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A variety of color-singlet meson states are allowed, in principle:

All non-  mesons and all non-  baryons are “exotic”  
(note:  sometimes “exotic” is reserved for non-  , like ).
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Exotic mesons can be distinguished from  
conventional mesons in at least four 
ways:

1.  unusual properties

e.g. 

2.  overpopulation

e.g. , 

3.  exotic flavor

e.g. , 
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major caveat:  an exotic hadron must also 
be a hadron (as opposed to a scattering

artifact, for example)

This talk:  charmonium, bottomonium, light quark mesons.
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a b s t r a c t

The quark model was formulated in 1964 to classify mesons as bound states made of
a quark–antiquark pair, and baryons as bound states made of three quarks. For a long
time all known mesons and baryons could be classified within this scheme. Quantum
Chromodynamics (QCD), however, in principle also allows the existence of more complex
structures, generically called exotic hadrons or simply exotics. These include four-
quark hadrons (tetraquarks and hadronic molecules), five-quark hadrons (pentaquarks)
and states with active gluonic degrees of freedom (hybrids), and even states of pure
glue (glueballs). Exotic hadrons have been systematically searched for in numerous
experiments for many years. Remarkably, in the past fifteen years, many new hadrons
that do not exhibit the expected properties of ordinary (not exotic) hadrons have been
discovered in the quarkonium spectrum. These hadrons are collectively known as XYZ
states. Some of them, like the charged states, are undoubtedly exotic. Parallel to the
experimental progress, the last decades have also witnessed an enormous theoretical
effort to reach a theoretical understanding of the XYZ states. Theoretical approaches
include not only phenomenological extensions of the quark model to exotics, but also
modern non-relativistic effective field theories and lattice QCD calculations. The present
work aims at reviewing the rapid progress in the field of exotic XYZ hadrons over the
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This review presents an overview of the remarkable progress in the field of heavy-quark
exotic hadrons over the past 15 years. It seeks to be pedagogical rather than exhaustive,
summarizing both the progress and specific results of experimental discoveries, and the
variety of theoretical approaches designed to explain these new states.
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Quantum chromodynamics (QCD), the generally accepted theory for strong interactions, describes
the interactions between quarks and gluons. The strongly interacting particles that are seen in nature
are hadrons, which are composites of quarks and gluons. Since QCD is a strongly coupled theory at
distance scales that are characteristic of observable hadrons, there are no rigorous, first-principle
methods to derive the spectrum and properties of the hadrons from the QCD Lagrangian, except for
lattice QCD simulations that are not yet able to cope with all aspects of complex and short-lived states.
Instead, a variety of “QCD inspired” phenomenological models have been proposed. Common
features of these models are predictions for the existence of hadrons with substructures that are more
complex than the standard quark-antiquark mesons and the three-quark baryons of the original quark
model that provides a concise description of most of the low-mass hadrons. Recently, an assortment of
candidates for nonstandard multiquark mesons, meson-gluon hybrids, and pentaquark baryons that
contain heavy (charm or bottom) quarks has been discovered. Here the experimental evidence for
these states is reviewed and some general comparisons of their measured properties with standard
quark model expectations and predictions of various models for nonstandard hadrons are made. The
conclusion is that the spectroscopy of all but the simplest hadrons is not yet understood.
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other, non-nucleon-nucleon, systems are, or if bound mole-
culelike meson-meson or meson-baryon combinations
actually exist.
The 2003 Belle paper (Choi et al., 2003) that reported the

discovery of the Xð3872Þ → πþπ−J=ψ emphasized two in-
triguing experimental features. One was the close proximity of
the Xð3872Þ mass and the D0D̄$0 mass threshold; at that time,
the measurement precision of the Xð3872Þ mass was
%0.8 MeV and that of the PDG-2002 value world average
for mD0 þmD$0 was %1 MeV (Hagiwara et al., 2002) and
δm00 ¼ ðmD0 þmD$0Þ −M(Xð3872Þ) ¼ −0.9% 1.3 MeV.
The second intriguing feature was the concentration of πþπ−

invariant masses near the ρ meson mass that was a strong
indication that the decay violated isospin symmetry in a
substantial way (Choi et al., 2003).
Within a few weeks after the Belle results were made

public, papers were posted by Tornqvist (2003) and Close and
Page (2004) that pointed out that these mass and isospin-
breaking properties were characteristic of expectations for a
DD̄$ molecular state. In fact, a JPC ¼ 1þþ, DD̄$ bound state
with mass near 3870 MeV had been predicted (and named) by
Tornqvist (1994); inspired by its similarity to the deuteron,

Tornqvist called the state a deuson. As a result, at that time,
experimenters and theorists expected that a thorough under-
standing of the underlying nature of the Xð3872Þ would be a
straightforward exercise and that they could look forward to
exploring a rich spectroscopy of related deuson states, in both
the charm quark and bottom quark sectors.
However, this optimism turned out to be short lived. As

discussed in Sec. V.A, the CDF and D0 groups found the
Xð3872Þ was produced promptly in Ec:m: ¼ 1.96 TeV pp̄
annihilations with production cross sections and other char-
acteristics that are similar to those for prompt ψ 0 production
(Abazov et al., 2004; CDFII Collaboration, 2004), while
detailed computations for a loosely bound DD̄$ composite
showed that such similarities were highly unlikely (Bignamini
et al., 2009). Also, in the deuson picture, the Xð3872Þ is
primarily a D0D̄$0 bound state. Searches for other near-
threshold DD̄$ combinations, such as mostly DþD$− or
D0D$− states, with the same JPC ¼ 1þþ quantum numbers,
came up empty (Aubert et al., 2005b; Choi et al., 2011).
Another problem with the deuson idea is the large rate for
Xð3872Þ → γψð2SÞ reported by BABAR (Aubert et al., 2009b)
and LHCb (Aaij et al., 2014a) [see Eq. (4)], which is expected

0 2 4 6 8 10 12 14

M
as

s 
[M

eV
]

3000

3200

3400

3600

3800

4000

4200

4400

4600

4800

(1S)ψJ/

(1S)
c

η

(2S)ψ
(2S)

c
η

(3S)ψ

(4S)ψ

(1P)
c2

χ
(1P)

c1
χ

(1P)
c0

χ

(1P)ch

(2P)
c2

χ

(1D)ψ
(1D)

2
ψ

(2D)ψ

X(3872)
X(3915)X(3940)

X(4140)X(4160)
Y(4220) X(4274)

Y(4360)
Y(4390)

X(4500)

X(4700)
Y(4660)

(3900)
+,0
cZ

(4020)
+,0
cZ

(4200)+Z

(4430)+Z

(4050)+Z

(4250)+Z

(4380)+
cP
(4450)+

cP

-+0
--1 +(-)

1 ++0 ++1 ++2  & other--2

DD

*DD

*DD*

γ

π

p

ω,0ρ

φ

η

ππ

FIG. 60. The current status of the charmoniumlike spectrum. The dashed (red) horizontal lines indicate the expected states and their
masses based on recent calculations (Barnes, Godfrey, and Swanson, 2005) based on the Godfrey-Isgur relativized potential model
(Godfrey and Isgur, 1985), supplemented by the calculations in Lu and Dong (2016) for high radial excitations of the P-wave states. The
solid (black) horizontal lines indicate the experimentally established charmonium states, with masses and spin-parity (JPC) quantum
number assignments from Patrignani et al. (2016) and labeled by their spectroscopic assignment. The open-flavor decay channel
thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic charmoniumlike states are also shown with
shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly used names. All states are organized
according to their quantum numbers given on horizontal axes. The last column includes states with unknown quantum numbers, the two
pentaquark candidates, and the lightest charmonium 2−− state. The lines connecting the known states indicate known photon or hadron
transitions between them: dashed green are γ transitions (thick E1, thin M1), solid magenta are π, thin (thick) dashed blue are η (ϕ),
dashed red are p, dotted blue are ρ0 or ω, and solid blue other ππ transitions, respectively.

Olsen, Skwarnicki, and Zieminska: Nonstandard heavy mesons and baryons: …

Rev. Mod. Phys., Vol. 90, No. 1, January–March 2018 015003-47

 

Nonstandard heavy mesons and baryons:
Experimental evidence

Stephen Lars Olsen*

Center for Underground Physics, Institute for Basic Science, Daejeon 34126 Korea

Tomasz Skwarnicki†

Department of Physics, Syracuse University, Syracuse, New York 13244, USA

Daria Zieminska‡

Department of Physics, Indiana University, Bloomington, Indiana 47405-71055, USA

(published 8 February 2018)

Quantum chromodynamics (QCD), the generally accepted theory for strong interactions, describes
the interactions between quarks and gluons. The strongly interacting particles that are seen in nature
are hadrons, which are composites of quarks and gluons. Since QCD is a strongly coupled theory at
distance scales that are characteristic of observable hadrons, there are no rigorous, first-principle
methods to derive the spectrum and properties of the hadrons from the QCD Lagrangian, except for
lattice QCD simulations that are not yet able to cope with all aspects of complex and short-lived states.
Instead, a variety of “QCD inspired” phenomenological models have been proposed. Common
features of these models are predictions for the existence of hadrons with substructures that are more
complex than the standard quark-antiquark mesons and the three-quark baryons of the original quark
model that provides a concise description of most of the low-mass hadrons. Recently, an assortment of
candidates for nonstandard multiquark mesons, meson-gluon hybrids, and pentaquark baryons that
contain heavy (charm or bottom) quarks has been discovered. Here the experimental evidence for
these states is reviewed and some general comparisons of their measured properties with standard
quark model expectations and predictions of various models for nonstandard hadrons are made. The
conclusion is that the spectroscopy of all but the simplest hadrons is not yet understood.
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a b s t r a c t

The quark model was formulated in 1964 to classify mesons as bound states made of
a quark–antiquark pair, and baryons as bound states made of three quarks. For a long
time all known mesons and baryons could be classified within this scheme. Quantum
Chromodynamics (QCD), however, in principle also allows the existence of more complex
structures, generically called exotic hadrons or simply exotics. These include four-
quark hadrons (tetraquarks and hadronic molecules), five-quark hadrons (pentaquarks)
and states with active gluonic degrees of freedom (hybrids), and even states of pure
glue (glueballs). Exotic hadrons have been systematically searched for in numerous
experiments for many years. Remarkably, in the past fifteen years, many new hadrons
that do not exhibit the expected properties of ordinary (not exotic) hadrons have been
discovered in the quarkonium spectrum. These hadrons are collectively known as XYZ
states. Some of them, like the charged states, are undoubtedly exotic. Parallel to the
experimental progress, the last decades have also witnessed an enormous theoretical
effort to reach a theoretical understanding of the XYZ states. Theoretical approaches
include not only phenomenological extensions of the quark model to exotics, but also
modern non-relativistic effective field theories and lattice QCD calculations. The present
work aims at reviewing the rapid progress in the field of exotic XYZ hadrons over the
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This review presents an overview of the remarkable progress in the field of heavy-quark
exotic hadrons over the past 15 years. It seeks to be pedagogical rather than exhaustive,
summarizing both the progress and specific results of experimental discoveries, and the
variety of theoretical approaches designed to explain these new states.

© 2016 Elsevier B.V. All rights reserved.
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Table 2: Candidates for QCD exotica roughly organized by mass. Quantum numbers that have not been measured, but are assumed, are
listed in parentheses. Unknown quantum numbers are left blank or are indicated with a question mark. References for mass and width values
are given in the mass column. When only a single value has been measured or there is one dominant measurement, the value from the original
reference is used. Otherwise, we quote the PDG average. References for the production processes and decay modes are given in Table 1.

Particle IGJPC Mass [MeV] Width [MeV] Production and Decay

X(3823) ( 2(1D)) (0�2��) 3822.2 ± 1.2 [176] < 16
B ! KX; X ! ��c1

e+e� ! ⇡+⇡�X; X ! ��c1

X(3872) 0+1++ 3871.69 ± 0.17 [176] < 1.2

B ! KX; X ! ⇡+⇡�J/ 
B ! KX; X ! D⇤0D̄0

B ! KX; X ! �J/ , � (2S)
B ! KX; X ! !J/ 

B ! K⇡X; X ! ⇡+⇡�J/ 
e+e� ! �X; X ! ⇡+⇡�J/ 

pp or pp̄ ! X + any.; X ! ⇡+⇡�J/ 

Zc(3900) 1+1+� 3886.6 ± 2.4 [176] 28.1 ± 2.6
e+e� ! ⇡Z; Z ! ⇡J/ 
e+e� ! ⇡Z; Z ! D⇤D̄

X(3915)
0+0++ 3918.4 ± 1.9 [176] 20 ± 5

�� ! X; X ! !J/ 
Y (3940) B ! KX; X ! !J/ 

Z(3930) (�c2(2P )) 0+2++ 3927.2 ± 2.6 [176] 24 ± 6 �� ! Z; Z ! DD̄
X(3940) 3942+7

�6
± 6 [41] 37+26

�15
± 8 e+e� ! J/ + X; X ! DD̄⇤

Y (4008) 1�� 3891 ± 41 ± 12 [23] 255 ± 40 ± 14 e+e� ! Y ; Y ! ⇡+⇡�J/ 

Zc(4020) 1+??� 4024.1 ± 1.9 [176] 13 ± 5
e+e� ! ⇡Z; Z ! ⇡hc

e+e� ! ⇡Z; Z ! D⇤D̄⇤

Z1(4050) 1�??+ 4051 ± 14+20

�41
[133] 82+21+47

�17�22
B ! KZ; Z ! ⇡±�c1

Zc(4055) 1+??� 4054 ± 3 ± 1 [148] 45 ± 11 ± 6 e+e� ! ⇡⌥Z; Z ! ⇡± (2S)

Y (4140) 0+1++ 4146.5 ± 4.5+4.6
�2.8 [125] 83 ± 21+21

�14

B ! KY ; Y ! �J/ 
pp or pp̄ ! Y + any.; Y ! �J/ 

X(4160) 4156+25

�20
± 15 [41] 139+111

�61
± 21 e+e� ! J/ + X; X ! D⇤D̄⇤

Zc(4200) 1+1+� 4196+31+17

�29�13
[46] 370+70+70

�70�132
B ! KZ; Z ! ⇡±J/ 

Y (4230) 0�1�� 4230 ± 8 ± 6 [149] 38 ± 12 ± 2 e+e� ! Y ; Y ! !�c0

Zc(4240) 1+0�� 4239 ± 18+45

�10
[138] 220 ± 47+108

�74
B ! KZ; Z ! ⇡± (2S)

Z2(4250) 1�??+ 4248+44+180

�29�35
[133] 177+54+316

�39�61
B ! KZ; Z ! ⇡±�c1

Y (4260) 0�1�� 4251 ± 9 [176] 120 ± 12 e+e� ! Y ; Y ! ⇡⇡J/ 
Y (4274) 0+1++ 4273.3 ± 8.3+17.2

�3.6 [125] 52 ± 11+8

�11
B ! KY ; Y ! �J/ 

X(4350) 0+??+ 4350.6+4.6
�5.1 ± 0.7 [170] 13+18

�9
± 4 �� ! X; X ! �J/ 

Y (4360) 1�� 4346 ± 6 [176] 102 ± 10 e+e� ! Y ; Y ! ⇡+⇡� (2S)

Zc(4430) 1+1+� 4478+15

�18
[176] 181 ± 31

B ! KZ; Z ! ⇡±J/ 
B ! KZ; Z ! ⇡± (2S)

X(4500) 0+0++ 4506 ± 11+12

�15
[125] 92 ± 21+21

�20
B ! KX; X ! �J/ 

X(4630) 1�� 4634+8+5

�7�8
[150] 92+40+10

�24�21
e+e� ! X; X ! ⇤c⇤̄c

Y (4660) 1�� 4643 ± 9 [176] 72 ± 11 e+e� ! Y ; Y ! ⇡+⇡� (2S)
X(4700) 0+0++ 4704 ± 10+14

�24
[125] 120 ± 31+42

�33
B ! KX; X ! �J/ 

Pc(4380) 4380 ± 8 ± 29 [35] 205 ± 18 ± 86 ⇤b ! KPc; Pc ! pJ/ 
Pc(4450) 4449.8 ± 1.7 ± 2.5 [35] 39 ± 5 ± 19 ⇤b ! KPc; Pc ! pJ/ 
X(5568) 5567.8 ± 2.9+0.9

�1.9 [175] 21.9 ± 6.4+5.0
�2.5 pp̄ ! X + anything; X ! Bs⇡±

Zb(10610) 1+1+� 10607.2 ± 2.0 [176] 18.4 ± 2.4
e+e� ! ⇡Z; Z ! ⇡⌥(1S, 2S, 3S)
e+e� ! ⇡Z; Z ! ⇡hb(1P, 2P )

e+e� ! ⇡Z; Z ! BB̄⇤

Zb(10650) 1+1+� 10652.2 ± 1.5 [176] 11.5 ± 2.2
e+e� ! ⇡Z; Z ! ⇡⌥(1S, 2S, 3S)
e+e� ! ⇡Z; Z ! ⇡hb(1P, 2P )

e+e� ! ⇡Z; Z ! B⇤B̄⇤

Yb(10888) 0�1�� 10891 ± 4 [176] 54 ± 7
e+e� ! Y ; Y ! ⇡⇡⌥(1S, 2S, 3S)
e+e� ! Y ; Y ! ⇡⇡hb(1P, 2P )
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a b s t r a c t

The quark model was formulated in 1964 to classify mesons as bound states made of
a quark–antiquark pair, and baryons as bound states made of three quarks. For a long
time all known mesons and baryons could be classified within this scheme. Quantum
Chromodynamics (QCD), however, in principle also allows the existence of more complex
structures, generically called exotic hadrons or simply exotics. These include four-
quark hadrons (tetraquarks and hadronic molecules), five-quark hadrons (pentaquarks)
and states with active gluonic degrees of freedom (hybrids), and even states of pure
glue (glueballs). Exotic hadrons have been systematically searched for in numerous
experiments for many years. Remarkably, in the past fifteen years, many new hadrons
that do not exhibit the expected properties of ordinary (not exotic) hadrons have been
discovered in the quarkonium spectrum. These hadrons are collectively known as XYZ
states. Some of them, like the charged states, are undoubtedly exotic. Parallel to the
experimental progress, the last decades have also witnessed an enormous theoretical
effort to reach a theoretical understanding of the XYZ states. Theoretical approaches
include not only phenomenological extensions of the quark model to exotics, but also
modern non-relativistic effective field theories and lattice QCD calculations. The present
work aims at reviewing the rapid progress in the field of exotic XYZ hadrons over the
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This review presents an overview of the remarkable progress in the field of heavy-quark
exotic hadrons over the past 15 years. It seeks to be pedagogical rather than exhaustive,
summarizing both the progress and specific results of experimental discoveries, and the
variety of theoretical approaches designed to explain these new states.
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5. Conclusions

An entirely new chapter of hadronic physics opened in 2003, with the discovery of the enigmatic X(3872). It has
since been joined by about 30 equally mysterious states, many believed to be tetraquarks or pentaquark resonances, while
others might ultimately turn out instead to be prominent e↵ects due to the opening of hadronic thresholds.

In this review we explored the history and techniques of the experiments that discovered, confirmed, and measured
the mass, JPC , and decay properties of these numerous states. Very often, the search to probe a known state led to the
discovery of new ones.

We also examined in detail the leading theoretical pictures proposed for describing these states, finding that no
single paradigm yet fits all of the candidate exotics. The eventual consensus picture may turn out to be one that is yet
undiscovered, or a hybrid of those already proposed. In any case, the rate of theoretical work has not abated, with a new
wave of excitement each time a new exotic candidate is discovered.

Many of the most prolific experiments uncovering these new results are still currently active, while a number of others
designed to be sensitive to new production processes and/or new decay modes will come online in the next few years. The
directions of both experimental and theoretical discovery can never be predicted, but only conjectured based upon past
experience. In that light, the next several years should be just as rich, if not richer, in the volume of new experimental
information and the creation of new theoretical ideas for these new classes of hadrons.
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A. Glossary of Exotic States

A.1. X(3823) (or  2(1D))

The X(3823) was discovered by the Belle Collaboration in 2013 in the reaction B ! KX with X ! ��c1 [124].
The BESIII Collaboration later found a peak consistent with the X(3823) produced in e+e� ! ⇡+⇡�X, again with
X ! ��c1 [164]. The X(3823) is likely the  2(1D) state of charmonium. See Sec. 2.6 for more detail.

A.2. X(3872)

Accidentally discovered by the Belle Collaboration in 2003 in the reaction B ! KX with X ! ⇡+⇡�J/ [4], the
X(3872) was both the first of the XYZ states to be discovered and is the one that has been most studied. Nevertheless,
like most of the XYZ states, there is no interpretation that is universally agreed upon. It has been produced in decays
of the B meson [4, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 140], in hadronic collisions [27,
28, 171, 172, 173, 178], and perhaps in radiative decays of the Y (4260) [52]. Besides ⇡+⇡�J/ , it has also been seen to
decay to !J/ [122], D⇤D̄ [115, 116, 117], �J/ [118, 119, 120, 121], and � (2S) [118, 120]. Its unusual features include
a mass that is currently indistinguishable from the D⇤0D̄0 threshold (the current mass di↵erence is 0.01± 0.18 MeV) and
a narrow width (< 1.2 MeV). It is has no isospin partners and has JPC = 1++. See Sec. 2.3 for more discussion of its
experimental properties.

A.3. Zc(3900)

The Zc(3900) was simultaneously discovered in 2013 by the BESIII and Belle Collaborations in the process e+e� !
⇡⌥Z±

c with Z±
c ! ⇡±J/ . For the BESIII observation [22], the center-of-mass energy was fixed to 4.26 GeV. Belle [23]

used initial-state radiation to cover the energy region from 4.15 to 4.45 GeV, corresponding to the region of the Y (4260).
It is not yet clear whether the production of the Zc(3900) is associated with the Y (4260). The Zc(3900) has since been
seen in decays to ⇡0J/ [31, 32] (Z0

c ) and in D⇤D̄ (both charged and neutral) [33, 154, 155]. It has only been produced
in the reaction e+e� ! ⇡Zc. See Sec. 2.5.4 for more experimental details.

A.4. X(3915) (or �c0(2P ))

The X(3915) was first seen by the Belle Collaboration in 2010 in the process �� ! X with X ! !J/ [166]. It was
later confirmed by the BaBar Collaboration [167]. It appears as a clear peak with little background. Its JPC is likely
0++, so there is some possibility that it is the �c0(2P ) state of charmonium, although this assignment is controversial.
See Sec. 2.6 for more discussion.
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1 8. Naming Scheme for Hadrons

8. Naming Scheme for Hadrons

Revised August 2019 by V. Burkert (Je�erson Lab), S. Eidelman (Budker Inst., Novosibirsk; Novosi-
birsk U.), C. Hanhart (Jülich), E. Klempt (Bonn U.), R.E. Mitchell (Indiana U.), U. Thoma (Bonn
U.), L. Tiator (KPH, JGU Mainz) and R.L. Workman (George Washington U.).

In the 1986 edition [1], the Particle Data Group extended and systematized the naming scheme
for mesons and baryons. The extensions were necessary in order to name the new particles con-
taining c or b quarks that were rapidly being discovered. With the discoveries of particles that are
candidates for states with more complicated structures than just qq or qqq, it is necessary to extend
the naming scheme again.

8.1 “Neutral-flavor” mesons
The naming of mesons is based on their quantum numbers. Although we use names established

within the naive quark model, the name does not necessarily designate a (predominantly) qq state.
In other words, the name provides information on the quantum numbers of a given state and not
about its dominant component, which might well be qq (if allowed) or tetraquark, molecule, etc.
In many cases, exotic states will be di�cult to distinguish from qq states and will likely mix with
them, and we make no attempt to, e.g., distinguish those that are “mostly gluonium” from those
that are “mostly qq.”

Table 8.1: Symbols for mesons with strangeness and heavy-flavor quan-
tum numbers equal to zero. States that do not yet appear in the RPP are
listed in parentheses.

JP C =
I 0≠+ 1+≠ 1≠≠ 0++

2≠+ 3+≠ 2≠≠ 1++

...
...

...
...

Minimal quark content
ud̄, uū ≠ dd̄, dū (I = 1) fi b fl a
dd̄ + uū and/or ss̄ (I = 0) ÷,÷Õ h,hÕ Ê,„ f ,f Õ

cc̄ ÷c hc Âú ‰c

bb̄ ÷b hb Ã ‰b

I = 1 with cc̄ ( c) Zc Rc (Wc)
I = 1 with bb̄ ( b) Zb (Rb) (Wb)

úThe J/Â remains the J/Â.

Table 8.1 shows the names for mesons having strangeness and all heavy-flavor quantum numbers
equal to zero. The rows of Table 8.1 give the minimal qq content. The columns give the possible
parity/charge-conjugation states,

PC = ≠+, +≠, ≠≠, and ++ .
Within the naive quark model, these combinations correspond one-to-one to the angular-momentum
state 2S+1LJ of the qq system being

1(L even)J , 1(L odd)J , 3(L even)J , or 3(L odd)J ,

respectively. Here S, L, and J are the spin, orbital, and total angular momenta of the qq system.
Within the naive quark model, the quantum numbers are related by P = (≠1)L+1, C = (≠1)L+S ,

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
14th September, 2020 2:38pm

PDG names:
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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S. Eidelman,1 D. Epifanov,1 J. E. Fast,39 V. Gaur,46 N. Gabyshev,1 A. Garmash,1 Y.M. Goh,7 B. Golob,25,18 J. Haba,9

T. Hara,9 K. Hayasaka,29 H. Hayashii,30 Y. Horii,50 Y. Hoshi,49 W.-S. Hou,33 Y. B. Hsiung,33 H. J. Hyun,23 T. Iijima,29

K. Inami,29 A. Ishikawa,50 R. Itoh,9 M. Iwabuchi,56 Y. Iwasaki,9 T. Iwashita,30 N. J. Joshi,46 T. Julius,28 J. H. Kang,56

N. Katayama,9 T. Kawasaki,36 H. Kichimi,9 H. J. Kim,23 H. O. Kim,23 J. B. Kim,22 J. H. Kim,21 K. T. Kim,22 M. J. Kim,23

S. K. Kim,43 Y. J. Kim,21 K. Kinoshita,3 B. R. Ko,22 N. Kobayashi,41,52 S. Koblitz,27 P. Kodyš,2 S. Korpar,26,18
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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Belle found  but not ,

which you would expect if I = 1.

B+ → K+X0 B+ → K0X+
properties of the 

  aka  :


(1) discovered at Belle in 2003 
in 

(2) isoscalar but decays to  
 large isospin violation


(3) 

(4) produced in  
in a narrow range of  energies


(5) a variety of decays have 
been discovered


(6) mass is extremely 
close to  threshold


(7) width is extremely narrow


(8) inconsistent with 
quark model expectations 
for the 

(9) production may 
hold clues to it’s internal structure

χc1(3872) X(3872)

B → K(π+π−J/ψ)

ρJ/ψ
⟹

JPC = 1++

e+e− → γX
e+e−

D0D̄*0

χc1(2P)

IVB.  Exotic Charmonium:  X(3872)
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Quantum numbers of the Xð3872Þ state and orbital angular momentum
in its ρ0J=ψ decay

R. Aaij et al.*

(LHCb Collaboration)
(Received 23 April 2015; published 30 July 2015)

Angular correlations in Bþ → Xð3872ÞKþ decays, with Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− and
J=ψ → μþμ−, are used to measure orbital angular momentum contributions and to determine the JPC

value of the Xð3872Þ meson. The data correspond to an integrated luminosity of 3.0 fb−1 of proton-proton
collisions collected with the LHCb detector. This determination, for the first time performed without
assuming a value for the orbital angular momentum, confirms the quantum numbers to be JPC ¼ 1þþ. The
Xð3872Þ is found to decay predominantly through an S wave and an upper limit of 4% at 95% C.L. is set on
the D-wave contribution.

DOI: 10.1103/PhysRevD.92.011102 PACS numbers: 13.25.Hw, 13.25.Gv, 14.40.Nd, 14.40.Rt

The Xð3872Þ state was discovered in
Bþ;0 → Xð3872ÞKþ;0, Xð3872Þ → πþπ−J=ψ , J=ψ →
lþl− decays by the Belle experiment [1] and subsequently
confirmed by other experiments [2–4].1 Its production was
also studied at the LHC [5,6]. However, the nature of this
state remains unclear. The Xð3872Þ state is narrow, has a
mass very close to the D0D̄%0 threshold and decays to
ρ0J=ψ and ωJ=ψ final states with comparable branching
fractions [7], thus violating isospin symmetry. This sug-
gests that the Xð3872Þ particle may not be a simple cc̄ state,
and exotic states such as D0D̄%0 molecules [8], tetraquarks
[9] or mixtures of states [10] have been proposed to explain
its composition. The Xð3872Þ quantum numbers, such as
total angular momentum J, parity P and charge conjuga-
tion C, impose constraints on the theoretical models of
this state. The orbital angular momentum L in the
Xð3872Þ decay may also provide information on its internal
structure.
Observations of the Xð3872Þ → γJ=ψ and Xð3872Þ →

γψð2SÞ decays [11–13] imply positive C, which requires
the total angular momentum of the dipion system (Jππ) in
Xð3872Þ → πþπ−J=ψ decays to be odd. The dipion mass,
Mðπþπ−Þ, is limited by the available phase space to be less
than 775 MeV, and so Jππ ≥ 3 can be ruled out since there
are no known or predicted mesons with such high spins at
such low masses.2 In fact, the distribution of Mðπþπ−Þ is
consistent with Xð3872Þ → ρ0J=ψ decays [6,14,15], in line
with Jππ ¼ 1, the only plausible value.

The choices for JPC were narrowed down to two
possibilities, 1þþ or 2−þ, by the CDF Collaboration, via
an analysis of the angular correlations in inclusively
reconstructed Xð3872Þ → πþπ−J=ψ and J=ψ → μþμ−

decays, dominated by prompt production in pp̄ collisions
[16]. Using 1.0 fb−1 of pp collision data collected by
LHCb, JPC ¼ 2−þ was ruled out in favor of the 1þþ

assignment, using the angular correlations in the same
decay chain, with the Xð3872Þ state produced in Bþ →
Xð3872ÞKþ decays [17]. Both angular analyses assumed
that the lowest orbital angular momentum between the
Xð3872Þ decay products (Lmin) dominated the matrix
element. Significant contributions from Lmin þ 2 ampli-
tudes could invalidate the 1þþ assignment. Since the
phase-space limit on Mðπþπ−Þ is close to the ρ0 pole
(775.3& 0.3 MeV [7]), the energy release in the Xð3872Þ
decay, Q≡MðJ=ψπþπ−Þ −MðJ=ψÞ −Mðπþπ−Þ, is a
small fraction of the Xð3872Þ mass, making the orbital
angular momentum barrier effective.3 However, an exotic
component in Xð3872Þ could induce contributions from
higher orbital angular momentum for models in which the
size of the Xð3872Þ state is substantially larger than the
compact sizes of the charmonium states. Therefore, it is
important to probe the Xð3872Þ spin-parity without any
assumptions about L. A determination of the magnitude of
contributions from Lmin þ 2 amplitudes for the correct JPC

is also of interest, since a substantial value would suggest
an anomalously large size of the Xð3872Þ state. In this
article, we extend our previous analysis [17] of five-
dimensional angular correlations in Bþ → Xð3872ÞKþ,
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ−, J=ψ → μþμ− decays to
accomplish these goals. The integrated luminosity of the
data sample has been tripled by adding 8 TeV pp collision
data collected in 2012.

*Full author list given at the end of the article.
1The inclusion of charge-conjugate states is implied in this

article.
2We use mass and momentum units in which c ¼ 1.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],
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where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Quantum numbers of the Xð3872Þ state and orbital angular momentum
in its ρ0J=ψ decay
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Angular correlations in Bþ → Xð3872ÞKþ decays, with Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− and
J=ψ → μþμ−, are used to measure orbital angular momentum contributions and to determine the JPC

value of the Xð3872Þ meson. The data correspond to an integrated luminosity of 3.0 fb−1 of proton-proton
collisions collected with the LHCb detector. This determination, for the first time performed without
assuming a value for the orbital angular momentum, confirms the quantum numbers to be JPC ¼ 1þþ. The
Xð3872Þ is found to decay predominantly through an S wave and an upper limit of 4% at 95% C.L. is set on
the D-wave contribution.
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The Xð3872Þ state was discovered in
Bþ;0 → Xð3872ÞKþ;0, Xð3872Þ → πþπ−J=ψ , J=ψ →
lþl− decays by the Belle experiment [1] and subsequently
confirmed by other experiments [2–4].1 Its production was
also studied at the LHC [5,6]. However, the nature of this
state remains unclear. The Xð3872Þ state is narrow, has a
mass very close to the D0D̄%0 threshold and decays to
ρ0J=ψ and ωJ=ψ final states with comparable branching
fractions [7], thus violating isospin symmetry. This sug-
gests that the Xð3872Þ particle may not be a simple cc̄ state,
and exotic states such as D0D̄%0 molecules [8], tetraquarks
[9] or mixtures of states [10] have been proposed to explain
its composition. The Xð3872Þ quantum numbers, such as
total angular momentum J, parity P and charge conjuga-
tion C, impose constraints on the theoretical models of
this state. The orbital angular momentum L in the
Xð3872Þ decay may also provide information on its internal
structure.
Observations of the Xð3872Þ → γJ=ψ and Xð3872Þ →

γψð2SÞ decays [11–13] imply positive C, which requires
the total angular momentum of the dipion system (Jππ) in
Xð3872Þ → πþπ−J=ψ decays to be odd. The dipion mass,
Mðπþπ−Þ, is limited by the available phase space to be less
than 775 MeV, and so Jππ ≥ 3 can be ruled out since there
are no known or predicted mesons with such high spins at
such low masses.2 In fact, the distribution of Mðπþπ−Þ is
consistent with Xð3872Þ → ρ0J=ψ decays [6,14,15], in line
with Jππ ¼ 1, the only plausible value.

The choices for JPC were narrowed down to two
possibilities, 1þþ or 2−þ, by the CDF Collaboration, via
an analysis of the angular correlations in inclusively
reconstructed Xð3872Þ → πþπ−J=ψ and J=ψ → μþμ−

decays, dominated by prompt production in pp̄ collisions
[16]. Using 1.0 fb−1 of pp collision data collected by
LHCb, JPC ¼ 2−þ was ruled out in favor of the 1þþ

assignment, using the angular correlations in the same
decay chain, with the Xð3872Þ state produced in Bþ →
Xð3872ÞKþ decays [17]. Both angular analyses assumed
that the lowest orbital angular momentum between the
Xð3872Þ decay products (Lmin) dominated the matrix
element. Significant contributions from Lmin þ 2 ampli-
tudes could invalidate the 1þþ assignment. Since the
phase-space limit on Mðπþπ−Þ is close to the ρ0 pole
(775.3& 0.3 MeV [7]), the energy release in the Xð3872Þ
decay, Q≡MðJ=ψπþπ−Þ −MðJ=ψÞ −Mðπþπ−Þ, is a
small fraction of the Xð3872Þ mass, making the orbital
angular momentum barrier effective.3 However, an exotic
component in Xð3872Þ could induce contributions from
higher orbital angular momentum for models in which the
size of the Xð3872Þ state is substantially larger than the
compact sizes of the charmonium states. Therefore, it is
important to probe the Xð3872Þ spin-parity without any
assumptions about L. A determination of the magnitude of
contributions from Lmin þ 2 amplitudes for the correct JPC

is also of interest, since a substantial value would suggest
an anomalously large size of the Xð3872Þ state. In this
article, we extend our previous analysis [17] of five-
dimensional angular correlations in Bþ → Xð3872ÞKþ,
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ−, J=ψ → μþμ− decays to
accomplish these goals. The integrated luminosity of the
data sample has been tripled by adding 8 TeV pp collision
data collected in 2012.

*Full author list given at the end of the article.
1The inclusion of charge-conjugate states is implied in this

article.
2We use mass and momentum units in which c ¼ 1.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X
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where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
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decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
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where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
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Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],
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where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼
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jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],
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where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
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λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼
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jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
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are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Angular distribution:

Perform an amplitude analysis using the 
decay chain:


 

   
      
         

B+ → X(3872)K+

X(3872) → ρ0J/ψ
ρ0 → π+π−

J/ψ → μ+μ−
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IVB.  Exotic Charmonium:  X(3872)

properties of the 
  aka  :


(1) discovered at Belle in 2003 
in 

(2) isoscalar but decays to  
 large isospin violation


(3) 

(4) produced in  
in a narrow range of  energies


(5) a variety of decays have 
been discovered


(6) mass is extremely 
close to  threshold


(7) width is extremely narrow


(8) inconsistent with 
quark model expectations 
for the 

(9) production may 
hold clues to it’s internal structure

χc1(3872) X(3872)

B → K(π+π−J/ψ)

ρJ/ψ
⟹

JPC = 1++

e+e− → γX
e+e−

D0D̄*0

χc1(2P)

Quantum numbers of the Xð3872Þ state and orbital angular momentum
in its ρ0J=ψ decay

R. Aaij et al.*

(LHCb Collaboration)
(Received 23 April 2015; published 30 July 2015)

Angular correlations in Bþ → Xð3872ÞKþ decays, with Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− and
J=ψ → μþμ−, are used to measure orbital angular momentum contributions and to determine the JPC

value of the Xð3872Þ meson. The data correspond to an integrated luminosity of 3.0 fb−1 of proton-proton
collisions collected with the LHCb detector. This determination, for the first time performed without
assuming a value for the orbital angular momentum, confirms the quantum numbers to be JPC ¼ 1þþ. The
Xð3872Þ is found to decay predominantly through an S wave and an upper limit of 4% at 95% C.L. is set on
the D-wave contribution.
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The Xð3872Þ state was discovered in
Bþ;0 → Xð3872ÞKþ;0, Xð3872Þ → πþπ−J=ψ , J=ψ →
lþl− decays by the Belle experiment [1] and subsequently
confirmed by other experiments [2–4].1 Its production was
also studied at the LHC [5,6]. However, the nature of this
state remains unclear. The Xð3872Þ state is narrow, has a
mass very close to the D0D̄%0 threshold and decays to
ρ0J=ψ and ωJ=ψ final states with comparable branching
fractions [7], thus violating isospin symmetry. This sug-
gests that the Xð3872Þ particle may not be a simple cc̄ state,
and exotic states such as D0D̄%0 molecules [8], tetraquarks
[9] or mixtures of states [10] have been proposed to explain
its composition. The Xð3872Þ quantum numbers, such as
total angular momentum J, parity P and charge conjuga-
tion C, impose constraints on the theoretical models of
this state. The orbital angular momentum L in the
Xð3872Þ decay may also provide information on its internal
structure.
Observations of the Xð3872Þ → γJ=ψ and Xð3872Þ →

γψð2SÞ decays [11–13] imply positive C, which requires
the total angular momentum of the dipion system (Jππ) in
Xð3872Þ → πþπ−J=ψ decays to be odd. The dipion mass,
Mðπþπ−Þ, is limited by the available phase space to be less
than 775 MeV, and so Jππ ≥ 3 can be ruled out since there
are no known or predicted mesons with such high spins at
such low masses.2 In fact, the distribution of Mðπþπ−Þ is
consistent with Xð3872Þ → ρ0J=ψ decays [6,14,15], in line
with Jππ ¼ 1, the only plausible value.

The choices for JPC were narrowed down to two
possibilities, 1þþ or 2−þ, by the CDF Collaboration, via
an analysis of the angular correlations in inclusively
reconstructed Xð3872Þ → πþπ−J=ψ and J=ψ → μþμ−

decays, dominated by prompt production in pp̄ collisions
[16]. Using 1.0 fb−1 of pp collision data collected by
LHCb, JPC ¼ 2−þ was ruled out in favor of the 1þþ

assignment, using the angular correlations in the same
decay chain, with the Xð3872Þ state produced in Bþ →
Xð3872ÞKþ decays [17]. Both angular analyses assumed
that the lowest orbital angular momentum between the
Xð3872Þ decay products (Lmin) dominated the matrix
element. Significant contributions from Lmin þ 2 ampli-
tudes could invalidate the 1þþ assignment. Since the
phase-space limit on Mðπþπ−Þ is close to the ρ0 pole
(775.3& 0.3 MeV [7]), the energy release in the Xð3872Þ
decay, Q≡MðJ=ψπþπ−Þ −MðJ=ψÞ −Mðπþπ−Þ, is a
small fraction of the Xð3872Þ mass, making the orbital
angular momentum barrier effective.3 However, an exotic
component in Xð3872Þ could induce contributions from
higher orbital angular momentum for models in which the
size of the Xð3872Þ state is substantially larger than the
compact sizes of the charmonium states. Therefore, it is
important to probe the Xð3872Þ spin-parity without any
assumptions about L. A determination of the magnitude of
contributions from Lmin þ 2 amplitudes for the correct JPC

is also of interest, since a substantial value would suggest
an anomalously large size of the Xð3872Þ state. In this
article, we extend our previous analysis [17] of five-
dimensional angular correlations in Bþ → Xð3872ÞKþ,
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ−, J=ψ → μþμ− decays to
accomplish these goals. The integrated luminosity of the
data sample has been tripled by adding 8 TeV pp collision
data collected in 2012.

*Full author list given at the end of the article.
1The inclusion of charge-conjugate states is implied in this

article.
2We use mass and momentum units in which c ¼ 1.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

3Dimuon candidates are constrained to the known J=ψ
mass [7].
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with uniformly distributed points in a large region around
the B21 and B22 fit values (!14 standard deviations in each
parameter). For each point we determine the likelihood
value from the data and an fD value via numerical
integration of the matrix element squared. The distribution
of fD values weighted by the likelihood values is shown in
Fig. 2. It peaks at 0.4% with a non-Gaussian tail at higher
values. An upper limit of fD < 4% at 95% C.L. is
determined using a Bayesian approach.
The likelihood ratio t≡ −2 ln½LðJaltX Þ=Lð1þþÞ& is used

as a test variable to discriminate between the 1þþ and
alternative spin hypotheses considered (JaltX ). The values of
t in the data (tdata) are positive, favoring the 1þþ assign-
ment. They are incompatible with the distributions of t
observed in experiments simulated under various JaltX
hypotheses, as illustrated in Fig. 3. To quantify these
disagreements we calculate the approximate significance
of rejection (the p-value) of JaltX as ðtdata − htiÞ=σðtÞ, where
hti and σðtÞ are the mean and rms deviations of the t
distribution under the JaltX hypothesis. In all spin configu-
rations tested, we exclude the alternative spin hypothesis
with a significance of more than 16 standard deviations.
Values of t in data are consistent with those expected in the
1þþ case as shown in Fig. 3, with fractions of simulated
1þþ experiments with t < tdata in the 25%–91% range.
Projections of the data and of the fit P onto individual
angles show good consistency with the 1þþ assignment as

illustrated in Fig. 4. Inconsistency with the other assign-
ments is apparent when correlations between various angles
are exploited. For example, the data projection onto cos θX
is consistent only with the 1þþ fit projection after requiring
j cos θρj > 0.6 (see Fig. 5), while inconsistency with the
other quantum number assignments is less clear without the
cos θρ requirement.
The selection criteria are varied to probe for possible

biases from the background subtraction and the efficiency
corrections. By requiring Q < 0.1 GeV, the background
level is reduced by more than a factor of 2, while losing
only 20% of the signal. By tightening the requirements on
the pT of the π, K and μ candidates, we decrease the
signal efficiency by around 75% with a similar reduction in
the background level. In all cases, the significance of the
rejection of the disfavored hypotheses is compatible with
that expected from the simulation. Likewise, the best fit fD
values determined for these subsamples of data change
within the expected statistical fluctuations and remain
consistent with the upper limit we have set.
In summary, the analysis of the angular correlations in

Bþ → Xð3872ÞKþ, Xð3872Þ → πþπ−J=ψ , J=ψ → μþμ−

decays, performed for the first time without any assumption
about the orbital angular momentum in the Xð3872Þ decay,
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FIG. 4 (color online). Background-subtracted distributions of
all angles for the data (points with error bars) and for the 1þþ fit
projections (solid histograms).
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FIG. 5 (color online). Background-subtracted distribution of
cos θX for candidates with j cos θρj > 0.6 for the data (points
with error bars) compared to the expected distributions for various
Xð3872Þ JPC assignments (solid histograms) with the BLS ampli-
tudes obtained by the fit to the data in the five-dimensional angular
space.The fit displays arenormalized to theobservednumberof the
signal events in the full angular phase space.
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properties of the 
  aka  :


(1) discovered at Belle in 2003 
in 

(2) isoscalar but decays to  
 large isospin violation


(3) 

(4) produced in  
in a narrow range of  energies


(5) a variety of decays have 
been discovered


(6) mass is extremely 
close to  threshold


(7) width is extremely narrow


(8) inconsistent with 
quark model expectations 
for the 

(9) production may 
hold clues to it’s internal structure

χc1(3872) X(3872)

B → K(π+π−J/ψ)

ρJ/ψ
⟹

JPC = 1++

e+e− → γX
e+e−

D0D̄*0

χc1(2P)

IVB.  Exotic Charmonium:  X(3872)

jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
normalization process eþe− → γπþπ−J=ψ for (a) 4.15 < Ec:m: <
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IVB.  Exotic Charmonium:  X(3872)

properties of the 
  aka  :


(1) discovered at Belle in 2003 
in 

(2) isoscalar but decays to  
 large isospin violation


(3) 

(4) produced in  
in a narrow range of  energies


(5) a variety of decays have 
been discovered


(6) mass is extremely 
close to  threshold


(7) width is extremely narrow


(8) inconsistent with 
quark model expectations 
for the 

(9) production may 
hold clues to it’s internal structure

χc1(3872) X(3872)

B → K(π+π−J/ψ)

ρJ/ψ
⟹

JPC = 1++

e+e− → γX
e+e−

D0D̄*0

χc1(2P)

not significant, and so we set ULs at the 90% C.L.
of 8.7 events for Xð3872Þ → γD0D̄0 and 2.3 events for
Xð3872Þ → π0D0D̄0, corresponding to 3.2 × 102 and 1.2 ×
102 BF- and efficiency-corrected events, respectively. Here
systematic uncertainties, which are discussed later, are
taken into account.
In the next stage of the analysis of the Xð3872Þ →

D#0D̄0 decays, the combination of γLD0 or π0D0 with
an invariant mass closest to the D#0 nominal mass is
taken as the D#0 candidate. For the channel D#0 →
γD0, the mass window for selecting the D#0 is
MðγLD0Þ ∈ ½mD#0 − 0.006; mD#0 þ 0.006& GeV=c2, while
for D#0 → π0D0 it is Mðπ0D0Þ ∈ ½mD#0 − 0.004; mD#0 þ
0.004& GeV=c2. The distributions of the corrected invariant
mass MðD#0D̄0Þ≡M½γðπ0ÞD0D̄0& −M½γðπ0ÞD& þmD#0

are shown in Figs. 2(d) and 2(e) following these require-
ments, where contributions from nonresonant three-body
processes are neglected.
To measure the Xð3872Þ → D#0D̄0 signal, a simulta-

neous fit is performed to the corrected invariant-mass
distributions. The ratio of the signal yields for D#0 →
γD0 and π0D0 is constrained to the product of correspond-
ing BFs and averaged reconstruction efficiencies. The
signals are represented by MC-simulated shapes and the
backgrounds by ARGUS functions [26], with thresholds
fixed at mD#0 þmD̄0 . The fit results are shown in Figs. 2(d)
and 2(e). The number of efficiency- and BF-corrected
Xð3872Þ → D#0D̄0 events is ð30.0' 5.4Þ × 103 and cor-
responds to 20.2' 3.6 and 25.5' 4.6 observed events for
D#0 → γD0 and π0D0 modes, respectively. The goodness
of fit is χ2=NDF ¼ 13.0=16ðp ¼ 0.67Þ after rebinning the
data to satisfy the criterion that there are at least seven
events in one bin. Varying the fit range and describing the
background with alternative shapes always results in a
signal fit that has a statistical significance greater than 7.4σ.
The invariant mass of the γDþD− system following

the Xð3872Þ → γDþD− selection is shown in Fig. 2(f).
No evident Xð3872Þ signal is found. This conclusion
is quantified by performing an unbinned maximum-
likelihood fit to the invariant-mass distribution, in which
the signal component is described by a MC-simulated

shape and the background is represented by a second-
order polynomial. The goodness of fit is χ2=NDF ¼
6.2=5ðp ¼ 0.29Þ. The fit yields ð0.0þ0.5

−0.0Þ Xð3872Þ events.
The UL on the number of the produced Xð3872Þ →
γDþD− is 2.8 × 103 events at the 90% C.L., with system-
atic uncertainties included in the calculation.
The decay channel Xð3872Þ → πþπ−J=ψ is recon-

structed [17,18] to provide a normalization mode against
which the rates of the other decays can be compared. This
channel yields 93.9' 11.4 Xð3872Þ → πþπ−J=ψ events,
corresponding to ð24.9' 3.0Þ × 102 BF- and efficiency-
corrected events. The relative ratios can then be obtained by
sampling the number of produced events of γJ=ψ , γψ 0,
γD0D̄0, π0D0D̄0, D#0D̄0, and γDþD− according to the
likelihood distributions, compared with that of πþπ−J=ψ .
We convolve the distributions with a Gaussian whose width
is the systematic uncertainty of each channel, where
uncertainties in common with the πþπ−J=ψ channel are
excluded. The ratios are listed in Table I for the modes
studied in this Letter, together with Xð3872Þ → ωJ=ψ and
π0χc1, whose production rates have recently been measured
by BESIII [18,27].
Systematic uncertainties considered in the analysis

include the detection efficiency, subdecay BFs, mass
window requirements, kinematic fit, initial-state radia-
tive (ISR) correction, generator model, and background
shapes. The uncertainties associated with the knowledge
of the detection efficiency, including tracking efficiency
(1% per track), photon detection efficiency (1% per photon),
PID efficiency (1% per track), and π0 reconstruction
efficiency (1% per π0) are assigned following the results
of earlier BESIII studies [28,29]. The uncertainties listed
for the modes that involve multiple subdecays are calculated
and weighted according to the BF and efficiency as well as
the correlations between the different decay channels used to
reconstruct these states. The uncertainties on the BFs of the
D meson, J=ψ , and ψ 0 decays are taken from Ref. [24].
The uncertainty associated with the mass window used

to select J=ψ mesons, which arises from a difference in
resolution between data and MC, is 1.6% [17] and that for
selecting D mesons is 0.7% per D meson [30]. The
systematic uncertainty associated with the efficiency of
the kinematic fit is estimated using the method discussed
in Ref. [31].
To assign the systematic uncertainty associated with the

MC events generation, we take the change in reconstruction
efficiency when varying the assumption of an E1 transition
in eþe− → γXð3872Þ and Xð3872Þ → γJ=ψðψ 0Þ decays to
pure phase space. We change the energy-dependent cross
section line shape of the Yð4260Þ [24] in the generator to
the measured eþe− → γXð3872Þ [18] line shape, and the
difference on the reconstruction efficiency is taken as the
systematic uncertainty due to the ISR correction. To
estimate the uncertainty arising from the limited knowledge
of the background shapes, we vary the shapes to different

TABLE I. Relative branching ratios and UL on branching ratios
compared with Xð3872Þ → πþπ−J=ψ [18,27], where systematic
uncertainties have been taken into account.

Mode Ratio UL

γJ=ψ 0.79' 0.28 ) ) )
γψ 0 −0.03' 0.22 < 0.42
γD0D̄0 0.54' 0.48 < 1.58
π0D0D̄0 −0.13' 0.47 < 1.16
D#0D̄0 þ c:c: 11.77' 3.09 ) ) )
γDþD− 0.00þ0.48

−0.00 < 0.99
ωJ=ψ 1.6þ0.4

−0.3 ' 0.2 [18] ) ) )
π0χc1 0.88þ0.33

−0.27 ' 0.10 [27] ) ) )
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γH. The distribution of Mðγψ 0Þ as well as the fitting results
are shown in Fig. 1(b). The fit yields ð−1.1# 5.2Þ × 102

BF- and efficiency-corrected Xð3872Þ → γψ 0 events, cor-
responding to −0.9# 4.1 and −0.4# 1.6 ψ 0 → πþπ−J=ψ
and μþμ− events, respectively, and the goodness of the fit is
χ2=NDF ¼ 45.0=58ðp ¼ 0.89Þ. The UL of the number of
BF- and efficiency-corrected events is calculated to be
1.0 × 103 at the 90% C.L. This is obtained by integrating
the likelihood distribution of the fit as a function of signal
yield after it is convolved with a Gaussian distribution with
the width of the systematic uncertainty.
The ratio Rγψ can be determined from the above mea-

surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
γXð3872Þ; Xð3872Þ → πþπ−J=ψ production to the value
reported in Ref. [17] and take the relative ratio
fB½Xð3872Þ → γψ 0'g=fB½Xð3872Þ → πþπ−J=ψ 'g from a
global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59

ðp ¼ 0.89Þ for the BESIII, LHCb, and Belle hypotheses,
respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼

R∞
0

R∞
R0

LðRÞGðR0Þ×
dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
the photon energy in Xð3872Þ → γD0D̄0 is always
lower than that in eþe− → γXð3872Þ. The mass spectra
MðγLD0D̄0Þ and Mðπ0D0D̄0Þ are shown in Fig. 2 for
the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
[Fig. 2(b)] the D(0 mass region and when Mðπ0D0D̄0Þ lies
in this mass range [Fig. 2(c)]. We fit the three mass spectra
individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
to be 1.3# 0.7 and 20.5# 7.4, respectively, and the corres-
ponding yields for Xð3872Þ → π0D0D̄0 and Xð3872Þ →
D(0D̄0ðD( → π0D0Þ decays are −0.5# 2.3 and 36.1#
7.7, respectively. The yields for the three-body decays are
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window. Simultaneous fit results for Xð3872Þ → D(0D̄0 with
(d) D(0 → γD0 and (e) D(0 → π0D0 mode. (f) Fit results for
Xð3872Þ → γLDþD−. The points with error bars are from data,
the red curves are the best fit, and the blue dashed curves are the
background components.
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FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].
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surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
γXð3872Þ; Xð3872Þ → πþπ−J=ψ production to the value
reported in Ref. [17] and take the relative ratio
fB½Xð3872Þ → γψ 0'g=fB½Xð3872Þ → πþπ−J=ψ 'g from a
global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59

ðp ¼ 0.89Þ for the BESIII, LHCb, and Belle hypotheses,
respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼
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0

R∞
R0

LðRÞGðR0Þ×
dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
the photon energy in Xð3872Þ → γD0D̄0 is always
lower than that in eþe− → γXð3872Þ. The mass spectra
MðγLD0D̄0Þ and Mðπ0D0D̄0Þ are shown in Fig. 2 for
the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
[Fig. 2(b)] the D(0 mass region and when Mðπ0D0D̄0Þ lies
in this mass range [Fig. 2(c)]. We fit the three mass spectra
individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
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ponding yields for Xð3872Þ → π0D0D̄0 and Xð3872Þ →
D(0D̄0ðD( → π0D0Þ decays are −0.5# 2.3 and 36.1#
7.7, respectively. The yields for the three-body decays are
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window. Simultaneous fit results for Xð3872Þ → D(0D̄0 with
(d) D(0 → γD0 and (e) D(0 → π0D0 mode. (f) Fit results for
Xð3872Þ → γLDþD−. The points with error bars are from data,
the red curves are the best fit, and the blue dashed curves are the
background components.
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FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].
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IVB.  Exotic Charmonium:  X(3872)

properties of the 
  aka  :


(1) discovered at Belle in 2003 
in 

(2) isoscalar but decays to  
 large isospin violation


(3) 

(4) produced in  
in a narrow range of  energies


(5) a variety of decays have 
been discovered


(6) mass is extremely 
close to  threshold


(7) width is extremely narrow


(8) inconsistent with 
quark model expectations 
for the 

(9) production may 
hold clues to it’s internal structure

χc1(3872) X(3872)

B → K(π+π−J/ψ)

ρJ/ψ
⟹

JPC = 1++

e+e− → γX
e+e−

D0D̄*0

χc1(2P)

one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by National Key Basic Research
Program of China under Contract No. 2015CB856700;
National Natural Science Foundation of China (NSFC)
under Contracts No. 11335008, No. 11425524,
No. 11625523, No. 11635010, No. 11735014; the
Chinese Academy of Sciences (CAS) Large-Scale
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by National Key Basic Research
Program of China under Contract No. 2015CB856700;
National Natural Science Foundation of China (NSFC)
under Contracts No. 11335008, No. 11425524,
No. 11625523, No. 11635010, No. 11735014; the
Chinese Academy of Sciences (CAS) Large-Scale

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

2
E

ve
nt

s 
/ 5

 M
eV

/c

ψ J/
2

γ→
cJ

χ with 
cJ

χ0π
1

γ→-e+e

(a)  J=0

0

1

2

3

4

5

2
E

ve
nt

s 
/ 5

 M
eV

/c

(b)  J=1

3.75 3.80 3.85 3.90 3.95 4.00

]2)   [GeV/c
cJ

χ0πM(

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

2
E

ve
nt

s 
/ 5

 M
eV

/c

(c)  J=2

FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0
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The difference between the mass of Xð3872Þ and J=ψ
[18] is about 775 MeV=c2, which is slightly lower than
the world average mass of the ω. A consequence is an
asymmetric Mðπþπ−π0Þ distribution around the ω reso-
nance, as can be seen in the right panel of Fig. 1. To
accommodate for this effect, the ω mass window is defined
as 0.72 < Mðπþπ−π0Þ < 0.81 GeV=c2, and its mass side-
band as 0.61 < Mðπþπ−π0Þ < 0.70 GeV=c2 or 0.83<
Mðπþπ−π0Þ<0.92GeV=c2. We fitted both the Mðlþl−Þ
and Mðπþπ−π0Þ distributions, and normalized the data of
the sidebands according to the fit results.
Figure 2 shows the MðωJ=ψÞ [30] distribution from

the full data set. A signal peak consistent with the
Xð3872Þ resonance is observed. In addition, there are
evident structures above 3.9 GeV=c2. There are irreducible
eþe− → ωχc0 background events that produce a broad
structure in the MðωJ=ψÞ distribution. Such kind of

background is well understood and can be reproduced
by the MC simulation at BESIII [31]. Other possible
backgrounds come from continuum events, such as
eþe− → γωπþπ−, γπþπ−π0J=ψ , γπþπ−π0πþπ− etc. They
are estimated by analyzing the J=ψ and ω mass side-
bands data.
An unbinned maximum-likelihood fit is performed to the

MðωJ=ψÞ mass distribution. In the fit, we use as the signal
probability density function (PDF) the incoherent sum of
three Breit-Wigner (BW) resonances [denoted as Xð3872Þ,
Xð3915Þ, and Xð3960Þ, respectively], each convolved with
a Gaussian resolution function. The Xð3872Þwidth is set to
1.2 MeV [18]. The shape and yield of the eþe− → ωχc0
background component are fixed to the results of the MC
simulation. Contribution from other backgrounds is para-
meterized as a linear shape. The upper panel of Fig. 2
shows the fit results (numerical results are listed in Table I),
and the extracted Xð3872Þ mass agrees with its world
average value within errors. The obtained Xð3872Þ signal
events yield is Nsig ¼ 45% 9% 3. The statistical signifi-
cance of the Xð3872Þ resonance is estimated to be 5.7σ by
comparing the likelihood difference with or without the
Xð3872Þ in the fit, Δð−2 lnLÞ ¼ 40.8, and by taking the
change of ndf (Δndf ¼ 3) into account. Possible systematic
effects on the Xð3872Þ signal significance, including
background shape, ωχc0 background normalization,
Xð3872Þ intrinsic width and mass resolution are inves-
tigated, and no sign for a decreased Xð3872Þ significance is
observed. The statistical significance of Xð3915Þ and
Xð3960Þ are estimated to be 3.1σ and 3.4σ only.
As an alternative choice, we fit the MðωJ=ψÞ mass

distribution only with the Xð3872Þ and Xð3915Þ resonan-
ces as signal PDF. The eþe− → ωχc0 background is
handled in the same way as before. The contribution from
other backgrounds is parametrized as a linear function and
has been fixed as the result of fitting it to the data of the
J=ψ - and ω-mass sidebands. The bottom panel of Fig. 2
shows the fit results (c.f. Table I), and the number of fitted
Xð3872Þ signal events is Nsig ¼ 40% 8% 3. The statistical
significance of Xð3872Þ is estimated to be 5.2σ, and found
to be larger than 5.1σ after considering systematic effects
from ωχc0 and linear background normalization, Xð3872Þ
intrinsic width and mass resolution. The statistical signifi-
cance of Xð3915Þ is estimated to be 6.9σ. We test the
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FIG. 2. The MðωJ=ψÞ distribution with results of an unbinned
maximum-likelihood fit to data including three BW resonances
(upper) and including two BW resonances (bottom) as signal. Dots
with error bars are data, the red solid curves show the total fit
results, the blue dotted curves are the MC simulated ωχc0 back-
ground component, the blue dashed curves are the linear back-
ground component, the pink dotted-dashed curves are the Xð3915Þ
resonance, the pink double-dotted dashed curve is the Xð3960Þ
resonance, and the green shaded histograms are the normalized
contribution from the J=ψ- and ω-mass sidebands.
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FIG. 1. The Mðlþl−Þ and Mðπþπ−π0Þ distributions from the
full data sets.

TABLE I. The masses (in MeV=c2) and widths (in MeV) of
the Xð3872Þ, Xð3915Þ, and Xð3960Þ resonances from the fit. The
numbers in brackets represent the fit scenario without the
Xð3960Þ. The uncertainties are statistical only.

Mass Width

Xð3872Þ 3873.3% 1.1ð3872.8% 1.2Þ 1.2(1.2)
Xð3915Þ 3926.4% 2.2 ð3932.6% 8.7Þ 3.8% 7.5 ð59.7% 15.5Þ
Xð3960Þ 3963.7% 5.5 33.3% 34.2
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JPC = 1++
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D0D̄*0
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increasing

  

momentum
π+π−

applied to the χc1ð3872Þ candidates, the uncertainty on sf is
0.02, independent of the bin. The values of sf in Table I are
applied as Gaussian constraints in the fits to the χc1ð3872Þ
region with an uncertainty of 0.02.

VI. BREIT-WIGNER MASS AND WIDTH
OF THE χ c1ð3872Þ STATE

To extract the Breit-Wigner lineshape parameters of the
χc1ð3872Þ meson, a fit is made to the mass range 3832 <
mJ=ψπþπ− < 3912 MeV in each of the six pπþπ− data
samples described above. A spin-0 relativistic Breit-
Wigner is used, as in Ref. [9].

For each data sample the mass difference between the
ψð2SÞ and χc1ð3872Þ meson, Δm, is measured relative to
the measured mass of the ψð2SÞ state rather than the
absolute mass. This minimizes the systematic uncertainty
due to the momentum scale. The fit in each bin has seven
free parameters: Δm, the natural width ΓBW, the back-
ground parameter c1, the resolution scale factor sf, the tail
parameter n, and the signal and background yields. Again a
Gaussian constraint is applied to n based on the simulation.
The parameter sf is constrained to the result of the fit to the
ψð2SÞ data. The fit procedure is validated using both the
simulation and pseudoexperiments. No significant bias is
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FIG. 2. Mass distributions for J=ψπþπ− candidates in the χc1ð3872Þ region for (top) the low, (middle) mid and (bottom) high pπþπ−

bins. The left- (right-) hand plot is for 2011 (2012) data. The projection of the fit described in the text is superimposed.
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A study of the lineshape of the χc1ð3872Þ state is made using a data sample corresponding to an
integrated luminosity of 3 fb−1 collected in pp collisions at center-of-mass energies of 7 and 8 TeV with
the LHCb detector. Candidate χc1ð3872Þ and ψð2SÞ mesons from b-hadron decays are selected in the
J=ψπþπ− decay mode. Describing the lineshape with a Breit-Wigner function, the mass splitting between
the χc1ð3872Þ and ψð2SÞ states, Δm, and the width of the χc1ð3872Þ state, ΓBW, are determined to be
Δm¼185.598%0.067%0.068 MeV;

ΓBW¼1.39%0.24%0.10 MeV; where the first uncertainty is statistical and the second systematic. Using a Flatté-

inspired model, the mode and full width at half maximum of the lineshape are determined to be
mode¼3871.69þ0.00þ0.05

−0.04−0.13 MeV;
FWHM¼0.22þ0.07þ0.11

−0.06−0.13 MeV: An investigation of the analytic structure of the Flatté amplitude reveals a pole

structure, which is compatible with a quasibound D0D̄&0 state but a quasivirtual state is still allowed at the
level of 2 standard deviations.
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I. INTRODUCTION

The last two decades have seen a resurgence of interest in
the spectroscopy of nonconventional (exotic) charmonium
states [1] starting with the observation of the charmonium-
like χc1ð3872Þ state by the Belle Collaboration [2]. Though
the existence of the χc1ð3872Þ particle has been confirmed
by many experiments [3–7] with quantum numbers mea-
sured to be 1þþ [8,9], its nature is still uncertain. Several
exotic interpretations have been suggested: e.g., a tetra-
quark [10], a loosely bound deuteronlike D0D̄&0 molecule
[11] or a charmonium-molecule mixture [12].
A striking feature of the χc1ð3872Þ state is the proximity

of its mass to the sum of the D&0 and D0 meson masses.
Accounting for correlated uncertainties due to the knowl-
edge of the kaon mass, this sum is evaluated to be mD0 þ
mD&0 ¼ 3871.70% 0.11 MeV [13]. The molecular inter-
pretation of the χc1ð3872Þ state requires it to be a bound
state. Assuming a Breit-Wigner lineshape, this implies that
δE≡mD0 þmD&0 −mχc1ð3872Þ > 0. Current knowledge of
δE is limited by the uncertainty on the χc1ð3872Þ mass,
motivating a more precise determination of this quantity.
The nature of the χc1ð3872Þ state can also be elucidated by
studies of its lineshape. This has been analyzed by several
experiments assuming a Breit-Wigner function [3,5,14].

The current upper limit on the natural width, ΓBW, is
1.2 MeV at 90% confidence level [15].
In this analysis a sample of χc1ð3872Þ → J=ψπþπ−

candidates produced in inclusive b-hadron decays is used
to measure precisely the mass and to determine the line-
shape of the χc1ð3872Þ meson. Studies are made assuming
both a Breit-Wigner lineshape and a Flatté-inspired model
that accounts for the opening up of the D̄0D&0 threshold
[16,17]. The analysis uses a data sample corresponding to
an integrated luminosity of 3 fb−1 of data collected in pp
collisions at center-of-mass energies of 7 and 8 TeV during
2011 and 2012 using the LHCb detector.

II. DETECTOR AND SIMULATION

The LHCb detector [18,19] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [20], a large-area silicon-strip detec-
tor (TT) located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of
silicon-strip detectors and straw drift tubes [21] placed
downstream of the magnet. The tracking system provides a
measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momen-
tum to 1.0% at 200 GeV. As described in Refs. [22,23] the
momentum scale is calibrated using samples of J=ψ →
μþμ− and Bþ → J=ψKþ decays collected concurrently
with the data sample used for this analysis. The relative
accuracy of this procedure is estimated to be 3 × 10−4 using

*Full author list given at the end of the article.
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always a contribution to both the imaginary and real part of
the denominator function in Eq. (2). Repeating the fit
results in a similar but worse fit quality with a log-
likelihood difference of 0.1. The width Γ0 is reduced by
0.2 MeV, which is the smallest systematic uncertainty on
this parameter.

C. Comparison between Breit-Wigner
and Flatté lineshapes

Figure 4 shows the comparison between the Breit-
Wigner and the Flatté lineshapes. While in both cases
the signal peaks at the same mass, the Flatté model results
in a significantly narrower lineshape. However, after
folding with the resolution function and adding the back-
ground, the observable distributions are indistinguishable.
To quantify this comparison the fit results for the mode,

the mean and the full width at half maximum (FWHM) of
the Flatté model and their uncertainties are summarized in
Table VI. The mode of the Flatté distribution agrees within
uncertainties with the Breit-Wigner solution. However, the
FWHM of the Flatté model is a factor of 5 smaller than the
Breit-Wigner width. To check the consistency of these
seemingly contradictory results, pseudoexperiments gen-
erated with the Flatté model and folded with the known
resolution function are analyzed with the Breit-Wigner
model. Figure 5 shows the resulting distribution of the
Breit-Wigner width determined from the pseudoexperi-
ments, which is in good agreement with the value observed

in the data. This demonstrates that the value obtained for
the Breit-Wigner width, after taking into account the
experimental resolution, is consistent with the expectation
of the Flatté model. The result highlights the importance of
a proper lineshape parametrization for a measurement of
the location of the pole.

D. Pole search

The amplitude as a function of the energy defined by
Eq. (2) can be continued analytically to complex values of
the energy E. This continuation is valid up to singularities
of the amplitude. There are two types of singularities,
which are relevant here: poles and branch points. Poles of

TABLE V. Systematic uncertainty on the measurement of the Flatté parameters.

Systematic g fρ × 103 Γ0 (MeV)

Model þ0.003 −0.004 þ0.6 −0.5 þ0.5 −0.4
Momentum scale þ0.003 −0.003 þ0.1 −0.2 þ0.1 −0.2
Threshold mass þ0.003 −0.003 þ0.2 −0.2 þ0.2 −0.3
D"0 width −0.001 −0.2

Sum in quadrature þ0.005 −0.006 þ0.7 −0.6 þ0.6 −0.6

3.868 3.87 3.8720
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FIG. 4. Comparison of the Flatté (solid, red) and Breit–Wigner
(dotted, black) lineshapes. The left plot shows the raw lineshapes
for the default fits. The location of the D0 D̄"0 threshold is
indicated by the blue vertical line. On the right the distributions
are shown after applying smearing with the resolution function
and adding background.

TABLE VI. Results of the fit with the Flatté lineshape including
statistical and systematic uncertainties. The Flatté mass parameter
m0 ¼ 3864.5 MeV is used.

Mode (MeV) Mean (MeV) FWHM (MeV)

3871.69þ0.00þ0.05
−0.04−0.13 3871.66þ0.07þ0.11

−0.06−0.13 0.22þ0.06þ0.25
−0.08−0.17
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FIG. 5. Distribution of the FWHM obtained for simulated
experiments generated from the result of the Flatté model and
fitted with the Breit-Wigner model (filled histogram). Both
models account for the experimental resolution. The dashed
red line shows the FWHM of the Flatté lineshape, while the solid
blue line indicates the value of the Breit-Wigner width observed
in the data.
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the amplitude in the complex energy plane are identifiedwith
hadronic states. The pole location is a unique property of the
respective state, which is independent of the production
process and the observed decay mode. In the absence of
nearby thresholds the real part of the pole is located at the
mass of the hadron and the imaginary part at half the width of
the state. Branch point singularities occur at the threshold of
every coupled channel and lead to branch cuts in the Riemann
surface on which the amplitude is defined. Each branch cut
corresponds to two Riemann sheets. Through Eq. (2) the
amplitudewill inherit the analytic structure of the square root
functions of Eq. (3) that describe the momenta of the decay
products in the rest frame of the two-body system. The square
root is a two-sheeted function of complex energy. In the
following, a convention is used where the two sheets are
connected along the negative real axis. An introduction to this
subject can be found in Refs. [46–48] and a summary is
available in Ref. [49].
For the χc1ð3872Þ state only the Riemann sheets asso-

ciated with theD0D̄#0 channel are important, since all other
thresholds are far from the signal region. The following
convention is adopted to label the relevant sheets:

(I) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

(II) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(III) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(IV) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

whereΓðEÞ≡ ΓρðEÞ þ ΓωðEÞ þ Γ0. The fact that the model
contains several coupled channels in addition to the D0D̄#0

channel complicates the analytical structure. The sign in front
of the momentum

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
is the same for sheets I and II and

therefore they belong to a single sheet with respect to the
D0D̄#0 channel. The two regions are labeled separately due to
the presence of the J=ψπþπ−, J=ψπþπ−π0 channels, as well
as radiative decays. Those channels have their associated
branch points at smaller masses than the signal region. The
analysis is performed close to theD0D̄#0 threshold and points
above and below the real axis lie on different sheets with
respect to those open channels.
Sheets I and II correspond to a physical sheet with

respect to the D0D̄#0 channel, where the amplitude is
evaluated in order to compute the measurable lineshape at
real energies E. Sheets III and IV correspond to an
unphysical sheet with respect to that channel. Sheet II is
analytically connected to sheet IValong the real axis, above
the D0D̄#0 threshold.
In the single-channel case, a bound D0D̄#0 state would

appear below threshold on the real axis and on the
physical sheet.

A virtual state would appear as well below threshold on
the real axis, but on the unphysical sheet. A resonance
would appear on the unphysical sheet in the complex plane
[46–48]. The presence of inelastic, open channels shifts the
pole into the complex plane and turns both a bound state as
well as a virtual state into resonances. In the implementa-
tion of the amplitude used for the analysis, the branch cut
for the D0D̄#0 channel is taken to go from threshold toward
larger energy E, while the branch cuts associated with the
open channels ΓðEÞ are chosen to lie along the negative real
axis. The analytic structure around the branch cut asso-
ciated with theDþD#− threshold is also investigated, but no
nearby poles are found on the respective Riemann sheets.
At the best estimate of the Flatté parameters the model

exhibits two pole singularities. The first pole appears on
sheet II and is located very close to the D0D̄#0 threshold.
The location of this pole with respect to the branch point
obtained using the algorithm described in Ref. [50], is
EII ¼ ð0.06 − 0.13iÞ MeV.Recalling that the imaginary part
of the pole position corresponds to half the visible width, it is
clear that this pole is responsible for the peaking region of the
lineshape. A second pole is found on sheet III. It appears well
below the threshold and is also further displaced from the
physical axis at EIII ¼ ð−3.58 − 1.22iÞ MeV.
Figure 6 shows the analytic structure of the Flatté

amplitude in the vicinity of the threshold. The color code
corresponds to the phase of the amplitude on sheets I (for
ImE > 0) and II (for ImE < 0) in the complex energy
plane. The pole on sheet II is visible, as is the discontinuity
along the D0D̄#0 branch cut, which for clarity is also
indicated by the black line. The trajectory followed by the

FIG. 6. The phase of the Flatté amplitude obtained from the fit
to the data withm0 ¼ 3864.5 MeV on sheets I (for ImE > 0) and
II (for ImE < 0) of the complex energy plane. The pole
singularity is visible at EII ¼ ð0.06 − 0.13iÞ MeV. The branch
cut is highlighted with the black line. The trajectory of the pole
taken when the couplings to all but the DD̄# channel are scaled
down to zero is indicated in red.
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I. INTRODUCTION

The last two decades have seen a resurgence of interest in
the spectroscopy of nonconventional (exotic) charmonium
states [1] starting with the observation of the charmonium-
like χc1ð3872Þ state by the Belle Collaboration [2]. Though
the existence of the χc1ð3872Þ particle has been confirmed
by many experiments [3–7] with quantum numbers mea-
sured to be 1þþ [8,9], its nature is still uncertain. Several
exotic interpretations have been suggested: e.g., a tetra-
quark [10], a loosely bound deuteronlike D0D̄&0 molecule
[11] or a charmonium-molecule mixture [12].
A striking feature of the χc1ð3872Þ state is the proximity

of its mass to the sum of the D&0 and D0 meson masses.
Accounting for correlated uncertainties due to the knowl-
edge of the kaon mass, this sum is evaluated to be mD0 þ
mD&0 ¼ 3871.70% 0.11 MeV [13]. The molecular inter-
pretation of the χc1ð3872Þ state requires it to be a bound
state. Assuming a Breit-Wigner lineshape, this implies that
δE≡mD0 þmD&0 −mχc1ð3872Þ > 0. Current knowledge of
δE is limited by the uncertainty on the χc1ð3872Þ mass,
motivating a more precise determination of this quantity.
The nature of the χc1ð3872Þ state can also be elucidated by
studies of its lineshape. This has been analyzed by several
experiments assuming a Breit-Wigner function [3,5,14].

The current upper limit on the natural width, ΓBW, is
1.2 MeV at 90% confidence level [15].
In this analysis a sample of χc1ð3872Þ → J=ψπþπ−

candidates produced in inclusive b-hadron decays is used
to measure precisely the mass and to determine the line-
shape of the χc1ð3872Þ meson. Studies are made assuming
both a Breit-Wigner lineshape and a Flatté-inspired model
that accounts for the opening up of the D̄0D&0 threshold
[16,17]. The analysis uses a data sample corresponding to
an integrated luminosity of 3 fb−1 of data collected in pp
collisions at center-of-mass energies of 7 and 8 TeV during
2011 and 2012 using the LHCb detector.

II. DETECTOR AND SIMULATION

The LHCb detector [18,19] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [20], a large-area silicon-strip detec-
tor (TT) located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of
silicon-strip detectors and straw drift tubes [21] placed
downstream of the magnet. The tracking system provides a
measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momen-
tum to 1.0% at 200 GeV. As described in Refs. [22,23] the
momentum scale is calibrated using samples of J=ψ →
μþμ− and Bþ → J=ψKþ decays collected concurrently
with the data sample used for this analysis. The relative
accuracy of this procedure is estimated to be 3 × 10−4 using
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This paper gives results for the spectrum, all allowed E1 radiative partial widths (and some important
M1 widths) and all open-charm strong decay amplitudes of all 40 c !c states expected up to the mass of the
4S multiplet, just above 4.4 GeV. The spectrum and radiative widths are evaluated using two models, the
relativized Godfrey-Isgur model and a nonrelativistic potential model. The electromagnetic transitions are
evaluated using Coulomb plus linear plus smeared hyperfine wave functions, both in a nonrelativistic
potential model and in the Godfrey-Isgur model. The open-flavor strong decay amplitudes are determined
assuming harmonic oscillator wave functions and the 3P0 decay model. This work is intended to motivate
future experimental studies of higher-mass charmonia, and may be useful for the analysis of high-statistics
data sets to be accumulated by the BES, CLEO, and GSI facilities.
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INTRODUCTION

Since its discovery in 1974 [1,2], the charmonium sys-
tem has become the prototypical ’hydrogen atom’ of me-
son spectroscopy [3–6]. The experimentally clear
spectrum of relatively narrow states below the open-charm
DD threshold of 3.73 GeV can be identified with the 1S,
1P, and 2S c !c levels predicted by potential models, which
incorporate a color Coulomb term at short distances and a
linear scalar confining term at large distances. Spin-
dependent interquark forces are evident in the splittings
of states within these multiplets, and the observed split-
tings are consistent with the predictions of a one gluon
exchange (OGE) Breit-Fermi Hamiltonian, combined with
a linear scalar confining interaction. Discussions of the
theoretical importance and experimental status of heavy
quarkonium, including recent experimental results for
charmonium, have been given by Quigg [7], Galik [8],
the CERN quarkonium working group [9], Seth [10–12],
and Swarnicki [13].

Recently there has been a resurgence of interest in
charmonium, due to the realization that B factories can
contribute to the study of the missing c !c states [14], and to
high-statistics experiments at BES [15] and CLEO [16] and
the planned GSI p !p facility [17].

The possibility of contributions from B factories was
dramatically illustrated by the recent discovery of the long
missing 21S0 !0c state by the Belle Collaboration [18],
which has since been confirmed by BABAR [19], and
has also been observed by CLEO in "" collisions [20].

Additional interest in c !c spectroscopy has followed the
discovery of the remarkable X(3872) by Belle [21] and
CDF [22] in B decays to J= #!#"; assuming that this is a
real resonance rather than a threshold effect, the X(3872) is
presumably either a DD# charmed meson molecule [23–
25] or a narrow J $ 2 D-wave c !c state [26,27]. Very recent
observations of the X(3872) in "J= and !J= by Belle
support a 1!! DD# molecule assignment [28,29].

There has also been experimental activity in the spin-
singlet P-wave sector, with recent reports of the observa-
tion of the elusive 11P1 hc state by CLEO [10,30]. Finally,
the surprisingly large cross sections for double charmo-
nium production in e!e" reported by Belle [31–34] sug-
gest that it may be possible to study C $ %!& c !c states in
e!e" without using the higher-order O%$4& two-photon
annihilation process.

One open topic of great current interest in c !c spectros-
copy is the search for the  2%13D2& and !c2%11D2& states,
which are expected to be quite narrow due to the absence of
open-charm decay modes.

A second topic is the Lorentz nature of confinement; in
pure c !c models this is tested by the multiplet splittings of
orbitally excited c !c states. For example, with pure scalar
confinement as is normally assumed there is no spin-spin
hyperfine interaction at O%v2=c2&, so the masses of spin-
singlets (such as the 1P1 hc) are degenerate with the
corresponding triplet center of gravity (c.o.g.) (here this
is the 3PJ c.o.g., at 3525 MeV). In the original Cornell
model [35] it was assumed that confinement acts as the
time component of a Lorentz vector, which lifts the degen-
eracy of the hc and the 3PJ c.o.g. Another possibility is that
confinement may be a more complicated mix of scalar and
timelike vector [36]. Of course these simple potential
model considerations may be complicated by mass shifts
due to other effects, such as couplings to open-flavor
channels [27].
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Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L > 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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0:4, and our constituent quark masses mu;d ! 0:33 GeV,
ms ! 0:55 GeV, and mc ! 1:5 GeV. (Quark mass ratios
are required to specify the final open-charm meson wave
functions.) We determine the decay kinematics using ex-
ternal meson masses taken from the Particle Data Group
[67] (charge averaged where appropriate) and from recent
Belle results [74]. These masses are MD ! 1:867 GeV,
MD" ! 2:008 GeV, MD"0

! 2:308 GeV [74],
MD1
#narrow$ ! 2:425 GeV, MD01

#broad$ ! 2:427 GeV
[74], MD"2

! 2:459 GeV, MDs
! 1:968 GeV, MD"s !

2:112 GeV, MD"s0
! 2:317 GeV, MDs1

! 2:459 GeV. The
FOCUS collaboration [75] estimate a somewhat higher
mass for the scalar D"0, however their result is complicated

TABLE XI. Open-flavor strong decays, 2P and 3P states. The
initial meson masses are predictions of the NR potential model,
Table I.

Meson State Mode !thy (MeV) Amps. ( GeV%1=2)

!2#3972$ 23P2 DD 42 1D2 ! &0:0992
DD" 37 3D2 ! %0:1172
DsDs 0.7 1D2 ! &0:0202
total 80

!1#3925$ 23P1 DD" 165 3S1 ! &0:2883
3D1 ! %0:0525

!0#3852$ 23P0 DD 30 1S0 ! &0:1025

hc#3934$ 21P1 DD" 87 3S1 ! %0:1847
3D1 ! %0:0851

!2#4317$ 33P2 DD 8.0 1D2 ! %0:0330
DD" 2.4 3D2 ! &0:0191
D"D" 24 5S2 ! &0:0592

1D2 ! &0:0107
5D2 ! %0:0282

5G2 ! 0
DD1 1.1 3P2 ! &0:0240

3F2 ! &0:0105
DD01 12 3P2 ! %0:0915

3F2 ! 0
DsDs 0.8 1D2 ! &0:0115
DsD

"
s 11 3D2 ! %0:0474

D"sD
"
s 7.2 5S2 ! %0:0266

1D2 ! &0:0145
5D2 ! %0:0384

5G2 ! 0
total 66

!1#4271$ 33P1 DD" 6.8 3S1 ! %0:0337
3D1 ! &0:0011

D"D" 19 5D1 ! %0:0632
DD"0 0.1 1P1 ! %0:0062
DsD

"
s 9.7 3S1 ! %0:0287

3D1 ! %0:0385
D"sD"s 2.7 5D1 ! %0:0356
total 39

!0#4202$ 33P0 DD 0.5 1S0 ! %0:0091
D"D" 43 1S0 ! %0:0267

5D0 ! %0:0997
DsDs 6.8 1S0 ! %0:0374
total 51

hc#4279$ 31P1 DD" 3.0 3S1 ! &0:0216
3D1 ! &0:0048

D"D" 22 3S1 ! &0:0456
3D1 ! %0:0487

DD"0 28 1P1 ! %0:0943
DsD

"
s 15 3S1 ! &0:0222

3D1 ! %0:0539
D"sD

"
s 7.5 3S1 ! %0:0464

3D1 ! %0:0327
total 75

TABLE XII. Open-flavor strong decays, 1D and 2D states. The
 #3770$ and  #4159$ masses (boldface) are taken from experi-
ment; for the remaining (unknown) masses we assume the
theoretical NR potential model values of Table I.

Meson State Mode !thy [!expt] (MeV) Amps. (GeV%1=2)

 3#3806$ 13D3 DD 0.5 1F3 ! &0:0150

 #3770$ 13D1 DD 43 [23:6' 2:7] 1P1 ! &0:1668

 3#4167$ 23D3 DD 24 1F3 ! &0:0631
DD" 50 3F3 ! %0:0997
D"D" 67 5P3 ! %0:1249

1F3 ! &0:0218
5F3 ! %0:0478

5H3 ! 0
DsDs 5.7 1F3 ! &0:0358
DsD"s 1.2 3F3 ! %0:0205
total 148

 2#4158$ 23D2 DD" 34 3P2 ! &0:0121
3F2 ! %0:0822

D"D" 32 5P2 ! %0:0660
5F2 ! %0:0685

DsD
"
s 26 3P2 ! &0:0983

3F2 ! %0:0149
total 92

 #4159$ 23D1 DD 16 1P1 ! %0:0522
DD" 0.4 3P1 ! &0:0085
D"D" 35 1P1 ! &0:0489

5P1 ! %0:0219
5F1 ! %0:0845

DsDs 8.0 1P1 ! %0:0427
DsD

"
s 14 3P1 ! &0:0733

total 74 [78' 20]

"c2#4158$ 21D2 DD" 50 3P2 ! %0:0099
3F2 ! %0:1007

D"D" 43 3P2 ! %0:0933
3F2 ! %0:0593

DsD"s 18 3P2 ! %0:0802
3F2 ! %0:0182

total 111
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High-multiplicity pp collisions provide a hadronic
environment that approaches heavy ion collisions in many
respects. Recently, phenomena typically thought only to
occur in collisions of large nuclei have been observed in
high-multiplicity pp collisions, including a near-side ridge
in two-particle angular correlations [39], strangeness
enhancement [40], and collective flow [41]. Multiplicity-
dependent modification of ϒ production has also been
observed [42]. Therefore, high-multiplicity pp collisions
provide a testing ground for examining final-state effects
observed on quarkonium in pA and AA collisions.
Measurements of such effects can provide new constraints
on the structure of the χc1ð3872Þ [43].
In this Letter, measurements of the fractions of χc1ð3872Þ

and ψð2SÞ states, fprompt, that are produced promptly at the
pp collision vertex as a function of charged particle
multiplicity are presented. The χc1ð3872Þ and ψð2SÞ states
are compared by measuring the ratio of the χc1ð3872Þ to
ψð2SÞ cross sections, as a function of multiplicity. The
χc1ð3872Þ and ψð2SÞ candidates are reconstructed through
their decays to the J=ψπþπ− final state, where the J=ψ
meson subsequently decays to μþμ− pairs. This study uses
data collected with the LHCb detector at a center-of-mass
energy

ffiffiffi
s

p
¼ 8 TeV, corresponding to an integrated lumi-

nosity of 2 fb−1.
The LHCb detector [44,45] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector elements comprise a silicon-strip vertex detector
(VELO) surrounding the pp interaction region that allows b
hadrons to be identified from their characteristically long
flight distance; a tracking system that provides a measure-
ment of the momentum, p, of charged particles; two ring-
imaging Cherenkov (RICH) detectors that discriminate
between different species of charged hadrons, and a series
of tracking detectors interleaved with hadron absorbers for
identifying muons. In this analysis, multiplicity is represented
by the number of charged particle tracks reconstructed in the
VELO, NVELO

tracks . The VELO track-reconstruction efficiency
has been measured to be about 99% [46].
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA

[47,48] with a specific LHCb configuration [49]. Decays
of unstable particles are described by EVTGEN [50]. The
interaction of the generated particles with the detector and
its response are implemented using the GEANT4 toolkit [51]
as described in Ref. [52].
Events considered in this analysis are selected by a

set of triggers designed to record events containing the
decay J=ψ → μþμ−. Tracks from triggered events that are
identified as good muon candidates are retained. The muons
are required to have momentum p > 10 GeV=c and a
momentum component transverse to the beam direction
pT > 650 MeV=c. Candidate J=ψ mesons are formed from

a pair of oppositely charged muons with an invariant mass
within %39 MeV=c2 (corresponding to 3 times the reso-
lution on the mass) of the known J=ψ mass and combined
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the pions are above threshold in one of the RICH detectors,
and have pT > 500 MeV=c to reduce combinatorial back-
ground.
Selected μþμ−πþπ− combinations that form a good-

quality common vertex are fitted with kinematic constraints
that require all tracks to originate from a common vertex
and constrain the dimuon mass to the known J=ψ mass
[53]. The decay kinematics are required to satisfy
MJ=ψπþπ− −MJ=ψ −Mπþπ− < 300 MeV=c2 and the candi-
dates must have pT > 5 GeV=c and be within the pseu-
dorapidity range 2 < η < 4.5. The resulting J=ψπþπ−

invariant-mass spectrum is shown in Fig. 1.
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Both χc1ð3872Þ and ψð2SÞ hadrons can be produced

promptly at the pp collision vertex, either directly or in
strong decays of higher charmonia states, or in the decays
of b hadrons, which travel several millimeters before
decaying. The prompt component of the signal is separated
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tz ≡
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FIG. 1. The J=ψπþπ− invariant-mass spectrum. The inset
shows the region of the χc1ð3872Þ resonance.
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pair due to their fragmentation into hadrons and subsequent
decays [57,58]; or the suppression of prompt ψð2SÞ and
χc1ð3872Þ production via interactions with other particles
produced at the vertex, which decreases the prompt
production in high-multiplicity events, but does not affect
production in b decays.
The prompt and b-decay components are examined

directly by calculating the ratio of the χc1ð3872Þ and
ψð2SÞ cross sections, σχ=σψ , times their respective branch-
ing fractions to the J=ψπþπ− final state, Bχ and Bψ . This
ratio is given by

σχ
σψ

Bχ

Bψ
¼

Nχf
χ
prompt

Nψf
ψ
prompt

εaccψ

εaccχ

εrecoψ

εrecoχ

εPIDψ

εPIDχ
: ð2Þ

Here, N is the signal yield, fprompt is the prompt fraction
and the ε terms represent various efficiency corrections of
the corresponding state. The ratio of cross sections from b
decays is found by replacing fprompt with (1 − fprompt) in
Eq. (2). Correlated systematic uncertainties largely cancel
in the ratio, and the result is dominated by uncorrelated
uncertainties. The ratio of efficiencies for four charged
decay products to fall within the LHCb acceptance,
εaccψ =εaccχ , is found via simulation to be consistent with
one with an uncertainty of approximately 1% that is
determined by varying the pT distributions of the simulated
ψð2SÞ and χc1ð3872Þ hadrons. Control samples of identi-
fied muons and pions obtained from data are used to
measure the ratio of muon and pion particle identification
(PID) efficiencies, εPIDψ =εPIDχ , which is near one with an
uncertainty of about 1% due to the finite size of the control
sample. The only relative efficiency that has a significant
deviation from unity is the ratio of reconstruction efficien-
cies, εrecoψ =εrecoχ , which is found via simulation to be 0.58%
0.02 (0.65% 0.04) for particles that are produced promptly
(in b decays). This is due to the different kinematic
properties of the pion pair produced in the decays: pions
from χc1ð3872Þ hadron decays proceed through an
intermediate ρ0ð770Þ resonance [59] and have a higher
reconstruction efficiency than pions from the ψð2SÞ decay
due to their higher pT. The uncertainty on the ratio of
reconstruction efficiencies is taken from the variations
observed when weighting the pT distributions of the
simulated ψð2SÞ and χc1ð3872Þ hadrons to match those
in the data in different multiplicity bins, as previously
discussed.
The ratio of cross sections is shown in Fig. 4. A decrease

in the prompt production of χc1ð3872Þ hadrons relative to
prompt ψð2SÞ mesons is observed as the charged particle
multiplicity increases. To illustrate this effect, a linear fit to
this data, which considers only the uncorrelated uncertain-
ties, is performed and returns a negative slope that differs
from zero by 5 standard deviations.

After preliminary LHCb results on multiplicity-depen-
dent χc1ð3872Þ production were presented [60], calcula-
tions of these observables based on the comover interaction
model [34,35] were performed [43]. In this model,
promptly produced χc1ð3872Þ and ψð2SÞ hadrons interact
with other produced particles, with a breakup cross section
σbr that is determined by their radius and binding energy.
The model assumes no interactions at low multiplicity, and
the calculations are normalized to the data in the lowest
multiplicity bin. A purely molecular χc1ð3872Þ has a
large radius and correspondingly high σbr and is quickly
dissociated as multiplicity increases. If coalescence pro-
vides an additional formation mechanism for molecular
χc1ð3872Þ, the ratio σχc1ð3872Þ=σψð2SÞ rises with multiplicity.
Neither of these calculations are consistent with the data.
A compact tetraquark χc1ð3872Þ has a slightly larger
radius and σbr than the ψð2SÞ, and in this scenario,
σχc1ð3872Þ=σψð2SÞ gradually decreases with multiplicity,
matching the measured trend.
In contrast to the prompt data, the ratio of cross sections

for production in b decays shows a slight increase, which is
not statistically significant. A linear fit to these data points,
again without considering the correlated systematic uncer-
tainty, gives a positive slope that is consistent with zero
within 1.6 standard deviations. Since these hadrons origi-
nate from displaced decay vertices of b hadrons, they are
not subject to suppression via interactions with other
particles produced at the primary vertex. Consequently,
this ratio is set only by the branching fractions of b decays
to χc1ð3872Þ and ψð2SÞ hadrons. The multiplicity depend-
ence of b hadron production has not been studied in detail,
and modification of the b hadron admixture could affect
χc1ð3872Þ production, as different b hadron species may
have different decay probabilities to χc1ð3872Þ states
[61,62]. However, the uncertainties preclude drawing any
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particles is also found to decrease with multiplicity, while no significant dependence on multiplicity is
observed for the equivalent ratio of particles produced away from the collision vertex in b-hadron decays.
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In recent years, multiple new resonances containing
heavy quarks have been observed that do not fit into the
framework of conventional hadrons, see Ref. [1] for a
recent review. The most studied of these exotic hadrons is
the χc1ð3872Þ state, also known as Xð3872Þ. It was first
discovered in the mass spectrum of J=ψπþπ− in B-meson
decays by the Belle collaboration [2], and has since been
confirmed by multiple other experiments [3–6]. Despite
intense scrutiny, the exact nature of the χc1ð3872Þ state is
still unclear.
Multiple explanations of the χc1ð3872Þ structure have

been proposed. Shortly after its discovery, it was considered
as one of several possible charmonium states [7]. However,
LHCb has since measured the quantum numbers to be
JPC ¼ 1þþ [8], which disfavors its assignment as conven-
tional charmonium because no compatible charmonium
states with these quantum numbers are expected near the
measured mass [9]. Other models consider the χc1ð3872Þ
state to be a tetraquark,whichmay have further substructure,
composed of a diquark-antidiquark bound state [10–12] or a
hadrocharmonium state where two light quarks orbit a
charmonium core [13]. Mixtures of various exotic and
conventional states have also been studied [14–17]. The
remarkable proximity of the χc1ð3872Þ mass to the sum of
theD0 and D̄%0 meson masses have led to the consideration
of its structure as a hadronic molecule, a state comprising

these two mesons bound via pion exchange [18,19]. In this
case, the binding energy of the χc1ð3872Þ hadron would be
small, as the mass difference ðMD0 þMD̄%0Þ −Mχc1ð3872Þ ¼
0.07& 0.12 MeV=c2 is consistent with zero [20].
Consequently, these models assign the χc1ð3872Þ state a
large radius ofOð10 fmÞ [17,21]. Results from recent LHCb
studies of the χc1ð3872Þ line shape are compatible with the
molecular interpretation but do not exclude other possibil-
ities [20,22].
Techniques developed to study quarkonium production in

proton-nucleus (pA) collisions can be used to probe the
binding energy of hadrons. Measurements of charmonium
production inpAcollisions at fixed target experiments [23,24]
and colliders [25–30] showed that ψð2SÞ production is
suppressed more than J=ψ production in rapidity regions
where a relatively large number of charged particles are
produced. Similarly, measurements of ϒ production at the
Large Hadron Collider (LHC) revealed that the ϒð2SÞ and
ϒð3SÞ states are suppressed more than the ϒð1SÞ state
[31,32]. As the effects governing heavy quark production
and transport through the nucleus are assumed to be similar for
states with the same quark content, the mechanism for the
suppression of excited states is expected to occur in the late
stages of the collision, after the heavy quark pair has
hadronized into a final state. Models incorporating final-state
effects, such as heavy quark pair breakup via interactions with
comovinghadrons, describe the relative suppressionof excited
quarkoniumstates inpAcollisions [33–37]. Similar final-state
effects can also disrupt formation of the χc1ð3872Þ state via
interactions with pions produced in the underlying event [38]
and would be especially significant if the χc1ð3872Þ structure
is a large, weakly bound hadronic molecule.

*Full author list given at the end of the Letter.
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the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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This paper gives results for the spectrum, all allowed E1 radiative partial widths (and some important
M1 widths) and all open-charm strong decay amplitudes of all 40 c !c states expected up to the mass of the
4S multiplet, just above 4.4 GeV. The spectrum and radiative widths are evaluated using two models, the
relativized Godfrey-Isgur model and a nonrelativistic potential model. The electromagnetic transitions are
evaluated using Coulomb plus linear plus smeared hyperfine wave functions, both in a nonrelativistic
potential model and in the Godfrey-Isgur model. The open-flavor strong decay amplitudes are determined
assuming harmonic oscillator wave functions and the 3P0 decay model. This work is intended to motivate
future experimental studies of higher-mass charmonia, and may be useful for the analysis of high-statistics
data sets to be accumulated by the BES, CLEO, and GSI facilities.
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INTRODUCTION

Since its discovery in 1974 [1,2], the charmonium sys-
tem has become the prototypical ’hydrogen atom’ of me-
son spectroscopy [3–6]. The experimentally clear
spectrum of relatively narrow states below the open-charm
DD threshold of 3.73 GeV can be identified with the 1S,
1P, and 2S c !c levels predicted by potential models, which
incorporate a color Coulomb term at short distances and a
linear scalar confining term at large distances. Spin-
dependent interquark forces are evident in the splittings
of states within these multiplets, and the observed split-
tings are consistent with the predictions of a one gluon
exchange (OGE) Breit-Fermi Hamiltonian, combined with
a linear scalar confining interaction. Discussions of the
theoretical importance and experimental status of heavy
quarkonium, including recent experimental results for
charmonium, have been given by Quigg [7], Galik [8],
the CERN quarkonium working group [9], Seth [10–12],
and Swarnicki [13].

Recently there has been a resurgence of interest in
charmonium, due to the realization that B factories can
contribute to the study of the missing c !c states [14], and to
high-statistics experiments at BES [15] and CLEO [16] and
the planned GSI p !p facility [17].

The possibility of contributions from B factories was
dramatically illustrated by the recent discovery of the long
missing 21S0 !0c state by the Belle Collaboration [18],
which has since been confirmed by BABAR [19], and
has also been observed by CLEO in "" collisions [20].

Additional interest in c !c spectroscopy has followed the
discovery of the remarkable X(3872) by Belle [21] and
CDF [22] in B decays to J= #!#"; assuming that this is a
real resonance rather than a threshold effect, the X(3872) is
presumably either a DD# charmed meson molecule [23–
25] or a narrow J $ 2 D-wave c !c state [26,27]. Very recent
observations of the X(3872) in "J= and !J= by Belle
support a 1!! DD# molecule assignment [28,29].

There has also been experimental activity in the spin-
singlet P-wave sector, with recent reports of the observa-
tion of the elusive 11P1 hc state by CLEO [10,30]. Finally,
the surprisingly large cross sections for double charmo-
nium production in e!e" reported by Belle [31–34] sug-
gest that it may be possible to study C $ %!& c !c states in
e!e" without using the higher-order O%$4& two-photon
annihilation process.

One open topic of great current interest in c !c spectros-
copy is the search for the  2%13D2& and !c2%11D2& states,
which are expected to be quite narrow due to the absence of
open-charm decay modes.

A second topic is the Lorentz nature of confinement; in
pure c !c models this is tested by the multiplet splittings of
orbitally excited c !c states. For example, with pure scalar
confinement as is normally assumed there is no spin-spin
hyperfine interaction at O%v2=c2&, so the masses of spin-
singlets (such as the 1P1 hc) are degenerate with the
corresponding triplet center of gravity (c.o.g.) (here this
is the 3PJ c.o.g., at 3525 MeV). In the original Cornell
model [35] it was assumed that confinement acts as the
time component of a Lorentz vector, which lifts the degen-
eracy of the hc and the 3PJ c.o.g. Another possibility is that
confinement may be a more complicated mix of scalar and
timelike vector [36]. Of course these simple potential
model considerations may be complicated by mass shifts
due to other effects, such as couplings to open-flavor
channels [27].
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Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L > 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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detected in the EMC since it is produced preferentially
along the beam direction.

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

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

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

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

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

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

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

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

data events passing all selection criteria except that on m2
Rec

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


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ

318 BES Collaboration / Physics Letters B 660 (2008) 315–319

Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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detected in the EMC since it is produced preferentially
along the beam direction.

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

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

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

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

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

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

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

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

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

3.6 3.8 4 4.2 4.4 4.6 4.8 51

10

210

310

410

FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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calculated using the KKMC [30] program. To get the correct
ISR photon energy distribution, we use the

ffiffiffi
s

p
-dependent

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

ffiffiffi
s

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

σð
ffiffiffi
s

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

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

ffiffiffi
s

p
Þ from both the XYZ data and

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

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

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

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

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

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

ffiffiffi
s

p
Þ is

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

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

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

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

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

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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W. Kozanecki,67 M. Legendre,67 G. Vasseur,67 Ch. Yèche,67 M. Zito,67 X. R. Chen,68 H. Liu,68 W. Park,68 M. V. Purohit,68

J. R. Wilson,68 M. T. Allen,69 D. Aston,69 R. Bartoldus,69 P. Bechtle,69 N. Berger,69 R. Claus,69 J. P. Coleman,69

M. R. Convery,69 M. Cristinziani,69 J. C. Dingfelder,69 J. Dorfan,69 G. P. Dubois-Felsmann,69 D. Dujmic,69

W. Dunwoodie,69 R. C. Field,69 T. Glanzman,69 S. J. Gowdy,69 M. T. Graham,69 V. Halyo,69 C. Hast,69 T. Hryn’ova,69

W. R. Innes,69 M. H. Kelsey,69 P. Kim,69 D. W. G. S. Leith,69 S. Li,69 S. Luitz,69 V. Luth,69 H. L. Lynch,69

D. B. MacFarlane,69 H. Marsiske,69 R. Messner,69 D. R. Muller,69 C. P. O’Grady,69 V. E. Ozcan,69 A. Perazzo,69 M. Perl,69

T. Pulliam,69 B. N. Ratcliff,69 A. Roodman,69 A. A. Salnikov,69 R. H. Schindler,69 J. Schwiening,69 A. Snyder,69

J. Stelzer,69 D. Su,69 M. K. Sullivan,69 K. Suzuki,69 S. K. Swain,69 J. M. Thompson,69 J. Va’vra,69 N. van Bakel,69

M. Weaver,69 A. J. R. Weinstein,69 W. J. Wisniewski,69 M. Wittgen,69 D. H. Wright,69 A. K. Yarritu,69 K. Yi,69

C. C. Young,69 P. R. Burchat,70 A. J. Edwards,70 S. A. Majewski,70 B. A. Petersen,70 C. Roat,70 L. Wilden,70 S. Ahmed,71

M. S. Alam,71 R. Bula,71 J. A. Ernst,71 V. Jain,71 B. Pan,71 M. A. Saeed,71 F. R. Wappler,71 S. B. Zain,71 W. Bugg,72

M. Krishnamurthy,72 S. M. Spanier,72 R. Eckmann,73 J. L. Ritchie,73 A. Satpathy,73 C. J. Schilling,73 R. F. Schwitters,73

J. M. Izen,74 X. C. Lou,74 S. Ye,74 F. Bianchi,75 F. Gallo,75 D. Gamba,75 M. Bomben,76 L. Bosisio,76 C. Cartaro,76

F. Cossutti,76 G. Della Ricca,76 S. Dittongo,76 L. Lanceri,76 L. Vitale,76 V. Azzolini,77 F. Martinez-Vidal,77 Sw. Banerjee,78

B. Bhuyan,78 C. M. Brown,78 D. Fortin,78 K. Hamano,78 R. Kowalewski,78 I. M. Nugent,78 J. M. Roney,78 R. J. Sobie,78

J. J. Back,79 P. F. Harrison,79 T. E. Latham,79 G. B. Mohanty,79 M. Pappagallo,79 H. R. Band,80 X. Chen,80 B. Cheng,80

S. Dasu,80 M. Datta,80 K. T. Flood,80 J. J. Hollar,80 P. E. Kutter,80 B. Mellado,80 A. Mihalyi,80 Y. Pan,80 M. Pierini,80

R. Prepost,80 S. L. Wu,80 Z. Yu,80 and H. Neal81

(BABAR Collaboration)

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
2Universitat de Barcelona, Facultat de Fisica Dept. ECM, E-08028 Barcelona, Spain
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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IVB.  Exotic Charmonium:  Y(4260) + other Y
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properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ

318 BES Collaboration / Physics Letters B 660 (2008) 315–319

Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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FIG. 1 (color online). The invariant-mass distribution for all
!#!$J= candidates where more than one entry per event is
allowed. The solid curve is a fit to the distribution in which the
 !2S" signal is described by a Cauchy function and the back-
ground by a quadratic function (represented by the dashed
curve). The arrows indicate the  !2S" mass window.
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change on ð1þ δvÞϵ is taken as an uncertainty. The
uncertainty in the vacuum polarization factor is 0.5% taken
from a QED calculation [33]. The uncertainty on the
integrated luminosity is 1%, determined with large angle
Bhabha events [19]. The uncertainties in the decay branch-
ing fractions of intermediate states are quoted from the
PDG [27]. The uncertainty from others sources, such as
lepton separation, trigger efficiency, and FSR are negli-
gible, and are conservatively taken to be 1.0%. Assuming
all sources of systematic are independent, the total

uncertainties are obtained by adding the individual values
in quadrature, and are in a range between 7.7% to 14.1%
and 7.4% to 20.1%, depending on c.m. energy, for mode I
and II, respectively.
The measured Born cross sections of eþe− →

πþπ−ψð3686Þ at individual c.m. energies for the two
ψð3686Þ decay modes are consistent with each other within
their uncertainties. The measurements are therefore com-
bined by considering the correlated and uncorrelated
uncertainties between the two modes, according to
Refs. [34,35]. The comparison of the combined Born cross
section of eþe− → πþπ−ψð3686Þ with those from previous
experimental results is shown in Fig. 2. The results are
consistent with former experiments, and have much
improved precision.

V. FIT TO THE CROSS SECTION

To study the possible resonant structures in
eþe− → πþπ−ψð3686Þ, a binned χ2 fit is applied to
describe the cross section obtained in this analysis in a
energy region from 4.085 to 4.600 GeV. Assuming that
three resonances exist, the PDF can be parametrized as

A ¼ f1eiϕ1 þ f2 þ f3eiϕ2 ; ð2Þ

where f1 is for the Yð4220Þ, f2 is for the Yð4390Þ, f3 is for
the Yð4660Þ, ϕ1 is the phase angle between Yð4390Þ and
Yð4220Þ, and ϕ2 is the phase angle between Yð4390Þ
and Yð4660Þ.
The amplitude fiði ¼ 1; 2; 3Þ for each resonance is a

P-wave Breit-Wigner function, defined as

TABLE I. Summary of the measurement of the Born cross section σB at individual c. m. energies. The subscript 1 or 2 denotes mode I
or II, respectively. The first uncertainties are statistical, and the second systematic. An upper limit at the 90% confidence level (C.L.) is
determined by a profile likelihood method [29] for data samples with low signal significance.
ffiffiffi
s

p
(GeV) L (pb−1) Nobs

1 ϵ1 (%) Nobs
2 ϵ2ð%Þ ð1þ δrÞ ð1þ δvÞ σB1 (pb) σB2 (pb) σB (pb)

4.008 482 0.0% 0.6 22.6 0.2% 2.3 4.7 0.70 1.056 < 0.9 < 23.3 < 0.9
4.085 52.6 4.0% 2.0 36.1 1.0% 1.0 20.9 0.75 1.056 6.5% 3.2% 0.9 3.9% 3.9% 0.3 5.4% 2.5% 0.6
4.189 43.1 3.8% 2.0 39.2 2.8% 2.2 27.7 0.76 1.056 6.8% 3.6% 0.7 9.9% 7.8% 1.5 7.3% 3.3% 0.7
4.208 54.6 8.9% 3.3 40.7 7.0% 3.0 27.5 0.76 1.057 12.2% 4.5% 1.7 20.0% 8.4% 1.9 14.0% 4.0% 1.5
4.217 54.1 13.0% 3.6 40.9 0.0% 0.7 27.3 0.76 1.057 17.8% 4.9% 1.5 < 30.4 17.8% 4.9% 1.5
4.226 1092 315% 18 39.2 141% 14 28.1 0.76 1.056 22.3% 1.3% 1.7 19.4% 1.9% 2.0 21.3% 1.1% 1.6
4.242 55.6 11.0% 3.3 41.4 7.9% 3.1 28.0 0.76 1.053 14.6% 4.4% 1.3 21.5% 8.4% 1.8 16.0% 3.9% 1.2
4.258 826 241% 16 40.3 84% 11 23.5 0.76 1.054 22.0% 1.4% 1.7 18.3% 2.5% 1.8 20.9% 1.2% 1.5
4.308 44.9 17.0% 4.2 41.6 15.0% 4.1 27.3 0.74 1.053 28.2% 6.9% 2.6 53.2% 14.5% 7.4 32.1% 6.2% 2.8
4.358 540 439% 21 41.2 275% 19 29.8 0.79 1.051 57.8% 2.8% 4.4 69.8% 4.8% 5.2 61.0% 2.4% 4.3
4.387 55.2 56.6% 7.6 39.4 25.7% 6.1 29.4 0.86 1.051 70.1% 9.4% 6.7 59.4% 14.1% 5.6 66.4% 7.8% 5.5
4.416 1074 693% 27 37.8 415% 24 27.4 0.96 1.053 41.0% 1.6% 3.2 47.3% 2.7% 3.7 42.8% 1.4% 3.0
4.467 110 15.1% 4.2 32.6 8.3% 4.2 23.9 1.10 1.055 8.8% 2.5% 1.0 9.2% 4.7% 1.9 8.9% 2.2% 0.9
4.527 110 13.4% 4.0 29.1 7.0% 3.6 20.8 1.25 1.055 7.7% 2.3% 0.9 7.8% 4.0% 1.2 7.7% 2.0% 0.8
4.575 47.7 4.5% 2.3 28.3 5.7% 3.2 20.2 1.23 1.055 6.2% 3.2% 0.8 15.4% 8.7% 1.8 7.3% 3.0% 0.8
4.600 567 106% 11 31.8 71% 10 21.5 1.08 1.055 12.6% 1.3% 1.2 17.2% 2.4% 1.6 14.6% 1.1% 1.1
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FIG. 2. Born cross section of eþe− → πþπ−ψð3686Þ. The dots
(red) are the results obtained in this analysis, the triangles (green)
and squares (blue) are from BELLE and BABAR’s latest updated
results, respectively. The solid curve is the fit to BESIII results
with the coherent sum of three Breit-Wigner functions. The
dashed curve (pink) is the fit to BESIII results with the coherent
sum of two Breit-Wigner functions without the Yð4220Þ hypoth-
esis. The arrows mark the locations of four energy points with
large luminosities.
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properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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center of mass frame. We fit the data with a coherent sum of
the BW function and a phase space term and find that the
phase space term does not contribute significantly. The fit
results for the resonance parameters are ΓeeBðωχc0Þ ¼
ð2.7$ 0.5Þ eV,M ¼ ð4230$ 8Þ MeV=c2, and Γt ¼ ð38$
12Þ MeV. Fitting the data using only the phase space term
results in a large change of the likelihood [Δð−2 lnLÞ ¼
101.6]. Taking the change of 4 in the DOFs into account,
this corresponds to a statistical significance of >9σ.
The systematic uncertainties in the Born cross section

measurement mainly originate from the radiative correc-
tion, the luminosity measurement, the detection efficiency,
and the kinematic fit. A 10% uncertainty in the radiative
correction is estimated by varying the lineshape of the cross
section in the generator from the measured energy-
dependent cross section to the Yð4260Þ BW shape.
Because of the limitation of the statistics, this item imports
the biggest uncertainty. The polar angle θ of the ω is

defined as the angle between ω and the e− beam in the
eþe− center of mass frame. For the ωχc0 channel, the
distribution of θ is obtained from data taken at 4.23 GeV
and fitted with 1þ α cos2 θ. The value of α is determined to
be −0.28$ 0.31. The efficiencies are determined from the
MC generated with the measured α, and the uncertainty is
estimated by varying α within 1 standard deviation. For the
ωχc1;2 channels, a 1% uncertainty is estimated by varying
the ω angular distribution from flat to 1$ cos2 θ. The
uncertainty of the luminosity is 1%. The uncertainty in
the tracking efficiency is 1% per track. The uncertainty
in the photon reconstruction is 1% per photon. A 1%
uncertainty in the kinematic fit is estimated by correcting
the helix parameters of charged tracks [24].
For the eþe− → ωχc0 mode, additional uncertainties

come from the cross feed between the KþK− and πþπ−

modes, and the fitting procedure. The uncertainty due to the
cross feed is estimated to be 1% by using the signal MC
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FIG. 3 (color online). Fit to σðeþe− → ωχc0Þ with a resonance
(solid curve), or a phase space term (dot-dashed curve). Dots with
error bars are the dressed cross sections. The uncertainties are
statistical only.

TABLE I. The results on eþe− → ωχc0. Shown in the table are the integrated luminosity L, the product of the
radiative correction factor, the branching fraction and efficiency D ¼ ð1þ δrÞ½ϵπBðχc0 → πþπ−Þ þ ϵKBðχc0 →
KþK−Þ', the number of observed events Nobs (the numbers of background are subtracted at

ffiffiffi
s

p
¼ 4.23 and

4.26 GeV), the number of estimated background Nbkg, the vacuum polarization factor ð1þ δvÞ, the Born cross
section σB, and the upper limit (at the 90% C.L.) on the Born cross section σBUL at each energy point. The first
uncertainty of the Born cross section is statistical, and the second is systematic. The three center dots mean not
applicable.

ffiffiffi
s

p
(GeV) Lðpb−1Þ Dð×10−3Þ Nobs Nbkg 1þ δv σB (pb) σBUL (pb)

4.21 54.6 1.99 7 5.0$ 2.8 1.057 20:2þ46.3
−37.7 $ 3.3 <90

4.22 54.1 2.12 7 4.3$ 2.1 1.057 25:1þ39.4
−30.4 $ 2.0 <81

4.23 1047.3 2.29 125.3$ 13.5 ( ( ( 1.056 55.4$ 6.0$ 5.9 ( ( (
4.245 55.6 2.44 6 4.0$ 1.5 1.056 16:3þ30.8

−22.3 $ 1.5 <60
4.26 826.7 2.50 45.5$ 10.2 ( ( ( 1.054 23.7$ 5.3$ 3.5 ( ( (
4.31 44.9 2.56 5 2.2$ 1.6 1.053 26:2þ34.9

−25.1 $ 2.2 <76

4.36 539.8 2.62 29 32.4$ 4.7 1.051 −2.6þ6.1
−5.4 $ 0.27 <6

4.39 55.2 2.57 2 0.6$ 0.7 1.051 10:4þ20.7
−11.2 $ 0.7 <37

4.42 44.7 2.46 0 1.4$ 1.5 1.053 −13:6þ18.5
−14.7 $ 1.3 <15

TABLE II. The results on eþe− → ωχc1;2. Listed in the table are
the product of the radiative correction factor, the branching
fraction and efficiency D ¼ ð1þ δrÞðϵeBðJ=ψ → eþe−Þþ
ϵμB½J=ψ → μþμ−Þ', the number of the observed events
Nobs, the number of backgrounds Nbkg in the sideband regions,
and the upper limit (at the 90%C.L.) on theBorn cross section σBUL.

Mode
ffiffiffi
s

p
(GeV) Dð×10−2Þ Nobs Nbkg σBUL (pb)

ωχc1 4.31 1.43 1 0.0þ1.2
−0.0 <18

4.36 1.27 1 1.0þ2.3
−0.8 <0.9

4.39 1.27 1 0.0þ1.2
−0.0 <17

4.42 1.25 0 0.0þ1.2
−0.0 <11

ωχc2 4.36 0.95 5 1.0þ2.3
−0.8 <11

4.39 1.06 3 0.0þ1.2
−0.0 <64

4.42 0.98 2 0.0þ1.2
−0.0 <61
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properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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center of mass frame. We fit the data with a coherent sum of
the BW function and a phase space term and find that the
phase space term does not contribute significantly. The fit
results for the resonance parameters are ΓeeBðωχc0Þ ¼
ð2.7$ 0.5Þ eV,M ¼ ð4230$ 8Þ MeV=c2, and Γt ¼ ð38$
12Þ MeV. Fitting the data using only the phase space term
results in a large change of the likelihood [Δð−2 lnLÞ ¼
101.6]. Taking the change of 4 in the DOFs into account,
this corresponds to a statistical significance of >9σ.
The systematic uncertainties in the Born cross section

measurement mainly originate from the radiative correc-
tion, the luminosity measurement, the detection efficiency,
and the kinematic fit. A 10% uncertainty in the radiative
correction is estimated by varying the lineshape of the cross
section in the generator from the measured energy-
dependent cross section to the Yð4260Þ BW shape.
Because of the limitation of the statistics, this item imports
the biggest uncertainty. The polar angle θ of the ω is

defined as the angle between ω and the e− beam in the
eþe− center of mass frame. For the ωχc0 channel, the
distribution of θ is obtained from data taken at 4.23 GeV
and fitted with 1þ α cos2 θ. The value of α is determined to
be −0.28$ 0.31. The efficiencies are determined from the
MC generated with the measured α, and the uncertainty is
estimated by varying α within 1 standard deviation. For the
ωχc1;2 channels, a 1% uncertainty is estimated by varying
the ω angular distribution from flat to 1$ cos2 θ. The
uncertainty of the luminosity is 1%. The uncertainty in
the tracking efficiency is 1% per track. The uncertainty
in the photon reconstruction is 1% per photon. A 1%
uncertainty in the kinematic fit is estimated by correcting
the helix parameters of charged tracks [24].
For the eþe− → ωχc0 mode, additional uncertainties

come from the cross feed between the KþK− and πþπ−

modes, and the fitting procedure. The uncertainty due to the
cross feed is estimated to be 1% by using the signal MC
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FIG. 3 (color online). Fit to σðeþe− → ωχc0Þ with a resonance
(solid curve), or a phase space term (dot-dashed curve). Dots with
error bars are the dressed cross sections. The uncertainties are
statistical only.

TABLE I. The results on eþe− → ωχc0. Shown in the table are the integrated luminosity L, the product of the
radiative correction factor, the branching fraction and efficiency D ¼ ð1þ δrÞ½ϵπBðχc0 → πþπ−Þ þ ϵKBðχc0 →
KþK−Þ', the number of observed events Nobs (the numbers of background are subtracted at

ffiffiffi
s

p
¼ 4.23 and

4.26 GeV), the number of estimated background Nbkg, the vacuum polarization factor ð1þ δvÞ, the Born cross
section σB, and the upper limit (at the 90% C.L.) on the Born cross section σBUL at each energy point. The first
uncertainty of the Born cross section is statistical, and the second is systematic. The three center dots mean not
applicable.

ffiffiffi
s

p
(GeV) Lðpb−1Þ Dð×10−3Þ Nobs Nbkg 1þ δv σB (pb) σBUL (pb)

4.21 54.6 1.99 7 5.0$ 2.8 1.057 20:2þ46.3
−37.7 $ 3.3 <90

4.22 54.1 2.12 7 4.3$ 2.1 1.057 25:1þ39.4
−30.4 $ 2.0 <81

4.23 1047.3 2.29 125.3$ 13.5 ( ( ( 1.056 55.4$ 6.0$ 5.9 ( ( (
4.245 55.6 2.44 6 4.0$ 1.5 1.056 16:3þ30.8

−22.3 $ 1.5 <60
4.26 826.7 2.50 45.5$ 10.2 ( ( ( 1.054 23.7$ 5.3$ 3.5 ( ( (
4.31 44.9 2.56 5 2.2$ 1.6 1.053 26:2þ34.9

−25.1 $ 2.2 <76

4.36 539.8 2.62 29 32.4$ 4.7 1.051 −2.6þ6.1
−5.4 $ 0.27 <6

4.39 55.2 2.57 2 0.6$ 0.7 1.051 10:4þ20.7
−11.2 $ 0.7 <37

4.42 44.7 2.46 0 1.4$ 1.5 1.053 −13:6þ18.5
−14.7 $ 1.3 <15

TABLE II. The results on eþe− → ωχc1;2. Listed in the table are
the product of the radiative correction factor, the branching
fraction and efficiency D ¼ ð1þ δrÞðϵeBðJ=ψ → eþe−Þþ
ϵμB½J=ψ → μþμ−Þ', the number of the observed events
Nobs, the number of backgrounds Nbkg in the sideband regions,
and the upper limit (at the 90%C.L.) on theBorn cross section σBUL.

Mode
ffiffiffi
s

p
(GeV) Dð×10−2Þ Nobs Nbkg σBUL (pb)

ωχc1 4.31 1.43 1 0.0þ1.2
−0.0 <18

4.36 1.27 1 1.0þ2.3
−0.8 <0.9

4.39 1.27 1 0.0þ1.2
−0.0 <17

4.42 1.25 0 0.0þ1.2
−0.0 <11

ωχc2 4.36 0.95 5 1.0þ2.3
−0.8 <11

4.39 1.06 3 0.0þ1.2
−0.0 <64

4.42 0.98 2 0.0þ1.2
−0.0 <61
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The uncertainty in photon reconstruction is 1.0% per
photon, obtained by studying the J=ψ → ρ0π0 decay [35].
The systematic uncertainty due to the kinematic fit is

estimated by correcting the helix parameters of charged
tracks according to the method described in Ref. [36]. The
difference between detection efficiencies obtained from
MC samples with and without correction is taken as the
uncertainty.
The line shape of the eþe− → ωχc0 cross section will

affect the radiative correction factor and the efficiency. In
the nominal results, we use a bifurcated Gaussian function
as the line shape to describe the cross section. The shape is
used as input and is iterated until the results converge. To
estimate the uncertainty from the radiative correction, we
change the line shape to the Breit-Wigner (BW) function of
the Yð4220Þ [10]. The difference between the results is
taken as a systematic uncertainty.
The uncertainty from the fit range is obtained by varying

the limits of the fit range by $0.01 GeV=c2. We take the
largest difference of the corresponding cross section meas-
urement with respect to the nominal one as the systematic
uncertainty. We use the MC-determined shape convolved
with a Gaussian function to fit the data as input to get the
uncertainty of the signal shape. The difference in the results
with respect to the nominal one is taken as the systematic
uncertainty. To estimate the systematic uncertainty caused
by the background shape, we varym0 by$0.01 GeV=c2 in
the ARGUS function, and take the largest difference in the
results as the uncertainty.
The measured angular distribution is used as a model to

generate signal events in the MC simulations. The detection
efficiency of the eþe− → ωχc0 reaction will depend upon
its angular distribution. We obtained an angular distribution
parameter, defined in Sec. VI, of α ¼ −0.30$ 0.18ðstatÞ$
0.05ðsystÞ. The systematic uncertainty of the efficiency due
to uncertainties in the angular distribution is estimated by
varying the α value by one standard deviation, the total
uncertainty on α.

The uncertainty in the product of the branching fractions
Bðχc0 → πþπ−=KþK−Þ × Bðω → πþπ−π0Þ × Bðπ0 → γγÞ
is taken from the uncertainties quoted by the PDG [28].
Table II summarizes all the systematic uncertainties

related to the cross section measurements of the eþe− →
ωχc0 process for each center-of-mass energy. The overall
systematic uncertainties are obtained by adding all the
sources of systematic uncertainties in quadrature assuming
they are uncorrelated.

V. RESONANT PARAMETER MEASUREMENT

Figure 2 shows the dressed cross sections (σ ¼ σB

j1−Πj2) for
the eþe− → ωχc0 reaction as a function of center-of-mass
energy. The black square points are taken from Refs. [9,10],
and the blue circular points are from this work. We observe
an enhancement in the cross section around 4.22 GeV. By
assuming that the ωχc0 signals all come from a single
resonance, which we label as the Yð4220Þ, with mass M

TABLE II. Relative systematic uncertainties (in %) from the different sources. Sources marked with an asterisk
have common relative systematic uncertainties for the different center-of-mass energies. Ellipses mean that the
results are not applicable.

Source=
ffiffiffi
s

p
(GeV) 4.178 4.189 4.199 4.209 4.219 4.236 4.244 4.267 4.278

Luminosity& 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tracking efficiency& 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Photon detection& 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Kinematic fit 0.6 0.8 0.6 0.6 0.5 0.6 0.8 2.4 3.8
Radiative correction 14.0 11.2 4.5 3.6 0.2 0.9 1.8 19.8 45.9
Fit range ' ' ' 9.3 2.3 2.9 2.5 2.0 2.3 8.7 ' ' '
Signal shape ' ' ' 1.9 5.1 9.4 0.2 1.5 11.4 1.6 ' ' '
Background shape ' ' ' 1.9 3.7 6.5 2.8 1.5 2.3 6.3 ' ' '
Angular distribution 0.1 0.1 0.3 0.5 0.5 0.8 0.6 0.7 0.9
Branching fraction& 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9

Sum 16.3 17.0 11.6 14.9 9.2 8.9 14.6 24.2 46.8

 (GeV)s
4.2 4.3 4.4 4.5 4.6

) 
(p

b)
c0χ

ω
→- e+

(eσ

0

50

100
This work

BESIII 2015+2016

FIG. 2. The eþe− → ωχc0 cross section as a function of the
center-of-mass energy. The blue points are from this work, the
black square points are from Refs. [9,10], and the red solid line is
the fit result.
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IVB.  Exotic Charmonium:  Y(4260) + other Y
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properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:

σBð
ffiffiffi
s

p
Þ ¼

"""C0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

q
þ eiϕ1B1ð

ffiffiffi
s

p
Þ

þ eiϕ2B2ð
ffiffiffi
s

p
Þ þ eiϕ3B3ð

ffiffiffi
s

p
Þ
"""
2
; ð2Þ

where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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IVB.  Exotic Charmonium:  Y(4260) + other Y
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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IVB.  Exotic Charmonium:  Y(4260) + other Y
properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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Kuraev and Fadin [22], which is augmented with the ex-
plicit addition of the effect of vacuum polarization, includ-
ing ! and " loops. The observed cross section at any

ffiffiffi
s

p
is

then given by

#obsðsÞ ¼
Z 1

0
dk $ fðk; sÞ#BðseffÞ; (2)

where the Born cross section #B is a function of the
effective center-of-mass energy squared [k ¼ ðs%
seffÞ=s], and fðk; sÞ is the ISR kernel. The radiative-
correction factor is also calculated following the alterna-
tive implementation of Bonneau and Martin [23], which
includes vacuum polarization. The differences between the
two methods have been verified to be small, and we take
the difference between them as an estimate of the theoreti-
cal uncertainty in the calculation of the radiative-correction
factor. We also consider the larger systematic uncertainty
due to our approximation of #BðseffÞ, required for Eq. (2),
by taking the difference between a simple linear
interpolation and a fit to a sum of Breit-Wigner functions
to both the BES [6] and Crystal Ball (CB) [21] R measure-
ments. Figure 7 shows that there is excellent agreement
between our inclusive-charm measurement and the pre-
vious R measurements.

VII. SUMMARYAND CONCLUSIONS

In summary, we have presented detailed information
about charm production above c !c threshold. Realizing
the main objective of the CLEO-c scan run, we find the
center-of-mass energy that maximizes the yield ofDs to be
4170 MeV, where the cross section of &0:9 nb is domi-
nantly D'þ

s D%
s . This information has guided the planning

of subsequent CLEO-c running, with initial results already
presented on leptonic [24] and hadronic [15] Ds decays.

The total charm cross section between 3.97 and
4.26 GeV has been measured both inclusively and exclu-

sively by summing over two-body and multibody final
states. The multibody signal has not previously been ob-
served and its detailed composition has not been deter-
mined. Momentum and recoil-mass distributions are
consistent with dominance by the nonresonant final states
D !D'$ and D' !D'$, but it could also include two-body

decays with higher excitations Dð'Þ
J that decay into Dð'Þ$.

Analysis of the detailed composition of these states, for
example through measurements ofD angular distributions,
would require a much larger data sample than we currently
have available.
The consistency of our charm cross-section measure-

ments is excellent, and radiatively corrected inclusive cross
sections are consistent with previous experimental results.
Figure 6 shows that the observed exclusive cross sections
for D !D, D' !D, D' !D', Dþ

s D
%
s , D

'þ
s D%

s , D
'þ
s D'%

s , D' !D$,
and D' !D'$ exhibit structure that reflects the intricate
behavior expected in the charm-threshold region.
Figure 8 provides a comparison between our measured
cross sections and the updated calculation of Eichten
et al. [9,25]. There is reasonable qualitative agreement
for most of the two-charm-meson final states. The most

FIG. 7 (color). R (including radiative corrections) from this
analysis and from previous measurements [6,21].

FIG. 8 (color). Comparisons between measured cross sections
and the updated predictions of the potential model of Eichten
et al. [9,25] (solid lines).
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IVB.  Exotic Charmonium:  Y(4260) + other Y
properties of the  and  
(aka  and ):


(1) not seen in R


(2) seen in 

(3) seen in 

(4) seen in 

(5) seen in 

(6) masses and widths are highly 
reaction-dependent

ψ (4230) ψ (4360)
Y(4260) Y(4360)

e+e− → π+π−J/ψ

e+e− → π+π−ψ (2S)

e+e− → ωχc0

e+e− → ηJ/ψ

318 BES Collaboration / Physics Letters B 660 (2008) 315–319

Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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Figure 3. Charmonium spectrum up to around 4.5GeV labelled by JPC ; the left (right) panel
shows the negative (positive) parity states. Green, red and blue boxes are the masses computed on
our Mπ ∼ 240MeV ensemble while black boxes are experimental values from the PDG summary
tables [1]. As discussed in the text, we show the calculated (experimental) masses with the calculated
(experimental) ηc mass subtracted. The vertical size of the boxes represents the one-sigma statistical
(or experimental) uncertainty on either side of the mean. Red and blue boxes correspond to states
identified as hybrid mesons grouped into, respectively, the lightest and first-excited supermultiplet,
as described in the text. Dashed lines show the location of some of the lower thresholds for strong
decay using computed (coarse green dashing) and experimental (fine grey dashing) masses.

large overlaps onto operators that are proportional to the spatial components of the field

strength tensor, Fij (i.e. operators that have a non-trivial gluonic structure), something not

seen for the other states in the spectrum. Furthermore, on removing operators proportional

to Fij from the variational basis we generally observe a reduction in the quality of the signal

for these states. We therefore follow refs. [21, 22] and interpret these excess states as hybrid

mesons.

As discussed in detail in ref. [22], the hybrid states can be grouped into supermultiplets.

We find that the set [(0−+, 1−+, 2−+), 1−−], highlighted in red in figure 3, forms the lightest

charmonium hybrid supermultiplet, while the states highlighted in blue, (0++, 1++, 2++),

(0+−, 1+−, 1+−, 1+−, 2+−, 2+−, 3+−), form the first excited hybrid supermultiplet. These

patterns are consistent with a quark-antiquark pair coupled to a 1+− gluonic excitation;

the lightest hybrid supermutiplet has the quark-antiquark pair in S-wave and the first

excited hybrid supermultiplet has it in P -wave. The lightest hybrids appear ∼ 1.2–1.3GeV

above the lightest S-wave meson multiplet. This pattern of hybrids and their energy scale
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Abstract: We present highly-excited charmonium, Ds and D meson spectra from dy-

namical lattice QCD calculations with light quarks corresponding to Mπ ∼ 240MeV and

compare these to previous results with Mπ ∼ 400MeV. Utilising the distillation framework,

large bases of carefully constructed interpolating operators and a variational procedure, we

extract and reliably identify the continuum spin of an extensive set of excited mesons.

These include states with exotic quantum numbers which, along with a number with non-

exotic quantum numbers, we identify as having excited gluonic degrees of freedom and

interpret as hybrid mesons. Comparing the spectra at the two different Mπ, we find only

a mild light-quark mass dependence and no change in the overall pattern of states.
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properties of the 
 and :


(1) isovector states so clearly not 

(2) seen in 

(3) seen in 

(4) close to open-charm thresholds


(5) interpretation depends on lineshapes

Zc(3900) Zc(4020)

cc̄

Zc(3900) → πJ/ψ

Zc(4020) → πhc(1P)

13$

Study$Y(4260)$at$BESIII$
•  Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data 

@ 4.26 GeV, world’s largest data set! 
•  Study e+e-!π+π�J/ψ exclusive process.�

π+π�+++�� π+π�µ+µ��

1.  Very simple and straightforward analysis. 
2.  The produced vector charmonium(like) state almost in rest frame. 
3.  Y(4260)!π+π�J/ψ, four charged track detected. 

Observation of a Charged Charmoniumlike Structure in eþe" ! !þ!"J=c at
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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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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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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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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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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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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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hc

Zc

M(D) + M(D*) ≈ 3872 − 3879 MeV

M(D*) + M(D*) ≈ 4014 − 4020 MeV
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Abstract We compare contributions from the triangle dia-
gram and the DD̄∗ bubble chain with the processes of
e+e− → J/ψπ+π− and e+e− → (DD̄∗)∓π±. By fit-
ting the J/ψπ maximum spectrum and the DD̄∗ spectrum,
we find that the triangle diagram cannot explain the new
experimental results from BESIII Collaboration at center of
mass at 4.23 and 4.26 GeV, simultaneously. On the contrary,
the molecular assignment of Zc(3900) gives a much better
description.

1 Introduction

The charged charmonium-like state Zc(3900) was observed
in J/ψπ± mass spectrum by BES III Collaboration in
e+e− → J/ψππ process [1], and confirmed by Belle [2]
and CLEO [3] Collaborations in the same processes. After-
wards, it was also observed in the (DD̄∗)± invariant mass
spectrum in the process of e+e− → DD̄∗π∓, and the quan-
tum number of Zc(3900) was determined to be I(J P ) =
1(1+) by angular distribution analysis of the π Zc(3900) sys-
tem [4]. The experimental discovery has stimulated a lot of
discussion because of the unique nature of Zc(3900), as it
could be (together with Zb) an unambiguous candidate of the
long wished-for tetra-quark state.

In a recent paper [5], we have made a detailed comparison
between the DD̄∗ molecule picture and the “elementary” pic-
ture, and we concluded that Zc(3900) is of DD̄∗ molecular
nature, using the pole counting method [6,7].

However, there is also found in the literature another pos-
sible mechanism, called the anomalous triangle singularity
(ATS), to explain the singularity structure at Zc(3900). ATS
refers to a branch cut in a three-point loop function other than
the normal threshold. The study of ATS can be traced back to
about 60 years ago. In Ref. [8] Mandelstam worked out the
ATS branch point and discussed its effects on the deuteron

a e-mail: zhenghq@pku.edu.cn

electromagnetism form factor, and in Ref. [9] the Landau
equations were used to analyze ATS in triangle diagrams.
Extensive studies on the triangle singularity using dispersion
techniques can also be found in Refs. [10–15]. Especially in
the paper by Lucha, Melikhov and Simula of Refs. [10–15],
a detailed dispersive analysis is given on different variables.
Some similar analyses of triangle singularity based on the
non-relativistic expression can be found in Ref. [16].

ATS has attracted renewed interests, recently, because it
may contribute to peaks in some certain invariant-mass spec-
tra. In other words, some so-called “exotic hadron states”
could be just the ATS peak rather than real particles; or even
if real exotic hadron states exist, there may be some non-
negligible contributions from ATS. For example, it is sug-
gested in Refs. [17–19] that the singularity structure of the
triangle diagram (see Fig. 1), which contains both the nor-
mal threshold effect and the anomalous threshold effect, may
lead to the peak at 3900 MeV. In Refs. [20,21] it is empha-
sized that the anomalous triangle singularity may have signif-
icant impact in understanding the nature of the near-threshold
state. The possible impact of triangle singularity on Zc(3900)
has also been discussed in Refs. [22].

This paper is devoted to the study of the triangle diagram
contribution to the Zc(3900) peak. In Sect. 2 we give a ped-
agogical analysis of general three-point loop functions using
the Feynman parameter representation that can be found in
most textbooks, and we discuss the properties of the ATS. In
Sect. 3 we calculate the triangle diagram corresponding to
e+e− → J/ψπ+π− and e+e− → (DD̄∗)∓π± processes
and fit the experimental data to test whether the Zc(3900)
peak comes from the triangle diagram. In Sect. 4 the major
conclusion of the present paper is reached: basically, it is
found that the new experimental results from Refs. [23,24]
play a crucial role in clarifying the issue of the triangle dia-
gram contribution: the experimental data indicate that the
peak at 4.23 GeV is higher than that at 4.26 GeV, whereas
the triangle diagram predicts an opposite behavior. Our anal-
ysis reveals that the Zc(3900) peak cannot be explained from
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thus s− appears on the first sheet. In the above discussion the
behavior of s− is actually the classical example discovered
long ago by Mandelstam in Ref. [8], being used to explain
the long tail of the deuteron wave function.

In reality, however, the stability condition in obtaining the
above results may not hold. For example, one may consider
the following kinematics (which corresponds to the kinemat-
ics of Fig. 4):

0 < s2<(m1 − m3)
2, (m1 + m2)

2 < s3 < (
√
s1 − √

s2)
2.

(15)

After some analyses similar to the situation of stable particles,
we find that when s1 satisfies

(m2 + m3)
2 < s1 < (m2 + m3)

2 + m2

m1
[(m3 − m1)

2 − s2],
(16)

s− is located on the physical sheet, and it is above the normal
threshold. Otherwise, s− would be on the un-physical sheet.

In addition, to understand the dependence of s− on s1, one
gives s1 a small positive imaginary part, s1 → s1+i0+. Then

s− can be expressed as s−(s1 + i0+) = s−(s1) + i ∂s−
∂s1

0+

derived from Eq. (14). As s1 increases, the near-threshold
trajectory of s− both in the classical stable case (see Fig. 2a)
and under the kinematics of Eq. (15) (see Fig. 2b) can thus
be drawn.

The aim of this paper is to investigate whether the
Zc(3900) peak is mainly from the triangle singularity or not,
so the processes X (4260) → π+π− J/ψ, DD̄∗π are con-
sidered, with respect to the triangle diagrams shown in Fig. 4
as suggested by Refs. [17–21]. We set s1 to be the square
of the X (4260) 4-momentum, and the pertinent masses to
the masses of those particles; then according to Eq. (16), it
is found that the ATS lies on the second sheet when

√
s1

lies between 4230 and 4260 MeV. Hence the Zc(3900) peak
cannot be a direct manifestation of the anomalous threshold.
We plot the modulus-square of the amplitude in Eq. (8) with
different center-of-mass energies

√
s1, as shown in Fig. 3.

It is, however, found that the location and effect of the
anomalous threshold are very sensitive to the energy of
X (4260). When the anomalous threshold is on the second
sheet as shown in Fig. 3a, the closer it is to normal thresh-
old, the more influence it has on the amplitude. Since the

II

I

s−
3 Sth

Re(s)

(a)

II

I

s−
3Sth

Re(s)

(b)

Fig. 2 The trajectory of the anomalous threshold s−: a all particles are stable; b the kinematics from Eq. (15)
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Fig. 3 Invariant mass distributions of the process X (4260) → ππ J/ψ from the triangle diagram for different
√
s1: a the ATS is on the second

sheet; b the ATS is on the first sheet, and above the normal threshold

Fig. 4 Feynman diagrams of
Fit I

X(4260)
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(a) (b)

Fig. 7 The dominant contribution to the J/ψππ process. a S-wave D∗π interaction in D1D∗π vertex; b D-wave D∗π interaction in D1D∗π
vertex

(a) (b)

Fig. 8 The cross section of the DD∗π channel amplitude (divided by 32πα|c1λ1h1h2|2
f 2
π

). a S-wave D1D∗π interaction; b D-wave D1D∗π interaction.
Note that the vertical scale in b is ten times smaller in magnitude than that in a

(a) (b)

Fig. 9 Data fit using two different parameterizations (Fit I, II) of the amplitudes. a The J/ψπ maximum invariant mass distribution from Ref. [1];
b the DD̄∗ invariant mass distribution from Ref. [4]

and

Lγ ∗X = cγ FµνXµν , (19)

where Xµν = ∂µXν − ∂νXµ. The corresponding Feynman
rules can be found in Appendix. A.

Note that in reality the D1D∗π interaction can be either
through the S-wave or D-wave (of the D∗π system). Equa-
tion (18) is in S-wave form, while the D-wave vertex can

be found in Eq. (5) of Ref. [17]. Here we adopt the S-wave
form, for the reason that the D-wave interaction would lead
to a higher order momentum dependence in the numerator
of the amplitude, which suppresses the contribution from the
near-threshold region and increases too fast when the energy
goes higher; in other words, it wrecks the line shape of the
triangle diagram peak and gives a much worse fit result, as
discussed in the following.
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The microscopic nature of the XYZ states remains an unsettled topic. We show how a thorough amplitude 
analysis of the data can help constraining models of these states. Specifically, we consider the case of the 
Zc(3900) peak and discuss possible scenarios of a QCD state, virtual state, or a kinematical enhancement. 
We conclude that current data are not precise enough to distinguish between these hypotheses, however, 
the method we propose, when applied to the forthcoming high-statistics measurements should shed light 
on the nature of these exotic enhancements.

 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The nature of the recently discovered XYZ states remains a 
mystery, as they are at odds with the standard quarkonium phe-
nomenology. Most of the literature interprets these structures as 
multi-quark states [1–5], loosely bound hadron molecules [6–9], 
hybridized states [10,11], hadroquarkonia [12,13], or gluonic exci-
tations [14,15], or rescattering effects [16,17] (criticized in [18]); 
for a review, see [11,19–22]. It is worth noticing that most of 
the XYZ phenomena occur in a mass region where there is an 
abundance of open channels, which potentially can result in vir-
tual state poles or anomalous thresholds. In this letter we examine 
whether existing data on the charged charmonium-like Zc(3900)
enhancement can discriminate or not between these scenarios.

The Zc(3900) was discovered simultaneously by BESIII [23] and 
Belle [24]. BESIII observed an enhancement in the J/ψ π mass 
distributions1 of the reaction e+e− → J/ψ π+π− . The center of 
mass energy was fixed at ECM = 4260 MeV, which matches with 
the mass of the Y (4260), leading to the possibility for the reac-
tion to be dominated by e+e− → Y (4260) → J/ψ π+π− . Belle 
performed the analysis of the same final state with additional Ini-
tial State Radiation (ISR), e+e− → γISRY (4260) → γISR J/ψ π+π− . 

* Corresponding author.
E-mail address: pillaus@jlab.org (A. Pilloni).

1 The charge conjugated modes are always understood.

BESIII observed a similar structure in the D̄ D∗ mass projection, in 
the e+e− → D̄ D∗π reaction [25,26]. Evidence of a neutral isospin 
partner has been found by BESIII and by an analysis of CLEO-c
data [27–29]. The state has not been found either in B decays [30], 
or in photoproduction off protons [31].

In the original analyses, the peak in the 3900 MeV mass region 
was assumed to be a resonance and was fitted with a Breit–Wigner 
formula modified by a smooth background. Several authors con-
sidered alternative descriptions, in particular emphasizing the role 
of singularities other than resonance poles. For example, in [32]
the J/ψ ππ Dalitz distribution was analyzed in a model contain-
ing both, an anomalous threshold and a resonance. The anomalous 
threshold, which originates from cross-channel exchanges, leads 
to a second-sheet singularity of a partial wave and produces a 
cusp-like enhancement on the real axis. Without sufficient resolu-
tion, anomalous threshold cusps may resemble Breit–Wigner dis-
tributions. The authors of [32] model the interaction between the 
J/ψ π and the D D̄∗ by the exchange of a cross-channel D1(2420), 
which is a good candidate to create an anomalous cusp. The pre-
diction of the model was compared with the ππ and J/ψ π spec-
tra of the J/ψ π+π− decay mode. The authors conclude that the 
cusp alone is not sufficient to describe the Zc(3900) peak and ar-
gue in favor of a resonance, although no quantitive measures are 
given. Numerous other works on cusps and/or poles typically as-

http://dx.doi.org/10.1016/j.physletb.2017.06.030
0370-2693/ 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Fig. 5. Result of the fit for the scenario IV + tr. (constant K -matrix, with triangle singularity). The plot legend and the comments on the fit are given in the caption of Fig. 3. 
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 6. Result of the fit for the scenario tr. (triangle singularity only). The plot legend and the comments on the fit are given in the caption of Fig. 3. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this article.)
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Model-Independent Observation of Exotic Contributions to B0 → J=ψK +π − Decays
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An angular analysis of B0 → J=ψKþπ− decays is performed, using proton-proton collision data
corresponding to an integrated luminosity of 3 fb−1 collected with the LHCb detector. The mðKþπ−Þ
spectrum is divided into fine bins. In each mðKþπ−Þ bin, the hypothesis that the three-dimensional angular
distribution can be described by structures induced only by K$ resonances is examined, making minimal
assumptions about the Kþπ− system. The data reject the K$-only hypothesis with a large significance,
implying the observation of exotic contributions in a model-independent fashion. Inspection of the
mðJ=ψπ−Þ vs mðKþπ−Þ plane suggests structures near mðJ=ψπ−Þ ¼ 4200 and 4600 MeV.

DOI: 10.1103/PhysRevLett.122.152002

In the standard model, the quark model allows for
hadrons comprising any number of valence quarks, as
long as they are color-singlet states. Yet, after decades of
searches, the reason why the vast majority of hadrons are
built out of only quark-antiquark (meson) or three-quark
(baryon) combinations remains a mystery. The best known
exception is the Zð4430Þ− resonance with spin-parity 1−

and width Γ ¼ 172& 13 MeV [1–3] which has minimal
quark content cc̄ ū d̄, and is therefore manifestly exotic, i.e.,
has components that are neither quark-antiquark or three-
quark combinations. The only confirmed decay of the
Zð4430Þ− state is via Zð4430Þ− → ψð2SÞπ−, as seen in
B0 → ψð2SÞKþπ− decays [1,4]. The corresponding
Zð4430Þ− → J=ψπ− decay rate is suppressed by at least
a factor of 10 [5]. The authors of Ref. [6] surmise that in a
dynamical diquark picture, this is because of a larger
overlap of the Zð4430Þ− radial wave function with the
excited state ψð2SÞ than with the ground state J=ψ . For the
B0 → J=ψKþπ− channel, the Belle collaboration [5] has
reported the observation of a new exotic Zð4200Þ− reso-
nance decaying to J=ψπ− that might correspond to the
structure in mðψð2SÞπ−Þ seen in Ref. [1] at around the
same mass.
A generic concern in searches for broad exotic states like

the Zð4430Þ− resonance is disentangling contributions
from nonexotic components. For B0 → ψ ð0ÞKþπ− decays
[7], the latter comprise different K$

J resonances with spin J,
that decay to Kþπ−. Figure 1 shows the K$

J spectrum,
which has multiple, overlapping, and poorly measured

states. The bulk of the measurements come from the LASS
Kþπ− scattering experiment [8]. In particular, the decay
B0 → J=ψKþπ− is known to be dominated by K$

J reso-
nances, with an exotic fit fraction of only 2.4% [5],
compared to a 10.3% contribution from the Zð4430Þ−
for B0 → ψð2SÞKþπ− [9]. This smaller exotic fit fraction
for the J=ψ case makes it pertinent to study the evidence of
exotic contributions in a manner independent of the
dominant but poorly understood K$

J spectrum.
The BABAR collaboration [11] has performed a model-

independent analysis of B0 → ψ ð0ÞKþπ− decays making
minimal assumptions about the K$

J spectrum, using two-
dimensional (2D) moments in the variables mðKþπ−Þ and
the Kþ helicity angle, θV . The key feature of this approach

FIG. 1. Spectrum of K$
J resonances from Ref. [10], with the

vertical span of the boxes indicating &Γ0, where Γ0 is the width
of each resonance. The horizontal dashed lines mark the
mðKþπ−Þ physical region for B0 → J=ψKþπ− decays, whereas
the dot-dashed lines mark the specific region, mðKþπ−Þ ∈
½1085; 1445( MeV, employed for determining the significance
of exotic contributions.
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region comprising six mðKþπ−Þ bins each with the
Jkmax ¼ 2 or 3 choice. A fit to a Gaussian profile gives
Δð−2 logLÞ ≈ 2051 between the null and exotic hypoth-
esis, even in the absence of any exotic contributions. This
value is consistent with the naïve expectation ΔðndfÞ ¼
1800 from the counting discussed earlier. The value of
Δð−2 logLÞ for the data, as marked by the vertical line in
Fig. 3, shows a deviation of more than 10σ from the
null hypothesis, corresponding to the distribution of the
pseudoexperiments. The uncertainty due to the quality
of the Gaussian profile fit in Fig. 3 is found to be
negligible. The choice of large Jkmax for Pk

exotic, as well
as the detector efficiency and calibration of the simulation,
is systematically varied in pseudoexperiments, with sig-
nificance for exotic components in excess of 6σ observed in
each case.
In summary, employing the Run 1 LHCb dataset,

non-K%
J contributions in B0 → J=ψKþπ− are observed

with overwhelming significance. Compared to the pre-
vious BABAR analysis [11] of the same channel, the
current study benefits from a 40-fold increase in signal
yield and a full angular analysis of the decay topology.
The method relies on a novel orthonormal angular
moments expansion and, aside from a conservative limit
on the highest allowed K%

J spin for a given mðKþπ−Þ
invariant mass, makes no other assumption about the
Kþπ− system. Figure 4 shows a scatter plot of mðJ=ψπ−Þ
against mðKþπ−Þ in the background-subtracted data.
Although the model-independent analysis performed here
does not identify the origin of the non-K%

J contributions,
structures are visible at mðJ=ψπ−Þ ≈ 4200 MeV, close to
the exotic state reported previously by Belle [5], and at
mðJ=ψπ−Þ ≈ 4600 MeV. To interpret these structures as
exotic tetraquark resonances and measure their properties
will require a future model-dependent amplitude analysis
of the data.
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distributions described previously. Figure 2 shows this
comparison between the background-subtracted data
and weighted simulated events in the mðKþπ−Þ ∈
½1085; 1265% MeV region. The Jkmax ¼ 2 model clearly
misses the peaking structures in the data around
mðJ=ψπ−Þ ¼ 4200 and 4600 MeV. This inability of the
Jkmax ¼ 2 model to describe the data, even though the first
spin 2 state, K'

2ð1430Þ0, lies beyond this mass region,
strongly points toward the presence of exotic components.
These could be four-quark bound states, meson molecules,
or possibly dynamically generated features such as cusps.
To obtain a numerical estimate of the significance of

exotic states, the likelihood ratio test is employed between
the null hypothesis [K'

J-only, from Eq. (10)] and the exotic
hypothesis ðJkmax ¼ 15Þ pdfs, denoted as Pk

K'
J
and Pk

exotic,
respectively. The test statistic used in the likelihood ratio
test is defined as

Δð−2 logLÞjk≡−
Xn

k
sig

p¼1

2 log
Pk

K'
J
ðΩpÞ

Pk
exoticðΩpÞ

þ xk
Xn

k
bkg

p¼1

2 log
Pk

K'
J
ðΩpÞ

Pk
exoticðΩpÞ

þ 2ðnksig − xknkbkgÞ log

R
Pk

K'
J
ðΩÞϵðΩÞdΩ

R
Pk

exoticðΩÞϵðΩÞdΩ
;

ð12Þ

for the kth mðKþπ−Þ bin, where ϵðΩÞ denotes the three-
dimensional angular detector efficiency in this bin, derived
from the simulation weighted to match the data in the B0

production kinematics. The last term in Eq. (12) ensures
normalization of the relevant pdf and is calculated from
simulated events that pass the reconstruction and selection
criteria

Ek
i ≡

Xnksim

p¼1

wk
pfiðΩpÞ; ð13Þ

Z
PJkmax

ðΩÞϵðΩÞdΩ ∝
Xnkmax

i¼1

Γk
i E

k
i : ð14Þ

Results from individualmðKþπ−Þ bins are combined to give
the final test statistic Δð−2 logLÞ ¼

P
kΔð−2 logLÞjk.

From Eq. (3) the number of degrees-of-freedom (ndf)
increases by 12 for each additional spin-J wave in each
mðKþπ−Þ bin. From Eq. (10), for the Jkmax ¼ 2 and 3
choices, Δndf¼12×ð15−2Þ¼156 and 12×ð15−3Þ¼144,
respectively, between the exotic and K'

J-only pdfs for each
mðKþπ−Þ bin. Each additional degree-of-freedom between
the exotic and K'

J-only pdf adds approximately one unit to
the computed Δð−2 logLÞ in the data due to increased
sensitivity to the statistical fluctuations, and Δð−2 logLÞ is
therefore not expected to be zero even if there is no exotic
contribution in the data. The expected Δð−2 logLÞ dis-
tribution in the absence of exotic activity is evaluated using
a large number of pseudoexperiments. For each mðKþπ−Þ
bin, 11 000 pseudoexperiments are generated according to
the K'

J-only model with the moments varied according to
the covariance matrix. The number of signal and back-
ground events for each pseudoexperiment are taken to be
those measured in the data. The detector efficiency
obtained from simulation is parametrized in 4D. Each
pseudoexperiment is analyzed in exactly the same way as
the data, where an independent efficiency matrix is gen-
erated for each pseudoexperiment. This accounts for the
limited sample size of the simulation for the efficiency
unfolding. The pseudoexperiments therefore represent the
data faithfully at every step of the processing.
Figure 3 shows the distribution of Δð−2 logLÞ from the

pseudoexperiments in the mðKþπ−Þ ∈ ½1085; 1445% MeV

FIG. 2. Comparison of mðJψπ−Þ in the mðKþπ−Þ ∈
½1085; 1265% MeV region between the background-subtracted
data and simulated events weighted by moments models with
Jkmax ¼ 2 and Jkmax ¼ 15.

FIG. 3. Likelihood-ratio test for exotic significance. The data
shows a 10σ deviation from the pseudoexperiments generated
according to the null hypothesis (K'

J-only contributions).
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FIG. 17. Distributions of the fitted decay angles from the K!þ

decay chain together with the display of the default fit model
described in the text.
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decay chain together with the display of the default fit model
described in the text.
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FIG. 16. Distributions of (top left) ϕKþ, (top right) J=ψKþ and
(bottom) J=ψϕ invariant masses for the Bþ → J=ψϕKþ data
(black data points) compared with the results of the default
amplitude fit containing K!þ → ϕKþ and X → J=ψϕ contribu-
tions. The total fit is given by the red points with error bars.
Individual fit components are also shown. Displays of mJ=ψϕ and
of mJ=ψK masses in slices of mϕK are shown in Fig. 20.
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Amplitude analysis of Bþ → J=ψϕKþ decays
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The first full amplitude analysis of Bþ → J=ψϕKþ with J=ψ → μþμ−, ϕ → KþK− decays is performed
with a data sample of 3 fb−1 of pp collision data collected at

ffiffiffi
s

p
¼ 7 and 8 TeV with the LHCb detector.

The data cannot be described by a model that contains only excited kaon states decaying into ϕKþ, and four
J=ψϕ structures are observed, each with significance over 5 standard deviations. The quantum numbers of
these structures are determined with significance of at least 4 standard deviations. The lightest has mass
consistent with, but width much larger than, previous measurements of the claimed Xð4140Þ state. The
model includes significant contributions from a number of expected kaon excitations, including the first
observation of the K%ð1680Þþ → ϕKþ transition.

DOI: 10.1103/PhysRevD.95.012002

I. INTRODUCTION

In 2008 the CDF Collaboration presented 3.8σ evidence
for a near-threshold Xð4140Þ → J=ψϕ mass peak in
Bþ → J=ψϕKþ decays1 also referred to as Yð4140Þ in
the literature, with width Γ ¼ 11.7 MeV [1].2 Much larger
widths are expected for charmonium states at this mass
because of open flavor decay channels [2], which should
also make the kinematically suppressed X → J=ψϕ decays
undetectable. Therefore, the observation by CDF triggered
wide interest. It has been suggested that the Xð4140Þ
structure could be a molecular state [3–11], a tetraquark
state [12–16], a hybrid state [17,18] or a rescattering
effect [19,20].
The LHCb Collaboration did not see evidence for the

narrow Xð4140Þ peak in the analysis presented in Ref. [21],
based on a data sample corresponding to 0.37 fb−1 of
integrated luminosity, a fraction of that now available.
Searches for the narrow Xð4140Þ did not confirm its
presence in analyses performed by the Belle [22,23]
(unpublished) and BABAR [24] experiments. The
Xð4140Þ structure was observed however by the CMS
Collaboration (5σ) [25]. Evidence for it was also reported
in Bþ → J=ψϕKþ decays by the D0 Collaboration (3σ)
[26]. The D0 Collaboration claimed in addition a signifi-
cant signal for prompt Xð4140Þ production in pp̄ collisions
[27]. The BES-III Collaboration did not find evidence for
Xð4140Þ → J=ψϕ in eþe− → γXð4140Þ and set upper

limits on its production cross section at
ffiffiffi
s

p
¼ 4.23, 4.26

and 4.36 GeV [28]. Previous results related to the Xð4140Þ
structure are summarized in Table I.
In an unpublished update to their Bþ → J=ψϕKþ

analysis [29], the CDF Collaboration presented 3.1σ
evidence for a second relatively narrow J=ψϕ mass peak
near 4274 MeV. This observation has also received atten-
tion in the literature [30,31]. A second J=ψϕ mass peak
was observed by the CMS Collaboration at a mass which
is higher by 3.2 standard deviations, but the statistical
significance of this structure was not determined [25]. The
Belle Collaboration saw 3.2σ evidence for a narrow J=ψϕ
peak at 4350.6þ4.6

−5.1 & 0.7 MeV in two-photon collisions,
which implies JPC ¼ 0þþ or 2þþ, and found no evidence
for Xð4140Þ in the same analysis [32]. The experimental
results related to J=ψϕ mass peaks heavier than Xð4140Þ
are summarized in Table II.
In view of the considerable theoretical interest in

possible exotic hadronic states decaying to J=ψϕ, it is
important to clarify the rather confusing experimental
situation concerning J=ψϕ mass structures. The data
sample used in this work corresponds to an integrated
luminosity of 3 fb−1 collected with the LHCb detector
in pp collisions at center-of-mass energies 7 and 8 TeV.
Thanks to the larger signal yield, corresponding to 4289&
151 reconstructed Bþ → J=ψϕKþ decays, the roughly
uniform efficiency and the relatively low background
across the entire J=ψϕ mass range, this data sample offers
the best sensitivity to date, not only to probe for the
Xð4140Þ, Xð4274Þ and other previously claimed structures,
but also to inspect the high mass region.
All previous analyses were based on naive J=ψϕ mass

(mJ=ψϕ) fits, with Breit-Wigner signal peaks on top of
incoherent background described by ad hoc functional
shapes (e.g. three-body phase space distribution in Bþ →
J=ψϕKþ decays). While the mϕK distribution has been

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

1Inclusion of charge-conjugate processes is implied through-
out this paper, unless stated otherwise.
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The systematic uncertainties are obtained from the sum
in quadrature of the changes observed in the fit results when
the K!þ and Xð4140Þ models are varied; the Breit-Wigner
amplitude parametrization is modified; only the left or
right Bþ mass peak sidebands are used for the background
parametrization; the ϕ mass selection window is made
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FIG. 17. Distributions of the fitted decay angles from the K!þ

decay chain together with the display of the default fit model
described in the text.
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FIG. 18. Distributions of the fitted decay angles from the X
decay chain together with the display of the default fit model
described in the text.
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FIG. 16. Distributions of (top left) ϕKþ, (top right) J=ψKþ and
(bottom) J=ψϕ invariant masses for the Bþ → J=ψϕKþ data
(black data points) compared with the results of the default
amplitude fit containing K!þ → ϕKþ and X → J=ψϕ contribu-
tions. The total fit is given by the red points with error bars.
Individual fit components are also shown. Displays of mJ=ψϕ and
of mJ=ψK masses in slices of mϕK are shown in Fig. 20.
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Ball function [39] on top of a quadratic function for the
background. The fit yields 4289! 151 Bþ → J=ψϕKþ

events. Integration of the fit components in the 5270–
5290 MeV region (twice the Bþ mass resolution on each
side of its peak) used in the amplitude fits, gives a
background fraction (β) of ð23! 6Þ%. A Gaussian signal
shape and a higher-order polynomial background function
are used to assign systematic uncertainties which are
included in, and dominate, the uncertainty given above.
The Bþ invariant mass sidebands, 5225–5256 and 5304–
5335 MeV, are used to parametrize the background in the
amplitude fit.
The Bþ candidates for the amplitude analysis are

kinematically constrained to the known Bþ mass [37].
They are also constrained to point to the closest pp

interaction vertex. The measured value of mKþK− is used
for the ϕ candidate mass, since the natural width of the ϕ
resonance is larger than the detector resolution.

IV. MATRIX ELEMENT MODEL

We consider the three interfering processes corresponding
to the following decay sequences: Bþ → K%þJ=ψ , K%þ →
ϕKþ (referred to as the K% decay chain), Bþ → XKþ,
X → J=ψϕ (X decay chain) andBþ → Zþϕ, Zþ → J=ψKþ

(Z decay chain), all followed by J=ψ → μþμ− and
ϕ → KþK− decays. Here, K%þ, X and Zþ should be
understood as any ϕKþ, J=ψϕ and J=ψKþ contribution,
respectively.
We construct a model of the matrix element (M) using

the helicity formalism [40–42] in which the six indepen-
dent variables fully describing the K%þ decay chain are
mϕK , θK% , θJ=ψ , θϕ,ΔϕK%;J=ψ andΔϕK%;ϕ, where the helicity
angle θP is defined as the angle in the rest frame of P
between the momentum of its decay product and the boost
direction from the rest frame of the particle which decays
to P, and Δϕ is the angle between the decay planes of the
two particles (see Fig. 3). The set of angles is denoted byΩ.
The explicit formulas for calculation of the angles in Ω are
given in Appendix A.
The full six-dimensional (6D) matrix element for the K%

decay chain is given by

MK%

Δλμ ≡
X

j

RjðmϕKÞ
X

λJ=ψ¼−1;0;1

X

λϕ¼−1;0;1
AB→J=ψK%j
λJ=ψ

AK%→ϕKj
λϕ

dJK% jλJ=ψ ;λϕ
ðθK% Þd1λϕ;0ðθϕÞe

iλϕΔϕK% ;ϕd1λJ=ψ ;ΔλμðθJ=ψÞe
iλJ=ψΔϕK% ;J=ψ ;

jMK% j2 ¼
X

Δλμ¼!1

jMK%

Δλμ j
2; ð1Þ

where the index j enumerates the different K%þ resonances.
The symbol JK% denotes the spin of the K% resonance,
λ is the helicity (projection of the particle spin onto its
momentum in the rest frame of its parent) and Δλμ≡
λμþ − λμ− . The terms dJλ1;λ2ðθÞ are the Wigner d-functions,
RjðmϕKÞ is the mass dependence of the contribution and
will be discussed in more detail later (usually a complex
Breit-Wigner amplitude depending on resonance pole mass

M0K%j and width Γ0K%j). The coefficients AB→J=ψK%

λJ=ψ
and

AK%→ϕK
λϕ

are complex helicity couplings describing the

(weak) Bþ and (strong) K%þ decay dynamics, respectively.

There are three independent complex AB→J=ψK%

λJ=ψ
couplings

to be fitted (λJ=ψ ¼ −1, 0, 1) per K% resonance, unless
JK% ¼ 0 in which case there is only one since λJ=ψ ¼ λK%

due to JB ¼ 0. Parity conservation in the K% decay limits
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FIG. 2. Mass of Bþ → J=ψϕKþ candidates in the data (black
points with error bars) together with the results of the fit (blue
line) with a double-sided Crystal Ball shape for the Bþ signal on
top of a quadratic function for the background (red dashed line).
The fit is used to determine the background fraction under the
peak in the mass range used in the amplitude analysis (indicated
with vertical solid red lines). The sidebands used for the
background parametrization are indicated with vertical dashed
blue lines.

FIG. 3. Definition of the θK% , θJ=ψ , θϕ, ΔϕK%;J=ψ and ΔϕK%;ϕ
angles describing angular correlations in Bþ → J=ψK%þ,
J=ψ → μþμ−, K%þ → ϕKþ, ϕ → KþK− decays (J=ψ is denoted
as ψ in the figure).
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Abstract

The first observation of exotic states with a new quark content ccus decaying to the
J/ K+ final state is reported with high significance from an amplitude analysis of
the B+ ! J/ �K+ decay. The analysis is carried out using proton-proton collision
data corresponding to a total integrated luminosity of 9 fb�1 collected by the LHCb
experiment at centre-of-mass energies of 7, 8 and 13TeV. The most significant state,
Zcs(4000)+, has a mass of 4003 ± 6+ 4

� 14MeV, a width of 131 ± 15 ± 26MeV, and
spin-parity JP = 1+, where the quoted uncertainties are statistical and systematic,
respectively. A new 1+ X(4685) state decaying to the J/ � final state is also
observed with high significance. In addition, the four previously reported J/ �
states are confirmed and two more exotic states, Zcs(4220)+ and X(4630), are
observed with significance exceeding five standard deviations.
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Figure 2: Dalitz plots for B+ ! J/ �K+ candidates in a region ±15MeV around the B+ mass
peak.

to the previously reported X(4140), X(4274), X(4500) and X(4700) states. There is also
a distinct band near 16GeV2 of the J/ K+ mass squared.

To investigate the resonant structures, a full amplitude fit is performed using an
unbinned maximum-likelihood method. The likelihood definition and the total proba-
bility density function (PDF), which includes a signal and a background component,
are described in the previous publication [15]. The signal B+ decay is described in
the helicity formalism by three decay chains: K⇤+(! �K+)J/ , X(! J/ �)K+ and
Z+

cs(! J/ K+)�. Each chain is fully described by one mass and five angular ob-
servables. For example, the conventional K⇤+ chain has the following six observables
� ⌘ (m�K , ✓K⇤ , ✓J/ , ✓�,�'K⇤,J/ ,�'K⇤,�), where ✓ denotes the helicity angles, and �'
the angles between two decay planes. Due to the non-scalar final-state particles (µ+ and
µ�), an azimuthal angle ↵i

µ is required to align the helicity frames of µ+ and µ� between
the chain i and the reference K⇤+ chain [6, 7, 31].

The model used in the previous study (Run 1 model) is first tested. Due to the
increased sample size, the model requires improvements (see Fig. 3 bottom row). To
improve the K⇤+ model, the tails of the K⇤(1410), K(1460), and K1(1400) resonances
with poles just below the �K+ mass threshold are included. The tail of the K1(1400)
leads to a better description of the data than the JP = 1+ NR component previously
used, as well as the introduction of the 0� K(1460) contribution describes the data better
than the previously used but insignificant state at 1.8GeV. Nine K⇤+ states are included
in the default model as listed in Table 1. Seven more K⇤+ states predicted in the allowed
�K+ mass range by the relativistic potential model by Godfrey-Isgur [32] are tested, but
since these components are not above 5� significance, they are considered only in the
systematic studies. At the next step, X or Z+

cs states of di↵erent J
P hypotheses are tested

in the fit one at a time. The two states (1+ Z+
cs and 1+ X) which produce the largest

likelihood improvements are included first. In the second iteration, several other states
produce large fit improvements, a Z+

cs state (either 1+ or 1�), and two X states with 1�

and 2�, are also included in the default model. In total, nine K⇤+, seven X, two Z+
cs, and

one J/ � NR component, including three new X and two Z+
cs components, are taken as

the default model. All of these components have a statistical significance above 5�, as
evaluated by taking them out of the model one at a time. No further components are
found which satisfy this criterion.
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Figure 3: Distributions of �K+ (left), J/ � (middle) and J/ K+ (right) invariant masses for
the B+ ! J/ �K+ candidates (black data points) compared with the fit results (red solid lines)
of the default model (top row) and the Run 1 model (bottom row).
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cs states. The narrow Z+
cs state at 4 GeV is evident.

Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor

5

CERNCOURIER
V O L U M E  6 1   N U M B E R  3   M A Y / J U N E  2 0 2 1

9CERN COURIER    M AY/JUNE 2021

NEWS ANALYSIS

CERNCOURIER.COM

Laser-cooled antihydrogen takes ALPHA into new realm
After many years of research and  
development, the ALPHA collaboration 
has succeeded in laser-cooling antihy-
drogen – opening the door to consid-
erably more precise measurements of 
antihydrogen’s internal structure and 
gravitational interactions. The seminal 
result, reported on 31 March in Nature, 
could also lead to the creation of anti-
matter molecules and the development 
of antiatom interferometry, explains 
ALPHA spokesperson Jeffrey Hangst. 
“This is by far the most difficult experi-
ment we have ever done,” he says. “We’re 
over the moon. About a decade ago, laser 
cooling of antimatter was in the realm 
of science fiction.” 

The ALPHA collaboration synthesises 
antihydrogen from cryogenic plasmas 
of antiprotons and positrons at CERN’s 
Antiproton Decelerator (AD), storing the 
antiatoms in a magnetic trap. Lasers 
with particular frequencies are then 
used to measure the antiatoms’ spectral 
response. Finding any slight difference 
between spectral transitions in antimat-
ter and matter would challenge charge–
parity–time symmetry, and perhaps cast 
light on the cosmological imbalance of 
matter and antimatter.

Following the first antihydrogen 
spectroscopy by ALPHA in 2012, in 2017 
the collaboration measured the spec-
tral structure of the antihydrogen 1S–2S 
transition with an outstanding precision 
of 2 =�10–12 – marking a milestone in the 

A/ɪs scientific programme. The following 
year, the team determined antihydro-
gen’s 1S–2P “Lyman–alpha” transition 
with a precision of a few parts in a hun-
dred million, showing that it agrees 
with the prediction for the equivalent 
transition hydrogen to a precision of 
5 =�10–8. However, to push the precision 
of spectroscopic measurements further, 
and to allow future measurements of the 

behaviour of antihydrogen in Earth’s 
gravitational field, the kinetic energy 
of the antiatoms must be lowered.

In their new study, the ALPHA 
researchers were able to laser-cool a 
sample of magnetically trapped anti-
hydrogen atoms by repeatedly driving 
the antiatoms from the 1S to the 2P state 
using a pulsed laser with a frequency 
slightly below that of the transition 
between them. After illuminating the 
trapped antiatoms for several hours, 
the researchers observed a more than 
10-fold decrease in their median kinetic 
energy, with many of the antiatoms 
attaining energies below 1 ŨeV. Subse-
quent spectroscopic measurements of 
the 1S–2S transition revealed that the 
cooling resulted in a spectral line about 
four times narrower than that observed 
without laser cooling – a proof-of-prin-
ciple of the laser-cooling technique, with 
further statistics needed to improve the 
precision of the previous 1S–2S measure-
ment �see figure�.

“Historically, researchers have strug-
gled to laser-cool normal hydrogen, so 
this has been a bit of a crazy dream for us 
for many years,” says Makoto Fujiwara, 
who proposed the use of a pulsed laser 
to cool trapped antihydrogen in ALPHA. 
“Now, we can dream of even crazier 
things with antimatter.”

Further reading
The ALPHA Collaboration 2021 Nature 592 35.
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AntimAtter

Slimming down Antihydrogen’s 1S–2S spectral line measured 
with (grey) and without (red) the application of laser cooling. The 
narrowing occurs because the colder atoms spend more time in the 
Waser ʭeWO eaNh tiXe they [ass throuRh the MeaX� reOuNinR the 
so-called transit-time broadening. Using thousands of trapped 
antihyOroRen atoXs� ,7;H, is now aMWe to reNorO suNh a s[eNtraW Wine 
in a single day; the equivalent result from 2017 (see text) took 10 weeks.
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HAdron spectroscopy

LHCb observes four 
new tetraquarks

Mountain ridges , /aWite [Wot oQ ������ -+�A�J/sqK+ OeNays� 
where vertical and horizontal bands reveal the presence of 
intermediate particles.
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The LHCb collaboration has added four 
new exotic particles to the growing list of 
hadrons discovered so far at the LHC. In a 
paper posted to the arXiv preprint server 
on 2 March, the collaboration reports the 
observation of two tetraquarks with a 
new quark content (cc–us–): a narrow one, 
Zcs(4000)+, and a broader one Zcs(4220)+. 
Two other new tetraquarks, X(4685) and 
X(4630), with a quark content cc–ss–, were 
also observed. The results, which emerged 
thanks to adding the statistical power from 
LHC Run 2 to previous datasets, follow four 
tetraquarks discovered by the collabora-
tion in 2016 and provide grist for the mill 
of theorists seeking to explain the nature 
of tetraquark binding mechanisms.

The new exotic states were observed  
in an almost pure sample of 24,000  

B+ A�J/sqK+ decays, which, as a three-
body decay, may be visualised using a 
/alite plot �see “Mountain ridges” figure�. 

Horizontal and vertical bands indicate the 
temporary production of tetraquark reso-
nances, which subsequently decay to a J/s 
meson and a K+ meson or a J/s meson and 
a q meson, respectively. The most prom-
inent vertical bands correspond to four 
cc–ss– tetraquarks that were first observed 
in June 2016. The collaboration has now 
resolved two new horizontal bands cor-
responding to the cc–us– states, and two 
additional vertical bands corresponding 
to the cc–ss– states.

The results have already triggered  
theoretical head scratching. In Novem-
ber, the BESIII collaboration at the Beijing 
Electron–Positron Collider II reported 
the discovery of the first candidate for 
a charged hidden-charm tetraquark 
with strangeness, tentatively dubbed 
Zcs(3985)–. It is unclear whether the new 
Zcs(4000)+ tetraquark can be identified 
with this state, say physicists. Though 
their masses are consistent, the width of 
the BESIII particle is 10 times smaller. 
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The TOTEM collaboration at the LHC, 
along with the DØ collaboration at the 
former Tevatron collider at Fermilab, 
have announced the discovery of the  
odderon – an elusive odd-numbered 
gluon state predicted almost 50 years 
ago. The result was presented on 5 March 
during the LHC Forward Physics meeting 
at CERN, and follows the joint publication 
of a CERN/Fermilab preprint by TOTEM 
and DØ reporting the observation in 
December 2020.

“This result probes the deepest features 
of quantum chromodynamics, notably 
that gluons interact between themselves 
and that an odd number of gluons are 
able to be ‘colourless’, thus shielding  
the strong interaction,” says TOTEM 
spokesperson Simone Giani of CERN. “A 
notable feature of this work is that the 
results are produced by joining the LHC 
and Tevatron data at different energies.”

States comprising two, three or more 
gluons are termed “glueballs”, and are 
peculiar objects made only of the car-
riers of the strong force. The idea for 
the odderon was introduced in 1973 in 
the framework of “Regge theory”, and 
was named two years later in a paper by  
Joynson, Leader, Nicolescu and Lopez. 
With the advent of quantum chromody-
namics (QCD), the existence of the odd-
eron as a kind of virtual glueball became a 
firm prediction. -ut proving its existence 
has been a major experimental challenge, 
requiring detailed measurements of  
protons as they glance off one another 
in high-energy collisions.

Deviation measurement
While most high-energy collisions cause 
protons to break into their constituent 
quarks and gluons, roughly 25% are elas-
tic collisions where the protons remain 
intact but emerge on slightly different 
paths (deviating by around a millime-
tre over a distance of 200 m at the LHC). 
TOTEM measures these small deviations 
in proton–proton (pp) scattering using 
two detectors located 220 m on either 
side of the CMS experiment, while DØ 
employed a similar setup at the Tevatron 
proton–antiproton (pp–) collider.

At low energies, differences in pp vs 
pp– scattering are due to the exchange of 
virtual mesons. At multi-TeV energies, 
on the other hand, proton interactions 
are expected to be mediated purely by 
gluons. In particular, elastic scattering 
at low-momentum transfer and high 

energies has long been explained by the 
exchange of a pomeron – a colour-neutral 
virtual glueball made up of two gluons.

However, in 2018 TOTEM reported 
measurements at high energies that 
could not easily be explained by this tra-
ditional picture. Instead, a further QCD 
object with an odd charge-congugation 
quantum number C seemed to be at play, 
supporting models in which a glueball 
containing at least three gluons was 
being exchanged. The discrepancy came 
to light via measurements of a parameter 
called l, which represents the ratio of 
the real and imaginary parts of the for-
ward elastic-scattering amplitude when 
there is minimal momentum exchange 
between the colliding protons and thus 
almost no deviation in their trajectories. 
The 2��# results were sufficient to claim 
evidence for the odderon, although not 
yet its definitive observation.

The new work is based on a model- 
independent analysis of data at medium- 
range momenta transfer. The TOTEM and 
DØ teams compared LHC pp data (recorded 
at collision energies of 2.76, 7, 8 and 13 TeV 
and extrapolated to 1.96 TeV), with Teva-
tron pp– data measured at 1.96 TeV. The odd-
eron would be expected to contribute with 
different signs to pp and pp– scattering. 
Supporting this picture, the two data sets 
disagree at the 3.4m level, providing evi-
dence for the t-channel exchange of a col-
ourless, C-odd gluonic compound. “When 
combined with the l and total cross-sec-
tion result at �� TeA, the significance is in 
the range 5.2–5.7m and thus constitutes the 

first experimental observation of the odd-
eron,” said Christophe Royon of University 
of Kansas, who presented the results on 
behalf of DØ and TOTEM in March. “This 
is a major discovery by CERN/Fermilab.”

In addition to the new TOTEM–DØ 
model-independent study, several  
theoretical papers based on data from  
the ISR, SPS, Tevatron and LHC, and  
model-dependent inputs, provide addi-
tional evidence supporting the conclusion 
that the odderon exists.

“The independent experimental 
evidence in the measurements of the 
l parameter and differential elastic 
cross section make it likely that we are 
indeed seeing signals of the odderon 
here,” says theorist Carlo Ewerz of GSI 
Helmholtz Centre for Heavy Ion Research 
and Heidelberg University in Germany. 
“In these cases the odderon is only one 
among several contributions, and a very 
small one, so it is very impressive that 
the TOTEM and DØ collaborations could 
finally isolate an odderon signal in these 
challenging measurements. Dedicated 
searches for odderon effects in exclusive 
processes at the LHC and at the future 
Electron-Ion Collider will be crucial 
in order to determine its properties in 
detail and thus to understand why it had 
escaped detection for almost 50 years.”

Further reading
DØ and TOTEM Collaborations 2020 
arXiv:2012.03981.
TOTEM Collab. 2019 Eur. Phys. J. C 79 785.
D Joynson et al. 1975 Nuovo Cimento A 30 345.

Excavating odderons Part of the TOTEM installation in the LHC tunnel 220 m downstream from  
the CMS experiment.
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Laser-cooled antihydrogen takes ALPHA into new realm
After many years of research and  
development, the ALPHA collaboration 
has succeeded in laser-cooling antihy-
drogen – opening the door to consid-
erably more precise measurements of 
antihydrogen’s internal structure and 
gravitational interactions. The seminal 
result, reported on 31 March in Nature, 
could also lead to the creation of anti-
matter molecules and the development 
of antiatom interferometry, explains 
ALPHA spokesperson Jeffrey Hangst. 
“This is by far the most difficult experi-
ment we have ever done,” he says. “We’re 
over the moon. About a decade ago, laser 
cooling of antimatter was in the realm 
of science fiction.” 

The ALPHA collaboration synthesises 
antihydrogen from cryogenic plasmas 
of antiprotons and positrons at CERN’s 
Antiproton Decelerator (AD), storing the 
antiatoms in a magnetic trap. Lasers 
with particular frequencies are then 
used to measure the antiatoms’ spectral 
response. Finding any slight difference 
between spectral transitions in antimat-
ter and matter would challenge charge–
parity–time symmetry, and perhaps cast 
light on the cosmological imbalance of 
matter and antimatter.

Following the first antihydrogen 
spectroscopy by ALPHA in 2012, in 2017 
the collaboration measured the spec-
tral structure of the antihydrogen 1S–2S 
transition with an outstanding precision 
of 2 =�10–12 – marking a milestone in the 

A/ɪs scientific programme. The following 
year, the team determined antihydro-
gen’s 1S–2P “Lyman–alpha” transition 
with a precision of a few parts in a hun-
dred million, showing that it agrees 
with the prediction for the equivalent 
transition hydrogen to a precision of 
5 =�10–8. However, to push the precision 
of spectroscopic measurements further, 
and to allow future measurements of the 

behaviour of antihydrogen in Earth’s 
gravitational field, the kinetic energy 
of the antiatoms must be lowered.

In their new study, the ALPHA 
researchers were able to laser-cool a 
sample of magnetically trapped anti-
hydrogen atoms by repeatedly driving 
the antiatoms from the 1S to the 2P state 
using a pulsed laser with a frequency 
slightly below that of the transition 
between them. After illuminating the 
trapped antiatoms for several hours, 
the researchers observed a more than 
10-fold decrease in their median kinetic 
energy, with many of the antiatoms 
attaining energies below 1 ŨeV. Subse-
quent spectroscopic measurements of 
the 1S–2S transition revealed that the 
cooling resulted in a spectral line about 
four times narrower than that observed 
without laser cooling – a proof-of-prin-
ciple of the laser-cooling technique, with 
further statistics needed to improve the 
precision of the previous 1S–2S measure-
ment �see figure�.

“Historically, researchers have strug-
gled to laser-cool normal hydrogen, so 
this has been a bit of a crazy dream for us 
for many years,” says Makoto Fujiwara, 
who proposed the use of a pulsed laser 
to cool trapped antihydrogen in ALPHA. 
“Now, we can dream of even crazier 
things with antimatter.”

Further reading
The ALPHA Collaboration 2021 Nature 592 35.
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Slimming down Antihydrogen’s 1S–2S spectral line measured 
with (grey) and without (red) the application of laser cooling. The 
narrowing occurs because the colder atoms spend more time in the 
Waser ʭeWO eaNh tiXe they [ass throuRh the MeaX� reOuNinR the 
so-called transit-time broadening. Using thousands of trapped 
antihyOroRen atoXs� ,7;H, is now aMWe to reNorO suNh a s[eNtraW Wine 
in a single day; the equivalent result from 2017 (see text) took 10 weeks.
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HAdron spectroscopy

LHCb observes four 
new tetraquarks

Mountain ridges , /aWite [Wot oQ ������ -+�A�J/sqK+ OeNays� 
where vertical and horizontal bands reveal the presence of 
intermediate particles.
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The LHCb collaboration has added four 
new exotic particles to the growing list of 
hadrons discovered so far at the LHC. In a 
paper posted to the arXiv preprint server 
on 2 March, the collaboration reports the 
observation of two tetraquarks with a 
new quark content (cc–us–): a narrow one, 
Zcs(4000)+, and a broader one Zcs(4220)+. 
Two other new tetraquarks, X(4685) and 
X(4630), with a quark content cc–ss–, were 
also observed. The results, which emerged 
thanks to adding the statistical power from 
LHC Run 2 to previous datasets, follow four 
tetraquarks discovered by the collabora-
tion in 2016 and provide grist for the mill 
of theorists seeking to explain the nature 
of tetraquark binding mechanisms.

The new exotic states were observed  
in an almost pure sample of 24,000  

B+ A�J/sqK+ decays, which, as a three-
body decay, may be visualised using a 
/alite plot �see “Mountain ridges” figure�. 

Horizontal and vertical bands indicate the 
temporary production of tetraquark reso-
nances, which subsequently decay to a J/s 
meson and a K+ meson or a J/s meson and 
a q meson, respectively. The most prom-
inent vertical bands correspond to four 
cc–ss– tetraquarks that were first observed 
in June 2016. The collaboration has now 
resolved two new horizontal bands cor-
responding to the cc–us– states, and two 
additional vertical bands corresponding 
to the cc–ss– states.

The results have already triggered  
theoretical head scratching. In Novem-
ber, the BESIII collaboration at the Beijing 
Electron–Positron Collider II reported 
the discovery of the first candidate for 
a charged hidden-charm tetraquark 
with strangeness, tentatively dubbed 
Zcs(3985)–. It is unclear whether the new 
Zcs(4000)+ tetraquark can be identified 
with this state, say physicists. Though 
their masses are consistent, the width of 
the BESIII particle is 10 times smaller. 
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The TOTEM collaboration at the LHC, 
along with the DØ collaboration at the 
former Tevatron collider at Fermilab, 
have announced the discovery of the  
odderon – an elusive odd-numbered 
gluon state predicted almost 50 years 
ago. The result was presented on 5 March 
during the LHC Forward Physics meeting 
at CERN, and follows the joint publication 
of a CERN/Fermilab preprint by TOTEM 
and DØ reporting the observation in 
December 2020.

“This result probes the deepest features 
of quantum chromodynamics, notably 
that gluons interact between themselves 
and that an odd number of gluons are 
able to be ‘colourless’, thus shielding  
the strong interaction,” says TOTEM 
spokesperson Simone Giani of CERN. “A 
notable feature of this work is that the 
results are produced by joining the LHC 
and Tevatron data at different energies.”

States comprising two, three or more 
gluons are termed “glueballs”, and are 
peculiar objects made only of the car-
riers of the strong force. The idea for 
the odderon was introduced in 1973 in 
the framework of “Regge theory”, and 
was named two years later in a paper by  
Joynson, Leader, Nicolescu and Lopez. 
With the advent of quantum chromody-
namics (QCD), the existence of the odd-
eron as a kind of virtual glueball became a 
firm prediction. -ut proving its existence 
has been a major experimental challenge, 
requiring detailed measurements of  
protons as they glance off one another 
in high-energy collisions.

Deviation measurement
While most high-energy collisions cause 
protons to break into their constituent 
quarks and gluons, roughly 25% are elas-
tic collisions where the protons remain 
intact but emerge on slightly different 
paths (deviating by around a millime-
tre over a distance of 200 m at the LHC). 
TOTEM measures these small deviations 
in proton–proton (pp) scattering using 
two detectors located 220 m on either 
side of the CMS experiment, while DØ 
employed a similar setup at the Tevatron 
proton–antiproton (pp–) collider.

At low energies, differences in pp vs 
pp– scattering are due to the exchange of 
virtual mesons. At multi-TeV energies, 
on the other hand, proton interactions 
are expected to be mediated purely by 
gluons. In particular, elastic scattering 
at low-momentum transfer and high 

energies has long been explained by the 
exchange of a pomeron – a colour-neutral 
virtual glueball made up of two gluons.

However, in 2018 TOTEM reported 
measurements at high energies that 
could not easily be explained by this tra-
ditional picture. Instead, a further QCD 
object with an odd charge-congugation 
quantum number C seemed to be at play, 
supporting models in which a glueball 
containing at least three gluons was 
being exchanged. The discrepancy came 
to light via measurements of a parameter 
called l, which represents the ratio of 
the real and imaginary parts of the for-
ward elastic-scattering amplitude when 
there is minimal momentum exchange 
between the colliding protons and thus 
almost no deviation in their trajectories. 
The 2��# results were sufficient to claim 
evidence for the odderon, although not 
yet its definitive observation.

The new work is based on a model- 
independent analysis of data at medium- 
range momenta transfer. The TOTEM and 
DØ teams compared LHC pp data (recorded 
at collision energies of 2.76, 7, 8 and 13 TeV 
and extrapolated to 1.96 TeV), with Teva-
tron pp– data measured at 1.96 TeV. The odd-
eron would be expected to contribute with 
different signs to pp and pp– scattering. 
Supporting this picture, the two data sets 
disagree at the 3.4m level, providing evi-
dence for the t-channel exchange of a col-
ourless, C-odd gluonic compound. “When 
combined with the l and total cross-sec-
tion result at �� TeA, the significance is in 
the range 5.2–5.7m and thus constitutes the 

first experimental observation of the odd-
eron,” said Christophe Royon of University 
of Kansas, who presented the results on 
behalf of DØ and TOTEM in March. “This 
is a major discovery by CERN/Fermilab.”

In addition to the new TOTEM–DØ 
model-independent study, several  
theoretical papers based on data from  
the ISR, SPS, Tevatron and LHC, and  
model-dependent inputs, provide addi-
tional evidence supporting the conclusion 
that the odderon exists.

“The independent experimental 
evidence in the measurements of the 
l parameter and differential elastic 
cross section make it likely that we are 
indeed seeing signals of the odderon 
here,” says theorist Carlo Ewerz of GSI 
Helmholtz Centre for Heavy Ion Research 
and Heidelberg University in Germany. 
“In these cases the odderon is only one 
among several contributions, and a very 
small one, so it is very impressive that 
the TOTEM and DØ collaborations could 
finally isolate an odderon signal in these 
challenging measurements. Dedicated 
searches for odderon effects in exclusive 
processes at the LHC and at the future 
Electron-Ion Collider will be crucial 
in order to determine its properties in 
detail and thus to understand why it had 
escaped detection for almost 50 years.”

Further reading
DØ and TOTEM Collaborations 2020 
arXiv:2012.03981.
TOTEM Collab. 2019 Eur. Phys. J. C 79 785.
D Joynson et al. 1975 Nuovo Cimento A 30 345.

Excavating odderons Part of the TOTEM installation in the LHC tunnel 220 m downstream from  
the CMS experiment.
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IVB.  Exotic Charmonium:   from  decaysZc B
properties of the 

 seen in  decays:


(1) different from those seen in  (??)


(2) structure in 

(3) structure in 

Zc B

e+e−

B → KπJ/ψ

B → KϕJ/ψ

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2021-025
LHCb-PAPER-2020-044

March 2, 2021

Observation of new resonances
decaying to J/ K+ and J/ �

LHCb collaboration†

Abstract

The first observation of exotic states with a new quark content ccus decaying to the
J/ K+ final state is reported with high significance from an amplitude analysis of
the B+ ! J/ �K+ decay. The analysis is carried out using proton-proton collision
data corresponding to a total integrated luminosity of 9 fb�1 collected by the LHCb
experiment at centre-of-mass energies of 7, 8 and 13TeV. The most significant state,
Zcs(4000)+, has a mass of 4003 ± 6+ 4

� 14MeV, a width of 131 ± 15 ± 26MeV, and
spin-parity JP = 1+, where the quoted uncertainties are statistical and systematic,
respectively. A new 1+ X(4685) state decaying to the J/ � final state is also
observed with high significance. In addition, the four previously reported J/ �
states are confirmed and two more exotic states, Zcs(4220)+ and X(4630), are
observed with significance exceeding five standard deviations.

Submitted to Phys. Rev. Lett.

© 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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Observation of new resonances
decaying to J/ K+ and J/ �

LHCb collaboration†

Abstract

The first observation of exotic states with a new quark content ccus decaying to the
J/ K+ final state is reported with high significance from an amplitude analysis of
the B+ ! J/ �K+ decay. The analysis is carried out using proton-proton collision
data corresponding to a total integrated luminosity of 9 fb�1 collected by the LHCb
experiment at centre-of-mass energies of 7, 8 and 13TeV. The most significant state,
Zcs(4000)+, has a mass of 4003 ± 6+ 4

� 14MeV, a width of 131 ± 15 ± 26MeV, and
spin-parity JP = 1+, where the quoted uncertainties are statistical and systematic,
respectively. A new 1+ X(4685) state decaying to the J/ � final state is also
observed with high significance. In addition, the four previously reported J/ �
states are confirmed and two more exotic states, Zcs(4220)+ and X(4630), are
observed with significance exceeding five standard deviations.

Submitted to Phys. Rev. Lett.

© 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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Figure 3: Distributions of �K+ (left), J/ � (middle) and J/ K+ (right) invariant masses for
the B+ ! J/ �K+ candidates (black data points) compared with the fit results (red solid lines)
of the default model (top row) and the Run 1 model (bottom row).
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Fig. 3 shows the invariant mass distributions for all pairs of final state particles of
the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [14, 15]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
without this component follows a �2 distribution. The corresponding number of degrees of
freedom is equal to the reduction in the number of free parameters multiplied by a factor
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Laser-cooled antihydrogen takes ALPHA into new realm
After many years of research and  
development, the ALPHA collaboration 
has succeeded in laser-cooling antihy-
drogen – opening the door to consid-
erably more precise measurements of 
antihydrogen’s internal structure and 
gravitational interactions. The seminal 
result, reported on 31 March in Nature, 
could also lead to the creation of anti-
matter molecules and the development 
of antiatom interferometry, explains 
ALPHA spokesperson Jeffrey Hangst. 
“This is by far the most difficult experi-
ment we have ever done,” he says. “We’re 
over the moon. About a decade ago, laser 
cooling of antimatter was in the realm 
of science fiction.” 

The ALPHA collaboration synthesises 
antihydrogen from cryogenic plasmas 
of antiprotons and positrons at CERN’s 
Antiproton Decelerator (AD), storing the 
antiatoms in a magnetic trap. Lasers 
with particular frequencies are then 
used to measure the antiatoms’ spectral 
response. Finding any slight difference 
between spectral transitions in antimat-
ter and matter would challenge charge–
parity–time symmetry, and perhaps cast 
light on the cosmological imbalance of 
matter and antimatter.

Following the first antihydrogen 
spectroscopy by ALPHA in 2012, in 2017 
the collaboration measured the spec-
tral structure of the antihydrogen 1S–2S 
transition with an outstanding precision 
of 2 =�10–12 – marking a milestone in the 

A/ɪs scientific programme. The following 
year, the team determined antihydro-
gen’s 1S–2P “Lyman–alpha” transition 
with a precision of a few parts in a hun-
dred million, showing that it agrees 
with the prediction for the equivalent 
transition hydrogen to a precision of 
5 =�10–8. However, to push the precision 
of spectroscopic measurements further, 
and to allow future measurements of the 

behaviour of antihydrogen in Earth’s 
gravitational field, the kinetic energy 
of the antiatoms must be lowered.

In their new study, the ALPHA 
researchers were able to laser-cool a 
sample of magnetically trapped anti-
hydrogen atoms by repeatedly driving 
the antiatoms from the 1S to the 2P state 
using a pulsed laser with a frequency 
slightly below that of the transition 
between them. After illuminating the 
trapped antiatoms for several hours, 
the researchers observed a more than 
10-fold decrease in their median kinetic 
energy, with many of the antiatoms 
attaining energies below 1 ŨeV. Subse-
quent spectroscopic measurements of 
the 1S–2S transition revealed that the 
cooling resulted in a spectral line about 
four times narrower than that observed 
without laser cooling – a proof-of-prin-
ciple of the laser-cooling technique, with 
further statistics needed to improve the 
precision of the previous 1S–2S measure-
ment �see figure�.

“Historically, researchers have strug-
gled to laser-cool normal hydrogen, so 
this has been a bit of a crazy dream for us 
for many years,” says Makoto Fujiwara, 
who proposed the use of a pulsed laser 
to cool trapped antihydrogen in ALPHA. 
“Now, we can dream of even crazier 
things with antimatter.”

Further reading
The ALPHA Collaboration 2021 Nature 592 35.

ss

AntimAtter

Slimming down Antihydrogen’s 1S–2S spectral line measured 
with (grey) and without (red) the application of laser cooling. The 
narrowing occurs because the colder atoms spend more time in the 
Waser ʭeWO eaNh tiXe they [ass throuRh the MeaX� reOuNinR the 
so-called transit-time broadening. Using thousands of trapped 
antihyOroRen atoXs� ,7;H, is now aMWe to reNorO suNh a s[eNtraW Wine 
in a single day; the equivalent result from 2017 (see text) took 10 weeks.
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HAdron spectroscopy

LHCb observes four 
new tetraquarks

Mountain ridges , /aWite [Wot oQ ������ -+�A�J/sqK+ OeNays� 
where vertical and horizontal bands reveal the presence of 
intermediate particles.
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The LHCb collaboration has added four 
new exotic particles to the growing list of 
hadrons discovered so far at the LHC. In a 
paper posted to the arXiv preprint server 
on 2 March, the collaboration reports the 
observation of two tetraquarks with a 
new quark content (cc–us–): a narrow one, 
Zcs(4000)+, and a broader one Zcs(4220)+. 
Two other new tetraquarks, X(4685) and 
X(4630), with a quark content cc–ss–, were 
also observed. The results, which emerged 
thanks to adding the statistical power from 
LHC Run 2 to previous datasets, follow four 
tetraquarks discovered by the collabora-
tion in 2016 and provide grist for the mill 
of theorists seeking to explain the nature 
of tetraquark binding mechanisms.

The new exotic states were observed  
in an almost pure sample of 24,000  

B+ A�J/sqK+ decays, which, as a three-
body decay, may be visualised using a 
/alite plot �see “Mountain ridges” figure�. 

Horizontal and vertical bands indicate the 
temporary production of tetraquark reso-
nances, which subsequently decay to a J/s 
meson and a K+ meson or a J/s meson and 
a q meson, respectively. The most prom-
inent vertical bands correspond to four 
cc–ss– tetraquarks that were first observed 
in June 2016. The collaboration has now 
resolved two new horizontal bands cor-
responding to the cc–us– states, and two 
additional vertical bands corresponding 
to the cc–ss– states.

The results have already triggered  
theoretical head scratching. In Novem-
ber, the BESIII collaboration at the Beijing 
Electron–Positron Collider II reported 
the discovery of the first candidate for 
a charged hidden-charm tetraquark 
with strangeness, tentatively dubbed 
Zcs(3985)–. It is unclear whether the new 
Zcs(4000)+ tetraquark can be identified 
with this state, say physicists. Though 
their masses are consistent, the width of 
the BESIII particle is 10 times smaller. 
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The TOTEM collaboration at the LHC, 
along with the DØ collaboration at the 
former Tevatron collider at Fermilab, 
have announced the discovery of the  
odderon – an elusive odd-numbered 
gluon state predicted almost 50 years 
ago. The result was presented on 5 March 
during the LHC Forward Physics meeting 
at CERN, and follows the joint publication 
of a CERN/Fermilab preprint by TOTEM 
and DØ reporting the observation in 
December 2020.

“This result probes the deepest features 
of quantum chromodynamics, notably 
that gluons interact between themselves 
and that an odd number of gluons are 
able to be ‘colourless’, thus shielding  
the strong interaction,” says TOTEM 
spokesperson Simone Giani of CERN. “A 
notable feature of this work is that the 
results are produced by joining the LHC 
and Tevatron data at different energies.”

States comprising two, three or more 
gluons are termed “glueballs”, and are 
peculiar objects made only of the car-
riers of the strong force. The idea for 
the odderon was introduced in 1973 in 
the framework of “Regge theory”, and 
was named two years later in a paper by  
Joynson, Leader, Nicolescu and Lopez. 
With the advent of quantum chromody-
namics (QCD), the existence of the odd-
eron as a kind of virtual glueball became a 
firm prediction. -ut proving its existence 
has been a major experimental challenge, 
requiring detailed measurements of  
protons as they glance off one another 
in high-energy collisions.

Deviation measurement
While most high-energy collisions cause 
protons to break into their constituent 
quarks and gluons, roughly 25% are elas-
tic collisions where the protons remain 
intact but emerge on slightly different 
paths (deviating by around a millime-
tre over a distance of 200 m at the LHC). 
TOTEM measures these small deviations 
in proton–proton (pp) scattering using 
two detectors located 220 m on either 
side of the CMS experiment, while DØ 
employed a similar setup at the Tevatron 
proton–antiproton (pp–) collider.

At low energies, differences in pp vs 
pp– scattering are due to the exchange of 
virtual mesons. At multi-TeV energies, 
on the other hand, proton interactions 
are expected to be mediated purely by 
gluons. In particular, elastic scattering 
at low-momentum transfer and high 

energies has long been explained by the 
exchange of a pomeron – a colour-neutral 
virtual glueball made up of two gluons.

However, in 2018 TOTEM reported 
measurements at high energies that 
could not easily be explained by this tra-
ditional picture. Instead, a further QCD 
object with an odd charge-congugation 
quantum number C seemed to be at play, 
supporting models in which a glueball 
containing at least three gluons was 
being exchanged. The discrepancy came 
to light via measurements of a parameter 
called l, which represents the ratio of 
the real and imaginary parts of the for-
ward elastic-scattering amplitude when 
there is minimal momentum exchange 
between the colliding protons and thus 
almost no deviation in their trajectories. 
The 2��# results were sufficient to claim 
evidence for the odderon, although not 
yet its definitive observation.

The new work is based on a model- 
independent analysis of data at medium- 
range momenta transfer. The TOTEM and 
DØ teams compared LHC pp data (recorded 
at collision energies of 2.76, 7, 8 and 13 TeV 
and extrapolated to 1.96 TeV), with Teva-
tron pp– data measured at 1.96 TeV. The odd-
eron would be expected to contribute with 
different signs to pp and pp– scattering. 
Supporting this picture, the two data sets 
disagree at the 3.4m level, providing evi-
dence for the t-channel exchange of a col-
ourless, C-odd gluonic compound. “When 
combined with the l and total cross-sec-
tion result at �� TeA, the significance is in 
the range 5.2–5.7m and thus constitutes the 

first experimental observation of the odd-
eron,” said Christophe Royon of University 
of Kansas, who presented the results on 
behalf of DØ and TOTEM in March. “This 
is a major discovery by CERN/Fermilab.”

In addition to the new TOTEM–DØ 
model-independent study, several  
theoretical papers based on data from  
the ISR, SPS, Tevatron and LHC, and  
model-dependent inputs, provide addi-
tional evidence supporting the conclusion 
that the odderon exists.

“The independent experimental 
evidence in the measurements of the 
l parameter and differential elastic 
cross section make it likely that we are 
indeed seeing signals of the odderon 
here,” says theorist Carlo Ewerz of GSI 
Helmholtz Centre for Heavy Ion Research 
and Heidelberg University in Germany. 
“In these cases the odderon is only one 
among several contributions, and a very 
small one, so it is very impressive that 
the TOTEM and DØ collaborations could 
finally isolate an odderon signal in these 
challenging measurements. Dedicated 
searches for odderon effects in exclusive 
processes at the LHC and at the future 
Electron-Ion Collider will be crucial 
in order to determine its properties in 
detail and thus to understand why it had 
escaped detection for almost 50 years.”

Further reading
DØ and TOTEM Collaborations 2020 
arXiv:2012.03981.
TOTEM Collab. 2019 Eur. Phys. J. C 79 785.
D Joynson et al. 1975 Nuovo Cimento A 30 345.

Excavating odderons Part of the TOTEM installation in the LHC tunnel 220 m downstream from  
the CMS experiment.
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Laser-cooled antihydrogen takes ALPHA into new realm
After many years of research and  
development, the ALPHA collaboration 
has succeeded in laser-cooling antihy-
drogen – opening the door to consid-
erably more precise measurements of 
antihydrogen’s internal structure and 
gravitational interactions. The seminal 
result, reported on 31 March in Nature, 
could also lead to the creation of anti-
matter molecules and the development 
of antiatom interferometry, explains 
ALPHA spokesperson Jeffrey Hangst. 
“This is by far the most difficult experi-
ment we have ever done,” he says. “We’re 
over the moon. About a decade ago, laser 
cooling of antimatter was in the realm 
of science fiction.” 

The ALPHA collaboration synthesises 
antihydrogen from cryogenic plasmas 
of antiprotons and positrons at CERN’s 
Antiproton Decelerator (AD), storing the 
antiatoms in a magnetic trap. Lasers 
with particular frequencies are then 
used to measure the antiatoms’ spectral 
response. Finding any slight difference 
between spectral transitions in antimat-
ter and matter would challenge charge–
parity–time symmetry, and perhaps cast 
light on the cosmological imbalance of 
matter and antimatter.

Following the first antihydrogen 
spectroscopy by ALPHA in 2012, in 2017 
the collaboration measured the spec-
tral structure of the antihydrogen 1S–2S 
transition with an outstanding precision 
of 2 =�10–12 – marking a milestone in the 

A/ɪs scientific programme. The following 
year, the team determined antihydro-
gen’s 1S–2P “Lyman–alpha” transition 
with a precision of a few parts in a hun-
dred million, showing that it agrees 
with the prediction for the equivalent 
transition hydrogen to a precision of 
5 =�10–8. However, to push the precision 
of spectroscopic measurements further, 
and to allow future measurements of the 

behaviour of antihydrogen in Earth’s 
gravitational field, the kinetic energy 
of the antiatoms must be lowered.

In their new study, the ALPHA 
researchers were able to laser-cool a 
sample of magnetically trapped anti-
hydrogen atoms by repeatedly driving 
the antiatoms from the 1S to the 2P state 
using a pulsed laser with a frequency 
slightly below that of the transition 
between them. After illuminating the 
trapped antiatoms for several hours, 
the researchers observed a more than 
10-fold decrease in their median kinetic 
energy, with many of the antiatoms 
attaining energies below 1 ŨeV. Subse-
quent spectroscopic measurements of 
the 1S–2S transition revealed that the 
cooling resulted in a spectral line about 
four times narrower than that observed 
without laser cooling – a proof-of-prin-
ciple of the laser-cooling technique, with 
further statistics needed to improve the 
precision of the previous 1S–2S measure-
ment �see figure�.

“Historically, researchers have strug-
gled to laser-cool normal hydrogen, so 
this has been a bit of a crazy dream for us 
for many years,” says Makoto Fujiwara, 
who proposed the use of a pulsed laser 
to cool trapped antihydrogen in ALPHA. 
“Now, we can dream of even crazier 
things with antimatter.”

Further reading
The ALPHA Collaboration 2021 Nature 592 35.

ss

AntimAtter

Slimming down Antihydrogen’s 1S–2S spectral line measured 
with (grey) and without (red) the application of laser cooling. The 
narrowing occurs because the colder atoms spend more time in the 
Waser ʭeWO eaNh tiXe they [ass throuRh the MeaX� reOuNinR the 
so-called transit-time broadening. Using thousands of trapped 
antihyOroRen atoXs� ,7;H, is now aMWe to reNorO suNh a s[eNtraW Wine 
in a single day; the equivalent result from 2017 (see text) took 10 weeks.

relative laser frequency at 243.1 nm (kHz)

1.0

0.8

0.4

0.6

0.2

0
0 100–100–200 200

no
rm

al
ise

d 
sig

na
l (

ar
bi

tra
ry

 u
ni

ts
)

cooling
no cooling

S
o

u
rce: N

a
tu

re 59
2
 35

HAdron spectroscopy

LHCb observes four 
new tetraquarks

Mountain ridges , /aWite [Wot oQ ������ -+�A�J/sqK+ OeNays� 
where vertical and horizontal bands reveal the presence of 
intermediate particles.
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The LHCb collaboration has added four 
new exotic particles to the growing list of 
hadrons discovered so far at the LHC. In a 
paper posted to the arXiv preprint server 
on 2 March, the collaboration reports the 
observation of two tetraquarks with a 
new quark content (cc–us–): a narrow one, 
Zcs(4000)+, and a broader one Zcs(4220)+. 
Two other new tetraquarks, X(4685) and 
X(4630), with a quark content cc–ss–, were 
also observed. The results, which emerged 
thanks to adding the statistical power from 
LHC Run 2 to previous datasets, follow four 
tetraquarks discovered by the collabora-
tion in 2016 and provide grist for the mill 
of theorists seeking to explain the nature 
of tetraquark binding mechanisms.

The new exotic states were observed  
in an almost pure sample of 24,000  

B+ A�J/sqK+ decays, which, as a three-
body decay, may be visualised using a 
/alite plot �see “Mountain ridges” figure�. 

Horizontal and vertical bands indicate the 
temporary production of tetraquark reso-
nances, which subsequently decay to a J/s 
meson and a K+ meson or a J/s meson and 
a q meson, respectively. The most prom-
inent vertical bands correspond to four 
cc–ss– tetraquarks that were first observed 
in June 2016. The collaboration has now 
resolved two new horizontal bands cor-
responding to the cc–us– states, and two 
additional vertical bands corresponding 
to the cc–ss– states.

The results have already triggered  
theoretical head scratching. In Novem-
ber, the BESIII collaboration at the Beijing 
Electron–Positron Collider II reported 
the discovery of the first candidate for 
a charged hidden-charm tetraquark 
with strangeness, tentatively dubbed 
Zcs(3985)–. It is unclear whether the new 
Zcs(4000)+ tetraquark can be identified 
with this state, say physicists. Though 
their masses are consistent, the width of 
the BESIII particle is 10 times smaller. 
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The TOTEM collaboration at the LHC, 
along with the DØ collaboration at the 
former Tevatron collider at Fermilab, 
have announced the discovery of the  
odderon – an elusive odd-numbered 
gluon state predicted almost 50 years 
ago. The result was presented on 5 March 
during the LHC Forward Physics meeting 
at CERN, and follows the joint publication 
of a CERN/Fermilab preprint by TOTEM 
and DØ reporting the observation in 
December 2020.

“This result probes the deepest features 
of quantum chromodynamics, notably 
that gluons interact between themselves 
and that an odd number of gluons are 
able to be ‘colourless’, thus shielding  
the strong interaction,” says TOTEM 
spokesperson Simone Giani of CERN. “A 
notable feature of this work is that the 
results are produced by joining the LHC 
and Tevatron data at different energies.”

States comprising two, three or more 
gluons are termed “glueballs”, and are 
peculiar objects made only of the car-
riers of the strong force. The idea for 
the odderon was introduced in 1973 in 
the framework of “Regge theory”, and 
was named two years later in a paper by  
Joynson, Leader, Nicolescu and Lopez. 
With the advent of quantum chromody-
namics (QCD), the existence of the odd-
eron as a kind of virtual glueball became a 
firm prediction. -ut proving its existence 
has been a major experimental challenge, 
requiring detailed measurements of  
protons as they glance off one another 
in high-energy collisions.

Deviation measurement
While most high-energy collisions cause 
protons to break into their constituent 
quarks and gluons, roughly 25% are elas-
tic collisions where the protons remain 
intact but emerge on slightly different 
paths (deviating by around a millime-
tre over a distance of 200 m at the LHC). 
TOTEM measures these small deviations 
in proton–proton (pp) scattering using 
two detectors located 220 m on either 
side of the CMS experiment, while DØ 
employed a similar setup at the Tevatron 
proton–antiproton (pp–) collider.

At low energies, differences in pp vs 
pp– scattering are due to the exchange of 
virtual mesons. At multi-TeV energies, 
on the other hand, proton interactions 
are expected to be mediated purely by 
gluons. In particular, elastic scattering 
at low-momentum transfer and high 

energies has long been explained by the 
exchange of a pomeron – a colour-neutral 
virtual glueball made up of two gluons.

However, in 2018 TOTEM reported 
measurements at high energies that 
could not easily be explained by this tra-
ditional picture. Instead, a further QCD 
object with an odd charge-congugation 
quantum number C seemed to be at play, 
supporting models in which a glueball 
containing at least three gluons was 
being exchanged. The discrepancy came 
to light via measurements of a parameter 
called l, which represents the ratio of 
the real and imaginary parts of the for-
ward elastic-scattering amplitude when 
there is minimal momentum exchange 
between the colliding protons and thus 
almost no deviation in their trajectories. 
The 2��# results were sufficient to claim 
evidence for the odderon, although not 
yet its definitive observation.

The new work is based on a model- 
independent analysis of data at medium- 
range momenta transfer. The TOTEM and 
DØ teams compared LHC pp data (recorded 
at collision energies of 2.76, 7, 8 and 13 TeV 
and extrapolated to 1.96 TeV), with Teva-
tron pp– data measured at 1.96 TeV. The odd-
eron would be expected to contribute with 
different signs to pp and pp– scattering. 
Supporting this picture, the two data sets 
disagree at the 3.4m level, providing evi-
dence for the t-channel exchange of a col-
ourless, C-odd gluonic compound. “When 
combined with the l and total cross-sec-
tion result at �� TeA, the significance is in 
the range 5.2–5.7m and thus constitutes the 

first experimental observation of the odd-
eron,” said Christophe Royon of University 
of Kansas, who presented the results on 
behalf of DØ and TOTEM in March. “This 
is a major discovery by CERN/Fermilab.”

In addition to the new TOTEM–DØ 
model-independent study, several  
theoretical papers based on data from  
the ISR, SPS, Tevatron and LHC, and  
model-dependent inputs, provide addi-
tional evidence supporting the conclusion 
that the odderon exists.

“The independent experimental 
evidence in the measurements of the 
l parameter and differential elastic 
cross section make it likely that we are 
indeed seeing signals of the odderon 
here,” says theorist Carlo Ewerz of GSI 
Helmholtz Centre for Heavy Ion Research 
and Heidelberg University in Germany. 
“In these cases the odderon is only one 
among several contributions, and a very 
small one, so it is very impressive that 
the TOTEM and DØ collaborations could 
finally isolate an odderon signal in these 
challenging measurements. Dedicated 
searches for odderon effects in exclusive 
processes at the LHC and at the future 
Electron-Ion Collider will be crucial 
in order to determine its properties in 
detail and thus to understand why it had 
escaped detection for almost 50 years.”

Further reading
DØ and TOTEM Collaborations 2020 
arXiv:2012.03981.
TOTEM Collab. 2019 Eur. Phys. J. C 79 785.
D Joynson et al. 1975 Nuovo Cimento A 30 345.

Excavating odderons Part of the TOTEM installation in the LHC tunnel 220 m downstream from  
the CMS experiment.
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Table 1: Fit results from the default amplitude model. The significances are evaluated accounting
for total (statistical) uncertainties. The listed masses and widths without uncertainties are taken
from PDG [2] and are fixed in the fit. The listed world averages of the two K2 and K⇤(1680)
resonances do not contain the contributions from the previous LHCb Run 1 results.

Contribution Significance [⇥�] M0 [MeV] �0 [MeV] FF [%]

All K(1+) 25± 4 + 6
� 15

21P1 K(1+) 4.5 (4.5) 1861± 10 +16
� 46 149± 41 +231

� 23

23P1 K 0(1+) 4.5 (4.5) 1911± 37 +124
� 48 276± 50 +319

� 159

13P1 K1(1400) 9.2 (11) 1403 174 15± 3 + 3
� 11

All K(2�) 2.1± 0.4 +2.0
� 1.1

11D2 K2(1770) 7.9 (8.0) 1773 186

13D2 K2(1820) 5.8 (5.8) 1816 276

All K(1�) 50± 4 +10
� 19

13D1 K⇤(1680) 4.7 (13) 1717 322 14± 2 +35
� 8

23S1 K⇤(1410) 7.7 (15) 1414 232 38± 5 +11
� 17

K(2+)

23P2 K⇤
2(1980) 1.6 (7.4) 1988± 22 +194

� 31 318± 82 +481
� 101 2.3± 0.5± 0.7

K(0�)

21S0 K(1460) 12 (13) 1483 336 10.2± 1.2 +1.0
� 3.8

X(2�)

X(4150) 4.8 (8.7) 4146± 18± 33 135± 28 +59
� 30 2.0± 0.5 +0.8

� 1.0

X(1�)

X(4630) 5.5 (5.7) 4626± 16 + 18
� 110 174± 27 +134

� 73 2.6± 0.5 +2.9
� 1.5

All X(0+) 20± 5 +14
� 7

X(4500) 20 (20) 4474± 3± 3 77± 6 +10
� 8 5.6± 0.7 +2.4

� 0.6

X(4700) 17 (18) 4694± 4 +16
� 3 87± 8 +16

� 6 8.9± 1.2 +4.9
� 1.4

NRJ/ � 4.8 (5.7) 28± 8 +19
� 11

All X(1+) 26± 3 + 8
� 10

X(4140) 13 (16) 4118± 11 +19
� 36 162± 21 +24

� 49 17± 3 +19
� 6

X(4274) 18 (18) 4294± 4 +3
� 6 53± 5± 5 2.8± 0.5 +0.8

� 0.4

X(4685) 15 (15) 4684± 7 +13
� 16 126± 15 +37

� 41 7.2± 1.0 +4.0
� 2.0

All Zcs(1+) 25± 5 +11
� 12

Zcs(4000) 15 (16) 4003± 6 + 4
� 14 131± 15± 26 9.4± 2.1± 3.4

Zcs(4220) 5.9 (8.4) 4216± 24 +43
� 30 233± 52 +97

� 73 10± 4 +10
� 7

4
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IVB.  Exotic Charmonium

The basics of exotic charmonium

(or “charmoniumlike” states):


  

    aka 

 and  
    aka Y(4260) and Y(4360)


 and 

 mesons in  decays


Original names (still commonly used):


Y:  mesons made directly in 
Z:  “charmonium” with .

X:  everything else

χc1(3872)
X(3872)

ψ(4230) ψ(4360)

Zc(3900) Zc(4020)

Zc B

e+e−

I ≠ 0
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IVC.  Exotic Bottomonium

The basics of exotic charmonium

(or “charmoniumlike” states):


  

    aka 

   
    aka Y(4230) (previously Y(4260))


 and 

 mesons in  decays


Original names (still commonly used):


Y:  mesons made directly in 
Z:  “charmonium” or “bottomonium” with .

X:  everything else

χc1(3872)
X(3872)

ψ(4230)

Zc(3900) Zc(4020)

Zc B

e+e−

I ≠ 0

no bottomonium X(3872)


similar  states ( )


similar  states ( )


no top mesons

Υ Yb

Z Zb
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Exotic mesons can be distinguished from  
conventional mesons in at least four 
ways:

1.  unusual properties

e.g. 

2.  overpopulation

e.g. , 

3.  exotic flavor

e.g. , 

4.  exotic 
e.g. 

X(3872)

Y(4260) Y(4360)

Zc(3900) Zc(4020)

JPC

π1(1600)

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)
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χc2(33P2)
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Y(4360)

X(3872)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)

Z(3900)

Z(4020)

Charmonium

major caveat:  an exotic hadron must also 
be a hadron (as opposed to a scattering

artifact, for example)

This talk:  charmonium, bottomonium, light quark mesons.

IVA.  Exotic Meson Identification 
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Exotic mesons can be distinguished from  
conventional mesons in at least four 
ways:

1.  unusual properties

e.g. 

2.  overpopulation

e.g. , 

3.  exotic flavor

e.g. , 

4.  exotic 
e.g. 

X(3872)

Y(4260) Y(4360)

Zc(3900) Zc(4020)

JPC

π1(1600)

major caveat:  an exotic hadron must also 
be a hadron (as opposed to a scattering

artifact, for example)

IVD.  Exotic Light Quark Mesons 
Light Quark Mesons:


glueballs


*  lightest is expected to have 

*  traditionally expected in   
      radiative decays


mesons with exotic 

*  expect hybrid mesons with  
       ( , )


*  perhaps produce these with photoproduction


*  (also expected in heavy quark systems)

JPC = 0++

J/ψ

JPC

JPC = 1−+ η1 π1

12

q̄q c̄c

J/ψ
gg

c

c̄

γ
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which provides additional information on the identity of
particles. The MUC provides 2 cm position resolution for
muons and covers 89% of 4π. Muons with momenta over
0.5 GeV are detected with an efficiency greater than 90%.

The efficiency of pions reaching the MUC is about 10% at
this energy.
Selection criteria and background estimations are studied

using a GEANT4 Monte Carlo (MC) simulation. The BESIII
Object Oriented Simulation Tool (BOOST) [29] provides a
description of the geometry, material composition, and
detector response of the BESIII detector. The MC generator
KKMC [30] is used for the production of J=ψ mesons by
eþe− annihilation, while BESEVTGEN [31] is used to
generate the known decays of the J=ψ according to the
world average values from the PDG [1]. The unknown
portion of the J=ψ decay spectrum is generated with the
Lundcharm model [32].

III. EVENT SELECTION

In order to be included in the amplitude analysis, an
event must have at least five photon candidates and no
charged track candidates. Any photon detected in the barrel
(end cap) portion of the EMC must have an energy of at
least 25 (50) MeV. Four of the five photons are grouped into
two pairs that may each originate from a π0 decay. The
invariant mass of any photon pair associated with a π0 must
fall within 13 MeV=c2 of the π0 mass. A 6C kinematic fit is
performed on each permutation of photons to the final state
γπ0π0. This includes a constraint on the four-momentum of
the final state to that of the initial J=ψ (4C) and an
additional constraint (1C) on each photon pair to have
an invariant mass equal to that of a π0.
Significant backgrounds in this channel include J=ψ

decays to γη (η → π0π0π0) and γη0 (η0 → ηπ0π0; η → γγ).
Restricting the χ2 from the 6C kinematic fit is an effective
means of reducing the backgrounds of this type. Events with
a π0π0 invariant mass, Mπ0π0 , below the KK threshold (the
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FIG. 1 (color online). TheMπ0π0 spectrum after all selection criteria have been applied. The black markers represent the data, while the
histograms depict the backgrounds according to the MC samples. The signal (white) and misreconstructed background (pink) are
determined from an exclusive MC sample that resembles the data. The other backgrounds are determined from an inclusive MC sample
(see Table I). The components of the stacked histogram from bottom up are unspecified backgrounds, ωπ0π0, b1π0, γηð 0Þ, ωπ0, the
misreconstructed background, and the signal.

TABLE I. The number of events remaining after all selection
criteria for each of a number of background reactions is shown in
the right column. The backgrounds are broken into three groups.
The first group contains the signal mimicking decays. The second
lists the remaining backgrounds from J=ψ decays to γηð 0Þ, while
the third group lists a few additional backgrounds. The back-
grounds explicitly listed here represent about 93% of the total
background according to the MC samples. The misreconstructed
background includes those events in which one of the daughter
photons from a π0 decay is taken as the radiated photon.

Decay channel Number of events

J=ψ → γπ0π0 (data) 442,562
eþe− → γπ0π0 (continuum) 3,632

J=ψ → b1π0; b1 → γπ0 1,606
J=ψ → ωπ0;ω → γπ0 865
J=ψ → ρπ0; ρ → γπ0 778
Misreconstructed background 608

J=ψ → γη; η → 3π0 903
J=ψ → γη0; η0 → ηπ0π0; η → γγ 377

J=ψ → ωπ0π0;ω → γπ0 775
J=ψ → b1π0; b1 → ωπ0;ω → γπ0 578
J=ψ → ωη;ω → γπ0 409
J=ψ → ωf2ð1270Þ;ω → γπ0 299
J=ψ → γηc; ηc → γπ0π0orπ0π0π0 255

Other backgrounds 507

Total background (MC) 7,960
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but have a degenerate ambiguous pair. A study of these
ambiguities (Appendix B) shows consistency between the
mathematically predicted and experimentally determined
ambiguities. Both ambiguous solutions are presented,
because it is impossible to know which represent the
physical solutions without making some additional model

dependent assumptions. If more than two solutions are
found in a given bin, all solutions within 1 unit of log
likelihood from the best solution are compared to the
predicted value derived from the best solution and only that
which matches the prediction is accepted as the ambiguous
partner.
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FIG. 2 (color online). The intensities for the (a) 0þþ, (b) 2þþ E1, (c) 2þþ M2, and (d) 2þþ E3 amplitudes as a function ofMπ0π0 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 2þþ E3 amplitude is redundant for the two ambiguous solutions (see Appendix B).
Only statistical errors are presented.
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E. Results

1. Amplitude intensities and phases

The intensity for each amplitude as a function ofMπ0π0 is
plotted in Fig. 2. Each of the phase differenceswith respect to
the reference amplitude (2þþ E1), which is constrained to be
real, is plotted inFig. 3.Above theKK̄ threshold, two distinct
sets of solutions are apparent in most bins as expected. The
bins below about 0.6 GeV=c2 also contain multiple solu-
tions, but with different likelihoods and are attributed to local
minima in the likelihood function. The nominal solutions
below 0.6 GeV=c2 are determined by requiring continuity in
each intensity and phase difference as a function of Mπ0π0 .
Only statistical errors are presented in the figures.
It is apparent that the ambiguous sets of solutions in the

nominal results are distinct in some regions, while they

approach and possibly cross at other points. The most
powerful discriminator of this effect is the phase difference
between the E1 and M2 components of the 2þþ amplitude
(see the middle plot of Fig. 3). Regions in which the
solutions may cross are apparent at 0.99 GeV=c2, near
1.3 GeV=c2, and above 2.3 GeV=c2. Since the results in
each bin are independent of their neighbor, it is not possible
to identify two distinct, smooth solutions at these crossings.

2. Discussion

The results of the mass independent analysis exhibit
significant structures in the 0þþ amplitude just below
1.5 GeV=c2 and near 1.7 GeV=c2. This region is where
one might expect to observe the states f0ð1370Þ, f0ð1500Þ,
and f0ð1710Þ which are often cited as being mixtures of
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FIG. 3 (color online). The phase differences relative to the reference amplitude (2þþ E1) for the (a) 0þþ, (b) 2þþ M2, and (c) 2þþ E3
amplitudes as a function ofMπ0π0 for the nominal results. The solid black markers show the phase differences calculated from one set of
solutions, while the open red markers represent the ambiguous partner solutions. An arbitrary phase convention is applied here in which
the phase difference between the 0þþ and 2þþ E1 amplitudes is required to be positive. Only statistical errors are presented.
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but have a degenerate ambiguous pair. A study of these
ambiguities (Appendix B) shows consistency between the
mathematically predicted and experimentally determined
ambiguities. Both ambiguous solutions are presented,
because it is impossible to know which represent the
physical solutions without making some additional model

dependent assumptions. If more than two solutions are
found in a given bin, all solutions within 1 unit of log
likelihood from the best solution are compared to the
predicted value derived from the best solution and only that
which matches the prediction is accepted as the ambiguous
partner.
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FIG. 2 (color online). The intensities for the (a) 0þþ, (b) 2þþ E1, (c) 2þþ M2, and (d) 2þþ E3 amplitudes as a function ofMπ0π0 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 2þþ E3 amplitude is redundant for the two ambiguous solutions (see Appendix B).
Only statistical errors are presented.
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E. Results

1. Amplitude intensities and phases

The intensity for each amplitude as a function ofMπ0π0 is
plotted in Fig. 2. Each of the phase differenceswith respect to
the reference amplitude (2þþ E1), which is constrained to be
real, is plotted inFig. 3.Above theKK̄ threshold, two distinct
sets of solutions are apparent in most bins as expected. The
bins below about 0.6 GeV=c2 also contain multiple solu-
tions, but with different likelihoods and are attributed to local
minima in the likelihood function. The nominal solutions
below 0.6 GeV=c2 are determined by requiring continuity in
each intensity and phase difference as a function of Mπ0π0 .
Only statistical errors are presented in the figures.
It is apparent that the ambiguous sets of solutions in the

nominal results are distinct in some regions, while they

approach and possibly cross at other points. The most
powerful discriminator of this effect is the phase difference
between the E1 and M2 components of the 2þþ amplitude
(see the middle plot of Fig. 3). Regions in which the
solutions may cross are apparent at 0.99 GeV=c2, near
1.3 GeV=c2, and above 2.3 GeV=c2. Since the results in
each bin are independent of their neighbor, it is not possible
to identify two distinct, smooth solutions at these crossings.

2. Discussion

The results of the mass independent analysis exhibit
significant structures in the 0þþ amplitude just below
1.5 GeV=c2 and near 1.7 GeV=c2. This region is where
one might expect to observe the states f0ð1370Þ, f0ð1500Þ,
and f0ð1710Þ which are often cited as being mixtures of
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FIG. 3 (color online). The phase differences relative to the reference amplitude (2þþ E1) for the (a) 0þþ, (b) 2þþ M2, and (c) 2þþ E3
amplitudes as a function ofMπ0π0 for the nominal results. The solid black markers show the phase differences calculated from one set of
solutions, while the open red markers represent the ambiguous partner solutions. An arbitrary phase convention is applied here in which
the phase difference between the 0þþ and 2þþ E1 amplitudes is required to be positive. Only statistical errors are presented.
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π0π0 0++

 phaseπ0π0 0++ − 2++

π0π0 2++

convention is applied in which the phase difference
between the 0þþ and 2þþ E1 amplitudes is required to
be positive. For much of the spectrum, the ambiguous
solutions do not exhibit two distinct continuous sets of
solutions though there is some indication that two distinct
sets of solutions exist below about 1.5 GeV=c2.

Finally, the branching fraction for radiative J=ψ decays
to KSKS is determined according to

BðJ=ψ → γKSKSÞ ¼
NγKSKS

− Nbkg

ϵγNJ=ψ
: ð13Þ
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FIG. 5. Intensities for the (a) 0þþ, (b) 2þþ E1, (c) 2þþ M2 and (d) 2þþ E3 amplitudes as a function of KSKS invariant mass 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. If the two ambiguous solutions for a single bin are indistinguishable, only a black marker is plotted. Note that the two
solutions for the intensity of the 2þþ E3 amplitude are indistinguishable in each bin. Only statistical errors are presented.
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Here, NγKSKS
is the acceptance corrected signal yield

determined by summing the total intensity from each
KSKS invariant mass bin in the MI analysis results, Nbkg

is the acceptance corrected background contamination
determined from the inclusive MC and continuum data
samples, and NJ=ψ is the total number of J=ψ events in the
data sample. An efficiency correction ϵγ is applied in order
to extrapolate the KSKS invariant mass spectrum down to a
radiative photon energy of 0 and is determined by calcu-
lating the fraction of phase space that is removed by
restricting the energy of the radiative photon. This extrapo-
lation results in an increase in the total number of events by
0.02%, so ϵγ is taken to be 0.9998.

To determine Nbkg, the efficiency correction for the
inclusive MC background and continuum samples is
assumed to be the same as that for the data sample.
That is, Nbkg is determined according to

Nbkg ¼
XNbins

k¼1

NγKSKS;k ×
Nmc;k

Nacc
γKSKS;k

; ð14Þ

where NγKSKS;k is the acceptance corrected signal yield in
bin k, Nacc

γKSKS;k
is the number of events in the data sample

for bin k, and Nmc;k is the number of background events
in bin k according to the inclusive MC and continuum
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FIG. 6. Phase differences relative to the reference amplitude (2þþ E1) for the (a) 0þþ, (b) 2þþ M2, and (c) 2þþ E3 amplitudes as a
function of KSKS invariant mass for the nominal results. The solid black markers show the phase differences calculated from one set of
solutions, while the open red markers represent the ambiguous partner solutions. An arbitrary phase convention is applied here in which
the phase difference between the 0þþ and 2þþ E1 amplitudes is required to be positive. Only statistical errors are presented.

AMPLITUDE ANALYSIS OF THE KSKS SYSTEM … PHYS. REV. D 98, 072003 (2018)

072003-11

Amplitude analysis of the KSKS system produced in radiative J=ψ decays

M. Ablikim,1 M. N. Achasov,9,d S. Ahmed,14 M. Albrecht,4 A. Amoroso,53a,53c F. F. An,1 Q. An,50,40 Y. Bai,39

O. Bakina,24 R. Baldini Ferroli,20a Y. Ban,32 D. W. Bennett,19 J. V. Bennett,5 N. Berger,23 M. Bertani,20a D. Bettoni,21a

J. M. Bian,47 F. Bianchi,53a,53c E. Boger,24,b I. Boyko,24 R. A. Briere,5 H. Cai,55 X. Cai,1,40 O. Cakir,43a A. Calcaterra,20a

G. F. Cao,1,44 S. A. Cetin,43b J. Chai,53c J. F. Chang,1,40 G. Chelkov,24,b,c G. Chen,1 H. S. Chen,1,44 J. C. Chen,1

M. L. Chen,1,40 P. L. Chen,51 S. J. Chen,30 X. R. Chen,27 Y. B. Chen,1,40 Z. C. Chen,1,44 X. K. Chu,32 G. Cibinetto,21a

H. L. Dai,1,40 J. P. Dai,35,h A. Dbeyssi,14 D. Dedovich,24 Z. Y. Deng,1 A. Denig,23 I. Denysenko,24 M. Destefanis,53a,53c

F. De Mori,53a,53c Y. Ding,28 C. Dong,31 J. Dong,1,40 L. Y. Dong,1,44 M. Y. Dong,1,40,44 Z. L. Dou,30 S. X. Du,57

P. F. Duan,1 J. Fang,1,40 S. S. Fang,1,44 X. Fang,50,40 Y. Fang,1 R. Farinelli,21a,21b L. Fava,53b,53c S. Fegan,23 F. Feldbauer,23

G. Felici,20a C. Q. Feng,50,40 E. Fioravanti,21a M. Fritsch,23,14 C. D. Fu,1 Q. Gao,1 X. L. Gao,50,40 Y. Gao,42 Y. G. Gao,6

Z. Gao,50,40 I. Garzia,21a K. Goetzen,10 L. Gong,31 W. X. Gong,1,40 W. Gradl,23 M. Greco,53a,53c M. H. Gu,1,40 S. Gu,15

Y. T. Gu,12 A. Q. Guo,1 L. B. Guo,29 R. P. Guo,1,44 Y. P. Guo,23 Z. Haddadi,26 S. Han,55 X. Q. Hao,15 F. A. Harris,45

K. L. He,1,44 X. Q. He,49 F. H. Heinsius,4 T. Held,4 Y. K. Heng,1,40,44 T. Holtmann,4 Z. L. Hou,1 C. Hu,29 H. M. Hu,1,44

T. Hu,1,40,44 Y. Hu,1 G. S. Huang,50,40 J. S. Huang,15 X. T. Huang,34 X. Z. Huang,30 Z. L. Huang,28 T. Hussain,52

W. Ikegami Andersson,54 Q. Ji,1 Q. P. Ji,15 X. B. Ji,1,44 X. L. Ji,1,40 X. S. Jiang,1,40,44 X. Y. Jiang,31 J. B. Jiao,34 Z. Jiao,17

D. P. Jin,1,40,44 S. Jin,1,44 Y. Jin,46 T. Johansson,54 A. Julin,47 N. Kalantar-Nayestanaki,26 X. L. Kang,1 X. S. Kang,31

M. Kavatsyuk,26 B. C. Ke,5 T. Khan,50,40 A. Khoukaz,48 P. Kiese,23 R. Kliemt,10 L. Koch,25 O. B. Kolcu,43b,f B. Kopf,4

M. Kornicer,45 M. Kuemmel,4 M. Kuessner,4 M. Kuhlmann,4 A. Kupsc,54 W. Kühn,25 J. S. Lange,25 M. Lara,19

P. Larin,14 L. Lavezzi,53c S. Leiber,4 H. Leithoff,23 C. Leng,53c C. Li,54 Cheng Li,50,40 D. M. Li,57 F. Li,1,40 F. Y. Li,32

G. Li,1 H. B. Li,1,44 H. J. Li,1,44 J. C. Li,1 K. J. Li,41 Kang Li,13 Ke Li,34 Lei Li,3 P. L. Li,50,40 P. R. Li,44,7 Q. Y. Li,34

T. Li,34 W. D. Li,1,44 W. G. Li,1 X. L. Li,34 X. N. Li,1,40 X. Q. Li,31 Z. B. Li,41 H. Liang,50,40 Y. F. Liang,37 Y. T. Liang,25

G. R. Liao,11 D. X. Lin,14 B. Liu,35,h B. J. Liu,1 C. X. Liu,1 D. Liu,50,40 F. H. Liu,36 Fang Liu,1 Feng Liu,6 H. B. Liu,12

H. M. Liu,1,44 Huanhuan Liu,1 Huihui Liu,16 J. B. Liu,50,40 J. P. Liu,55 J. Y. Liu,1,44 K. Liu,42 K. Y. Liu,28 Ke Liu,6

L. D. Liu,32 P. L. Liu,1,40 Q. Liu,44 S. B. Liu,50,40 X. Liu,27 Y. B. Liu,31 Z. A. Liu,1,40,44 Zhiqing Liu,23 Y. F. Long,32

X. C. Lou,1,40,44 H. J. Lu,17 J. G. Lu,1,40 Y. Lu,1 Y. P. Lu,1,40 C. L. Luo,29 M. X. Luo,56 X. L. Luo,1,40 X. R. Lyu,44

F. C. Ma,28 H. L. Ma,1 L. L. Ma,34 M. M. Ma,1,44 Q. M. Ma,1 T. Ma,1 X. N. Ma,31 X. Y. Ma,1,40 Y. M. Ma,34 F. E. Maas,14

M. Maggiora,53a,53c Q. A. Malik,52 Y. J. Mao,32 Z. P. Mao,1 S. Marcello,53a,53c Z. X. Meng,46 J. G. Messchendorp,26

G. Mezzadri,21b J. Min,1,40 T. J. Min,1 R. E. Mitchell,19 X. H. Mo,1,40,44 Y. J. Mo,6 C. Morales Morales,14 G. Morello,20a

N. Yu. Muchnoi,9,d H. Muramatsu,47 A. Mustafa,4 Y. Nefedov,24 F. Nerling,10 I. B. Nikolaev,9,d Z. Ning,1,40 S. Nisar,8

S. L. Niu,1,40 X. Y. Niu,1,44 S. L. Olsen,33,j Q. Ouyang,1,40,44 S. Pacetti,20b Y. Pan,50,40 M. Papenbrock,54 P. Patteri,20a

M. Pelizaeus,4 J. Pellegrino,53a,53c H. P. Peng,50,40 K. Peters,10,g J. Pettersson,54 J. L. Ping,29 R. G. Ping,1,44 A. Pitka,23

R. Poling,47 V. Prasad,50,40 H. R. Qi,2 M. Qi,30 S. Qian,1,40 C. F. Qiao,44 N. Qin,55 X. S. Qin,4 Z. H. Qin,1,40 J. F. Qiu,1

K. H. Rashid,52,i C. F. Redmer,23 M. Richter,4 M. Ripka,23 M. Rolo,53c G. Rong,1,44 Ch. Rosner,14 X. D. Ruan,12
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Fig. 1. Number of events in the S-wave as functions of the two-meson invariant 
mass from the reactions J/ψ → γ π0π0 (a), K S K S (b), ηη (c), φω (d). (a) and (b) 
are based on the analysis of 1.3 · 109 J/ψ decays, (c) and (d) on 0.225 · 109 J/ψ
decays.

Fig. 2. Interference of two K -matrix poles for f0(1370) and f0(1500) with a relative 
phase of 55◦ (a) and 235◦ (b). Shown is the intensity in arbitrary units as a function 
of the two-meson invariant mass.

be described by a resonance at 1770 MeV that was suggested ear-
lier [66] and that is required in our fit.

The two Figs. 1a, b look very different. Obviously, interference 
between neighboring states plays a decisive role. Figs. 2a, b simu-
late the observed pattern: in Fig. 2a the low-mass part of f0(1500)

interferes constructively with f0(1370) and leads to a sharp drop-
off at its high-mass part. In Fig. 2b, the f0(1500) is responsible for 
the dip. The phase difference between the amplitudes for f0(1370)
and f0(1500) in Figs. 2a, b changes by 180◦ when going from ππ
to K K̄ . This is an important observation: these two states do not 
behave like a 1√

2
(uū + dd̄) and a ss̄ state but rather like a singlet 

and an octet state, like 1√
3
(uū + dd̄ + ss̄) and 1√

6
(uū + dd̄ − 2ss̄). 

This change in the sign of the coupling constant in ππ and K K̄ de-
cays for f0(1500) with respect to the f0(1370) “background” has 
first been noticed in Ref. [67].

The two resonances f0(1710) and f0(1770) form the large en-
hancement in Fig. 1b while their contribution to Fig. 1a is much 
smaller. This again is due to interference: the two resonances inter-
fere destructively in the ππ channel and constructively in the K K̄
channel. Again, the f0(1710) and f0(1770) wave functions must 
contain significant uū + dd̄ and ss̄ contributions of opposite signs: 
there must one singlet-like and one octet-like state.

In J/ψ radiative decays, the final-state mesons are produced 
by two gluons in the initial state. It is illuminating to compare the 
ππ and K K̄ mass distributions shown in Figs. 1 with the ones 
produced when an ss̄ pair forms the initial state. Ropertz, Hanhart 
and Kubis [68] analyzed the ππ and K K̄ systems produced in the 
reaction B

0
s → J/ψπ+π− [69] and B

0
s → J/ψ K +K − [70]. Here, 

the ππ and K K̄ systems stem from an ss̄ pair recoiling against 
the J/ψ . The pion and the kaon form factors are dominated by 
f0(980), followed by a bump-drop-off (ππ ) or peak (K K̄ ) struc-
ture at 1500 MeV and a small enhancement just below 2000 MeV. 
The form factors (as well as the mass spectra) are decisively dif-
ferent from the spectra shown in Fig. 1 that originate from two 
interacting gluons and that are dominated by a large intensity in 
the 1700 to 2100 MeV mass range.

3. The PWA

The different sets of partial-wave amplitudes were fitted with 
a modified K -matrix approach [71] that takes into account dis-
persive corrections and the Adler zero. We fit data in which reso-
nances are produced and data in which they are formed in scat-
tering processes. The scattering amplitude between the channels a
and b is described as

Aab =
∑

α,β

g R(α)
a dαα Dαβ gL(β)

b , (1)

while the production of a resonance is given by a P-vector ampli-
tude:

Ab =
∑

α,β

P̃ (α)dαα Dαβ gL(β)
b P̃ =()1, . . .)n, F1, . . .) . (2)

The )α are production couplings of the resonances, the F j rep-
resent non-resonant transitions from the initial to the final states, 
and the g R(α)

a and gL(α)
b are right-hand (R) and left-hand (L) cou-

pling constants of the state α into channels a and b. Here the 
“state” represents either the bare resonant state or a non-resonant 
contribution. For resonances the vectors of right-hand and left-
hand vertices are identical (but transposed), for non-resonant con-
tributions, the vertices can be different, even the sign can differ. 
The dαα are elements of the diagonal matrix of the propagators d̂:

d̂ = diag

(
1

M2
1 − s

, . . . ,
1

M2
N − s

, R1, R2 . . .

)

, (3)

where the first N elements describe propagators of resonances and 
Rα are propagators of non-resonant contributions. Here, these are 
constants and or a pole well below the ππ threshold.
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Table 2
Pole masses and widths (in MeV) of scalar mesons. The RPP values are listed as 
small numbers for comparison.

Name f0(500) f0(1370) f0(1710) f0(2020) f0(2200)

M [MeV] 410±20 1370±40 1700±18 1925±25 2200±25
400→550 1200→1500 1704±12 1992±16 2187±14

! [MeV] 480±30 390±40 255±25 320±35 150±30
400→700 100→500 123±18 442±60 ∼200

Name f0(980) f0(1500) f0(1770) f0(2100) f0(2330)

M [MeV] 1014±8 1483 ± 15 1765±15 2075±20 2340±20
990±20 1506±6 2086+20

−24 ∼2330

! [MeV] 71±10 116±12 180±20 260±25 165±25
10→100 112±9 284+60

−32 250±20

The sum of Breit-Wigner amplitudes is not manifestly unitary. 
However, radiative J/ψ decays and the two-body decays of high-
mass resonances are far from the unitarity limit. To check possi-
ble systematic errors due to the use of Breit-Wigner amplitudes, 
we replace the four resonances f0(1370), f0(1500), f0(1710), 
f0(1770) by Breit-Wigner amplitudes (imposing mass and width 
of f0(1370)). The fit returns properties of these resonances within 
the errors quoted in Table 2 and 3.

The four lower-mass resonances, one scalar state at about 
1750 MeV and the f0(2100), are mandatory for the fit: if one of 
them is excluded, no acceptable description of the data is ob-
tained. Only one state, f0(1770), is “new”. Based on different peak 
positions, Bugg [66] had suggested that f0(1710) should have a 
close-by state called f0(1770). When f0(1710) and f0(1770) are 
replaced by one resonance, the χ2/Ndata increases by 58/167 for 
J/ψ → γπ0π0, 8/121 for J/ψ → γ K S K S , 50/21 for J/ψ → γ ηη, 
or by (58, 8, 50) in short. When f0(2020), f0(2200), or f0(2330)
are removed, the χ2 increases by (48, 6, 5); (30,6,1); (23, 5, 0). In 
addition, there is a very significant deterioration of the fit to the 
Dalitz plots for p̄p annihilation when only one scalar resonance in 
the 1700 to 1800 MeV range is admitted. When high-mass poles 
are removed, a small change in χ2 is observed also in the data 
on p̄p annihilation due to a change of the interference between 
neighboring poles. All ten states contribute to the reactions stud-
ied here.

4. The flavor wave functions

The interference pattern in Fig. 1a, b suggests that the two pairs 
of resonances, f0(1370)- f0(1500) and f0(1710)- f0(1770), have 
wave flavor functions in which the uū + dd̄ and ss̄ components 
have opposite signs. Vector (ω, φ) and tensor ( f2(1270), f ′

2(1525)) 
mesons show ideal mixing, with approximately 1/

√
2(uū + dd̄)

and ss̄ configurations. (We neglect the small mixing angles in this 
discussion.) The mass difference is 200 to 250 MeV, and the ss̄
mesons decay preferably into K K̄ . This is not the case for the 
scalar mesons: The mass difference varies, and the K K̄/ππ decay 
ratio is often less than 1 and never ∼ 100 like for f ′

2(1525). The 
decay pattern rules out the possibility that the scalar resonances 
are states with a dominant ss̄ component.

Pseudoscalar mesons are different: the isoscalar mesons are 
better approximated by SU(3) singlet and octet configurations. 
Pseudoscalar mesons have both, 1/

√
2(uū +dd̄) and ss̄ components 

as evidenced by the comparable rates for J/ψ → ηω, ηφ, η′ω, η′φ.
In view of these arguments and the interference pattern dis-

cussed above, we make a very simple assumption: we assume that 
the upper states in Table 2 all have large SU(3)-singlet components, 
while the lower states have large octet components. For the two 
lowest-mass mesons, f0(500) and f0(980), Oller [73] determined 
the mixing angle to be small, (19±5)◦: f0(500) is dominantly 
SU(3) singlet, f0(980) mainly octet.

We choose f0(1500) as reference state and plot a (M2, n)
trajectory with M2

n = 1.4832 + n a GeV2, n = −1, 0, 1, · · · , where 
a = 1.08 is the slope of the trajectory. States close to this trajec-
tory are assumed to be mainly SU(3) octet states. In instanton-
induced interactions, the separation in mass square of scalar sin-
glet and octet mesons is the same as the one for pseudoscalar 
mesons, but reversed [74]. Hence we calculate a second trajectory 
m2

n = 1.4832 + m2
η − m2

η′ + n a GeV2, n = −1, 0, 1, · · · . The low-
mass singlet mesons are considerably wider than their octet part-
ners. With increasing mass, the width of singlet mesons becomes 
smaller (except for f0(2020)), those of octet mesons increase (ex-
cept for f0(2330)).

Figure 3 shows (M2, n) trajectories for “mainly-octet” and 
“mainly-singlet” resonances. The agreement is not perfect but 
astonishing for a two-parameter prediction. The interpretation 
neglects singlet-octet mixing; there could be tetraquark, meson-
meson or glueball components that can depend on n; final-state 
interactions are neglected; close-by states with the same decay 
modes repel each other. There is certainly a sufficient number of 
reasons that may distort the scalar-meson mass spectrum. In spite 
of this, the mass of none of the observed states is incompatible 
with the linear trajectory by more than its half-width.

Now we comment on the φω decay mode. The prominent 
peak in Fig. 1d is ascribed to f0(1770) → φω decays. The BESIII 
Collaboration interpreted the reaction as doubly OZI suppressed 
decay [22]. We assume that all scalar mesons have a tetraquark 
component as suggested by Jaffe [4] for the light scalar meson-
nonet: the price in energy to excite a qq̄ pair to orbital angular 
momentum L = 1 (to 3 P0) is similar to the energy required to 
create a new qq̄ pair with all four quarks in the S-state. Thus, a 
tetraquark component in scalar mesons should not be surprising. 
The tetraquark component may decay to two mesons by rearrange-
ment of color; thus a small tetraquark component could have a 
significant impact on the decays. The φ and ω are orthogonal in 
SU(3), thus f0(1770) must have a large octet component. The φω
decay is assigned to the 1√

6
(2uūdd̄ − uūss̄ − dd̄ss̄) component that 

can easily disintegrate into φω. Scalar SU(3) singlet mesons might 
have a 1√

3
(uūdd̄ + uūss̄ + dd̄ss̄) component but their coupling to 

φω is small since these two mesons cannot come from a pure 
SU(3) singlet state. The φ and ω are orthogonal in SU(3), thus 
f0(1770) must have a large octet component.

5. Multiparticle decays

Scalar mesons may also decay into multi-meson final states. 
This fraction is determined here as missing intensity in the mass 
range where data on ππ elastic scattering are available. The re-
sults are also given in Table 3 and compared to earlier deter-
minations. The reaction J/ψ → γπ+π−π+π− has been stud-
ied in Refs. [23,24]. The partial wave analyses determined σσ as 
main decay mode of the scalar mesons. Then, the yields seen in 
2π+2π− need to be multiplied by 9/4 to get the full four-pion 
yield. These estimated yields for J/ψ → γ 4π are given in Table 3
by small numbers. Assuming different decay modes (like those 
reported in Table III in [33]) leads to small changes only in the 
four-pion yields. The ωω yield, determined in J/ψ → γωω [25], 
is unexpectedly large and inconsistent with the small ρ0ρ0 yield.

The missing intensity of f0(1370) reported here is not incon-
sistent with the branching ratio found in radiative decays J/ψ →
γπ+π−π+π− but contradicts the findings from p̄N annihilation 
into five pions and from central production of four pions. This dis-
crepancy can only be resolved by analyzing data on J/ψ → γ 4π
and p̄N annihilation in a coupled-channel analysis. The inclusion 
of both data sets seems to be of particular importance.

First analyses of the reactions J/ψ → γρρ and J/ψ → γωω
[75,76] revealed only small scalar contributions. A few scalar 
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1. Introduction

Scalar mesons – mesons with the quantum numbers of the 
vacuum – are most fascinating objects in the field of strong inter-
actions. The lowest-mass scalar meson f0(500), traditionally often 
called σ , reflects the symmetry breaking of strong interactions and 
plays the role of the Higgs particle in quantum chromodynam-
ics (QCD) [1,2]. The f0(500) is accompanied by further low-mass 
scalar mesons filling a nonet of particles with spin J = 0 and par-
ity P = +1: The three charge states a0(980), the four K ∗

0 (700), 
and the two isoscalar mesons f0(980), f0(500) are supposed to 
be dynamically generated from meson-meson interactions [3]. Al-
ternatively - or complementary - these mesons are interpreted as 
four-quark or tetraquark states [4].

The continued quest for scalar isoscalar mesons at higher 
masses is driven by a prediction – phrased for the first time 
nearly 50 years ago [5,6] – that QCD allows for the existence of 
quark-less particles called glueballs. Their existence is a direct con-
sequence of the nonabelian nature of QCD and of confinement. 
However, the strength of the strong interaction in the confinement 
region forbids analytical solutions of full QCD. First quantitative es-
timates of glueball masses were given in a bag model [7]. Closer 
to QCD are calculations on a lattice. In quenched approximation, 
i.e. when qq̄ loops are neglected, the lowest-mass glueball is pre-
dicted to have scalar quantum numbers, and to have a mass in 
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E-mail address: klempt@hiskp.uni-bonn.de (E. Klempt).

the 1500 to 1800 MeV range [8–10]; unquenching lattice QCD pre-
dicts a scalar glueball at (1795 ± 60) MeV [11]. Exploiting a QCD 
Hamiltonian in Coulomb gauge generating an instantaneous in-
teraction, Szczepaniak and Swanson [12] calculate the low-lying 
glueball masses with no free parameters. The scalar glueball of 
lowest mass is found at 1980 MeV. Huber, Fischer and Sanchis-
Alepuz [13] calculate the glueball spectrum using a parameter-
free fully self-contained truncation of Dyson-Schwinger and Bethe-
Salpeter equations and determine the lowest-mass scalar glueball 
to (1850 ± 130) MeV. In gravitational (string) theories – an ana-
lytic approach to QCD – glueballs are predicted as well [14] at 
1920 MeV. Glueballs are predicted consistently within a variety of 
approaches to QCD. They seem to be a safe prediction.

Scalar glueballs are embedded into the spectrum of scalar 
isoscalar mesons. These have isospin I = 0, positive G-parity (de-
caying into an even number of pions), their total spin J van-
ishes, their parity P and their C-parity are positive: (IG) J P C =
(0+)0++ . Scalar glueballs have the same quantum numbers as 
scalar isoscalar mesons and may mix with them. In quark models, 
mesons are described as bound states of a quark and an anti-
quark. Their quantum numbers are often defined in spectroscopic 
notation by the orbital angular momentum of the quark and the 
antiquark L, the total quark spin S , and the total angular momen-
tum J . Scalar mesons have 2S+1 L J = 3P0.

Experimentally, the scalar glueball was searched for intensively 
but no generally accepted view has emerged. The most promising 
reaction to search for glueballs is radiative decays of J/ψ . In this 
process, the dominant contribution to direct photon production is 

https://doi.org/10.1016/j.physletb.2021.136227
0370-2693/ 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.

Physics Letters B 816 (2021) 136227

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Scalar isoscalar mesons and the scalar glueball from radiative J/ψ
decays

A.V. Sarantsev a,b, I. Denisenko c, U. Thoma a, E. Klempt a,∗

a Helmholtz–Institut für Strahlen– und Kernphysik, Universität Bonn, Germany
b NRC “Kurchatov Institute”, PNPI, Gatchina 188300, Russia
c Joint Institute for Nuclear Research, Joliot-Curie 6, 141980 Dubna, Moscow region, Russia

a r t i c l e i n f o a b s t r a c t

Article history:
Received 12 January 2021
Received in revised form 16 March 2021
Accepted 16 March 2021
Available online 26 March 2021
Editor: M. Doser

A coupled-channel analysis of BESIII data on radiative J/ψ decays into ππ , K K̄ , ηη and ωφ has been 
performed. The partial-wave amplitude is constrained by a large number of further data. The analysis 
finds ten isoscalar scalar mesons. Their masses, widths and decay modes are determined. The scalar 
mesons are interpreted as mainly SU(3)-singlet and mainly octet states. Octet isoscalar scalar states 
are observed with significant yields only in the 1500-2100 MeV mass region. Singlet scalar mesons are 
produced over a wide mass range but their yield peaks in the same mass region. The peak is interpreted 
as scalar glueball. Its mass and width are determined to M = 1865±25+10

−30 MeV and & = 370±50+30
−20 MeV, 

its yield in radiative J/ψ decays to (5.8 ± 1.0) 10−3.
 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Scalar mesons – mesons with the quantum numbers of the 
vacuum – are most fascinating objects in the field of strong inter-
actions. The lowest-mass scalar meson f0(500), traditionally often 
called σ , reflects the symmetry breaking of strong interactions and 
plays the role of the Higgs particle in quantum chromodynam-
ics (QCD) [1,2]. The f0(500) is accompanied by further low-mass 
scalar mesons filling a nonet of particles with spin J = 0 and par-
ity P = +1: The three charge states a0(980), the four K ∗

0 (700), 
and the two isoscalar mesons f0(980), f0(500) are supposed to 
be dynamically generated from meson-meson interactions [3]. Al-
ternatively - or complementary - these mesons are interpreted as 
four-quark or tetraquark states [4].

The continued quest for scalar isoscalar mesons at higher 
masses is driven by a prediction – phrased for the first time 
nearly 50 years ago [5,6] – that QCD allows for the existence of 
quark-less particles called glueballs. Their existence is a direct con-
sequence of the nonabelian nature of QCD and of confinement. 
However, the strength of the strong interaction in the confinement 
region forbids analytical solutions of full QCD. First quantitative es-
timates of glueball masses were given in a bag model [7]. Closer 
to QCD are calculations on a lattice. In quenched approximation, 
i.e. when qq̄ loops are neglected, the lowest-mass glueball is pre-
dicted to have scalar quantum numbers, and to have a mass in 
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the 1500 to 1800 MeV range [8–10]; unquenching lattice QCD pre-
dicts a scalar glueball at (1795 ± 60) MeV [11]. Exploiting a QCD 
Hamiltonian in Coulomb gauge generating an instantaneous in-
teraction, Szczepaniak and Swanson [12] calculate the low-lying 
glueball masses with no free parameters. The scalar glueball of 
lowest mass is found at 1980 MeV. Huber, Fischer and Sanchis-
Alepuz [13] calculate the glueball spectrum using a parameter-
free fully self-contained truncation of Dyson-Schwinger and Bethe-
Salpeter equations and determine the lowest-mass scalar glueball 
to (1850 ± 130) MeV. In gravitational (string) theories – an ana-
lytic approach to QCD – glueballs are predicted as well [14] at 
1920 MeV. Glueballs are predicted consistently within a variety of 
approaches to QCD. They seem to be a safe prediction.

Scalar glueballs are embedded into the spectrum of scalar 
isoscalar mesons. These have isospin I = 0, positive G-parity (de-
caying into an even number of pions), their total spin J van-
ishes, their parity P and their C-parity are positive: (IG) J P C =
(0+)0++ . Scalar glueballs have the same quantum numbers as 
scalar isoscalar mesons and may mix with them. In quark models, 
mesons are described as bound states of a quark and an anti-
quark. Their quantum numbers are often defined in spectroscopic 
notation by the orbital angular momentum of the quark and the 
antiquark L, the total quark spin S , and the total angular momen-
tum J . Scalar mesons have 2S+1 L J = 3P0.

Experimentally, the scalar glueball was searched for intensively 
but no generally accepted view has emerged. The most promising 
reaction to search for glueballs is radiative decays of J/ψ . In this 
process, the dominant contribution to direct photon production is 
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Fig. 4. Yield of radiatively produced scalar isoscalar octet mesons (open circles) and singlet (full squares) mesons. a) Yield for ππ , K K̄ , ηη, ηη′ , and φω decays. b) Yield 
when 4π decays and ωω are included.

The two states with the largest glueball component are f0(1770)
and f0(2020). The “mainly octet” f0(1770) acquires a glueball 
component (and is no longer “mainly octet”, only the qq̄ and 
tetraquarks components belong to the octet). We suggest their 
wave functions could contain a small qq̄ component (a qq̄ seed), a 
small tetraquark component as discussed above, and a large glue-
ball component. At the present statistical level, there seem to be 
no direct decays of the glueball to mesons; the two gluons form-
ing a glueball are seen only since the glueball mixes with scalar 
mesons. We observe no “extra” state.

8. Summary

Summarizing, we have performed a first coupled-channel analy-
sis of the S-wave partial-wave amplitudes for J/ψ radiative decays 
into ππ , K S K S , ηη, and φω decays. The fits were constrained by 
a large number of further data. The observed pattern of peaks and 
valleys in the ππ and K K̄ invariant mass distributions depends 
critically on the interference between neighboring states. We are 
convinced that only a coupled-channel analysis has the sensitivity 
to identify reliably the position of resonances.

Scalar mesons seem to show up as mainly-singlet and mainly-
octet states in SU(3). The masses of both, of singlet and octet 
states, are compatible with a linear (M2, n) behavior. Only the 
f0(500), mostly interpreted as dynamically generated ππ molecule, 
does not fall onto the trajectory. The ωφ decay mode of some 
scalar resonances suggests that these may have a tetraquark com-
ponent as it was suggested for the lowest-mass scalar-meson 
nonet by Jaffe 45 years ago. Thus, a simple picture of the scalar-
meson mass spectrum has emerged. The yield of scalar mesons in 
radiative J/ψ decays shows a significant structure that we propose 
to interpret as scalar glueball.

The BESIII Collaboration has recorded data with significantly 
improved quality and statistics. It seems very important to repeat 
this analysis with the full statistics and including all final states 
into which scalar mesons can decay.
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Exotic mesons can be distinguished from  
conventional mesons in at least four 
ways:

1.  unusual properties

e.g. 

2.  overpopulation

e.g. , 

3.  exotic flavor

e.g. , 

4.  exotic 
e.g. 

X(3872)

Y(4260) Y(4360)

Zc(3900) Zc(4020)

JPC

π1(1600)

major caveat:  an exotic hadron must also 
be a hadron (as opposed to a scattering

artifact, for example)

IVD.  Exotic Light Quark Mesons 
Light Quark Mesons:


glueballs


*  lightest is expected to have 

*  traditionally expected in   
      radiative decays


mesons with exotic 

*  expect hybrid mesons with  
       ( , )


*  perhaps produce these with photoproduction


*  (also expected in heavy quark systems)

JPC = 0++

J/ψ

JPC

JPC = 1−+ η1 π1

12

q̄q c̄c

J/ψ
gg

c

c̄

γ
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ε = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ε is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψε

LM(τ ),

I(τ ) =
∑

ε

∣∣∣∣
∑

L,M

Aε
LMψε

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aε
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψε
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ε = +1

cos MϕGJ for ε = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ε = +1. The fits require a weak 
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Fig. 3. Intensities of the L = 1–6, M = 1 and L = 2, M = 2 partial waves from the partial-wave analysis of the ηπ− data in mass bins of 40 MeV/c2 width. The light-coloured
part of the L = 4 intensity below 1.5 GeV/c2 is due to feedthrough from the L = 2 wave. The error bars correspond to a change of the log-likelihood by half a unit and do 
not include MC fluctuations which are on the order of 5%.

Here, N stands for the integrated Breit–Wigner intensities of the 
given decay branches. The errors given above are dominated by 
the systematic uncertainty, which is estimated by comparing fits 

with and without coherent backgrounds, a2(1700) or π1(1400). 
The masses and B2 agree with the PDG values [26]. The decay 
branching ratio B4 is extracted here for the first time.
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ε = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ε is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψε

LM(τ ),

I(τ ) =
∑

ε

∣∣∣∣
∑

L,M

Aε
LMψε

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aε
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψε
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ε = +1

cos MϕGJ for ε = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ε = +1. The fits require a weak 
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functions of s in the physical region. The DJðsÞ matrix
represents the ηð0Þπ → ηð0Þπ final state interactions, and
contains cuts on the real axis above thresholds (right-hand
cuts), which are constrained by unitarity.
For the numerator nJkðsÞ, we use an effective expansion

in Chebyshev polynomials. A customary parametrization
of the denominator is given by [52]

DJ
kiðsÞ ¼ ½KJðsÞ−1%ki −

s
π

Z
∞

sk
ds0

ρNJ
kiðs0Þ

s0ðs0 − s − iϵÞ
; ð2Þ

where sk is the threshold in channel k and

ρNJ
kiðs0Þ ¼ δki

λJþ1=2ðs0; m2
ηð0Þ
; m2

πÞ
ðs0 þ sLÞ2Jþ1þα ð3Þ

is an effective description of the left-hand singularities in
the ηð0Þπ → ηð0Þπ scattering, which is controlled by the sL
parameter fixed at the hadronic scale ≃1 GeV2. Finally,

KJ
kiðsÞ ¼

X

R

gJ;Rk gJ;Ri

m2
R − s

þ cJki þ dJkis; ð4Þ

with cJki ¼ cJik and dJki ¼ dJik, is a standard parametrization
for the K matrix. In our reference model, we consider two
K-matrix poles in the D wave, and one single K-matrix
pole in the Pwave; the numerator of each channel and wave
is described by a third-order polynomial. We set α ¼ 2 in

Eq. (3), which has been effective in describing the single-
channel case [40]. The remaining 37 parameters are fitted
to data, by performing a χ2 minimization with MINUIT [53].
As shown in Fig. 1, the result of the best fit is in good
agreement with data. In particular, a single K-matrix pole is
able to correctly describe the P-wave peaks in the two
channels, which are separated by 200 MeV. The shift of the
peak in the ηπ spectrum to lower energies originates from
the combination between final state interactions and the
production process. The uncertainties on the parameters are
estimated via the bootstrap method [54,55]: we generate a
large number of pseudo datasets and refit each one of them.
The (co)variance of the parameters provides an estimate of
their statistical uncertainties and correlations. The values
of the fitted parameters and their covariance matrix are
provided in the Supplemental Material [56]. The average
curve passes the Gaussian test in Ref. [57].
Once the parameters are determined, the amplitudes

can be analytically continued to complex values of s.
The DJðsÞ matrix in Eq. (2) can be continued underneath
the unitarity cut into the closest unphysical Riemann sheet.
A pole sP in the amplitude appears when the determinant
of DJðsPÞ vanishes. Poles close to the real axis influence
the physical region and can be identified as resonances,
whereas further singularities are likely to be artifacts of the
specific model with no direct physical interpretation. For
any practical parametrization, especially in a coupled-
channel problem, it is not possible to specify a priori
the number of poles. Appearance of spurious poles far from
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FIG. 1. Fits to the ηπ (upper line) and η0π (lower line) data from COMPASS [33]. The intensities of the P (left), D wave (center),
and their relative phase (right) are shown. The inset zooms into the region of the a02ð1700Þ. The solid line and green band show the
result of the fit and the 2σ confidence level provided by the bootstrap analysis, respectively. The initialization of the fit is chosen by
randomly generating Oð105Þ different sets of values for the parameters. The best fit has χ2=dof ¼ 162=122 ¼ 1.3. The errors shown
are statistical only.
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Mapping states with explicit gluonic degrees of freedom in the light sector is a challenge, and has led to
controversies in the past. In particular, the experiments have reported two different hybrid candidates with
spin-exotic signature, π1ð1400Þ and π1ð1600Þ, which couple separately to ηπ and η0π. This picture is not
compatible with recent Lattice QCD estimates for hybrid states, nor with most phenomenological models.
We consider the recent partial wave analysis of the ηð0Þπ system by the COMPASS Collaboration. We fit the
extracted intensities and phases with a coupled-channel amplitude that enforces the unitarity and analyticity
of the S matrix. We provide a robust extraction of a single exotic π1 resonant pole, with mass and width
1564# 24# 86 and 492# 54# 102 MeV, which couples to both ηð0Þπ channels. We find no evidence for
a second exotic state. We also provide the resonance parameters of the a2ð1320Þ and a02ð1700Þ.
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Introduction.—Explaining the structure of hadrons in
terms of quarks and gluons, the fundamental building
blocks of quantum chromodynamics (QCD), is of key
importance to our understanding of strong interactions. The
vast majority of observed mesons can be classified as qq̄
bound states, although QCD should have, in principle, a
much richer spectrum. Indeed, several experiments have
reported resonance candidates that do not fit the valence
quark model template [1,2], mainly in the heavy sector
[3–7]. These new experimental results, together with rapid
advances in lattice gauge computations, open new fronts in
studies of the fundamental aspects of QCD, such as quark
confinement and mass generation. Since gluons are the
mediators of the strong interaction, QCD dynamics cannot

be fully understood without addressing the role of gluons
in binding hadrons. The existence of states with explicit
excitations of the gluon field, commonly referred to as
hybrids, was postulated a long time ago [8–12], and has
recently been supported by lattice [13–15] and phenom-
enological QCD studies [16–19]. In particular, a state with
exotic quantum numbers JPCðIGÞ ¼ 1−þð1−Þ in the mass
range 1.7–1.9 GeV is generally expected. The experimental
determination of hybrid hadron properties—e.g., their
masses, widths, and decay patterns—provides a unique
opportunity for a systematic study of low-energy gluon
dynamics. This has motivated the COMPASS spectroscopy
program [20,21] and the 12 GeV upgrade of Jefferson Lab,
with experiments dedicated to hybrid photoproduction at
CLAS12 and GlueX [22,23].
The hunt for hybrid mesons is challenging, since the

spectrum of particles produced in high energy collisions is
dominated by nonexotic resonances. The extraction of
exotic signatures requires sophisticated partial-wave ampli-
tude analyses. In the past, inadequate model assumptions
and limited statistics resulted in debatable results. The first
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advances in lattice gauge computations, open new fronts in
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confinement and mass generation. Since gluons are the
mediators of the strong interaction, QCD dynamics cannot
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CLAS12 and GlueX [22,23].
The hunt for hybrid mesons is challenging, since the

spectrum of particles produced in high energy collisions is
dominated by nonexotic resonances. The extraction of
exotic signatures requires sophisticated partial-wave ampli-
tude analyses. In the past, inadequate model assumptions
and limited statistics resulted in debatable results. The first

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 122, 042002 (2019)

0031-9007=19=122(4)=042002(6) 042002-1 Published by the American Physical Society



IVA.  Exotic Meson Identification 

59

functions of s in the physical region. The DJðsÞ matrix
represents the ηð0Þπ → ηð0Þπ final state interactions, and
contains cuts on the real axis above thresholds (right-hand
cuts), which are constrained by unitarity.
For the numerator nJkðsÞ, we use an effective expansion

in Chebyshev polynomials. A customary parametrization
of the denominator is given by [52]

DJ
kiðsÞ ¼ ½KJðsÞ−1%ki −

s
π

Z
∞

sk
ds0

ρNJ
kiðs0Þ

s0ðs0 − s − iϵÞ
; ð2Þ

where sk is the threshold in channel k and

ρNJ
kiðs0Þ ¼ δki

λJþ1=2ðs0; m2
ηð0Þ
; m2

πÞ
ðs0 þ sLÞ2Jþ1þα ð3Þ

is an effective description of the left-hand singularities in
the ηð0Þπ → ηð0Þπ scattering, which is controlled by the sL
parameter fixed at the hadronic scale ≃1 GeV2. Finally,

KJ
kiðsÞ ¼

X

R

gJ;Rk gJ;Ri

m2
R − s

þ cJki þ dJkis; ð4Þ

with cJki ¼ cJik and dJki ¼ dJik, is a standard parametrization
for the K matrix. In our reference model, we consider two
K-matrix poles in the D wave, and one single K-matrix
pole in the Pwave; the numerator of each channel and wave
is described by a third-order polynomial. We set α ¼ 2 in

Eq. (3), which has been effective in describing the single-
channel case [40]. The remaining 37 parameters are fitted
to data, by performing a χ2 minimization with MINUIT [53].
As shown in Fig. 1, the result of the best fit is in good
agreement with data. In particular, a single K-matrix pole is
able to correctly describe the P-wave peaks in the two
channels, which are separated by 200 MeV. The shift of the
peak in the ηπ spectrum to lower energies originates from
the combination between final state interactions and the
production process. The uncertainties on the parameters are
estimated via the bootstrap method [54,55]: we generate a
large number of pseudo datasets and refit each one of them.
The (co)variance of the parameters provides an estimate of
their statistical uncertainties and correlations. The values
of the fitted parameters and their covariance matrix are
provided in the Supplemental Material [56]. The average
curve passes the Gaussian test in Ref. [57].
Once the parameters are determined, the amplitudes

can be analytically continued to complex values of s.
The DJðsÞ matrix in Eq. (2) can be continued underneath
the unitarity cut into the closest unphysical Riemann sheet.
A pole sP in the amplitude appears when the determinant
of DJðsPÞ vanishes. Poles close to the real axis influence
the physical region and can be identified as resonances,
whereas further singularities are likely to be artifacts of the
specific model with no direct physical interpretation. For
any practical parametrization, especially in a coupled-
channel problem, it is not possible to specify a priori
the number of poles. Appearance of spurious poles far from
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FIG. 1. Fits to the ηπ (upper line) and η0π (lower line) data from COMPASS [33]. The intensities of the P (left), D wave (center),
and their relative phase (right) are shown. The inset zooms into the region of the a02ð1700Þ. The solid line and green band show the
result of the fit and the 2σ confidence level provided by the bootstrap analysis, respectively. The initialization of the fit is chosen by
randomly generating Oð105Þ different sets of values for the parameters. The best fit has χ2=dof ¼ 162=122 ¼ 1.3. The errors shown
are statistical only.
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the physical region is thus unavoidable. It is, however,
possible to isolate the physical poles by testing their
stability against different parametrizations and data resam-
pling. We select the resonance poles in the m ∈ ½1; 2" and
Γ ∈ ½0; 1" GeV region, where customarilym ¼ Re

ffiffiffiffiffi
sP

p
and

Γ ¼ −2Im ffiffiffiffiffi
sP

p
. We find two poles in theDwave, identified

as the a2ð1320Þ and a02ð1700Þ, and a single pole in the P
wave, which we call π1. The pole positions are shown in
Fig. 2, and the resonance parameters in Table I. To estimate
the statistical significance of the π1 pole, we perform fits
using a pure background model for the P wave, i.e., setting
gP;1
ηð0Þπ

¼ 0 in Eq. (4). The best solution having no poles in

our reference region has a χ2 almost 50 times larger, which
rejects the possibility for the P-wave peaks to be generated
by nonresonant production. We also considered solutions
having two isolated P-wave poles in the reference region,
which would correspond to the scenario discussed in the
PDG [58]. The χ2 for this case is equivalent to the single
pole solution. One of the poles is compatible with the
previous determination, while the second is unstable; i.e., it
can appear in a large region of the s plane depending on the
initial values of the fit parameters. Moreover, the behavior
of the ηπ phase required by the fit is rather peculiar. A 180°
jump (due to a zero in the amplitude) appears above
1.8 GeV, where no data exist. We conclude there is no
evidence for a second pole.

Systematic uncertainties.—Unlike the COMPASS mass
independent fit, the pole extraction carries systematic
uncertainties associated with the reaction model. To assess
these, we vary the parameters and functional forms which
were kept fixed in the previous fits. We can separate these
in two categories: (i) variations of the numerator function
nJkðsÞ in Eq. (1), which is expected to be smooth in the
region of the data, and (ii) variations of the function ρNðs0Þ,
which determines the imaginary part of the denominator in
Eq. (2). As for the latter, we investigate whether the specific
form we chose biases the determination of the poles. Upon
variation of the parameters and of the functional forms, the
shape of the dispersive integral in Eq. (2) is altered, but the
fit quality is unaffected. The pole positions change roughly
within 2σ, as one can see in Fig. 2. As for the numerator
nJkðsÞ, we varied the effective value of teff and the order
of the polynomial expansion. Given the flexibility of the
numerator parametrization, these variations effectively
absorb the model dependence related to the production
mechanism. None of these cause important changes in
pole locations. Our final estimate for the uncertainties is
reported in Table I, while the detailed summary is given in
the Supplemental Material [56].
Conclusions.—We performed the first coupled-channel

analysis of the P andD waves in the ηð0Þπ system measured
at COMPASS [33]. We used an amplitude parametrization
constrained by unitarity and analyticity. We find two poles
in the D wave, which we identify as the a2ð1320Þ and the
a02ð1700Þ, with resonance parameters consistent with the
single-channel analysis [40]. In the P wave, we find a
single exotic π1 in the region constrained by data.
This determination is compatible with the existence of a
single isovector hybrid meson with quantum numbers
JPC ¼ 1−þ, as suggested by lattice QCD [13–15]. Its mass
and width are determined to be 1564' 24' 86 and
492' 54' 102 MeV, respectively. The statistical uncer-
tainties are estimated via the bootstrap technique, while the
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TABLE I. Resonance parameters. The first error is statistical,
the second systematic.

Poles Mass (MeV) Width (MeV)

a2ð1320Þ 1306.0' 0.8' 1.3 114.4' 1.6' 0.0
a02ð1700Þ 1722' 15' 67 247' 17' 63
π1 1564' 24' 86 492' 54' 102
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the physical region is thus unavoidable. It is, however,
possible to isolate the physical poles by testing their
stability against different parametrizations and data resam-
pling. We select the resonance poles in the m ∈ ½1; 2" and
Γ ∈ ½0; 1" GeV region, where customarilym ¼ Re

ffiffiffiffiffi
sP

p
and

Γ ¼ −2Im ffiffiffiffiffi
sP

p
. We find two poles in theDwave, identified

as the a2ð1320Þ and a02ð1700Þ, and a single pole in the P
wave, which we call π1. The pole positions are shown in
Fig. 2, and the resonance parameters in Table I. To estimate
the statistical significance of the π1 pole, we perform fits
using a pure background model for the P wave, i.e., setting
gP;1
ηð0Þπ

¼ 0 in Eq. (4). The best solution having no poles in

our reference region has a χ2 almost 50 times larger, which
rejects the possibility for the P-wave peaks to be generated
by nonresonant production. We also considered solutions
having two isolated P-wave poles in the reference region,
which would correspond to the scenario discussed in the
PDG [58]. The χ2 for this case is equivalent to the single
pole solution. One of the poles is compatible with the
previous determination, while the second is unstable; i.e., it
can appear in a large region of the s plane depending on the
initial values of the fit parameters. Moreover, the behavior
of the ηπ phase required by the fit is rather peculiar. A 180°
jump (due to a zero in the amplitude) appears above
1.8 GeV, where no data exist. We conclude there is no
evidence for a second pole.

Systematic uncertainties.—Unlike the COMPASS mass
independent fit, the pole extraction carries systematic
uncertainties associated with the reaction model. To assess
these, we vary the parameters and functional forms which
were kept fixed in the previous fits. We can separate these
in two categories: (i) variations of the numerator function
nJkðsÞ in Eq. (1), which is expected to be smooth in the
region of the data, and (ii) variations of the function ρNðs0Þ,
which determines the imaginary part of the denominator in
Eq. (2). As for the latter, we investigate whether the specific
form we chose biases the determination of the poles. Upon
variation of the parameters and of the functional forms, the
shape of the dispersive integral in Eq. (2) is altered, but the
fit quality is unaffected. The pole positions change roughly
within 2σ, as one can see in Fig. 2. As for the numerator
nJkðsÞ, we varied the effective value of teff and the order
of the polynomial expansion. Given the flexibility of the
numerator parametrization, these variations effectively
absorb the model dependence related to the production
mechanism. None of these cause important changes in
pole locations. Our final estimate for the uncertainties is
reported in Table I, while the detailed summary is given in
the Supplemental Material [56].
Conclusions.—We performed the first coupled-channel

analysis of the P andD waves in the ηð0Þπ system measured
at COMPASS [33]. We used an amplitude parametrization
constrained by unitarity and analyticity. We find two poles
in the D wave, which we identify as the a2ð1320Þ and the
a02ð1700Þ, with resonance parameters consistent with the
single-channel analysis [40]. In the P wave, we find a
single exotic π1 in the region constrained by data.
This determination is compatible with the existence of a
single isovector hybrid meson with quantum numbers
JPC ¼ 1−þ, as suggested by lattice QCD [13–15]. Its mass
and width are determined to be 1564' 24' 86 and
492' 54' 102 MeV, respectively. The statistical uncer-
tainties are estimated via the bootstrap technique, while the
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FIG. 2. Positions of the poles identified as the a2ð1320Þ, π1, and a02ð1700Þ. The inset shows the position of the a2ð1320Þ. The green
and yellow ellipses show the 1σ and 2σ confidence levels, respectively. The gray ellipses in the background show, within 2σ, variation of
the pole position upon changing the functional form and the parameters of the model, as discussed in the text.

TABLE I. Resonance parameters. The first error is statistical,
the second systematic.

Poles Mass (MeV) Width (MeV)

a2ð1320Þ 1306.0' 0.8' 1.3 114.4' 1.6' 0.0
a02ð1700Þ 1722' 15' 67 247' 17' 63
π1 1564' 24' 86 492' 54' 102
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Mapping states with explicit gluonic degrees of freedom in the light sector is a challenge, and has led to
controversies in the past. In particular, the experiments have reported two different hybrid candidates with
spin-exotic signature, π1ð1400Þ and π1ð1600Þ, which couple separately to ηπ and η0π. This picture is not
compatible with recent Lattice QCD estimates for hybrid states, nor with most phenomenological models.
We consider the recent partial wave analysis of the ηð0Þπ system by the COMPASS Collaboration. We fit the
extracted intensities and phases with a coupled-channel amplitude that enforces the unitarity and analyticity
of the S matrix. We provide a robust extraction of a single exotic π1 resonant pole, with mass and width
1564# 24# 86 and 492# 54# 102 MeV, which couples to both ηð0Þπ channels. We find no evidence for
a second exotic state. We also provide the resonance parameters of the a2ð1320Þ and a02ð1700Þ.
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Introduction.—Explaining the structure of hadrons in
terms of quarks and gluons, the fundamental building
blocks of quantum chromodynamics (QCD), is of key
importance to our understanding of strong interactions. The
vast majority of observed mesons can be classified as qq̄
bound states, although QCD should have, in principle, a
much richer spectrum. Indeed, several experiments have
reported resonance candidates that do not fit the valence
quark model template [1,2], mainly in the heavy sector
[3–7]. These new experimental results, together with rapid
advances in lattice gauge computations, open new fronts in
studies of the fundamental aspects of QCD, such as quark
confinement and mass generation. Since gluons are the
mediators of the strong interaction, QCD dynamics cannot

be fully understood without addressing the role of gluons
in binding hadrons. The existence of states with explicit
excitations of the gluon field, commonly referred to as
hybrids, was postulated a long time ago [8–12], and has
recently been supported by lattice [13–15] and phenom-
enological QCD studies [16–19]. In particular, a state with
exotic quantum numbers JPCðIGÞ ¼ 1−þð1−Þ in the mass
range 1.7–1.9 GeV is generally expected. The experimental
determination of hybrid hadron properties—e.g., their
masses, widths, and decay patterns—provides a unique
opportunity for a systematic study of low-energy gluon
dynamics. This has motivated the COMPASS spectroscopy
program [20,21] and the 12 GeV upgrade of Jefferson Lab,
with experiments dedicated to hybrid photoproduction at
CLAS12 and GlueX [22,23].
The hunt for hybrid mesons is challenging, since the

spectrum of particles produced in high energy collisions is
dominated by nonexotic resonances. The extraction of
exotic signatures requires sophisticated partial-wave ampli-
tude analyses. In the past, inadequate model assumptions
and limited statistics resulted in debatable results. The first
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Exotic mesons can be distinguished from  
conventional mesons in at least four 
ways:

1.  unusual properties

e.g. 

2.  overpopulation

e.g. , 

3.  exotic flavor

e.g. , 

4.  exotic 
e.g. 
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Charmonium

major caveat:  an exotic hadron must also 
be a hadron (as opposed to a scattering

artifact, for example)

This talk:  charmonium, bottomonium, light quark mesons.

IVA.  Exotic Meson Identification 
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Exotic mesons (and baryons) can offer  
new insight into quark and gluon 
interactions.


Many exotic meson candidates exist 
and many more are being discovered.


The field is active, but there are 
currently very few firm conclusions. 
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