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Quantitative estimates are presented for the production of particles with nonzero charm number, based on the

close dynamical similarity with associated production of strange particles, and using the idea that symmetry

breaking comes mostly through trajectory displacements. We find that cross sections may be realized at the

level of 1 nb for two-body reactions and 60 nb for inclusive reactions in the triple-Regge region. Crucial

elements in the calculations are the negative intercepts of the charmed Regge trajectories, and kinematic

suppression through the t cutoff.

I. P/TRODUCTION

The discovery of the new g particles' has given
further stimulus to the search for charmed part-
icles, ' for which persuasive theoretical arg'unents
already existed. If the g(3100) meson is the cc
counterpart of the aE state $(1019), it establishes
the mass scale for charmed particles. ' Since the
crucial test is the observation of particles with
nonzero charm number, and experimental searches
are now underway, it is important to have some
estimates of the production cross sections that may
be expected.

In this paper we present quantitative estimates
of charmed-yarticle production, based on the close
similarity with associated production of, strange
particles, simply extrapolating ideas that have
proved successful in describing the latter. %'e de-
duce the relative suppression of charmed versus
strange particle production, in terms of the dis-
ylacement between the Regge trajectories of charm
and strangeness exchange. The results are sen-
sitive to input parameters, but even the most opti-
mistic assumptions give very small cross sec-
tions. In quasi-two-body processes, charm pro-
duction is suppressed by factors 10' or more com-
pared to strangeness production at the same ener-
gy; compared to peak strangeness production the
suypression is 10' or more. For inclusive charm
production, in the triple-Regge scaling region,
suyyression is typically 10- or more.

Key factors in our calculations are the high
threshold energy of charm production, the negative
intercepts of the charmed trajectories, kinematic
suppression through the t „cutoff, and the residue
dependence of dual Begge models. The similarity
between X and c quark contributions in SU(4) quark-
model wave functions is an important simplifying
feature.

E* exchange D* exchange

p ~OAQ

g'P K'Z'

pp AA

rp ZA

g P-D Co

&'p-D'C,"
pp Co Co

rP-D Co

The large mass splitting between charmed and
noncharmed states implies substantial SU(4) sym-
metry breaking. Experience with SU(3) indicates
that symmetry breaking is due principally to tra-
jectory displacements: %'e adopt the same attitude
toward SU(4). To relate SU(4) couplings of differ-
ent trajectories, we take as a prototype the s de-
pendence and t dependence of the typical dual am-
plitude

In the following sections we present estimates of
charm production by exclusive two-body scatter-
ing, by inclusive processes, and by the two-body
decay of high-mass noncharmed systems produced
by Reggeon exchange.

Near the completion of our work, we learned of
estimates by Field and Quigg, ' who exploit similar
ideas and reach qualitatively similar conclusions;
our more optimistic D~ trajectory is chosen to
equal theirs.

II. TWO-BODY ASSOCIATED CHARM PRODUCTION

There is a direct correspondence in SU(4) sym-
metry between hadrons that contain one strange
quark X, and these that contain one charmed quark
c, as illustrated by the quark-model wave func-
tions given in Table I. (For charmed-, particle no-
tation we follow Gaillard et al. , Ref. 3.) Hence in
the SU(4) symmetry limit the amplitudes are pair-
wise equal for reactions such as the following, as
illustrated in Fig. 1(a):
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TABLE I. Quark-model @rave functions. For the E* trajectory we take the usual linear
form, and we likewise assume a linear D* trajec-
tory:

C++
i

c+
0

DO

c(P(P

c (tX+XP )/W2

c {(PX -X|P)/W2

g0 ~(tX+%6)WK

A, {6'X—X(P)/v 2

A, X

nr«(t) = 1+0.9(t —ms«') = 0.3 + 0.9t, (3)

nD«(t) = 1+ nD«(t —mD«') . (4)

From quadratic SU(4} mass formulas' the expected
D* mass is about 2.2 GeV; the main uncertainty in
~~+ is the slope. We consider the following two
extreme possibilities:
(a) Universal slope: nD«0. 9,

where

nD (t)}
( )-Rh ( ) ((2 )I'(1 —nr «(t) )

~n(t} = n,.(t) —n,.(t) . (2b)
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FIG. 1. Mechanisms for associated production of
strangeness and charm. (a) Two-body exclusive; (b)
charmed-particle inclusive; (c) charmed-particle decay
of noneharmed system; (d) charm-exchange mechanism
dual to (e).

A(s, t) = P I'(1 —n, )I'(——n, )/I'( —' —o, —n, ) (la)

=PI'(I —n, )(-n,s)"& for large s (lb)

and take exact SU(4) coefficients P. Here n, is the
slope of the s-channel Regge baryon trajectory,
which we fix at the observed value of e' =0.9 GeV '.
The effect of these assumptions is that the coupling
constants of t-channel particles (defined by residues
at the poles in t) obey exact SU(4) symmetry within
a factor a,'.

We thus predict for any of the above pairs of re-
lated two-body reactions, at large s,

do/dt(associated charm production)
do/dt(associated strangeness production)

nD«(t) = -3.3+0 9t . . (Sa)

(b) Shallow slope nD«=0. 33 conjectured from non-
parallel p, K*, Q trajectories:

nD«(t) = -0.60+0.33t . (6b)

One further important factor is the threshold
effect, which is incorporated in the integrated
cross section through the formula

o=, A 'dt.
~mifi

(6}

(Va}

(Vb)

(Vc)

m~=2. 2 GeV,

mc =2.9 GeV (quadratic},

me =4.6 GeV (linear) .
0

The striking features of these associated charm-
production predictions are the following:

(i) strong suppression at all energies relative to
strangeness production, through Eq. (2a);

(ii) substantial further suppression from the
t „cutoff, even far above threshold (e.g. , costing
a factor of about 2 in o at s =1000);

(iii} for the most optimistic of our estimates, o
rises to 0«5 nb.

All other two-body charm-exchange cross sec-
tions suffer similar strong suppressions, since D*
is the leading charmed trajectory and the various
SU(4) Clebsch-Gordan coefficients are of order
unity. Baryon exchanges are especially unfavored.
Charmed E' production proceeds by D* exchange,
with kaon beams. S",A" baryons can also be
made by kaons, with charmed baryon exchange.
The baryons T', X„'', X~, and X, cannot be made
with less than three particles in the final state,
and also require charmed baryon exchange. (For
notation see Gaillard et al.s}

For comparisons using the more optimistic high-

This approach adequately describes' z p -K'A
data from threshold up as shown in Fig. 2. The
corresponding predictions for m p-D C,', using the
same residue P, are also illustrated in Fig. 2;
we consider both linear and quadratic mass form-
ulas' for C„with the masses
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n~(t} = -0.62+ 0.90t, (»)
(Qb)o, (t) = 2 2V-+0. 33t,.

using the quadratic mass formula for Co with an
optimistic slope.

(b) pp-C, C„AA. Here we use Etls. (3), (5b),
and (7b).

III. INCLUSIVE CHARMED-PARTICLE PRODUCTION

I
og(charm) oh, ,ae (tx ) me ()2 )

o, (strangeness) a,'
(6)

where indices 1 and 2 label the charm-exchange
and strangeness-exchange cases (the terms involv-
ing t are negligible except right at threshold, and
have been dropped}. As further illustrations, Fig.
3 shows this suppression factor for the following
pairs of channels.

(a) pp-DD, RK. The low DD threshold offers an
enhancement, but this is offset by the need for
baryon exchange with larger 4n. For this illustra-
tion we take

0-15

0-14

0-15

0-16

= 2.9

One might hope to realize bigger cross sections
in inclusive reactions such as m p-D X'„where
the charmed particle is produced in association
with many different recoiling systems X, of mass
M (see Fig. 1b). A specific estimate is possible
in the triple-Regge region (s»M' »1), where

0-17
o s M 2 (2t) 1

dtd M' (10)

10's- m. P —0 C

a {0)= -3.3
10

Here @=1-M'/s is the usual Feynman variable.
In the usual dual models f(t) is roughly constant

-20

10

10 ~ ~ I I ~ ~ I I I ~ I

10

-23

1

I I I I I I ~ ~ I ~ ~ I ~

10 100

s (GeV )

~ I I

1000

FIG. 2. Cross sections for two-body associated pro-
duction of strangeness and charm. Predictions of
0(7t P D C&") are shown for two choices of the D* tra-
jectory and for two choices of the Co mass. The normal-
ization is determined by the fit to o(11 p XOA), data
points from CERN-HERA Report No. 72-1 (unpublished).
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lying charmed trajectories, the I' functions in Eqs.
(lb) and (2a) make little difference and can be
omitted. The integration in Eg. (6) is then trivial,
and we get a simple formula for the net suppres-
sion,

10'
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FIG. 3. Suppression factors 0(charm)/0(strangeness)
calculated from Eq. (8) for the following cases: {a) pp—DD/EK; (b) pp —CC/AA; (c) rR DD+E where R
is a Reggeon. See text for details.
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and the energy scales are set by the trajectory
slopes: s, =M,'=a,} ' =1.1 GeV'. If so, s, and M,'
vanish from the expression.

Ne can now try the same approach as before,
breaking SU(4) through the trajectories a(t) only,
to relate charm and strangeness production. How-
ever, an inconsistency then appears; this symme-
try-breaking prescription does not give equivalent
results in the exclusive and inclusive formulas, if
M,' is taken to be universal. To see this, we ex-
trapolate the triple-Regge formula in the usual
duality spirit down to the two-particle threshold:
M-M, „(=m», mc in the strangeness and charm
production cases). The exclusive formula defines
the t dependence and the relative charm suppres-
sion by Eqs. (1)-(2); to reproduce these results in
the exclusive limit of the triple-Regge formula,
we must choose
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FIG. 4. Inclusive cross sections E*do/dp& =@do/dx
for the process 7t p D X, calculated in the scaling re-
gion from Eqs. {10)-{12),for two choices of the D» tra-
jectory and two choices of the t.o threshold mass. The
normalization is fixed by the fit to PP AX data from
Ref. 6, assumed to be closely comparable to np EX.

where f, is a constant.
We take Eqs. (10)-(11)to define our inclusive

cross sections, with SU(4) symmetry breaking
through a(t) and M, » only. The cross section do/dx
is calculated by integrating over t up to t „, that
scales with x:

t „=m,'(1-x)- m '(1n—x}/x. (12)

As in the exclusive case, the charm-production
cross section is suppressed both by the low D*
trajectory and by the kinematic t „cutoff; the
relative importance of these effects depends on x.
This suppression is partly offset by the fact that
high-M' production is more favored for a low D*
trajectory. Note also the explicit dependence on

Mtb Figure 4 shows estimates of the cross sec-
tion E~do/dP~"=xdo/x for the reaction» p DX,, -
based on pp —AX data' (assuming that »p-KX is
closely comparable). These calculations omit the
I'-function factor in Eq. (11) and use the value
f, =31nb/GeV», determined by the fit to pp- AX
data.

Though strictly derived for x near 1, the triyle-
Regge results may provide a reasonable estimate
through the range 0.5 ~ g & 1. Integrating over this
range and using the optimistic D* trajectory of Eq.
(5b), we find cross sections of order 60 nb and 3 nb

for C, masses of 2.9 and 4.6 GeV, respectively.

IV. CHARM PRODUCTION VIA DECAY
OF NONCHARMED SYSTEM

An alternative suggested mechanism, ' that seems
at first sight to avoid the suppression from charmed.

Reggeon exchange, is the production of high-
mass noncharmed systems that can subsequently
decay into two charmed particles, as illustrated in
Fig. 1(c) for pp-DCp (with a diffractive production
mechanism). However, duality arguments equate
this amplitude to the charm-exchange mechanism
in Fig. 1(d), that contains the Regge-exchange
factor (scD)~a* and hence has roughly the same
suppression as two-body charm-exchange mechan-
1sms.

To consider the above example more carefully,
note that the Pomeron exchange mechanism at
high energies favors small momentum transfer, so
we can approximate the pp -DC kinematics by
treating P as a zero-mass particle. Since the pion
mass is also negligible, the suppression of
Pp D Co versus K'A' is just the same as the sup-
pression of p p-D C, versus K'A, estimated in
Sec. 2, at any common value of s =scD.

As another illustration, consider mN-DDN where
DD comes from a system formed by exchanging
a Reggeon R. Here R is presumably not the Pom-
eron, if the Gribov-Morrison rule holds, but
otherwise the general outlines of Figs 1(c) and 1.(d)
still apply and D* is still the relevant charm-ex-
change trajectory. Hence we can estimate the
suppression of zN-DDN versus KEN by applying
Eq. (&) to vR-DD, KK scattering. The result is
shown in Fig. 3, with the optimistic D* trajectory
of Eq. (5b): Here note that s refers to snn, s»»,
the squared mass of the produced system.

A similar suppression argument seems to apply
to the decay of high-mass ce systems, that can be
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diff ractively photoproduced. Two-body DD modes
are dual to D* exchange, and therefore suppressed
relative to Pg modes that can be dual to Pomeron
exchange. However, this argument cannot be used
near threshold, where DD may be the only open
allowed channel.
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