
VOLUME 33, MMSER 5

DD correlations in fusion and cluster models

1 MARCH 1986

S. Banerjee and S. N. Ganguli
Tata Institute ofFundamental Research, Horni Bhabha Road, Bombay 400{705, India

(Received 18 June 1985; revised manuscript received 24 October 1985)

In the framework of fusion and cluster models we have studied correlation of DD production in

hadronic collisions. The major differences in these two models are found to be in the rapidity-gap
and M~& distributions. Both these distributions are found to be much narrower in the cluster model

than in the fusion model. Comparing these two models with the available data on DB correlation at
~s =27 GeV, we find that the predictions of the fusion model are in better agreement with the data
than those of the cluster model.

I. INTRODUCTION

There are a number of experiments that have been per-
formed during recent years to determine charm-
production cross sections in hadronic interactions. '

From these experiments the following conclusions regard-
ing DD production may be drawn 3 '6 o -20 pb at the
CERN SPS and Fermilab energies and cr & 200 p,b at the
CERN ISR energies. But there is very little experimental
data on the correlation of charm particles: the NA16 ex-
periment of the LEBC-EHS collaboration have provided 9
pairs of DD; " new data on tt p interactions at 360
GeV/c from the NA27 experiment of the same collabora-
tion have started becoming available' ' and they have
53 events of well-reconstructed DD pairs. Correlation
studies are expected to provide more insight into the pro-
duction mechanism of charm particles.

In this paper we present a detailed comparison of two
central-type production mechanisms for charm particles
in hadronic collisions: (i) the standard perturbative mech-
anism of the fusion process (or fiavor creation)2 2 via
g+g~c+c and q+q~c+c, where g, q, and c stand
for gluon, light unrk, and charm quark, and (ii) nonper-
turbative model ' where quark-quark scattering leads to
a production of cluster of mass =5 GeU which subse-
quently decays to DD+tr's. It may be mentioned that
both these models have been studied in detail for the pro-
duction cross section, x (Feynman x) and pz. (pr is trans-
verse momentum) distributions of charm particles in ha-
dronic collisions. Both these models provide similar x
and pr distributions for the charm in reasonable agree-
ment with the data (see Sec. DI). The following can be
said regarding the production cross section. (a) In the
fusion model the cross section (o) depends strongly on the
choice of rn„ the mass of the charm quark, and A, the
QCD scale parameter. The cross section increases with
the decrease of m, and the increase of A, e.g., the value of
o at vs =27 GeV increases from =5 to 15 isb for the
variation in tti, value from 1.5 to 1.2 GeV {for a fixed
value of A=0.2 GeV); by increasing the value of A from
0.2 to 0.5 GeV the value of o increases by a factor of 2.5.
(b) In the cluster model the cross section depends strongly
on the choice of t~~ the minimum four-momentum
transfer needed to produce the cluster, e.g., the value of o

at ~s =27 GeV increases from =8 to 22 pb for the vari-
ation in t~;, from —0.25 to —0.10 GeVz. It is therefore
clear that both these models can reproduce the production
cross section of charm at SPS energies; but the predicted
rise in cross section from SPS to ISR energies by both the
models is only by a factor of 4—5 and not by a factor of
—10 as expected from ISR measurements. It may be
remarked that all the measurements made at ISR are for a
limited phase space, and hence large correction factors are
used to deduce total cross sections.

The present work deals with the correlation between
charm particles to see if the above two models can be dis-
tinguished using the available correlation data. There
have been some correlation studies using the fusion mech-
anismz7 z

by treating the charm quark as the charm had-
ron. Here we have incorporated the fragmentation func-
tion of the charm quark as well as the parton transverse
momentum. The paper is organized as follows. The de-
tails of the calculation in terms of fusion and cluster
models are presented in Sec. II. Numerical results are
presented in Sec. III and the summary in Sec. IV.

II. DETAILS OF THE CALCULATION

In this section we give the expressions for double in-
clusive distribution for the charm hadrons in the fusion
and the cluster models.

A. Fusion model

Here the charm quarks are produced via the subprocess
a+hei+2, where a and b are the colliding partons
(gg/qq3. The outgoing charm quarks 1 and 2 undergo
fragmentation, 1~3 and 2~4 and lead to charm hadrons
3 and 4 (D and D). The double inclusive cross section for
the charm hadrons is given by the expression (for deriva-
tion see Appendix A)

6fO'
E3Eg

d p3d p4

~h
h

E E
s dtr E3E4 D(z3 ) D (z4 )

Ggg( „xzk„g )
df 1 2

y Gs)tt(xs, krb, Q )Jdzidz4d kryo,
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(a) D(z) =5(1—z) (3)

i.e., the momentum of the D meson is the same as that of
the c quark; and (b) the functional formm which describes
the experimental data of D production in e+e experi-
ments,

D(z)= A

z [1—(1/z) —0. 15/(1 —z)]'
with A as the normalization constant. The function

6; /H( ;x, krQ ) with i =a,b describes the probability of
finding the colliding parton i with the fractional longitu-
dinal momentum as x; and the transverse momentum as
kT; inside the hadron H; Q is taken to be s and s/2 for
the subproccas qq and gg, respectively. We use the fol-
lowing faetorization ansatz ' for 6;:

6 /H(xi kT Q')= F /'H(xi Q )f—'«r;)2=1 2

XI.

with x;z=xii+4kr, i/s; F,/H(x;, Q2) is the usual struc-
ture function and f~(kr;) is the transverse-momentum dis-
tribution of the colliding parton i with the condition'

T TI =1.

8. Cluster model

In this model a hadronic ciuster is produced via
quark-quark scattering. Although the clusters are mix tly
pionic, they have assumed a small probability (-1%) of
producing a heavy cluster containing a charm pair (DD).
The cluster is assumed to have a fixed mass of 5 GeV fol-
lowing the arguments of Suzuki3 that the Q value of the
cluster should not be larger than 1 GeV (cluster
mass=2MD+Q=5 GeV) so that only pions could be
there along with the heavy hadrons (DD in the present
case) in thermal equilibrium. The cluster formation and
decay can be illustrated as

where J=(4/s)coshy, coshyb/sinh(y, —yb); y, b are the
rapidities; and s and s are the c.m. energy squared of the
initial hadrons (A,B) and the colliding partons (a,b),
respectively; s ~4m, where m, is mass of the charm
quark. 8 is the crisis section for the subprocA:ss and t is
the square of the four-momentum transfer between par-
tons a and 1. The expression for do'/dt is taken from
Combridge. The fragmentation variable z for the for-
mation of the charm hadron from the charm quark is de-
fined by

z3 =
I p3 I

/
I pi I

z4=
I p41/ I pz I

i.e., the momentum of the produced D meson is taken to
be collinear to the c-quark momentum (for simphcity we
have neglected the transverse momentum of the ehartn
hadron with respect to the direction of the charm quark).
(The fragmentation variable z is defined in two ways in
the literature: z=p3.pi/~pi ~

or Ei/Ei. In this paper
we have followed the former definition. We have checked
that the results do not change significantly by taking the
second definition of z.} For the fragmentation function
D(z) we have used the following two forms:

q~ (projectile)+q~(target) ~cluster+qa,

~ DD+m's (6)

where qz, qs are valence quarks in hadrons A and B,
respectively. The fragmentation function of the cluster is
assumed to be of Boltzmann type in the rest frame of the
cluster,

En, , (ciuster~D) =& exp( —kED)
d pa

(7a)

a
E3E4

d p3d p4

——Dc 1—+3+4+xs 1 do'

8 Z dt

Fo/~(xo Q'}Fi/ti(xb Q'}
X dxgdxbd pT i ~

XgXb

where Z is defined in Appendix B. This expression as-
sumes the collinear dynamics, i.e., no transverse momen-
tum for the colliding partons; the effect of the transverse
momentum in this model is not significant and hence
neglected. The quantities s, x, b, t and Fi/H(x;, Q ) are
described in Sec. II A; Q is taken to be M . We have as-
sumed independent emission of DD from the cluster frag-
mentation and the function Dc(1~3+4+x) is therefore
taken to be

Dc(1~3+4+x)=C exp[ —k(P3P, +P4Pi )/M]

with M» & 0 and I' s are the four-momentum vectors as
defined in (Bl); C is a normalization constant. The ex-
pression for der/dt is taken to be

der 4ma(Q } ti +s
dt 9 s' (10}

with s+t+u =M and a(Q ) as the QCD running cou-
pling constant and a lower limit of

~
t

~
as 0.25 GeV

(Ref. 26).

=A exp( —kPcPn/M), (7b}

where A is a normalization constant such that overall
probability of the cluster going to D is 1 go, i.e., n =0.01.
k is the temperature parameter assumed to be 5 GeV
It may be mentioned that the Q value of 1 GeV and k of
5 GeV ' have been used successfully to describe both
pion (tt, d-+mt) and single charm (c~D) fragmentation
functions. z En and Pn are the energy and momentum of
the chartn D in the rest frame of the cluster of mass M.
The expression (7b) represents the fragmentation function
in the invariant form with Pc and Pn as the four-
momentum vectors of the cluster and the D, respectively.

Representing the cluster production and decay by
a+b~l+2, and 1~3+4+x, where a and b are the
colliding quarks (ii or d) from the incident hadrons A and
B, respectively, 1 is the cluster and the final products 3
and 4 are the charm hadrons (D and D), the double in-
clusive cross section for the production of charin hadrons
3 and 4 is given by the expression (see Appendix 8 for the
derivation)



S. BANERJEE AND S. N. GANGULI 33

III. NUMERICAL RESULTS

IO
\

I

I

8-
i

(a)
J$ =27 GeV w p—Fusion:D(Z) =8(l-Z)
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The numerical calculations are carried out by using the
following parametrizations for the structure functions of
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=27 GeV vr-p—Fusion s D (Z ) = 3 ( I-Z)
---Fusion s D (Z) *eq.(4)
-- - Cluster

f LEBC-EHS data

the proton and the pion. (a) Proton: valence quarks as
given by Buras and Gaemers, sea quarks as given by
Omens and Reya with the counting rule corrected by the
@CD Qz evolution and gluon distribution from the neu-
trino data of the CDHS collaboration. (b) Pion:
valence, sea, and gluons as given by Owens and Reya
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FIG. 1. Normalized differential distribution (1/a)do. /dx as
a function of Feynman x for inclusive charm-meson production
in (a) V s =27 GeV n p (b) Ws =62 GeV pp interactions. The
solid and dashed curves are results of fusion-model calculations
with (kr) =0.5 GeV/c and two forms of fragmentation func-
tions, viz. , D(z)=5(l —z) and D{z)=Eq. (4), respectively. The
dash-dotted curves are predictions of the cluster model with
cluster mass of 5 GeV. Experimental data refer to (a) LEBC-
EHS experiment (Ref. 18) and (b) ISR experiment (Refs. 7 and
8).
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FIG. 2. (a) Normalized inclusive distribution (1/o. )der jdpT

as a function of transverse momentum squared pT of D's at
V s =27 GeV. (b} Normalized distribution {1/cr)(1/pr }dn/dpT
as a function of pr of D's at V s =62 GeV. The nomenclatures
of the smooth curves are as in Fig. 1. Experimental data refer
to (a) LEBC-EHS experiment (Ref. 18) and (b) ISR experiment
(Refs. 7 and 8).
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FIG. 3. Normalized distribution (1/o)do/dM~& as a func-

tion of DB effective mass M~ti. The histogram refers to the

LEBC-EHS experiment (Ref. 19) at Ps =27 GeV. The nomen-
clatures of the smooth curves are as in Fig, 1.
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with the counting rule corrected by the QCD Q evolu-
tion. The results presented here are summed over the dis-
tinct subprocesses, e.g., the initial states for the fusion
model are taken as gg and qq with q =u, d, s and for the
cluster model as q tqz with q i z

——u and d.
We take the QCD coupling constant as a(Q )

FIG. 5. Normalized distribution (1/o )drr/db P as a function
of azimuthal correlation angle hP between D and 5 at ~s =27
GeV. The solid and the dashed curves are fusion-model calcula-
tion without and with pq smearing at fragmentation. The
dash-dotted curve refers ta the cluster madel with cluster mass
of 5 GeV. The histogram refers to the I EBC-EBS experiment
(Ref. 19).
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~5~2T GeV (Both charm forward)

Fusion. &k~&.0.5 GgY/c D{ZI ~ $ {I- Z~
—- — Fusion &k~) 05GeV/C, D{Z)*yq, (4)

=12sr/[251n(Q2/Az)] with A as 0.3 GeV. The mass of
the charm quark and charm D meson are taken as 1.5 and
1.869 GeV, respectively. In the cluster model the nominal
value of the cluster mass and the temperature parameter
are taken as 5 GeV and 5 GeV ', respectively.

For the transverse-momentum distribution f( kz) of the

—(b

0.5—
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FIG. 4. Normalized distribution (1/o)do/de as a function
of the rapidity gap hy between D aud 8 at v s =27 GeV. The
solid and the dashed curves are fusion-model calculations with
D(z)=5(1—z) and D(z)=Eq. (4), respectively. The dash-
dotted curve refers to the cluster model. The histogram refers
to the LEBC-EHS experiment (Ref. 19).

FIG. 6. Normalized distribution (1/o')do/d(pTL, /pTH ) as a
function of the ratio p~l /pT~ of the two transverse mornenta of
the D and 3 with @zan (@TH and D, 3 in the forward hemi-
sphere at Vs =27 GeV. The nomenclatures of the smooth
curves are as in Fig. 4.
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&pr'&

[{GeV/c }~]

Fragmentation

function &hy& &pri/prH &(degrees)

TABLE I. Fusion model: Mean values of the distributions with &kz. & =0.5 GeV/c, s,h
——4m, ', and

m, =1.5 QeV.

Vs
(GeV) (6 &/' )

27 {m p)
27 {n. p)
27 (m p)
27 (pp)
27 (pp)
27 (pp)
62 (pp)
62 (pp)
62 (pp)

None
5(1—z)
Eq. (4}
None
5(1—z)
Eq. {4}
None
5(1—z)
Eq. {4}

0.12
0.11
0.06
0.10
0.10
0.06
0.08
0.07
0.04

1.23
1.23
0.55
1.23
1.23
0.55
1.50
1.50
0.71

4.67
4.69
4.10
4.62
4.66
4.08
5.15
5.17
4.31

0.81
0.70
0.50
0.82
0.72
0.50
1.03
0.91
0.68

137.6
137.6
137.6
137.4
137.4
137.4
143.8
143.8
143.8

0.63
0.63
0.56
0.63
0.63
0.56
0.65
0.65
0.56

partons, needed for Eq. (5), we have used the Gaussian
distribution f{kr)=(rf/m)exp( —Akr ) with A =m/
(4(kz )2). We have used various values of (kr ) to study
its effects.

The numerical calculations using Eqs. (1}and {8}need
multidimensional integrations. In order to check the final
accuracy of the results we have used two independent
methods to generate plots: (a) by performing direct in-
tegration of the expressians, and (b) by generating events
by the Monte Carlo technique. The results obtained from
the two methods are in good agreement.

The results of our calculation normalized ta unit area
are displayed in Figs. 1—6 and the mean values of the dis-
tributions are summarized in Tables I—VI. In these dis-
tributions x stands for the Feynman x variable, hy for the
rapidity gap, Mnl) the effective mass, hp the difference of
the two azimuthal angles, and pTL, ,pr~ are the two trans-
verse momenta of D and D with prq &pm. Figures 3—6
refer to ~s =27 GeV with both the charm mesons having
x p —0. 1 and the DD pair with x & 0; this is to facilitate
comparison with the current LEBC-EHS experiment. '

Similarly, Tables III and IV refer to the mean values of
the distributions when both the charm mesons are emitted
in the forward hemisphere (x ~0.0) with the average
transverse momentum of the colliding partons as 0.5
GeV/c.

A. Fusion mode1

(i) It is seen from Tables I and III that the distributions
in Mz~ and hy become narro~ by demanding both the
charm particles in the forward hemisphere; the other dis-
tributions, e.g., x, pr, h{{},and prL /pTH are not affected
by this restriction.

(ii} There is no significant difference in the distributions
for n p and pp at v s =27 GeV.

(iii) The fraction of DD produced both in the forward
hemisphere is 0.30 at v s =27 GeV; this fraction is nearly
energy independent.

(iv) The incorporation of the fragmentation function
D(z) of Eq. (4) gives in general a softer distribution com-
pared ta D(z) =5(1—z). h{{}in Table I is independent of
the fragmentation function because we have neglected the
transverse-momentum smearing in the fragmentation.
The effect of the transverse-momentum smearing is
shown in Fig. 5 by the dashed curve for (qr )=0.25 GeV,
where qz is the transverse momentum of the charm D
with respect to the direction of the charm quark; it de-
creases the value of (hP) by 10'.

(v) We have checked that the transverse momentum kr
of the colliding partons does not change the distributions
in x, Mnl), and hy. However the distributions in Pr, h{{t,
and per, /pr~ are dependent on the choice of (kr). All
these distributians become flatter with the increase in
(kr), see Table V.

{vi) Experimental data of x and pz distributions are
compared with the model predictions in Figs. 1 and 2.
Both the distributions are better reproduced with the frag-
mentation function D (z) =5(1—z) compared to D (z)
with Eq. (4). It may be mentioned that the experimental
values with x ~ 0.5 are larger than the prediction [see Fig.
1(a)].

(vii) DD correlation data shown in Figs. 3 and 5 are
reasonably reproduced by the fragmentation function
D(z)=5(1—z); on the other hand, the fragmentation
function of Eq. (4) gives softer distributions in MDl) and
hy and they are not in agreement with the data. The
average values of MD~ and hy for D(z) =5(1—z) are 4.6
GeV/c and 0.66, while for D(z) with Eq. (4) they are 4.1

GeV/c and 0.50; these values are to be compared with
experimental values of (MD~) =4.50+0.16 GeV/ct and
(hy ) =0.80+0.14 (Ref. 19).

TABLE II. Cluster model: Mean values of the distributions with cluster mass as 5 GeV.

27 {m p)
2? {pp)
62 (pp)

0.12
0.10
0.08

&pr'&

[{GeV/c } ]

0.75
0.74
0.78

(GeV/c2)

3.94
3.94
3.94

&hy&

0.28
0.28
0.28

&hy)
{degrees)

105.0
104.7
102.3

&pn. /pre &

0.55
0.55
0.55
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TABLE III. Fusion model: Mean values of the distributions with (&kr & =0.5 GeV/c) when both
the charm particles are emitted in the forward hemisphere (i.e., with x~ ti & 0).

27 (~ p)
27 (m p)
27 (pp)
27 (pp)

Fragmentation

function

5(1—z)
Eq. (4)
5(1—z)
Eq. (4)

(GeV/c )

4.46
4.04
4.40
4.0

&&y&

0.50
0.39
0.47
0.35

(degrees)

138.0
138.0
137.0
137.0

&pri/prH &

0.63
0.55
0.63
0.55

B. Cluster model

(i) The distributions are not changed significantly by
demanding both the charm particles in the forward hemi-
sphere.

(ii) There is also na significant difference in the distri-
butions for rr p and pp at v s =27 GeV.

(iii) The fraction af DD produced both in the forward
hemisphere is 0.45, i.e., the majority of the charm pairs
are produced in the same hemisphere.

(iv) The transverse momentum of the colliding partons
does not play any significant role in this model as the DD
are the decay products of the cluster and hence are not
directly related to the colliding partons unlike in the
fusion model.

(v) The crucial parameters in this model are the mass of
the cluster M and the temperature k. The mean values of
the various distributions at ~s =27 GeV are summarized
in Table VI for three different values of the cluster mass
and in Table VII for three different values of the tempera-
ture. The noticeable change is in the pr distribution,
which becomes broader with the increase in the cluster
mass and narrower with the increase in the temperature.
[It may be mentioned that the pr distribution as obtained
via the double inclusive distribution of Eq. (8}is a little bit
narrower compared to that obtained via the single in-
clusive distribution. It arises because of an extra input
of independent emission of DD from the fragmentation of
the cluster in Eq. (8). This does not affect the x distribu-
tion. ] The other distributions are not changed significant-
ly for variations in M and k in the range 5 &M & 7 GeV
and 3 & k & 7 GeV

(vi) Experimental data of x and pr distributions are
reasonably reproduced by the model; howsoever, it may be
mentioned that the expcuimental values with x &0.5 are
larger than the prediction, see Fig. 1(a}.

(vii) DD correlation data as shown in Figs. 3—5 are not
reproduced by the model. The rapidity gap {hy}as well as
the Mnl) distribution are much narrower compared to the

data. The distribution in b,P is somewhat flatter than the
experimental distribution which basically reflects the hy-
pothesis of independent emission of DD from the cluster.

We have also considered two alternative emission
schemes of DD from the cluster. These are (a} D and D
emitted back to back in the cluster rest frame, and (b)
emission as in (a) with a further constraint of D and D
having equal momentum in the cluster rest frame. These
schemes are intended to maximize the broadening of the
hy and the M&I) distributions. The mean values of the
distributions in by, MnI), dP, and PrL/Pz~ are summa-
rized in Table VIII. As expected the 5((}distribution (not
shown) has a sharp peak at 180' for both the schemes (a)
and (b} and this results in &6((}&=140'. This is in

disagreement with the experimental observatian' of
115+8'. There is broadening in the by and the Mnl) dis-

tribution in the schemes (a) and {b};however, the effect is
not sufficient to reproduce the experimental data —the ex-
perimental values are (5y & =0.80+0.14 and

&M&I) & =4.5+0.16 GeV/c (Ref. 19).

C. Comparison of the two models

(i} x distributions in the fusion model with
D(z)=5(1—z) and in the cluster model are nearly the
same.

(ii) pr distribution in the cluster model falls rapidly
beyond pr &1.5 GeV/c, campared to the fusion model,
because of the restriction in cluster mass to 5 GeV.

(iii) Mnl) and the rapidity-gap distributions are both
much narrower in the cluster model compared to the pre-
dictions of the fusion model.

(iv) hP distribution is much flatter in the cluster model

TABLE V. Fusion model: Mean values of the distributions
at t/s =27 GeV for different values of &kr) of the colliding
partons.

(ay)
(degrees) &prL. /prH &

27 (m p)
27 (pp)

3.92
3.91

0.27
0.26

104.9
104.9

0.55
0.55

TABLE iV. Cluster model: Mean values of the distributions
when both the charm particles are emitted in the forward hemi-
sphere (i.e., with x» & 0) and cluster mass as 5 GeU.

vs
(GeV) (GeV/c') (hy )

Parton
&kr&

(GeV/c)

0.1

0.5

0.9

Fragmentation
function

5(1—z)
Eq. (4)
5(1—z)
Eq. (4)
5(1—z)
Eq. (4)

1.03
0.44
1.23
0.55
1.48
0.66

170.5
170.5
137.4
137.4
116.0
116.0

0.83
0.65
0.63
0.56
0.56
0.50

&~y)
[(GeV/c ) ] (degrees) &pr~ /prH )
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TABLE VI. Cluster model: Mean values of the distributions at 1/s =27 GeV (n p) for different
values of the cluster mass (temperature k =5 GeV '}.

Cluster
mass

(GeV)

0.12
0.11
0.10

(pr'&
[(GeV/e )')

0.75
0.86
0.87

C,
'GeV/c ~}

3.94
4.0
4.03

&&y&

0.28
0.30
0.31

(degrees}

105.0
97.0
92.0

&prL/prH &

0.55
0.54
0.54

compared to the fusion-model prediction with (kr ) =0.5
GeV.

(v) The ratio of the transverse momentum of the two
D's (pzz /prtt) in the fusion model with D(z) as Eq. (4) is
similar to that in the cluster model.

(vi) The cluster model predicts more charm pairs in the
same hemisphere compared to the fusion model.

IV. SUMMARY

In this paper we have made a detailed study of the DD
correlations in the framework of fusion and cluster
models which have both central-type production charac-
teristics for charm particles in hadronic collisions. In the
fusion model we have incorporated two forms for the
fragmentation function: (i) D(z) =5(1—z) and (ii) D(z) as
given by Eq. (4) which describes the D production in
e+e experiments; x and prz distribution of the charm
production at v s =27 and 62 GeV are better reproduced
by the form (i). The cluster model also reproduces the ex-
perimental distributions of x and pr .

The major differences in the two models are in their
predictions of the rapidity-gap and Mnl& distributions.
Both these distributions are much narrower in the cluster
model compared to the fusion model. In the fusion model
the fragmentation function of form (i) gives a broader dis-
tribution compared to form (ii). By restricting both the
DD in the forward hemisphere the rapidity-gap distribu-
tion becomes narrower in the fusion model, whereas the
cluster-model prediction remains unchanged.

The azimuthal-correlation (5((}) distribution is strongly
dependent on (kr & of the colliding partons in the fusion
model, whereas in the cluster model it is independent of
the kr and the distribution is much flatter.

We have compared these two models with the available
experimental data on DD correlation at 1/s =27 GeV.
The experimental data are reasonably reproduced by the
fusion model with the fragmentation function of form (i}.
On the other hand, the cluster model is not able to repro-
duce the correlation data.

APPENDIX A:
DOUBLE INCLUSIVE DISTRIBUTION

IN THE FUSION MODEL

Pi ——(Ei ——trt icoshyi, p», 0,m, »nhy, ),

Pt ——(Et ——rn tcoshyt, p73„,pr iy, m 3sinhy3 ),
P3 (E3—m 3cosliy3 ppT3p 0,m 3S11111y3)

P4 (E4 m——4cosh—y—4,pr4„pT4y, m 4sinhy4) .

(Al)

The colliding partons a and b are treated as massless. We
have taken the incident hadron A along the positive z axis
and the x axis has been defined along the transverse-
momentum vector of the charm hadron 3; x, s are the
longitudinal momentum fractions and kr, b are the effec-
tive transverse momenta of the colliding partons a, b in
the incident hadrons A,B, respectively. m; is the trans-
verse mass, e.g., m 3

——pT3 +M with M as the mass of
3. The invariant cross section for the subprocess
a+b~l+2 at a fixed value of the square of the sub-
processes energy, s =(P, +Ps ), can be written as

dtr = (s/2')(der/dt }(d pi /Ei )(d pt/Et)

&4.'5 (P, +Pb Pi —P2), — (A2)

where t is the square of the four-momentum transfer be-
tween the parton a and the charm quark 1. The fragmen-
tations of 1~3 and 2~4 are implemented through vari-
ables z3 =

I p3 I /
I pi I

an«4 =
I p4 I

/
I pz I

with their
distributions as D(z3} and D(z4); the momenta of 3 and 4
are taken to be collinear to 1 and 2, respectively. Now

In the c.m. frame of the hadron A and hadron B col-
lision we define four-momentum vectors for the subpro-
cess a+b~l+2, with 1~3 and 2~4 as used in the
text, Sec. II A, where 1 and 2 are the charm quarks (c and
c}and 3 and 4 are the final charm hadrons (D and D), as

P, =(E, =m, coshy„kr, kr,„,x, V s /2= m, sinhy, ),
Pb =(Eb ——trtscoshys, kryo, krsr, xb~—s/2=mssinhys),

TABLE VH. Cluster model: Mean values of the distributions at 1/s =27 GeV (n p) for different
values of the temperature parameter k (cluster mass fixed at 5 GeV).

k
(GeV-')

&p, '& (M„&
[(GeV/c)'] (GeV/e') &&y&

«y&
(degrees) &pri/prH &

3.0
5.0
7.0

0.12
0.12
0.11

0.92
0.7S
0.62

3.98
3.94
3.90

0.32
0.28
0.26

110.2
105.0
97.3

0.5S
O.SS
0.55
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TABLE VIII. Cluster model: Mean values of the distribu-
tions at Vs =27 GeV for three different emission schemes of
DB (cluster mass =5 GeV and temperature k =5 GeV ').

EII11sslon

scheme

Independent
emission
Scheme (a)'
Scheme (b)'

M~~
(GeV/e~)

3.94

4.16
4.22

(&y)

0.2S

0.43
0.44

(degrees)

10S.O

141.0
141.8

(prL, /prH )

0.60
0.6S

'See text for details.

changing the volume elements d p12 to d p34 and fold-
ing in the parton s probability distributions in the collid-
ing hadrons, we obtain the following expression for the
double inclusive cross section for the chartn hadrons:

APPENDIX B:
DOUBLE INCLUSIVE DISTRIBUTION

IN THE CLUSTER MODEL

P, =(x,~s l2, 0,0,x,~s l2),
Pb=(xbvs /2, 0,0, —xbv s /2),

P, =(E, =M coshy„pT, x,pT... p» ——M sinhy, ),

P3 =(E3 PT3 0 Pz3)

P4 —(E4~PT4x~PT4y ~pz4)

(81)

For the production and decay of a cluster via the sub-
process a+baal+2 and 1~3+4+X, where 1 is the
cluster, we define the four-momentum vectors in the c.m.
frame of the colliding hadrons A and 8 as

E3E4 3 31 p3d p4

s dtr E3E4 D(z3) D(z4)
Gay~(xa kTa Q'}

Z3' Z4

XGb/tt(xb, kTbQ )dz3dz4dx, dxbd kT, d kTb

X54(P, +P, P, —P, )—, (A3)

where the function G;&H describes the probability distri-
bution of the parton i inside the hadron H; see Eq. (5) for
its relation to the structure function F;&&. We now in-
tegrate out x„xb, and kT, using the four 5 functions:

E3E4 3 3d p31 p4

2A
h

E E
s do E3E4 D(z3) D(z4)

Gay~(Xa kTa Q'}
t 1 2

guarks a, b, and 2 are treated as massless and M is the
mass of the cluster 1. The positive z axis is taken along
the direction of a; the colliding quarks are assumed to
have no transverse momentum.

The double inclusive distribution for the charm hadrons
3 and 4 can be written as

EE„=D 1 3+4+x E,do do 1P1
d p3d p4

(82)

with Dc as the fragmentation function of the cluster, see
Eq. (9) of the text. The production distribution of the
cluster can be written by folding parton s probability dis-
tributions in Eq. (A2) as

do s do 1 F(x }F(xb)

1 p1 2~ dt E2 XaXb

Xdx, dxb5(E, +Eb E1 E2), —(83—)

with

XGb/jt(xb, kTbQ )dz3dz4d kTb (A4)
where t=M x,v s (E1 —p,—1) and E2 ——(p, +pb —p1) .
Substituting (83) in Eq. (82) and integrating out dy1 of
d3p1/E1 with the help of the 5 function we get

J=(4/s)
I
coshy, coshyb/stnh(y, —yb )

I
.

y, b(y, )O,yb (0) and kT, are determined by solving the
four conservation equations. They are given by

s 1 do F(x, )F(xb}
E3E4, , = — Dc

13p313p4 ~
I
z

I dt x xb

/de, dxbd pr» (84)

sinhyb ——( AB+v C )/D, —

sinhy, =(A —kTbsinhyb }lkT, ,

Ta (PT1+PT2x krbx } +(PT2y krby )2 2

where

A =m (sinhy) +m2slnhy2,

B=k, —k —E +A, E =E)+E2,
C =E (82+42A2kTb2 —4E2kTb2),

D=2kTb(E —A ) .

where

Z =M~s [(x,—xb )coshy1 —(x, +xb )sinhy1] .

Energy conservation yields the following relation for y &

..

sinhy1 ——[v s (x, —xb)(s+M )+V A ]/(4sM}

with

A =(s+M ) [s(x,—xb) +4s]—4ssM (x, +xb)
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