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A Dependence of Charm Production
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The prompt neutrino (v, + v, ) flux produced by the interaction of 400-GeV protons with targets
of beryllium, copper, and tungsten has been measured in a beam-dump experiment at Fermilab.
With the assumption that these neutrinos arise from charm decay, the cross section for charm pro-
duction by protons on nuclei varies as 3, where o. = 0.7S + 0.05. No significant variation of o. with
neutrino energy is observed.

PACS numbers: 13.85.Hd, 14.40.Jz

The quantitative successes of quantum chromo-
dynamics (QCD) have been achieved in a kinematic
region in which multiple interactions between the con-
stituent quarks are greatly reduced and perturbative
techniques can be employed. For example, the Drell-
Yan production mechanism for lepton-pair and hadron
production at large transverse momentum can be un-
derstood by use of perturbative QCD. Characteristi-
cally, in the impulse approximation, the cross section
depends on the number of quarks; thus for nuclear
targets o-~ A, the atomic weight of the target. Practi-
cally, the picture is complicated by effects due to the
nuclear environment such as Fermi motion, rescatter-
ing, coherent scattering, and the final-state interac-
tions which occur as the quarks hadronize. These ef-
fects reduce the transparency of the nucleus and the
result of this "shadowing" is that the cross section ap-
proaches its geometrical value, ceo 3

The production of heavy quarks, although similar in
some respects to the processes noted above, can be
described with use of both nonperturbative and pertur-
bative processes, which are distinguished by the 3
dependence of the partial cross section. In general,
nonperturbative or diffractive models favor an 2
dependence while perturbative QCD models require

Nuclear effects, of course, may alter this depen-
dence. Halzen' has pointed out the issues concerning
A-dependent effects in interpreting heavy-quark pro-
duction. Skubic et al. 2 have measured the 3 depen-

dence of the production of the strange quark (A, Ko)
and found o. & 0.7 for Feynman x & 0.2.

%'e have measured the A dependence of the produc-
tion of the charm quark in a beam-dump experiment
at Fermilab, using a 400-GeV proton beam which was
directed into thick targets of tungsten, copper, and
beryllium. The resultant hadronic cascade is absorbed
in the target, and the muons produced are either ab-
sorbed or deflected in magnetized iron. The neutrinos
escape and were detected 56 m downstream in a lead-
scintillator calorimeter.

The primary source of these neutrinos is the semi-
leptonic decay of charm quarks. Because of their short
lifetime most charm particles decay before interacting,
producing prompt neutrinos whose rate is independent
of the target density. Of course, some pions and kaons
also decay into neutrinos, producing a flux of
nonprompt neutrinos, but their rate does depend on
target density. In beam-dump experiments the vari-
ation of the observed rate with target density is one
method which can be used to separate the prompt neu-
trinos from the nonprompt background.

Behind the calorimeter is a muon spectrometer of
iron toroids and drift chambers. Neutrino interactions
in the calorimeter are categorized in the analysis as 1p,
(muon identified in the spectrometer) or Op, (no muon
identified). Events occurring during beam spills asso-
ciated with beam halo were eliminated ( —5% of total
incident protons) and the events arising from cosmic
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TABLE I. A summary of the data from the different targets, both full density and par-
tial density, showing the integrated number of protons, the number of observed events,
and the corrected rates per 10' protons.

Target Protons
v„CC v„CC Op,
events events events

v~ CC
per 10'6

v~ CC
per 10'6

Op,

per 10'

W
W/3
CU

CU/2. 4
Be

13.7 x 10'
3.9x 10
2.7 x 10'6
0.8 x 10"
7.7 x 10'6

769
398
201
126
777

277
130
65
29

191

1026
366
193'
122
958

90.5+ 3.3
162.4 + 7.7
123.2+ 8.7
227.3 + 19.1
229.5 + 10.0

30.8 + 1.9
47.9 + 4.0
32.3+ 4.1

47.1 + '8.4
63.4 + 5.5

89.0 + 2.9
128.8 + 6.7
103.9 + 7.6

155.3 + 4.8

'The Op, Cu events come from 2.1x 10 protons.

rays were subtracted by use of a beam-off gate to
record the background ( —2/0 effect for Op, events).
The Op, events are required to occur in a smaller fidu-
cial volume ( —76%) than the ip, events to reduce
the systematic uncertainty in their energy. The data
are summarized in Table I, showing for each target the
number of identified events and the corrected rate per
10' protons of neutrinos with energy ~ 20 GeV and
laboratory production angle 0~30 mrad. The rates
are corrected for muon acceptance, analysis efficiency,
and trigger threshold effects. Details of the analysis
procedures and results obtained with use of the
tungsten target have been published. '

In order to measure the 3 dependence we must use,
in addition, a target of copper (beryllium) whose
length is 6.1A.,b, (2.6A.,b, ). We measure the v, +v,
charged-current (CC) interactions, for which the
signal-to-noise ratio is most favorable. Located im-
mediately downstream of the targets is a solid-iron
magnet used to deflect muons and in which the
remaining hadronic cascade is absorbed. The change
in nonprompt rates due to finite target length has been
calculated to be +7% for W, 0'/0 for Cu, and —35% for
Be. Direct measurements of the nonprompt muon
flux corroborate the calculations.

The I, + v, CC events are included in the 0p,
category. In the analysis of the tungsten data we have
extracted the v, + ~, CC events by two independent
methods: (1) subtraction of known backgrounds, and
(2) use of the longitudinal shower length to estimate

the v, + v, directly. Both methods agree. ' In the first
method we compute and subtract the rates for p„CC
events for which the muon is not accepted in the spec-
trometer, v„neutral-current (NC) events and v, NC
events, and, finally, the nonprompt v, + v, CC events,
which are primarily (85'/o) from K, 3 decays.

All subtractions are made bin by bin in energy. We
calculated the energy distribution of the largest back-
ground rates including effects of muon acceptance and
the known NC/CC ratio for p„ interactions ( —0.3).
The calculated distributions are normalized to the total
number of observed 1p, events, both prompt and
nonprompt. The muon acceptance calculated for v„
(v„) CC events was 0.63 (0.63) during early running
and was 0.78 (0.86) for the later data. Those v„and
v„CC events with unaccepted muons are included in
the GJM, events and must be subtracted. The NC events
from v, (both prompt and nonprompt) are removed,
under the assumption that the NC/CC ratio for v, is
the same as for v„. The specific values used in this
subtraction procedure are tabulated in Table II for the
various targets.

The prompt v, + v, rates are shown in Fig. 1 for
each target. Since they are roughly comparable for the
three targets, the charm cross section, if parameterized
as 3, has a value of o. similar to that which describes
proton absorption cross sections" (o- ~ o-oA 0 72). As-
suming that the charm production cross section varies
as s'3, where s is the square of the energy in the
proton-nucleon center-of-mass system, we calculate

TABLE II. The corrected OIM, event rate per 10' protons and the background (BG) rates which were subtracted to get the
prompt v, + v, rate.

Target
Op, event

rate
v„+v„CC

BG rate
v„+v„NC

BG rate
v, +v, NC

BG rate
v, +v, nonprompt

BG rate
v, +v, prompt

rate

Be
CU
W

155.3 + 4.8
103.9+ 7.6
89.0+ 2.9

46.5 + 2.1

21.0+ 1.3
16.8+ 0.7

41.4+ 0.7
18.4 + 0.5
14.6 + 0.2

7.4 + 0.7
7.8 + 0.9
7.3 + 0.3

18.1+ 1.3
6.6 + 0.9
3.9 + 0.3

41.9 + 5.4
50.2 + 7.8
46.2 + 3.0
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FIG. 1. The v, + v, prompt rate per 10' protons as a
function of the atomic weight of the targets: Be, Cu, and W.
The solid line is a least-squares fit with o = opA with
g =0.5 for one degree of freedom. The fitted slope is
0.03+0.05 which, combined with the A dependence of the
absorption length for protons, gives o. =0.75+ 0.05. The
dashed line is the fit with an A ' dependence.
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FIG. 2. The variation of o. , the atomic number depen-
dence, with neutrino energy under the assumption that the
charm production cross section is parametrized as 3

the change in the prompt rate due to finite target
length. The correction to the rate due to the secon-
dary production in the cascade varies depending on o. ,
from no effect for o. = 0.72 to —1% for W and +6% in
Be for o. =1.0.

From the prompt rates in Table II we find

n = 0.75 + 0.05,

gets.
In Fig. 3 the lines show the nonprompt backgrounds

calculated by use of a parametrization of the hadronic
production processes and the detector geometry and
normalized to the full-density Cu and W targets. The
agreement suggests that the nonprompt flux calcula-
tion is a good representation of the effects of both tar-

Target v„CC rate v„CC rate

49+ 20
43+ 3

22+ 9
19+4

which are consistent with equal rates for Cu and W tar-

with a X =0.5 for one degree of freedom, the solid
line in Fig. 1. The dashed line in Fig. 1 is a fit assum-
ing an 3 ' dependence corrected for finite target
length; it has X = 24.6 for two degrees of freedom.

Although limited by the statistical accuracy of the-
data, we have investigated the possible variation of o.
with neutrino energy. The analysis was done indepen-
dently in five energy regions with the results shown in
Fig. 2. No significant variation with neutrino energy
can be inferred, although the lower values at large en-
ergy are suggestive that the small values of o. seen in
the strange-quark production at large xF may prove
more universal.

The measurement of the A dependence from the v„
CC rates is much ass precise because of the substan-
tial nonprompt rates. The v and v„CC data are plot-
ted in Fig. 3 for the full- and partial-density Cu and W
targets. An extrapolation in seven energy bins, con-
straining the shape of the nonprompt background to be
smooth, results in the following prompt rates:

300

O

~ 200

cD

D

)00

)~+

O
P+W

0

)/p

FIG. 3. The rate of v~ and v„CC interactions per 10'
protons for the tungsten and copper targets in the larger
fiducial volume. The solid and dashed lines are the predic-
tions of the hadronic-cascade calculation for the nonprompt
rate in the partial-density target; each is normalized to the
observed rate in the full-density target.
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get density and atomic number.
In summary, we have measured the variation of the

charm production cross section with atomic number. '
The result is nearly identical to that of the proton-
nucleus absorption cross section, and different from
the dependence of Drell- Yan lepton-pair produc-
tion. ' ' Thus we conclude that it is inappropriate to
describe charm production by protons on nuclei solely
in terms of the "hard scattering" processes which are
analyzed by use of perturbative QCD.
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