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Abstract: With 5.1 fb™

! of data taken at /s =3.8 — 4.6 GeV, BESIII made a significant contribution to the study

of charmonium—like states, i.e., the XY Z states. In this talk, we review the results of observations of the Z. states,

the X (3872) in ete”
wXes and nJ /.
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1 Introduction

In recent years, charmonium physics gained renewed
strong interest from both theorists and experimentalists,
due to the observation of charmonium-like states [1].
These states do not fit in the conventional charmonium
spectroscopy, and could be exotic states that lie outside
the quark model. Y(4260) was first seen by BaBar as
a peak in the ete™ — 7tn~J/¢ cross section at enter-
of-mass energy of 4.26 GeV [2]. It was subsequently
confirmed by CLEO [3] and Belle [4]. Its production via
the electron and positron annihilation process requires
the quantum numbers of the Y(4260) to be JP¢=1"".
The absence of any apparent corresponding structure in
the cross sections for ete™ — D® D™ (7) [5] indicates
that the Y(4260) is probably not a conventional quarko-
nium state. To study the charmonium(-like) states above
4 GeV, and to establish the relationship between the
charmonium-like states and higher excited charmonium

Received 30 Nov. 2015

X (3872){Eete

R SR (1P Do) AL, B

states, BESIII has collected in total 5.1 fb~' data [6, 7]
during 2013 and 2014 above 3.8 GeV. The results pre-
sented in this talk are based on these data samples.

2 Observation of Z.(3900)

BESIII studied the ete™ — 7t~ J/v¢ process at a
center-of-mass energy of 4.26 GeV using a 525 pb~!
data sample [8]. A structure at around 3.9 GeV/c? was
observed in the 7*Jiy mass spectrum with a statisti-
cal significance larger than 8o, which is referred to as
the Z.(3900). A fit to the 7*.J/+ invariant mass spec-
trum, shown in Fig. 1, neglecting interference, results
in a mass of (3899.0+3.6+4.9) MeV/c* and a width
of (46 £10+£20) MeV. The associated production ra-

o'(e+e*—»7riZ3:*”r+77 J/w)
olete”—ntn—J/¢)

tio was measured to be R =
(21.5+3.3+£7.5)%.
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Fig. 1. Unbinned maximum likelihood fit to the

distribution of the M ax (7ri J/1). Points with er-
ror bars are for data, the curves are the fit results,
the dashed histograms are the phase space distri-
butions and the shaded histograms are the non-
nta~J/y background estimated from the nor-
malized J/v sidebands.

The Z.(3900) state was confirmed shortly after by
Belle [9] and CLEO-c¢ [10] using the initial state ra-
diation (ISR) method. The measured mass and width
agreed very well with the BESIII measurements.

A neutral state Z.(3900)° — 7°J/¢ with a signif-
icance of 10.40 was observed at BESIII in ete” —
m0m0.J /1 with center-of-mass energy ranges from 4.19-
4.42 GeV [11]. The mass and width were measured to
be (3894.8+2.3£3.2) MeV/c? and (29.6+8.248.2) MeV,
respectively. This state is interpreted as the neutral
partner of the Z.(3900)%, as it decays to 7°.J/1 and its
mass is close to that of Z.(3900)%. This is in agreement
with the previously reported 3.50 evidence for Z,(3900)°
in the CLEO-c data [10]. The measured Born cross-
sections of ete™ — w°7w°J /¢ were about half of those for
ete” — wTw~J /¢ measured in the Belle experiment [9),
which is consistent with the isospin symmetry expecta-
tion.

3 Observation of Z.(3885)

With the data sample at /s = 4.26 GeV, BESIII
studied ete™ — 7*(DD*)T. A structure (referred to
as Z.(3885)) was observed in the (DD*)* invariant
mass distribution [12], as seen in Fig. 2. When fit-
ted to a mass-dependent-width Breit-Wigner (BW) func-
tion, the pole mass and width were determined to be
(3883.941.5+4.2) MeV/c? and (24.84+3.3+£11.0) MeV,
respectively. The angular distribution of the Z.(3885)
system favors a J¥ = 1% assignment for the structure
and disfavors 17 or 0~. The production rate was mea-
sured to be o(ete™ — 7T Z,(3885)%) x BF(Z,.(3885)* —
(DD*)*) = (83.5+6.6422.0) pb. The mass and width
of Z.(3885) are 20 and lo, respectively, below those of
Z.(3900), as observed by the BESIII and Belle experi-
ments. However, neither fit considers the possibility of

interference with a coherent non-resonant background,
which could shift the results. A spin-parity quantum
number determination for Z.(3900) would provide an ad-
ditional test of this possibility.
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Fig. 2. Fit to the M(D°D*™) distribution for se-
lected events at /s =4.26 GeV. The curves show
the best fits.

Assuming the Z.(3885) structure is caused by
Z,(3900), we obtain [Z=SS9—DE) 6.2+ 1.1 +
2.7.  This ratio is much smaller than typical val-
ues for decays of conventional charmonium states
above the open charm threshold, e.g., I'()(3770) —
DD)/T(¥(3770) — wtn~J/¢) = 482 + 84 [13] and
T'(14(4040) — D™ D) /T (1(4040) — nJ/v) = 192 +
27 [14]. This suggests very different dynamics in the
Y (4260)-Z.(3900) system.

4 Observation of Z.(4020)

BESIII measured [15] ete™ — 77w~ h, cross-sections
at center-of-mass energies of 3.90—4.42 GeV. Intermedi-
ate states were studied by examining the Dalitz plot of
selected w7~ h. candidate events. The h. signal was
selected using 3.518 < M(yn.) < 3.538 GeV/c?, and
mt7~h, samples of 859 events at 4.23 GeV, 586 events
at 4.26 GeV, and 469 events at 4.36 GeV were obtained
with purities of 65%. Although there are no clear struc-
tures in the 7T~ system, there is clear evidence for
an exotic charmonium-like structure in the 7*h. sys-
tem in the Dalitz plot. Figure 3 shows the projection of
the M(w*h,.) distribution for the signal events, as well
as the background events estimated from normalized h,.
mass sidebands. There is a significant peak at around
4.02 GeV/c* (Z*(4020)), and there are also some events
at around 3.9 GeV/c? (inset of Fig. 3), which could be
Z.(3900). The individual datasets at /s = 4.23, 4.26,
and 4.36 GeV show similar structures.
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Fig. 3. Sum of the simultaneous fits to the
M(nth.) distributions at 4.23, 4.26, and
4.36 GeV in the BESIII data; the inset plot shows
the sum of the simultaneous fit to the M+, dis-
tributions at 4.23 and 4.26 GeV with Z.(3900)
and Z.(4020). Dots with error bars are data;
shaded histograms are normalized sideband back-
ground; the solid curves show the total fit; and
the dotted curves the backgrounds from the fit.

An unbinned maximum likelihood fit was applied to
the M (7*h,.) distribution summed over the 16 7. decay
modes. The data at 4.23, 4.26, and 4.36 GeV were fitted
simultaneously to the same signal function with com-
mon mass and width. Figure 3 shows the fitted results.
The mass and width of Z,(4020) were measured to be
(4022.9+0.8+2.7) MeV/c* and (7.9+2.7+2.6) MeV,
respectively. The statistical significance of the Z.(4020)
signal was found to be greater than 8.9¢.

Adding Z.(3900) with the mass and width fixed to
the BESIIT measurements [8], the fit is improved some-
what. But the statistical significance is only 2.10 (see
the inset of Fig. 3). At the 90% confidence level (C.L.),
the upper limits on the production cross-sections are
set to o(efe” — 7+ ZF(3900) — mfn~h.) < 13 pb at
4.23 GeV and < 11 pb at 4.26 GeV. These are lower
than those of Z.(3900) — w*.J /4 [8].

BESIII also observed ete™ — 7%7%h, at /s = 4.23,
4.26, and 4.36 GeV [16]. The measured Born cross-
sections were about half of those for ete™ — ntm~h,,
which agree with expectations based on isospin symme-
try within systematic uncertainties. A narrow structure
with a mass of (4023.9+2.24+3.8) MeV/c? (in fit, the
width was fixed to that measured in the ete™ — ntn—h,
process [15] due to low statistics) was observed in the
7h, mass spectrum. This structure is most likely the
neutral isospin partner of the charged Z.(4020) observed
in the ete™ — wtaw~h, process [15]. This observation
indicates that there are no anomalously large isospin vi-
olations in wmh, and 7Z.(4020) systems.

5 Observation of Z.(4025)

We studied [17] the ete™ — (D*D*)*7F process at
4.26 GeV using 827 pb~! of data. Based on a partial
reconstruction technique, the Born cross-section was
measured to be (137 £9+15) pb. A structure near
the (D*D*)* threshold in the 7T recoil mass spectrum
was observed in Fig. 4, and this is denoted as Z,.(4025).
The measured mass and width of the structure were
(4026.3 4 2.6 +3.7) MeV/c? and (24.8+5.6+7.7) MeV,
respectively, from the fit with a constant-width BW

function for the signal. The associated production ra-
ti cr(e+f57—>Zci(4025)7rq:—>(D*D*)i7rq:)
10 U(e+e*—>(D*D*)iﬂ'¥)

0.65+0.09+£0.06.
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Fig. 4. Unbinned maximum likelihood ﬁE to the 7T
recoil mass spectrum in ete™ — (D*D*)TxT at
V5 =426 GeV,

Using data at /s = 4.23 and 4.26 GeV, a struc-
ture was observed in the w° recoil mass spectrum in
the efe™ — D**D**(D**D*~)7® process [18]. Assum-
ing that the enhancement is due to a neutral state de-
caying to D*D*, the mass and width of its pole posi-
tion were determined to be (4025.573% £3.1) MeV/c?
and I' = (23.0 £ 6.0 £ 1.0) MeV, respectively. The
Born cross-section o(ete™ — Z,(4025)°7° — (D*°D*° +
D**D*~)7%) was measured to be (61.6 +8.2+9.0) pb
at 4.23 GeV and (43.4+8.04+5.4) pb at 4.26 GeV. The
o(ete™—2.(4025)%7° —(D*D*)0=0)
o(ete™—2Z.(4025)tn— —(D*D*)+n—)
unity at /s =4.26 GeV, which is expected from isospin
symmetry. In addition, Z,(4025)° has a mass and width
that are very close to those of Z.(4025)*, which couples
to (D*D*)*. Therefore, the observed Z,(4025)° state is
a good candidate for the isospin partner of Z.(4025)*.

As the Z.(4025) parameters agree to within 1.5 o
with those of ZF(4020), it is very probable that they
are the same state. As the results for Z.(4025)* are
only from data at 4.26 GeV, extending the analysis to

ratio

is compatible with
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4.23 GeV and 4.36 GeV will probably provide a definite
answer.

6 Observation of Y (4260) — vX (3872)

T T
15
—+- Data
© — Total fit
é 1oL === Background ]
™ L
e |
g 51 4‘ _
> -
M R VNS
g.8 3.85 3.9 3.95
M(m+Jd/y) (GeV/c?)
0.6
—+ data
0.5 — Y(4260)
----- Phase Space
0.4 --- Linear

6B(yX(3872)—yr*nJ/y) (pb)

Fig. 5. Top: fit to the M (w" 7w~ J/+) distribution.
Dots with error bars are data, the curves are the
fit results. Bottom: fit to oP[eTe™ — X (3872)]x
B[X(3872) — wtn~J/y] with a Y (4260) reso-
nance (red solid curve), a linear continuum (blue
dashed curve), or an FEl-transition phase space
term (red dotted-dashed curve). Dots with error
bars are data.

BESIII observed ete™ — yX(3872) — ~yntn—J/4,
with J/v reconstructed through its decays into lepton
pairs (ete™ or putp~) [19]. The M(x*tx~J/¢) dis-
tribution (summed over all energy points), as shown
in Fig. 5 (top), was fitted to extract the mass and
signal yield of X(3872). The ISR 1(25) signal was
used to calibrate the absolute mass scale and to ex-
tract the resolution difference between the data and a
Monte Carlo (MC) simulation. Figure 5 (top) shows
the fitting result: the measured mass of X (3872) was
(3871.94+0.7+0.2) MeV/c?. From a fit with a floating
width, we obtain a width of (0.07§7) MeV, or less than
2.4 MeV at the 90% C.L. The statistical significance of
X (3872) is 6.30.

Table 1. The product of the Born cross sec-
tion oB(ete” — vX(3872)) and B(X(3872) —

atn~J/v) at different energy points. The upper
limits are given at 90% C.L.

V3 (GeV)

olete” —~X]-B—mrJ/v) (pb)

4.009 0.00£0.04£0.01 or <0.11
4.229 0.27+£0.09+£0.02
4.260 0.33+£0.12£0.02
4.360 0.114£0.09£0.01 or <0.36

The Born-order cross-section was measured, and the re-
sults are listed in Table 1. For 4.009 and 4.36 GeV data,
since the X (3872) signal is not significant, upper limits
on the production rates are given at the 90% C.L. The
measured cross-sections at around 4.26 GeV are an order
of magnitude higher than the NRQCD calculation of con-
tinuum production [20], which may suggest the X (3872)
events come from resonance decays.

The energy-dependent cross-sections were fitted with
a Y (4260) resonance (parameters fixed to PDG [13] val-
ues), linear continuum, or El-transition phase space
(oc E?) term. Figure 5 (bottom) shows all the fit-
ting results, which imply that x*/ndf = 0.49/3 (C.L.
= 92%), 5.5/2 (C.L. = 6%), and 8.7/3 (C.L. = 3%) for
a Y'(4260) resonance, linear continuum, and phase space
distribution, respectively. Thus, the Y (4260) resonance
describes the data better than the other two options.
These observations strongly support the existence of the
radiative transition process Y (4260) — vX(3872). The
Y (4260) — X (3872) process could be another previ-
ously unseen decay mode of the Y (4260) resonance.

Combining the above with the ete™ — wtn~Jv
cross-section measurement at /s = 4.26 GeV from BE-
SIII [8], we obtain o®[eTe™ — v X (3872)]- BF[X (3872) —
rtn=J/Y]/oB(ete” — nta=J/¢d) = (5.2£1.9) x 1073,
under the assumption that X(3872) and ntn~J/v
are only produced from Y (4260) decays. If we take
BF[X(3872) — wta~J/Y] = 5% [21], then R =

BF[Y(4260) 1 X(3872)] () |
BF (Y (4260)—nT 7~ J/1) i

7 Observation of ¢ (13D,)

BESIII observed X(3823) in the efe”
7T X (3823) — wtm vy process with a statistical
significance of 6.2¢ in data samples at center-of-mass en-
ergies of /s =4.23, 4.26, 4.36, 4.42, and 4.60 GeV [22].
Figure 6 shows the fitting results to m7 recoil mass
distributions for events in the x. and x. signal re-
gions. The fit yields 19 £5 X (3823) signal events in
the vx.1 mode, with a measured mass of X(3823) of
(3821.7 + 1.3 £ 0.7) MeV/c?, where the first error is
statistical and the second systematic. For the vy..
mode, no significant X (3823) signal was observed, and
an upper limit on its production rate could be deter-
mined. The limited statistics do not allow a measure-

—
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ment of the intrinsic width of X(3823). From a fit
using the BW function (with a floating width) convolved
with Gaussian resolution, it can be determined that
I'[X(3823)] < 16 MeV at the 90% C.L. (including sys-
tematic errors). This measurement agrees well with the
values found by Belle [23]. The production cross-sections
of oB(ete™ — nTr~ X (3823)) - B(X(3823) — ¥Xe1s VXe2)
were also measured at these center-of-mass energies. The
cross-sections of ete™ — w7~ X (3823) were fitted with
the Y'(4360) shape or the 1(4415) shape, with their reso-
nance parameters fixed to the PDG values [13]. Figure 7
shows the fitting results, both the Y (4360) and 1 (4415)
hypotheses are accepted at a 90% C.L.
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Fig. 6. Simultaneous fit to the Mrecoﬂ(w 7 ) dis-

tribution of yyx.1 events (top) and vyx.2 events
(bottom), respectively. Dots with error bars are
data, red solid curves are total fit, dashed blue
curves are background, and the green shaded his-
tograms are J/1¢ mass sideband events.
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Fig. 7. Comparison of the energy-dependent cross
sections of oZ[eTe™ — mr X (3823)]-B(X (3823) —
YXc1) to the Y (4360) and t(4415) line shapes.
Dots with error bars (statistical only) are data.
The red solid (blue dashed) curve shows a fit with
the Y (4360) (¢(4415)) line shape.

The X (3823) resonance is a good candidate for the
¥(13D,) charmonium state. According to potential
models [24], the D-wave charmonium states are expected
to be within a mass range of 3.82 ~ 3.85 GeV. The
1'Dy — X transition is forbidden because of C-parity
conservation, and the amplitude for 13D5 — vy, is ex-
pected to be small [25]. The mass of ¢(13D,) is in the
3.810 ~ 3.840 GeV/c? range predicted by several phe-
nomenological calculations [26]. In this case, the mass
of ¥(1°D,) was above the DD threshold but below the
DD* threshold. Because 1(12D,) — DD violates parity,
¥(13D,) is expected to be narrow, in agreement with
the observation, and 1 (12D,) — vx,; is expected to be
a dominant decay mode [26, 27]. From the cross-section
measurement, we obtain the ratio W < 0.42
at the 90% C.L., which also agrees with expectations for
the 1(13D,) state [27].

8 Observation of e e™ — Wy

Based on data samples collected between /s = 4.21
and 4.42 GeV, the eTe™ — wx.o process was observed
at /s = 4.23 and 4.26 GeV [28]. The Born cross-
sections were measured to be (55.4 £6.0 £5.9) and
(23.7£5.3£3.5) pb, respectively. For other energy points,
no significant signals were found, and upper limits on the
cross-section at the 90% C.L. were determined.

The data reveal a sizable wy.o production at around
4.23 GeV/c*, as predicted in Ref. [29]. By assum-
ing the wy.o signals come from a single resonance, the
[..B(wxe), mass, and width of the resonance are fit-
ted to be (2.7+0.5+0.4) eV, (4230 +8+6) MeV/c?,
and (38 £12+2) MeV, respectively (shown in Fig. 8).
The parameters are not consistent with the lineshape
Y (4260) — wt7w~J/1 cross-section [2]. This suggests

PhiPsil5-5
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that the observed wy,.o signals are unlikely to originate
from Y (4260).
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Fig. 8. Fit to o(eTe”™ — wyxeo) with a resonance
(solid curve), or a phase space term (dot-dashed

curve). Dots with error bars are the dressed cross
sections. The uncertainties are statistical only.

8.1 Measurement of ete™ — nJ /v

Using data samples collected at energies of 3.81—
4.60 GeV, BESIII analyzed eTe™ — nJ/v [30]. Statis-
tically significant 7 signals were observed, and the cor-
responding Born cross-sections were measured. In addi-
tion, a search for the ee™ — n°.J /1) process observed no
significant signals, and upper limits at the 90% C.L. on
the Born cross-section were set.

A comparison of the Born cross-sections o(ete™ —
nJ /1) in this measurement to previous results [14, 31] is
shown in Fig. 9 (top), indicating very good agreement.
The measured Born cross-sections were also compared to
those of ete™ — mtm~J/4¢ obtained from the Belle ex-
periment [9], as shown in Fig. 9 (bottom). Different line
shapes can be observed in these two processes, indicat-
ing that the production mechanism of 7.J/« differs from
that of 7%7~J/¢ in the vicinity of /s = 4.1-4.6 GeV.
This could indicate the existence of a rich spectrum of
the Y states in this energy region with different coupling
strengths to various decay modes.

100 —+ Belle
= 80i —+ BESIII(2012)
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S 60f ﬁt
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Fig. 9. A comparison of the measured Born cross

sections of ete™ — nJ/v to those of the previ-
ous measurements [14, 31] (top), and to those of
ete™ — wTn~J/1 from Belle [9]. In these two
plots, the black square dots and the red star dots
are the results of nJ /v obtained from BESIII. The
blue dots are results of n.J/1 (top) and 77~ J /%
(bottom) from Belle. The errors are statistical
only for Belle’s results, and are final combined
uncertainties for BESIII’s results.

9 Conclusion

With the world’s largest data samples at the center-
of-mass energies of 3.8-4.6 GeV, the BESIII experi-
ment made a significant contribution to the study of the
charmonium(-like) states. BESIII will continue to col-
lect and analyse ete™ data in the energy region of the
putative exotic states of charmonium. Efforts from other
experiments, such as LHCb and PANDA, are important
to enable a systematic understanding of the nature of
the XY Z states.
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