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Testing quarkonium production with photoproduced J/ ¢+ y
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I compute the leading color-octet contributions to the procesp— J/ ¢+ y(+ X) within the nonrelativ-
istic QCD (NRQCD) factorization formalism. In the color-singlet modélg+ y can only be produced when
the photon interacts through its structure function, while the color-octet mechanism allows for production of
J/ ¢+ v via direct photon-gluon fusion. Resolved photon processes can be distinguished easily from direct
photon processes by examining the fraction of the incident photon energy carried awaylby thehe event.
Therefore, this process provides a conclusive test of the color-octet mechadhisimy production is particu-
larly sensitive to the NRQCD matrix element which figures prominently in the fragmentation production of
J/y at largep, in hadron colliders. | also examine the predictions of the color evaporation niG&M) of
quarkonium production and find that this process can easily discriminate between the NRQCD factorization
formalism and the CEM.S0556-282(197)02207-§

PACS numbgs): 13.60.Le, 12.38.Bx, 13.85.Qk

In recent years, quarkonium production has become theubject to considerable theoretical uncertainties due to higher
subject of intense theoretical and experimental investigatiomorder QCD corrections. However, for reasons that will be
This has been motivated by the observation of gross discregliscussed later, | expect the shape of the energy spectra to be
ancies between experimental measurementd/ ¢fand ¢’ well predicted by the leading order calculation even though
production at the Collider Detector at FermiléBDF) [1],  the normalization of the total cross section is not. This makes
and theoretical calculations based on the color-singlet modet+P—J/¢+ ¥(+X) an excellent process for testing theo-
(CSM). Attempts to understand this discrepancy focus orfi€s of quarkonium production. o
new production mechanisms which allow tbe to be pro- Before | discuss theoretical predictions fort p—J/y
duced in a color-octet state and evolve nonperturbatively inta” ¥(+X), I will briefly review the deficiencies of the CSM
charmonium. In this paper, | examine the photoproduction of"d motivate the NRQCD factorization formalism and the
associated/ ¢+ y within two different frameworks for com- tcrzwil\t/lﬁerrC%TpLea?Egﬁ:;e rrggheg;’io?]f cr;r?ebnet f%i\ﬂoiﬁr%%?ts in
putation of quarkonium production: the nonrelativistic QCD In the %SI\/(IJ[B] quarkgnium is viewed as a nonrelati;/is—
(NRQCD factorization formalism and the color evaporation . . ' - . .
model (CEM). In the NRQCD factorization formalism, non- tic, color-singlet bound state of @Q with definite angular

perturbative aspects of quarkonium production are organize omentum quantum humbers. Productian decqy rates
: U ) . or a quarkonium state are computed by calculating the pro-
in_an expansion in powers of, the relative velocity of the -

: . . . duction(or decay of aQQ pair which is constrained to be in
QQin quarkonlg. For productlpn _c$—vyaye quarkonia, the color-singlet s),ytate and Ff)1ave the same angular momentum
CSM Emerges in the nonrelatlystlc limit—0, aqd co]or- guantum numbers as the physical quarkonium. The dynamics
octet mechanisms are the leading order corrections ivthe ¢ 1 formation of the bound state are parametrized by the
expansion. In the CEM, the hadronization@R pairs into  \yave function, or its derivatives, evaluated at the origin.
quarkonia is assumed to be dominated by long-distance fluc- gych a description is not entirely satisfactory from either
tuations of gluon fields which motivates a statistical treat-; theoretical or an experimental point of view. For instance,
ment of color. _ a calculation of inclusive hadronic decaysRivave quarko-

At leading order, the CSM predicts thaty+y can be s in the CSM reveals infrared divergencesGiia?) [4].
produced in photon-proton collisions only if the incident thege divergences cannot be simply absorbed into the single
photon is resolved, resulting 0y that carry a small frac-  gyisting nonperturbative parameter, the wave function at the
tion of the incident photon energy. Color-octet mechanismg,gin “Furthermore, recent calculations of quarkonium pro-
allow J/4+y to be produced through direct photon-gluon gyction in the CSM fall below the observed production of
fusion and the resulting/ ¢ are typically much more ener- 4/’ at CDF by a factor of 305]. These developments have
getic. The energy spectra df¢ then directly indicates the |oq t0 a new paradigm for the computation of quarkonia
r_elative impo_rtance _of color-octet and color-singlet pr,Od‘,JC'production and decay based on the nonrelativistic QCD
tion mechanisms. Since the CSM, the NRQCD factorlzatlortNRQCD) factorization formalism of Bodwin, Braaten. and

formalism, and the CEM_each differ in the relative impor- Lepage[6]. In this formalism, the cross section for produc-
tance of the octet and singlet components, Jh¢ energy  +ion of a quarkonium statél is written as
spectra predicted by the three models differ in a qualitative

way. The leading order calculations in this paper will be
o(H)=2 cy(0]O[0). D

*Electronic address: mehen@dirac.pha.jhu.edu (A similar expression holds for quarkonium decay rates.
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The short-distance coefficients are computable in pertur- possible that for charmonium the velocity expansion is not
bation theory. Thé0|O"|0) are matrix elements of NRQCD well behaved, in which case E¢l) would cease to be of
operators of the form practical value.
A phenomenological alternative to the NRQCD formal-
ism which has received renewed attention in the wake of the
Himy ' anomaly is the color evaporation mod€EM) [8]. The

<O|On|0)—§x‘, E;‘ <O|K;|H()‘)+X><H()‘)+X|K”|O>' ) CEM is a simple, intuitive model for quarkonia production

which relies on a minimal number of undetermined param-

eters. Like the NRQCD factorization formalism, the CEM
The «, in EqQ. (2) is a bilinear in heavy quark fields which allows for color-octet production, since no constraints are
creates &) Q pair in a state with definite color and angular Placed on the color configuration of the quarks produced in
momentum quantum numbers. These matrix elements débe short-distance process. The CEM differs from the
scribe the evolution of th€Q into a final state containing NRQCD formalism in its treatment of nonperturbative as-
the quarkoniumH plus additional hadronsX) which are pects of quarkonia production. In this model, the hadroniza-
soft in the quarkonium rest frame. Since this paper will onlytion of the QQ pair is characterized by multiple soft gluon
deal with unpolarized production, a sum over polarizationgmission which is not suppressed by any powew oénd so
(\) of the quarkonium is included in Eq2). Below | will the treatment of color is statistical. The sum of cross sections
use a shorthand notation in which the matrix elements aréor production of all quarkonium states is related to the dif-
given as<ol(41’8)(zs+_1|_3)>_ The angular momentum quantum ferential cross section for producing quark-antiquark pairs by

numbers of theQQ produced in the short-distance process 1
are given in standard spectroscopic notation, and the sub- f
script refers to the color configuration of tl@Q: 1 for a
color singlet and 8 for a color octet. These matrix element
obey simple scaling laws with respectdo the relative ve-
locity of the QQ. This allows for a systematic expansion in 8 [2mp
the two small parameters relevant for quarkonia{2mg) Toper™g J
andv . For production ofS-wave quarkonia, the results of the
CSM are recovered in the limit— 0, since the leading ma-
trix element in Eqg.(1) can be related to the square of the

wave function at the origin in the CSM. . ; . )
This formalism solves the problem of infrared diver- in a color-singlet state. For production of exclusive quarko-
i:um states more nonperturbative information is needed. In

gences because the infrared divergences in the calculation CEM. iti d that the fract f Koni at
the short-distance coefficients can be systematically factore € LIS assumed that the fraction of quarkonium states
that emerge ad/ ¢ is independent of the particular produc-

into the matrix elements appearing in Ed). Thus a clean . q be d bed b inal ter-
separation of long- and short-distance scales is obtained. FJfon process and can be described by a single parameter:

thermore, new quarkonium production mechanisms are now _

. . L. . — 9314~ P31y onium- (5
possible, since it is no longer required that @& produced
in the short-distance process have the same color and angular |n, this paper, | will compute the production cross sections

momentum quantum numbers as the quarkonium state. Cefy, y+p—Jl+y(+X) in the NRQCD factorization for-
tral to the resolution of the)’ anomaly[7] are color-octet mgalism and the CEM. Both calculations will be to leading
processes, in which th@Q is produced in a color-octet state order in as. The absolute normalization of these leading
in the short-distance process. F&wave quarkonia produc- order calculations is not to be trusted to a high degree of
tion, the color-octet matrix elements are suppressed by precision because of large theoretical uncertainties due to
relative to the leading color-singlet matrix element. This isambiguity in the choice of the charm quark mass, scale set-
not a very large suppression in the case of charmonium sinagng ambiguities, and potentially large higher order QCD cor-
one expectw?=0.25. Furthermore, in some instances, therections. Therefore measurement of the total cross section
short-distance process which produces a color-&@@tcan  will not be a sensitive test of quarkonium production theory
be lower order in the strong coupling than the correspondingintil the substantial theoretical uncertainties are reduced.
color-singlet process. In this case, color-octet and colorHowever, differential distributions are expected to be less
singlet mechanisms are equally important since the colorsensitive to these uncertainties. As an example, the higher
octet is suppressed by a factor o4/ as~1. order QCD corrections to color-singlet photoproduction of
The factorization theorem for production of quarkonia is aJ/ [9] increase the total cross section by a factor of 2 but
prediction of QCD which has been proven at a level of rigorleave the shapes of the differential cross sectibmédz and
similar to proofs of factorization for the Drell-Yan process in do/dp, essentially unaffected. Similarly, leading order
hadron collisions. Its utility as a tool for quantitative descrip- computationg8] within the CEM show that the model cor-
tion of quarkonia production depends on the convergence akctly produces th@, dependence al/ ¢ production at the
the expansion in the parameter If the expansion irv is  Fermilab Tevatron but & factor of roughly 2 is needed to
sufficiently convergent, then only a small number of the non-achieve correct normalization of the total cross section.
perturbative matrix elements in E¢l) need to be retained, | first discuss computation ad/¢+ y production cross
and the formalism is predictive as well as rigorous. It issections within the NRQCD factorization formalism. The

2my  doge

2mc dm ’

()

Uonium:§
SA similar formula holds for the production of open charm:

do.¢c do.c
m—Uchrf dm UCC. (4)
2mp

2m; dm dm

The variablem is the invariant mass of th_ec_pair. The
factor 1/9 represents the probability that thepair emerges
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short-distance coefficients appearing in Eb.can be com-  (p,-pn)/p,-Pn). The four-momenta of the initial state pho-
puted by matching a perturbative calculation in full QCD ton, theJ/y, and the proton are denoted,, p,, andpy,

with a corresponding perturbative calculation in NRQCD.respectively. In a frame in which the proton is at rest,
The production cross section ofca pair with relative three  represents the fraction of the photon energy carried away by
momentumg is computed in full QCD and Taylor expanded the J/«. p, is the magnitude of thd/y three-momentum

in powers ofg. In this Taylor expansion, the four-component normal to the beam axis. The differential cross section for
Dirac spinors are expressed in terms of nonrelativistic twounresolved photoproduction given above is expressed in
component heavy quark spinors. The NRQCD matrix eleterms of these variables by making the substitutions

ments on the right-hand side of E{) are easily expressed

in terms of the two-component heavy quark spinors and p?+(2m.)%(1-2)

powers ofg, and then the,, appearing in Eq(l) are chosen S= 72(1-2) '

so that the full QCD calculations and NRQCD calculations

agree. A more detailed discussion of the matching procedure, p? +(2my)3(1—2)

along with examples of specific cross-section calculations, is t=-— ,

found in Ref.[10]. Here | give the parton level differential z

cross sections relevant for resolved and direct photoproduc- 2

tion of J/¢+ vy, including both color-singlet and color-octet u=— Py _ (9)
contributions: 1-z

o The total cross section is obtained by convolving the differ-
Gt (Y9 ddty) ential cross section with the gluon distribution function of
the protonf g,(x):

_ 6472 egazczysmc(5255+t22t542ru2uf)<Og/¢(3sl)> do xfo () do
3 s sitiu ’ = = St
1taug Tot fdxdtfg/p(x) it fdzdpfz(l_z) - 10
(6)
d The momentum fraction of the gluaxis related toz and
(o
Gt (9t9=3y+y) P by
2 2
s  pi+(2my)“(1—-2)
3 ergaagmc 10 szsi+t2tf+u2uf I XZS—Z S S Z(;.—Z) , (11
= 32 9 21202 (05 "(°sy) P P
1*1%1

where s, is the photon-proton center-of-mass energy

22 242 2,,2 . .
16(5 sttt +utuy (0233, squared. For processes involving a resolved photon the for-

27 sitius mulas in Eq.(9) are correct provided is replaced with
z=1z/ly, wherey is the fractional momentum carried by the
i tu <OJ/¢(1SO)>+ E 1 parton coming from the photon. The total cross section is
2ssm; 8 2 ssm; then obtained by integrating over the parton distribution

functions of the proton and photon:

2
X Zs(2mc)2+3tu—w)(og"”(g%))}, (7) do
o= [ dxayatt 001y, 5
do _
grlata—Jdy+y) :f dydzdéxfg,g)fg,_y(y) d_o_ 12
2 2 2 2 3 yz1-2) dt
Am® egaag [t U 2(2my)°s| (05" (°S1))
27 22my)?lu Tt tu Me In this casex=s/ys,,. Similar formulas hold for processes
) 2 2 W3 in which the initial state partons are quarks.
87 Eeaas 22 (03 "(°Sy) For calculation within the CEM, the matrix elements for
9 s3sf u) m, vy+g—c+c+y,g+g—c+c+y, andq+g—c+c+y are
found in Refs[11,12. | fix p, to be 0.45, which is consis-
2. 2 5 2 tent with the results of Ref8]. A very similar computation
+| 3(t7+u%) +4(2mg) (s+4mp) of e+ p—J/ ¢+ y within the CEM can be found in Reff13].

For both CEM and NRQCD calculations, | use the GRV
leading order parton distributions for the protdm}] and the
: ®) photon[15]. | use the one-loop expression for the running
coupling with A 5cp=232 GeV andhy=3. (This is the defi-
In these formulass, t, andu are the Mandelstam variables; nition of ag used in the GRV parton distribution functiops.
s;=s—4m?, t;=t—4m?, andu;=u—4m?. The scale for the strong coupling. is given by u?
Two variables which are more commonly used in photo-= pf+(2mc)2, wherem.=1.5 GeV. For numerical values
production arez and p, . The variablez is defined to be of the NRQCD matrix elements | use

(03(®Py))
mC

8(2m,)%tu
+
S
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(OFV(33)))=1.1 GeV, (13 2o
07%(%3,))=0.0066 GeV, 60
(057 (%) otot(pb)
(097(15))=0.04 GeV?, 50
40
(03"(°Po))
————-=-0.003 GeV. 30
C
: I3 ; 20
The matrix elemen{O; ¥(°S,)) is extracted from the lep-
tonic J/¢ decay in Ref.[16]. In Ref. [17], the value of 10
(0Y¥(3s,)) is determined from a fit to charmonium produc- )

tion measured at CDF. The values 60Y"('S,)) and
<O§’¢’(3PO)) are determined from a study of electroproduc-
tion of J/¢ found in Ref.[18]. The electroproduction results
are consistent with linear combinations @3 *(1S,)) and

I3 - i
<08 ( P0)> extracted at CDF17], low-energy fixed target cross section as a function d{_; Dashed, dotted, and dashed-dotted

experimentg19], and photoproductiof20]. The extractions lines indicate the contributions from color-singlet mechanisms, re-

of color-octet NRQCD matrix elements use Ieadlng-ordersolved color-octet mechanisms and direct color-octet mechanisms,

theoretical calculations, and hence the numerical valuegspectively. The sum of all production mechanisms is indicated by
listed above should be regarded as rough estimates rath@g solid line.

than exact results. o

The negative value fofOy(3P,)) may at first sight color-octet components of the NRQCD predictions are all
seem unphysical because the tree level definition of this op¢€ry Similar. The CEMp, distribution differs from NRQCD
erator is positive definite. This could be taken as a sign tha@nly in the overall magnitude. Since the differences in mag-
the leading-order extractions of the NRQCD matrix elementé"tUde are aIr(_aad_y re_flected in the total cross section, | do not
are not be trusted. However, in RéL8] it is argued that Show thep, distributions. ,
loop corrections may actually make the matrix elements of More interesting are the distributions in the variablén
the renormalized ~operator negative. The operatofig- 3, | plot the NRQCD predictions fodo/dz at
0Y?(3P,) receives a quadratically divergent loop correction VS=100 GeV. Color-singlet processes dominatez&t0.2
proportional to the leading color-singlet operatora_nd are _negl_|g|ble forz>0.5, while color-octet processes
Oi/lp(asl)_ Perturbative consistency may suggest neglectin@'V€ 2 S|gq|flcant enhancement of_ the cross section for
such an effect in a leading-order calculation because thi >04.InFig. 4, compare ihe prgdlct|or)s of the CEM a’.‘d
mixing is formally higher order ires. However, the mixing € _NRQCD factprlzatlon formahsm. Since the CEM IS
is enhanced by a factorud since the 0peratdr)i’¢’(381) is _doml_nated by_a direct production process, the cross section
lower order in the velocity expansion. In any case, photoproln this model is strongly peaked at high Resolved color-

duction ofJ/ ¢+ y is not very sensitive téOé"”(SPo)), since singlet production ofl/ s dominates the NRQCD prediction

this matrix element only appears in resolved color-octet rolcor the cross section, leading to a substantial fraction of
only app ) P J/¢ produced at lowz, in stark contrast to the CEM where
cesses whose contibution is heavily suppressed.

) production at lowz is very small. While the color-octet com-
| compute the total cross section foy+p—J/i onent of the NRQCD prediction gives an enhancement in
+ y(+ X) for the range of energies typical of the DE®Y P P g

collider HERA, 30 Ge\k \/s<200 GeV. The cutz<0.9 .
andp, >1 GeV are imposed in order to avoid contamination 70
due to higher twist effects and diffractive processes. The
theoretical prediction of the NRQCD factorization formalism

is shown in Fig. 1. Resolved color-singlet processes give the C’tot(pb)
leading contribution to the total cross section. Direct color-

octet processes give a contribution that is between 20-50 %

of the total cross section for most values ¥$. Resolved 30
color-octet contributions are negligible. Associat¥ds+ vy
production is only sensitive to the color-octet matrix element

0 50 100 150 200
\/E(GeV)

FIG. 1. NRQCD predictions fory+p—J/¢y+ y(+X) total

60

40

20

(0Y¥(3s))) and very insensitive to(OY"('Sy)) and 10
(OY"(®Py)). In Fig. 2, | compare the NRQCD and CEM 0 A , , )
predictions for the total cross section. At most values/sf 0 50 100 150 200
the CEM prediction is lower than the NRQCD prediction, \/E(GeV)
but never by more than a factor of 2.
| also computedo/dp? for the NRQCD factorization for- FIG. 2. Comparison of the NRQCD and CEM predictions for

malism and the CEM. The shapes of the distribution of  the total cross section. The solid line shows the NRQCD prediction,
the resolved color-singlet, direct color-octet, and resolvedhe dotted line shows the CEM prediction.
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80
j_‘z’(pb) o
40
20
0 .
0 0.2 0.4 0.6 0.8 1
z

FIG. 4. Comparison of NRQCD and CEM predictions for
do/dz at \/s=100 GeV. The solid line shows the NRQCD predic-
FIG. 3. NRQCD predictions forde/dz at \'s=100 Gev. tion, the dotted line shows the CEM prediction.
Dashed, dotted, and dashed-dotted lines indicate the contributions

froan dgolor-sinlgjlet mechanishms., resolved col.or-loctethmechanismT, After this paper was submitted for publication, two pre-
T e e et " " bt appeared urich ls iscussed associg y pro
P 4 ' duction. Cacciari, Krmer, and Grec$21] present a detailed
the largez region, the NRQCD distribution is much flatter study of photoproduction as well as electroproduction of
here than in the éEM J/y+ v, including color-octet contributiongA preliminary

It is clear that thez distribution in associated/ ¢+ y annognf:ement._of some of thei_r results is giyen in a talk by
production can be an excellent tool for distinguishing be-Cacciari and Krener [22].) Their results are in agreement
tween different models of quarkonia production. An obser-With the results_presented_ln thls_paper. Early calgulatlon_s of
vation of associated/ s+ y events withz>0.5 would be a J/#+ y production are reviewed in a recent preprint by Kim
strong piece of evidence in favor of color-octet mechanisms23]- The calculations o8/ + y production inep collisions
Observation of an enhancementJfiy+ y events at lonz ~ appearing in Ref.23] are performed within the color-singlet
would rule out the CEM. Photoproduction df¢+ y also ~ model. Color-octet contributions may be important for some
serves as an important new cross check of the extractiof the distributions presented in this paper. In particular, the
color-octet matrix elements at the Tevatron, since it is sensiphoton rapidity distributions shown in Fig. 9 of R3]
tive to the matrix elemerttOY ¥(3S,)), which is most impor-  were shown to receive important color-octet corrections in
tant in fragmentation production df s at largep, . Photo-  Ref. [21].
production ofJ/y+y IS complimentary to §tud|es of low- I would like to thank Bob Fletcher, Adam Falk, and Sean
energy hadroproductio19], photoproduction[20], and o oo fe o enlightening discussions. This work was
electroproductiori18], which provide independent measure- 9 y en’ig 9 "
ments of (O2%('Sy)) and (OY¥(®Py)), but not supported by the National Science Foundation under Grant
(0'(3s)) 8 8 L Ton No. PHY-9404057.
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