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Charm Production in Neutral Current Neutrino-Nucleus Scattering
within the Color Dipole Approach
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The rate for inclusive charm production in neutral current neutrino-nucleus interactions is calculated. The
interaction of high energy neutrinos on hadron targets is an outstanding probe to test Quantum Chromodynamics
(QCD) and shed light in the understanding of the parton properties of hadron structure. We have considered
the QCD color dipole picture for such an interaction and have in addition used parton saturation models. In
particular, the dipole cross section is taken from recent phenomenology on deep inelastic scattering (DIS) at
DESY-HERA. The theoretical predictions are compared to available theoretical predictions and experimental
results from NuTeV detector at Fermilab. Moreover, we compute the relative rate of the associated cross section
in deep inelastic neutrino-nucleus interactions, 6(c¢v)/oN<, from CHORUS Collaboration. As a byproduct, a
QCD analysis of the F», Fy, and F3 structure functions for the neutral current case also is presented.

Keywords: Charm production; Dipole picture; Neutrino-nucleus interaction

1. INTRODUCTION

Neutrino interactions are classified as charged current (CC)
or neutral current (NC) processes, depending if a virtual W+
or Z¥ boson gauge is exchanged. In the first case, a charged
lepton is emitted, while in the second case the neutrino con-
serves its nature. The neutral current process played an im-
portant role in the establishment of the Standard Model of
electroweak interactions. Experimental studies with NC neu-
trino interactions is a demanding task due to the considerable
difficulties of data extraction on reactions with cross sections
smaller than CC process, where the event identification has
to rely on the detection of one or more hadrons. Further-
more, NC neutrino-proton interactions are also important to
give an answer for a challenging question: what is the charm-
quark contribution to the proton structure function [1]. Ob-
servations of open charm production in neutral current deep
inelastic neutrino scattering are seen in the NuTeV detector at
Fermilab, where the production model and the observed level
of charm production is used to determine the effective charm
mass [1]. The main evidence for neutral current charm pro-
duction in v,N or V,N scattering is an unconfirmed observa-
tion of J/y production [2, 3]. Relative rate of the associated
charm cross-section in deep inelastic v-interactions has been
measured as 6(ccv)/ORe = [3.627393 (stat) +0.54 (syst)] x
1073 [4] at low energy. It is expected from QCD that the
charm contribution is increasingly large at higher energies.
The rate for charmed content in ultra high energy (cosmic ray)
neutrino interactions is quite important in the correct simula-
tion of particle showers to be measured in neutrino telescopes.

In this contribution, we calculate the total cross section
and the associated proton structure functions using the color
dipole formalism [5] for the neutral current neutrino-proton
scattering. Such an approach is quite successful in describ-
ing the high energy behavior of the nucleon structure func-
tions in lepton-nucleon (nucleus) interactions and its presen-
tation is somewhat intuitive. It has been corroborated by sev-

eral phenomenological studies on small-x structure functions
and gives good results in the charged current neutrino inter-
actions [6]. Here, we consider a recent parameterization for
the dipole-nucleon cross section, which it was shown [6] to
give a good description of data in the small-x region. We or-
ganize the present contribution as follows: In Section 2, the
structure functions F;, F; and F3 are investigated using the
color dipole picture and taking into account a phenomenolog-
ical parton saturation model [7], as well as the total neutrino-
nucleon cross section. The explicit expressions for NC struc-
ture functions and total NC cross section are summarized in
that section. In the last section, we present our numerical re-
sults with emphasis on the cross section of charm production
Gcharm and the rate Geparm/Oror. The results are compared to
the available theoretical predictions and experimental data.

2. HIGH ENERGY NEUTRINO-NUCLEON SCATTERING

Considering the neutral current reaction of the type
v(k)N(p) — v(K') + X(p’) with the following notation for
four-momenta kq = (Ey,K), k) = (E,,K'), po = (E,P) and
ph, = (E',P'), the differential cross section describing it can
be expressed as [8]

’o)  GIME, [ M}
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Y~ pNC 2
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where Gr is the Fermi constant, M denotes the mass of neu-
tral gauge boson. Furthermore, Q> = —4? is the boson virtual-

2
ity, x = zQTq and y = Mp—é (inelasticity variable), with M is the
nucleon mass. The neutrino energy is denoted by Ey and p, g
are the four momenta of the nucleon and of lepton exchange

boson, respectively. Fy, F> and F3 stand for the corresponding
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FIG. 1: Schematic view of neutral current neutrino-proton interaction
in the color dipole formalism.

structure functions. We take the usual relation [9]:

2

Q2

2
FL(x,Q2)=<1+4 p>F2(x,Q2)—2xF1(x,Q2) )

The QCD parton model gives the structure functions
F3(x,0?) expressed in terms of the quark and antiquark dis-
tributions in nucleon [9]. Therefore, considering an isoscalar
target N = "’LT" for the NC process one has:

NC(x,0%) QW {x [y (x,0%) + dy (x,0%)]
+2x[( Q)+d(x,Q)+s<x,Q)+ch )]} 3
and
Y0 = 2 ) )], @

where we used the notation Qy = L2 +L[21 +R? +R§ and the
chiral coupling can be expressed in terms of the Weinberg an-
gle Oy [8]:

4 2
L, = 1_§ sinBy, Ly= —1+g sin?Oy,  (5)

R,,:—isinzew7 Rd:gsinzew.
3 3

The structure function F> depends on the valence, g, (x, QZ),
and sea quark content, g(x,0?), of the isoscalar nucleon. At
high energies, the sea contribution dominates due to the abun-
dant gluonic emissions in that kinematic region. The xF3
structure function is basically given by the valence content
of nucleon, which is a vanishing contribution at very high
energies. In this region, a successful framework to describe
the deep inelastic scattering is the color dipole formalism [5],
which gives a very good description of the small-x structure
functions. The physical picture of DIS at low-x can be un-
derstood in a sequence of three factorized processes: (a) the
virtual boson fluctuates into a color neutral Z° — ¢g dipoles,
(b) the interaction of this dipole with the nucleon and, finally,
(c) the final state is produced. This is depicted in Fig. (1).
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The interaction is modeled considering a dipole-target cross
section, whereas the boson splitting in a color dipole quark-
antiquark is given by the corresponding wavefunction. In the
color dipole formalism, the structure functions read as [7, 9]:

C(x,0%) = / 7 / 27 R 64 (5F), (6)
where 7 denotes the transverse size of the color dipole, z
the longitudinal momentum fraction carried by the quark and
‘P%?L are the wavefunctions for transverse or longitudinal po-
larization of boson, which are expressed by [9]

= 0 3 - - ~
B = 222 (1210 KO + 3 (0}
= 0 6 _

' = SO0 270 kG0

)

where 0 = z(1 —2)Q* + m; Ko 1 (u) are the modified Bessel
functions and m is the effective quark mass. Here, we have
used, m, 4 = 0.14 GeV, m; = 0.3 GeV and m, = 1.5 GeV. The
remaining heavy quark contributions have been disregarded
in the present calculation. The phenomenological parameteri-
zation from Golec-Biernat-Wusthoff (GBW model) is able to
describe experimental data on inclusive and diffractive deep
inelastic ep scattering at small-x. Therefore, we have used
it in our numerical calculations. The parametrisation for the
GBW dipole cross section takes the eikonal-like form,

e (QZ(:W)] X ®

where the saturation scale Q?(x) = (%")k defines the onset of
the saturation effects. The parameters (Gy, A and x) were
obtained from a fit to the HERA data [7]. The variable
x=x(1+ 4m? /Q?) gives a suitable transition to the photo-

Gdip(fa ?) = 0o

production region (9> — 0). The uncertainties coming from
different parameterizations for the dipole cross section is ex-
pected to be small. As the color dipole model is suitable in
the region below x = 0.01 and the large-x limit still needs a
consistent treatment, we supplement the dipole cross section
with a threshold factor (1 — x)", where n = 5(7) for number
of flavours n = 3(4). When considering a nuclear target we
have replaced the dipole-nucleon cross section by the dipole-
nucleus cross section using the Glauber-Gribov formalism.
Namely, we consider the relation [10]:

oa(x, ;;A) 2/d2 {1exp<

where b is the impact parameter of the dipole-nucleus scatter-
ing and T4 (b) is the nuclear profile function [11].

Let us now compute the structure functions for the NC
neutrino-nucleon scattering. In Fig. 2, we present the struc-
ture F, as a function of x (left panel) and boson virtuality
(right panel). In each case, we have selected representative
points for fixed x, Q>. As it is expected from a QCD point

()66 )| ©
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FIG. 2: The F2N ¢ (x, Q2) structure function for distinct values of Q2 = 1, 10, M% GeV? as a function of x (left panel). The same function for
fixed x = 0.1, 0.01, 0.001 as a function of the boson virtuality (right panel).

of view, the structure function presents a strong increasing
towards small-x at fixed Q>. Accordingly, the scaling vio-
lations are observed for the virtuality dependence at fixed-x.
In Ref. [6] we have verified that different implementations
for the dipole cross section produce similar numerical results.
Then, we will use the GBW model as a baseline for further
analysis. We call attention that for the isoscalar target, the xF3
structure function is vanishing, as can be seen in Eq. (4). In
Fig. 3 we present the corresponding structure function for the
charm case, which show similar behavior as the total struc-
ture function. However, for virtualities below charm thresh-
old, ,u2 = 4m§, the contribution is vanishing (see left panel for
Q? = 1 GeV” and right panel for Q* < y). The present cal-
culation should be timely for open charmed mesons in elec-
troweak interactions.

The dipole picture is particularly suitable for a qualitative
analysis as the physical interpretation is clear in this represen-
tation. For instance, taking Eq. (6) and the explicit expression
for the overlap of wavefunctions, Eqgs. (7) it is well known
that the the scattering process receives contributions from the
symmetric dipole configurations, where <z>=1/2, and from
the aligned jet (asymmetric) dipole configurations (z — O or
z— 1). If the characteristic size of the gg-pair is much smaller
than the mean distance between partons, Ry(x) = 1/Q;, it can
be shown that qualitatively the structure function F> behaves
as,

NC 2 2 5
@) <o @ 2 oe ()| a0
N

where the main contribution 6o Q? comes from the regions r <
2/Q and r > 2/Q,. The logarithm enhancement comes from
the region 2/Q < r < 2/Qy. The same qualitative study can
be done for the charm quark contribution. In particular, the
scale u? = 4m? sets distinct behavior for the charmed structure
function,

2 0* 2 2
g [P m(E)]. - 0
2 b 0 Q% (x) 02 0% < 4m? )
4m2 ¢
(11)

To find the size of charm production in a NC neutrino-
nucleon interaction, we take the ratio of the cross section for

charm production, Gcham, by the total NC cross section, G1V¢,

Ron— Gcharm

cC — NC
Siot

12)

where, in order to compute them we use the following limits
of integration in integrating Eq. (1): 0 <x,y <1 [8]. Ac-
cordingly, we expect that the amount of charm is increasingly
important as neutrino energy growths. This is particularly im-
portant for the ultra high energy (cosmic rays) neutrino inter-
actions.

2.1. Results and Conclusion

Let us compute the size of charm contribution to the total
NC neutrino-nucleon cross section. In Tab. (I) we have the re-
sults for the charm production cross section Ggpqrm, total cross
section Gy and the rate Geharm /Oror in Neutrino-proton inter-
actions for values of neutrino energy 27 and 154 GeV and an
extrapolation to higher energies. It should be stressed that for
this neutrino energies we are in the limit of validity of color
dipole approach. The Bjorken variable in this case can be ap-
proximated by x ~ Q? /(2ME,). Then, we are integrating over
Xmin < x < 1, where Xpin = lenin/(ZMEV) =1073(107) for
Ey =27, (154) GeV. We have considered Q2. = 0.01 GeV?.
This values can be compared to the experimental values ex-
tracted by the either low energy measurements of CHORUS
Collaboration (27 GeV) [4] and NuTeV Collaboration (154
GeV) [3]. Our prediction is consistent with the expectation
of an increasingly large charm contribution to the total cross
section. Namely, we have at low energies Rz ~ 0.01, going
up to Rz ~ 0.3 at very high energies.

The results presented here consider only the sea quark con-
tribution to the structure functions, and in this way we have
only charm in the final state (no inclusion of valence quarks
contribution). Despite the limitations of the current approach
for the low energy neutrino energy, our estimates are compa-
rable to NC neutrino-nuclei data for charm production. Our
calculation is also consistent with other approaches in the lit-
erature at small-x (high energies). For instance, it is compati-
ble to the results in Refs. [9, 12], where distinct treatments for
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FIG. 3: The NC charm structure function, F5(x, ©?). Same notation as previous figure.

TABLE I: Results for the charm production cross section Geharm, tO-
tal NC neutrino-nucleon cross section G%tc and the ratio Gcharm/Cror
for different values of the neutrino energy.

Energy (GeV) G%,C (crnz) Gcharm (crnz) Ree

27 (CHORUS) 2.0x 10738 5,4x 10790 0.027
154 (NuTeV) 1.4 x 10737 1,9% 10738 0.135
1000 4.6 x 10730 7.1x 10737 0.154
10000 1.6x 10~ 3.0x 10736 0.188
100000 1.5x 10734 33x107% 0.225

the small-x region are taken into account. It would be worth
to include QCD evolution in the calculation of total neutrino
cross section and valence quarks should be added. Therefore,
we believe that the dipole formalism gives a robust theoreti-
cal approach to describe the structures functions in neutrino
interactions in the low-x region.
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