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Narrow States and QCD Dynamics  

QCD dynamics is much richer than present 
phenomological models  - Lattice QCD 

Narrow states allow precise experimental 
probes of the subtle nature of QCD 
dynamics

Surprising new narrow states have been 
observed and more may be expected

Aspen Winter Conference, “Particle Physics on the Verge of Discovery”  Feb. 12-18, 2006    E. Eichten - Fermilab    2                                                                              



4

5

6

7

8

9

10

11

12

J
PC

0
-+

1
--

1
+-

0
++

1
++

2
++

2
-+

2
--

3
--

3
+-

3
++exotic

1.5

2

2.5

3

3.5

4

4.5

5

2S+1
LJ

1
S0

3
S1

1
P1

3
P0

3
P1

3
P2

1
D2

3
D2

3
D3

1
F3

3
F3 n.a.

m
 r

0

m
/G

e
V

1
-+

!c
J/"

hc #c0

#c1
#c2

0
+-

2
+-

0
+-

glueballs

experiment
DD

**

DD
CP-PACS
Columbia

hybrids

Fig. 3.1: The quenched charmonium spectrum (CP-PACS [9], Columbia [11, 12]), glueballs [13–15] and spin-exotic cc̄-glue

hybrids [12], overlayed with the experimental spectrum.

the quenched approximation we have to assume a scale error on spin averaged splittings of at least 10 %,

on top of the errors displayed in the Table. We also include glueball masses [13–15] into the table. The

last three lines incorporate spin-exotic JPC assignments (cc̄g hybrid mesons).

The anisotropic results are also displayed in Fig. 3.1, borrowed from Ref. [17], where we plot the

new X(3872) state at JPC = 2−−, however, this assignment is somewhat arbitrary. As can be seen,
where overlap exists, the results from the three collaborations employing three different anisotropies are

consistent with each other. All S- and P -wave fine structure splittings are underestimated, which is
expected in the quenched approximation. The Columbia group [12] reported that the state created by

the J = 1 D-wave operator rapidly converged towards the mass of the vector S-wave ground state. The
same was observed in the case of the 2++ F -wave with respect to the χc2 ground state: this indicates

that the charm quark mass is too light for L to be a good quantum number.

That the charm mass is not particularly heavy, in comparison to typical scales of gluonic excita-

tions, can also be seen from the overlap between the glueball and charmonium spectra. Once sea quarks

are switched on, these glueballs will become unstable. However, the presence of a background of such

excitations might very well affect spectrum and decays in some channels. For instance the dominant

decay of a vector charmonium is into gluons, and it is quite conceivable that such a channel should also

couple to would-be glueballs.

When performing the Wick contractions of propagators of flavour singlet states like charmonia,

two contributions arise: a connected one, with quark and antiquark propagating alongside each other, and

a disconnected (OZI suppressed) one, with annihilation and creation diagrams of cc̄. In all charmonium
simulations that have been performed so far, with two notable exceptions [18, 19], the disconnected

diagram has been neglected. It is well known that OZI processes play a role within the light pseudoscalar

and scalar sectors. This has also been extensively studied on the lattice [20,21]. In the case of charmonia,

in particular for S and D waves, substantial corrections due to mixing with intermediate gluonic states

are a possibility, even within the quenched approximation. For states that are close to threshold, in

addition mixing with two-meson states will occur, once sea quarks are included.

Charmonia have also been studied on isotropic lattices, within the quenched approximation [10,
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Table 3
Comparison between LBO and NRQCD split-

tings in GeV. The first error in LBO is due to
a 5% change in mb and the second error is an
estimate of the uncertainty due to δ < J2

g >.

LBO NRQCD % diff
1P − 1S 0.392(1) 0.432(4) 9(1)
2S − 1S 0.553(5) 0.586(5) 6(1)
3S − 1S 0.957(9) 0.950(8) 1(1)

H1 − 1S 1.421(8)(37) 1.479(24) 4(3)
H2 − 1S 1.421(8)(37) 1.517(58) 6(5)
H3 − 1S 1.711(5)(63) 1.808(25) 5(4)
H′

1 − 1S 1.697(2)(36) 1.892(30) 10(2)

in Fig. 1. The scale r0 is taken from the NRQCD
simulation. The heavy quark mass Mb is tuned to
reproduce the experimentally-known Υ(1S) mass:
MΥ = 2Mb + E0, where E0 is the energy of the
lowest-lying state in the Σ+

g potential. Level split-
tings are insensitive to small changes in the heavy
quark mass. For example, a 5% change in Mb re-
sults in changes to the splittings (with respect to
the 1S state) ranging from 0.1 − 0.8%.

The applicability of the leading Born Oppen-
heimer approximation relies on the smallness of
the retardation effects. We can determine the size
of this effect by comparing the two approaches
taken here since the NRQCD Hamiltonian only
differs from the LBO Hamiltonian by the inclu-
sion of the "p · "A coupling between the color charge
in motion and the gluon field. The difference in
splittings are tabulated in Table 3 and shown in
Fig. 1. In the comparison, the scale ambiguity
has been removed and the lattice artifacts were
found to be small (< 4%). Furthermore, the
splittings are insensitive to small changes in the
b-quark mass. We thus conclude that the small
differences (< 10%) from the two approaches is
in fact due to retardation, hence validating the
Born-Oppenheimer expansion.

4. Conclusion

The masses of 4 hybrid states were determined
in leading order NRQCD in the quenched approx-
imation. The magnitude of the retardation ef-

Figure 2. Wavefunctions and potentials for the
various hybrid/meson states.

fects were found to be small validating the Born-
Oppenheimer expansion.

The level splittings in the LBO approximation
were found to be rather insensitive to the b quark
mass. The LBO wavefunctions revealed the spa-
tial largeness of the hybrid meson states and also
indicated that the finite volume effects in our sim-
ulations should be negligible. Note that our LBO
spectrum of hybrid mesons based on adiabatic
surfaces calculated in the quenched approxima-
tion will very likely differ from the true spectrum
due to our neglect of sea quark effects. The in-
clusion of such effects remains an important chal-
lenge for the future.
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Fig. 3.2: Lattice QCD results divided by experiment for a range of ‘gold-plated’ quantities which cover the full range of

hadronic physics [29]. The unquenched calculations on the right show agreement with experiment across the board, whereas

the quenched approximation on the left yields systematic errors of O(10%).

− clat
S

8m2
iσ · (D × gE + gE × D) − clat

F

2m
σ · gB

]
ψ + · · · , (3.1)

similar to the standard (continuum) NRQCD Lagrangian, but note that the derivative operators are ‘im-

proved’ on the lattice to remove leading errors arising from the lattice spacing. See also the Introduction

3.23 Heavy Quark Actions in Chapter 1. We have omitted the term ψ†mψ.

Compared to the NRQCD description of continuum QCD, an unimportant difference is the Eu-

clidean metric (D4 instead of −iD0). Also, unlike in dimensional regularization, in lattice regularization

the mass shift δm will in general be non-zero. However, this cancels from mass differences and decay

amplitudes. Moreover, it can be determined nonperturbatively from the Υ dispersion relation. Obvi-

ously, terms accompanied by wi are lattice specific. The essential difference is that the matching scale is

provided by the lattice spacing: the short-distance coefficients clat
i , w

lat
i and δm depend on am and on

the details of the chosen discretisation. The matching of clat
i and wlat

i is carried out to some accuracy in

αs. From Eq. (3.1) one sees that the most important matching condition is to identify the kinetic massm
with the heavy quark mass in the lattice scheme, and then tune the higher-dimension interactions.

One area of lattice QCD which has remained problematic is the handling of light quarks on the

lattice. This is now being addressed successfully and is critical to obtaining precision results of use

to experiment. In particular the problem is how to include the dynamical (sea) u/d/s quark pairs that
appear as a result of energy fluctuations in the vacuum. We can often safely ignore c/b/t quarks in
the vacuum because they are so heavy, but we know that light quark pairs have significant effects, for

example in screening the running of the gauge coupling and in generating Zweig-allowed decay modes

for unstable mesons.

Many calculations in the past have used the “quenched approximation,” attempting to compensate

sea quark effects by ad hoc shifts in the bare coupling and (valence) quark masses. The results then suffer

from errors as large as 10–30%. The error of the quenched approximation is not really quantifiable and

this is reflected by a lack of internal consistency when different kinds of hadrons are used to fix the bare

parameters. This ambiguity plagues the lattice QCD literature.

The MILC Collaboration recently have produced ensembles of gluon field configurations which

include 2 degenerate light sea quarks (u, d) and a heavier one (s) [30]. They rely on fast supercomputers

95

Including light quark loops

C. T. H. Davies et al. [HPQCD, Fermilab Lattice, MILC, and UKQCD Collaborations], 
Phys. Rev. Lett. 92, 022001 (2004) [arXiv:hep-lat/0304004]. 
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Chiral Symmetry and Heavy-Light systems:          
D (0 ) and D (1 )            

Quarkonium systems:
equal masses:   h  , η′  and  ...
unequal masses:  B

Thresholds and the X(3872), Y(3940), Y(4260), ...   

New Narrow Mesons 

+   +  
s

c

s

cc
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Quarkonium Systems  
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Charmonium
By 2002 -twenty five years since any new 
charmonium state observed.

In the last three years:
   η’c  and  hc below D D threshold
   η’’c and χ’c2 
   X(3872), Y(3940), Y(4260), ...

Why?
New experiments and more lumunosity
New production channels - B decays,  γγ, 
  double charmonium production,  
  gg in high energy hadron colliders.
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2

TABLE I: cc̄ spectrum in the Coulomb + linear potential (1).

State Mass (MeV) Remarks

11S0

13S1

ηc

J/ψ

}
c.o.g. 3067.a

{
2979.8 ± 1.8

3096.87 ± 0.04

11P1 hc 3526.
13P0

13P1

13P2

χc0

χc1

χc2

}
c.o.g. 3526.a

{
3415.0 ± 0.8

3510.51 ± 0.12
3556.18 ± 0.13

21S0

23S1

η′
c

ψ′

}
c.o.g. 3678.

{
3654. ± 10.

3685.96 ± 0.09

11D2 ηc2 3815. !→ DD̄ (parity)
13D1

13D2

13D3

ψ
ψ2

ψ3

}
c.o.g. 3815.

{
3769.9 ± 2.5

!→ DD̄ (parity)
→ DD̄

2P 3968.
1F 4054.
3S 4118.

D0D̄0 3729.0 threshold
D+D− 3738.6 threshold

D0D̄∗0 or D∗0D̄0 3871.2 threshold
D±D∗∓ 3879.3 threshold
D+

s D−
s 3973.2 threshold

D∗0D̄∗0 4013.4 threshold
D∗+D∗− 4020.0 threshold

D+
s D̄∗−

s or D∗+
s D̄−

s 4099.0 threshold
D∗+

s D∗−
s 4224.8 threshold

aInput values.

threshold, and so will be typically narrow charmonium
states. In the absence of strong influence from the cou-
pling to decay channels, the 23PJ χ′

c and 21P1 h′
c states

should lie well above the DD̄ and D∗D̄ thresholds, and so
should have uninhibited strong decays. As has long been
known, the JPC = 2−+ 11D2 ηc2 and JPC = 2−− 13D2

ψ2 states constitute an important special case: they lie
between the DD̄ and D∗D̄ thresholds, but are forbidden
(because of their unnatural parity) to decay into DD̄.
It is therefore plausible that they will appear as narrow
levels, and we now quantify this suspicion.

Properties of the missing levels. To estimate the de-
cay rates, we shall use the established values for the
ηc, J/ψ, χc, ψ′, and ψ(3770) states, adopt the Belle value
for Mη′

c

, set Mhc
= 3526 MeV, and choose Mηc2

=
Mψ2

= 3815 MeV. We estimate the rates for hadronic
and radiative decays in turn.

Among hadronic decays, we consider transitions (ππ
emission) and annihilations. To estimate the π+π− +
π0π0 transition rates, we use the standard multipole ex-
pansion of the color gauge field [17, 18, 19] to express the
E1-E1 transition rates through the Wigner-Eckart theo-
rem given in Eqn. (3.5) of Ref. [20], with experimental
inputs given in Table X of that paper. The results are
shown in Table II. For present purposes, the essential
lesson is that we do not expect the ππ transition rates to
be large for the missing levels of charmonium.

TABLE II: Hadronic decay widths of charmonium states.

cc̄ state Decay Partial Width
11S0 ηc → gg 17.4 ± 2.8 MeV [21]
13S1 J/ψ → ggg 52.8 ± 5 keV [22]
11P1 hc → ggg 720 ± 320 keVa

13P0 χc0 → gg 14.3 ± 3.6 MeVb

13P1 χc1 → ggg 0.64 ± 0.10 MeVb

13P2 χc2 → gg 1.71 ± 0.21 MeVb

21S0 η′
c → gg 8.3 ± 1.3 MeVc

η′
c → ππηc 160 keVd

23S1 ψ′ → ggg 23 ± 2.6 keV [22]
ψ′ → ππJ/ψ 152 ± 17 keV [22]
ψ′ → ηJ/ψ 6.1 ± 1.1 keV [22]

11D2 ηc2 → gg 110 keVe

ηc2 → ππηc ≈ 45 keVd

13D1 ψ → ggg 216 keVf

ψ → ππJ/ψ 43 ± 15 keVg

13D2 ψ2 → ggg 36 keVf

ψ2 → ππJ/ψ ≈ 45 keVd

13D3 ψ3 → ggg 102 keVf

ψ3 → ππJ/ψ ≈ 45 keVd

aComputed from 3PJ rates using formalism of [23]; also see [24].
bCompilation of data analyzed by Maltoni, Ref. [23].
cScaled from Γ(ηc → gg).
dComputed using Eqn. (3.5) of Ref. [20].
eComputed using Eqn. (3).
fComputed using Eqn. (2).
gFrom rates compiled in Table X of Ref. [20].

For the annihilations into two or three gluons, we use
the standard (lowest-order) perturbative QCD formu-
las [25] to scale from available measurements for related
states. This is a straightforward exercise for the S-wave
levels. We use Maltoni’s analysis [23] of the 3PJ annihi-
lation rates to estimate the rate for hc → ggg. The rates
for annihilations of the 3DJ states into three gluons (via
color-singlet operators) are given by [26, 27]

Γ(3DJ → ggg) =
10α3

s

9π
CJ

|R(2)
n2 (0)|2

m6
c

ln 4mc〈r〉 , (2)

where R(#)
n# ≡ d#Rn#(r)/dr#

∣∣
r=0

, 〈r〉 =
∫ ∞

0dr r u2
n#(r), and

CJ = 76
9 , 1, 4 for J = 3, 2, 1. A complete analysis (includ-

ing color-octet operators as well) has too many unknowns
to be of use [39]. The strengths of the J = 3, 2, 1 anni-
hilations are more generally proportional to CJ , even if
color-octet operators dominate [28]. The two-gluon an-
nihilation rate of the 1D2 state is given by [29]

Γ(1D2 → gg) =
2α2

s

3

|R(2)
n2 (0)|2

m6
c

. (3)

Our estimates for the annihilation rates are collected in
Table II. The expectation for Γ(η′

c → gg) is to be com-
pared with the Belle value of 15 ± 24 (stat) MeV [11].

The most prominent radiative decays of charmonium
states are the E1 transitions, for which the rate [29, 30]

3

is given by

Γ(n̂ 2s+1!J
E1
−→ n̂′ 2s+1!′J′ γ) =

4αe2
c

3
(2J ′ + 1)k3

×|En̂!:n̂′!′ |2 · max (!, !′)

{
J 1 J ′

!′ s !

}2

,
(4)

where ec = 2
3 is the charm-quark charge, k is the photon

energy, the E1 transition matrix element is En̂!:n̂′!′ =
3
k

∫ ∞

0dr un!(r)un′!′(r)
[

kr
2 j0(kr

2 ) − j1(kr
2 )

]
+O(k/mc), n̂ ≡

n − ! is the radial quantum number, and {:::} is a 6-j
symbol. For M1 transitions, the rate is given by

Γ(n̂2s+1!J
M1
−→ n̂′2s′+1!J′ γ) =

4αe2
c

3m2
c

(2J ′+1)k3|Mn̂!:n̂′!|
2 ,

(5)
where Mn!:n′! =

∫ ∞

0dr un!(r)un′!(r)j0(kr
2 ).

The calculated rates for the prominent transitions
among charmonium states are shown in Table III. Val-
ues enclosed in parentheses have been corrected for the
effects of coupling to decay channels, following the proce-
dure developed in [16]. The calculated values reproduce
the patterns exhibited by measurements, and are in good
agreement with other calculations in the literature [31].
We expect them to provide reasonable guidance to the
radiative decay rates of the missing charmonium levels.

Integrating all the calculated rates, we note that the
radiative decays should be prominent, with branching
fractions B(hc → ηcγ) ≈ 2

5 , B(ηc2 → hcγ) ≈ 2
3 , and

B(ψ2 → χc1,2γ) ≈ 4
5 , of which B(ψ2 → χc1γ) ≈ 2

3 .
Charmonium production in B decays. Expectations

for the fractions of B-meson decays leading to charmo-
nium production are presented in Table IV. To estimate
the B → 1S0 production rates, we appeal to the sug-
gestion [35] that the ratio of spin-singlet to spin-triplet
decay rates is relatively insensitive to poorly calculated
matrix elements, Γ(B → n3S1 +X)/Γ(B → n1S0 +X) =
1+8m2

c/m2
b ≈ 1.5. The inclusive production of 1P states

in B decays can be expressed [40] in terms of color-singlet
and color-octet contributions as [36]:

Γ(b → hc + X)/Γ(b → !−ν̄! + X) ≈ 14.7H̃8

Γ(b → χc0 + X)/Γ(b → !−ν̄! + X) ≈ 3.2H̃8

Γ(b → χc1 + X)/Γ(b → !−ν̄! + X) ≈ 12.4H̃1 + 9.3H̃8

Γ(b → χc2 + X)/Γ(b → !−ν̄! + X) ≈ 15.3H̃8 (6)

Using the measured rates for inclusive χc1 and χc2 pro-
duction summarized in Table IV we extract H̃8 = (8.95±
3.79) × 10−5 and H̃1 = (2.18 ± 0.31) × 10−4, which de-
termine the inclusive branching fractions for χc0 and hc.
No measurements exist to guide our expectations for the
production of 1D states in B decays, so we must rely for
the moment on theoretical calculations [34] that suggest
production rates roughly comparable to those for other
charmonium states.

TABLE III: Calculated and observed rates for radiative tran-
sitions among charmonium levels in the potential (1).

γ energy Partial width (keV)
Transition k (MeV) Computed Measureda

ψ
M1
−→ ηcγ 115 1.92 1.13±0.41

χc0
E1
−→ J/ψγ 303 120 (105)b 98±43

χc1
E1
−→ J/ψγ 390 242 (215)b 240±51

χc2
E1
−→ J/ψγ 429 315 (289)b 270±46

hc
E1
−→ ηcγ 504 482

η′
c

E1
−→ hcγ 126 51

ψ′ E1
−→ χc2γ 128 29 (25)b 22±5

ψ′ E1
−→ χc1γ 171 41 (31)b 24±5

ψ′ E1
−→ χc0γ 261 46 (38)b 26±5

ψ′ M1
−→ η′

cγ 32 0.04

ψ′ M1
−→ ηcγ 638 0.91 0.75±0.25

ψ(3770)
E1
−→ χc2γ 208 3.7

ψ(3770)
E1
−→ χc1γ 250 94

ψ(3770)
E1
−→ χc0γ 338 287

ηc2
E1
−→ ψ(3770)γ 45 0.34

ηc2
E1
−→ hcγ 278 303

ψ2
E1
−→ χc2γ 250 56

ψ2
E1
−→ χc1γ 292 260

aDerived from Ref. [22].
bCorrected for coupling to decay channels as in Ref. [16].

Observing the missing narrow states. Radiative tran-
sitions among charmonium levels are the key to dis-
covering the remaining narrow states. Approximately
90K B → Kηc events are produced in the Belle ex-
periment’s data sample. Using the production rates of
Table IV, and making the plausible assumption that
B(B → K(∗) + (cc̄))/B(B → X + (cc̄)) is univer-
sal, we estimate that 70K Kηc events are directly pro-
duced, 8.1K events arise in the cascade B → Kηc2 →
Kγ(280 MeV)hc → Kγ(280 MeV)γ(500 MeV)ηc, and
11.7K events arise from B → Khc → Kγ(500 MeV)ηc,
and that the sample that yielded the 39 ± 11 η′

c discov-
ery events was about 30K events. Likewise, the large
radiative branching ratios of ψ2 to χc1,2 and of χc1,2

to J/ψ provide another striking double-gamma transi-
tion with B(B → Xψ2)

∑
J=1,2 B(ψ2 → χcJγ)B(χcJ →

J/ψγ)/B(B → XJ/ψ) & 0.12. The signal B → Kηc2 →
Kγ(280 MeV)hc → Kγ(280 MeV) + hadrons may also
provide a simultaneous observation of ηc2 and hc.

We close with a few examples of the insights to be ex-
pected from the discovery and investigation of the miss-
ing charmonium levels. The displacement of the 11P1 hc

from the 13PJ centroid is sensitive to Lorentz structure
of the interquark potential. The ψ′-η′

c splitting is sen-
sitive to a number of influences beyond simple potential

Expectations circa 2002

ELQ 2002
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TABLE I: Thresholds for decay into open charm and nearby
hidden-charm thresholds.

Channel Threshold Energy (MeV)

D0D̄0 3729.4
D+D− 3738.8

D0D̄∗0 or D∗0D̄0 3871.5
ρ0J/ψ 3872.7

D±D∗∓ 3879.5
ω0J/ψ 3879.6
D+

s
D−

s
3936.2

D∗0D̄∗0 4013.6
D∗+D∗− 4020.2

η′J/ψ 4054.7
f0J/ψ ≈ 4077

D+
s

D̄∗−
s

or D∗+
s

D̄−
s

4080.0
a0J/ψ 4081.6
ϕ0J/ψ 4116.4

D∗+
s

D∗−
s

4223.8

TABLE II: Thresholds for decay into open beauty and nearby
hidden-beauty thresholds.

Channel Threshold Energy (MeV)

ρ0Υ 10 236.1
ω0Υ 10 242.9
η′Υ 10 418.17
a0Υ 10 445.0
ϕ0Υ 10 479.8

B+B− 10 558.0
B0B̄0 10 558.8

B±B∗∓ 10 604.0
B0B̄∗0 or B∗0B̄0 10 604.4

B∗B̄∗ 10 650.
BsB̄s 10 739.2
f0Υ 10 735.7

BsB̄
∗
s

10 786.2
B∗

s
B̄∗

s
10 833.2
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Including Light Quark Effects

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].
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Table 1: Charmonium spectrum, including the influence of open-charm channels. All masses are in MeV. The penultimate

column holds an estimate of the spin splitting due to tensor and spin-orbit forces in a single-channel potential model. The last

column gives the spin splitting induced by communication with open-charm states, for an initially unsplit multiplet. From [26].

State Mass Centroid
Splitting

(Potential)

Splitting

(Induced)

S

S

P

P

P

P

S

S

D

D

D

D

(3 815)

P

P

P

P

3 968

The main theoretical weakness of the QPC model is its failure to reproduce the vanishing of the

pair production amplitudes for a static source at zero spatial separation. The flux tube breaking

model [20, 21] somewhat addresses this weakness. It has the same basic interaction as the QPC model

(Eq. 2) but the integration is only over a region near a ”string” between the and positions. This

region is defined by a upper bound on the shortest distance bewteen the pair creation point and the string.

Detailed applications of QPC models to the quarkonium systems are presently under investigation [22].

There have been attempts to compare the various models for quark pair creation [23, 24]. At

present the most studied system is the open charm threshold region and we will focus on that system

below. However, the same threshold effects are present in the states near threshold and states

near threshold. A detailed comparison of the scaling behaviour between different heavy quark

systems would provide valuable insight into the correct form for the coupling to light-quark pairs.

1.2 Mass Shifts

The mass of the quarkonium state in the presence of coupling to decay channels is given by:

(3)

Above threshold has both a real (mass) and imaginary part (width).

The basic coupled-channel interaction (Eq. 1 or Eq. 2) appearing in Eq. 3 is independent of the

heavy quarks spin, but the hyperfine splittings of and , and , induce spin-dependent forces

that affect the charmonium states. These spin-dependent forces give rise to S-D mixing that contributes

to the electronic width, for example, and are a source of additional spin splitting.
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light quark pair creation

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].

meson pair interactions

Cornell model (CCCM)

Vacuum Pair Creation 
model (QPC)
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Figure 13. Radial and orbital splittings in the Υ spectrum from lattice QCD in the

quenched approximation and including a realistic light quark vacuum polarisation. In

these plots the b quark mass was fixed from the Υ mass and the lattice spacing from

the splitting between the Υ′ and the Υ. Neither of these masses is predicted. (Top) The
spectrum of S, P andD levels in theΥ system obtained from coarse (filled red triangles)

and fine (open black triangles) quenched lattice calculations and from coarse (filled red

squares) and fine (open black squares) unquenched calculations. Experimental results

are shown as lines. (Bottom) Results for different splittings as a function of light u/d
quark mass. The leftmost points, at lightest u/d quark mass, are the ones included in the
top plot for the unquenched results. (Gray et al. 2003)

momentum transfer inside an Υ is larger than any of the u, d, or s masses and so we

expect these splittings simply to ‘count’ the presence of the light quarks. This lack of

variation with light quark mass is evident in Figure 13.
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Coupling to open-charm channels

The masses resulting from a full coupled channel analysis [26] in the CCC model are shown in

the second column of Table 1. The parameters of the potential model sector, , must be readjusted to

fit the physical masses, , to the observed experimental values. To compute the induced splittings, the

bare centroid of the spin-triplet states is adjusted so that the physical centroid, after inclusion of coupled-

channel effects, matches the value in the middle column of Table 1. The centroid for the 1D masses is

determined by pegging the observed mass of the 1 D . For the 2P levels, the bare centroid is

adjusted so that the 2 P level lies at the centroid of a potential-model calculation. The assumed spin

splittings in the single-channel potential model are shown in the penultimate column and the induced

coupled channel spin splittings for initially unsplit multiplets are presented in the rightmost column of

Table 1. The shifts induced in the low-lying 1S and 1P levels are small. For the other known states in the

2S and 1D families, coupled-channel effects are noticeable and interesting.

In a simple potential picture, the S level lies below the S by the hyperfine splitting

given by

(4)

Using the observed 1S hyperfine splitting, MeV, one would find

MeV , which is larger than the observed MeV, as is typical for potential-model

calculations.

One important result of coupling the open-charm threshold is that the receives a downward shift

of the nearby , that the does not get, as this state does not couple to . This is implicitly present

in the early Cornell papers [11, 12], but the shift of spin singlets states was not explicitly calculated.

The effect was first mentioned by Martin and Richard [27, 28], who calculated the size of the effect.

Recent papers using the CCC model interaction [26, 29] have confirmed this behaviour. In fact, the 2S

induced shifts in Table 1 draw and closer by MeV, substantially improving the agreement

between theory and experiment. This suggests that the - splitting reflects the influence of virtual

decay channels.

If the observed is a charmonium state, it is most naturally interpreted as the 1 D or

1 D level [25,26]; if not, both these states remain to be observed and the dynamics of is significantly

richer. As shown in Table 1, the coupling to open-charm channels increases the 1 D -1 D splitting by

about MeV, but does not fully account for the observed MeV separation between and

. However the position of the 1 D level turns out to be very close to MeV.

1.3 Mixing and Physical State Properties

The physical states are not pure potential-model eigenstates but include components with two virtual

(real above threshold) open flavor meson states. Separating the physical state ( ) into ( ) and two

meson components ( ), the resulting separation by sector leads to an effective Hamiltonian for the

sector given by:

(5)

Solving Eq. 5 in the sector determines the mixing between the potential model states and

coupling to decay channels. This approach has been described in detail [11,12] for the CCC model with

(Eq. 1). An effective Hamiltonian approach has also been considered in the QPC model [30].

The results for the low-lying states is shown in Table2 for the CCC model. The overall prob-

ability for the physical state to be in the sector, denoted , decreases as open charm threshold is

approached. For states above threshold the mixing coefficients become complex. These mixing effects

contribute to observed S-D mixing as well as modifying radiative transition rates [31, 32]. A more de-

tailed discussion of these effects appear in the Decay section.
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Phenomenological approach:

Solve coupled-state system

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].

CCCM
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D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >Evaluate ,    etc.  ELQ 
2004
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Effects on the spectrum
Coupling to virtual channels induces spin-dependent forces 
in charmonium near threshold, because  M(D*) > M(D)

⇒
⇒
⇒

5

threshold region occupies our interest in this study. How-
ever, analogous effects are present in the bb̄ states near
BB̄ threshold and cb̄ states near DB threshold. A de-
tailed comparison of different heavy-quark systems could
provide valuable insight into the correct form for the cou-
pling to light-quark pairs.

The C3 formalism generalizes the cc̄ model without in-
troducing new parameters, writing the interaction Hamil-
tonian in second-quantized form as

HI = 3
8

∑8
a=1

∫
: ρa(r)V (r − r′)ρa(r′) : d3r d3r′ , (2)

where V is the charmonium potential and ρa(r) =
1
2
ψ†(r)λaψ(r) is the color current density, with ψ the

quark field operator and λa the octet of SU(3) matrices.
To generate the relevant interactions, ψ is expanded in
creation and annihilation operators (for charm, up, down,
and strange quarks), but transitions from two mesons to
three mesons and all transitions that violate the Zweig
rule are omitted. It is a good approximation to neglect all
effects of the Coulomb piece of the potential in (2). This
simple model for the coupling of charmonium to charmed-
meson decay channels gives a qualitative understanding
of the structures observed above threshold while preserv-
ing the successes of the single-channel cc̄ analysis below
threshold [58, 59].

A. Mass Shifts

In the presence of coupling to two-light-quark decay
channels, the mass ω of the quarkonium state Ψ is defined
by the eigenvalue equation

[H0 + H2 + HI ]Ψ = ωΨ. (3)

Above the flavor threshold, ω is a complex eigenvalue.
The basic coupled-channel interaction HI given by

(2) is independent of the heavy quark’s spin, but the
hyperfine splittings of D and D∗, Ds and D∗

s , induce
spin-dependent forces that affect the charmonium states.
These spin-dependent forces give rise to S-D mixing that
contributes to the electronic widths of 3D1 states and in-
duces additional spin splitting among the physical states.

The masses that result from the full coupled-channel
analysis are shown in the second column of Table II,
which revises and extends our previously published re-
sults [8]. The new version presented here includes the
3S levels and takes account of Belle’s evidence [14] for
Z(3930), interpreted as a 23P2 state (cf. §II E 3). As
in our earlier analysis, the parameters of the potential-
model sector governed by H0 must be readjusted to fit
the physical masses, ω, to the observed experimental val-
ues. The centroids of the 1D and 2P spin-triplet masses
are pegged to the observed masses of 13D1 ψ(3770) and
23P2 (Z(3930)), respectively. The assumed spin split-
tings in the single-channel potential model are shown in
the penultimate column and the induced coupled-channel
spin splittings for initially unsplit multiplets are pre-
sented in the rightmost column of Table II. The shifts

TABLE II: Charmonium spectrum, including the influence
of open-charm channels. All masses are in MeV. The penul-
timate column holds an estimate of the spin splitting due
to tensor and spin-orbit forces in a single-channel potential
model. The last column gives the spin splitting induced by
communication with open-charm states, for an initially un-
split multiplet.

State Mass Centroid
Splitting

(Potential)
Splitting
(Induced)

11S0

13S1

2 979.9a

3 096.9a 3 067.6b −90.5e

+30.2e
+2.8
−0.9

13P0

13P1

11P1

13P2

3 415.3a

3 510.5a

3 524.4f

3 556.2a

3 525.3c

−114.9e

−11.6e

+0.6e

+31.9e

+5.9
−2.0
+0.5
−0.3

21S0

23S1

3 638a

3 686.0a 3 674b −50.1e

+16.7e
+15.7
−5.2

13D1

13D2

11D2

13D3

3 769.9a

3 830.6
3 838.0
3 868.3

(3 815)d

−40
0
0

+20

−39.9
−2.7
+4.2
+19.0

23P0

23P1

21P1

23P2

3 881.4
3 920.5
3 919.0
3 931g

(3 922)d

−90
−8
0

+25

+27.9
+6.7
−5.4
−9.6

31S0

33S1

3 943h

4 040a (4 015)i
−66e

+22e
−3.1
+1.0

aObserved mass, from Review of Particle Physics, Ref. [20].
bInput to potential determination.
cObserved 13PJ centroid.
dComputed centroid.
eRequired to reproduce observed masses.
fObserved mass from CLEO [3].
gObserved mass from Belle [14].
hObserved mass from Belle [13].
iObserved 3S centroid.

induced in the low-lying 1S and 1P levels are small. For
all the other states, coupled-channel effects are noticeable
and interesting.

An important consequence of coupling the open-charm
threshold is that the ψ′ receives a downward shift through
its communication with the nearby DD̄ channel; the un-
natural parity η′

c does not couple to DD̄, and so is not
depressed in the same degree. This effect is implicitly
present in the early Cornell papers [58, 59], but the shift
of spin-singlet states was not calculated there. The first
explicit mention—and the first calculation—of the un-
equal effects on the masses of the 2S hyperfine partners
is due to Martin and Richard [61]. In the framework of
the C3 model, we found [8, 9] (cf. Table II) that the
induced shifts draw ψ′ and η′

c closer by 20.9 MeV, sub-
stantially improving the agreement between theory and
experiment. This suggests that the ψ′-η′

c splitting reflects
the influence of virtual decay channels. In the case of the
3S system, both the 31S0 η′′

c and the 33S1 ψ(4040) com-

⇒
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the γγ measurement by CLEO-III with one from ψ(1, 2S) decays.

Dataset Mass(MeV/c2) S C.L.

(a) ALL 2980.0 ±1.2 1.82 0.09%

(b) ALL after 1999 2980.4 ±1.2 1.44 6.6%

(c) ψ(1, 2S) decays 2977.5 ±0.9 1(1.38) 13%

(d) pp̄ 2984.5 ±1.6 1(1.05) 33%

(e) B-factories 2981.9 ±1.1 1(0.65) 65%

PDG 2004 2979.6 ±1.2 1.7 0.1%

Table 3.19: Fits of all ηc mass measurements

!
c
(1S) Mass=2980.0+/-1.2

2960 2970 2980 2990 3000
M(MeV/c

2
)

S=  1.8 CL=9.0E-04

MARK3(86)

DM2(91)

E760(95)

BES1(00)

E835(03)

BES2(03)

BELLE(03)

CLEO3(04)

BABAR(04)

!
c
(1S) Total Width=  28.1+/-3.0

-20 0 20 40 60
"(MeV)

S=  1.6 CL=9.9E-03

MARK3(86)

E760(95)

BES1(00)

E835(03)

BES2(03)

BELLE(03)

BABAR(04)

CLEO3(04)

Fig. 3.21: Mass and width fits for ηc(1S)

!
c
(2S) Mass=3637.4+/-4.4

3550 3600 3650
M(MeV/c

2
)

S=  1.9 CL=1.5E-02

BELLE(03)

BELLE2(03)

CLEO3(04)

BABAR(04)

!
c
(2S) Total Width

-50 0 50
"(MeV)

BELLE(03)

CLEO3(04)

BABAR(04)

Fig. 3.22: Mass and width fits for ηc(2S)

7.2 ηb(nS) and hb(nP): searches†

Over twenty-five years after the discovery of theΥ(1S), no pseudoscalar bb states have been conclusively
uncovered. In recent years, the search has been conducted at CLEO, LEP, and CDF, using both inclusive

and exclusive methods.

The inclusive CLEO search [399] identifies distinctive single photons with its high-resolution CsI

electromagnetic calorimeter. These photons are signatures of Υ radiative decays, in this case Υ(3S) →
ηbγ, Υ(2S) → ηbγ, Υ(3S) → η′bγ, and Υ(3S) → hbπ0 or hbπ+π− followed by hb → ηbγ. Godfrey

†Authors: A. Böhrer, T. Ferguson, J. Tseng

154

Mass shifts:

Hyperfine splitting:

Normalize to

Observed

Shift

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >

ρa = c̄γ0tac + q̄γ0taq

1.4± 0.7

X(3872)→ π+π−ψ

X(3872)→′ ω ′ + ψ

ψ′′(3770)

M(η′c) = 3637.7± 4.4

M(ψ′)−M(η′c) = 32παs|Ψ(0)|2/9m2
c

M(J/ψ)−M(ηc) = 117 MeV

M(ψ′)−M)η′c) = 67 (MeV

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >

ρa = c̄γ0tac + q̄γ0taq

1.4± 0.7

X(3872)→ π+π−ψ

X(3872)→′ ω ′ + ψ

ψ′′(3770)

M(η′c) = 3637.7± 4.4

M(ψ′)−M(η′c) = 32παs|Ψ(0)|2/9m2
c

M(J/ψ)−M(ηc) = 117 MeV

M(ψ′)−M)η′c) = 67 (MeV

(48.3± 4.4) MeV

20.9= MeV

(48.3± 4.4) MeV

20.9MeV

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >

ρa = c̄γ0tac + q̄γ0taq

1.4± 0.7

X(3872)→ π+π−ψ

X(3872)→′ ω ′ + ψ

ψ′′(3770)

M(η′c) = 3637.7± 4.4

M(ψ′)−M(η′c) = 32παs|Ψ(0)|2/9m2
c

M(J/ψ)−M(ηc) = 117 MeV

M(ψ′)−M(η′c) = 67 MeV

Agrees

M(η′ ) = 3637.7 ± 4.4c
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Modified State Properties
Mixing

Isospin breaking        P wave decay - 6% 

Radiative Transitions              

Ψ(13S1) = 0.983 |13S1〉 − 0.050 |23S1〉 − 0.009 |33S1〉 + . . . ; 96.8%(cc̄)

Ψ(13P1) = 0.914 |13P1〉 − 0.075 |23P1〉 − 0.015 |33P1〉 + . . . ; 84.1%(cc̄)

Ψ(13D2) = 0.754 |13D2〉 − 0.084 |23D2〉 − 0.011 |33D2〉 + . . . ; 57.6%(cc̄) 8

TABLE VI: Calculated and observed rates for E1 radiative
transitions among charmonium levels. C3 model rates include
the influence of open-charm channels.

Partial Width (keV)

13D1(3770) → χc2 γ(208) χc1 γ(251) χc0 γ(338)
model 3.9 59 225
experimenta < 20 78 ± 20

13D2(3831) → χc2 γ(266) χc1 γ(308)
model 45 212

13D3(3868) → χc2 γ(303)
model 286

23P0(3881) → J/ψ γ(704) ψ′ γ(190) 13D1 γ(110)
model 66 29 2.7

23P1(3920) → 13D1 γ(147) 13D2 γ(86)
model 0.7 0.06

23P1(3920) → J/ψ γ(737) ψ′ γ(227)
model 1.9 9.6

23P2(3931) → 13D1 γ(157) 13D2 γ(95) 13D3 γ(62)
model 0.7 4.4 5.8

23P2(3931) → J/ψ γ(775) ψ′ γ(272)
model 22 195

ψ(4040) → 23P2 γ(84) 23P1 γ(132) 23P0 γ(156)
model 18 5.4 20

ψ(4040) → 13P2 γ(456) 13P1 γ(495) 13P0 γ(577)
model 12 0.4 0.03

aCLEO results . . .

IV. IMPLICATIONS FOR NEWFOUND STATES

A. X(3940) as ηc(3S)

The observation by Belle [13] of a state X(3940) re-
coiling against the J/ψ system in continuum production
at the Υ(4S) region fits the general behavior expected for
the η′′

c charmonium level. This state is not seen to decay
into DD̄ but does decay into DD̄∗, suggesting that has
unnatural parity. Figure 1 shows the complex pole posi-
tion of the η′′

c in the C3 model as its bare mass is varied in
10-MeV steps. At 3943 MeV, we estimate a DD̄∗ width
of 49.8 MeV, which is quite close to the experimental
upper bound, Γ(Y (3943)) < 52 MeV.

If ψ(4040) is assigned to the 33S1 level, it is somewhat
problematic to identify X(3940) as its hyperfine partner.
We show in Figure 2 the behavior of the physical mass
and width of the triplet 3S state as the bare mass is varied
in 10-MeV steps. To reproduce the observed masses, we
would require the spin splitting in the charmonium sec-
tor to be 88 MeV, which is considerably larger than the
2S splitting, and larger than expected in naive potential
models.

If, for the moment, we take the existence, mass, and

FIG. 1: Variation of the η′′
c width with mass in the C3 model.

The physical mass of the X(3940) is denoted by a crossed dot.

FIG. 2: Width of the 33S1 state as a function of its mass. The
physical mass of the ψ(4040) is denoted by a crossed dot.

unnatural parity of X(3940) as well established, then it
is possible that some of the discrepancy may be due to
the difficulty of determining the true pole position for
the 33S1 state from measurements of the step in Rcc̄ ≡
σ(e+e− → hadrons)/σ(e+e− → µ+µ−) [63].

B. The 2P states

1. Z(3930) as χ′
c2

Belle has also observed the new state Z(3930) in two-
photon production of DD̄ pairs [14]. The 23P2 and 23P0

levels are natural charmonium candidates; experiment
favors the J = 2 assignment. In constructing Table II,
we adjusted the 2P centroid to give the mass of the J = 2
state in agreement with observation. We show in Figure 3
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Decays into open charm

Decay widths:

ψ″(3770)  width  
agrees with experiment
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2

TABLE I: Thresholds for decay into open charm.

Channel Threshold Energy (MeV)

D0D̄0 3729.4
D+D− 3738.8

D0D̄∗0 or D∗0D̄0 3871.5
D±D∗∓ 3879.5
D+

s D−
s 3936.2

D∗0D̄∗0 4013.6
D∗+D∗− 4020.2

D+
s D̄∗−

s or D∗+
s D̄−

s 4080.0
D∗+

s D∗−
s 4223.8

cc̄ analysis below threshold and gives a qualitative un-
derstanding of the structures observed above thresh-
old [10, 11]. We now employ the Cornell coupled-channel
formalism to analyze the properties of charmonium lev-
els that populate the threshold region between 2M(D)
and 2M(D∗), for which the main landmarks are shown
in Table I.

Our command of quantum chromodynamics is inade-
quate to derive a realistic description of the interactions
that communicate between the cc̄ and cq̄ + c̄q sectors.
The Cornell formalism generalizes the cc̄ model with-
out introducing new parameters, writing the interaction
Hamiltonian in second-quantized form as

HI = 3
8

∑8
a=1

∫
: ρa(r)V (r− r′)ρa(r′) : d3r d3r′ , (3)

where V is the charmonium potential and ρa(r) =
1
2ψ†(r)λaψ(r) is the color current density, with ψ the
quark field operator and λa the octet of SU(3) matrices.
To generate the relevant interactions, ψ is expanded in
creation and annihilation operators (for charm, up, down,
and strange quarks), but transitions from two mesons to
three mesons and all transitions that violate the Zweig
rule are omitted. It is a good approximation to neglect
all effects of the Coulomb piece of the potential in (3).

A full outline of the calculational procedure appears in
Refs. [10, 11], but it is apt to cite a few elements here.
We evaluate Eq. 3 between nonrelativistic (cc̄) states with
wave functions determined by the Cornell potential, and
11S0 and 13S1 cū, cd̄, and cs̄ ground states with Gaussian
wave functions. States with orbital angular momentum
L > 0 can decay in partial waves $ = L∓ 1.

Following [10], we define a coupling matrix within the
(cc̄) sector

Ωnm(W ) =
∑
ij

〈n|HI |DiD̄j〉〈DiD̄j |HI |m〉
(W − EDi − ED̄j

+ iε)
, (4)

where the summation runs over momentum, spin, and fla-
vor. Above threshold (for W > Mi + Mj), Ω is complex.
We decompose Ωnm into a dynamical part (see [10]) that
depends on the radial and orbital quantum numbers of
the charmonium states and on the masses of Di and Dj

times the product recoupling matrix shown in Table II
that expresses the spin dependence for each partial wave.

TABLE II: Statistical recoupling coefficients C, defined by
Eq. D19 of Ref. [10], that enter the calculation of charmonium
decays to pairs of charmed mesons. Paired entries correspond
to ! = L− 1 and ! = L + 1.

State DD̄ DD̄∗ D∗D̄∗
1S0 – : 0 – : 2 – : 2
3S1 – : 1

3 – : 4
3 – : 7

3
3P0 1 : 0 0 : 0 1

3 : 8
3

3P1 0 : 0 4
3 : 2

3 0 : 2
1P1 0 : 0 2

3 : 4
3

2
3 : 4

3
3P2 0 : 2

5 0 : 6
5

4
3 : 16

15
3D1

2
3 : 0 2

3 : 0 4
15 : 12

5
3D2 0 : 0 6

5 : 4
5

2
5 : 8

5
1D2 0 : 0 4

5 : 6
5

4
5 : 6

5
3D3 0 : 3

7 0 : 8
7

8
5 : 29

35
3F2

3
5 : 0 4

5 : 0 11
35 : 16

7
3F3 0 : 0 8

7 : 6
7

4
7 : 10

7
1F3 0 : 0 6

7 : 8
7

6
7 : 8

7
3F4 0 : 4

9 0 : 10
9

12
7 : 46

63
3G3

4
7 : 0 6

7 : 0 22
63 : 20

9
3G4 0 : 0 10

9 : 8
9

2
3 : 4

3
1G4 0 : 0 8

9 : 10
9

8
9 : 10

9
3G5 0 : 5

11 0 : 12
11

16
9 : 67

99

In each channel 2S+1LJ , the physical states correspond
to the eigenvalues of

(Hcc̄ + Ω(W ))Ψ = WΨ . (5)

The real parts of the energy eigenvalues are the char-
monium masses. Imaginary parts determine the widths
of resonances above threshold. The eigenvalues also de-
termine the mixing among (cc̄) states and the overall
fraction in the (cc̄) sector.

To fix the (Coulomb + linear) charmonium potential,

V (r) = −κ/r + r/a2, (6)

we adjust the strength of the linear term to reproduce
the observed ψ′-ψ splitting, after including all the effects
of coupling to virtual decay channels. Neglecting the in-
fluence of open charm gives a = 2.34 GeV, κ = 0.52,
and a charmed-quark mass mc = 1.84 GeV. In the Cor-
nell coupled-channel model, the virtual decay channels
reduce the ψ′-ψ splitting by about 115 MeV, so the slope
parameter has to be reduced to a = 1.97 GeV.

The basic coupled-channel interaction (3) is spin-
independent, but the hyperfine splittings of D and D∗,
Ds and D∗

s , induce spin-dependent forces that affect the
charmonium states. These spin-dependent forces give
rise to S-D mixing that contributes to the ψ(3770) elec-
tronic width, for example, and are a source of additional
spin splitting, shown in the rightmost column of Ta-
ble III. To compute the induced splittings, we adjust the
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Search for DD final states
_
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Belle [hep-ex/0507019] 
η’’       

c

X(3943) decays 
into DD*        
⇒ not 2 P

M(ψ(4040) - X(3943))  
≈ 100 MeV

0
3

Too large ?

Γ(X(3943) < 56 MeV 
(90%cl)

observed peaks, another significant peak can be seen around a mass of 3.94 GeV/c2. We

Mrecoil(J/!)                          GeV/c
2

N
/2

0
 M

e
V

/c
2

0

50

100

150

2 2.5 3 3.5 4 4.5

FIG. 1: The distribution of masses recoiling against the reconstructed J/ψ in inclusive e+e− →
J/ψX events. The enhancements correspond to the ηc, χc0, ηc(2S) and a new state, X(3940). The

curves are described in the text.

perform a fit to this spectrum that includes three known (ηc, χc0, ηc(2S)) and one new
(X(3940)) charmonium states. In this fit, the mass positions for the ηc, χc0, ηc(2S) and
X(3940) are free parameters. The expected signal line-shapes are determined from Monte
Carlo (MC) simulation as described in the previous Belle publications [5, 6]. As the width
of the new state is unknown, it is a free parameter in the fit. Thus the signal function
for the X(3940) is a convolution of the Monte Carlo line shape, with assumed zero width,
with a Breit-Wigner function. The background is parametrized by a second order polynomial

function and a threshold term (
√

Mrecoil(J/ψ) − 2MD) to account for a possible contribution

from e+e− → J/ψD(∗)D(∗).
The fit results are given in Table I. The significance for each charmonium signal is

defined as
√
−2 ln(L0/Lmax), where L0 and Lmax denote the likelihoods returned by the fits

with the signal yield fixed at zero and at the fitted value respectively for each charmonium
state. The signal for the X(3940) is found to have a significance of 5.0 σ. The width of the
X(3940) state is consistent with zero, with a large statistical error: Γ = 39 ± 26 MeV/c2.
The fit results are shown in the Fig. 1 as the solid curve; the dashed curve is the background
function.

The new state has a mass well above DD threshold. We therefore perform a search for
X(3940) decays into DD and D∗D final states. Because of the small product of D(∗) recon-
struction efficiencies and branching fractions, it is impossible to reconstruct fully the chain
e+e− → J/ψ X(3940), X(3940) → D(∗)D. To increase the efficiency only one D meson
in the event is reconstructed in addition to the reconstructed J/ψ. The other D or D∗

can be detected as a peak in the spectrum of masses recoiling against the J/ψD combina-
tion. The Monte Carlo simulation for e+e− → J/ψDD and e+e− → J/ψD∗D processes
predicts a Mrecoil(J/ψD) resolution of about 30 MeV/c2, thus the separation between these
two processes is 2.5 σ. Fig. 2 shows the Mrecoil(J/ψD) spectrum in the D mass window

5

η’’       

η       c η’       c η’’       cχc0
BaBar ?
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Coupled Channels Results

Γ ≈ 50 MeV

 3S Spin Splitting 
increased

8

TABLE VI: Calculated and observed rates for E1 radiative
transitions among charmonium levels. C3 model rates include
the influence of open-charm channels.

Partial Width (keV)

13D1(3770) → χc2 γ(208) χc1 γ(251) χc0 γ(338)
model 3.9 59 225
experimenta < 20 78 ± 20

13D2(3831) → χc2 γ(266) χc1 γ(308)
model 45 212

13D3(3868) → χc2 γ(303)
model 286

23P0(3881) → J/ψ γ(704) ψ′ γ(190) 13D1 γ(110)
model 66 29 2.7

23P1(3920) → 13D1 γ(147) 13D2 γ(86)
model 0.7 0.06

23P1(3920) → J/ψ γ(737) ψ′ γ(227)
model 1.9 9.6

23P2(3931) → 13D1 γ(157) 13D2 γ(95) 13D3 γ(62)
model 0.7 4.4 5.8

23P2(3931) → J/ψ γ(775) ψ′ γ(272)
model 22 195

ψ(4040) → 23P2 γ(84) 23P1 γ(132) 23P0 γ(156)
model 18 5.4 20

ψ(4040) → 13P2 γ(456) 13P1 γ(495) 13P0 γ(577)
model 12 0.4 0.03

aCLEO results . . .

IV. IMPLICATIONS FOR NEWFOUND STATES

A. X(3940) as ηc(3S)

The observation by Belle [13] of a state X(3940) re-
coiling against the J/ψ system in continuum production
at the Υ(4S) region fits the general behavior expected for
the η′′

c charmonium level. This state is not seen to decay
into DD̄ but does decay into DD̄∗, suggesting that has
unnatural parity. Figure 1 shows the complex pole posi-
tion of the η′′

c in the C3 model as its bare mass is varied in
10-MeV steps. At 3943 MeV, we estimate a DD̄∗ width
of 49.8 MeV, which is quite close to the experimental
upper bound, Γ(Y (3943)) < 52 MeV.

If ψ(4040) is assigned to the 33S1 level, it is somewhat
problematic to identify X(3940) as its hyperfine partner.
We show in Figure 2 the behavior of the physical mass
and width of the triplet 3S state as the bare mass is varied
in 10-MeV steps. To reproduce the observed masses, we
would require the spin splitting in the charmonium sec-
tor to be 88 MeV, which is considerably larger than the
2S splitting, and larger than expected in naive potential
models.

If, for the moment, we take the existence, mass, and

FIG. 1: Variation of the η′′
c width with mass in the C3 model.

The physical mass of the X(3940) is denoted by a crossed dot.

FIG. 2: Width of the 33S1 state as a function of its mass. The
physical mass of the ψ(4040) is denoted by a crossed dot.

unnatural parity of X(3940) as well established, then it
is possible that some of the discrepancy may be due to
the difficulty of determining the true pole position for
the 33S1 state from measurements of the step in Rcc̄ ≡
σ(e+e− → hadrons)/σ(e+e− → µ+µ−) [63].

B. The 2P states

1. Z(3930) as χ′
c2

Belle has also observed the new state Z(3930) in two-
photon production of DD̄ pairs [14]. The 23P2 and 23P0

levels are natural charmonium candidates; experiment
favors the J = 2 assignment. In constructing Table II,
we adjusted the 2P centroid to give the mass of the J = 2
state in agreement with observation. We show in Figure 3

Requires bare  
splitting: 88 Mev

Extract 33S1 pole from 
CCC model of ΔR.

Including DDP channels:
 Expected to add significant spin splitting

To do:
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2P States
 Belle observes the Z(3931) in ϒϒ production

Good agreement with 
expectations

Mass = 3931 ± 4(stat) ± 2(sys)  MeV

Width = 20 ± 8(stat) ± 3(sys)  MeV

Decay mode DD

5

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution.

FIG. 3: The sum of the M(DD̄) invariant mass distributions
for all four processes. The curves show the fits with (solid) and
without (dashed) a resonance component. The histograms
show the distribution of the events from the D-mass sidebands
(see the text).

likelihood method with the scales of the two components
treated as free parameters. The linear-background com-
ponent, 0.6± 0.4 events for Pt(DD̄) < 0.05 GeV/c2, and
the goodness of fit, χ2/d.o.f = 18.7/18, indicate that
the events in the peak region originate primarily from
exclusive two-photon events.

The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c. Such a distortion is not evident
in the observed distribution. From a fit that includes
a D(∗)D̄∗ component, together with DD̄ production and
a linear background, we find that at the 90% confidence
level, less than 6 of the 46 events observed in the selected
Pt region originate from D(∗)D̄∗.

We investigate possible backgrounds from non-DD̄

FIG. 4: The experimental Pt(DD̄) distribution (points with
error bars) for events in the 3.91 < M(DD̄) < 3.95 GeV/c2 re-
gion and the fit (histogram) based on the exclusive γγ → DD̄
process MC plus a linear background (dotted line). The dot-
dashed line shows the location of the Pt selection requirement.

sources using D-sideband events. The histograms in
Fig. 3 show the invariant mass distributions for events
where the D-meson is replaced by a hadron system from
a D-signal mass sideband region below the signal region
with the same width as the signal mass region. We use
two types of sideband events: one where one D-meson
candidate is in the signal mass region (shaded histogram),
and another where both entries are from the sidebands
(open-histogram). Since there is no significant difference
between the two sideband distributions, we conclude that
the sideband events are dominated by non-charm back-
grounds. Since the distributions of the two kinds of the
sideband events are essentially equivalent, we combine
them and scale by a half in order to compare to the DD̄
signal yield.

The sideband-event distribution has no enhancement
in the peak region but does include a broad cluster
around 3.80 GeV/c2 with a shape that is similar to the
low mass enhancement seen for the DD̄ candidates. Since
the level of the sideband events is only 10-20% of the DD̄
candidates, we conclude that the lower mass enhance-
ment is dominantly DD̄ (inclusive or exclusive) events.

Figures 5(a) and (b) show the M(DD̄) distributions for
events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respectively,
where θ∗ is the angle of a D meson relative to the beam
axis in the γγ c.m. frame. It is apparent that the events
in the 3.93 GeV/c2 peak tend to concentrate at small
| cos θ∗| values.

The points with error bars in Fig. 5(c) show the event
yields in the 3.91 GeV/c2 to 3.95 GeV/c2 region ver-
sus | cos θ∗|. Background, estimated from events in the
M(DD̄) sideband, is indicated by the histogram. A MC
study indicates that the efficiency is uniform in | cos θ∗|.
For a spin-0 resonance this distribution should be flat. In
contrast, a spin-2 resonance is expected to be produced
with helicity-2 along the incident axis [10, 11], in which
case the expected angular distribution is ∝ sin4 θ∗.
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Decay Widths

2P                   
J=0,1 states wide
J=2 state narrow      
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TABLE IV: Charmonium content of states near cc̄ threshold.
The wave function Ψ reflects mixing induced through com-
munication with open-charm channels. Unmixed potential-
model eigenstates are denoted by

∣∣n2s+1LJ

〉
. The coefficient

of the dominant unmixed state is chosen real and positive.
Physical states are evaluated at masses given in Table II.

State Principal Ψ0 (cc̄) Components

Ψ(13D1) = 0.10e+0.59iπ |2S〉 + 0.01e+0.81iπ |3S〉
+0.69 |1D〉 + 0.10e+0.86iπ |2D〉

Ψ(13D2) = 0.77 |1D〉 − 0.10 |2D〉 − 0.02 |3D〉
Ψ(11D2) = 0.79 |1D〉 − 0.10 |2D〉 − 0.02 |3D〉
Ψ(13D3) = 0.70 |1D〉 − 0.09 |2D〉 + 0.02e−0.98iπ |3D〉
Ψ(23P0) = 0.11e−0.38iπ |1P〉 + 0.70 |2P〉 + 0.03e+0.56iπ |3P〉
Ψ(21P1) = 0.18e−0.19iπ |1P〉 + 0.68 |2P〉 + 0.07e+0.77iπ |3P〉
Ψ(23P1) = 0.18e−0.27iπ |1P〉 + 0.68 |2P〉 + 0.07e+0.69iπ |3P〉
Ψ(23P2) = 0.18e−0.09iπ |1P〉 + 0.66 |2P〉 + 0.07e+0.85iπ |3P〉
Ψ(31S0) = 0.02e−0.06iπ |1S〉 + 0.20e−0.18iπ |2S〉 + 0.68 |3S〉

+0.05e+0.67iπ |4S〉
Ψ(33S1) = 0.02e−0.05iπ |1S〉 + 0.19e−0.30iπ |2S〉 + 0.67 |3S〉

+0.07e+0.54iπ |4S〉
+0.04e+0.59iπ |1D〉 + 0.04e+0.59iπ |2D〉

Ψ(23D1) = 0.02e+0.60iπ |2S〉 + 0.03e−0.71iπ |3S〉
+0.14e−0.50iπ |1D〉 + 0.69 |2D〉

light about L ≥ 3 levels; the predictions given in Ref. [8]
remain current.

The 13D1 state ψ′′(3770), which lies some 40 MeV
above charm threshold, calibrates the reasonableness of
our calculated widths. As we noted in Ref. [8], our value
of 20.1 MeV, is in excellent agreement with the world
average, Γ(ψ(3770)) = 23.6 ± 2.7 MeV [20].

The results presented here differ in two respects from
those of Ref. [8]. First, the χ′

c2 and η′′
c masses have been

fixed, if only provisionally, by experiment. This results
in shifts of the masses and properties of all the 2P and
3S states as shown in Tables II, V, and VI. Second, the
present approach allows a more detailed extraction of the
composition of the charmonium states above threshold.
These results are shown in Tables III and IV.

Along with the current PDG values for the total widths
of higher 1−− cc̄ resonances, we show in Table V a re-
analysis of the existing experimental data by Seth [73].

The natural-parity 13D3 state can decay into DD̄, but
its f -wave decay is suppressed by the centrifugal barrier
factor. Thus the 13D3 may be discovered as a narrow
DD̄ resonance up to a mass of about 4000 MeV.

Barnes, Godfrey, and Swanson [11] have recently re-
ported extensive calculations of decay widths of higher
charmonium states in the framework of the 3P0 model
for quark-pair production. [Shortcomings of both the C3

and 3P0 models are assessed in Ref. [69]. Detailed com-
parisons (e.g. Ackleh, Barnes and Swanson [74]) between
various light quark pair creation models are highly desir-
able.] Unlike the analysis presented here, their calcula-

TABLE V: Open-charm strong decay modes of the charmo-
nium states near threshold. The theoretical widths using the
C3 model [8] are shown.

State n2s+1LJ Mode Decay Width (MeV)
Experiment Computed

ψ(3770) 13D1 D0D̄0 11.8
D+D− 8.3
total 23.6 ± 2.7b 20.1

ψ(3868) 13D3 DD̄ 0.82
total 0.82

χ′
c0(3881) 23P0 DD̄ 61.5

total 61.5

h′
c1(3919) 21P1 DD̄∗ 59.8

total 59.8

χ′
c1(3920) 23P1 DD̄∗ 81.0

total 81.0

χ′
c2(3931) 23P2 DD̄ 21.5

DD̄∗ 7.1
total 20 ± 8(stat) ± 3(sys)d 28.6

η′′
c (3943) 31S0 DD̄∗ 49.8

total < 52e 49.8

ψ(4040) 33S1 DD̄ 0.1
DD̄∗ 33.
DsD̄s 8.
D∗D̄∗ 33.

total

{
52 ± 10b

88 ± 5c

}
74.

ψ(4159) 23D1 DD̄ 3.2
DD̄∗ 6.9
D∗D̄∗ 41.9
DsD̄s 5.6
DsD̄∗

s 11.0

total

{
78 ± 20b

107 ± 8c

}
69.2

aComputed from CLEO branching fractions [13].
bReview of Particle Physics [20].
cReanalysis by Seth [73].
dBelle [14].
eBelle [13].

tion does not resum the effects of coupling to decay chan-
nels. The general scale of resulting decay rates is similar
to those displayed in Table V. For example, Barnes et al.

determine Γ(33S1) = 80 MeV and Γ(23D1) = 74 MeV.

D. Radiative Transitions

As Tables III and IV show, the physical charmonium
states are not pure potential-model eigenstates. To com-
pute the E1 radiative transition rates, we must take into
account both the standard (cc̄) → (cc̄)γ transitions and
the transitions between (virtual) decay channels in the
initial and final states. Details of the calculational pro-
cedure are given in §IV.B of Ref. [68]. There we also



X(3872),  Y(3940), Y(4260)
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Charmonium or Not?

Including light quark effects seems to blur the distinction 
between charmonium and (molecules or hybrids).

Not true for narrow states near 
thresholds.

Purely counting states.

A molecular or hybrid state exists only if 
an addition narrow state is seen in a given 
channel.

Levinson’s theorem
Schwinger
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X(3872)
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Use More Significant Cut Distribution

Model Background by Quadratic Polynomial
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G. Bauer Quarkonium Working Group Sept 20, 2003 page 11

Phys. Rev. Lett. 93, 072001 (2004)CDF   
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What we know about X(3872)

Mass:

3

Figure 2. Evidence for X(3872) → π+π−J/ψ, from Belle [?] (top left), BaBar [?] (top right), CDF [?]
(bottom left), and DØ [?]. (bottom right). The prominent peak on the left of each panel is ψ′(3686); the
smaller peak near ∆M ≡M(π+π−#+#−)−M(#+#−) ≈ 775 MeV,M(J/ψ π+π−) ≈ 3.87 GeV is X(3872).
The CDF and DØ samples are restricted to dipion masses > 500 and 520 MeV, respectively.

Table 1
Observations of X(3872) → π+π−J/ψ. The Belle and BaBar data suggest that high dipion masses are
favored; CDF and DØ impose cuts of Mππ > (500, 520) MeV, respectively.

Experiment Sample Events Mass (MeV)

Belle 152M Υ(4S)→ BB̄ 35.7± 6.8 3872.0± 0.8
CDF 220 pb−1 730± 90 3871.4± 0.8
DØ 230 pb−1 522± 100 3871.8± 4.3

BaBar 117M Υ(4S)→ BB̄ 25.4± 8.7 3873.4± 1.4

Average 3871.9± 0.6

for the 1D properties is urgently needed!
If, for illustration, we normalize to the BES-

II central value, we expect R1,2 ≈ 2.6, 0.6; the
limit (??) on the γχc1 transition is a source of
discomfort for the 13D2 interpretation.

1.4. Alternative Assignments for X(3872)
Interpretations of X(3872) other than 13D2 cc̄

fall into two classes: those that attribute special
significance to the position of X at the D0D̄∗0
threshold, and those that treat the threshold as
a complicating feature.

The most general threshold remark is that
cusps—which may result in narrow resonances—
are commonplace when new channels open; a
DD̄∗ s-wave disturbance would place X(3872) as
a 1++ state [?]. The notion that charm molecules
might be formed by attractive pion exchange be-
tween D and D̄∗ mesons has a long history, and
has been invoked as a possible interpretation for
X(3872) by Törnqvist [?] and others [?, ?, ?].
A maximally attractive channel analysis suggests
that lightly bound deuteron analogues, should be
JPC = 0−+ or 1++ states. Symmetries forbid
the decay of these levels into (ππ)I=0J/ψ; the
isospin-violating (ππ)I=1J/ψ mode is required.
(The D+-D0 and D∗+-D∗0 mass splitting means
that the molecule is not a pure isoscalar state.)
Although an isovector dipion might account for
the observed preference for high dipion masses,
it remains to be seen whether the decay rate

is large enough. Törnqvist has suggested that
the dissociation X(3872) → (D0D̄∗0)virtual →
D0D̄0π0 should be a prominent decay mode of
a charm molecule, with a partial width of per-
haps 50 keV. Belle’s limit [?], B(B+ → K+X →
K+ D0D̄0π0) < 6 × 10−5, is perhaps an order
of magnitude from challenging this expectation.
Swanson has suggested other diagnostic decays
for charm molecules [?].

What if the D0D̄∗0 threshold is not the decisive
element? Hybrid states such as cc̄g that man-
ifest the gluonic degrees of freedom might also
appear in the charmonium spectrum, and should
be examined as interpretations of X(3872) [?].2
It is fair to say that dynamical calculations of
hybrid-meson properties are in a primitive state,
but lattice QCD offers some guidance. Liao &
Manke find that the lightest hybrids should be
0+−(4.7 GeV), 1−+(4.3 GeV), 2+−(4.9 GeV) [?].
The valence gluon in the hybrid wave function
leads to the speculation that the ηJ/ψ mode might
be quite prominent. The Babar experiment [?]
has found no sign of X → ηJ/ψ and quoted a
limit, B(X(3872) → ηJ/ψ) < 2B(ψ′ → ηJ/ψ),
that does not favor a privileged role for the ηJ/ψ
mode.

A less exotic possibility is that X(3872) should
be identified as a charmonium level other than
13D2. The 21P1 level has been suggested as an

2For the production of hybrid states in B decays, see [?].

3871.9 ± 0.6 MeV  DD* 
thresholds:

(3871.3 ± 1.0 MeV) 

(3815 MeV) higher than expected in models

Width:

(3878.6 ± 1.0 MeV)

< 2.3  MeV Belle
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X(3872) ⇒ “ω” +J/ψ

X(3872) ⇒ ππ+ J/ψ
Decay:

Production:

Only seen in discovery mode 
All other channels limits only 

Perhaps a sighting ? 

Offshell - needs confirmation

Charmonium issues for 1D state:

Belle and BaBar - Produced in B decays. 

CDF and D0 - Significant prompt production. 

Expect Charmonium D wave state, BUT:

Mass Splitting from ψ″(3770) too large. 
Radiative transition rates  too small. 

CCCM
ok

problem reduced
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We select events with the same kaon, charged pion and J/ψ requirements as used in
ref. [1]. An additional π0 → γγ candidate that satisfies the same criteria listed above for the
X → π0π0J/ψ search is required. The π0 cms momentum is required to be above 180 MeV.
We select events where M(π+π−π0J/ψ) is within ±12 MeV (2σ) of 3872 MeV. The Mbc and
∆E signal regions are |Mbc − MB| < 7.5 MeV and |∆E| < 30 MeV.
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FIG. 7: (a) The Mbc and (b) ∆E distributions for candidate B → Kπ+π−π0J/ψ decays. The
curves are the result of the fit described in the text. (c) The M(π+π−π0) distribution for events

in the Mbc-∆E signal region.

Figure 7(a) shows the Mbc projection for events in the ∆E signal region; Fig. 7(b) shows
the corresponding ∆E projection. There is some indication of a B meson signal: a simulta-
neous fit to the two distributions gives a signal yield of 15.4± 6.3 events, with a S/B = 0.8.
Figure 7(c) shows the π+π−π0 invariant mass for events in the Mbc-∆E signal region, where
a peak is evident at high masses.
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FIG. 8: (a) The Mbc and (b) ∆E distributions for candidate B → Kπ+π−π0J/ψ decays with
M(π+π−π0) > 0.75 GeV. The curves are the result of the fit described in the text.

Figures 8(a) and (b) show the Mbc and ∆E projections for events with M(π+π−π0) >
0.75 GeV (indicated by the arrow in Fig. 7(c)). Here a B meson signal is evident on a small
background. The signal yield from a simultaneous fit is 10.0±3.6 events and S/B = 5. The

statistical significance of the signal, determined from
√
−2 ln(L0/Lmax), where Lmax and L0

are the likelihood values for the best-fit and for zero-signal-yield, respectively, is 5.8σ. This
is the first obervation of an X(3872) decay mode other than π+π−J/ψ.

We attribute all of the signal events with π+π−π0 invariant mass greater than 0.75 GeV
to B → ωJ/ψ and compute the ratio of ωJ/ψ and π+π−J/ψ partial widths by comparing
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We select events with the same kaon, charged pion and J/ψ requirements as used in
ref. [1]. An additional π0 → γγ candidate that satisfies the same criteria listed above for the
X → π0π0J/ψ search is required. The π0 cms momentum is required to be above 180 MeV.
We select events where M(π+π−π0J/ψ) is within ±12 MeV (2σ) of 3872 MeV. The Mbc and
∆E signal regions are |Mbc − MB| < 7.5 MeV and |∆E| < 30 MeV.
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Figure 7(a) shows the Mbc projection for events in the ∆E signal region; Fig. 7(b) shows
the corresponding ∆E projection. There is some indication of a B meson signal: a simulta-
neous fit to the two distributions gives a signal yield of 15.4± 6.3 events, with a S/B = 0.8.
Figure 7(c) shows the π+π−π0 invariant mass for events in the Mbc-∆E signal region, where
a peak is evident at high masses.
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Figures 8(a) and (b) show the Mbc and ∆E projections for events with M(π+π−π0) >
0.75 GeV (indicated by the arrow in Fig. 7(c)). Here a B meson signal is evident on a small
background. The signal yield from a simultaneous fit is 10.0±3.6 events and S/B = 5. The

statistical significance of the signal, determined from
√
−2 ln(L0/Lmax), where Lmax and L0

are the likelihood values for the best-fit and for zero-signal-yield, respectively, is 5.8σ. This
is the first obervation of an X(3872) decay mode other than π+π−J/ψ.

We attribute all of the signal events with π+π−π0 invariant mass greater than 0.75 GeV
to B → ωJ/ψ and compute the ratio of ωJ/ψ and π+π−J/ψ partial widths by comparing
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this to the number of X → π+π−J/ψ in the sample data sample, corrected by the relative
detection efficiencies:

Γ(X → ωJ/ψ)

Γ(X → π+π−J/ψ)
= 0.8 ± 0.3(stat) ± 0.1(syst), (5)

where the systematic error reflects the uncertainty in the relative acceptance.
The properties of the X → π+π−π0J/ψ decays are in good agreement with expectations

of ref. [13]. The π+π−π0 invariant masses cluster near the upper kinematic limit, and its
measured strength is consistent with being “roughly 1/2” that for the π+π−J/ψ mode.

SUMMARY

The observation of X(3872) → π+π−π0J/ψ decays with properties consistent with expec-
tations for X → ωJ/ψ provides strong support for the DD̄∗ molecular state interpretation
for the X(3872). Both the observed 3π mass distribution and the decay srength relative to
π+π−J/ψ agree with predictions by Swanson [13].

Moreover, none of the six possible charmonium candidate states comfortably fit the mea-
sured properties. The 90% CL branching fraction upper limit for B(X (3872 ) → γχc2 )
decay is 1.1 times that for π+π−J/ψ. This conflicts with theoretical expectations for the
case where the X(3872) is the 3−−ψ3.

The possibility that the X(3872) is the 1++χ
′

c1 charmonium state is made improbable by
the limit B(X → γJ/ψ) < 0.4B(X → π+π−J/ψ). The former would be an allowed E1 tran-
sition with an expected width of ΓγJ/ψ ∼ 10 keV[9]. The latter would be an isospin-violating
transition; other isospin violating transitions in the charmonium system have widths that
are less than 1 keV.

An analysis of the θJ/ψ helicity angle distribution eliminates the 1+−(h
′

c) hypothesis with
a high degree of confidence.

The 0−+(η
′′

c ) mass differs from that of the ψ(3S) by hyperfine splitting and can be reliably
expected to be about 50 MeV (or less) below that of the ψ(3S), which is at 4030 MeV.
Moreover, even if it were as low as 3872 MeV, the width is expected to be some 10’s of
MeV, similar to that of the ηc and wider than the 2.3 MeV upper limit for the X(3872). For
2−+(ηc2), the ηc2 → π+π−ηc and γhc decays are allowed and expected to have widths in the
range of 100’s of keV[9], and much larger than that for the isospin-violating π+π−J/ψ mode.
If the X(3872) were the ηc2, the total exclusive branching fraction for the B+ → K+ηc2 decay,
which is non-factorizable and suppressed by an L = 2 barrier, would be anomalously large.
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Look for X(3872)!!"!"!"!"c1 ( !"!"!"!"c2))))

Mbc
M!"!"!"!"c1 No signals !!

Mbc M!"!"!"!"c2

####(X!!"!"!"!"c1)

####(X!$$$$++++$$$$%%%%J/&/&/&/&)
<0.9

####(X!!"!"!"!"c2)

####(X!$$$$++++$$$$%%%%J/&/&/&/&)
<1.1

Contrary to expectations for charmonium D states

Belle 

Large two pion transition rate ?
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fit to the event yields in the other bins (2.6 ± 0.6 events) inflated by 1σ, and nmax is the
best-fit signal yield. The significance is 4.0σ.
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FIG. 2: The signal yields from fits to the Mbc and ∆E distributions in bins of M(3872). The
curves are results of fits described in the text.

Using a MC-determined efficiency of (19 ± 1)%, we determine the product branching
fraction

B(B → KX)B(X → γJ/ψ) = (1.8 ± 0.6 ± 0.1) × 10−6, (1)

where the first error is statistical and the second systematic. The latter includes effects of
differences between data and MC resolutions for Mbc and ∆E (3%), tracking efficiency (3%),
charged kaon identification (1%), KS detection (3%) and γ detection efficiency (2%) added
in quadrature. We assume that charged and neutral B mesons have the same branching
fraction to KX(3872). The product branching fraction of Eqn. 1 corresponds to the partial
width ratio

Γ(X → γJ/ψ)/Γ(X → π+π−J/ψ) = 0.14 ± 0.05. (2)

For the X → π+π−π0J/ψ search we select events with a J/ψ, a kaon, and a π+π−π0

combination. The J/ψ, kaon, R2 and θB requirements are the same as for the γJ/ψ search
described above. For charged pions, we use any track that is not positively identified as
a lepton. Neutral pions are reconstructed from pairs of gamma rays detected in the CsI
calorimeter that fit a π0 → γγ hypothesis with a χ2 < 6. We require the π0 cms momentum
to be greater than 180 MeV. We eliminate events of the type B → Kπ0ψ(2S); ψ(2S) →
π+π−J/ψ by vetoing events where M(π+π−J/ψ) is within 3σ of mψ(2S).

In the case of multiple entries corresponding to different π0 → γγ assignments, we select
the γγ combination with the best χ2 value for the π0 → γγ hypothesis. For multiple entries
caused by different charged particle assignments we select the track with the smallest impact
parameter relative to the J/ψ → '+'− vertex. The signal region is defined as 5.2725 GeV <
Mbc < 5.2875 GeV and |∆E| < 0.035 GeV. To select possible X(3872) → π+π−π0J/ψ events
we require |∆M | < 0.0165 GeV, where ∆M ≡ M(3πJ/ψ)− 3.872 GeV; this corresponds to
a ±3σ requirement.

Figures 3(a) through (l) show the Mbc distributions for events in the ∆E and X →
π+π−π0J/ψ signal regions for 25 MeV-wide π+π−π0 invariant mass bins. There is a distinct
B meson signal for the M(π+π−π0) > 750 MeV bin (Fig. 3(l)), and no evident signals for
any of the other 3π mass bins. The ∆E distributions (not shown) exhibit a similar pattern.

The curves in the figures are the results of binned likelihood fits that are applied simul-
taneously to the Mbc and ∆E distributions. The fit uses single Gaussians for the Mbc and
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X(3872) ⇒ γ+J/ψ ⇒  C = +1

JPC = 1++ Strongly favored

fit to the event yields in the other bins (2.6 ± 0.6 events) inflated by 1σ, and nmax is the
best-fit signal yield. The significance is 4.0σ.
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FIG. 2: The signal yields from fits to the Mbc and ∆E distributions in bins of M(3872). The
curves are results of fits described in the text.

Using a MC-determined efficiency of (19 ± 1)%, we determine the product branching
fraction

B(B → KX)B(X → γJ/ψ) = (1.8 ± 0.6 ± 0.1) × 10−6, (1)

where the first error is statistical and the second systematic. The latter includes effects of
differences between data and MC resolutions for Mbc and ∆E (3%), tracking efficiency (3%),
charged kaon identification (1%), KS detection (3%) and γ detection efficiency (2%) added
in quadrature. We assume that charged and neutral B mesons have the same branching
fraction to KX(3872). The product branching fraction of Eqn. 1 corresponds to the partial
width ratio

Γ(X → γJ/ψ)/Γ(X → π+π−J/ψ) = 0.14 ± 0.05. (2)

For the X → π+π−π0J/ψ search we select events with a J/ψ, a kaon, and a π+π−π0

combination. The J/ψ, kaon, R2 and θB requirements are the same as for the γJ/ψ search
described above. For charged pions, we use any track that is not positively identified as
a lepton. Neutral pions are reconstructed from pairs of gamma rays detected in the CsI
calorimeter that fit a π0 → γγ hypothesis with a χ2 < 6. We require the π0 cms momentum
to be greater than 180 MeV. We eliminate events of the type B → Kπ0ψ(2S); ψ(2S) →
π+π−J/ψ by vetoing events where M(π+π−J/ψ) is within 3σ of mψ(2S).

In the case of multiple entries corresponding to different π0 → γγ assignments, we select
the γγ combination with the best χ2 value for the π0 → γγ hypothesis. For multiple entries
caused by different charged particle assignments we select the track with the smallest impact
parameter relative to the J/ψ → '+'− vertex. The signal region is defined as 5.2725 GeV <
Mbc < 5.2875 GeV and |∆E| < 0.035 GeV. To select possible X(3872) → π+π−π0J/ψ events
we require |∆M | < 0.0165 GeV, where ∆M ≡ M(3πJ/ψ)− 3.872 GeV; this corresponds to
a ±3σ requirement.

Figures 3(a) through (l) show the Mbc distributions for events in the ∆E and X →
π+π−π0J/ψ signal regions for 25 MeV-wide π+π−π0 invariant mass bins. There is a distinct
B meson signal for the M(π+π−π0) > 750 MeV bin (Fig. 3(l)), and no evident signals for
any of the other 3π mass bins. The ∆E distributions (not shown) exhibit a similar pattern.

The curves in the figures are the results of binned likelihood fits that are applied simul-
taneously to the Mbc and ∆E distributions. The fit uses single Gaussians for the Mbc and

6

In the last few months
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Is the X(3872) the 23P1  charmonium state ?

Mass too low:

Setting the χ’c2 to the observed mass and 
including the coupled channel effects:

 M(χ’c1 ) = 3920 MeV

Radiative transitions:

FIG. 1: Expected width of the η′′
c as a function of its mass.

TABLE VI: E1 radiative transition rates.

Partial Width (keV)

23P1(3872)→ 13D1 γ(101) 13D2 γ(41)

model 1.05 0.2

23P1(3872)→ J/ψ γ(698) ψ′ γ(182)

model 34.7 21.1

8

50% admixture 
of D0D0

Width Problems:

fit to the event yields in the other bins (2.6 ± 0.6 events) inflated by 1σ, and nmax is the
best-fit signal yield. The significance is 4.0σ.
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FIG. 2: The signal yields from fits to the Mbc and ∆E distributions in bins of M(3872). The
curves are results of fits described in the text.

Using a MC-determined efficiency of (19 ± 1)%, we determine the product branching
fraction

B(B → KX)B(X → γJ/ψ) = (1.8 ± 0.6 ± 0.1) × 10−6, (1)

where the first error is statistical and the second systematic. The latter includes effects of
differences between data and MC resolutions for Mbc and ∆E (3%), tracking efficiency (3%),
charged kaon identification (1%), KS detection (3%) and γ detection efficiency (2%) added
in quadrature. We assume that charged and neutral B mesons have the same branching
fraction to KX(3872). The product branching fraction of Eqn. 1 corresponds to the partial
width ratio

Γ(X → γJ/ψ)/Γ(X → π+π−J/ψ) = 0.14 ± 0.05. (2)

For the X → π+π−π0J/ψ search we select events with a J/ψ, a kaon, and a π+π−π0

combination. The J/ψ, kaon, R2 and θB requirements are the same as for the γJ/ψ search
described above. For charged pions, we use any track that is not positively identified as
a lepton. Neutral pions are reconstructed from pairs of gamma rays detected in the CsI
calorimeter that fit a π0 → γγ hypothesis with a χ2 < 6. We require the π0 cms momentum
to be greater than 180 MeV. We eliminate events of the type B → Kπ0ψ(2S); ψ(2S) →
π+π−J/ψ by vetoing events where M(π+π−J/ψ) is within 3σ of mψ(2S).

In the case of multiple entries corresponding to different π0 → γγ assignments, we select
the γγ combination with the best χ2 value for the π0 → γγ hypothesis. For multiple entries
caused by different charged particle assignments we select the track with the smallest impact
parameter relative to the J/ψ → '+'− vertex. The signal region is defined as 5.2725 GeV <
Mbc < 5.2875 GeV and |∆E| < 0.035 GeV. To select possible X(3872) → π+π−π0J/ψ events
we require |∆M | < 0.0165 GeV, where ∆M ≡ M(3πJ/ψ)− 3.872 GeV; this corresponds to
a ±3σ requirement.

Figures 3(a) through (l) show the Mbc distributions for events in the ∆E and X →
π+π−π0J/ψ signal regions for 25 MeV-wide π+π−π0 invariant mass bins. There is a distinct
B meson signal for the M(π+π−π0) > 750 MeV bin (Fig. 3(l)), and no evident signals for
any of the other 3π mass bins. The ∆E distributions (not shown) exhibit a similar pattern.

The curves in the figures are the results of binned likelihood fits that are applied simul-
taneously to the Mbc and ∆E distributions. The fit uses single Gaussians for the Mbc and
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Including Light Quark Effects

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].
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Table 1: Charmonium spectrum, including the influence of open-charm channels. All masses are in MeV. The penultimate

column holds an estimate of the spin splitting due to tensor and spin-orbit forces in a single-channel potential model. The last

column gives the spin splitting induced by communication with open-charm states, for an initially unsplit multiplet. From [26].

State Mass Centroid
Splitting

(Potential)

Splitting

(Induced)

S

S

P

P

P

P

S

S

D

D

D

D

(3 815)

P

P

P

P

3 968

The main theoretical weakness of the QPC model is its failure to reproduce the vanishing of the

pair production amplitudes for a static source at zero spatial separation. The flux tube breaking

model [20, 21] somewhat addresses this weakness. It has the same basic interaction as the QPC model

(Eq. 2) but the integration is only over a region near a ”string” between the and positions. This

region is defined by a upper bound on the shortest distance bewteen the pair creation point and the string.

Detailed applications of QPC models to the quarkonium systems are presently under investigation [22].

There have been attempts to compare the various models for quark pair creation [23, 24]. At

present the most studied system is the open charm threshold region and we will focus on that system

below. However, the same threshold effects are present in the states near threshold and states

near threshold. A detailed comparison of the scaling behaviour between different heavy quark

systems would provide valuable insight into the correct form for the coupling to light-quark pairs.

1.2 Mass Shifts

The mass of the quarkonium state in the presence of coupling to decay channels is given by:

(3)

Above threshold has both a real (mass) and imaginary part (width).

The basic coupled-channel interaction (Eq. 1 or Eq. 2) appearing in Eq. 3 is independent of the

heavy quarks spin, but the hyperfine splittings of and , and , induce spin-dependent forces

that affect the charmonium states. These spin-dependent forces give rise to S-D mixing that contributes

to the electronic width, for example, and are a source of additional spin splitting.
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The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].

meson pair interactions

Cornell model (CCCM)

Vacuum Pair Creation 
model (QPC)
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The Nature of  

dominant at large         separation

mainly at smaller         separation

one pion exchange
strong for S wave

General formulation at large scattering 
length

constituent exchange terms

Swanson emphasizes that there are other nearby states

(48.3± 4.4) MeV

20.9MeV

JPC

Q̄q + q̄Q→ Q̄Q + q̄q

Q̄q + q̄Q→ Q̄q + q̄Q

Only viable for JPC = 2−− and 1−−

Q̄Q

H2

(48.3± 4.4) MeV

20.9MeV

JPC

Q̄q + q̄Q→ Q̄Q + q̄q

Q̄q + q̄Q→ Q̄q + q̄Q

Only viable for JPC = 2−− and 3−−

Q̄Q

H2

(48.3± 4.4) MeV

20.9MeV

JPC

Q̄q + q̄Q→ Q̄Q + q̄q

Q̄q + q̄Q→ Q̄q + q̄Q

Only viable for JPC = 2−− and 3−−

Q̄Q

H2

(48.3± 4.4) MeV

20.9MeV

JPC

Q̄q + q̄Q→ Q̄Q + q̄q

Q̄q + q̄Q→ Q̄q + q̄Q

Only viable for JPC = 2−− and 3−−

Q̄Q

H2

Tornqvist

Braaten and Kusunoki

Ψ′

η′
c

J/ψ + ω

J/ψ + ρ

χc0

χc1

χc2

hc

Ψ′

η′
c

3D1

3D2

3D3

1D2

D̄D

Ψ′

η′
c

J/ψ + ω

J/ψ + ρ

χc0

χc1

χc2

hc

Ψ′

η′
c

3D1

3D2

3D3

1D2

D̄D

Isospin Breaking

Eichten

February 1, 2005

States Mass Splitting (MeV)
π± − π0 4.5936± 0.0006
K0 −K± 3.972± 0.027
D± −D0 4.78± 0.10
D∗± −D∗0 3.30± 0.17
B± −B∗0 0.33± 0.28
n− p 1.2933317± 0.0000005
Σ− − Σ0 4.807± 0.035
Ξ− − Ξ0 6.48± 0.24
Σ0

c − Σ++
c −1.9± 1.7

Ξ0
c − Ξ+

c 5.5± 1.8
H2

1

Suzuki
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 Assignment for X if NOT Charmonium State

Molecular State

Other hybrid    M > 4200 MeV LQCD Liao, Manke
Juge, Kuti, Morningstar

pion exchange   Tornqvist

S wave: , 

or  

Large couplings near threshold

1++ 1+−

0−+1++

Large Isospin Breaking   

Maybe analogy states near       thresholds  D∗D̄∗

Analogy states in       more deeply bound  BB̄

Model independent analysis

Braaten and Kusunoki

Deuson

1+− Ruled out
Belle

Decay by dissociation
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Issues for Molecular Interpertation

 What is the average      separation?

M. Suzuki hep-ph/0508258

 Large - Pro: Small binding, two meson states.

Near degeneracy with threshold is accidental 

Braaten and Kusunogi require nearby χ’c1  
Four quark states require just so dynamics.  

Q Q̄

          Con: Long range forces not strong enough

 < ≈1 fm - Pro: Strong forces  
 Con: Complicated state 
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Key Measurements For X(3872):

X(3872)→ π0π0 J/ψ
X(3872)→ π+π−J/ψ ->  Isospin violation

X(3872)→ γ J/ψ
X(3872)→ π+π−J/ψ

X(3872)→ γ ψ′

X(3872)→ γ J/ψ

X(3872)→ γ D0D̄0

X(3872)→ π+π−J/ψ

X(3872)→ π0 D0D̄0

X(3872)→ π+π−J/ψ

≈ 0.6 if 23P1  

≈  0.14± 0.05   Belle 

≈  10            Belle 
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More states 
Z(3931)   seen in two photons         --> χc2’
DD angular distribution favors J=2
Γ = 29 MeV     Exp 20 ± 8 ± 3 MeV  Belle

X(3943)   recoiling against J/ψ       --> ηc’’
decays into DD*
Γ = 50 MeV    Exp < 52 MeV           Belle

Y(3940)   seen in B decays               
decay into ω J/ψ
Exp Γ = 87 ± 22 ± 26 MeV             Belle

Y(4260)   seen in e⁺e⁻ ISR 
decay into ππ+J/ψ 
Exp Γ = 50 to 90 MeV            BaBar
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Y(3940)

Γ = 87 ± 22 ± 26 MeV

Mass = 3943 ± 11 ± 13  Mev
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FIG. 3: Mbc distributions for B− → K−ωJ/ψ candidates in the ∆E signal region for 40 MeV-wide

ωJ/ψ invariant mass intervals. The curves are the results of fits described in the text.
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FIG. 4: B → KωJ/ψ signal yields vs M(ωJ/ψ). The curve in (a) indicates the result of a fit that

includes only a phase-space-like threshold function. The curve in (b) shows the result of a fit that

includes an S-wave Breit-Wigner resonance term.

4.8%), yields a Breit-Wigner signal yield of 58 ± 11 events with mass M = 3943 ± 11 MeV

and width Γ = 87±22 MeV (statistical errors only).The statistical significance of the signal,

determined from
√
−2 ln(L0/Lmax), where Lmax and L0 are the likelihood values for the

8

 B decay  Belle

Decay mode: 
ωψ

Needs 
confirmation
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Nothing but questions:

Is this related to the other nearby states ?  

How good is Zweig’s rule ?  

Isgur and Thacker  PR D64:094507 (2001)
Geiger and Isgur PR D44, 799 (1991)

Cancellation fails in the threshold region

Near Ds Ds threshold. So what?  
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Y(4260)

JPC = 1⁻⁻ ISR production
BaBar
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Figure 4: J/ψπ+π− invariant mass spectrum in the range 3.8−5.0 GeV/c2 and (inset) over
a wider range that includes the ψ(2S) state.

least five charged tracks in the event for background suppression, we report the product of
the branching fraction to states with more than two tracks and the production cross section.
The results are 17.6±2.8+1.5

−2.1 fb, 10.3±2.5+1.4
−1.8 fb and 16.4±3.7+2.4

−3.0 fb for ηc, χc0 and ηc(2S),
respectively. These values are an order of magnitude higher than those predicted by non-
relativistic QCD [13]. However, recent works incorporating charm quark dynamics [14] seem
to narrow down the discrepancy.

5 Observation of Y (4260)

ISR events produced in the Υ (4S) energy region at the B factories act as a probe of inter-
esting physics occurring at a lower center-of-mass energy. Motivated by this, BABAR has
investigated the e+e− → J/ψπ+π−γISR process across the charmonium mass range, using a
data sample of 233 fb−1 integrated luminosity [15]. These events are characterized by two
pions, two leptons (electron or muon) making a J/ψ candidate and a very small recoil mass
against the J/ψπ+π− system. Figure 4 shows the J/ψπ+π− invariant mass spectrum for
the selected candidates. An enhancement of events near 4.26 GeV/c2 is clearly observed
in addition to the expected ψ(2S) peak. No other structures are evident in the spectrum
including the X(3872). Using a maximum likelihood fit, we obtain a signal yield of 125± 23
with a statistical significance of 8σ (the signal is referred to as Y (4260)). The mass and
width of the particle are found to be 4259 ± 8+2

−6 MeV/c2 and 88 ± 23+6
−4 MeV, respectively.

We also calculate a value of Γ(Y (4260) → e+e−) · B(Y → J/ψπ+π−) = 5.5 ± 1.0+0.8
−0.7 eV.

Although all these results are from a single resonance fit, we cannot exclude or establish a
multi-resonance hypothesis at the current level of statistics. More data are needed to reveal
its exact nature.

5

Mass = 4259 ±8 +2-6 MeV

Γ = 88 ±23 +6-4 MeV

Small ΔR
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Figure 4: J/ψπ+π− invariant mass spectrum in the range 3.8−5.0 GeV/c2 and (inset) over
a wider range that includes the ψ(2S) state.

least five charged tracks in the event for background suppression, we report the product of
the branching fraction to states with more than two tracks and the production cross section.
The results are 17.6±2.8+1.5

−2.1 fb, 10.3±2.5+1.4
−1.8 fb and 16.4±3.7+2.4

−3.0 fb for ηc, χc0 and ηc(2S),
respectively. These values are an order of magnitude higher than those predicted by non-
relativistic QCD [13]. However, recent works incorporating charm quark dynamics [14] seem
to narrow down the discrepancy.

5 Observation of Y (4260)

ISR events produced in the Υ (4S) energy region at the B factories act as a probe of inter-
esting physics occurring at a lower center-of-mass energy. Motivated by this, BABAR has
investigated the e+e− → J/ψπ+π−γISR process across the charmonium mass range, using a
data sample of 233 fb−1 integrated luminosity [15]. These events are characterized by two
pions, two leptons (electron or muon) making a J/ψ candidate and a very small recoil mass
against the J/ψπ+π− system. Figure 4 shows the J/ψπ+π− invariant mass spectrum for
the selected candidates. An enhancement of events near 4.26 GeV/c2 is clearly observed
in addition to the expected ψ(2S) peak. No other structures are evident in the spectrum
including the X(3872). Using a maximum likelihood fit, we obtain a signal yield of 125± 23
with a statistical significance of 8σ (the signal is referred to as Y (4260)). The mass and
width of the particle are found to be 4259 ± 8+2

−6 MeV/c2 and 88 ± 23+6
−4 MeV, respectively.

We also calculate a value of Γ(Y (4260) → e+e−) · B(Y → J/ψπ+π−) = 5.5 ± 1.0+0.8
−0.7 eV.

Although all these results are from a single resonance fit, we cannot exclude or establish a
multi-resonance hypothesis at the current level of statistics. More data are needed to reveal
its exact nature.

5

Not the 4S - ΔR
Not the 2D - Decay modes
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4S

2D

Decay Widths
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The Y(4260) is something New

Molecular state - S wave thresholds
 DDP -- but Dp not narrow

 
  Hybrid - Close and Page [hep-ph/0507199]

Zhu [hep-ph/0507025]

Charmonium 

Juge, Kuti,Morningstar
 [nucl-th/0307116]

FIGURE 4. (a) Static potentials and radial probability densities against quark-antiquark separation r

with r−10 = 415 MeV for the conventional 1S and 1P charmonium levels and the hybrid 1P!u state.

(b) Spin-averaged spectrum in the LBO approximation (light quarks neglected). Solid lines indicate

experimental measurements. Short dashed lines indicate the S,P, and D state masses obtained using the
"+
g potential with Mc = 1.20 GeV. Dashed-dotted lines indicate the hybrid quarkonium states obtained
from the !u (L= 1,2,3) and "−u (L= 0,1,2) potentials.

TABLE 1. The meson spin-singlet operators used in the simulations of Ref. [7] in terms

of the heavy quark two-component field # , antiquark field $ , covariant derivative DDD, and
chromomagnetic field BBB. Note that p = 0,1,2, and 3 were used to produce four distinct
operators in the 0−+ and 1−− sectors. In the third column are listed the spin-triplet states

which can be formed from the operators in the last column; the states in each row are

degenerate for the NRQCD action used here.

JPC Degeneracies Operator

0−+ S wave 1−− $† (DDD2)p #

1+− P wave 0++,1++,2++ $† DDD #

1−− H1 hybrid 0−+,1−+,2−+ $† BBB(DDD2)p #

1++ H2 hybrid 0+−,1+−,2+− $† BBB×DDD #

0++ H3 hybrid 1+− $† BBB·DDD #

possible mixings between different adiabatic surfaces. The level splittings (in terms of

the hadronic scale r0 and with respect to the 1S state) of the conventional 2S and 1P

states and four hybrid states were compared (see Fig. 5) and found to agree within 10%,

strongly supporting the validity of the leading Born-Oppenheimer picture. The operators

used to create the mesons in the simulations are described in Table 1.
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FIGURE 5. Simulation results from Ref. [7] for the heavy quarkonium level splittings of two conven-

tional levels and four hybrid levels (in terms of r0 and with respect to the 1S state) against the lattice

spacing as. Results from Ref. [8] using an NRQCD action with higher-order corrections are shown as

open boxes and!. The horizontal lines show the LBO predictions. Agreement of these splittings within
10% validates the leading Born-Oppenheimer approximation (in the absence of light quarks).

Quark spin effects and light-quark loops

A very recent study[9] has shown that heavy-quark spin effects are unlikely to spoil

the Born-Oppenheimer approximation. Using lowest-order lattice NRQCD to create

heavy-quark propagators, a basis of unperturbed S-wave and |1H〉 hybrid states were
formed. The cB!!! ···BBB/2MQ spin interaction was then applied at an intermediate time slice

to compute the mixings between such states due to this interaction in the quenched

approximation (see Fig. 6). For a reasonable range of cB values, the following results

were obtained:

〈1H|"〉 ≈ 0.076−0.11,
〈1H|#b〉 ≈ 0.13−0.19,

〈1H|J/$〉 ≈ 0.18−0.25,
〈1H|#c〉 ≈ 0.29−0.4.

Hence, mixings due to quark spin effects in bottomonium are very small, and even in

charmonium, the mixings are not large.

In the absence of light quark loops, one obtains a very dense spectrum of mesonic

states since the VQQ̄(r) potentials increase indefinitely with r. However, the inclusion
of light quark loops changes the VQQ̄(r) potentials. First, there are slight corrections at
small r, and these corrections remove the small discrepancies of the LBO predictions

with experiment below the BB threshold seen in Fig. 3. For large r, the inclusion of

light quark loops drastically changes the behavior of the VQQ̄(r) potentials: instead
of increasing indefinitely, these potentials eventually level off at a separation above 1

fm when the static quark-antiquark pair, joined by gluonic flux, can undergo fission

into (Qq)(Qq), where q is a light quark. Clearly, such potentials cannot support the

FIGURE 4. (a) Static potentials and radial probability densities against quark-antiquark separation r

with r−10 = 415 MeV for the conventional 1S and 1P charmonium levels and the hybrid 1P!u state.

(b) Spin-averaged spectrum in the LBO approximation (light quarks neglected). Solid lines indicate

experimental measurements. Short dashed lines indicate the S,P, and D state masses obtained using the
"+
g potential with Mc = 1.20 GeV. Dashed-dotted lines indicate the hybrid quarkonium states obtained
from the !u (L= 1,2,3) and "−u (L= 0,1,2) potentials.

TABLE 1. The meson spin-singlet operators used in the simulations of Ref. [7] in terms

of the heavy quark two-component field # , antiquark field $ , covariant derivative DDD, and
chromomagnetic field BBB. Note that p = 0,1,2, and 3 were used to produce four distinct
operators in the 0−+ and 1−− sectors. In the third column are listed the spin-triplet states

which can be formed from the operators in the last column; the states in each row are

degenerate for the NRQCD action used here.

JPC Degeneracies Operator

0−+ S wave 1−− $† (DDD2)p #

1+− P wave 0++,1++,2++ $† DDD #

1−− H1 hybrid 0−+,1−+,2−+ $† BBB(DDD2)p #

1++ H2 hybrid 0+−,1+−,2+− $† BBB×DDD #

0++ H3 hybrid 1+− $† BBB·DDD #

possible mixings between different adiabatic surfaces. The level splittings (in terms of

the hadronic scale r0 and with respect to the 1S state) of the conventional 2S and 1P

states and four hybrid states were compared (see Fig. 5) and found to agree within 10%,

strongly supporting the validity of the leading Born-Oppenheimer picture. The operators

used to create the mesons in the simulations are described in Table 1.

Expect triplet 
partners

How many 
narrow?

Quenched Spectrum
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X, Y, Z ‘s  Status Table

Observed State JPC (c̄c) Alternative

Many            

Belle            

X(3872)            

Z (3934)            

Y (3940)            Belle            
X (3943)            
Y (4260)            

Belle            
Babar            

D D* Molecule

Hybrid

✓
✓✓

✓

✓

✓
? ?JP+

2++

1++

0-+

1--

χ′
c1

χ′
c2

η′′
c

23D1
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Summary and Outlook
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Narrow heavy-heavy states: 

The       and      charmonium states likely found.

All three remaining low-lying L=2 charmonium 
states are narrow:

A proper calculation for the masses and decay 
rates of these states must include the large effects 
from nearby (real/virtual) open charm decay 
channels.

Detailed predictions for masses, mixings and decays 
using the CCCM give sensible results and can be 
used to guide the identification of other missing 
charmonium states.

13D2,11D2,13D3

23P2 31S0
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QCD in all its richness: 
The three states: X(3872), Y(3940) and Y(4260) 
do not fit gracefully in any simple charmonium 
interpretation.

If X(3872) is a molecular state:
Possible analogy states in        system

Possible analogy states near other S-wave thresholds.  

If Y(4260) is a hybrid state:
 0-+, 1-+ and 2-+ nearby states. 

Need lattice calculations of spectrum and properties.

b̄b
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Extra Slides



Wish List
For charmonium states:

Branching ratios to charm meson pairs: DD, 
DD*, D*D*, DsDs, DsDs*, Ds*Ds*  

Keep looking for missing 1D states   

For X(3872):
D D pi  and D D gamma  
look for radiative transition to ψ’ 

For Y(4260): 
look at  D D pi pi for  S-wave  + P-wave 
charmed meson final state. 
look for Ds*Ds* 

 Look for more new states 
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