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Outline:

• Looking for glue: Where and How

• History and puzzles

• The scalars f0(1710), f0(1370), and f0(1500)

• The pseudoscalars η(1418) and η(1475)

• Resolving the puzzles

• High statistics J/ψ → γX using partial waves

• J/ψ → γX followed by X → γY

• MX ≥ 2 GeV/c2: Tensor glueballs and J = 4 mesons
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Looking for glue: Where?
Morningstar & Peardon

arXiv:nucl-th/0309068
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PRELIMINARY

Key Point: Masses and
quantum numbers look
like ordinary qq̄ mesons

⇒ You need to consider
the dynamics of
production and decay.

So, how do we create
“glue rich” situations?

2



Looking for glue: How?

p̄p Annihilation
C. Amsler,
Rev.Mod.Phys.
70(1998)1293

Other Ways to Make Glueballs

Annihilation:  or

Central Production:

pp pp πG→ pp ηG→

Two Gluons G⇒

π
p

p

pp p f G( )ps→

G
p

p

Glueballs for Lunch; LEPP Seminar 3 June 2003 – p.10/22

pp Central Collisions
F. Close & A. Kirk,
Phys.Lett.B 397(1997)333

Figure 2: (a) Two gluons with large pL fuse to make a meson R. (b)
Diffractive scattering of a gluonic Pomeron to produce a glueball
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J/ψ Radiative Decay
F. Close, G. Farrar & Z. p.Li,
Phys.Rev.D55(1997)5749
Main focus of this talk!
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History and Puzzles

More states found than are predicted by the quark model.
⇒ Could the extra states be glueballs?

• The scalars f0(1710), f0(1370), and f0(1500)

Quark Model predicts only two.
(These are the isoscalar uū+ dd̄ ≡ nn̄ and ss̄.)

Prime suspect for the lightest glueball.

• The pseudoscalars η(1418) and η(1475)

Quark Model predicts only one.
(This is the η′(958) radial excitation).

Mass disagrees with lattice QCD.

J/ψ → γX is a key dynamical ingredient!
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The Scalars f0(1710), f0(1370), and f0(1500)

Prime tool is J/ψ → γX with X → Y Y and spin-zero Y

f0(1710)

Early glueball excitement @ SPEAR: The θ(1700)
Xtal Ball (J/ψ → γηη) and Mark-III (J/ψ → γK+K−)

Spin/Parity assignments using Partial Wave Analysis
Mark-III (W. Dunwoodie) in SLAC-PUB-7163 (1997)
BES: J. Z. Bai et al. Phys. Rev. D 68, 052003 (2003)

f0(1370)

Broad S-wave enhancement known since 1970’s.
It seems to be clear in J/ψ → γπ+π−.

f0(1500)

Excitement in 1990’s: Narrow π0π0 state in p̄p → 3π0.
Little or no evidence in J/ψ → γX!
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Mark-III Spin Parity Assignments

Recall J/ψ → γX, where X → . . .
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Recent BES: J/ψ → γKK̄

Bin-by-Bin Fit

where N is the number of events in each bin. The mass
interval width of 40 MeV is chosen as a compromise be-
tween the desire for high statistics in each mass interval and
the need for detailed information on the mass dependence of
each measured amplitude. The four helicity amplitude pa-
rameters are related by a trivial algebraic relation with the
four corresponding independent amplitudes in the covariant
tensor formalism !9". The acceptance-and isospin-corrected
S-and D-wave intensity distributions, !a0,0!2, !a2,0!2, !a2,1!2

and !a2,2!2 for #KK̄ data resulting from this bin-by-bin fit are
shown as a function of mass in Fig. 3.
The KK̄ S-wave intensity dominates the 1.7 GeV region.

The solid curves in Fig. 3 correspond to fits of coherent
superpositions of individual Breit-Wigner resonances to the
data points of each intensity distribution. The following
channels are considered:

J/$→# f 2!%1525&

→# f 0%1710&

→# f 2%1270&

→# f 0%1500&

→#!broad 0!! and 2!! components.

The first two are dominant. There is evidence for the exis-
tence of the f 2(1270), and the f 0(1500) is included here for
consistency with the global fit below.
For the spin 0 amplitude, two interfering resonances

„f 0(1500), f 0(1710)… and an interfering constant amplitude
term, which is used to describe the broad S-wave contribu-

tion, are included. The mass and width of the f 0(1500) are
fixed to the PDG values; those of the f 0(1710) are to be
determined. The f 0(1710) is well described by a Breit-
Wigner resonance of mass and width M"1722#17 MeV,
'"167$29

!37 MeV, and the branching fraction for J/$ radia-
tive decay to the combined KK̄ modes is B!J/$
→# f 0(1710)→#KK̄""(11.1$1.2

!1.7)%10$4. The errors here
are statistical errors.
For the spin 2 amplitudes, the f 2!(1525) and f 2(1270) are

included. There is also some 2!! structure above 2.0 GeV in
KK̄ mass, which could contribute to the present fitted range,
and thus the tail of a high mass 2!! state is included in our
fit. We choose a resonance mass of 2250 MeV and width of
350 MeV to represent the structure in the higher mass region.
The mass and width of the f 2(1270) are fixed at the values
quoted in the PDG. For the tensor resonance, f 2!(1525), its
mass and width are fixed to the values M"1519 MeV, '
"75 MeV determined by the global fit which is described
below, and the total branching fraction and ratios of ampli-
tude intensities are determined to be B!J/$→# f 2!(1525)
→#KK̄""(4.02#0.51)%10$4; x2(!a2,1!2/!a2,0!2"1.32
#0.29, y2(!a2,2!2/!a2,0!2"0.38#0.20. The intensity of the
f 2(1270) is poorly measured because of the relatively low
statistics and the weak coupling of this state to KK̄ . The
amount of spin 2 component in the 1.7 GeV mass region is
small, )(16#9)%. The errors shown above are statistical
and are obtained from the Breit-Wigner fit.
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FIG. 2. The KK̄ mass distributions from J/$ radiative decays to
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FIG. 3. The mass dependence of the amplitude intensities for
#KK̄ data. The solid curves correspond to the coherent superposi-
tion of the Breit-Wigner resonances fitted to the acceptance-and
isospin-corrected data points obtained from the bin-by-bin fit. The
dashed line histograms are the results of the global fit described in
the text.

BAI et al. PHYSICAL REVIEW D 68, 052003 %2003&

052003-4

Global Fit

B. Global fit analysis

We now turn to the global fit to the J/!→"K!K" and
J/!→"KS

0KS
0 data. Each sample is analyzed independently,

and the fit results shown below are for their averaged values.
This fit has the merit of constraining phase variations as a
function of mass to simple Breit-Wigner forms. It also per-
forms the optimum averaging of helicity amplitudes and
their phases over resonances. Partial waves are fitted to the
data for the same components described in the bin-by-bin fit.
The broad 0!! component improves the fit significantly;
removing it causes the log likelihood value to become worse
by 221. For the f 2(1270) and f 0(1500), we use PDG values
of masses and widths, but allow the amplitudes to vary in the
fit. For the f 2!(1525), relative phases are consistent with zero
within experimental errors. It is expected theoretically that
relative phases should be very small, on order of #!1/137
for the electromagnetic transitions J/!→"!2!. In view of
the agreement with expectation, these relative phases are set
to zero in the final fit, so as to constrain intensities further.
A free fit to f 2!(1525) gives a fitted mass of 1519#2 MeV

and a width of 75#4 MeV. The fitted mass and width of the
f 0(1710) are M$1740#4 MeV and $$166"8

!5 MeV, re-
spectively. The fitted intensities are illustrated in Fig. 4. For
the f 2!(1525), we find the ratios of helicity amplitudes x2

$1.00#0.28 and y2$0.44#0.08. In this fit, we allow some
0! contribution under the f 2!(1525) peak, while previous
analyses by DM2 and Mark III %10,11& ignored the small 0!

contributions. The branching fractions of the f 2!(1525) and
the f 0(1710) determined by the global fit are B%J/!
→" f 2!(1525)→"KK̄&$(3.42#0.15)%10"4 and B%J/!
→" f 0(1710)→"KK̄&$(9.62#0.29)%10"4 respectively.
The errors shown here are also statistical. An alternative fit to
f J(1710) with JP$2! is worse by 258 in log likelihood
relative to 0! for "K!K" data and by 67 for "KS

0KS
0 . Re-

membering that three helicity amplitudes are fitted for spin 2
but only one for spin 0, the fit with JP$0! is preferred by
&10' after considering the two data samples together.
The separation between spin 0 and 2 is illustrated in Fig.

5, taking the J/!→"K!K" data as the example. Let us
denote the polar angle of the kaon in the KK̄ rest frame by
(K , and the polar angle of the photon in the J/! rest frame
by (" . The data are fitted simultaneously including impor-
tant correlations between (K and (" . The left panels show
resulting fits to cos (K for J$0 and 2. There is no significant
difference between the two fits. The distributions should be
flat for 0!, but the interference with the tail of f 2!(1525) has
a large effect. The right panels show the fits to cos (" ; the
optimum fit is visibly better for J$0 than for J$2. )If one
fits only the cos (" distribution, it is possible to fit equally
well with J$0 or 2, but then the fit to cos (K gets much
worse.*
If the f 0(1500) is removed from the fit, the log likelihood

is worse by 1.65 )3.58* for K!K" (KS
0KS

0), corresponding to
about 1.3' (2.2'). If the f 2(1270) is removed, the likeli-
hood is worse by 57.5 )13.6* for K!K" (KS

0KS
0), corre-

sponding to &5' (3.8').

V. SYSTEMATIC ERROR

The systematic error for the global fit is estimated by
adding or removing small components used in the fit, replac-
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PARTIAL WAVE ANALYSES OF J/!→"K!K" AND "KS
0KS

0 PHYSICAL REVIEW D 68, 052003 )2003*

052003-5

• J/ψ → γKK̄ is dominated by f0(1710) and f ′
2(1525)

• J/ψ → γπ+π− is dominated by f0(1710) and f2(1270),
... and f0(1370) (See also preliminary BES)
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The f0(1500) is Seen Elsewhere

p̄p → π0π0π0

M2(π0π0)

Crystal Barrel (1995)

pp → p(K+K−)p
pt cut ⇒ Glueball filter

M(K+K−)

CERN Ω Spect (1999)
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Important Goal: Identify J/ψ → γf0(1500)

Note potential interference with f ′
2(1525)

⇒ Need careful partial wave analysis

BES Global Fit to J/ψ → γKK̄ shows slight preference
for including f0(1500) in the fit.

Further evidence from BES in
J/ψ → γσσ → γπ+π−π+π−

J. Z. Bai et al.,
Phys. Lett. B 472, 207 (2000)

( )J.Z. Bai et al.rPhysics Letters B 472 2000 207–214 211

Table 1
Resonances fitted to the BES data and decay modes used in the final fit
P 2Sq1J Resonance Measured Used in final fit Decays ll or ll 2

Mass G Mass G
Ž . Ž . Ž . Ž .MeV MeV MeV MeV

1q q35 3Ž .2 f 1270 1280 1275 185 rr D D2 y20 2 2
y q20 q250 1440 225 1440 225 rr lls1y20 y20
q q15 q40Ž .0 f 1500 1505 140 1500 112 ss lls00 y20 y30

5q q60 q30Ž .2 f 1565 1505 135 1565 131 rr S2 y20 y25 2
q q30 q50Ž .0 f 1740 1740 120 1740 120 ss lls00 y25 y40

5q q50 q120Ž . Ž .2 f 1950 1940 380 1940 380 f 1270 s S2 y50 y90 2 2
1 3ss D D2 2

q q30 q100Ž .0 f 2100 2090 330 2104 215 ss lls00 y30 y100

Ž .region are very low because the f 1285 has been1
removed by a cut in this mass region. Hence the

Ž .mass and width of the f 1270 are constrained to2
w x qthe PDG value 7 . Some 2 component is definitely

required in the mass range 1500–1700 MeV, as is
Ž .illustrated below in Fig. 4 c . This may be attributed

Ž .to f 1565 , which sits at the rr and vv threshold2
and can decay into 4p . In the final fit, the mass of
Ž .f 1565 has been fixed at 1565 MeV, which is well2

w xdetermined by data from other sources 9–11 . The

Fig. 3. The comparison between data and final full fit.

Ž .possible cause of our optimum mass for f 15652
lying at 1505 MeV may be crosstalk between the

Ž Ž . Ž ..two neighboring resonances f 1500 and f 1565 .0 2
Once the masses and widths are fixed, both contribu-
tions are well determined.
Comparisons with data are shown in Fig. 3

Ž .summed from M 4p s 1.0 to 2.4 GeV for
M q y q y, M q y, M , M , cosu q; here u q isp p p p p p 3p rp p p

the angle of pq with respect to the pqpy pair in
their rest frame, and x is the azimuthal angle be-
tween the planes of pqpy pairs in the rest frame of
the resonance X. The contributions of the various
components in this fit are shown in Fig. 4 and Fig. 5;
crosses are data and histograms the fit.
From Fig. 5, it can be seen that 2q resonances in

Ž .the high mass region decay mainly via f 1270 s2

Fig. 4. component contribution.

We should be able to observe this in CLEO-c and BESIII
and to independently measure branching ratios for
various f0(1500), f0(1710), and f0(1370) decays.
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The Case for J/ψ → γπ0π0 → 5γ

J/ψ → γπ+π− can be done, but it is hard:
X. Y. Shen. Mod. Phys. Lett. A 18, 340 (2003)

Better: Two identical particles (e.g. π0π0 or KSKS)
• Such backgrounds will not be observed.
• Only 0++, 2++, . . . are allowed

J/ψ → 5γ also allows J/ψ → γηη
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The Pseudoscalars η(1418) and η(1475)

Originally suggested as the “first glueball”:
M. S. Chanowitz, Phys. Rev. Lett. 46, 981 (1981)

Observed by Mark-II @ SPEAR in the decay
J/ψ → γKSK

±π∓

as a peak with M(KSK
±π∓) = 1440 MeV.

This became the “E/ι Puzzle”. We now understand this
region as populated by three different resonances:

f1(1420) → K̄K?+c.c. Accomodated by Quark Model

η(1418) → a0(980)π Only one of these. . .
η(1475) → K̄K?+c.c. . . . can be accomodated

Could the extra η be a glueball? No experimental
evidence against this, but it would disagree with lattice
gauge calculations.
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Data on J/ψ → γKK̄π

Z. Bai et al. (MARK-III), Phys. Rev. Lett. 65, 2507 (1990)

However, see also BES results:
J. Z. Bai et al., Phys. Lett. B 440, 217 (1998)
J. Z. Bai et al., Phys. Lett. B 476, 25 (2000)
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Resolving the Puzzles: I
High Statistics J/ψ → γX

Partial Wave Analysis relies on
subtle differences in the various
angular distributions.

BES: J/ψ → γK+K−

B. Global fit analysis

We now turn to the global fit to the J/!→"K!K" and
J/!→"KS

0KS
0 data. Each sample is analyzed independently,

and the fit results shown below are for their averaged values.
This fit has the merit of constraining phase variations as a
function of mass to simple Breit-Wigner forms. It also per-
forms the optimum averaging of helicity amplitudes and
their phases over resonances. Partial waves are fitted to the
data for the same components described in the bin-by-bin fit.
The broad 0!! component improves the fit significantly;
removing it causes the log likelihood value to become worse
by 221. For the f 2(1270) and f 0(1500), we use PDG values
of masses and widths, but allow the amplitudes to vary in the
fit. For the f 2!(1525), relative phases are consistent with zero
within experimental errors. It is expected theoretically that
relative phases should be very small, on order of #!1/137
for the electromagnetic transitions J/!→"!2!. In view of
the agreement with expectation, these relative phases are set
to zero in the final fit, so as to constrain intensities further.
A free fit to f 2!(1525) gives a fitted mass of 1519#2 MeV

and a width of 75#4 MeV. The fitted mass and width of the
f 0(1710) are M$1740#4 MeV and $$166"8

!5 MeV, re-
spectively. The fitted intensities are illustrated in Fig. 4. For
the f 2!(1525), we find the ratios of helicity amplitudes x2

$1.00#0.28 and y2$0.44#0.08. In this fit, we allow some
0! contribution under the f 2!(1525) peak, while previous
analyses by DM2 and Mark III %10,11& ignored the small 0!

contributions. The branching fractions of the f 2!(1525) and
the f 0(1710) determined by the global fit are B%J/!
→" f 2!(1525)→"KK̄&$(3.42#0.15)%10"4 and B%J/!
→" f 0(1710)→"KK̄&$(9.62#0.29)%10"4 respectively.
The errors shown here are also statistical. An alternative fit to
f J(1710) with JP$2! is worse by 258 in log likelihood
relative to 0! for "K!K" data and by 67 for "KS

0KS
0 . Re-

membering that three helicity amplitudes are fitted for spin 2
but only one for spin 0, the fit with JP$0! is preferred by
&10' after considering the two data samples together.
The separation between spin 0 and 2 is illustrated in Fig.

5, taking the J/!→"K!K" data as the example. Let us
denote the polar angle of the kaon in the KK̄ rest frame by
(K , and the polar angle of the photon in the J/! rest frame
by (" . The data are fitted simultaneously including impor-
tant correlations between (K and (" . The left panels show
resulting fits to cos (K for J$0 and 2. There is no significant
difference between the two fits. The distributions should be
flat for 0!, but the interference with the tail of f 2!(1525) has
a large effect. The right panels show the fits to cos (" ; the
optimum fit is visibly better for J$0 than for J$2. )If one
fits only the cos (" distribution, it is possible to fit equally
well with J$0 or 2, but then the fit to cos (K gets much
worse.*
If the f 0(1500) is removed from the fit, the log likelihood

is worse by 1.65 )3.58* for K!K" (KS
0KS

0), corresponding to
about 1.3' (2.2'). If the f 2(1270) is removed, the likeli-
hood is worse by 57.5 )13.6* for K!K" (KS

0KS
0), corre-

sponding to &5' (3.8').

V. SYSTEMATIC ERROR

The systematic error for the global fit is estimated by
adding or removing small components used in the fit, replac-
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PARTIAL WAVE ANALYSES OF J/!→"K!K" AND "KS
0KS

0 PHYSICAL REVIEW D 68, 052003 )2003*

052003-5

⇒ Need plenty of statistics not only for quality of fit, but
also to test sensitivity of acceptance to various cuts.

Note: Good place to start is with a well understood
detector with as flat an acceptance function as possible!
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Can one interfere J/ψ → γKK̄ with J/ψ → K?K̄?

B(J/ψ → γKK̄) ≈ 10−3

B(J/ψ → K?K̄) ≈ 10−2

B(K? → γK) ≈ 10−3

⇒ K? band has B ≈ 10−5
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M
2
(K
+
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K*

⇒ We might be able to exploit this for higher mass KK̄
resonances if there are high enough statistics.

14



Resolving the Puzzles: II
Radiative Decay as a Flavor Probe

F. E. Close, A. Donnachie and Y. S. Kalashnikova,
“Radiative decays: A new flavor filter,”

Phys. Rev. D 67, 074031 (2003)

Fundamental problem: How do the nn̄, ss̄, and glueball
scalars mix to form the f0(1710), f0(1370), and f0(1500)?

Hadronic decays can be used, but glueball is hard to model:
F. E. Close and A. Kirk, Eur. Phys. J. C 21, 531 (2001)

Photons only couple to the quarks.
⇒ Radiative decay width should be very sensitive

to the glueball/qq̄ admixture.
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Results of Model Calculations

Three Scenarios, based on values of bare masses:

M(glueball) < M(nn̄) ≡“L”
M(nn̄) < M(glueball) < M(ss̄) ≡“M”
M(glueball) > M(ss̄) ≡“H”

Radiative Decay Widths in keV ΓTot
f0 → γρ(770) f0 → γφ(1020) MeV

State L M H L M H
f0(1370) 443 1121 1540 8 9 32 ∼300
f0(1500) 2519 1458 476 9 60 454 109
f0(1710) 42 94 705 800 718 78 125

Excellent discrimination!

⇒ Expect B(f0 → γV ) ≈ 10−2 to 10−4.
For B(J/ψ → γf0) ≈ 10−3 we should acquire
10, 000 to 100 events for 109 J/ψ.
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MX ≥ 2 GeV/c2: Tensor glueballs and J = 4 mesons

The J/ψ → γX mass spectrum
shows a lot of structure for
MX ≥ 2 GeV/c2.

Example (BES):
J/ψ → γK+K−

J/ψ → γKSKS

tection efficiency for !K!K" is 14.7% and for !KS
0KS

0 is
14.5%. For the !K!K" channel, the experimental back-
ground arises mainly from the nonresonant K!K""0 and
two-body K*#K$ events which are peaked at high K!K"

masses. In the entire mass range, 14597 !K!K" events are
reconstructed, and the detailed Monte Carlo simulation of the
BES detector estimates a background of 3094 events. The
estimation of the background events in the !KS

0KS
0 sample is

obtained from the #KS
2 side band (28.7 MeV/c2)2%#KS

2

%(35 MeV/c2)2; this equal-area-selection provides a prop-
erly normalized background estimation. In Fig. 1$b%, there
are 3169 selected !KS

0KS
0 events and 413 background events.

IV. ANALYSIS RESULTS

We have carried out partial wave analyses using ampli-
tudes constructed from relativistic covariant tensors for all
possible ways of adding J of the KK̄ pair with spin 1 of the
photon and L, the orbital angular momentum in the produc-
tion process, to make JP&1" of the initial J/& '9(. Cross
sections are summed over photon polarizations. The relative
magnitudes and phases of the amplitudes are determined by a
maximum likelihood fit. The background events obtained
from Monte Carlo simulation or #KS

2 side band are included
into the data samples, but with the opposite sign of log like-
lihood compared to data. These events cancel background
within the data samples. The analyses are confined to masses
less than 2 GeV in order to ensure that a description contain-
ing only 0!! and 2!! amplitudes will be appropriate. The
KK̄ mass distributions from J/& radiative decays to K!K"

and KS
0KS

0 after acceptance and isospin corrections are shown
in Fig. 2. The event topologies of the K!K" and KS

0KS
0

modes are different, so that acceptance and background ef-
fects are rather different also. We fit the two sets of data
separately to check their consistency and find that there is
good quantitative agreement between the two solutions.

A. Bin-by-bin analysis

In the bin-by-bin analysis, the !K!K" and !KS
0KS

0 data
samples are divided into mass intervals 40 MeV wide, and
the angular distribution of each mass interval is fitted with
four independent helicity amplitude parameters, one (a0,0)
for JP&0! and three (a2,0 , a2,1 and a2,2) for 2! amplitudes
'3(. The angular distribution for the decay sequence J/&
→!X with X→KK̄ in terms of these amplitude parameters
is given by

W$)! ,)K%&
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64"2 !"a0,0 1!cos *!

2!5
!a2,0

1!cos *!

2 # 32 cos2*K"
1
2 $!a2,1

sin *!

!2
!3
2 sin *Kcos *Kei+K

!a2,2
1"cos *!

2
!6
4 sin2*Ke2i+K"2!"a0,0 1"cos *!

2!5
!a2,0

1"cos *!

2 # 32 cos2*K"
1
2 $

"a2,1
sin *!

!2
!3
2 sin *Kcos *Ke"i+K!a2,2

1!cos *!

2
!6
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where *K , +K are the polar and azimuthal angles of the kaon
in the X helicity frame and *! is the polar angle of the ra-
diative photon in the laboratory frame. Our normalization is
chosen to give

N,& d)!d)KW$)! ,)K%
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FIG. 1. Invariant mass spectra of $a% K!K", $b% KS
0KS

0 for
J/&→!KK̄ events, where the shaded histograms correspond to the
estimated background contributions.
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Quark model predicts many states with J ≤ 4.
Lattice QCD predicts glueballs with

JPC = 2++, 0++, 0−+, 2−+, 1+−.

Many interferences will require high statistics and
excellent control of systematics to disentangle the states.
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Conclusions

Radiative transitions between vector and scalar mesons
will provide strong constraints on the presence and
structure of glueballs with 1.3 ≤ M ≤ 2.0 GeV/c2.

High statistics J/ψ → γX, including X → γ{ρ, φ}, may
be within reach of CLEO-c and BESIII.

A complete analysis will be limited by data volume.
Will likely need ≥ 109 J/ψ’s.

The region with MX ≥ 2 GeV/c2 needs to be carefully
explored for narrow and/or broad resonances.
Partial Wave Analysis will be a necessary tool.

High statistics are good, but excellent knowledge of the
detector acceptance is also crucial.
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