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Outline

Motivation. 

The process γ+γ→ G(2++)+π0 as an 
opportunity to study tensor glueball

(12 slides)

Conclusion

Glueballs G(2++): experimental evidence,
    predictions and models 

(9 slides)



Glueballs gg-state 

The lightest glueballs have JPC quantum numbers of normal mesons and would appear as 
an SU(3) singlet state. If they are near a nonet of the same JPC quantum numbers, they will 
appear as an extra f-like state.  While the fact that there is an extra state is suggestive, the 
decay rates and production mechanisms  are also needed to unravel the quark content of 
the observed mesons. Crede, Mayer, 2009
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Figure 1. Mass spectrum of glueballs (in GeV on r.h.s.) for different quantum
numbers PC according to the quenched lattice calculations (figure from [18]).

has to be taken as input, such as the “string tension” or the “Sommer scale” 1/r0 ∼ 400

MeV [14].

As examples of recent lattice calculations from first principles, we mention the

results in full QCD on the conventional light hadron spectrum by the Budapest-

Marseilles-Wuppertal Collaboration [15] who has calculated the masses of the baryon
octet and decuplet states as well as the masses of some light mesons within a few

percent of accuracy. Here the masses of π, K and Ξ particles have been used to fix the

masses of light and strange quarks at their physical values as well as the overall mass

scale. Another result, obtained by the “Hadron Spectrum Collaboration” [16] concerns

the spectrum of lightest and the first excited isoscalar meson states which includes

quark-annihilation contributions. Remarkably, the mixing pattern of these mesons is
reproduced close to observations.

More difficult to compute is the spectrum of glueballs in full QCD, as these states are

heavier and therefore need higher statistics, in particular the scalar states with vacuum

quantum numbers have extra contributions difficult to disentangle. In full QCD there

is a mixing of gluonic and fermionic degrees of freedom, correspondingly one inserts

gluonic and fermionic operators for the relevant correlation functions. For sufficiently
light quark (pion) masses the glueball can decay into a meson pair which has to be

included in the consideration as well.

The spectrum of glueballs has been calculated at first within the pure (Yang-Mills)

gluon theory without quarks (“quenched approximation”). The lightest glueballs are

The mass spectrum of glueballs 
 from  lattice

fluctuation of a gluon into a quark-antiquark pair is left out. As computer power continues to increase,
and more e�cient ways of carrying out calculations evolve, this is starting to change.

There is also a lattice artifact that can a↵ect the mass calculations of the scalar glueball [36]. A
singularity not related to QCD can cause the mass of the scalar glueball to be artificially small. This
e↵ect is particularly apparent when Wilson fermions are used with too-large a lattice spacing. Other
choices are less sensitive to this, and when the lattice spacing is small enough, the e↵ect does go away.
However, for Wilson fermions, the critical value of � is 5.7, which is very close to the values used in
many glueball calculations.

Some of the earliest lattice calculations of the glueball spectrum were carried out in the quenched
approximation on relatively small lattices [37, 38]. These calculations indicated that the mass of the
lightest glueball spectrum started at about 1.5 GeV/c2. As both computational resources increased
and the lattice actions and methods improved, calculations on a larger lattice were carried out, and the
spectrum of the states began to emerge [39]. After extrapolating to the continuum limit, the lightest
three states emerge as the scalar (JPC = 0++), tensor (JPC = 2++) and the pseudoscalar (JPC = 0�+),
with the scalar around 1.55 ± 0.05 GeV/c2, the tensor at 2.27 ± 0.1 GeV/c2 and the pseudoscalar at
about the same mass. It was also possible to identify a number of other states with the first exotic
(non-qq̄) quantum number state above 3 GeV/c2.

A later calculation using a larger lattice and smaller lattice parameters yielded a mass for the scalar
glueball of 1.625 ± 0.094 GeV/c2 [40, 41]. The authors also calculated the decay of the scalar glueball
to pairs of pseudoscalar mesons and estimated that the total width of the glueball would be under
0.2 GeV/c2. They also found that the decay width of the scalar glueball depended on the mass of
the daughter mesons, with coupling increasing with mass. This was in contradiction to the lore that
glueballs should decay in a flavor-blind fashion with the coupling to pairs of pseudoscalar mesons being
independent of flavor or mass. Other work has followed this in discussions of violations of flavor-blind
decays [42,43]. This breaking is (e↵ectively) accomplished by introducing a parameter, r, in the matrix
that mixes quarkonium with glueballs. For flavor blind decays, r = 1. Values that are close to 1 are
typically found. On the lattice [40, 41], it is found that r = 1.2 ± 0.07, while a fit to data [42] finds

JPC M
G

(GeV/c2)

0++ 1.710(.050)(.080)

2++ 2.390(.030)(.120)

0�+ 2.560(.035)(.120)

1+� 2.980(.030)(.140)

2�+ 3.040(.040)(.150)

3+� 3.600(.040)(.170)

3++ 3.670(.050)(.180)

1�� 3.830(.040)(.190)

2�� 4.010(.045)(.200)

3�� 4.200(.045)(.200)

2+� 4.230(.050)(.200)

0+� 4.780(.060)(.230)

Table 5: The glueball mass spectrum in physical units. For the mass of the glueballs (M
G

), the first error
comes from the combined uncertainty of r

0

M
G

, the second from the uncertainty of r�1

0

= 410(20) MeV.
Data are taken from [35].
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Experimental evidence for tensor glueballs

JPC=2++ and with masses 2.0–2.5 GeVPDG

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)
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Full width Γ = 87+28

−23 MeV (S = 1.2)

φ3(1850) DECAY MODESφ3(1850) DECAY MODESφ3(1850) DECAY MODESφ3(1850) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K K seen 785

K K∗(892)+ c.c. seen 602

f2(1950)f2(1950)f2(1950)f2(1950) IG (JPC ) = 0+(2 + +)

Mass m = 1944 ± 12 MeV (S = 1.5)
Full width Γ = 472 ± 18 MeV
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γγ seen 972

f2(2010)f2(2010)f2(2010)f2(2010) IG (JPC ) = 0+(2 + +)

Mass m = 2011+60
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Full width Γ = 202 ± 60 MeV

f2(2010) DECAY MODESf2(2010) DECAY MODESf2(2010) DECAY MODESf2(2010) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen †

a4(2040)a4(2040)a4(2040)a4(2040) IG (JPC ) = 1−(4 + +)

Mass m = 2001 ± 10 MeV
Full width Γ = 313 ± 31 MeV
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f2(2150) IG (JPC ) = 0+(2 + +)

OMITTED FROM SUMMARY TABLE
This entry was previously called T0.

f2(2150) MASSf2(2150) MASSf2(2150) MASSf2(2150) MASS

f2(2150) MASS, COMBINED MODES (MeV)f2(2150) MASS, COMBINED MODES (MeV)f2(2150) MASS, COMBINED MODES (MeV)f2(2150) MASS, COMBINED MODES (MeV)
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

• • • We do not use the following data for averages, fits, limits, etc. • • •

2170± 6 80k 1 UMAN 06 E835 5.2 pp → ηηπ0

1 Statistical error only.

ηη MODEηη MODEηη MODEηη MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE

2151±16 BARBERIS 00E 450 pp → pf ηηps
2175±20 PROKOSHKIN 95D GAM4 300 π−N → π−N 2η,

450 pp → pp2η
2130±35 SINGOVSKI 94 GAM4 450 pp → pp2η

• • • We do not use the following data for averages, fits, limits, etc. • • •

2140±30 2 ABELE 99B CBAR

2104±20 3 ARMSTRONG 93C E760 pp → π0ηη → 6γ

2 Spin not determined.
3No JPC determination.

ηππ MODEηππ MODEηππ MODEηππ MODE
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

• • • We do not use the following data for averages, fits, limits, etc. • • •

2135±20±45 4 ADOMEIT 96 CBAR 0 1.94 pp → η3π0

4ANISOVICH 00E recommends to withdraw ADOMEIT 96 that assumed a single JP =

2+ resonance.

pp → ππpp → ππpp → ππpp → ππ

VALUE (MeV) DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

∼ 2090 5 OAKDEN 94 RVUE 0.36–1.55 pp → ππ
∼ 2120 6 OAKDEN 94 RVUE 0.36–1.55 pp → ππ
∼ 2170 7 MARTIN 80B RVUE
∼ 2150 7 MARTIN 80C RVUE

∼ 2150 8 DULUDE 78B OSPK 1–2 pp → π0π0
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2 Spin not determined.
3No JPC determination.

ηππ MODEηππ MODEηππ MODEηππ MODE
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

• • • We do not use the following data for averages, fits, limits, etc. • • •

2135±20±45 4 ADOMEIT 96 CBAR 0 1.94 pp → η3π0

4ANISOVICH 00E recommends to withdraw ADOMEIT 96 that assumed a single JP =

2+ resonance.

pp → ππpp → ππpp → ππpp → ππ

VALUE (MeV) DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

∼ 2090 5 OAKDEN 94 RVUE 0.36–1.55 pp → ππ
∼ 2120 6 OAKDEN 94 RVUE 0.36–1.55 pp → ππ
∼ 2170 7 MARTIN 80B RVUE
∼ 2150 7 MARTIN 80C RVUE

∼ 2150 8 DULUDE 78B OSPK 1–2 pp → π0π0
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φ3(1850)φ3(1850)φ3(1850)φ3(1850) IG (JPC ) = 0−(3 −−)

Mass m = 1854 ± 7 MeV
Full width Γ = 87+28

−23 MeV (S = 1.2)

φ3(1850) DECAY MODESφ3(1850) DECAY MODESφ3(1850) DECAY MODESφ3(1850) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K K seen 785

K K∗(892)+ c.c. seen 602

π2(1880)π2(1880)π2(1880)π2(1880) IG (JPC ) = 1−(2 − +)

Mass m = 1895 ± 16 MeV
Full width Γ = 235 ± 34 MeV

f2(1950)f2(1950)f2(1950)f2(1950) IG (JPC ) = 0+(2 + +)

Mass m = 1944 ± 12 MeV (S = 1.5)
Full width Γ = 472 ± 18 MeV

f2(1950) DECAY MODESf2(1950) DECAY MODESf2(1950) DECAY MODESf2(1950) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K∗(892)K∗(892) seen 387

π+π− seen 962

π0π0 seen 963

4π seen 925

ηη seen 803

K K seen 837

γγ seen 972

pp seen 254

f2(2010)f2(2010)f2(2010)f2(2010) IG (JPC ) = 0+(2 + +)

Mass m = 2011+60
−80 MeV

Full width Γ = 202 ± 60 MeV

f2(2010) DECAY MODESf2(2010) DECAY MODESf2(2010) DECAY MODESf2(2010) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen †

K K seen 876

a4(2040)a4(2040)a4(2040)a4(2040) IG (JPC ) = 1−(4 + +)

Mass m = 1995+10
− 8 MeV (S = 1.1)

Full width Γ = 257+25
−23 MeV (S = 1.3)
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fJ(2220) IG (JPC ) = 0+(2 + + or 4 + +)

OMITTED FROM SUMMARY TABLE
Needs confirmation. See our mini-review in the 2004 edition of this

Review, PDG 04.

fJ (2220) MASSfJ (2220) MASSfJ(2220) MASSfJ(2220) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

2231.1± 3.5 OUR AVERAGE2231.1± 3.5 OUR AVERAGE2231.1± 3.5 OUR AVERAGE2231.1± 3.5 OUR AVERAGE

2235 ± 4 ± 6 74 BAI 96B BES e+ e− → J/ψ → γπ+π−

2230 + 6
− 7 ±16 46 BAI 96B BES e+ e− → J/ψ →

γK+K−

2232 + 8
− 7 ±15 23 BAI 96B BES e+ e− → J/ψ → γK0

S
K0

S

2235 ± 4 ± 5 32 BAI 96B BES e+ e− → J/ψ → γpp

2209 +17
−15 ±10 ASTON 88F LASS 11 K− p → K+K−Λ

2230 ±20 BOLONKIN 88 SPEC 40 π− p → K0
S

K0
S

n

2220 ±10 41 1 ALDE 86B GA24 38–100 πp → nηη′

2230 ± 6 ±14 93 BALTRUSAIT...86D MRK3 e+ e− → γK+K−

2232 ± 7 ± 7 23 BALTRUSAIT...86D MRK3 e+ e− → γK0
S

K0
S

• • • We do not use the following data for averages, fits, limits, etc. • • •

2223.9± 2.5 2 VLADIMIRSK...08 SPEC 40 π− p → K0
S

K0
S

n +mπ0

2246 ±36 BAI 98H BES J/ψ → γπ0π0

1ALDE 86B uses data from both the GAMS-2000 and GAMS-4000 detectors.
2 JPC = 2 + +. Systematic uncertaities not evaluated

fJ (2220) WIDTHfJ (2220) WIDTHfJ (2220) WIDTHfJ (2220) WIDTH

VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT

23+ 8
− 7 OUR AVERAGE23+ 8
− 7 OUR AVERAGE23+ 8
− 7 OUR AVERAGE23+ 8
− 7 OUR AVERAGE

19+ 13
− 11±12 74 BAI 96B BES e+ e− → J/ψ →

γπ+π−

20+ 20
− 15±17 46 BAI 96B BES e+ e− → J/ψ →

γK+ K−

20+ 25
− 16±14 23 BAI 96B BES e+ e− → J/ψ →

γK0
S

K0
S

15+ 12
− 9± 9 32 BAI 96B BES e+ e− → J/ψ →

γpp

60+107
− 57 ASTON 88F LASS 11 K− p → K+ K−Λ

80± 30 BOLONKIN 88 SPEC 40 π− p → K0
S

K0
S

n

26+ 20
− 16±17 93 BALTRUSAIT...86D MRK3 e+ e− → γK+ K−

18+ 23
− 15±10 23 BALTRUSAIT...86D MRK3 e+ e− → γK0

S
K0

S
• • • We do not use the following data for averages, fits, limits, etc. • • •
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f2(2150) IG (JPC ) = 0+(2 + +)

OMITTED FROM SUMMARY TABLE
This entry was previously called T0.

f2(2150) MASSf2(2150) MASSf2(2150) MASSf2(2150) MASS

f2(2150) MASS, COMBINED MODES (MeV)f2(2150) MASS, COMBINED MODES (MeV)f2(2150) MASS, COMBINED MODES (MeV)f2(2150) MASS, COMBINED MODES (MeV)
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

• • • We do not use the following data for averages, fits, limits, etc. • • •

2170± 6 80k 1 UMAN 06 E835 5.2 pp → ηηπ0

1 Statistical error only.

ηη MODEηη MODEηη MODEηη MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE2157±12 OUR AVERAGE

2151±16 BARBERIS 00E 450 pp → pf ηηps
2175±20 PROKOSHKIN 95D GAM4 300 π−N → π−N 2η,

450 pp → pp2η
2130±35 SINGOVSKI 94 GAM4 450 pp → pp2η

• • • We do not use the following data for averages, fits, limits, etc. • • •

2140±30 2 ABELE 99B CBAR

2104±20 3 ARMSTRONG 93C E760 pp → π0ηη → 6γ

2 Spin not determined.
3No JPC determination.

ηππ MODEηππ MODEηππ MODEηππ MODE
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

• • • We do not use the following data for averages, fits, limits, etc. • • •

2135±20±45 4 ADOMEIT 96 CBAR 0 1.94 pp → η3π0

4ANISOVICH 00E recommends to withdraw ADOMEIT 96 that assumed a single JP =

2+ resonance.

pp → ππpp → ππpp → ππpp → ππ

VALUE (MeV) DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

∼ 2090 5 OAKDEN 94 RVUE 0.36–1.55 pp → ππ
∼ 2120 6 OAKDEN 94 RVUE 0.36–1.55 pp → ππ
∼ 2170 7 MARTIN 80B RVUE
∼ 2150 7 MARTIN 80C RVUE

∼ 2150 8 DULUDE 78B OSPK 1–2 pp → π0π0
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8.6 ± 2.5 1 VLADIMIRSK...08 SPEC 40 π− p → K0
S

K0
S

n

+mπ0

<80 90 ALDE 87C GAM2 38 π− p → η′ ηn

1 JPC = 2 + +. Systematic uncertaities not evaluated

fJ(2220) DECAY MODESfJ(2220) DECAY MODESfJ (2220) DECAY MODESfJ (2220) DECAY MODES

Mode Fraction (Γi /Γ)

Γ1 ππ not seen

Γ2 π+π− not seen

Γ3 K K not seen

Γ4 pp not seen

Γ5 γγ not seen

Γ6 ηη′(958) seen

Γ7 φφ not seen

Γ8 ηη not seen

fJ (2220) Γ(i)Γ(γγ)/Γ(total)fJ (2220) Γ(i)Γ(γγ)/Γ(total)fJ (2220) Γ(i)Γ(γγ)/Γ(total)fJ (2220) Γ(i)Γ(γγ)/Γ(total)

Γ
(

K K
)

× Γ
(

γγ
)

/Γtotal Γ3Γ5/ΓΓ
(

K K
)

× Γ
(

γγ
)

/Γtotal Γ3Γ5/ΓΓ
(

K K
)

× Γ
(

γγ
)

/Γtotal Γ3Γ5/ΓΓ
(

K K
)

× Γ
(

γγ
)

/Γtotal Γ3Γ5/Γ
VALUE (eV) CL% DOCUMENT ID TECN COMMENT

< 1.4 95 1 ACCIARRI 01H L3 γγ → K0
S

K0
S

, Eee
cm=

91, 183–209 GeV
• • • We do not use the following data for averages, fits, limits, etc. • • •

< 5.6 95 1 GODANG 97 CLE2 γγ → K0
S

K0
S

< 86 95 1 ALBRECHT 90G ARG γγ → K+K−

<1000 95 2 ALTHOFF 85B TASS γγ, K K π

Γ
(

ππ
)

× Γ
(

γγ
)

/Γtotal Γ1Γ5/ΓΓ
(

ππ
)

× Γ
(

γγ
)

/Γtotal Γ1Γ5/ΓΓ
(

ππ
)

× Γ
(

γγ
)

/Γtotal Γ1Γ5/ΓΓ
(

ππ
)

× Γ
(

γγ
)

/Γtotal Γ1Γ5/Γ
VALUE (eV) CL% DOCUMENT ID TECN COMMENT

<2.5<2.5<2.5<2.5 95 ALAM 98C CLE2 γγ → π+π−

1Assuming JP = 2+.
2True for JP = 0+ and JP = 2+.

fJ (2220) Γ(i)Γ(pp)/Γ2(total)fJ (2220) Γ(i)Γ(pp)/Γ2(total)fJ (2220) Γ(i)Γ(pp)/Γ2(total)fJ (2220) Γ(i)Γ(pp)/Γ2(total)

Γ
(

pp
)

/Γtotal × Γ
(

ππ
)

/Γtotal Γ4/Γ × Γ1/ΓΓ
(

pp
)

/Γtotal × Γ
(

ππ
)

/Γtotal Γ4/Γ × Γ1/ΓΓ
(

pp
)

/Γtotal × Γ
(

ππ
)

/Γtotal Γ4/Γ × Γ1/ΓΓ
(

pp
)

/Γtotal × Γ
(

ππ
)

/Γtotal Γ4/Γ × Γ1/Γ

VALUE (units 10−5) CL% DOCUMENT ID TECN COMMENT

<18<18<18<18 95 1 AMSLER 01 CBAR 1.4–1.5 pp → π0π0

• • • We do not use the following data for averages, fits, limits, etc. • • •

<(11–42) 99 2 HASAN 96 SPEC 1.35–1.55 pp →

π+π−

Γ
(

pp
)

/Γtotal × Γ
(

φφ
)

/Γtotal Γ4/Γ × Γ7/ΓΓ
(

pp
)

/Γtotal × Γ
(

φφ
)

/Γtotal Γ4/Γ × Γ7/ΓΓ
(

pp
)

/Γtotal × Γ
(

φφ
)

/Γtotal Γ4/Γ × Γ7/ΓΓ
(

pp
)

/Γtotal × Γ
(

φφ
)

/Γtotal Γ4/Γ × Γ7/Γ

VALUE (units 10−5) CL% DOCUMENT ID TECN COMMENT

<6<6<6<6 95 3 EVANGELIS... 98 SPEC 1.1-2.0 pp → φφ
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S-CHANNEL pp, N N or K KS-CHANNEL pp, N N or K KS-CHANNEL pp, N N or K KS-CHANNEL pp, N N or K K
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

56+31
−16

19 EVANGELIS... 97 SPEC 0.6-2.4 pp → K0
S

K0
S

135±75 20,21 COUPLAND 77 CNTR 0 0.7–2.4 pp → pp

98± 8 21 ALSPECTOR 73 CNTR pp S channel

19 Isospin 0 and 2 not separated.
20 From a fit to the total elastic cross section.
21 Isospins 0 and 1 not separated.

K K MODEK K MODEK K MODEK K MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

91±62 VLADIMIRSK...06 SPEC 40 π− p → K0
S

K0
S

n

150±30 ABLIKIM 04E BES2 J/ψ → ωK+ K−

270±50 BARBERIS 99 OMEG 450 pp → ps pf K+ K−

f2(2150) DECAY MODESf2(2150) DECAY MODESf2(2150) DECAY MODESf2(2150) DECAY MODES

Mode Fraction (Γi /Γ)

Γ1 ππ

Γ2 ηη seen

Γ3 K K seen

Γ4 f2(1270)η seen

Γ5 a2(1320)π seen

Γ6 pp seen

f2(2150) BRANCHING RATIOSf2(2150) BRANCHING RATIOSf2(2150) BRANCHING RATIOSf2(2150) BRANCHING RATIOS

Γ
(

K K
)

/Γ
(

ηη
)

Γ3/Γ2Γ
(

K K
)

/Γ
(

ηη
)

Γ3/Γ2Γ
(

K K
)

/Γ
(

ηη
)

Γ3/Γ2Γ
(

K K
)

/Γ
(

ηη
)

Γ3/Γ2
VALUE CL% DOCUMENT ID TECN COMMENT

1.28±0.231.28±0.231.28±0.231.28±0.23 BARBERIS 00E 450 pp → pf ηηps
• • • We do not use the following data for averages, fits, limits, etc. • • •

<0.1 95 22 PROKOSHKIN 95D GAM4 300 π−N → π−N 2η,
450 pp → pp2η

22Using data from ARMSTRONG 89D.

Γ
(

ππ
)

/Γ
(

ηη
)

Γ1/Γ2Γ
(

ππ
)

/Γ
(

ηη
)

Γ1/Γ2Γ
(

ππ
)

/Γ
(

ηη
)

Γ1/Γ2Γ
(

ππ
)

/Γ
(

ηη
)

Γ1/Γ2
VALUE CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

<0.33 95 23 PROKOSHKIN 95D GAM4 300 π−N → π−N 2η,
450 pp → pp2η

23Derived from a π0π0/ηη limit.
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f2(2300)f2(2300)f2(2300)f2(2300) IG (JPC ) = 0+(2 + +)

Mass m = 2297 ± 28 MeV
Full width Γ = 149 ± 40 MeV

f2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 529

K K seen 1037

γγ seen 1149

f2(2340)f2(2340)f2(2340)f2(2340) IG (JPC ) = 0+(2 + +)

Mass m = 2345+50
−40 MeV

Full width Γ = 322+70
−60 MeV

f2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 580

ηη seen 1037

NOTES

[a] See the “Note on π± → ℓ±ν γ and K± → ℓ±ν γ Form Factors” in the
π± Particle Listings for definitions and details.

[b] Measurements of Γ(e+ νe)/Γ(µ+νµ) always include decays with γ’s, and

measurements of Γ(e+ νe γ) and Γ(µ+νµ γ) never include low-energy γ’s.
Therefore, since no clean separation is possible, we consider the modes
with γ’s to be subreactions of the modes without them, and let [Γ(e+νe)
+ Γ(µ+νµ)]/Γtotal = 100%.

[c] See the π± Particle Listings for the energy limits used in this measure-
ment; low-energy γ’s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10−13; see
the π0 Particle Listings.

[f ] C parity forbids this to occur as a single-photon process.

[g ] See the “Note on scalar mesons” in the f0(500) Particle Listings . The
interpretation of this entry as a particle is controversial.

[h] See the “Note on ρ(770)” in the ρ(770) Particle Listings .

[i ] The ωρ interference is then due to ωρ mixing only, and is expected to
be small. If e µ universality holds, Γ(ρ0 → µ+µ−) = Γ(ρ0 → e+ e−)
× 0.99785.
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f2(2300)f2(2300)f2(2300)f2(2300) IG (JPC ) = 0+(2 + +)

Mass m = 2297 ± 28 MeV
Full width Γ = 149 ± 40 MeV

f2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 529

K K seen 1037

γγ seen 1149

f2(2340)f2(2340)f2(2340)f2(2340) IG (JPC ) = 0+(2 + +)

Mass m = 2345+50
−40 MeV

Full width Γ = 322+70
−60 MeV

f2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 580

ηη seen 1037

NOTES

[a] See the “Note on π± → ℓ±ν γ and K± → ℓ±ν γ Form Factors” in the
π± Particle Listings for definitions and details.

[b] Measurements of Γ(e+ νe)/Γ(µ+νµ) always include decays with γ’s, and

measurements of Γ(e+ νe γ) and Γ(µ+νµ γ) never include low-energy γ’s.
Therefore, since no clean separation is possible, we consider the modes
with γ’s to be subreactions of the modes without them, and let [Γ(e+νe)
+ Γ(µ+νµ)]/Γtotal = 100%.

[c] See the π± Particle Listings for the energy limits used in this measure-
ment; low-energy γ’s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10−13; see
the π0 Particle Listings.

[f ] C parity forbids this to occur as a single-photon process.

[g ] See the “Note on scalar mesons” in the f0(500) Particle Listings . The
interpretation of this entry as a particle is controversial.

[h] See the “Note on ρ(770)” in the ρ(770) Particle Listings .

[i ] The ωρ interference is then due to ωρ mixing only, and is expected to
be small. If e µ universality holds, Γ(ρ0 → µ+µ−) = Γ(ρ0 → e+ e−)
× 0.99785.
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f2(2300)f2(2300)f2(2300)f2(2300) IG (JPC ) = 0+(2 + +)

Mass m = 2297 ± 28 MeV
Full width Γ = 149 ± 40 MeV

f2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 529

K K seen 1037

γγ seen 1149

f2(2340)f2(2340)f2(2340)f2(2340) IG (JPC ) = 0+(2 + +)

Mass m = 2345+50
−40 MeV

Full width Γ = 322+70
−60 MeV

f2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 580

ηη seen 1037

NOTES

[a] See the “Note on π± → ℓ±ν γ and K± → ℓ±ν γ Form Factors” in the
π± Particle Listings for definitions and details.

[b] Measurements of Γ(e+ νe)/Γ(µ+νµ) always include decays with γ’s, and

measurements of Γ(e+ νe γ) and Γ(µ+νµ γ) never include low-energy γ’s.
Therefore, since no clean separation is possible, we consider the modes
with γ’s to be subreactions of the modes without them, and let [Γ(e+νe)
+ Γ(µ+νµ)]/Γtotal = 100%.

[c] See the π± Particle Listings for the energy limits used in this measure-
ment; low-energy γ’s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10−13; see
the π0 Particle Listings.

[f ] C parity forbids this to occur as a single-photon process.

[g ] See the “Note on scalar mesons” in the f0(500) Particle Listings . The
interpretation of this entry as a particle is controversial.

[h] See the “Note on ρ(770)” in the ρ(770) Particle Listings .

[i ] The ωρ interference is then due to ωρ mixing only, and is expected to
be small. If e µ universality holds, Γ(ρ0 → µ+µ−) = Γ(ρ0 → e+ e−)
× 0.99785.
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f2(2300)f2(2300)f2(2300)f2(2300) IG (JPC ) = 0+(2 + +)

Mass m = 2297 ± 28 MeV
Full width Γ = 149 ± 40 MeV

f2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODESf2(2300) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 529

K K seen 1037

γγ seen 1149

f2(2340)f2(2340)f2(2340)f2(2340) IG (JPC ) = 0+(2 + +)

Mass m = 2345+50
−40 MeV

Full width Γ = 322+70
−60 MeV

f2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 580

ηη seen 1037

NOTES

[a] See the “Note on π± → ℓ±ν γ and K± → ℓ±ν γ Form Factors” in the
π± Particle Listings for definitions and details.

[b] Measurements of Γ(e+ νe)/Γ(µ+νµ) always include decays with γ’s, and

measurements of Γ(e+ νe γ) and Γ(µ+νµ γ) never include low-energy γ’s.
Therefore, since no clean separation is possible, we consider the modes
with γ’s to be subreactions of the modes without them, and let [Γ(e+νe)
+ Γ(µ+νµ)]/Γtotal = 100%.

[c] See the π± Particle Listings for the energy limits used in this measure-
ment; low-energy γ’s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10−13; see
the π0 Particle Listings.

[f ] C parity forbids this to occur as a single-photon process.

[g ] See the “Note on scalar mesons” in the f0(500) Particle Listings . The
interpretation of this entry as a particle is controversial.

[h] See the “Note on ρ(770)” in the ρ(770) Particle Listings .

[i ] The ωρ interference is then due to ωρ mixing only, and is expected to
be small. If e µ universality holds, Γ(ρ0 → µ+µ−) = Γ(ρ0 → e+ e−)
× 0.99785.
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K K seen 1037

γγ seen 1149

f2(2340)f2(2340)f2(2340)f2(2340) IG (JPC ) = 0+(2 + +)

Mass m = 2345+50
−40 MeV

Full width Γ = 322+70
−60 MeV

f2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODESf2(2340) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

φφ seen 580

ηη seen 1037

NOTES

[a] See the “Note on π± → ℓ±ν γ and K± → ℓ±ν γ Form Factors” in the
π± Particle Listings for definitions and details.

[b] Measurements of Γ(e+ νe)/Γ(µ+νµ) always include decays with γ’s, and

measurements of Γ(e+ νe γ) and Γ(µ+νµ γ) never include low-energy γ’s.
Therefore, since no clean separation is possible, we consider the modes
with γ’s to be subreactions of the modes without them, and let [Γ(e+νe)
+ Γ(µ+νµ)]/Γtotal = 100%.

[c] See the π± Particle Listings for the energy limits used in this measure-
ment; low-energy γ’s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10−13; see
the π0 Particle Listings.

[f ] C parity forbids this to occur as a single-photon process.

[g ] See the “Note on scalar mesons” in the f0(500) Particle Listings . The
interpretation of this entry as a particle is controversial.

[h] See the “Note on ρ(770)” in the ρ(770) Particle Listings .

[i ] The ωρ interference is then due to ωρ mixing only, and is expected to
be small. If e µ universality holds, Γ(ρ0 → µ+µ−) = Γ(ρ0 → e+ e−)
× 0.99785.
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TABLE I: Summary of the PWA results, including the masses and widths for resonances, branching ratios of J/ψ → γX, as

well as the significance. The first errors are statistical and the second ones are systematic. The statistic significances here are

obtained according to the changes of the log likelihood.

Resonance Mass(MeV/c2) Width(MeV/c2) B(J/ψ → γX → γηη) Significance

f0(1500) 1468+14+23
−15−74 136+41+28

−26−100 (1.65+0.26+0.51
−0.31−1.40)× 10−5 8.2 σ

f0(1710) 1759±6+14
−25 172±10+32

−16 (2.35+0.13+1.24
−0.11−0.74)× 10−4 25.0 σ

f0(2100) 2081±13+24
−36 273+27+70

−24−23 (1.13+0.09+0.64
−0.10−0.28)× 10−4 13.9 σ

f
′

2(1525) 1513±5+4
−10 75+12+16

−10−8 (3.42+0.43+1.37
−0.51−1.30)× 10−5 11.0 σ

f2(1810) 1822+29+66
−24−57 229+52+88

−42−155 (5.40+0.60+3.42
−0.67−2.35)× 10−5 6.4 σ

f2(2340) 2362+31+140
−30−63 334+62+165

−54−100 (5.60+0.62+2.37
−0.65−2.07)× 10−5 7.6 σ

solid histograms are the projections of the PWA for the specific components.

1. Scalar components

The histogram in Fig. 3 (h) shows the contribution of all the scalar components, where the dominant ones are

from f0(1710) and f0(2100). For the f0(1710) meson, the PWA gives a mass of 1759±6 MeV/c2 and a width of

172±10 MeV/c2 with a statistical significance of 25σ; the mass and width are consistent with those obtained from

J/ψ → γKK̄ [23] and J/ψ → γππ [24] at BESII. The f0(2100) is observed with a statistical significance of 13.9σ, and

its mass and width are determined to be 2081±13 MeV/c2 and 273+27
−24 MeV/c2, respectively, which are in agreement

with previous measurements [25–28]. The product branching fractions of the f0(1710) and f0(2100) are measured to

be B(J/ψ → γf0(1710)→ γηη) = (2.35+0.13
−0.11)× 10−4 and B(J/ψ → γf0(2100) → γηη)=(1.13+0.09

−0.10)× 10−4, where the

errors are statistical only.

The f0(1500) is observed with a statistical significance of 8.2σ, but its production rate, B(J/ψ → γf0(1500) →

γηη)=(1.65+0.26
−0.31) × 10−5, is about one order of magnitude lower than that of f0(1710) and f0(2100) since its dom-

inant decay modes are 4π and ππ [16]. The mass and width obtained from the global fit are 1468+14
−15 MeV/c2 and

136+41
−26 MeV/c2, respectively, which are consistent with the BESII measurements in J/ψ → γππ [24].

The first experimental evidence for the f0(1790) (M=1790+40
−30 MeV/c2 and Γ=270+60

−30 MeV/c2) was observed in

J/ψ → φππ [29]. Of interest is that no evidence was observed in J/ψ → φKK̄ [29]. In this analysis, if the dominate

f0(1710) in the basic solution is replaced with f0(1790), the log likelihood is worsen by 30. If the f0(1790) is included
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The histogram in Fig. 3 (h) shows the contribution of all the scalar components, where the dominant ones are

from f0(1710) and f0(2100). For the f0(1710) meson, the PWA gives a mass of 1759±6 MeV/c2 and a width of

172±10 MeV/c2 with a statistical significance of 25σ; the mass and width are consistent with those obtained from

J/ψ → γKK̄ [23] and J/ψ → γππ [24] at BESII. The f0(2100) is observed with a statistical significance of 13.9σ, and

its mass and width are determined to be 2081±13 MeV/c2 and 273+27
−24 MeV/c2, respectively, which are in agreement
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The f0(1500) is observed with a statistical significance of 8.2σ, but its production rate, B(J/ψ → γf0(1500) →

γηη)=(1.65+0.26
−0.31) × 10−5, is about one order of magnitude lower than that of f0(1710) and f0(2100) since its dom-

inant decay modes are 4π and ππ [16]. The mass and width obtained from the global fit are 1468+14
−15 MeV/c2 and

136+41
−26 MeV/c2, respectively, which are consistent with the BESII measurements in J/ψ → γππ [24].

The first experimental evidence for the f0(1790) (M=1790+40
−30 MeV/c2 and Γ=270+60

−30 MeV/c2) was observed in
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FIG. 3: Contribution of the components. (a) f0(1500), (b) f0(1710), (c) f0(2100), (d) f
′

2(1525), (e) f2(1810), (f) f2(2340), (g)

0++ phase space, (h) total 0++ component, and (i) total 2++ component. The dots with error bars are data with background

subtracted, and the solid histograms are the projection of the PWA.

tensor meson close to 1.5 GeV/c2, f2(1565), the log likelihood is worse by 18. The PWA is also performed including

f2(1565) as an additional resonance, and its statistical significance is only 2.0σ.

The global fit shows that there is a tensor component around 1.8 GeV/c2 with a statistical significance of 6.4σ,

and its mass and width are determined to be 1822+29
−24 MeV/c2 and 229+52

−42 MeV/c2, respectively, which is likely to be

the f2(1810). However the changes of the log likelihood value are only 0.8 or 0.7, if we replace it with the f2(1910)

or f2(1950), respectively, using the world average values for their masses and widths [16], which indicates that we

cannot distinguish it from f2(1810), f2(1910) and f2(1950) with the present statistics. In this analysis, this tensor

component is denoted as f2(1810), and the ambiguous assignment of f2(1810) or f2(1950) is considered as a source

of systematic error.

To investigate contributions from other possible tensor resonances, f2(2010), f2(2150), fJ(2220), f2(2300) and

f2(2340), the fits were performed with alternative combinations, and the statistical significances of f2(2010), f2(2150)

Contribution of f2(2340) 
to the data according to PWA 

dots with error bars are data 
with the background events 
subtracted

9

is the measured cross section of the resonance X and is calculated with the same MC sample as the measured total

cross section σ′.

The branching ratio of J/ψ → γX,X → ηη is calculated with:

B(J/ψ → γX → γηη) =
NX

NJ/ψ · εX · B2
η→γγ

, (12)

where the detection efficiency εX is obtained by the partial wave amplitude weighted MC sample,

εX =
σX
σgen
X

=

∑Nacc

k |
∑NW

j (Aj)k|2

∑Ngen

i |
∑NW

j (Aj)i|2
. (13)

The statistical errors for masses, widths and branching ratios in a PWA are defined as one standard deviation from

the optimized results, which corresponds to a change, 0.5, of the log likelihood value for a specific parameter. In this

analysis, the changes of log likelihood value and the number of free parameters in the fit with or without a resonance

are used to evaluate the statistical significance of this resonance.

B. PWA results

In this analysis, all possible combinations of 0++, 2++, 4++ resonances listed in the PDG summary table [22] are

evaluated, and the fitted components with statistical significance larger than 5.0σ are kept as the basic solution. The

contribution from 4++ (f4(2050)) with a statistical significance of 0.4σ is ignored. There are six resonances, f0(1500),

f0(1710), f0(2100), f
′

2(1525), f2(1810), f2(2340), as well as 0++ phase space and J/ψ → φη included in the basic

solution. Although most of the J/ψ → φη events have been rejected by the above φ mass window requirement,

J/ψ → φη is included in the PWA to evaluate its impact from the interference between the tail of φ and other

components from J/ψ → γX(X → ηη). The masses and widths of the resonances, branching ratios of J/ψ radiative

decaying to X and the statistical significances are summarized in Table I.

The comparisons of the ηη invariant mass spectrum, cos θη, cos θγ and φη distributions between the data and the

PWA fit projections (weighted by MC efficiencies) are displayed in Fig. 2 (a), (b), (c), and (d), where θγ is the polar

angle of the radiative photon in the J/ψ rest frame, and θη and φη are the polar angle and azimuthal angle of η

in the ηη helicity frame. The PWA results provide a good description of data. To illustrate the contributions from

each component, the PWA projections for each specific resonance are plotted (Fig. 3 (a)-(f): f0(1500), f0(1710),

f0(2100), f
′

2(1525), f2(1810), f2(2340)), 0
++ phase space (Fig. 3 (g)), total 0++ component (Fig. 3 (h)) and total

2++ component (Fig. 3 (i)), where the dots with error bars are data with the background events subtracted and the

lattice prediction  Chen et al, PRL 111(2013) Br[J/ ! �G2] ' 1.1%

MG2 = 2.37MeV
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in the NLL value and the number of free parameters in
the fit with and without a resonance are used to evalu-
ate its statistical significance. In the baseline solution,
there are three 0−+ resonances (η(2225), η(2100), and
X(2500)), one 0++ resonance (f0(2100)), three 2++ reso-
nances (f2(2010), f2(2300), and f2(2340)), and the direct
decay of J/ψ → γφφ, which is modeled by a 0−+ phase
space distribution (0−+ PHSP) of the φφ system. The
statistical significance of each component in the baseline
solution is larger than 5 σ. The masses and widths of the
three 0−+ resonances are free parameters in the fit. The
resonance parameters of the 0++ and 2++ resonances are
fixed to the PDG [25] values due to limited statistics. The
masses and widths of the resonances, product branching
fractions of J/ψ → γX , X → φφ, and the statistical
significances are summarized in Table I, where the first
errors are statistical, and the second ones are systematic.
The fit fraction of each component and their interference
fractions are shown in Table II. Figure 2(a) shows a com-
parison of the data and the PWA fit projection (weighted
by MC efficiencies) of the invariant mass distributions of
φφ for the fitted parameters. The comparisons of the pro-
jected data and MC angular distributions for the events
with φφ invariant mass less than 2.7 GeV/c2 are shown
in Fig. 2(b)−2(e). The χ2/nbin value is displayed on each
figure to demonstrate the goodness of fit, where nbin is
the number of bins of each figure and χ2 is defined as:

χ2 =
nbin
∑

i=1

(ni − νi)2

νi
, (15)

where ni and νi are the number of events for the data
and the fit projections with the baseline solution in the
ith bin of each figure, respectively.

TABLE I. Mass, width, B(J/ψ → γX → γφφ) (B.F.) and
significance (Sig.) of each component in the baseline solu-
tion. The first errors are statistical and the second ones are
systematic.

Resonance M(MeV/c2) Γ(MeV/c2) B.F.(×10−4) Sig.

η(2225) 2216+4
−5

+21
−11 185+12

−14
+43
−17 (2.40 ± 0.10+2.47

−0.18) 28 σ

η(2100) 2050+30
−24

+75
−26 250+36

−30
+181
−164 (3.30 ± 0.09+0.18

−3.04) 22 σ

X(2500) 2470+15
−19

+101
−23 230+64

−35
+56
−33 (0.17 ± 0.02+0.02

−0.08) 8.8 σ

f0(2100) 2101 224 (0.43 ± 0.04+0.24
−0.03) 24 σ

f2(2010) 2011 202 (0.35 ± 0.05+0.28
−0.15) 9.5 σ

f2(2300) 2297 149 (0.44 ± 0.07+0.09
−0.15) 6.4 σ

f2(2340) 2339 319 (1.91 ± 0.14+0.72
−0.73) 11 σ

0−+ PHSP (2.74 ± 0.15+0.16
−1.48) 6.8 σ

Various checks are performed to test the reliability
of the model-dependent PWA solution. Replacing the
pseudoscalar state η(2100) by either η(2010) [29] or
η(2320) [30] worsens the NLL values by 21.2 and 33.0,
respectively. The spin-parity assignment JPC of the

X(2500) as 0−+ is significantly better than the 0++ hy-
pothesis, with the NLL value improving by 44.1 units.
Changing the spin-parity assignment of the X(2500) to
2++, resulting in 10 additional free parameters, wors-
ens the NLL value by 0.5, instead. Therefore, the pre-
ferred assignment for the X(2500) is pseudoscalar. If we
replace the two tensor states f2(2300) and f2(2340) by
a single one with free resonance parameters in the fit,
the NLL value is worsened by 14.7. In this case, a sta-
tistical significance test of the f2(2340) yields a value
of 6.1 σ. The narrow fJ(2220) (alternatively known
as the ξ(2230)), which was seen in J/ψ → γK+K−

at MarkIII [31] and BES [32], but not seen in J/ψ →
γK0

SK
0
S at CLEO [33], is also studied. When included

in the PWA, the statistical significance of the fJ (2220)
is found to be 0.8 σ. The upper limit on the branching
fraction ratio B(ξ(2230)→ φφ)/B(ξ(2230) → K+K−) at
the 90% C.L. is estimated to be 1.91 × 10−2. For the
description of the nonresonant contribution, the statisti-
cal significance of additional non-resonant contributions
with JPC = 0++ or 2++ is less than 5 σ. Additional
resonances listed in Ref. [25] as well as two extra states,
the X(2120) and X(2370) from Ref. [34], are tested with
all possible JPC assignments. None of them has a statis-
tical significance larger than 5 σ, as shown in Table III.
The existence of possible additional resonances is further
studied by performing scans for extra resonances (JPC =
0−+, 0++, 1++, 2−+, 2++ and 4++) with different masses
and widths. The scan results yield no evidence for extra
intermediate states. The reliability of the fit procedure
is tested by an input-output check, as follows: An MC
sample is generated with given components. After the
fitting procedure described above, the properties of the
components (mass, width, branching fraction, and the
effect of interference terms) are compared with the input
values. The output values agree with the input around
±1 σ, confirming the reliability of the fitting procedure.
In addition to the PWA fit with resonances described

by BW functions, a model-independent fit where the in-
termediate states are parameterized by a separate com-
plex constant for each of 35 bins of 20 MeV/c2 width is
performed in the region M(φφ) < 2.7 GeV/c2 to extract
the contribution of components with each JPC using the
method described in Ref. [35]. The fit results are shown
in Fig. 2(f). The 0−+ contribution is dominant, and a
strong 2++ component at 2.3 GeV/c2 is observed. In
general, the model-independent fit gives similar features
to those of the model-dependent fit, and the results of
these two fits are consistent with each other.

V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty are divided into
two categories. The first includes the systematic uncer-
tainties from the number of J/ψ events (0.8% [36, 37]),
MDC tracking (1.0% each for three charged tracks [38]),
kaon PID (1.0% each for three kaons [38]), photon detec-

6

in the NLL value and the number of free parameters in
the fit with and without a resonance are used to evalu-
ate its statistical significance. In the baseline solution,
there are three 0−+ resonances (η(2225), η(2100), and
X(2500)), one 0++ resonance (f0(2100)), three 2++ reso-
nances (f2(2010), f2(2300), and f2(2340)), and the direct
decay of J/ψ → γφφ, which is modeled by a 0−+ phase
space distribution (0−+ PHSP) of the φφ system. The
statistical significance of each component in the baseline
solution is larger than 5 σ. The masses and widths of the
three 0−+ resonances are free parameters in the fit. The
resonance parameters of the 0++ and 2++ resonances are
fixed to the PDG [25] values due to limited statistics. The
masses and widths of the resonances, product branching
fractions of J/ψ → γX , X → φφ, and the statistical
significances are summarized in Table I, where the first
errors are statistical, and the second ones are systematic.
The fit fraction of each component and their interference
fractions are shown in Table II. Figure 2(a) shows a com-
parison of the data and the PWA fit projection (weighted
by MC efficiencies) of the invariant mass distributions of
φφ for the fitted parameters. The comparisons of the pro-
jected data and MC angular distributions for the events
with φφ invariant mass less than 2.7 GeV/c2 are shown
in Fig. 2(b)−2(e). The χ2/nbin value is displayed on each
figure to demonstrate the goodness of fit, where nbin is
the number of bins of each figure and χ2 is defined as:

χ2 =
nbin
∑

i=1

(ni − νi)2

νi
, (15)

where ni and νi are the number of events for the data
and the fit projections with the baseline solution in the
ith bin of each figure, respectively.

TABLE I. Mass, width, B(J/ψ → γX → γφφ) (B.F.) and
significance (Sig.) of each component in the baseline solu-
tion. The first errors are statistical and the second ones are
systematic.

Resonance M(MeV/c2) Γ(MeV/c2) B.F.(×10−4) Sig.

η(2225) 2216+4
−5

+21
−11 185+12

−14
+43
−17 (2.40 ± 0.10+2.47

−0.18) 28 σ

η(2100) 2050+30
−24

+75
−26 250+36

−30
+181
−164 (3.30 ± 0.09+0.18

−3.04) 22 σ

X(2500) 2470+15
−19

+101
−23 230+64

−35
+56
−33 (0.17 ± 0.02+0.02

−0.08) 8.8 σ

f0(2100) 2101 224 (0.43 ± 0.04+0.24
−0.03) 24 σ

f2(2010) 2011 202 (0.35 ± 0.05+0.28
−0.15) 9.5 σ

f2(2300) 2297 149 (0.44 ± 0.07+0.09
−0.15) 6.4 σ

f2(2340) 2339 319 (1.91 ± 0.14+0.72
−0.73) 11 σ

0−+ PHSP (2.74 ± 0.15+0.16
−1.48) 6.8 σ

Various checks are performed to test the reliability
of the model-dependent PWA solution. Replacing the
pseudoscalar state η(2100) by either η(2010) [29] or
η(2320) [30] worsens the NLL values by 21.2 and 33.0,
respectively. The spin-parity assignment JPC of the

X(2500) as 0−+ is significantly better than the 0++ hy-
pothesis, with the NLL value improving by 44.1 units.
Changing the spin-parity assignment of the X(2500) to
2++, resulting in 10 additional free parameters, wors-
ens the NLL value by 0.5, instead. Therefore, the pre-
ferred assignment for the X(2500) is pseudoscalar. If we
replace the two tensor states f2(2300) and f2(2340) by
a single one with free resonance parameters in the fit,
the NLL value is worsened by 14.7. In this case, a sta-
tistical significance test of the f2(2340) yields a value
of 6.1 σ. The narrow fJ(2220) (alternatively known
as the ξ(2230)), which was seen in J/ψ → γK+K−

at MarkIII [31] and BES [32], but not seen in J/ψ →
γK0

SK
0
S at CLEO [33], is also studied. When included

in the PWA, the statistical significance of the fJ (2220)
is found to be 0.8 σ. The upper limit on the branching
fraction ratio B(ξ(2230)→ φφ)/B(ξ(2230) → K+K−) at
the 90% C.L. is estimated to be 1.91 × 10−2. For the
description of the nonresonant contribution, the statisti-
cal significance of additional non-resonant contributions
with JPC = 0++ or 2++ is less than 5 σ. Additional
resonances listed in Ref. [25] as well as two extra states,
the X(2120) and X(2370) from Ref. [34], are tested with
all possible JPC assignments. None of them has a statis-
tical significance larger than 5 σ, as shown in Table III.
The existence of possible additional resonances is further
studied by performing scans for extra resonances (JPC =
0−+, 0++, 1++, 2−+, 2++ and 4++) with different masses
and widths. The scan results yield no evidence for extra
intermediate states. The reliability of the fit procedure
is tested by an input-output check, as follows: An MC
sample is generated with given components. After the
fitting procedure described above, the properties of the
components (mass, width, branching fraction, and the
effect of interference terms) are compared with the input
values. The output values agree with the input around
±1 σ, confirming the reliability of the fitting procedure.
In addition to the PWA fit with resonances described

by BW functions, a model-independent fit where the in-
termediate states are parameterized by a separate com-
plex constant for each of 35 bins of 20 MeV/c2 width is
performed in the region M(φφ) < 2.7 GeV/c2 to extract
the contribution of components with each JPC using the
method described in Ref. [35]. The fit results are shown
in Fig. 2(f). The 0−+ contribution is dominant, and a
strong 2++ component at 2.3 GeV/c2 is observed. In
general, the model-independent fit gives similar features
to those of the model-dependent fit, and the results of
these two fits are consistent with each other.

V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty are divided into
two categories. The first includes the systematic uncer-
tainties from the number of J/ψ events (0.8% [36, 37]),
MDC tracking (1.0% each for three charged tracks [38]),
kaon PID (1.0% each for three kaons [38]), photon detec-

The masses and widths are taken from PDG
⇡� + p ! ��nEtkin et al, PRL(1978), PLB(1985), PLB(1988)

Uehara et al (BELLE), PTEP (2013) �� ! K0
SK

0
S

Abe et al (BELLE), EPJ (2004) e+e−→ e+e−K+K− 
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TABLE II. Fraction of each component and interference fractions between two components (%) in the baseline solution. The

errors are statistical only.

Resonance η(2100) η(2225) X(2500) 0−+ PHSP f0(2100) f2(2010) f2(2300) f2(2340)

η(2100) 54.2±1.5 43.5±1.2 15.2±1.0 −64.0±2.2 0.0±0.0 0.0±0.0 0.0±0.0 −0.1±0.0

η(2225) 41.0±1.6 15.9±0.7 −60.6±1.7 0.0±0.0 0.0±0.0 0.1±0.0 −0.1±0.0

X(2500) 3.2±0.3 −15.7±1.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

0−+ PHSP 42.8±2.3 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

f0(2100) 6.5±0.6 0.1±0.0 0.1±0.0 −0.5±0.0

f2(2010) 5.9±0.8 6.0±0.7 −18.6±1.6

f2(2300) 8.8±1.4 −22.0±3.5

f2(2340) 38.4±2.8
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FIG. 2. Superposition of data and the PWA fit projections for: (a) invariant mass distributions of φφ; (b) cos θ of γ in the
J/ψ rest frame; (c) cos θ of φ1 in the X rest frame; (d) cos θ of K+ in the φ1 rest frame; (e) the azimuthal angle between
the normals to the two decay planes of φ in the X rest frame. Black dots with error bars are data with background events
subtracted and the solid red lines are projections of the model-dependent fit. (f) Intensities of individual JPC components.
The red dots, blue boxes and green triangles with error bars are the intensities of JPC = 0−+, 0++ and 2++, respectively,
from the model-independent fit in each bin. The short-dashed, dash-dotted and long-dashed histograms show the coherent
superpositions of the BW resonances with JPC = 0−+, 0++ and 2++, respectively, from the model-dependent fit.

tion efficiency (1.0% [38]), kinematic fit (2.5%), φ mass
resolution (0.3%) and Bφ→K+K− (2.0%). These system-
atic uncertainties are applicable to all the branching frac-
tion measurements. The total systematic uncertainty
from these sources is 5.5%. The second source concerns
the PWA fit procedure, where the systematic uncertain-
ties are applicable to measurements of the branching frac-
tions and resonance parameters. These sources of sys-
tematic uncertainties are described below.

(i) BW parametrization. Uncertainties from the BW
parametrization are estimated by the changes in
the fit results caused by replacing the fixed width
Γ0 of the BW for the threshold states η(2100)
and η(2225) with a mass-dependent width form
Γ(m) [39].

(ii) Uncertainty from resonance parameters. In the
nominal fit, the resonance parameters of the 0++

and 2++ states are fixed. An alternative fit is per-

J/ψ
0-+

2++

0++

Intensities of individual JPC components.

⌘(2225) ⌘(2100)
0-+

2++

f2(2010), f2(2300), 
f2(2340)



Experimental evidence for tensor glueballs

“Gatchina group” Anisovich, Sarantsev, Matveev, Nyiri (2005)

based on analysis pp ̄ → ππ, ηη, ηη′ in the mass region 
1990–2400 MeV

γγ → KSKS

Crystal Barrel

 L3 collaborationγγ → π+π−π0

are supposed to be
Five  2++ resonanses are introduced to describe pp data

f2(1920), f2(2240)   3P2 qq states
_

f2(2020), f2(2300)     3F2  qq states
_  ss ̄ partner remains 

     to be discovered

_ f2(2120), f2(2410)   3P2 ss states

 f2(2340)  3P2 ss state 
_

_

f2(2000)

One more conjecture

Glueball

reanalysis of BNL data ⇡�p ! ��n Lindenbaum, Longacre, PRD(2004)

M = 2010± 30MeV � = 495± 35MeV



Experimental evidence for tensor glueballs

More conjectures: have been proposed to be a tensor 
glueball candidate

fJ(2220)

F. Giacosa, Th. Gutsche, V. E. Lyubovitskij and 
Amand Faessler PRD72, 2005

L.Burakovsky, P.R. Page PRD62, 2000  

More experimental data are required in order to distinguish the 
conventional qq-scenario from other possible exotic configurations -

Is it possible to suggest a prescription which allows one to 
clearly distinguish gluonic state from the quark state? 

Potentially this can be done by studying of meson production
 in the hard processes since the latter are sensitive 

to the lowest Fock wave functions 

The glueballs must have strong overlap with the physical states
through the gluon operators

http://inspirehep.net/author/profile/Burakovsky%2C%20Leonid?recid=527964&ln=en
http://inspirehep.net/author/profile/Burakovsky%2C%20Leonid?recid=527964&ln=en
http://inspirehep.net/author/profile/Page%2C%20Philip%20R.?recid=527964&ln=en
http://inspirehep.net/author/profile/Page%2C%20Philip%20R.?recid=527964&ln=en


Can we learn smth about glueballs 
from hard exclusive reactions?

Advantages the amplitude sensitive to the wave functions (distribution amplitudes)  

strong coupling to gluonic component of WF must be observed 

mixing with quarks is well understood (QCD evolution) 

special case spin-2: there is the gluonic DA which does not mix with quarks   

mixing still can be problematic for interpretation  if hadron is qq and gg 
state (it depends on the concrete process)  

small cross sections at large hard scale Q2

Disadvantages



Can one measure the cross section in BELLE II?

instantaneous luminosity 
of 2.11x1034 cm–2 s–1.

e+e- asymmetric collider

KEKB

SuperKEKB instantaneous luminosity 
 of 8x1035 cm–2 s–1

larger by a factor 40

The ambitious goal is to accumulate an integrated luminosity of 50 attob–1 (10-18) by the mid of 
next decade, which is 50 times more data than the previous Belle detector acquired

 S. Uehara et al., Phys. Rev. D 79 (2009)

S. Uehara et al., PTEP 2013 (2013)

�� ! ⇡�⇡+

�� ! ⇡0⇡0

1.1  < √s < 3.8 S. Uehara et al., Phys. Rev. D 82 (2010)  �� ! ⌘⌘

1.0 ≤ √s ≤ 4.0 

�� ! K+K� H. Nakazawa et al.,  Phys.Lett. B615 (2005)   

0.6  < √s < 4.1

�� ! K0
SK̄

0
S

�⇤� ! ⇡0also transition FFs �⇤� ! f2(1270)�⇤� ! f0(980)

2.4GeV  < √s < 4.1GeV



One more way to study tensor glueball:

⇡0
⇡0

all terms are 
of order ↵s

�� ! ⇡0G(2++)

G2(0) G2(0,±2)

wide angle scattering    s ⇠ �t ⇠ �u � ⇤2

s

t

 Wakely and Carlson, Phys. Rev. D 45 (1992) 

Ichola and Parisi, Z. Phys. C 66 (1995) 653

Earlier

�� ! G0(0
�+, 0++, 2++)⇡0

�� ! G0(0
�+)⇡0



One more way to study tensor glueball:

⇡0

⇡0

tensor gluon DA

quark & gluon DAs

�� ! ⇡0G(2++)

G2(0)
G2(0,±2)

wide angle scattering    s ⇠ �t ⇠ �u � ⇤2

s

t

A±± : �(±)�(±) ! G2(±2)

A±⌥ : �(±)�(⌥) ! G(0)

d��� [⇡0G2]

d cos ✓
=

1

64⇡

s+m2
G

s2
�
|A++|2 + |A+�|2

�

At LO



Amplitude and cross section

f⇡ = 131 MeV fT,S
g , fq unknown

⇡0

G2(0)
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Light-cone distribution amplitudes

describes the momentum-fraction distribution of partons at zero 
transverse separation in a 2-particle Fock state

suppressed by powers of 1/Q:

p

xp

(1� x)p
⇠

Z

|k?|<µ
d

2
k? BS(x, k?) = �(x, µ)

multiparticle states: qqg-
-qq with orbital momentum

V± = V0 ± V3

hG2(p,�)| ̄(z)/z (0)|0i
���
z+=z?=0

= m

2 z�
p+

e
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Z 1
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dx e

ixz�p+
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q
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q
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�
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normalization 
constant



Light-cone distribution amplitudes

hG2(p,�)|z↵z�Ga
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scalar gluons: mix with the quark operator (QCD evolution)
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Light-cone distribution amplitudes

only for tensor polarisation 

⇠ ⇤2

Q2

such component does not mix with quarks

� = ±2
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Figure 3: The convolution integrals as a functions of cos ✓. The curves corresponds to renormalization
scale µ

2 = 2.7GeV2 . The area between the vertical lines corresponds to the region where |u|, |t| �
2.5GeV2 for s = 11GeV2.

In order to write the convolution integrals in the short form we used the symmetry properties of the
DA’s. The hard coe�cient function for this process have also been computed long time ago in Ref. [16].
Our result are in agreement up to general factor.

In order to make numerical estimates we need to specify models for the DAs and provide numerical
values for the low energy glueball couplings. I the following we assume that the state f2(2340) which has
been recently observed in Ref. [10] is a good candidate to be glueball state. In our estimates we use the
following models of DAs. For pion DA we take

�

⇡

(y) ' 6yȳ + 6a2(µ)yȳC
3/2
2 (2y � 1), (20)

with the second moment
a2(µ = 1GeV) = 0.20. (21)

This value is close to many phenomenological estimates and lattice result [18].
For the glueball DAs we take the asymptotic models as for the tensor meson in Ref. [17]

�2(x) = 30xx̄(2x� 1), (22)

�

T

g

(x) = �

S

g

(x) = 30x2
x̄

2
. (23)

Let us consider the values of the convolution integrals. In Fig.3 we show the values of the convolution
integrals as a function of cos ✓. Notice that we assume that our approximation for the amplitudes work
reasonably for the angles where |u|, |t| � 2.5GeV2. This region corresponds to the area between the two
vertical lines in the plots. One can easily see that

|I++
g

| � |I+�
g

| � |I+�
q

|, (24)

and this inequalities work especially well in the vicinity ✓ = 90o because

|I+�
g

(⌘ = 0)| = |I+�
q

(⌘ = 0)| = 0. (25)

Therefore we can conclude that the dominant contribution will arise from the amplitude A++ which
describe the production of glueball with � = ±2.

The values of the couplings for the possible glueball state are not known. We will assume that glueball
is strongly coupled with the gluon wave function and the value of the gluon couplings are of the same
order as the quark coupling f

q

for quark-antiquark mesons, i.e. f

g

⇠ f

T

g

⇠ f

q

(f2(qq̄)) ⇠ 100 MeV. For
the glueball quark coupling f

q

we consider di↵erent scenarios with f

q

⌧ f

g

and f

q

⇠ f

g

which correspond
to small and large quark-antiquark component, respectively. Such scenario corresponds to the following
numerical values

f

q

(µ = 1 GeV) ' 10� 100 MeV , (26)

f

g

(µ = 1 GeV) ' 100 MeV, (27)

f

T

g

(µ = 1 GeV) ' 50� 150 MeV. (28)
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2 = 2.7GeV2 . The area between the vertical lines corresponds to the region where |u|, |t| �
2.5GeV2 for s = 11GeV2.

In order to write the convolution integrals in the short form we used the symmetry properties of the
DA’s. The hard coe�cient function for this process have also been computed long time ago in Ref. [16].
Our result are in agreement up to general factor.

In order to make numerical estimates we need to specify models for the DAs and provide numerical
values for the low energy glueball couplings. I the following we assume that the state f2(2340) which has
been recently observed in Ref. [10] is a good candidate to be glueball state. In our estimates we use the
following models of DAs. For pion DA we take
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2 (2y � 1), (20)

with the second moment
a2(µ = 1GeV) = 0.20. (21)

This value is close to many phenomenological estimates and lattice result [18].
For the glueball DAs we take the asymptotic models as for the tensor meson in Ref. [17]
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Let us consider the values of the convolution integrals. In Fig.3 we show the values of the convolution
integrals as a function of cos ✓. Notice that we assume that our approximation for the amplitudes work
reasonably for the angles where |u|, |t| � 2.5GeV2. This region corresponds to the area between the two
vertical lines in the plots. One can easily see that
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Therefore we can conclude that the dominant contribution will arise from the amplitude A++ which
describe the production of glueball with � = ±2.

The values of the couplings for the possible glueball state are not known. We will assume that glueball
is strongly coupled with the gluon wave function and the value of the gluon couplings are of the same
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In order to write the convolution integrals in the short form we used the symmetry properties of the
DA’s. The hard coe�cient function for this process have also been computed long time ago in Ref. [16].
Our result are in agreement up to general factor.

In order to make numerical estimates we need to specify models for the DAs and provide numerical
values for the low energy glueball couplings. I the following we assume that the state f2(2340) which has
been recently observed in Ref. [10] is a good candidate to be glueball state. In our estimates we use the
following models of DAs. For pion DA we take
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with the second moment
a2(µ = 1GeV) = 0.20. (21)

This value is close to many phenomenological estimates and lattice result [18].
For the glueball DAs we take the asymptotic models as for the tensor meson in Ref. [17]
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Let us consider the values of the convolution integrals. In Fig.3 we show the values of the convolution
integrals as a function of cos ✓. Notice that we assume that our approximation for the amplitudes work
reasonably for the angles where |u|, |t| � 2.5GeV2. This region corresponds to the area between the two
vertical lines in the plots. One can easily see that
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Therefore we can conclude that the dominant contribution will arise from the amplitude A++ which
describe the production of glueball with � = ±2.

The values of the couplings for the possible glueball state are not known. We will assume that glueball
is strongly coupled with the gluon wave function and the value of the gluon couplings are of the same
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for quark-antiquark mesons, i.e. f

g

⇠ f

T

g

⇠ f

q

(f2(qq̄)) ⇠ 100 MeV. For
the glueball quark coupling f

q

we consider di↵erent scenarios with f
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and f
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which correspond
to small and large quark-antiquark component, respectively. Such scenario corresponds to the following
numerical values
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we consider the di↵erent scenarios with f
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g

and f
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g

corresponding to the small and to the large quark-antiquark component, respectively. Such
scenarios will be described by the following numerical values

f

q

(µ = 1 GeV) ' 10� 100 MeV , (25)

f

g

(µ = 1 GeV) ' 100 MeV, (26)

f

T

g

(µ = 1 GeV) ' 50� 150 MeV. (27)

The evolution of these coupling is the same as the evolution of the corresponding coupling for the tensor
meson f2(1270) except for flavor mixing and can be found in Ref. [20]. Let us notice that the tensor
gluon DA �

T

g

does not mix under evolution with quark contributions and therefore it describes the genuine
gluon component of the glueball wave function.

The numerical estimates show that the value of the cross section is practically saturated by the
contribution from the amplitude A

++ describing the production of a glueball in the tensor polarisation.
The contribution of the amplitude |A+�| is always about two orders of magnitude smaller for all numerical
values of the couplings f

q

and f

g

shown in Eqs.(25) and (26). Therefore we can conclude that the
contribution with |A+�| does not provide significant numerical impact. Hence the cross section is only
sensitive to the value of tensor coupling f

T

g

. This can also be seen, for instance, from the analysis of the
decay G2 ! �� which can be used for identification of the glueball state.

In Fig.4 we show the cross section as a function of cos ✓ at fixed values of energy s. In the numerical
calculations we take n
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= 3 and ↵

s

(m2
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) = 0.297. The cross section are shown for the energy values
s = 13 GeV2 and 16 GeV2. The factorisation scale is fixed to be µ

2 = 3.2 GeV2 and µ

2 = 4 GeV2,
respectively. The values of cos ✓ correspond to the restriction |t|, |u| � 2.5 GeV2. We obtain that for
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corresponding to the small and to the large quark-antiquark component, respectively. Such
scenarios will be described by the following numerical values

f

q

(µ = 1 GeV) ' 10� 100 MeV , (25)

f

g

(µ = 1 GeV) ' 100 MeV, (26)

f

T

g

(µ = 1 GeV) ' 50� 150 MeV. (27)

The evolution of these coupling is the same as the evolution of the corresponding coupling for the tensor
meson f2(1270) except for flavor mixing and can be found in Ref. [20]. Let us notice that the tensor
gluon DA �

T

g

does not mix under evolution with quark contributions and therefore it describes the genuine
gluon component of the glueball wave function.

The numerical estimates show that the value of the cross section is practically saturated by the
contribution from the amplitude A

++ describing the production of a glueball in the tensor polarisation.
The contribution of the amplitude |A+�| is always about two orders of magnitude smaller for all numerical
values of the couplings f

q

and f

g

shown in Eqs.(25) and (26). Therefore we can conclude that the
contribution with |A+�| does not provide significant numerical impact. Hence the cross section is only
sensitive to the value of tensor coupling f

T
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. This can also be seen, for instance, from the analysis of the
decay G2 ! �� which can be used for identification of the glueball state.

In Fig.4 we show the cross section as a function of cos ✓ at fixed values of energy s. In the numerical
calculations we take n
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= 3 and ↵
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) = 0.297. The cross section are shown for the energy values
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we consider the di↵erent scenarios with f
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corresponding to the small and to the large quark-antiquark component, respectively. Such
scenarios will be described by the following numerical values

f

q

(µ = 1 GeV) ' 10� 100 MeV , (25)

f

g

(µ = 1 GeV) ' 100 MeV, (26)

f

T

g

(µ = 1 GeV) ' 50� 150 MeV. (27)

The evolution of these coupling is the same as the evolution of the corresponding coupling for the tensor
meson f2(1270) except for flavor mixing and can be found in Ref. [20]. Let us notice that the tensor
gluon DA �

T

g

does not mix under evolution with quark contributions and therefore it describes the genuine
gluon component of the glueball wave function.

The numerical estimates show that the value of the cross section is practically saturated by the
contribution from the amplitude A

++ describing the production of a glueball in the tensor polarisation.
The contribution of the amplitude |A+�| is always about two orders of magnitude smaller for all numerical
values of the couplings f

q

and f

g

shown in Eqs.(25) and (26). Therefore we can conclude that the
contribution with |A+�| does not provide significant numerical impact. Hence the cross section is only
sensitive to the value of tensor coupling f

T
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. This can also be seen, for instance, from the analysis of the
decay G2 ! �� which can be used for identification of the glueball state.

In Fig.4 we show the cross section as a function of cos ✓ at fixed values of energy s. In the numerical
calculations we take n
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= 3 and ↵
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) = 0.297. The cross section are shown for the energy values
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Figure 3: The convolution integrals as a functions of cos ✓. The curves corresponds to renormalization
scale µ

2 = 2.7GeV2 . The area between the vertical lines corresponds to the region where |u|, |t| �
2.5GeV2 for s = 11GeV2.

In order to write the convolution integrals in the short form we used the symmetry properties of the
DA’s. The hard coe�cient function for this process have also been computed long time ago in Ref. [16].
Our result are in agreement up to general factor.

In order to make numerical estimates we need to specify models for the DAs and provide numerical
values for the low energy glueball couplings. I the following we assume that the state f2(2340) which has
been recently observed in Ref. [10] is a good candidate to be glueball state. In our estimates we use the
following models of DAs. For pion DA we take

�

⇡

(y) ' 6yȳ + 6a2(µ)yȳC
3/2
2 (2y � 1), (20)

with the second moment
a2(µ = 1GeV) = 0.20. (21)

This value is close to many phenomenological estimates and lattice result [18].
For the glueball DAs we take the asymptotic models as for the tensor meson in Ref. [17]

�2(x) = 30xx̄(2x� 1), (22)
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Let us consider the values of the convolution integrals. In Fig.3 we show the values of the convolution
integrals as a function of cos ✓. Notice that we assume that our approximation for the amplitudes work
reasonably for the angles where |u|, |t| � 2.5GeV2. This region corresponds to the area between the two
vertical lines in the plots. One can easily see that

|I++
g
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| � |I+�
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|, (24)

and this inequalities work especially well in the vicinity ✓ = 90o because

|I+�
g

(⌘ = 0)| = |I+�
q

(⌘ = 0)| = 0. (25)

Therefore we can conclude that the dominant contribution will arise from the amplitude A++ which
describe the production of glueball with � = ±2.

The values of the couplings for the possible glueball state are not known. We will assume that glueball
is strongly coupled with the gluon wave function and the value of the gluon couplings are of the same
order as the quark coupling f

q

for quark-antiquark mesons, i.e. f

g

⇠ f

T

g

⇠ f

q

(f2(qq̄)) ⇠ 100 MeV. For
the glueball quark coupling f

q

we consider di↵erent scenarios with f

q

⌧ f

g

and f

q

⇠ f

g

which correspond
to small and large quark-antiquark component, respectively. Such scenario corresponds to the following
numerical values

f

q

(µ = 1 GeV) ' 10� 100 MeV , (26)

f

g

(µ = 1 GeV) ' 100 MeV, (27)

f

T

g

(µ = 1 GeV) ' 50� 150 MeV. (28)
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In order to write the convolution integrals in the short form we used the symmetry properties of the
DA’s. The hard coe�cient function for this process have also been computed long time ago in Ref. [16].
Our result are in agreement up to general factor.

In order to make numerical estimates we need to specify models for the DAs and provide numerical
values for the low energy glueball couplings. I the following we assume that the state f2(2340) which has
been recently observed in Ref. [10] is a good candidate to be glueball state. In our estimates we use the
following models of DAs. For pion DA we take
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with the second moment
a2(µ = 1GeV) = 0.20. (21)

This value is close to many phenomenological estimates and lattice result [18].
For the glueball DAs we take the asymptotic models as for the tensor meson in Ref. [17]
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Let us consider the values of the convolution integrals. In Fig.3 we show the values of the convolution
integrals as a function of cos ✓. Notice that we assume that our approximation for the amplitudes work
reasonably for the angles where |u|, |t| � 2.5GeV2. This region corresponds to the area between the two
vertical lines in the plots. One can easily see that
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Therefore we can conclude that the dominant contribution will arise from the amplitude A++ which
describe the production of glueball with � = ±2.

The values of the couplings for the possible glueball state are not known. We will assume that glueball
is strongly coupled with the gluon wave function and the value of the gluon couplings are of the same
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g

⇠ f

T

g

⇠ f

q

(f2(qq̄)) ⇠ 100 MeV. For
the glueball quark coupling f

q

we consider di↵erent scenarios with f

q

⌧ f

g

and f

q

⇠ f

g

which correspond
to small and large quark-antiquark component, respectively. Such scenario corresponds to the following
numerical values

f

q

(µ = 1 GeV) ' 10� 100 MeV , (26)

f

g

(µ = 1 GeV) ' 100 MeV, (27)

f

T

g

(µ = 1 GeV) ' 50� 150 MeV. (28)

5

�

T
g (x) = 30x2

x̄

2

!0.6!0.4!0.2 0.0 0.2 0.4 0.6

!200

!190

!180

!170

!160

cosΘ

I g#
#

!0.6!0.4!0.2 0.0 0.2 0.4 0.6

!50

0

50

cosΘ

I g#
!

!0.6!0.4!0.2 0.0 0.2 0.4 0.6

!6
!4
!2

0
2
4
6

cosΘ

I q#
!

Figure 3: The convolution integrals as a functions of cos ✓. The curves corresponds to renormalization
scale µ

2 = 2.7GeV2 . The area between the vertical lines corresponds to the region where |u|, |t| �
2.5GeV2 for s = 11GeV2.

In order to write the convolution integrals in the short form we used the symmetry properties of the
DA’s. The hard coe�cient function for this process have also been computed long time ago in Ref. [16].
Our result are in agreement up to general factor.

In order to make numerical estimates we need to specify models for the DAs and provide numerical
values for the low energy glueball couplings. I the following we assume that the state f2(2340) which has
been recently observed in Ref. [10] is a good candidate to be glueball state. In our estimates we use the
following models of DAs. For pion DA we take

�

⇡

(y) ' 6yȳ + 6a2(µ)yȳC
3/2
2 (2y � 1), (20)

with the second moment
a2(µ = 1GeV) = 0.20. (21)

This value is close to many phenomenological estimates and lattice result [18].
For the glueball DAs we take the asymptotic models as for the tensor meson in Ref. [17]

�2(x) = 30xx̄(2x� 1), (22)

�

T

g

(x) = �

S

g

(x) = 30x2
x̄

2
. (23)

Let us consider the values of the convolution integrals. In Fig.3 we show the values of the convolution
integrals as a function of cos ✓. Notice that we assume that our approximation for the amplitudes work
reasonably for the angles where |u|, |t| � 2.5GeV2. This region corresponds to the area between the two
vertical lines in the plots. One can easily see that

|I++
g

| � |I+�
g

| � |I+�
q

|, (24)

and this inequalities work especially well in the vicinity ✓ = 90o because

|I+�
g

(⌘ = 0)| = |I+�
q

(⌘ = 0)| = 0. (25)

Therefore we can conclude that the dominant contribution will arise from the amplitude A++ which
describe the production of glueball with � = ±2.

The values of the couplings for the possible glueball state are not known. We will assume that glueball
is strongly coupled with the gluon wave function and the value of the gluon couplings are of the same
order as the quark coupling f

q

for quark-antiquark mesons, i.e. f

g

⇠ f

T

g

⇠ f

q

(f2(qq̄)) ⇠ 100 MeV. For
the glueball quark coupling f

q

we consider di↵erent scenarios with f

q

⌧ f

g

and f

q

⇠ f

g

which correspond
to small and large quark-antiquark component, respectively. Such scenario corresponds to the following
numerical values

f

q

(µ = 1 GeV) ' 10� 100 MeV , (26)

f

g

(µ = 1 GeV) ' 100 MeV, (27)

f

T

g

(µ = 1 GeV) ' 50� 150 MeV. (28)

5

�q(x) = 30xx̄(2x� 1)

Asymptotic shapes for glueball DAs

Summary of the nonperturbative input 

fS
g ' 100 MeV fq ' 10� 100 MeV

Low energy couplings µ = 1GeV

fT
g ' 50� 150MeV

hG(0�+)|G+µG̃+µ|0i = fG

fG = 105MeV

Compare with 
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QCD sum rules
mG = 2.3 GeV

↵s(m
2
⌧ ) = 0.297 µ2 = 3� 4GeV2

s = 13, 16 GeV2

f⇡ = 131 MeV



s = 13GeV2 |t|& |u| > 2.5 GeV2

fT
g = 150 MeV

fT
g = 50 MeV

 |A++| clearly dominates  

Cross section 
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Figure 4: The cross section as a function of cos ✓ at s = 13GeV2 (left) and s = 16GeV2 (right) in the
region |t|, |u| � 2.5GeV2. The solid,dashed and dotted lines correspond to f

T

g

(1GeV) = 150, 100, 50MeV.
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Figure 5: Comparison of the glueball cross section (the dashed line is the same as in Fig.4 but scaled by
factor 4 ) and data for the ⇡

0
⇡

0 cross section for s = 13 GeV2. The data are taken from Ref. [19]

The evolution of these coupling is the same as the evolution of the corresponding coupling for the tensor
meson f2(1270) except the flavor mixing and can be found in Ref. [17]. Notice that the tensor coupling
does not mix with the quarks and therefore it describes genuine gluonic component of the glueball wave
function.

With the described scenario one finds that the value of the cross section is practically saturated by the
amplitude A++ describing the production f2 in the tensor polarisation. The contribution of the amplitude
|A+�| is always about of two orders magnitude smaller for all numerical values of the couplings f

q

and
f

g

shown in Eqs.(26) and (27). Therefore one obtains that |A+�| in such case can not provide significant
numerical impact. If such scenario is close to reality then the cross section is very sensitive to the value
of tensor coupling f

T

g

. In addition this can also be seen from the analysis of the partial wave analysis of
decay G2 ! ��.

In Fig.4 we show the cross section at fixed values of energy as a function of cos ✓ for three di↵erent
values of the gluon coupling f

T

g

(1GeV). We show the cross section for two values of energy s = 13
and 16 GeV2.For the renormalisation scale we use µ

2 = 3.2GeV2 and µ

2 = 4GeV2, respectively. In the
numerical calculations we take n

f

= 3 and ↵

s

(m2
⌧

) = 0.297. We consider only such region of values for ⌘
where |t|, |u| � 2.5 GeV2. We find that the values of the cross section in case f

T

g

(1 GeV ) ' 100 MeV is
11� 17 GeV6

nb. In Fig.5 we show the glueball cross section for fT

g

(1 GeV) = 100 MeV and s = 13 GeV2

in comparison with the cross section data for �� ! ⇡

0
⇡

0 for s = 13.3 GeV2. The data are taken from
Ref. [19]. For convenience the glueball cross section is multiplied by factor 4. Therefore a measurement
of �� ! G2⇡

0 cross section requires larger luminosity which, probably, can be achieved in BELLE II
experiment.
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The evolution of these coupling is the same as the evolution of the corresponding coupling for the tensor
meson f2(1270) except the flavor mixing and can be found in Ref. [17]. Notice that the tensor coupling
does not mix with the quarks and therefore it describes genuine gluonic component of the glueball wave
function.

With the described scenario one finds that the value of the cross section is practically saturated by the
amplitude A++ describing the production f2 in the tensor polarisation. The contribution of the amplitude
|A+�| is always about of two orders magnitude smaller for all numerical values of the couplings f

q

and
f

g

shown in Eqs.(26) and (27). Therefore one obtains that |A+�| in such case can not provide significant
numerical impact. If such scenario is close to reality then the cross section is very sensitive to the value
of tensor coupling f

T

g

. In addition this can also be seen from the analysis of the partial wave analysis of
decay G2 ! ��.

In Fig.4 we show the cross section at fixed values of energy as a function of cos ✓ for three di↵erent
values of the gluon coupling f

T

g

(1GeV). We show the cross section for two values of energy s = 13
and 16 GeV2.For the renormalisation scale we use µ

2 = 3.2GeV2 and µ

2 = 4GeV2, respectively. In the
numerical calculations we take n

f

= 3 and ↵
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(m2
⌧

) = 0.297. We consider only such region of values for ⌘
where |t|, |u| � 2.5 GeV2. We find that the values of the cross section in case f

T
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(1 GeV ) ' 100 MeV is
11� 17 GeV6

nb. In Fig.5 we show the glueball cross section for fT

g

(1 GeV) = 100 MeV and s = 13 GeV2

in comparison with the cross section data for �� ! ⇡

0
⇡

0 for s = 13.3 GeV2. The data are taken from
Ref. [19]. For convenience the glueball cross section is multiplied by factor 4. Therefore a measurement
of �� ! G2⇡

0 cross section requires larger luminosity which, probably, can be achieved in BELLE II
experiment.
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fT
g = 100 MeV |t|& |u| > 2.5 GeV2

Can one measure the glueball cross section
 in BELLE II? 

(only 25% of the collected data used)

d�[�� ! ��⇡0
]

d cos ✓
is smallerobservable 



PTEP 2013, 123C01 S. Uehara et al.

Fig. 26. Result of the f2– f0 fit (solid line) superimposed on the integrated cross section (for | cos θ∗| ≤ 0.8).
The fitted results of |S|2 (dotted line), |D0|2 (dashed line), |D2|2 (dot-dashed line), and |G2|2 (long-dashed
line) are also shown.

Fig. 27. Differential cross section and the fitted results of the f2– f0 fit (solid line) at the W bins indicated
in each panel. The contributions of |S|2 (dotted line), |D0|2 (dashed line), |D2|2 (dot-dashed line), and |G2|2
(long-dashed line) are also shown.

1525.3+1.2+3.7
−1.4−2.1 MeV/c2, 82.9+2.1+3.3

−2.2−2.0 MeV, and 48+67
−8

+108
−12 eV, respectively. The systematic uncer-

tainty of "γγB(K K̄ ) is fairly large. Nevertheless, this is the first measurement of this parameter that
includes the interference with a non-resonant amplitude.
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Predictions & evidence for glueballs

BELLE, Uehara et al,  PTEP (2013)Experiment

�� ! K0
SK

0
S

2++

f2(2300)

M = 2297± 28 MeV

� = 149± 40 MeV

Glueball or qq-state ?-

Experimental evidence for tensor glueballs

Probably this  indicates 
that this meson is qq-
state of have large qq-
component   

-
-



Conclusions

Other possible processes which can be sensitive to the gluon transversity

G2
�⇤ �

DV(γG)P
�

s ⇠ �t ⇠ �u � ⇤2

?

Hard exclusive processes  are sensitive to the gluonic component of the wave 
function and this can be used for  identification of glueballs 

Tensor 2++ glueball  is especially interesting because of  specific contribution 
with the gluon transversity (leading twist!)

The cross section of                is dominated by  contribution with the 
gluon transversity which does not mix with the quarks, angular behaviour  

Experimental measurements are challenging because exclusive cross sections are 
quite small 

Theoretical ambiguities: how large are power corrections? 

�� ! ⇡0G(2++)



Thank you!





coupling to gluons:  qq-state 
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rich gluon process
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Figure 5. The leading contribution to the radiative decay Υ(1S) → γf2(1270).

E fS
g from the radiative decay Υ(1S) → γf2

The scalar gluon coupling fS
g can be estimated from the bottomonium decay Υ(1S) →

γf2(1270). The dominant contribution comes from the two-quark QQ̄ component of the

bottomonium wave function; the contribution of higher Fock states is suppressed by the

small relative velocity of the heavy quarks. To the leading-order accuracy the decay am-

plitude is described by the diagram in figure 5. The corresponding calculation was already

done in refs. [47–49]. The result reads

A [Υ(1S) → γ f2] = (ϵ∗γ · ϵΥ)
√

2MΥ

√
3

2π

R10(0)

m4
b

2παseeb e
(λ)∗
nn fS

g m
2
f
1

4

∫ 1

0

du

uū
φS
g (u) , (E.1)

where ϵ∗γ and ϵΥ are the polarization vectors of the photon and heavy meson, respectively,

mb is the b-quark (pole) mass and R10(0) denotes the radial wave function of Υ(1S) at the

origin. Potentially there could be also a contribution of the transverse DA φT
g (t), but the

corresponding terms cancel to the leading-order accuracy.

In order to avoid the dependence on the nonperturbative parameter R10(0) it is con-

venient to consider the ratio

Br[Υ(1S) → γ f2]

Br[Υ(1S) → e+e−]
=

64π

3

α2
s(4m

2
b)

α

(
1− m2

M2
Υ

) [
fS
g ISg

]2

m2
b

, (E.2)

where this dependence cancels. Here we used the notation ISg for the integral

ISg (µ) =
1

4

∫ 1

0

du

uū
φS
g (u, µ) . (E.3)

For the asymptotic DA φS
g (u, µ) = 30u2(1 − u)2 one obtains ISg = 5

4 . The branching

fractions on the l.h.s. of eq. (E.2) are known, see [21]:

Br[Υ(1S) → γ f2] = (1.01± 0.09)× 10−4,

Br[Υ(1S) → e+e−] = (2.38± 0.11)× 10−2 . (E.4)

Using mb ≃ 4.8GeV, αs(4m2
b) = 0.176 and α ≃ 1/137 we obtain

|fS
g ISg |(µ2 = 4m2

b) = (18.6± 1.9) ,MeV , (E.5)

where from, for the asymptotic DA, one finds

fS
g (µ

2 = 4m2
b) = (14.9± 0.8)MeV. (E.6)

– 25 –
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Gluon DA:

hf2(P,�)|z↵z�Ga
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�µ

(0)|0i
��
z�=z?=0 ⇠ f

S

g

Z 1

0
dx e

ixp�z+
�

S

g

(x)

simplest model 
�

S
g (x) = 30x2(1� x)2



coupling to gluons:  qq-state 

therefore this result 
compatible with

fS
g (1GeV) ⇡ 0

fS
g (µ

2 = 4m2
b) = (14.9± 0.8)MeV
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fq(1) = 101MeV

QCD evolution mixes     and      fq fS
g

i.e. the meson consists from qq 
at low normalization point Q2, GeV2


