extent andctet matrix elements discussed in Sec. Ill. Recall that the
does not constitute a significant uncertainty. J/ 4y is unpolarized, if it originates from ac pair in a 1S,
The parameters, u, v as function ofz are shown in Figs. state. Thus, in scenario | the angular parameteys, v tend
3-5, which include direct and resolved photon contributionsto zero in regions where the color-octet processes dominate.

angular parameter W(z) (W/EYP =100 GeV, p, > 1 GeV)

| e ——————— 1

0.5

e

n
e
AT R
T

1

FIG. 4. Angular parameter
of the decay angular distribution

1o b gy
\
=]
W
TTTTTTTTT
1

- as a function ofz. Direct and re-
recoil Gottfried-Jackson solved photons are included. The
B A e e e e L dashed line is the color-singlet
0 02 0.4 2 0.6 0.8 ! 0 02 0.4 2 0.6 0.8 ! model prediction. The shade_d area
1 : N : . ] : : : : shows the NRQCI? prediction
[ ] [ bounded by the choice of param-
05 _ 4 05 __ ] eters according to scenarios_ | a_nd
- E - . Other parameters are as in Fig.
¥ ] g 1.
0 e ’ 0 == ]
05 | 4 o5 F .
target ] [ Collins-Soper ]
[T SRR WPRIPEN BTSN B R IS SR RPN RPN IR R
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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angular parameter v(z) (\/gyp =100 GeV, p,> 1 GeV)

1 ]

0.5

FIG. 5. Angular parametep
of the decay angular distribution
as a function ofz. Direct and re-
solved photons are included. The
dashed line is the color-singlet
model prediction. The shaded area
shows the NRQCD prediction
bounded by the choice of param-
eters according to scenarios | and
___________ ] Il. Other parameters are as in

] Fig. 1.

[ recoil

[ Collins-Soper
PRI B

| M B I
0 0.2 0.4 0.6 0.8 1

Inspecting Fig. 3, we note that in the recoil, target andvelocity expansion that need to be resummed close to the
Collins-Soper frames differs from the color-singlet predic- endpoint lead to a convolution of thedistribution with cer-

tion only in the endpoint region. The comparison looks dif-tain nonperturbative shape functions. These shape functions
ferent in the Gottfried-Jackson frame: fo=0.5 the color-  depend on the production chaniiég{?, 1s{®, and 3P(®)

singlet channel yields large and positive values\pivhile byt they are the same for all density matrix elements in every
the color-octet contributions yield almost unpolarizé@. — given production channel. As a consequence, while the en-
The azimuthal parametes (Fig. 4) tumns out to be least grqy distribution itself depends on these shape functions, the
interesting. We find that in all frames is relatively flat and  ,omentsn z of the normalized angular parameters depend
close to zero, for both the color-singlet and color-octet congpyy on the difference of the shape functions in the various
tributions. The parameter, on the other hand, is very dif- ,oqyction channels. Since we do expect such differences,
ferent in the color-singlet channel and after inclusion ofegpecially between the color-singlet and the color-octet chan-

color-octet contributions, even in the intermediate region Ofnels(due to the different properties with respect to soft gluon

z, where the color-singlet channel dominates. As can be se€fgiation, and since we are interested in thelistribution
from Fig. 5, this difference is present in all frames and seeMsaiher than its moments, the predictions for the angular pa-
to maker the most useful parameter to find out about the,;meters in the endpoint region still depend on these shape
relative magnitude of color-singlet and color-octet contribu-¢,ctions. However. this dependence is strong only if the

tions experimentally. To determineone could measure the gy jar parameter varies strongly in the endpoint region and
decay angular distribution integrated over the polar affle disappears entirely if its distribution is flat.

(16)], In Figs. 6—8 we present the same analysis forghdis-
tribution. We note that is integrated up to its kinematic
do ANy)  v(y) maximum. As a consequence the cross section is color-octet
do dyml+ 3 T3 cosd, (18 gominated and the color-singlet contribution plays no role
for the solid curves. Since the color-octet cross section is
or project onv as follows: dominated by the largeregion, the solid curves are entirely

determined by the polarization yield of octet mechanisms at
large z. Contrary to the situation of hadroproduction at the

8 f dQ cog24¢) d;i;'d Tevatron, where one expects large transverse polarization
v(y)== - y _ (19) due to gluon fragmentatlon _mto color-octat pairs[24], the_
3 5 do photoproduction cross section tends to be unpolarized in the
f dﬂ( 1- 3 cos’ 0) dQ dy p; region considered here. Therefore, fhedistributions do

not discriminate between the theoretical prediction based on
A distinctive signature of color-octet contributions in the NRQCD and that of the color evaporation model, which al-
largez region could be of interest in connection with the ways predicts unpolarizedf .
difficulties in predicting the total cross section in the end- On the other hand, the transverse momentum distribution
point region. However, the endpoint region in Figs. 3-5 isseems to prove very useful to determine the relative magni-
not without problems either. The higher-order terms in thetude of color-singlet and color-octet contributions: If the
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angular parameter A(p) (\/gYP =100 GeV,z>0.1)

1 [F T T I LR | I ML 1 rejr rrrrr T T T T Tt Tl
05
°F - FIG. 6. Angular parametex
[ : of the decay angular distribution
05 C ] as a function ofp, . Direct and re-
F f Gottfried-Jackson solved photons are included. The
-1 bl b b b dashed line is the color-singlet
2 4 P, 6 8 10 model prediction. The shaded area
) ! shows the NRQCD prediction
ik ' ' ' ____': ' ' ' ' ' bounded by the choice of param-
A ] eters according to scenarios | and
05 I - 1 03 Il. Other parameters are as in
. Fig. 1.
0 - (U
05 F 4 os | .
[ target ] [ Collins-Soper ]
aq b Lo 1 1 i 1] Y Q) U EEERFEPUN DUPINSE B S |
2 4 6 8 10 2 4 6 8 10
Pt P

cross section is dominated by the color-singlet channel, larggon is dominated byg—cc[3S{®)] at large transverse mo-
and positive values of the polar angular paramatéfig. 6)  mentum[16]. As for hadroproductiofi29,26], we expect that
are expected fop;=5 GeV in the recoil, Gottfried-Jackson p,=(5-10) GeV is necessary to suppress sufficiently the
and target frames. A similar distinctive difference betweenother color-octet channels.

color-singlet and color-octet channels is visible in the azi-
muthal parameter as defined in the Collins-Soper frame;
see Fig. 8.

The unique transverse polarization signature of gluon We presented an analysis of the full polar and azimuthal
fragmentation could possibly be made visible in the resolvediecay angular distributions of inelastically photoproduced
photon contribution. If the direct photon contribution is re- J/ based on the NRQCD factorization approach to quarko-
duced by a cut on the highregion, the resolved cross sec- nium production. The primary motivation of this study is to

V. CONCLUSION

angular parameter w(p,) (\/EYP =100 GeV, z > 0.1)

1 p——f———T T | ]
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-
-
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3

FIG. 7. Angular parameter
of the decay angular distribution
as a function op, . Direct and re-
solved photons are included. The
— dashed line is the color-singlet
4 6 8 10 -
P, P, model prediction. The shaded area
shows the NRQCD prediction
bounded by the choice of param-
eters according to scenarios | and
Il. Other parameters are as in
Fig. 1.
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1 1

Gottfried-Jackson

Collins-Soper

P,

find observables in addition to angular-integrated differential

cross sections, which are sensitive to different theories and

models of quarkonium production. A particular emphasis i%/e
on clarifying the role of color-octet contributions suggested
by NRQCD and other quarkonium production processes i
comparison with the color-singlet model, which can be con-
sidered as a successful description of photoproduction as f
as present, limited, data on energy and transverse momentum

distributions is concerned.

Assuming NRQCD long-distance parameters as con-

2 4 6 8
b

strained by othed/ ¢ production processes such as in hadro-
production andB decay, we have found that the azimuthal

decay angle distribution as a function ofor p, would be

extremely useful for discriminating between the color-singlet

model and NRQCD and, to a lesser extent, the colour evapq., .\ is the o mass.(We takeM =2m, in the analysis
. : c :

'heBQton mass will be neglected in the followinglote
that A,B are three-vectors in thg-rest frame. We then de-

ration model. We also noted that transverse-momentum di
tributions integrated over all energy fractiarare color-octet
dominated and could give meaningful constraints on color-.

octet matrix elements from the angular integrated rate as we\‘lne a coordinate system as follows.

as the decay angle dependence.

While this paper was being written, Fleming and Mehen
[44] presented a study of leptoproductionJéfy in NRQCD,
which is complementary to our photoproduction analysis:
Contrary to photoproduction, the leading-twist partonic dia-,
grams atO(a«,) can be sensibly compared with a total lep-

in the yrest frame,

toproduction cross section for large enough photon virtuality
Q2. Fleming and Mehen computed the polar angle distribu- Y
tion due to these leading-order mechanisms and also find

interesting tests of NRQCD.
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APPENDIX A: POLARIZATION FRAMES

We collect here the covariant expressions for polarization
ctors in the four commonly used frames, followiptb].
rgNote that the metrig,,,=diag(—1,1,1,1) is used therk.
Let p, be the photon momenturp,, the photon momen-
tum, P the momentum of quarkoniumy and s=(p,
2 . g
Pp)“. We define the auxiliary vectors

Y

(A1)

B-PP*
Y

(A2)

(1) Choosez*= aZE“Jr,BZE“, with Z2=—1.
_ (2) Define X#=a,A*+ B,B* in the plane spanned by
A,B, orthogonal toZ and normalizedX-Z=0, X?= —1.
(3) TakeY to complete a right-handed coordinate system

(A3)

1). The sign ambiguity inx,, B, left in the second

step is fixed by requiringf to point in the direction ofg,
X (—Pp) in the y-rest frame, which requires,B8,— a,8,

>0.

The four commonly used polarization frames are then

sions. M.B. wishes to thank John Collins for supplying aspecified by the choice oZ. In the recoil (or s-channel
helicity) frame, theZ axis is defined as the direction of tile

FORTRAN integration routine.
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Fhrge-mqmtintym in the hadronic center-of-mass frame, thq;y and (—p,), i.e., 7 B0/, + (—Bp)/|Ppl. (Al three-

is Z=—A/|A| in the ¢-rest frame. In theGottfried-Jackson vectors refer to the-rest frame. We then find the covariant
frame2=ﬁy/|ﬁy| and in thetargetframeZ= —Pp/lPpl. In  expressions for the coordinate axes from the following ex-
the Collins-Sopeiframe theZ axis bisects the angle between pressions for, ,5; x -

Recoil frame:
M =0 (Ad)
T Taeews P
B A-PB-P -
T JS(A-P)Z—MZ)(A-P)Z_(B.P)2_MZs)’
V(A-P)2—M?
PR \ L B— (A6)
Vs((A-P)*~(B-P)*~M?s)
Gottfried-Jackson frame:
M
=P R piBp (A7)
o (B-P)2+A-PB-P+M?s (A8)
O (A-P+B-P)\Js((A-P)2—(B-P)2—M3s)’
B (A-P)2+A-PB-P—M?s (A9)
ﬁx_(A-P+B-P)\/S((A-P)Z—(B-P)Z—Mzs)'
Target frame:
o M
aG==B =~ A p_B.p’ (A10)
. (B-P)2—A-PB-P+M?s AL
S (AP—B-P)\5(A P)’—(B-P)— M%)’
- (A-P)2—A-PB-P—M?s A1)
P (A-P—B-P)s((A-P)?—(B-P)?~ M%)
Collins-Soper frame:
o B-P B A-P s
TR APEBPD T RAP B PY
- MA.P ALY
T (A-PZ-(B-P))((A-P)>—(B-P)2-M7s)
MB-P
B (A15)

" V(A PY= (B P)((A )= (B- P~ M%)

We note thatA-P+B- P=(Pf+ M?)/z andA-P—B-P=sz Finally, the polarization vectors are given by
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1 .
e“(A\=0)=Z", e“()\Zil)ZE(IX“—IY“). (A16)

APPENDIX B: DENSITY MATRICES

The density matrices for all processes considered in the paper are given in this Appendix. The results given for the resolved
photon process apply equally 8¢ production in hadron-hadron collisions and have been us€®i6in The functions ofF,
a, b, c, d below are related té, B, C, D of (15 asA=Fa, etc., and we suppressed all sub and superscripts. For the partonic
process ¥ 2—3+4, the Mandelstam invariants ase= (p;+ p,)?, t=(psz—p1)% U=(p3—P,)>.

1. Direct-photon processes

y+g—cc[*sM]+g:
16M (4m)3aa’eX(0V7(3s,))
"2 M- M- MO By
a=—(§%+5t+12)2+ M?(282+ 5t + 2t2)(5+1) — M*(82+ 5t +1?), (B2)
b=—2(s+1?), (B3)
c=—2(8°+0?), (B4)
d=—282, (B5)
y+g—cc[3S®¥]+g:a,b,c,d are the same a®2)—(B5), F is multiplied by
15 (03"(°s)
8 (0]"Cs)’ o

y+g—cc['S®]+g:

2(4mPaaleX(0V('S)) . . 3 s -
Fa=— Mt[(éfMC;)C(Yt—M;);(G— M?)72 SU{[U%~M2(0—M?)]?—25t(0—M?)%+ 5%}, (B7)

b=c=d=0. (B8)
y+g—cc[*P®]+g:

244m)2aa’eX(OYV(Py))
P MG MO =MD -MD (B9)

a=S%2(5+1)%(8%+ st +12)2— M35t (57 + 855t + 165°t2+ 1653+ 85514 — 35t°— 2t7)
+ M4t (487 + 2885 + 48552+ 418%3 + 188%t* — 45t8 +17) — MOt (128% + 6485t + 99512 + 808%t3 + 338%t* + 35t°+ 3t°)
+ M8 (225%+ 885t + 114812+ 6723 + 145t + 3t%) — M 1% (225% + 685%t + 61522+ 16813+ t*)
+2M %5t (657 + 135t + 5t%) —3M M6t (5+1), (B10)
b= —2(5+1)%(28%+ 8212+ 2t%) + 2M2(657 + 1955t + 21812+ 17613+ 215%t 4+ 285%t°+ 2256+ 617)
—2M4(68°+ 955 — 156412 — 24833 — 48%t% + 156t°+ 5t°) + 2M 6(28°— 108%t — 458512 — 37623 — 3514+ 1°)
+8M85t(35%+ 75t + 2t2) — 8M 1%t (5+ 1), (B11)
c=21t%(25%+ 65 + 5512 — 75%t*— 65t°— 21%) + 2M2t?(— 6% — 95% + 28312+ 215%° + 225t* + 8t°)
—2M*4(28%+ 655t — 118%%— 208%13+ 78214+ 276t°+ 1115) + 2M 6(68°+ 155% — 128%12 — 198213+ 85t* + 4t°)
— 4AM8(35%+ 65% — 48%t2— 3513 — 2t4) + 4M 1983+ 25% — §t2— 2t3) — 2M 1A (5 1), (B12)

d=2t2(5%+28% — 63%°3— 108%* — 75t°— 2t%) — M2(45" + 1435t + 308512+ 29513 + 483t* — 335%°— 36516 — 14t7)
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+2M4(68°+ 218t + 438412 + 438513+ 138% % — 155t°— 9t%) — M8(125° + 458% + 925312 + 78523 + 65t* — 9t°)
+2M85(28%+ 115%t + 225t%+ 9t%) — M 1% (582 + 65t + 7). (B13)

y+q—cc[3s®]+g:

~ (4m)3aalei(O)'(%sy))

oaM3su ’ (14
a=8+0%+2M%, (B15)
b=4, (B16)
c=8, (B17)
d=4, (B18)
wheree, is the electric charge of the light quack
y+a—cc['sy)]
3 2.2 J/ 1
. 4(477)9:;?52(32;( S)) @4, (619
b=c=d=0. (B20)
y+q—cc [*PP]+a;
3 2.2 J/y 3
- 16(47;)Mifzs‘:c_<f,|82:§ ", (B21)
a=t(t—M?)(32+ 0%+ 2M%+2M%), (B22)
b= —8(8%+5t+M?), (B23)
c=8(t>— M%), (B24)
d=4(t>-2M?5—-M?1). (B25)
2. Resolved-photon processes
g+g—>c?[3s(11)]+g:a,b,c,d are the same a®2)—(B5), F is multiplied by
5 as
% ael (B26)
g+g—cc[’SP]+g:
3/ I3
F= 1441\/'3[((27_76;2)2;(% N(IZ)S(lZI>— M {27(5t+50+10) - 19M%}, (B27)
a=(82+5t+12)2— M?(282+ 5t + 21%)(5+1) + M4 (82 + 8t + 1), (B29)
b=2(8?+1?), (B29)
c=2(8*+0?), (B30)
d= 28 (B31)

g+g—cc['SP+g:
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5(4mas)*(Of (*Sp)) . . o ) o
Fa= ~ A= M7 WP -7y (& (8~ M+ Sl0(M? - 28) + POTH(E - M8+ M2 T0(2i%+ 310 + 207,
(832
b=c=d=0. (833
g+g—cc[*PP®]+g:
_ 5(4mag) (03" (*Po))
P IPPIM - M) (- M) (G- MO T°" (B34)

a=St0{s*% + 55%1%+ 148%t° + 26871+ 355%1° + 3551+ 265% 7+ 145%t 8+ 58%1% + 510
— M2(5104 108% + 268812+ 408713 + 45884 + 448515 + 455416+ 408317 + 26828+ 10st° + 119
+M*4(58°+ 408%t + 8457t% + 1065%t3 + 10385t* + 10B*1° + 1065°t° + 8457t '+ 408t8 + 5t°)
—M8(168%+ 10487t + 215682+ 2918%t3 + 3165414 + 2915%1° + 215626 + 1046t 7 + 16t8) + M 8(3457 + 17965t + 3565°t2
+47F5+ 47F5% 4+ 35615+ 17%6t0+ 34t ") — M 04455+ 1935 + 3466412 + 410553+ 3468°1% + 19FBt°+ 445)
+M13(348°+ 124541 + 1868512+ 1885213 + 1248t + 34t°)
— MM(158%+ 4383t + 525%12 + 43813+ 15t%) + M 16333+ 652t + 6512+ 31%)}, (B35)

b=482+ 245 + 685 %2+ 1246%3+ 1648%1% + 1765715+ 1768510+ 176557 + 1646418+ 1245%° + 6852110+ 245t 11+ 4t%2
—M?(208'+ 1045%% + 25(6°%12 + 39783+ 481571* + 5006°t°+ 5006°t° + 4815%t " + 3976518 + 2506t + 1045t 10+ 20t 1Y)
+M4(4081+ 1665% + 278552+ 28513+ 206554 + 1468515+ 206515+ 285°%1 7 + 278218+ 16651° + 40t 1)
+M8(—408°— 9788t + 538712+ 37FBt3 + 6478514 + 6475415+ 37836+ 535217 — 975t8 — 40t?)
+M8(208%— 3357t — 3686°t%— 7518°1° — 9206%t* — 7515°1° — 3685215 — 335t 7 + 208)
+ M0 — 457+ 7785t + 323512+ 49843+ 498%4 + 32F45 + 77515 — 4t7) — M 134185t + 12082 + 148513+ 1208%t*
+415%) + M 14(85% + 165°t% + 165°t3 + 85t%), (B36)

c=—48'%2— 208%%— 408%t* — 408715+ 85516+ 8085t "+ 1286418+ 1165%° + 6852110+ 245t 11+ 4t*2
+M2(208%2 + 56883 + 245714 — 147555 — 40%6°t® — 59864t " — 5715%18 — 3706%° — 146t10—- 281
+M4(48104208% — 168%12— 485713+ 15085t % + 611%°+ 1066+ 115557 + 8545218+ 3945t° + 84t 10)
—M8(208°+ 8858t + 485712+ 125513+ 3168°t* + 86 FB*°+ 1195°%1° + 106 5%t 7 + 58Ft8 + 1409)
+M8(4088+ 15287t + 945%t2+ 38553+ 290B*t* + 6315%t°+ 738216+ 5136t + 1408)
—M9(4087 + 12985 + 538%t2+ 78%3+ 126514+ 2645%t>+ 266515+ 84t7) + M 13 208° + 5587t + 2842
— 158%3+ 308%t* + 765t° + 28°)
+ M- 485—115% + 7832+ 78213 — 11514 — 41%) + M 16831 — 28212+ §t°), (B37)

d=— 252 65%3— 28%1* + 288715+ 888516+ 146657 + 1665415 + 13083 ° + 7082110+ 245t 1+ 4112
+M2(48M+ 228%% + 708%% + 1156515+ 718714 — 119655 — 3818516 — 558%7 — 518318 — 3208%t°— 1268t 1°
— 2481 + MA(— 20810— 104°% — 2965512 — 4505713 — 35564+ 738%° + 558416+ 744837 + 5748%8
+ 2708t + 60E10) + MO(408° + 19%65% + 53712+ 77853 + 59655t + 515%1° — 405°1° — 48(6%t " — 2965t — 8(X°)
+M8(—408%— 1976t — 5068512 — 67555 — 46(B*t* — 795°t°+ 138615+ 1645t "+ 60t8)
+M19(2087 + 10785 + 2678512+ 307513 + 185634 + 568%t° — 306t° — 24t 7)
+ MY — 485— 3155 — 74512 — 715513 — 465714 — 105t°+ 4t°) + M14(45% + 8552+ 88213+ 45t%). (B38)



gt+g—cc[3S®]+q:

g+g—cc['S®+q:

g+g—cc[*PP®]+q:

g+o—cc[*SP]+a:

q+g-cc['sP+g:

q+q—cc[*P®]+g:

INELASTIC PHOTOPRODUCTION OF POLARIZED/

(47Tas)3<OJ/¢(3 1))
= Srenssi—my)? (4i-M

2)2_ 9311,

a=524+02+2M%,

b=4,
c=38,
d=4.
3/ Iyl
_ 5(2:;\;){ ff(/isM(Z)fo» (82402},
b=c=d=0.

5(4mas)*(Of '(3Py))
C o 18M%A(E-M?)3

a=t(t—M?)(2+02+2M%+2M%),

b= —8(5%+5t+M?%),
c=8(t12— M%),

d=4(t?-2M?%s—-M*%).

(4mag) OV (3S)))

F=— {4(5—M?)2—9t0},

81IM3tl(s—M?)?

a=124+02+2M?3s,

b=4,
c=4,
d=0.
B 5(4ms)3<03’“’<1so>>
Fa=— —gIMsE-M?) {207,
b=c=d=0.
~ 20(4mag)(0g "(°Py))

2IM3°(5—-M%)° 7

a=—35(5—M?)(12+ 0%+ 2M35+2M%),

b=8(t?+st+M?23),

4273

(B39

(B40)
(B41)
(B42)

(B43)

(B44)

(B45)

(B46)

(B47)
(B48)
(B49)

(B50)

(B5)

(B52)
(B53)
(B54)

(B55)

(B56)

(B57)

(B58)

(B59)

(B60)
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c=8(t2+5t—2M%+ M%), (B61)

d=4(8%+25t+ 212+ M%—2M%). (B62)

[1] E. Braaten, S. Fleming, and T. C. Yuan, Annu. Rev. Nucl.[19] ZEUS Collaboration, J. Breitwegt al., Z. Phys. C75, 215
Part. Sci.46, 197 (1996. (1997).

[2] M. Beneke, “Lecture at the XXIVth SLAC Summer Institute [20] C. Biino et al, Phys. Rev. Lett58, 2523(1987); C. Akerlof
on Particle Physics, August 1996,” CERN-TH-97-55 et al, Phys. Rev. D18, 5067(1993; J. G. Heinrichet al,, ibid.

[hep-ph/970342P 44, 1909(1991).
[3] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Reg1D [21] M. Vanttinen, P. Hoyer, S. J. Brodsky, and W.-K. Tang, Phys.
1125(1995; 55, 5853E) (1997. Rev. D51, 3332(1995.

[22] W.-K. Tang and M. Vattinen, Phys. Rev. 33, 4851(1996);
54, 4349(1996.

[23] M. Beneke and I. Z. Rothstein, Phys. Rev5B, 2005(1996);
54, 7082E) (1996.

[4] H. Fritzsch, Phys. Let67B, 217(1977; F. Halzen,bid. 69B,
105(1977; F. Halzen and S. Matsuda, Phys. RevlD 1344
(1979; M. Gluck, J. Owens, and E. Reyabid. 17, 2324

(1978. .
. . [24] P. Cho and M. B. Wise, Phys. Lett. 346, 129(1995.
[5]R. Gavaietal, Int. J. Mod. Phys. AL0, 3043(1995; J. F. 50\ Beneke and I. 7. Rothstein, Phys. Lett382, 157 (1996
Amundson, O. J. P. IBoli, E. M. Gregores, and F. Halzen, 389, 789E) (1996.
Phys. Lett. B372, 127(1996; 390 323(1997; G. A. Schuler 6 M Beneke and M. Kimer, Phys. Rev. [55, 5269(1997).
and R. Vogt,ibid. 387, 181(1996. [27] A. K. Leibovich, Phys. Rev. [»6, 4412(1997.
[6] E. L. Berger and D. Jones, Phys. Rev2B 1521(1981). [28] E. Braaten and S. Fleming, Phys. Rev. L@, 3327(1995.
[7] R. Baier and R. Rekl, Nucl. Phys.B201, 1 (1982. [29] P. Cho and A. K. Leibovich, Phys. Rev. 3, 150(1996; 53,

[8] J. G. Kaner, J. Cleymans, M. Kuroda, and G. J. Gounaris, 6203 (1996.
Nucl. Phys.B204, 6 (1982; B213 546E) (1983; Phys. Lett.  [30] R. Godbole, D. P. Roy, and K. Sridhar, Phys. Let3®3 328
1148 195(1982. (1996.

[9] M. Kramer, J. Zunft, J. Steegborn, and P. M. Zerwas, Phys[31] J. P. Ma, Nucl. PhysB498, 267 (1997.
Lett. B 348 657 (1999; M. Kramer, Nucl. Phys.B459, 3 [32] E. Braaten and Y. Q. Chen, Phys. Rev5B 3216(1996.

(1996. [33] J. Amundson, S. Fleming, and I. Maksymyk, Phys. Rea@)
[10] M. Cacciari and M. Kraner, Phys. Rev. LetfZ6, 4128(1996. 5844(1997).
[11] P. Ko, J. Lee, and H. S. Song, Phys. Revad 4312(1996. [34] M. G. Ryskin, Z. Phys. &7, 89(1993; J. R. Forshaw and M.
[12] M. Cacciari and M. Kraner, “Proceedings of the Workshop G. Ryskin,ibid. 68, 137(1995; M. G. Ryskin, R. G. Roberts,
on Future Physics at HERAThep-ph/960950D A. D. Martin, and E. M. Levin,bid. 76, 231(1997).
[13] F. Maltoni, M. L. Mangano, and A. Petrelli, CERN-TH/97-202 [35] S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H. Mueller, and
[hep-ph/970834P M. Strikman, Phys. Rev. 30, 3134(1994.
[14] W. Y. Keung and I|. J. Muzinich, Phys. Rev. B7, 1518 [36] A. Donnachie and P. V. Landshoff, Phys. Lett. 185 403
(1983; H. Jung, D. Krgker, C. Greub, and D. Wyler, Z. Phys. (1987; 348 213(1995; J. R. Cudell, Nucl. PhysB336, 1
C 60, 721(1993; G. Schuler, “Habilitations-schrift,” CERN- (1990.
TH.7170/94 [hep-ph/940338[f H. Khan and P. Hoodbhoy, [37] M. Binkley et al,, Phys. Rev. Lett48, 73 (1982.
Phys. Lett. B382 189 (1996. [38] ZEUS Collaboration, J. Breitwegt al, Z. Phys. C76, 599
[15] M. Beneke, I. Z. Rothstein, and M. B. Wise, Phys. Letf7@3 (1997.
373(1997. [39] S. Fleming, O. F. Hernandez, |. Maksymyk, and H. Nadeau,
[16] B. A. Kniehl and G. Kramer, DESY 97-03®ep-ph/970328[) Phys. Rev. D55, 4098(1997.
Phys. Rev. D56, 5820(1997). [40Q] L. Bergstran and P. Ernstim, Phys. Lett. B328 153(1994.
[17] G. P. Lepage, L. Magnea, C. Nakhleh, U. Magnea, and K[41] M. Gluck, E. Reya, and A. Vogt, Phys. Rev. &6, 1973
Hornbostel, Phys. Rev. B6, 4052(1992. (1992; Z. Phys. C67, 433(1995.

[18] H1 Collaboration, S. Aict al, Nucl. PhysB472 3 (1996 in [42] A. Vogt, Phys. Lett. B354, 145(1995.
ICHEP’96, Proceedings of the 28th International Conference[43] A. D. Martin, R. G. Roberts, and W. J. Stirling, Phys. Lett. B
on High Energy Physics, Warsaw, Poland, 1996, edited by Z. 387, 419(1996.
Ajduk and A. Wroblewski (World Scientific, Singapore, [44]S. Fleming and T. Mehen, Phys. Rev.(d be publisheg
1997). [45] C. S. Lam and W.-K. Tung, Phys. Rev. I8, 2447(1978.



