PHYSICAL REVIEW D

VOLUME 12, NUMBER 5

1 SEPTEMBER 1975

Production of particles containing charmed quarks in hadronic collisions*

J. F. Gunion
Department of Physics, University of Pittsburgh, Pittsburgh, Pennsylvania 15260
(Received 20 January 1975; revised manuscript received 16 June 1975)

The ability to obtain the correct cross section for production of the new 3.1-GeV resonance at Brookhaven
National Laboratory using the natural analog of the Drell-Yan annihilation mechanism leads us to explore
further implications of this approach. We present in detail the longitudinal- and transverse-momentum
dependence of the cross section, as well as its dependence upon beam energy. We point out correlations
among final-state multiplicity, longitudinal momentum of the resonance, and resonance mass peculiar to the
parton-model annihilation mechanism. We also examine the alterations which are expected upon employing a
P beam. Finally, we obtain cross sections for charmed meson and baryon production. D°* and D~ * mesons

should have particularly large production cross sections.

INTRODUCTION

Since the introduction of the parton model as an
explanation of the scaling observed in deep-inelas-
tic scattering, all confrontations of the model and
its extensions with experiment have met with a
remarkable degree of success. Thus, parton-mod-
el predictions for and interpretations of the new
resonances observed at SLAC, Brookhaven, and
elsewhere! are of particular interest. Especially
interesting is the possibility that the production of
the J (3.1 GeV) at Brookhaven in pN collisions pro-
ceeds via a Drell-Yan annihilation type of process?
(Fig. 1). Because of the many constraints upon
the distribution of quarks within nucleons ob-
tained3”® from earlier theoretical and experimen-
tal work, quite specific predictions for this anni-
hilation mechanism are possible.®

In an earlier paper” (paper I) we demonstrated
that the magnitude of the cross section for J (3.1)
production at Brookhaven is quite consistent with
its interpretation® as a ®'-® resonance (¢ is the
fourth “charmed” quark), produced via ®'® anni-
hilation, provided (a) that the portion of the quark
distribution functions associated with Pomeron-
like behavior is approximately SU(4)-symmetric
(see footnote 10 of paper I for a bit of theoretical
justification), so that there are as many @' (¢')
quarks carrying agiven fraction x of a nucleon’s
momentum as there are ®, N, A, and X, and (b)
that it is not necessary to produce charmed had-
rons in association with J in the final state. In
terms of the annihilation process this is equiva-
lent to the assumption that the “cores” left behind
by the annihilating quarks in Fig. 1 are capable of
communicating in such a way that both their quark-
like quantum numbers and their “charm” are neu-
tralized. This latter assumption is important at
Brookhaven energies (e.g., pn, =28.5 GeV / for the
initial experiment) at which the threshold suppres-
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sion associated with the introduction of large final-
state masses would be dramatic. It was also
shown in paper I that the annihilation mechanism
predicts a purely kinematic reduction of the pro-
duction cross section by a factor of 20 in going
from the 3.1-GeV resonance to the 3.7-GeV reson-
ance. This coupled with the smaller branching ra-
tio of J (3.7) to the e*-e” channel [perhaps 3 that
of J (3.1)] is consistent with the failure® of Ting’s
group to see the higher-massed J at the 1% level.

Given this “success” it is clearly of importance
to pursue this approach. In this paper we will give
more details on the mass and energy dependence
of the annihilation cross section and on the distri-
bution of the J(3.1) in longitudinal and transverse
momentum. These latter distributions turn out to
provide distinctive signatures capable of testing
the specific quark distribution function forms de-
rived in Refs. 3 and 4 using scaling laws'® devel-
oped for high-transverse-momenta phenomenology.
In addition, interesting correlations between final-
state multiplicity and the longitudinal momentum
of the resonance are discussed.

Thirdly, we discuss expectations for J produc-
tion in pp collisions via the annihilation mechan-
ism. Evenat p, =9 GeV/c the cross sections are
substantialdue to the ability to use the small ®¢
and 9 admixture in the J wave function, which
probes valence quark components of the p and p

“core" (q)

“core" (g)

FIG. 1. Drell-Yan annihilation-type diagram for
meson production.
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wave functions simultaneously. (Also important
is the smaller threshold final-state mass possible
in pp collisions.) This contrasts with the case of
J (3.1) production in pN collisions where the contri-
bution from the normal quark admixture in J is
small compared to that of the ®’® channel.

We will also give expectations for charmed (F,

D, etc.)!! meson production in pN collisions. The
expected cross sections can be quite large as in
the case of two of the D-type mesons containing

a @ or N quark which can come from the valence
component of the nucleonic quark wave function.
An estimate of charmed baryon production is pre-
sented.

REVIEW AND PRELIMINARIES

First let us briefly review the results of paper I and Ref. 6. The integrated cross section for J produc-

tion in PN collisions is (asymptotically)

fo;‘f%f-njix( Q%)dQ?=47* Z Srii/an’ f (7 Ce ¥ (p) + 3 (VY () [6(xy %, s = mP)dx, dx, ®

[The index i runs over all quark types (®, 3, A, '),
and the f; represent the probabilities of finding a
quark with a fraction x of the proton (or neutron)
linear momentum P as P becomes large.| We ig-
nore off-shell dependence of g,,;2/4m. Later we
will return to justify this assumption. For the

J (3.1) particle (for all our other estimates invol-
ving direct coupling we make analogous assump-
tions) we take

g e® /4T~ 1, )

corresponding to the fact that it is primarily com-
posed of ® and @', and

WZ 1 g 2
Uil B ®

where R, is the rate of J to hadrons divided by that
of J to e*e”. gy,..- is the coupling of J to the e*e”
chamnel. To facilitate comparison with paper I we
use

Grote/4M=2.4X1078

R,;=25

4)

corresponding to a total width I, for J of 65 keV.
It is now clear that I, is larger than this so that
those few results sensitive to the normal quark
(P® and NN) admixture in J should be scaled ac-
cordingly once I; is well determined.

Actually there is also evidence that the estimate
(2) may be too small. In particular let us estimate
g;¢03 for the situation when both the quarks are on
shell. To do so we examine the J’s decay into
e*e” using the ideas of vector-meson dominance.
Briefly, if we write

I7) =867 | ®'®) ()
and assume that all other vector mesons couple
weakly to '@, then the ¢ charge, 2/3e, must
be given in the usual notation [see Fig. 2(a)] by

em2? 1 2
"zl"— s Sse% = 3¢ (6)

As mentioned, we have an approximate value for
&rete- Which in this model is given by [Fig. 2(b)]

';—Jezzg‘vm—- (M
Using (4) we obtain

g,=16.7, (8)
which implies

g;0'5°/47=9.8. ©)

A larger e*e” width for J will reduce this value.
However, there is one reason to be skeptical of
this approach. Vector-meson dominance, at least
in this naive form, does not appear to work well
for J photoproduction unless the Jp total cross
section is substantially smaller than the ¢p.}? On
the other hand, a similar approach in the case of
the p works very well in the following sense. Ex-
perimentally from p decay into ¢ *e” we know

goY/4n=2, (10)

Obtaining the correct charge for the @ and :N
quarks requires

% =V2 2005 =VZ g, (11)
where we have written

ip> =gp(pT§(l<P@> - Ifﬂﬁ» (12)
This yields

(a) (b)

FIG. 2. (a) Vector-meson dominance calculation of
the ®' quark charge. (b) Vector-meson dominance cal-
culation of the J— e*e ™ width.
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The approximate total width of the p should then,
in a parton-model-like approximation, be

-2 _2
I, - '—;'fl(é’if} +é’%ﬂ-> ~ 200 MeV, 14)
a bit large but not bad.

Thus the cross-section predictions should per-
haps be somewhat larger than the values we quote
on the basis of (2). Of course, we have ignored the
J (3.7) in this treatment. For a reasonable e*e”
partial width, 1/g,.,, must be substantial, say, of
the size of 1/g;4.,,- Since the total @ charge
is fixed, if the estimate (9) is to apply to the J(3.1),
8s3.7m¢'s’ Must be much smaller. Currently popular
dynamical models would not predict so great a
difference between g;4.,,0/6' and g53.4,p'® » SO in all
likelihood these couplings will be comparable, with
the result that (9) should be reduced by a factor
of roughly 4 (for, say, e*e” widths in the ratio of
the resonance masses) when applied to either the
3.1- or the 3.7-GeV resonance separately.

The quark distribution functions f we employ are
those of Ref. 3 with the exception that the “sea” or
Pomeron components, s, used are taken to be
SU(4)-symmetric. Thus

So=k=Su=hi=1 ==l = fp=ip2 L=

x
(15)

Note that the sea component is the only contribu-
tion to all except the ® and N quark distribution
functions. The factor of 4 relative to the SU(3)-
symmetric sea case guarantees that the total sea
contribution to deep-inelastic scattering (to which
the @ and ® quarks are assumed to contribute)

is consistent with the sum rules and theoretical
constraints of Ref. 3 which fix its over-all normal-
ization. This reduction in each individual quark’s
sea component leads to some reduction in the e'e”
background (due to the original off-shell photon
Drell-Yan process) and in the “normal” quark con-
tribution to J production, relative to that quoted

in paper I.

As discussed in paper I and Ref. 6 the asymptotic
formula (1) cannot be used at Brookhaven energies.
It is necessary to incorporate threshold effects.

At p,, =28.5 GeV the maximum allowed resonance
mass is

V'S = 2M proon ~ 5.64 GeV

since two baryons must appear in the final state.
As the J mass isnottoo much smaller than this the
threshold effects will be substantial. The technique
for incorporating thresholds was developed in Ref.
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6 and discussed in paper I. However, because of
its importance to many of the calculations to be
presented, we briefly review it in an appendix.
We only note here that all corrections of order
Mproon/Vs  (or more generally Meore/Vs, the core
being the residue left behind after extraction of a
quark from a proton) are treated exactly, while
some approximations are made at the m2/s level.
(Terms in Mewonance?/s are, of course, treated
exactly.) The maximum value of 7, where

T= Myesanancez/s s (16)
is thus

S — 4McoreV S - (\/E‘— mem )2
S N

Tmax =

RESULTS AND DISCUSSIONS
We now turn to the calculations of interest. Let
us begin by discussing very briefly the results of
Fig. 3. Figure 3 gives the energy dependence of
the production cross sections for the 3.1- and 3.7-

Op+N —= Res+X [mb]
o
|

|
10000

10 ‘
10 100 1000

Plob [Gev/c]

FIG. 3. Energy dependence of the ®’ and 6@ (5191)
annihilation mechanisms for the production of J(3.1)
and J(3.7). Cross sections do not include any final-
state branching ratio. They assume g ;p/5+2/47=1 and
gs052/4m and g, 5 Y4 as given in the text.
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GeV resonances, using the coupling constants for
the various quarks given earlier. We ignore
Fermi motion effects in the nucleus which are
possibly significant at Brookhaven energies. From
Fig. 3 it is immediately apparent that the @’
formation mechanism has far stronger energy de-
pendence than that due to normal quark annihila-
tion; this is expected from the general threshold
rules originally developed in their most complete
form for application to high-p, phenomenology.!?
According to these rules the threshold damping is
roughly of the form

f o resonance sz fod (1 - T/Tmax )2 ns-l’ (1 8)

where 7; is the number of spectator quarks not
participating directly in the quark-antiquark reson-
ance formation vertex. Thus #n, is the total num-
ber of quarks in the cores of Fig. 1. For the ¢ &
mode both cores contain a minimum of 4 quarks,
while for the ®® (M) mode one core can contain
as few as 2 quarks (corresponding to the valence
quark state of the proton.) Thus

o ~1=15 ¢'®,

2n, -1=11 €@ (N). (19)

The rough form (18) gives approximately the cor-
rect shape in the regions of Fig. 3 near threshold.
This is so despite the fact that we found it neces-
sary to include subasymptotic corrections, related
to the core masses, in the calculations relevant

to Fig. 3. The proton’s wave-function dependence,
discussed in the Appendix, upon the transverse
momentum of one of the quarks is precisely that
which guarantees a smooth asymptotic-subasymp-
totic connection.

At this point it should be noted that, analogously
to the situation in high-p, phenomenology, there
exist production mechanisms other than the annihi-
lation process. One of many possibilities is that
sketched in Fig. 4. This process obeys the inter-
change theory “requirement” that only wave-func-
tion vertices appear. (Processes with explicit

~

P
-
r‘P/

h

o P

FIG. 4. Alternative J production process involving
simultaneous creation of charmed objects.

vector gluons, for instance, always seem to be
absent in high-p, phenomenology.) Such processes
are characterized by fewer spectators (5 in Fig. 4)
and hence less threshold damping. However, they
involve more “active” quarks participating in the
formation of heavy particles and, of course, a
heavier final state mass—a charmed baryon and
meson in addition to the J are required in the final
state of Fig. 4. Thus one generally requires ener-
gies above those at Brookhaven before such proces-
ses can even take place, in addition to which the
increased number of active quarks is likely to lead
to some off-shell damping effects in the process by
which the quark and ®X pair produce a J plus a
charmed baryon. As the energy increases at fixed
resonance mass, the direct annihilation mechan-
ism rises very rapidly and will, if dominant at
low energies, continue to dominate away from
threshold. Verification of this rapid energy depen-
dence is a crucial test for the present approach.

A more detailed investigation of such alternative
mechanisms is being performed by Blanken-
becler and collaborators.

We now turn to a comparison of expectations for
J -like resonance production in pN collisions with
those for pp collisions. The quark distribution
functions for the p are, of course, simply obtained
by charge conjugationfrom those of the p. For
PN collisions the core masses are both taken equal
to the proton mass. In contrast, because the cores
need no longer have baryonlike quantum numbers
in the pp case (the communication mechanism be-
tween cores presumably allows annihilation to
pions and other light particles), we take 7.
=0.1Mp010n.  Final-state branching ratios are not
included.

In Fig. 5(a) we present total resonance production
cross sections for pN collisions at 28.5 GeV/c as a
function of resonance mass. The two types of
curves correspond to (a) the @ ® annihilation
channel and (b) the ®® and 9 “normal” quark an-
nihilation mode. For (b), the normal quark cou-
pling constants are held fixed at the values given
earlier, Eq. (3), appropriate to J (3.1 GeV).

Note that the cross section for both cases is zero
or negligible over the mass range studied for p,,
=9 GeV/, and note that for p, =28.5 GeV/c the
@' ® mode dominates the ®® (930) mode. This
suppression, due to the small admixture of nor-
mal quarks in J, occurs in spite of the ability to
take the ® (or M) from the (weakly, x — >1, thres-
hold damped) valence component of a nucleon
wave function, in comparison to the @ ® mode in
which both quarks come from (strongly threshold
damped) sea components.

J -like resonance production in pp collisions
[Fig. 5(b)] is different in this respect. From Fig.
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FIG. 5. Comparison of (a) J production in pp collisions and (b) J production in pb collisions via the two annihilation

mechanisms. For core masses see text.

5(b) we see that at py,, =28.5 the normal quark mode
is comparable to the ¢’ ® mode. This merely re-
flects the ability to take the ®(N) quark from the
proton valence component and the ®@) quark from
the antiproton valence component. The general
magnitude of even the @ ® production mode is
larger (by approximately a factor of 4 at 3.1-GeV
resonance mass) than for pN collisions because

of the smaller core masses.

Unfortunately a more realistic energy for a p
beam at Brookhaven is p,,, =9 GeV/. Throughout
most of the mass range the @ component is
negligible at this energy. However, the total pro-
duction cross section due to the normal quark
mode is not insubstantial. For instance, at a re-
sonance mass of 3.1 GeV the cross section is
about 35 that at p  =28.5 GeV/c in pp collisions.
Should it be possible to observe the annihilation
cross section at the lower energies in pp colli-
sions, for which the normal quark annihilation
mode dominates, its dependence upon center-of-
mass longitudinal momentum should be decidedly
weaker than that of the J cross section in pN col-
lisions (arising from the ®'® mode). Further dis-
cussion of this dependence will appear shortly.

Before turning to this topic, note that the above
results indicate that there may be little cross sec-
tion to gain from using either pion or p beams at
Fermilab energies. The reason is that the ¢’
mode dominates the ®® (N) mode above 28.5
GeV/c even for the pp case most favorable to the

latter. (At 28.5 GeV/c the two are comparable but
the @' ® rises far more rapidly with energy.)
Since charmed quarks are not contained in p, p or
7 valence wave-function components, one may as
well use the high-intensity p beams.

Let us now turn to the dependence of the reson-
ance cross section upon longitudinal and transverse
momentum in the center of mass. We define a
variable y (essentially the usual Feynman longitu-
dinal fraction) such that

y= piesonance ’/é \/? . (20)

Here p*°™"* is the momentum of the resonance in
the initial beam direction; p; will denote the mag-
nitude of the resonance’s momentum transverse to
the beam direction. In order to make a compari-
son with the background in the e*e” decay channel
we include the e*e” branching ratio (-2-‘;) in our
calculation of the cross sections we now present.
We give curves for the J (3.1) at p,,, =28.5 GeV/c.
Figure 6(a) gives the p, distributions

resonance 2 background
Aoy N T xretem X and AP0y 2 ik ot

dpr? dp,*dQP ’

where the resonance cross section is, as before,
integrated over its width and the background cross
section refers to that from the original off-shell
photon Drell-Yan process. (Ref. 6 discusses these
calculations of the background.) Because higher
powers of transverse momentum are associated
with the sea component of a nucleon’s wave function
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FIG. 6. pr and y dependence of the resonance production cross section, computed for the ®’®’ and 6®@N) modes,
and of the off-shell photon background. The final-state branching ratio to thee*e ™ channel is included. The differential
cross sections integrate to 1.2x10~7 mb, 2.1x10~° mb, and 0.32x 10~® mb/GeV? respectively for the ®*¢’, ¢ (915) and

‘“y” background modes.

than with the valence component (see the Appendix),
the ®'® mode cross section has steeper p;* de-
pendence than either the ®® (MN) mode or the off-
shell photon background. The latter two have very
similar dependence upon p,2 since the quark anni-
hilations involved are quite similar. The '@’
cross section behaves roughly as ¢™4:7° while the
latter two are approximately described by ™27,
It is convenient at this point to ask ourselves
what happens if we include the effects of the J
wave function. Since the annihilating quarks are
off-shell by varying degrees depending upon their
longitudinal and transverse momenta, some varia-
tion of the g,p' coupling is possible. We argue,
however, that this variation is small and does not,
in any case, necessarily lead to any suppression
of the coupling when the quarks are further off-
shell than when they are not. The reasoning is as
follows. First note that the off-shell quark propa-
gators in Fig. 1 have, by definition, already been
incorporated into the quark distribution function
forms. [Part of the (1 —x) and &, damping arises
from these propagators.| Secondly we appeal to the
ideas!'!? developed for high-p, phenomenology in
examining the amputated ®'®' J vertex. According
to these ideas one should employ a model of the J
in which the ® and @' interact (assuming they are
spin 3) via vector-gluon exchange, so that the
characteristic coupling constant is dimensionless.
When examining the form factor of the J (a slight-

ly different kinematical situation than the present
one), if we assume that no anomalous dimensions
arise as a result of the interaction and that the J
wave function is finite at the origin, then the J will
have a monopole form factor; the single power
falloff arises entirely from one off-shell quark
propagator while the associated amputated wave
function exhibits no falloff as this quark becomes
far off-shell. This type of assumption leads to a
very consistent phenomenology of high-py inter-
actions. Thus the amputed wave function of the J
does not exhibit off-shell damping asymptotically
and is thus unlikely to exhibit substantial off-
shell dependence even in the nonasymptotic region.
Turning now to the longitudinal momentum or
y dependence of the J (3.1) cross section, we pre-
sent in Fig. 6(b) the results for the ®'® mode and
for the off-shell photon background. [As for the
p,? distributions, the ®® (IN) resonance production
mode has very similar y dependence to that of the
background.| As expected from the stronger
threshold damping of the sea quark distributions,
the ® ® mode is much more sharply cut-off as y
approaches its kinematical limit, given to order
More ,/\/.S— by

2m ore
Ymax ®1 =T = S 1), 1)
This limit is somewhat more restrictive than that

of the most general production process
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- 2
Ymax = { (S - Mresonance - 4mpmm

If the ®'® mode does in fact dominate, it is
clear from the above results that the MIT group’
may have slightly overestimated their total cross
section by assuming a uniform distribution in y
out to the full kinematic limit.

At this point it is perhaps worth mentioning a
few interesting correlation effects, involving y,
that are predicted by the parton-model quark-anti-
quark annihilation mechanism. In particular, we
examine the total residual multiplicity as a func-
tion of the resonance’s longitudinal momentum,
1wWs. We employ a fully asymptotic approxima-
tion. First recall™ that the intuition associated
with the concepts of short-range correlations in
combination with parton-model concepts can be
used to motivate a rise in total multiplicity in two-
particle collisions proportional to In(s). In the
parton picture, each incoming particle fragments
into InE final-state particles so that for a collision
between A and B the total multiplicity behaves
roughly as

n«<InE, +InE, =InE,E, =Ings. (23)

Generalization'® of these concepts to deep-inelas-
tic scattering requires considering a slightly dif-
ferent situation. One must ask what happens to a
final state consisting of a parton moving at large
momentum relative to a “core” of partons not
struck by the massive photon. Given one major
assumption beyond those mentioned above, one
again discovers that the multiplicity of the final
state is a function of the invariant energy of the
parton and core (which in the deep-inelastic case
is also the invariant s of the initial massive photon
plus proton). This extra assumption is that the
multiplicity plateau associated in the parton model
with e*e” annihilation has the same height as that
associated with, say, pp scattering. Deep-inelas-
tic scattering data'® seems to support this con-
jecture.

In the present situation we have a unique oppor -
tunity to test these ideas. Resonance production
at a given mass and given y fixes the energies of
the two residual cores:

Eore 173V S (1= %), Eeorea®3Vs(1=%,),  (24)
where asymptotically

y+(2+4n2 -y + (324412 (25)
X, = 5 , Xy = ) .
Thus the multiplicity associated with production of
a massive resonance should be most naturally a
function of the total invariant mass of the two cores

Ecorer Beore = 35 [1 +7 = (2 +47)* /2], 26)

2)2 - ]-61‘4r(-.‘sonamce2 mpmlonzll /2,/8- (22)

Clearly this is a very unique prediction and exper-
imental verification would be of great significance.

The final portion of this paper deals with expec-
tations for production in pN collisions of other
particles containing a ®’ quark. In particular we
present the results for production of all the var-
ious types of charmed mesons, at several ener-
gies, as a function of resonance mass; we also
estimate the cross section for charmed baryon
production. All estimates employ the direct cou-
pling mode analogous to ¢’® annihilation for the
J. If anything this is a better assumption than that
of ignoring the normal quark mode in J production
simply because all decay modes to uncharmed
states are weak in nature. As before we also ig-
nore any off-shell effects that might be present in
the coupling. The only real difficulty arises in
estimating the core masses.

As an example consider D°* production. D°* con-
sists of a @ quark and ®' quark. The least mas-
sive final state associated with D°* production in
PN collisions consists of one normal baryon and
one charmed baryon. If we label the ® quark as
1, we should associate a charmed baryonlike
mass with core 1 while associating a normal pro-
tonlike mass with core 2. The smallest!!'!” mass
estimated for a charmed baryon is of the order of
3 GeV. Though larger values are also possible we
choose to employ the value 3 X0.939 GeV for the
¢ N, @' ®®, etc. baryons. Thus our low-energy
estimates where these threshold mass effects are
substantial may be too high.

A slightly different type of case is that of, for
instance, the D°* meson consisting of a @ and a
¢’. Here the least massive final state is almost
certainly that of 2 normal baryons plus a charmed
meson of the ®'® or ®'N type. Labeling the ®’
quark as 1, core 1 will then consist of, at least,

a charmed meson plus a nucleon while core 2 will
have the quantum numbers of a nucleon. Thus,
again, the smallest mass one can associate with
core 1 is of the order 3 GeV, the lightest charmed
mesons presumably having a mass of the order of
2 GeV. Thus in either case we take

Meorer =3 X0.939 GeV, m,,.,=0.939 GeV. (27)

Needless to say, the above considerations must be
symmetrized with respect to the target and beam.
In Figs. 7(a)-7(d) we summarize the various pos-

sible types of meson production cross sections,
presenting each distinct type as a function of mass
at the energies p,,, =20, 28.5, and 300 GeV/c.
Figure 7(a), which we give for reference, applies
to J -like particles composed of ®'®’. Figure 7(b)
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applies to D°* production, Fig. 7(c)to D™* produc-
tion, and Fig. 7(d), for annihilation of a quark and
antiquark both belonging to the sea component, is
appropriate for all other charmed meson types.

We wish to point out just a few features of these
results. Note that production of a D°* or D™ * re-
sonance of mass 2 GeV at p,, =28.5 GeVr is of
the order of 400 times the production cross sec-
tion for J(3.1) at the same energy. In addition
certain decay modes such as the K7 channel should
have quite substantial branching ratios,!! so that
proper choice of a final state would result in only
a minor loss from the total cross section. Even

J. F. GUNION 12

for the other charmed mesons the production cross
section at a resonance mass of 2 GeV is compar-
able (at p,,p, =28.5 GeV/e) to that for J(3.1), the
lower resonance mass compensating for the in-
creased core mass.

Finally, in Fig. 7(e) are the estimates for pro-
duction of a charmed baryon of the ®'®X variety.
The core, associated with extracting a ®X pair
from a nucleon, presumably communicates with
the ® left in the core, associated with ¢ extrac-
tion from the other nucleon, to form a charmed
meson whose mass we take as 2.2 GeV. The re-
maining core on the ®’ side has nucleon quantum
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FIG. 7. Production cross sections for: (a) J-like mesons; (b) D*; (c) D™*; (d) D**, D%*, F**, and F ~* mesons;
and (e) the most favorable charmed baryon case, C;. For all but (a), one core mass is 3Xmproton While the other is
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For the reasoning see the text. No final branching ratios are incorporated. gq;2/41r=1 for all cases.
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numbers with an associated mass of the order of
0.939 GeV. We employ a simplified distribution
function describing the probability of extracting a
@ pair from a nucleon. We take

]?I'Slpair (xp‘dif) =0.5 xl__XE’ (28)

xpalr

which has the threshold damping expected theore-
tically for a residual core consisting of only one
quark (before communication occurs). The normal -
ization is chosen so that the ®X pair carries i
of the nucleon’s momentum.

Because of the uncertainty in the mass of a
charmed baryon we have given results (at three
energies pi,, =50, 100, and 500 GeV/c) over a large
mass range. Clearly production cross sections
are substantial even at moderate energies, such
as 50 GeV/c, for charmed baryon masses near the
lower end of the possible range. Unfortunately the
standard Brookhaven energy, p,=28.5 GeV/, cor-
responding to a maximum final-state mass of about
7.4 GeV is too near the minimum final-state mass
of about 6 GeV, appropriate to the present case,
for the cross section to be measureable. We
should also again mention the likelihood that off-
shell effects will, in this case of production of a
dipole form-factored baryon, lead to some reduc-
tion in the present estimates.

CONCLUSION

In conclusion we should attempt to examine the
above predictions in light of currently available
data.'® To begin with we concentrate on the @' ¢’
annihilation mode. The main uncertainty in our
predictions arises from the possibility that there
are substantially fewer charmed quarks than A,

X quarks in a nucleon, i.e., that the charmed dis-
tribution functions should have a substantially
smaller normalization than that appropriate to the
SU(4)-symmetric case. (The charm coupling con-
stant g,¢:5%/47 could also be slightly different
from the value of 1 used here but not by more than
a factor of 2 or so.)

This possibility may be tested by examining a
related process—namely inclusive photoproduction
of J (3.1). The (pointlike or bare) photon contains
approximately as many charmed ¢’ quarks as nor-
mal ® quarks. The distribution of ' quarks in the
bare photon is known—both in shape and normaliz-
ation. Thus one may calculate the Drell-Yan ¢ @
annihilation contribution to inclusive photoproduc-
tion.®

Both ¥y +N = J(3.1) + X ({ pio) =150 GeV/o) and
n+N ~J(3.1) +X ((p,,,) =250 GeV/c) have been
measured at Fermilab. The cross sections'® (ex-
cluding the =~50% contribution from coherent dif-

fractive production in the photoproduction case
are approximately

1.5 x10732 ¢cm?/nucleon
and

3x107% cm?/nucleon, |y|=0.22,

respectively (v is the Feynman momentum fraction
variable). At the above (p,,) values we obtain the-
oretically, for an SU(4)-symmetric ¢ sea, about

2 x107% cm?2/nucleon
and

4x107%° ¢cm?/nucleon, |[y[=0.24,

both substantially above the experimental values,
by factors of ~10 and =100, respectively. (For
the latter case, integration over all y values would
approximately double the theoretical cross sec-
tion.) An obvious possibility presents itself; since
the @' nucleonic distribution enters linearly in the
photoproduction cross section but quadratically in
the purely hadronic cross section reducing its
normalization by a factor of 10 puts both theore-
tical estimates in reasonable agreement with ex-
periment. Thus the theory is viable provided the
quark-antiquark sea is dominated by normal
quarks.

We should note that the situation is less appeal -
ing if the inclusion of color is appropriate. We
take the photon to be a color singlet for the pur-
pose of illustration. Color inclusion reduces both
theoretical cross sections by a factor of 9 (3 from
color matching requirements and % because of the
reduced average size of g,p2/47 necessary to
obtain the ®' charge of 2). The SU(4)-symmetric
sea photoproduction prediction then roughly agrees
with experiment while the hadronic cross section
is still a factor of 10 too high.

It is possible that one should remove the two-
body (J, p) final state from the experimental data
before comparing to the annihilation theory. This
seems arbitrary to us but would help in the present
case. The photoproduction cross section would be
most affected and is probably reduced to less than
3 of the full cross section. Thus reducing the ¢'®’
sea normalization by a factor of 3 while including
color would restore agreement.

It is because of this type of uncertainty that we
reemphasize the importance of the p, and y distri-
butions. Those measured inn +Be—~J (3.1) +X
(lv|= 0.24) at Fermilab are remarkably similar
to the theoretical predictions given earlier. In
addition, the photoproduction cross section is the-
oretically predicted to exhibit a slightly weaker
pr dependence than the nucleon-induced production
cross section (consistent with observation) while
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displaying a markedly different y distribution
which is relatively flat in the positive y (photon
fragmentation) region but rapidly decreasing for
negative y. We also mention that the pp-J +X
cross section at CERN ISR!® (vV's=52.7), which, as
expected, is somewhat higher than the Fermilab
cross section (our model predicts a factor of 2.5,
consistent with preliminary results), also confirms
that the y dependence is flat, near y ~0, as pre-
dicted by the annihilation model, even though at
larger y theory predicts and experiment confirms
a relatively steep y dependence. Thus current in-
dications are promising in this respect.

The factor of 10 reduction, ignoring color, in the
@' distribution function in nucleons implies that the
D and F cross sections of the figures should be
reduced by a factor of 10. Nonetheless, they are
large so that D’s and F’s should be observed at
Fermilab energies (i.e., p,, 2200 GeV/c). Their
detection may be tricky because of their many pos-
sible decay modes. Failure to observe them at the
expected total cross-section level would constitute
an important failure of the ®’® mode approach.
D’s and F’s (the pseudoscalar charmed mesons)
should, of course, have quite similar cross sec-
tions (perhaps smaller by the spin statistical
weight factor of 3). Inclusion of color in the man-
ner mentioned earlier would imply a reduction by
a factor of 30 in the figure cross sections.

The above adjustments do, however, worsen
agreement with the Brookhaven result. The nor-
mal quark mode would be dominant at p,,=28.5
GeV/c and yields (for a sea dominated by un-
charmed quarks)

o(pN -J +X)=0.1x1073* ¢cm?/nucleon
N

e e

(this includes the latest branching ratio informa-
tion R =15 and I', =70 KeV). This is factor of 10
below the experimental estimate of 1073 ¢cm?/nu-
cleon. This latter estimate assumes (probably
incorrectly) a completely flat y distribution for
J and is probably too high by a factor of 2 to 3.

It is clear that the y distribution must be mea-
sured and compared to the theoretical prediction,
as well as used to obtain an accurate experimental
cross section, before a final decision can be made.
At this lower energy it is certainly not impossible
that non-¢q annihilation contributions could also be
important. Such modes would clearly be essential
if color, which reduces the theoretical annihilation
cross section due to normal quarks by a further
factor of 9, is included.

The above comments are obviously speculative
in nature at the present time but should serve to
illustrate the possibilities. The most important

experimental unknowns are the D and F meson
cross sections at Fermilab energies. We anxious-
ly await definite results.

APPENDIX®

In order to include subasymptotic corrections
we must first write the 6 function of Eq. (1) in-
cluding nonasymptotic corrections. The exact
form of the 6 function is

s6((k, +ky)?= M ,?), (A1)

where &, and k, are the momenta of the off-shell
annihilating quarks in Fig. 1. In terms of x, and
x,, the momentum fractions mentioned earlier,
and k; and k;, the transverse-momentum fluctua-
tions of the quarks about the direction of the initial
beam particles, we have (1=M ?/s) from Ref. 6

B 2
(—‘L%kZl" - T=X1X2(l - 2mpxolon2/s)
L, 3L
+ (xx +X2)mproton2/s -T- %s_kz'
_ x40, +k; 2 _ X0, +k32 A2
1-x 1-x, ° (42)
*1 2

o, and o, are the squared masses of the “cores”
left behind by the quarks of Fig. 1. For J produc-
tion we take o, =0, =m,,,,2 corresponding to a com-
munication mechanism capable of removing their
charm and quark quantum numbers.

In addition we must expose the k; and k; inte-
grations in Eq. (1) by writing

fi(x1)=fd2kl*f,.(xl,kf), etc. (A3)

The final ingredient is the form off(x,, kf). The
distribution functions depend most directly upon
the off-shell quark momenta, e.g.,

12
X;0; +k;

k2= xMyotor —
7Kl 1-%,

(Ad)
We shall see that threshold effects probe x; near 1
and hence we keep only those terms in k;2 singular
in1/(1 —=x;). As x; -1 the threshold power associ-
ated with a given component (valence, sea,...) of
f; is taken to obey the theoretically motivated pow-
er laws of Refs. 3-5,
~ (1 _xi)zNi-l

VACH MO 1—-x.

1

’ (A5)

where N, is the number of quarks in the core asso-
ciated with quark i. Since the power suppression
(of order 2N;) in the limit x; -1 arises from the
off -shell damping in kfz power. Specifically, we
take, for each component of f;,

[, k) = PAixy) / (k% +0,)25, (A8)
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where P, is chosen so that [f;(x;, k)d%k; = f,(x;).
This approximation to the k2, dependence is valid
in the region x, —1 which is that probed as thresh-
old is approached. (Away from threshold the ki
integration is essentially unrestricted and the spe-
cific form employed immaterial.)

The maximum possible 7 which satisfies the func-
tion is obtained with

L_pt_
RBi=k, =0,
0,=0,=m 2
1 2= proton

and (A7)

’nproton

X, =x,=1 =
1 2 S

and is
Tmax ~ S = 4mpm!0n /\/.S_ . (AS)

For this value the k; integrations are totally re-
stricted so that the cross section goes tc zero.
This procedure is exact to order mpmown/Vs; terms
of order m?/s (other than M qnnc2/s) are not
treated with total precision. For Brookhaven en-
ergies, and above, the approximation is adequate.

*Work supported in part by the National Science Foun-
dation.

13, J. Aubert et al ., Phys. Rev. Lett. 33, 1404 (1974);
J. E. Augustin ef al ., ibid. 33, 1406 (1974); C. Bacci
etal., ibid. 33, 1408 (1974); G. S. Abrams et al ., ibid.
33, 1453 (1974).

%5, D. Drell and T.-M. Yan, Ann. Phys. (N.Y.) 66, 576
(1971). The worry that diffractive effects modify the
simple prediction now appears to be unfounded. See
J. L. Cardy and G. A. Winbow, Phys. Lett. 52B, 95
(1974).

3J. F. Gunion, Phys. Rev. D 10, 242 (1974).

4G. Farrar, Nucl. Phys. B77, 429 (1975).

5R. Blankenbecler and S. J. Brodsky, Phys. Rev. D 10,
2973 (1974) also discuss the theoretical considerations.

%G. Chu and J. F. Gunion, Phys. Rev. D 11, 3672 (1974).
We note that we do not include the colored parton
degrees of freedom in the discussion of the present
paper. These decrease our estimates by a factor of
9 lassuming g je/5 2/41 for each of the 3 ®’ quarks is
4 the noncolored value quoted in (3); the analogous re-
duction in the case of g o5 (£pma) is required in order
to preserve the total p width in the parton model
approximation—see text].

'J. F. Gunion, Phys. Rev. D 11, 1796 (1975).

®T. Appelquist and H. D. Politzer, Phys. Rev. Lett. 34,
43 (1975); A. De R@jula and S. L. Glashow, ibid. 34,
46 (1975); C. G. Callan et al ., ibid. 34, 52 (1975).

8J. J. Aubert et al ., Phys. Rev. Lett. 33, 1624 (1974).

105, J. Brodsky and G. Farrar, Phys. Rev. Lett. 31,
1153 (1973); F. Muradyn and A. Tavkhelidze, Nuovo
Cimento Lett. 7, 719 (1973).

we use the notation of M. K. Gaillard et al., Rev.
Mod. Phys. 47, 277 (1975).

12This assumes that the photoproduction cross section is
in fact not greatly above the 20 nb value rumored from
the experiment of H. Lee et al. at Fermilab

13For a review see J. F. Gunion, in Particles and
Fields—1974, proceedings of the 1974 Williamsburg
meeting of the Division of Particles and Fields of the
American Physical Society, edited by Carl E. Carlson
(A.I.P., New York, 1975), p. 551. See also Ref. 3,

R. Blankenbecler and S. J. Brodsky, Ref. 5, and
R. Blankenbecler, S. J. Brodsky, and J. F. Gunion,
Phys. Rev. D (to be published).

143, Kogut and L. Susskind, Phys. Rep. 8C, 175 (1973);
R. P. Feynman, Photon-Hadvon Intevactions (Benjamin,
N.Y., 1972).

157, Bjorken, Phys. Rev. D 7, 282 (1973) and R. Cahn,
J. W. Cleymans, and E. W. Colglazier, Phys. Lett.
43B, 323 (1973).

167, Ballam et al ., submitted to the XVI International
Conference on High Energy Physics, Chicago-Batavia,
1972 (unpublished), and SLAC Report No. SLAC-PUB-
1195 (unpublished).

173, Borchardt, V. S. Mathur, and S. Okubo, Phys. Rev.
Lett. 34, 38 (1975).

18we quote results presented at the 1975 Meeting of the
American Physical Society, Washington, by the various
groups.

19T he photoproduction calculation has been performed
independently by T. Goldman, SLAC Report No.
SLAC-PUB-1538 (unpublished). Our SU(4)-symmetric-
sea photoproduction cross sections are smaller than
his, for a givenvalue of g,pr, by roughly a factor of
2. His normalization for the ®’ ) distribution does
not agree with the limitations on the total sea’s con-
tribution to deep-inelastic scattering.



