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Outline

• Current challenges (with a spectroscopy bias)

• Some results that showcase current experiments

2



M. R. Shepherd 
IU Summer Workshop on  

Reaction Theory 
June 8, 2015

Reaction Products (?)

3

q
q

q
q

g

g

q

q

g



M. R. Shepherd 
IU Summer Workshop on  

Reaction Theory 
June 8, 2015

Meson Spectrum from Lattice QCD

4

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)
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negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)
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FIG. 2: (a) m−, (b) m+, (c) mππ and (d) Dalitz plot distribution for D∗−
→ D0π−

s , D0
→ K0

Sπ+π− decays from the e+e− → cc̄
continuum process. The points with error bars show the data; the smooth curve is the fit result.

IV. DALITZ PLOT ANALYSIS OF B+
→ D(∗)K(∗)+ DECAYS

In our previous analyses, the two Dalitz distributions corresponding to the decays of B+ and B− were fitted
simultaneously to give the parameters r, φ3 and δ. Confidence intervals were then calculated using a frequentist
technique, relying on toy MC simulation. In this approach, there was a bias in the fitted value of the (positive
definite) parameter r, and the errors on φ3 and δ were also r-dependent.

In the present analysis, we use a method similar to that of BaBar [12]: fitting the Dalitz distributions of the B+

and B− samples separately, using Cartesian parameters x± = r± cos(±φ3 + δ) and y± = r± sin(±φ3 + δ), where the
indices “+” and “−” correspond to B+ and B− decays, respectively. Note that in this approach the amplitude ratios
(r+ and r−) are not constrained to be equal for the B+ and B− samples. Confidence intervals in r, φ3 and δ are
then obtained from the (x±, y±) using a frequentist technique. The advantage of this approach is low bias and simple
distributions of the fitted parameters, at the price of fitting in a space with higher dimensionality (x+, y+, x−, y−)
than that of the physical parameters (r, φ3, δ); see Section IVE.

The fit to a single Dalitz distribution with free parameters x and y is performed by minimizing the negative unbinned

D→KSπ+π-J/ψ→γπ0π0
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FIG. 2. The intensities for the (a) 0++, (b) 2++ E1, (c) 2++ M2 and (d) 2++ E3 amplitudes as a function of Mπ0π0 for the
nominal results. The solid black markers show the intensity calculated from one set of solutions, while the open red markers
represent its ambiguous partner. Note that the intensity of the 2++ E3 amplitude is redundant for the two ambiguous solutions
(see Appendix B). Only statistical errors are presented.

2. Discussion

The results of the mass independent analysis exhibit
significant structures in the 0++ amplitude just below
1.5 GeV/c2 and near 1.7 GeV/c2. This region is where
one might expect to observe the the states f0(1370),
f0(1500), and f0(1710) which are often cited as being
mixtures of two scalar light quark states and a scalar
glueball [35, 36]. A definitive statement on the number
and properties of the scattering amplitude poles in this
region of the spectrum requires model-dependent fits to
the data. The effectiveness of any such model-dependent
study could be greatly enhanced by including similar
data from the decay J/ψ → γKK in an attempt to iso-
late production features from partial widths to KK and
ππ final states.

Additional structures are present in the 0++ amplitude
below 0.6 GeV/c2 and near 2.0 GeV/c2. It seems reason-
able to interpret the former as the σ (f0(500)). The latter
could be attributed to the f0(2020). The presence of the
four states below 2.1 GeV/c2 would be consistent with
the previous study of radiative J/ψ decays to ππ by BE-
SII [20]. Finally, the results presented here also suggest
two possible additional structures in the 0++ spectrum
that were not observed in Ref. [20]. These include a struc-
ture just below 1 GeV/c2, which may indicate an f0(980),
but the enhancement in this region is quite small. There

also appears to be some structure in the 0++ spectrum
around 2.4 GeV/c2.

In the 2++ amplitude, the results of this analysis in-
dicate a dominant contribution from what appears to
be the f2(1270), consistent with previous results [20].
However, the remaining structure in the 2++ amplitude
appears significantly different than that assumed in the
model used to obtain the BESII results [20]. In particu-
lar, the region between 1.5 and 2.0 GeV/c2 was described
in the BESII analysis with a relatively narrow f2(1810).
One permutation of the nominal results (the red markers
in Fig. 2) indicates that the structures in this region are
much broader, while the other permutation (the black
markers in Fig. 2) suggests that there is very little con-
tribution from any 2++ states in this region.

The tensor spectrum near 2 GeV/c2 is of interest in
the search for a tensor glueball. Previous investiga-
tions of the J/ψ → γπ0π0 channel reported evidence
for a narrow (Γ ≈ 20 MeV) tensor glueball candidate,
fJ(2230) [25]. While a model-dependent fit is required
to place a limit on the production of such a state us-
ing these data, we note that based on the reported ra-
tio B(J/ψ → γfJ(2230))/B(J/ψ → γf2(1270)) [1], one
would naively expect to observe a peak for the fJ (2230)
in the present data with an integral that is of order sev-
eral percent of that of the f2(1270) but concentrated only
in a few bins ofM(π0π0). Such a structure seems difficult

0++
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Theme

• advances in theory continue to sharpen and frame questions 
about QCD that can be addressed by experiment

• advances in experiment and technology have positioned us to 
address questions using data with unprecedented precision

• goal of this school:  foster and share advances in phenomenology 
that help connect the two points above
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A Selection of  
Recent Results

that showcase a variety of experiments and
emphasize the need for understanding reaction theory



e+e- → hadrons
BaBar at PEP-II SLAC (Menlo Park, CA)

Belle at KEK (Tsukuba, Japan)
BESIII at BEPCII (Beijing, China)
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Charmonium
Landscape

• Key players:

• Y(4260):  ???

• J/ψ:  Sq=1 L=0, JPC = 1- -

• hc:  Sq=0 L=1, JPC = 1+-

• Key transitions:

• Y→ππJ/ψ

• Y→ππhc

• Study of Y(4260) led to 
discovery of charged Z(3900)± 
and Z(4020)± structures

10

Quark Model Prediction:   
Barnes et al., PRD 72, 054026 (2005)

(approximate — not all XYZ candidates shown!)
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The Y(4260)
• 1- - state produced in e+e-

• mass greater than 2M(D) so 
we expect OZI favored 
decay:
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in Fig. 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

multi-meson states [24, 37].

7.2 Exotic mesons and hybrid phenomenology

In Fig. 16 we show the charmonium spectrum for the subset of JPC channels in which,

by considering operator-state overlaps, we identify candidate hybrid mesons. A state is

suggested to be dominantly hybrid in character if it has a relatively large overlap onto an

operator proportional to the commutator of two covariant derivatives, the field-strength

tensor. We note that within QCD non-exotic hybrids can mix with conventional charmonia.

We find that the lightest exotic meson has JPC = 1�+ and is nearly degenerate with the

three states observed in the negative parity sector suggested to be non-exotic hybrids,

(0, 2)�+, 1��. Higher in mass there is a pair of states, (0, 2)+�, and a second 2+� state

slightly above this. Not shown on the figures, an excited 1�+ appears at around 4.6 GeV,

there is an exotic 3�+ state at around 4.8 GeV and the lightest 0�� exotic does not appear

until above 5 GeV.

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

(0, 1, 2)�+, 1��, coloured red in Fig. 16, is interesting. This is the pattern of states pre-

dicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the P-wave

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

wave is coupled to a 1+� chromomagnetic gluonic excitation as shown Table 5. This is not

the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In addition,

the observation of two 2+� states, with one only slightly heavier than the other, appears

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

The pattern of JPC of the lightest hybrids is the same as that observed in light meson sec-

tor [11, 31]. They appear at a mass scale of 1.2� 1.3 GeV above the lightest conventional

– 25 –

L. Liu et al. [Hadron Spectrum Collab.], JHEP07 126 (2012)

Experiment
Conventional Meson
Lightest Hybrids
Excited Hybrids

Y(4260)

Sq=0, 1- - hybrid



M. R. Shepherd 
IU Summer Workshop on  

Reaction Theory 
June 8, 2015

e+e-→π+π-J/ψ at Ecm = 4260 MeV
• J/ψ is cleanly identified in dilepton decay modes
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Yð4260Þ state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the D !D threshold, the Yð4260Þ shows strong
coupling to the !þ!$J=c final state [7], but relatively
small coupling to open charm decay modes [8–12]. These
properties perhaps indicate that the Yð4260Þ state is not a
conventional state of charmonium [13].

A similar situation has recently become apparent in
the bottomonium system above the B !B threshold, where
there are indications of anomalously large couplings
between the "ð5SÞ state [or perhaps an unconventional
bottomonium state with similar mass, the Ybð10890Þ]
and the !þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ final
states [14,15]. More surprisingly, substructure in these
!þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ decays indi-
cates the possible existence of charged bottomoniumlike
states [16], which must have at least four constituent
quarks to have a nonzero electric charge, rather than the
two in a conventional meson. By analogy, this suggests
there may exist interesting substructure in the Yð4260Þ !
!þ!$J=c process in the charmonium region.

In this Letter, we present a study of the process eþe$ !
!þ!$J=c at a center-of-mass (c.m.) energy of

ffiffiffi
s

p ¼
ð4:260& 0:001Þ GeV, which corresponds to the peak of
the Yð4260Þ cross section. We observe a charged structure
in the !&J=c invariant mass spectrum, which we refer to
as the Zcð3900Þ. The analysis is performed with a 525 pb$1

data sample collected with the BESIII detector, which is
described in detail in Ref. [17]. In the studies presented
here, we rely only on charged particle tracking in the main
drift chamber and energy deposition in the electromagnetic
calorimeter (EMC).

The GEANT4-based Monte Carlo (MC) simulation soft-
ware, which includes the geometric description of the
BESIII detector and the detector response, is used to
optimize the event selection criteria, determine the detec-
tion efficiency, and estimate backgrounds. For the signal
process, we use a sample of eþe$ ! !þ!$J=c MC
events generated assuming the !þ!$J=c is produced
via Yð4260Þ decays, and using the eþe$ ! !þ!$J=c
cross sections measured by Belle [3] and BABAR [5].
The !þ!$J=c substructure is modelled according to the

experimentally observed Dalitz plot distribution presented
in this analysis. ISR is simulated with KKMC [18] with a
maximum energy of 435 MeV for the ISR photon, corre-
sponding to a !þ!$J=c mass of 3:8 GeV=c2.
For eþe$ ! !þ!$J=c events, the J=c candidate is

reconstructed with lepton pairs (eþe$ or "þ"$). Since
this decay results in a final state with four charged parti-
cles, we first select events with four good charged tracks
with net charge zero. For each charged track, the polar
angle in the main drift chamber must satisfy j cos#j< 0:93,
and the point of closest approach to the eþe$ interaction
point must be within &10 cm in the beam direction and
within 1 cm in the plane perpendicular to the beam direc-
tion. Since pions and leptons are kinematically well sepa-
rated in this decay, charged tracks with momenta larger
than 1:0 GeV=c in the lab frame are assumed to be leptons,
and the others are assumed to be pions. We use the energy
deposited in the EMC to separate electrons from muons.
For muon candidates, the deposited energy in the EMC
should be less than 0.35 GeV, while for electrons, it should
be larger than 1.1 GeV. The efficiencies of these require-
ments are determined from MC simulation to be above
99% in the EMC sensitive region.
In order to reject radiative Bhabha and radiative dimuon

($eþe$=$"þ"$) backgrounds associated with a photon-
conversion, the cosine of the opening angle of the pion
candidates, which are true eþe$ pairs in the case of
background, is required to be less than 0.98. In the eþe$

mode, the same requirement is imposed on the !&e'

opening angles. This restriction removes less than 1% of
the signal events.
The lepton pair and the two pions are subjected to a four-

constraint (4C) kinematic fit to the total initial four-
momentum of the colliding beams in order to improve
the momentum resolution and reduce the background.
The %2 of the kinematic fit is required to be less than 60.
After imposing these selection criteria, the invariant

mass distributions of the lepton pairs are shown in Fig. 1.
A clear J=c signal is observed in both the eþe$ and
"þ"$ modes. There are still remaining eþe$ !
!þ!$!þ!$, and other QED backgrounds, but these can
be estimated using the events in the J=c mass sideband.
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FIG. 1 (color online). The distributions ofMð"þ"$Þ (left panel) andMðeþe$Þ (right panel) after performing a 4C kinematic fit and
imposing all selection criteria. Dots with error bars are data and the curves are the best fit described in the text.
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BESIII Collaboration, PRL 110, 252001 (2013)

The final selection efficiency is ð53:8" 0:3Þ% for !þ!%

events and ð38:4" 0:3Þ% for eþe% events, where the
errors are from the statistics of the MC sample. The main
factors affecting the detection efficiencies include the de-
tector acceptances for four charged tracks and the require-
ment on the quality of the kinematic fit adopted. The lower
efficiency for eþe% events is due to final-state-radiation,
bremsstrahlung energy loss of eþe% pairs, and the EMC
deposit energy requirement.

To extract the number of "þ"%J=c signal events,
invariant mass distributions of the lepton pairs are
fit using the sum of two Gaussian functions with a
linear background term. The fits yield MðJ=c Þ ¼
ð3098:4" 0:2Þ MeV=c2 with 882" 33 signal events in
the !þ!% mode, and MðJ=c Þ¼ ð3097:9"0:3ÞMeV=c2

with 595" 28 signal events in the eþe% mode. Here the
errors are statistical only. The mass resolution is
3:7 MeV=c2 in the !þ!% mode and 4:0 MeV=c2 in the
eþe% mode.

The Born cross section is determined from the relation
#B ¼ ðNfit=Lintð1þ $Þ%BÞ, where Nfit is the number of
signal events from the fit;Lint is the integrated luminosity, %
is the selection efficiency obtained from a MC simulation,
B is the branching fraction of J=c ! ‘þ‘%, and
(1þ $) is the radiative correction factor, which is 0.818
according to a QED calculation [19]. The measured Born
cross section for eþe% ! "þ"%J=c is ð64:4" 2:4Þ pb in
the !þ!% mode and ð60:7" 2:9Þ pb in the eþe% mode.
The combinedmeasurement is#Bðeþe% ! "þ"%J=c Þ ¼
ð62:9" 1:9Þ pb.

Systematic errors in the cross sectionmeasurement come
from the luminosity measurement, tracking efficiency,
kinematic fit, background estimation, dilepton branching
fractions of the J=c , and Yð4260Þ decay dynamics.

The integrated luminosity of this data sample was mea-
sured using large angle Bhabha events, and has an esti-
mated uncertainty of 1.0%. The tracking efficiency
uncertainty is estimated to be 1% for each track from a
study of the control samples J=c ! "þ"%"0 and
c ð3686Þ ! "þ"%J=c . Since the luminosity is measured
using Bhabha events, the tracking efficiency uncertainty of
high momentum lepton pairs partly cancels in the calcu-
lation of the "þ"%J=c cross section. To be conservative,
we take 4% for both the eþe% and !þ!% modes.

The uncertainty from the kinematic fit comes from the
inconsistency between the data and MC simulation of the
track helix parameters. Following the procedure described
in Ref. [20], we take the difference between the efficiencies
with and without the helix parameter correction as the
systematic error, which is 2.2% in the !þ!% mode and
2.3% in the eþe% mode.

Uncertainties due to the choice of background shape and
fit range are estimated by varying the background function
from linear to a second-order polynomial and by extending
the fit range.

Uncertainties in the Yð4260Þ resonance parameters and
possible distortions of the Yð4260Þ line shape introduce
small systematic uncertainties in the radiative correction
factor and the efficiency. This is estimated using the differ-
ent line shapes measured by Belle [3] and BABAR [5]. The
difference in ð1þ $Þ% is 0.6% in both the eþe% and!þ!%

modes, and this is taken as a systematic error.
We use the observed Dalitz plot to generate Yð4260Þ !

"þ"%J=c events. To cover possible modelling inaccura-
cies, we conservatively take the difference between the
efficiency using this model and the efficiency using a phase
space model as a systematic error. The error is 3.1% in both
the !þ!% and the eþe% modes.
The uncertainty in BðJ=c ! ‘þ‘%Þ is 1% [21]. The

trigger simulation, the event start time determination, and
the final-state-radiation simulation are well understood; the
total systematic error due to these sources is estimated to
be less than 1%.
Assuming all of the sources are independent, the total

systematic error in the "þ"%J=c cross section measure-
ment is determined to be 5.9% for the !þ!% mode and
6.8% for the eþe% mode. Taking the correlations in errors
between the two modes into account, the combined sys-
tematic error is slightly less than 5.9%.
Intermediate states are studied by examining the Dalitz

plot of the selected "þ"%J=c candidate events. The J=c
signal is selected using 3:08<Mð‘þ‘%Þ< 3:12 GeV=c2

and the sideband using 3:00<Mð‘þ‘%Þ< 3:06 GeV=c2

or 3:14<Mð‘þ‘%Þ< 3:20 GeV=c2, which is three times
the size of the signal region. In total, a sample of 1595
"þ"%J=c events with a purity of 90% is obtained.
Figure 2 shows the Dalitz plot of events in the J=c

signal region, where there are structures in the "þ"%

system and evidence for an exotic charmoniumlike struc-
ture in the ""J=c system. The inset shows background
events from J=c mass sidebands (not normalized), where
no obvious structures are observed.
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Figure 3 shows the projections of the Mð!þJ=c Þ,
Mð!$J=c Þ, and Mð!þ!$Þ distributions for the signal
events, as well as the background events estimated from
normalized J=c mass sidebands. In the !%J=c mass
spectrum, there is a significant peak at around
3:9 GeV=c2 [referred to as the Zcð3900Þ hereafter]. The
wider peak at low mass is a reflection of the Zcð3900Þ as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the eþe$ and "þ"$

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

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

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

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

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

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

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

and "þ"$) and D0 masses (reconstructed from K$!þ).
The differences are ð1:4% 0:2Þ MeV=c2 and $ð0:7%
0:2Þ MeV=c2, respectively. Since our signal topology has
one low momentum pion, as inD0 decay, and a pair of high
momentum tracks from the J=c decay, we assume these
differences added in quadrature is the systematic error of
the Zcð3900Þ mass measurement due to tracking. Doing a
fit by assuming a P wave between the Zcð3900Þ and the !,
and between the J=c and ! in the Zcð3900Þ system, yields
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FIG. 3 (color online). One dimensional projections of the Mð!þJ=c Þ, Mð!$J=c Þ, and Mð!þ!$Þ invariant mass distributions in
eþe$ ! !þ!$J=c for data in the J=c signal region (dots with error bars), data in the J=c sideband region (shaded histograms), and
MC simulation results from #ð500Þ, f0ð980Þ, and nonresonant !þ!$ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Zcð3900Þ signal with arbitrary normalization.
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Figure 3 shows the projections of the Mð!þJ=c Þ,
Mð!$J=c Þ, and Mð!þ!$Þ distributions for the signal
events, as well as the background events estimated from
normalized J=c mass sidebands. In the !%J=c mass
spectrum, there is a significant peak at around
3:9 GeV=c2 [referred to as the Zcð3900Þ hereafter]. The
wider peak at low mass is a reflection of the Zcð3900Þ as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the eþe$ and "þ"$

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

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

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

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

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

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

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

and "þ"$) and D0 masses (reconstructed from K$!þ).
The differences are ð1:4% 0:2Þ MeV=c2 and $ð0:7%
0:2Þ MeV=c2, respectively. Since our signal topology has
one low momentum pion, as inD0 decay, and a pair of high
momentum tracks from the J=c decay, we assume these
differences added in quadrature is the systematic error of
the Zcð3900Þ mass measurement due to tracking. Doing a
fit by assuming a P wave between the Zcð3900Þ and the !,
and between the J=c and ! in the Zcð3900Þ system, yields
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FIG. 3 (color online). One dimensional projections of the Mð!þJ=c Þ, Mð!$J=c Þ, and Mð!þ!$Þ invariant mass distributions in
eþe$ ! !þ!$J=c for data in the J=c signal region (dots with error bars), data in the J=c sideband region (shaded histograms), and
MC simulation results from #ð500Þ, f0ð980Þ, and nonresonant !þ!$ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Zcð3900Þ signal with arbitrary normalization.
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• Structure in π+J/ψ mass that does not arise from  
π+π- interactions
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Z(3900)± → π±J/ψ

• Narrow (≈50 MeV) and charged

• Not conventional charmonium:  tetraquark?

• Evidence of neutral partner  
[T. Xiao et al., PLB 727, 366 (2013)]
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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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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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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.
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Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Zð3900Þ% at the same time.
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Study:
e+e-→π+π-J/ψ
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What is Z(3900)?
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What is a Resonance?
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Y(4260) hybrid test?

• Lattice QCD predicts the hybrid 1- - state to have spin S = 0

18

Using LQCD Dudek et al. predict [PRD 79, 094504 (2009)]

rate is comparable 
or larger than

Potential “hybrid test” for Y(4260), but no experimental sensitivity…yet

??

Two decays that we can attempt to compare instead:

??

Y (4260) ! ⇡⇡J/ Y (4260) ! ⇡⇡hc

Yhybrid ! ��c0Yhybrid ! �⌘c
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where a clear hc ! !"c signal is observed. To extract the
number of #þ#"hc signal events, the !"c mass spectrum
is fitted by using the MC simulated signal shape convolved
with a Gaussian function to reflect the mass resolution
difference (around 10%) between the data and MC simu-
lation, together with a linear background. The fit to the
4.26 GeV data is shown in Fig. 1. The tail in the high mass
side is due to the events with initial state radiation (ISR),
which is simulated well in MC, and its fraction is fixed in
the fit. At the energy points with large statistics (4.23, 4.26,
and 4.36 GeV), the fit is applied to the 16 "c decay modes
simultaneously, while, at the other energy points, we fit the
mass spectrum summed over all the "c decay modes. The
number of signal events (nobshc

) and the measured Born cross

section at each energy are listed in Table I. The #þ#"hc
cross section appears to be constant above 4.2 GeV with a
possible local maximum at around 4.23 GeV. This is in
contrast to the observed energy dependence in the eþe" !
#þ#"J=c channel which revealed a decrease of cross
sections at higher energies [2,17].

Systematic errors in the cross section measurement
mainly come from the luminosity measurement, the
branching fraction of hc ! !"c, the branching fraction
of "c ! Xi, the detection efficiency, the ISR correction
factor, and the fit. The integrated luminosity at each energy
point is measured by using large angle Bhabha events, and
it has an estimated uncertainty of 1.2%. The branching
fractions of hc ! !"c and "c ! Xi are taken from
Refs. [11,13]. The uncertainties in the detection efficiency
are estimated in the same way as described in
Refs. [13,16], and the error in the ISR correction is esti-
mated as described in Ref. [1]. Uncertainties due to the
choice of the signal shape, the background shape, the mass
resolution, and the fit range are estimated by varying the hc

and "c resonant parameters and line shapes in the MC
simulation, varying the background function from linear to
a second-order polynomial, varying the mass resolution
difference between data and MC simulation by one stan-
dard deviation, and by extending the fit range. Assuming
all of the sources are independent, the total systematic error
in the#þ#"hc cross section measurement is determined to
be between 7% and 9% depending on the energy, and to be
conservative we take 9% for all the energy points. The
uncertainty in Bðhc ! !"cÞ is 15.7% [14], common to all
energy points, and quoted separately in the cross section
measurement. Altogether, about 95% of the total system-
atic errors are common to all the energy points.
Intermediate states are studied by examining the

Dalitz plot of the selected #þ#"hc candidate events.
The hc signal is selected by using 3:518<M!"c

<
3:538 GeV=c2 and the sideband by using 3:490<M!"c

<
3:510 GeV=c2 or 3:560<M!"c

< 3:580 GeV=c2, which
is twice as wide as the signal region. Figure 2 shows the
Dalitz plot of the #þ#"hc candidate events summed over
all energies. While there are no clear structures in the
#þ#" system, there is clear evidence for an exotic char-
moniumlike structure in the #%hc system. Figure 3 shows
the projection of the M#%hc (two entries per event) distri-

bution for the signal events, as well as the background
events estimated from normalized hc mass sidebands.
There is a significant peak at around 4:02 GeV=c2 [the
Zcð4020Þ], and the wider peak at low masses is the reflec-
tion of the Zcð4020Þ. There are also some events at around
3:9 GeV=c2, which could be the Zcð3900Þ. The individual
data sets at 4.23, 4.26, and 4.36 GeV show similar
structures.
An unbinned maximum likelihood fit is applied to the

M#%hc distribution summed over the 16 "c decay modes.

The data at 4.23, 4.26, and 4.36 GeV are fitted simulta-
neously with the same signal function with common mass
and width. The signal shape is parametrized as a constant
width relativistic Breit-Wigner function convolved with a
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Z(4020)± → π±hc

• No Y(4260)-like peaking structure in π+π-hc cross section, 
which is comparable to peak in σ(π+π-J/ψ)

• Very narrow charged π±hc structure near DD* threshold

• Not conventional charmonium

20

Study:
e+e-→π+π-hc

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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FIG. 3 (color online). M#&hc distribution of e
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over data at all energy points.
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total fit, and the dotted curves the backgrounds from the fit.
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What about b quarks?

• Same story, heavier characters

• Y(4260) → Y or Υ(10860)

• J/ψ → Υ

• hc → hb

• at 10890 MeV:  peak in ππ 
transitions to Υ(nS) states

• Study πΥ and πhb structure in 
transitions

21
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FIG. 2. RΥππ data for Υ(1S) (top), Υ(2S) (center), and Υ(3S) (bottom), with results of fit C.

Error bars are statistical only.

The total of the above is found to be P = 0.42 ± 0.04. Preliminary evidence for Zb via
Υ(5S) → Z±

b [→ B∗B(∗)]π∓ [17] indicates that [B∗B(∗)]±π∓ is consistent with being exclu-
sively Z±

b π
∓, and we assume again that [B∗B(∗)]0π0 contributes at half the rate. The total,

including [B∗B(∗)]π, is P = 1.09± 0.15.

We have considered the following sources of systematic uncertainty: integrated luminosity,
event selection efficiency, energy calibration, reconstruction efficiency, secondary branching
fractions, and fitting procedure. The effects of the uncertainties in Rb and RΥππ on M5S, Γ5S,
and P depend on whether they are correlated or not over the data sets at different energy
points. The overall uncertainty in the integrated luminosity is 1.3%, while the uncorrelated
variation is 0.1%-0.2%. The overall uncertainty in

√
s is 1 MeV. The uncertainty in the Rb

event selection efficiency, ϵbb̄, stems from uncertainties in the mix of event types, containing
Bq, Bs, bottomonia, tau pairs, two-photon events, and qq̄ continuum, and is estimated to
be 1.1%. The systematic effects in fitting due to uncertainties in the measurements of

√
s,

fixed parameters, and fitting range are determined by varying each source by the value of
the uncertainty and refitting, noting the shifts in M5S[RΥππ], M5S[R′

b], Γ5S, and P. The
uncertainty on the rate of RΥππ for each Υ(nS) is dominated by those of the branching
fractions, B(Υ(nS) → µ+µ−) [8]: ±2%, ±10%, and ±10% for n = 1, 2, and 3, respectively.
The uncertainties from possible non-zero Ar and/or Anr in RΥππ are obtained by allowing
them to float in the fit and taking the variation of the fitted values of the other parameters
with respect to default results. The event-by-event efficiency correction to obtain RΥππ is
insensitive, but not immune, to intermediate states in the three-body decay. MC studies of

8
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Observation of Zb(10610)
±
 and Zb(10650)

±

• Belle observes two charged 
states in the bottomonium 
spectrum

• couple to π±hb and π±Υ

• consistent masses and widths in 
five different decay modes

• masses at or just above BB* and 
B*B* thresholds

• decays to B(*)B* :  
[Belle Collaboration  
arXiv:1209.6450]
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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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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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Z(4200)±

X(4140)

Charmonium  
in B Decay

• Hadronic decays of the B meson 
(M(B) = 5.27 GeV) can be used to 
study the charmonium spectrum

• useful tool at hadron colliders

• Recent hot topics:

• charged states:  Z(4430) and 
Z(4200) in π±ψ(’)

• narrow neutral state:  X(4140) 
in ΦJ/ψ
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Z(4430)± → ψ’π±

• Examine ψ’π± produced in B→ψ’Kπ±

• need to understand Kπ structure

• Z(4430) reported initially by Belle  
[PRL 100, 142001 (2008)],  
but not confirmed by BaBar  
[PRD 79, 112001 (2009)]

• Z(4430) recently confirmed with 10x 
more data at LHCb 

• established JP = 1+

• not S-wave D*(2007)D1(2420) or 
D*(2007)D2

*(2460)

• Broad structure:  Γtot ≈ 200 MeV

• LHCb:  second structure around 4200 
at 6σ; resonant nature inclusive
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K!ð1410Þ and K!ð1680Þ for J ¼ 1; K!
2ð1430Þ for J ¼ 2;

and K!
3ð1780Þ for J ¼ 3. We also include a nonresonant

(NR) J ¼ 0 term in the fits. We fix the masses and widths
of the resonances to the world average values [38], except
for the widths of the two dominant contributions, K!ð892Þ
and K!

2ð1430Þ, and the poorly known K!
0ð800Þ mass and

width, which are allowed to float in the fit with Gaussian
constraints. As an alternative J ¼ 0 model, we use the
LASS parametrization [39,40], in which the NR and
K!

0ð800Þ components are replaced with an elastic scattering
term (two free parameters) interfering with the K!

0ð1430Þ
resonance.
To probe the quality of the likelihood fits, we calculate

a binned χ2 variable using adaptive 4D binning, in which
we split the data once in j cos θψ 0 j, twice in ϕ, and then
repeatedly in m2

Kþπ− and m2
ψ 0π− , preserving any bin content

above 20 events, for a total of Nbin ¼ 768 bins. Simulations
of many pseudoexperiments, each with the same number of
signal and background events as in the data sample, show
that the p value of the χ2 test (pχ2 ) has an approximately
uniform distribution assuming that the number of degrees
of freedom (NDF) equals Nbin − Npar − 1, where Npar is
the number of unconstrained parameters in the fit. Fits with
all K! components and either of the two different J ¼ 0
models do not give a satisfactory description of the data; the
pχ2 is below 2 × 10−6, equivalent to 4.8σ in the Gaussian
distribution. If the K!

3ð1780Þ component is excluded from
the amplitude, the discrepancy increases to 6.3σ.
This is supported by an independent study using the

model-independent approach developed by the BABAR
Collaboration [25,26], which does not constrain the analy-
sis to any combination of knownK! resonances, but merely
restricts their maximal spin. We determine the Legendre
polynomial moments of cos θK! as a function of mKþπ−

from the sideband-subtracted and efficiency-corrected
sample of B0 → ψ 0Kþπ− candidates. Together with the
observed mKþπ− distribution, the moments corresponding
to J ≤ 2 are reflected into the mψ 0π− distribution using
simulations as described in Ref. [25]. As shown in Fig. 1,
the K! reflections do not describe the data in the Zð4430Þ−
region. Since a Zð4430Þ− resonance would contribute to the
cos θK! moments, and also interfere with the K! resonan-
ces, it is not possible to determine the Zð4430Þ− parameters
using this approach. The amplitude fit is used instead, as
discussed below.
If a Zð4430Þ− component with JP ¼ 1þ (hereafter Z−

1 )
is added to the amplitude, the pχ2 reaches 4% when all
the K! → Kþπ− resonances with a pole mass below the
kinematic limit are included. The pχ2 rises to 12% if the
K!ð1680Þ is added (see Fig. 2), but fails to improve when
the K!

3ð1780Þ is also included. Therefore, as in Ref. [28] we
choose to estimate the Z−

1 parameters using the model with
the K!ð1680Þ as the heaviest K! resonance. In Ref. [28]
two independent complex Z−

1 helicity couplings, HZ−

λ0 for
λ0 ¼ 0;þ1 (parity conservation requiresHZ−

−1 ¼ HZ−

þ1), were

allowed to float in the fit. The small energy release in the Z−
1

decay suggests neglecting D-wave decays. A likelihood-
ratio test is used to discriminate between any pair of
amplitude models based on the log-likelihood difference
Δð−2 lnLÞ [41]. The D-wave contribution is found to be
insignificant when allowed in the fit, 1.3σ assumingWilks’s
theorem [42]. Thus, we assume a pure S-wave decay,
implying HZ−

þ1 ¼ HZ−

0 . The significance of the Z−
1 is evalu-

ated from the likelihood ratio of the fits without and with
the Z−

1 component. Since the condition of the likelihood
regularity in Z−

1 mass and width is not satisfied when the
no-Z−

1 hypothesis is imposed, use of Wilks’s theorem is
not justified [43,44]. Therefore, pseudoexperiments are used
to predict the distribution of Δð−2 lnLÞ under the no-Z−

1

hypothesis, which is found to bewell described by a χ2 PDF
with NDF ¼ 7.5. Conservatively, we assume NDF ¼ 8,
twice the number of free parameters in the Z−

1 amplitude.
This yields a Z−

1 significance for the default K! model of
18.7σ. The lowest significance among all the systematic
variations to the model discussed below is 13.9σ.
The default fit gives MZ−

1
¼ 4475& 7 MeV, ΓZ−

1
¼

172& 13 MeV, fZ−
1
¼ð5.9&0.9Þ%, fNR ¼ ð0.3& 0.8Þ%,

fK!
0ð800Þ¼ð3.2&2.2Þ%, fK!ð892Þ¼ð59.1&0.9Þ%,fK!ð1410Þ¼

ð1.7&0.8Þ%, fK!
0ð1430Þ ¼ ð3.6& 1.1Þ%, fK!

2ð1430Þ ¼ ð7.0&
0.4Þ% and fK!ð1680Þ ¼ ð4.0& 1.5Þ%, which are consistent
with the Belle results [28] even without considering sys-
tematic uncertainties. Above, the amplitude fraction of any
component R is defined as fR ¼

R
SRðΦÞdΦ=

R
SðΦÞdΦ,

where in SRðΦÞ all except the R amplitude terms are set to
zero. The sum of all amplitude fractions is not 100% because
of interference effects. To assign systematic errors, we vary
the K! models by removing the K!ð1680Þ or adding the
K!

3ð1780Þ in the amplitude (fK!
3ð1780Þ ¼ ð0.5& 0.2Þ%), use
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FIG. 1 (color online). Background-subtracted and efficiency-
corrected mψ 0π− distribution (black data points), superimposed
with the reflections of cos θK! moments up to order 4, allowing
for JðK!Þ ≤ 2 (blue line) and their correlated statistical uncer-
tainty (yellow band bounded by blue dashed lines). The dis-
tributions have been normalized to unity.

PRL 112, 222002 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
6 JUNE 2014

222002-2

positive parity rules out the possibility that the Zð4430Þ−
state is a D̄#ð2007ÞD1ð2420Þ threshold effect as proposed
in Refs. [4,14].
In the amplitude fit, the Z−

1 is represented by a Breit-
Wigner amplitude, where the magnitude and phase vary
with m2

ψ 0π− according to an approximately circular trajec-
tory in the (ReAZ−

, ImAZ−
) plane (Argand diagram [38]),

where AZ−
is the m2

ψ 0π− dependent part of the Z
−
1 amplitude.

We perform an additional fit to the data, in which we
represent the Z−

1 amplitude as the combination of inde-
pendent complex amplitudes at six equidistant points in the
m2

ψ 0π− range covering the Z−
1 peak, 18.0–21.5 GeV2. Thus,

the K# and the Z−
1 components are no longer influenced

in the fit by the assumption of a Breit-Wigner amplitude for
the Z−

1 . The resulting Argand diagram, shown in Fig. 3, is
consistent with a rapid change of the Z−

1 phase when its
magnitude reaches the maximum, a behavior characteristic
of a resonance.
If a second Z− resonance is allowed in the amplitude

with JP ¼ 0− (Z−
0 ) the pχ2 of the fit improves to 26%.

The Z−
0 significance from the Δð−2 lnLÞ is 6σ including

the systematic variations. It peaks at a lower mass
4239% 18þ45

−10 MeV, and has a larger width 220%
47þ108

−74 MeV , with a much smaller fraction, fZ−
0
¼ ð1.6%

0.5þ1.9
−0.4Þ% ðfIZ−

0
¼ ð2.4% 1.1þ1.7

−0.2Þ%Þ than the Z−
1 . With the

defaultK# model, 0− is preferred over 1−, 2−, and 2þ by 8σ.
The preference over 1þ is only 1σ. However, the width
in the 1þ fit becomes implausibly large, 660% 150 MeV.
The Z−

0 has the same mass and width as one of the χc1π−

states reported previously [21], but a 0− state cannot decay
strongly to χc1π−. Figure 4 compares the m2

ψ 0π− projections

of the fits with both Z−
0 and Z−

1 , or the Z
−
1 component only.

The model-independent analysis has a large statistical
uncertainty in the Z−

0 region and shows no deviations of
the data from the reflections of the K# degrees of freedom
(Fig. 1). Argand diagram studies for the Z−

0 are incon-
clusive. Therefore, its characterization as a resonance will
need confirmation when larger samples become available.
In summary, an amplitude fit to a large sample of B0 →

ψ 0Kþπ− decays provides the first independent confirmation
of the existence of the Zð4430Þ− resonance and establishes
its spin parity to be 1þ, both with very high significance.
The positive parity rules out the interpretation in terms
of D̄#ð2007ÞD1ð2420Þ [4,14] or D̄#ð2007ÞD#

2ð2460Þ
threshold effects, leaving the four-quark bound state as
the only plausible explanation. The measured mass
4475% 7þ15

−25 MeV, width 172% 13þ37
−34 MeV, and ampli-

tude fraction ð5.9% 0.9þ1.5
−3.3Þ%, are consistent with, but

more precise than, the Belle results [28]. An analysis of the
data using the model-independent approach developed by
the BABAR collaboration [25] confirms the inconsistencies
in the Zð4430Þ− region between the data and Kþπ− states
with J ≤ 2. The D-wave contribution is found to be
insignificant in Zð4430Þ− decays, as expected for a true
state at such mass. The Argand diagram obtained for the
Zð4430Þ− amplitude is consistent with the resonant behav-
ior; among all observed candidates for charged four-quark
states, this is the first to have its resonant character confirmed
in this manner.

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
and FINEP (Brazil); NSFC (China); CNRS/IN2P3 and
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FIG. 3 (color online). Fitted values of the Z−
1 amplitude in six

m2
ψ 0π− bins, shown in an Argand diagram (connected points with

the error bars, m2
ψ 0π− increases counterclockwise). The red curve

is the prediction from the Breit-Wigner formula with a resonance
mass (width) of 4475 (172) MeV and magnitude scaled to
intersect the bin with the largest magnitude centered at
ð4477 MeVÞ2. Units are arbitrary. The phase convention assumes
the helicity-zero K#ð892Þ amplitude to be real.
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B→ Kπ±J/ψ
• Belle reports evidence for  

Z(4430) → π±J/ψ

• about 10x smaller than  
Z(4430) → π±ψ’

• Belle:  Z(4200)± → π±J/ψ at 6.2σ

• broad:  Γtot ≈ 400 MeV

• JP = 1+ favored

• compatible with “structure” in LHCb 
analysis of π±ψ’

• No evidence for the Z(3900) that is 
correlated with Y(4260) decay

• production mechanism dependence? 

• Z(3900) is fundamentally different from 
Z(4200) and Z(4430)?
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TABLE I. Fit results in the default model. Errors are statistical only.

JP 0− 1− 1+ 2− 2+

Mass, MeV/c2 4318 ± 48 4315± 40 4196+31
−29 4209 ± 14 4203± 24

Width, MeV 720± 254 220± 80 370± 70 64± 18 121± 53

Significance (Wilks) 3.9σ 2.3σ 8.2σ 3.9σ 1.9σ
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FIG. 6. The fit results with (solid line) and without (dashed line) the Zc(4430)
+ (the Zc(4200)

+ is not included in the model)
for the second and third vertical slices that are defined in Fig. 4.

The exclusion levels of the spin-parity hypotheses
(JP = jp, jp ∈ {0+, 1−, 2−, 2+}) for the default model
are calculated using MC simulation. The procedure is
the same as in Ref. [6]. We generate MC pseudoex-
periments in accordance with the fit result with the jp

Zc(4200)+ signal in data and fit them with the jp and
1+ signals. The resulting distribution of ∆(−2 lnL) =
(−2 lnL)JP=jp −(−2 lnL)JP=1+ is fitted to an asymmet-
rical Gaussian function and the p-value is calculated as
the integral of the fitting function normalized to 1 from
the value of ∆(−2 lnL) in data to +∞. The results are
presented in Table V.

We also generate MC pseudoexperiments in accor-
dance with the fit results for the 1+ hypothesis, fit them
with the jp and 1+ signals and obtain the distribution of
∆(−2 lnL). This distribution is fitted to an asymmetri-
cal Gaussian function and the confidence level of the 1+

hypothesis is calculated as the integral of the fitting func-
tion normalized to 1 from −∞ to the value of ∆(−2 lnL)
in data. The resulting confidence levels are shown in Ta-
ble V. The distributions of ∆(−2 lnL) for jp = 2− are
shown in Fig. 11.

For models other than the default, we do not use the
calculation of exclusion levels of the spin-parity hypothe-
ses based on MC pseudoexperiments. Instead, the sig-
nificance of the 1+ hypothesis over the jp hypothesis is
estimated as

√

∆(−2 lnL). The comparison of the two
methods for the default model is shown in Table V. The
formula-based calculation results in smaller values of the
significance than the MC-based calculation, and thus it
provides a conservative estimate of the significance. The

results for all models are shown in Table VI. The 1+ hy-
pothesis is favored over the 0−, 1−, 2−, 2+ hypotheses
at the levels of 6.1σ, 7.4σ, 4.4σ and 7.0σ, respectively.
The results of the study of the model dependence of

the Zc(4200)+ mass and width are shown in Table VII.
The maximal deviations of the mass and the width of the
Zc(4200)+ from the default model values are considered
as the systematic uncertainty due to the amplitude model
dependence.
We also estimate the systematic error associated with

the uncertainties in the modeling of the background dis-
tribution by varying the background parameters by ±1σ
(with other parameters varied in accordance with the cor-
relation coefficients) and performing the fit to the data.
The maximal deviations are considered as the system-
atic error due to the background parameterization un-
certainty. This error is found to be negligibly small com-
pared to the error due to amplitude model dependence
for all the results.
Using the helicity amplitudes shown in Table II, one

can calculate the amplitudes in the transversity basis:

A0 = H0, A∥ =
H1 +H−1√

2
, A⊥ =

H1 −H−1√
2

, (9)

where A0, A∥ and A⊥ are the transversity amplitudes.
The amplitudes from Table II should be normalized so
that, for a K∗ resonance,

|H0|2 + |H1|2 + |H−1|2 = 1 (10)

before the application of Eq. (9). The resulting transver-
sity amplitudes for the K∗(892) are shown in Table VIII.

Belle Collaboration, arXiv:1408.6457 (2014)
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FIG. 7. The fit results with (solid line) and without (dashed line) the Zc(4200)
+ (JP = 1+) in the default model. The points

with error bars are data; the hatched histograms are the J/ψ sidebands. The slices are defined in Fig. 4.
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FIG. 8. The fit results with the Zc(4200)+ (JP = 1+) in the default model. The points with error bars are data; the solid
histograms are fit results, the dashed histograms are the Zc(4430)

+ contributions, the dotted histograms are the Zc(4200)
+

contributions and the dash-dotted histograms are contributions of all K∗ resonances. The slices are defined in Fig. 4.

The transversity amplitude systematic errors are due to
amplitude model dependence. The results agree with pre-
vious Belle measurements for the (B0 + B̄0) sample in
Ref. [24] and supersede them.

We perform a search for the Zc(3900)+, using the am-
plitude model with the Zc(4200)+ (JP = 1+) as a null hy-
pothesis. All quantum number hypotheses with J ≤ 2 are
considered (JP ∈ {0+, 1−, 1+, 2− and 2+}). We limit
the mass and the width of the Zc(3900)+ in the same way
as for the Zc(4430)+. The average result of BESIII [11],

Belle [12] and analysis based on CLEO data [13].

M0 = 3891.2± 3.3 MeV/c2, Γ0 = 39.5± 8.1 MeV,

is used as the nominal mass and width of the Zc(3900)+.
The results are shown in Table IX. No significant signal
is found.

and add Z(4200)
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Comments/Questions

• e+e- → hadrons

• Similar physics in both bottom and charm systems

• Experimentally significant narrow peaks in the mass spectrum

• resonances?

• Decays of B Mesons

• Additional charged states observed in B decay

• significantly broader

• one appears to have phase motion of a resonance
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Meson Spectrum from Lattice QCD
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C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that

500

1000
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2000

2500

3000

FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11

negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)
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q
q

J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 
quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …
Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …

q

q

g

(JPC)g = 1+-

color-octet 
qq pair

Lightest Hybrids

Sqq = 0Sqq = 1

JPC: 0-+, 1-+, 2-+ 1- -

mass ≈ 1.0-1.5 GeV

“constituent gluon”

“exotic hybrid”
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π-p→η’π-p

• Data collected from 
COMPASS using a  
190 GeV pion beam

• η’π- in a P-wave: L=1

• parity:  - 

• G: -

• isospin: 1

• JPC of neutral 
isovector is 1-+ 
(exotic!)
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XIV International Conference on Hadron Spectroscopy (hadron2011), 13-17 June 2011, Munich, Germany

corresponding to momentum transfer −t ! 0.1 GeV2. A veto counter near the spectrome-
ter entry further suppressed events with particles emitted at large angles, especially from
target fragmentation [8, 9]. An additional veto suppressed events where the beam particle
passed through the target undeflected. Both stages of the spectrometer are equipped with
tracking detectors and particle identification and neutral detection by means of electro-
magnetic and hadronic calorimetry. In addition, the first spectrometer stage is equipped
with a Ring-Imaging Cherenkov detector, allowing for particle identifcation.

2 Data Selection

Besides trigger requirements, the events considered were selected by the following topo-
logical criteria: a well-defined primary interaction vertex inside the target with three outgo-
ing tracks (assumed to be pions) attached and two clusters in the electromagnetic calorime-
ters. In order to select the intended π−η′ and π−η final states, the invariant mass obtained
by attaching the pair of calorimeter clusters to the primary vertex was required to fall into
the range of the η or π0 mass, respectively. The so-identified neutral particle was then —
after a 1C kinematic fit — combined with both possible π−π+ pairs. If the invariant mass
of either combination was found to match the η′ → π−π+η or, respectively, η → π−π+π0

hypothesis, the event was accepted after additional cuts on the total momentum. The pro-
cedure yielded 35 000 events for the π−η′ final state and 110 000 events for the π−η final
state. The intermediate steps are illustrated in Fig. 1 for the selection of the η′π− final state.
The ηπ− selection is similar.
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Figure 1: Data selection. Left: γγ mass spectrum for events with three charged tracks.
The π0(135) and η(548) peaks are clearly visible. The structures below the π0 mass peak
are artefacts of low energetic photon reconstruction due to secondary interactions in the
detector material and to cuts in the reconstruction algorithm. They should not be mis-
taken for any physical signal. Center: π−π+η mass spectrum for kinematically complete
events. Two peaks corresponding to η′(958) and f1(1285) stand out. Right: Final π−η′

mass spectrum. The peak of the a2(1320) is visible near threshold.

2

XIV International Conference on Hadron Spectroscopy (hadron2011), 13-17 June 2011, Munich, Germany

3 Final-State Kinematics

The data are expected to be dominated by natural parity exchange waves with M = 1, both
from the favored pomeron exchange and from the results of previous analyses. This is eas-
ily verified by plotting the angle φ between decay and production plane in the Gottfried-
Jackson frame [10] where the sin2 φ contribution dominates (not shown). The remainder
of the kinematical information is contained in the momentum transfer t, the polar angle of
the η or η′ meson in the GJ frame cos θGJ, and the invariant mass m of the two-body system
under consideration. In Fig. 2 the distribution of cos θGJ as function of m is shown for both
the ηπ− and η′π− systems. Outstanding features are the occurence of the a2(1320) meson,
a structure near 2 GeV/c2 corresponding to the a4(2040) meson, whose intereference with
a spin-2 background can be made out in the ηπ− data, and a strong forward-backward
peaking for masses above 2 GeV/c2, pointing towards non-resonant contributions. Espe-
cially in the η′π− data a strong forward backward asymmetry is observed in the data, with
a fast turnover around the a2(1320) mass range, corresponding to relative phase motion of
the odd (P+) and even (D+) contributions.
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Figure 2: Kinematics. The distribution in cos θGJ as function of invariant mass m (not
acceptance corrected). Left for the ηπ− system, right for the η′π− system.

The E852 experiment claimed an unusual momentum transfer distribution in the produc-
tion of the η′π− system [4]. We cannot confirm this observation, see Tab. 1.

4 Partial-Wave Analysis of the η′π− System

In this section we present the results of a partial-wave analysis in mass bins of the η′π−

data. The analysis follows the lines of the previous analyses, allowing S, P, and D waves
with M ≤ 1 in both natural and unnatural exchange. Additionally, the spin-4, M = 1
G+-wave was allowed. The η′ was separated from the π−π+η background by introducing
its experimental shape as a pseudo-isobar and fitting in the complete 4-body phase-space
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mass bin [GeV/c2] fit with A exp(−B|t|) fit with A|t| exp(−B|t|)
m < 1.5 5.5 8.2

1.5 < m < 1.9 5.1 7.5
1.9 < m < 2.2 4.8 7.1
2.2 < m < 3 4.6 6.9

Table 1: Fit to the slope parameter B in units of GeV−2 for momentum transfer as func-
tion of mass. E852 found the much broader B = 2.93 GeV−2 when fitting with a single
exponential.

where besides the π−η′ waves an additional incoherent flat, phase-space-like contribution
was allowed. From these ingredients an extended log-likelihood function is constructed
and maximized, taking into account the detector acceptance via normalization integrals
calculated from Monte-Carlo data. The results for the intensities of the positive-reflectivity
wave are shown in Fig. 3. The relative phases are shown in Fig. 4.

We confirm the presence of a broad structure in the P+-wave of the η′π−. A fit to the inten-
sity of this structure by a single-channel relativistic Breit-Wigner shape underestimates the
high-mass side of the distribution. We confirm the presence of the a4(2040) resonance in
this channel previously seen by E852 [4]. This resonance is also visible in the 3π data [11].
A resonant interpretation of the P+-wave would have to be reconciled with the relative
phase-motions compared to the other waves, and the apparent onset of double-Regge pro-
duction or similar processes above ≈ 2 GeV whose low-mass impact is not yet understood.
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Figure 3: Intensities of the positive-reflectivity waves. From left to right: P+, D+, G+.
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In order to shed new light on these questions, the
COMPASS Collaboration, operating a large-acceptance
and high-resolution spectrometer [17] situated at the
CERN Super Proton Synchrotron (SPS), is gathering
high-statistics event samples of diffractive reactions of
hadronic probes into final states containing both charged
and neutral particles. Diffractive dissociation is a reaction
of the type aþ b ! cþ d with c ! 1þ 2þ " " " þ n,
where a is the incoming beam particle, b the target, c the
diffractively produced object decaying into n particles, and
d the target recoil particle, with 4-momenta pa . . .pd,
respectively. The production kinematics is described by
two variables: s and t0 ¼ jtj$ jtjmin, where s ¼
ðpa þ pbÞ2 is the square of the total center of mass energy,
t ¼ ðpa $ pcÞ2 is the square of the four momentum trans-
ferred from the incoming beam to the outgoing system c,
and jtjmin is the minimum value of jtj which is allowed by
kinematics for a given mass mc.

First studies of diffractive reactions of 190 GeV=c !$

on a 3 mm lead target were carried out by COMPASS in
2004. The !$!$!þ final state was chosen because the
disputed !1ð1600Þ meson with exotic JPC had previously
been reported in this channel. The trigger selected events
with one incoming particle and at least two outgoing
charged particles. In the offline analysis, a primary vertex
inside the target with 3 outgoing charged particles is re-
quired. Since the recoil particle was not detected, the
following procedure is applied in order to select exclusive
events. The beam energy Ea is very well approximated by
the measured total energy Ec of the 3! system with a small
correction arising from the target recoil, which can be
calculated from the measured scattering angle " ¼
ffð ~pa; ~pcÞ, assuming that the target particle remained intact
throughout the scattering process. Then an exclusivity cut
is applied, requiring Ea to be within (4 GeV of the mean
beam energy. Events with a wide range of t0 from zero up to
a few GeV2=c2 were recorded. For the analysis presented
in this letter we restrict ourselves to the range where
candidates for spin-exotic states have been reported in
the past: 0:1 GeV2=c2 < t0 < 1:0 GeV2=c2, far beyond
the region of coherent scattering on the Pb nucleus.
Figure 1 shows the invariant mass of the corresponding
events. In our sample of 420 000 events in the mass range
between 0.5 and 2:5 GeV=c2, the well-known resonances
a1ð1260Þ, a2ð1320Þ, and !2ð1670Þ are clearly visible in the
3! mass spectrum.

A partial wave analysis (PWA) of this data set was
performed using a program which was originally devel-
oped at Illinois [18], and later modified at Protvino and
Munich. An independent cross-check of the results was
performed using a different PWA program developed at
Brookhaven [19] and adapted for COMPASS [20]. At highffiffiffi
s

p
, the reaction can be assumed to proceed via t-channel

Reggeon exchange, thus justifying the factorization of the
total cross section into a resonance and a recoil vertex

without final state interaction. The exchanged Reggeon
may excite the incident pion (JP ¼ 0$) to a state X with
different JP, limited only by conservation laws for strong
interactions. For the ð3!Þ$ final state I ) 1; we assume
I ¼ 1 since no flavor-exotic mesons have been found.
Since in additionG ¼ $1 for a system with an odd number
of pions, C ¼ þ1 follows from Eq. (1). We take the
phenomenological approach of the isobar model, in which
all multiparticle final states can be described by sequential
two-body decays into intermediate resonances (isobars),
which eventually decay into the final state observed in the
experiment. All known isovector and isoscalar !! reso-
nances have been included in our fit: ð!!ÞS [comprising
the broad #ð600Þ and f0ð1370Þ], $ð770Þ, f0ð980Þ,
f2ð1270Þ, and $3ð1690Þ [8]. It is possible that there exists
a direct three-body decay into ð3!Þ$ without an intermedi-
ate di-pion resonance; in the isobar model, such a decay
mode without angular correlations is represented by
#ð600Þ þ !$ with L ¼ 0 and JP ¼ 0$. Possible compli-
cations to the isobar model from unitarity constraints are
not an issue here; such effects enter in the formulation of
the model only when all possible decay modes are simul-
taneously fit, which may include the final states containing
!0, %, %0, !, K !K, or N !N. The spin-parity composition of
the excited state X is studied in the Gottfried-Jackson
frame, which is the center of mass frame of X with the
z axis along the beam direction, and the y axis perpendicu-
lar to the production plane, formed by the momentum
vectors of the target and the recoil particle.
The PWA is done in two steps. In the first step, a fit of the

probability density in 3! phase space is performed in
40 MeV=c2 bins of the 3! invariant mass m (fit in mass
bins). No dependence of the production strength for a given
wave on the mass of the 3! system is introduced at this
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40 MeV=c2 bins of the 3! mass and rescaled to the binning of
the histogram. Both the invariant mass spectrum and the back-
ground distribution are not acceptance corrected.
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Figure 1: Invariant mass spectrum of the ana-
lyzed p�p+p� system.
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Figure 2: Diagrammatic view of the studied
reaction. The p�p+p� final-state is diffrac-
tively produced via pomeron-exchange with the
target-proton.

1. The COMPASS experiment

COMPASS, a multi-purpose fixed-target experiment, is located at CERN’s Prevessin-area and
supplied with various hadron and muon beams by the Super Proton Synchrotron. Is is a two-stage
high-resolution spectrometer with large acceptance that covers a wide kinematic range. Beam and
final-state particle are identified via Chenenkov-detectors (CEDARs and RICH).
For the analysis presented here, data taken in 2008 are used. During this run, a 190GeV negative
secondary-hadron beam was used with a hydrogen tagret. This beam consists to 97% of p�. The
remaining part is mainly K

� and some p̄.

2. The p�p+p� final state

The work presented here analyzes the channel with three diffractively produced charged pions
in the final state. During the 2008 run, about 50 million exclusive p�p+p� events were recorded,
which constitutes at the moment by far the world’s largest data sample for this particular channel.

2.1 Mass spectra

The three-pion invariant mass spectrum (Fig.1) of the selected events already shows a detailed
structure due to several intermediate states. The most prominent features correspond to the well-
established resonances a1(1260), a2(1320) and p2(1690).[1]
Looking at Dalitz plots for different three-pion masses m3p also gives a first insight into the mass

spectrum of the two-pion subsystem. Doing this at m3p around 1.320GeV and 1.670GeV, which
corresponds to the a2(1320) and the p2(1670), respectively, reveals already a rich structure in the

2
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!2ð1670Þ, with very similar masses and widths, causing the
relative phase difference to be almost constant. In contrast
to this the phase difference to the 1þþ wave, shown in
Fig. 3(a), clearly shows an increase around 1:7 GeV=c2. As
the a1ð1260Þ is no longer resonating at this mass, this
observation can be regarded as an independent verification
of the resonating nature of the 1$þ wave.

The solid lines in Fig. 2 show the total intensity from the
mass-dependent fit for the corresponding waves. For the
1þþ0þ"!S wave shown in Fig. 2(a) it is well known that
there is a significant contribution of nonresonant produc-
tion through the Deck effect [24], indicated by the dotted
line. Its interference with the a1ð1260Þ (dashed line) shifts
the peak in the data to a slightly lower value than the peak

position of the resonance. The 2$þ0þf2!Swave shown in
Fig. 2(b) is well described by a single resonance, the
!2ð1670Þ. The 2þþ1þ"!D wave displayed in Fig. 2(c) is
dominated by the a2ð1320Þ with a small contribution from
the a2ð1700Þ, whose parameters have been fixed to Particle
Data Group (PDG) values [25] because of the limited
statistics. The intensity of the exotic 1$þ1þ"!P wave,
shown in Fig. 2(d), is well described by a Breit-Wigner
resonance with constant width at 1:66 GeV=c2 (dashed
line), which we interpret as the !1ð1600Þ, and a nonreso-
nant background (dotted line) at lower masses. The reso-
nant component of the exotic wave is strongly constrained
by the mass-dependent phase differences to the
1þþ0þ"!S and the 2$þ0þf2!S waves, which are well
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FIG. 3 (color online). Phase differences of the exotic 1$þ1þ"!P wave to the 1þþ0þ"!S (a) and the 2$þ0þf2!S (b) waves. The
data points represent the result of the fit in mass bins; the lines are the result of the mass-dependent fit.
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C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.
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1. The COMPASS experiment

COMPASS, a multi-purpose fixed-target experiment, is located at CERN’s Prevessin-area and
supplied with various hadron and muon beams by the Super Proton Synchrotron. Is is a two-stage
high-resolution spectrometer with large acceptance that covers a wide kinematic range. Beam and
final-state particle are identified via Chenenkov-detectors (CEDARs and RICH).
For the analysis presented here, data taken in 2008 are used. During this run, a 190GeV negative
secondary-hadron beam was used with a hydrogen tagret. This beam consists to 97% of p�. The
remaining part is mainly K

� and some p̄.

2. The p�p+p� final state

The work presented here analyzes the channel with three diffractively produced charged pions
in the final state. During the 2008 run, about 50 million exclusive p�p+p� events were recorded,
which constitutes at the moment by far the world’s largest data sample for this particular channel.

2.1 Mass spectra

The three-pion invariant mass spectrum (Fig.1) of the selected events already shows a detailed
structure due to several intermediate states. The most prominent features correspond to the well-
established resonances a1(1260), a2(1320) and p2(1690).[1]
Looking at Dalitz plots for different three-pion masses m3p also gives a first insight into the mass

spectrum of the two-pion subsystem. Doing this at m3p around 1.320GeV and 1.670GeV, which
corresponds to the a2(1320) and the p2(1670), respectively, reveals already a rich structure in the
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Figure 5: Intensity of the
1++0+ r(770) p S wave. The
a1(1260) resonance can be
clearly be seen.
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Figure 6: Intensity of the
2++1+ r(770) p D wave.
The a2(1320) resonance can be
clearly be seen.
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Figure 7: Intensity of the
2�+0+

f2(1270) p S wave.
The p2(1690) resonance can be
clearly be seen.

a1(1420). The mass and width of this new resonance were determined by mass dependent fits to
lie in the following ranges:

m

a1(1420) = 1412�1422MeV, (3.2)

G
a1(1420) = 130�150MeV. (3.3)

Since the 1++0+
f0(980) p P wave also shows a strong phase motion (Fig.9) with respect to other

waves, the observed intensity peak (Fig.8) is identified by mass-dependent fits as a new resonance,
that mainly decays via a1(1420)! f0(980) p�. [5, 3]

4. De-isobarred PWA

Although the PWA method described above turned out to be a very powerful tool and allows
insight into the hadron spectrum, it has some limitations. At the moment, the parametrizations
emplyed for the isobars have to be known beforehand and are not determined from the data. Ex-
amples for parametrizations are the relativistic Breit-Wigners or other, more eleborated models
motivated by theory. However, up to now there is no definite choice for e.g. the parametrization of
the f0(500).
To investigate possible model bias introduced by the used isobar parametrizations, a new method
was introduced, called ’de-isobarring’.

4.1 De-isobarring

In order to circumvent the need to put the isobar shapes into the PWA fit, de-isobarring replaces
them by a set of piecewise constant functions. These fuctions cover the whole allowed range for
mp�p+ and each of the single steps behaves like an independent partial wave with well-defined
quantum numbers.
A usual PWA fit, with fixed parametrizations in the two-pion mass mp�p+ , returns one complex
parameter for each wave that describes the strength and relative phase of the respective partial
wave. In the de-isobarred fit, such a complex parameter is returned for every single mp�p+ bin.
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Figure 8: Intensity of the 1++0+
f0(980) p P

wave. The new a1(1420)-resonance can be
clearly be seen.

Figure 9: PWA results for the phase difference
between the 1++0+

f0(980) p P wave with the
a1(1420)and the 1++0+ r(770) p S wave with
the a1(1260). A clear phase motion is visible
in the region around 1.420GeV, thus identify-
ing the observed peak in the intensity as a reso-
nance. The red line shows the result of a mass-
dependent fit.

Since each of these steps corresponds to a certain bin in mp�p+ , the complex amplitude of the
isobar can be obtained this way from these parameters as a function of mp�p+ . Since this anaysis
is independently performed in m3p bins, a two-dimensional picture of the amplitude is obtained.
At the moment this procedure is applied to isoscalar 0++ isobars, which are all replaced by the

piecewise constant functions, which are henceforth denoted by [pp]⇤
S

:

[pp]
S

, f0(980), f0(1500)! [pp]⇤
S

. (4.1)

In the present analysis, steps of 10MeV width are used in the region from mp�p+ = 920 to 1080MeV,
which is the area of the f0(980). Outside this range, steps of 40MeV width were chosen, resulting
in a total of 62 steps over the whole mp�p+ range which extends from 2mp to m3p �mp .
At the moment, the following seven partial waves were replaced by the de-isobarred [pp]⇤

S

waves:

Established PWA De-isobarred PWA
0�+0+ [pp]

S

p S

0�+0+
f0(980) p S

0�+0+
f0(1500) p S

0�+0+ [pp]⇤
S

p S

1++0+ [pp]
S

p P

1++0+
f0(980) p P

1++0+ [pp]⇤
S

p P

2�+0+ [pp]
S

p D

2�+0+
f0(980) p D

2�+0+ [pp]⇤
S

p D

while all other waves are still treated as in the normal PWA, with given isobar-parametrizations.
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a1(1260)→ρπ

a1(1420)→f0π

where gρππ is the ρππ coupling constant [g2=ð4πÞ ¼ 2.4],
Kρ is the magnitude of the incident pion momentum in the
ρ rest frame [4], b is the slope of the πN elastic diffraction
peak, and σπp is the πp total cross section. The invariants
s13, t1, and t2 are labeled in Fig. 1(a).
Similarly, the πf0 production amplitude is

Tf
D ¼ gf0ππ

1

m2
π − t2

is13ebt1σπp: ð2Þ

Choosing the average value of the f0 → ππ width of
60 MeV, we obtain a numerical value gf0ππ ≃ 1.45 GeV.
The other factors in Eq. (2) relative to Fig. 1(b) have the
same meaning as in Eq. (1).
The ρπ Deck background has been well studied, where,

by background, we mean the amplitude before any final-
state interactions are included. We refer to Ref. [5] and
extract what is useful in the present analysis. We work in
the final ρπ (f0π) center of mass frame; M is the invariant
mass of this system. In the limit of forward production
ðt1 → 0Þ and large s, Eq. (1) produces the ρπ system
predominately in an S wave [4], used in previous calcu-
lations (e.g., Ref. [5]).
However, the JP ¼ 1þ f0π system is in an orbital P

wave. To address f0π, we must extend the partial wave
extraction calculations to finite values of t1 and s. We
present the complete calculation of these amplitudes else-
where [8]. The important feature is that the higher partial
wave amplitudes are of the order of t1=M2 or M2=s with
respect to the dominant S wave. An immediate conse-
quence is that f0π P-wave production should have a
noticeably smaller rate than the ρπ S-wave process, as is
borne out in the complete calculation and exhibited by the
COMPASS data, where the intensity of the f0π peak at
1.42 GeV is lower than that of the ρπ peak at 1.26 GeV by a
factor of the order of a few 10−3.
In the COMPASS experiment, the value of the square

of the invariant total energy is s ¼ 380 GeV2, while
the momentum transfer t1 in the smallest bin is
t1 ∈ ½−0.1;−0.13& GeV2. We are interested in values of
M ∼ 1–2 GeV. Since jt1j=M2 ≫ M2=s, the only relevant
kinematic corrections come from the momentum transfer
dependence. We choose to work at the fixed value
t1 ¼ −0.1 GeV2, and we checked that within the first t
bin (t1 ∈ ½−0.1;−0.13& GeV2) our results do not vary

appreciably. A convenient dimensionless expansion param-
eter is

Θ1 ¼
t1

ðM2 −m2
πÞ
: ð3Þ

The JP ¼ 1þ S-wave ρπ background amplitude is, to
first order in Θ1,

TDeck
S ¼ −

s
ðM2 −m2

πÞ

×
!
1 −

1

2
Θ1

"
ð3M2 þm2

πÞ
ðM2 −m2

πÞ
−
Eρ

Eπ

#"
1

y
ln
1þ y
1 − y

#$
;

ð4Þ

where Eπ and Eρ are the pion and ρ energies in the ρπ rest
frame, respectively, and where y ¼ pπ=Eπ is the ρπ phase
space factor, pπ being the pion momentum in the ρπ
rest frame.
The JP ¼ 1þ P-wave f0π amplitude is, at the same

order in Θ1,

TDeck
P ¼ þ 3

2

s
ðM2 −m2

πÞ
Θ1

×
"
ð3M2 þm2

πÞ
ðM2 −m2

πÞ
−
Ef0

Eπ
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−2
y

þ 1

y2
ln
"
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1 − y
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;

ð5Þ

where Eπ and Ef0 are the pion and f0 energies, respectively,
pπ the pion momentum in the f0π rest frame, and, as
above, y ¼ pπ=Eπ .
Equation (5) is a major clue to our investigation.

The right-hand side contains the factor ð3M2 þm2
πÞ=

ðM2 −m2
πÞ − Ef0=Eπ . This factor is negative at low values

of M (since mf0=mπ > 3), but it vanishes near M ≃
1.38 GeV and becomes positive afterward. Furthermore,
if we give this term some small imaginary part, its phase
will switch suddenly from −180° to zero. This sudden and
rapid phase variation is not a dynamical effect in the sense
of a resonant phase, but it originates in the structure of the
dynamical process by which the f0π state is produced.
Another interesting qualitative feature of Eq. (5) is that it
grows in the region of interest (M ∼ 1.2–1.4 GeV) and
therefore tends to push a resonance peak upward in M.
Keeping in mind the parameters introduced in Eqs. (1)

and (2), our two JPC ¼ 1þþ amplitudes are

"
TDeckðρπÞ
TDeckðf0πÞ

#
¼ 2i

ffiffiffi
2

p
sN

ðM2 −m2
πÞ

 
gρππKρσπp ~Tρπ

gf0ππσπp ~Tf0π

!

; ð6Þ

where ~Tρπ and ~Tf0π can be read off from Eqs. (4) and (5).
The structure remains the same after we unitarize. The
normalization factor N is irrelevant for present purposes
and is taken equal to 1 here.
Unitarization.—For theoretical and technical details

about multichannel final-state unitarization, we refer to

FIG. 1. Deck production processes for (a) ρπ and (b) f0π.
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where gρππ is the ρππ coupling constant [g2=ð4πÞ ¼ 2.4],
Kρ is the magnitude of the incident pion momentum in the
ρ rest frame [4], b is the slope of the πN elastic diffraction
peak, and σπp is the πp total cross section. The invariants
s13, t1, and t2 are labeled in Fig. 1(a).
Similarly, the πf0 production amplitude is
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D ¼ gf0ππ
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Choosing the average value of the f0 → ππ width of
60 MeV, we obtain a numerical value gf0ππ ≃ 1.45 GeV.
The other factors in Eq. (2) relative to Fig. 1(b) have the
same meaning as in Eq. (1).
The ρπ Deck background has been well studied, where,

by background, we mean the amplitude before any final-
state interactions are included. We refer to Ref. [5] and
extract what is useful in the present analysis. We work in
the final ρπ (f0π) center of mass frame; M is the invariant
mass of this system. In the limit of forward production
ðt1 → 0Þ and large s, Eq. (1) produces the ρπ system
predominately in an S wave [4], used in previous calcu-
lations (e.g., Ref. [5]).
However, the JP ¼ 1þ f0π system is in an orbital P

wave. To address f0π, we must extend the partial wave
extraction calculations to finite values of t1 and s. We
present the complete calculation of these amplitudes else-
where [8]. The important feature is that the higher partial
wave amplitudes are of the order of t1=M2 or M2=s with
respect to the dominant S wave. An immediate conse-
quence is that f0π P-wave production should have a
noticeably smaller rate than the ρπ S-wave process, as is
borne out in the complete calculation and exhibited by the
COMPASS data, where the intensity of the f0π peak at
1.42 GeV is lower than that of the ρπ peak at 1.26 GeV by a
factor of the order of a few 10−3.
In the COMPASS experiment, the value of the square

of the invariant total energy is s ¼ 380 GeV2, while
the momentum transfer t1 in the smallest bin is
t1 ∈ ½−0.1;−0.13& GeV2. We are interested in values of
M ∼ 1–2 GeV. Since jt1j=M2 ≫ M2=s, the only relevant
kinematic corrections come from the momentum transfer
dependence. We choose to work at the fixed value
t1 ¼ −0.1 GeV2, and we checked that within the first t
bin (t1 ∈ ½−0.1;−0.13& GeV2) our results do not vary
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where Eπ and Eρ are the pion and ρ energies in the ρπ rest
frame, respectively, and where y ¼ pπ=Eπ is the ρπ phase
space factor, pπ being the pion momentum in the ρπ
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where Eπ and Ef0 are the pion and f0 energies, respectively,
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if we give this term some small imaginary part, its phase
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of a resonant phase, but it originates in the structure of the
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Comments

• Excellent data in hand with amazing statistical precision

• Modeling of the reaction in analysis seems to be the dominant 
systematic error when interpreting data

• The ability to make major discoveries depends on the ability 
to quantify and limit this systematic uncertainty
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12 GeV Upgrade to JLab

39

add an arc

add Hall D
and GlueX

add 5+5
accelerating

modules

• Upgrade maximum electron energy from  
6 GeV to 12 GeV with addition of cryomodules

• New Hall D and upgrades to existing Hall 

• Project completion:  Spring 2017

• Accelerator upgrade is complete

• Hall D facility and associated experimental 
equipment are complete
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• high intensity, linearly-polarized 
photoproduction experiment:  9 GeV photons

• core program:  light meson spectroscopy - 
access to everything up to around 3 GeV

• unique and complementary to hadron 
beam data, e.g., COMPASS
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Prof. Curtis Meyer
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October 2014
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Hall D/GlueX Polarized Photon Beam
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Conclusions

• Exciting developments in experimental studies of spectroscopy in 
the last ten years

• understanding underlying reaction dynamics is critical

• data will keep coming:  new experiments studying different 
reactions are starting now

• Advances in technology and sociology

• statistically precise data for many related reactions

• high-performance analysis machinery

• new (old) ideas about theory and experiment collaboration

• Ability to draw firm conclusions from the data depends on having 
a good understanding of underlying reaction dynamics
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