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Radiative decays: A new flavor filter
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Radiative decays of the 13D1 orbital excitations of ther, v andf to the scalarsf 0(1370), f 0(1500) and
f 0(1710) are shown to provide a flavor filter, clarifying the extent of glueball mixing in the scalar states. A
complementary approach to the latter is provided by the radiative decays of the scalar mesons to the ground-
state vectorsr, v andf. Discrimination among different mixing scenarios is strong.
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INTRODUCTION

The observation and confirmation of gluonic degrees
freedom in mesonic states is of great significance for QC
which predicts the existence of glueballs~bound states of
gluons! and of hybrids~quark–antiquark–gluon states!. Cal-
culations in lattice QCD give estimates of the likely mass
of glueballs@1# and light-quark hybrids@2#, and evidence for
the excitation of gluonic degrees of freedom has emerge
several processes. Lattice calculations predict that the li
est glueball hasJPC5011 and is in the mass range 1.3 to 1
GeV. Experimentally@3# there is one more 011 state in this
mass range than can be accommodated by excited qu
antiquark states. The natural inference is that there is a g
ball state present@4,5#. A clear exotic resonance,p1(1600),
with quantum numbersJPC5121 which cannot be accesse
by a pure quark–antiquark state, has been seen@6# in the
h8(958)p channel in the reactionp2N→„h8(958)p…N and
in the r0p2 channel @7,8# in the reaction p2N
→(p1p2p2)N. Anomalously large hadronic decay mod
of light-quark vector mesons, that is, decays which are p
dicted to be very small in standard models@9#, are observed
in e1e2 annihilation around 1.6 GeV. A favored explanatio
@10–12# is to include vector hybrids which, on the basis
the p1(1600) mass, are expected to be in this mass regi

Apart from states with exotic quantum numbers, disent
gling hybrids and glueballs from quark–antiquark states
difficult using only hadronic decay channels because of m
ing. However, radiative transitions offer special opportu
ties. The coupling to the charges and spins of constitue
reveals detailed information about wave functions and d
criminates among models. In the case of gluonic excitati
of thep andr, that is hybrids, the spin structure differs fro
conventional excitations with the same overallJPC. For ex-
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ample, in a hybrid 122 theqq̄ are in a spin-singlet, while for
the 021 they are in a spin-triplet: in each case this is t
reverse of what one is accustomed to. In the case of
scalar mesons a direct measure of their electromagnetic
plings gives information about the flavor content of the s

lar states and could resolve the issue ofG–qq̄ mixing.
We have calculated@13# the rates for the radiative decay

V* →gM , where theV* are the 2S and 1D excitations of
the r, v andf in the 1.4 to 1.8 GeV mass range and theM

are positive C-parityqq̄ states in the 1.2 to 1.7 GeV mas
range. We label the vector statesrS , rD , vS , vD , fS and
fD . Some of these vector decays are predicted to h
branching ratios in excess of 1022 and will be measurable a
existing and planned facilities, such ase1e2 annihilation by
Initial State Radiation~ISR! at Babar and Belle, by direc
e1e2 annihilation at the upgraded VEPP collider at Novo
birsk and by diffractive photoproduction following the up
grade at Jefferson Laboratory.

These radiative transitions serve two purposes, explo
the nature both of the initial excited vector state and tha
the resultant meson. In@13# we concentrated on the forme
aspect. Here we emphasize the latter and extend the cal
tion to the radiative decays of the scalars to the ground-s
vector mesons. There is again great potential for prec
measurement of these decays, for example, at CLEO via
decayJ/c→ggV or at COMPASS via central production i
high-energy proton-proton collisions.

Radiative transitions ofr* or v* to gM couple directly
to the uū6dd̄ content ofM. In similar vein, the analogous
transitions involvingf* couple to thess̄ content ofM. By
comparing the relative rates for isovector@ uM &[(1/
A2)(uuū&-udd̄&) and isoscalar (uM &[cosu u ss̄&1sinu(1/
A2)(uuū&1udd̄&)] for a set of mesonsM of positive C-parity
and the sameJP it is possible in principle to determine th
relative amount ofss̄ and non-strange flavors in theM wave
function and hence to weigh the flavor content of the non
In the case where a glueball has mixed into the multip
extending it to a decuplet, as is hypothesized@4,5# to be the
©2003 The American Physical Society31-1
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case for thef 0(1370), f 0(1500), andf 0(1710), such transi-
tions enable the role of the glueball to be disentangled
might even be able to estabish the mass of the ‘‘quench
glueball@5#. Furthermore, as we shall show, radiative deca
of the scalar mesons to the ground-state vectorsr(770) and
f(1020) are also sensitive probes of the glueball mixing
the scalars.

THE MODEL

The details of the radiative decay calculation are
scribed in@13#. Wave functions for the excited vector meso
are found variationally from the Hamiltonian

H5
p2

mq
1sr 2

4

3

as

r
1C ~1!

with standard quark model parametersmq50.33 GeV foru
andd quarks and 0.45 GeV fors quarks,s50.18 GeV2 and
as50.5. The wave functions are taken to be Gaussian
form exp„2p2/(2bM

2 )… multiplied by the appropriate poly
nomials andbM treated as the variational parameter inH for
each of the 1S,1P,2S,1D states.

In the non-relativistic quark model, the standard expr
sion for the transition amplitude describing the decay at
of the mesonA, with massmA , to the mesonB, with mass
mB , and a photon with three-momentump has the form

MA→B5MA→B
q 1MA→B

q̄ . ~2!

HereMA→B
q andMA→B

q̄ describe the emission of the photo
from the quark and antiquark, respectively,

MA→B
q 5

I q

2mq
E d3k@Tr$fB

†~k2 1
2p!fA~k!%~2k2p!

2 i Tr$fB
†~k2 1

2 p!sfA~k!%3p# ~3!

and

MA→B
q̄ 5

I q̄

2mq
E d3k@Tr$fA~k!fB

†~k1 1
2 p!%~2k1p!

2 i Tr$fA~k!sfB
†~k1 1

2 p!%3p#, ~4!

whereI q andI q̄ are isospin factors andmq is the quark mass
The differential decay rate is then given by

dG

d cosu
5p

EB

mA
aI( uMA→Bu2, ~5!

where the sum is over final-state polarizations. In Eq.~5! EB

is the center-of-mass energy of the final meson andI 5I q
2

5I q̄
2 is the isospin factor.
It was shown in@13# that this model gives good agree

ment with exisiting data.
For radiative transitions there always exists the probl

of electromagnetic gauge invariance. In particular, the le
ing electric dipole transition amplitude is proportional to t
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matrix element of the momentum̂BupW uA&, whereA is the
initial meson andB is the final meson. Using the operato
relationpW 5 imq@HrW#/2, whereH is the Hamiltonian~1!, one
obtains, for the radial integrals of the wave functions t
equality,

^BupuA&5
imq

2
v^Bur uA&, ~6!

where v5mA2mB[p is the photon energy. This equalit
allows us to bring the transition amplitude into the dipo
form, and yields the;v3;p3 law for the radiative decay
width as demanded by gauge invariance. This means tha
wave functions and the meson masses should be taken
‘‘exact’’ eigenfunctions and eigenvalues of the quark mod
Hamiltonian~1!, and there isa priori concern about the sta
bility of the calculations with simple variational wave func
tions. This does not arise in the transitions we consider h
and the approximation of harmonic oscillator wave functio
is ‘‘safe.’’ To check the quality of our wave functions w
compare the left- and right-hand sides of the Eq.~6!.

With Gaussian wave functions the radial integrals~up to a
phase! for the 1P→1S transition are

^BupuA&5
1

A2

b5

bA
5/2bB

3/2 ~7!

and

^Bur uA&5
1

A2

bA
5/2bB

3/2

b0
5 , ~8!

where

b225 1
2 ~bA

221bB
22! ~9!

and

b0
25 1

2 ~bA
21bB

2 !. ~10!

From @13#, bA50.274 GeV,bB50.313 GeV and the mas
differencev50.562 GeV. So we find

^AupuB&
mq

50.658 ~11!

and

v^Aur uB&
2

50.616. ~12!

The deviation between Eqs.~11! and ~12! is less than 10%
so, as the squares enter the widths, the uncertainty due t
use of Gaussian wave functions is about 20%. This is ap
ciably less than the effects we are considering.

A similar exercise for 1D→1P gives
1-2
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^BupuA&
mq

51.088 ~13!

and

v^Bur uA&
2

51.024 ~14!

so in this case the uncertainty due to the use of Gaus
wave functions is less than 10%.

These results also imply that the low-energyp3 behavior
of the widths is given approximately, but not exactly, for o
model wave functions.

The pure electric-dipole (E1) transition is well-defined
for heavy quarks but is certainly a bad approximation
light quarks. We include the magnetic quadrupole (M2)
transition as well and there is a long history of success w
this approach, even though theM2 terms are at the sam
order inp2 asE1 corrections proportional to the anomalo
magnetic moment of the constituents, spin–orbit term
Thomas precession and binding effects@14,15#. Some of
these corrections can be calculated@14–19#; some can only
be estimated@14#. In any case, going beyond the leadin
approximation for the electric and magnetic amplitudes
quires knowledge of the Lorentz nature of the confinem
force.

The most notable successes of this approach, name
calculating the leading terms for each of the relevant elec
and magnetic multipoles, have been in reproducing the m
nitudes and relative phases of over 100 helicity amplitu
for photoexcitation of the proton and neutron@20,21#. These
give a clear indication of which amplitudes are large
small, and of their relative sizes and signs. This success
gests that although corrections may be individually sign
cant, their collective effect is small.

It is possible to go beyond such an approximation, bu
the price of losing some predictive power. Within the gene
assumption that electromagnetic amplitudes are additiv
the constituents, it is possible to obtain relations among
helicity amplitudes, angular distributions and widths for a
of states by normalizing the reduced amplitude to some s
set of observables@22,23#.

This is the philosophy that we shall adopt. First, with
the ‘‘leading multipole’’ hypothesis we can make two chec
of our procedures.

~i! We find that our result for the decayf 1(1285)→gr is
in good accord with experiment@3,24,25#.

~ii ! We predict that G„f 2(1270)→gr…,G„f 1(1285…
→gr…, which appears also to be in accord with experim
in that there is no evidence for the radiative decay of
f 2(1270) in either the Mark III@24# or WA102 @25,26# ex-
periments, and both have strongf 2 signals. Second, within
the ‘‘single-quark-transition’’ hypothesis we can form a po
tivity constraint among a combination of the widths. This
satisfied by our explicit model dependent calculations,
enables us to draw a more general conclusion, namely
G( f 0→gr);G( f 1→gr).
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VECTOR MESON DECAYS

Our interest here is in the radiative decays of therD ,
which we identify with ther(1700) @3#, to f 0(1370) and
f 0(1510) and of the~unobserved! fD , to which we assign a
mass of about 1.9 GeV, tof 0(1710). In the absence of glue

ball mixing we predict @13# G„rD→g f 0
nn̄(1370)…

;900 keV, G„rD→g f 0
nn̄(1500)…;600 keV ~assuming that

one or the other is a purenn̄ state! and G„fD

→g f 0
ss̄(1710)…;200 keV. These widths can be chang

substantially when glueball mixing is included, the degree
modification depending on the mass of the bare glueball

Three different mixing scenarios have been proposed:

bare glueball is lighter than the barenn̄ state@27#; its mass

lies between the barenn̄ state and the baress̄state@27#; or it

is heavier than the baress̄ state@28#. We denote these thre
possibilities by L, M, and H, respectively. In@13# we identi-
fied potentially powerful ways of determining glueball mix
ing in the scalar mesons through the radiative transiti
rD→g f 0(1370) andg f 0(1500). If the bare glueball is ligh

(;1300 MeV) it will mix strongly with thef 0
nn̄(1370) and

dilute the 900 keV width which will be pushed into the oth

scalars, in particular into thef 0
nn̄(1500) reversing the relative

magnitudes of the radiative widths. At the other extreme,
mixing of a heavy glueball (;1700 MeV) does not materi
ally affect the radiative width to thef 0(1370) but severely
depresses that to thef 0(1500) to 100 keV or less. Thus th
relative widths ofrD→g f 0(1370) andrD→g f 0(1500) are
sensitive to the glueball mass. There is similar sensitivity
the decaysfD→g f 0(1500) andfD→g f 0(1710). For a light
glueball the former is essentially zero and the latter is p
dicted to be;170 keV. For a heavy glueball the situation
reversed, with the decayfD→g f 0(1500) predicted to be
about 260 keV and the decayfD→g f 0(1710) to be essen
tially zero. These branching ratios are challenging but imp
tant as they open the possibility of weighing thenn̄ andss̄
flavor content of the scalar states and determining the b
mass of the scalar glueball. The only question is whet
experiment will be sensitive to such magnitudes.

In the isovector-scalar sector only thea0(980) is well-
established. The mass, and even the existence, of
a0(1450) remains controversial. Its mass is a critical para
eter in mass matrices for the mixing of the scalar glueb
with the qq̄ nonet. We predict G„vD→ga0(1450)…
;610 keV andG„rD→ga0(1450)…;85 keV. Of course in
e1e2 annihilation or diffractive photoproduction therD will
be produced at approximately nine times the rate of thevD ,
so thega0(1450) rates will be the same for both. Observ
tion of thea0(1450) in radiative decays would have signi
cant implications, particularly when coupled with the rad
tive decays to the isoscalar scalars.

Although our emphasis is on the radiative decays to s
lars as a probe of their glueball content it is important to lo
at other decays as a check on the model. We find that
principal radiative decay mode of therD is g f 1(1285), with
an estimated width@13# of ;1100 keV. Although the decay
1-3
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of the f 1(1285) are many-bodied, principally 4p andhpp,
this is compensated for by its narrow width of 24 MeV. T
largest radiative decay of thevD is found to bega1(1260),
with a width ;1100 keV. Observation of these mod
would confirm our calculations. The E852 experiment
Brookhaven has observed@29# the decayv(1640)→vh. If
the v(1640)[vD then, in the3P0 model, the partial width
for this mode is predicted@9# to be 13 MeV. Thus, if the3P0
model is a good guide in this case, a measurablev(1640)
→ga1 is anticipated: as E852 have several thousand ev
in the vh channel, it is possible that there could be seve
hundredga1 events in their experiment.

SCALAR MESON DECAYS

Just as the radiative decays of excited vector states to
scalars provide sensitive tests of their parton content, so
the radiative decays of the scalars to the ground-state vec
In our model these decays are given by

G~ f 0→gV!5
8

3
ap

EB

mA

b2

mq
2

F2S 11l
p2

b2D 2

I , ~15!

where A refers to the initial scalar meson,B to the final
vector (V) meson,

l5
bA

2

2~bA
21bB

2 !
, ~16!

F5
b4

bA
5/2bB

3/2expS 2
p2

8~bA
21bB

2 ! D , ~17!

whereb is given in Eq.~9! and I is an isospin factor,14 for
nn̄→gr and 1

9 for ss̄→gf.
From @13#, bA50.274 GeV,bB50.313 GeV for nn̄

states andbA50.307 GeV,bB50.355 GeV forss̄ states. In
the absence of glueball mixing it givesG„f 0(1370)→gr…
;2300 keV, andG„f 0(1710)→gf…;870 keV.

The width of the decayf 1(1285)→gr is measured and
provides a check on the model. This decay is given by

G~ f 1→gV!5
8

3
ap

EB

mA

b2

mq
2

F2

3S 11l
p2

b2
1

1

2
l2

p4

b4D I ~18!

which for an nn̄ state predicts a width of 1400 keV. Th
compares well with the experimental value@3,24,25# of
13206312 keV.

The decayf 2(1270)→gr is given by
07403
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G~ f 2→gV!5
8

3
ap

EB

mA

b2

mq
2

F2

3S 12l
p2

b2
1

7

10
l2

p4

b4D I ~19!

which is rather smaller than the others, due to the nega
contribution of thep2/b2 term. This predicts a width of 644
keV.

Experimentally this width is small as neither the Mark I
@24# nor the WA102@25# experiments has any evidence f
it. The branching fractions for the radiative decay ofJ/c to
f 1(1285) and f 2(1270) are comparable@3#, at (6.1
60.9)31024 and (1.3960.14)31023, respectively, so the
non-observation of anyf 2(1270) signal in the decayJ/c
→g(gr) is meaningful. A similar situation holds in centra
production in high-energy proton–proton interactions@25#
and one can deduce@26# an upper limit onG( f 2→gr) of
500 keV at 95% confidence level. So it is reasonable to s
pose that our results for thef 0 radiative decays are valid.

Following @13# and the discussion in the preceding secti
we consider three possibilities for the bare glueball mass
is lighter than the barenn̄ state~denoted by L!; its mass is
between that of the barenn̄ state and the baress̄ state~de-
noted by M!; it is heavier than the baress̄ state~denoted by
H!. The predicted widths for the decays o
f 0(1370), f 0(1500), andf 0(1710) togr andgf for each of
these possibilities are given in Table I.

It is clear from the table that the discrimination among t
different mixing scenarios is strong. The decayf 0(1500)
→gr is perhaps the most interesting because of its comp
tively narrow total width of;120 MeV. This enhances th
radiative decay branching fraction, which is;2% for a light
glueball, ;1% for a medium glueball and;0.5% for a
heavy glueball. The absolute magnitudes may vary
;20% due to the uncertainties in the model, but the relat
strengths manifested in the pattern above should be rob
Even allowing for the intrinsic uncertainties, there appears
be a solid conclusion that these rates are worth pursu
experimentally.

We now assess further the robustness of these result
looking at the more general structures that follow from t
single-quark-transition property of the dynamics.

TABLE I. Effect of mixing in the scalar sector of the 13P0

nonet for radiative decays tor andf. The radiative widths, in keV,
are given for three different mixing scenarios as described in
text: light glueball ~L!, medium-weight glueball~M!, and heavy
glueball ~H!.

r(770) f(1020)

L M H L M H

f 0(1370) 443 1121 1540 8 9 32
f 0(1500) 2519 1458 476 9 60 454
f 0(1710) 42 94 705 800 718 78
1-4
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SINGLE QUARK TRANSITION

The results above depend upon the rather general ass
tion that electromagnetic amplitudes are additive in the c
stituents. Independent of details of binding dynamics, it
possible to obtain relations among the helicity amplitud
and hence angular distributions and widths, that depend
on the assumption that the mesons are described asqq̄ states
in the P andS states, respectively.

For example, in the electric-dipole approximation, t
relative widths for transitions fromf J→gr would be equal,
apart from phase space corrections. Given the magnitud
one as input, the others immediately follow. While such
sults are a good approximation for heavy flavors@3#, for the
lighter u,d,s flavors, significant magnetic-quadrupole m
be expected, as is confirmed by the explicit calculatio
above. ~Electric octupole contributions, while allowed i
general for f 2→gV, will vanish if, as assumed here, th
vectorV is a pure3S1 state, and thef 2 is a pure3P2 state
@22#.!

Within this assumption that the electromagnetic transit
amplitude is additive in the constituents@22,23# and that the
relevantqq̄ states can be classified asS and P levels, sum
rules can be obtained. We can of course check that these
rules are satisfied in particular explicit models.

In terms of helicity amplitudesAl , l50,1,2, the width
for the decaysV→g f J is

G~V→g f J!52pa
EB

mA
I

1

3 (
l

uAlu2 ~20!

and for the decaysf J→gV is

G~ f J→gV!52pa
EB

mA
I

1

2J11 (
l

uAlu2. ~21!

The helicity amplitudes are defined in such a way that
low-energy;p3 behavior of the widths is reproduced, i.e
Al}p asp→0. The most general decomposition of the h
licity amplitudes into electric-dipole and magneti
quadrupole terms is given in@17,18#. For 3S1↔3P0,

A05A2~E112ER!, ~22!

for 3S1↔3P1,

A05A3~E11ER1M !, A15A3~E11ER2M !, ~23!

and for 3S1↔3P2,

A05~E12ER13M !, A15A3~E12ER1M !,

A25A6~E12ER2M !. ~24!

HereE1 is the leading electric-dipole term,ER is the ‘‘extra’’
electric-dipole term andM is the magnetic-quadrupole term
In terms of our model
07403
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E15
2b

A6mq

F ~25!

and

ER52M5
lp2

2b2 E1 . ~26!

For the general case, consider first the decaysV→g f J . For
equal phase space and equal form factors, we can elimi
the uM u2 term by the combination 3G(V→g f 1)2G(V
→g f 2). This leaves cross terms betweenE1 andER which
are in general of indeterminate sign. However, these too
be eliminated by includingG(V→g f 0) and a combination
formed that is proportional to the sumuE1u21uERu2>0.

Thus, for equal phase space and equal form-factors,
would have

G„r~2S!→g f 2…17G„r~2S!→g f 0…>3G„r~2S!→g f 1….

~27!

Similarly for the decays of purenn̄ f J states,

5G~ f 2→gr!17G~ f 0→gr!>9G~ f 1→gr!. ~28!

It is straightforward to verify that~27! is satisfied by Eqs.
~17! to ~19! of @13# and that~28! is satisfied by~15!, ~18!,
and ~19! of the present paper.1

Given that empiricallyG( f 1→gr);1500 keV, Eq.~28!
implies that one or other of thef 2 or f 0 must have a radiative
width of at least;1000 keV. To the extent that there is n
clear sign of thef 2→gr decay in either the data sets o
@24,25# one may anticipate that thef 0→gr could be large, in
line with our specific calculations. In any event, such sta
should be sought inc→ggr.

CONCLUSIONS

Our computations show that radiative decay rates can
large for some transitions. The limitation for detection
these processes seems to be one primarily of accepta
These processes should be borne in mind when detector
future experiments, for example at Hall D in Jefferson La
are being designed. We advocate that existing data be m
to seek evidence of radiative decays, for example in E8
where the decayv(1640)→ga1 should be present at a rea
sonable rate. If radiative transitions are observed, then
use of radiative decays will be proven as a viable techniq

It is important to compare photoproduction ande1e2 an-
nihilation as these give complementary information on
vector-meson wave functions. Jefferson Laboratory is an
vious place for the photoproduction studies, and as rega
e1e2, VEPP is the immediate natural candidate, thou
there is uncertainty as to whether its luminosity will b
enough. DAFNE operating up to its maximum energy pro

1There is a sign error in Eq.~18! of @13#. The sign of theGEGM

term should be negative, as it is in Eq.~A5! of @13#.
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ises high luminosity in the future. Initial state radiation
BaBar, Belle and CLEO-c could give significant rates f
e1e2 annihilation atAs<2 GeV.

A complementary approach to the role of glue in the s
lar wave functions is provided by the decays of the scalar
gr and gf. Both the f 0(1500) and f 0(1710) have been
clearly observed in the radiative decaysJ/c→gX, and we
recommend that a detailed exploration of the scalar st
should be planned as part of the CLEO-c program.

Radiative transitions provide a new flavor filter that c
,
nd

. B

B

,

R

07403
t
r

-
to

es

clarify the nature of the scalar mesons in the 1.2–1.8 G
region, in particular the role of glue in the scalar wave fun
tions.
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