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Production of vector-meson pairs in hadronic collisions
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Production in hadronic collisions of 2++ Q Q states which decay predominantly to vector-
meson pairs are discussed based on a Drell-Yan-type mechanism with gluon fusion via the color
vector-dominance model. The 2++ PP resonance at 2.16 GeV produced in pp and ~p collisions is

interpreted as a 2++ sss s four-quark state. The calculated mass and width of this four-quark state,
its characteristic 5-wave decay, and the theoretical production cross sections in pp reaction at
pl ——400 GeV/c and wp reaction at pL, ——100 GeV/c are consistent with experimental data. Esti-
mates of the hadronic production cross sections and their longitudinal- and transverse-momentum
distributions for various channels of vector-meson pairs are also presented.

I. INTRODUCTION

Do multiquark hadrons, especially Q Q states, exist in
nature? This is an intriguing question both experimentally
and dynamically. The spectroscopy of the S-wave Q Q
mesons of light quarks (Q =u, d, s) has been studied both
in the MIT bag model' and in the potential model. The
salient features of these states are the following: (1) The
wave functions of the Q~Q states consist of two parts-
in one part, the QQ pairs are in the color singlet represen-
tations and in another part, the QQ pairs are in the color-
octet representations. (2) Their decays obey the Okubo-
Zweig-Iizuka (OZI) rule —most of the Q Q states can
"fall apart" into two constituent color-singlet QQ mesons,
making them too broad to be observed. However, we have
shown that there are three types of Q Q states whose
widths are not too broad to allow them to be detected as
resonances. These are the states whose decays are dom-
inated by a pair of vector mesons. For example, the
recoupling coefficients of the S-wave 2++ Q Q states
show that they decay mainly through vector-meson pairs.
In Refs. 4 and 5, we showed that the yy~ VV (V stands
for vector meson) reaction is a preferred process to search
for these four-quark states. The p p enhancement in this
reaction near the threshold has been interpreted ' ' as
due to three 2++ Q Q states at 1.65 GeV. It was also
noted ' that in the Q Q wave functions there are color-
octet-vector —color-octet-vector ( V V) parts which can
couple to two gluons directly. Therefore, these 2+ +

Q Q states are expected to be produced via two gluons.
And indeed, pp enhancement at 1.65 GeV (Ref. 10) is ob-
served in the radiative decay of charmonium which is pro-
duced via two gluons. Of course, some 0++ Q Q states
with large recoupling coefficients for the V V (Refs. 2 and
11) parts can also be produced via two gluons, but their
widths are usually so large that they may easily escape
detection. In this paper, we shall concentrate on the had-
ronic production of 2++ Q Q states which decay almost
exclusively via two vector mesons.

There are several experimental data on the production
of vector-meson pairs in hadronic collisions:

(1) PP production in p-nucleon and m-p collisions. '2'3

These processes are supersuppressed by the OZI rule.
However, the experimental data show that the PP produc-
tion cross section is quite large. The invariant mass of PP
peaks at 2.16 GeV with J =2++ and I =315+60 MeV.
According to the bag-model calculation of Jaffe, there is
a 2++ ssss four-quark state at 2.25 GeV which decays
predominantly to PP and its width has been calculated to
be 360 MeV. Its characteristic S-wave decay is also con-
sistent with experiment. All these seem to favor the inter-
pretation of a 2++ sss s state.

(2) JJ production in m.-p scattering process. ' This is
also supersuppressed by the OZI rule. The invariant mass
of JJ is found' to spread from 6.5 to 8.5 GeV where we
expect a 2++ ccc c state to contribute. A detailed discus-
sion about this will be presented elsewhere.

(3) pp enhancement at 1.7 GeV in pp~3vr+3m m at
5.7 GeV. ' This could be the same structure observed in

yy~p p (Refs. 6 and 7) and recently in J/g —+yp p
(Refs. 10 and 16), which are interpreted as due to the 2++

q q (q =u, d) states. "
The fact that these structures observed in various had-

ronic collisions share the common features that their main
decay channels are two vector mesons, that their masses
are just above the thresholds of the two vector-meson
masses, and that some of them are 2++ states and ob-
served in other processes (i.e., yy reactions and radiative
decay of charmonium) seem to indicate that some of
them, if not all, may have the common origin —namely,
2++ Q Q states which honor precisely these features.
As a further check, we need to calculate the production
cross sections in order to compare with experiments. This
is done in Sec. II. In Sec. III, we discuss the differential
cross sections for pp~PP+ . and np~PP+
Remarks on the interpretation of the two PP states are
given in Sec. IV. Section V contains a summary and the
concluding remarks.

II. CROSS SECTIONS

In this section we shall calculate the cross section of the
processes h&+hz~Vi+ V2+ . . via Q Q states. For
OZI-supersuppressed processes (e.g., PP production in pp
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and mp reactions), a gluon fusion picture is needed. As
mentioned earlier, there are color-octet-vector —color-
octet-vector (V V) parts in the wave functions of the
four-quark states. The quantum numbers of a flavorless
color-octet-vector qq pair are identical to those of a gluon.
Therefore a gluon is expected to couple directly to V.
This is similar to the vector-dominance model (VDM). In

I

this paper, we will use this picture to describe the VV pro-
ductions. This is done with the help of a Drell-Yan-type
mechanism depicted in Fig. 1. The glue partons originat-
ing from the colliding hadrons couple to the V V parts of
the Q Q states which in turn decay via the VV channels.

In the spirit of the Drell-Yan mechanism, the cross sec-
tion of the process can be written as

cr(h)+h2~V)+V2 . )= dx) dx2[Gg'(x))Gs'(x2)+Gs'(x))Gs'(x2)]o(g)+gp~Q Q ~v)vq),
I min 2min g) g2 g2

(2.1)

where

+2min
(m, +m2)

X1$
&1mln = (m, +m~)

We then have

a(~+N V + V+ )

-=o(K+N~v)+ V2+ ' ' ) (2 8)
where v s is the total energy in the center-of-mass frame
and Gz(x) is the gluon distribution function inside the
hadron h. The gluon distribution function of the m meson
is taken to be

Similarly, since

Gs~(x) =Gg (x)=Gs~(x) =Gs(x), (2.9)

Gz(x)=2(1 —x) /x, (2.2)

and we take gluon distribution function of the proton to
b 17

we obtain further relations:

cr(p+N V]+ V2+ . ) =o(n +N V]+ V2+ )

=o(p+N V, +V, + .
) .

Gg+(x) =2.62(1+3.5x)(1—x)5 9/x . (2.3) (2.10)

Since

Gs (x)=Gs (x),
we obtain the following relation in this picture:

o(m.++N +V)+ Vp+ — )

(2.4)

=o(K +N~v)+ V2+ ) .

In general, we expect

Gz(x)=G& (x) .

(2.6)

(2.7)

jiffy
v,

Q2 Q2

FICx. 1. Drell- Yan-type mechanism for the production of two
ve:tor mesons. g denotes a color-octet vector state, V, and V2

denote the two vector mesons. The intermediate state is a four-
quark state.

=o(n +N~V)+ Vp+ ), (2.5)

where N is the nucleon. Similarly we have the relation

o(K++N~ V~+ V2+ )

Strictly speaking, these relations [Eqs. (2.5), (2.6), (2.8),
and (2.10)] hold for OZI-rule supersuppressed processes
which proceed via gluons. For OZI-rule-allowed reac-
tions, these relations either do not hold or need modifica-
tions. For OZI-rule-suppressed reactions, these relation-
ships can be used to test the production mechanism (pro-
duction via two gluons) of two vector mesons.

There are some data' on PP production in low-energy
E p and m p reactions. The data shows
o(K p~PPA/X )/o(mp~ggn. )-6. It is seemingly in
contradiction with Eq. (2.8). But one needs to exercise
caution in this case. These reactions are OZI-rule-
suppressed processes alright, but they involve recombina-
tions. From a naive gluon-counting rule, the diagrams for
these two processes are shown in Figs. 2(a) and 2(b). In
the K p~PPA/X reaction, the PP can be constructed
by several different combinations of the strange and anti-
strange quarks; yet in the reaction mp~PPn. , the PP is
formed only by one combination. For this reason the
cross section of the process K p~PPA/X is several
times larger than that of the process vrp~PPn The gluon.
counting is further supported by the data'3
cr(K pe/A)/a(m p~Pn)-60 which simply reflects
the fact that the process K p~PA involves one gluon,
whereas at least two gluons are needed in the process
m p ~Pn For t.he same reason, we expect that
a(mp~Pn) t'o be in the same magnitude with, but
several times smaller than, the cross section of the process
K p —+/PA/X, at the same beam energy since both in-
volve two gluons and the latter has more final state
recombinations. If we take into account the fact these
cross sections decrease by several times for each increase
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s FIG. 3. Diagram for the reaction yy~ VV. The symbol V

stands for the vector meson. The intermediate state is a four-
quark state.

P u
tromagnetic annihilation of a neutral vector meson

=48~
I
gv(0)

I
(TrQPv)fv' mv

(2.13)

s
S

d

FIG. 2. Diagrams for the reactions (a) K p~PPA/Xo and
(b) ~ p~PPn

in the step of 1 CreV/c of the beam momentum, ' the
available data' which give cr(~ p~Pn) =0.47+0. 14 pb
at p„=6 GeV/c and o(K p~PPA) =0.7+0.2 pb at
p =8.2S GeV/c would support our thesis that
cJ(K p +/PA/X ) —is several times larger than
o(rip~/. n) at the same beam energy, similar to the
comparison between cr(K p~PPA/X ) and o(~ p
~PPn ).

As shown in Fig. 2(a), the PP production in the process
K p~PPA/X involve several possible combinations of
the strange quarks and strange antiquarks. Only one com-
bination comes from C"(36) which is produced by two
gluons, the rest will involve the s quark in the E meson.
Therefore, if we collect such events in which A/X
possesses large forward momentum, i.e., the strange quark
in A/X comes from the incoming K meson directly, a
PP resonance which is seen in m. p reaction could also be
seen in K p reaction. It is also in this sense that Eq. (2.8)
is expected to hold.

In Refs. 4 and 5, the VDM has been used to obtain the
cross section of the process

where Pv(0) is the wave function of the neutral vector
meson at the origin and mv is the mass of the vector
meson. Q is the charge operator and Pv is the flavor wave
function of the vector meson. Similarly, we can determine
the color-VDM constant 4m/fv from the annihilation of
a color-octet vector qq to a gluon. According to the MIT
bag model, the masses of the 2++ Q Q states are close
to the masses of two constitutent vector mesons. There-
fore the effective mass Iv of the color-octet vector qq is
almost the same as the mass m v of the corresponding vec-
tor meson (the flavor contents of V and V are the same),
1.e.,

Iv=—Y~ ++ =—mv (2.14)

I
@v(0) I'=-

I
Ov(0) I' (2.15)

Now, analogous to 4~/f v, the color-VDM assumption
gives

=16'
I
gv(0)

I
(Trav) (Trk, Pv), (2.16)

fv mv

Similar to gluons and quarks, a color-octet vector qq
pair does not exist in free space, but can exist under cer-
tain boundary conditions, such as in a bag together with
another color octet object to form a total color singlet.
With the MIT bag boundary condition, the bag radius R
grows as M' . Given Eq. (2.14) and the fact that

I
g(0)

I

~1/R, we also expect the V wave function at
the origin to be very close to that of V, i.e.,

lr O'Q' V +V . (2.1 1) where P v is the color wave function of the color-octet vec-
tor qq pair wh1ch is

The physical picture is depicted in Fig. 3. In the VDM,
the photon is coupled to a neutral vector meson. We as-
sume that a mechanism analogous to the VDM can be em-
ployed to evaluate

yv=~2X .

Using Eqs. (2.14), (2.15), and (2.17) we obtain

(2.17)

g+g~Q'Q '~ &i+ &2 (2.12)

where the gluons couple to the qq pairs in the color-octet
vector representation which in turn couple to the V. V part
of the Q Q state. This is shown in Fig. 4. In order to
calculate the cross section, we need to determine the cou-
pling constant between a gluon and the color-octet vector
qq. Thus we invoke a "color VDM" to do the job. Recall
that in the VDM the coupling constant of the photon and
the neutral vector meson can be determined from the elec-

V
g ~6()otP=

V
g

FKx. 4. The production of two vector mesons via two gluons.
V denotes a color-octet vector state and V denotes a vector
meson. The intermediate state is a four-quark state.



PRODUCTION OF VECTOR-MESON PAIRS IN HADRONIC COLLISIONS

(Trav)' 4~
fv' 6 (TrQ4v)' fv' (2.18)

f 2 f 2

",=008 ",=0&89fj' fv'

(2.19)

Corresponding values of 4m'/f v are thus determined from
Eq. (2.18) to be

From the widths of the processes co,p,J,"f~e+e we ob-
tain

f~' fe'

f 2 f 2

(2.20)

We do not expect these values to be very accurate, after all
even in VDM there are appreciable differences in the
values of 4rrlfv determined from the photoproduction
and the electromagnetic annihilations. We use these
values to estimate the order of magnitude of the cross sec-
tions of the processes h]+62~V/+ V2+. . . to test the
picture of production of the four-quark states.

Analogous to the calculation of the cross section
o (yy ~Q Q ~ V& V2 ), we obtain the cross section
o'(gg~Q Q ~V& V2) as follows:

2 2a(gi+g2~Q Q ~Vi+V»=
4 1 8 W 3

1+
364 128~& 3

gl
1 1 2 p

a Vl V2 aug

2+ 2 +15ml m2 ml m2 P W M + 1,(W)l 2

(2.21)

where the factor ~ stems from taking an average over the
gluon's color index, and m& and m2 are the masses of the
vector rnesons V~ and V2, respectively, and 8 is the c.m.
energy of the two gluons. It is defined as

W =(ki+k2) (2.22)

where k ~ and k2 are the momenta of gluons g &
and g2,

respectively. Using the assumption of the parton model,
we have

k )p =X )P (p, k 2p =X~2p (2.23)

where p~ and p2 are the momenta of the hadrons h, and
h2, respectively. Upon neglecting the hadron masses at
high energies, we obtain

8' =XiX2S, (2.24)

where S=(p&+p2) is the c.m. energy of the two hadrons.
Further notation in Eq. (2.21) includes p which is the
vector-meson momentum in the c.m. of the four-quark
state

p = (W —m] +m2 ) —m2
2 1 2 2 2 2 2

48' (2.25)

and M~ which is the mass of the ith four-quark state.
I;(W) is the total width of the ith four-quark state which
is written as

I;(W) = P 1+ PC 1

8m 3 ping )2

1 2 pI ' 15 rn 2m '+—
(2.26)

with C= —', for the flavor 9-piet states and C= —,
' for the

flavor 36-piet states. a v v is the decay constant oi the ith
1 2

four-quark state decaying to two vector mesons and O'
I3 is

the coupling constant between the ith four-quark state and
the two gluons through two color-octet vector qq pairs.
The subscripts a and P of b~p are the color indices of the
two gluons, respectively. The values of av, v and b~p will
be listed below for each channel.

Now we discuss the a and b constants for various chan-
nels of vector-meson pairs produced via Q Q states in
hadronic collisions. Since the gluon s isospin is zero, only
four-quark states with isospin zero can be produced by
two gluons.

(a) pp channel Accord. ing to Jaffe's classification,
there are two 2++ Q Q states which decay to pp, their
flavor contents are

C (9)= + (pp)
= + —,

'
coco,

2

Co(36) = ——,
'

(pp)1 =0+ co~,
2

(2.27)

where 9 and 36 denote the SU(3)-flavor multiplets. The
masses of these states are calculated to be 1.65 GeV. The
decay constants for these four-quark states are

a o o(9)=Q —,
' X( ——,')a,

PP
(2.28)

1 1a o o(36)= && a,
3 2&3

where a is a parameter which has been determined to be=v 50 in Ref. 4 by fitting the data of the process
yy ~p p . The first numbers on the right-hand side
(RHS) the recoupling coefficients for VV in the color-spin
representation of the four-quark states. ' ' '" The second
numbers are the Clebsch-Cxordan (CCx) coefficients for
p p in the flavor representation in Eq. (2.27). The b con-
stants for C (9) and C (36) are related to a through the
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The b constants are the same as in Eq. (2.29). As shown
in Fig. 5, the cross sections of pp ~moo+. . . and
mp~cou+. . . are three times larger than the correspond-
ing cross sections for p p which is due to the dominance
of C (36) over C (9).

(c) PP channel. In the classification of the sss s states,
there is only one S-wave 2++ state C"(36)=PP which de-
cays to PP. The mass of this state is calculated in the
MIT bag model to be 2.25 CxeV which is not far from the
experimental value of =—2. 16 GeV. ' The coupling con-
stants for this channel are

app(36)= a, b~p(36)=Q —', a,a 5 p,
1 4m 1

(2.33)
a, =0.25 .

We shall use the experimental mass (M~~=2. 16 GeV) to
do the numerical calculation which is shown in Fig. 5.
The comparison to experimental data will be carried out
in Sec. V.

(d) coP channel. There are two states contributing to
this channel

C'(9) = — K*K*+ coP,1,—~ 1

2 2

FIG. 5. The calculated cross sections of the processes

pp(np)~(p p, coc0, coP, K K, and PP)+ as a function of
S.

color VDM

1 4~
b p(9)= — x —x, a a 5 p,v3 2 f 2 v'8

4~
b p(36)= —,

' x x,aa 5 p.f 2 Q 8

(2.29)

The first numbers on the RHS are recoupling coeffi
cients for V. V and the second numbers are the CG coeffi-
cients of co cu in its flavor representation. a, is the run-
ning coupling constant which we take to be

ag(M~) = 4m

Poln(M~ /A )
(2.30)

=2o(h, +h, —+p p + . . ) . (2.31)

(b) coco channel The same st.ates which contribute to
the pp channel also contribute to the coco channel. The de-
cay constants in this case are

(9)=Q—, X —,'a, a „(36)= X a . (2.32)
v3

3 2

where )33&
——11——', f with f being the flavor number we

take to be 4. M, is the mass of the ith four-quark state.
Upon using a, (mJ) =0.22 to determine the parameter A
to be 0.1 GeV, we get a, (1.65)=0.27. The cross sections
of the processes hi+h2~p p + . can therefore be cal-
culated according to Eqs. (2.1) and (2.21) and the results
for mp and for mp and pp collisions are shown in Fig. 5.
For p+p —channel we expect

cr(h t +h2~p+p + )

(2.34)

1
b p(9)= — x a, a 5 p,

4m 1
b~p(36) = —, X a,a 6 p,

(2.35)

o;s ——0.25

The numerical results of the corresponding cross sections
are shown in Fig. 5. Due to the cancellations between the
9-piet and the 36-piet, the cross section of the coP channel
are smaller than those of the PP channel.

(e) K~K" channel The sam. e states in the cuP channel
also contribute to this channel with the following con-
stants:

a
ax„+~, (9)=jr —', X( ——, )-

V2
1 1 a

ax~+~~ (36)= X—
2 V2

a
a&sogeo(9) =

3 X ( 2 ) v'2

(2.36)

1 1 a
a~,oK,O(36) = X—

v'3 2 %2
b'

p are the same as in the coP channel. The numerical re-
sults of the corresponding cross sections are shown in
Fig. 5.

III. DIFFERENTIAL CROSS SECTIONS

The differential cross section of the production of a
2++ four-quark state can be written as

C'(36) = K*K'+ coP .
2 2

The masses of these two states are at 1.95 GeV. The cou-

pling constants are

a 1 a
a„p(9)=Q—', X —,a p(36)= ~ X —,
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I hl hZo(h, +h, -V, +V, + . )=f dx, f dx, [Gg,'(x, )Gg,'(x, )+Gg, '(x, )Gg,'(x~)]d COSH 1 min 2 min

~(gi+g2-Q Q -vi+v2)d 2 2

d COSH
(3.1)

In the c.m. frame of the two gluons,

d
~(gi+g2~Q Q ~vi+ v2)2 2

d cosO

+~ 2+ 2 &s 6cos 0 +
1 P 7 2 1 1 )g

64 128wS' 3 I yg

4
—', ——', cos 0+cos 0

Pl Pl

xgg
O' —M;+ —I, (8')

(3.2)

where 0 is the angle between the vector meson and the
gluon in the center-of-mass frame of two gluons. All oth-
er quantities in Eqs. (3.1) and (3.2) are defined in Sec. II.
The numerical results for the differential cross sections as
a function of the longitudinal momentum, do/dk~~, and
the transverse momentum, der/dkz', for the processes
p(m)p~pp and coco at pz ——400 GeV/c are plotted in Figs.
6 and 7. They are calculated in the center-of-mass frame
of the incoming hadrons.

IV. DISCUSSION ON TWO PP STATES
In the recent m p~PPn experiment, ' there were

discovered two 2++ PP states. Their masses, widths, and
quantum numbers are reproduced in Table I. The first
one at 2160 MeV seems to fit the description of the
C (36) ssss state: the calculated mass at 2250 MeV is not
far from the experimental value. The calculated width of
255 MeV (for M =2160 MeV) is within the experimental
error. S-wave decay is also consistent with experiment.
The calculated PP production cross sections via C (36) in
pp and np reactions are listed in Table II together with the
corresponding experimental cross sections. ' The theoreti-
cal cross sections are slightly smaller than and within a
factor of 2 of the experimental values. This is quite con-

sistent with the fact that a K factor of 2 —3 is needed to
explain the lepton pair productions in the Drell- Yan
mechanism. ' While the first PP state at 2160 MeV
favors an sss s four-quark state interpretation, it is not yet
clear what the structure is for the second PP state at 2310
MeV. It is conceivable that the latter could be an excited
sss s four-quark state with an orbital angular moment
L =2 which decays to PP through a D wave making it
narrower than the first state at a lower mass. However, a
structure and reaction calculation has to be done in order
to verify this speculation.

Under the interpretation of these PP structures as sss s
four-quark states, it is natural to understand their decay
channels. If these states are glueballs as interpreted by
others, ' there should be other decay channels like pp, coco,K'K', mm, gq, KK, etc. , besides PP. Furthermore, one ex-
pects that the branching ratios for the other channels to be
larger than that of PP in this case.

V. SUMMARY AND DISCUSSION

(1) The first PP enhancement (at 2160 MeV) discovered
in pp and mp reactions favors a 2++ sss s four-quark state
interpretation. The calculated mass, width, and cross sec-
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FIG. 6. Differential cross sections do. ldk~ for the processes mp(pp) —+(popo and con)+ . at pz ——4OO Gey/'c, k is the trans-verse momentum of the corresponding vector meson. They are calculated in the center-of-mass frame of the incoming hadrons.
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FIG. 7. Differential cross sections do. /dkII for processes ~p(pp)~(p p and coco)+ . at pL ——400 GeV/c. kii is the longitudinal

momentum of the corresponding vector meson in the center-of-mass frame of the incoming hadrons.

tions are consistent with the experimental findings. The
production cross sections are calculated in a Drell-Yan-
type mechanism where the C"(36) four-quark state is pro-
duced via two gluons which couple to the V V part of the
four-quark state wave function with a color-VDM as-
sumption. The results are within a factor of 2 of the ex-
perimental data. We have estimated the C (36) produc-
tion where the s and s quarks originate from the sea
quarks in the colliding hadrons m and p. It turns out that
-it is much smaller than the two-gluon contribution, due to
the OZI-rule suppression. The second PP enhancement at
2310 MeV could be due to an sss s four-quark state with
an orbital angular momentum L, =2. However, this needs
to be verified.

(2) As seen in Fig. 5, the production cross sections of
pp(p+p and p p ) and coco are an order of magnitude
larger than that of PP. The production of pp and coco

peaks at 1.65 GeV. This may well be the origin of the pp
enhancement at 1.7 GeV observed in pp~3~+3~r ~ ex-
periment at 5.7 GeV/c. ' In our calculation, the cross sec-
tions of the hadronic production of pp and coco are about
the same, whereas in the case of yy collision the predicted
cross section of yy~coco is smaller than that of yy~pp
by 2 orders of magnitude. This is due to the fact that
while both the I=0 and I =2 q q states contribute to
the case of yy collision, only the isoscalar q q states con-
tribute to the hadronic productions via gluons. A similar
situation is expected in the radiative decay of J/g, i.e.,
J/f~ypp and J/P~ycoco.

(3) As shown in Fig. 5 the cross sections of K'K* pro-
duction in pp and mp collisions are bigger than those of PP
production. At pL ——400 GeV/c, o(pp ~K*K'+ . . ).
= 1.4 pb and o (vrp ~K K*+—. ) = 1. 1 pb.

(4) Due to the cancellation mechanism mentioned in

Sec. II, the cross sections of Pro production in pp and my

reactions are smaller than the corresponding cross sections
of PP production.

(5) The cross section of the production of a four-quark
state in hadronic collisions increases as the total energy
U s of the two hadrons. This is due to the 1/x behavior
of the gluon distribution function as x approaches zero.
Also, the cross sections in pp collisions are larger than
those in ~p collisions at high energies. This is due to the
fact that the gluon distribution function of the proton is
proportional to (1 —x) ' as opposed to (1 —x) in the vr

meson.
(6) Recently, a m. X~JJX experiment' shows two

correlated JJ enhancements around 7 and 8 GeV. Ex-
planations of these structures are given in terms of B
meson production and qq annihilation qq ~t(jest. Inter-
preting the first structure around 7 GeV as due to the
2++ cccc state (with a =30 to fit its width of -0.8
GeV), we calculated the cross sections for ~ p~JJX to
be 43 pb at pL ——280 GeV/c and 8 pb at pL ——150 GeV/c.
These are comparable to the experimental cross sections of
30+10 and 16+8 pb at these energies.

In our model, the JJ production is a resonance produc-
tion with J~=2++ and that JJ decays in an S wave. Due
to the gluon fusion mechanism, the production cross sec-
tion is predicted to increase fairly fast with energy and the
relations in Eqs. (2.5), (2.6), (2.8), and (2.10) are expected
to hold. All these predictions, which distinguish our pro-
duction mechanism from others, ~' can be checked ex-
perimentally.

(7) The differential cross sections do/dkii and do/dkz
for the processes p (m )p —+pp and coco are plotted in Figs. 6

TABLE II. Theoretical and experimental PP production
cross sections for the 2++ state at 2160 MeV in pp and my reac-
tions.

TABLE I. Masses, widths, and quantum numbers of the two

PP states discovered in the m p ~PPn reaction (Ref. 18).

I J M (MeV) Full width (MeV) Partial width
Reaction

Theoretical
pi, b (GeV/c) cross section

(pb)

Experimental
cross section

(~b)

0+ 2++ 2160+37
0+ 2++ 2310a72

315+62
192+50

I q/I D ——100 (S wave) pp~g'0+
I D/I q=-37 (D wave) ~P~PP+ ' '

400
100

0.57
0.17

0.7
0.34
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and 7. dcr/dkt falls off fairly fast due to the fact that
the 2++ q q resonances are only 100 MeV above the
respective VV thresholds. der ldk

~ ~

are symmetric with
respect to k(~ for pp~pp, and coco since they are calculat-
ed in the center-of-mass frame of the incoming hadrons.

(8) We also expect the production of the 2++ four-
quark states C (9), C (36), C"(36), C'(9), and C'(36) in
J/g radiative decays. The processes are

M =1650+50 MeV,

I =200+100 MeV .

This mass is consistent with the 2++ four-quark states
C (9) and C (36) observed in yy~p p . The width is
also consistent with the result presented in Refs. 4 and 5.
It would be interesting to see whether the branching ratio
can be reproduced with the four-quark state interpreta-
tion.

J/P~y+(pp, coco, PP, K K,P co) . (5.1)
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