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1. INTRODUCTION

In the last few years hadronic charm production has been studied
in a number of experiments over an energy range well above the charm
threshold, either at the CERN ISR /1-4/ or at the  FNAL and CERN high-
energy proton accelerators /5-121. At lower energies only A: pro-
duction has been meagured at ,the Serpukhov accelerator 3/. The pro-
duction of D/ﬁ mesons at such low energies has not been observed up
to now. FProm the comparison of A; and D/B cross sections the frac-
tions of /\:_D and DD final states can be estimated. Furthermore, data
near the kinematical threshold are of interest in order to get more
ingight into the energy dependence of charm croass sections.

In this_letter we present the first measurement of BO and D~

production in neutron-carbon interactions at 40 - 70 GeV/c. The experi-
ment was performed with the BIS-2 gpectrometer at the Serpukhov
accelerator. Recently our collaboration has published the results on
Az production /13/. Continuing the analysis of the same data sample,
we have found signals of ﬁo and D~ mesons in the decay modes

50— k*(892)r™ and D™ — k*(892)7 % /147 The observed D mesons
cover the kinematical region x> 0.5 and Pp< 1 GeV/c, where x = Ep;/{;
is the fractional longitudinal momentum in the centre of mass system

and Pp is the transverse momentum.

The main components of the BIS-2 gpectrometer are a momentum
analyzing magnet and 22 planes of multiwire proportional chambers
(MWPCs) arranged upstream and downstream from the magnet. The magnet
has an aperture of 100 * 30 cm2 and an integral field of 2.1 T-m. The
trigger was designed to select multiparticle events, which are typical
for decays of charmed particles. Four or more charged particles were
required to pass through the spectrometer. The gpectrum of the neutron

beam peaks near 40 GeV/c with a tail up to 70 GeV/c. For three differ-

ent spectrometer configurations (target positions and length, positions
of MWPCs and magnetic field polarity) 11.4*106 eventg were recorded
corresponding to an integral luminosity of 1.9‘1035 cm_2. A more

detailed description of the BIS-2 gpectrometer is given elsewhere/15/.

In section 2 we describe the search for charm signals in the
invariant wass spectra. The characteristics of 50 and D~ production
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are presented in section 3. In section 4, these charaeteristics are
compared with the ﬁ\; results from the same experiment and data from
other experiments. Conclusions on the charm production mechanism in
the very forward region are drawn. Section 5 is the summary.

2. INVARIANT MASS SPECTRA

Short-lived particles can be detected as signals in the invari-
ant mass spectra of their decay particles. A good knowledge of the
mass regolution and the mass scale is essential in this type of ana-
lysis. We have checked mass scalg and resolution using the decays of
strange particles, such as A, Z (1385),—= andjzp(1530) /16/. The
identification of charged particles was not available, and mass values
are simply assigned. The Kg wag detected as a pronounced peak in the
v+w" mags spectrum. The width of the aignal is 8 MeV/c2 at half maxi-
mum. For the further analysis 119000 events with Kg candidates in the
mass interval from 489 to 505 MeV/c2 were selected. This masg slice
includes 32 % background combinations.

First+ the produgtion of D/D mesons was aegrched for in the de-
cay modes DT — Ko/Kowr. The mass spectra of KSmr combingtions are
shown in fig.1. They exhibit signals of the resonances K (892).
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mass regions and the arrows indicate the tabulated D~ masses.
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Fitting them by a Breit-Wigner function above an exponential back;
ground results in signals of 4000 K¥(892) and 2200 K7(892). The D~
mass reglons are displayed in the inserts of fig.1. No indication of
D™ signals can be found.

+ Next, we logked for the decays p%/5° —= ®O/Kk%*r~ and

- —= K%/kO7* 7. The mass spectra of these decays are depicted in
fig.2. They do not show any structure in the D/D mass regions. The
upper limits of signals, which are equivalent to a 2 standard devi-
ation effect in the mass interval from 1820 to 1900 MeV/cz, are
NDO/BO =44, Ny~ = 39 and ND+ = 42 combinations.
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Fig.2.Invariant mass spectra of‘Kgn*n’ and Kgn*n’ﬂ’ combinations.
The arrows show the expected location of the D/D signals.

An improvement in the charm signal-to-background ratio is
achieved by the selection of its camscade decay via K(892). The sub-
channel with K(892) represents a large fraction of the D/D decays into
K/K plus pions and the suppression of background is expected to be
much stronger than the loss of signal /17/. Fig.3 shows the mass dip-
tributions of K¥(892)n and K*(892)n 1 combinations. Small peaks are
vigible at the positions of BO and D~ masses. An additional back-
ground suppression is achieved when the events with Kgnr magges cloge
to K7(892) or K£(1430) are excluded. These conditions reduce also the
contribution of the resonances+K0(1780) ang K5(1780) on the low mass
sidé of the BO/D_ peaks. The K (892) and K5(1430) are defined by the
mass slices from 840 to 940 MeV/c2 and 1330 to 1530 MeV/c?, respec-
tively. The ingerts of fig.3 show the peak regions under these
additional conditions.

A fit to the mass spectra by an exponential background and a
Gaussian yields the central mass values M50 = (1868 t 8) MeV/02 and
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Pig.3.Invariant mass spectra of K'(892)n and K*(892)" 7 combi-

nations. The inserts show the D°/D” mass regions where the events

with K7(892) or K;(1430) candidates are excluded.
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Fig.4.Invariant mass spectra of K (892)r" and K™(892)r*nt combi-
nations. The inserts show the DO/D+ mags regions where the events
with K¥(892) or X*(1430) candidates are excluded. The arrows indicate

the tabulated DO/D+ masses.

= (1869  8) MeV/c , which are in good agreement with the tabu-
lated values /17, mhe widths of the peaks, M50 = (37 £ 14) Mev/c?
and fB- = (37 £ 11) MeV/c , are compatible with the expected masgs
resolution. The mass values and the narrow widths of the peaks allow
us to conclude that the signals arise from weak decays of the charmed
mesons Bo and D~. The same arguments exclude an interpretation of the
signals as a known kaon resonance. The fit results in the signals of
(21 * 6) 5° ana (32 ¥ 7) D™ corresponding to a statistical signifi-
cance of 5 and 7 standard deviations, respectively. The combination-
to-event ratio in the peak region is nearly one.

No statistically significant enhancements of the charge
conjugated mesons p° ana D* decaying into K (892) are observed. The
mass spectra of K ~(892)r" and X (892)w wt combinations are given in
fig.4. The selection criteria are the same as for K*(892)w and
K*(892)n™7 combinations. The inserts of fig.4 show the D mass re-
gions in which events with ng* masses close to K¥(892) or K3(1430)
are excluded.

3. CROSS SECTIONS AND MOMENTUM SPECTRA

In this section we determine the 50 and D~ cross sections for

neutron-carbon interactions in the kinematical region, where our
gpectrometer is sensitive: x> 0.5 and pT<:1 GeV/c. The cross sections
per nucleon for x> 0 are extrapolated in section 4.

The acceptance of the apparatus was calculated by Monte-Carlo
technique. We have gimulated the following types of reactionss: the
diffractive production of a A+D gystem, the semi-inclusive production
of D accompanied by A+, and the gemi-inclusive production of D accom-
panied by Ac' nucleons and pions. The resulting acceptance over a
two-dimensional P1,~Pp plot is nearly model-independent. For different
reactions the acceptances integrated over the sensitive kinematical
region differ by less than 10 %. The useful beam momentum range due to
the spectrometer acceptance and trigger conditions is 40 - 70 GeV/c.

The partial cross section is given by:

G5'BR = Ny / (L * ap), <D

where ND' L, ay and BR are the number of D events, luminosity,
acceptance including trigger conditions and branching ratio, respec-
tively. Using formula (1), we get the following partial cross
sections: G[0-BR, = (2.0 £ 0.7) ub and GD-~BR2 = (3.9 £ 1.3) ub per
carbon nucleus. The quoted errors do not include the overall normal-
ization error connected with the intensity of the neutron beam. To
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estimate this uncertainty, we have calculated the cross sections by
an independent method. The cross section © K9 +32 of the well-
measured reaction with KO plus two or more cﬂarged particles in the
final gtate was used for normalization of the charm yields. Formula
(1) is modified as followa:

GpBR = (Np/Ng0,, )% (a0, 5/35)* 6 04yp * BRO (2)

The cross section (;KO+;2 for neutron-carbon interactions was esti-
mated using the diffefential and topological cross sections of pp
reactions and the atomic weight dependence of pA reactions

Pormula (2) gives the values: Gbo BRy = (2.7 £ 1.0) Mb and

GD-'BR2 = (5.3 £1.8) Mb per carbon nucleus. As can be seen, the
results from both methods agree indicating that the overall normal-
ization error is less than 50 %. In further extrapolations the partial
cross sections resulting from formula (1) will be used.

To evaluate inclusive cross sections, the corrections for un-
seen decay modes have to be done. The branching ratios were measured
for the decays D° — Kon*x~ (8.5 * 1.4) %, B° —»k*(892)17(7.1 £ 2.5)%
and D~ —e Kortn (15.2 ¥ 5.8) % /17/. The observed signals can be
a mixture of nonresonant decays and resonant decays because the sgelec-
tion of K+(892) includes a large fraction of nonresonant Kgn* combi~
nations (see fig.1). Therefore the branching ratios BR; and BRg have
to be values between those for the resonant subchannels with K" (892)
and the full channels D° —e KO o, D™ —= K%*a"n". PFor D° both values
are very cloge; so, the value of the resonant subchannel is used for
BR1 and the inclugive cross section GBO = (28 £ 14) pb per carbon
nucleus is obtained. The lower limit of BR2 is unknown because the
branching ratio of the subchannel D~ —= K¥(832)n~#" has not been
meagured to date. Using the ratio of the full channel D'——D-K0w+w
yields the cross section Gb- = (26 ¥ 13) Jb per carbon nucleus. From
this value we can derive the lower limit Gb->9 pb per carbon nucleus
with a 90 % confidence level assuming that the branching ratio of the
full channel is an upper limit of BR

o°
We have also determined the production of 30 and D™ in depend-

ence on the longitudinal and transverse momentum in fhe laboratory

system. The background contribution is subtracted by estimation of

the signal for each momentum bin. The signals are small, and the typi-

cal gtatistical error in a momentum bin is about 50 %.

The invariant longitudinal momentum spectra, after background
subtraction and acceptdnce correction, are displayed in fig.5. The
fits of a power law F(x)ec(1 - x)N to the invariant momentum spectra
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Fig.6 Transverse momentum spectra 1
of D” and D~ mesones. The lines

represent the fits of. the expo- L R
nential function exp(-B PT)- P2, (Gev/c)®

yield Nj0 = 1.1 ¥ 0.5(stat.) * 0.4(eyst.) and Ny~ = 0.8 L 0.4 0.47).
The systematic error reflects the uncertainty of the beam spectrum
shape.

The background-subtracted and acceptance-corrected transverse
momentum spectra are shown in fig.6. The spectra are compatible with
an exponential decrease. Fitting the function exp(-B Pp ) to the spec-
tra, we obtain the slopes B0 = (1.2 * 1 1) (GeV/c)™2 and By- =
(1.8 * 1. 3) (GeV/c) . The average transverse momenta are (0 8 ¥o.3)
GeV/c for 0 and (0. 7 X 0.2) GeV/c for D assuming the fitted Py
dependence in the full pq region.

4, DISCUSSION OF THE RESULTS

The shape of the longitudinal momentum spectra is an ‘essential
feature of the underlying production wechanism. The spectra of 50
and D™ can be described in terms of (1 - x)M with N~1. The quark
counting rules predict the minimum value N = 3 for D production in a

*) The x value for an individual event camnot be calculated as a
congequence of the unknown beam momentum for this event. So, the
function F(x) has been transformed in the laboratory system
using the known beam spectrum.



neutron beam /19/. This value is in disagreement with our data,
Deviations from the counting rule .predictions in the large x region
were also observed in other reactions /20/. Hence, the counting rules
often fail to describe spectra in the large x region, where most of
our D mesons are populated. The disagreement between the counting
rules and experimental spectra at large x can be due to contributions
from resonance decays and/or diffractive processes, which raise the
production in the

s, which is in agree-
/19/

cross section at large x significantly. PFor AT
game experiment N = 1.5 ¥ 0.5 was measured
mént with the counting rule prediction N = 1
shows, the momentum spectra of oN: and D in the beam fragmentation
region are very similar. A natural explanation of this fact can be
charm production in diffraction-like processes. The incoming neutron
produces an excited state, which carries away mogt of the beam momen-
tum and subsequently decays into D and A . In such a@rocess similar
spectra of D and A+ in the forward reglon will be expected because

. As the comparison

their massges are not very different.

The inclusive D cross section in the region x> 0.5 is
(54 £ 19) ub per carbon nucleus summerizing the 50 and D~ cross
production we obtain in the same kinematical region
a cross section of (80 40) ub per carbon nucleus using the branching
ratio BR( A'+——"A ) = 2.8 % 121/, As can be seen, both cross
gsections have the same order of magnitude. This fact points to the
dominance of AY D over DD production in the large x region. The non-
obgervation of the charge conjugated mesons D0 and DY supports this

. +
gections. For /\c

hypothesis.

Now we estimate the cross sections per nucleon for x> O.
Because our experiment covers only the region x >0.5, an assumption
for the x dependence is required. The extrapolation is performed for
two assumptions:

i) D mesons are produced associatively with /\Z baryons in
diffraction-like processes according to the parametrization
426 /amat o< 1/M2 exp(-6t), where M is the mass of the A'D
gystem and t is the squared momentum transfer;

11) the description (1 - x)V is valid for the whole x range using
the values of N given by the experiment.

The atomic weight dependence of cross sections is generally
degcribed by a factor i , where A is the atomic weight number. For
A; production we have measured o¢ = 0.7 ¥ o.2 using carbon, copper
and aluminium as target materials . This parametrization is
assumed to be valid algo for D production. The resulting cross sections

st i s
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per nucleon in the region x>0 for the extrapolations i) and 1i) are
given in table 1.

Tab.1. Inclusive D cross sections per nucleon (xl>0) The x dependence
for x>0 is descrlbed by: 1) diffractive A D production and

it) (1 - x)N behaviour. The cross sections are scaled by A A0-7,
CROSS SECTION / mb
REACTION
MODEL 1) MODEL 1i)
»
n+c—=304+x 10%s 32 t 16
n+C=—sD +X 9ts 24 12

Pig.7 presents a compilation of D/D cross sections (x>0) as a
function of Ys. The first measurements of D cross sections in PP
interactions ( ¥s ~ 60 GeV) were made in the ISR experiments ’4/.
Thege values were recalculated according to the new hadronic branching
7/. At vYs ~ 26 GeV, charm production in pp interactions was
, and some measurements

ratios
investigated in two LEBC-EHS experiments /5,
were made for pA interactions /1-11/ In 3rder to get comparable
values, the pA cross sections were divided by a2/3 (see fig.T). With
exception of the LEBC-EHS data /5,6 all cross sections depend
atrongly on the unknown production mechanism of charmed particles. The
cross, section ranges indicated in fig.7 take into accaunt this model-
dependence. The lower limits of our data correspond to the diffractive

model and the upper limits to the (1 - x)V extrapolation.

Assuming a rise of charm cross sections with increasing energy,
our results are in contradiction with the pp data from LEBC-EHS but
they are compatible with the other pA data. The reagon for these
incongistencies may be the A parametrization of charm cross sections,
where o depends probably on x /23/. Moreover, an exact Aa'parametri-
zatiog prgdicts systematically too large cross sections on hydrogen
for ™7, K~ and p/p /24/. A similar bvehaviour for charm production can
fake differences between resultes from pp and pA interactionms.

Several attempts have been made to describe hadronic charm pro-
duction by lowest-order QCD mechanisms /25 28/. For two such mecha-
nisms the energy dependence of cross sections is illustrated in fig.7.
The experimentally measured values appear to lie above the most
theoretical predictions. The pA experiments and our data suggest a

9
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pp—0+X /24/
pp—=D+X /58/
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Beam dump  /12/
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Pig.7 Cross sections of D/D meson
production (x>-0) in pp, pA and
nC interactions. The curves are 10°
model calculations: (1) charm
creation with m = 1.3 GeV/cz/ZS/
(2) charm excitatlon with m = 1.3
GeV/c? and Q m2/2 /25/ (3) charm

excitation wlth m= 1.5 GeV/c and
2 2/2 126/

404 DEDOOO

CROSS  SECTION /ub

10" s

10 20 30 40 50 60 70

Vs, cev

smoother rise of the cross section below 15;'~ 26 GeV than expected
g0 far from theoretical estimates. An explanation of thisg behaviour
could be a different energy dependence of A+D and DD production. At
low energies charm should be produced mainlv in A+D final states,
while DD production would become more important wlth increasing
energy. Qualitatively, such a behaviour wes observed for strange
particle production in AK and KK final states /29/

5. SUMMARY

The first measurement of inclusive D meson production in
neutron-carbon interactions at 40 - 70 GeV/c has been reported. The
50 and D~ mesons were detected via the hadronic decay modes into
K*(892)7" and kK*(892)r™n", respectively. In the kinematical region
x >20.5 and Pp< 1 GeV/c the following production properties can be
summarized:

- The inclusive D cross sections are GZO = (28 %
G- = (26 % 13) pb per carbon nucleus.

- The invariant longitudinal momentum spectra can be described in
termsof(1—x)NwithN0-11 0.5 £ 0.4 and
Np= = 0.8 ¥ 0.4 ¥ 0.4.

- The transverse momentum spectra are consistent with an exponential
p% behaviour having slopes BjO = (1.2 _ M 1 1) (GeV/c)

By- = (1.8 % 12) (Gev/e) 2.

- 14) Fb and

Comparing with the /\z production properties measured in the

/13/

same experiment , the following conclusions can be drawn:

- The D and A: production cross sections agree within the errors

10

indicating the dominance of At D over DD production in the large x
region. The nonobservation of the charge conjugated mesons D and DY
supports this hypothesis.

- The flat and gimilar longitudinal momentum spectxra of /\+ and D
points to At D production in diffraction-like processes.

Finally, the cross sections per nucgleon for x>0 were estimated
assuming that the A dependence of D cross sections can be described
by A -7 as measured for /\: production in the same experiment /22/.
The extrapolation to x>0 was performed with i) a diffractive model

and ii) a (1 - x)N parametrization. From this extrapolation we
conclude:

- The model i) provides the lowest cross sections, ~ 10 Mb per
nucleon, whereas model ii) leads to large cross sections of
20 - Boln)per nucleon.

-~ The comparison with data at higher energies -1/ suggest a
smooth rise of charm cross sections below Vng 26 GeV.

- The charm cross section at ¥s ~ 10 GeV is larger than so far
theoretically expected in the framework of perturbative QCD/25_28/.
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Yu.N.Denigov, N.N.Govorun, Kh.Ya.Khristov, K.Lanius, A.A.Logunov,
M.G.Meshcheryakov, I.A.Savin, A.N.Sissakian, L.D.Soloviev,
A.N.Tavkhelidze, N.E.Tyurin, I.S.Zlatev, I.P.Kolpakov, and E.I.Maltsev
for their support of these studies, to the staffs of the Serpukhov.
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Anees A.H. u ap. £1-87-265
Poxperne D= y DT -Me30HOB B *HEATPOH-YrNepoAHHX B3auMOAQEl CTBUAX

npu 40-70 IaB

Wccnepopanoch oBpasosanue D -Me30HOB B HENTPOH-yrnepoOAHBX B3aMMORENHCTBMU~=
ax npu Lo~ 70 FaB/c. ~M83OHbI HabnogeHd NO appoHHHM MOAaM pacnapa D°
» KY(892) n—= LK (892) n" 7", B kuHemaTuueckoii obnactu X > 0,5 u p_<1 aB/c
NONy4YeHW BENUMMHN MHKNOSUBHLIX CEYeHWI Ha AAQPO Yrnepoald o-—o (28+14) MKE
Wop-= (26+13) MK6. MHBapuaHTHHE CREKTpH NPOACNLHLIX MMMYNbLCOB MOTYT GuTH
npeactaeneny 8 suge (1 -x) c N..o = 1,1+0,5+0,4 u ND_= 0,8+0,4+0,4. Ana

CNEKTPOB NOMNEpeyYHbX umnynbcoe napaMeTpu3OBaHHHX B BuAae exp(-Bm ) nony4eHo:

Bgo = (1,27 ;) fraB/c) B~= (1,8 g) (rag/c)™

PaboTta swnonHeHa B flabopaTopun BHCOKMX 3Heprui OUAWU.

Mpenpunt O6BEMHERHOrO HHCTHTYTA AlEPHBIX HccenoBanwi. dy6ua 1987

Aleey AN, et al. E1-87-265

Production of D° and D™ Mesons in Neutron in Neutron-Carbon
Interactions at 40-70 GeV

The production of ‘D mesons iIn neutron-carbon interactions at
10-70 GeV/c has been investigated. The D mesons were detected via the hadro-
nic decay modes D°+ K¥(892)r~ and D—-K*@892)n"r~. In the kinematic region
x > 0.5 and pp<1 GeV/c the following inclusive cross sections were measured:
opgo= (28 £14) ub and op-= (26 £13) ub per carbon nucleus. The invariant
longitudinal momentum spectra can be described by (1 - x)¥ with Nﬁc = 1.1%

0.5 £0.4 and N =0.8+0.4+0.4. The transverse momentum spectra were para-

metrized by exp(—B-p,l) with By = (1. 2"'1 1) (Gev/c)—zandB.._(l 8‘H j)(GeV/c)"2

The investigation has been performed at the Laboratory of High Energies,
JINR.
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