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We considerd/ s photoproduction ire* e~ as well as linear photon colliders. We find that the process is
dominated by the resolved photon channel. Both the once-resolved and twice-resolved cross sections are
sensitive to(different combinations 9fthe color octet matrix elements. Hence, this may be a good testing
ground for color octet contributions in NRQCD. On the other hand, the once-resdlyegroduction cross
section, particularly in a linear photon collider, is sensitive to the gluon content of the photon. Hence these
cross sections can be used to determine the parton distribution functions, especially the gluon distribution, in
a photon, if the color octet matrix elements are known.
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I. INTRODUCTION (Tevatron and leptoproductiofHERA) data remains. It is
therefore interesting to estimate the CO as well as CS con-
There has been considerable interest in the production dfibutions toJ/« production in various other processes.
J/ at various colliders ever since the large discrepancy be- Here, we examine the dependence of @@ photopro-
tween the measured rate &fy production and thémuch  duction on the various NRQCD matrix elementsdtie”
smallej prediction of the color singlefCS) model was first and photon-photon collider§Prompt production ae*e”

observed at the Fermilgbp collider Tevatror{1]. An analy- ~ colliders has been studied in RgL3].) Apart from the direct

sis of the datd2] using the nonrelatevistic QCINRQCD)  contribution, there are contributions from diagrams where
factorization approach by Bodwin, Braaten and Lepfgje €ither one or both of the photons is resolved, so that the
yielded color octetCO) contributions which seemed almost underlying parton structure is probed. We are concerned here
an order of magnitude larger than the CS term. Howevevith these resolved photon contributions, the direct contribu-
later data from the DES¥p collider HERA[4] did not see tion being small, as has already been observed for the case of
the anticipated excess, especially at lazgalues(wherezis vy colliders[14,15.

the inelasticity variable Analyses of both fusio5] and In particular, there are both color single€S) and color
fragmentation[6] contributions to both direct and resolved 0ctet(CO) contributions to each of these processes. The CS
photon contributions td/+ production at the HER&p col-  CrOSS Section is well knowfl6]; in fact, it has long since

been established that the once resolvedes photon con-
tribution dominates the twice resolvég-re photon contri-
bution in the CS case; this was in fact used to estimate the

the Tevatror{8] also did not show the expected large polar-gluon content of the_ photori 7). The 1-r_es case is similar to
ization with increasing- as predicted by NRQCD with a Ieptoproductlon_whlle the 2-res case is analogous to hadro-
dominant color octet contributiof®,10]. production inpp collisions; hence it will be possible to ex-
This may be attributed to the larger uncertainty of the@mine both kinds of processes in a single experiment. Also,
nonperturbative color octet matrix e|ememm0‘]/¢’[n]|o> effects of |ﬂtr|nS|CkJ__Sh0U|d be different Inyy Scatterlng as
that contribute in the large-region. More recently, it has compared tcep or pp processes. In the context of the cur-
been proposefll1] that inclusion of the nonvanishing trans- rently discussed, factorization as the solution to the ob-
verse momenta of the colliding partons may drasticallyservedl/ s polarization at the Tevatron, it would therefore be
change the cross section, especially at large transverse minteresting to studyl/¢ production in theseyy processes.
menta. In particular, calculations in NRQCD are usually These resolved processes have a very different topology
based on collinear factorization. On including theeffects, from that of the direct processes; hence they can be easily
it is possible to fit the octet matrix elemef®”'¥[8,3S,1) to  identified. For instance, resolved photon processes have an
a much smaller valu¢l2] than that from NRQCD in the extra(spectatorjet occurring when a colored parton of the
collinear limit. This term contributed most substantially to photon interacts directly in the hard scattering rather than the
the J/ ¢ polarization; hence this may resolve the problem ofcolor singlet photon itself. Usually this jet is in the same
the observed/ ¢ polarization at the Tevatrdri2]. However, direction as the parent photadfr electron; indeed, it is
the discrepancy between the CO fits to the hadroproductioanalogous to the forward jet of remnants produced from deep

lider have been performed. In fact, the zgroresult has also
been evaluated to next leading ordbiLO) [7].
The measurement of th# ¢ and #(2S) polarization at
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inelastic scattering off a hadron target. A twice-resolved pro-2-res:

cess, where both the photons are resolved into their parton

components will thus have two such jets. Hence direct, 1-res 9.9 —.(cc) (CO)
and 2-res processes can be separated event by event, based =y '
on the observed topology.

The matrix elements in the CO case, with 9,d,—(cc) (CO),
=[8,%S,1,[8,'Sy], and[8,%P;], J=0,1,2, are not as well
established as the CS ones and have been obtainedlfipm gyg7—>(c?)g (CS,CO,
production at the Tevatrof2,18,19. Though these are esti-
mated to be about two orders of magnitude smaller than the —
CS matrix element, the CO contributions are not expected to 9,9,—(cc)g (CO),
be small since they correspond to diagrams of lower order in
the strong couplingys, or are enhanced blychannel gluon qyay_,((f)g (CO). (3
exchange, forbidden in the leading-order color singlet cross
section. Note that the zerp; 2— 1 contributions are purely CO. The

We shall therefore compute the CS and CO contribution§ _reg processes are analogous to those contributing ®pthe
to the NIV photoprodgctlon cross section at photon-photon, yp J/4 production processes at HERA, while the 2-res
colliders, using certain reasonable estimates for the corrgsaq gre analogous to either the resoldégt photoproduc-
sponding matrix elements. In the next section, we will defingjo hrocesses at HERA or ty production at the Tevatron.
tEe choice of kinematics and list the \iarlousllsubprocesselﬁ both cases, the parton densities in the proton are replaced
that contribute ta)/ s production at are”e ?\Zjder' NU- by parton densities in the photon for the case of interest.
merical results for the cross section at CEBNe™ collider  jonce modulo the difference in parton densities, the produc-
LEP2 as well as a future possible linear collider ¥ tion rate in the 1-res channel should reflect that seen at
=500 GeV are presented in Sec. lll. Section IV discussefyeRA and the 2-res channel that at Tevatron. The pro-

the contrasting ressults obtained for a photon linear collidery,ction data frome*e~ collisions can therefore provide a
where high intensity photon beams can be obtained by scat- . . —
: . corroboration of the behavior seenep and pp colliders,
tering laser beams off electron beans. Numerical results heré . . ! .
. and establish whether there is indeed a dominant CO contri-
are presented for the cas&s=500 GeV, along with some bution in J/ ¢ production at colliders
discussions. The cross section in the CM frame for the proce$ge™

—J/yX is given by
Il. J/4» PHOTOPRODUCTION IN e*e™ COLLIDERS

A. Ki ti d ti d°o o
. Kinematics and cross sections _ = pl(xl)pz(xz)E + (X1 X3),

J/ can be produced via direaty interaction, or when dx;dx.dt

either or both of the photons are resolved into their partonic . B ,
constituents. We will refer to the direct interaction, and theWhere 1 and 2 refer to the™ and e respectively. Here
once- and twice-resolved photon processes as direct, 1-r@s(X) corresponds toye(x) for the case of the unresolved
and 2-res processes respectively. Both color sir@ley and ~ Photon and equals the convolution,

color octet(CO) subprocesses contribute dd¢ production

in these three channels. Also;2 as well as 2-1 subpro- . 1d_y /
cesses contribute. Specifically, they are Pe(X)= Y Ye(Y)PXIY),
Direct:
— cs in terms of the parton density,(x), p=d,g, in the resolved
yy—(coy (C9), photon. We use the Weigker-Williams approximation
(WWA) for the bremsstrahlung photon distribution from an
77—>(C€)9 (CO). (1) electron:
Qo 1+ (1—2)2
1-res: Ye(Z :2—3:1 EEEE— 0g( 0 ad Aie)
_ , [ 1 1
vg,—(cc) (CO), +2mez( o~ | |, 4
Umax  Amin
79,—(co)g (CS,CO, where g, =meZ/(1-2) and qf .= (EO*(1-2)+ a5, Here
z=E,/E., 6 is the angular cut that ensures the photon is
o real, andE=E,= \/s/2. We use a typical value @f=0.03 in
yq,—(cc)q (CO). (2 our analysis forn/s=175 GeV.
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FIG. 1. The directl/ ¢ photoproduction cross section at LEP2is  FIG. 2. The J/¢ photoproduction cross section from once-
shown as a function gb;. The CS and CO contributions are sepa- resolved(1-re9 processes at LEP2 is shown as a functiorpef
rately shown. The CS and CO contributions are separately shown. The dashed
(solid) lines correspond to the gluagmotal) CO cross sections, the
IIl. NUMERICAL RESULTS two differing substantially only for théS; case. The arrows indi-

o i cate the zer@- [8,3P;] and[8,1S,] cross section§in pb), arisin
We recast the cross section in terms of the hadronic Varigom the corqrngsE)ondiJr?g —31[subsp())gocesses. éin pb) g

ables)y;, Yy, andpy and compute th@; dependence of the
cross section: octet 3S, terms are very different from these. Hence it may
q be possible to separate the contribution involving the combi-
—U(e*e*—>e+ e~ 31 yX). nationJ/ 21‘ mzatrix elements3 (07"18,1y])
dpr +7(0”"[8,3P,])/m3) from that of the3S, terms, at small
o o pr. (At larger pr, the cross section drops off rapidly.
We use a common renormalization and factorization scale, A note about the cross section ps— 0. While the direct
q°=(mZ+pf) with m;=15 GeV a”d{\4QCD: 200 MeV.  c¢ross section remains finite far—0, only the 3S; singlet
We use the Glok-Reya-Vogt(GRV) leading orde(LO) pa-  and octet terms are finite for the 1-res case. TheZ2pro-
rametrization 20] for the parton densities inside the photon. cesses involving théS, and 3P, terms diverge in the small-
Similar results are obtained on using the WHIT parametrizap_ |imit. However, precisely these processes have a finite CO

tion [21] instead. contribution from the 2-1 zeropt processes; in fact, these

We shall use the following reasonable choices for the ma,_, yg—>(c€)g processes ap;—0 are just these 21

trix elements which are consistent with the allowed values: . e :
<OJ,¢,[1,381]>:1.16 GeV, <OJ,¢[81381]>:10_2 Ge\P, processes with a soft gluon emission. The apparent diver

_ ~ gence of the 2»2 cross section gi;— 0 can be resummed
é%i;b[a;iig;iorezmgiﬁi\f’ valu<e?;t[esf,iizg]2‘£ cr)nrglzslgn:]e into a finite correction to the 21 lower order process
try: (OV[8,3P, 1) = (23+ 1?(0” i8,3P,)). ’ ;EJF oo 57]' Hence thpr 0 cross section for IS, %]
) ,°P;] processes is within E-factor of the correspond
We compute thepr dependence of the cross section forj,, 5 1 cross sectiohwhich is indicated by the arrows
the directyy, the 1-res photon and the 2-res photon casesyzked in Fig. 2.
The CS and CO cross sectiomsr/dt, for all the processes  Finally, the effect of including the/q terms is shown by
listed in Egs.(1)—(3) are known[14,22,23. The results for the solid lines in Fig. 2. The quark contribution increases
the direct case are shown in Flg 1, where the dlﬁ:erentla{,\”th Pt and is small. The one exception is t[&ssl] con-
cross section for the diregty interaction[14] is plotted as a  tribution which is significantly enhanced by inclusion of the
function of pr. The[8,3S,] octet matrix element that occurs quark diagrams; however, this may still not be large enough
here does not contribute dominantly to this cross section. to be observable. Theq cross section also diverges at small
For the 1-res case, there are contributions from iBe, pr. Here there is no corresponding-2L lower order pro-
's, and °P; octet matrix elements apart from the sind®&t  cess. However, th#/ ¢ here is produced by fragmentation of
term [22]. The yg interaction term is expected to dominate 3 gluon; the soft divergence pi=0 must therefore be ab-
this cross section. These are shown as dashed lines in Fig. 2,
where the individual contributions are shown. The slope (
dependengeof the octet[8,'Sy] and[8,%P,] terms is very  IThe 2,1 cross sections shown in Fig. 2 of RE#4] should have
similar with the ratio of the two contributions ranging from peen multiplied by the corresponding matrix elements, that is, by a
about 0.15 nearpr=1 GeV to about 0.32 neampt  factor of 10°2. Hence the conclusion drawn in that article about a
=15 GeV form.=1.5 GeV. The slopes of the singlet and substantial 2-1 contribution at zerg+ is wrong.
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FIG. 3. The J/y photoproduction cross section from twice- FIG. 4. The 1-res)/ 4 photoproduction cross section integrated

resolved(2-reg processes at LEP2 is shown as a functiorpef over pr from pr n,in=1 GeV, shown as a function ofs. The CS,
The CS and CO contributions are separately shown. The arrow€0 and total contributions are separately shown.
indicate the zerg+ [8,3P;], [8,1S,] and[8,3S,] cross sectionéin

pb), arising from the corresponding-21 subprocesses. ward jet. We point out a peculiarity in the case of photon-

photon interactions: the forward et originate from the
sorbed into the fragmentation function in this case. photonic remnant and in fact need to be observed in order to
The subprocess cross sections for 2-res processes are l&ssify the interaction as “Direct,” “1-res,” etc.; hence any
same as those fq-p collisions[23] since the parton content interaction with these jets will alter them in an observable
of both photons is resolved in this case. Contributions argvay. It may then be possible to study higher twist effects

from gg, gq andqasubprocesses. Here it turns out that the@nd/or non-factorizable corrections systematically. The im-
octet[ 8,%S,] term dominates at large; as can be seen from pact of such phenomena is among the issues that needs to be

Fig. 3. The[8,'S,] and the[8,%P,] terms dominate at low 2addressed in future theoretical work. ,
p; and contribute in the same ratio as in the 1-res case. Our predictions are therefore expected to be more reliable

Notice that the (OJ/¢[8,150]>+7<OJ/¢[8,3PJ]>/m§) con- for quarkonium produced at non-zero transverse momentum.

tribution is much larger than the CS term, unlike in the 1-res ' €ré exists substantial amount of data from LER/st
=189 GeV as well; the results in this case are very similar

case. Hence, even if the octet matrix elements are overesti- > ) ’
mated by a factor of 10, the CO contribution is still substan-0 What is obtained at the slightly smaller value ¢ used
tial in the 2-res case. Note also that, while the 2-res cros§ere. The variation of the cross section with the c.m. energy
section is only a few percent of the 1-res one, it can bdS shown in the next two figures. The _total 1-res cross section
kinematically easily distinguished from the 1-res case andintegrated frompr ;=1 GeV to a kinematical maximum
can be analyzed for its CO content. Hence it may be possiblef Pt,max=1S/2) is shown in Fig. 4 as a function of the
to determine these CO matrix elements accurately throughenter of mass energys. The cross section is small at lower
the 2-res channel. As in the 1-res case, the arrows in Fig. 3 &nergies, as are available at colliders suchrRISTAN but
pr=0 indicate the 2-1 contribution from the octdt8,3S,],  increases with/s. The cross section at @ e collider with
[8,1So] and[8,3P;] terms. The actuapr=0 cross section s=500 GeV isc (Pt nn=1 GeV)=68 pb. The number
will be within a K-factor of this(from the soft limit of the of J/s seen will depend on the luminosity, and the branch-
corresponding 22 diagramg The CS term is finite apt ing fraction of the cleanest decay modéy—1*1~, which
—0, as in the 1-res case. At a collider, it may be possible tgs 6%. However the ratio of the oct¢8,'S,] to [8,3P;]
observe the zerpy J/4's by reconstructing the leptonic de- terms is a fairly steady 0.15 over a large range/sf Hence
cay mode. it is possible that a combination of 1-res and 2-res processes
We note that the factorization of quarkonium prOdUCtionat e+e_ colliders can he|p determine the universal CO ma-
cross sections has not been proven with complete rigor. Thgix elements occurring id/ ¢ production.
2—1 contributiongboth for the 1-res and 2-res casean in The corresponding total cross section for the 2-res case is
principle absorb the soft and collinear singularities seen impjotted in Fig. 5. In general, the inclusion of CO terms does
the corresponding;—0 2—2 contributiong7]. These can  not affect the result that the 1-res dominates the 2-res contri-
then be considered as a first step towards establishing factasytions. Also, we find that the CO contribution is much
ization of the NRQCD cross sections. larger than the CS one; this may also reflect the fact that we
Even if factorization holds, one may expect large higher-have used octet matrix elements from the Tevatron fits which
twist corrections apr—0. At small pr higher twists are  may overestimatd/ production at HERA. However, inde-
induced by interaction of the heayy Q pair with the for-  pendently of this, the 1-res contribution dominates. This is in
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FIG. 6. The variation of thd/¢ photoproduction cross section

contrast to thee-p case, for example, at HERA, where the from once-resolvedl1-re9 processes at LEP2 for different param-

resolyed phot_on Cor_ltributiomcorr_esponding to the 2_—reS etrizations of the photon density is shown as a functiopof The
term inyy collisions is an appreciable fraction of the direct gqjig, dotted, dashed and long-dashed lines correspond to the
Fne (éorreSF)O”d'ng to the 1-res term ofy collisions  \wHIT1,2,34 parametrizations for the gluon density.
25,26.

Realistic acceptance cuts on the lepton angle pad The sensitivity of the cross section to the choice of parton
should reduce the event ratestatsTaN by approximately a  densities in a photon is also shown in this figure. There is not

factor two but only by about 10% in the case of LEP2. Ac-Much difference between the predictions from the GRY]
curate estimates will be presented in a future work. and WHIT4[21] parton distribution sets for the 1-res case.

In the case of largep; events, the situation is not so However, since both photons are resolved into their partonic

promising, since the production rate falls very rapidly with content in the 2-res case, the predictions are more sensitive

pr. What may be interesting to examine is whether rapidityto the densities in the 2-res case. It is seen that the cross

. I~ ... “sections are systematically higher when the WHIT4 param-
cuts will enhance the color octet contribution or else d|st|n—etrization is used than with the GRV set. However, the shape
gU|sh_|n some way the CO from the CS part. We leave th|s(pT dependengeremains roughly the same, independent of
guestion to future work.

Finally, we remark that there is a further uncertainty inChOICe of parametrization.

e*e” collisions compared te-p collisions since the parton IV. J/¢ PRODUCTION FROM A PHOTON LINEAR
densities in the photon are not as well known as those in the COLLIDER
proton.

The dependence of the cross section on the choice of pa- High intensity photon beams can be obtained by back-
rametrization is shown in Fig. 6. The four panels show thescattering of laser beams off electron beams. Such a photon
sensitivity of the individual gluon contribution only for the : ————
different 1-res singlet and CO contributions when the WHIT =~ 102 g\ 1-tes 7y
rather than the GRV parametrizations are used. The WHIT1 ;5 £ Vs=500 Gev
gluon is closest to the GRV gluon. The WHIT2,3 are smaller
at x>0.1 while the WHIT4 has a gluon that is twice that of
WHITL1. While the corrections are rather large, especially for
the WHIT4 density, where it exceeds 50%, the depen-
dence is the samgn all 4 panel$ for a given parametriza-
tion for all the CS and CO terms and is rather flat. Unless the 10 N
CS and CO matrix elements are known to precision, there- g b 01 SN
fore, it may not be possible to distinguish the different pa- 0 5 10 0 5 10 15
rametrizations from the 1-res cross section. py (GeV) pr (GeV)

This carl be seen from Fig. 7 where _the 1-res_ and 2-res FIG. 7. The total CS and CO 1-res and 2-dég photoproduc-
cross sections are shown for a future linear collider/at  ion cross sections shown as a functionpaf for a futuree*e”
=500 GeV. The total cross section is about an order ofinear collider atys=500 GeV. Solid and dotted lines correspond
magnitude larger than at LEP2; however, the other featureg the use of GRV and WHIT4 parametrizations for the parton den-
(such as thepr dependence of the various CS and CO con-sities in a photon. The zeqe; 2— 1 contributions(in pb) are indi-
tributions remain the same when we go to Iarg@values. cated by(double arrows for the(WHIT) GRV cases, respectively.

e L e o e e e e e LI
2—-res yy 3
V/s=500 GeV

—-
o
|

do/dp, (pb/GeV)
o
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FIG. 9. The same as Fig. 2, but for a laser backscattered photon
at \/s=500 GeV.

section in this case. Furthermore, the direct contribution in
photon colliders is much smallgby about two orders of

=500-1000 GeV and very high luminosity. Hence therey,qnitude than ine*e colliders. Hencel/ s production at

has recently been a great deal of interest in such colliders.

photon colliders will be dominated by the resolved contribu-

, The J/4 production processes here are the same as ifions, Photon colliders will therefore be good sites for testing
e"e colliders. Since the photons are accelerated by backpe color octet contribution and obtaining the octet matrix
scattering, they are distributed very differently from the ojaments that occur id/y production. Furthermore, the

WWA case. In place of Eq4) for the WWA photons, we

have

1 1
Viasek2)=|7——+1—z—4r(1—-r)|—,
O¢

1-z

quark contribution to the 1-res case is negligible here. Hence
the 1-res cross section is proportional to the gluon content of
the photon.

We have ignored the contribution to the cross section

wherer =z/(x(1—2z)) and the maximum energy of the pho-
ton is limited to z,,=«/(1+«), where the dimensionless
variable, x, is given by

4ELE
b2 00030/2,
me

K

for an electron beam of enerdyy, , a laser of energ¥, and
0 the angle between them. Here,

+2

K 4
o.=log(1+ K)+zﬁm(7 + —[Zmaxt k=2 log(1+ x)],

and we choos& =4.83 to avoid background from pair cre-
ation processesyy—e* e, in the collision.

We again use the GRV parametrizatif?0] for parton
distributions in the photon and compute the same cross sec-
tion, but for the laser back-scattered photon-photon scatter-
ing. That is, the subprocesses are the same as foe'the
case, but the laser photon distribution given in Eg.is to
be used instead of the WWA distribution. We present the
results for such a future collider wittis=500 GeV in Figs.
8,9,10. Since the subprocesses are the same as & the
case, thep; dependences are the same as before, with the
same behavior of the octg8,'S,] and[8,3P;] terms. The

from y feed-down; however, with sufficient data, it may be
possible to separate the promjptys production rate from
these decay modes. It may still be hard to separate out the
individual octet[8,'S,] and[8,3P;] contributions in these
processes.

In conclusion,J/ photoproduction at bota™e™ as well

dg/dp, (pb/GeV)

104

102

102

10t

10!

10-2

10-3

as photon linear colliders can prove to be a sensitive testing
ground to determine the color octet contributionJin pro-

duction. This, in comparison with the data frqmﬁ andep

2-res Laser
Vs=500 GeV

N \‘\,\\ \[B'aPJ]
SNBSS N
N

pr (GeV)

advantage here is in the event rate which is much larger than FIG. 10. The same as Fig. 3, but for a laser backscattered photon
in e"e” colliders, as can be seen from the much larger crosat 's=500 GeV.
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