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We discuss the U 4(1) Goldberger-Treiman relation and suggest that in contrast with the nonsinglet
channel the contribution from higher mass states to the singlet axial-vector coupling of the nucleon, g9,
may be comparable to the contribution from the lowest-lying state 7’. Experimental results from both
J /1 radiative decays and pp annihilation at rest on the 7 (1440) particle are analyzed to support our sug-
gestion. The expected cancellation between the contributions of these states is therefore possible.

PACS number(s): 11.40.Ha, 13.60.Hb, 13.88.+¢, 14.20.Dh

The spin content of the proton measured by European
Muon Collaboration (EMC) [1] is a very important result
to reveal the structure of the nucleon. The result, togeth-
er with the data from neutron and hyperon 3 decays, give
an unexpected value of the flavor-singlet axial-vector cou-
pling 0.121+0.24 which is two standard deviations away
from the expected value of 0.6 from a relativistic quark
model [2]. The smallness of the value has induced many
interesting discussions [3-15].

It has been suggested that this might indicate that the
quark helicity component may make no net contribution
to the spin of the proton. It is further argued that this
small value may be due to the cancellation between con-
tributions of the quark component and the gluon com-
ponent [4]. However, this is still very controversial be-
cause there is only one gauge-invariant, dimension-three
local operator with correct quantum numbers for each
quark flavor and it is impossible to distinguish between
the quark component and the gluon component [2,5].
Moreover, the relation between the proton spin and the
QCD U ,(1) problem has been discussed in a series of pa-
pers [6—15] in which Goldberger-Treiman (GT) relation
in the singlet channel is studied to indicate the unexpect-
ed small flavor-singlet axial-vector coupling of the nu-
cleon. The GT relation in the isotriplet channel
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which holds to within a few percent is very successful.
However, there are some controversial issues in discuss-

*Present address.

ing the U ,(1) GT relation. It has been argued that the
smallness of the axial-vector coupling means the decou-
pling of the %' meson from the nucleon [3]. The contri-
butions of 7° and 7 are further included through the mix-
ing due to isospin and SU(3) breaking (see, e.g., Ref. [11])
and the conclusion is still the same that the EMC data
suggest the decoupling of %' from the nucleon.

In this article we would like to point out that theoreti-
cally because of the U (1) anomaly, the U 4,(1) GT rela-
tion in the singlet channel differs essentially from that in
the triplet channel and the higher mass physical states
must be considered, and that experimentally there is a
strong indication that a higher mass state in the
1400-1500 MeV region does couple to both the nucleon
and the singlet axial-vector current, and the couplings are
comparable to the corresponding couplings of the 7.
Therefore the smallness of the flavor singlet axial-vector
coupling for the nucleon will not necessarily mean the
decoupling of the 1’ from the nucleon but indicate a pos-
sible cancellation between the contributions of 1’ and this
higher mass state. Furthermore, this result may also
shed some light on the issue of the separation of quark
component from the gluon component.

To have clear insight into it, we start by recalling the
proof of the GT relation in the isotriplet channel. The
matrix element of the axial-vector current is described by
two form factors G, and G,:

(N(PIT,IN(p))
=u(p)[G(¢*)y,¥s+G,(g*)g,ys]u(p

1) ,
(2)
g=p—p’.

In the chiral limit, since pions are massless Goldstone bo-
sons, the form factor G, acquires a pole at g2>=0, and
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then due to the current conservation we obtain the GT
relation Eq. (1). The more useful lesson we learn is from
the derivation of Eq. (1) in the real world. Because the
pion acquires a mass in this case, the form factor G,(g?)
does not contain a Goldstone pole. The divergence of Eq.
(2) in the forward direction reads

(pla,J¥|p)=2MyG (0)aiysu . 3)

To obtain the desired relation, we insert a complete set of
physical states |X) with quantum number 0~ into the
left-hand side of Eq. (3) and obtain

2My G \(0)Tiy su =3V 2f xgxnnTivsu , @)
X

where gyyy is the X-nucleon coupling and fy is the decay
constant of the X state defined as

(O|JH|X)=fxq" . (5

Now assuming the higher mass single particle states and
the continuum states give a vanishingly small contribu-
tion to the right-hand side of Eq. (4) (pion pole domi-
nance), we obtain the GT relation Eq. (1) (with
f-=V2F_). Equivalently the same result can be
achieved by using the PCAC (partial conservation of
axial-vector current) hypothesis

o JH=f m’im . (6)

The PCAC condition Eq. (6) is equivalent to the pion
pole dominance. In the isotriplet channel, the suppres-
sion of the contribution from continuum states is because
the multiparticle phase space vanishes at g2—0 in the
chiral limit independent of the current quark mass m —0
[16]. The smallness of the contribution from higher mass
single particle [for example, 7(1300)] states is because
the coupling strength of these states to J,, vanish in the
chiral limit and in reality they are very small (proportion-
al to u,d quark masses). This can be clearly seen in the
proof of the Goldstone theorem [17]. In the chiral limit
the axial-vector current is conserved exactly. The spon-
taneous symmetry breaking of chiral symmetry and the
noninvariance of the physical vacuum under chiral rota-
tion leads to the existence of a massless Goldstone boson.
The current conservation indicates that any massive state
must have zero coupling strength (decay constant) to J,.

Things are quite different in the singlet channel. Be-
cause the QCD U ,(1) symmetry is explicitly broken by
the axial anomaly [18], there is no current conservation
and massless Goldstone boson in the U 4(1) channel [19].
Even when we assume that multiparticle state contribu-
tions are small [20], there is no general guidance to con-
strain the contribution from higher single particle states
above the 7’ particle. This means, if we assume a single
particle state dominance hypothesis, we will have another
PCAC-like relation in the singlet channel:

8, =fymim'+ % FxMzX , ™

where fy is the decay constant of the higher mass state X
which couples to J, in the singlet channel. Based on a
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similar derivation to Eq. (4), the GT relation in the sing-
let channel is
V3
G(0)=—"— fr8ynvt 2 x8xnn | - (®)
My, <

Therefore, in principle, the observed smallness of G,(0)
will not necessarily require the decoupling of the physical
7' from the nucleon, but probably indicate the cancella-
tion between contributions from the 7’ and the higher
mass states. Note that the higher mass states X in Eq. (8)
are not only the g7 states but also include non-gg states.
The state in the singlet channel above 1’ would be the ra-
dial excitation state of 7’ or a 0~ * glueball state. Physi-
cally, then 1(1440) (denoted by ¢ in the following) state
comes next to 17’. Therefore it will be interesting to know
the contribution of the 7(1440).

The possible gluonic contribution to the singlet axial-
vector coupling has been pointed out by Veneziano (8]
and Shore and Veneziano [9] to account for the cancella-
tion to the axial-vector coupling. They have shown that
G,(0) can be expressed in terms of a suitably defined cou-
pling of the nucleon to the Nambu-Goldstone boson 7, of
the Okobo-Zweig-lizuka (OZI) limit of QCD. The small-
ness of G,(0) may imply the decoupling of the nucleon
from the 7, rather than from the %'[3]. They also rewrite
it as 7' and a gluon component coupling but without no-
tifying whether the gluon component corresponds to any
physical states. The possible cancellation between 7’ and
the glueball has also been suggested by Ji [12].

In spite of different theoretical arguments on the small-
ness of the singlet axial-vector coupling, it is crucial to
make an independent analysis in terms of observable
physical couplings, on the basis of Eq. (8), to see whether
the contribution of higher mass states, e.g., the ¢, is
indeed comparable to that of %' to make the cancellation
possible. In the following we will demonstrate by analyz-
ing the related experimental data that the contribution of
t, f.8.nn is of the same order of magnitude as the contri-
bution of 7', f,g,ny- The decay constant f, can be
evaluated from the J /¢ radiative decay:

J/p—yi—yKKm .

In the chiral limit, the divergence of the singlet axial-
vector current is

s ~

0 sh=>% GG
T 4 ’

It is a pure gluonic operator and appears in the matrix
elements of J /¢ radiative decays into light (non ¢¢) pseu-
doscalar hadron states P:

% 66
41

A(J/¢—>yP)0E<0 P>=%fPM,2, ) )

Equation (9) is based on the following observation. These
OZI-forbidden radiative decays can proceed via two pro-
cesses. The first is that the vector ¢¢ mixes via three vir-
tual gluons with a light vector hadron which then turns
into a light pseudoscalar by emitting the photon. The
second, on the other hand, is that the vector ¢ turns by
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emitting the photon into a pseudoscalar ¢¢ which then
mixes via two virtual gluons with a light pseudoscalar.
The latter process is expected to be dominant since only
two virtual gluons are involved. The matrix element for
the gluonic operator in Eq. (9) describes the transition
from two virtual gluons into a light pseudoscalar. It is
known that in these processes the higher power of the
gluon field is suppressed because the charm quark is
heavy, and the calculated decay rates for both J /¢—y7
and J /¢¥— 7' are satisfactory [21,22]. For 7 and %’ the
gluonic anomaly matrix elements may be evaluated on
the basis of chiral and large-N, approaches [22]. For ¢,
however, we will invoke the experimental data. Present
experiments  give B(J/¢Y—yn')~4.2X1073 and
B(J/Y—y1)B(t—KKm)~4.8X1073[23]. We have

2

a
0|—GG L>
BWJ/Yp—yt) _ < ™ Sp(J/p—r1)
B(J/y—vy7n') a, Sp(J /Yp—y7n')
<0 7GG 7]'>

(10)

where Sp denotes the phase space. We know that the de-
cay constant is renormalization scale dependent, so we
should have to obtain the decay constant at a low-energy
scale rather than the one from Egs. (9) and (10) which
scaled at the mass of J/y. However, since we are only
interested in estimating the ratio of the two decay con-
stants f, and f,, which is renormalization scale indepen-
dent, we need not worry about the scale we are discussing
[24]. The decay constants can then be extracted from Eq.
(10):

f,=0.58f [BL—KKm)]~'"*. (11)

The branching ratio of ¢ decay into KK7 is probably
dominant but not known explicitly at present from exper-
iment since ¢ is an isosinglet state and may also decay
into pmm or other states. We expect B(t—KK7)=0.5
and then obtain, from Eq. (11),

fo/fy~0.58—0.83 . (12)

It is very difficult to extract information about g,y
from experiments of f-channel hadron-hadron scattering.
However, there exist experimental data of ¢ production
from proton-antiproton annihilation at rest (see [25] for a
review). If low-energy strong interactions are described
by an effective meson-baryon Lagrangian, the annihila-
tion cross section is proportional to the ¢-N coupling
strength g2yy. The given branching ratio of s-wave pp
annihilation into n'm " 7~ (after a subtraction of pp —7'p,
p—m 77 ) is about 1.65X 10~ [26] whereas the branch-
ing ratio of s-wave pp  annihilation into
vt (L—KF K% ) is about 7.1X 1074 [27]. Suppose
a SU(3)-symmetric decay mode in the KK channel; then
we have in the s wave

B(pp—ur 7T )XB(L—KK)
=3B(pp—>ur 7 )IXB(—K K7 T)~1.1X1073 .
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Considering the fact that the phase space suppression to ¢
production is much greater than %' production, we con-
clude that the coupling constant g,yy should be at least
as large as, if not larger than, g, yy:

8./8, 1. (13)

The above relation is obtained for on-shell coupling con-
stants. To obtain the GT relation one needs an extrapo-
lation for the coupling constants from mass shell to
q2=0. As discussed before, unlike the case for gy, the
smoothness hypothesis is questionable here. However,
we assume that instead of talking about each coupling
constant separately the ratio of the coupling constants
varies slowly for the off-shell extrapolation. Then com-
bining (13) together with our previous discussion on the
decay constants (12), we can conclude that the contribu-
tion of ¢ to the axial-vector coupling is of the same order
as that of 7".

Next we discuss the cancellation between contributions
of ¢ and n'. We will distinguish between two cases. In
the first case the ¢ is identified with a glueball. Although
it is difficult to know the relative sign of f,.g,  to f.g,
from other theoretical sources, we can still use the argu-
ment [8,9] that the Skyrme nucleon, which lives in the
SU(3) sector of U(3), may decouple from the 7,, which is
the Nambu-Goldstone (NG) boson of the OZI limit, and
this leads to the cancellation between 7’ and the gluon
component. The experimental result is by no means trivi-
al, however, because the cancellation can only occur
when f g, is of the same size as f,/g,, as has been ana-
lyzed by us. In the second case, the ¢ is identified with
the first radial excitation of n’. In this case f,g, is likely
to have a different sign from f,.g,. This can be due to
the node structure of the radially excited wave function.
Suppose both the ¢ and 7' wave functions have a positive
sign at the origin, so f, and f, have the same sign. Then
at large distances the wave function for ¢ changes its sign.
The meson-nucleon coupling is essentially determined by
the overlap integral of the meson-nucleon wave functions.
Therefore g, is likely to have a different sign from g,
We emphasize that the large distance behavior of the
meson wave function is important since in the meson-
nucleon coupling the quark-antiquark pair creation is
needed (in the S channel the meson turns into a nucleon-
antinucleon pair via two quark-antiquark pair creation),
and the quark-antiquark pair creation occurs mainly at
large distances to make the initial quark-antiquark color
flux tube in the meson state break into the final state had-
rons. Therefore we believe in both cases the cancellation
between f,.g, and f,g, is possible. The smallness of g5
therefore means that the contributions from the two par-
ticles should cancel each other if their magnitudes are
separately large.

There is no reliable extraction of g, yy from experi-
ments [27]. The theoretical estimation of g, yy is either
about 7 as predicted by the SU(3) quark model or about
zero as argued in the Skyrme model assuming the ' par-
ticle decouples from the SU(3) sector of the Skyrmion La-
grangian and hence from the nucleon, a soliton made of
octet mesons [3]. However, the recent experiment on pp
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annihilation at rest may also shed light on the issue.
There are two observed s-wave branching ratios [26]:

B(pp—nmtm”)=(13.7£1.46)X 1073

and B(pp—n'mT7~)=(3.46+0.67)X 103 (without the
subtraction of p—27). Considering that the phase space
is much in favor of p7m, we might presumably have

8y /8y~1. (14)
If we use

g'q'zg'q

and believe g, is about 7 as indicated by some experiment
results [28], then we find the contribution of %’ to G,(0)
to be

AS= V'3

—mfnrgnlmvl’l . (15)

Very recently a partial wave analysis of the decay
J /Y—yKKm in the KK 7 invariant mass range 1.35-1.6
GeV has been presented by the Mark III Collaboration
[29]. The results show that ¢ is not a single 0~ reso-
nance, but a mixture of three overlapping states: two
0~ " states, respectively, at about 1420 MeV [an
a,(980)7 resonance] and at about 1490 MeV (a K *K res-
onance), and one 17 state at about 1440 MeV (a K *K
resonance). The 0~ T state at about 1420 MeV is likely to
be identified with 77(1400) which was observed in both
7N —n7aN and J /y—ynam, also in 7N — KK 7N [29].
It is argued that the 0~ * state at about 1420 MeV could
be a radially excited state rather than a gluonium state
and the 0~ state at 1490 MeV could still be a non g7
state, probably a glueball [29]. Although the experimen-
tal situation has become more complicated than it was
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before, in our opinion, however, it does not change the
qualitative feature of our analysis. The 0~ components
are still dominant in the ¢ region in J /¢ radiative decays.
Furthermore, considering the fact that only a part of the
decay modes of these 0~ ¥ states are known experimen-
tally, they (or one of them) may still strongly couple to
the U ,(1) axial-vector current and the nucleon, regard-
less of whether it is a glueball or a radially excited meson.

As far as the experimental status is concerned, it is cer-
tainly helpful to further clarify the structures in the
1(1440) region in J /¢ radiative decays by other groups,
e.g., the DM2 Collaboration [30] or by future experi-
ments with higher statistics, e.g., at BEPC (Beijing
Electron-Positron Collider). It is also very useful if there
are more detailed data in the ¢ region in pp annihilation at
rest not only for t— KK 7 but also for t—nr to clarify
the structure in this energy region and their coupling
strengths to the nucleon. It will be very interesting to
know how many 0~ " states there are in this energy
range, and which state couples more strongly to both the
U 4(1) current and the nucleon, and whether it is a radi-
ally excited ¢g state or a glueball. In any case we believe
that the qualitative feature of our argument, that the
smallness of g9 is possibly due to the cancellation be-
tween 7’ and the higher mass states, will remain valid in
spite of possible uncertainties in the interpretation of
these 0~ " states which couple to both the U (1) current
and the nucleon.
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