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Polarization of the g, z in pp annihilation: Massless QCD versus diquarks
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The measurement of the diagonal spin-density matrix elements p~ of the y, 2 produced in exclusive

pp annihilation, via its radiative decay into J/gr, can discriminate between different nucleon models.
Whereas perturbative massless QCD predicts the y, z to be entirely in M=+1 states (i.e., only

p» =p
& l&0), quark-diquark models of the nucleon allow also M=0 states (poo%0). Predictions of a

particular model are given.

PACS number(s): 14.40.6x, 12.38.Bx, 12.40.Aa, 13.88.+e

Charmonium decays into pp have been studied both ex-
perimentally [1—5] and theoretically [6—13]. Reliable
data now exist on J/P, y„2~pp; also ri, ~pp has been
observed, although the actual data are still based on very
few events and have large errors [3]; for y,o~pp only a
large upper bound is given [1].

Perturbative QCD calculations are in good agreement
with the data on J/f and y„z~pp [10]; these theoreti-
cal computations depend very strongly on the choice of
the proton wave functions and on the different quark
momentum distribution amplitudes. The choice suggest-
ed by QCD sum rules [13,14] is the one which best repro-
duces the data; this particular wave function shows a
strong asymmetry in the sharing of the proton momen-
tum by the three valence quarks, and it has been inter-
preted in terms of two-quark clusterings inside the proton
[15]. Perturbative massless QCD, however, forbids, due
to the helicity-conserving quark-gluon couplings, the

g„y,o~pp decays.
To overcome the above problems, and similar ones ap-

pearing in many spin data in exclusive reactions [16], a
quark-diquark model of the nucleon, which models some
nonperturbative effects, has been developed and applied
to the description of the g„y,o, z~pp decays [12]. Such
a model agrees with the data on I (y„2~pp ), as well as
perturbative QCD; it also gives a nonzero value for
I (g„y,o~pP), contrary to perturbative QCD. Howev-

er, the numerical value found for I (g, ~pp ) is much too
small (a factor —10 ) when compared with experiment.
Even if the parameters of the model might still be tuned
and refined by exploiting the latest, more precise, experi-
mental data [5] (which were not yet available in Ref.
[12]), it seems unavoidable to conclude that the quark-
diquark model, similarly to perturbative QCD, fails to

give a correct description of the g, ~pp decay. The
reason for such a failure might be traced in other unusu-

ally large decays of the g, and a possible gluonic com-
ponent [17—19]. Concerning I (y,o~pp), the quark-
diquark model gives results similar to those for
1(g, & 2~pp), and much bigger than 1(ri, —+pp), but the
lack of definite experimental information does not allow
one to draw any conclusion.

At this stage, and limitedly to the treatment of char-
monium decays into pp, both the pure (massless) quark
perturbative QCD scheme and the quark-diquark one
seem to perform equally well. New experimental infor-
mation could, however, help in discriminating between
the two schemes. The measurement of a sizable value of
I (g p~pp ), quantitatively similar to the values mea-

sured for I'(y,
& 2~pp), would be a definite argument in

favor of diquarks. Such a measurement, however, is rath-
er dificult: The observation of large mass charmonium
states in pp channels is achieved via the multistep reac-
tion [3,5]

and the branching ratio y,o~J/g r is very small.

Here, we propose a different way of testing the validity
of the quark-diquark model versus the pure quark
scheme; the polarization of the g,2, created at rest in pp
annihilation, turns out to be different in the two cases.
The measurement of the y, 2 spin-density matrix elements
would then result in a clear test of the two models. Such
a measurement should be feasible with the data collected
in the experiment in progress at Fermilab [5].

The spin-density matrix of a y, 2 produced in the an-

nihilation of an unpolarized pp pair, pp ~g, z, is given by
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where

(2)
tributions}. For the whole set of parameters that give a
good description of I (y„z~pp ) [12] one finds

pil =p I &

—-0.42, Poo -—0. 16 (quark-diquark),

XAAM;z z i

A. A, ;MP p'

(3)

In Eqs. (2) and (3) the AM. & z are the amplitudes for
' P p

the process pp —+g,2, and Ap, A, are, respectively, the p,ppt p
helicities. M and M' denote the z component of the y, 2

spin, and p (pg are chosen to move along the z (
—z ) direc-

tion. From angular momentum conservation the only
nonzero amplitudes are Ao. ++, Ao. , AI.+, and

A, . +. In perturbative massless QCD, however, the p
and p only annihilate, via hard-gluon annihilations of qq
pairs, if they have opposite helicities. Thus, in perturba-
tive QCD (PQCD) only A+, .++ are different from zero,
that is, the y, 2 is always produced in states with M= +1.
Then, from Eqs. (2) and (3), we have that the only
nonzero elements of p(y, 2) are

P» P —I —i 2 (PQCD} . (4)

In the quark-diquark model, instead, helicity flips are
allowed, so that also the amplitudes Ao. ++ need not be
zero. The explicit expressions of the amplitudes Ao. ++
and A +,.+ + can be obtained by applying time
reversal to the amplitudes for the process
y„~pp, A ~ )„.st(y, z~pp ), given in Ref. [12]:

P p'

By inserting the values of such amplitudes into Eqs. (2)
and (3} one finds pst~. in the quark-diquark model. It
turns out that the numerical values of p~~. , being ratios
of i A i, have very small dependence on the parameters of
the model (including the quark-diquark momentum dis-

while all other elements of p(y, z) are zero.
Equations (4) and (6) show that, by measuring p» and

poo, one could differentiate between pure quark and
quark-diquark schemes. Such spin-density matrix ele-
ments can be measured via the photon angular distribu-
tion in the decay y,2~J/gy, given, assuming an
electric-dipole-transition dominance, by [7,20,21]

8' (8)= (5—3 cos 8)+ (3—cos 8),poo 2 3p11 2

8 8
(7)

One of us (F.C.) thanks the Dipartimento di Fisica
Teorica dell Universita di Torino, the INFN, Sezione di
Torino, and the Consiglio Nazionale delle Ricerche for
the kind hospitality and financial support.

where 8 is the angle between the z axis and the direction
of the photon in the y, 2 rest frame, and an integration
has been performed over the azimuthal angle.

Recalling that Trp(y2, ) =2p»+poo= 1, Eq. (7) can be
rewritten as

Wr(8) =
—,', [9+poo —3(1+poo)cos 8] . (8)

Any measurement of the photon angular distribution
8'r (8) which, when compared with Eq. (8), yields a value
of poo different from zero, would be in favor of the
quark-diquark model.

In conclusion, we have shown that further, more de-
tailed, data on charmonium decays might help in improv-
ing our modeling of nucleon structure; in particular, once
more, spin data prove to be a precious source of informa-
tion. A knowledge of the polarization of the g,2, pro-
duced in the annihilation of unpolarized pp pairs, would
help in understanding if indeed two quark correlations in-
side nucleons, diquarks, play a crucial dynamical role in
intermediate-energy hadronic interactions.
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