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Soft color enhancement of the production ofJÕc ’s by neutrinos
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We calculate the production ofJ/c mesons by neutrino-nucleon collisions in fixed target experiments. Soft
color, often referred to as color evaporation effects, enhances production cross sections due to the contribution
of color octet states. Though still small,J/c production may be observable in present and future experiments
such as NuTeV andm colliders.
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I. INTRODUCTION

The power of neutrino beams for probing the structure
the nucleon as well as general properties of QCD has b
demonstrated by many experiments@1–3#. Here we reexam-
ine the measurement of charm production in neutri
nucleon interactions, which has been extensively stud
@4–7#. Because of its striking experimental signature in
dimuons, the neutral current production of charm as aJ/c
bound state is of particular interest@8#. This process only
occurs at an observable rate, provided color octet states
lead to the formation of charmonium in addition to the tr
ditional color singlet contributions@9#.

It is now clear thatJ/c production is a two-step proces
where a heavy quark pair is produced first, followed by
nonperturbative formation of the colorless asymptotic sta

As a consequence, color octet states as well as singlecc̄
states contribute to the production ofJ/c. This is clearly
supported by the data@10–13#. Two formalisms were pro-
posed to incorporate these features: nonrelativistic Q
~NRQCD! @14#, and the soft color~SC! scheme@15,16#. Ex-
periments measuring the polarization of bound charm
b-flavored mesons, or, more precisely, the absence of it,
clearly favor the second framework.

Here we therefore reevaluate the production ofJ/c by
neutrino beams in the SC scheme; for comparison, see
@17# which contains the NRQCD results. The basic SC
sumption is that no observable dynamics is associated
the soft processes that connect the color of the perturba
produced charm pair with the colorless charmonium bou
state. This scheme, although far more restrictive than o
proposals, successfully accommodates all features of c
monium and bottomonium production. Earlier quarkoniu
production computations already referred to this as the c
evaporation model@15#. It correctly predicts the energy an
final state momentum dependence of charmonium and bo
monium hadroproduction and photoproduction at all en
gies, as well as their production in electron-positron coll
ers. This approach to color is also used to formulate
successful prescription for the production of rapidity ga
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between jets at the fermilab Tevatron@18–20# and DESYcp
Collider HERA @20,21#.

The SC formalism predicts that the sum of the cross s
tions of all charmonium and open charm states is descri
by @16,18#

sonium5
1

9E2mc

2mD
dMcc̄

dscc̄

dMcc̄

~1!

and

sopen5
8

9E2mc

2mD
dMcc̄

dscc̄

dMcc̄

1E
2mD

dMcc̄

dscc̄

dMcc̄

, ~2!

whereMcc̄ is the invariant mass of thecc̄ pair. The factor 1/9
stands for the probability that a pair of charm quarks form
at a typical time scale 1/Mc ends up as a color singlet sta
after exchanging an uncountable number of soft gluons w
the reaction remnants. One attractive feature of this mode
the above relation between the production of charmoni
and open charm which allows us to use the open charm
to normalize the perturbative QCD calculation, and con
quently to make more accurate predictions for charmoni
cross sections.

The fractionrc of produced onium states that materiali
asc,

sc5rcsonium, ~3!

has been inferred from low energy measurements to b
constant@22,23#. From the charmonium photoproduction, w
determined thatrc50.43–0.5@13#, and even this paramete
can be accounted for by statistical counting of final sta
@24#. The fact that allc production data are described
terms of this single parameter, fixed byJ/c photoproduction,
permitted us to correctly predict a rate forZ-boson decay
into prompt c @25# an order of magnitude larger then th
color singlet predictions, and to explain the observed prod
tion at the Tevatron@26# and HERA@27#. Therefore, let us
study the SC prediction for charmonium production
neutrino–nucleon collisions.
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II. RESULTS

The NuTeV Collaboration recently reported on the fi
observation of open charm production in neutral current d
inelastic neutrino scattering@7#. The observed production
rate is consistent with a pure gluon-Z0 boson fusion, and the
observed level of charm production was used to determ
the effective charm mass. They found that a value of

mc51.4020.36
10.8360.26 GeV ~4!

best describes the total open charm production for an ave
neutrino energŷEn&5154 GeV.

The SC contribution for the promptJ/c is directly con-
nected to open charm total cross section; see Eqs.~1! and~2!.
The same value of the naked charm mass that best desc
the open charm production rate must also describe the bo
states, as they are both produced through the same lea

FIG. 1. Cross section of the reactionnN→nJ/cX as function of
the energy of the incident neutrino beam for three values of
charm quark mass. The central~upper and lower! curve was ob-
tained usingmc51.40 (1.14 and 1.66) GeV. The arrows indica
the average beam energy for the NuTeV experiment and a fu
muon collider~NMC!.

FIG. 2. Differential cross section ofJ/c as function of the
squared momentum transferred by the leptonic system.
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perturbative subprocessn1g→n1cc̄. To evaluate theJ/c
production via neutral current we used the packa
MADGRAPH @28# and HELAS routines@29# to obtain the full-
tree level scattering amplitude. We used the 1994 Glo
Reya-Vogt~GRV94! leading order~LO! @30# parton distribu-
tion function, adjusting the renormalization and factorizati
scales as appropriate for a leading order calculation;
choosemR5mF5Q214mc

2 , where Q2 is the momentum
transferred from the leptonic system. The strong coupl
constant was evaluated in leading order withLQCD

5300 MeV, and the fraction of color singletcc̄ pairs with
invariant mass below the open flavor threshold that h
ronizes asJ/c was assumed to berc50.5. Using the centra
valuemc51.40 GeV, we obtained

s~nN→nJ/cX!59.025.7
18.131022 fb ~5!

for the NuTeV experiment, where the errors reflect the s
tematic uncertainty on the charm mass measurement.

Using these same choices of parameters we extrapol
the total J/c production cross section for other values
^En&; the result is presented in Fig. 1, where we pinpoint

e

re

FIG. 3. Transverse momentum differential cross section of
producedJ/c ’s.

FIG. 4. J/c energy distribution for an incident neutrino beam
200 GeV.
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mean neutrino beam energy achieved at NuTeV, as we
the value expected at planned muon collider facilities.
order to show the cross section dependence on the un
tainty of the charm mass, in this figure we also present
error band that corresponds to the systematic error on
charm mass as measured by NuTeV.

These results clearly indicate that the detection ofJ/c ’s at
NuTeV is a challenging task. For instance, taking into
count that NuTeV observed about 1.33106 deep inelastic
scattering events, withs total50.82 pb, we could expect be
tween 3 and 16 dimuons events to be produced fromJ/c
decays.

The planned muon colliders should be able to gene
neutrino beams with sufficient high luminosity to clearly o
serveJ/c events. Moreover, at these machines the neut
flux can be accurately calculated@31#, allowing more precise
predictions. For instance, a 23250 GeV muon collider pro-
duces a collimated neutrino beam with average ene
^En&5200 GeV@31#. If we assume the general purpose d
tector suggested by King@32# with . 50 g/cm2 density, we
should have the production of 35–180 dimuons events
year originated fromJ/c decays, which would allow a mor
detailed study of its production properties.

In Fig. 2 we present theQ2 distribution for a neutrino
beam with average energŷEn&5200 GeV @31#. Figure 3
shows thatJ/c ’s will be mostly produced with a small trans
ar

tt.
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verse momentum; however, theJ/c ’s will carry a rather
large energy~on average 88.7 GeV)~see Fig. 4!.

III. CONCLUSION

Using the NuTeV analysis of open charm production,
calculated theJ/c cross section in the soft color model. W
found thats(nmN→nmJ/cX)59.025.7

18.131022 fb at the av-
erage neutrino beam energy of the NuTeV experiment.
subsequently calculated the dependence of theJ/c cross sec-
tion as a function of the average energy of the incident n
trino beam, and displayed some differential cross sections
a neutrino beam associated with a future muon collider.
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@26# O. Éboli, E. Gregores, and F. Halzen, Phys. Rev. D60, 117501

~1999!.
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