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1. Introduction

Quantum Chromodynamics (QCD) is the underlying fundamental theory for strong interac-
tion, which is unique and remains challenging in the standard model. In the high energy regime,
the asymptotic freedom of the partons constituting hadrons, allows to treat the interaction with
perturbative models. In the low energy regime, the non-Abelian character of QCD requires a non-
perturbative approach which must rely either on Lattice QCD or on QCD-inspired models.

Heavy-flavour production in high energy hadronic collisions, which provides an important
testing ground for both perturbative and non-perturbative aspects of QCD calculations. The heavy-
quark mass acts as a long distance cut-off so that the hard-scattering process can be calculated
with perturbative QCD (pQCD) down to low transverse momenta. The heavy-quark pair forms a
quarkonium bound state, on the other hand, is non-perturbative. Furthermore, the quality of ef-
fective models describing strong interaction are crucial to predict and model the backgrounds for
precise measurements and discoveries. Recent results from Large Hadron Collider (LHC) experi-
ments are discussed in Section 2.

Hadron spectroscopy is a unique way to access long-distance regime of QCD which remains
the least understood aspect of the theory. QCD-motivated models for hadrons predict "Exotic
Hadrons" that have structures that are more complex than the quark-antiquark mesons and three-
quark baryons of the original quark model, such as glueballs, hybridsand multi-quarkstates. Exper-
imental search of these predictions and subsequent investigation of their properties would provide
validation of and valuable input to the quantitative understanding of QCD. New progress and dis-
coveries are discussed in Section 3.

2. Heavy-flavour and quarkonium production

The theoretical description of the heavy quark production mechanisms and their agreement
with the experimental data has seen a significant improvement in the last years. Both in the charm
and in the beauty sectors, the recent measurements at

√
s = 13 TeV performed by the LHC experi-

ments are found in reasonable agreement with predictions [1].
For charmonium production, the theoretical expectations were found in good agreement with

the experimental data of the ATLAS, CMS, and LHCb collaborations [2, 3, 4]. The latest results of
LHC data extended the ϒ production cross-section measurement at the increased energy of

√
s= 13

TeV. Each result at a different energy scale and precision can provide useful constraint on the
process models. The latest measurement from CMS shows that the production cross-section scales
linearly with the energy (Figure 1), as naively expected. The same behavior was also observed,
for example, for the production of cc̄ or b-hadrons [3]. Precise comparison with the expectations
awaits for the update of the theoretical models [5]. The recent study of bb̄ production from the
study of b-hadron semileptonic decays at 13 TeV shows some tension with theoretical predictions,
especially at low η [6], which call for further investigation.

Differential cross sections are presented for the prompt and non-prompt production of the
hidden-charm states X(3872) and ψ(2S) measured at

√
s = 8 TeV by the ATLAS experiment [7].

The prompt X(3872) cross-section measurement shows good agreement with the CMS result.
Good agreement is found with theoretical predictions within the model based on NLO NRQCD,
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Figure 1: Measurement of the J/ψ and ψ(2S) production cross-sections (a) and ϒ production cross-sections
(b) in pp collisions at

√
s = 13 TeV performed by the CMS Collaborations.

which considers X(3872) to be a mixture of χc1(2P) and a D0D̄∗0 molecular state, with the produc-
tion being dominated by the χc1(2P) component and the normalisation fixed through the fit to CMS
data. The non-prompt production of ψ(2S) is described by the FONLL predictions within the un-
certainties (Figure 2 ). But the same predictions, recalculated for X(3872) using the branching frac-
tion extracted from the Tevatron data, overestimate the non-prompt production of X(3872), espe-
cially at large transverse momenta (Figure 2 ). Assuming independent single effective lifetimes for
non-prompt X(3872) and ψ(2S) production gives RB =

B(B→X(3872) + any)B(X(3872)→J/ψπ+π−)
B(B→ψ(2S) + any)B(ψ(2S)→J/ψπ+π−) =

(3.95±0.32(stat)±0.08(sys))×10−2, while separating short- and long-lived contributions, assum-
ing that the short-lived component is due to Bc decays, gives RB = (3.57±0.33(stat)±0.11(sys))×
10−2, with the fraction of non-prompt X(3872) produced via Bc decays for pT(X(3872))> 10 GeV
being (25±13(stat)±2(sys)±5(spin))%.

3. Hadron spectroscopy

Although years of continuous experimental efforts have been made to search for QCD exotic
hadrons beyond quark model, no compelling evidence has been unambiguously established yet.
However, strong evidence for mesons that do not fit into the simple qq̄ scheme of the original quark
model has been steadily accumulating during the past decade. Most recently, a comprehensive
review covers in great detail both experimental and theoretical aspects of the heavy-quark QCD
exotica [8].

3.1 The Pc Pentaquark Candidates

LHCb performed a full amplitude analysis of the process Λb→ K(pJ/ψ), which included all
known Λ states decaying to K p [9]. Two additional amplitudes in the pJ/ψ system were needed
to describe the data, both found with more than 9σ significance (Fig. 3). The lighter one, the
Pc(4380), was wide, with a width around 200 MeV; the heavier one, the Pc(4450), was narrow, with
a width around 40 MeV. The favored JP of the Pc(4380) and Pc(4450) were found to be 3

2
− and 5

2
+

,
respectively, although the combinations (3

2
+
, 5

2
−
) and (5

2
+
, 3

2
−
) could not be ruled out. The phase

motion indicated by the Argand diagram for the narrower Pc(4450) was found to be consistent with
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Figure 2: Measured cross section times branching fractions as a function of pT for (a) prompt X(3872)
compared to NLO NRQCD predictions with the X(3872) modeled as a mixture of χc1(2P) and a D0D̄∗0

molecular state, and (b) non-prompt X(3872) compared to the FONLL model prediction.

a resonance; the Argand diagram for the wider Pc(4380) was more uncertain and depends more
upon the details of the pK amplitudes, which are not precisely known. LHCb also performed an
analysis of the Cabibbo-suppressed decay Λb → π(pJ/ψ) was performed [10]. A significantly
better description of the data is achieved when, in addition to the previously observed nucleon
excitations N→ pπ−, either the Pc(4380)+ and Pc(4450)+→ J/ψ p states, previously observed in
Λb→ J/ψ pK− decays, or the Zc(4200)−→ J/ψπ− state, previously reported in B0→ J/ψK+π−

decays, or all three, are included in the amplitude models. The data support a model containing all
three exotic states, with a significance of more than three standard deviations. Within uncertainties,
the data are consistent with the Pc(4380)+ and Pc(4450)+ production rates expected from their
previous observation taking account of Cabibbo suppression.

3.2 B→ KφJ/ψ and the Y (4140) and More

The Y (4140) was first reported in 2009 by the CDF Collaboration in the process B→ KY
with Y → φJ/ψ [11]. A series of positive [12, 13] and negative [14, 15] searches using the same
process followed, making the status of the Y (4140) uncertain. In addition to the Y (4140), the CDF
and CMS Collaborations found evidence for a higher-mass structure, the Y (4274) [13, 16], whose
status was also uncertain.

Recently, a higher-statistics analysis from the LHCb experiment was performed [17, 18]. The
existence of the Y (4140) and the Y (4274) is confirmed with significances of 8.4σ and 6.0σ , re-
spectively, although the width of Y (4140) is substantially larger. Further more, the X(4500) and

3
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Figure 3: Observation of the Pc(4380) and Pc(4450) by LHCb in Λb→ K(pJ/ψ).

X(4700), with significances greater than 5σ (Fig. 4) are reported. Using a full six-dimensional am-
plitude analysis, including K∗ resonances in the Kφ system and descriptions of all decay angular
distributions, the JPC of the Y (4140) and the Y (4274) were both determined to be 1++. The JPC

values of the higher-mass X(4500) and X(4700) were both found to be 0++.
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Figure 4: Observation of the Y (4140), Y (4274), X(4500), and X(4700) by LHCb in B→ K(φJ/ψ).

3.3 Charmoniumlike mesons in e+e− annihilation

The charmonium spectrum below the open charm threshold are in good agreement with the
prediction of charm and anti-charm potential model. However, above the open charm threshold,
the e+e− cross sections show many puzzling features. The BESIII measurement of the e+e− →
π+π−J/ψ cross section [19] is shown in Fig. 5(a). The peak that was formerly known as the
Y (4260) can be better described with two peaks, a narrow peak around 4.23 GeV and a much
wider peak at higher mass. Similarly, in e+e−→ π+π−hc(1P), the data is also clearly inconsistent
with a Y (4260); there is some evidence for a narrow peak around 4.23 GeV and a much wider
peak at higher mass (Fig. 5(b)) [20]. The ωχc0 cross section also shows evidence for peaking at a
mass lower than that of the Y (4260), a feature that has been named the Y (4230) [21]. Other cross
sections, such as ηJ/ψ [22], ωχc1,2 [23], have also proved to be remarkably complex.
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Figure 5: Measurements of e+e−→ π+π−J/ψ (a) and e+e−→ π+π−hc (b) cross sections at BESIII.

In the study of e+e−→ J/ψπ+π−, a distinct charged structure, named the Zc(3900)±, was ob-
served in the J/ψπ± spectrum by BESIII [24] and Belle [25] in 2013. Its existence was confirmed
shortly thereafter with CLEO-c data [26]. Shortly after the discovery of the Zc(3900), the BESIII
experiment did observe a narrow peak (with a width of roughly 8 MeV), Zc(4020), in the π±hc(1P)
mass spectrum near the D∗D̄∗ threshold [27]. However, no evidence for the Zc(3900)→ π±hc(1P)
nor Zc(4020)→ π±J/ψ could be found.

The BESIII experiment also studied the Zc(3900) and Zc(4020) in open-charm decays. The
Zc(3900) was found to decay to DD̄∗ in the process e+e− → DD̄∗π [28, 29]. The Zc(4020) was
found in the process e+e− → D∗D̄∗π decaying to D∗D̄∗ [30]. Similar to bottomonium, the de-
cays of the Zc(3900) and Zc(4020) to open charm are roughly an order of magnitude larger than
their decays to closed charm. It is noticed that the Zc(3900) is lighter and narrower in its open-
charm decay, while the Zc(4020) is heavier and wider in its open-charm decay. Neutral partners
to the Zc(3900) and Zc(4020) were subsequently discovered in the neutral versions of all four re-
actions listed above, thus complementing the isospin-triplet representation of isospin one, I = 1,
resonances. The Zc(3900) was found to decay to π0J/ψ [26, 31] and (DD̄∗)0 [32]; the Zc(4020)
was found to decay to π0hc(1P) [33] and (D∗D̄∗)0 [34]. It is interesting to note that neither the
Zc(3900) nor the Zc(4020) has been seen in B decays.
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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 eþe% ! "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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(a)

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 eþe%

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"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 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 "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit is smeared by
a Gaussian function with 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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total fit, and the dotted curves the backgrounds from the fit.
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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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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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Figure 6: The Zc states observed in e+e− annihilation in the charmonium region. (a) Observation of
the Zc(3900) in e+e− → π∓Zc with the Zc decaying to π±J/ψ [24]. (b) Observation of the Zc(4020)
in e+e− → π∓Zc with the Zc decaying to π±hc(1P) [27]. (c) Observation of the Zc(3900) decaying to
(DD̄∗)± [28]. (d) Observation of the Zc(4020) decaying to (D∗D̄∗)± [30]. All figures are from the BESIII
experiment.

3.4 Bottomoniumlike mesons in e+e− annihilation

Recently, Belle used a increased number of center-of-mass energy points to map out the re-
gion of the ϒ(5S) and ϒ(6S) [35]. Two peaks could be seen clearly in the exclusive e+e− →
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π+π−ϒ(nS) cross sections, and with negligible backgrounds. The fit to the Rb spectrum yielded
consistent parameters, but the interference with the non-resonant bb̄ continuum makes the fits to
the Rb spectrum unreliable. The same two peaks are also apparent in the exclusive cross sections
for e+e− → π+π−hb(nP)n = 1,2, with little nonresonant background (Fig. 7c) [36]. The sizes
of the cross sections are similar to those for e+e− → π+π−ϒ(nS). Recently, the Belle experi-
ment reported a clear e+e− → ϒ(5S)→ B(∗)

s B̄(∗)
s signal, with no statistically significant signal of

e+e−→ ϒ(11020)→ B(∗)
s B̄(∗)

s [37].

4

scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδnf5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×

ffiffiffi
s

p
, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
ffiffiffi
s

p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at

ffiffiffi
s

p
¼ 10.866 GeV: Bð&ÞB̄ð&ÞðπÞ and

Bð&Þ
s B̄ð&Þ

s . As the relative rates of the different event types are
only known at the on resonance point, we take the average
of the highest and lowest efficiencies as ϵbb̄ and the
difference divided by

ffiffiffiffiffi
12

p
as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is

Ni ¼ Li ×
"
σbb̄;iϵbb̄;i þ σqq̄;iϵqq̄;i þ

X
σISR;iϵISR;i

#
ð4Þ

FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
s

p
is not included.

M5S (MeV=c2) Γ5S (MeV) M6S (MeV=c2) Γ6S (MeV) ϕ6S − ϕ5SðδÞ (rad) χ2=dof

R0
b 10881.8þ1.0

−1.1 ( 1.2 48.5þ1.9þ2.0
−1.8−2.8 11003.0( 1.1þ0.9

−1.0 39.3þ1.7þ1.3
−1.6−2.4 −1.87þ0.32

−0.51 ( 0.16 56=50
RΥðnSÞππ 10891.1( 3.2þ0.6

−1.7 53.7þ7.1 þ1.3
−5.6 −5.4 10987.5þ6.4þ9.0

−2.5−2.1 61þ9 þ2
−19−20 −1.0( 0.4þ1.4

−0.1 51=56
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð
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In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×
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, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
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p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at
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of the highest and lowest efficiencies as ϵbb̄ and the
difference divided by
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as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is
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FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in
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is not included.
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−1.1 ( 1.2 48.5þ1.9þ2.0
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδnf5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×

ffiffiffi
s

p
, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
ffiffiffi
s

p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at

ffiffiffi
s

p
¼ 10.866 GeV: Bð&ÞB̄ð&ÞðπÞ and

Bð&Þ
s B̄ð&Þ

s . As the relative rates of the different event types are
only known at the on resonance point, we take the average
of the highest and lowest efficiencies as ϵbb̄ and the
difference divided by

ffiffiffiffiffi
12

p
as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is

Ni ¼ Li ×
"
σbb̄;iϵbb̄;i þ σqq̄;iϵqq̄;i þ

X
σISR;iϵISR;i

#
ð4Þ

FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
s

p
is not included.

M5S (MeV=c2) Γ5S (MeV) M6S (MeV=c2) Γ6S (MeV) ϕ6S − ϕ5SðδÞ (rad) χ2=dof

R0
b 10881.8þ1.0

−1.1 ( 1.2 48.5þ1.9þ2.0
−1.8−2.8 11003.0( 1.1þ0.9

−1.0 39.3þ1.7þ1.3
−1.6−2.4 −1.87þ0.32

−0.51 ( 0.16 56=50
RΥðnSÞππ 10891.1( 3.2þ0.6

−1.7 53.7þ7.1 þ1.3
−5.6 −5.4 10987.5þ6.4þ9.0

−2.5−2.1 61þ9 þ2
−19−20 −1.0( 0.4þ1.4

−0.1 51=56
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Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.

Using MC simulation, we find that combining a ran-
dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is incorpo-
rated within the combinatorial background and results
in minor corrections in the hb(1P ) and hb(2P ) yields of
0.99 ± 0.01 and 0.995 ± 0.005, respectively. The π+π−

pairs originating from the Υ(2S) → Υ(1S)π+π− transi-
tions with the Υ(2S) produced inclusively or via ISR re-
sult in a peak at Ec.m. − [mΥ(2S) −mΥ(1S)] that is inside
the hb(2P ) fit interval for the c.m. energies close to the
Υ(5S). The shape of this peaking background is found
to be a Gaussian with σ = 11 MeV/c2. Its normalization
is floated in the fit.

To determine the reconstruction efficiency, we use
phase-space-generated MC, weighted in Mmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.

At each energy, the Born cross section is determined
according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1 − Π|2 , (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6 ± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66 ± 0.09 ± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70 ± 0.17 ± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.

The systematic uncertainties in the signal yields origi-
nate from the signal and background shapes. The relative
uncertainty due to the Mmiss(ππ) resolution is correlated
among different energy points and is equal to 1.4% for
the hb(1P ) and 3.3% for the hb(2P ). The uncertainties
due to the hb(nP ) masses and ISR tail shapes are found
to be negligible. To estimate the background-shape con-
tribution, we vary the fit interval limits by about 50 MeV
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FIG. 1. (colored online) The cross sections for the e+e− →
hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

and the polynomial order for each fit interval. The cor-
responding uncertainties are considered uncorrelated and
are 1.1% and 2.5% for the on-resonance cross sections in
Eqs. (3) and (4), respectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-
tions. We perform a simultaneous fit of the shapes,

(c)

Figure 7: The ϒ(5S) and ϒ(6S) observed at Belle. (a) The inclusive e+e− cross section (shown as Rb ≡
σ(bb)/σ0

µµ ). The solid lines are for a fit that includes interfering ϒ(5S) and ϒ(6S) states as well as coherent
and incoherent backgrounds [35]. (b) The exclusive e+e−→ π+π−ϒ(1S,2S,3S) cross sections [35]. (c) The
exclusive e+e−→ π+π−hb(1P,2P) cross sections [36].

It is very interesting to notice that e+e−→ π+π−ϒ(1S,2S,3S) and e+e−→ π+π−hb(1P,2P)
at center-of-mass energies near the ϒ(5S) mass proceed, either entirely or partially, through the in-
termediate processes e+e−→ π±Zb(10610) and e+e−→ π±Zb(10650), where the Zb(10610) and
Zb(10650) are electrically charged, have widths on the order of 20 MeV, and decay to π∓ϒ(1S,2S,3S)
and π∓hb(1P,2P) [38]. A six-dimensional amplitude analysis of the e+e−→ π+π−ϒ(1S,2S,3S)
processes was performed [39]. The JP = 1+ hypothesis was favored for both the Zb(10610) and
the Zb(10650). Zb(10610) and Zb(10650) are just above the thresholds of BB̄∗ and B∗B̄∗, respec-
tively. The Belle experiment observed the decays Zb(10610)→ BB̄∗ and Zb(10650)→ B∗B̄∗ [40],
shown in Fig. 8d. No evidence was found for Zb(10650)→ BB̄∗ decay, and no evidence was found
for the process e+e− → BB̄π . Assuming the charged Zb(10610) and Zb(10650) decay only to
π±ϒ(1S,2S,3S), π±hb(1P,2P), and BB̄(∗) (which is supported by the study of the inclusive ϒ(5S)
cross section [35]), branching fractions could be calculated. It was found that the open-bottom
decays are roughly an order of magnitude larger than the closed-bottom decays.

3.5 The issue of the X(5568)

The issue of the X(5568), recently reported by the D0 experiment in inclusive pp production
at a center-of-mass energy of 1.96 TeV [41], also remains unsettled. Because it decays to Bsπ

±, it
could be a tetraquark state of b, s, u, and d. It could be related to the charged Zc or the Zb, but it
differs in the fact that its mass is significantly below the threshold of B and a K, while the Zc and
Zb states have masses above the open-charm and open-bottom thresholds, respectively. The D0
experiment reported that a significant fraction (around 10%) of the Bs produced in the transverse
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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 S wave 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

108

110

112

114

116

0 0.2 0.4 0.6 0.8

(a)

108

110

112

114

116

0 0.2 0.4 0.6 0.8

(b)

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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except for the higherM½!ðnSÞ!)( region. The distribution
of background events is determined using events from the
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combine !ðnSÞ!þ and !ðnSÞ!# events for visualization
only. Two horizontal bands are evident in the !ð2SÞ!
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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 S wave 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
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, where we do
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To account for the possibility of !ð5SÞ decay to both
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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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except for the higherM½!ðnSÞ!)( region. The distribution
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!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 S wave 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

108

110

112

114

116

0 0.2 0.4 0.6 0.8

(a)

108

110

112

114

116

0 0.2 0.4 0.6 0.8

(b)

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-
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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

(b)

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).
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position as BB!π events, where the reconstructed B is the
primary one. To remove the correlation betweenMmissðBπÞ
and MðBÞ and to improve the resolution, we use M!

miss ¼
MmissðBπÞ þMðBÞ −mB instead of MmissðBπÞ. The M!

miss
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB!π and B!B!π signals
are evident. Combinations with πþ—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B → J=ψK0 mode is
not included in the WS sample, but both combinations
with πþ and π− are added to the RS sample.) We apply a
factor of 1.19& 0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M!

miss distribution, shown as a hatched
histogram in Fig. 1(b). Because of B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as B̄0

given by 0.5x2d=ð1þ x2dÞ ¼ 0.1861& 0.0024, where xd is
the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons produced

in events with initial-state radiation (ISR), eþe− → γBB̄,
overlaps significantly with that for B mesons from the three-
body eþe− → Bð!ÞBð!Þπ processes. However, ISR events do
not produce peaking structures in the M!

miss distribution.
A binned maximum likelihood fit is performed to fit the

M!
miss distribution to the sum of three Gaussian functions to

represent three possible signals and two threshold compo-
nents Akðxk −M!

missÞαk expfðM!
miss − xkÞ=δkg (k ¼ 1, 2) to

parametrize the qq̄ and two-body Bð!ÞB̄ð!Þ backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters Ak,
αk, δk of the background functions are free parameters of
the fit; the threshold parameters xk are fixed from the
generic MC simulations. ISR events produce an M!

miss
distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB!π and B!B!π, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields NBBπ¼13&25, NBB!π¼357&30,
and NB!B!π ¼ 161& 21 signal events. The statistical sig-
nificance of the observed BB!π and B!B!π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is calcu-
lated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.
For the subsequent analysis, we require jM!

miss −mB! j <
15 MeV=c2 to select BB!π signal events and jM!

miss−
ðmB! þ ΔmBÞj < 12 MeV=c2, where ΔmB ¼ mB! −mB,
to select B!B!π events. For the selected Bð!ÞB!π candidates,
we calculate MmissðπÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EπÞ2=c4 − P2

π=c2
p

,
where Eπ and Pπ are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

frame. The MmissðπÞ distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to theWS sample due to mixing. To fit
the MmissðπÞ spectrum, we use the function

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ(ϵðmÞFPHSPðmÞ; ð1Þ

where m≡MmissðπÞ, fsig ¼ 1.0 (0.1366& 0.0032 [14])
for the RS (WS) sample, SðmÞ and BðmÞ are the signal
and background probability density function, respectively,
and FPHSPðmÞ is the phase space function. To account for
the instrumental resolution, we smear the function FðmÞ
with a Gaussian function with σ ¼ 6.0 MeV=c2 that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as ϵðmÞ ∼ exp½ðm −m0Þ=
Δ(ð1 −m=m0Þ3=4, where m0 ¼ 10.718& 0.001 GeV=c2

is an efficiency threshold and Δ ¼ 0.094& 0.002 GeV=c2.
The distribution of background events is parametrized as

BBð!ÞB!πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð!Þ þmB!Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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position as BB!π events, where the reconstructed B is the
primary one. To remove the correlation betweenMmissðBπÞ
and MðBÞ and to improve the resolution, we use M!

miss ¼
MmissðBπÞ þMðBÞ −mB instead of MmissðBπÞ. The M!

miss
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB!π and B!B!π signals
are evident. Combinations with πþ—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B → J=ψK0 mode is
not included in the WS sample, but both combinations
with πþ and π− are added to the RS sample.) We apply a
factor of 1.19& 0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M!

miss distribution, shown as a hatched
histogram in Fig. 1(b). Because of B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as B̄0

given by 0.5x2d=ð1þ x2dÞ ¼ 0.1861& 0.0024, where xd is
the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons produced

in events with initial-state radiation (ISR), eþe− → γBB̄,
overlaps significantly with that for B mesons from the three-
body eþe− → Bð!ÞBð!Þπ processes. However, ISR events do
not produce peaking structures in the M!

miss distribution.
A binned maximum likelihood fit is performed to fit the

M!
miss distribution to the sum of three Gaussian functions to

represent three possible signals and two threshold compo-
nents Akðxk −M!

missÞαk expfðM!
miss − xkÞ=δkg (k ¼ 1, 2) to

parametrize the qq̄ and two-body Bð!ÞB̄ð!Þ backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters Ak,
αk, δk of the background functions are free parameters of
the fit; the threshold parameters xk are fixed from the
generic MC simulations. ISR events produce an M!

miss
distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB!π and B!B!π, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields NBBπ¼13&25, NBB!π¼357&30,
and NB!B!π ¼ 161& 21 signal events. The statistical sig-
nificance of the observed BB!π and B!B!π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is calcu-
lated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.
For the subsequent analysis, we require jM!

miss −mB! j <
15 MeV=c2 to select BB!π signal events and jM!

miss−
ðmB! þ ΔmBÞj < 12 MeV=c2, where ΔmB ¼ mB! −mB,
to select B!B!π events. For the selected Bð!ÞB!π candidates,
we calculate MmissðπÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EπÞ2=c4 − P2

π=c2
p

,
where Eπ and Pπ are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

frame. The MmissðπÞ distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to theWS sample due to mixing. To fit
the MmissðπÞ spectrum, we use the function

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ(ϵðmÞFPHSPðmÞ; ð1Þ

where m≡MmissðπÞ, fsig ¼ 1.0 (0.1366& 0.0032 [14])
for the RS (WS) sample, SðmÞ and BðmÞ are the signal
and background probability density function, respectively,
and FPHSPðmÞ is the phase space function. To account for
the instrumental resolution, we smear the function FðmÞ
with a Gaussian function with σ ¼ 6.0 MeV=c2 that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as ϵðmÞ ∼ exp½ðm −m0Þ=
Δ(ð1 −m=m0Þ3=4, where m0 ¼ 10.718& 0.001 GeV=c2

is an efficiency threshold and Δ ¼ 0.094& 0.002 GeV=c2.
The distribution of background events is parametrized as

BBð!ÞB!πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð!Þ þmB!Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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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 S wave 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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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).
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Figure 8: The Zb states observed in e+e− annihilation in the bottomonium region. (a,b,c) Observation
of the Zb(10610) and Zb(10650) in e+e−→ π∓Zb with the Zb decaying to π±ϒ(1S) (a), π±ϒ(2S) (b), and
π±hb(1P) (c) [38]. (d) Observation of the Zb(10610) decaying to (BB̄∗)± (top) and the Zb(10650) decaying
to (B∗B̄∗)± (bottom) [40].

momentum region between 10 and 30 GeV originated from X(5568) decays. The D0 experiment
recently found an enhancement in M(B0

s π±) with B0
s →Dsµν at the same mass and at the expected

width and rate [42]. The LHCb experiment and CMS experiment searched for the same state,
but with pp collisions and with center-of-mass energies at 7 and 8 TeV, but found no evidence for
it [43, 44]. The X(5568) certainly deserves further study.

3.6 A candidate of pp̄) bound state in J/ψ radiative decays

The state X(1835) was first observed by the BESII experiment as a peak in J/ψ → γη ′π+π−

decays [45]. This observation was later confirmed by BESIII [46] and was also observed in the
ηK0

S K0
S channel, where its spin-parity was determined to be JP = 0− by a partial wave analysis

(PWA) [47]. An anomalously strong enhancement at the proton-antiproton (pp̄) mass threshold,
dubbed X(pp̄), was first observed by BESII in J/ψ → γ pp̄ decays [48]; this observation was con-
firmed by BESIII [49] and CLEO [50]. This enhancement structure was subsequently determined
to have spin-parity JP = 0− by BESIII [51]. Using high statistics J/ψ events, BESIII studies the
J/ψ → γη ′π+π− process and observe a significant abrupt change in the slope of the η ′π+π− in-
variant mass distribution at the proton-antiproton (pp̄) mass threshold [52]. Two models are used
to characterize the η ′π+π− line shape around 1.85 GeV/c2: one which explicitly incorporates
the opening of a decay threshold in the mass spectrum (Flatté formula) (Figure 9(a)), and another
which is the coherent sum of two resonant amplitudes(Figure 9 (b)). Both fits show almost equally
good agreement with data, and suggest the existence of either a broad state with strong couplings to
pp̄ final states or a narrow state just below the pp̄ mass threshold. Although the goodness-of-fit are
equivalent for both the fits, either one supports the existence of a pp̄ molecule-like state or bound
state with greater than 7σ significance.

4. Summary

Heavy flavor production are generally well described by pQCD, although the theoretical un-
certainties are quite large at low pT , especially in the case of charm production. On the other hand,
quarkonium production mechanisms remain a puzzle and call for further investigations. The LHC
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Figure 9: An anomalous line shape of the η ′π+π− mass spectrum near the pp̄ mass threshold in J/ψ →
γη ′π+π−. (a) shows the fitting results with Flatté formula and (b) shows the fitting results with the coherent
sum of two Breit-Wigner amplitudes

Run 2 will provide more precise measurements and strong constraints to the theoretical calculations
and further understanding on the production mechanisms.

The series of discoveries of candidates of QCD exotica have expanded our knowledge of
hadrons and inspired a new field of the experimental and theoretical research. No compelling
theoretical picture has yet been found that provides a global description of what is seen. Further
investigations with more production and decay mechanism and search for the partners with similar
configuration are required to understand their nature, especially for those near thresholds. Many of
the experiments producing these new results are still currently active, while a number of new ex-
periments are on the horizon. We can expect a continuous flow of interesting experimental results
and new insights into QCD in the confinement regime.
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