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Abstract

A charm particle production model i s compared with data from 360 GeV/c
ft~p interactions. The charm quark production is described by the two
processes gluou fusion and quark-antiquark annihilation in perturbative
QCD, and complete haoronic events are obtained using the Lund fragment-
ation Kodel. The data were collected with the high resolution rapid cycling
bubble chamber LEBC and the European Hybrid Spectroseter, EHS, and corre-
spond to a sensitivity of 15.8 events/Mb. The inclusive J-meson cross
section at x^ > o is measured to be 15.8 ±2.7 yxb. The corresponding
cross section in the model, calculated using a - o.3 and m »1.25 GeV/c2,
i s estimated to be a factor 2-3 lower. The gluon and quark fusion processes
contribute 85 and 15 %, respectively. The xp distribution of D-mesons in
the forward hemisphere is described by a leading and a non-leading compo-
nent which are well described by the model. The p* distribution fits
data well for an Intrinsic transverse momentum of the parton system of

<k2
T> a 0.82 (GeV/c)2. The fragmentation plays an Important role for

the hadron distributions, and these are well represented by the Lund model.
The average charged multiplicity In charm events is measured to be 10.4 ±0.6,
which is larger than the multiplicity measured in soft hadron interactions
at the same energy.



1 Introduction

Particle production has been studied since long with the aia to

establish a theory for the strong interactions of particles. Several

experimental observations favour an s u < 3 ) c o i o u r Yang-Mills theory,

Quantvn Chrono Dynamics (QCD) [1,2]. The interacting fields and gauge

particles are a colour triplet of quarks and a colour octet of gluons

respectively. With the requirement of renormalizability, the for* of the

Lagrangian is determined almost completely. From the renormalization group

equation for this Lagrangian, the effective coupling strength becomes in

lowest order,

«g(qa) = 12rt/(33-2n)/ln(qVA*). (1)

q3 i s the 4-momentum transfer squared, n is the number of quarks (fields)

accessible at the energy, and A is a scale parameter, estimated tö be of

the order of 100 MeV. Equation (1) implies that QCD becomes a free field

theory for high enough q2.

Charm is the flavour of the fourth quark in the standard model of the

electroweak interactions, [2]. Like strangeness i t is conserved in strong

interactions, but associated production of charm particles takes place

in several reactions due to the coupling to other states with quantum

numbers J r c = 1 ~ .

The high mass of the charm quark (of the order of 1.5 GeV/c) makes a

small enough to allow intresting comparisons between QCD computations and

experimental results from charm particle production at CERN/SPS energies.

However, QCD gives the momenta of the scattered partons, but offers no

guide for the formation of observable hadrons (dressing), nor for the

process which results in complete events (fragmentation). Assumptions have

to be made about the dressing, and phenomenologlcal models are used when

complex events are needed, e.g. in the analysis of experiments for

estimation of background and efficiencies.

In this note, we compare one model for hadronic charm production with

data from 360 GeV/c ft"p Interactions, obtained by the NA27 Experiment

at the CERN SPS in 1982 [3]. The charm quark production is based on two

first order QCD processes, and complete events are generated with the

Lund model for jet fragmentation.



A similar comparison was made in [4] with a previous version of the

fragmentation program and data fro» an earlier SPS experiment. A few

changes have been introduced in the presently used fragmentation routines.

Furthermore, the data used in this study are obtained with a significantly

improved apparatus compared to the previous one [5].

In section two we present the model and section three gives a short

description of the experiment. In section four we present results from the

model and experiment, and in section five we discuss possible extensions

to the model. The results are summarized in section six.



2 The Model

The generation of char* quarks follows the Feynman rules for scattering

of quarks or gluons. like several other models. In the Lund model for jet

fragmentation [6], the outgoing partons are connected by colour fields, and

the observable final state is generated by repeated splitting of the fields.

2.1 Charm-anticharm quark production

Several first order processes on the parton level are conceivable for

the creation of charm quarks in a high energy hadron collision, eg.

(a) gg -> cc (b) qq -> cc (creation) (2)

(c) gc -> gc (d) qc -> qc (excitation).

The differential cross sections for the two creation processes included in

this model, are deduced from the Feynman diagrams of the processes (fig. 1).

and have the following general form,

** " f
1

f*r#)*2l*2''*t)<r'd*1
dx2 (3)

The structure functions fj determine the longitudinal momentum fraction xi

carried by the reacting parton in hadron i, q2 i s the momentum transfer

squared (in the chosen scale) and <x is the subprocess cross section.

Scaling structure functions from Altarelli and Nartinelli [7] are used for

valence quarks in nucleons and from Owens and Reya [8] for valence quarks

in pions and for gluons. An amplitude is derived for each field topology

(see fig. 2 and description of the Lund model below), and this amplitude

affects the scattered parton distributions in addition to the amplitudes

obtained from the Feynman diagrams.

The cross section for each sub-process is obtained by integrating

equation (3) with <r given by Combridge [9], and numerical estimates are

obtained by Monte Carlo sampling of the Integrals. The momentum transfer

q* in the scattering process is chosen as s/2 for process (2a) and s

for (2b). The lower limit in the integration is 4m * where mn is the

charm quark mass.



Two sources of the partons intrinsic transverse motion are considered,

the Fermi motion inferred from dimuon transverse momentum distributions (t)

and the emission of low energy gluons. Both contributions are simulated by

giving each reacting parton an intrinsic transverse momentum with magnitude

ky and azimuth <p, according to the distribution
f(k

T.<P)dkTd<p = a/rr-kT-exp(-a-k*T)-dkT-d<p (4)

The mean value of the transverse momentum of the parton system is

<k*T> = 2/a = 2W2, where the width W is a free parameter in the

model. W = 0.54 GeV/c corresponds to the Fermi motion alone, whereas the

value W = 0.64 GeV/c has been used throughout. The effect on D-meson

production quantities from varying the width W is summarized in table 1.

The intrinsic transverse momentum is limited to 2.0 GeV/c, which has little

influence on the particle distributions.

Table 1

w
<py
<V
<T(CC)

The effective m that enters the cross section calculation, is

obtained from renormalisation of the bare mass and hence depends on the

scheme used [11]. m is given as a parameter in the model with the value

• c =• 1.25 GeV/c2. The energy required to form a hadron is provided by

the string in the fragmentation.

The coupling strength <xg used in the program does not depend on the

momentum transfer as given by equation (It, but is a constant. The effect

of a constant a scaling structure functions etc are discussed in
• 9

sections 4.2 and 5.

D-mesons

0.44

0.76

0.16
6.0

at xp >

0.64

0.85

0.16

5.4

0

0.8

0.92

0.15
4.9

GeV/c

(GeV/c)»

Mb

(t) The transverse momentum of dlmuons produced in hadronic reactions,

have a predicted energy dependance <k*> = A + Bs , where s is the CMS

energy squared. The intercept A at s = 0 is interpreted as primordial

transverse momentum of the Interacting partons, [10].



2.2 Fragmentation and decay

A basic assumption in the Lund scheme is that isolated colour charges

do not exist, but are connected by force fields between colour triplets

(quarks) and anti-triplets (figs 2 and 3). The dynamics of the field is

modelled by the massless relativistic string, and the energy of the

essentially one-dimensional field increases linearly with the length as

the field is stretched.

The string breaks up into quark-antiquark or diquark-antidiquark pairs,

•esons are formed from a quark at one end of the string and the antiquark

(fig. 3) and baryons from a quark and a diquark. The rest of the string,

containing the quark created together with the antiquark will, if there is

energy enough, continue to stretch and break in an iterative fashion until

all available energy has been transferred to hadrons. Hence, dressing of

the charm quarks and generation of the rest of the event are treated in the

same way.

The fragmentation scheme is implemented In the program JETSET 5.2 [12].

Several parameters govern the particle distributions to a lower or higher

degree, and the default values of these parameters have been kept. A few of

them which might be of interest for comparisons will be discussed here.

The Lund fragmentation procedure is mainly governed by a symmetric

fragmentation function ffom^) of the form N(l-z)a/zexp(-bmT2/z), giving

the probability to have a meson with transverse mass mT and energy fraction

z of the string. The parameters a and b are equal to 1.0 and 0.7 respectively.

This scheme leads to a probability for finding n particles in a rapidity

interval dy. given by

P(n,dy) = (dy)n/n!exp(-dy) (5)

i.e. a Poisson distribution with a mean value of one particle per unit in

rapidity.

The total energy is shared among the original strings such that a fraction

X is given to the string containing a quark and the remainder to thr. string

containing the anti-quark (diquark in baryons). The X distribution is of

the form (1-X)1 for protons and (1-X)° for pions. Energy conservation in

the formation of particles from a string is ascertained by a limit on the

energy of the string. This means in particular that a charm hadron Is formed



without string fragmentation when the energy is below (1 + m + m ) GeV,

where m is the constituent mass of the light quark at the other end of

the string. Particle masses are tabulated for known particles, and computed

from a set of constituent masses for undiscovered heavy particles, which

may be created in the fragmentation. Resonances are treated as having no

mass broadening in this comparison but there is a possibility to include a

Breit-Wigner distribution in cases where the mass smearing is important.

The production ratios of diquarks to quarks (baryons to mesons), strange

to down quarks and for spin 1 to spin 0 (3/2 to 1/2) particles, are based on

free parameters. The values of these are qq : q = 0.09 : 1 , s : d = 0.3 : 1 ,

spinl : spinO » 1 : 1 for mesons (3 : 1 for charm mesons) and spin3/2 : spinl/2

» 0.15 : 1 for baryons.

Two and three body decays of particles containing only u,d and s quarks

are given by published branching ratios and phase space except in a few

cases where a matrix element is introduced. Charm particle decays are

described by weak decay of the charm quark into a strange quark plus a

quark-antiquark or lepton-antilepton pair, i.e. only Cabibbo favoured

decays. For charm mesons we have

qc -> qscLq- and qc -> qsiv (W-emission)

The mean value of the multiplicity in non-leptonic charm decays is taken

from observed decays. Particle flavours are obtained from the string

fragmentation routines, but the momenta are generated according to phase

space. In semileptonic charm decays, only three-body decays occur, and the

momentum distribution Is obtained from the matrix element. These procedures

do not reproduce published branching ratios in detail, and weighting of

exclusive decay channels must be applied where the branching ratios are

crucial.

The program, written in FORTRAN, is run at a Flo&ting Point System array

processor with a VAX 750 as host machine. 50000 generated events (100000

charm particles) were generated for most studies which give negligible

statistical errors.



3 Ttie Experiment

We use for the comparisons data from 360 GeV/c tt~p interactions,

collected by the LEBC-EHS collaboration in 1982. Details of the NA27

Experiment and the analysis, summarized below, are found in [3] and the

physics results are published in refs [3 and 13a-d].

The NA27 apparatus is characterized by a high resolution, rapid cycling

bubble chamber, serving both as target and vertex detector, and a complex

spectrometer for momentum analysis and particle identification, fig 4. The

liquid hydrogen bubble chamber LEBC has a fiducial length of 12 cm and

produces bubbles of < 20 JIB diameter which are measured with a precision

of 2.5 Mm. A good sensitivity is obtained for particles with lifetimes

down to a few times 10~13 s.

The spectrometer acceptance is close to 100 % for particles produced

forwardly in the center of momentum system (x > o). Two lever arms,

each with three drift chambers and a magnet, provide a momentum resolution

better than 1 * in the whole momentum range. The mass resolution varies

from about 5 NeV/c2 for all charged D-meson decay modes to about 30 NeV/c2

for decay modes with neutral particles. Charged particle identification is

provided by an ionisation sampling drift chamber (ISIS) and a Silica

Aerogel Cherenkov detector (SAD) for the medium and low momentum ranges

respectively. Two lead glass calorimeters measure photons and electrons,

giving a width for the H° mass peak of about 20 MeV/c2.

Scanning of 850.000 pictures, which were collected using a multiplicity

trigger [14], resulted in 265.000 good hydrogen interactions representing a

sensitivity of 15.8 events/jxb. Measurement and reconstruction of charm

candidates reduced the charm event sample to 114 events containing 69 pair

and 45 single decays. Different physics samples were selected from these

events by Imposing cuts, the most important being transverse momentum cuts

on secondary tracks from two-prong decays to reject strange particles and

impact parameter cuts to ensure good detection efficiency. For most physics

analysis, one-prong decays and decays with x_ < o were rejected due to

large uncertainties in the detection efficiency for these decay». The

remaining background from strange particles is negligible, and the results

are essentially free from systematic errors.



In a second phase of the experiment, a sensitivity of 38.5 events/jxb

was achieved in 400 GeV/c pp interactions [5b]. A few results from this

exposure have been used to test the model where rr~p data do not suffice.



4 Results

4.1 Inclus ive part ic le propert ies

The main subject in this study is charm particle production, but we

begin with a discussion of the properties of all particles produced in

charm events. This may add to our understanding of strong interactions

and it is certainly of interest when the model is used to simulate an

experiment.

4.1.1 Multiplicities in low momentum transfer and charm production events

The average charged multiplicity <n > in 360 GeV/c Tt~P soft

hadron interactions is measured at <n > = 8.73 by Firestone et al. [15].

The corresponding multiplicity, measured by the LEBC-EHS Collaboration

shows when normalized for multiplicities greater than eight, a trigger

inefficiency for 2, 4, 6 and 8 prong events (fig. 5). The trigger effici-

ency is determined for each multiplicity bin as the ratio of the observed

number of events to the number given by Firestone et al.

The average number of n° in 360 GeV/c pp interactions is measured at

<n*> * 4.0±0.4 [16a] and 4.3+0.1 [16b]. The number of n° in charm events

given by the model is <5t°> =» 5.2 .

The charged multiplicity in charm events is measured in a sample of 58

topological charm pairs. When the distribution is corrected for the trigger

inefficiency, the mean charged multiplicity becomes <n . > * 10.4 ±0.6
en

(the correction in <nch> is only 1.5X). The multiplicity distribution for

all charm events in the model has an average of 10.6, and is shown as the

broken line in fig. 5.

A larger sample may be used if the increment in number of tracks from

observed charm decays Is added to the multiplicity at the primary vertex

(e.g In a decay D + -> K~rt+rt+, we add two). Doing this, all events

in the NA27 charm sample may be used, even when only one decay has been

detected. The corrected mean multiplicity thus obtained is 13.6±0.4 for

the observed charm events and 13.8 in the model. These distributions are

shown In fig. 6, and the agreement between model and experiment is very

good except for a tail of multiplicities above 20 (containing 6% of the

events), where the model gives less events.
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The contribution to the charged multiplicity from the charm decays is

estimated using topological branching ratios given in ref. [13c]: fro*

charged decays, (D1 -> 1, 3 and 5 prong = 0.54±0.10, 0.42±0.10, and

0.04±0.02) and from neutral decays, (D° -> 0, 2 and 4 prong = 0.14±0.04,

0.69±0.05 and 0.17±0.05), respectively, and from the measured Vr/Xi*

cross sections presented in sect. 4.2. We obtain an increase in multiplic-

ity from D-meson decays of 1.3 per decay, on the average. Subtracting the

increase, we estimate from this sample the mean primary multiplicity to be

11.0, in agreement with the measurement and the models result.

We have also measured the multiplicity in a sample of 52 events with at

least one reconstructed D-meson in the forward hemisphere (43 events con-

tain two charm decays). Corrected for the trigger inefficiency and for the

contribution from unseen charm decays, the multiplicity distribution has an

average of 10.3 ±0.5.

Hence, the charged multiplicity is higher in charm events than in

minimum bias events (dominated by low momentum transfer processes) at the

same energy. The model reproduces the charged multiplicities well, and when

comparing the models prediction for the n* multiplicity with measured

values, a higher neutral multiplicity is also found. This result is in

agreement with the interpretation of charm production as a hard scattering

process, where not only the charm quarks are created, but also the remain-

ing energy is shared by more part- icles with less energy at the average

than in soft hadronic interactions. One particular soft process is the

diffraction dissociation, which is characterized by low multiplicities and

a recoil system having a mass peak just above the threshold. The Lund model

does not produce this type of events.
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4.1.2 Event shape

The distribution of secondary particles in space is illustrated in

fig. 7 by the laboratory dip angle (in the non-bending plane). Particle

production in the model is somewhat more jetlike than in data, as seen by

the average dip angle, 41±1 and 38 mrad for the measured and simulated

distributions, respectively. Both distributions in azimuth angle are flat.

Another measure of the event shape is the sphericity, defined as

S = 3/2 • min (E p*T / £ pJ) (6)

S % 1 corresponds to isotropic production, and S =» 0 to two opposite jets

without transverse extensions.

The model is compared with data from 400 GeV/c pp interactions since

these are symmetric around xp = o and all particles produced in the

forward hemisphere are inside the spectrometer acceptance. The sphericity

obtained from the reconstructed charged particles with xc > o is
r

<S> " 0.14 ±0.02, compared to <S> = 0.13 from the model [17].

The event shape given by the model for 360 GeV/c rc~p interactions is

summarized in table 2. The observed trend of increasing sphericity when

restricting the samples is most likely a trivial effect due to the leading

particle jet structure.

Table 2

Sphericity in simulated charm events
in 360 GeV/c ft~p interactions

all

all, xp > o

charged

charged, xp :> 0

Charm
stable
0.12

0.14

0.13

0.15

particle
decays (t)
0.14

0.17

0.16

0.19

(t) The columns stable and decay gives the sphericity computed using

(1) the charm particle, and (ii) the charm decay products, respectively.
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4.1.3 Light particle production rates

The relative ft, K and p production rates for x > 0 in 360 GeV/c soft

hadron interactions and in the charm production model (the low statistics

in charm events prevents direct comparisons) are

Tt:K:p = 1 : 0.097 : 0.023 and 1 : 0.097 : 0.050 respectively.

The experimental numbers are obtained from a maximum likelihood fit of the

measured ionisation in a sample of reconstructed tracks (without the bubble

chamber information) [18]. The models representation of strange particle

production i s good, but with the default value for diquark production, the

production of protons is larger than the measured rate by a factor two (the

statistical errors are close to 10 *). We assume that the baryon production

rate is the same in events containing charm particles and correct the

computed A cross section in sect. 4.2 (the fragmentation routines are

in this respect independent of the charm quark). The relative production of

Tt°, ft" and ft in the model agree with the experiment within errors.

4.1.3 Light particle production in charm events

Table 3 summarizes the production variables <x_> and <p2
T> for light

particles produced in association with charm particles. There is a good

correspondance between data and model. Since the low statistics in charm

events does not allow separation of ft, K and p, the experimental data are

computed with the assumption that all particles are pions. The systematic

errors due to this approximation are below 5 % (estimated with the model).

Table 3

Production variables in charm events

<v

<py
(GeWc)1

ft

K

P

n
K

p

positive

data

0.065*0.008

0.1710.08

tracks

model

0.077

0.105

0.114

0.19

0.30

0.37

negative

data

0.094±0.010

0.24±0.08

tracks

model

0.094

0.117

0.149

0.22

0.32

0.39

neutral tracks

model

0.083

0.115

-

0.19

0.31
_
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The <Xp> of positive and negative particles (pions) found in 360 GeV/c

soft hadron collisions are 0.087*0.005 and 0.144±0.005, respectively,

whereas the transverse momentum is almost the same [18].

4.2 Total cross s ec t ions

The measured neutral D-meson cross section is based on 14 four-prong

(V4) and 35 two-prong (V2) decays [3]. At least one track in the V2 decays

was required to have a pT > 250 MeV/c with respect to the parent and an

impact parameter > 50 jim. The charged D-mesou cross section is based on

14 three-prong decays (C3), all of which have at least one track with an

impact parameter greater than 80 jut (to remove contamination from short-

lived D and A.). The results from the experiment are summarized in

table 4.

The D-meson cross section errors are statistical, but those of D and
s

A c are mainly systematical due to uncertainties in branching ratios and

lifetimes. Three A c particles are identified by the decay products, but

no unique Dg mesons are found because numerous kinematical reconstruction

ambiguities and missing particle identification geopardize the identification.

<r(fr~p -

<T(fTp -

<T(ft"p -

<T(rt"p -

<T(Jt"p -

> D«)

> D+)

> Ac)

> Ds>

>DO)

Inclusive

data

10.1

5.7

4

< 2

24.3

cross

±2.2

±1.6
+5
-3

(90 *

±5.5

Table 4

sections.

CL)

(b)

(c)

(all

X F >

XF>

0 [Mb]

model (a)

11.7

4.1

0.5

2.2

20.6

(a) These cross sections are normalized to <r(ft~p -> D) at x_ > o (15.8

(b) Assuming x = 1.0-10"13 s and BR(Ac -> p) » 25 X

(c) Assuming x = 3.2-10~13 s and BR(D -> <f>) = 20 %
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The leading order cross section calculation with the parameters in

table 5 gives <T(cc) = 5.4 )xb. The two processes gg -> cc and qq -> cc

contribute 4.6 and 0.8 jxb respectively.

Table 5

Charm production model parameters

Model 1 Model 2

« 0.3 (fix) running

» c 1.25 1.4 GeV/c2

A 0.2 (a) 0.2 GeV

q* scale s, s/2 2-s-t-u / (sM>+u*)

K-f actors 1.0 1.0

<k2
T> 0.82 0.82 (GeV/c)2

(a) oc = o.3 at the threshold 4 m * corresponds to A = 0.2 GeV.

Before comparing with the experiment, we wstimate the effects on

the cross section from uncertainties in some of the parameters. These

uncertainties are investigated in sect. 5. The question of which m

should be used in the cross section calculation is still not settled.

Recent QCD counting rules calculations favour a value around 1.25 GeV/c1

[11], which we use. Already a slightly higher value reduces the cross

section significantly. Higher order corrections vary in different processes

and K-f actors are commonly found in the range 1.5 - 2.0 where we have used

1.0 . The use of scaling structure functions instead of scale-breaking ones

has a negligible Influence on the cross section The choice of momentum

transfer scale introduces an estimated uncertainty of 10% in the cross

section.

Taking account of these points, we estimate the contribution to the

total charm production cross section from the two creation processes

to be contained in the range 5 - 1 0 Mb. Using the value <r(cc) = 7.5Mb

and reducing the computed A cross section by two due to the excess of

protons in the model (sect. 4.1.4), we obtain an inclusive D-meson cross

section at x p > o of 7.2 Mb. This is roughly a factor two below the

measured cross section of 15.8 Mb. The simultaneously obtained D and
3

Ac cross sections are 1.0 and 0.3 Mb respectively.
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The charged/neutral D-meson ratio is 0.56±0.20. It depends on the D/D*

production ratio and the branching ratios of D*. Assuming equal production

of D° and D+ (isospin symmetry), equal D and D* production and taking D*

branching ratios fro» [19], we expect a ratio of 0.6. If all D-mesons cone

fro» D* the ratio is 0.33 . Fro» the Measured D* cross section [13d],

evidence was found that D° production is saturated by D* production, but

both possibilities are compatible with data.

4.3 Differential c r o s s s e c t i o n s

A sample of 57 char» decays with well measured x_ and p- has been used

to determine the D-mescn production characteristica at Xp > o [13a]. The xp

distribution (fig. 8) is described by the usual form dcr/dXp <* (l-xF)n

with n = 3.8±0.6 . D-mesons which contain one quark from the incident pion

would have a flatter x^ distribution. This is actually seen when the

sample is separated into a central (fig. 9a; D°, D+ and D° from D*+) and a

leading sample (fig. 9b; D~, D° and D° from D*-). Fits to these samples

give n = 1.8 _~° for the leading and n = 7.9 _*"° for the non-leading sample.

The fraction of leading particles is estimated by a two-component fit to

the full sample of the form

<r « p-Zdij-lHl-Xp^l-dXp + (l-p)-/(n2+lHl-xF)n2-dxF (7)

giving B - 0.80 t J i J . n2 - 7.5 : £ } and n2 = 0.7 +_°* .
The leading sample consists of true leading and centrally produced states,

and the same two-component fit as above to this sample, with the exponent

n2 « 7.9 fix, gives n2 = 1.9 tj'j} and B - 0.37^35 .

The Lund model results are shown dotted in figs 8 and 9, and a two-

parameter fit to the full sample gives 9 = 0.83, n = 5.7 and n2 = 1.4

in good agreement with the experiment. The bare QCD processes produces

mainly central D-mesons (fig. 8 broken line), and the leading effect in

the model originate from the string tension which gives momentum to the

charm particles in addition to the charm quark momentum (given by QCO).

This latter point is clearly seen in fig 10a which give the ratio of charm

hadron momentum to charm quark momentum (fragmentation function). The pull

from the string may even give the hadron a direction opposite to that of

the charm quark (fig. 10b).
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The transverse momentum measurement is based on a further reduced sample

of 48 decays, derived by applying impact parameter cuts to avoid any

possible bias from scanning and reconstruction. The distribution (fig. 11)

is fitted by the expression

<kr/dp*T « exp-(b-p*T) (8)

with b = 1.18 to'16 • a n d n a s a " e a n value < P 2 T > = °*84 (G e V/c)2 •
The model simulates the transverse momentum behaviour well with a

<P2
T> = 0.85 (GeV/c)2 when the intrinsic transverse momentum of the

system is chosen as <k2 > = 0.82 (GeV/c)2.

4.4 Charm p a r t i c l e c o r r e l a t i o n s

12 D-meson pairs with Xp > o.O and the single D-meson xp > -0.1

have been used to study charm particles produced in association [13b].

In addition, 53 topological pairs are used to compute the angle <f>

between the D-mesons in the plane transverse to the beam.

Table 6

D-meson pair production data (x > 0)
r

<Kass> ^ » ^ ^P*T^ <$T>>

GeV/c2 (GeV/c)2 degrees

Measurement 4.50±0.16 0.25±0.07 1.65±0.40 115±8

Lund model 4.60 0.25 0.75 126

The measurements and the results from the Lund model are summarized in

table 6, and the corresponding distributions are shown in figs 12a-d. The

agreement between model and data Is good in all variables except p2 and

<frT. These variables are particularly sensitive to measurement errors, and

several of the D-mesons which require unseen neutrals for the kinematlcal

fits have large errors on the angles. Weighting the transverse momentum

distribution by the Inverse of the squared errors gives a mean transverse

momentum <pz
T> of 1.0*0.3 (GeV/c)2, which is in agreement with the models

value of 0.75 (GeV/c)* .
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5 Discussion of "thie model

A few parameters in the charm production model are only known within

rather large limits (sect. 4.2). We have studied the effect of these

uncertainties by using a more elaborate production model [20] (referred to

as model 2 in table 5 and elsewhere). The same QCD processes may be

selected and it uses the Lund fragmentation scheme as of JETSET 6.3 .

It allows variation of most parameters through built-in options. Scale-

breaking structure functions from refs [21a] and [21b] for nucleons and

pions respectively are used as default. The cross section energy depend-

ence, fig. 13, is the same in model 1 with ot = 0.3 and m = 1.45 GeV/c2

(curve a), as in model 2 (curve b) at SPS energies.

In the following discussion, model 2 with default parameters (table 5)

is used as reference (fig. 13, curve b). The curve obtained for fix a =

0.3 lies entirely on top of curve (b). With scaling structure functions,

curve (c), the cross section goes almost as in model 1. We conclude that

the simplifications in model 1, i.e. having no q2 dependence in a and
s

• and the scaling structure functions, have little influence on the

cross section at SPS energies. This is not surprising in view of the small

energy range available to the majority of the reacting partons (given by

the structure functions) at these energies. The major variation is due to

the charm quark mass, curve (d). Fig. 14 shows the model 1 cross section

variation with the charm quark mass. We observe that <r(gg -> cc) falls

markedly with increasing m , whereas <r(qq ~> cc) is almost constant.

A change of the momentum scale from q2 = 2-s-t-u / (sa+t2+u2) to q2 = -t

results in a 20 * decrease of <x(cc) at p = 360 GeV/c (Vs = 26 GeV).
D62UR

The charm production cross section obtained with the annihilation

processes gg -> cc and qq -> cc is a factor two below the measured

one (when account is taken to estimated K-factors). The uncertainties due

to the charm quark mass and higher order corrections could accomodate this

discrepancy. A greater problem are the much larger cross sections reported

at the ISR [22] (Vs ~ 63 GeV), which can hardly be understood without

other production mechanisms. Another possibility for charm particle



production which has been discussed in the literature is the excitation of

an intrinsic charm component in the hadron [23]. However, the cross section

calculation depends on the charm quark momentum distributions which are

essentially unknown.

Table 7 summarizes the average values of the production variables

Xp and p*T obtained from the model. Results are given for the two

subprocesses separately and for different kind of charm particles. The

statistical errors are half a per cent for the smallest samples. Two

Immediate observations are: i) the charm quarks have larger p and

smaller x^ than the hadrons and ii) the gluon fusion process (2a) gives

slower particles than the quark annihilation process (2b). The effect on

the particle distributions from the different string topologies is seen

in the xp of directly produced D and Ac. In the gluon process,

the charm quark and antiquark have the same <xp> but the particles which

contain a beam quark are faster. In the quark process, the anticharm

quark (c) is somewhat slower, but the D~ and D* (contain the c) are

considerably faster than D+ and D°. When the u quark in the incident

ft~ annihilate with a u quark from the proton, the colour flow connects

the c quark with the leading d quark or the c quark, never with the

backward going (ud) diquark (fig. 2). This is also reflected in the hadron

distributions where both the longitudinal and transverse momentum

components are larger. A clear leading component (as defined In sect.4.3)

is still seen in the quark annihilation data, which is explained by the

large fraction of D° coming from D* decay. The distributions of D from

0* and D* themselves are very similar to the directly produced D-meson

distributions. Finally, the A c and Dg production variables do not

differ very much from D-mesons according to this model.
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Table 7

Charm particle production variables (x^ > 3) (t)

Process:

Charm quarks

c

c

Mixed D-aesons (a)

All

Neutral

Charged

Central

Leading

Directly produced

All

D"

D»

D»

D+

gg. qq

<py

2.00

1.93

0.849

.845

.861

.805

.895

-> cc

<xF>

0.133

0.126

0.156

.156

.158

.129

.178

D-nesons

0.892

.933

.864

.918

.833

Cham strange aesons

D
sChan* baryons

A
cA c (b)

A
c

0.833

0.858

.

.817

0.160

.185

.149

.169

.125

0.153

0.153

-.218

.181

gg ">

<PV

1.93

I.o6

0.821

.811

.853

.780

.884

0.879

.937

.849

.913

.788

0.809

0.858

.

.831

cc
<Xp>

0.129

0.121

0.150

.149

.152

.125

.171

0.153

.174

.126

.175

.123

0.142

0.147

-.345

.148

qq ->

<py

2.34

2.36

1.08

.07

.09

.14

.05

1.11

.05

.06

.24

.23

1.11

1.27

.07

cc

<xF>

0.150

0.164

0.203

.203

.205

.166

.229

0.207

.249

.241

.128

.123

0.228

0.140

-.143

.282

(t) p2
T i s given In (GeV/c)*

(a) D-aesons froa D* and directly produced

(b) For x p < o
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6 Conclusions

Chan particle production in 360 GeV/c «~p interactions is studied

with data collected and analysed by the LEBC-EHS Collaboration. The data

are compared Kith the predictions from a model. Perturbative QCD is used to

describe the char» quark distributions, and the Lund fragmentation scheme

to obtain the spectra of observable hadrons.

The model includes the processes gg -> cc and qq -> cc to leading order

in the strong coupling constant ag. The cross section computations are

simplified by using fix a = 0.3, effective charm quark mass *„ = 1.25

GeV/c* and standard scaling structure functions. The incident partons are

given intrinsic transverse momentum such that the transverse momentum of

the system has an average <ka_> = 0.82 (GeV/c)2.

The data collected with the high resolution rapid cycling bubble chamber

LEBC and the European Hybrid Spectrometer, EHS, correspond to a sensitivity

of 15.8 events/jib. The sample of D-mesons with x_ > o have small and

well determined weights and are essentially free from strange particle

background and systematic errors.

Complete events are well reproduced by the model in multiplicity, event

shape, x and p-,. The charged multiplicity in charm events is measured

to be 10.4 ±0.6 and 10.6 in the model, compared to 8.73±0.04 measured in

360 GeV/c nr~p soft hadron Interactions. This result supports the inter-

pretation of charm production as a hard scattering process.

<r(cc) = 5.4 Mb is obtained from the model. Due to uncertainties in

several parameters, the true value is estimated to be in the range 5-10 Mb.

With <r(cc) - 7.5 Mb, an inclusive D-meson cross section at xp > o of

7.2 Mt is obtained. This is about a factor two below the measured 15.8 Mb.

The predicted D cross section is four times larger than the A. cross

section.

The model reproduces well the observed leading quark effect with

P » 0.83, iij = 5.7 and n2 - 1.4 , where 0 is the non-leading fraction

of the total cross section and n1 and n2 are the exponents of the

two components of the form (1-x )n . The measured values are

• - <>M T » • « . • " *-" -
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The transverse momentum distribution has an average <PZ
T> = 0.85 and

<P2
T> = 0.84 (GeV/c)2 in the model and the experiment, respectively.

Most production properties of a small sample of DO pairs are also well

reproduced by the model.

The effect of some important parameters has been studied. Significant

effects on the cross section for the simplifications mentioned above are

found only for CMS energies above *- 40 GeV and for changes in • . The

cross section decreased by 20» for a change of the momentum transfer

scale from q* = 2-s-t-u / (s'+t'+ii2) to q* = -t .

The fragmentation plays an important role for the charm hadron distri-

butions in the model. With the gluon fusion process, the 0" and D* (may

contain a beam quark) are faster than D+ and D° . In quark annihilation

D~ and D* (contain the c quark) are faster Uian D+ and D°. This

result is a direct consequence of the different colour field topologies for

the processes in the model. The measured inclusive distributions show that

some fragmentation is necessary, and the comparisons with the Lund model

results show good agreement.
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Figure captions

Fig. 1 Leading order Feynman diagrams for the processes a) gluon fusion

gg -> cc and b) quark annihilation qq -> cc

Fig. 2 Colour field topologies, a) gg -> cc and b) qq -> cc.

The colour field is stretched between a colour triplet and

anti-triplet. A colourless hadron becomes a colour octet when a

gluon is emitted.

Fig. 3 Illustration of the colour field and fragmentation in the gluon

fusion process in ftp interaction. The hatched symbols represent

anti-triplet objects (a quark or di-quark). Both hadrons have

emitted a gluon and become colour octets, each of which is treated

as two triplets. A qq pair is created where the string breaks up,

and a hadron is formed from one of them together with the quark at

the other end of the string. The two quarks in a meson will belong

to different hadrons after the fragmentation.

Fig. 4 Layout of the European Hybrid Spectrometer.

LEBC Bubble chamber

M1.M2 Spectrometer Magnets

U1-U3.W2 Proport ional wire chambers

D1-D6 Dr i f t chambers

ISIS Ionisation sampling dri f t chamber

SAD.FC Cerenkov Counters

IGD.FGD Lead g lass calorimeters

INCFNC Iron hadron calorimeters

TRD Transition radiation det

Fig. 5 Charged multiplicity in 360 GeV/c ft~p soft hadron interactions.

The crosses and circles give the distributions measured by Firestone

et al. [15] and the LEBC-EHS collaboration, respectively. The dist-

ributions are normalized for multiplicities > 8. The broken curve

shows the prediction for charm events from the Lund model,

normalized to the number of events given by Firestone et al.
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Fig. 6 Charged multiplicity in 360 GeV/c rt~p charm events. The measured

distribution is given by the points and the simulated distribution

by the curve. The multiplicity includes the increase in number of

tracks from seen charm decays.

Fig. 7 Dip angle in charm events (histogram) and from the model (curve).

The dip angle is measured from the vertical main bending plane.

Fig. 8 Feynman-x of n-mesons. The full line is a two-component fit to data

and the dotted line- gives the Lund model result. The broken line is

the result obtained from QCD without fragmentation. The model

distributions are normalized to the measured cross section at x > o.

Fig. 9 Feynman-x of D -mesons.

a) Non-leading sample. The solid curve is a single-exponent fit

giving n » 7.9. The dotted line gives the Lund model result, n = 5.7

b) Leading sample (may contain a quark from the beam particle). The

curves are here two-component fits with the central component

exponent taken from the non-leading sample, n » 7.9 . The sum of

the leading and non-leading cross sections from the model is

normalized to the total cross section at x_ > 0.

Fig. 10 Fragmentation properties in CMS.

a) Charm hadron momentum / charm quark momentum

b) Cosine of the angle between charm quark and hadron.

Fig. 11 0-meson transverse momentum squared. The solid curve is a fit of data

to an exponential distribution exp-(b-p2 ) with b • 1.18 . The

broken line gives the Lund model result, normalized to the measured

cross section.

Fig. 12 DD production variables.

a) Mass, b) Feynman-x, c) Transverse momentum squared. 12 weighted

DD-meson pairs with kinematic fits are included in the histograms,

d) Transverse angle difference. 53 topologlcal charm pairs are included.

The dotted curves give the Lund model results, normalized to the number

of weighted events.
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Fig. 13 Cross section energy dependence. The broken curve (a) gives the result

of the model discussed in this note. The solid curves (b)-(d) are

obtained with a second model as described in sect. 5.

(a) Model 1 with fix a = 0.3 and m = 1.45 GeV/c2,
s c

(b) Model 2 with parameters according to table 5 in the text,

(c) Model 2 with scaling structure functions and

(d) Model 2 with m = 1.25 GeV/c2 .
c

Fig. 14 Cross section vs charm quark mass. Triangles for the gluon fusion,

squares for the quark fusion, and circles for both processes. The

curves are hand drawn to guide the eye.
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