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Why charmonium?
It is one of the simplest 
bound states of QCD.

(like positronium or 
Hydrogen in QED)
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Classify using  JPC
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Match to  n2S+1LJ  
quark model states

J = L + S
P = (−1)L+1

C = (−1)L+S
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Potential models:

A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3
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" br" 32"!s

9m2
c

~#$#r$ ~Sc & ~S !c; (1)

where ~#$#r$ % #$= !!!!
"

p $3e!$2r2 . The four parameters (!s,
b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly
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The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L> 0 spin-triplet
states, which are

h3LJjTj3LJi %

8>>><
>>>:

! L
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" 1
6 ; J % L
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: (3)

For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where
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H 0 !
!!!!!!!!!!!!!!!!!!
~p2
q "m2

q

q
"

!!!!!!!!!!!!!!!!!!
~p2
!q "m2

!q

q
: (5)

Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L> 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0

c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0
c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L> 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0

c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0
c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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2Mð !DsÞ #Mð1SÞ (4.1)

the rest mass drops out, leaving a pure QCD quantity. Here
Mð !DsÞ denotes the spin average ofDs andD

$
s masses. This

mass difference is interesting from the point of view of the
discretization effects, which should contribute less to the
!Ds and !Bs than to the charmonium and bottomonium 1S
states. We show this splitting (also for the bottom-quark
sector) combining our quarkonium rest masses with the
Fermilab-MILC heavy-strange rest masses [9] in Fig. 15.
The correlation in the error is treated correctly with the
bootstrap method and, as elsewhere in this paper, the boot-
strap errors are symmetrized. Clearly, discretization effects
are important at nonzero a.

In Fig. 16, we incorporate the !-tuning errors and show
the a dependence of the above splittings. Carrying out an
extrapolation linear in a2, which is empirically suitable, we
find r1½2Mð !DsÞ #Mð1SÞ& ¼ 1:705( 0:021 and
r1½2Mð !BsÞ #Mð1SÞ& ¼ 2:19( 0:49; these correspond to
2Mð !DsÞ #Mð1SÞ ¼ 1058( 13þ24

#0 MeV and 2Mð !BsÞ #
Mð1SÞ ¼ 1359( 304þ31

#0 MeV, with the uncertainty in r1
yielding the second error bar. The bottomonium extrapo-
lation agrees with the experimental value, but the com-
bined statistical and !-tuning errors are quite large. The
charmonium extrapolation is 1" shy of the experimental
value. Given the empirical nature of our continuum ex-
trapolation, this is completely satisfactory.

(a) (b)

FIG. 16 (color online). Continuum extrapolations of (a) 2Mð !DsÞ #Mð1SÞ and (b) 2Mð !BsÞ #Mð1SÞ.

FIG. 17 (color online). Quarkonium spectrum as splittings from the 1S level for !cc (left) and !bb (right). The fine-ensemble results
are in blue fancy squares, the coarse in green circles, the medium-coarse in orange diamonds, and the extra-coarse in red squares. Solid
lines show the experimental values, and dashed lines estimates from potential models. The dotted line in the left panel indicates the
physical open-charm threshold. The error on the data points combines statistical, !-tuning, and r1 uncertainties.

T. BURCH et al. PHYSICAL REVIEW D 81, 034508 (2010)

034508-18

PRD81, 034508 (2010)

Fermilab Lattice and 
MILC Collaborations

A more fundamental approach,
Lattice QCD:

I.  An Introduction to Charmonium
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A more fundamental approach,
Lattice QCD:

I.  An Introduction to Charmonium

J
H
E
P
0
7
(
2
0
1
2
)
1
2
6

Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

The observation that there are four hybrid candidates nearly degenerate with JPC =

(0, 1, 2)−+, 1−−, coloured red in figure 16, is interesting. This is the pattern of states

predicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the

P-wave quasiparticle gluon approach [40], or more generally where a quark-antiquark pair

in S-wave is coupled to a 1+− chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

addition, the observation of two 2+− states, with one only slightly heavier than the other,

appears to rule out the flux-tube model which does not predict two such states so close

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 − 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy difference between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (ρNR × D[2]
J=1)

J=0,1,2 with

JPC = (0, 1, 2)−+ and (πNR ×D[2]
J=1)

J=1 with JPC = 1−− are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (ρNR) or S = 0 (πNR), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g = 1+− where Jg, Pg and Cg refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have

– 25 –

c c
CHARMONIUM

c c
HYBRID CHARMONIUM?

JHEP 1207, 126 (2012)
Hadron Spectrum Collaboration



ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

χc1(13P1)

χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

χc0(13P0)

hc(11P1)

“ψ”

Ryan Mitchell Charmonium and the Role of BESIII 15

II.  The Original Era of Discovery

I.  An Introduction to Charmonium

II.  The Original Era of Discovery:
establishing the quark model states

III.  From Discovery to Precision:
the quark model states at BESIII

IV.  A New Era of Discovery:
beyond the quark model and the role of BESIII

c c
CHARMONIUM

c c
HYBRID CHARMONIUM

c c
CHARMONIUM



ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

χc1(13P1)

χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

χc0(13P0)

hc(11P1)

Ryan Mitchell Charmonium and the Role of BESIII 16

VOLUME 33& NUMBER 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 1974

observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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I I
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.

PRL33, 1406 (1974)
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e+ + e− → x at SLAC
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II.  The Original Era of Discovery
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FIG. 1, Search-mode data (relative hadron yield) tak-

en (a) in a 1-h calibration run over the $(3105) (average
luminosity of 2x 102~ cm 2 sec ~), and (b) during the
run in which the $(3695) was found (average luminosity
of 5x10 ~ cm sec ').

Eq ~ (GeV)
FIG. 2. Total cross section for e e —Iladrons cor-

rected for detection efficiency. The dashed curve is
the expected resolution folded with the radiative correc-
tions. The errors shown are statistical only.

every 3 min. The data taken during each step
are analyzed in real time and the relative cross
sections computed at the end of each step. Fig-
ure 1(a) shows the search-mode data taken dur-
ing a calibration scan over the previously dis-
covered ((3105). Figure 1(b) shows the data tak-
en during the first scan which began at a ring en-
ergy of 1.8 GeV. A clear indication of a narrow
resonance with a mass of about 3.70 GeV is seen.
It should be emphasized that we have not yet
scanned any mass region other than that between
3.6 and 3.71 GeV.
On finding evidence of a resonance in the e'e
-hadron cross section, we switched to the nor-
mal SPEAR operating mode of longer runs at
fixed energy. In this mode, smaller energy
changes are possible than in the search mode.
Figure 2 shows the cross section for e 'e -had-
rons, corrected for the detection efficiency of
about 55% over the energy region shown.
Our mass resolution is determined by the ener-

gy spread in the colliding beams, which depends
on the energy of the beams. The expected Gauss-
ian c.m. energy distribution (v=1.2 MeV) folded
with the radiative processes' is shown as the
dashed curve in Fig. 2. The width of the reso-
nance must be smaller than this spread; thus,

Mass
(GeV)

r (FwHM)
(MeV)

g(3105)
y(3695)

3.105+0.003
3.695+ 0.004

&1.9 (Ref. 6)
&2,7

We are continuing the search for others.
We thank the SPEAR operations staff for the

technological tour de force they accomplished
whereby we are able to scan the machine energy
in small, well-defined steps. We also acknowl-
edge the cooperation of the Stanford Center for
Information Processing in expediting the compu-
tation needs of this experiment.

*Work supported by the U. S. Atomic Energy Com-
mission
)Accepted without review under policy announced in
Editorial of 20 July 1964 t Phys. Rev. Lett. 13, 79
(1964)].
f.Permanent address: Centre d'Etudes Nucleaires

de Saclay, Saclay, France.

an upper limit to the FWHM is 2.7 MeV.
In summary, the colliding-beam data now show

two narrow resonances in the hadron production
cross section. Our determination of the parame-
ters of the resonance are as follows:

1454
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FIG. 2. (a) Distribution of missing mass, Mz, re-
coiling against all pairs of oppositely charged parti-
cles. (b) Same as (a) for those four-prong events in
which the observed charged particles satisfy, within
errors, conservation of total momentum and energy.

the pion mass in the calculation of the missing
mass. Thus we unambiguously identify the decay
mode (2).
A subset of our events have both a lepton pair

from the decay of g(3095) and the recoil pion pair.
The missing-mass spectrum for the pion pairs
from four-prong events in which total energy and
momentum are conserved (within errors) is
shown in Fig. 2(b), where the very clean g(3095)
signal is apparent. A computer reconstruction
of one of these events is given in Fig. 3. This
event sample was used to study decay angular
distributions for Monte-Carlo simulations of de-
tection efficiency. Preliminary analysis showed
the pions to have essentially isotropic angular
distributions, while the leptons are consistent
with either isotropy or 1+cos'8, relative to the
beam axis.
There is no evidence for g(3095) production at

nonresonant energies in the vicinity of 3.7 GeV,
except for a small signal, consistent with the
radiative tail of $(3684), at 3.8 GeV.
The number of ((3684) decays leading to ((3095)

was determined from the data of Fig. 1, in which
the two muons independently satisfy the trigger
requirements. The background under the 3.1-
GeV peak was estimated separately for events
where only the two muon prongs were present
and for events having additional prongs. In the
first case, the radiative tail of the 3.7-6eV peak
is the dominant source of background. In the
higher-multiplicity events, background arises

F&G. 3. An example of the decay $(3684) 7t. + &
+g(3095), where @(3095) e++e, from an off-line re-
construction of the data. The event is seen in the x-y
projection where z is the beam (and magnetic field)
direction. Also shown are the trigger and shower
counters which detected the tracks. Tracks 3 and 4
are the slow pions and tracks 1 and 2 are the two
leptons from $(3095) decay.

from multihadron events satisfying muon-pair
selection criteria. A background subtraction of
(9+ 3)/p was applied to the data. To arrive at the
branching ratio for Reaction (1), the number of
P(3095) decays was normalized to the total num-
ber of detected events satisfying the multihadron
selection criteria, and corrected for the branch-
ing ratio B„ for g(3095) to decay into muons, ' the
efficiency for detecting muon pairs, and the av-
erage multihadron efficiency. Since we measure
B„ in the same apparatus with similar methods,
systematic uncertainties in B„and multihadron
efficiencies are strongly correlated and partially
cancel in the determination of the branching ratio
of Reaction (1). Uncertainties in the muon-pair
angular distributions for ((3095) decays from
P(3684) and the ratio of average hadron detection
efficiencies at 3.1 and 3.7 GeV dominate over
statistical errors and lead to an overall uncer-
tainty of +15/z in the branching ratio. Our re-
sult for branching ratio of Reaction (1) is

F(g(3684)—tJ)(3095) + anything)
I'(g (3684)—all)

= 0.57+ 0.08.
The branching ratio for Reaction (2) was deter-

mined from the m+m missing-mass spectrum,
Fig. 2(a). The events chosen for this analysis
were such that the system recoiling against the

1182
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ψ(2S) → π+π−J/ψ 
at SLAC
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Theoretical Ideas on J/ψ and ψʹ′:

Baryon-AntiBaryon bound states
     (PRL34, 36 (1975))

Spin-1 meson alternative to GIM
     (PRL34, 37 (1975))

Three charm quarks (partners to u, d, s)
     (PRL34, 41 (1975))

Lighter Z0
     (PRL34, 56 (1975))

Charmonium
     (PRL34, 43 (1975), PRL34, 46 (1975))

II.  The Original Era of Discovery



ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

χc1(13P1)

χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

χc0(13P0)

hc(11P1)

Ryan Mitchell Charmonium and the Role of BESIII 21

PRL34, 365 (1975)
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Spectroscopy of the New Mesons*

Thomas Appelquist, j A. De Rujula, and H. David Politzerf.
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02188

and

S. I . Glashow0
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received ll. December 1974)

The interpretation of the narrow boson resonances at 3.1 and 3.7 GeV as charmed
quark-antiquark bound states implies the existence of other states, Some of these should
be copiously produced in the radiative decays of the 3.7-GeV resonance. We estimate
the masses and decay rates of these states and emphasize the importance of y-ray spec-
troscopy.

Two earlier papers" present our case that the
recently discovered" and confirmed' resonance
at 3.105 GeV is the ground state of a charmed
quark bound to its antiquark, by colored gauge
gluons: orthocharmonium I. More recently, a
second state at 3.695 GeV has been reported'
with an estimated width of 0.5-2.7 MeV and a
partial decay rate -2 keV into e e . We inter-
pret this state as an 8-wave radial excitation,
orthocha. rmonium II, with J =1 and I =0
Here are three indications of the correctness of
our interpretation: (1) Much of the time, ortho-
charmonium II decays into orthocharmonium I
and two pions. This behavior suggests that ortho-
charmonium II is an excited state of orthochar-
monium I.' (2) The leptonic width of orthochar-
monium II is about half that of orthocharmonium
I, not unexpected for an excited state whose wave
function at the origin is smaller. (3) Qrthochar-
monium II is not seen in the Brookhaven National
I.aboratory-Massachusetts Institute of Technol-
ogy experiment. ' In a thermodynamic model, '
the production cross section of a hadron of 3.7
GeV is suppressed by -10 ' relative to that of a
hadron of 3.1 GeV. Moreover, the leptonic branch-
ing ratio of orthocharmonium D is smaller than
that of orthocharmonium I by a factor of 10.
We predict the existence of other states of

charmonium with masses less than 3.7 GeV, a

Mass (GeV)
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i
I
)
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FIG. 1. Masses and radiative transitions of charmo-
nlum.
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quired to be entirely contained in the detector and
to be well separated from charged particles. Pho-
ton pairs that could be reconstructed to a m' were
removed. Figure 1 shows the inclusive photon
spectrum obtained from hadronic decays of the

The transitions'" to the well-established
y states are indicated in the figure as are the
cascade transitions. " " Also clearly seen is a
signal of greater than 5 standard deviations at
E =634+ 13 MeV. The error in the photon en-
ergy is primarily systematic, resulting from a
+ 2% uncertainty in the absolute Nal(Tl) energy
calibration. This signal corresponds to a transi-
tion to a state of mass M= 2983 +16 MeV. Several
systematic checks' were made to verify that the
signal appears uniformly over the solid angle of
the apparatus and in the data obtained in the ear-
lier and later parts of the data collection period.
To check the sensitivity of the detector to a small
signal in the 630-MeV region, ' we looked for the
617-MeV photon radiated in the reaction e'e- y J'/tj at the g"(3770) resonance; this photon
was seen at the expected level. In addition, to
check that the signal is not an instrumental effect,
the inclusive photon spectrum from hadronic de-
cays of the Z/g, shown in Fig. 2, was analyzed
and no signal was found in the 630-MeV region.
If the signal from the g' corresponds to the

hindered Ml transition' II'- yq„ then we expect
to observe the transition J/g -yq, at a photon
energy of about 110 MeV. In the Z/g inclusive
photon spectrum, shown in Fig. 2, there appears
to be an enhancement about a photon energy of

112 MeV, corresponding to a state of mass M- 2981 MeV. A simultaneous fit was therefore
performed to the mass, M, and natural linewidth,
I', of the q, candidate for both the g' and 4/II sig-
nal regions. The two observed signals were fit
by a Breit-Wigner line shape convoluted with a
Gaussian energy resolution; independent quadrat-
ic forms were used for the backgrounds. The
Gaussian resolutions (v= 4.7 MeV at E =112 MeV
and v=18.3 MeV at E = 634 MeV) were derived
from other Crystal Ball measurements. '
Figures 3(a) and 3(b) show the best fit obtained,

together with the data for the g' and J/g inclusive
spectra, respectively, before and after back-
ground subtraction. The parameters from the
best fit, excepting the primarily systematic er-
ror in M, are

M=2981~15 MeV, F=20",', MeV,
y'=53 for 66 degrees of freedom.

The signal obtained from the fit has a statistical
significance of over 5 standard deviations. The
systematic error in M arises mainly from the
energy calibration uncertainty in the g' contribu-
tion to the fit, and uncertainty in the background
shape in the J/g contribution; it dominates the
&2 MeV statistical error. The dependence of y'
on F exhibits a broad minimum in y' centered
at" F= 20 MeV, where the value of I' is primarily
determined from the 8/( inclusive spectrum. The
error in I', shown in (1), is essentially statisti-
cal; an additional uncertainty due to the choice of
the functional form for the background to the J/g
signal has not yet been evaluated.

7000 I I I I I I

6000 5000
I I I I I I I

C:
Z) 5000
~O0

M 4000
I—

o 5000

2000

0

= 3000
U)

O
2000

f000 I I I )

50 l00 200
Ey (MeV)

I I I I I

500 IOOO
IOOO

50 100
I I I I I I I I

200 500 1000
Ey (MeV)

FIG. 1. The inclusive photon spectrum from g' had-
ronic decays. Counts are plotted in logarithmic bins
since the resolution, &E/F-, is nearly constant in .E
for NaI(Tl).

FIG. 2. The inclusive photon spectrum from J/g had-
ronic decays. The structure at E& -200 MeV results
from minimum ionizing charged particles which have
been misidentified as photons (Hefs. 8 and 9).
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Crystal Ball at SLAC
(discovery of ηc)
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Select data samples (2008-present):  
     ~500 pb−1 at 4.009 GeV
     ~2.9 fb−1 at ψʹ′ʹ′
      225 million J/ψ decays (+ more)
      106 million ψ(2S) decays (+ more) 

III.  From Discovery to Precision

BES III  Detector in Beijing, China
(BEPC2 e+e− collider)
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Select data samples (2008-present):  
     ~500 pb−1 at 4.009 GeV
     ~2.9 fb−1 at ψʹ′ʹ′
      225 million J/ψ decays (+ more)
      106 million ψ(2S) decays (+ more) 

first hadronic event:  July 2008

III.  From Discovery to Precision

BES III  Detector in Beijing, China
(BEPC2 e+e− collider)
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III.  From Discovery to Precision

A few BESIII charmonium results from 2012:

1.  Measurements of the mass and width of 
the ηc(1S) using the decay ψ(2S) → γηc(1S)
          PRL 108, 222002 (2012)

2.  First observation of the M1 transition 
ψ(2S) → γηc(2S)
          PRL 109, 042003 (2012)

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)

4.  Two-photon widths of the χc0,2(1P) states 
and helicity analysis for χc2(1P) → γγ
          PRD 85, 112008 (2012)

5.  Search for the hadronic transition 
χcJ(1P) → ηc(1S)π+π−
          arXiv:1208.4805
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III.  From Discovery to Precision

background processes, but do find dozens of decay modes
that each make small additional contributions to the back-
ground. These decays typically have additional or fewer
photons in their final states. The sum of these background
events is used to estimate the contribution from other
c ð3686Þ decays. Backgrounds from the eþe$ ! q !q con-
tinuum process are studied using a data sample taken atffiffiffi
s

p ¼ 3:65 GeV. Continuum backgrounds are found to be
small and uniformly distributed in MðXiÞ. There is also an
irreducible nonresonant background, c ð3686Þ ! !Xi, that
has the same final state as signal events. A nonresonant
component is included in the fit to the "c invariant mass.

Figure 1 shows the "c invariant mass distributions for
selected "c candidates, together with the estimated #0Xi

backgrounds, the continuum backgrounds normalized by
luminosity, and other c ð3686Þ decay backgrounds esti-
mated from the inclusive MC sample. A clear "c signal
is evident in every decay mode. We note that all of the "c

signals have an obviously asymmetric shape: there is a
long tail on the low-mass side; while on the high-mass side,
the signal drops rapidly and the data dips below the ex-
pected level of the smooth background. This behavior of
the signal suggests possible interference with the nonreso-
nant !Xi amplitude. In this analysis, we assume 100% of
the nonresonant amplitude interferes with the "c.

The solid curves in Fig. 1 show the results of an un-
binned simultaneous maximum likelihood fit in the range
from 2.7 to 3:2 GeV=c2 with three components: signal,
nonresonant background, and a combined background

consisting of #0Xi decays, continuum, and other
c ð3686Þ decays. The signal is described by a Breit-
Wigner function convolved with a resolution function.
The nonresonant amplitude is real, and is described by an
expansion to second order in Chebyshev polynomials de-
fined and normalized over the fitting range. The combined
background is fixed at its expected intensity, as described
earlier. The fitting probability density function as a func-
tion of mass (m) reads

FðmÞ ¼ $ & ½%ðmÞjei&E7=2
! SðmÞ þ 'N ðmÞj2( þBðmÞ;

where SðmÞ, N ðmÞ, and BðmÞ are the signal, the non-
resonant !Xi component, and the combined background,
respectively; E! is the photon energy,$ is the experimental
resolution, and %ðmÞ is the mass-dependent efficiency. The
E7
! multiplying jSðmÞj2 reflects the expected energy depen-

dence of the hindered-M1 transition [16], which partially
contributes to the "c low-mass tail as well as the interfer-
ence effect. The interference phase & and the strength of
the nonresonant component ' are allowed to vary in the fit.
The mass-dependent efficiencies are determined from

phase space distributed MC simulations of the "c decays.
Efficiencies obtained from MC samples that include inter-
mediate states change the resulting mass and width by
negligible amounts. MC studies indicate that the resolution
is almost constant over the fitting range. Thus, a mass-
independent resolution is used in the fit. The detector
resolution is primarily determined by MC simulation for
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FIG. 1 (color). The MðXiÞ invariant mass distributions for the decays KSK
þ#$, KþK$#0, "#þ#$, KSK

þ#þ#$#$,
KþK$#þ#$#0, and 3ð#þ#$Þ, respectively, with the fit results (for the constructive solution) superimposed. Points are data and
the various curves are the total fit results. Signals are shown as short-dashed lines, the nonresonant components as long-dashed lines,
and the interference between them as dotted lines. Shaded histograms are (in red, yellow, green) for [continuum, #0Xi, other c ð3686Þ
decays] backgrounds. The continuum backgrounds for KSK

þ#$ and "#þ#$ decays are negligible.

PRL 108, 222002 (2012) P HY S I CA L R EV I EW LE T T E R S
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222002-4

Mass and Width of the ηc(1S)

⇒ must take into account the distorted 
line-shape (E7) and interference with 
“non-resonant” decays 

    M = 2984.3 ± 0.6 ± 0.6 MeV
     Γ = 32.0 ± 1.2 ± 1.0 MeV

⇒ significant discrepancies with older 
results (e.g. PRD 62, 072001 (2000))

1 of 6
decay
modes
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A few BESIII charmonium results from 2012:

1.  Measurements of the mass and width of 
the ηc(1S) using the decay ψ(2S) → γηc(1S)
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3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)

4.  Two-photon widths of the χc0,2(1P) states 
and helicity analysis for χc2(1P) → γγ
          PRD 85, 112008 (2012)

5.  Search for the hadronic transition 
χcJ(1P) → ηc(1S)π+π−
          arXiv:1208.4805
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! ! "þ"""0 (##). For the #K0
SK

#"$ channel, these
background contributions are suppressed by requiring that
the recoil mass of all"þ"" pairs be less than 3:05 GeV=c2.
For the #KþK""0 channel, this type of contamination is
removed by requiring that the invariant mass of the two
charged tracks, assuming they are muons, be less than
2:9 GeV=c2. The remaining dominant background sources
are (1) c ð3686Þ ! K0

SK
#"$ (KþK""0) events with a fake

photon candidate; (2) events with the same final states
including K0

SK
#"$#ISR=FSR (KþK""0#ISR=FSR) with the

photon from initial- or final-state radiation (ISR, FSR) and
c ð3686Þ ! !KþK" with ! ! #"0; and (3) events with
an extra photon, primarily from c ð3686Þ ! "0K0

SK
#"$

("0KþK""0) with "0 ! ##. MC studies demonstrate that
contributions from all other known processes are negligible.

The events in the first category, with a fake photon
incorporated into the kinematic fit, produce a peak in the
K0

SK
#"$ (KþK""0) mass spectrum close to the expected

!cð2SÞ mass, with a sharp cutoff due to the 25-MeV
photon-energy threshold.

Because the fake photon adds no information to the fit,
its inclusion distorts the mass measurement. We therefore
determine the mass from a modified kinematic fit in which
the magnitude of the photon momentum is allowed to
freely float (3C for #K0

SK
#"$ and 4C for #KþK""0).

In the case of a fake photon, the momentum tends to zero,
which improves the background separation with minimal
distortion of the signal line shape [16].

Background contributions from c ð3686Þ ! K0
SK

#"$

(KþK""0) and c ð3686Þ ! K0
SK

#"$#FSR (KþK""0

#FSR) are estimated with MC distributions for those
processes normalized according to a previous measure-
ment of the branching ratios [21]. FSR is simulated in
our MC generations with PHOTOS [22], and the FSR con-
tribution is scaled by the ratio of the FSR fractions in data
and MC generations for a control sample of c ð3686Þ !
#$cJ (J ¼ 0 or 1) events. For this study the $cJ is
selected in three final states with or without an extra FSR
photon, namely K0

SK
#"$ð#FSRÞ, "þ"""þ""ð#FSRÞ, and

"þ""KþK"ð#FSRÞ, as described in Ref. [16]. Background

contributions from the continuum process eþe" ! #( !
K0

SK
#"$ð#FSRÞ (KþK""0ð#FSRÞ) and the ISR

process eþe" ! #(#ISR ! K0
SK

#"$#ISRðKþK""0#ISRÞ
are estimated with data collected at

ffiffiffi
s

p ¼ 3:65 GeV
corrected for differences in the integrated luminosity and
the cross section, and with particle momenta and
energies scaled to account for the beam-energy dif-
ference. MC simulations show that the K0

SK
#"$

(KþK""0) mass spectra are similar for FSR and ISR events.
Events without radiation have the same mass distribution
independently of originating from a resonant c ð3686Þ decay
or from the nonresonant continuum production. Thus,
the background shapes from K0

SK
#"$ðKþK""0Þ and

K0
SK

#"$#ISR=FSRðKþK""0#ISR=FSRÞ are described by the
sum of the MC-simulated K0

SK
#"$ðKþK""0Þ and

K0
SK

#"$#FSRðKþK""0#FSRÞ invariant-mass shapes, with
the proportions fixed according to the procedure described
above. The shapes of background mass distributions from
c ð3686Þ ! !KþK" with ! ! #"0 are parameterized
with a double-Gaussian function, and its level is measured
with the same data sample and fixed in the final fit.
The third type of background, that with an extra photon,

"0K0
SK

#"$ð"0KþK""0Þ, is measured with data and nor-
malized according to the simulated contamination rate. It
contributes a smooth component around the $cJ (J ¼ 1, 2)
mass region with a small tail in the !cð2SÞ signal region
that is described by a Novosibirsk function [23] (Gaussian
function) for the "0K0

SK
#"$ ("0KþK""0) background.

The shape and size of this background is fixed in the fit.
The mass spectra for the K0

SK
#"$ and KþK""0 chan-

nels are fitted simultaneously to extract the yield, mass, and
width of !cð2SÞ. To better determine the background and
mass resolution from the data, the mass spectra are fitted
over a range (3:46–3:71 GeV=c2) that includes the $c1 and
$c2 resonances as well as the !cð2SÞ signal. The final mass
spectra and the likelihood fit results are shown in Fig. 1.
Each fitting function includes four components, namely,
!cð2SÞ, $c1, $c2, and the summed background described
above. Line shapes for $c1 and $c2 are obtained from MC
simulations and convolved with Gaussian functions to
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FIG. 1 (color online). The invariant-mass spectrum for K0
SK

#"$ (left panel), KþK""0 (right panel), and the simultaneous
likelihood fit to the three resonances and combined background sources as described in the text.
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Observation of ψ(2S) → γηc(2S)

III.  From Discovery to Precision

M = 3637.6 ± 2.9 ± 1.6 MeV

Γ = 16.9 ± 6.4 ± 4.8 MeV

B(ψ(2S) → γηc(2S)) =
(6.8 ± 1.1 ± 4.5) × 10−4
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III.  From Discovery to Precision

A few BESIII charmonium results from 2012:

1.  Measurements of the mass and width of 
the ηc(1S) using the decay ψ(2S) → γηc(1S)
          PRL 108, 222002 (2012)

2.  First observation of the M1 transition 
ψ(2S) → γηc(2S)
          PRL 109, 042003 (2012)

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)

4.  Two-photon widths of the χc0,2(1P) states 
and helicity analysis for χc2(1P) → γγ
          PRD 85, 112008 (2012)

5.  Search for the hadronic transition 
χcJ(1P) → ηc(1S)π+π−
          arXiv:1208.4805
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TABLE I: Event-selection requirements for each exclusive channel.

Mode χ2
4C PID π+π−J/ψ veto π0π0J/ψ veto γχc2 veto π0 veto for E1 photon η → π+π−π0 veto

pp̄ 30 N(p) ≥ 1 no no yes no no
π+π−π+π− 60 N(π) ≥ 3 yes yes yes yes yes

K+K−K+K− 60 N(K) ≥ 3 no no no yes no
K+K−π+π− 40 N(K) ≥ 2, N(π) ≥ 0 yes yes yes yes yes

pp̄π+π− 30 N(p) ≥ 2, N(π) ≥ 0 yes yes yes yes yes
π+π−π+π−π−π− 50 N(π) ≥ 4 yes yes no yes yes
K+K−π+π−π−π− 70 N(K) ≥ 2, N(π) ≥ 2 yes no no no no

K+K−π0 50 N(K) ≥ 1 no yes no no no
pp̄π0 40 N(p) ≥ 1 no yes yes yes no
K0

SK
±π∓ 70 − no no no no yes

K0
SK

±π∓π±π∓ 50 − no no yes no no
π+π−η 50 − no no no yes no

K+K−η 70 N(K) ≥ 1 no no yes yes no
π+π−π+π−η 30 − yes no no yes no
π+π−π0π0 40 − yes yes yes yes yes

π+π−π+π−π0π0 60 − yes yes no yes no
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FIG. 1: The π0 recoil mass spectrum in ψ(3686) → π0hc, hc → γηc, ηc → Xi summed over the 16

final states Xi. The dots with error bars represent the π0 recoil mass spectrum in data. The solid
line shows the total fit function and the dashed line is the background component of the fit.

IV. EXTRACTION OF YIELDS AND RESONANCE PARAMETERS

We obtain the hc mass, width and branching ratios from simultaneous fits to the π0 recoil
mass distributions for the 16 exclusive ηc decay modes. Here only 1-C kinematic fits with
π0 mass hypothesis are used to improve the energy resolution. The 4C-fits used in event
selection are not used in the π0 recoil mass reconstruction, because the energy resolution of

8

Precision Measurements of the 
Mass and Width of the hc(1P)

III.  From Discovery to Precision

M = 3525.31 ± 0.11 ± 0.14 MeV

Γ = 0.70 ± 0.28 ± 0.22 MeV
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III.  From Discovery to Precision

A few BESIII charmonium results from 2012:

1.  Measurements of the mass and width of 
the ηc(1S) using the decay ψ(2S) → γηc(1S)
          PRL 108, 222002 (2012)

     2.  First observation of the M1 transition 
     ψ(2S) → γηc(2S)
               PRL 109, 042003 (2012)

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)

4.  Two-photon widths of the χc0,2(1P) states 
and helicity analysis for χc2(1P) → γγ
          PRD 85, 112008 (2012)

5.  Search for the hadronic transition 
χcJ(1P) → ηc(1S)π+π−
          arXiv:1208.4805
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III.  From Discovery to Precision
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FIG. 1: Upper plot: the fitted Eγ1 spectrum for the ψ�
data

sample. The expected positions of Eγ1 from χc0, χc1, χc2 are

indicated by arrows. The dashed curve shows the background

line shape fixed to the shape in Fig. 2. Lower plot: the num-

ber of standard deviations, χ, of data points from the fitted

curves.
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FIG. 2: The background Eγ1 spectrum. The points are from

the off-ψ�
data. The curve is from a fit to the ψ(3770) data.

the kinematic fitting; the fitting procedure and peaking

background subtraction. Table III lists a summary of

all sources of systematic uncertainties. Most systematic

uncertainties are determined from comparisons of clean,

high statistics control samples with results from MC sim-

ulations.

The number of ψ� events, Nψ� , used in this analysis

TABLE II: Results of the present measurements. The first

error is statistical, second is systematic, and third is due to

the PDG values used. The common systematic errors have

been removed in determining R. B1 ≡ B(ψ� → γχc0,2), B2 ≡
B(χc0,2 → γγ), Γγγ ≡ Γγγ(χc0,2 → γγ).

Quantity χc0 χc2

B1 × B2 × 10
5

2.17±0.17±0.12 2.81±0.17±0.15

B2 × 10
4

2.24±0.19±0.12±0.08 3.21±0.18±0.17±0.13

Γγγ (keV) 2.33±0.20±0.13±0.17 0.63±0.04±0.04±0.04

R 0.271±0.029±0.013±0.027
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FIG. 3: The Eγ1 spectrum for the radiative photon in the

control samples ψ� → γ1χc0,2, χc0,2 → K+K−
.

TABLE III: Summary of systematical uncertainties of the

branching fraction measurements. Asterisks denote the sys-

tematic sources common to both χc0 and χc2.

Source of Systematic Uncertainty χc0 χc2

Number of ψ�∗
4.0% 4.0%

Neutral trigger efficiency
∗

0.1% 0.1%

Photon detection
∗

1.5% 1.5%

Kinematic fit
∗

1.0% 1.0%

Resonance fitting 3.2% 2.9%

Peaking background 0.3% 0.1%

Helicity 2 assumption - 0.4%

Sum in quadrature 5.5% 5.3%

is determined from the number of inclusive hadronic ψ�

decays following the procedure described in detail in [14].

The result is Nψ� = (1.06± 0.04)× 108, where the error

is systematic and is determined mostly by the track effi-

ciency difference between data and Monte Carlo (1.2%),

the variation with the minimum charged track multiplic-

ity requirement (2.86%), the difference when a minimum

transverse momentum requirement is used (0.95%), the

uncertainty of the generator model (0.61%), and an error

due to the continuum subtraction (0.91%).

Three photons in the final states include a soft pho-

ton γ1 from the radiative transition and two energetic

photons γ2γ3 from χc0,2 decays. The photon detection

efficiency and its uncertainty for low energy photons

are studied using three different methods described in

Ref. [28]. On average, the efficiency difference between

data and MC simulation is less than 1% [28]. The mo-

menta of the two energetic photons are more than 1.5

GeV/c. The systematic uncertainty due to the recon-

struction of two energetic photons is determined to be

0.25% per photon as described in Ref. [29]. The total un-

certainty associated with the reconstruction of the three

photons is 1.5%.

The uncertainty due to the kinematic fit is estimated

using the control sample of e+e− → γγ(γ), which has the

same event topology as the signal. We select the control

sample by using off-ψ� data taken at
√

s = 3.65 GeV

to determine the efficiency difference between data and
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FIG. 1: Upper plot: the fitted Eγ1 spectrum for the ψ�
data

sample. The expected positions of Eγ1 from χc0, χc1, χc2 are

indicated by arrows. The dashed curve shows the background

line shape fixed to the shape in Fig. 2. Lower plot: the num-

ber of standard deviations, χ, of data points from the fitted

curves.
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FIG. 2: The background Eγ1 spectrum. The points are from

the off-ψ�
data. The curve is from a fit to the ψ(3770) data.

the kinematic fitting; the fitting procedure and peaking

background subtraction. Table III lists a summary of

all sources of systematic uncertainties. Most systematic

uncertainties are determined from comparisons of clean,

high statistics control samples with results from MC sim-

ulations.

The number of ψ� events, Nψ� , used in this analysis

TABLE II: Results of the present measurements. The first

error is statistical, second is systematic, and third is due to

the PDG values used. The common systematic errors have

been removed in determining R. B1 ≡ B(ψ� → γχc0,2), B2 ≡
B(χc0,2 → γγ), Γγγ ≡ Γγγ(χc0,2 → γγ).

Quantity χc0 χc2

B1 × B2 × 10
5

2.17±0.17±0.12 2.81±0.17±0.15

B2 × 10
4

2.24±0.19±0.12±0.08 3.21±0.18±0.17±0.13

Γγγ (keV) 2.33±0.20±0.13±0.17 0.63±0.04±0.04±0.04

R 0.271±0.029±0.013±0.027
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FIG. 3: The Eγ1 spectrum for the radiative photon in the

control samples ψ� → γ1χc0,2, χc0,2 → K+K−
.

TABLE III: Summary of systematical uncertainties of the

branching fraction measurements. Asterisks denote the sys-

tematic sources common to both χc0 and χc2.

Source of Systematic Uncertainty χc0 χc2

Number of ψ�∗
4.0% 4.0%

Neutral trigger efficiency
∗

0.1% 0.1%

Photon detection
∗

1.5% 1.5%

Kinematic fit
∗

1.0% 1.0%

Resonance fitting 3.2% 2.9%

Peaking background 0.3% 0.1%

Helicity 2 assumption - 0.4%

Sum in quadrature 5.5% 5.3%

is determined from the number of inclusive hadronic ψ�

decays following the procedure described in detail in [14].

The result is Nψ� = (1.06± 0.04)× 108, where the error

is systematic and is determined mostly by the track effi-

ciency difference between data and Monte Carlo (1.2%),

the variation with the minimum charged track multiplic-

ity requirement (2.86%), the difference when a minimum

transverse momentum requirement is used (0.95%), the

uncertainty of the generator model (0.61%), and an error

due to the continuum subtraction (0.91%).

Three photons in the final states include a soft pho-

ton γ1 from the radiative transition and two energetic

photons γ2γ3 from χc0,2 decays. The photon detection

efficiency and its uncertainty for low energy photons

are studied using three different methods described in

Ref. [28]. On average, the efficiency difference between

data and MC simulation is less than 1% [28]. The mo-

menta of the two energetic photons are more than 1.5

GeV/c. The systematic uncertainty due to the recon-

struction of two energetic photons is determined to be

0.25% per photon as described in Ref. [29]. The total un-

certainty associated with the reconstruction of the three

photons is 1.5%.

The uncertainty due to the kinematic fit is estimated

using the control sample of e+e− → γγ(γ), which has the

same event topology as the signal. We select the control

sample by using off-ψ� data taken at
√

s = 3.65 GeV

to determine the efficiency difference between data and

R =
Γ(χc2 → γγ)

Γ(χc0 → γγ)

Results for R are consistent with 
the lowest order (QED) prediction!

(but many calculations of higher 
order corrections (QCD) deviate from 

this value...??...)
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III.  From Discovery to Precision

A few BESIII charmonium results from 2012:

1.  Measurements of the mass and width of 
the ηc(1S) using the decay ψ(2S) → γηc(1S)
          PRL 108, 222002 (2012)

2.  First observation of the M1 transition 
ψ(2S) → γηc(2S)
          PRL 109, 042003 (2012)

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)

4.  Two-photon widths of the χc0,2(1P) states 
and helicity analysis for χc2(1P) → γγ
          PRD 85, 112008 (2012)

5.  Search for the hadronic transition 
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FIG. 3: Invariant mass spectra of K0
SK

±π∓ (top row) and K+K−π0 (bottom row) with KK̄πππ
in χc0 (left panel), χc1 (middle panel), and χc2 (right panel) signal regions and the fit results. Dots
with error bars are data; the solid lines are the total results from the best fits to the invariant mass

spectrum. The ηc signals are shown in dash-dotted lines (in χc2 mass region, the contribution from
the peaking background is not removed.); the backgrounds as dashed lines.

As there is no significant ηc signal in any of the three χcJ states in either ηc decay mode,276

we set upper limits on B(χcJ → ηcπ+π−) using the probability density function (PDF) for277

the expected number of signal events. In the χc0 and χc1 signal regions, the likelihood278

distributions in the fitting of the invariant mass spectra in Fig. 3 are taken as the PDFs279

directly. They are obtained by setting the number of ηc signal events from zero up to a280

very large number. In the χc2 signal region, the likelihood distribution also contains the281

contribution from the peaking background. Using the known branching fractions [15], the282

detection efficiency from MC simulation, and the number of ψ(3686) events, the expected283

peaking background are 45.7±11.6 in K0
SK

±π∓ and 34.4±8.7 in K+K−π0. Here, the errors284

include the uncertainties in the detection efficiency and the branching fractions. Then the285

PDF of signal is extracted with the PDF of the peaking background (Gaussian distribution286

with mean set to the expected number of peaking backgrounds, sigma set to its error) and287

the PDF from the fit. The systematic uncertainties are considered by smearing the PDF in288

each decay with a Gaussian. The upper limit on the number of events at the 90% C.L. is289

defined as Nup, corresponding to the number of events at 90% of the integral of the smeared290

PDF. In each decay mode in the three χcJ states, the fit-related systematic errors on the291

number of signal yield are estimated by using different fit ranges, different orders of the292

background polynomial, and different ηc line shapes with the parameters of ηc changed by293

one standard deviation [17]; the maximum Nup is used in the upper limit calculation.294

10

B(χc0(1P) → π+π−ηc(1S)) < 0.07%

B(χc1(1P) → π+π−ηc(1S)) < 0.32%

(compared to a prediction of 1.81 ± 0.26% 
using a E1-M1 soft gluon emission model)

B(χc2(1P) → π+π−ηc(1S)) < 0.54%
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beyond the quark model and the role of BESIII
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Table 9 As in Table 4, but for new unconventional states in the cc̄ and
bb̄ regions, ordered by mass. For X(3872), the values given are based
only upon decays to π+π−J/ψ . X(3945) and Y (3940) have been sub-

sumed under X(3915) due to compatible properties. The state known
as Z(3930) appears as the χc2(2P ) in Table 4. See also the reviews in
[81–84]

State m (MeV) Γ (MeV) J PC Process (mode) Experiment (#σ ) Year Status

X(3872) 3871.52 ± 0.20 1.3 ± 0.6 1++/2−+ B → K(π+π−J/ψ) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK

(<2.2) pp̄ → (π+π−J/ψ) + · · · CDF [88–90] (np), DØ [91] (5.2)

B → K(ωJ/ψ) Belle [92] (4.3), BABAR [93] (4.0)

B → K(D∗0D̄0) Belle [94, 95] (6.4), BABAR [96] (4.9)

B → K(γ J/ψ) Belle [92] (4.0), BABAR [97, 98] (3.6)

B → K(γψ(2S)) BABAR [98] (3.5), Belle [99] (0.4)

X(3915) 3915.6 ± 3.1 28 ± 10 0/2?+ B → K(ωJ/ψ) Belle [100] (8.1), BABAR [101] (19) 2004 OK

e+e− → e+e−(ωJ/ψ) Belle [102] (7.7)

X(3940) 3942+9
−8 37+27

−17 ??+ e+e− → J/ψ(DD̄∗) Belle [103] (6.0) 2007 NC!

e+e− → J/ψ (. . .) Belle [54] (5.0)

G(3900) 3943 ± 21 52 ± 11 1−− e+e− → γ (DD̄) BABAR [27] (np), Belle [21] (np) 2007 OK

Y (4008) 4008+121
− 49 226 ± 97 1−− e+e− → γ (π+π−J/ψ) Belle [104] (7.4) 2007 NC!

Z1(4050)+ 4051+24
−43 82+51

−55 ? B → K(π+χc1(1P )) Belle [105] (5.0) 2008 NC!

Y (4140) 4143.4 ± 3.0 15+11
− 7 ??+ B → K(φJ/ψ) CDF [106, 107] (5.0) 2009 NC!

X(4160) 4156+29
−25 139+113

−65 ??+ e+e− → J/ψ(DD̄∗) Belle [103] (5.5) 2007 NC!

Z2(4250)+ 4248+185
− 45 177+321

− 72 ? B → K(π+χc1(1P )) Belle [105] (5.0) 2008 NC!

Y (4260) 4263 ± 5 108 ± 14 1−− e+e− → γ (π+π−J/ψ) BABAR [108, 109] (8.0) 2005 OK

CLEO [110] (5.4)

Belle [104] (15)

e+e− → (π+π−J/ψ) CLEO [111] (11)

e+e− → (π0π0J/ψ) CLEO [111] (5.1)

Y (4274) 4274.4+8.4
−6.7 32+22

−15 ??+ B → K(φJ/ψ) CDF [107] (3.1) 2010 NC!

X(4350) 4350.6+4.6
−5.1 13.3+18.4

−10.0 0,2++ e+e− → e+e−(φJ/ψ) Belle [112] (3.2) 2009 NC!

Y (4360) 4353 ± 11 96 ± 42 1−− e+e− → γ (π+π−ψ(2S)) BABAR [113] (np), Belle [114] (8.0) 2007 OK

Z(4430)+ 4443+24
−18 107+113

− 71 ? B → K(π+ψ(2S)) Belle [115, 116] (6.4) 2007 NC!

X(4630) 4634+ 9
−11 92+41

−32 1−− e+e− → γ (Λ+
c Λ−

c ) Belle [25] (8.2) 2007 NC!

Y (4660) 4664 ± 12 48 ± 15 1−− e+e− → γ (π+π−ψ(2S)) Belle [114] (5.8) 2007 NC!

Yb(10888) 10888.4 ± 3.0 30.7+8.9
−7.7 1−− e+e− → (π+π−Υ (nS)) Belle [37, 117] (3.2) 2010 NC!

chain D0 → φK0
S , φ → K+K−, K0

S → π+π−, and is lim-
ited by statistics. Despite all these advances, the D∗0D̄0

mass threshold test remains ambiguous, with m[X(3872)]−
[m(D∗0) + m(D0)] = −0.42 ± 0.39 MeV. This limits the
hypothetical D∗0D̄0 binding energy to be <0.92 MeV at
90% CL and does not foreclose the possibility that the
X(3872) is above D∗0D̄0 threshold. Further clarity here
would require much more precise mass measurements for
both the X and the D0.

Both Belle and BABAR have reported X(3872) signals
in the D∗0D̄0 final state with branching fractions about

ten times higher than for π+π−J/ψ . Both used D∗0 →
D0π0 and D0γ decays, both selected and kinematically
constrained a D∗0 candidate in each event, and both per-
formed unbinned maximum-likelihood fits to the D∗0D̄0

mass. (Belle’s fit is two-dimensional, the second dimension
being a B-meson-consistency kinematic variable; BABAR cuts
on B-meson consistency.) Both results appear in Table 10.
(An earlier Belle publication [94] used a dataset smaller by
one-third than in [95], made no D∗0-mass constraint, and
measured a mass value of 3875.2 ± 0.7+0.3

−1.6 ± 0.8 MeV.)
Belle [95] fit to a conventional Breit–Wigner signal shape
convolved with a Gaussian resolution function. BABAR [96]

EPJ C71, 1534 (2011)
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The Monte Carlo simulation of the number of events in
the signal and sideband regions is used to estimate a
detection efficiency of "MC ! 0:101" 0:002. The data-
MC simulation differences discussed earlier are used to
correct the former efficiency value by #11" 7$%.

The simulation uses the !" model of J= ! 3" decay.
In order to check the model dependence of the detection
efficiency, the Dalitz plot for events in the J= peak
(Fig. 20) is analyzed. It is seen that the main mechanism
for J= ! 3" decay is !". There is, however, a differ-
ence between the data and simulated plots (an absence of
events in the center of the Dalitz plot for data) which can
be a manifestation of negative interference with the con-
tribution of intermediate states other than the !" [35].
The influence of this difference on the detection effi-
ciency is studied by excluding events located in the center
of the Dalitz plot in the simulated sample and recomput-
ing the detection efficiency. The result is a #1:1" 0:6$%
rise in efficiency. This correction is included with a sys-
tematic error of 1.1% in the final calculation of the detec-
tion efficiency, which is determined to be 0:092" 0:006.

The cross section for e%e& ! J= # ! "%"&"0# for
20' < $# < 160' is calculated as

%#20' < $# < 160'$ ! Nsignal & Nside

"RL
! #112" 4" 8$ fb:

The radiative correction factor R ! %=%Born, of 1:005"
0:002" 0:010 used here, is obtained from a MC simula-
tion at the generator level (no detector simulation). The
total integrated luminosity for the data sample is #89:3"
1:1$ fb&1. From the measured cross section and Eq. (3),
the following product can be determined:

!#J= ! e%e&$B#J= ! 3"$
! #0:122" 0:005" 0:008$ keV:

The systematic error includes the uncertainties on the
detection efficiency, the integrated luminosity, and the
radiative correction.

The most precise measurement of the electronic width
was made in the analysis of e%e& ! J= # ! &%&&#
by BABAR [8]: !#J= ! e%e&$ ! #5:61" 0:20$ keV.
Using the latter measurement, the J= ! 3" branching
fraction is calculated to be

B#J= ! 3"$ ! #2:18" 0:19$%;

which is in substantial disagreement ( ( 3%) with the
world average value (see Sec. 1) of #1:47" 0:13$% but
agrees with the result from the BES collaboration [16]:
B#J= ! 3"$ ! #2:10" 0:12$%.

IX. SUMMARY

The process e%e& ! "%"&"0# was studied for the
3" invariant masses up to 3 GeV=c2 and at the J= mass.
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FIG. 19. 3" mass spectrum for selected e%e& ! J= # !
"%"&"0# events.

TABLE IV. Nsignal and Nside are the numbers of selected events in the signal region (3:0 )
M3" ) 3:2 GeV=c2) and the sidebands (2:9 ) M3" < 3:0 and 3:2 ) M3" < 3:3 GeV=c2),
respectively.

Nsignal Nside Nsignal & Nside

data 1023 103 920" 34
MC 1825 13 1812" 43
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FIG. 20. The Dalitz plot for J= ! 3" candidates in data
(left) and simulation (right).

B. AUBERT et al. PHYSICAL REVIEW D 70 072004

072004-20

PRD 70, 072004 (2004)

e+e−(γISR) → π+π−π0 at BaBar

J/ψ
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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production of the Yð4260Þ, and beyond #4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

In order to extract the parameter values of the Yð4260Þ,
we perform an unbinned, extended-maximum-likelihood
fit in the region 3:74–5:5 GeV=c2 to the J=c!þ!% dis-
tribution from the J=c signal region, and simultaneously
to the background distribution from the J=c sidebands.
The background is fitted using a third-order polynomial in
J=c!þ!% mass, m. The mass-dependence of the signal
function is given by fðmÞ ¼ "ðmÞ 'LðmÞ ' #ðmÞ, where
"ðmÞ is the mass-dependent signal-selection efficiency
from MC simulation with a J=c!þ!% phase space distri-
bution, and LðmÞ is the mass-distributed luminosity [23],
where we ignore the small corrections due to initial-state
emission of additional soft photons; "ðmÞ increases from

9.5% at 3:74 GeV=c2 to 15.5% at 5:5 GeV=c2, and LðmÞ
from 35 pb%1=20 MeV to 61:3 pb%1=20 MeV over the
same range. The cross section, #ðmÞ, is given by the
incoherent sum #ðmÞ ¼ #NYðmÞ þ #BWðmÞ, where we
choose #NYðmÞ to be a simple exponential function. This
provides an adequate description of the low-statistics
non-Yð4260Þ (NY) contributions, and approaches zero
from above at mass #4:8 GeV=c2 (see Fig. 2). The func-
tion#BWðmÞ represents the cross section for the production
of the Yð4260Þ, and is given by

#BWðmÞ¼12!C

m2 ' PSðmÞ
PSðmYÞ

'!eþe% 'BðJ=c!þ!%Þ'm2
Y '!Y

ðm2
Y%m2Þ2þm2

Y!
2
Y

;

(1)

where mY and !Y are the mass and width of the Yð4260Þ,
!eþe% is the partial width for Yð4260Þ ! eþe%,
BðJ=c!þ!%Þ is the branching fraction for Yð4260Þ !
J=c!þ!%, and C ¼ 0:3894( 109 GeV2 pb. The func-
tion PSðmÞ represents the mass dependence of J=c!þ!%

phase space, and PSðmYÞ is its value at the mass of the
Yð4260Þ. In the likelihood function, #BWðmÞ is multiplied
by BðJ=c ! lþl%Þ, the branching fraction sum of the
eþe% and $þ$% decay modes [18], since the fit is to the
observed events. In the fit procedure fðmÞ is convolvedwith
a Gaussian resolution function obtained from MC simula-
tion. This function has a r.m.s. deviation which increases
linearly from 2:1 MeV=c2 at#3:5 GeV=c2 to 5 MeV=c2 at
#4:3 GeV=c2. The results of the fit are shown in Fig. 2(a).
The parameter values obtained for the Yð4260Þ are mY ¼
4245) 5ðstatÞ MeV=c2, !Y ¼ 114þ16

%15ðstatÞ MeV, and
!eþe% (BðJ=c!þ!%Þ ¼ 9:2) 0:8ðstatÞ eV.
For each J=c!þ!% mass interval, i, we calculate the

eþe% ! J=c!þ!% cross section after background sub-
traction using

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþl%Þ ; (2)

with nobsi and nbkgi the number of observed and background
events, respectively, for this interval; "i, and Li are the
values of "ðmÞ and LðmÞ [23] at the center of interval i.
The resulting cross section is shown in Fig. 2(b), where

the solid curve is obtained from the simultaneous like-
lihood fit. The corresponding estimates of systematic
uncertainty are due to luminosity (1%), tracking (5.1%),
BðJ=c ! lþl%Þ (0.7%), efficiency (1%) and PID (1%);
combined in quadrature. These yield a net systematic
uncertainty of 5.4%, as indicated in Table I.
The reaction eþe% ! J=c!þ!% has been studied at

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1)
2:2 pb for the eþe% ! c ð3770Þ ! J=c!þ!% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ!% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe% ! J=c!þ!% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415" !
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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Fig. 19 From [128], the π+π−ψ(2S) cross section as a function
of

√
s, showing the result of a binned maximum-likelihood fit of com-

bined Belle and BABAR data, The solid circles and stars show the Belle
and BABAR data, respectively. The solid curve shows the best fits to the
data to two resonances including interference with a floating phase,
and the dashed curves show the two pairs of individual resonance con-
tributions for the two equally probable best-fit phases. Adapted from
[128] with kind permission, copyright (2008) The American Physical
Society

A number of additional features of these states contradicted
this hypothesis, however. Only one, Y(4660), is remotely
near a predicted 1−− cc̄ state (3 3D1). The Y(4260) and
Y(4360) did not show up in inclusive hadronic cross section
(R) measurements as seen in Fig. 3, as would be expected
of such states. (There is no fine-grained R-scan data near
Y(4660).)

A comparison of the measured π+π−J/ψ and total
hadronic cross sections in the

√
s # 4260 MeV region

yields a lower bound for Γ (Y → π+π−J/ψ) > 508 keV
at 90% CL, an order of magnitude higher than expected
for conventional vector charmonium states [129]. Charmo-
nium would also feature dominant open charm decays, ex-
ceeding those of dipion transitions by a factor expected to
be !100, since this is the case for ψ(3770) and ψ(4160).
As summarized in Table 16, no such evidence has been
found, significantly narrowing any window for either char-
monia or, in some cases, quark–gluon hybrid interpreta-
tions. CLEO [111] studied direct production of Y(4260) in
e+e− collisions; verified the production cross section; and
identified the only non-π+π−J/ψ decay mode seen so far,
π0π0J/ψ , occurring at roughly half of the π+π−J/ψ rate.

Any explanation for these vector states will have to de-
scribe their masses, widths, and manifest reluctance to mate-
rialize in open charm or unflavored light meson final states.
The dipion invariant-mass spectra exhibit curious struc-
tures, as seen for Y(4260) in Fig. 20 [109], Y(4360) in
Fig. 21(a) [114], and Y(4660) in Fig. 21(b) [114]. The first
shows a distinctly non-phase-space double-hump structure

Table 16 Upper limits at 90% CL on the ratios σ (e+e− →
Y → T )/σ (e+e− → Y → π+π−J/ψ) at Ec.m. = 4.26 GeV
(CLEO [16]) and B(Y → T )/B(Y → π+π−J/ψ) (for Y (4260)), and
B(Y → T )/B(Y → π+π−ψ(2S)) (for Y (4360) and Y (4660)), from
BABAR [27–29] and Belle [22], where T is an open charm final state

T Y (4260) Y (4360) Y (4660)

DD̄ 4.0 [16], 7.6 [27]

DD̄∗ 45 [16], 34 [28]

D∗D̄∗ 11 [16], 40 [28]

DD̄∗π 15 [16], 9 [22] 8 [22] 10 [22]

D∗D̄∗π 8.2 [16]

D+
s D−

s 1.3 [16], 0.7 [29]

D+
s D∗−

s 0.8 [16], 44 [29]

D∗+
s D∗−

s 9.5 [16]

Fig. 20 From BABAR [109], the dipion invariant-mass distribution of
ISR-produced Y (4260) → π+π−J/ψ decays, where points represent
data and the line histogram is phase-space MC simulation

Fig. 21 From Belle [114], the dipion invariant-mass distri-
bution of ISR-produced (a) Y (4360) → π+π−ψ(2S) and
(b) Y (4660) → π+π−ψ(2S), where points represent data and
the line histograms show phase-space MC simulations. Adapted from
[114] with kind permission, copyright (2007) The American Physical
Society

Upper Limits on B(Y → DD) / B(Y → ππψ)
(from CLEO, BaBar, and Belle)

EPJ C71, 1534 (2011)

B(ψʹ′ʹ′ → DD)/B(ψʹ′ʹ′ → ππψ) ≈ 500

IV.  A New Era of Discovery
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Theoretical Ideas on Y(4260), Y(4360):

DD* bound states (Y(4360) = DsDs*)
     (NPA815, 53 (2009))

J/ψf0 bound state (with KK → ππ)
     (PRD80, 094012 (2009))

Tetraquarks (or two diquarks)
     (PRD72, 031502(R) (2005))

Hadrocharmonium
     (PLB666, 344 (2008))

Hybrid Charmonium
     (PLB628, 215 (2005), PRD78, 094504 (2008))
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Theoretical Ideas on J/ψ and ψʹ′:

Baryon-AntiBaryon bound states
     (PRL34, 36 (1975))

Spin-1 meson alternative to GIM
     (PRL34, 37 (1975))

Three charm quarks (partners to u, d, s)
     (PRL34, 41 (1975))

Lighter Z0
     (PRL34, 56 (1975))

Charmonium
     (PRL34, 43 (1975), PRL34, 46 (1975))

II.  The Original Era of Discovery
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A more fundamental approach,
Lattice QCD:

J
H
E
P
0
7
(
2
0
1
2
)
1
2
6

Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

The observation that there are four hybrid candidates nearly degenerate with JPC =

(0, 1, 2)−+, 1−−, coloured red in figure 16, is interesting. This is the pattern of states

predicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the

P-wave quasiparticle gluon approach [40], or more generally where a quark-antiquark pair

in S-wave is coupled to a 1+− chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

addition, the observation of two 2+− states, with one only slightly heavier than the other,

appears to rule out the flux-tube model which does not predict two such states so close

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 − 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy difference between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (ρNR × D[2]
J=1)

J=0,1,2 with

JPC = (0, 1, 2)−+ and (πNR ×D[2]
J=1)

J=1 with JPC = 1−− are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (ρNR) or S = 0 (πNR), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g = 1+− where Jg, Pg and Cg refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have

– 25 –
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c c
CHARMONIUM

c c
HYBRID CHARMONIUM

IV.  A New Era of Discovery

Find more decays of the 
Y(4260) and Y(4360).

Can we show S = 0?
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c c
CHARMONIUM

c c
HYBRID CHARMONIUM

A quark model state with JPC = 1−− has:
      even L (since P = (−1)L+1) and 
      odd S  (since C = (−1)L+S).

So JPC = 1−− and S = 0 
      ⇒ a non-quark model state 

IV.  A New Era of Discovery

Find more decays of the 
Y(4260) and Y(4360).

Can we show S = 0?
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A quark model state with JPC = 1−− has:
      even L (since P = (−1)L+1) and 
      odd S  (since C = (−1)L+S).

So JPC = 1−− and S = 0 
      ⇒ a non-quark model state 

If S = 0,
     B(Y → γηc) > B(Y → γχc0)
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is not as well constrained as in the scalar case, owing to
the kinematic factors preventing a slightly timelike Q2

point corresponding to ~pi¼ ~pf¼ð000Þ. The results of the
fits are atÊ1ð0Þ¼0:23ð3Þ, !E1¼440ð40ÞMeV, "E1¼
0:71ð30ÞGeV$2 and atM̂2ð0Þ ¼ $0:020ð17Þ, !M2 ¼
450ð50Þ MeV, "M2 ¼ 5ð6Þ GeV$2. This corresponds to a
partial decay width of !ð#c1 ! J=c$Þ ¼ 270ð70Þ keV
which is in reasonable agreement with the PDG’s average
of 320(25) keV.

The ratio M2
E1

ðQ2Þ, shown in Fig. 6(b), was fitted with
various functional forms shown by the shaded bands yield-
ing M2

E1
ð0Þ ¼ $0:20ð6Þ, where the error includes a crude

estimate of the systematic error due to the uncertainty in
the fitting form. The ratio of the extrapolated values from

the separate fits to E1, M2 gives M2
E1

ð0Þ ¼ $0:020ð17Þ
0:23ð3Þ ¼

$0:09ð7Þ. Clearly, without data points at smaller Q2 or
some certainty about the expected Q2 dependence, we
cannot constrain this any further and hence cannot make
a particularly meaningful comparison with the PDG aver-

age M2ð0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E1ð0Þ2þM2ð0Þ2

p ¼ $0:002þ0:008
$0:017.

Form factors for the transition from the first excited axial
state #0

c1 down to the J=c are shown in Fig. 7, where
multiple fit forms were used, all returning a #2=Ndof close
to 1. The estimates for the physical photon point thus
obtained are atÊ1ð0Þ¼0:050ð15Þ and atM̂2ð0Þ¼
$0:004ð14Þ, where again we include a crude systematic
error estimate for the fit-form variation. The E1 transition
corresponds, for a #0

c1 at 4.1 GeV, to a partial decay width
!ð#0

c1 ! J=c$Þ ¼ 21ð12Þ keV.

E. Tensor-vector transition

The transition between the lightest 2þþ state and the
lightest vector state was not considered in [2], as that study
used only local fermion bilinears [ "c ðxÞ!c ðxÞ] to produce
states—a spin-2 particle cannot be produced by any such
operator. Here we use a set of six operators projected into
Tþþ
2 and Eþþ irreps at the sink.14 The multipole decom-

position for this transition takes the following form,

TABLE III. Results of the fit to lattice data using Eq. (6). We give the partial decay width
computed using the fitted value of V̂ð0Þ and physical phase space (where known). All errors are
purely lattice statistical. Experimental partial decay widths are from [4,15].

Sink level Suggested transition V̂ð0Þ !=MeV "=GeV$2 !lat=keV !expt=keV

0 J=c ! %c$ 1.89(3) 513(7) 0 (fixed) 2.51(8) 1.85(29)
1 c 0 ! %c$ 0.062(64) 530(110) 4(6) 0.4(8) 0.95(16)

1.37(20)
3 c 00 ! %c$ 0.27(15) 367(55) $1:25ð30Þ 10(11) & & &
5 Yhyb ! %c$ 0.28(6) 250(200) 0 (fixed) 42(18) & & &
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FIG. 6 (color online). (a) Electric dipole and magnetic quadrupole form factors for the transition #c1 ! J=c$. We show the Q2

dependence fitted with Eq. (6) and extrapolated to the physical photon point Q2 ¼ 0 for comparison with experimental data from [15].
The relative sign of E1 toM2 is relevant. (b) Ratio of magnetic quadrupole to electric dipole form factors. Colored bands represent fits
with various fit functions.

14&'r, &ð2Þ 'r, b1 ' B in both quark-smeared and unsmeared versions.
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Lattice QCD Calculations

If S = 0,
     B(Y → γηc) > B(Y → γχc0)

more detail in Appendix B, where we will consider the
effect of OðmaÞ improvement of the local vector current.
We will discuss the results in comparison with experiment
and with quark-potential models in Sec. IVB.

C. Vector-pseudoscalar transitions

Using the same T##
1 operator set at the sink and the

quark-smeared !c!5c operator at the source, we obtained
results for the single magnetic dipole form factor in the
vector-pseudoscalar transition. The decomposition used11

is

hPð ~pPÞjj"ð0ÞjVð ~pV;#Þi

¼ 2VðQ2Þ
mP þmV

$"%&!pP%pV&$!ð ~pV;#Þ:

Figure 5 shows the form factors for the transition between
the lightest four vector states [ignoring the suspected 3##

intruder and the noisy c (‘‘4040’’) state] and the'c. The fit
form in Eq. (5) was again used, with the fit results pre-
sented in Table III. We refer the reader to the paper [2] for a
discussion of the systematic error introduced into the phase

TABLE II. Results of the fit to lattice data using Eq. (6). We give the partial decay width
computed using the fitted value of E1ð0Þ and physical phase space (where known). All errors are
just lattice statistical. Experimental partial decay widths are from [15,16].

Sink level Suggested transition atÊ1ð0Þ &=MeV #=GeV#2 "lat=keV "expt=keV

0 (c0 ! J=c! 0.127(2) 409(12) 1.14(5) 199(6) 131(14)
1 c 0 ! (c0! 0.092(19) 164(55) 0 (fixed) 26(11) 30(2)
3 c 00 ! (c0! 0.265(33) 324(77) 0.58(56) 265(66) 199(26)
5 Yhyb ! (c0! 0.00(3) Linear Fit & 20 & & &
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FIG. 4 (color online). Electric dipole transition form factors (c0 $ c . Plotted is the form factor in temporal lattice units against the
photon virtuality in GeV2. The fits are to the lattice Q2 dependence as described in the text. Experimental points at Q2 ¼ 0 are
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A quark model state with JPC = 1−− has:
      even L (since P = (−1)L+1) and 
      odd S  (since C = (−1)L+S).

So JPC = 1−− and S = 0 
      ⇒ a non-quark model state 

If S = 0,
     B(Y → π+π−hc) ≈ B(Y → π+π−J/ψ)?

If S = 0,
     B(Y → γηc) > B(Y → γχc0)

IV.  A New Era of Discovery

Find more decays of the 
Y(4260) and Y(4360).

Can we show S = 0?
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Previously determined systematic errors are used for Nc

(2%) [14] and LE (1%) [15]. Most systematic errors on
individual track and photon reconstruction efficiencies
cancel in the ratio of efficiencies, R!. However, for the
transition particles, the X in the numerator, and the "0 in
the denominator, a 1% relative error is assigned for each
track and a 2% error for each photon. A conservative 5%
systematic error is included for our determination of R!,
which relies upon signal Monte Carlo simulations distrib-
uted according to phase space. This systematic error is
estimated by using extreme variations of the #c substruc-
ture—for example, by replacing 2ðKþK#Þ by
$ð1020Þ$ð1020Þ.

Systematic errors in NX
E and N"0

c due to the fitting

procedure are evaluated by varying the order of the back-
ground polynomials, varying the fit ranges, and varying the
bin sizes. Based on Monte Carlo studies, we also use
background shapes determined by %2

4C=d:o:f: sidebands
(10< %2

4C=d:o:f: < 35). For N"0

c , we alternatively use an

ARGUS distribution [16] for the background.
Systematic errors due to signal shapes are evaluated by

varying the signal mass and width. The largest deviations
occur when the signal widths are allowed to float. This
variation determines the shape systematic error on N"0

c and

N"þ"#
4170 . For other NX

E , where the statistics are lower, the
width variation is performed by scaling the width by the
deviation observed between data and signal Monte Carlo
simulations in the fit for N"þ"#

4170 , which is % 20%.
Variations of the signal mass produce smaller deviations.

The final numbers are listed in Table I. The "þ"#hc
cross sections as a function of center-of-mass energy are

summarized in Fig. 3. Notice that the "þ"#hc cross
sections are of a comparable size to those of "þ"#J=c .
There is also a suggestive rise in the cross section at
4260 MeV, which could be an indication of Yð4260Þ pro-
duction but will require further data to be definitive.
Projections of the "þ"#hc Dalitz plot at Ec:m: ¼

4170 MeV are shown in Fig. 4 and are compared to phase
spaceMonte Carlo simulations. To separate the signal from
background, the number of signal "þ"#hc events in each
bin is determined by the fitting procedure described above.
The efficiency is relatively uniform across the Dalitz plot.
More data would be required to investigate any possible
discrepancies of the data with phase space.
Assuming the Ec:m: ¼ 3970–4060 MeV and Ec:m: ¼

4170 MeV data correspond to c ð4040Þ and c ð4160Þ pro-
duction, respectively, we convert cross sections to upper
limits on branching fractions by using the same conversion
factors listed in a previous CLEO analysis of this region
[1]. The results are listed in Table II. Assuming the
4260 MeV point is purely due to Yð4260Þ production, we
set a limit on its branching fraction to "þ"#hc relative to
"þ"#J=c of <1:0 at 90% confidence level.
In summary, we observe the process eþe# ! "þ"#hc

at Ec:m: ¼ 4170 MeV and find its cross section to be com-
parable to the corresponding cross section for J=c pro-
duction. This has already resulted in newmethods to search
for and study the hb by using e

þe# collisions above the B !B
threshold [6]. We also see hints of a rise in the "þ"#hc
cross section at Ec:m: ¼ 4260 MeV. Further data will be
required, however, to determine if this rise can be attrib-
uted to the Yð4260Þ.

FIG. 3 (color online). Cross sections as a function of center-of-
mass energy. The triangle shows the cross section for eþe# !
"þ"#hc at Ec:m: ¼ 4170 MeV; the closed circles are for the
same process at other center-of-mass energies. For reference, the
eþe# ! "þ"#J=c cross section [1] is indicated by open
circles. The inner error bars are the statistical errors; the outer
error bars are the quadratic sum of the statistical and systematic
errors.

TABLE II. Upper limits (at 90% confidence level) on branch-
ing fractions for the c ð4040Þ and c ð4160Þ to Xhc.

X Bðc ð4040Þ ! XhcÞ
(' 10#3)

Bðc ð4160Þ ! XhcÞ
(' 10#3)

"þ"# <3 <5
"0"0 ( ( ( <2
"0 ( ( ( <0:4
# ( ( ( <2

FIG. 4. The (a) "þ"# and (b) hc"
) mass distributions from

eþe# ! "þ"#hc at Ec:m: ¼ 4170 MeV. The points are ob-
tained by fitting for the hc yields in bins of "þ"# or ")hc
mass. The histograms are from Monte Carlo simulations, gen-
erated according to phase space and scaled by the total hc yield.
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e+e− → π+π−(hc,J/ψ) at CLEO-c

IV.  A New Era of Discovery

13.1 
pb−1!

Find more decays of the 
Y(4260) and Y(4360).

Can we show S = 0?
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Data-taking plan at BESIII:
     collect ≥ 500 pb−1 at 4260 MeV
     collect ≥ 500 pb−1 at 4360 MeV
     to study Y(4260) and Y(4360)
          decays.

Run “on-resonance” to maximize statistics.

Use two points to study energy-dependence.

Data-taking is beginning NOW!

IV.  A New Era of Discovery
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A few key analyses:
    1.  Measurement of 
          B(Y(4260) → γχc0)/
          B(Y(4260) → γηc)
               to test lattice QCD
               to test S = 0 vs. S = 1

    2.  Measurement of 
          B(Y(4260) → π+π−hc(1P))/
          B(Y(4260) → π+π−J/ψ)
               to help determine the quark spin-
                    alignment of the Y(4260)

    3.  Dalitz analyses of Y(4260) → π+π−J/ψ
          and Y(4360) → π+π−ψ(2S)
               to look for charged Zc states

    4.  Measurement of
          B(Y(4360) → π+π−hc(2P))/
          B(Y(4360) → π+π−ψ(2S))?
               to discover the hc(2P)?
               to test S = 0 vs. S = 1

(and searches for any other decay modes) 

IV.  A New Era of Discovery
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Summary

I.  An Introduction to Charmonium

II.  The Original Era of Discovery:
establishing the quark model states

III.  From Discovery to Precision:
the quark model states at BESIII

IV.  A New Era of Discovery:
beyond the quark model and the role of BESIII
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HYBRID CHARMONIUM
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