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

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

J = L + S
P = (−1)L+1

C = (−1)L+S
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Potential models:

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

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

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

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

II. SPECTRUM

A. Nonrelativistic potential model

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

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

3
!s

r
" br" 32"!s

9m2
c

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

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

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

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

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

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly

Vspin-dep %
1

m2
c

"#
2!s

r3
! b

2r

$
~L & ~S" 4!s

r3
T
%
: (2)

The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L> 0 spin-triplet
states, which are

h3LJjTj3LJi %

8>>><
>>>:

! L
6#2L"3$ ; J % L" 1

" 1
6 ; J % L

! #L"1$
6#2L!1$ ; J % L! 1

: (3)

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

B. Godfrey-Isgur relativized potential model

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

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

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

q

q
"

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

!q

q
: (5)

Just as in the nonrelativistic model, the quark-antiquark

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

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

C. Discussion

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

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

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

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

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
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2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0
c#21S0$ 3637:7& 4:4 3638 3630 3623

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

4S  #43S1$ 4415& 6 4415 4406 4450
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1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

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

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

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

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

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094
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#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

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

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

$
s masses. This

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

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

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

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

(a) (b)

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

FIG. 17 (color online). Quarkonium spectrum as splittings from the 1S level for !cc (left) and !bb (right). The fine-ensemble results
are in blue fancy squares, the coarse in green circles, the medium-coarse in orange diamonds, and the extra-coarse in red squares. Solid
lines show the experimental values, and dashed lines estimates from potential models. The dotted line in the left panel indicates the
physical open-charm threshold. The error on the data points combines statistical, !-tuning, and r1 uncertainties.
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

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

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

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

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

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

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

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

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

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

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

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

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

and baryon [15] sectors.

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

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

J=0,1,2 with

JPC = (0, 1, 2)−+ and (πNR ×D[2]
J=1)

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

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

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

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

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

have considerable overlap onto operators with this structure.

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

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

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have
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A systematic discussion of the phenomenology of charmed particles is presented
with an eye to experimental searches for these states. We begin with an attempt
to clarify the theoretical framework for charm. We then discuss the S U(4)
spectroscopy of the lowest lying baryon and meson states, their masses, decay
modes, lifetimes, and various production mechanisms. We also present a brief
discussion of searches for short-lived tracks. Our discussion is largely based on
intuition gained from the familiar —but not necessarily understood—
phenomenology of known hadrons, and. predictions must be interpreted only as
guidelines for experimenters.
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et al. , 1974;Barish et ul. , 1974a, b; Lee et al , 1974) .of neutral
277 currents point in the direction of a unified, renormalizable
279 theory of weak interactions. How'ever, other ingredients are

necessary for the successful realization of such a theory; one
possibility involves a fourth "charmed" quark, (Amati et al. ,
1964a; Bjorken and Glashow, 1964; Maki and Ohnuki,
1964; Hara, 1964; Glashow et cl., 1970; steinberg, 1971;

282 Bouchiat et al , 1972). implying the existence of a new
spectrum of hadron states.

283 Let us review' the current status of the theoretical back-
ground on charmed particles. In order to present convicting

2g4 views (which exist even among ourselves), we shall utilize
284 a 6ctitious dialogue between two researchers —an enthusiast

and a devil's advocate.
285

A: So if one adopts the view that the Weinberg —Salam
model (Weinberg, 1967; Salam, 1968) is essentially correct,
a viewpoint consonant with the observations of neutral

2g6 current effects at various laboratories (Hasert et al , 1973;.
287 Benvenuti et al. , 1974; Aubert et aI, 1974; Barish et aI.,

1974a, b; Lee ei al, 1974), then one seems to be driven to
288 the conclusion that some new degrees of freedom —new

6elds—must be present in the theory, in order to accom-
29p modate the absence of strangeness-changing neutral current.

I understand that a four-quark scheme will do. Please
explain this to me.

29P
B: Forget about the strong interactions for the moment,
and consider weak and electromagnetic interactions as

296 manif estations of a single "weak" force. Then all fields are
characterized by weak isospin and weak hypercharge. The
world consists of the left-handed isodoublets

298

I. PROLOGUE
Both theoretical developments' in the study of sponta-

neously broken gauge theories and the experimental observa-
tion (Hasert ef al. , 1973; Benvenuti et cl , 1974; Au.bert

*On leave of absence from Laboratoire de Physique Th&orique et
Particules E16mentaires, Orsay (Laboratoire assoc' au CNRS) .

~ For reviews see Lee, 1972; and steinberg, 1974a.
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and the right-handed 6elds are isosinglets. Leptons and
hadrons are distinguished by their weak hypercharge. When
Higgs couplings are turned off, all these Q.elds are massless
and couple to massless vector bosons: a triplet which couples
to weak isospin and a singlet which couples to weak hyper-

Reviews of Modern Physics, Vol. 47, No. 2, April 1975 Copyright 1975 American Physical Society 277
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et al. , 1974;Barish et ul. , 1974a, b; Lee et al , 1974) .of neutral
277 currents point in the direction of a unified, renormalizable
279 theory of weak interactions. How'ever, other ingredients are

necessary for the successful realization of such a theory; one
possibility involves a fourth "charmed" quark, (Amati et al. ,
1964a; Bjorken and Glashow, 1964; Maki and Ohnuki,
1964; Hara, 1964; Glashow et cl., 1970; steinberg, 1971;

282 Bouchiat et al , 1972). implying the existence of a new
spectrum of hadron states.

283 Let us review' the current status of the theoretical back-
ground on charmed particles. In order to present convicting

2g4 views (which exist even among ourselves), we shall utilize
284 a 6ctitious dialogue between two researchers —an enthusiast

and a devil's advocate.
285

A: So if one adopts the view that the Weinberg —Salam
model (Weinberg, 1967; Salam, 1968) is essentially correct,
a viewpoint consonant with the observations of neutral

2g6 current effects at various laboratories (Hasert et al , 1973;.
287 Benvenuti et al. , 1974; Aubert et aI, 1974; Barish et aI.,

1974a, b; Lee ei al, 1974), then one seems to be driven to
288 the conclusion that some new degrees of freedom —new

6elds—must be present in the theory, in order to accom-
29p modate the absence of strangeness-changing neutral current.

I understand that a four-quark scheme will do. Please
explain this to me.

29P
B: Forget about the strong interactions for the moment,
and consider weak and electromagnetic interactions as

296 manif estations of a single "weak" force. Then all fields are
characterized by weak isospin and weak hypercharge. The
world consists of the left-handed isodoublets

298

I. PROLOGUE
Both theoretical developments' in the study of sponta-

neously broken gauge theories and the experimental observa-
tion (Hasert ef al. , 1973; Benvenuti et cl , 1974; Au.bert
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~ For reviews see Lee, 1972; and steinberg, 1974a.
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and the right-handed 6elds are isosinglets. Leptons and
hadrons are distinguished by their weak hypercharge. When
Higgs couplings are turned off, all these Q.elds are massless
and couple to massless vector bosons: a triplet which couples
to weak isospin and a singlet which couples to weak hyper-
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cs=F+

(a)

(o)

FIG. 1. Weight diagrams for SU(4). Shaded planes denote
multiplets of SU(3) S U(1) o. (a) The four quarks of SU(4):
the conventional SU(3) triplet consisting of I ("up"), d
("down") and s ("strange") with C = 0, and an SU(3)
singlet c ("charmed") with C = 1. (b) The three-quark 1/2+
baryons which form a 20-piet of SU(4). The SU(3) multiplets
are 8 (C = 0), 6+ 3 (C = 1) and 3 (C = 2). (c) The 15-
piet + singlet pseudoscalars. The SU (3) multiplets are
3 (C = —1), 8+ 1 (C = 0) and 3 (C = +1).

(b)

An inequivalent 20' of SU(4) may be found by sym-
metrizing the three-quark system in SU(4) indices. The
weight diagram of this representation (to which one may
expect the 3/2+ baryons to belong) is a tetrahedron. A
three-quark system can also belong to a 4 of SU(4) (whose
weight diagram is an inverted tetrahedron), but this
multiplet is not expected to occur in the ground state
baryons and will not be discussed further.

C. Masons 15

In this picture rnesonic states are formed as bound states
of a quark and an antiquark, and we are led to consider

15-plets and singlets of mesons of SU(4). A 15-piet of
mesons consists of the usual octet and singlet of SU(3)
with C = 0, 3 and 3 which carry C = +1 and —1, respec-
tively. 15-piet singlet Lof SU(4) j mixing, as well as octet—
singlet mixing of SU(3), depend on the nature of SU(4)
breaking. This matter will be discussed at some length in
the next section under a set of well-defined dynamical as-
sumptions and what we know about spectroscopy of ordinary
0 and 1 Inesons. %e list these mesons in Tables II and
III; the quark content assignments to neutral mesons,
rt, g', tf, ', to, @,p, are approximate, and motivated in Sec. III.
Figure 1(c) shows the weight diagram of the singlet +15-
plet of SU(4), containing the pseudoscalar mesons.
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Production:  “Once the energies of the electron-positron 
colliding beams are high enough, pair production of charmed 
particles, and resonant production of φc are expected to 
proceed without inhibition.”

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

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

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

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

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

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

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

PRL33, 1406 (1974)

November (1974) Revolution

e+ + e− → x at SLAC

3.10           3.12           3.14
Ec.m. (GeV)

“ψ”

II.  The Original Era of Discovery
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FIG. 1, Search-mode data (relative hadron yield) tak-

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

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

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

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

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

Mass
(GeV)

r (FwHM)
(MeV)

g(3105)
y(3695)

3.105+0.003
3.695+ 0.004

&1.9 (Ref. 6)
&2,7

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

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

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

de Saclay, Saclay, France.

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

two narrow resonances in the hadron production
cross section. Our determination of the parame-
ters of the resonance are as follows:
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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
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Theoretical Ideas on J/ψ and ψʹ′:

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

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

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

Lighter Z0
     (PRL34, 56 (1975))

Charmonium
     (PRL34, 43 (1975), PRL34, 46 (1975))
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lated subjects, see, for example, E. S. Abers and B.W.
Lee, Phys. Rep. BC, 1 (1973).
S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

A. Salam, in Elementary Particle Physics, edited by
N. Svartholm (Almquist and Wiksell, Stockholm, Swe-
den, 1968).
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lam, Phys. Bev. D 8, 1240 (1973)."B.L. Beron et al. , Phys. Bev. Lett. 33, 663 (1974).

Spectroscopy of the New Mesons*

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

and

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

(Received ll. December 1974)

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

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

charmonium with masses less than 3.7 GeV, a

Mass (GeV)

37— ORTHO jT.

RA E
i
I
)

3.5—

3.4—

3.0— )( PARA I

p ++ )++p++7 7

JPC

FIG. 1. Masses and radiative transitions of charmo-
nlum.
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VoLUME 45, NUMBER 14 PHYSICAL REVIEW LETTERS 6 OCTOBER 1980

quired to be entirely contained in the detector and
to be well separated from charged particles. Pho-
ton pairs that could be reconstructed to a m' were
removed. Figure 1 shows the inclusive photon
spectrum obtained from hadronic decays of the

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

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

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

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

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

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

7000 I I I I I I

6000 5000
I I I I I I I

C:
Z) 5000
~O0

M 4000
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o 5000

2000
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= 3000
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O
2000
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I I I I I
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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)
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BEPC-II e+e− Collider

BESIII

e+e− collisions in the charmonium region

(about 2 − 5?? GeV center of mass energies)
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Select data samples (2008-present):  
      *  more than a billion J/ψ decays
      *  106 million ψ(2S) decays (+ more) 
      *  ~2.9 fb−1 at ψʹ′ʹ′
      *  ~500 pb−1 at 4.009 GeV
      *  XYZ data

III.  From Discovery to Precision
BES III  Detector
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first hadronic event:  July 2008

III.  From Discovery to Precision

Select data samples (2008-present):  
      *  more than a billion J/ψ decays
      *  106 million ψ(2S) decays (+ more) 
      *  ~2.9 fb−1 at ψʹ′ʹ′
      *  ~500 pb−1 at 4.009 GeV
      *  XYZ data

BES III  Detector



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

2MD

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

Ryan Mitchell Charmonium and the Role of BESIII 49

first hadronic event:  July 2008

III.  From Discovery to Precision

Select data samples (2008-present):  
      *  more than a billion J/ψ decays
      *  106 million ψ(2S) decays (+ more) 
      *  ~2.9 fb−1 at ψʹ′ʹ′
      *  ~500 pb−1 at 4.009 GeV
      *  XYZ data

BES III  Detector



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

2MD

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

Ryan Mitchell Charmonium and the Role of BESIII 50

III.  From Discovery to Precision

Select data samples (2008-present):  
      *  more than a billion J/ψ decays
      *  106 million ψ(2S) decays (+ more) 
      *  ~2.9 fb−1 at ψʹ′ʹ′
      *  ~500 pb−1 at 4.009 GeV
      *  XYZ data

BES III  DetectorMARK I  Detector
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A few BESIII charmonium results from 2012:

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

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

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)
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background processes, but do find dozens of decay modes
that each make small additional contributions to the back-
ground. These decays typically have additional or fewer
photons in their final states. The sum of these background
events is used to estimate the contribution from other
c ð3686Þ decays. Backgrounds from the eþe$ ! q !q con-
tinuum process are studied using a data sample taken atffiffiffi
s

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

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

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

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

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

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

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

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

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

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

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

þ#$ and "#þ#$ decays are negligible.
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Mass and Width of the ηc(1S)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

þ#$ and "#þ#$ decays are negligible.

PRL 108, 222002 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
1 JUNE 2012

222002-4

Mass and Width of the ηc(1S)

1 of 6
decay
modes

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

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

⇒ significant discrepancies with older
     results (e.g. PRD 62, 072001 (2000))
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III.  From Discovery to Precision

A few BESIII charmonium results from 2012:

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

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

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)
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! ! "þ"""0 (##). For the #K0
SK

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

SK
#"$ (KþK""0) events with a fake

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

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

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

SK
#"$

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

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

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

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

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

SK
#"$ and 4C for #KþK""0).

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

Background contributions from c ð3686Þ ! K0
SK

#"$

(KþK""0) and c ð3686Þ ! K0
SK

#"$#FSR (KþK""0

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

SK
#"$ð#FSRÞ, "þ"""þ""ð#FSRÞ, and

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

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

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

process eþe" ! #(#ISR ! K0
SK

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

ffiffiffi
s

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

SK
#"$

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

SK
#"$ðKþK""0Þ and

K0
SK

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

SK
#"$ðKþK""0Þ and

K0
SK

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

"0K0
SK

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

SK
#"$ ("0KþK""0) background.

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

SK
#"$ and KþK""0 chan-

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

#"$ (left panel), KþK""0 (right panel), and the simultaneous
likelihood fit to the three resonances and combined background sources as described in the text.

PRL 109, 042003 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
27 JULY 2012

042003-4

Observation of ψ(2S) → γηc(2S)

III.  From Discovery to Precision

M = 3637.6 ± 2.9 ± 1.6 MeV

Γ = 16.9 ± 6.4 ± 4.8 MeV

B(ψ(2S) → γηc(2S)) =
(6.8 ± 1.1 ± 4.5) × 10−4

BESIII discovered this transition 
after 18 years of searching!
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III.  From Discovery to Precision

A few BESIII charmonium results from 2012:

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

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

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)
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TABLE I: Event-selection requirements for each exclusive channel.

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

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

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

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

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

SK
±π∓ 70 − no no no no yes

K0
SK

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

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

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

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

IV. EXTRACTION OF YIELDS AND RESONANCE PARAMETERS

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

8

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

III.  From Discovery to Precision

M = 3525.31 ± 0.11 ± 0.14 MeV

Γ = 0.70 ± 0.28 ± 0.22 MeV

hc(1P)
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III.  From Discovery to Precision

I.  An Introduction to Charmonium

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

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

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

c c
CHARMONIUM

c c
HYBRID CHARMONIUM
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IV.  A New Era of Discovery

I.  An Introduction to Charmonium

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

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

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

c c
CHARMONIUM

c c
HYBRID CHARMONIUM
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IV.  A New Era of Discovery

c c
CHARMONIUM

c c
HYBRID CHARMONIUM?

I.  An Introduction to Charmonium

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

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

IV.  A New Era of Discovery:
beyond the quark model and the role of BESIII
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Table 9 As in Table 4, but for new unconventional states in the cc̄ and
bb̄ regions, ordered by mass. For X(3872), the values given are based
only upon decays to π+π−J/ψ . X(3945) and Y (3940) have been sub-

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

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

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

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

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

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

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

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

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

e+e− → e+e−(ωJ/ψ) Belle [102] (7.7)

X(3940) 3942+9
−8 37+27

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

e+e− → J/ψ (. . .) Belle [54] (5.0)

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

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

Z1(4050)+ 4051+24
−43 82+51

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

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

X(4160) 4156+29
−25 139+113

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

Z2(4250)+ 4248+185
− 45 177+321

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

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

CLEO [110] (5.4)

Belle [104] (15)

e+e− → (π+π−J/ψ) CLEO [111] (11)

e+e− → (π0π0J/ψ) CLEO [111] (5.1)

Y (4274) 4274.4+8.4
−6.7 32+22

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

X(4350) 4350.6+4.6
−5.1 13.3+18.4

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

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

Z(4430)+ 4443+24
−18 107+113

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

X(4630) 4634+ 9
−11 92+41

−32 1−− e+e− → γ (Λ+
c Λ−

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

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

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

chain D0 → φK0
S , φ → K+K−, K0

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

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

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

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

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

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

EPJ C71, 1534 (2011)

IV.  A New Era of Discovery
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IV.  A New Era of Discovery

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

For example in B decays...
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IV.  A New Era of Discovery

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

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

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-3 262001-3

PRL 91, 262001(2003)

ψ(2S)

?

B± → K±(π+π−J/ψ) at Belle
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IV.  A New Era of Discovery

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

For example in B decays...

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

0.40 0.50 0.60 0.70 0.80
0

2.5

5

E
ve

nt
s/

0.
00

8 
G

eV

0.31 0.41 0.51 0.61

M(π+π-) (GeV)

0

12.5

25

E
ve

nt
s/

0.
00

6 
G

eV

FIG. 3. M%!#!$& distribution for events in the
(a) M%!#!$J= & ! 3872 MeV signal region, and (b) the  0

region. The shaded histograms are sideband data normalized to
the signal-box area. Note the different horizontal scales.

 (GeV)bcM
5.2 5.22 5.24 5.26 5.28 5.3

E
ve

nt
s 

/ (
 0

.0
05

 G
eV

 )

0

5

10

15

20

25

30

35

40 a)

) (GeV)ππ ψM(J/
3.82 3.84 3.86 3.88 3.9 3.92

E
ve

nt
s 

/ (
 0

.0
05

 G
eV

 )

0

5

10

15

20

25

30

35 b)

E (GeV)∆
-0.1 -0.05 0 0.05 0.1 0.15 0.2

E
ve

nt
s 

/ (
 0

.0
15

 G
eV

 )

0

5

10

15

20

25 c)

FIG. 2 (color online). Signal-band projections of (a) Mbc,
(b) M!#!$J= , and (c) "E for the X%3872& ! !#!$J= signal
region with the results of the unbinned fit superimposed.

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-4 262001-4

X(3872)

M = 3871.68 ± 0.17 MeV
Γ < 1.2 MeV   (PDG 2012)

B± → K±(π+π−J/ψ) at Belle
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IV.  A New Era of Discovery

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

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*D mass

For example in B decays...

D*D molecule?
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IV.  A New Era of Discovery

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

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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IV.  A New Era of Discovery

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

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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Z(4430)?PRL 100, 142001(2008)
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and BaBar using e+e− collisions in the 
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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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Most XYZ states were discovered at Belle 
and BaBar using e+e− collisions in the 
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And in Initial State Radiation (ISR)...

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

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

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

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

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

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

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

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

data events passing all selection criteria except that on m2
Rec

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

Mass(π+π−J/ψ)  (GeV)



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 Charmonium and the Role of BESIII 75

IV.  A New Era of Discovery

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

And in Initial State Radiation (ISR)...

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

) 4/c2 (GeV2
Recm

0 5

4
/c2

E
ve

nt
s 

/ 0
.1

 G
eV

-10

0

10

20

FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

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

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

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

#BWðmÞ¼12!C

m2 ' PSðmÞ
PSðmYÞ

'!eþe% 'BðJ=c!þ!%Þ'm2
Y '!Y

ðm2
Y%m2Þ2þm2

Y!
2
Y

;

(1)

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

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

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

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

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþl%Þ ; (2)

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

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

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1)
2:2 pb for the eþe% ! c ð3770Þ ! J=c!þ!% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ!% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe% ! J=c!þ!% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).

J. P. LEES et al. PHYSICAL REVIEW D 86, 051102(R) (2012)

RAPID COMMUNICATIONS

051102-6

e+e−(γISR) → π+π−J/ψ at BaBar

Y(4260)

PRD 86, 051102(R) (2012)



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 Charmonium and the Role of BESIII 77

IV.  A New Era of Discovery

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

And in Initial State Radiation (ISR)...

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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gram represents the fixed background and the curves represent
the fits to the data (see text).
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e+e−(γISR) → π+π−ψ(2S) at BaBar

Y(4360)?
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IV.  A New Era of Discovery

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

And in Initial State Radiation (ISR)...

arXiv:1211.6271 and CHARM 2012
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IV.  A New Era of Discovery

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

And in Initial State Radiation (ISR)...

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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Theoretical Ideas on J/ψ and ψʹ′:

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

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

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

Lighter Z0
     (PRL34, 56 (1975))

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

II.  The Original Era of Discovery
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IV.  A New Era of Discovery

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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IV.  A New Era of Discovery

How can BESIII contribute?

⇒  tune the e+e− collision energies 
      to directly produce large samples 
      of Y(4260) and Y(4360) decays!
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IV.  A New Era of Discovery

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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IV.  A New Era of Discovery

4

magnetic calorimeter (EMC) detects and identifies pho-
tons and electrons. Muons are identified using informa-
tion from the instrumented flux-return system.

We reconstruct events corresponding to the reaction
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FIG. 1. (a) The ψ(2S)π+π− invariant mass distribution
from the kinematic threshold to 5.95 GeV/c2 for ψ(2S) →
J/ψπ+π−; the points with error bars represent the data in
the ψ(2S) signal region, and the shaded histogram is the
background estimated from the ψ(2S) sideband regions. The
solid curve shows the result of the fit described in the text.
The dashed (dotted) curves indicate the individual resonant
contributions for constructive (destructive) interference. (b)
The corresponding distributions for ψ(2S) → l+l−. (c)
The combined ψ(2S)π+π− invariant mass distribution for
ψ(2S) → J/ψπ+π− and ψ(2S) → l+l−. The solid curve
shows the result of the fit. The dashed curve represents the
background, while the dotted curves indicate the individual
resonant contributions. There is only one solution in this case.

e+e− → γISRψ(2S)π+π−, where γISR represents a pho-

ton that is radiated from the initial-state e±, thus lower-
ing the c.m. energy of the e+e− collision which produces
the ψ(2S)π+π− system. We do not require observation
of the ISR photon, since it would be detectable in the
EMC for only ∼ 15% of the events.
For the ψ(2S) → J/ψπ+π− decay mode, we select

events containing exactly six charged-particle tracks, and
reconstruct J/ψ candidates via their decay to e+e− or
µ+µ−. For each mode, at least one of the leptons must be
identified on the basis of PID information. When possi-
ble, electron candidates are combined with photons to re-
cover bremsstrahlung energy loss in order to improve the
J/ψ momentum measurement. An e+e− pair with invari-
ant mass within (−60,+45)MeV/c2 of the nominal J/ψ
mass [8] is accepted as a J/ψ candidate, as is a µ+µ− pair
with mass within (−45,+45)MeV/c2 of this value. Each
J/ψ candidate is subjected to a geometric fit in which
the decay vertex is constrained to the e+e− collision axis
within the interaction region; the χ2-probability of the fit
must be greater than 0.001. An accepted J/ψ candidate
is kinematically constrained to the nominal J/ψ mass [8],
and combined with a pion pair to form a J/ψπ+π− can-
didate. The J/ψπ+π− combinations with invariant mass
within 10 MeV/c2 of the nominal ψ(2S) mass are taken
as ψ(2S) candidates, and hereafter we refer to this as
“the ψ(2S) signal region”. The ψ(2S) candidate is re-
fit requiring that the χ2-probability for the vertex fit be
greater than 0.001. It is then combined with two addi-
tional pions of opposite charge, each of which is identified
using PID information, to reconstruct a ψ(2S)π+π− can-
didate. A further geometric fit with the ψ(2S) candidate
mass-constrained to the nominal mass value [8] is per-
formed. Candidates with χ2-fit probability greater than
0.001 are retained for further analysis.
For the decay mode ψ(2S) → l+l−, we select events

containing exactly four charged-particle tracks, and re-
construct ψ(2S) candidates via their decay to e+e− or
µ+µ−. An e+e− (µ+µ−) pair with invariant mass within
(−40,+30)MeV/c2 ((−30,+30)MeV/c2) of the nominal
ψ(2S) mass [8] is accepted as being within the ψ(2S) sig-
nal region. Each such candidate is subjected to the same
geometrical fit and mass constraint procedure as applied
for the ψ(2S) → J/ψπ+π− mode. A surviving candidate
is combined with a pion pair to form a ψ(2S)π+π− can-
didate.

For ψ(2S) → J/ψπ+π− (ψ(2S) → l+l−), the dif-
ference between the c.m. momentum of the hadronic
ψ(2S)π+π− system and the value expected for an ISR
event (i.e. (s−m2)/2

√
s, where m is the ψ(2S)π+π− in-

variant mass) must be in the range (−0.10,+0.70) GeV/c
((−0.70,+0.60) GeV/c) to be consistent with an ISR pho-
ton. We require the transverse component of the missing
momentum to be less than 2.0GeV/c (1.7GeV/c). If the
ISR photon is detected in the EMC, its momentum vector
is added to that of the ψ(2S)π+π− system in calculat-
ing the missing momentum. For the events for which

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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4

magnetic calorimeter (EMC) detects and identifies pho-
tons and electrons. Muons are identified using informa-
tion from the instrumented flux-return system.

We reconstruct events corresponding to the reaction
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FIG. 1. (a) The ψ(2S)π+π− invariant mass distribution
from the kinematic threshold to 5.95 GeV/c2 for ψ(2S) →
J/ψπ+π−; the points with error bars represent the data in
the ψ(2S) signal region, and the shaded histogram is the
background estimated from the ψ(2S) sideband regions. The
solid curve shows the result of the fit described in the text.
The dashed (dotted) curves indicate the individual resonant
contributions for constructive (destructive) interference. (b)
The corresponding distributions for ψ(2S) → l+l−. (c)
The combined ψ(2S)π+π− invariant mass distribution for
ψ(2S) → J/ψπ+π− and ψ(2S) → l+l−. The solid curve
shows the result of the fit. The dashed curve represents the
background, while the dotted curves indicate the individual
resonant contributions. There is only one solution in this case.

e+e− → γISRψ(2S)π+π−, where γISR represents a pho-

ton that is radiated from the initial-state e±, thus lower-
ing the c.m. energy of the e+e− collision which produces
the ψ(2S)π+π− system. We do not require observation
of the ISR photon, since it would be detectable in the
EMC for only ∼ 15% of the events.
For the ψ(2S) → J/ψπ+π− decay mode, we select

events containing exactly six charged-particle tracks, and
reconstruct J/ψ candidates via their decay to e+e− or
µ+µ−. For each mode, at least one of the leptons must be
identified on the basis of PID information. When possi-
ble, electron candidates are combined with photons to re-
cover bremsstrahlung energy loss in order to improve the
J/ψ momentum measurement. An e+e− pair with invari-
ant mass within (−60,+45)MeV/c2 of the nominal J/ψ
mass [8] is accepted as a J/ψ candidate, as is a µ+µ− pair
with mass within (−45,+45)MeV/c2 of this value. Each
J/ψ candidate is subjected to a geometric fit in which
the decay vertex is constrained to the e+e− collision axis
within the interaction region; the χ2-probability of the fit
must be greater than 0.001. An accepted J/ψ candidate
is kinematically constrained to the nominal J/ψ mass [8],
and combined with a pion pair to form a J/ψπ+π− can-
didate. The J/ψπ+π− combinations with invariant mass
within 10 MeV/c2 of the nominal ψ(2S) mass are taken
as ψ(2S) candidates, and hereafter we refer to this as
“the ψ(2S) signal region”. The ψ(2S) candidate is re-
fit requiring that the χ2-probability for the vertex fit be
greater than 0.001. It is then combined with two addi-
tional pions of opposite charge, each of which is identified
using PID information, to reconstruct a ψ(2S)π+π− can-
didate. A further geometric fit with the ψ(2S) candidate
mass-constrained to the nominal mass value [8] is per-
formed. Candidates with χ2-fit probability greater than
0.001 are retained for further analysis.
For the decay mode ψ(2S) → l+l−, we select events

containing exactly four charged-particle tracks, and re-
construct ψ(2S) candidates via their decay to e+e− or
µ+µ−. An e+e− (µ+µ−) pair with invariant mass within
(−40,+30)MeV/c2 ((−30,+30)MeV/c2) of the nominal
ψ(2S) mass [8] is accepted as being within the ψ(2S) sig-
nal region. Each such candidate is subjected to the same
geometrical fit and mass constraint procedure as applied
for the ψ(2S) → J/ψπ+π− mode. A surviving candidate
is combined with a pion pair to form a ψ(2S)π+π− can-
didate.

For ψ(2S) → J/ψπ+π− (ψ(2S) → l+l−), the dif-
ference between the c.m. momentum of the hadronic
ψ(2S)π+π− system and the value expected for an ISR
event (i.e. (s−m2)/2

√
s, where m is the ψ(2S)π+π− in-

variant mass) must be in the range (−0.10,+0.70) GeV/c
((−0.70,+0.60) GeV/c) to be consistent with an ISR pho-
ton. We require the transverse component of the missing
momentum to be less than 2.0GeV/c (1.7GeV/c). If the
ISR photon is detected in the EMC, its momentum vector
is added to that of the ψ(2S)π+π− system in calculat-
ing the missing momentum. For the events for which

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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4

magnetic calorimeter (EMC) detects and identifies pho-
tons and electrons. Muons are identified using informa-
tion from the instrumented flux-return system.

We reconstruct events corresponding to the reaction
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FIG. 1. (a) The ψ(2S)π+π− invariant mass distribution
from the kinematic threshold to 5.95 GeV/c2 for ψ(2S) →
J/ψπ+π−; the points with error bars represent the data in
the ψ(2S) signal region, and the shaded histogram is the
background estimated from the ψ(2S) sideband regions. The
solid curve shows the result of the fit described in the text.
The dashed (dotted) curves indicate the individual resonant
contributions for constructive (destructive) interference. (b)
The corresponding distributions for ψ(2S) → l+l−. (c)
The combined ψ(2S)π+π− invariant mass distribution for
ψ(2S) → J/ψπ+π− and ψ(2S) → l+l−. The solid curve
shows the result of the fit. The dashed curve represents the
background, while the dotted curves indicate the individual
resonant contributions. There is only one solution in this case.

e+e− → γISRψ(2S)π+π−, where γISR represents a pho-

ton that is radiated from the initial-state e±, thus lower-
ing the c.m. energy of the e+e− collision which produces
the ψ(2S)π+π− system. We do not require observation
of the ISR photon, since it would be detectable in the
EMC for only ∼ 15% of the events.
For the ψ(2S) → J/ψπ+π− decay mode, we select

events containing exactly six charged-particle tracks, and
reconstruct J/ψ candidates via their decay to e+e− or
µ+µ−. For each mode, at least one of the leptons must be
identified on the basis of PID information. When possi-
ble, electron candidates are combined with photons to re-
cover bremsstrahlung energy loss in order to improve the
J/ψ momentum measurement. An e+e− pair with invari-
ant mass within (−60,+45)MeV/c2 of the nominal J/ψ
mass [8] is accepted as a J/ψ candidate, as is a µ+µ− pair
with mass within (−45,+45)MeV/c2 of this value. Each
J/ψ candidate is subjected to a geometric fit in which
the decay vertex is constrained to the e+e− collision axis
within the interaction region; the χ2-probability of the fit
must be greater than 0.001. An accepted J/ψ candidate
is kinematically constrained to the nominal J/ψ mass [8],
and combined with a pion pair to form a J/ψπ+π− can-
didate. The J/ψπ+π− combinations with invariant mass
within 10 MeV/c2 of the nominal ψ(2S) mass are taken
as ψ(2S) candidates, and hereafter we refer to this as
“the ψ(2S) signal region”. The ψ(2S) candidate is re-
fit requiring that the χ2-probability for the vertex fit be
greater than 0.001. It is then combined with two addi-
tional pions of opposite charge, each of which is identified
using PID information, to reconstruct a ψ(2S)π+π− can-
didate. A further geometric fit with the ψ(2S) candidate
mass-constrained to the nominal mass value [8] is per-
formed. Candidates with χ2-fit probability greater than
0.001 are retained for further analysis.
For the decay mode ψ(2S) → l+l−, we select events

containing exactly four charged-particle tracks, and re-
construct ψ(2S) candidates via their decay to e+e− or
µ+µ−. An e+e− (µ+µ−) pair with invariant mass within
(−40,+30)MeV/c2 ((−30,+30)MeV/c2) of the nominal
ψ(2S) mass [8] is accepted as being within the ψ(2S) sig-
nal region. Each such candidate is subjected to the same
geometrical fit and mass constraint procedure as applied
for the ψ(2S) → J/ψπ+π− mode. A surviving candidate
is combined with a pion pair to form a ψ(2S)π+π− can-
didate.

For ψ(2S) → J/ψπ+π− (ψ(2S) → l+l−), the dif-
ference between the c.m. momentum of the hadronic
ψ(2S)π+π− system and the value expected for an ISR
event (i.e. (s−m2)/2

√
s, where m is the ψ(2S)π+π− in-

variant mass) must be in the range (−0.10,+0.70) GeV/c
((−0.70,+0.60) GeV/c) to be consistent with an ISR pho-
ton. We require the transverse component of the missing
momentum to be less than 2.0GeV/c (1.7GeV/c). If the
ISR photon is detected in the EMC, its momentum vector
is added to that of the ψ(2S)π+π− system in calculat-
ing the missing momentum. For the events for which

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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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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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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non-trivial substructure in π+π−J/ψ

Figure 3 shows the projections of the Mð!þJ=c Þ,
Mð!$J=c Þ, and Mð!þ!$Þ distributions for the signal
events, as well as the background events estimated from
normalized J=c mass sidebands. In the !%J=c mass
spectrum, there is a significant peak at around
3:9 GeV=c2 [referred to as the Zcð3900Þ hereafter]. The
wider peak at low mass is a reflection of the Zcð3900Þ as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the eþe$ and "þ"$

separated samples.
The !þ!$ mass spectrum shows nontrivial structure.

To test the possible effects of dynamics in the !þ!$ mass
spectrum on the !%J=c projection, we develop a parame-
trization for the !þ!$ mass spectrum that includes a
f0ð980Þ, #ð500Þ, and a nonresonant amplitude. An MC
sample generated with this parametrization adequately
describes the !þ!$ spectrum, as shown in Fig. 3, but
does not generate any peaking structure in the !%J=c
projection consistent with the Zcð3900Þ. We have also
tested D-wave !þ!$ amplitudes, which are not apparent
in the data, and they, also, do not generate peaks in the
!%J=c spectrum.

An unbinned maximum likelihood fit is applied to the
distribution of Mmaxð!%J=c Þ, the larger one of the two
mass combinations Mð!þJ=c Þ and Mð!$J=c Þ in each
event. The signal shape is parametrized as an S-wave Breit-
Wigner function convolved with a Gaussian with a mass
resolution fixed at the MC simulated value (4:2 MeV=c2).
The phase space factor p & q is considered in the partial
width, where p is the Zcð3900Þ momentum in the Yð4260Þ
c.m. frame and q is the J=c momentum in the Zcð3900Þ
c.m. frame. The background shape is parametrized as
a=ðx$ 3:6Þb þ cþ dx, where a, b, c, and d are free
parameters and x ¼ Mmaxð!%J=c Þ. The efficiency curve
is considered in the fit and the possible interference
between the signal and background is neglected. Figure 4
shows the fit results; the fit yields a mass of ð3899:0%
3:6Þ MeV=c2, and a width of ð46% 10Þ MeV. The good-
ness of the fit is found to be $2=ndf ¼ 32:6=37 ¼ 0:9.

The number of Zcð3900Þ events is determined to be
N½Zcð3900Þ%) ¼ 307% 48. The production ratio is

calculated to be R ¼ #ðeþe$ ! !%Zcð3900Þ* !
!þ!$J=c Þ=#ðeþe$ ! !þ!$J=c Þ ¼ ð21:5 % 3:3Þ%,
where the efficiency correction has been applied. The
statistical significance is calculated by comparing the fit
likelihoods with and without the signal. Besides the nomi-
nal fit, the fit is also performed by changing the fit range,
the signal shape, or the background shape. In all cases, the
significance is found to be greater than 8#.
Fitting the Mð!þJ=c Þ and Mð!$J=c Þ distributions

separately, one obtains masses, widths, and production
rates of the Zcð3900Þþ and Zcð3900Þ$ that agree with
each other within statistical errors. Dividing the sample
into two different Mð!þ!$Þ regions [below and above
M2ð!þ!$Þ ¼ 0:7 GeV2=c4] allows us to check the
robustness of the Zcð3900Þ signal in the presence of two
different sets of interfering !þ!$J=c amplitudes. In both
samples, the Zcð3900Þ is significant and the observed mass
can shift by as much as 14% 5 MeV=c2 from the nominal
fit, and the width can shift by ð20% 11Þ MeV. We attribute
the systematic shifts in mass and width to interference
between the Zcð3900Þ! and ð!þ!$ÞJ=c amplitudes. In
fitting the !%J=c projection of the Dalitz plot, our analy-
sis averages over the entire !þ!$ spectrum, and our
measurement of the Zcð3900Þ mass, width, and produc-
tion fraction neglects interference with other !þ!$J=c
amplitudes.
The systematic errors for the resonance parameters of

the Zcð3900Þ come from the mass calibration, parametri-
zation of the signal and background shapes, and the mass
resolution. The uncertainty from the mass calibration can
be estimated using the difference between the measured
and known J=c masses (reconstructed from eþe$

and "þ"$) and D0 masses (reconstructed from K$!þ).
The differences are ð1:4% 0:2Þ MeV=c2 and $ð0:7%
0:2Þ MeV=c2, respectively. Since our signal topology has
one low momentum pion, as inD0 decay, and a pair of high
momentum tracks from the J=c decay, we assume these
differences added in quadrature is the systematic error of
the Zcð3900Þ mass measurement due to tracking. Doing a
fit by assuming a P wave between the Zcð3900Þ and the !,
and between the J=c and ! in the Zcð3900Þ system, yields
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FIG. 3 (color online). One dimensional projections of the Mð!þJ=c Þ, Mð!$J=c Þ, and Mð!þ!$Þ invariant mass distributions in
eþe$ ! !þ!$J=c for data in the J=c signal region (dots with error bars), data in the J=c sideband region (shaded histograms), and
MC simulation results from #ð500Þ, f0ð980Þ, and nonresonant !þ!$ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Zcð3900Þ signal with arbitrary normalization.
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non-trivial substructure in π+π−J/ψ

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

Figure 3 shows the projections of the Mð!þJ=c Þ,
Mð!$J=c Þ, and Mð!þ!$Þ distributions for the signal
events, as well as the background events estimated from
normalized J=c mass sidebands. In the !%J=c mass
spectrum, there is a significant peak at around
3:9 GeV=c2 [referred to as the Zcð3900Þ hereafter]. The
wider peak at low mass is a reflection of the Zcð3900Þ as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the eþe$ and "þ"$

separated samples.
The !þ!$ mass spectrum shows nontrivial structure.

To test the possible effects of dynamics in the !þ!$ mass
spectrum on the !%J=c projection, we develop a parame-
trization for the !þ!$ mass spectrum that includes a
f0ð980Þ, #ð500Þ, and a nonresonant amplitude. An MC
sample generated with this parametrization adequately
describes the !þ!$ spectrum, as shown in Fig. 3, but
does not generate any peaking structure in the !%J=c
projection consistent with the Zcð3900Þ. We have also
tested D-wave !þ!$ amplitudes, which are not apparent
in the data, and they, also, do not generate peaks in the
!%J=c spectrum.

An unbinned maximum likelihood fit is applied to the
distribution of Mmaxð!%J=c Þ, the larger one of the two
mass combinations Mð!þJ=c Þ and Mð!$J=c Þ in each
event. The signal shape is parametrized as an S-wave Breit-
Wigner function convolved with a Gaussian with a mass
resolution fixed at the MC simulated value (4:2 MeV=c2).
The phase space factor p & q is considered in the partial
width, where p is the Zcð3900Þ momentum in the Yð4260Þ
c.m. frame and q is the J=c momentum in the Zcð3900Þ
c.m. frame. The background shape is parametrized as
a=ðx$ 3:6Þb þ cþ dx, where a, b, c, and d are free
parameters and x ¼ Mmaxð!%J=c Þ. The efficiency curve
is considered in the fit and the possible interference
between the signal and background is neglected. Figure 4
shows the fit results; the fit yields a mass of ð3899:0%
3:6Þ MeV=c2, and a width of ð46% 10Þ MeV. The good-
ness of the fit is found to be $2=ndf ¼ 32:6=37 ¼ 0:9.

The number of Zcð3900Þ events is determined to be
N½Zcð3900Þ%) ¼ 307% 48. The production ratio is

calculated to be R ¼ #ðeþe$ ! !%Zcð3900Þ* !
!þ!$J=c Þ=#ðeþe$ ! !þ!$J=c Þ ¼ ð21:5 % 3:3Þ%,
where the efficiency correction has been applied. The
statistical significance is calculated by comparing the fit
likelihoods with and without the signal. Besides the nomi-
nal fit, the fit is also performed by changing the fit range,
the signal shape, or the background shape. In all cases, the
significance is found to be greater than 8#.
Fitting the Mð!þJ=c Þ and Mð!$J=c Þ distributions

separately, one obtains masses, widths, and production
rates of the Zcð3900Þþ and Zcð3900Þ$ that agree with
each other within statistical errors. Dividing the sample
into two different Mð!þ!$Þ regions [below and above
M2ð!þ!$Þ ¼ 0:7 GeV2=c4] allows us to check the
robustness of the Zcð3900Þ signal in the presence of two
different sets of interfering !þ!$J=c amplitudes. In both
samples, the Zcð3900Þ is significant and the observed mass
can shift by as much as 14% 5 MeV=c2 from the nominal
fit, and the width can shift by ð20% 11Þ MeV. We attribute
the systematic shifts in mass and width to interference
between the Zcð3900Þ! and ð!þ!$ÞJ=c amplitudes. In
fitting the !%J=c projection of the Dalitz plot, our analy-
sis averages over the entire !þ!$ spectrum, and our
measurement of the Zcð3900Þ mass, width, and produc-
tion fraction neglects interference with other !þ!$J=c
amplitudes.
The systematic errors for the resonance parameters of

the Zcð3900Þ come from the mass calibration, parametri-
zation of the signal and background shapes, and the mass
resolution. The uncertainty from the mass calibration can
be estimated using the difference between the measured
and known J=c masses (reconstructed from eþe$

and "þ"$) and D0 masses (reconstructed from K$!þ).
The differences are ð1:4% 0:2Þ MeV=c2 and $ð0:7%
0:2Þ MeV=c2, respectively. Since our signal topology has
one low momentum pion, as inD0 decay, and a pair of high
momentum tracks from the J=c decay, we assume these
differences added in quadrature is the systematic error of
the Zcð3900Þ mass measurement due to tracking. Doing a
fit by assuming a P wave between the Zcð3900Þ and the !,
and between the J=c and ! in the Zcð3900Þ system, yields
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FIG. 3 (color online). One dimensional projections of the Mð!þJ=c Þ, Mð!$J=c Þ, and Mð!þ!$Þ invariant mass distributions in
eþe$ ! !þ!$J=c for data in the J=c signal region (dots with error bars), data in the J=c sideband region (shaded histograms), and
MC simulation results from #ð500Þ, f0ð980Þ, and nonresonant !þ!$ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Zcð3900Þ signal with arbitrary normalization.
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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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Viewpoint: New Particle Hints at Four-Quark Matter
Eric Swanson, University of Pittsburgh, Pittsburgh, PA 15260, USA
Published June 17, 2013  |  Physics 6, 69 (2013)  |  DOI: 10.1103/Physics.6.69

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

Zc 3900

Zc 3900

466 Zc 3900

Y(4260)



Ryan Mitchell Charmonium and the Role of BESIII
96

IV.  A New Era of Discovery

BESIII Initial Round of Data-taking

(world’s largest sample of 
Y(4260) by ~2×)

(world’s largest sample of 
Y(4360) by ~4×)

4260 (515 pb−1)

4190 (42 pb−1)

4230 (43 pb−1)

4310 (44 pb−1)

4360 (523 pb−1)

4390 (53 pb−1)

4420 (43 pb−1)

Ja
nu

ar
y 

20
13

Fe
br

ua
ry

 2
01

3



Ryan Mitchell Charmonium and the Role of BESIII

IV.  A New Era of Discovery

BESIII Additional Round of Data-taking

4260 (291 pb−1)

4210 (52 pb−1)

4220 (52 pb−1)

4245 (53 pb−1)

BESIII
meeting

4230 (1011 pb−1)

97

M
ar

ch
 2

01
3

A
pr

il 
20

13

M
ay

 2
01

3



Ryan Mitchell Charmonium and the Role of BESIII
98

IV.  A New Era of Discovery

BESIII Additional Round of Data-taking

4260 (291 pb−1)

4210 (52 pb−1)

4220 (52 pb−1)

4245 (53 pb−1)

4230 (1011 pb−1)

3810 (48 pb−1)

3900 (50 pb−1)

4090 (50 pb−1)

A
pr

il 
20

13

M
ay

 2
01

3

Ju
ne

 2
01

3



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)?

!+!"

Z(3900)

Ryan Mitchell Charmonium and the Role of BESIII 99

IV.  A New Era of Discovery

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

arXiv:1309:1896

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.
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FIG. 2: e+e− → π+π−hc (solid dots with error bars) and e+e− → π±Zc(4020)∓ → π+π−hc (open boxes
with error bars) cross sections at different CM energies. The inner error bars are the statistical errors, while
the outer error bars are the quadratic sum of the statistical and systematic errors. The arrows at the two low
energy points are the upper limits of e+e− → π+π−hc cross section at the 90% C.L.

Intermediate states are studied by examining the Dalitz plot of the selected π+π−hc candidate
events. The hc signal is selected using 3.518 < Mγηc < 3.538 GeV/c2 and the sideband using
3.490 < Mγηc < 3.510 GeV/c2 or 3.560 < Mγηc < 3.580 GeV/c2, which is twice as wide as
the signal region. π+π−hc samples of 859 events at 4.23 GeV, 586 events at 4.26 GeV, and 469
events at 4.36 GeV are obtained with purities of 65%. Figure 3 shows the Dalitz plot of the
π+π−hc candidate events summed over all energies. While there are no clear structures in the
π+π− system, there is clear evidence for an exotic charmoniumlike structure in the π±hc system.
Figure 4 shows the projection of the Mπ±hc (two entries per event) distribution for the signal
events, as well as the background events estimated from normalized hc mass sidebands. There is
a significant peak at around 4.02 GeV/c2 (the Zc(4020)), and the wider peak at low masses is the
reflection of the Zc(4020). There are also some events at around 3.9 GeV/c2, which could be the
Zc(3900). The individual data sets at 4.23 GeV, 4.26 GeV and 4.36 GeV show similar structures.
An unbinned maximum likelihood fit is applied to theMπ±hc distribution summed over the 16

ηc decay modes. The data at 4.23 GeV, 4.26 GeV, and 4.36 GeV are fitted simultaneously with
the same signal function with common mass and width. The signal shape is parameterized as a
constant width relativistic Breit-Wigner (BW) function convolved with a Gaussian with a mass
resolution determined from data directly. The phase space factor pq3 is considered in the partial
width, where p is the Zc(4020)momentum in the e+e− CM frame and q is the hc momentum in the
Zc(4020) CM frame. The background shape is parameterized as an ARGUS function [21]. The
efficiency curve is considered in the fit, but possible interferences between the signal and back-
ground are neglected. Figure 5 shows the fit results; the fit yields a mass of (4022.9±0.8) MeV/c2,
and a width of (7.9 ± 2.7)MeV. The goodness-of-fit is found to be χ2/ndf = 27.3/32 = 0.85 by
projecting the events into a histogram with 46 bins. The statistical significance of the Zc(4020)
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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)
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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.

9



)2(GeV/c
ch±!M

3.7 3.8 3.9 4.0 4.1 4.2

 )2
Ev

en
ts

/ (
 0

.0
05

G
eV

/c

0

20

40

60

80

100

120

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.

)2(GeV/c
ch±!M

3.95 4.00 4.05 4.10 4.15 4.20 4.25

)2
Ev

en
ts

/(0
.0

05
 G

eV
/c

0

20

40

60

80

100

120

)2(GeV/c
ch+!M

3.8 3.9 4.0 4.1

)2
Ev

en
ts

/(0
.0

05
 G

eV
/c

0

10

20

30

40

50

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.

9

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)?

!∓

Z(3900)

!±

Z(4020)

Ryan Mitchell Charmonium and the Role of BESIII 104

IV.  A New Era of Discovery

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

arXiv:1309:1896

e+e− → π+π−hc(1P) at BESIII
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The Zc(3900) is close to DD* threshold...
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The Zc(3900) is close to DD* threshold...

4

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∗)2!+1|BWXc(mDD̄∗)|2, where268

k∗ is the Xc momentum in the e+e− rest frame, #269

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 # = 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− → π+D0D*− at BESIII

BESIII Preliminary

... and BESIII sees structure in DD*.

arXiv:1310.1163
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The Zcʹ′(4020) is close to D*D* threshold...
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e+e− → π±(D*D*)∓ at BESIII

... and BESIII sees structure in D*D*.

The Zcʹ′(4020) is close to D*D* threshold...
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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
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One more:  Search for Y(4260) → γX(3872)...
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FIG. 8: M(π+π−J/ψ) mass distributions for J/ψ → µ+µ− mode (left) and e+e− mode (right). Dots with
error bars are data (the sum of all the data samples), green shaded histograms are J/ψ sideband events.
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FIG. 9: Fit the M(π+π−J/ψ) invariant mass distribution for MC simulated ψ(2S) (top left), X(3872)
(top right) events at c.m. energy

√
s = 4.26 GeV, ISR produced ψ(2S) signal events (bottom left), and the

X(3872) signal (bottom right, sum of all data set) from real data.

signal events (by requiring 3.86 < M(π+π−J/ψ) < 3.88 GeV) and normalized sideband back-
ground events (by requiring 3.83 < M(π+π−J/ψ) < 3.86 GeV or 3.88 < M(π+π−J/ψ) <
3.91 GeV), together with MC simulation results assuming pure E1 transition. We can see signal
events excess backgrounds obviously and the E1 photon distributed over the whole detector, which
means the observed X(3872) signal can not be from detector effect, such as EMC hot channel and

10

e+e− → γ(π+π−J/ψ) at BESIII

BESIII Preliminary

⇒ “Observation of the X(3872)”

significance = 5.3σ

N = 15.0 ± 3.9 events

M = 3872.1 ± 0.8 ± 0.3 MeV

Γ consistent with resolution



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)?

!

Z(3900)

Z(4020)

)2) (GeV/c!J/-"+"M(
3.6 3.65 3.7 3.75 3.8 3.85 3.9 3.95 4

 2
Ev

en
ts

 / 
0.

00
4 

G
eV

/c

0

5

10

15

20

25

)2) (GeV/c!J/-"+"M(
3.6 3.65 3.7 3.75 3.8 3.85 3.9 3.95 4

 2
Ev

en
ts

 / 
0.

00
4 

G
eV

/c

0

5

10

15

20

25
data

background

)2) (GeV/c!J/-"+"M(
3.6 3.65 3.7 3.75 3.8 3.85 3.9 3.95 4

 2
Ev

en
ts

 / 
0.

00
4 

G
eV

/c

0

5

10

15

20

25

)2) (GeV/c!J/-"+"M(
3.6 3.65 3.7 3.75 3.8 3.85 3.9 3.95 4

 2
Ev

en
ts

 / 
0.

00
4 

G
eV

/c

0

5

10

15

20

25
data

background

FIG. 8: M(π+π−J/ψ) mass distributions for J/ψ → µ+µ− mode (left) and e+e− mode (right). Dots with
error bars are data (the sum of all the data samples), green shaded histograms are J/ψ sideband events.
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FIG. 9: Fit the M(π+π−J/ψ) invariant mass distribution for MC simulated ψ(2S) (top left), X(3872)
(top right) events at c.m. energy

√
s = 4.26 GeV, ISR produced ψ(2S) signal events (bottom left), and the

X(3872) signal (bottom right, sum of all data set) from real data.

signal events (by requiring 3.86 < M(π+π−J/ψ) < 3.88 GeV) and normalized sideband back-
ground events (by requiring 3.83 < M(π+π−J/ψ) < 3.86 GeV or 3.88 < M(π+π−J/ψ) <
3.91 GeV), together with MC simulation results assuming pure E1 transition. We can see signal
events excess backgrounds obviously and the E1 photon distributed over the whole detector, which
means the observed X(3872) signal can not be from detector effect, such as EMC hot channel and
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TABLE III: Results for cross section measurements at different energy points.
√
s (GeV) σB[e+e− → γX(3872)] · B(X(3872) → π+π−J/ψ) (pb)
4.009 < 0.13 at 90% C.L.
4.230 0.32± 0.15± 0.02

4.260 0.34± 0.12± 0.02

4.360 < 0.39 at 90% C.L.

we do not observe obvious X(3872) signal, we give upper limits N4009
fit (X(3872)) < 1.5 and

N4360
fit (X(3872)) < 5.2 at 90% C.L.
The measured Born cross section for e+e− → γX(3872) product the branching ratio

B(X(3872) → π+π−J/ψ) is σB[e+e− → γX(3872)] · B(X(3872) → π+π−J/ψ) = (0.32 ±
0.15) pb at

√
s = 4.23 and (0.34 ± 0.12) pb at 4.26 GeV, respectively. The upper limits for

σB[e+e− → γX(3872)]·B(X(3872) → π+π−J/ψ) < 0.12 pb at
√
s = 4.009 GeV, and < 0.37 pb

at 4.36 GeV.
Considering the systematic error, the cross section σB[e+e− → γX(3872)] · B(X(3872) →

π+π−J/ψ) is measured to be (0.32± 0.15± 0.02) pb at
√
s = 4.23 GeV, (0.34± 0.12± 0.02) pb

at
√
s = 4.26 GeV, < 0.13 pb at

√
s = 4.009 GeV, < 0.39 pb at

√
s = 4.36 GeV. Here the first

errors are statistical and the second systematic. For upper limits, the efficiency has been lowered
by a factor of (1− σsys). Table III also lists all the cross section measurement results.

VIII. SYSTEMATIC ERROR ESTIMATION

A. Systematic Uncertainty for X(3872) mass measurement

The systematic errors for X(3872) mass measurement include absolute mass scale, fit model
of the X(3872) signal and background shape uncertainty.

The absolute mass scale uncertainty can be estimated through ψ(2S) control sample. As can be
seen in Sec. V, the fit mass of ψ(2S) from data is M = 3686.0 ± 0.1 MeV/c2, which is 0.1 MeV
smaller than PDG [21]. Taking the statistical uncertainty of ψ(2S) mass fit into consideration, we
conservatively estimate the systematic error due to mass scale is 0.2 MeV.

In our mass measurement for X(3872), we use single Gaussian function to parametrization
signal probability-density-function (PDF). We also try to use Breit-Wigner (BW) with free mass
and width convolve Gaussian function (σ = 1.84/1.52 × 2.00 = 2.42 MeV, estimated by MC
simulation) to fit X(3872) signal. The fit yields

M(X(3872)) = 3872.2± 0.8 MeV/c2, Γ(X(3872)) = 0.0+3.5
−0.0 MeV. (4)

We take the difference 0.1 MeV/c2 as systematic error due to fit model.
In the nominal X(3872) mass fit, we use free linear function to parameterize the background.

According to the background study in Sec. V, we try to use the background shape from η′J/ψ,
and the difference was taken as systematic uncertainty due to background shape, i.e. 0.1 MeV.
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The role of BESIII:

We are working on connections!
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Look forward to many new 
results from BESIII!

    Thanks!


