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We propose a model which is able to explain the main features of the experimental data for the
reaction 7~ p —@¢n, starting from the assumption that two glueball resonances with J*¢=2++ are
produced in this reaction. The couplings of these glueball candidates to ¢¢ are estimated, and come
out to be of the same strength as ordinary hadronic couplings.

I. INTRODUCTION

Quantum chromodynamics has introduced in the had-
ronic spectroscopy the possibility of a new type of hadron,
called glueballs.! This is an exciting subject in the
development of hadronic phenomenology. There are
many reviews? about experimental candidates, theoretical
models for the production, masses, widths, and quantum
numbers of these subjects. While we do not have any
quantum-field-theoretical proof of the existence of glue-
balls (nor of hadrons in QCD), some authors® have shown
the nonexistence of glueballs at the classical level. These
theorems® obviously do not forbid the existence of quan-
tum glueballs. For us, these objects formed only by
gluons must be treated as ordinary hadrons, if QCD is
correct. Our main aim in this paper is to give a parame-
trization for a particular reaction, i.e., mp—¢dn, that
can be used as a constraint for a microscopic model of
gluon interactions producing glueballs. The choice of this
reaction is related to the violation of the suppression due
to the Okubo-Zweig-lizuka (OZI) rule,* which forbids
(qq ) states as possible candidates to explain the experi-
mental results.” We agree with some authors® that the
OZI-rule violation is a good condition to search for possi-
ble glueball states.

Our phenomenological analysis is completely based on
the main features of the experimental results,” namely,
peripherality and the partial-wave enhancements indicat-
ing the existence of two JP¢=2+* objects, one dominant-
ly in S wave and the other dominantly in D wave. Our
amplitude is easily constructed taking into account a pro-
duction mechanism, described by a single Regge
parametrization, times a decay process and two hadronic
¢ resonance propagators. These points are shown in de-
tail in Sec. II. In Sec. III we present the results of our
model in comparison with experimental results, and end
with some conclusions.

II. THE MODEL

The peripherality of the reaction (i.e., a great number of
events for small squared momentum transfer ¢,) and the
ty-channel quantum numbers suggest pion exchange (see
Fig. 1).

The violation of the OZI rule hints at a glueball reso-
nance G;, as discussed in the Introduction, with
I6JP€=0*2+* and well-defined mass M; and width T';.’
We assume that the glueball, with these quantum num-
bers, can be treated as a hadron, having ordinary cou-
plings with other hadrons.

Looking at the quark diagram for the reaction
7T~ p—ddn, shown in Fig. 2, we see that this reaction is
OZI-rule-forbidden, but not suppressed as shown by the
experimental results.’ The violation of the OZI suppres-
sion can also be seen by the ratio’

o(K"p—>¢K*K~A) olm"p—>¢K*K™n) 5
oK~ p—ddpA) olm p—don)

where all the reactions, except mw~p—¢¢n, are OZI-rule-
allowed, although the two ratios are the same.

Within the framework of QCD, if quarks interact with
other quarks via gluons, we can expect the existence of an
amplitude of the type q;g, —gluons—¢q,7,. But the in-
teraction among gluons in QCD can produce the new
states called glueballs. The violation of the OZI rule can
then be understood qualitatively by the formation of glue-
balls with a strong effective coupling constant to other
hadrons. This fact supports our hypothesis that glueballs
couple ordinarily to other hadrons, and therefore the cou-
pling constants 86,44 must be comparable to other had-
ronic coupling constants.

The global amplitude representing our model is given
by the expression
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FIG. 1. Diagram representing the reaction 7~ p —¢dn with a
7 exchange and a glueball or a (¢¢) resonance in the s, channel.
5 =(pa+ps)’ s1=(p1+p2)* and t,=(p, —p;)*.
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FIG. 2. Quark diagram for the reaction 7~ p —¢dn.
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A= 2R(Tr“p—»Gjn)q)j(sl)T(Gj——Nﬁ(ﬁ) ’ (1)
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where R represents the production amplitude,

Di(s)=(s;—M +1MF )~ 1

is the resonance propagator, and T represents the decay
amplitude for G;—¢o.

The characteristics of the subreaction 77 p—G;n dis-
cussed above permit us to treat it as a high-energy 2—2
reaction, well described by a standard w-exchange Reg-
geized amplitude:

R (1r‘p—>G,-n)=g,,+,,,,ng,,+,,—{ 1+gexp[ —ima,l(t;)]}
a,(ty)

I'(—a,(2;)) (2)

So

X

where (g, )2/4m=14.5, a,(1;)=0.72(t,—m,"), so=1
GeV?, and £=+1. To avoid nonessential complications
we take into account the spin only in the decay amplitude.

In order to construct the decay amplitude T'(G;— ¢¢)
taking into account the spin-parity (J) of the 1nvolved
particles, we have used the helicity formalism. This am-
plitude is given by

A A
T, =€, "(6,6,p1)€, 26,6,p,)CPEM(F1,=0),  (3)

where Aj,A, are the helicities of particles 1 and 2 (¢¢),

Ay(hy)
and € (V)z and eﬁ’ﬂ are the spin-one and spin-two wave
functxons, respectively, defined by®

€%(0,0=0,p)=€"*(p;)

:71_2—(0;¥cose,i,isin0) , )
eo(pi):%(p,-;E,—sin@,O,E,-cosG) , (5)
i

X
FIG. 3. The Gottfried-Jackson frame used in our calculation.

where i =1,2, m;=m;=my, and we have used the phase
convention of Ref. 9. Using the fact that only M =0
states were observed,’ we define the tensor €xg ° by®

eop(P12=0)= 76[53(312=0)55(§12=0)

+6;(_f)’12=0)6§-(f512=0)

+2eYB1=0)eXB=0)]. (6

For the vertex (2*—17417), the most general vertex
function C,g,, is given by the expression'’

Caﬂpv =818 au8 v +g2(gayAv+gavAy )AB

+(838uy +84AuA)AAg . v

Here we have used the normality of the ¢¢ state,
Ng4p=+1, the fact that we have two identical particles,
and Ag=7(p—p2)a-

Thus, the decay amplitude depends upon four constants
multiplying the different couplings of the vertex function
Capuv- We will see below how we can use some experi-
mental constraints to determine the coupling constants
8,44 and 86144° First, we will relate the different

gi(i =1,2,3,4), and henceforth all calculations will be
made in the Gottfried-Jackson (GJ) frame (as is shown in
Fig. 3) with ¢=0.

Inserting (6) and (7) and the Lorentz condition
€,(p)p* =0 into (3), we find

- 1
TG =g @il(e™ 6 e el + (7€ Net el )+ 2e™ef, Me™ef, )]

+g,{[(et-

e{l)(e"‘-A)+(6‘-6X1)(6+-A)+2(60-611)(60-A)]%(6§2'p1)

—[(e-€,)(e7-A)+(e7 €} et A)+2(e™ €}, )% A)] 5 (€] P2}

+(e-A)e™ M)+ (€™ AV][283(€} "€X,) — 78al(€X, P2)EL,p)]) - 8)
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The four independent amplitudes are obtained in a
straightforward calculation of the above scalar products.
They are (omitting the label M =0 from now on)

T+_=\/-—§-g1sin26 , 9
Ty == (81+2gs | B1| P alcosd) , (10
v3 E o .
T+o=—22—l(—g1+g2 | B1|*)sinfcost, (1D
mg
Too=—= ——[2E,X(—g, +28, | B11)
\/8 M¢2
+2g3(| B1 1 *+E? 31D
-—2g4E12 | 31 | 4]-@2(COS9) ’ (12)

where Z2,(cosf)=(3 cos’0—1)/2.
We can now obtain the partial-wave amplitudes using
the well-known® formulas

JM
TL.¢ = E
)

172
21222 LsJ

2L +1
— A=A C0RA

41

1
Xz“’f: dﬁ’lx(e)Tﬁkz(B)d(cosf)) . (13)

Inserting (9)—(12) into (13) and taking into account the
symmetrization of these amplitudes

~JM
T, =[1+(=DE1TY

we find
T 3(s1)=PBao(@2081+b2082 +¢2083+d2084) » (14)
T 3s1)=PBoxa02g1 +boag2 +c0283 +d0gs) (15)
T 3(s1)=Blarg; +byngr+cngs+dngs) (16)
Ts1)=Bulasg1 +b4gr+c483 +dugs) (17)

The a;,, br,, cr4 drs, and By, are given in Table I, in
terms of the invariants.

Using now the experimental results,’ i.e., only the
waves JPLsM =21020 and 2+220 give significant contri-

butions to the states Gy and Gr, respectively, we can ob-
tain constraints between the g’s. We choose to relate g5,
g3, and g4 to g setting Ty =T5,=T4 =0 for the Gr
state, and T, =T o= T4, =0 for the G state.

The next step consists in replacing the obtained values
for g,, g3, and g4 into expression (18) to calculate g;:

- TJM 2
mr—_P! | :;' My2 . (18)

T 87

$1 Ls

In expression (18) My? (squared nucleon mass) has been
introduced so that | T#¥ |2 becomes dimensionless.!! We
have, for each state G;,

My x| Bores)’
°r™ 16 | s, 4rr
X BoX(@gy +bory2+cor¥3+doaya) (19a)
and
_ My (x| Bores”
6r~ 16w | s, 47

X BrHan +buyy+enys+dnys), (19b)
where x, =s, —4m,* and
4 [ emg—si(s1+4my?) 20
P Vi (—si+amg Vs —m) |
_2 | _mtdma/ @1)
= X1 4m¢\/s_1~—s1——m¢2 ’
112 | my’ xi+4myV's;
Ye=—% o )
x1” [ St s1—4mgV's|+my
y 4 Im g3+ s1(s1 —4mgV/'s{ —my?) 23)
T x Visi(s)—2mgV/'s1 —m4?) ’
, 2 6m¢\/s_1—s1—6m¢2
yy=—= A (24)
X1 s1—~2m¢\/;;-—m¢

TABLE 1. Value of the coefficients of Egs. (14)—(17) in terms of the invariants, where
x,=s;—4m4>
Ls ars brs CrLs dr, Brs
) 172
20 4m - 2 6m 42— 2/16 RS
S1+ M¢ s,xl/ xl( M¢ Sl) $1X1 / 3M¢2 10
02 2(14m¢2—s,—6m¢2\/s_1) (s1+3m¢\/;)x1 S1%1 —51%,%/8 151 2\/:;-7
m
) ¢ 172
22 2010mgP+s,+3mgV's))  —x1(25143mgV's1) /2 —six; six/8 T 7%
¢
12
42 4myVs—x, Xisi—2mgV/s1)/2 s1%1/2 U
mg
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, 8 m¢2 8mé—s1—2m¢\/s_1
7/4=——2' ) (25)
X Sq sl——2m¢\/s_1—m¢

Introducing the branching ratio 1; =T; /T for each
channel i considered in the decay process, and inserting
into (18) and (19) the values of the parameters:
Mg, =2.18 GeV, MG'r=2'35 GeV, I‘GT=0.28 GeV, and

r G =0.32 GeV, we obtain
T

86,00=13.7(1g,gs)'"? (26)

— 172 .
gG’T¢¢-2'8("G'T—>¢¢) . 27)

We do not have experimental values for 16,(Gy)—pp NOW-
ever, using some naive arguments to be discussed below,
we obtain what we think is a reasonable bound for
Ner6p)r

The number of possible channels for a decay of
JPC=2++ objects, taking into account that the glueball is
a flavor singlet, is considerable. If the flavor indepen-
dence is confirmed, we can expect at least G; decays into
other pairs of nonstrange vector mesons of the same
SUR(3) nonet (pp,ww). Then neglecting the different fac-
tors coming from phase space, we get 7 Gp(Gp < +. Con-

sequently, from (26) and (27)
86,46 <79, (28)

<16, - (9)

86190
and we can see that these values are comparable to ordi-
nary hadronic coupling constants.

On the other hand, if by some as-yet-unknown dynami-
cal reason the ¢¢ channel is favored [7 GG ¢zl] we
can understand this apparent violation of the flavor in-
dependence as indicating that glueball production in pro-
cesses described by an allowed diagram is strongly
suppressed (even if it has the right quanium numbers)
with respect to the production of such states in processes
described by forbidden diagrams which are experimentally
seen not to be suppressed.

We believe that this point is very important to the study
of the glueball phenomenology. A possible partial confir-
mation of this statement is the recent study of the reac-
tion 7~ p—mt7~n,'? indicating that the M_, _ spec-
trum does not show any structure in the glueball mass
range.

Finally our amplitude is obtained by replacing (2), (15),
and (16) in (1),

|4 |2=-1 |R(rp—Gn) |2
4
X[ THGr—¢¢)Pc, |

+r| T2(Gr—4¢)®, |71, (30)

where r EgG,TW/gGT,,,,.
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FIG. 4. Total-invariant-mass distribution obtained from Eq.
(31), as described in the text, in comparison with the data from
Ref. 5(a) and 5(b).

III. RESULTS AND CONCLUSIONS

To obtain our results we have used expression (30) in
the differential cross sections defined by

do
— T =M [ 2% (s, m 2 m P ]
dM 44dt, a4 ™
kl/Z(s ,m Z’m 2)
‘s"’ 142, (31)
1

where the terms in front of | 4 |? come from phase-space
and flux factors, and

Mx,p,z)=x2+y?+2z2—2xp +xz +yz) .
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FIG. 5. Mg, distributions for S wave and D wave, respec-
tively, in comparison with the data from Ref. 5(a) and 5(b).
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FIG. 6. do/dt, distribution obtained from Eq. (31), as
described in the text.

In order to give the curves presented in Figs. 4 to 6, we
have integrated (31) in the limits given below. As we have
discussed in Sec. II, we set

nGT"’¢¢=nG}—>¢¢’ r=gGT'1T1T/gGT1r1r:0-6

and all masses and widths as given in Sec. II.

da/dMM,, total-invariant-mass (M ¢¢) distribution.
Figure 4 shows this distribution obtained from expression
(31), integrated in ¢, between the limits —1<¢, <0. We
remark that the region of the two states Gy and Gr is

well described by the model, while for masses M o6 > 2.4
GeV the comparison is not so good. The model with two
hadronic resonances near the threshold is not able to satu-
rate the spectrum at high masses. The little enhancement
observed between 2.4 and 2.6 GeV comes from spin fac-
tors in y; (s¢).

doL/dM¢¢, partial-wave distributions for M y,. Figure
5 presents the distributions in invariant mass M, for
each partial wave given by the experimental results of
Refs. 5(a) and 5(b), obtained from (31) with the same set
of parameters used to obtain Fig. 4. We remark that the
S wave presents the same shortcomings observed in Fig.
4. Perhaps the shortcomings, in both cases, may be
caused by the fact that we have neglected the S wave for
the G state.

do/dt,, squared-momentum-transfer (t,) distribution.
We present in Fig. 6 the distribution do/dt,, showing the
peripheral character of the studied reaction. The slope
obtained by our model is b=15.6 GeV 2, calculated for
0.1<1,<0.3 GeV? and 2.04 <M,4 <3.0 GeV, while the
experimental results give b =9.4+0.7 GeV~2 from Refs.
5(a) and 5(b), and b =12+2 GeV~? from Ref. 5(c). It is
clear that if we slightly vary the value of &’ we can obtain
a slope closer to the experimental values, but it is not our
aim to present a perfect fit to the experimental results.

Our curves presented in Fig. 4—6 do not have absolute
normalization. If we had more accurate values for cross
sections and branching ratios we could predict the value
of the coupling constants g GGl

Let us now make a few general comments. The good
agreement with the experimental data shows that our aim
in this paper has been attained. We think that our ampli-
tude can be used by the experimentalists for the best
determination of the involved parameters. Of course it
would be extremely desirable to have other channels, such
as ww and pp observed, in order to clarify the question
about branching ratios and the flavorless assumption for
glueball decay. Among the candidates (see reviews in Ref.
2) for glueball states, we believe, in agreement with the au-
thors of Refs. 5(a) and 5(b), that the reaction 7~ p—¢on
with ¢¢ states is a good place to search for these objects
because of the violation of the OZI suppression. Other
experiments also show some structures in the My, spec-
trum in ¢¢ inclusive production in 7Be and pp interac-
tions.!?

We once again stress the fact that we have started the
construction of our model, taking into account the peri-
pheral nature of the data being in disagreement with other
authors!* who use a central mechanism for studying this
process. However, an interesting question is the possibili-
ty of centrally producing these objects,'>?! since this
could throw light on the coupling of a Pomeron to a glue-
ball, thus making possible a test of the old conjecture of a
glueball-Pomeron identity.!® This brings to mind the re-
lated question of which place a glueball would occupy in
the standard Regge phenomenology. As the glueball is as
good a hadron as any other quark-made hadron, we may
ask, where is the glueball Regge trajectory? The mecha-
nism related to this problem, i.e., the double-Pomeron ex-
change (as yy interactions) also permits the important test
of a flavorless assumption for glueball decay. We call at-
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tention to the fact that this subject is in a certain sense re-
lated to our proposition that establishes a glueball
suppression in allowed diagrams as discussed in the end of
Sec. II.
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