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Search for g,' and h (1E'1) states in e+e annihilation
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The production and decay of spin-singlet S-, P wav-e charmonium states il,' and h ( Pi) in e+e
annihilation are considered in the QCD multipole expansion neglecting the nonlocality in time coming
from the color-octet intermediate states. Our approximation is opposite to the Kuang-Yan model.
The results are B(g' —+ h + vr ) —0.3%%uo, B(@' ~ rt' + p) = 0.34%%uo, I'(rt,' —+ J/@ + p) —0.26 keV,
an«(h- ~ J/4+ ~') = 2 5 keV.

PACS number(s): 13.65.+i, 13.25.Gv, 13.40.Hq, 14.40.Gx

Among the heavy quarkonium states, the spin-singlet
P-wave state [h q(iPi)] is extremely difficult to produce
in e+e annihilation, because it has J = 1+ . Such
a state in the charmonium family was Grst discovered in

pp annihilation by the E760 Collaboration at Fermilab
in 1992 (almost 20 years after the discovery of charm
quarks) with the subsequent decay h, ~ J/@vro [1]:

I'(h, ) 800 keV,
I'(h -+ J/@+ vr ) -1 keV,
I'(h, -+ J/g + m. vr) (0.18 I'(h, -+ J/g + ~ ).

The data support Voloshin's approach [2] instead of the
Kuang-Yan model [3], as discussed in Refs. [1] and [4].
Another spin-singlet S-wave state g' can be reached in
e+e annhilation via a spin-ffip radiative decay @' -+
g,'+ p. However, this state has not been con6rmed yet.
Various potential models predict m(rI,') to be around =
3.6 GeV.

Since BES {Beijing Spectrometer) is planning to search
for h, and rt,

' in the decay channels g' ~ rl,'p, h vr, and
h m~, it is worthwhile to estimate the branching ratios
of these decays in the framework of QED and QCD mul-
tipole expansions, and compare the results with predic-
tions of the Kuang-Yan model as well as with the data
&om BES and other experiments. This is precisely the
purpose of this Brief Report.

First, we discuss E1 and M1 radiative transitions of
charmonium states, @' ~ y,~ + p, y, ~ -+ J/g + p, and
@' -+ rt, + p, in order to extract various matrix elements
such as (1PirinS) with n = 1, 2 and (1Sir i2S) from the
experimental data. These matrix elements enter various
hadronic transitions between charmonium states, which
will be considered later in this work. We also estimate the
branching ratio for @' ~ il,'+ p. After discussing radia-
tive transitions of charmonium states, we brieQy recapit-
ulate how to describe hadronic transitions between heavy
quarkonia in QCD multipole expansions and make a sim-
ple approximation that ignores the nonlocality in time
because of the color-octet intermediate state between
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subsequent emissions of gluons. One can estimate the size
af the color-octet Green's function [Gs{m@l)] fram the
measured decay rate for @' ~ J/g + msgr (or rt). For this
purpose, one has to use the matrix element (1Sir2i2S)
determined from g' ~ rI, + p. One can use this Gs to
compute other decays such as h, ~ J/@+a (or urer) and
g' —+ h, +vr (or vrvr). Our results are summarized at the
end.

It should be emphasized that one cannot make pre-
cise predictions for decay rates of hadronic transitions
between heavy quarkonia because of our ignorance of
color confinement in QCD. Any attempts to estimate
such quantities are admittedly model dependent. The
Kuang-Yan model takes into account the nonlocality of
Gs in time, using the string excitations near the Aavor
threshold. Our approximation will be opposite to the
Kuang-Yan model in the sense that we ignore the nonlo-
cality of G8 in time, and regard Gs as a constant. Pre-
dictions of both apporaches are a kind of rough estimate,
and the actuality may lie somewhere between the two ap-
proaches. In this sense, our predictions can be considered
as complementary to the Kuang-Yan model.

In order to describe hadronic transitions between
heavy quarkonia, we have to know such matrix elements
as (nSirilP) and (1Sir i2S). In previous estimations,
these quantities were replaced by the radius of the ini-
tial or the Anal quarkonium. However, such estimates
can be improved, since these matrix elements are also
relevant to electric dipole and spin-Hip radiative transi-
tions bewteen heavy quarkonia. In this work, we work
in the nonrelativistic quantum mechanics, neglecting the
relativistic corrections, LS coupling, and hyperGne split-
tings. Therefore, the results may be afFected by a factor
of 2 because of such neglected efFects.

I et us erst consider electric dipole transitions, whose
decay rates are described by

I (El) = ~ e', ~' S;, (2Jf +1) l(nSiri~P) I'. (2)

Here, Jf is the spin of the final quarkonium, and ~ is the
energy of the emitted photon. S;I = 3 for h ( Pi) -+

+ p and rt' ~ h ( Pi) + p, whereas S,f = 1 for other
tl aIlsit ioIls.
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1.58 GeV = 0.3 fm,

l(2slrllP)~l = 1.97 Gev-' = o.4 fm,

(3)

(4)

where we have taken the weighted average over J = 0, 1, 2
states. Using m(h ) = 3526 MeV and taking m(g,') =
3600 MeV as a tentative value, we get

Comparing (2) and the measured decay rates of
y g(lP) -+ J/g + p and g' ~ y,g(1P) + p, we get

Here, Ao ——1.7 x 10 3 GeV is one-third of the matrix
element (m I7rn, E (0) B (0)lo), and the matrix element
Is~ is de6ned as

( s
I

G (E) + G (E) I
» )

2~3
9m'

where Gs(E) is the Green's functions for the color-octet
QQ intermediate states:

I'(h, + g + p) = 460 keV,

F(g,' —+ h, + p) =6.5 keV.
(5)
(6)

G (E) )- Ik)(II (i2)

Since I(nslrllP)~l's with n = 1, 2 are deterinined &om
the experimental data on F(y,~ ~ J/@ +p) and F{Q' —+

g,g(lP)+p), our predictions (5) and (6) are independent
of speci6c potential models.

Next, we consider a magnetic dipole radiative transi-
tion n Sz ~ m So+p. The decay rate for such a spin-Hip
radiative decay is given by

4)
F(@' ~ ~. + ~) = —~Q,', l(lsljp(~r/2) l2S) I'

C

4 2T2
= —nQ, 1S 2S

3 'm 24

(7)

(8)

F(1'P, ~ 1 S, + ~ ) = I'(n S m 1'P, ~+)

= —(&p I»)' I&-l. (io)

In (7), jp(z) is the zeroth-order spherical Bessel function,
jp(z) = sin z/z. We have used the long-wavelength ap-
proximation (ur (( 1) in (8). From the measured decay
rate F(@' m g + p) = 0.78 + 0.19 keV, one can extract

l(islr'I2S)l = 2.55 Gev-', (9)

which satisfies the bound (20) derived &om (19). The
main point of this work is the following: one can get
the matrix element l(lslr2I2S)

I
from @' m g, + p. This

matrix element will be used later in order to extract Gs
&om @' -+ J/@ + rj, as described in the following.

Now, let us consider the possibilty of 6nding the q'
state via a radiative transition vP' -+ g' + p. Assuming
m(g,') = 3.60 GeV, the energy of the emitted photon
is ~ = 84 MeV, and the matrix element in (7) can be
approximated as 1. We have F(Q' ~ g', + p) = 0.94 keV
or 3.4 x 10 in the branching ratio. Thus, one would
get 340rI' 's among 10 g"s. The subsequent decay of g'
is mainly hadronic through annihilation into two gluons:
F(g', —+ 2g) = 1 —4 MeV. The decay rate of the spin-flip
radiative transition g, ~ J/vP+p is about 0.26 keV, using
the matrix element I(lslr I2S)l, which was determined
above in Eq. (9).

Let us now discuss our main subject, the hadronic tran-
sitions between heavy quarkonium states in QCD multi-
pole expansion [2, 3, 5]. The basic formulas can be found
in previous works, and we write down the relevant equa-
tions only here. The decay rates for spin-Hip transitions
such as 1 Pq —+ 1 Si+vr and n Sq —+ 1 Pi+a are
given by [2]

To get the absolute decay rate for hadronic transitions
between quarkonia, it is imperative to know more about
"Isr" defined in (ll). However, it lies beyond our abil-
ity to calculate Isr &om the first principle in QCD be-
cause of our ignorance of the confinement in QCD. There-
fore, we have to make some reasonable approximations.
We take the opposite limit to the Kuang-Yan approach;
namely, we ignore the nonlocality in time coming &om
the color-octet Green's function Gs(E). We simply as-
sume that Gs(E) is a constant with the dimension of
inverse mass as in Ref. [4], since this assumption does
not lead to any contradictions to exsiting data:

Gs(E) = Gs = const.

Under this assumption, we have

Isa = — Gs (nslrllP),
4~3
9m' (14)

= o.o95
I

I IG, (GeV ')I' leV, (15)
( 1.65

(m, GeV )

F{g' ~ h. (1P) + ~P)

= 0.032
I I

IGs(GeV ) I
keV. (16)

( 1.65

qm, GeV )
Note that (15) is smaller than the measured value (1) by
an order of magnitude if we assume t 8 1 GeV, as
in Ref. [6].

In order to get informations on Gs(E), let us consider
another hadronic transition, @' -+ J/@ + q, which occur
through El El and El —M2—transitions in QCD multi-
pole expansion [3, 5] Its amplitude is proportional to the
matrix element

2Iss= —(mSlr; G(E)r; lnS),9 (17)

which is simplified to the following under the assumption
(13) on Gs(E):

Iss = —Gs (mslr InS).9 (i8)

and one can use the information on the matrix elements
on r, Eqs. (3) and (4).

Taking m, = 1.65 GeV and using (3) and (4), we get

F(h, (1P) -+ J/@+ vr )
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Therefore, once (2S]r ]1S) is known, the absolute decay
rates for these decays can be readily obtained. However,
a potential model calculation of this matrix element is not
available in contrast with dipole matrix elements (f] r[i)
and the xnean square radius of a quarkonium (i]r ]i). In
Ref. [4], I have used a quantum-mechanical sum rule to
derive

I(» I

'
I »)I

mQ res xs
(19)

From ](IS]r ]IS)y] = 4 GeV, the bound (19) was
found to be

](IS]r ]2S)@] ( 16.5 GeV (20)

By considering @' —+ J/v)+ xl and using (20), one obtains
a lower bound on Gs [4]:

]Gs] ) 10.4 GeV (21)

Assuming Gs(my ) = Gs(mb. ), we get the following
lower bound on h, -+ J/vP + vr &om (15):

I'(h, m J/@+ 7r ) ) 1.0 keV. (22)

]Gs] = 26.4 GeV

Using this ]Gs]2 in (17) and (18), we finally get

I'(h m J/@+sr ) =2.5 keV,
I'(@' -+ h, + vr ) = 0.84 keV.

(23)

(24)
(25)

Note that our prediction for B(@' ~ h, + a ) = 0.3%%uo

is very close to the current upper limit, and should
be checked in the near future at the Beijing Electron-
Positron Collider (BEPC). Also, these two predictions in
our approach are remarkably in accord with predictions
by the Kuang-Yan model with o.M 10n~. However,
we have only one gauge coupling (naxnely, nM = n@) in
our model, and this agreement of two approaches must
be regarded as accidental.

Another hadronic decay mode 1 P~ —+ 1 S~+vrm does
not receive any contribution &om the trace of the energy-
momentum tensor in QCD, and is not enhanced over

This is consistent with the E760 data (1), and moreover,
very close to it. Of course, this would be uncertain by a
factor of 2, depending on the choice of m, . (In Ref. [4],
the mass of 6 was assumed to be 3.51 GeV, and thus nu-
merical results obtained there are slightly difFerent &om
the results in the present work. )

One of the main points of this work is that one can ac-
tually improve the lower bound (22) obtained in Ref. [4],
using the estimate on (1S]r ]2S) obtained from g' -+
rI,

' + p. From (9) and I'(vp' ~ J/@ + xl) = (7.51 + 1.41)
keV, one obtains

1 xPx ~ 1 sSx + 7ro [2]. (There is no analogous decay
@' ~ Ix + msgr because the phase space is not available. )
Using the result of Ref. [2], we predict

I'(6, -+ J/vb+ arm. ) A~

I'(h, m J/g+ pro) 30 (26)

Here, A measures the gluonic contributions to the energy-
momentum of a pion. This is consistent with the E760
data, and very close to the current upper limit for A 2.
Therefore, h, ~ J/@vrvr may be observed in the near
future.

A remark is in order. As mentioned before, we have
made an approximation treating the color-octet Green's
function Gs(E) as a constant and determined it &om the
measured decay rate for tp' -+ J/g+ xI. One can actually
check the consistency of this approximation, making the
following observation. The ratio

=21 10 ]G (G V ')] (27)I'(h, -+ xl, + p)
depends on ]Gs], which can be used as an independent
determination of ]Gs] &om the measurements. Another
ratio between I'(@' -+ Ix + 7ro) and I'(@' -+ y,~(IP) +
p) can be useful as well. Thus, our assumption on Gs
is simple, does lead to predictions on various hadronic
transitions between heavy quarkonia, and can be checked
through the measurement of the ratio (27).

In conclusion, productions and decays of g' and h in
the e+e annihilations through Q' decays are considered
in the framework of QCD multipole expansion, assuming
the Green's function for the color-octet states is a con-
stant. Using the matrix element ](IS]r ]2S)] extracted
&om the spin-flip radiative transition @ —+ xk + p, we
could estixnate the size of ]Gs[2 by fitting g' -+ J/g + xl.
This leads to predictions of absolute decay rates, B(@'~
xI,'+ p) = 0.34%, I'(rl' ~ J/@ + p) 0.26 keV, and (24)
and (25), which improves the lower bounds on the de-
cay rates for the same processes obtained in Ref. [4]. We
also have suggested that our assumption (13) could be
checked by measuring the ratio (27). We hope high statis-
tics experiments at the BEPC and other places searching
for g' and h can test predictions made in this work.
Having ~ 10s@' decays would be enough to get the spin-
singlet g' and 6 states and their subsequent decay prop-
erties.
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