
PHYSICAL REVIE% D VOLUME 11, NUMBER 11 JUNE 1975

Possible production of charmed hadrons in conjunction with the Q(3100)

Dennis Sivers
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

(Received 24 March 1975)

If the Q(3100) is interpreted as bound state of a c c pair, then the dynamical mechanism which

suppresses its strong decays should also imply that it is produced copiously in association with charmed
hadrons. Model calculations indicate the feasibility of looking for charmed particles in events ~here
there is a Q.

I. INTRODUCTION

One popular interpretation of the properties of
the P(3100) and $(3700) resonances' ' is that they
are bound states of a quark-antiquark pair in
which the constituents carry a new additive quan-
tum number. ' It seems a reasonable hypothesis to
identify this new quantum number with "charm, "
the quality originally proposed to explain anomalies
in weak neutral-current interactions. ' Specific
models for the new narrow states based on this
identification have been proposed which predict
further properties of the charmed quarks and, by
inference, charmed hadrons. '

Supported by the new results, a great deal of
experimental effort is currently being expended
to detect and study charmed hadrons, that is, had-
rons which carry the charmed quark bound to or-
dinary uncharmed constituents. One way to do
such a search relies on theoretical models for the
decay modes of the hypothetical particles and con-
sists of looking with high precision for narrow
spikes in the mass spectra of the appropriate two-
body decay channels. Estimates of the nonleptonic
decay channels' and of cross sections for the as-
sociated production of charmed particles' suggest
that such searches might face significant problems
due to a small signal-to-noise ratio.

In this note we would like to point out that the
interpretation of g particles as cc states and the
related dynamical rules which suppress their
decays into ordinary hadrons imply a mechanism
for the strong production of charmed hadrons in
conjunction saith g's. Simple calculations suggest
that a high-energy experiment which triggers on
the detection of a massive lepton pair is quite
likely to have a pair of charmed particles among
the final-state hadrons. Because this type of ex-
periment would have a large signal in comparison
with background it should be possible to detect the
charmed particles through their decay into any
one of the many possible channels. Even though
the cross section for producing a g and a pair of

charmed particles should be substantially lower
than the cross section for producing the charmed
particles alone, the lower background may make
the detection of charmed particles compensatingly
easier.

Section II outlines the origin of the speculation
concerning the conjoint production of P's and
charmed hadrons in terms of an empirical dynam-
ical interpretation known as the Okubo-Zweig-
Iizuka (OZI) rule. ' Section III demonstrates the
calculation of g cross sections, with and without
charmed particles, in three simple models. The
one-dimensional multiperipheral model, the Drell-
Yan model, and the independent-emission model"
all suggest that in PP collisions at Fermilab and
CERN-ISR energies (v s &20 GeV) the production of
P's in conjunction with charmed pairs should dominate
the production of P's alone. In Sec. IV we indicate how
the fundamental assumption underlying this sugges-
tion can be tested independently by measuring the
number of strange particles produced in association
with the P(1019). In Sec. V we summarize the
arguments and draw some conclusions.

II. THE OZI RULE AND THE VIEW OF THE Q

AS A cc STATE

To understand the production of p's in hadron
collisions we need to consider the dynamical im-
plications of the OZI rule. This empirical rule
is a necessary corollary of any attempt to under-
stand the g's as bound states of c and c quarks.
It can be expressed most simply in terms of quark-
line diagrams. All diagrams which contain a
quark-antiquark line terminating within the same
hadron are suppressed. Some examples of for-
bidden diagrams are shown in Fig. j.. In the quark
model this rule is used to explain the small decay
rate for P(1019)-3w. The fact that the empirical
result can be expected to be valid for exchange
diagrams as well as decays can be deduced from
the experimental ratio"
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da/d't(v p yn) 1

do/dt(v p (on) 280 (2 1)

Detailed analysis suggests that the dominant con-
tribution to w p- (t)n is not from the p exchange
diagram drawn in Fig. 1(b) but from K-K Hegge
cuts.

In the charmed-quark model for the g's, the
rule is used to explain the small decay rates
$(3100)-hadrons and P(3700) -hadrons as well as
g(3700}-$(3100)+2v. It can be expected that the
rule works better for charmed quarks than for
strange quarks in approximately the ratio

F(i( —hadrons) mz
r(y-3v) (2.2)

The couplings derived from this rule can be shown"
to give a quantitative understanding of the pro-
duction of the g's in Pp collisions at P„~=28.5.

If we assume the empirical validity of the QZI
rule we can deduce that the two types of multi-
peripheral quark-line diagrams for the production
of P's in high-energy collisions shown in Fig. 2

have vastly different properties. In Fig. 2(a), the
coupling of a g to hadrons through an OZI-forbidden

PP-PCODog, (s...„,„)'~' =9.3 GeV, (2 3)

where C, is a charmed baryon (udc) and D, is a
charmed meson (cu). Another feature of the graph
in Fig. 2(b) indicates a small cross section. The
multiperipheral configuration implies the exchange
of a charmed Regge trajectory, and since we be-
lieve that this trajectory must have a low intercept
we know that the heavy particles must have small
subenergies relative to each other. This cuts
down the amount of phase space available.

coupling, h, is indicated schematically. From the
arguments above, the coupling constant, h, must
be considerably smaller than typical hadronic val-
ues. The second possibility, indicated in Fig. 2(b),
is for the g to be produced in conjunction with a
pair of charmed particles. Since the quark and the
antiquark from the P can now terminate on differ-
ent particles, this diagram is allowed by the OZI
rule and the mechanism it represents should be
strong. However, since the charmed particles
are presumed to have large masses (in the range
2-2.5 GeV for mesons and 2.5-3 QeV for bary-
ons") this contribution to g production is sup-
pressed kinematically. For example, at P„„=28. 5

GeV/c where the g is observed in the process
PP- e'e +anything this configuration cannot con-
tribute because we are below threshold for the
hypothetical process

(a}

S 8

cI d U

(b)

u d u

FIG. 1. Examples of quark-line diagrams forbidden by
the OZI rule: (a) The decay Q -3~, (b) the exchange
diagram for n p Pn.

FIG. 2. Two types of multiperipheral quark-line dia-
grams for the production of a $. The production of a P
alone necessarily involves a disconnected diagram such
as shown in {a). Diagram (b) shows the OZI-allowed
production of the $ in association with a pair of charmed
particles.
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If, however, we are to take the OZI rule ser-
iously we would expect that diagrams of the type
2(b) will dominate at ultrahigh energies since
broken SU(4} would indicate that all the coupling
constants are of the same order of magnitude. At
high energy, events whicl. contain g's should
usually contain charmed particles. An experiment
which triggers on g's should be able to detect
charmed particles by looking for bumps in various
possible leptonic and nonleptonic decay channels.
It is notable that we would expect on simple stat-
istical grounds a more or less random assortment
of charmed baryons and of charmed and anti-
charmed mesons. This contrasts with experiment,
where by focusing with high sensitivity at one par-
ticular decay mode it is possible to detect only one
type of charmed particle.

It is an extremely attractive idea that the mech-
anism which prohibits the strong decay of the g's
in a cc model should also remove unwanted ha-
dronic background in the search for actual charmed
particles.

III. MODELS FOR THE PRODUCTION OF (Itf'S

AND CHARMED PARTICLES

The problem considered here is to demonstrate
the application of the OZI rule to explicit model
calculations for the production of g's and charmed
particles. The goals of the calculations are to
estimate the asymptotic ratios of the appropriate
cross sections and to gain some understanding of
the kinematic constraints. Since the kinematics
involved in producing three massive states (a g
a.nd two charmed hadrons} in the same event in-
dicate a substantial suppression even at Fermilab
and CERN-ISR energies it is important to con-
sider the interplay of dynamic and kinematic ef-
fects. The models calculated here necessarily
involve unknown constants and assumptions involv-
ing the properties of the hypothetical charmed
particles, No single model is completely reliable,
so we will estimate cross sections in three dif-
ferent ways.

One - dimensional multiperipheral model

We first consider a simple multiperipheral mod-
el. The treatment of kinematics in the approach
is highly oversimplified but the calculation does
illustrate directly the application of the OZI rule
and has many features in common with more real-
istic models. In a multiperipheral model" we can
write the cross section for producing a $ at ra-
pidity y and n+2 other hadrons involving the re-
peated exchange of a meson trajectory n -=-,' as

(ks ) 0
( 2)n [2 ( Y—Y)]

y $'

( Y- Y. - y)" '
(i)! (s-i)tj= 1

(3.1)

where g is an ordinary hadronic coupling constant,
k is the OZI-forbidden coupling constant, and
Y= lns. The kinematic constraint of making a
heavy g is input by making ( Y- Y,) the amount of
one-dimensional phase space available for particle
production in the presence of a massive p. The
parameter Y, is then a "pseudothreshold" for g
production in rapidity space which, for illustrative
purposes, we fix by

Yo
=—2 =in(~') . (3.2}

x exp (- 2 Y,) . (3.3)

With the values a =——, and g' =-1 we have (2a
—

2 +g'}—= 0 and &,„„,( Y) is approximately energy
independent. Comparison of the model with BNL
data' on ~t} production gives

(n~) h'( Y- 1;)exp(- 2 Y,}
(n,) g' Y

so that

I'= ro-' .

(3.4)

(3.5)

This j,s in line with the kind of numbers we might
expect from the OZI rule" and gives us confidence
that, in spite of the oversimplified kinematics, the
model may be valid for order-of-magnitude esti-
mates.

In order to generalize the one-dimensional model
to the production of charmed particles we need
input some additional parameters. One new pa-
rameter is the intercept of a typical charmed tra-
jectory. In this we follow Field and Quigg' and
use

n, = —0.62 . (3.6)

For convenience, we denote the associated pair
of charmed particles DD even though we expect
all types of charmed mesons and baryons. The
cross section for producing a g and the DD can be
approximately written as

—= 2(g, ')' ~2 exp[(2a+g'}(Y- a)]
dyDdy~ dyD

~' s'

xexp[(2a, +g, '}~], (3.7)

where ya&y& &y~ and y~ —y~=~. The coupling
constant g, when normalized this way is expected

In the limit where at most one g is produced per
event we can write the integrated cross section

o'(p; alone} =h'(Y- Y ) exp[(2o. —2+g-'} (1' —Y )]
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with

4;„—= in[(2m +~)'j =—4.2 (3.8)

We again use the approximation (2o —2+g') =—0
and integrate over rapidities to get

by approximate SU(4) to be of the same order of
magnitude as g, but we allow for the fact that t;„
effects along the multiperipheral chain may make
it slightly smaller. The kinematic suppression
due to the mass of the heavy particles is input by

requiring a minimum rapidity gap between the two

charmed par tieles,

section for producing a DD pair without a P can be
written

(3.11)

where 4,„=—3.2 represents the pseudothreshold
for producing a charmed pair. The ratio o(P; DB)/
o(DD) at large 1' is plotted as a function of g, ' in

Fig. 4.
We have an additional piece of experimental in-

formation which is particularly informative. The
measurement of NN- /+anything at Fermilab"
can be estimated to be

&(g}= 200-800 nb, (3.12}

xexp[-(2 —2a, —g, ') b, ,„]o,„„,(y- 6,„) .

(3.9)

Comparing the cross section for the production of
a i( in conjunction with a pair of charmed particles,
Eq. (3.9), with its production alone, Eq. (3.3), we

get

o(g; DB) 2
1'- 6;„

o(i(; alone) ' F- y,
(3.10)

where A(g, ') is a rapidly varying function of g, '
plotted in Fig. 3. We see that the ratio becomes
large for g, ' near g'. In the same model the cross

where the main uncertainty involves an extrapola-
tion into the central region. On the basis of the
simple model and the BNL data we estimate the
contribution of the OZI-forbidden configuration
to be at these energies

a(P; alone) =—6-10 nb . (3.13)

In spite of the simple kinematics we see that the
energy dependence of the inclusive cross section
suggests that there are two mechanisms in opera-
tion. In terms of our interpretation of the OZI
rule we would suggest that the contribution of the
mechanism with a pair of charmed particles in the
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FIG. 3. The ratio 0(g; DD)/0(g;alone) at large F in the
one-dimensional multiperipheral model using (3.3) and

(3.9) plotted as a function of g, .

FIG. 4. The ratio 0($; DD)/a(DD) at large Y in the
one-dimensional multiperipheral model using (3.9) and

(3.11) plotted as a function of g, .
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final state is 20-130 times bigger than the cross
section for producing a g alone.

In the simple one-dimensional model this fixes

g, ' ~ (0.33-0.48) (3.14)

and indicates that the cross section for producing
charmed particles is

manner to produce an assortment of charmed par-
ticles.

In the context of this model we can calculate the
coupling constants h„~, under the assumption that
the g couples equally to all of them and the ha-
dronic decay of the g is dominated by the process
g-q'f-hadrons,

o(DD) =10 ~(Y —6 b) xo,.„„(Y-b,z) . (3.15)

It is hard to estimate just how reliable these fig-
ures are because of the many assumptions and pa-
rameters in the model, but the conclusion that
triggering on a g dramatically improves the back-
ground in a charm search seems valid.

1 h, 2

~ll' hsdroos (2g 1) P 45- Il, tf, S

Plugging in the direct width 50 keg, ' we get

~ ~

fg
2

=1.6x10 '.
4m

(3.17)

(3.18)

The Drell- Yan model

The alternative to the one-dimensional multi-
peripheral model which shares the advantage of
being easy to calculate is the Drell-Yan model for
p production. The application of the Drell-Yan
quark-antiquark annihilation contribution to P pro-
duction has been discussed in more detail el, se-
where. "' " In this approach the assumptions con-
cerning Regge trajectory intercepts, eouplings,
etc. are replaced by assumptions on quark coupling
constants and distribution functions in the proton.
In principle, these can be determined separately
from other experiments. We wr ite the integrated
cross section for pp- g+ anything

[f;(x)f;(T/x)
5

Note that one difference in these coupling constants
and the coupling constant, h [see Eq. (3.1)], is
that h represented the coupling of g to a specific
two-hadron channel and is expected to be corre-
spondingly smaller. In accordance with out inter-
pretation of the g as a cc state we assume that

(", ')-=s. (3.19)

The one step remaining in order to use (3.16) is
to parametrize the quark distribution functions.
For the u, d, s quarks these can be approximately
determined from fits to deep-inelastic lepton scat-
tering. For definiteness we use the distribution
functions of Farrar, "which are consistent with
dimensional counting rules"

0.2(1 —x)' 1.89(1 —x)'
f„(x)= +,~, +5 1 —x)',

+f;(x)f;(r/x)]
0.2(1 —x)' 1.03(1 —x)'f, x)= + ~ +51 —x)'

x ~l 2 'I (3.20)

(3.16)

where r= ~'/s, f;(x) are the quark distribution
functions for the proton, and h; is the coupling of
the g to a gq pair. We can divide this contribution
if the g is interpreted to be a cc bound state nat-
urally into two parts. The coupling of the g to
ordinary u, d, s quarks is assumed small by the
OZI rules whereas the coupling to a cc quark pair
should be large. Examining the quark-antiquark
annihilation diagram we see that removing a c
from one hadron and a c from the other leaves
traces of the charm quantum number in the kine-
matic region of the parton hole. In the spirit of
the parton model we should neglect the probability
that these parton holes annihilate each other and
we should therefore interpret the production of a
g from a cc pair to imply that it is accompanied by
the associated production of a pair of charmed
particles. Again the parton model would suggest
that the charmed quark would combine with other
quarks or antiquarks in a statistically independent

0.2
f„(x)=f (x) =f,(x) =f,(x) = '

(1 —x)' .

These distributions functions and the couplings
(3.17) have been shown to give an order-of-mag-
nitude estimate for the production of g's. "' "

Dimensional counting rules suggest that the dis-
tribution of charmed quarks should have the same
general behavior as that of the strange quarks.
If we allow for considerable SU(4) breaking in the
amount of charm, we might write

f,(x) =f,(x) = ef,(x), (3.21)

where e is a parameter to be determined. Purely
on the basis of the Drell-Yan model for the pro-
duction of g's in PP collisions, the e can be ab-
sorbed into the normalization of the g cc coupling
constant, but the comparison of other experiments,
yp, ~p, etc. , removes the ambiguity. The ratio
of the cc annihilation contribution to the g produc-
tion process to that of the noncharmed quarks for
various values of e is shown in Fig. 5 as a function
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N T
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n(z, P) = g z" ()„(P) .
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(3.23)
y~(a)=e d(q ' e — ' ' +T exp( ~ qr }+o(~(M 2 ~q 2)1/2)

(3.26)

and the K x are modified Bessel functions.
inverse transform ca b

unctions. The
can e approximated b

( )
exp(Ps' ') n(z, P)

(2s)' (det&)'/'

A(z, o}= 'Pe "'
Q(z, P)

where p is the solution to

20'(P), @~(P), ~

=[Is(&)]'hz 4F(~}]exp[sZ'A. (~)], and

where

(3.24)

(3.28}
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The relevance of this exercise for the problem
of g production or /+DE production is that me can
compare the energy dependence for the cross sec-
tion as a function of the fireball mass. If we treat
the production of a /+DE as a fireball of mass
Mz & 8 GeV we can compare the ratio of o(gDD)/
o(rj'r) as a function of energy. For s'~'& 1& GeV the
solution to the equation for P, (3.27), is approxi-
mately determined by the first term, and gives

p
—2y/s ~ ~~

and the ratio

o(g DD) gz' Ko((2X/s'~')&) detB(3. 1)
o(g; alone) g~' K((21 /s'~')3. 1) detB(8)

(3.29)

This approximation of energy dependence has
been found reliable in estimating the ratio of P to
w production. " If the interpretation of the impli-
cation of the OZI rule is valid so that the ratio of
the cross section for producing a g in conjunction
with a pair of charmed particles to its cross sec-
tion for being produced alone becomes large at
asymptotic energies, the implication of the inde-
pendent-emission model as shown in Fig. 6 is that
the kinematic limitations are not so severe as to
suppress the signal at Fermilab energies. This
supplements our estimate of kinematics in the
Drell-Yan model and multiperipheral model.

IV. THE ANALOGY BETWEEN THE /{3100)
AND THE /{1019)

One attractive feature of the suggestions here is
that the fundamental assumption underlying the
application of the OZI rule can be tested indepen-
dently of the model calculations in Sec. III. The
most direct test involves once again the analogy
between charm and strangeness.

There is currently very little published informa-
tion on the production of P's in high-energy PP
collisions, but a large amount of data could be
buried in unanalyzed experiments. Obviously, all
the models me have discussed for the production
of a P which is a bound state of a cc pair can be
repeated mith trivial modification for the Q. The
classification of the (Il) in the quark model as an
ss state is quite well founded and the interpretation
of the OZI rule as a mechanism for suppressing
decays is obviously similar since it was originally
designed for this purpose. In addition we have
direct information based on 2-2 reactions" which
support the generalization of the rule to exchange
diagrams. This suggests that in a multiparticle
system P's mill be more easily produced by K or
K* exchange links. For PP or mP collisions we can
draw quark-line multiperipheral diagrams for P

(n„g ) (n & ,

etc.

(4.2)

This corollary of the interpretation of the OZI
rule which states that events containing f's should
contain particularly rich samples of strange par-
ticle is subject to immediate experimental test.
For example, bubble chamber film from BNL,
CERN-PS, or Fermilab exposures can be scanned
for events containing P's with or without strange
particles.

In the event that an experiment triggering on g's
fails to find any evidence for charmed particles the
analogous experiment triggering on P's and looking
for strange particles mould be invaluable in help-
ing to decide what a negative result could mean in
terms of charmed particle masses, etc. If the
proposal does not work for strangeness we need to
substantially modify our understanding of the OZI
rule. This, in itself, should be an important re-
sult ~

V. SUMMARY AND CONCLUSIONS

The interpretation of the g(3100) and g(3700) as
bound states of a charmed quark-antiquark pair

I I I I I I I I I I
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FIG. 6. The ratio of a{/; DD)/o{g; alone) as a function
of s in the independent-emission model. The cross
sections are normalized so the asymptotic value of the
ratio is 10.

production just like those of Fig. 2. We conclude
that final states containing P's should usually have
at least two strange particles (excluding, of course,
the KK decay products of the p). Since the average
number of strange particles produced in inelastic
PP collisions at Fermilab energies, v s =20 GeV,

(n, ) = (nr+) +2 (nr~) + (nr-&+(nA) —= 1.3, (4.1)

is smaller than 2, the average number of strange
particles produced in an event containing a P
should be significantly larger than in an ordinary
collision,

(nrem ~& &(nr&,
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suggests immediately an interesting way to look
for charmed particles. The quark-model explana-
tion of the suppression of the strong decays of
cc g's, the OZI rule, indicates that the new par-
ticles should be produced copiously in association
with charmed particle pairs. This involves a kind
of quasiassociated production which we call con-
joint production, which is based, not on quantum
number conservation, but on dynamical quark-
model selection rules. The existence of conjoint
production for P's and P's has not yet been shown
valid, but the mechanism deserves consideration
as the basis for an experimental search for charm
since simple model calculations indicate the pos-
sibility of substantially lowering the background
of uncharmed hadrnns

The type of experiment envisioned in the trig-
gering of an apparatus, either counters or a hy-
brid bubble chamber system, on the detection of
a massive lepton pair from the decay of a P. Mod-
els suggest that at Fermilab and CERN-ISR en-
ergies most P's shouM be produced in events with
a charmed pair. The cross section, on the order
of hundreds of nanobarns, is significantly smaller
than the cross section for the production of charmed
particles alone, but the high signal-to-background
ratio should make it possible to easily recognize
charmed particles in many decay modes.

It should be pointed out that this can be done in

conjunction with an experiment which triggers on
the detection of a single large-p~ lepton. The
observation of a ratio of p, /v-= 10 ' at Fermiiab"
and the CERN-ISR" has led naturally to specula-
tion that a substantial fraction of these are due to
the leptonic decays of charmed particles. If this
speculation is true, examination of these final
states for further evidence of massive narrow
states may also provide a convenient way to search
for charm. The two types of triggers are com-
plementary. It should be noted, however, that
the experiment involving $'s also bears directly
on the cc model for the g states. In view of the
ambiguous results of photoproduction experiments
this is an important conceptual link in the charm
scheme.

Although the proposed experiment discussed
here is specific to the identification of the g(3100)
and $(3700) as states of hidden charm, other in-
terpretations of these narrow resonances may
contain interesting effects in the final states of
production experiments.
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