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Resonance productions of J/g pairs in ~P and PP collisions are calculated in a Drelj-Van-type
mechanism with gluon fusion via the color vector-dominance model. The calculated cross sections
and the longitudinal-momentum distributions are consistent with the ~p ~JJX data at pL ——150 and
280 CxeV/ c. They are 20—30 times larger than the perturbative @CD results for qq/gg~JJ. Cal-
culations for the resonance productions of Jco, D*D*,JP, E*F*,YY, Yco, 8 8*,YP, 8,*8,*, YJ,
and B,*S,* in ~p and pp collisions are also presented.

Evidence for J/g pair production in rr N collisions at
150 and 280 GeV/c has been reported by the NA3 colla-
boration at CERN. ' The observed m X~JJX events re-
veal the following salient features.

(1) There is a strong correlation between the two J/l(
mesons. The mean value of the individual J/g transverse
momentum is 1.5+0. 1 CxeV/c, whereas the average trans-
verse momentum of the J/P pair is only 0.9+0.1 GeV/c
for a 280-GeV/c beam, which is much lower than that of
the uncorrelated J/g pair from a Monte Carlo simulation
at 1.7 GeV/c.

(2) The invariant mass of the J/g pair spreads from 6.5
to 8.5 GeV, which is somewhat higher than the most
probable value of the spectrum obtained from Monte Car-
lo uncorrelated pairs.

(3) The longitudinal-momentum distribution indicates
that one J/P is fast, the other is slow.

(4) The cross sections are 18+8 pb at 150 GeV/c and
30+ 10 pb at 280 GeV/c.

Several production mechanisms have been proposed
to describe the results. A perturbative QCD calculation of
qq annihilation has been carried out in Refs. 2 and 4 to
O(a, ). With a, =0.32, the calculated cross sections are
-5 times smaller than the experimental values. In Ref.
3, it was proposed that the J/g pair originates from 88
production with subsequent inclusive 8 decay to J/g. A
systematic study of J/f pair production via qq annihila-
tion, gluon fusion, and B-meson decay in perturbative
QCD has been done by Humpert and Miry. It was found
that J/P pair production via 8-meson decay is negligibly

small and the direct J/g production via gg and qq annihi-
lation at a, =0.3 are 3—5 times smaller than the experi-
mental values.

In this paper, we shall calculate the J/f pair produc-
tion in hadronic collisions based on a Drell-Yan-type
mechanism where two gluons fuse via "color vector-
dominance model (VDM)" to a 2++ c c state, which de-
cays subsequently into J/l( pairs. This mechanism, de-
picted in Fig. 1, has been used to calculate the 2++ PP
resonance (2160 MeV) production in the pp reaction at
PL, ——400 GeV/c and the mp reaction at pl ——100 GeV/c.
The theoretical PP production cross sections agree with
the experimental data. The JJ production calculation in
this paper is motivated by the observation that the invari-
ant mass of the J/l( pair lies somewhat higher than that
of the uncorrelated pairs and has roughly two peaks (one
centers around 7 GeV, the other around 8 GeV) which
resemble the two PP resonance peaks observed at 2160 and
2310 MeV. s Furthermore, 2++ Q Q states which decay
to vector-meson pairs predominantly are expected to be
produced copiously in hadronic collisions. These 2++
Q Q are believed to have been observed in yy reactions
[i.e., yy~p p (Ref. 10)], radiative decay of J/P [i.e.,
J/g~yp p (Ref. 11)], and hadronic collisions [i.e.,
7rp(pp) ~PPX (Ref. 7)].

Upon interpreting the J/f pair to be produced via the
2++ c e state, we can calculate its production cross sec-
tion in the parton model as depicted in Fig. 1. The pro-
duction cross section can be written as

1

o(h&+h2~V&+V2+. . . )= J dx& dx2[Gs'(xi)Gs'(x2)+Gz'(xi)Gz'(xz)]o(g&+gz~Q Q ~V&V2),
1xIlln 2min g) S2 g2

(m~+m2) (m)+m2)
+2rnin +1minX]$ 5

vs is the total energy in the center-of-mass frame, and
Gs(x) is the gluon distribution function inside the hadron
h. The gluon distribution function of the ~ meson is tak-

en from the J/f production experiment'

Gs(x) =(1—x)'9/x, (2)

Gs~(x) =2.62(1+3.5x)(1—x) /x . (3)

and we take the gluon distribution function of' the proton
to be"
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FICx. 1. Drell- Yan-type mechanism for the resonance produc-
tion of two vector mesons. V denotes a color-octet vector Qg
pair; V& and V2 denote the two vector mesons. The intermediate
states are four-quark states.

To evaluate the cross section for the process

g+g Q'Q' V~+ V2,

w'e have assumed a mechanism analogous to the VDM
where the gluons couple to the QQ pairs in the color-octet
vector representation, which in turn coupled to the V. V
(color-octet-vector —color-octet-vector) part of the Q Q
state. This is done in parallel to the calculation of the
pI'ocess

yy~Q'Q '~ Vi+ V2

=0.02,

. ",=O-O87f 2

', =0011f 2

%'e do not expect these values to be very accurate. Even
in the VDM there are appreciable differences between the
values of 4m. /fv determined from the photon production
and the electromagnetic annihilation. Since the PP pro-
duction cross sections are well reproduced with
4~/fy =0.087, we believe these color-VDM constants
are useful in estimating the h~+h2~V&+ Vz+ - . cross
sections and in testing the picture of Q Q productions.

The cross section cr(gg —+Q Q (2++)~VV) is written

where the photons are coupled to neutral vector mesons
which in turn couple to the VV (color-singlet-
vector —color-singlet-vector) part of the Q Q state. The
color-VDM constant between the gluon and the color-
octet vector QQ is related to the VDM constant in the
foITl1

(&.4v)' mv' 4~
fv' 6 (&rQPv)' tv' fv'

where Pv is the flavor wave function of the vector meson,

Q is the charge operator, and mv is the "effective" mass
of the QQ pair in the color-octet vector representation
which we take to be half of the Q Q mass. These color-
VDM constants are thus determined to be

r

2 2~ 1 7 p 1 1 2 p4
+g2~Q Q Vs+Vs):

64 128 W 3
+ 3,+ 2 +

7T Pl 2
l

)2

ak( v2b ap
X

W MJ+(i/2)I —J(W)
(8)

where m ) and m2 are the n1asses of the vector mesons V)
and V2, respectively, 8' is the cm energy of the two
gluons, p is the n1omentum of the vector meson in the
c.m. frame, and MJ and I i are the mass and width of the
jth four-quark state. ap v is the decay constant of the jth
four-quark state decaying to vector mesons VI and V2 and

b~p is the coupling constant between the jth four-quark
state and the two gluons via two color-octet vector QQ
pairs. Both aJ and b J depend on the color and flavor con-
tents of the corresponding four-quark state.

For J/g pair production, the structure of the 2++ c c
state yields the decay constant aJq to be

where a has been determined to be =v 30 by fitting the
width of the first peak in the J/P-pair events around 7
GeV to be -0.8 GeV. This is son1ewhat smaller than the
value we used to fit the yy~p p width which is -V 50.9
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b
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1

aJJ = —— ao'3

and the b ~ to be

fg2 ' V8
(10)
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FICs. 2. The calculated cross sections for the processes
mp~JJXand pp~JJXas a function of s.
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Taking into account the fact that the two processes occur
at fairly different energies, i.e., yy~p p is at —1.65
CieV yet mp~JJX is at -7 CxeV, these two values of a in-
dicate that it is fairly constant. a, is the running coupling
constant which we have taken to be

ag(M~) = (11)
Poln(MJ. /A )

where Po ——11—,
' f, wi—th f being the flavor number,

which is taken to be 4 for these Q Q states which do not
involve b quarks and 5 for those which do. MJ is the
mass of the jth four-quark state. With A being 0.1 GeV,
we get a, =0.18 for J/P pair production at -7 GeV.

Using those parameters in Eqs. (7), (9), (10), and (ll),
we obtain from Eqs. (8) and (1) that the cross sections for
m p —+JJX to be 39.3 pb at pl ——280 GeV/c and 9.3 pb at
pL

——150 GeV/c. They are at one standard deviation from
the experimental cross sections of 30+10 pb and 18+8 pb
at these energies. ' The results for rr p ~JJX and
pp~JJX at different energies are plotted in Fig. 2. The
increase of the production cross sections are attributed to
the 1/x behavior of the gluon distribution function as x
approaches zero. The fact that pp cross sections are larger
than those of the 1rp collisions is due to the fact that the
gluon distribution function inside the proton is propor-
tional to (1—x) ' as opposed to (1—x)' in the vr meson.
At collider energies, o.(pp(pp)~JJX) is predicted to be
3.4 nb at ~s =400 GeV and 3.8 nb at V s =540 GeV.

To compare with the perturbative QCD calculations, 2 5

we note that the cz, used in those calculations are a, -=0.3
which are larger than our value at a, =0.18. After
correcting for this difference, we find that the perturba-
tive QCD calculations are 20—30 times smaller than our
results. This order-of-magnitude difference, we believe, is
ascribed mainly to the fact that in our picture the J/P
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FIG. 3. The calculated transverse differential cross section
do /dp~ for a single J/g in mp ~JJX at (a) pL

——280 CieV/c and
(b) pL ——150 GeV/c, together with the experimental data. The
scales for the experimental events are to the right.

pair production is enhanced by the 2++ ccc c resonance.
The experimental features on the longitudinal-

momentum and transverse momentum distribution can
also be understood in terms of this resonance-production
mechanism. The transverse differential cross section
d rc/dp 1for a single J/P is given as

dpi' s ~ 2 o k (k2 2)1/2 ( 2+ pr2/ 2)1/2 R1 1 s2

O(91+92 Q Q +1++2)2 2

d cos8 (12)

cos8=(1—p /k )' k = (p' +re, —1' )2
1

48'
Pr 2 I'(~ 2+p 2)1/2+( 2+ 2)1/2j2 (13)

1/2
y 1 2 48'X1= + g +2 2 s

' 1/2

X2= — + P +y 1 2 48'2
2 2 s

)' '
~s (1—U2)'/2 M~+Ez

d 2 2 1 k 7
d cosO

~(gt+g2 Q Q &1+&2)=
64 128m@' 3

—+k I9 5+ ( 18 6 cos 8)
PPZ1 Nl2

5 4
4

4
a~- b'

~&V& aP
(-, ——, cos 8+cos 8)

~1 ~2 .p ~ W —M, +(1/2)r, (W)

(14)
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TABLE I. Parameters used in Eq. C,
'8) to calcu1ate the cross sections for vector-meson pair produc-

tion. (+ ) and ( —) denote two degenerate 2++ Q~Q2 states. Except in the case of JJ, we take
4m. /F2=0. 03, due to the fact that the 2++ Q2Q are expected to lie not far above the threshold. a, is
determined from Eq. (11).

aP, „/a

1/v 3

J a
bap &s r ~ap~8

1/2
2 4m

f~2

MJ

(GeV)

7.0 0.18 3.10

J~(+ )

Jco(-)

1/V 6

1/v 12

1 4~
v3 f~f~

1/2
2
3

4.05

4.05

0.2

0.2

DgD (+)

DD g( —)

—1/v 6

1/V 12

—1 4~
v 3 f~f~

1/2
2 4m.

fzfm

4.05

4.05

0.2

0.2

2.01

Jy(+)

Jy( —)

—1/V 6

1/v 12

—1 4m

v 3 f~fg

1/2
2 4m

f~fy

4.40

4.40

0.2

0.2

F+F+(+)

FgF g( ) 1/v 12

1/v 3

—1 4m

v3 f~fg

1/2
2 4m

fzfy

1/2
2 4n

fr'

4.40

4.40

20

0.2

0.2

0.16

2.16

9.46

Yco(-)

1/v 6

1/v 12

—1 4m

v3 fxf~
' 1/2

2
3

10.8

10.8

0.175

0.175

a'E*(+'

~Qg g( )

-1/v 6

1/v 12

—1 4m

v3 frf~
' 1/2

2
3

10.8

10.8

0.175

0.175

5.35

0.174

1/V 12
1/2

2
3

0.174

g g (+)
S S 0.174 5.47
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TABLE I. (Continued. )

V1 V2 aP, v, /a 1 Qbp a, 5p
V8

MJ

(eve v) aS

g~( —)
S S 1/V 12

1/2
2 4m

3
0.174

—1 4m

v3 fxf~
13.5 0.167

1/v 12

' 1/2
2 4m

3
13.5 0.167

~4@4(+ )
C C

—1/v 6
—1 4m

~3 fxf~
13.5 0.167 6.60

~+~ g{—)
C C 1/V 12 2

3

1/2

13.5 0.167

s
&

2(1—UF ) h& h2

,dW dz
2 z ~ )/2Gs'(x))Gs'(x2) — (g)+g2~Q Q ~V)+V2),

dpII s w,„' (z2+ IVz/pL~)'/2 s' s' k d cos8

where

PF 2 2 2~F ~ pF zpL~ EF —pF +~E (17)

8'
k cos8= (pl( —TzpL ),E (18)

and the limits of the variable z are determined by

8
(pal

——,zpL, ) ( I .
F

p~ and EF are the momentum and energy of the vector-
meso11 pMr~

Since der/dk~I is almost symmetric with respect to kll in
the c.m. frame of the hadrons, there will be one fast J/g
and one slow J/g in the laboratory frame in agreement
with the experimental observation. We plot do/dphil for a
single J/P in np ~JJX at pL, ——280 and 150 GeV/c in Fig.
4 and compare with the experimental data from events
around 7 GeV. We find that the shape of the theoretical-
differential cross section do /dp

II
agrees qualitatively with

the experimental data for np +JJXat pL—,
——280 GeV/c. In

the case of pL ——150 GeV/c, the calculated results appear
to peak on the low side of the experimental distribution.
Similarly, the longitudinal differential cross section for
the J/P pair in the laboratory frame is calculated accord-
ing to

2 2
&2=,dIV

z z 2 )/2Gs, (xt)Gs (x2)o'(gl+g2~Q Q ~V1+V2)
dp II &pl. 4hrJ' (z + IV~/pL, )' (20)
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FIG. 8. The calculated cross sections for the resonance pro-
duction of D D, Jco, F F, and JP in pp collisions as a func-
tion of s.

FICx. 9. The calculated cross sections for the resonance pro-
duction of B*B,Yco, B, B, , YP, B,B, , and YJ in pp col-
lisions as a function of s.
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where z, as in Eq. (13), is the ratio of the J/g pair
momentum p~'I to the laboratory momentum pL, i.e.,

p II /pl. . The calcula«d do/dp
II

at pl. =280 and 150
GeV/c are plotted in Figs. 5(a) and 5(b) together with the
experimental results from events around 7 GeV. The cal-
culated distributions appear to be peaked lower in p ~'~ than
those of the corresponding data. Varying the power of the
(1—x) terms in the gluon distribution functions in Eqs.
(2) and (3) will improve the agreement between theory and
experiment. More data are needed to help settle this
difference. Other than the events around 8 GeV, which
we believe are attributed to the D-wave JJ resonance in
analogy with the D wave -PP resonance at 2310 MeV, we
find that overall our production mechanism can account
for the essential features of the JJ events.

Using the same production mechanism, we can predict
the production cross sections for vector-meson pairs in-
volving heavy-quark flavors. The parameters used for
various channels are tabulated in Table I. The total pro-
duction cross sections in mp and pp collisions are plotted
in Figs. 6—9. Again, the cross sections in general grow
with the energy due to the small-x behavior of the gluon
distribution functions in Eqs. (2) and (3). The cross sec-
tions for the YY production at pI ——280 and 150 GeV/c
are very small ( —10 pb); they reach 62 (81) pb for the

pp or pp collision at V s =400 (540) GeV.
In summary, we find that the resonance-production

mechanism which we used to calculate the PP production
in hadronic collisions can account for the essential
features of the J/f-pair production events around 7 GeV
in np~JJX at pL

——150 and 280 GeV/c. The cross sec-
tions are reproduced to one standard deviation and, if
corrected for different a, used, they are 20—30 times
larger than the perturbative QCD results. The differences
between the calculated transverse differential cross sec-
tions for a single J/f and for the J/g pair and the experi-
mental results are understandable in terms of the gluon
transverse momentum. The calculated longitudinal dif-
ferential cross section for a single J/f agrees qualitatively
with the experimental data at pL ——280 GeV/c, and less so
with data at pL

——150 GeV/c. The cross sections for the
resonance production of Jco, D"D', JP, F'F', YY, Yco,
B B', YP, B,'B,", YJ, and B,'B, are also calculated
They all grow with the energy; this is due to the small-x
behavior of the gluon distribution functions.
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