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Prologue:  Two Groundbreaking Discoveries
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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fication is superseded if the track is identified as a lepton: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

Discovery of the X(3872) by Belle

Timeline 
2003:  Discovery of the X(3872) by Belle 
2005:  Discovery of the Y(4260) by BaBar

Discovery of the Y(4260) by BaBar

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

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

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

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

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

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

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

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

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

data events passing all selection criteria except that on m2
Rec

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

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

142001-5

published December 2003
(PRL91,262001(2003))

published September 2005
(PRL95,142001(2005))
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Two important issues
• Find excited charmonium states

– 2P states χ’cJ via ψ(4040) radiative transition
– S-wave spin-singlet (M1 transition, very hard)

• Understand C-even XYZ
– Can be produced in ψ(4040) radiative decays
– For example: inclusive photon spectrum
– X(3872)ÆππJ/ψ, πππJ/ψ, …
– XYZ(3940)ÆωJ/ψ, DDbar, DD*, …
– X(3915)ÆωJ/ψ, …

We propose to do these with ψ(4040) data! 13

Let’s do it!
• Study of charmonium spectroscopy & XYZ 

particles is one of the hot topics in HEP
• ψ(4040) data can also be used for

– Ds study (BES yellow book)
– R & Rc measurement (Zhengguo’s talk)

• Accelerator experts: do not you want to see if 
you can reach high energy?

• Accumulating 200/pb data only needs two (2) 
months, but the physics is rich!

• Join us and/or support us!
Thanks a lot!

Chapter 1:  Studying �  Decays (2010 — 2011)ψ(4040)

Timeline 
June 3, 2010: !  proposal talk by Changzheng (Shenyang collaboration meeting)ψ (4040)

Changzheng — June 3, 2010 (Shenyang collaboration meeting)
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Timeline 
October 21-24, 2010:  Charm 2010 conference at IHEP (observation of !  at CLEO) 
October 25, 2010: !  proposal talk by Changzheng (approved)(IHEP collaboration meeting) 
November 17, 2010:  First meeting of the !  working group (Liangliang)

e+e− → π+π−hc(1P)
ψ (4040)

ψ (4040)

16

Sensitivity versus Luminosity

300/pb for 3σ evidence for BR>5E-4
5σ observation for BR>1.5E-3

700/pb for 5σ observation for BR>5E-4!

Optimizing cuts to improve sensitivity!

X3872Æπ+π-J/ψ & π+π-π0J/ψ combined

From Zhu Kai

19

Let’s do it!
• Study of charmonium spectroscopy & XYZ particles 

is one of the hot topics in HEP
• ψ(4040) data can also be used for

– Ds study (Yellow book/Roy@Charm2010)
– R & Rc measurement (Zhengguo@Shenyang)
– DDbar structure at 3.86 GeV (BESI, Lingjun’s thesis)
– Surprise! (see next page!)

• Accelerator experts: do not you want to see if you 
can reach high energy?

• Accumulating ~300/pb data only needs two (2) 
months, but the physics is rich!

• Join us and/or support us! Thanks!

Changzheng — October 25, 2010 (IHEP collaboration meeting)

Chapter 1:  Studying �  Decays (2010 — 2011)ψ(4040)
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Kai — June 5, 2011 (Nanjing collaboration meeting)

Data accumulation
• From 3rd May 2011, RUN 23463, to 1st June
• About 470 pb-1 ψ(4040) been collected around 

4.010 GeV CMS

Timeline 
May 3 — June 1, 2011:  Collect 470 pb !  [482] of data at 4010 MeV [4007.6]−1

Chapter 1:  Studying �  Decays (2010 — 2011)ψ(4040)
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Summary

Very preliminary results

σ(ψ(4040) → π+π−J/ψ) = 12.7 ± 0.7(uu)/12.2 ± 1.1(ee) pb at
4.009 GeV

σ(ψ(4040) → γX (3872) → γπ+π−J/ψ) < 0.08(uu)/0.14(ee) pb at
90% C.L.

σ(e+e− → γISRψ′) = 719.3 ± 5.5(uu)/688.3 ± 8.8(ee) pb, agree well
with theoretical expectation.

σ(ψ(4040) → π+π−hc) < 2.6 pb at 90% C.L.

Lots need to do: understanding the difference between µµ and ee in ISR
process (around 3σ in terms of statistical errors only, could be due to the
systematic error of PID), input-output check, estimate the systematic
uncertainties, etc.

Thanks!
ZHU Kai and GUO Yuping zhuk@ihep.ac.cn, guoyp@ihep.ac.cn ()Study of ψ(4040) transition September 15, 2011 15 / 35

Kai and Yuping — September 15, 2011 (PKU collaboration meeting)

Legacy of �  running

• the �  working group

• confidence at higher �

• benchmarks for key processes

• a large �  cross section

• [ �  physics (also in WG)]

ψ(4040)

ψ(4040)

Ecm

ηJ/ψ

Ds

Timeline 
June — September, 2011:  Initial analyses of the 4010 data

Chapter 1:  Studying �  Decays (2010 — 2011)ψ(4040)
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Interlude:  Three Informative Discoveries
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Scan of e+e− → π+π−hc over e+e− Energy

Statistics are poor, but there is a suggestive rise at 4260!

(reminiscent of π+π−J/ψ??)

CLEO Preliminary

Summary

17
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CLEO-c is still producing exciting results in charmonium:

  (1) ψ(2S) decays to γpp and Xpp;  

  (2) χcJ decays to Xpp;  

  (3) search for ψ(2S) → γηc(2S);  

  (4) higher multipoles in ψ(2S) → γχcJ and χcJ → γJ/ψ

There are also new charmonium studies 

above DD threshold:

• Observation of π+π−hc at 4170 MeV.

• Rate is comparable to that of π+π−J/ψ.

• Suggestive rise, maybe, at 4260 MeV?

• Rate for π0π0hc consistent with isospin-0.

• More data around 4260 MeV would be 

interesting!!

(so would more data above the ϒ(4S)!)

CLEO Preliminary

points:  χ2 signal

shaded:  χ2 sideband

Ryan — October 21, 2010 (Charm 2010)

Timeline 
October 21, 2010:  Observation of !  at CLEO (Charm 2010 conference at IHEP)e+e− → π+π−hc(1P)

published July 2011
(PRL107,041803(2011))
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Interlude:  Three Informative Discoveries
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Roman Mizuk — March 2, 2011 (La Thuile)

Timeline 
March 2, 2011:  Observation of !  at Belle (La Thuile 2011)e+e− → π+π−hb(1P,2P)

published January 2012
(PRL108,032001(2012))

Results
Preliminary

121.4 fb-1

2S
→

1S

3S
→

1S
3

22
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Interlude:  Three Informative Discoveries
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Timeline 
( ! ) May 2011:  Observation of !  and !  at Belle (arXiv:1105.4583)≤ Zb Z′�b

published March 2012
(PRL108,122001(2012))

suppressed by a requirement on the ratio of the second to
zeroth Fox-Wolfram moments R2 < 0:3 [13]. The fit func-
tion is a sum of peaking components due to dipion
transitions and combinatorial background. The positions
of all peaking components are fixed to the values measured
in Ref. [3]. In the case of the hbð1PÞ the peaking compo-
nents include signals from !ð5SÞ ! hbð1PÞ and !ð5SÞ !
!ð2SÞ transitions, and a reflection from the !ð3SÞ !
!ð1SÞ transition, where the !ð3SÞ is produced inclusively
or via initial state radiation. Since the !ð3SÞ ! !ð1SÞ
reflection is not well constrained by the fits, we determine
its normalization relative to the !ð5SÞ ! !ð2SÞ signal
from the exclusive !þ!$ "þ"$ data for every Mmissð"Þ
bin. In case of the hbð2PÞ we use a smaller Mmissð"þ"$ Þ
range than in Ref. [3], Mmissð"þ"$ Þ< 10:34 GeV=c2,
to exclude the region of the K0

S ! "þ"$ reflection.
The peaking components include the !ð5SÞ ! hbð2PÞ
signal and a !ð2SÞ ! !ð1SÞ reflection. To constrain the
normalization of the !ð2SÞ ! !ð1SÞ reflection we use
exclusive !þ!$ "þ"$ data normalized to the total yield
of the reflection in the inclusive data. Systematic uncer-
tainty in the latter number is included in the error
propagation. The combinatorial background is parame-
trized by a Chebyshev polynomial. We use orders between
6 and 10 for the hbð1PÞ [the order decreases monotonically
with the Mmissð"Þ] and orders between 6 and 8 for the
hbð2PÞ.

The results for the yield of !ð5SÞ ! hbðmPÞ"þ"$

(m ¼ 1, 2) decays as a function of the Mmissð"Þ are shown
in Fig. 3. The distribution for the hbð1PÞ exhibits a clear
two-peak structure without a significant nonresonant con-
tribution. The distribution for the hbð2PÞ is consistent with
the above picture, though the available phase space is
smaller and uncertainties are larger. We associate the two
peaks with the production of the Zbð10 610Þ and
Zbð10 650Þ. To fit the Mmissð"Þ distributions we use the
expression

jBW1ðs;M1;"1Þ þ aei#BW1ðs;M2;"2Þ þ beic j2 qpffiffiffi
s

p :

(4)

Here
ffiffiffi
s

p & Mmissð"Þ; the variablesMk, "k (k ¼ 1, 2), a,#,
b, and c are free parameters; qpffiffi

s
p is a phase-space factor,

where p (q) is the momentum of the pion originating from
the !ð5SÞ (Zb) decay measured in the rest frame of the
corresponding mother particle. The P-wave Breit-Wigner

amplitude is expressed as BW1ðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p
Fðq=q0Þ

M2$ s$ iM"
.

Here F is the P-wave Blatt-Weisskopf form factor F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðq0RÞ2
1þðqRÞ2

r
[14], q0 is a daughter momentum calculated with

pole mass of its mother, R ¼ 1:6 GeV$ 1. The function
[Eq. (4)] is convolved with the detector resolution function
($ ¼ 5:2 MeV=c2), integrated over the 10 MeV=c2 histo-
gram bin and corrected for the reconstruction efficiency.
The fit results are shown as solid histograms in Fig. 3
and are summarized in Table I. We find that the nonreso-
nant contribution is consistent with zero [significance is
0:3$ both for the hbð1PÞ and hbð2PÞ] in accord with
the expectation that it is suppressed due to heavy-quark
spin flip. In case of the hbð2PÞ we improve the stability
of the fit by fixing the nonresonant amplitude to zero.
The C.L. of the fit is 81% (61%) for the hbð1PÞ [hbð2PÞ].
The default fit hypothesis is favored over the phase-space
fit hypothesis at the 18$ [6:7$] level for the hbð1PÞ
[hbð2PÞ].
To estimate the systematic uncertainty we vary the order

of the Chebyshev polynomial in the fits to the
Mmissð"þ"$ Þ spectra; to study the effect of finite
Mmissð"Þ binning we shift the binning by half bin size; to
study the model uncertainty in the fits to the Mmissð"Þ
distributions we remove [add] the nonresonant contribu-
tion in the hbð1PÞ [hbð2PÞ] case; we increase the width of
the resolution function by 10% to account for possible
difference between data and MC simulation. The maxi-
mum change of parameters for each source is used as
an estimate of its associated systematic error. We estimate
an additional 1 MeV=c2 uncertainty in mass measure-
ments based on the difference between the observed
!ðnSÞ peak positions and their world averages [3]. The
total systematic uncertainty presented in Table I is the sum
in quadrature of contributions from all sources. The sig-
nificance of the Zbð10 610Þ and Zbð10 650Þ including sys-
tematic uncertainties is 16:0$ [5:6$] for the hbð1PÞ
[hbð2PÞ].
In conclusion, we have observed two charged bottomo-

niumlike resonances, the Zbð10 610Þ and Zbð10 650Þ, with
signals in five different decay channels, !ðnSÞ"' (n ¼ 1,
2, 3) and hbðmPÞ"' (m ¼ 1, 2). The parameters of the
resonances are given in Table I. All channels yield consis-
tent results. Weighted averages over all five channels give
M ¼ 10 607:2 ' 2:0 MeV=c2, " ¼ 18:4 ' 2:4 MeV for
the Zbð10 610Þ and M ¼ 10 652:2 ' 1:5 MeV=c2, " ¼
11:5 ' 2:2 MeV for the Zbð10 650Þ, where statistical
and systematic errors are added in quadrature. The
Zbð10 610Þ production rate is similar to that of the
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FIG. 3. The (a) hbð1PÞ and (b) hbð2PÞ yields as a function of
Mmissð"Þ (points with error bars) and results of the fit (histo-
gram).

PRL 108, 122001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

23 MARCH 2012

122001-5

suppressed by a requirement on the ratio of the second to
zeroth Fox-Wolfram moments R2 < 0:3 [13]. The fit func-
tion is a sum of peaking components due to dipion
transitions and combinatorial background. The positions
of all peaking components are fixed to the values measured
in Ref. [3]. In the case of the hbð1PÞ the peaking compo-
nents include signals from !ð5SÞ ! hbð1PÞ and !ð5SÞ !
!ð2SÞ transitions, and a reflection from the !ð3SÞ !
!ð1SÞ transition, where the !ð3SÞ is produced inclusively
or via initial state radiation. Since the !ð3SÞ ! !ð1SÞ
reflection is not well constrained by the fits, we determine
its normalization relative to the !ð5SÞ ! !ð2SÞ signal
from the exclusive !þ!$ "þ"$ data for every Mmissð"Þ
bin. In case of the hbð2PÞ we use a smaller Mmissð"þ"$ Þ
range than in Ref. [3], Mmissð"þ"$ Þ< 10:34 GeV=c2,
to exclude the region of the K0

S ! "þ"$ reflection.
The peaking components include the !ð5SÞ ! hbð2PÞ
signal and a !ð2SÞ ! !ð1SÞ reflection. To constrain the
normalization of the !ð2SÞ ! !ð1SÞ reflection we use
exclusive !þ!$ "þ"$ data normalized to the total yield
of the reflection in the inclusive data. Systematic uncer-
tainty in the latter number is included in the error
propagation. The combinatorial background is parame-
trized by a Chebyshev polynomial. We use orders between
6 and 10 for the hbð1PÞ [the order decreases monotonically
with the Mmissð"Þ] and orders between 6 and 8 for the
hbð2PÞ.

The results for the yield of !ð5SÞ ! hbðmPÞ"þ"$

(m ¼ 1, 2) decays as a function of the Mmissð"Þ are shown
in Fig. 3. The distribution for the hbð1PÞ exhibits a clear
two-peak structure without a significant nonresonant con-
tribution. The distribution for the hbð2PÞ is consistent with
the above picture, though the available phase space is
smaller and uncertainties are larger. We associate the two
peaks with the production of the Zbð10 610Þ and
Zbð10 650Þ. To fit the Mmissð"Þ distributions we use the
expression

jBW1ðs;M1;"1Þ þ aei#BW1ðs;M2;"2Þ þ beic j2 qpffiffiffi
s

p :

(4)

Here
ffiffiffi
s

p & Mmissð"Þ; the variablesMk, "k (k ¼ 1, 2), a,#,
b, and c are free parameters; qpffiffi

s
p is a phase-space factor,

where p (q) is the momentum of the pion originating from
the !ð5SÞ (Zb) decay measured in the rest frame of the
corresponding mother particle. The P-wave Breit-Wigner

amplitude is expressed as BW1ðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p
Fðq=q0Þ

M2$ s$ iM"
.

Here F is the P-wave Blatt-Weisskopf form factor F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðq0RÞ2
1þðqRÞ2

r
[14], q0 is a daughter momentum calculated with

pole mass of its mother, R ¼ 1:6 GeV$ 1. The function
[Eq. (4)] is convolved with the detector resolution function
($ ¼ 5:2 MeV=c2), integrated over the 10 MeV=c2 histo-
gram bin and corrected for the reconstruction efficiency.
The fit results are shown as solid histograms in Fig. 3
and are summarized in Table I. We find that the nonreso-
nant contribution is consistent with zero [significance is
0:3$ both for the hbð1PÞ and hbð2PÞ] in accord with
the expectation that it is suppressed due to heavy-quark
spin flip. In case of the hbð2PÞ we improve the stability
of the fit by fixing the nonresonant amplitude to zero.
The C.L. of the fit is 81% (61%) for the hbð1PÞ [hbð2PÞ].
The default fit hypothesis is favored over the phase-space
fit hypothesis at the 18$ [6:7$] level for the hbð1PÞ
[hbð2PÞ].
To estimate the systematic uncertainty we vary the order

of the Chebyshev polynomial in the fits to the
Mmissð"þ"$ Þ spectra; to study the effect of finite
Mmissð"Þ binning we shift the binning by half bin size; to
study the model uncertainty in the fits to the Mmissð"Þ
distributions we remove [add] the nonresonant contribu-
tion in the hbð1PÞ [hbð2PÞ] case; we increase the width of
the resolution function by 10% to account for possible
difference between data and MC simulation. The maxi-
mum change of parameters for each source is used as
an estimate of its associated systematic error. We estimate
an additional 1 MeV=c2 uncertainty in mass measure-
ments based on the difference between the observed
!ðnSÞ peak positions and their world averages [3]. The
total systematic uncertainty presented in Table I is the sum
in quadrature of contributions from all sources. The sig-
nificance of the Zbð10 610Þ and Zbð10 650Þ including sys-
tematic uncertainties is 16:0$ [5:6$] for the hbð1PÞ
[hbð2PÞ].
In conclusion, we have observed two charged bottomo-

niumlike resonances, the Zbð10 610Þ and Zbð10 650Þ, with
signals in five different decay channels, !ðnSÞ"' (n ¼ 1,
2, 3) and hbðmPÞ"' (m ¼ 1, 2). The parameters of the
resonances are given in Table I. All channels yield consis-
tent results. Weighted averages over all five channels give
M ¼ 10 607:2 ' 2:0 MeV=c2, " ¼ 18:4 ' 2:4 MeV for
the Zbð10 610Þ and M ¼ 10 652:2 ' 1:5 MeV=c2, " ¼
11:5 ' 2:2 MeV for the Zbð10 650Þ, where statistical
and systematic errors are added in quadrature. The
Zbð10 610Þ production rate is similar to that of the
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where Mmissð!þ !# Þ is the missing mass recoiling

against the !þ !# system calculated as Mmissð!þ !# Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: # E&

!þ !# Þ2 # p&2
!þ !#

q
, Ec:m: is the center-of-mass

(c.m.) energy, and E&
!þ !# and p&

!þ !# are the energy

and momentum of the !þ !# system measured in the
c.m. frame. Candidate !ð5SÞ ! !ðnSÞ!þ !# events
are selected by requiring jMmissð!þ !# Þ # m!ðnSÞj<
0:05 GeV=c2, where m!ðnSÞ is the mass of an !ðnSÞ state
[7]. Sideband regions are defined as 0:05 GeV=c2 <
jMmissð!þ !# Þ # m!ðnSÞj< 0:10 GeV=c2. To remove
background due to photon conversions in the innermost
parts of the Belle detector we require M2ð!þ !# Þ>
0:20; 0:14; 0:10 GeV=c2 for a final state with an !ð1SÞ,
!ð2SÞ, !ð3SÞ, respectively.

Amplitude analyses of the three-body !ð5SÞ !
!ðnSÞ!þ !# decays reported here are performed by means
of unbinned maximum likelihood fits to two-dimensional
M2½!ðnSÞ!þ ( vs M2½!ðnSÞ!# ( Dalitz distributions.
The fractions of signal events in the signal region are
determined from fits to the corresponding Mmissð!þ !# Þ
spectrum and are found to be 0:937 ) 0:015ðstatÞ, 0:940 )
0:007ðstatÞ, 0:918 ) 0:010ðstatÞ for final states with!ð1SÞ,
!ð2SÞ,!ð3SÞ, respectively. The variation of reconstruction
efficiency across the Dalitz plot is determined from a
GEANT-based MC simulation [8] and is found to be small
except for the higherM½!ðnSÞ!) ( region. The distribution
of background events is determined using events from the
!ðnSÞ sidebands and found to be uniform (after efficiency
correction) across the Dalitz plot.

Dalitz distributions of events in the!ð2SÞ sidebands and
signal regions are shown in Figs. 1(a) and 1(b), respec-
tively, where M½!ðnSÞ!(max is the maximum invariant
mass of the two !ðnSÞ! combinations. This is used to
combine !ðnSÞ!þ and !ðnSÞ!# events for visualization
only. Two horizontal bands are evident in the !ð2SÞ!
system near 112:6 GeV2=c4 and 113:3 GeV2=c4, where
the distortion from straight lines is due to interference with
other intermediate states, as demonstrated below. One-
dimensional invariant mass projections for events in the

!ðnSÞ signal regions are shown in Fig. 2, where two peaks
are observed in the !ðnSÞ! system near 10:61 GeV=c2

and 10:65 GeV=c2. In the following we refer to these
structures as Zbð10 610Þ and Zbð10 650Þ, respectively.
We parametrize the !ð5SÞ ! !ðnSÞ!þ !# three-body

decay amplitude by

M ¼ AZ1
þ AZ2

þ Af0 þ Af2 þ Anr; (1)

where AZ1
and AZ2

are amplitudes to account for contribu-
tions from the Zbð10 610Þ and Zbð10 650Þ, respectively.
Here we assume that the dominant contributions come
from amplitudes that preserve the orientation of the spin
of the heavy quarkonium state and, thus, both pions in the
cascade decay !ð5SÞ ! Zb! ! !ðnSÞ!þ !# are emitted
in an Swave with respect to the heavy quarkonium system.
As demonstrated in Ref. [9], angular analyses support this
assumption. Consequently, we parametrize the observed
Zbð10 610Þ and Zbð10 650Þ peaks with an S-wave Breit-

Wigner function BWðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p

M2# s# iM"
, where we do

not consider possible s dependence of the resonance width.
To account for the possibility of !ð5SÞ decay to both
Zþ
b!

# and Z#
b!

þ , the amplitudes AZ1
and AZ2

are symme-
trized with respect to !þ and !# transposition. Using
isospin symmetry, the resulting amplitude is written as
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FIG. 1. Dalitz plots for !ð2SÞ!þ !# events in the (a) !ð2SÞ
sidebands; (b) !ð2SÞ signal region. Events to the left of the
vertical line are excluded.
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FIG. 2. Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the !ð1SÞ
(a),(b), !ð2SÞ (c),(d), and !ð3SÞ (e),(f) signal regions. The
hatched histogram shows the background component.
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where Mmissð!þ !# Þ is the missing mass recoiling

against the !þ !# system calculated as Mmissð!þ !# Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: # E&

!þ !# Þ2 # p&2
!þ !#

q
, Ec:m: is the center-of-mass

(c.m.) energy, and E&
!þ !# and p&

!þ !# are the energy

and momentum of the !þ !# system measured in the
c.m. frame. Candidate !ð5SÞ ! !ðnSÞ!þ !# events
are selected by requiring jMmissð!þ !# Þ # m!ðnSÞj<
0:05 GeV=c2, where m!ðnSÞ is the mass of an !ðnSÞ state
[7]. Sideband regions are defined as 0:05 GeV=c2 <
jMmissð!þ !# Þ # m!ðnSÞj< 0:10 GeV=c2. To remove
background due to photon conversions in the innermost
parts of the Belle detector we require M2ð!þ !# Þ>
0:20; 0:14; 0:10 GeV=c2 for a final state with an !ð1SÞ,
!ð2SÞ, !ð3SÞ, respectively.

Amplitude analyses of the three-body !ð5SÞ !
!ðnSÞ!þ !# decays reported here are performed by means
of unbinned maximum likelihood fits to two-dimensional
M2½!ðnSÞ!þ ( vs M2½!ðnSÞ!# ( Dalitz distributions.
The fractions of signal events in the signal region are
determined from fits to the corresponding Mmissð!þ !# Þ
spectrum and are found to be 0:937 ) 0:015ðstatÞ, 0:940 )
0:007ðstatÞ, 0:918 ) 0:010ðstatÞ for final states with!ð1SÞ,
!ð2SÞ,!ð3SÞ, respectively. The variation of reconstruction
efficiency across the Dalitz plot is determined from a
GEANT-based MC simulation [8] and is found to be small
except for the higherM½!ðnSÞ!) ( region. The distribution
of background events is determined using events from the
!ðnSÞ sidebands and found to be uniform (after efficiency
correction) across the Dalitz plot.

Dalitz distributions of events in the!ð2SÞ sidebands and
signal regions are shown in Figs. 1(a) and 1(b), respec-
tively, where M½!ðnSÞ!(max is the maximum invariant
mass of the two !ðnSÞ! combinations. This is used to
combine !ðnSÞ!þ and !ðnSÞ!# events for visualization
only. Two horizontal bands are evident in the !ð2SÞ!
system near 112:6 GeV2=c4 and 113:3 GeV2=c4, where
the distortion from straight lines is due to interference with
other intermediate states, as demonstrated below. One-
dimensional invariant mass projections for events in the

!ðnSÞ signal regions are shown in Fig. 2, where two peaks
are observed in the !ðnSÞ! system near 10:61 GeV=c2

and 10:65 GeV=c2. In the following we refer to these
structures as Zbð10 610Þ and Zbð10 650Þ, respectively.
We parametrize the !ð5SÞ ! !ðnSÞ!þ !# three-body

decay amplitude by

M ¼ AZ1
þ AZ2

þ Af0 þ Af2 þ Anr; (1)

where AZ1
and AZ2

are amplitudes to account for contribu-
tions from the Zbð10 610Þ and Zbð10 650Þ, respectively.
Here we assume that the dominant contributions come
from amplitudes that preserve the orientation of the spin
of the heavy quarkonium state and, thus, both pions in the
cascade decay !ð5SÞ ! Zb! ! !ðnSÞ!þ !# are emitted
in an Swave with respect to the heavy quarkonium system.
As demonstrated in Ref. [9], angular analyses support this
assumption. Consequently, we parametrize the observed
Zbð10 610Þ and Zbð10 650Þ peaks with an S-wave Breit-

Wigner function BWðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p

M2# s# iM"
, where we do

not consider possible s dependence of the resonance width.
To account for the possibility of !ð5SÞ decay to both
Zþ
b!

# and Z#
b!

þ , the amplitudes AZ1
and AZ2

are symme-
trized with respect to !þ and !# transposition. Using
isospin symmetry, the resulting amplitude is written as
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FIG. 1. Dalitz plots for !ð2SÞ!þ !# events in the (a) !ð2SÞ
sidebands; (b) !ð2SÞ signal region. Events to the left of the
vertical line are excluded.
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hatched histogram shows the background component.
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where Mmissð!þ !# Þ is the missing mass recoiling

against the !þ !# system calculated as Mmissð!þ !# Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: # E&

!þ !# Þ2 # p&2
!þ !#

q
, Ec:m: is the center-of-mass

(c.m.) energy, and E&
!þ !# and p&

!þ !# are the energy

and momentum of the !þ !# system measured in the
c.m. frame. Candidate !ð5SÞ ! !ðnSÞ!þ !# events
are selected by requiring jMmissð!þ !# Þ # m!ðnSÞj<
0:05 GeV=c2, where m!ðnSÞ is the mass of an !ðnSÞ state
[7]. Sideband regions are defined as 0:05 GeV=c2 <
jMmissð!þ !# Þ # m!ðnSÞj< 0:10 GeV=c2. To remove
background due to photon conversions in the innermost
parts of the Belle detector we require M2ð!þ !# Þ>
0:20; 0:14; 0:10 GeV=c2 for a final state with an !ð1SÞ,
!ð2SÞ, !ð3SÞ, respectively.

Amplitude analyses of the three-body !ð5SÞ !
!ðnSÞ!þ !# decays reported here are performed by means
of unbinned maximum likelihood fits to two-dimensional
M2½!ðnSÞ!þ ( vs M2½!ðnSÞ!# ( Dalitz distributions.
The fractions of signal events in the signal region are
determined from fits to the corresponding Mmissð!þ !# Þ
spectrum and are found to be 0:937 ) 0:015ðstatÞ, 0:940 )
0:007ðstatÞ, 0:918 ) 0:010ðstatÞ for final states with!ð1SÞ,
!ð2SÞ,!ð3SÞ, respectively. The variation of reconstruction
efficiency across the Dalitz plot is determined from a
GEANT-based MC simulation [8] and is found to be small
except for the higherM½!ðnSÞ!) ( region. The distribution
of background events is determined using events from the
!ðnSÞ sidebands and found to be uniform (after efficiency
correction) across the Dalitz plot.

Dalitz distributions of events in the!ð2SÞ sidebands and
signal regions are shown in Figs. 1(a) and 1(b), respec-
tively, where M½!ðnSÞ!(max is the maximum invariant
mass of the two !ðnSÞ! combinations. This is used to
combine !ðnSÞ!þ and !ðnSÞ!# events for visualization
only. Two horizontal bands are evident in the !ð2SÞ!
system near 112:6 GeV2=c4 and 113:3 GeV2=c4, where
the distortion from straight lines is due to interference with
other intermediate states, as demonstrated below. One-
dimensional invariant mass projections for events in the

!ðnSÞ signal regions are shown in Fig. 2, where two peaks
are observed in the !ðnSÞ! system near 10:61 GeV=c2

and 10:65 GeV=c2. In the following we refer to these
structures as Zbð10 610Þ and Zbð10 650Þ, respectively.
We parametrize the !ð5SÞ ! !ðnSÞ!þ !# three-body

decay amplitude by

M ¼ AZ1
þ AZ2

þ Af0 þ Af2 þ Anr; (1)

where AZ1
and AZ2

are amplitudes to account for contribu-
tions from the Zbð10 610Þ and Zbð10 650Þ, respectively.
Here we assume that the dominant contributions come
from amplitudes that preserve the orientation of the spin
of the heavy quarkonium state and, thus, both pions in the
cascade decay !ð5SÞ ! Zb! ! !ðnSÞ!þ !# are emitted
in an Swave with respect to the heavy quarkonium system.
As demonstrated in Ref. [9], angular analyses support this
assumption. Consequently, we parametrize the observed
Zbð10 610Þ and Zbð10 650Þ peaks with an S-wave Breit-

Wigner function BWðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p

M2# s# iM"
, where we do

not consider possible s dependence of the resonance width.
To account for the possibility of !ð5SÞ decay to both
Zþ
b!

# and Z#
b!

þ , the amplitudes AZ1
and AZ2

are symme-
trized with respect to !þ and !# transposition. Using
isospin symmetry, the resulting amplitude is written as
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sidebands; (b) !ð2SÞ signal region. Events to the left of the
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The Initial XYZ Program (2010 — 2014)     —    Ryan Mitchell

Chapter 2: The XYZ Proposal at Higher Energies (2011—2012)
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OVERVIEW and GOALS

2

I.  Three sources of inspiration (leaving many unanswered questions):

A.  BaBar and Belle ISR data ⇒ Y(4260) and Y(4360)

B.  CLEO 4170 data (and a little 4260 data)  ⇒ Y(4260) and hc(1P)

C.  Belle “ϒ(5S)” data ⇒ Yb(10890), hb(1P), hb(2P), Zb
±(10610), Zb

±(10650)

⇒  Interesting times!

II.  Unique opportunities at BESIII to pick up this line of development:

A.  Study the Y(4260)

B.  Search for Zc states

C.  Study the Y(4360)

D.  Search for the hc(2P)

⇒ Luminosity required is ~600pb−1:  (~100pb−1 at 4210, 4260, 4310, 4360, 4410, 4460 MeV)
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Y(4260) → π+π−J/ψ at BESIII
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6 × 100pb−1 6 × 100pb−1

4010

data

Assuming CLEO-c cross sections and efficiencies:

Expect ~600 Y(4260) → π+π−J/ψ  (J/ψ → l+l−) events...

(compared to CLEO’s ~40 and Belle/BaBar’s ~300)

Timeline 
2011: Initial discussions about running at higher !  (concurrent with !  analyses)Ecm ψ (4040)

Ryan — November 30, 2011 (IHEP collaboration meeting)
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BESIII Data-Taking Proposal

PROPOSAL:  Take ~500pb−1 (or more) of data at two energy points − 
4260 and 4360 MeV.

Example uses:

• Use the large sample at 4260 MeV to study the Y(4260) → π+π−J/ψ Dalitz plot.

• Use the large sample at 4360 MeV to study the Y(4360) → π+π−ψ(2S) Dalitz plot.

• Use the large sample at 4360 MeV to search for Y(4360) → π+π−hc(2P).

• To establish other Y(4260) decay modes, use the 4260 data as “on-resonance” and 
the 4360 data as “off-resonance” data (and vice-versa for Y(4360) decays).

• (Also use other datasets (3770, 4010, Ds points, etc.) as “off-resonance” data.)

32

Mass spectrum of �Xi (16channels together)

Significance>>10�

3.  Y(4260) → π+π−hc(1P)  (III)

We can do better by a factor of 2−3 by reconstructing 16 ηc(1S) decay modes:  

(from Yuping Guo)

Timeline 
Late 2011 — 2012:  Meetings for the XYZ proposal (alternating with !  group meetings)  
March 1, 2012:  XYZ proposal talk by Ryan (IHEP collaboration meeting)

ψ (4040)

Ryan — March 1, 2012 (IHEP collaboration meeting)

Chapter 2: The XYZ Proposal at Higher Energies (2011—2012)
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Proposal to Study Heavy States of Charmonium

Using Data at 4260 MeV and 4360 MeV

XYZ Group
(Dated: June 1, 2012)

We propose to collect two sets of data using e+e� collisions with center of mass energies 4260
and 4360 MeV – corresponding to the Y (4260) and Y (4360), respectively – each with integrated
luminosities of at least 500 pb�1. This would provide us with unique samples of Y (4260) and
Y (4360) decays. These decays are not only important for investigating the mysterious nature of the
Y (4260) and Y (4360) states themselves, which are strong hybrid meson candidates, but they would
also allow a number of searches for exotic charged charmonium states (Zc), searches for conventional
charmonium states (for example, the hc(2P )), and new studies of open charm cross sections, among
other topics.
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II. Analysis Topics and Simulations 3
A. Dalitz Analyses of Y (4260) ! ⇡+⇡�J/ and Y (4360) ! ⇡+⇡� (2S) 4
B. Search for the Decay Y (4260) ! ⇡+⇡�hc(1P ) 5
C. Search for the hc(2P ) State through Y (4360) ! ⇡+⇡�hc(2P ) 7
D. Searches for Radiative Transitions of the Y (4260) and Y (4360) 8
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G. Other Possible Analyses 11

III. Summary and a Possible Future Proposal 11
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I. INTRODUCTION

While the spectrum of charmonium states below DD threshold has been established for many years and has greatly
aided in our understanding of QCD and cc potentials, the spectrum above DD threshold still holds a number of
mysteries. In particular, there appears to be more states observed than are allowed in the quark model. These
unanticipated states, named the XY Z states, perhaps indicate that we are now observing states beyond the quark
model of mesons, such as hybrid meson states (qq states with additional gluonic excitations), or meson-molecule
states, or four-quark states, and so on. Studying this new spectrum of states should thus allow us to test and develop
our knowledge of the strong force in new ways. (For a thorough review of the current situation regarding the XY Z
states and their interpretations, refer to Section 2.3 of Reference [1].)
Two JPC = 1�� states in particular, the Y (4260) and the Y (4360), are strong hybrid meson candidates (Fig 1).

They share a number of characteristics: (1) robust experimental evidence stemming from e+e� collisions [2–8];
(2) larger couplings to ⇡⇡ than DD (in stark contrast to traditional 1�� states) [9–13]; (3) masses that are incon-
sistent with any quark model predictions [14]; and (4) masses that appear to be consistent with lattice QCD hybrid
meson predictions [15]. To date, the Y (4260) has only been seen decaying to ⇡+⇡�J/ and ⇡0⇡0J/ , and the Y (4360)
has only been seen in ⇡+⇡� (2S). To further explore their nature, and in the process to learn about hybrid mesons,
more decay modes must be observed and measured. Lattice QCD, for example, predicts a distinctive signature of
radiative decays (to �⌘c(1S) and ��c0(1P )) that would separate traditional cc states from hybrid mesons [16].
At BESIII, we have a unique opportunity to directly produce the Y (4260) and Y (4360) using e+e� center of

mass energies directly on resonance. In contrast, at BaBar and Belle, these states could only be produced through
Initial State Radiation (ISR) and thus with much reduced rates. CLEO-c directly produced the Y (4260), but only
accumulated 13.1 pb�1 of data at 4260 MeV. With 500 pb�1 (or more) of data at 4260 and 4360 MeV, BESIII would
have the world’s largest sample of Y (4260) and Y (4360) decays. Since the cross sections �(e+e� ! Y (4260, 4360))⇥

Version 0

Measurement of resonances parameters of excited ψs and the Y s

and search for XY Z states

ABC1

(XYZ working group)
1Institute of High Energy Physics, Chinese Academy of Sciences, Beijing

(Dated: May 1, 2012)

Abstract
We propose BESIII take data between 3.8 GeV and 5.0 GeV for a precision measurement of the

resonance parameters of the excited ψ states (ψ(4040), ψ(4160), and ψ(4415)) and the Y states
(Y (4008), Y (4260), Y (4360), and Y (4660)). With data accumulated at some resonance peaks, the
C-parity even charmonium and charmoniumlike states can be searched for via radiative transitions,
while some other states, such as the isospin-one charmoniumlike state Zc and the P -wave spin-
singlet states hc(2P ), can be studied via hadronic transitions.

PACS numbers: 14.40.Gx, 13.25.Gv, 13.66.Bc

1

TABLE II: Data taking energies and the luminosity at each point (3.8 GeV to 4.2 GeV).

Ecm energy (GeV) Lum (pb−1) Note

3.800 50
3.820 50
3.840 50
3.860 50
3.864 50
3.868 50
3.872 50 D∗D̄ threshold
3.876 50
3.880 50
3.885 50
3.900 50 G(3900)
3.910 50
3.920 50
3.930 50
3.940 50
3.950 50
3.960 50
3.970 50
3.980 50
3.990 50
4.000 50
4.005 50
4.009 500 ψ(4040), taken
4.015 50 D∗D∗ threshold
4.020 50
4.025 50
4.030 50
4.040 50 ψ(4040)
4.050 50
4.060 50
4.070 50
4.080 50 DsD∗

s threshold
4.090 50
4.100 50
4.110 50
4.120 50
4.130 50
4.140 50
4.150 50
4.160 500 ψ(4160)
4.170 50
4.180 50
4.190 50

11

TABLE III: Data taking energies and the luminosity at each point (4.2 GeV to 4.5 GeV).

Ecm energy (GeV) Lum (pb−1) Note

4.210 50
4.220 50
4.225 50 D∗

sD
∗

s

4.230 50
4.240 50
4.250 50
4.260 500 Y (4260)
4.270 50
4.280 50
4.290 50
4.300 50
4.310 50
4.320 50
4.330 50
4.340 50
4.350 50
4.355 50
4.360 500 Y (4360)
4.365 50
4.370 50
4.380 50
4.390 50
4.400 50
4.410 50
4.415 500 ψ(4415)
4.420 50
4.430 50
4.440 50
4.450 50
4.460 50
4.470 50
4.480 50
4.490 50

12

TABLE IV: Data taking energies and the luminosity at each point (4.5 GeV to 5.0 GeV).

Ecm energy (GeV) Lum (pb−1) Note

4.510 50
4.530 50
4.550 50
4.570 50
4.575 50 Λc threshold
4.580 50
4.590 50
4.600 50
4.610 50
4.620 50
4.630 500 Y (4630)
4.640 50
4.650 50
4.660 500 Y (4660)
4.670 50
4.680 50
4.690 50
4.710 50
4.730 50
4.750 50
4.770 50
4.790 50
4.810 50
4.860 50
4.910 50 Σc threshold
4.920 50
4.940 50
4.960 50
5.000 50

13

Timeline 
March — June, 2012: Formal XYZ proposals developed by the XYZ working group 
June 12, 2012: Approval for 4260 and 4360 MeV running (Suzhou collaboration meeting) 
               (initial estimate is 50 days each for 500 pb! )−1

Chapter 2: The XYZ Proposal at Higher Energies (2011—2012)
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Timeline 
December 14, 2012 — January 14, 2013: Collect 515 pb !  [524] at 4260 MeV [4258]  
January 14 — 20, 2013:                Collect 3 !  ~50 pb !  at points near 4260 MeV  
January 27 — February 24, 2013:       Collect 523 pb !  [539] at 4360 MeV [4358]  
February 24 — 27, 2013:               Collect 2 !  ~50 pb !  at points near 4360 MeV  
   (additional points due to good machine performance)

−1

× −1
−1

× −1

Party at the BEPC 
control room — 

January 15, 2013

Chapter 3: The Initial Running at 4260 and 4360 MeV (2013)
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Timeline 
January — February, 2013: Intense investigations of the initial data (long XYZ meetings)
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π+π−J/ψ:  from the proposal

Expect 1600 events with a small 
background.

Use both di-electron and di-muon 
decays of the J/ψ.

Perform a 4C kinematic fit and 
require χ2/dof < 10.
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3

π+π−J/ψ:  from the data

Using the same method as the 
proposal, I find 640 events (??).

There is also a larger than predicted 
background.

For comparison, with 13 pb−1 of 
data and a similar method, CLEO 
observed 37 events (with a 38% 
efficiency).

This needs investigation!

MC DATA

Chapter 3: The Initial Running at 4260 and 4360 MeV (2013)
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Total events: 1478 
Sideband events: 195 

Data Data 

9 

Do we need new resonance? 
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π+π−J/ψ:  Substructure in the Dalitz Plot?

Interesting substructure in the Y(4260) decays!

See the talk of Zhiqing LIU for many more details...

???

DATADATA

1. 1D projection of M(p+J/y) invariant mass distribution 

for data (left) and PHSP MC (right). 

2. Total events: 1373, Normalized sideband events: 97 

3. A narrow structure around 3.9 GeV 

4. Sideband background is rather flat distribution. 

14 

PHSP

MC 

18
1D projections

data

data

PHSP MC

Timeline 
January — February, 2013: Intense investigations of the initial data (long XYZ meetings)

Zhiqing — January 30, 2013 Ronggang — February 20, 2013 Ryan — February 27, 2013

Zhiqing — February 27, 2013 Yuping — February 27, 2013

Chapter 3: The Initial Running at 4260 and 4360 MeV (2013)
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1

What could we learn if we had 
three more months of data at 

4260 MeV? 

Ryan Mitchell
(for the XYZ working group)

BESIII Physics and Software Workshop
Tsinghua University

March 1, 2013

22

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 (~40 pb!1)

Official XYZ Data-Taking Ended Yesterday
At this meeting we have already presented eight talks with many interesting preliminary findings.

What could we learn with an additional three months at 4260 MeV?

Official XYZ Data-Taking Ended Yesterday
At this meeting, we presented eight talks with many interesting preliminary findings.

What could we learn with an additional three months of data at 4260 MeV?
Use existing data for lineshapes; use additional data to really focus on the Y(4260) peak.

With three more months of 4260 data...

11

1.  We could firmly establish the existence of the charged charmonium structure 
in π±J/ψ and conclusively measure its quantum numbers.

2.  We would have a good chance of finding an isospin partner in π0J/ψ.

3.  We could further investigate the rich substructure in the π+π−hc decay.

4.  We could confirm the very preliminary evidence of a charged charmonium 
state decaying to D*D.

5.  We double our sensitivity to Y(4260) radiative decays, probably our most 
conclusive test of the nature of the Y(4260).

6.  We could definitively establish KKJ/ψ decays of the Y(4260).

Will we become systematics limited?  NO.

Ryan — March 1, 2013 (Tsinghua collaboration meeting)

Timeline 
February 27, 2013: A long list of intriguing results shown at the Tsinghua meeting 
February 28, 2013: XYZ group writes a new proposal during the Tsinghua meeting banquet 
March 1, 2013: Propose to extend the XYZ run period (approved)

Chapter 3: The Initial Running at 4260 and 4360 MeV (2013)
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Chapter 4:  Discovery of the �  (2013)Zc(3900)

�18

a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþ e% ! "þ "% J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9 & 1:9 & 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0 & 3:6 & 4:9Þ MeV=c2 and a width of ð46 & 10 &
20Þ MeV is observed in the "& J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "& c ð3686Þ and "& !c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"& J=c Þ 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 back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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published June 2013
(PRL110,252001(2013))

Timeline 
February, 2013:   
    Convincing evidence for the !  
February 27 — March 1, 2013 (Tsinghua):  
    Discussions of publication strategy 
March 3, 2013:  
    First draft of the memo and paper  
March 5, 2013:  
    Review committee formed  
     (Xinchou(ch), Yuanning, Fred, Matt)  
March 4 — 7, 2013:  
    Many iterations on the paper draft  
March 4 — 7, 2013:   
    Many studies by many people  
     (dE/dx, ! , Luminosity, other ! ,  
      neutral mode, ISR corrections, PWA)  
March 8, 2013:  
    Zhiqing talk at the P&S meeting  
March 18, 2013:  
    Referee-author meeting with  
      extensive cross-checks  
March 20 — 22, 2013:  
    Shortened collaboration-wide review  
March 24, 2013:  
    Submission to the arXiv and PRL  
March 27, 2013:  
    Special seminar at IHEP  
March 28, 2013:  
    XYZ party in the BESIII control room

Zc(3900)

ECM ECM

Timeline 
May 2, 2013:  
    BESIII Paper accepted by PRL
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published June 2013
(PRL110,252002(2013))

In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5 % 6:6 %
4:5Þ MeV=c2 and a width of ð63 % 24 % 26Þ MeV=c2 is
observed in the !% J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.

We thank the KEKB group for excellent operation of the
accelerator; the KEK cryogenics group for efficient sole-
noid operations; and the KEK computer group, the NII, and
PNNL/EMSL for valuable computing and SINET4 net-
work support. We acknowledge support from MEXT,
JSPS, and Nagoya’s TLPRC (Japan); ARC and DIISR
(Australia); NSFC (China); MSMT (Czechia); DST
(India); INFN (Italy); MEST, NRF, GSDC of KISTI, and
WCU (Korea); MNiSW and NCN (Poland); MES and
RFAAE (Russia); ARRS (Slovenia); SNSF (Switzerland);
NSC and MOE (Taiwan); and DOE and NSF (USA). This
work is supported partly by a Grant-in-Aid fromMEXT for
Science Research on Innovative Areas (‘‘Elucidation of
New Hadrons with a Variety of Flavors’’) and JSPS
KAKENHI Grant No. 24740158.

Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Zð3900Þ% at the same time.

*Present address: Beihang University, Beijing 100191.
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Timeline 
February, 2013:   
    Convincing evidence for the !  
February 27 — March 1, 2013 (Tsinghua):  
    Discussions of publication strategy 
March 3, 2013:  
    First draft of the memo and paper  
March 5, 2013:  
    Review committee formed  
     (Xinchou(ch), Yuanning, Fred, Matt)  
March 4 — 7, 2013:  
    Many iterations on the paper draft  
March 4 — 7, 2013:   
    Many studies by many people  
     (dE/dx, ! , Luminosity, other ! ,  
      neutral mode, ISR corrections, PWA)  
March 8, 2013:  
    Zhiqing talk at the P&S meeting  
March 18, 2013:  
    Referee-author meeting with  
      extensive cross-checks  
March 20 — 22, 2013:  
    Shortened collaboration-wide review  
March 24, 2013:  
    Submission to the arXiv and PRL  
March 27, 2013:  
    Special seminar at IHEP  
March 28, 2013:  
    XYZ party in the BESIII control room

Zc(3900)

ECM ECM

Timeline 
!  March 30, 2013:   
    Belle !  paper submitted to arXiv  
May 2, 2013:  
    BESIII Paper accepted by PRL

→
Zc(3900)
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BESIII Collaboration

Chinese
collider
expands
particle zoo

1 2 / 0 9 / 1 3  | By Kelen Tuttle

China’s Beijing Electron-Positron Collider
seems to be hosting a reunion; members of
a poorly understood family of particles
keep popping up in their data, which may
help clarify the properties of this reclusive
family.
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Notes from the Editors: Highlights of the Year
December 30, 2013 • Physics 6, 139

Physics looks back at the standout stories of 2013.

Images from popular Physics stories in 2013.

As 2013 draws to a close, we look back on the research covered in Physics that really made waves in and
beyond the physics community. In thinking about which stories to highlight, we considered a
combination of factors: popularity on the website, a clear element of surprise or discovery, or signs that
the work could lead to better technology. On behalf of the Physics sta!, we wish everyone an excellent
New Year.

– Matteo Rini and Jessica Thomas

Four-Quark Matter

Quarks come in twos and threes—or so nearly every experiment has told us. This summer, the BESIII
Collaboration in China and the Belle Collaboration in Japan reported they had sorted through the
debris of high-energy electron-positron collisions and seen a mysterious particle that appeared to
contain four quarks. Though other explanations for the nature of the particle, dubbed , are
possible, the “tetraquark” interpretation may be gaining traction: BESIII has since seen a series of other
particles that appear to contain four quarks.

(3900)Zc
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M(π+π−J/ψ)

J/ψ−>µ+µ− J/ψ−>e+e−

Fit: signal -> sigle gauss
      backgroud -> 2ed polynomial 
result: N(sig_π+π−µ+µ−)=6±3;
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1. Add all the dataset together, a narrow bump near 3872 MeV. 
2. Fit with Gaussian signal function and linear background term: 
     M=(3872.0±0.9) MeV, s=(2.9±0.9) MeV, N(X3872)=17. 
3. Statistical Significance: 5.5s 
4. Final selection efficiency: 30.7% 
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Chapter 5:  Further Analyses of the 2013 XYZ Data (2013—2014)

Timeline 
March — June, 2013: Extensive XYZ meetings and an explosion of analyses 
June, 2013: XYZ group disbanded
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Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ , a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþ e%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9 & 0:8Þ MeV=c2 and a width
of ð7:9 & 2:7Þ MeV. The goodness of fit is found to be
!2=n :d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods 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 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ& ( ¼ 114 & 25, 72 & 17, and 67 & 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþ e% ! #& Zcð4020Þ) ! #þ #%hc( ¼
ð8:7 & 1:9 & 2:8 & 1:4Þ pbat 4.23 GeV, ð7:4 & 1:7 & 2:1 &
1:2Þ pb at 4.26 GeV, and ð10:3 & 2:3 & 3:1 & 1:6Þ 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 Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþ e% !
#& Zcð3900Þ) ! #þ #%hc(< 13 pb at 4.23 GeV and
<11 pbat 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit is smeared by
a Gaussian function with a standard deviation of "sys to

include the systematic error effect, where "sys is the rela-

tive systematic error in the cross section measurement
described below. We do not fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K %#þ ). The differences are
(2:1 & 0:4) and %ð0:7 & 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc decay, we assume these differences
added in quadrature, 2:6 MeV=c2, is the systematic error
due to the mass calibration. Spin parity conservation for-
bids a zero spin for the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 MeV=c2 and a
width difference of 0.8 MeV. The uncertainty due to the
background shape is determined by changing to a second-
order polynomial and by varying the fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV for width
are found from the latter. Uncertainties due to the mass
resolution are estimated by varying the resolution differ-
ence between the data and MC simulation by one standard
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FIG. 3 (color online). M#& hc distribution of e
þ e% ! #þ #%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. 4 (color online). Sum of the simultaneous fits to the
M#& hc distributions at 4.23, 4.26, and 4.36 GeV as described in

the text; the inset shows the sum of the simultaneous fit to the
M#þ hc distributions at 4.23 and 4.26 GeV with Zcð3900Þ and

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.

PRL 111, 242001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

13 DECEMBER 2013

242001-5

�
published December 2013 (PRL111,242001(2013))
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c → π±hc(1P)

�
published March 2014 (PRL112,092001(2014))

e+e− → γX(3872); X(3872) → π+π−J/ψ

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 ð0.0þ 1.7

−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 eþ e− c.m. frame and the πþ π−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþ π−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþ π−J=ψÞ < 3.86 or 3.88 <
Mðπþ π−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 Mðπþ π−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 → πþ π−J=ψ is
calculated using σB½eþ e− → γXð3872Þ& × B½Xð3872Þ →
πþ π−J=ψ & ¼ Nobs=Lintð1 þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþ π−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþ l− and (1 þ δ) is the radiative correction factor,
which depends on the line shape of eþ e− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþ e− → γXð3872Þ cross section
follows that of eþ e− → πþ π−J=ψ over the full energy
range of interest and use the eþ e− → πþ π−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 πþ π−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 theMðπþ π−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 eþ e− c.m. frame (left) and the Mðπþ π−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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e+e− → π∓Z′�±
c ; Z′�±

c → (D*D̄*)±

distribution for the WS events, shown in Fig. 3(a), is
compatible with an ARGUS-function [20] shape fit to the
sidebands of the signal peak in the data. As shown in
Figs. 3(b) and 3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor π−. This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft π− from D!− decays in the
eþe− → D!þD!−ðπ0; γISRÞ processes are not well
described by the WS background; its RMðπ−Þ distribution
peaks in the region above 4.1 GeV=c2, which is excluded
in this analysis.
In Fig. 3(c), a clear enhancement above the WS back-

ground is evident. To study the enhancement, the events of
the D!þD̄!0π− final states within the signal region
ð2.135; 2.175Þ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig. 4. The enhancement cannot be attributed to
the PHSP eþe− → D!þD̄!0π− process. We simulate the
processes of eþe− → D!!D̄ð!Þ; D!! → Dð!ÞπðπÞ, where
D!! denotes neutral and charged highly excited D states,
such as D!

0ð2400Þ, D1ð2420Þ, D1ð2430Þ, and D!
2ð2460Þ.

Among these processes, only those with D!þD̄!0π− final
states, which are not components of the WS backgrounds,
would contribute to the difference between data and the WS
backgrounds. No peaking structure in the π− recoil mass
spectra for these simulated events is seen in Fig. 4. Since
the energy

ffiffiffi
s

p
¼ 4.26 GeV is much lower than the pro-

duction thresholds of D!!D̄!, we neglect the possibility of
backgrounds relevant to D!!D̄! processes.
The observed enhancement is very close to the

mðD!þÞ þmðD̄!0Þ mass threshold. We assume that the
enhancement is due to a particle, labeled as Zþ

c ð4025Þ, and
parameterize its line shape by the product of an S-wave
Breit-Wigner (BW) shape and a phase space factor p · q

""""
1

M2 −m2 þ imΓ=c2

""""
2

· p · q: (1)

Here,M is the reconstructed mass;m is the resonance mass;
Γ is the width; pðqÞ is the D!þðπ−Þ momentum in the rest
frame of the D!þD̄!0 system (the initial eþe− system).
The signal yield of Zþ

c ð4025Þ is estimated by an
unbinned maximum likelihood fit to the spectrum of
RMðπ−Þ. The fit results are shown in Fig. 4. Possible
interference between the Zþ

c ð4025Þ signals and the PHSP
processes is neglected. The Zþ

c ð4025Þ signal shape is taken
as an efficiency-weighted BW shape convoluted with a
detector resolution function, which is obtained from MC
simulation. The detector resolution is about 2 MeV=c2 and
is asymmetric due to the effects of ISR. The shape of the
combinatorial backgrounds is taken from the kernel esti-
mate [21] of the WS events and its magnitude is fixed to the
number of the fitted background events within the signal
window in Fig. 3(a). 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 effects of ISR and the detector resolution are taken
into account. From the fit, the parameters of m and Γ in
Eq. (1) are determined to be

mðZþ
c ð4025ÞÞ ¼ ð4026.3& 2.6Þ MeV=c2;

ΓðZþ
c ð4025ÞÞ ¼ ð24.8& 5.6Þ MeV:

A goodness-of-fit test gives a χ2=d.o.f. ¼ 30.4=33 ¼ 0.92.
The Zþ

c ð4025Þ 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 uncertainties
are taken into account, the significance is evaluated to
be 10σ.
The Born cross section is determined from

σ ¼ ðnsig=Lð1þ δÞεBÞ, where nsig is the number of
observed signal events, L is the integrated luminosity, ε
is the detection efficiency, 1þ δ is the radiative correction
factor, and B is the branching fraction ofD!þ → Dþðπ0; γÞ,
Dþ → K−πþπþ. From the fit results, we obtain 560.1&
30.6 D!þD̄!0π− events, among which 400.9& 47.3 events
are Zþ

c ð4025Þ candidates. With the input of the observed
center-of-mass energy dependence of σðD!þD̄!0π−Þ, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Zþ

c ð4025Þ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section σðeþe− → ðD!D̄!Þ∓π&Þ is mea-
sured to be ð137& 9Þpb, and the ratio R ¼ ðσðeþe− →
Z&
c ð4025Þπ∓ → ðD!D̄!Þ&π∓Þ=σðeþe− → ðD!D̄!Þ&π∓ÞÞ

is determined to be 0.65& 0.09.
Sources of systematic error on the measurement of the

Zþ
c ð4025Þ resonance parameters and the cross section are

listed in Table I. The main sources of systematic uncer-
tainties relevant for determining the Zþ

c ð4025Þ resonance
parameters and the ratio R include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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FIG. 4 (color online). Unbinned maximum likelihood fit to the
π− recoil mass spectrum in data. See the text for a detailed
description of the various components that are used in the fit. The
scale of the D!D!! shape is arbitrary.
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select the Dþ candidates. We use events in 30 MeV=c2-
wide sideband regions centered at 40 MeV=c2 above
and below the D mass peaks to evaluate non-D meson
backgrounds.
Figure 1(a) shows the distribution of masses recoiling

against the detected πþD0 system [23], where a prominent
peak at mD"− is evident. The solid-line histogram shows the
same distribution for MC-simulated eþe− → πþD0D"−,
D0 → K−πþ three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay πþZcð3885Þ−, Zcð3885Þ− → D−D"0, where the
detected D0 is from the D"0 decay, also peak near mD"−, as
shown by the dashed histogram for MC-simulated
eþe− → πþZcð3885Þ−, Zcð3885Þ− → D−D"0, D"0 → γ
or π0D0 decays with the mass and width of the
Zcð3885Þ set to our final measured values. Since the
DD̄" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zcð3885Þ → DD̄" signal peak is not sensitive to the parent-
age of the D meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for π−Dþ-tag
events, where the solid histogram shows the contribution
from MC-simulated eþe− → π−DþD̄"0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulated eþe− → π−Zcð3885Þþ,
Zcð3885Þþ → D̄0D"þ, D"þ → π0Dþ events.
We apply a two-constraint (2C) kinematic fit to the

selected events that constrains the invariant mass of the
D0 (Dþ) candidate to be equal to mD0 (mDþ) and the mass
recoiling from the πþD0 (π−Dþ) to be equal to mD"−

(mD̄"0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest χ2 from
the 2C fit. Events with χ2 < 30 are retained for further
analysis. For the πþD0-tag analysis, we require
MðπþD0Þ > 2.02 GeV=c2 to reject eþe− → D"þD"−,
D"þ → πþD0 events. Figure 2(a) [2(b)] shows the distribu-
tion ofD0D"− (DþD̄"0) invariant masses recoiling from the
bachelor pion for the πþD0- (π−Dþ-) tag events. Both dis-
tributions have a distinct peak near the mD þmD̄" mass
threshold. For cross-feed events, the reconstructed D
meson is not, in fact, recoiling from a D̄", and the efficiency
for these events decreases with increasing DD̄" mass. This
acceptance variation is not sufficient to produce a peaking

structure, and its influence on the signal parameter deter-
mination is small compared to other sources of systematic
error.
To characterize the observed enhancement and determine

the signal yield, we fit the histograms of Figs. 2(a) and 2(b)
using a mass-dependent-width Breit-Wigner (BW) line
shape using the parametrization described in Ref. [24] to
model the signal and smooth threshold functions to re-
present the nonpeaking background. In the default fits,
we assume S waves for Zcð3885Þ production and decay,
and leave the Zcð3885Þ mass, width, and yield as free
parameters. We multiply the BW by the mass-dependent
efficiency to form the signal probability density function.
Mass resolution effects are less than 1 MeV=c2 and
ignored. For the default nonpeaking background, we
use: fbkgðmDD̄" Þ∝ ðmDD̄" −MminÞcðMmax−mDD̄"Þd, where
Mmin and Mmax are the minimum and maximum kinemat-
ically allowed masses, respectively, and c and d are free
parameters.
The solid curves in Fig. 2 show the fit results and the

dashed curves show the nonresonant background. The
Zcð3885Þ signal significance for each fit is greater than
18σ. The fitted BW mass and width from the πþD0

(π−Dþ)-tag sample are 3889:2 % 1.8 MeV=c2 and 28:1 %
4.1 MeV (3891:8 % 1.8 MeV=c2 and 27:8 % 3.9 MeV),
respectively, where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent [26], we solve for the corresponding com-
plex quantities P ¼ Mpole − iΓpole=2 for which the BW
denominators are zero, and useMpole and Γpole to character-
ize the Zcð3885Þ. These are listed in Table I.
Monte Carlo studies indicate that the process

eþe− → DD̄1ð2420Þ, D̄1ð2420Þ → D̄"π, where D1ð2420Þ
is the lightest established D"π resonance with
MD1

¼ 2421:3 % 0.6 MeV=c2 and ΓD1
¼ 27:1 %

2.7 MeV [6], would produce a near-threshold reflection
peak in the DD̄" mass distribution. The D1ð2420Þ peak
mass is 30 MeV=c2 above the

ffiffiffi
s

p −mD kinematic boun-
dary, which suggests that contributions from DD̄1ð2420Þ
final states would be small. However, some models for
the Yð4260Þ attribute it to a bound DD̄1 molecular state
[13], in which case subthreshold D̄1 → D̄"π decays
might be important and, possibly, produce a reflection peak
in the DD̄" mass distribution that mimics a Zcð3885Þ
signal.
We study this possibility by separating the events into

two samples according to j cos θπDj > 0.5 and

FIG. 2 (color online). The (a) MðD0D"−Þ and
(b) MðDþD̄"0Þ distributions for selected events. The curves
are described in the text.

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

Tag Mpole ðMeV=c2Þ Γpole (MeV) Zc signal (evts) χ2=ndf

πþD0 3882:3 % 1.5 24:6 % 3.3 502 % 41 54=54
π−Dþ 3885:5 % 1.5 24:9 % 3.2 710 % 54 60=54
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Chapter 5:  Further Analyses of the 2013 XYZ Data (2013—2014)
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Postscript:  The XYZ Program at BESIII
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The XYZ program has grown into an important component of BESIII physics!


