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We present a resolution to the problem of the helicity structure of tensor mesons produced in y yT.
The new feature is that the diagrams are separated according to their difterent topologies, the corre-
sponding helicity structures being analyzed for each diagram. DiA'erent topologies appear to dominate
the f2(1270, 1525) qq production and the 0/f2(1720) production, suggesting that the 0 production sam-
ples large transverse momentum p, in the y wave function.

PACS numbers: 13.40.Hq, 12.38.Bx, 13.88.+e, 14.40.Cs

According to quantum chromodynamics, the produc-
tion of light mesons X in the radiative decay of the psi,

y yX, proceeds by the sequence y ygg yX. This
presence of a gluonic intermediate state has caused this
channel to be a favorite for seekers of gluonic hadrons—a strategy that is reinforced by the discovery of
mesons, such as t)(1440) and 9/f2(1720), that had not
been seen prominently in hadronic processes. Recent ad-
vances in identifying the qq nonets in the 1-2-GeV re-
gion, ' including the scalar mesons near the KK thresh-
old, now give hope that the low-lying glueballs
(J =0++,2++,0 +) and hybrids may become more
readily identified. In this regard y~ yX becomes of
significant interest.

If we are to identify gluonic hadrons, spectroscopy
alone is unlikely to be sufhcient: Ways of probing their
constitution will be needed. One attack would be to
make clear predictions about the production characteris-
tics (such as rates, angular distributions, or helicity am-
plitudes) of gluonic states in Vt yX, enabling one to
distinguish them from X=qq. However, this aim is
presently stalled due, in part, to the emerging evidence
that the QCD applications to y yX are incomplete.
For example, we note the following: (a) Lattice QCD
and models uniformly agree that the lightest glueballs
are 0++; yet no clear resonance state is seen in y

y0++. (b) The (oft-used) approximation that the in-
termediate gluons are quasireal implies that y~ y1++;
yet f~(1285) is seen at a rate comparable to the prom-
inent (QCD allowed) Vr~ y2++. (c) The fq(1270,
1525, 1720) are each seen in til y2++ and the ratios of
their helicity amplitudes (y—=A2/Ao, ' x=A~/Ao) have
been measured. It is tantalizing that the x,y for the
gluonic candidate 8/f2(1720) (x = —1, y = —1) differ
from the values found for the qq states f2(1270) and
f2(1525) (typically x= 1, y=0) which suggests that
the 8/fq(1720) is indeed constitutionally different from
these qq states. Unfortunately it has not been possible to
make stronger statements because the measured values

of x,y for each of these mesons are many standard devi-
ations away from those predicted in QCD.

This puzzle has been recognized, and unresolved, for
over a decade. The inclusion of virtual gluons in the
intermediate state may resolve problem (b) but makes
no measurable impact on (c). The main purpose of this
Letter is to propose a resolution that reproduces the data
for fq(1270, 1525) rather well and accommodates the
rather different structure of the 0/f z(1720). A by-
product of our work is that the suppression of y y0++
may also be understood. '

In perturbation theory there are two topologies —one
where the two gluons are juxtaposed, denoted by A, and
the other where the photon is emitted between the two
gluons, denoted by A [Figs. 1(a) and 1(b)]. In pertur-
bative QCD (PQCD) at tree level with effectively un-
confined quarks and gluons these diagrams must be add-
ed (as in Refs. 6 and 9); however, in the real world of
confined colored fields these two contributions have rath-
er distinct interpretations and receive diferent nonper-
turbative contributions.

The application of the PQCD results to the physical
bound states (quark model) involves the implicit assump-
tions that nonperturbative physics does not change the
helicity ratios in each individual topology and also that it
preserves the relative importance of the two topologies.
The latter assumption, at least, is almost certainly un-

FIG. 1. Two kinds of diagrams for the process y ygg
ytM. (a) Two gluons are juxtaposed, and (b) the photon is

emitted between the two gluons.
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justified: The charmonium system is well described as cc
states with little evidence for ccg or a higher component
in Fock space, yet the topology A contains no time or-
dering where at the instant of y emission there is a cc
system alone (contrast to A which does include a radia-
tive transition between cc states).

We suggest that the empirical failure of Ref. 6 is due
to this restrictive assumption that A and A be treated
on an equal footing. We pursue this possibility here by
considering the individual topologies separately, illustrat-
ing how the original PQCD calculation is broken into the
two components and showing that the phenomenological
consequences in the quark model are quite different for

each topology, where the helicity structure can be deter-
mined by the photon transition operator. We shall see
that if Fig. 1(b) (A ) is suppressed, the data for
fz(1270, 1525) may be fitted, which is in line with the re-
marks on cc dominance above. However, by contrast, if
Fig. 1(b) is dominant, a rather different helicity struc-
ture emerges, similar to that for 8/f2(1729) empirically.
We now substantiate these remarks and consider their
implications.

Following the procedure of Krammer, the amplitudes
to produce a meson of spin J and spin projection X along
the y-y axis via quasireal gluons g+ polarized ~ are
determined by

d 0 (sin 8) (1 —cos0)
Z —cos 0

and in the approximation that A(g+g+~ M) =0 for the quasireal gluons coupled to the tensor meson (J=2)
state, ' we find

I(z,x) —=

A2 ~ kMr I(Z, 2), A i ~ 2J2kM~I(z, 1 ), Ao ~ J6(kM~/Mr )I(Z, O),

the ratios of which reproduce the results of Krammer, and bear little resemblance to the data. [Relaxing the approxi-
mation A(g~g+ M) =0 has no effect on A2.'Ao and so does not resolve the problem. ' ]

But consider now the individual diagrams whose sum was calculated above. We refer to the topology for Fig. 1(a) as
, for Fig. 1(b) as A, and the total A =A +A is given by Eq. (3). The breakdown is

dn{A(y —yg+g )(8)d2~(8)A(gag ——M)+A(y yg+g+)(0)dog(8)A(g+g+ —M)f,
Z—= (M~+Mr )/(M~ —M7. ), and 8 is the angle between the momentum of photon and gluons in the rest frame of M~.
Define

Ap

' k'D(z, 1)E~

Jp M~

k 2D(Z, O)
E~

Jg My.

k
kM~—

kM~—
6 My.

kMr D (Z, 2)
2E' D(z, l)

M~
2k 2E~' D(z, o)

M~

(4)

where D(Z, X) =Z I(Z, X)/limz2 Z I(Z, X) is ap-

proximately independent of X in the kinematic region of
interest here. So one has

y=Q, z=, for A
2 M~'

y=A (5)
(1 —2k '/Mp)

~My My.E~ —k
x =43 m' —2k' , forA

The results for A (y=0, x) 0) and A (y &0, x &0)
are very diAerent and agree qualitatively with the data
for fq(1270, 1525) (A: x«t, t = 0.9, y„~t =0) and 8/

fz(1720) (A: x,„z,= —1.0, y,„z,= —0.6).
In order to help understand better the physical princi-

ple underlying these results we study the radiative transi-
hon in the quark model by analogy with Ref. 11 and

compare with the perturbative results for A and A
above.

The helicity structure is determined by the matrix ele-
ments (Tl J el V), where the electromagnetic current J
has the general form '" '

J+ =AL++BS++CS,L+,
and V is the real initial vector-meson state. The helicity
amplitudes are then

A2. A|.AO= J6(A+C):J3(A+8):A+28 —C.
If the states IV) and IT) are cc states, the nonrelativistic
forms of A, B, and C should be

A =4&~/k I (Tlqe '"'I +IV),

8=«~/kl «Tlute '"'Iv),
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and

C=O. (10)

turn generated by gluon radiation. Comparison with Eq.
(6) shows that 8/A = —k /MT and C =0, so one has

where the valence quark has magnetic moment p=e/
2m~, charge q, and p+ = —(I/J2)(p +ipJ) probes the
transverse momentum p, of confined charmed quarks
and generates the electric dipole (E 1 ) transition for
k~0. In general, 8/A —k /p, and taking the limit
k~ 0, we have 8 =C =0 and recover E 1 dominance [as
in y' yg (Refs. 14 and 15)]. But the spin-Aip term be-
comes increasingly important as k grows [this is akin to
the behavior seen in y(k )N N*, ' where k varies as
k varies; in y y(k)A' it is the varying MT that causes
k to change]. For y egg yM, 8/2 —k /p, » I in
the kinematic region with MT —1-2 GeV, which implies
A/8 = C =0 and hence y =0, x =J3/2 (see also Ref. 7).
As a specific example we can use a harmonic-oscillator
quark model for which

1 ~ 1+k /PsHo

1+2k /PsHo 1+2k /PsHo

where PsHo=0. 245 GeV (Ref. 17) is the momentum
scale (and measure of (p, )) determined by the quark
mass and the oscillator strength. For f2(1270)
[fq(1525)], this gives x =0.92 [0.94] and y =0.17 [0.20].

In analogy to Ref. 11, one can factorize the amplitude
A(y yg+g —) in Eq. (1) into O, SO~g (the photon
transition operator O~ and two-gluon transition operat-
or Ogg), and develop the connection between the PQCD
and the quark-model approach. ' So, the process y

yg+g can be treated sequentially: (i) y y T
which is determined by the photon transition operator
0„; (ii) T~ gg determined by O~~. In this particular
model the nonperturbative effects are subsumed in the
intermediate tensor state T, while the operators O~ and

Og~ remain unchanged; thus Eq. (1) becomes

Ag ~ (Telo~I V, -,) la (g+g -M) -I
'1(Z,X), (12)

where A(g+g- M) is the transition amplitude for
T gg. The photon transition operator 0, is'

a" (exk)k p, for A
O~= '

MTp e —ia (exk)k. p, for A

where e and k are the polarization vector and the
momentum of the photon, p is the constituent internal
momentum, and MT is the mass of the tensor meson.

The absence of a p. e contribution in A follows be-
cause of Krammer's assumption that the internal trans-
verse momentum p, =0. Comparing Eq. (13) with Eq.
(6) shows that only Ba0 for A, which leads to the
Clebsch-Gordan coefficient J3/2 in x (Ref. 7) and y =0
in Eq. (5). Similarly, one can establish the connection
between the expressions of the quark model [Eq. (7)]
and the PQCD [Eq. (5)] for A . In this case there is a
p z contribution whose origin is in transverse momen-

y=J(, x=JY 1
—k /MT

/M 1 —2k ~/M 2
(14)

'W. Dunwoodie, in Proceedings of the Workshop on Hadron

(the difference between PQCD [Eq. (5)] and the quark
model [Eqs. (11) and (14)] is due to the neglect of the
longitudinal recoil effects in the quark model).

The crucial distinction between the dynamics of 2
and A is the role of the transverse momentum of the ec.
If we ignore multiquark components in the wave func-
tion, the topology for Fig. 1(a) is equivalent to a transi-
tion between the y(cc) and a virtual state g(cc) [or
y(ccg),g(ccg) states] where the c or c that radiated the
photon in the initial state has limited transverse momen-
tum and hence y =0. The topology for Fig. 1(b) corre-
sponds to transitions between hybrid components y(ccg)
and g(ccg) where the net spin of the cc differs from that
of y(cc) or g(cc) and the quark or antiquark can have
relatively large p, .

If the y(cc) wave function has limited p, then the am-
plitude ratios for f2(1270, 1525) emerge naturally. To
the extent that they are driven by the 2 topology, they
need be no test of QCD at all because if there were any
cc component in the Fock state of the final-state meson,
the dominant contribution would be production through
Fig. 1(a). Alternatively, if the ccg component in the y is
small (as suggested by the successful description of char-
monium in potential models) one again anticipates that
Fig. 1(a) will dominate unless there is some favoring of
ccg coupling to the final state.

The emerging data on the 8(1720) show rather
different behavior, in particular, y&0, requiring p, &0 in
the initial state. Within PQCD this is generated by
gluon radiation [Fig. 1(b)], which also causes y & 0. In
the nonrelativistic quark model of charmonium, where
gluons play no explicit role, x )0, y) 0 [e.g. , Eq. (11)
and Ref. 10]. If the data on the 0 production x &0,
y & 0 survive, then PQCD would suggest that this is inti-
mately connected with gluons playing an explicit role in
the cc bound state; in turn, if gluons are active in the
bound state the failure of the cc quark model (to accom-
modate negative x,y) would also be explained. If these
speculations are substantial, prominence of the 0 in y ra-
diative decays and its production via a minor ccg part of
the y wave function would suggest that glue plays a ma-
jor role in the 0 production.

One natural extension of our work is to y~ yl ++
which goes beyond the restriction to quasireal gluons in
the intermediate state. Such a program is in progress.
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