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Introduction

Results of processing the data of the proton bearn-dump experi-
ment at the [JHEP HNK neatring detector by differcnt methods in or-
der tosolate w signal from "direct” reutrinos (fram decay of charmed
paviicles) and 1o estinate the cross section for production of charmed
particles in pN collizions at 70 GeV were given in [1-3]. The results of
these investigations were represented as estimates of upper limits for
the cross section,

fn the prescint paper we report an averaged cross section derived
rom four independent messurements M1, 3] and discuss both total
cross sections and differential distributions in variables p? and Xp
comparced with the QCID based calculations [4-6].

Total cross section for charm production
in pN interactions at 70 GeV

The experimental lay-out is shown in Fig.1. Iron target with effec-
tive densities p; = pp. and py = ‘;‘/)[.'6 were used in the measurements.
The experiinental lay-out is described in more detail in [1-3].

The result of four measurements are given in Table 1. In [1] cross
sections were derived from the number of charged current interactions
of electron neutrinos and antineutrinos recorded in the detector:

(12) 4N - et L X,

In [3] cross sections were derived from the number of incoming
“equilibrium” gt -mesons arising from interaction of muon antineu-
trinos in the last 16 metres of iron shield installed directly in front of
the detector.

Two methods were used to derive the cross section:

e lincar extrapolation of the number of interacted neutrinos as a
function of -;— to the infinitely dense target;

e subtraction of the neutrino interaction background fror normai
sources (decays of # - and K - mesons).



Averaged over four meesurements. the total cross section for pro-

duction of charmed particles in pN collisions at 70 GeV i1s
OeeipN — COX)y = (0.9 7 Jub/nucleon
~0.9 /
The upper limit for the cross section is 2.7ub/nucleon at the 90%
confidence level. The cross section for production of charmed particle
on iron nuclei was supposed to be linearly dependent on the atomic
weight:
oce(ple) ~ A% - ace(pN) a=1

Comparison with other experiments and
theoretical calculations

Figure 2 shows the experimental data on total cross sections for
production of charmed particles in NN interactions and those calcu-
lated with the charmed quark mass m. = 1.5GeV [4, 5] up to o ,
where «, is the running strong interaction constant. The upper curve
is derived with the dimensional parameter of gluon momentumn scale
in QCD pup = 1GeV, the lower one with pp = 3GeV [5].

Consideration of the next-to-leading approximation of the QCD
perturbation theory resulted in the 3 times larger cross section as
compared with the leading approximation and allowed agreement be-
tween the calculations and experimental data at m. = 1.5GeV, which
is the value following from the mass spectrum of J/¥ -particles.

As is evident frow the figure, our cross section value obtained at
70 GeV (VS = 11.46GcV) agrees (within the éxperimental and the-
oretical uncertainties) with the cross section values calculated within
perturbative QCD in the next-to-leading approximation (up to a?) and
lies well below the results of the BIS-2 experiment (\/:9_' = 10.5GeV) .
[7].

The experimental cross section for production of D-mesons in the
NA-32 experiment [8] at 200 GeV (VS = 19.6GeV) is oge = 1.5+
0.7ub/nucleon, being also well below the estimates of the charm pro--
duction cross section in the BIS- 2 experiment [7].

[ 3]



Table 1: Cross section for charm production in pN interactions at 70 GeV

Authors Type of. interac- | Target Method | Number of inter- Cross
tion of “direct” actions section
neutrinos of "direct” neu- | ub/nucleon

Arinos per 10'8
] protons
J.Blumlein (u:) +N — e¥+X | Al+CH; | Extrapo- 16.2 + 12.3 48+38
et.all {1] 40t lation
JBlumlein | 90 4N — ¢4 X | Al+CH, | Subtrac. ~15451 | -05+17
‘et.all {1] 40t tion .
L.Barabash | v, +N — gt + X Fe Extrapo- 19 + 46 1.3+£3.2
et.all {3} ) ~ 1000t | lation
L.Barabash | v, +N — u¥+ X Fe Subtrac- 28+ 30 19120
et.all (3] ~ 1000t | tion
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Figure 1: Lay-out of the expe:

from the accelerator U-70

$Q=1cm  Fo sheats
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Figure 2: Experimental and calculated [4, 5] total cross section for production
of charmed particles in NN interactions.



Differential cross sections for charm pro-
duction in pN collisions

~ Istimation of the total cross section for production of charmed
particles in the beam dump experiment depends on the type of the
differential cross section we use.
In [1] they used a semi-empirical approximation of the differential
cross section: )
T (1)
dXpdpy -

x

where Xp= pi/p; .

The parameter n depends. on the type of particles divided into
fragments or produced and increases with increasing energy. At
Xy — 1 it can be estimated the quark counting rules [10.11]. For
production of charmed particles in NN interactions its values are n=1
for Ac. n=5for D* and D? n=3 for N°. and n=1for D~. In [1] n=1
was chosen for )°  and D™ mesons at 70 GeV. the parameter b was
chosen to be 1.

In [3] the differential cross section was parametrized by the formula

o

dr_dz_dp, - — n _—-13p,;
dr.dz_dp; ‘[(1 ry)(l .r_)] .

—
N~
—

E+py

where 4 = —7:—‘1 and, according to the model [9], n was taken to be
1.5, 6.5, 3.5, 3.5 for A.. D*,D° D~ andD° respectively. '

In (1) and (2) E and p, are the energy and transverse momentum
of the charmed particle, £* and pj are the energy and longitudinal mo-
mentum of the charmed particle in the c.m.s., S is the energy squared
of colliding nucleons in the c.m.s.

Expressions (1) and (2) are close in the sense that if Xp — 1.
(I =z.)(1 —x_) — (1 — |Xp|). Yet, parametrization (2) is prefer-
able as it does not distinguish between the longitudinal and transverse
components of the charmed particle momentum. A histogram in Fig.3
shows the distribution %2~ for charmed antiquark production -calcu-

iXr ' :
lated at our request by S.Frixione on the basis of [6] for the energy
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Figure 3: Distribution over the relative longitudinal momentum: Xp =
Pjj/Praz The solid histogram is S.Frixione’s calculation for the charmed anti-
quark on the basis of [6]. The dashed curve is parametrization (2) with n =
3.5 for D~ -mesons. The dot-dashed curve is parametrization (2) with n =
4.5. The dotted curve is the BIS-2 result for D~ -mesons. All distributions
are normalized to a unit area.



(VS = 11.46GeV). The histogram is best described by parametriza-
tion (2) at n=4.5 (dot-dashed curve). In our paper [3] parametrization
(2) at n=3.5 was used to describe the distribution of D~ ~mesons over
X (dashed curve). A smaller n for D™ -inesons as compared with
antiquarks can be naturally explained by the hadronization effect.
The experiment BIS-2 [7] yielded the data on the differential cross
section for production of D7 and D° mesons at the average energy
V'S = 10.5G¢V. There they used parametrization (1) and obtained
no=1.14+06, b= 12x1.1for D™ mesons and n = 1.1 £+ 0.6,
b= 1.2+ 1.1 for D' mesons. The distribution 'if'F obtained with

: X
the spectrometer BIS- 2 for D™ mesons is shown by points in Fig.3.

The distribution is scen to contradict both the QCD calculations
and parametrization (2) used in our paper. The total cross sec-
tions op- (X > 0.5) = 4.7 + 1.8ub/nucleon and ope(Xp > 0.5) =
3.3 & 1.3ub/nucleon are much overestimated. The sum of total cross
sections for production of D~ and D® mesons evaluated from our ex-
perimental data on the basis of distribution (2) is opa(Xp > 0.5) =
(2.8 4+ 3.4) x 107 ?pub/nucleon, i.e. more than two orders of magnitude
below the values obtained in the BIS - 2 experiment.

That n is chosen correctly at 70 GeV is indirectly proved by the
experimental data obtained at higher energies. For example, at 200,

370 and 400 GeV n is equal to 5.5 7' [8], 6.0+ 0.3 {12] and 4.9 4 0.5

[13] respectively and only slightly depends on energy.

To describe differential cross sections by the transverse momentum
in parametrization (1), we took b=1. Parametrization (2) d‘i—‘l ~ etPL
vields the same description of the coefficient values at p;: b = 2.5.
The values of b given in Table 2 of [6] show that experimental data
up to 400 GeV are well described by parametrization (1) at b~ 1.

In [6] differential cross sections for hadroproduction of charm cal-
culated up to o are compared with available experimental data in the
proton energy interval from 200 to 800 GeV. The comparison showed
that nonperturbative effects must included to describe differential dis-
tributions over the relative longitudinal momentum Xy and the trans-
verse momentum p? .

To distributions over the relat’ve longitudinal momentum X, the-
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The parameter b, characterizing the distribution over pf in the

parametrization <% = a(’-crp(—ip? . was found to be very sensitive
4 ~ - k

to the upper livui i p% . Uhis is because at large p4 the cross section
drops by a power law rather than exponentially. In the entire p{ region
the experimental data are well described by t.he formula

/ g
do I
AP )
Z 2 T2
In¢ \ bm? + pt

Yet. at p? < 3(/'eV? one can use exponential parametrization.

Conclusion

1. The total cross section for production of charmed particles at
proton energy 70 GeV is o5 = (0.9 +;; Jub/nucleon on the

assumption that the cross section on iron nuclei linearly depends
on the atomic weight. This value agrees with the upper cross
section limits obtained in the proton beamn dump experiment at
the accelerator U--70 [15,16]. Like most data for other energies,
the cross section obtained at 70 GeV is in good agreement with
the theoretical values calculated up to a in perturbative QCD
with the charmed quark mass m. = 1.5G'¢V and the dimensional
scale parameter up = 1.5GeV.

Fxceptions are the results of experiments at relatively low en-
ergies with the spectrometer BIS 2 \/S = l() 5CGeV) [7] on the
accelerator U 70 and at high energies with the ISR at CERN

l



2. Parametnizations (1) and (2) were used to describe differen-
tial cross sections at proton energy 70 GeV over the relative
longitudinal momentum Xy and transverse momentum p? . In
parametrization {1} over the longitudinal momentum X an av-
crage value n = 1 was taken for production of 1) mesons and
[ mesons, in parametrization (2) n was taken to be 6.5 for D-
mesons and 3.5 for ) mesons. At higher energies experimental
values of nincrease. being 1.940.5 at E = 400 GeV and 8.6+2.0
at 10 = 800 GeV.

The parameter b was taken to be 1 in parametrization (1).
o= ¢ 7451 vields similar description at
the value of the coethicient at py b=2.5.

do

Parametrization {2)

At pt < 3GeV? the exponential dependence describes the ex-
perimental data well. At high energies and the upper boundary
of the region for p? > 3GeV? the cross section drops rather by
the power law [6].

3. Analysis of the data for higher energies from 200 to 800 GeV [6]
showed that nonperturbative effects should be taken into account
to describe differential cross sections. At lower proton energies
similar effects are even more probable both in differential and in
total cross sections. More precise data for energies close to the
charm production threshold will help to determine parameters
in calculation of cross sections within perturbative QCD and the
size of nonperturbative effects.

The authors are grateful to P.Nason and S.Frixione for useful dis-
cussions and calculation of differential distributions of charmed quarks
at the proton cnergy 70 GeV.
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