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Soft color enhancement of the production ofl/¢’s by neutrinos
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We calculate the production df ¥ 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,is production may be observable in present and future experiments
such as NuTeV ang. colliders.
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[. INTRODUCTION between jets at the fermilab Tevatrgt8—-20 and DESYcp
Collider HERA[20,21].

The power of neutrino beams for probing the structure of The SC formalism predicts that the sum of the cross sec-
the nucleon as well as general properties of QCD has beglipns of all charmonium and open charm states is described
demonstrated by many experimefits-3]. Here we reexam- by [16,1§
ine the measurement of charm production in neutrino-
nucleon interactions, which has been extensively studied o :Efszd _doce )
[4-7]. Because of its striking experimental signature into M9 Jom, Mg
dimuons, the neutral current production of charm a¥ &
bound state is of particular intereg8]. This process only and
occurs at an observable rate, provided color octet states also B B
lead to the formation of charmonium in addition to the tra- o =§J'2mD _docc +f _dogg ©)
ditional color singlet contribution9)]. open g ° amy  dMgg

It is now clear that)/ ¢ production is a two-step process .
where a heavy quark pair is produced first, followed by thewhereM S is the invariant mass of thec pair. The factor 1/9
nonperturbative formation of the colorless asymptotic statestands for the probability that a pair of charm quarks formed
As a consequence, color octet states as well as singlet at @ typical time scale M, ends up as a color singlet state

states contribute to the production &fy. This is clearly after exchanging an uncountable number of soft g_luons Wit.h
supported by the datil0—13. Two formalisms were pro- the reaction remnants. One attractive feature of this model is

posed to incorporate these features: nonrelativistic QCI.j)he above relation between the production of charmonium

and open charm which allows us to use the open charm data
(NRQCD) [14], and the soft colo(SO schemd 15,16 Ex- gy normalize the perturbative QCD calculation, and conse-

2mg cc

periments measuring the polar|z.at|on of bound charm an uently to make more accurate predictions for charmonium
b-flavored mesons, or, more precisely, the absence of it, no ross sections

clearly favor the second framework. , The fractionp,, of produced onium states that materialize

Here we therefore reevaluate the productionJ6f by  5¢ o,
neutrino beams in the SC scheme; for comparison, see Ref.
[17] which contains the NRQCD results. The basic SC as-
sumption is that no observable dynamics is associated with
the soft processes that connect the color of the perturbativieas been inferred from low energy measurements to be a
produced charm pair with the colorless charmonium boundgonstan{22,23. From the charmonium photoproduction, we
state. This scheme, although far more restrictive than othettetermined thap ,=0.43-0.5[13], and even this parameter
proposals, successfully accommodates all features of chatan be accounted for by statistical counting of final states
monium and bottomonium production. Earlier quarkonium[24]. The fact that allyy production data are described in
production computations already referred to this as the coloterms of this single parameter, fixed bt photoproduction,
evaporation modd]l15]. It correctly predicts the energy and permitted us to correctly predict a rate f@rboson decay
final state momentum dependence of charmonium and bottarto prompt ¢ [25] an order of magnitude larger then the
monium hadroproduction and photoproduction at all ener€olor singlet predictions, and to explain the observed produc-
gies, as well as their production in electron-positron collid-tion at the Tevatrorf26] and HERA[27]. Therefore, let us
ers. This approach to color is also used to formulate astudy the SC prediction for charmonium production in
successful prescription for the production of rapidity gapsneutrino—nucleon collisions.

O 4= Py oniums (3

0556-2821/2001/69)/0930153)/$20.00 64 093015-1 ©2001 The American Physical Society



0.J. P ,EBOLI, E. M. GREGORES, AND F. HALZEN PHYSICAL REVIEW D54 093015

~ 0008 —
% r ]
30007 | .
~ L ]
£0.006 - .
d 0,005 - E, =200 GeV -
S : :
§0.004 - :

0.003 © 3

0.002 © .

0.001 | .

3 ] o J N AN AN RN B ! 1
i P P S N B R B
50 100 150 200 250 300 350 400 0 ! 2 3 4 5 6 7

E, (GeV) Py (GeV)

M

=1.40 £ 0.26 GeV

charm

FIG. 3. Transverse momentum differential cross section of the

FIG. 1. Cross section of the reactiolN— vJ/#X as function of é)roduced]/z/x’s.

the energy of the incident neutrino beam for three values of th

charm quark mass. The centr@ipper and lower curve was ob- ) —
tained usingm,=1.40 (1.14 and 1.66) GeV. The arrows indicate Perturbative subprocesstg— v+cc. To evaluate thel/y

the average beam energy for the NuTeV experiment and a futurBroduction via neutral current we used the package
muon collider(NMC). MADGRAPH [28] and HELAS routines[29] to obtain the full-

tree level scattering amplitude. We used the 1994 Glock-
Il. RESULTS Reya-Vogt(GRV94) leading ordefLO) [30] parton distribu-
] _tion function, adjusting the renormalization and factorization
The NuTeV Collaboration recently reported on the firstscales as appropriate for a leading order calculation; we
observation of open charm production in neutral current deeEhoose,uR:,uF: Q2+4m?, where Q? is the momentum
. . . . . c
inelastic neutrino scattering7]. The observed production (ansferred from the leptonic system. The strong coupling
rate is consistent with a pure glu@‘?—boson fusion, and the_ constant was evaluated in leading order withgcp
observed level of charm production was used to determine —

. =300 MeV, and the fraction of color singlet pairs with
the effective charm mass. They found that a value of invariant mass below the open flavor threshold that had-

o A1083 ronizes asl/ ¢ was assumed to he,=0.5. Using the central
m.=1.407036+0.26 GeV 4 valuem,=1.40 GeV, we obtained
best describes the total open charm production for an average o(vN— v/ ¢yX)= 9.0f§:%>< 107 2fb (5)
neutrino energyE,)=154 GeV.

The SC contribution for the prom@/ ¢ is directly con-  for the NuTeV experiment, where the errors reflect the sys-
nected to open charm total cross section; see @yand(2). tematic uncertainty on the charm mass measurement.
The same value of the naked charm mass that best describesUsing these same choices of parameters we extrapolated
the open charm production rate must also describe the bourntble total J/¢ production cross section for other values of
states, as they are both produced through the same leadig,); the result is presented in Fig. 1, where we pinpoint the
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FIG. 2. Differential cross section al/¢ as function of the FIG. 4. J/ ¢ energy distribution for an incident neutrino beam of
squared momentum transferred by the leptonic system. 200 GeV.
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mean neutrino beam energy achieved at NuTeV, as well agerse momentum; however, thEy's will carry a rather
the value expected at planned muon collider facilities. Inlarge energyon average 88.7 GeMsee Fig. 4
order to show the cross section dependence on the uncer-
tainty of the charm mass, in this figure we also present the
error band that corresponds to the systematic error on the ) ) ]
charm mass as measured by NuTeV. Using the NuTeV analysis of open charm production, we
These results clearly indicate that the detectiod/gfs at ~ calculated thel/¢ cross section in the soft color model. We
NuTeV is a challenging task. For instance, taking into acfound thato(v,N—v,J/¥X)=9.0"27x10 2 fb at the av-
count that NuTeV observed about X3 0° deep inelastic erage neutrino beam energy of the NuTeV experiment. We
scattering events, with,1,=0.82 pb, we could expect be- subsequently calculated the dependence odtifecross sec-
tween 3 and 16 dimuons events to be produced fddgh  tion as a function of the average energy of the incident neu-
decays. trino beam, and displayed some differential cross sections for
The planned muon colliders should be able to generatg neutrino beam associated with a future muon collider.
neutrino beams with sufficient high luminosity to clearly ob-
servel/ ¢ events. Moreover, at these machines the neutrino
flux can be accurately calculatg8ll], allowing more precise ) ) )
predictions. For instance, <250 GeV muon collider pro-  One of us(E.M.G,) would like to thank the University of
duces a collimated neutrino beam with average energyVisconsin for its kind hospitality during the elaboration of
(E,)=200 GeV[31]. If we assume the general purpose de-this work. This research was supported in part by the Uni-
tector suggested by Kin@2] with = 50 g/cnf density, we  Vversity of Wisconsin Research Committee with funds granted
should have the production of 35—-180 dimuons events peby the Wisconsin Alumni Research Foundation, by the U.S.
year originated frond/ s decays, which would allow a more Department of Energy under Grant No. DE-FGO02-
detailed study of its production properties. 95ER40896, by Fundao de Amparo aPesquisa do Estado
In Fig. 2 we present th€®? distribution for a neutrino de S@ Paulo(FAPESB, by Conselho Nacional de Desen-
beam with average enerd{,)=200 GeV[31]. Figure 3  volvimento Cientiico e Tecnolgico (CNPg, and by Pro-
shows thatl/ s will be mostly produced with a small trans- grama de Apoio a Ntleos de Excélecia (PRONEX).

Ill. CONCLUSION

ACKNOWLEDGMENTS

[16] J. Amundson, O. Boli, E. Gregores, and F. Halzen, Phys. Lett.
B 372 127(1996.

[17] A. Petrov and T. Torma, Phys. Rev. @, 093009(1999.

[18] O. Bboli, E. Gregores, and F. Halzen, Rroceedings of the
26th International Symposium on Multiparticle Dynamics
(ISMD 96) Faro, Portugal, 1996, hep-ph/9611258.

[1] C. Llewellyn Smith, Phys. Ref8, 261(1972.

[2] J. Conrad, M. Shaevitz, and T. Bolton, Rev. Mod. Ph¥@.
1341(1998.

[3] CCFR/NuTeV Collaboration, U. Yangt al, Phys. Rev. Lett.
86, 2742(2001).

[4] CDHS Collaboration, H. Abramowicet al,, Phys. Lett.109B,

115(1982. [19] O. Bvoli, E. Gregores, and F. Halzen, Phys. Rexw6& 114005
[5] NOMAD Collaboration, P. Astieet al, Phys. Lett. B486, 35 (1998; _NUC|~ Phys. B(Proc. Supp). 71, 349 (1999.
(2000. [20] O. Eboli, E. Gregores, and F. Halzen, Phys. Re\vs1D034003
[6] NuTeV Collaboration, T. Adamst al, Phys. Rev. D61, (2000; NU..CI' Phys. B(Proc. Supp). 99A, 275(2001). .
092001(2000 [21] W. Buchmiler, Phys. Lett. B353 335(1995; W. Buchmtler
' . and A. Hebeckeribid. 355, 573(1995.
7] 3'1‘;38’2 (ggg;bora“on’ A. Altonetal, Phys. Rev. D64, 1) Gavaiet al, Int. J. Mod. Phys. ALO, 3043(1995.

[23] G. Schuler, report CERN-TH.7170/94.

[8] V. Barger, W. Keung, and R. Phillips, Phys. Le®2B, 179
(1980.

[9] R. Baier and R. Ruckl, Z. Phys. €9, 251 (1983.

[10] CDF Collaboration, F. Abeet al,, Phys. Rev. Lett69, 3704
(1992; 79, 572(1997; 79, 578(1997).

[11] DO Collaboration, S. Abachét al, Phys. Lett. B370, 239
(1996.

[12] E. Braaten, S. Fleming, and T. Yuan, Annu. Rev. Nucl. Part.

Sci. 46, 197 (1996.

[13] J. Amundson, o. Boli, E. Gregores, and F. Halzen, Phys. Lett.

B 390, 323(1997.

[14] G. Bodwin, E. Braaten, and G. Lepage, Phys. Re®1D1125
(1995.

[15] H. Fritzsch, Phys. Lett67B, 217 (1977); F. Halzen,ibid. 69B,
105(1977); F. Halzen and S. Matsuda, Phys. RevliD 1344
(1978.

[24] A. Edin, G. Ingelman, and J. Rathsman, Phys. ReS6D7317
(1997.

[25] O. Eboli, E. Gregores, and F. Halzen, Phys. Lett385 113
(1997.

[26] O. Bboli, E. Gregores, and F. Halzen, Phys. Re\v6@ 117501
(1999.

[27] O. Eboli, E. Gregores, and F. Halzen, Phys. Lett4Bl, 241
(1999.

[28] W. Long and T. Steltzer, Comput. Phys. Comm@&i, 357
(1994.

[29] H. Murayama, |. Watanabe, and K. Hagiwara, KEK report 91-

11.
[30] M. Gluck, E. Reya, and A. Vogt, Z. Phys. &, 433(1995.
[31] D. Harris and K. McFarland, hep-ex/9804009.
[32] B. King, in Physics at the First Muon Collideredited by S.
Geer and R. RajgAIP, Woodbury, NY, 1998 pp 334-338.

093015-3



