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(I) The quark model describes most of 
charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) BESIII can directly produce the Y(4260) 
and Y(4360) in e+e− annihilation.	


(IV) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(V) BESIII has also observed a transition to 
the X(3872).	


(VI) We are building connections.
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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
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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
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states, which are
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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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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.
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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).

1151

PRL45, 1150 (1980)

Crystal Ball at SLAC  
(discovery of ηc)

Connecting the XYZ at BESIII

(cc̄)



Ryan Mitchell — Indiana University

(I) The quark model describes most of 
charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) BESIII can directly produce the Y(4260) 
and Y(4360) in e+e− annihilation.	


(IV) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(V) BESIII has also observed a transition to 
the X(3872).	


(VI) We are building connections.

Connecting the XYZ at BESIII

���6

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)

predicted, discovered

predicted, undiscovered

(cc̄)



Ryan Mitchell — Indiana University

(I) The quark model describes most of 
charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) BESIII can directly produce the Y(4260) 
and Y(4360) in e+e− annihilation.	


(IV) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(V) BESIII has also observed a transition to 
the X(3872).	


(VI) We are building connections.

Connecting the XYZ at BESIII

���7

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

(cc̄g, cq̄qc̄, (cq̄)(qc̄), cc̄⇡⇡)

(cc̄)



Ryan Mitchell — Indiana University

(I) The quark model describes most of 
charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) BESIII can directly produce the Y(4260) 
and Y(4360) in e+e− annihilation.	


(IV) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(V) BESIII has also observed a transition to 
the X(3872).	


(VI) We are building connections.

Connecting the XYZ at BESIII

���8

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

(cc̄g, cq̄qc̄, (cq̄)(qc̄), cc̄⇡⇡)

(cc̄)

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 di�erence 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 (⇥NR ⇥ D[2]
J=1)

J=0,1,2 with

JPC = (0, 1, 2)�+ and (�NR ⇥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 (⇥NR) or S = 0 (�NR), 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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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.
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by Belle and BaBar.	
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(VI) BESIII has also observed a transition to 
the X(3872).



Ryan Mitchell — Indiana University

Connecting the XYZ at BESIII

���16

π∓

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Z(3900)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

Z(4020)
γ

π±
ψ(23D1)

π∓ π+π−

(cc̄g, cq̄qc̄, (cq̄)(qc̄), cc̄⇡⇡)

(cc̄)
(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.



Ryan Mitchell — Indiana University

Connecting the XYZ at BESIII

���17

(cc̄g, cq̄qc̄, (cq̄)(qc̄), cc̄⇡⇡)

(cc̄)

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)

predicted, discovered

predicted, undiscovered

γ
γ

(I) The quark model describes most of 
charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.



Ryan Mitchell — Indiana University

Connecting the XYZ at BESIII

���18

π∓

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Z(3900)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

Z(4020)
γ

π±
ψ(23D1)

π∓ π+π−

(cc̄g, cq̄qc̄, (cq̄)(qc̄), cc̄⇡⇡)

(cc̄)
(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.



Ryan Mitchell — Indiana University

Most XYZ states were discovered at Belle 
and BaBar using e+e− collisions in the 
bottomonium region...

Connecting the XYZ at BESIII

���19

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?



Ryan Mitchell — Indiana University

Most XYZ states were discovered at Belle 
and BaBar using e+e− collisions in the 
bottomonium region...

Connecting the XYZ at BESIII

���20

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

e+

e� �

µ+

µ�

b

c

s

c

u
u

B+

K+

 , X

For example in B decays...



Ryan Mitchell — Indiana University

Most XYZ states were discovered at Belle 
and BaBar using e+e− collisions in the 
bottomonium region...

Connecting the XYZ at BESIII

���21

χc1(23P1)

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

π+π−

π+π−

For example in B decays...

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas

!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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X(3872)

B± → K±(π+π−J/ψ) at Belle
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For example in B decays...

B± → K±(π+π−J/ψ) at Belle

signal. To determine an upper limit on the total width, we
repeated the fits using a resolution-broadened Breit-
Wigner (BW) function to represent the signal. This fit
gives a BW width parameter that is consistent with zero:

! ! 1:4" 0:7 MeV. From this we infer a 90% confidence
level (C.L.) upper limit of !< 2:3 MeV.

The open histogram in Fig. 3(a) shows the !#!$

invariant mass distribution for events in a "5 MeV win-
dow around the X%3872& peak; the shaded histogram
shows the corresponding distribution for events in the
nonsignal "E-Mbc region, normalized to the signal
area. The !#!$ invariant masses tend to cluster near
the kinematic boundary, which is around the " mass; the
entries below the " are consistent with background. For
comparison, we show the !#!$ mass distribution for the
 0 events in Fig. 3(b), where the horizontal scale is shifted
and expanded to account for the different kinematically
allowed region. This distribution also peaks near the
upper kinematic limit, which in this case is near 590 MeV.

We determine a ratio of product branching fractions
for B# ! K#X%3872&, X%3872& ! !#!$J= and B# !
K# 0,  0 ! !#!$J= to be

B!B# ! K#X%3872&"'B!X%3872& ! !#!$J= "
B%B# ! K# 0& 'B% 0 ! !#!$J= & ! 0:063" 0:012%stat& " 0:007%syst&:

Here the systematic error is mainly due to the uncertain-
ties in the efficiency for the X%3872& ! !#!$J= chan-
nel, which is estimated with MC simulations that use
different models for the decay [13].

The decay of the 3Dc2 charmonium state to #$c1 is an
allowed E1 transition with a partial width that is ex-
pected to be substantially larger than that for the
!#!$J= final state; e.g., the authors of Ref. [4] pre-
dict !%3Dc2 ! #$c1& > 5' !%3Dc2 ! !#!$J= &. We
searched for an X%3872& signal in the #$c1 decay chan-
nel, concentrating on the $c1 ! #J= final state.

We select events with the same J= ! ‘#‘$ and
charged kaon requirements plus two photons, each with
energy more than 40 MeV. We reject photons that form a
!0 when combined with any other photon in the event. We
require one of the #J= combinations to satisfy

398 MeV< %M#‘#‘$ $M‘#‘$&< 423 MeV (correspond-
ing to $15 MeV< %M#J= $M$c1&< 10 MeV). In the
following we use M#$c1 ( M##‘#‘$ $M#‘#‘$ #MPDG

$c1 ,
where MPDG

$c1 is the PDG $c1 mass value [9].
The B! K#$c1, $c1 ! #J= decay processes have a

large combinatoric background from B! K$c1 decays
plus an uncorrelated # from the accompanying B meson.
This background produces a peaking at positive "E val-
ues that is well separated from zero and is removed by the
"E< 30 MeV requirement. Because of the complicated
"E background shape and its correlation with Mbc, we do
not include "E in the likelihood fit. Instead, we perform
an unbinned fit to the M#$c1 and Mbc distributions with
the same signal and background PDFs for Mbc and M#$c1
that are used for the !#!$J= fits. We fix the Gaussian
widths at their MC values, and the  0 and X%3872& masses
at the values found from the fits to the !#!$J= chan-
nels. The signal yields and background parameters are
allowed to float.

The signal-band projections of Mbc and M#$c1 for the
 0 region are shown in Figs. 4(a) and 4(b), respectively,
together with curves that show the results of the fit. The
fitted signal yield is 34:1" 6:9" 4:1 events, where the
first error is statistical and the second is a systematic error
determined by varying the Mbc and M#$c1 resolutions
over their allowed range of values. The number of ob-
served events is consistent with the expected yield of
26" 4 events based on the known B! K 0 and  0 !
#$c1 branching fractions [9] and the MC-determined
acceptance.

The results of the application of the same procedure
to the X%3872& mass region are shown in Figs. 4(c) and
4(d). Here, no signal is evident; the fitted signal yield is
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X(3872)

M = 3871.68 ± 0.17 MeV  
Γ < 1.2 MeV   (PDG 2012)
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For example in B decays...

X(3872) Properties:	


*  very narrow (< 1.2 MeV)	


*  has JPC = 1++  (LHCb)	


*  too light to be the χc1(2P)	


*  confirmed by many experiments	


*  mass is right at D*0D0 mass

D*D molecule?
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For example in B decays...

Other B decays:	


  B± → K±(π+π−J/ψ)	


  B → K(ωJ/ψ)	


  B → K(π+χc1(1P))	


  B → K(π+ψ(2S))
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For example in B decays...

mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2
beam # p2

B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are %2:5" windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$ ! K!, is evident.
In addition, there are signs of a K'

2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'

2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ & N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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B → K(π+ψ(2S)) at Belle
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For example in B decays...

Z(4430) Properties:	


*  has an electric charge	


        ⇒ needs at least four quarks!	


*  (not confirmed by BaBar)
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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.

PRL 95, 142001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
30 SEPTEMBER 2005

142001-5

PRL 95, 142001 (2005)

e+e−(γISR) → π+π−J/ψ at BaBar

ψ(2S)

Mass(π+π−J/ψ)  (GeV)
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Most XYZ states were discovered at Belle 
and BaBar using e+e− collisions in the 
bottomonium region...

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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PRL 98, 212001 (2007)

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!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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FIG. 1 (color online). The invariant-mass distribution for all
!#!$J= candidates where more than one entry per event is
allowed. The solid curve is a fit to the distribution in which the
 !2S" signal is described by a Cauchy function and the back-
ground by a quadratic function (represented by the dashed
curve). The arrows indicate the  !2S" mass window.
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And in Initial State Radiation (ISR)...
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Most XYZ states were discovered at Belle 
and BaBar using e+e− collisions in the 
bottomonium region...

arXiv:1211.6271 and CHARM 2012
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e+e−(γISR) → π+π−ψ(2S) at BaBar and Belle

Y(4360)  Y(4660) 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And in Initial State Radiation (ISR)...
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Z(4430)? Most XYZ states were discovered at Belle 
and BaBar using e+e− collisions in the 
bottomonium region...

Y(4260), Y(4360) Properties:	


*  not predicted in the quark model	


*  tight upper limits on open charm  
     decays
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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),  
        PLB625, 212 (2005))
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BESIII can produce the Y(4260) and 
Y(4360) directly by tuning the BEPCII 
center of mass energies…
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FIG. 1: The distributions ofM(µ+µ−) (left panel) andM(e+e−) (right panel) after performing a 4C kinematic fit and imposing all selection
criteria. Dots with error bars are data and the curves are the best fit described in the text.
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FIG. 2: Dalitz distributions of M2(π+π−) vs. M2(π+J/ψ) (left panels) and M2(π−J/ψ) vs. M2(π+J/ψ) (right panels) for selected
e+e− → π+π−J/ψ events in the J/ψ signal (top row) and sideband (bottom row) regions.

The π+π− mass spectrum shows contributions from the
f0(980) and possible other resonant or non-resonant S-wave
components. To test the possible effects of structures in the
π+π− mass spectrum on the π±J/ψ projection, a number of
different π+π− amplitudes are simulated. These include a
D-wave π+π− system, the f2(1270), which is not apparent
in the data; S-wave π+π− systems, such as the f0(980); and
D-wave decays of the Y (4260) to, for example, f0(980)J/ψ.
None of these scenarios can produce a peaking structure in the

π±J/ψ projection consistent with the Zc(3900).
An unbinned maximum likelihood fit is applied to the dis-

tribution of the maximum of M(π+J/ψ) and M(π−J/ψ)
in each event. The signal shape is parameterized as an S-
wave Breit-Wigner (BW) function convolved with a Gaus-
sian with a mass resolution fixed at the MC simulated value
(4.2 MeV/c2). The phase space factor pq is considered in
the partial width, where p is the Zc(3900) momentum in
the Y (4260) CM frame and q is the J/ψ momentum in the

e+e− (at 4260 MeV) → π+π−J/ψ at BESIII
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FIG. 1: The distributions ofM(µ+µ−) (left panel) andM(e+e−) (right panel) after performing a 4C kinematic fit and imposing all selection
criteria. Dots with error bars are data and the curves are the best fit described in the text.
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FIG. 2: Dalitz distributions of M2(π+π−) vs. M2(π+J/ψ) (left panels) and M2(π−J/ψ) vs. M2(π+J/ψ) (right panels) for selected
e+e− → π+π−J/ψ events in the J/ψ signal (top row) and sideband (bottom row) regions.

The π+π− mass spectrum shows contributions from the
f0(980) and possible other resonant or non-resonant S-wave
components. To test the possible effects of structures in the
π+π− mass spectrum on the π±J/ψ projection, a number of
different π+π− amplitudes are simulated. These include a
D-wave π+π− system, the f2(1270), which is not apparent
in the data; S-wave π+π− systems, such as the f0(980); and
D-wave decays of the Y (4260) to, for example, f0(980)J/ψ.
None of these scenarios can produce a peaking structure in the

π±J/ψ projection consistent with the Zc(3900).
An unbinned maximum likelihood fit is applied to the dis-

tribution of the maximum of M(π+J/ψ) and M(π−J/ψ)
in each event. The signal shape is parameterized as an S-
wave Breit-Wigner (BW) function convolved with a Gaus-
sian with a mass resolution fixed at the MC simulated value
(4.2 MeV/c2). The phase space factor pq is considered in
the partial width, where p is the Zc(3900) momentum in
the Y (4260) CM frame and q is the J/ψ momentum in the

J/ψ → e+e−

(cross section consistent with Belle and BaBar)

PRL 110, 252001 (2013)
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(cross section consistent with Belle and BaBar)

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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(cross section consistent with Belle and BaBar)

B ! K!c1"
! [5]. Motivated by the striking observations

of charged charmoniumlike [4,5] and bottomoniumlike
states [6], we investigate the existence of similar states as
intermediate resonances in Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ decay
modes with charmonium or light hadrons in the final state
[7]. An ISR analysis by the Belle experiment with
548 fb%1 of data collected at or near

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% collider [10] and is described
in detail elsewhere [11]. We use the PHOKHARA [12] pro-
gram to generate signal Monte Carlo (MC) events and
determine experimental efficiencies. The results reported
here supersede those of Ref. [8], wherein a subset of the
Belle data sample was used.

The event selection is described in Ref. [8]. We require
four well reconstructed charged tracks with zero net

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 0:95; in cases where
the other track has no muon identification, in order to
suppress misidentified muon tracks, the polar angles of
the two muon tracks in the "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% mode because the MC simulation of the
trigger efficiency for these Bhabha-like events does not
accurately reproduce the data. There is only one combina-
tion of "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c mass sidebands. The solid curves show the total best fit with two coherent resonances and contribution from
background. The dashed curves are for solution I, while the dotted-dashed curves are for solution II. The inset shows the distributions
on a logarithmic vertical scale. The large peak around 3:686 GeV=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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e+e−(γISR) → π+π−J/ψ at Belle
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e+e− (at 4260 MeV) → π+π−J/ψ at BESIII

13$

Study$Y(4260)$at$BESIII$
•  Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data 

@ 4.26 GeV, world’s largest data set! 
•  Study e+e-!π+π�J/ψ exclusive process.�

π+π�+++�� π+π�µ+µ��

1.  Very simple and straightforward analysis. 
2.  The produced vector charmonium(like) state almost in rest frame. 
3.  Y(4260)!π+π�J/ψ, four charged track detected. 
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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

PRL34, 1181 (1975)

ψ(2S) → π+π−J/ψ  
at SLAC
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e+e− (at 4260 MeV) → π+π−J/ψ at BESIII

13$

Study$Y(4260)$at$BESIII$
•  Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data 

@ 4.26 GeV, world’s largest data set! 
•  Study e+e-!π+π�J/ψ exclusive process.�

π+π�+++�� π+π�µ+µ��

1.  Very simple and straightforward analysis. 
2.  The produced vector charmonium(like) state almost in rest frame. 
3.  Y(4260)!π+π�J/ψ, four charged track detected. 
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e+e− (at 4260 MeV) → π+π−J/ψ at BESIII

PRL 110, 252001 (2013)

The final selection efficiency is ð53:8" 0:3Þ% for !þ!%

events and ð38:4" 0:3Þ% for eþe% events, where the
errors are from the statistics of the MC sample. The main
factors affecting the detection efficiencies include the de-
tector acceptances for four charged tracks and the require-
ment on the quality of the kinematic fit adopted. The lower
efficiency for eþe% events is due to final-state-radiation,
bremsstrahlung energy loss of eþe% pairs, and the EMC
deposit energy requirement.

To extract the number of "þ"%J=c signal events,
invariant mass distributions of the lepton pairs are
fit using the sum of two Gaussian functions with a
linear background term. The fits yield MðJ=c Þ ¼
ð3098:4" 0:2Þ MeV=c2 with 882" 33 signal events in
the !þ!% mode, and MðJ=c Þ¼ ð3097:9"0:3ÞMeV=c2

with 595" 28 signal events in the eþe% mode. Here the
errors are statistical only. The mass resolution is
3:7 MeV=c2 in the !þ!% mode and 4:0 MeV=c2 in the
eþe% mode.

The Born cross section is determined from the relation
#B ¼ ðNfit=Lintð1þ $Þ%BÞ, where Nfit is the number of
signal events from the fit;Lint is the integrated luminosity, %
is the selection efficiency obtained from a MC simulation,
B is the branching fraction of J=c ! ‘þ‘%, and
(1þ $) is the radiative correction factor, which is 0.818
according to a QED calculation [19]. The measured Born
cross section for eþe% ! "þ"%J=c is ð64:4" 2:4Þ pb in
the !þ!% mode and ð60:7" 2:9Þ pb in the eþe% mode.
The combinedmeasurement is#Bðeþe% ! "þ"%J=c Þ ¼
ð62:9" 1:9Þ pb.

Systematic errors in the cross sectionmeasurement come
from the luminosity measurement, tracking efficiency,
kinematic fit, background estimation, dilepton branching
fractions of the J=c , and Yð4260Þ decay dynamics.

The integrated luminosity of this data sample was mea-
sured using large angle Bhabha events, and has an esti-
mated uncertainty of 1.0%. The tracking efficiency
uncertainty is estimated to be 1% for each track from a
study of the control samples J=c ! "þ"%"0 and
c ð3686Þ ! "þ"%J=c . Since the luminosity is measured
using Bhabha events, the tracking efficiency uncertainty of
high momentum lepton pairs partly cancels in the calcu-
lation of the "þ"%J=c cross section. To be conservative,
we take 4% for both the eþe% and !þ!% modes.

The uncertainty from the kinematic fit comes from the
inconsistency between the data and MC simulation of the
track helix parameters. Following the procedure described
in Ref. [20], we take the difference between the efficiencies
with and without the helix parameter correction as the
systematic error, which is 2.2% in the !þ!% mode and
2.3% in the eþe% mode.

Uncertainties due to the choice of background shape and
fit range are estimated by varying the background function
from linear to a second-order polynomial and by extending
the fit range.

Uncertainties in the Yð4260Þ resonance parameters and
possible distortions of the Yð4260Þ line shape introduce
small systematic uncertainties in the radiative correction
factor and the efficiency. This is estimated using the differ-
ent line shapes measured by Belle [3] and BABAR [5]. The
difference in ð1þ $Þ% is 0.6% in both the eþe% and!þ!%

modes, and this is taken as a systematic error.
We use the observed Dalitz plot to generate Yð4260Þ !

"þ"%J=c events. To cover possible modelling inaccura-
cies, we conservatively take the difference between the
efficiency using this model and the efficiency using a phase
space model as a systematic error. The error is 3.1% in both
the !þ!% and the eþe% modes.
The uncertainty in BðJ=c ! ‘þ‘%Þ is 1% [21]. The

trigger simulation, the event start time determination, and
the final-state-radiation simulation are well understood; the
total systematic error due to these sources is estimated to
be less than 1%.
Assuming all of the sources are independent, the total

systematic error in the "þ"%J=c cross section measure-
ment is determined to be 5.9% for the !þ!% mode and
6.8% for the eþe% mode. Taking the correlations in errors
between the two modes into account, the combined sys-
tematic error is slightly less than 5.9%.
Intermediate states are studied by examining the Dalitz

plot of the selected "þ"%J=c candidate events. The J=c
signal is selected using 3:08<Mð‘þ‘%Þ< 3:12 GeV=c2

and the sideband using 3:00<Mð‘þ‘%Þ< 3:06 GeV=c2

or 3:14<Mð‘þ‘%Þ< 3:20 GeV=c2, which is three times
the size of the signal region. In total, a sample of 1595
"þ"%J=c events with a purity of 90% is obtained.
Figure 2 shows the Dalitz plot of events in the J=c

signal region, where there are structures in the "þ"%

system and evidence for an exotic charmoniumlike struc-
ture in the ""J=c system. The inset shows background
events from J=c mass sidebands (not normalized), where
no obvious structures are observed.
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FIG. 2. Dalitz distributions of M2ð"þ"%Þ vs M2ð"þJ=c Þ for
selected eþe% ! "þ"%J=c events in the J=c signal region.
The inset shows background events from the J=c mass side-
bands (not normalized).
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non-trivial substructure in π+π−J/ψ
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FIG. 3: One dimensional projections of the M(π+J/ψ), M(π−J/ψ), and M(π+π−) invariant mass distributions in e+e− → π+π−J/ψ
for data in the J/ψ signal region (dots with error bars), data in the J/ψ sideband region (shaded histograms), and phase space MC simulation
(red dot-dashed histograms). The pink blank histograms show a MC simulation of the Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to the Mmax(π±J/ψ) distribution as described in the
text. Dots with error bars are data; the red solid curve shows the total
fit, and the blue dotted curve the background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalized J/ψ sideband
events.

Zc(3900) CM frame. The background shape is parameterized
as a/(x − 3.6)b + c + dx, where a, b, c, and d are free pa-
rameters and x = Mmax(π±J/ψ). The efficiency curve is
considered in the fit and the possible interference between the
signal and background is neglected. Figure 4 shows the fit re-
sults; the fit yields a mass of (3899.0 ± 3.6) MeV/c2, and a
width of (46 ± 10) MeV. The goodness-of-the-fit is found to
be χ2/ndf = 32.6/37 = 0.9.
The number of Zc(3900) events is determined to be

N(Zc(3900)±) = 307±48. The production ratio is calculated
to beR = σ(e+e−→π±Zc(3900)

∓→π+π−J/ψ)
σ(e+e−→π+π−J/ψ) = (21.5±3.3)%,

where the efficiency correction has been applied. The statisti-
cal significance is calculated by comparing the fit likelihoods
with and without the signal. Besides the nominal fit, the fit is
also performed by changing the fit range, the signal shape, or
the background shape. In all cases, the significance is found
to be greater than 8σ.

Fitting theM(π+J/ψ) andM(π−J/ψ) distributions sep-
arately, one obtains masses, widths, and production rates of
the Zc(3900)+ and Zc(3900)− that agree with each other
within statistical errors. Dividing the sample into two dif-
ferent M(π+π−) regions (below and above M2(π+π−) =
0.7 GeV2/c4) allows us to check the robustness of the
Zc(3900) signal in the presence of two different sets of inter-
fering π+π−J/ψ amplitudes. In both samples, the Zc(3900)
is significant and the observed mass can shift by as much
as 14 ± 5 MeV/c2 from the nominal fit, and the width can
shift by 20 ± 11 MeV. We attribute the systematic shifts
in mass and width to interference between the Zc(3900)π
and (π+π−)J/ψ amplitudes. In fitting the π±J/ψ projec-
tion of the Dalitz plot, our analysis averages over the en-
tire π+π− spectrum, and our measurement of the Zc(3900)
mass, width, and production fraction neglects interference
with other π+π−J/ψ amplitudes.
The systematic errors for the resonance parameters of the

Zc(3900) come from the mass calibration, parametrization
of the signal and background shapes, and the mass resolu-
tion. The uncertainty from the mass calibration can be esti-
mated using the difference between the measured and known
J/ψ masses (reconstructed from e+e− and µ+µ−) and D0

masses (reconstructed from K−π+). The differences are
(1.4 ± 0.2) MeV/c2 and −(0.7 ± 0.2) MeV/c2, respectively.
Since our signal topology has one low momentum pion, as
in D0 decay, and a pair of high momentum tracks from the
J/ψ decay, we assume these differences added in quadrature
is the systematic error of the Zc(3900) mass measurement
due to tracking. Doing a fit by assuming a P-wave between
the Zc(3900) and the π, and between the J/ψ and π in the
Zc(3900) system, yields a mass difference of 2.1 MeV/c2,
a width difference of 3.7 MeV, and production ratio differ-
ence of 2.6% absolute. Assuming the Zc(3900) couples
strongly with DD̄∗ results in an energy dependence of the
total width [25], and the fit yields a difference of 2.1 MeV/c2
for mass, 15.4 MeV for width, and no change for the pro-
duction ratio. We estimate the uncertainty due to the back-
ground shape by changing to a third-order polynomial or a
phase space shape, varying the fit range, and varying the re-

e+e− (at 4260 MeV) → π+π−J/ψ at BESIII

M = 3899.0 ± 3.6 ± 4.9 MeV	

Γ = 46 ± 10 ± 20 MeV

Zc(3900)

PRL 110, 252001 (2013)

(Confirmed by Belle and CLEO data.)

⇒ “Charged Charmoniumlike Structure”

(Many theoretical ideas -- close to D*D threshold.)
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Figure 1 The quark wing of the particle zoo includes (a) quark pairs called mesons, (b) quark
triplets called baryons, and possibly (c) four-quark combinations that may explain the 
observations.
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Two experiments have detected the signature of a new particle, which may combine quarks in a way not seen
before.

Particle physicists seem to have a pretty good handle on the fundamental particles of the universe, but there
are some glaring holes in this understanding. Quarks are a good example of this. We know that all nuclear
matter is made up of quarks, and we have a pretty good understanding of how two quarks interact at close
range. But our quark theory cannot tell us which quark combinations will result in a bound particle or a stable
nuclei. All we can go on is experience, and experience has shown that particles with four quarks do not exist.
But the situation may have changed with the possible discovery of a new particle containing at least four
quarks. Two separate groups, both reporting in Physical Review Letters, have seen evidence for this strange
particle, called ( ). Although the data is open to other interpretations, it’s clear that our understanding
of quarks has a long way to go.

The evidence for ( ) comes from two independent groups: the BESIII Collaboration at the Beijing
Electron Positron Collider, China, [1] and the Belle Collaboration at the High Energy Accelerator Research
Organization in Tsukuba, Japan [2]. It is the business of both labs to accelerate electrons and positrons to
nearly the speed of light, smashing them into each other and carefully analyzing the resulting debris. Taken
together, the two collaborations have uncovered  events that appear to have a ( ) in their debris.

In the ethereal world of high-energy physics, it is easy to forget that subatomic particles are quite real: they
smack into things, betray their presence in photographic emulsion, leave tiny contrails in bubble chambers,
set off showers of electrons in gases, and emit cones of light in liquids. Experimentalists have created
detectors that leverage all of these subatomic signatures in a single, house-sized assembly. The Belle and
BESIII collaborations are each named after the detectors that the scientists have labored so long to build.

Previous particle physics detectors have given us a fairly detailed picture of the interior of atoms. We know
that an atom consists of electrons in orbitals and a core nucleus. Nuclei are built of protons and neutrons, and
protons and neutrons are built of quarks. Quarks come in six varieties that can stick together to make an
infinite array of particles called hadrons (protons and neutrons are two of these). The theory that describes the
interactions of quarks is called quantum chromodynamics (QCD) and is part of our current theory of
everything, called the standard model. At high energies, QCD is relatively simple to understand and its
predictions have been confirmed many times over. However, it is vexingly difficult to make predictions with
QCD at lower energies, where quarks bind together into particles. Thus we cannot unambiguously say which
quark configurations are allowed and which are not. This irony (of having the pieces but not the manual to
put them together) makes it especially important to explore the panoply of hadrons in experiments such as
BESIII and Belle.

Seventy years of experimental effort has revealed that quarks tend to cluster in quark-antiquark pairs called
mesons [see Fig. 1(a)], triplets of quarks called baryons [Fig. 1(b)], and groups of quark triplets, which are
the atomic nuclei. But recently, evidence has begun to accumulate that other, more exotic combinations are
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e+e− (at 4260 MeV) → π+π−hc(1P) at BESIII

Exclusively reconstruct the process:	


e+e− → π+π−hc(1P)	


hc(1P) → γηc(1S)	


ηc(1S) → 16 decay channels

between data and MC simulation, together with a linear background. The fit to the 4.26 GeV data
is shown in the right panel of Fig. 1. At the energy points with large statistics (4.23, 4.26, and
4.36 GeV), the fit is applied to the 16 ηc decay modes simultaneously, while at the other energy
points, we fit the mass spectrum summed over all the ηc decay modes. The numbers of signal
events (nobs

hc
) at each energy are listed in Table I.
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FIG. 1: (left panel) Scatter plot of the mass of the ηc candidate versus that of the hc candidate, and (right
panel) theMγηc distribution after the ηc signal selection of 4.26 GeV data. Dots with error bars are data and
the curves are the best fit described in the text.

The Born cross section is determined from the relation σB =
nobs
hc

L(1+δ)Bhc

∑
i ϵiBi

, where ϵi is the
selection efficiency obtained from MC simulation for the ith ηc decay and Bi is the corresponding
ηc branching fraction, Bhc is the branching fraction of hc → γηc,L is the integrated luminosity, and
1+δ is the radiative correction factor [17]. The measured Born cross sections for e+e− → π+π−hc

are listed in Table I and shown in Fig. 2. The π+π−hc cross section appears to be constant above
4.2 GeV with a possible local maximum at around 4.23 GeV. This is in contrast to the observed
energy dependence in the e+e− → π+π−J/ψ channel which revealed a decrease of cross sections
at higher energies [2, 18].
Systematic errors in the cross section measurement mainly come from the luminosity mea-

surement, the branching fraction of hc → γηc, the branching fraction of ηc → Xi, the detection
efficiency, the ISR correction factor, and the fit. The integrated luminosity at each energy point
is measured using large angle Bhabha events, and it has an estimated uncertainty of 1.2%. The
branching fractions of hc → γηc and ηc → Xi are taken from Refs. [12, 19]. The uncertainties in
the detection efficiency are estimated in the same way as described in Refs. [19, 20], and the error
in the ISR correction is estimated as described in Ref. [1]. Uncertainties due to the choice of the
signal shape, the background shape, the mass resolution, and fit range are estimated by varying the
hc and ηc resonant parameters and line shapes in MC simulation, varying the background function
from linear to a second-order polynomial, varying the mass resolution difference between data
and MC simulation by one standard deviation, and by extending the fit range. Assuming all of the
sources are independent, the total systematic error in the π+π−hc cross section measurement is
determined to be between 7% and 9% depending on the energy, and to be conservative we take 9%
for all the energy points. The uncertainty in B(hc → γηc) is 15.7% [15], common to all energy
points, and quoted separately in the cross section measurement. Altogether, about 95% of the total
systematic errors are common to all the energy points.

6
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between data and MC simulation, together with a linear background. The fit to the 4.26 GeV data
is shown in the right panel of Fig. 1. At the energy points with large statistics (4.23, 4.26, and
4.36 GeV), the fit is applied to the 16 ηc decay modes simultaneously, while at the other energy
points, we fit the mass spectrum summed over all the ηc decay modes. The numbers of signal
events (nobs

hc
) at each energy are listed in Table I.
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FIG. 1: (left panel) Scatter plot of the mass of the ηc candidate versus that of the hc candidate, and (right
panel) theMγηc distribution after the ηc signal selection of 4.26 GeV data. Dots with error bars are data and
the curves are the best fit described in the text.

The Born cross section is determined from the relation σB =
nobs
hc

L(1+δ)Bhc

∑
i ϵiBi

, where ϵi is the
selection efficiency obtained from MC simulation for the ith ηc decay and Bi is the corresponding
ηc branching fraction, Bhc is the branching fraction of hc → γηc,L is the integrated luminosity, and
1+δ is the radiative correction factor [17]. The measured Born cross sections for e+e− → π+π−hc

are listed in Table I and shown in Fig. 2. The π+π−hc cross section appears to be constant above
4.2 GeV with a possible local maximum at around 4.23 GeV. This is in contrast to the observed
energy dependence in the e+e− → π+π−J/ψ channel which revealed a decrease of cross sections
at higher energies [2, 18].
Systematic errors in the cross section measurement mainly come from the luminosity mea-

surement, the branching fraction of hc → γηc, the branching fraction of ηc → Xi, the detection
efficiency, the ISR correction factor, and the fit. The integrated luminosity at each energy point
is measured using large angle Bhabha events, and it has an estimated uncertainty of 1.2%. The
branching fractions of hc → γηc and ηc → Xi are taken from Refs. [12, 19]. The uncertainties in
the detection efficiency are estimated in the same way as described in Refs. [19, 20], and the error
in the ISR correction is estimated as described in Ref. [1]. Uncertainties due to the choice of the
signal shape, the background shape, the mass resolution, and fit range are estimated by varying the
hc and ηc resonant parameters and line shapes in MC simulation, varying the background function
from linear to a second-order polynomial, varying the mass resolution difference between data
and MC simulation by one standard deviation, and by extending the fit range. Assuming all of the
sources are independent, the total systematic error in the π+π−hc cross section measurement is
determined to be between 7% and 9% depending on the energy, and to be conservative we take 9%
for all the energy points. The uncertainty in B(hc → γηc) is 15.7% [15], common to all energy
points, and quoted separately in the cross section measurement. Altogether, about 95% of the total
systematic errors are common to all the energy points.
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hc(1P)

M(hc(1P))

Exclusively reconstruct the process:	


e+e− → π+π−hc(1P)	


hc(1P) → γηc(1S)	


ηc(1S) → 16 decay channels

e+e− (at 4260 MeV) → π+π−hc(1P) at BESIII

PRL 111, 242001 (2013)
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Exclusively reconstruct the process:	


e+e− → π+π−hc(1P)	


hc(1P) → γηc(1S)	


ηc(1S) → 16 decay channels

e+e− → π+π−hc(1P) at BESIII

2)2(GeV/c2
-!+!M

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

2 )2
(G
eV
/c

2
+
! ch

M

13

14

15

16

17

18

0

1

2

3

4

5

6

7

8

9

10

FIG. 3: Dalitz plot (M2
π+hc

vs. M2
π+π− ) for selected e+e− → π+π−hc events, summed over all energy

points.

signal is calculated by comparing the fit likelihoods with and without the signal. Besides the nom-
inal fit, the fit is also performed by changing the fit range, the signal shape, or the background
shape. In all cases, the significance is found to be greater than 8.9σ.
Fitting the 4.23 GeV, 4.26 GeV, and 4.36 GeV data separately, one obtains masses and widths

of the Zc(4020) that agree with each other within one standard deviation. Fitting theMπ+hc and
Mπ−hc distributions separately, one obtains masses, widths, and production rates of Zc(4020)+

and Zc(4020)− that also agree with each other within statistical errors.
The numbers of Zc(4020) events are determined to be N(Zc(4020)±) = 114 ± 25, 72 ± 17,

and 67± 15 at 4.23 GeV, 4.26 GeV, and 4.36 GeV, respectively. The cross sections are calculated
to be σ(e+e− → π±Zc(4020)∓ → π+π−hc) = (8.7 ± 1.9 ± 2.8 ± 1.4) pb at 4.23 GeV, (7.4 ±
1.7±2.1±1.2) pb at 4.26 GeV, and (10.3±2.3±3.1±1.6) pb at 4.36 GeV, where the first errors
are statistical, the second ones systematic (described in detail below), and the third ones from
the uncertainty in B(hc → γηc) [15]. The cross sections are also shown in Fig. 2; the Zc(4020)
production rate is uniform at these three energy points.
Adding a Zc(3900) with mass and width fixed to the BESIII measurement [1] in the fit, results

in a statistical significance of 2.1σ (see the inset of Fig. 5). We set upper limits on the production
cross sections as σ(e+e− → π±Zc(3900)∓ → π+π−hc) < 13 pb at 4.23 GeV and < 11 pb
at 4.26 GeV, at the 90% confidence level (C.L.). The probability density function from the fit
is smeared by a Gaussian function with standard deviation of σsys to include the systematic error
effect, where σsys is the relative systematic error in the cross section measurement described below.
We do not fit the 4.36 GeV data as the Zc(3900) signal overlaps with the reflection of the Zc(4020)
signal.
The systematic errors for the resonance parameters of the Zc(4020) come from the mass cali-

bration, parametrization of the signal and background shapes, possible existence of the Zc(3900)

8

PRL 111, 242001 (2013)



Ryan Mitchell Charmonium and the Role of BESIIIRyan Mitchell — Indiana University

IV.  A New Era of DiscoveryConnecting the XYZ at BESIII

���69

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

π+π−

Z(3900)

γ
Exclusively reconstruct the process:	


e+e− → π+π−hc(1P)	


hc(1P) → γηc(1S)	


ηc(1S) → 16 decay channels

e+e− → π+π−hc(1P) at BESIII
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FIG. 4: Mπ±hc
distribution of e+e− → π+π−hc candidate events in the hc signal region (dots with error

bars) and the normalized hc sideband region (shaded histogram), summed over data at all energy points.
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FIG. 5: Sum of the simultaneous fits to the Mπ±hc
distributions at 4.23 GeV, 4.26 GeV, and 4.36 GeV

as described in the text; the inset shows the sum of the simultaneous fit to the Mπ+hc
distributions at

4.23 GeV and 4.26 GeV with Zc(3900) and Zc(4020). Dots with error bars are data; shaded histograms are
normalized sideband background; the solid curves show the total fit, and the dotted curves the backgrounds
from the fit.
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FIG. 4: Mπ±hc
distribution of e+e− → π+π−hc candidate events in the hc signal region (dots with error

bars) and the normalized hc sideband region (shaded histogram), summed over data at all energy points.
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FIG. 5: Sum of the simultaneous fits to the Mπ±hc
distributions at 4.23 GeV, 4.26 GeV, and 4.36 GeV

as described in the text; the inset shows the sum of the simultaneous fit to the Mπ+hc
distributions at

4.23 GeV and 4.26 GeV with Zc(3900) and Zc(4020). Dots with error bars are data; shaded histograms are
normalized sideband background; the solid curves show the total fit, and the dotted curves the backgrounds
from the fit.
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Zcʹ′(4020)

⇒ “Charged Charmoniumlike Structure”
(this time close to D*D* threshold)

M = 4022.9 ± 0.8 ± 2.7 MeV	


Γ = 7.9 ± 2.7 ± 2.6 MeV

e+e− → π+π−hc(1P) at BESIII

PRL 111, 242001 (2013)
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The cross section shape requires more data…	


Is it a combination of the Y(4260) and Y(4360)?	

Or something completely different?

Cross section 

!  Cross section of π+π-hc consistent with CLEO-c, same 
order of magnitude as those of π+π-J/ψ)

!  Cross section of πZc(4020) around 10 pb, uniform at the 
three energy points   
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e+e− → π+π−hc(1P) at BESIII

PRL 111, 242001 (2013)
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The Zc(3900) is close to DD* threshold...
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tagged event sample that is used to study π−D+D̄∗0 in-236

cludes some cross feed from the π−X+
c , X+

c → D̄0D∗+
237

signal channel, where the D+ used for tagging is a decay238

product of the D∗+. The dashed histogram is from MC-239

simulated e+e− → π−X+
c , X+

c → D̄0D∗+, D∗+ → π0D+
240

events.241

)+!0(DrecoilM
1.96 1.97 1.98 1.99 2 2.01 2.02 2.03 2.04 2.05 2.06

Ev
en

ts
 / 

1 
M

eV

0

20

40

60

80

100

120

140

160

)-!+(DrecoilM
1.96 1.97 1.98 1.99 2 2.01 2.02 2.03 2.04 2.05 2.06

Ev
en

ts
 / 

1 
M

eV

0

50

100

150

200

250

FIG. 1. The πD recoil mass distribution for the (left) π+D0-
and (right) π−D+-tagged events. The points with error bars are
data, the hatched histogram shows the events from the D mass
sidebands. The solid and dashed histograms are described in the
text.

We apply a two-constraint kinematic fit to the selected242

events, where we constrain the invariant mass of the D0
243

(D+) candidate tracks to be equal to mD0 (mD+) and244

the mass recoiling from the π+D0 (π−D+) to be equal245

to mD∗− (mD̄∗0). If there is more than one bachelor pion246

candidate in an event, we retain the one with the small-247

est χ2 from the kinematic fit. Events with χ2 < 30 are248

selected for further analysis. For the π+D0-tag analysis,249

we require M(π+D0) > 2.02 GeV to reject the events of250

the type e+e− → D∗+D∗−, D∗+ → π+D0. The left and251

right panels of Fig. 2 show the π+ and π− recoil mass252

distribution for the π+D0 and π−D+ tagged events, re-253

spectively. The two distributions are similar and both254

have a distinct peak near the mD +mD̄∗ mass threshold.255

For cross-feed events, the reconstructed D meson is not256

in fact recoiling from a D̄∗ and the efficiency for satisfy-257

ing these selection requirements decreases with increasing258

DD̄∗ mass. Studies with phase-space MC event samples259

show that this acceptance variation is not sufficient to260

produce a peaking structure.261

To characterize the observed enhancement and de-262

termine the signal yield, we fit the histograms in the263

left and right panels of Fig. 2 using a mass-dependent-264

width (MDW) Breit-Wigner (BW) lineshape to mod-265

el the signal and smooth threshold functions to rep-266

resent the non-peaking background. For the signal,267

we use dN/dmDD̄∗ ∝ (k∗)2ℓ+1|BWXc(mDD̄∗)|2, where268

k∗ is the Xc momentum in the e+e− rest frame, ℓ269

is the π-Xc relative orbital angular momentum and270

BWXc(mDD̄∗) ∝
√

mDD̄∗ΓXc

m2
Xc

−m2
DD̄∗−imXcΓXc

. Here ΓXc =271

Γ0(q∗/q0)2L+1(mXc/mDD̄∗), where q∗(mDD̄∗) is the D272

momentum in the Xc rest frame, q0 = q∗(mXc) and273

L is the D-D̄∗ orbital angular momentum. In the de-274

fault fits, we set ℓ = 0, L = 0 and leave mXc and Γ0275

as free parameters. We multiply the BW by a polyno-276

mial determined from a fit to the MC-determined mass-277

dependent efficiency to form the signal probability den-278

sity function (PDF). Mass resolution effects are less than279

1 MeV and ignored. For the non-peaking background280

for the M(DD̄∗) distribution, we use: fbkg(mDD̄∗) ∝281

(mDD̄∗−Mmin)c(Mmax−mDD̄∗)d, whereMmin andMmax282

are the minimum and maximum kinematically allowed283

masses, respectively. The exponents c and d are free pa-284

rameters determined from the fits to the data.285

The results of the fits are shown as solid curves in286

Fig. 2. The dashed curves show the fitted non-resonant287

background. The fitted BW masses and widths from288

the π+D0 (π−D+) tagged sample are measured to be289

3889.2± 1.8 MeV and 28.1± 4.1 MeV (3891.8± 1.8 MeV290

and 27.8 ± 3.9 MeV). Since the MDW-BW mass and291

width are model dependent parameters and may not re-292

flect the real resonance properties [27], we report the293

poles P = Mpole − iΓpole/2 extracted from the data in294

the complex plane. Here, the pole parameters Mpole and295

Γpole are pole mass and width for the Xc resonance. In296

Table I, we show the pole masses and widths for the297

π+D0 and π−D+ tagged samples.298
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FIG. 2. The (left) M(D0D∗−) and (right) M(D+D̄∗0) distribu-
tions for selected events. The curves are results of fits described in
the text.

TABLE I. Pole mass Mpole and width Γpole, signal yields and
fit quality (χ2/ndf) for the two tag samples.

Tag mode Mpole (MeV) Γpole (MeV) Xc signal (evts) χ2/ndf

π+D0 3882.3± 1.5 24.6± 3.3 502± 41 54/54
π−D+ 3885.5± 1.5 24.9± 3.2 710± 54 60/54

Monte Carlo studies of possible sources of peaking299

backgrounds in the DD̄∗ mass distribution show that300

processes of the type e+e− → DD̄X , D̄X → D̄∗π, would301

produce a near-threshold reflection peak in the DD̄∗
302

mass distribution, where DX denotes a D∗π resonance303

with mass near the upper kinematic boundary. This304

boundary,
√
s − mD, is 30 MeV below the mass of the305

lightest established D∗π resonance, the D1(2420), with306

MD1 = 2421.3± 0.6 MeV and ΓD1 = 27.1± 2.7 MeV [7],307

which suggests that contributions from DD̄1(2420) fi-308

M = 3883.9 ± 1.5 ± 4.2 MeV	

Γ = 24.8 ± 3.3 ± 11.0 MeV

e+e− (at 4.26 GeV) → π+D0D*− at BESIII

... and BESIII sees structure in DD*.

PRL 112, 022001 (2014)

The Zc(3900) is close to DD* threshold...

Reconstruct the π+ and D0 → K−π+ and infer the D*−.	

(Also analyze π+D−D*0 with the same method.)
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The Zcʹ′(4020) is close to D*D* threshold...
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e+e− (at 4.26 GeV) → π±(D*D*)∓ at BESIII

... and BESIII sees structure in D*D*.
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FIG. 4. Unbinned maximum likelihood fit to the π− recoil
mass spectrum in data. See the text for a detailed description
of the various components that were used in the fit.

The signal yield of the Z+
c (4025) is estimated by an

unbinned maximum likelihood fit to the spectrum of
RM(π−). The fit results are shown in Fig. 4. Possible
interference between the Z+

c (4025) signals and the PHSP
processes is neglected. The Z+

c (4025) signal shape is
taken as the efficiency-weighted BW shape convoluted
with a detector resolution function, which is obtained
from a MC simulation. The detector resolution is about
2MeV/c2 and is asymmetric due to the effects of ISR.
The shape of the combinatorial backgrounds is taken
from the kernel-estimate [20] of the WS events and its
magnitude is fixed to the number of the fitted background
events within the signal window in Fig. 3. The shape of
the PHSP signal is taken from the MC simulation and
its amplitude is taken as a free parameter in the fit. By
using the MC shape, the smearing due to ISR effect and
the detector resolution is taken into account. From the
fit, the parameters of m and Γ in Eq. (1) are determined
to be

m(Z+
c (4025)) = (4026.3± 2.6)MeV/c2,

Γ(Z+
c (4025)) = (24.8± 5.6)MeV.

A goodness-of-fit test gives a χ2/d.o.f.= 30.4/33 = 0.92.
The Z+

c (4025) signal is observed with a statistical signifi-
cance of 13σ, as determined by the ratio of the maximum
likelihood value and the likelihood value for a fit with a
null-signal hypothesis. When the systematic uncertain-
ties are taken into account, the significance is evaluated
to be larger than 10σ.
The Born cross section is calculated by σ = nsig

L(1+δ)εB ,
where nsig is the number of the observed signal events,
L is the integrated luminosity, ε is the detection effi-
ciency, 1 + δ is the radiative correction factor and B
is the branching fraction of D∗+ → D+(π0, γ), with
D+ → K−π+π+. From the fit results, we obtaine
560.1 ± 30.6 D∗+D̄∗0π− events, among which 400.9 ±
47.3 events are Z+

c (4025) candidates. With the in-
put of the observed center-of-mass energy dependence
of σ(D∗+D̄∗0π−), the radiative correction factor is cal-
culated to second-order in QED [21] to be 0.78 ± 0.03.

Source m(MeV/c2) Γ(MeV) σtot(%) R(%)
Tracking 4
Particle ID 5
Tagging π0 4
Mass scale 1.8
Signal shape 1.4 7.3 1 5
Backgrounds 1.5 0.6 5 5
Efficiencies 0.9 2.2 1 5
D∗∗ states 2.2 0.7 5 2
Fit range 0.9 0.9 1 1
D∗+D̄∗0π− line shape 4
PHSP model 2 2
Luminosity 1.0
Branching fractions 2.6
total 3.7 7.7 11 9

TABLE I. A summary of the systematic uncertainties on
the measurements of the Z+

c (4025) resonance parameters and
cross sections. We denote σtot = σ(e+e− → (D∗D̄∗)±π∓).
The total systematic uncertainty is taken as the square root
of the quadratic sum of the individual undertainties.

The efficiency for the Z+
c (4025) signal process is deter-

mined to be 23.5%, while the efficiency of the PHSP sig-
nal process is 17.4%. The total cross section σ(e+e− →
(D∗D̄∗)∓π±) is measured to be (137± 9) pb, and the ra-

tio R = σ(e+e−→Z±
c (4025)π∓→(D∗D̄∗)±π∓)

σ(e+e−→(D∗D̄∗)±π∓)
is determined to

be 0.65± 0.09.
Sources of systematic errors on the measurement of

the Z+
c (4025) resonance parameters and the cross sec-

tion are listed in Table I. The main sources of systematic
uncertainties relevant for determining the Z+

c (4025) reso-
nance parameters and the ratio R include the mass scale,
the signal shape, background models and potential D∗∗

backgrounds. We use the process e+e− → D+D̄∗0π−

to study the mass scale of the recoil mass of the low
momentum bachelor π−. By fitting the peak of D̄∗0

in the D+π− recoil mass spectrum, we obtain a mass
of 2008.6 ± 0.1MeV/c2. This deviates from the PDG
reference value by 1.6 ± 0.2MeV/c2. Since the fitted
variable RM(D+π−) + M(D+) − m(D+) removes the
correlation with M(D+), the shift mostly is due to the
momentum measurement of the bachelor π−. Hence,
we take the mass shift of 1.8MeV/c2 as a systematic
uncertainty on RM(π−) due to the mass scale. If one
assumes Z+

c (4025) also decay to other final states such
as π+(ψ(2S), J/ψ, hc), variations of their relative cou-
pling strengths would affect the measurements of the
Z+
c (4025) mass and width. The Flatté formula [22] is

used to take into account possible multiple channels,
and the maximum changes on the mass and the width
are 0.4MeV/c2 and 0.1MeV, respectively. When we as-
sume that the relative momentum between the π− and
Z+
c (4025) in the rest frame of the e+e− system is a P -

wave, the mass and width change from the nominal re-
sults by 1.4MeV/c2 and 7.3MeV, respectively. The max-
imum variations are taken as systematic uncertainties.
Variations in the unbinned and non-parametric kernel-
estimate of the WS events and fluctuations of the esti-

M = 4026.3 ± 2.6 ± 3.7 MeV	

Γ = 24.8 ± 5.6 ± 7.7 MeV

arXiv:1308.2760

The Zcʹ′(4020) is close to D*D* threshold...

Reconstruct the π−, a D+ → K−π+π+, and a π0 from a D*.
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Search for Y(4260) → γX(3872)...
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e+e− → γ(π+π−J/ψ) at BESIII

⇒ “Observation of the X(3872)”

significance = 6.3σ	


N = 20.1 ± 4.5 events	


M = 3871.9 ± 0.7 ± 0.2 MeV	


Γ consistent with resolution
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FIG. 2: Fit of the M(π+π−J/ψ) distribution with a MC simulated histogram convolved with a Gaussian
function for signal and a linear background function. Dots with error bars are data, the red curve shows the
total fit result, while the blue dashed curve shows the background contribution.
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FIG. 3: cos θ distribution of the radiative photon for the X(3872) signal events in e+e− CM frame. Dots
with error bars are data, the green shaded histogram is normalized X(3872) sideband events, and red open
histogram is MC simulation assuming a pure E1 transition.
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(left) and M(π+π−) distribution (right). Dots with error bars are
data in the X(3872) signal region, the green shaded histograms are
normalized X(3872) sideband events, and the red open histogram in
the left panel is MC simulation assuming a pure E1-transition.
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FIG. 4: The fit to σB [e+e− → γX(3872)] × B[X(3872) →
π+π−J/ψ] with a Y (4260) resonance (red solid curve), a linear
continuum (blue dashed curve), or a E1-transition phase space term
(red dotted-dashed curve). Dots with error bars are data.

from BESIII, Belle, and BABAR [11] as inputs, the maximum
difference in (1 + δ)ϵ is 0.6%, which is taken as the system-
atic error. The error from the kinematic fit is estimated with
the pure ISR ψ(3686) sample, and the efficiency difference
between data and MC simulation is found to be 1.5%.

The systematic error for the J/ψ mass window is also es-
timated using the ISR ψ(3686) events. The resolution from
MC simulation is better than in data, especially in the high
M(ℓ+ℓ−) tail, which is due to the photon energy leakage.
The efficiency difference is corrected in cross section mea-
surements, and the error of the correction, 0.8%, is taken
as the systematic error. The error in the branching fraction
of J/ψ → ℓ+ℓ− is taken from Ref. [15]. The efficiencies
for other selection criteria, the trigger simulation, the event
start time determination, and the final-state-radiation simula-
tion are quite high (> 99%), and their systematic errors are
estimated to be less than 1%.

Except for J/ψ mass window, no correction is applied for
other systematic sources and the full shift is taken as system-
atic error. Assuming all the systematic error sources are in-
dependent, we add all of them in quadrature, and the total
systematic error is estimated to be 6.3%.

In summary, we observe e+e− → γX(3872) for the first
time. The measured mass of the X(3872), M [X(3872)] =
(3871.9 ± 0.7 ± 0.2) MeV/c2, agrees well with previ-
ous measurements [15]. The production rate σB [e+e− →
γX(3872)] · B[X(3872) → π+π−J/ψ] is measured to be
(0.29 ± 0.10 ± 0.02) pb at

√
s = 4.229 GeV, (0.36 ±

0.13 ± 0.03) pb at
√
s = 4.260 GeV, less than 0.12 pb at√

s = 4.009 GeV, and less than 0.39 pb at
√
s = 4.360 GeV

at the 90% C.L. Here the first errors are statistical and the sec-
ond systematic [for the upper limits, the efficiency has been
lowered by a factor of (1− σsys)].

The observations strongly support the existence of the ra-
diative transition process Y (4260) → γX(3872). Although
continuum production of e+e− → γX(3872) cannot be ruled
out by current data, the Y (4260) line shape can describe
data with best quality compared with a linear continuum or
a E1-transition phase space distribution. The Y (4260) →
γX(3872) would be the second long-searching decay mode of
the Y (4260) resonance, as the charged charmoniumlike state
Zc(3900) (which is clearly an exotic state) was also observed
in the Y (4260) decays [11], there must be some correlations
in the natures of these three states. This may guide the future
theoretical interpretation of them. As an example, the mea-
sured relative large γX(3872) production rate near 4.26 GeV
is similar to model dependent calculations in Ref. [16] where
the Y (4260) is taken as a D̄D1 molecule.

Combining with the e+e− → π+π−J/ψ cross sec-
tion measurement at

√
s = 4.260 GeV from BESIII [11],

we obtain σB [e+e− → γX(3872)] · B[X(3872) →
π+π−J/ψ]/σB(e+e− → π+π−J/ψ) = (5.7± 2.2)× 10−3,
under the assumption that the X(3872) is produced only from
the Y (4260) radiative decays and the π+π−J/ψ is only from
the Y (4260) hadronic decays. If we take B[X(3872) →
π+π−J/ψ] = 5% [24], then R = σB [e+e−→γX(3872)]

σB(e+e−→π+π−J/ψ) ∼
11%, or equivalently, B[Y (4260)→γX(3872)]

B(Y (4260)→π+π−J/ψ) ∼ 11%.
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arXiv:1310.4101

Hints that this is Y(4260) → γX(3872)!?
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(cc̄)
(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.
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(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.
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(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.
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(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.
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(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.
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(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.
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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.
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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)

Connecting the XYZ at BESIII

(cc̄)
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(cc̄g, cq̄qc̄, (cq̄)(qc̄), cc̄⇡⇡)

(cc̄)
(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.
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(cc̄)
(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.	


(VIII)   But there is much left to do…  and a new   
running period has begun…
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(cc̄)
(I) The quark model describes most of 

charmonium remarkably well.	


(II) But the “XYZ” states point beyond the 
quark model.	


(III) Most of the XYZ states were discovered 
by Belle and BaBar.	


(IV) But BESIII can directly produce the 
Y(4260) and Y(4360) in e+e− annihilation.	


(V) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zcʹ′(4020).	


(VI) BESIII has also observed a transition to 
the X(3872).	


(VII) We are building connections.	


(VIII)   But there is much left to do…  and a new   
running period has begun…

Look forward to many new 
results from BESIII!	


!

    Thanks!


