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Recent Results from Hadron Spectroscopy at BESIII
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Summary. — Recent results in the field of hadron spectroscopy from the BESIII
experiment, operated at the Beijing Electron Positron Collider II (BEPCII), are
highlighted. Apart from the worlds largest data samples at center-of-mass energies
corresponding to the J/ψ, ψ′ and ψ(3770) resonances, the BESIII collaboration has
recently recorded various data sets at and around the Y (4260). The latter provide
a unique opportunity to study the nature of the yet unsatisfactory explained
XY Z-states. Furthermore, several observations around the pp threshold in the
light hadron sector are discussed.

PACS 14.40.Rt, 13.25.Gv, 13.66.Bc

1. – Introduction

In recent years, the BESIII collaboration has recorded various data samples from
e+e− collisions in the energy region between 2.0 and 4.6 GeV, which include a scan in
the region between 2.0 and 3.0 GeV, huge data samples at energies corresponding to the
three lightest vector-charmonia (1.3 billion J/ψ decays, 450 Million ψ(2S) decays and
2.9 fb−1 of data at the ψ(3770) mass), as well as multiple data sets at higher energies.
These include about 3 fb−1 of data at an energy of 4.18 GeV, 104 scan points in the
region between 3.85 and 4.59 GeV, which amount to a total of 0.8 fb−1, and a series of
data sets recorded between 3.81 and 4.6 GeV with individual sample sizes varying between
50 pb−1 and 1.1 fb−1 and a total size of more than 4 fb−1 for detailed studies of the XY Z
states [1]. Using these data samples, referred to as XY Z data samples in the following,
new measurements of the exclusive e+e− → π+π−J/ψ, π+π−ψ(2S) and π+π−hc cross
sections were performed, which provide a useful insight into the direct production of
JPC = 1−− Y -states. Radiative and hadronic transitions from these Y -states are then
used to shed light onto the X-, and charged, charmonium-like Z-states. Furthermore, the
J/ψ and ψ(2S) samples provide the possibility to perform high-statistics measurements
in the light hadron sector. Here, a recent analysis of the radiative J/ψ decay into
γradη

′π+π− is presented. A significant distortion of the cross section is observed in
the vicinity of the pp threshold, which might be related to the presence of the so-called
X(1835) state.
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2. – The Y -states - Exclusive Cross Section Measurements

In 2005 the BaBar experiment observed a resonant structure in the invariant J/ψπ+π−

mass at about 4.26 GeV/c2 using the initial state radiation process [2]. The enhancement
was interpreted as a resonance and was called Y (4260). The Belle experiment was able
to confirm the existence of this structure shortly after [3], and both experiments pub-
lished updates of their analyses a few years later, exploiting the full statistics that the
B-factories had recorded by then [4],[5]. In the high-statistics Belle analysis, another state
had to be introduced to properly describe the data, which was called Y (4008). Using the
high statistics XY Z and scan data-sets recorded by BESIII, we were able to perform a
direct measurement of the e+e− cross section into final states including a charmonium
resonance. This new data reveals, that the structure in the π+π−J/ψ final state appears
to be more complicated and cannot be described by a single resonance. However, the de-
viation from the shape of a single resonance appears on the high mass side of the Y (4260)
instead of the low mass side. The structure can be described with two peaks, one with
a mass of 4222.0± 3.1± 1.4 MeV/c2 and a width of 44.1± 4.3± 2.0 MeV and the second
one with a mass of 4320.0± 10.4± 7.0 MeV/c2 and a width of 101.4+23.4

−19.7± 10.2 MeV [6].
When exchanging the J/ψ with a ψ(2S) in this reaction, the measured cross section

shows a very different behaviour: While there is no narrow structure near 4.26 GeV/c2

visible, a resonant behaviour is observed roughly 100 MeV/c2 higher. The latest BESIII

calculated using the KKMC [30] program. To get the correct
ISR photon energy distribution, we use the

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
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s
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where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ is the phase of the amplitude. The
fit has four solutions with equally good fit quality [34] and
identical masses and widths of the resonances (listed in
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
As an alternative description of the data, we use an

exponential [35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
resonance [3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality [34] and
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FIG. 1. Measured cross section σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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fixed to their latest measured values [9]. There are four
solutions with equally good fit quality: χ2=ndf ¼ 14.8=19.
The signal significance of the Yð4260Þ is estimated to be
2.4σ by comparing the likelihood difference when the
Yð4260Þ is included in or excluded from the fit. The fit
results are shown in Fig. 10 and Table III. Since this
significance is marginal, the solutions without Yð4260Þ are
taken as the nominal results.
To compare with our previous measurement [7], the fit to

the πþπ−J=ψ mode alone is performed. The differences can
be explained by the strong correlation between the param-
eters (see Table II). For this mode alone, we also compare
the alternative fit including the Yð4260Þ with the nominal

fit and consistent results with a 2.8σ statistical significance
for the Yð4260Þ signal. The results are discussed further in
Appendix A.
The invariant-mass distributions of the two modes are

combined together. The cross section for eþe− →
πþπ−ψð2SÞ in each πþπ−ψð2SÞ mass bin is calculated
according to

σi ¼
nobsi − nbkgi

Li
P

2
j¼1 εijBj

;

where j identifies the decay mode of ψð2SÞ (j ¼ 1 for the
πþπ−J=ψ mode and j ¼ 2 for the μþμ− mode) and i
indicates the mass bin; nobsi , nbkgi , εij, Li, and Bj are the
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FIG. 10 (color online). The four solutions from the fit to the πþπ−ψð2SÞ invariant-mass spectra with the Yð4260Þ included. The curves
show the best fit and the dashed curves show the contributions from the three Breit-Wigner components.

TABLE II. The correlations between the fit parameters shown in Table I (with the units given there). The numbers
in parentheses are for the second solution.

ΓYð4360Þ B · Γeþe−
Yð4360Þ MYð4660Þ ΓYð4660Þ B · Γeþe−

Yð4660Þ ϕ

MYð4360Þ −0.34 (−0.34) 0.04 (0.04) −0.29 (−0.29) 0.05 (0.05) 0.30 (−0.13) −0.37 (0.36)
ΓYð4360Þ 1.00 0.12 (0.12) −0.08 (−0.08) −0.28 (−0.28) −0.45 (−0.11) −0.08 (−0.10)
B · Γeþe−

Yð4360Þ 1.00 −0.37 (−0.22) −0.32 (0.01) −0.28 (0.03) −0.40 (0.06)
MYð4660Þ 1.00 0.21 (0.21) −0.06 (0.54) 0.86 (−0.76)
ΓYð4660Þ 1.00 0.14 (0.74) 0.25 (−0.44)
B · Γeþe−

Yð4660Þ 1.00 −0.17 (−0.72)

X. L. WANG et al. PHYSICAL REVIEW D 91, 112007 (2015)

112007-8

e+e− → π+π−ψ(2S) using ISR at Belle
PRD 91, 112007 (2015)

• In π+π−ψ(2S), there are clear indications of  
the Y(4360) and Y(4660).

• Significance of the Y(4260) is < 3σ.
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uncertainties between the two modes, according to Ref-317

s. [32, 33]. The comparison of the combined Born cross318

section of e+e− → π+π−ψ(3686) with those from previ-319

ous experimental results is shown in Fig. 2. The obtained320

results are consistent with former experiments, and have321

much improved precision.322
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FIG. 2. The Born cross section of e+e− → π+π−ψ(3686).
The dots (red) are the results obtained in this analysis, the
triangles (green) and squares (blue) are from BELLE and
Babar’s latest updated results, respectively.

Intermediate states in the decay e+e− →323

π+π−ψ(3686) are investigated in data samples that324

have large integrated luminosity. A requirement 3.68325

< M(π+π−J/ψ)(M recoil(π+π−)) < 3.70 GeV/c2 is326

applied to extract the ψ(3686) signal, and the side-327

band regions, 3.63 < M(π+π−J/ψ)(M recol(π+π−)) <328

3.65 GeV/c2 or 3.73 < M(π+π−J/ψ) < 3.75 GeV/c2,329

are used to explore the potential non-ψ(3686) back-330

grounds, where only the left side sideband region is331

used in mode II since a long tail appears on the right332

side of the ψ(3686) signal due to ISR. The non-ψ(3686)333

backgrounds are found to be small, and don’t produce334

peaks in the various distributions.335

With the above selection criteria, the Dalitz plots of336

M2(π+π−) versus M2(π±ψ(3686)) and the correspond-337

ing 1-dimensional projections are shown in Fig. 3 for da-338

ta samples at
√

s = 4.226, 4.258, 4.358 and 4.416 GeV,339

individually, where the plots include the candidates of340

the two ψ(3686) decay modes. For the data at
√

s =341

4.416 GeV, a prominent narrow structure is observed342

around 4030 MeV/c2 on the M(π±ψ(3686)) spectrum.343

The structure is also evident in the corresponding Dalitz344

plot, but there appear to be complications when com-345

paring the different M(π+π−) ranges. For example, in346

the low M(π+π−) region, there are two separate struc-347

tures, presumably corresponding to a physical structure348

and its kinematic reflection. But in the high M(π+π−)349

region, only one structure is observed. For the data350

at
√

s = 4.358 GeV, there is no obvious structure ob-351

served in the M(π±ψ(3686)) spectrum, but a cluster of352

events appear in the low M(π+π−) region on the cor-353

responding Dalitz plot. It is worth noting that, at this354

c.m. energy, a physical structure with a mass of 4030355

MeV/c2 in the M(π±ψ(3686)) spectrum has a reflec-356

tion at the same mass position. For the data at
√

s =357

4.258 GeV, there are two bumps with masses 3900 and358

4030 MeV/c2 observed in both the Dalitz plot and in the359

M(π±ψ(3686)) spectrum. It is interesting to note that360

for data at
√

s = 4.258 GeV, the bumps with masses361

3900 and 4030 MeV/c2 in the M(π±ψ(3686)) spectrum362

are kinematic reflections of each other. For the data at363 √
s = 4.226 GeV, no structure is observed, as in the data364

at
√

s = 4.258 GeV, but the most interesting feature of365

the data is that the M(π+π−) distribution is complete-366

ly different from that predicted by either intermediate367

states or the Jpipi MC model of e+e− → π+π−ψ(3686).368

To characterize the structure observed on the
M(π±ψ(3686)) spectrum for data at

√
s = 4.416 GeV,

an unbinned maximum likelihood fit is carried out on the
Dalitz plot of M2(π+ψ(3686)) versus M2(π−ψ(3686))
(denoted as x and y in formula 2). In the fit, an interme-
diate state with spin parity 1+ is introduced. The PDF of
the intermediate state is described with an S-wave Breit-
Wigner function without considering interference among
the charged conjugate modes,

p · q

(M2
R − x)2 + M2

R · Γ2
+

p · q

(M2
R − y)2 + M2

R · Γ2
, (2)

where p (q) is the ψ(3686) (intermediate state) momen-369

tum in the π±ψ(3686) (initial e+e−) rest frame, and MR370

and Γ are the mass and width of intermediate state. The371

2-dimensional mass resolution and the detection efficien-372

cy, extracted from MC simulation, are incorporated for373

the PDF of intermediate states in the fit. The PDF of374

the direct process e+e− → π+π−ψ(3686) is from a MC-375

simulated shape with the Jpipi model, and that of non-376

ψ(3686) background is described with the distribution of377

events in the ψ(3686) sideband region. A simultaneous378

fit constraining the mass and width of intermediate state379

is carried out by minimizing the product of the likelihood380

values of the two ψ(3686) decay modes. The fit process381

is validated by the MC samples. The fitted data, mass382

resolution, detection efficiency, as well as the Dalitz plots383

of background are provided in the Supplemental Materi-384

al [27].385

The fit yields a mass of M = 4032.1±2.4 MeV/c2 and386

a width of Γ = 26.1 ± 5.3 MeV for the intermediate s-387

tate with a significance of 9.2σ, evaluated by comparing388

the likelihood values with or without the intermediate389

states included. The fit projections on M2(π±ψ(3686))390

and M2(π+π−) for data at
√

s = 4.416 GeV are shown391

in Fig. 3. It can be seen that the overall fit curve does392

not match the data around the peaking structure on the393

M(π±ψ(3686)) spectrum, and the corresponding confi-394

dence level (C.L.) of the fit is only 8%, estimated by395

toy-MC tests. The alternative fits with different assump-396

tion of intermediate state’s spin-parity, including the in-397

terference among the charge conjugated modes, includ-398

ing the contribution of Zc(3900)± are explored, and the399

fit qualities are not improved significantly. As shown400

in the Dalitz plot, the behavior of the structure is very401

different between the data within the high M(π+π−)402

region and that within the low M(π+π−) region. A403

e+e− → π+π−ψ(2S) at BESIII (direct)
BESIII Preliminary (NEW!)

• BESIII confirms the lineshape for the Y(4360).
• More data will be taken soon to thoroughly  

study the region between 4.2 and 4.3 GeV.
• An analysis of the π±ψ(2S) substructure will 

be released soon.

BESIII Preliminary

M(π+π−ψ(2S))  (GeV/c2)

the geometric description of the BESIII detector and the
detector response. For the signal process, we use an MC
sample for eþe− → πþπ−hc process generated according
to phase space. ISR is simulated with KKMC [26] with a
maximum energy for the ISR photon corresponding to the
πþπ−hc mass threshold.
We select signal candidates with the same method as that

described in Ref. [17]. Figure 1 shows the scatter plot of
the invariant mass of the ηc candidate vs the one of the hc
candidate and the invariant mass distribution of γηc in the
ηc signal region for the data sample at

ffiffiffi
s

p
¼ 4.416 GeV.

A clear hc → γηc signal is observed. The ηc signal region is
defined by a mass window around the nominal ηc mass [3],
which is within #50 MeV=c2 with efficiency about 84%
(#45 MeV=c2 with efficiency about 80%) from MC
simulation for final states with only charged or K0

S particles
(for those including π0 or η).
We determine the number of πþπ−hc signal events (nobshc

)
from the γηc invariant mass distribution. For the XYZ data
sample, the γηc mass spectrum is fitted with the MC
simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data
and MC simulation, together with a linear background.
The fit to the data sample at

ffiffiffi
s

p
¼ 4.416 GeV is shown in

Fig. 1. The tail on the high mass side is due to events with
ISR (ISR photon undetected); this is simulated with KKMC

in MC simulation, and its fraction is fixed in the fit. For
the data samples with large statistics (

ffiffiffi
s

p
¼ 4.226, 4.258,

4.358, and 4.416 GeV), the fit is applied to the 16 ηc decay
modes simultaneously with the number of signal events
in each decay mode constrained by the corresponding
branching fraction [27]. For the data samples at the other
energy points, we fit the mass spectrum summed over all ηc
decay modes. For the R-scan data sample, the number of
signal events is calculated by counting the entries in the hc

signal region ½3.515; 3.535% GeV=c2 (nsig) and the entries
in the hc sideband regions ½3.475; 3.495% GeV=c2 and
½3.555; 3.575% GeV=c2 (nside) using the formula nobshc

¼
nsig − fnside. Here, the scale factor f ¼ 0.5 is the ratio
of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in
the region of interest.
The Born cross section is calculated from

σB ¼
nobshc

Lð1þ δÞj1þ Πj2B1

P
16
i¼1 ϵiB2ðiÞ

;

where nobshc
is the number of observed signal events, L is the

integrated luminosity, (1þ δ) is the ISR correction factor,
j1þ Πj2 is the correction factor for vacuum polarization
[28], B1 is the branching fraction of hc → γηc [3], ϵi and
B2ðiÞ are the detection efficiency and branching fraction
for the ith ηc decay mode [27], respectively. The ISR
correction factor is obtained using the QED calculation as
described in Ref. [29] and taking the formula used to fit the
cross section measured in this analysis after two iterations
as input. The Born cross sections are summarized in the
Supplemental Material [19] together with all numbers used
in the calculation of the Born cross sections. The dressed
cross sections (including vacuum polarization effects) are
shown in Fig. 2 with dots and squares for the R-scan and
XYZ data sample, respectively. The cross sections are of the
same order of magnitude as those of the eþe− → πþπ−J=ψ
and eþe− → πþπ−ψð2SÞ [4–12], but follow a different line
shape. The cross section drops in the high energy region,
but more slowly than for the eþe− → πþπ−J=ψ process.
Systematic uncertainties in the cross section measure-

ment mainly come from the luminosity measurement, the
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FIG. 1. The Mγηc distribution in the ηc signal region of
4.416 GeV data. Points with error bars are the data and the
curves are the best fit described in the text. The inset is the scatter
plot of the mass of the ηc candidate Mηc vs the mass of the hc
candidate Mγηc for the same data sample.
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Fig. 1. – e+e− → π+π−J/ψ cross section for BESIII high statistics XY Z data sets (top left)
and a larger number of low statistics data sets (top right) [6]. The bottom row plots show the
e+e− → π+π−ψ(2S) (left) and e+e− → π+π−hc (right) [7] cross section measurements. The red
data points represent the high statistics XY Z data samples, while the black points correspond
to the scan data points.
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data for this reaction is in very good agreement with previous observations by BaBar
and Belle (see Figure 1 bottom left) and the observed structure is usually interpreted
as the Y (4360). Finally, the reaction involving an hc resonance in the final state was
studied. A picture similar to the π+π−J/ψ channel seems to emerge: The observed cross
section shows a much more complex behavior than previously expected. Again, it can
be parameterized using two structures instead of one, whereas the lower one has a mass
of 4218.4± 4.0± 0.9 MeV/c2 and a width of 66.0± 9.0± 0.4 MeV, while the higher one is
located at a mass of 4391.6±6.3±1.0 MeV/c2 and has a width of 139.5±16.1±0.6 MeV
[7]. The cross section is displayed in the bottom right plot of Figure 1.

3. – The X-states

The first discovered and probably best-studied of the XY Z states is the X(3872). It is
a narrow state, that was discovered in 2003 by the Belle experiment in the reaction B →
KX(3872)→ K(π+π−J/ψ) [9]. This state was confirmed in other production and decay
modes and its quantum numbers have been determined to be JPC = 1++ [10], however
its nature is still controversially discussed. Using the high statistics data sets recorded at√
s = 4009, 4229, 4260 and 4360 MeV, BESIII recently observed the X(3872) for the first

time in the process e+e− → γ(π+π−J/ψ), with a significance of 6.3σ (see Figure 2 left)
[8]. The resonance parameters were measured to be M = (3871.9 ± 0.7 ± 0.2) MeV/c2

and Γ < 2.4 MeV (90% CL), which is in good agreement with the Belle results. Apart
from the observation, BESIII studied the energy dependent e+e− → γX(3872) cross
section, which gives a strong hint towards a possible production of the X(3872) through
the decay of a Y -state around 4.2 – 4.3 GeV, as can be seen in Figure 2. However, more
data is needed to make a clear statement.

Another very interesting state in the same mass region is the so-called X(3823),
which was also first observed by Belle in 2013 [11]. Belle observed this state in the
process B → KX(3823)→ Kχc1γ with a significance of 3.8σ. A particularly interesting
feature of this narrow resonance is, that its mass is consistent with expectations from
potential model predictions for the yet unobserved ψ2(13D2) conventional charmonium
state. With the BESIII data sets the existence of the X(3823) could be confirmed.
Based on the samples recorded at center-of-mass energies of 4229, 4260, 4360, 4420 and
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The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.
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BESIII sees clear evidence for e+e− → γX(3872).

The X(3872) (JPC = 1++) is the first-discovered and best-studied of the XYZ states.
It was discovered in 2003 by Belle in B → K(π+π−J/ψ) (PRL 91, 262001 (2003))

measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)
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FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.

PRL 112, 092001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

7 MARCH 2014

092001-5

e+e− → γ(π+π−J/ψ) at BESIII
PRL 112, 092001 (2014)

The cross section shape for e+e− → γX(3872) hints  
that it may proceed through a Y, but more data is needed.

Radiative transitions provide another route to access the XYZ.
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The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.
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The X(3872) (JPC = 1++) is the first-discovered and best-studied of the XYZ states.
It was discovered in 2003 by Belle in B → K(π+π−J/ψ) (PRL 91, 262001 (2003))

measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5

 (GeV)cmE
4 4.1 4.2 4.3 4.4 4.5

) 
(p

b)
ψ

J/- π+
→

γπ
X

(3
87

2)
γ(

B σ

0

0.1

0.2

0.3

0.4

0.5

0.6
data
Y(4260)
Phase Space
Linear
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e+e− → γ(π+π−J/ψ) at BESIII
PRL 112, 092001 (2014)

The cross section shape for e+e− → γX(3872) hints  
that it may proceed through a Y, but more data is needed.

Radiative transitions provide another route to access the XYZ.

Fig. 2. – First observation of the X(3872) in e+e− → γX(3872) → γ(π+π−J/ψ) (left) and
energy dependent cross section of the process e+e− → γX(3872) [8]



4 M. ALBRECHT ON BEHALF OF THE BESIII COLLABORATION

4600 MeV, a signal of the X(3823) was observed with a significance of 6.2σ in the process
e+e− → π+π−X(3823) → π+π−χc1γ [12]. As for the previously presented study of the
X(3872), also here the energy dependent cross section was extracted. Again, the shape
hints towards a production of the X(3823) state through the decay of a resonance with
a mass of roughly 4.4 GeV/c2. However, fits to this energy dependent cross section with
different parameterizations do not allow to distinguish between the Y (4360) and the
ψ(4415) (see Figure 3). The bottom left plot in Figure 3 shows the scattering angle of
the X(3823) as extracted from data (black points), overlayed with expectations for D−
and S−wave from Monte-Carlo simulations. Given the current statistics, the data is
consistent with both hypotheses and more data is needed to determine the properties of
the X(3823).

an upper limit on its production rate (Table I). The limited
statistics preclude a measurement of the intrinsic width of
Xð3823Þ state. From a fit using a Breit-Wigner function
(with a width parameter that is allowed to float) convolved
with Gaussian resolution, we determine Γ½Xð3823Þ$ <
16 MeV at the 90% confidence level (C.L.) (including
systematic errors).
The Xð3823Þ is a candidate for the ψ2 charmonium state

with JPC ¼ 2−− [13]. In the eþe− → πþπ−ψ2 process, the
πþπ− system is very likely to be dominated by an S wave.
Thus, a D wave between the πþπ− system and ψ2 is
expected, with an angular distribution of 1þ cos2 θ for ψ2

in the eþe− c:m: frame. Figure 3(a) shows the angular
distribution (cos θ) of Xð3823Þ signal events selected by
requiring 3.82 < Mrecoilðπþπ−Þ < 3.83 GeV=c2. The
inset shows the corresponding Mðπþπ−Þ invariant mass
distribution per 20 MeV=c2 bin. A Kolmogorov [23]
test to the angular distribution gives the Kolmogorov
statistic DD

14;obs ¼ 0.217 for the D-wave hypothesis and
DS

14;obs ¼ 0.182 for the S-wave hypotheses. Because of
limited statistics, both hypotheses can be accepted
(DD

14;obs; D
S
14;obs < D14;0.1 ¼ 0.314) at the 90% C.L.

The product of the Born-order cross section and the
branching ratio of Xð3823Þ → γχc1;c2 is calculated
using σB½eþe− → πþπ−Xð3823Þ$B½Xð3823Þ → γχc1;c2$ ¼
Nobs

c1;c2=½Lintð1þ δÞð1=j1 − Πj2ÞϵBc1;c2$, where Nobs
c1;c2 is

the number of Xð3823Þ → γχc1;c2 signal events obtained

from a fit to the Mrecoilðπþπ−Þ distribution, Lint is the
integrated luminosity, ϵ is the detection efficiency, Bc1;c2
is the branching fraction of χc1;c2 → γJ=ψ → γlþl−, and
(1þ δ) is the radiative correction factor, which depends on
the line shape of eþe− → πþπ−Xð3823Þ. Since we observe
large cross sections at

ffiffiffi
s

p
¼ 4.360 and 4.420 GeV, we

assume the eþe− → πþπ−Xð3823Þ cross section follows
that of eþe− → πþπ−ψ 0 over the full energy range of interest
and use the eþe− → πþπ−ψ 0 line shape from published
results [19] as input in the calculation of the efficiency
and radiative correction factor. The vacuum polarization
factor ð1=j1 − Πj2Þ is calculated from QED with 0.5%
uncertainty [24]. The results of these measurements
for the data sets with large luminosities at

ffiffiffi
s

p
¼ 4.230,

4.260, 4.360, 4.420, and 4.600 GeV are listed in Table I.
Since at each single energy the Xð3823Þ signal is not very
significant, upper limits for production cross sections
at the 90% C.L. based on the Bayesian method are given
[systematic effects are included by convolving the Xð3823Þ
signal events yield (nyield) dependent likelihood curves
with a Gaussian with mean value zero and standard
deviation nyieldσsys, where σsys is the systematic uncertainty
of the efficiencies]. The corresponding production ratio of
Rψ 0 ¼ fσB½eþe− → πþπ−Xð3823Þ$B½Xð3823Þ → γχc1$g=
fσB½eþe− → πþπ−ψ 0$B½ψ 0 → γχc1$g is also calculated atffiffiffi
s

p
¼ 4.360 and 4.420 GeV.

We fit the energy-dependent cross sections of eþe− →
πþπ−Xð3823Þ with the Yð4360Þ shape or the ψð4415Þ
shape with their resonance parameters fixed to the Particle
Data Group (PDG) values [2]. Figure 3(b) shows the fit
results, which giveDH1

5;obs ¼ 0.151 for the Yð4360Þ hypoth-
esis (H1) and DH2

5;obs ¼ 0.169 for the ψð4415Þ hypothesis
(H2), based on the Kolmogorov test. Thus, we accept
both the Yð4360Þ and the ψð4415Þ hypotheses (DH1

5;obs;
DH2

5;obs < D5;0.1 ¼ 0.509) at the 90% C.L.
The systematic uncertainties in the Xð3823Þ mass

measurement include those from the absolute mass scale,
resolution, the parameterization of the Xð3823Þ signal, and
the background shape. Since we use the ψ 0 signal to
calibrate the fit, we conservatively take the uncertainty
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FIG. 2 (color online). Simultaneous fit to the Mrecoilðπþπ−Þ
distribution of γχc1 events (left) and γχc2 events (right), respec-
tively. Dots with error bars are data, red solid curves are total fit,
dashed blue curves are background, and the green shaded
histograms are J=ψ mass sideband events.

TABLE I. Number of observed events (Nobs), integrated luminosities (L) [15], detection efficiency (ϵ) for the Xð3823Þ → γχc1 mode,
radiative correction factor (1þ δ), vacuum polarization factor (1=j1 − Πj2), measured Born cross section σB½eþe− → πþπ−Xð3823Þ$
times B1½Xð3823Þ → γχc1$ (σBXB1) and B2½Xð3823Þ → γχc2$ (σBXB2), and measured Born cross section σBðeþe− → πþπ−ψ 0Þ (σBψ 0 ) at
different energies. Other data sets with lower luminosity are not listed. The numbers in the brackets correspond to the upper limit
measurements at the 90% C.L. The relative ratio Rψ 0 ¼ fσB½eþe− → πþπ−Xð3823Þ$BðXð3823Þ → γχc1Þg=fσB½eþe− →
πþπ−ψ 0$Bðψ 0 → γχc1Þg is also calculated. The first errors are statistical, and the second systematic.

ffiffiffi
s

p
(GeV) L (pb−1) Nobs ϵ 1þ δ 1=j1 − Πj2 σBX · B1 (pb) σBX · B2 (pb) σBψ 0 (pb) Rψ 0

4.230 1092 0.7þ1.4
−0.7 ð<3.8Þ 0.168 0.755 1.056 0.12þ0.24

−0.12 ' 0.02 ð<0.64Þ ( ( ( 34.1' 8.1' 4.7 ( ( (
4.260 826 1.1þ1.8

−1.2 ð<4.6Þ 0.178 0.751 1.054 0.23þ0.38
−0.24 ' 0.04 ð<0.98Þ ( ( ( 25.9' 8.1' 3.6 ( ( (

4.360 540 3.9þ2.3
−1.7 ð<8.2Þ 0.196 0.795 1.051 1.10þ0.64

−0.47 ' 0.15 ð<2.27Þ ð<1.92Þ 58.6' 14.2' 8.1 0.20þ0.13
−0.10

4.420 1074 7.5þ3.6
−2.8 ð<13.4Þ 0.145 0.967 1.053 1.23þ0.59

−0.46 ' 0.17 ð<2.19Þ ð<0.54Þ 33.4' 7.8' 4.6 0.39þ0.21
−0.17

4.600 567 1.9þ1.8
−1.1 ð<5.4Þ 0.157 1.075 1.055 0.47þ0.44

−0.27 ' 0.07 ð<1.32Þ ( ( ( 10.4þ6.4
−4.7 ' 1.5 ( ( (
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of 0.6 MeV=c2 in the calibration procedure as the system-
atic uncertainty due to the mass scale. The resolution
difference between the data and MC simulation is also
estimated by the ψ 0 signal. Varying the resolution parameter
by!1σ, the mass difference in the fit is 0.2 MeV=c2, which
is taken as the systematic uncertainty from resolution. In
the Xð3823Þ mass fit, a MC-simulated histogram with the
width of Xð3823Þ state set to zero is used to parameterize
the signal shape. We replace this histogram with a simu-
lated Xð3823Þ resonance with a width of 1.7 MeV [13] and
repeat the fit; the change in the mass for this fit,
0.2 MeV=c2, is taken as the systematic uncertainty due
to the signal parameterization. Likewise, changes measured
with a background shape from MC-simulated ðη0=γωÞJ=ψ
events or a second-order polynomial indicate a systematic
uncertainty associated with the background shape of
0.2 MeV=c2 in mass. Assuming that all the sources are
independent, the total systematic uncertainty is calculated
by adding the individual uncertainties in quadrature,
resulting in 0.7 MeV=c2 for the Xð3823Þ mass measure-
ment. For the Xð3823Þ width, we measure the upper limits
with the above systematic checks, and report the most
conservative one.
The systematic uncertainties in the cross section meas-

urement mainly come from efficiencies, signal parameter-
ization, background shape, decay model, radiative
correction, and luminosity measurement. The luminosity
is measured using Bhabha events, with an uncertainty of
1.0%. The uncertainty in the tracking efficiency for high
momentum leptons is 1.0% per track. Pions have momenta
that range from 0.1 to 0.6 GeV=c, and the momentum-
weighted uncertainty is 1.0% per track. In this analysis, the
radiative transition photons have energies from 0.3 to
0.5 GeV. Studies with a sample of J=ψ → ρπ events show
that the uncertainty in the reconstruction efficiency for
photons in this energy range is less than 1.0%.
The same sources of signal parameterization and back-

ground shape as discussed in the systematic uncertainty of

Xð3823Þ mass measurement would contribute 4.0% and
8.8% differences in Xð3823Þ signal events yields, which are
taken as systematic uncertainties in the cross section
measurement. Since the Xð3823Þ is a candidate for the
ψ2 charmonium state, we try to model the eþe− →
πþπ−Xð3823Þ process with aDwave in theMC simulation.
The efficiency difference between the D-wave model and
three-body phase space is 3.8%, which is quoted as the
systematic uncertainty for the decay model. The eþe− →
πþπ−Xð3823Þ line shape affects the radiative correction
factor and detection efficiency. The radiator function is
calculated from QED with 0.5% precision [25]. As dis-
cussed above, both Yð4360Þ line shapes [19,26] and the
ψð4415Þ line shape describe the cross section of eþe− →
πþπ−Xð3823Þ reasonably well. We take the difference for
ð1þ δÞϵ between Yð4360Þ line shapes and the ψð4415Þ line
shape as its systematic uncertainty, which is 6.5%.
Since the event topology in this analysis is quite similar

to eþe− → γπþπ−J=ψ [10], we use the same systematic
uncertainties for the kinematic fit (1.5%) and the J=ψ mass
window (1.6%). The uncertainties on the branching ratios
for χc1;c2 → γJ=ψ (3.6%) and J=ψ → lþl− (0.6%) are
taken from the PDG [2]. The uncertainty fromMC statistics
is 0.3%. The efficiencies for other selection criteria, the
trigger simulation [27], the event-start-time determination,
and the final-state-radiation simulation are very high
(>99%), and their systematic uncertainties are estimated
to be less than 1%.
Assuming that all the systematic uncertainty sources are

independent, we add all of them in quadrature. The total
systematic uncertainty in the cross section measurements is
estimated to be 13.8%.
In summary, we observe a narrow resonance, Xð3823Þ,

through the process eþe− → πþπ−Xð3823Þwith a statistical
significance of 6.2σ. The measured mass of the Xð3823Þ
state is ð3821.7! 1.3! 0.7Þ MeV=c2, where the first error
is statistical and the second systematic, and the width is less
than 16 MeV at the 90% C.L. Our measurement agrees
well with the values found by the Belle Collaboration
[13]. The production cross sections of σB½eþe− →
πþπ−Xð3823Þ&B½Xð3823Þ → γχc1; γχc2& are also measured
at

ffiffiffi
s

p
¼ 4.230, 4.260, 4.360, 4.420, and 4.600 GeV.

The Xð3823Þ resonance is a good candidate for the
ψð1 3D2Þ charmonium state. According to potential models
[1], the D-wave charmonium states are expected to be
within a mass range of 3.82 to 3.85 GeV. Among these, the
1 1D2 → γχc1 transition is forbidden due to C-parity con-
servation, and the amplitude for 1 3D3 → γχc1 is expected
to be small [28]. The mass of ψð1 3D2Þ is in the
3.810–3.840 GeV=c2 range that is expected for several
phenomenological calculations [29]. In this case, the mass
of ψð1 3D2Þ is above the DD̄ threshold but below the DD̄(

threshold. Since ψð1 3D2Þ → DD̄ violates parity, the
ψð1 3D2Þ state is expected to be narrow, in agreement
with our observation, and ψð1 3D2Þ → γχc1 is expected to
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FIG. 3 (color online). (a) The Xð3823Þ scattering angle
distribution for Xð3823Þ signal events, the inset shows the
corresponding Mðπþπ−Þ invariant mass distribution per
20 MeV=c2 bin; and (b) fit to the energy-dependent cross
section of σB½eþe− → πþπ−Xð3823Þ&B½Xð3823Þ → γχc1& with
the Yð4360Þ (red solid curve) and the ψð4415Þ (blue dashed
curve) line shapes. Dots with error bars are data. The red
solid (blue dashed) histogram in (a) is MC simulation with a
D wave (S wave).
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Fig. 3. – Top row: ππ-recoil mass spectra for the final states π+π−χc1γ (left) and π+π−χc2γ
(right). A clear signal of the X(3823) is observed in the χc1 channel. Bottom row: Scattering
angle of the (X3823) together with MC-expectations for S- and D-wave (left) and energy de-
pendent e+e− → π+π−X(3823) cross section (right). Two fits corresponding to the Y (4360)
(red) and the ψ(4415) (blue) were performed. [12]
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4. – The Z-states

In 2013, BESIII discovered a resonant structure in the J/ψπ± invariant mass in
the process e+e− → π+π−J/ψ at

√
s = 4.26 GeV with a significance of more than 8σ

[13]. Since this resonance is charged, and it obviously decays into cc, it must contain four
quarks. The resonance is located very close to the DD∗-threshold and has been confirmed
by Belle [5] and CLEOc [14] shortly after its first observation at BESIII. Therefore, this
is the first four-quark state, that has been observed by more than one experiment. After
this discovery, we present an updated analysis based on 1.92 fb−1 of data recorded at√
s = 4.23 and 4.26 GeV with the aim to determine the JP quantum numbers of the

Zc(3900)± using a partial wave analysis. The partial wave fit contains several resonances
to describe the scalar (ππ)S-wave component, the Z±c resonance in the J/ψπ± system
as well as a non-resonant π+π−J/ψ component. As for the scalar resonances in the ππ
system, the σ0, f0(980), f2(1270) and the f0(1370) were included. For the JP quantum-
number assignment of the Z±c state, the possibilities 0−, 1−, 1+, 2− and 2+ are tested
and this resonance is also parameterized using a Flatté line shape. The projections of
the fit and its individual components to the ππ and J/ψπ± invariant mass are displayed
in Figure 4 for both data sets that were used.

9 

• Fit results with Zc(1+) 

Fig. 4. – Projection of the best PWA fit and its individual components to the π+π− (left) and
J/ψπ± (right) invariant mass distributions. The upper row shows the plots for data taken at√
s = 4.23 GeV, while the lower represents the data taken at

√
s = 4.26 GeV (PRELIMINARY).
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The use of the Flatté line shape allows to account for the coupling of the Z±c to the
DD∗ channel. The ratio of the coupling constants for the J/ψπ± and the DD∗ channels
is taken from the BESIII measurement [15]. The preliminary result of this study is, that
an assignment of JP = 1+ for the Z±c resonance is preferred over other quantum number
assignments with a statistical significance of > 7.3σ. Furthermore, the pole mass and
width of the Z±c are M = (3887.0± 0.8± 10.0) MeV/c2 and Γ = (45.2± 4.8± 16.8) MeV,
respectively, when using a Flatté line shape parameterization.

5. – The X(1835) - Structures at and around the pp threshold

The huge data samples recorded by BESIII at the mass of the J/ψ and ψ(2S) allow
for detailed studies of exclusively reconstructed subsamples of various different channels
involving resonances decaying into light hadrons. Also in this field, several peculiari-
ties have been observed and the BESIII analyses, past and ongoing, provide valuable
input for the interpretation and the understanding of the observed phenomena. One
such phenomenon is the observation of structures (peaks and dips) in cross sections and
anomalous line shapes in the vicinity of the pp threshold in various different channels.

The BESII experiment first observed a strong enhancement at the pp threshold in the
reaction J/ψ → γpp [16], which was later confirmed by BESIII [17] as well as CLEO [18]
in ψ(2S) decays. This structure, which was called X(pp) throughout the literature, was
then attested to have a spin-parity of JP = 0− by BESIII [19].

Apart from this enhancement in the channels containing an antiproton-proton pair,
a number of structures were observed in various different channels, mostly - but not
exclusively - from radiative J/ψ decays. Also here, the BESII experiment was the first
to observe a peaking structure in the J/ψ → γη′π+π− channel [20], which was named
X(1835) and confirmed by BESIII in the same channel [21]. Furthermore, similar struc-
tures and enhancements were observed in J/ψ → γK0

SK
0
Sη [22], J/ψ → ωηπ+π− [23],

J/ψ → γωφ [24] and J/ψ → γ3(π+π−) [25]. The multitude of these findings led to
a number of possible explanations by theorists, several of which also present the pos-
sibility, that the pp threshold-enhancement and the structures found in other channels
are originating from the same source. If a significant coupling of a resonance located
at ∼ 1830 MeV/c2 to pp is given, then this should be visible as a dip in the measured
intensity of the channel under study. This drop would be expected exactly at the position
of the pp threshold and is caused by the intensity that is leaking to the newly opened pp
decay channel of the resonance. Therefore, the line shape of the η′π+π− invariant mass
in the process J/ψ → γη′π+π− was studied at BESIII with high statistics.

A sudden drop of the intensity in the η′π+π− invariant mass is indeed observed and
different models were fitted to the data in order to properly describe the distorted line
shape [26]. Two fit models delivered very similar overall fit qualities, so that they are
both presented as possible solutions. In the first scenario, displayed in Figure 4 left, the
shape is described with a single resonance, the X(1835), which is parameterized using a
Flatté formula. A significant coupling to the pp channel is needed, in order to obtain a
good fit with this model. For the second fit model, shown in the right plot of Figure 4,
the line shape was instead parameterized with two heavily interfering resonances. While
the lower lying resonance needs to have a large width on the order of 250 MeV, the second
one is situated right at the pp threshold and is extremely narrow (Γ ≈ 13 MeV).

Although it is not possible with current statistics to distinguish between the two
models, the presence of states right above or slightly below the pp threshold which cause
the observed distortion, suggest that either one of these states is not a conventional
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decay mode, or interference between two resonances. We
tried to fit the data for both of these possibilities.
In the first model, we assume the state around

1.85 GeV=c2 couples to the pp̄. The line shape of
η0πþπ− above the pp̄ threshold is therefore affected by
the opening of theXð1835Þ → pp̄ decay channel, similar to
the distortion of the f0ð980Þ → πþπ− line shape at the KK̄
threshold. To study this, the Flatté formula [25] is used for
the Xð1835Þ line shape:

T ¼
ffiffiffiffiffiffiffi
ρout

p

M2 − s − i
P

kg
2
kρk

: ð1Þ

Here, T is the decay amplitude, ρout is the phase space for
J=ψ → γη0πþπ−, M is a parameter with the dimension of
mass, s is the square of the η0πþπ− system’s mass, ρk is the
phase space for decay mode k, and g2k is the corresponding
coupling strength. The term

P
kg

2
kρk describes how the

decay width varies with s. Approximately,

X

k

g2kρk ≈ g20

"
ρ0 þ

g2pp̄
g20

ρpp̄

#
; ð2Þ

where g20 is the sum of g2 of all decay modes other than the
Xð1835Þ → pp̄, ρ0 is the maximum two-body decay phase
space volume [24], and g2pp̄=g20 is the ratio between the
coupling strength to the pp̄ channel and the sum of all other
channels.
The fit results for this model are shown in Fig. 3. The

Flatté model fit has a logL ¼ 630549.5 that is improved
over the simple Breit-Wigner one by 46, so the significance
of g2pp̄=g20 being nonzero is 9.6σ. In the fit, an additional
Breit-Wigner resonance [denoted as “Xð1920Þ” in Fig. 3] is
needed with a mass of 1918.6% 3.0 MeV=c2 and a width
of 50.6% 20.9 MeV=c2; the statistical significance of this
peak is 5.7σ. In the simple Breit-Wigner fit, the significance
of Xð1920Þ is negligible. The fit yields M ¼ 1638.0%
121.9 MeV=c2, g20 ¼ 93.7% 35.4ðGeV=c2Þ2, g2pp̄=g20 ¼
2.31% 0.37, and a product branching fraction of
BðJ=ψ → γXÞBðX → η0πþπ−Þ ¼ ð3.93 % 0.38Þ × 10−4.
The value of g2pp̄=g20 implies that the couplings between the
state around 1.85 GeV=c2 and the pp̄ final states is very
large. Following the definitions given in Ref. [26], the pole
position is determined by requiring the denominator in
Eq. (1) to be zero. The pole nearest to the pp̄ mass
threshold is found to be Mpole ¼ 1909.5% 15.9 MeV=c2

and Γpole ¼ 273.5% 21.4 MeV=c2. Taking the systematic
uncertainties (see below) into account, the significance of
g2pp̄=g20 being nonzero is larger than 7σ.
In the second model, we assume the existence of a

narrow resonance near the pp̄ threshold and that the
interference between this resonance and the Xð1835Þ
produces the line shape distortion. Here, we denote this
narrow resonance as “Xð1870Þ.” For this case we represent
the line shape in the vicinity of 1835 MeV=c2 by the square
of T, where

T ¼
" ffiffiffiffiffiffiffi

ρout
p

M2
1 − s − iM1Γ1

þ
βeiθ

ffiffiffiffiffiffiffi
ρout

p

M2
2 − s − iM2Γ2

#
: ð3Þ

Here, ρout and s have the same meaning as they had in
Eq. (1);M1, Γ1,M2, and Γ2 represent the masses and widths
of theXð1835Þ andXð1870Þ resonances, respectively; and β
and θ are the relative η0πþπ− coupling strengths and the
phase between the two resonances.
The fit results for the secondmodel are shown inFig. 4. The

logL of this fit is 630 540.3, which is improved by 37 with
four additional parameters over that for the fit using one
simpleBreit-Wigner function. TheXð1835Þmass is 1825.3%
2.4 MeV=c2 and the width is 245.2% 13.1 MeV=c2; the
Xð1870Þ mass is 1870.2% 2.2 MeV=c2 and the width is
13.0% 6.1 MeV=c2, with a statistical significance that is
7.9σ. It is known that there are two nontrivial solutions in a
fit using a coherent sum of two Breit-Wigner functions [27].
In the parametrization of Eq. (3), the two solutions share the
sameM1,Γ1,M2, andΓ2, but have different values of β and θ,
which means that the only observable difference between the
solutions are branching fractions of the two Breit-Wigner
functions. The product branching fractions with construc-
tive interference are B½J=ψ → γXð1835Þ'B½Xð1835Þ →
η0πþπ−' ¼ ð3.01% 0.17Þ × 10−4 and B½J=ψ →
γXð1870Þ'B½Xð1870Þ → η0πþπ−' ¼ ð2.03% 0.12Þ × 10−7,
while the solution with destructive interference
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FIG. 3. Fit results of using the Flatté formula. The dashed
dotted vertical line shows the position of the pp̄ mass threshold,
the dots with error bars are data, the solid curves are total fit
results, the dashed curves are the state around 1.85 GeV=c2, the
short-dashed curves are the f1ð1510Þ, the dash-dotted curves are
the Xð2120Þ, the dash-dot-dot-dotted curves are the Xð1920Þ, and
the long-dashed curves are nonresonant η0πþπ− fit results; the
shaded histograms are background events. The inset shows the
data and the global fit between 1.8 and 1.95 GeV=c2.
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gives B½J=ψ→γXð1835Þ$B½Xð1835Þ→η0πþπ−$¼ð3.72'
0.21Þ×10−4, and B½J=ψ → γXð1870Þ$B½Xð1870Þ →
η0πþπ−$ ¼ ð1.57' 0.09Þ × 10−5. In this model, the
Xð1920Þ is not included in the fit because its significance
is just 3.9σ. Considering systematic uncertainties (see below),
the significance of Xð1870Þ is larger than 7σ.
The systematic uncertainties come from data-MC

differences in the tracking, photon detection and particle
identification efficiencies, the kinematic fit, requirements
on the invariant mass distribution of γγ, signal selection of
ρ0, η, and η0, total number of J=ψ events, branching
fractions for intermediate states decays, fit ranges, back-
ground descriptions, mass resolutions, and the intermediate
structure of πþπ−. In the first model, the dominant terms are
the fit range, the background description, and the inter-
mediate structure of πþπ−. Considering all systematic
uncertainties, the final result is shown in Table I. For the
second model, the dominant two systematic sources are the
background description and the intermediate structure of
πþπ−. Considering all systematic uncertainties, the final
result is shown in Table II.
In summary, the J=ψ → γη0πþπ− process is studied with

1.09 × 109 J=ψ events collected at the BESIII experiment
in 2012. We observed a significant distortion of the η0πþπ−

line shape near the pp̄ mass threshold that cannot be
accommodated by an ordinary Breit-Wigner resonance

function. Two typical models for such a line shape are
used to fit the data. The first model assumes the state
around 1.85 GeV=c2 couples with the pp̄ and the dis-
tortion reflects the opening of the pp̄ decay channel.
The fit result for this model yields a strong coupling
between the broad structure and the pp̄ of g2pp̄=g20 ¼
2.31' 0.37þ0.83

−0.60 , with a statistical significance larger
than 7σ for being nonzero. The pole nearest to the pp̄
mass threshold of this state is located at Mpole ¼
1909.5' 15.9ðstatÞþ9.4

−27.5ðsystÞ MeV=c2 and Γpole ¼
273.5' 21.4ðstatÞþ6.1

−64.0ðsystÞ MeV=c2. The second model
assumes the distortion reflects interference between the
Xð1835Þ and another resonance with mass close to the pp̄
mass threshold. A fit with this model uses a coherent sum
of two interfering Breit-Wigner amplitudes to describe the
η0πþπ− mass spectrum around 1.85 GeV=c2. This fit yields
a narrow resonance below the pp̄ mass threshold with
M¼1870.2'2.2ðstatÞþ2.3

−0.7ðsystÞMeV=c2 and Γ ¼ 13.0'
6.1ðstatÞþ2.1

−3.8ðsystÞ MeV=c2, with a statistical significance
larger than 7σ. With current data, both models fit the data
well with fit qualities, and both suggest the existence of a
state, either a broad state with strong couplings to the pp̄, or
a narrow state just below the pp̄ mass threshold. For the
broad state above the pp̄ mass threshold, its strong
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FIG. 4. Fit results of using a coherent sum of two Breit-Wigner
amplitudes. The dashed dotted vertical line shows the position of
the pp̄ mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the sum of
Xð1835Þ and Xð1870Þ, the short-dashed curves are the f1ð1510Þ,
the dash-dotted curves are the Xð2120Þ, the long-dashed curves
are nonresonant η0πþπ− fit results, and the shaded histograms are
background events. The inset shows the data and the global fit
between 1.8 and 1.95 GeV=c2.

TABLE I. Fit results of using the Flatté formula. The first errors
are statistical errors, and the second errors are systematic errors;
the branching ratio is the product of BðJ=ψ → γXÞ and
BðX → η0πþπ−Þ.

The state around 1.85 GeV=c2

M (MeV=c2) 1638.0' 121:9þ127.8
−254.3

g20 [ðGeV=c2Þ2] 93.7' 35:4þ47.6
−43.9

g2pp̄=g20 2.31' 0.37þ0.83
−0.60

Mpole (MeV=c2) 1909.5' 15:9þ9.4
−27.5

Γpole (MeV=c2) 273.5' 21:4þ6.1
−64.0

Branching ratio ð3.93' 0.38þ0.31
−0.84 Þ × 10−4

TABLE II. Fit results using a coherent sum of two Breit-Wigner
amplitudes. The first errors are statistical errors, and the second
errors are systematic errors; the branching ratio (B.R.) is the
product of BðJ=ψ → γXÞ and BðX → η0πþπ−Þ.

Xð1835Þ
Mass (MeV=c2) 1825.3' 2.4þ17.3

−2.4
Width (MeV=c2) 245.2' 13:1þ4.6

−9.6
B.R. (constructive interference) ð3.01' 0.17þ0.26

−0.28 Þ × 10−4

B.R. (destructive interference) ð3.72' 0.21þ0.18
−0.35 Þ × 10−4

Xð1870Þ
Mass (MeV=c2) 1870.2' 2.2þ2.3

−0.7
Width (MeV=c2) 13.0' 6.1þ2.1

−3.8
B.R. (constructive interference) ð2.03' 0.12þ0.43

−0.70 Þ × 10−7

B.R. (destructive interference) ð1.57' 0.09þ0.49
−0.86 Þ × 10−5
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Fig. 5. – Fit to the invariant η′π+π− mass in the reaction J/ψ → γη′π+π− using one resonance
near the pp threshold, the X(1835), which is parameterized using a Flatté formula (left) as well
as a second fit to the same data in which two interfering resonances were included. Both fits
yield similar qualities. [26]

meson, but rather a molecule-like state, or a loosely bound pp state. Similarly, the
line shape must also be studied with high statistics samples in other channels such as
J/ψ → γK0

SK
0
Sη to shed light on the nature of the X(1835).
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