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1. INTRODUCTION 

In the last few yeara hadronic charm production haa 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

/5 121 +energy proton accelerators - • At lower energies only A pro­c 
duction has been measured at ~he Serpukhov accelerator /13/. The pro­
duction of D/D mesons at such low energies has not been observed up 
to now. From the comparison of A~ and D/D cross aections the frac­
tions of A~D and DD final states can be estimated. Furthermore, data 
near the kinematical threshold are of intereat in order to get more 
insight into the energy dependence of charm croas aections. 

-O ­In this.letter we present the first measurement of D and D 
production in neutron-carbon interactiona at 40 - 70 GeV/c. The experi­
ment was performed with the BI~-2 spectrometer at the Serpukhov 
accelerator. Recently our collaboration has published the results on 
A+ production /13/. Continuing the analysis of the same data sample,

c -o _ 
we have found eignala of O and D mesons in the decay modes 
Õ°--"'K+(892)1r- and D-~K+(892)1r-Tr- /14/. The observed Õ mesons 

cover the kinematical region x.;>0.5 and PT< 1 GeV/c, where x 2P~/{;lO 

ia the fractional longitudinal momentum in the centre of maas eyetem 
and PT is the transverse momentum. 

The main componenta of the BIS-2 spectrometer 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 waa designed to select multiparticle eventa, which are typical 
for decays of charmed particles. Four or more charged particles were 
required to pasa through the spectrometer. The spectrum 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 fie1d polarity) 11.4.106 evente were recorded 
corresponding to an integral luminosity of 1.9.1035 cm-2• A more 
detailed description of the BIS-2 spectrometer ie given elsewhere/15/. 

In section 2 we describe the search for charm signals in the 
invariant mass spectra. The cha~acteristics of DO and D- production 
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are presented in section ). In section 4, these charaeteristics are 
compared wi th the A ~ 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 ia the summary. 

2. INVARIANT MASS SPECTRA 

Short-lived partic~es can be detected as signals in the invari­
ant mass spectra of their decay particles. A good knowledge of the 
maas resolution and the mass scale ia essential in thia type of ana­
lysis. We have checked maS8 acal~ and resolution using the decays of 

C""- - - -O /16/strange particles, auch aa 1\, a: (1385),.=.. and =- (1530) • The 
identificati~n of charged particles waa not available, and maas values 
are simply a8signed. The KO was detected aa a pronounced peak in the 

+ s 2 
~ ~- maS8 apectrum. The width of the aignal is 8 MeV/c at half maxi­
mum. For the further analysia119000 eventa with K~ candidates in the 
mass interval from 489 to 505 MeV/c2 were selected. This maas slice 
includes 32 % background combinationa. 

First+ the produ~tion of D/D mesona was se~rched for in the de­
cay modes - -- -0/K K°rr-• The maas °- combin~tione areD spectra of Ke~ 

shown in fig.1. They exhibit aignals of the resonancea K-(892). 

4000 

'" 
~3000 

OI 
::::i: 
o 
N 

..... 
~ 2000 
o 

~ 
z 

~ 1000 
o 
u 

0.6 

MASS, GeV/c2 

+ 
Fig.1.Invariant maas sp~ctra of K~~- combinationa. The background- + 
subtracted aignals of K-(892) are also shown. The in~erts show the D­
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 resulte in signals of 4000 K+(892) and 2200 K-(892). The n­
m~ss regions are displayed in the inserts of fig.1. No indication of 
D- signals can be found. 

° -O -O ° + ­+ Next, we lo~ked for the decays D /D ~ K /K 1l' 1T' and 
n-~ KO/KOn+1l'-~-. The mass apectra of these decays are depicted in 
fig.2. They do not show any atructure in the D/D maas regions. The 
upper limits of aignala, which are equivalent to a 2 atandard devi­
ation effect in the mass interval from 1820 to 1900 MeV/c2 , are 
NDO/fP -44, ND- .. 39 and Nn+ .. 42 combinationa. 
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° + - ° + - ~Fig.2.Invariant maas spectra of Ka~rr and K _ ~ . s rr~ 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 eelection of its caacade decay via K(892). The aub­
channel with K(892) representa a large fraction of the D/D decaya into 
K/K plus pions and the euppreasion of· background is expected to be 
much stronger than the loss of signal /11/. Fig.) ahowa the masa dis­
tributions of K+(892)~- and K+(892)~-rr- combinationa. Small peaks are 

-O ­visible at the positions of D and D masses. An additional back­
ground suppression ia achieved when the events with K~~- masses close 
to K-(892) or ~(1430) are excluded. Theae conditions reduce a180 the 
contribution_of the resonancea+K~(1780) an~ Kj(1780) on the low maas 
sidê of the DO/D- peaks. The K-(892) and K2(1430) are defined by the 
maas slicea from 840 to 940 MeV/c2 and 13)0 to 1530 MeV/c2, reapec­
tively. The inserts 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 maas values MDO = (1868 ± 8) MeV/c2 and 
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M = (1869 ± 8) MeV/c2, which are in good agreement with the tabu­n­
lated values /17/. The widths of the peaks, rno = (37 ± 14) MeV/c2 

and GQ- = (37 ± 11) MeV/c2, are eompatible with the expected maas 
resolution. ~he mass values and the narrow widths of the peaks allow 
Us to conclude that the signals arise from weak decays of the charmed 
mesons no and n-. The same arguments exclude an interpretation of the 
signals as a known kaon resonance. The fit results in the signals of 
(21 ± 6) nO and (32 ± 7) D- corresponding to a statistical signifi ­
canee of 5 and 7 standard deviations, respectively. The combination­
to-event ratio in the peak region is nearly one. 

No statietically eignificant enhancements of the charge 
conjugated mesons nO and D+ decaying into K-(892) are observed. The 
mass spectra of K-(892)~+ and K-(892)tr+~+ eombinations are given in 
fig.4. The selection criteria are the same as for K+(892)rr- and 
K+(892)rr-rr- combinations. The ineerts of fig.4 show the D mass re­
gions in which events with K~n+ masses close to K+(892) or ~(1430) 
are excluded. 

J. CROSS SECTIONS ANn MOMENTUM SPECTRA 

In thie section we determine the nO and D- cross sections for 
neutron-carbon interactions in the kinematical region, where our 
epeetrometer is sensitive: x > 0.5 and PT< 1 GeV/c. The cross sections 
per nucleon for x > ° are extrapolated in section 4. 

The aeceptance of the apparatus was calculated by Monte-Carlo 
teehnique. We have simulated the following types of reactiOIlS: the 
diffractive production of a A+B system, the semi-inclusive production 
of fi accompanied by A+, and t~e eemi-inclusive production of TI accom­

+ c
panied by nucleons and pions. The resulting acceptance OVer a Ac' 
two-dimensional PL-PT plot is nearly model-independent. For different 
reactions the aeceptances integrated over the seneitive kinematical 
region differ by le88 than 10 %. The useful beam momentum range due to 
the spectrometer acceptance and trigger conditions ie 40 - 70 GeV/c. 

The partial cross section ia given by: 

G-TI'BR = N:o / (L'" aB)' (1) 

where ND, L, aE and BR are the number of n events, lum1nosity, 
acceptance including trigger conditione and branch~ng ratio, respec­
tively. Using formula (1), we get the following partial eross 
aections: bBO.BR1 • (2.0 ± 0.7) pb and bn- ·BR2 • (3.9 ± 1.3) pb 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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eetimate thie uncertainty, we have calculated the croee eectione by \' 

an independent me thod , The cross section G'KO + ~ 2 of the well ­ .11 
measured reaction with KOe plue two or more cRarged particles in the l, 
final ~tate was UBed for normalization of the charm yielde. Formula 

I 
~(1) is modified as followe:	 I' 

GYj'BR • (NB/NKO+>'2).(~0+>'2/aD).SKo+)2 * B~O' (2) 
s :t e ;t a ' s ~ 

The cross section bKO+~2 for neutron-carbon interactions wae eeti ­ I( 
mated ueing the diffe~ential and topological croes eections of pp -.; / 

reactions and the atomic weight dependence of pA reactione /18/ •. j 
PormuLe (2) gives the valuee: bDO' BR1 • (2.7 :!: 1.0) p.b and 
Sn- 'BR2 • (5.3 :!: 1. 8) p-b per carbon nuc Laus , As can be seen, the 'I 
results from both methode agres indicating that the overall normal­ I 

! 
ization error is les8 than 50 %. In further extrapolations the partial I 

cross eections reeulting from formula (1) will be used.	 ! 
To evaluate inclusive crOS8 sections, the corrections for un­

eeen decay modes have to be done. The branching ratios were measured 
for the decays nO--KO;r+;r- (8.5 ~ 1.4) %, iP----PK+(892)rr-(7.1 :!: 2.5)% 
and n- ~ KO~+~-rr- (15.2 :!: 5.8) % /11/. The observed signals can be 

a mixture of nonreeonant decaY8 and resonant decays becaue8 the eelec­
tion of K+(892) includes a larga fraction of nonresonant KO~+ combi- . 

s 
nations (eee fig.1). Therefore the branching ratios BR1 and BR~ have 
to be values between those for the resonant subchannels with K (892) 
and the full channels rP ----.. K°"..+tr-, n- --. K°7t+1r-n--. For DO both values 

are very close; so, the value of the resonant subchannel is u8ed for 
BR1 and the inclu8ive cross saction bDO (28 :!: 14) pb per carbona 

nucleus is obtained. The lower limit of BR2 ia unknown bacause the 
branching ratio of the Bubchannel n-~K+(892)~-~-has not been 
measured to date. Using the ratio of the full channel n-~KO~+tr-~­
yield8 the cross section Sn- a (26 :!: 13) pb per carbon nucleus. From 
thi8 value we can derive the lower limit Ô - >9 flb per carbon nuc Lauan 
with a 90 % confidence leveI assuming that the branching ratio of the 
full channel is an upper limit of BR2• 

We have also determined the production of nO and n- in depend­
ence on the longitudinal and tran8verse momentum in the laboratory 
system. The background contribution i8 subtracted by estimation of 

the 8ignal for each momentum bin. The signals are small, and the typi­ 1\cal statistical error in a momentum bin ia about 50 %. 
~ 

The invariant longitudinal momentum apectra, after background 
subtraction and acceptànce correction, are displayed in fig.5. The J'iI, 
fits of a power law F(x)e><...(1 - x)N to the invariant momentum spectra 
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Fig.5 Invariant longitudinal 
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spectra 
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.. - .. -- 2 h .6 ,8~~~0- 102U~1~~~~~~~~~~ 

nential function exp(-B pª). pi, [Gev/d 

. + ( ) + ()	 + + *)Y1eld NBO • 1.1 - 0.5 stat. - 0~4 syst. and Nn- • 0.8 - 0.4 - 0.4 • 
The systematic error reflects the uncertainty of the beam apectrum 
shape. 

The background-subtracted and acceptance-corrected transverse 
momentum spectra are shown in fig.6. The spectra are compatible with 

2' an .exponential decrease. Fitting the function exp(-B PT) to the spec­
tra, we obtain the slopes BDO • (1.2 : ~:~) (GeV/c)-2 and Bn- • 
(1.8	 : ~:~) (GeV/c)-2. The average transverse momenta are (0.8 :!: 0.3) 

-O + ­GeV/c for n and (0.7 - 0.2) GeV/c for n aS8uming the fitted PT 
dependence in the full PT region. 

4.	 nISCUSSION OF THE RESULTS 

The shape of the longitudinal momentum 8pectra is an essential 
f~ature of the underlying production mechanism. The spectra of nO 
and D- can be described in terms of (1 - xyN with N'" 1. The quark 
counting rulea p~edict the minimum value N • 3 for D product10n in a 

*)	 The x value for an individual event cannot be calculated as a 
consequence of the unknown beam momentum for this evento So, the 
function F(x) has been transformed in the laboratory eyetem 
using the known beam spectrum. 
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neutron beam /19/. This value is in disagreement with our data~ 
Deviations from the counting ruIe .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 Dmesons are populated. The disagreement between the counting 
rules and experimental spectra at large x can be due to contribut~ons 

from resonance decays and/or diffractive processes, which raise the 
cross section at large x significantly. For Â; production in the 
same experiment N = 1.5 ± 0.5 WBS measured /13 , which is in agree­
~ent with the counting rule prediction N = 1 /19/. As the comparison 
shows, the momentum spectra of A+ and -D in the beam fragmentationc 
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 most of the beam momen­
tum and subsequently decays into 15 and Â~. In such a~rocesa similar 
spectra of Dand Â~ in the forward region will be expected because 
their masses are not very different. 

The inclusive D cross section in the region x > 0.5 is 
+	 -o ­(54 - 19) pb per carbon nucleus summarizing the D and D cross 

se c t í.ona , For /\ c production we obtain in the aame kinematical region 
a cross section of (80 ± 40) pb ?er carbon"nucleus using the branching 
ratio BR( 1\ ~ ~ A rr+7lrr-) ... 2.8 % /21/. As can be ae en , both cross 
sections have the same order of magnitude. This fact points to the 

+- ­dominance of /\cD over DD production in the large x region. The non-
observation of the charge conjugated mesong DO and D+ supports this 
hypothesis. 

Now we estimate the cross sections per nucleon for x> O. 
Becauae our experiment covers only the region x > o. 5, an aaaump t í.on 
for the x dependence is required. The extrapolation is performed for 
two assumptiona: 

i)	 15 mesons are produced associatively with A~ baryona in 
diffraction-like processes according to the parametrization 
d26" /dM2dt 

(X 1/M2 exp(-6t), where M is the mass of the A~D 
system and t is the squared momentum transfer; 

ii)	 the description (1 - x)N ia valid for the whole x range using 
the values of N given by the experimento 

The atomic weight dependence of cross sections is generally 
described by a factor A~ , where A is the atomic weight number. For 
1\ + production we have measured 0<:.. 0.7 ± 0.2 us í.ng carbon, copper 
anâ aluminium as target materiaIs /22/. This parametrization is 
assumed to be valid also for 15 production. The resulting cross sections 

.per nucleon in the region x> O for the extrapolations 1) and t areí ) 

given in table 1. 

Tab.1~Inclusive D cross sections per nucleon (x o O}, The x dependence 
:ror x > O is described by: 1) diffractive. Â ~ production	 and 

AO.7•ii) (1 - x)N behaviour. The cross sections are scaled byi .\ 
I 

fti 
ti 

I 

I
 
!
 
i
 

I 

REACTION 
CROSS SECTION / !lb 

MODEL i) 

10 ± 5 

9 ± 5 

MODEL 1i) 

32 ± 16 

24 ± 12 

, 
n+c ..... rP+x 

n + C ~ D- + X 

Fig.7 presents a compilation of D/D cross sections (x>O) as a 
function of {;. The first measurements of D cross sections in pp 
interactions ( Yã ~60 GeV) were made in the ISR experiments /1-4/. 
These valuea were recalculated according to the new hadronic branching 
ratios /17/. At {; rJ 26 GeV, charm production in pp interactions WBS 
investigated in two LEBC-EHS experimenta /5,6/, and some measurements 
were made for pA interactions /7-11/. In ~rder to get comparable 

values, the pA cross sections were divided by A2/3 (see fig.7). With 
exception of the LEBC-EHS data /5,6/, alI cross sections depend 
strongly on the unknown production mechanism of charmed particles. The 
cross.section ranges indicat~d in fig.7 take into accaunt thie model­
dependence. The lower limits of our data correspond to the diffractive 
model and the upper limits to the (1 - x)N extrapolation. 

Assuming a rise of char~ 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 re~son for these 
inconsistenciea may be the A~ parametrization of charm cross sections, 
where De depends probably on x /23/. Moreover, an exact Aocparametri ­

zatio~ pr~dicts systematically toe larg~ cross sections on hydrogen 
for~-, K- and p/p /24/. A similar behaviour for charm production can 
fake differences between results from pp and pA interactions. 

i I 
Several attempts have been made to describe hadronic charm pro­. 

'I
 
~ duction by lowest-order QCD mechanisffiB /25-28/. For two such mecha­


n1SffiB the energy dependence of cross sections is illuatrated in fig.7.
 
The experimentally measured values appear to lie above th~ most
 
theoretic~l predictions. The pA experiments and our data suggest a 
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creation with mc. 1.3 GeV/c 2/25/, 
,Q 

-2:(2)	 charm excitation with mc. 1.3 102 
(31

GeV/c 2 and n 2. m2/ 2 /25/ (j) charm 
15 

~O	 c ' ~ 111excitation with m • 1.5 GeV/c 2 and Vl 

Q~.m~/2 /26/. c	 ~ 
U,lO' 

.l, 
\1 
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la 20 30 40 50 60 70 
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smoother rise of the cross section below ~ ~ 26 GeV than expected 
BO far from theoretical estimates. An explanation of this behaviour 

+- ­
co~ld be a different energy dependence of AcD and DD production. At 

+­low energias charm ehould be produced mainly in AcD final states,
 
while DD production would become more important with increasing
 
energy. Qualitatively, such a behaviour W6S observad for strange
 
particle production in AK and KK final states /29/.
 

5. SUMMARY 

The first measurement of inclusive Dmeson production in
 
neutron-carbon interactions at 40 - 70 GeV/c 'has been reported. The
 
nO and D- mesons were detected vi~ the hadronic decay modes into
 
K+(892)~- and K+(892)~-~-, respectively. In the kinematical region
 
x > 0.5 and PT< 1 GeV/c the following production properties can be
 

summarized:
 

- The inclusive 15 cross sections are bIP'" (28 "t 14) pb and
 
G'D-"; (26 ± 13) pb per carbçn nuc Leua ,
 

_ The invariant longitudinal momentum spectra can be described in
 
+ +terms of ( 1 - x )N with NÜO • 1.1 - 0.5 - 0.4 and
 

ND- • + +
0.8 - 0.4 - 0.4.
 
_ The transverse momentum spectra are consistent with an exponential
 

pª	 behaviour having slopes BnO • (1.2 ~ 6:~) (GeV/c)-2 and
 
'" (1.8 ~ ~:6) (GeV/c)-2.
BD-

Comparing with the /\ + production properties measured in the
 

same experiment /13/, the f~llOwing conclusions can be drawn:
 

- The Dand A~ production cross s8ctions agree within the errors 

indicating the dominance of A~n over DD production in the large x 
region. The nonobservation of the charge conjugated mesons DO and D+ 
supports this hypothesis. 

- The flat and similar longitudinal momentum specta-a of A c and D 
points to /\ ~15 production in diffraction-like processes. 

Finally, the cross sections per nuc Leon for x > ° were estimated 
assuming that the A dependence of 15 cross sections can be described 

AO•7by as measured for /\ ~ production in the same experiment /22/. 
The extrapolation to x>O W6S performed with i) f;l diffractive model 
and ii) a (1 - ~)N parametrization. From this extrapolation we 
conclude: 

- The model i) provides the lowes~ cross sections, ~ 10 pb per 
nucleon, whereas modelo Lí, ) leads to large cross aec tí.ona of 
20 - 30 fb per nucleon. 
The comparison with data at higher energies /1-11/ suggest a 
smooth ríse of charm cross sections below yÇ ~ 26 GeV. 
The charm cross section at .y; t"-' 1° GeV is larger than so far 
theoretically expected in the framework of perturbative QCD/25-28/. 
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AneeB A.H. ~ AP. Él-87-265
 
PO~AeH~eÕo- ~ O--MeaoHoB B'HeHTpoH-yrnepoAH~x B3aHMoAeHcTBHRX
 
npH 40-70 r3B
 

HccneAoa8110Cb o6ga30BaH~e Õ -Me30HOB B HeHTpoH-yrnepoAH~x B3a~Mq,qeHcTB~­
RX npH 40-70 r38/c. O -M630H~ Ha6n~AeH~ no aAPOHH~M MOAaM pacnaAa 0° ~ 
" K+(892) n": H n- ~ K+(892) "-,, -. B KHHeMaTH4ecKoH oõnacra x > °,S H P <1 r3B/c 
nonY4eHbI Bel1~I.lHH~ ~HK.n~3HBHblX ce4eHHH Ha RAPO yrnepona O'õo c .(28.±,14) TMK6 
H 0'0-" (26+13) MK6. HHBaRHaHTH~e cnexrpu npOAonbHblX HMnynbcoB MorYT 6~Tb 
npeAcTaBneH'bi B BHAe (l_x)N c Nõ o = 1,1.±,0,5.±,0,4 H N - = 0,8.±,0,4.±,0,4. Al1Ro
 
cnexrpoa nonepeuaux HMnynbcoB napaxerpaaoaauaux ,B B~Ae exp(-B.p 2T) nony-reao ;
 

B - +1 , 1) ( ) -2 B 8+ 1, 3 1 )-2
D° '" (1,2_0• 9 r3B/c H D-= .(1, -1,0) (r3B c • 

Pa60Ta B~nonHeHa B na60paTopHH B~COKHX 3Hepr~H OHRH. 

npenpHHT 061>eAHHeHHOrO HHCTHTYT8lUlepHblX HCC1le,llOB8HHA. ,ny6H8 1987 

Al~~~ A.N. et ai.	 El-87-265 

Production of ÕO and n-·Mesons in Neutron in Neutron-Carbon 
Interactions at 40-70 GeV 

The productlon of 'Õ mesons In neutron-carbon interactlons at 
40-70 GeV/c has b~en Investigated. The Õ mesons were detected via the hadro­
nic decay modes Oo~ K+(892),,- and 0-...K+(892) "-"-. In' the klnematic reglan 
x > 0.5 and PT< 1 GeV/c the following inclusive cross sections were measured: 
0'00= (28±14) ILb and O'D-= (26±13) ILb per carbon nucleus. The invariant 
longitudinal momentum spectra can be described by (1 - x)N wlth Nõo = 1.1 ± 

±O.S ±0.4 and N - = 0.8 ± 0.4 ± 0.4. The transverse momentum spectra were _para­
D 

metr i zed by exp(-B.p~ wi th Bno = (1. 2~6:~) (GeV/c) -2 and B "';:; (1'. 8~~ :~) (GeV/c)-2.o

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