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Color evaporation description of inelastic photoproduction ofJ/ ¢ at DESY HERA
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The H1 Collaboration recently reported a new analysis of data on the inelastic photoproducfibp of
mesons at DESY’s HERAp collider. We show that these new experimental results are well described by the
color evaporation model for quarkonium production. Moreover, these new data require the introduction of
resolved photon contributions in order to accommodate the results in the kinematic region where the fractional
energy carried by thd/y is small, demonstrating that colored perturbativestates contribute to the produc-
tion of a color singlet.
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[. INTRODUCTION sharp contrast with a simple and successful picture Ihat
production is a two-step process where a heavy quark pair is
The H1 Collaboration recently reported new data on theproduced first in any color state, followed by the nonpertur-
inelastic photoproduction o8/ mesons[1] as well as a bative formation of the colorless asymptotic state. In other
comparison with the color singld®] and color octef3]  words, color octet as well as singlet states contribute to
models. We here compare the H1 data with the color evapdghe production ofJ/¢. Several formalisms have been pro-
ration model (CEM) for quarkonium production showing posed to incorporate these basic features: the nonrelativistic
that it also provides a good description of the same dats@CD (NRQCD) method[9], the CEM schem¢10,11], and
These data probe for the first time the production of charmothe soft color interaction modg12]. The original CEM[13]
nium states carrying a small energy fractiar),(requiring ~ actually predates the color singlet approach, and had been
the introduction of resolved photon contributions in order to@bandoned for no good reason. Recent measurements of the
explain the results. These contributions are color octet conPolarization of bound charm and beauty mesons are clearly

figurations, clearly confirming the necessity to include then“ﬁt variancti V‘éith the NSQCD frdar?eonIM]; one may argu?e |
in the charmonium production mechanism. owever that we need more data and more precise calcula-

In contrast with a wealth of information on charmonium tions to come fo a firm conclusion.

production elsewhere, previous measurements of the inelas- The. formation of charmonium states has two different
tic photoproduction of charmonium at the DE®Y collider scales: the scale of the hard subprocess describing the cre-

HERA [4,5] appeared to indicate that color octet modelsation of thecc pair is_m;l, while the hadronization scale is
failed to describe the data for a large charmonium energw ocp. Therefore,cc pairs formed at short distances live
fractionz. In contrast, the color singlet model fits the lame long enough for soft gluons to readjust the color of the pairs

data well. To solve this puzzle, we argugg] that this dis-  pefore they appear as asymptatic y. or, alternativelyDD
crepancy resulted from the neglect of non-perturbative efsiates. The CEM simply states that charmonium production

fects that are important at large Implementing a phenom- is described by the same dynamicsDﬁ production, i.e., by
enological parameterization of these effects in a scheme =

originally developed for Drell-Yan phenomenology, we illus- the formation of a coloredc pair. The formation of color-

trated that agreement with data could be achieved. In thisinglet states, rather than colqred pairs, .is the result of a
work, we employ the same procedure[6] to parametrize non.-perturban.ve process mvolvmg Ie_lrge—dlstance color fI_uc-
the non-perturbative effects important at lamye tuatlon.s, and is mode]ed by a statistical counting of pqssmle

color final states. This same approach to color provides a

successful description of the production of rapidity gaps be-

Il. THEORETICAL FRAMEWORK tween jets at the Tevatrofl5-19 and HERA[17,1§ as
The failure of the color singlet mod§¥] to describe the \[’;%”2?15 the formation of forward rapidity gaps at HERA

charmonium production at the Fermilab Tevat is in . .
P i The CEM predicts that the sum of the cross section of all

onium and open charm states is described 19,19
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whereM s is the invariant mass of thec pair. The factor 1/9
stands for the probability that a pair of charm quarks formed
at a typical time scale M, ends up as a color singlet state

after exchanging soft gluons with the final state remnants. & TR ¢ 8 _

This factor reflects the fact that there is one color singlet ) ¢

state out of 9 possible color configurations of @pair. One g ot *e

attractive feature of this model is the intimate relation be- 2 s P P 2

tween the production of charmonium and of open charm

which allows us to use open charm data to perform the per{(b)

turbative QCD calculation, and to subsequently make direct 4 ¢

predictions for charmonium cross sections. q—»—mm~< _ 8 -
The fractionp,, of produced onium states that materialize ¢ ¢

asy, Y +. +.

g ——THR ¢ q q
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FIG. 1. Processes contributing to direged and resolved(b)

has been inferred from low energy measurements to be g, X .
charmonium photoproduction.

constan{22,23. It is interesting to notice that the CEM has
fewer free parameters than the other models, e.g., NRQCD; . .
nevertheless, it successfully accommodates all features g¥herePJ,¢,%p IS the four-momentum of thé/_¢, photon,. or
charmonium productiof, 24,25 proton, respectively. In the proton rest framaés the fraction
From the charmonium photoproduction, we determineaOf photor.1 energy carried by thy’ﬂ'__ .

thatp,,=0.43—0.511], a value that can be accounted for by  The direct photon procesgg—cc is important only for
statistical counting of final stat§d2]. The fact that ally ~ 2~1. For the range ot we are interested in, the direct
production data are described in terms of this single paramhoton contribution is dominated by the diagrams shown in
eter, fixed byJd/¢ photoproduction, leads to parameter-free Fig- 1(@. The charm quark pair ing fusion can be pro-
predictions for thez-boson decay rate into prompt [26] duced in both color singlet and octet configurations, while
and to charmonium production cross sections at Tevatroryq fusion exclusively yields coloredc pairs. J/¢ produc-
[27] and HERA[6], as well as for neutrino-initiated reactions tion also receives contributions from resolved photon pro-
[28]. These predictions are in agreement with the available€esses, which proceed via quark-quark, quark-gluon, and

data. gluon-gluon fusion intacc+ quark (gluon); see Fig. 1b).
Higher order processes, like those in Fig. 1, have to be
Il INELASTIC PHOTOPRODUCTION OF CHARMONIUM evaluated with some caution in the region of sndal} trans-

verse momentum and largeFor smallt-channel momentum

transfer @*)O), the gluon exchange diagrams in Fig. 1 rep-
resent the QCD evolution of the initial state gluon distribu-
tion functions, and are already included in the lowest order

yg— cc proces$29]. By themselves, the tree level diagrams
in Fig. 1 lead to a divergence far—1, which appears as an
unphysical growth of the cross section foe1.
Presently, complete QCD calculations are not available
@ : ; ]
for the processes we are interested in. Therefore, non
where the subprocess CEM cross sechois given by Eqs. perturbative effects and higher order_ QCD corrections at
\/: i large z are treated by phenomenological methods. We de-
(1) and (3). Here, Vs= yxaxg W is the center-of-mass en- gcripe charmonium photoproduction by introducing the fol-
ergy of the subproces&B—J/¢X, andfy,,, (fg)) is the lowing parametrization:
distribution function of the partoA (B) in the photon(pro-

The cross section for th& ¢ photoproduction at a given
center-of-mass energ¥ is

pr—»J/l//X(W)

:f f fA/y(XA)fB/p(XB)&ABHJ/z//X(%)dXAdXBy

ton). For direct photon interactionsAEvy) we have d’c d%0yee
fary(Xn) = B(Xp—1). dedZ:[l_F(QO’pT)][l_G(QO’Z)]dedz (6)
An important kinematical variable is
b .p with
ZEM’ (5) 22
Py Pp F(Qo.pr)=e T ()
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FIG. 3. Differential cross section as function of the inelasticity
FIG. 2. Total cross section as a function Wi, for p; ~ parameterz for p?>1 GeV and 126<W,,<260 GeV. The
>1 GeV: (a) 0.3<z<0.9 and(b) 0.3<z<0.8. The shaded band dashed line stands for the contribution from direct processes while

shows the theoretical prediction fan,=1.3+0.1 GeV. The defi- the dotted line shows the contribution from resolved processes. The

nition of the lines is given in the text. solid line is the sum of both contributions. The shaded band shows
the theoretical uncertainty associated with the charm quark mass
and (m.=1.3=0.1 GeV).
G(Qg,2)=e (727 8

rect processes, amd%= \/g for resolved processes. We also
see Ref][6] for further details. Hereg . is the tree level usep,=0.5 as thel/y fraction of all charm bound states.
perturbative cross sectioks=z(Q3+4m?)—4mZ, and (1 The shaded band is obtained by varying the charm quark
—20)=(p3+4m?)/(Q3+4m?) are positive definite or null. mass in the range,=1.3+0.1 GeV.

We found in Ref[6] that Qu=2m, best describes the data, In order to assess the uncertainty associated with the pro-

and it is this value that we use in the present work. ton structure function, we evaluate the CEM prediction using
the same parameters as for the solid line, changing GRV-94
IV. RESULTS LO for GRV-98 LO [35]; the result is plotted as a dashed

line. The dependence upon the structure function is quite

We have computed the tree level scattering amplitudegnild. We estimate the effect of higher order corrections by
numerically usingMADGRAPH [30] and HELAS [31]. The  varying the renormalization scaleg=¢u5 while keeping
phase space integration was performed using WBEAS  the other parameters fixed. The dottedsh-dottepllines in
Monte Carlo progranf32)]. . o Fig. 2 correspond to the choic&s=1/2 (2). For the sake of

_The H1 Collaboration performed their analysis using datajefiniteness, we present subsequent results using the param-
with Q<1 Ge\f. They subdivided their data into several eters associated with the solid line in Fig. 2 only varying the
different kinematical regions, in order to better determine thesharm quark mass from,=1.3=0.1 GeV.

region where perturbative QCD calculations furnish a reli-  Figure 3 shows the CEM predictions for tkespectrum,

able description of the data. We will compare the CEM pre-yitn pr>1 GeV and the center-of-mass energy in the range
dictions with the H1 results using the same cuts that Werq20<Wyp< 260 GeV. The experimental points represented
applied to the experimental data. First, we analyze the beyy triangles and squares correspond to two different data
havior of the total cross section as a function of 8  sets; see Ref1] for details. The direct photon contribution is
center-of-mass enerdyV) for two differentz regions, requir-  represented by the dashed line, and the resolved one by the
ing a minimumJ/4 transverse momenturpy>1 GeV. In  qotted line; the solid line displays the sum of direct and
Fig. 2(a) we show the CEM predictions for 0:3<0.9, and  resolved contributions. The shaded area corresponds to the
in Fig. 2b) we present our results for 6:<0.8. ~ total CEM prediction for the charm quark mass range de-
A relatively wide choice of QCD parameters associatedscriped above. The agreement with the data is quite good.
with the evaluation of charmonium photoproduction leads tavioreover, the data at low and mediurdo require the in-
a large theoretical uncertainty. In Fig. 2, the solid lines arqroduction of resolved processes in order to explain the re-

obtained assumingl.=1.3 GeV, the GRV-94 leading order syjts. This is a clear signal that colored charm quark pairs
(LO) [33] parametrization of the proton structure functions contribute to thel/ ¢ production.

and GRV-G LO[34] for the photon parton density. For both |y Fig. 4 we present the? distribution for the lowz

structure functions, we set the factorization scale/as  sample 0.05:2<0.45 which corresponds to the triangles in
=+y/s and we evaluated the running of the strong couplingFig. 3. For these values afwe expect the theoretical uncer-
constant in leading order with four active flavors usingtainties due to higher order corrections to be small, and we
Agcp=300 MeV, renormalization scalﬁ%= \/§mC for di- can see that the CEM and data agree well. The disagreement
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FIG. 4. Squared transverse momentpfdistribution for data FIG. 6. Squared transverse momentp# distribution for 0.3

collected in the very inelastic region 005<0.45 and 120 <2<0.9 and center-of-mass energy <6/,,<240 GeV. The
<W,,<260 GeV. The shaded band shows the theoretical uncershaded band shows the theoretical uncertainty associated with the
tainty associated with the value of the charm quark mass ( Value of the charm quark mass(=1.3+0.1 GeV).
=1.3+0.1 GeV).

value of the transverse momentum does not improve the
r quality of the fitting, indicating that our parametrization of
order non-perturbative corrections. the higher order effects correctly incorporates the depen-

Higher order effects are sizeable in the medium and higlgem.:(:J on thegninimt;}rp;. d
zregions. Therefore, the H1 Collaboration divided their data . F'_9“f¢ 6 shows t E]. v square transverse momentum
sample into severgh; andz regions for center-of-mass en- distribution for the medium and highdata. The agreement
ergies in the range 60W,,<240 GeV. This allows us to between th?"fy and qata Is satisfactory. The shape of the
make a better compariso% of data and theory. spectrum disagrees with data for the very lpw bins. In

In Fig. 5, we compare the CEM predictions for thele- order to understand what is happening, let us consider this
pendencé with data for three different values of e distribution for three different bins, 0.75<2<0.9, 0.6<z

minimum transverse momentum, i.@;>1,2, and 3 GeV. <0.75, and 0.3z<0.6; see Fig. 7. The predictions have

The curves have been divided by factors 1,10, and 100, rd2é€n divided by factors 1,10, and 100, respectively, to help

spectively, in order to help visualization. There is an Overa”wsuallzatlon. We learn from this figure that the agreement

agreement between data and theory, except for the highe@?tween .CEM predict'ior)s gnd data improves for Ipwe-
bin in z Moreover, removing our regularization procedureg'ons' This reflects a limitation of the ability of the proposed

worsens the theoretical resu[8]. Increasing the minimum

between data and theory at largés associated with highe

|
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FIG. 7. Squared transverse momenty spectrum for 60
<W,,,<240 and data collected in three different inelastic bins:
FIG. 5. Differential cross section as function of the inelasticity 0.75<z<0.9 (upped, 0.6<z<0.75 (middle), and 0.3<z<0.6
parameter for pr>1,2, and 3 GeV, divided by the factor 1, 10, and (lower). For visualization the curves have been scaled as 1, 1/10,
100 respectively. The shaded band shows the theoretical uncertainiynd 1/100 from top to bottom. The shaded band shows the theoret-
associated with the value of the charm quark masg=(1.3 ical uncertainty associated with the value of the charm quark mass
+0.1 GeV). (m,=1.3+=0.1 GeV).
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parametrization to completely mimic higher order QCD con-the computation of charmonium production, since the data in
tributions when we approach the elastic region. It also im-this region can only be explained by resolved photon pro-
plies that the small discrepancy with data for the highest bitesses, which generate colored pairs.

on z must be credited to the lack of a complete QCD calcu-
lation and is not related to the color evaporation approach to

describing quarkonium production.

V. CONCLUSIONS
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