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I. Introduction: proliferation of charmonium-like states

• Since 2004 there has been a steep increase in mostly hidden-charm
states listed by the PDG, starting with X(3872) now designated
χc1(3872).

• Charged charmonium-like states appeared in the PDG in 2010 and
charged bottomonium like states in 2012.

• In the 2018 PDG edition a state with possibly exotic JPC = 0−−

called Rc0(4240) has been included.

• Several states changed their masses and names over the years,
and a few states even disappeared.

• The interpretation of several “XYZ” states is hotly disputed, rang-
ing from tetraquarks, via hadronic molecules, to non-resonant en-
hancements due to triangle singularities. For a short review, see
e.g. X. Liu, D.-Y. Chen, and T. Matsuki, JPS Conf. Proc. 17
(2017) 111004.

• χc1(3872) maintains its unique position of a very well determined
charmonium-like state just below or even on top of its lowest OZI-
allowed hadronic decay mode.



Charmonium

2002:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) psi(3836) psi(4040)
psi(4160) psi(4415)

2004:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) psi(3836) X(3872)
psi(4040) psi(4160) psi(4415)

2006:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) (psi(3836)) X(3872)
chi(c2)(2P) X(3940) psi(4040) psi(4160) Y(4260) psi(4415)

2008:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) X(3872)
chi(c2)(2P) X(3940) X(3945) psi(4040) psi(4160) X(4260)
X(4360) psi(4415)



2010:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) X(3872)
chi(c2)(2P) X(3940) X(3945) psi(4040) X(4050)+- X(4140)
psi(4160) X(4160) X(4250)+- X(4260) X(4350) X(4360)
psi(4415) X(4430)+- X(4660)

2012:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) X(3872) X(3915)
chi(c2)(2P) X(3940) (X(3945)) psi(4040) X(4050)+-
X(4140) psi(4160) X(4160) X(4250)+- X(4260) X(4350)
X(4360) psi(4415) X(4430)+- X(4660)

2014:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) X(3823) X(3872)
X(3900)+- X(3900)0 X(3915) chi(c0)(2P) chi(c2)(2P)
X(3940) X(4020)+- psi(4040) X(4050)+- X(4140) psi(4160)
X(4160) X(4250)+- X(4260) X(4350) X(4360) psi(4415)
X(4430)+- X(4660)



2016:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) psi(3823) X(3872)
X(3900)+- (X(3900)0) X(3915) (chi(c0)(2P)) chi(c2)(2P)
X(3940) X(4020)+- psi(4040) X(4050)+- X(4055)+-
X(4140) psi(4160) X(4160) X(4200)+- X(4230) X(4240)+-
X(4250)+- X(4260) X(4350) X(4360) psi(4415) X(4430)+-
X(4660)

2018:
eta(c)(1S) J/psi(1S) chi(c0)(1P) chi(c1)(1P) h(c)(1P)
chi(c2)(1P) eta(c)(2S) psi(2S) psi(3770) psi(2)(3823)
chi(c0)(3860) chi(c1)(3872) Z(c)(3900) X(3915)
chi(c2)(3930) X(3940) X(4020)+- psi(4040) X(4050)+-
X(4055)+- chi(c1)(4140) psi(4160) X(4160) Z(c)(4200)
psi(4230) R(c0)(4240) X(4250)+- psi(4260) chi(c1)(4274)
X(4350) psi(4360) psi(4390) psi(4415) Z(c)(4430)
chi(c0)(4500) psi(4660) chi(c0)(4700)



Bottomonium

2002:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) chi(b2)(1P)
Upsilon(2S) chi(b0)(2P) chi(b1)(2P) chi(b2)(2P)
Upsilon(3S) Upsilon(4S) Upsilon(10860) Upsilon(11020)

2004:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) chi(b2)(1P)
Upsilon(2S) chi(b0)(2P) chi(b1)(2P) chi(b2)(2P)
Upsilon(3S) Upsilon(4S) Upsilon(10860) Upsilon(11020)

2006:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) chi(b2)(1P)
Upsilon(2S) Upsilon(1D) chi(b0)(2P) chi(b1)(2P)
chi(b2)(2P) Upsilon(3S) Upsilon(4S) Upsilon(10860)
Upsilon(11020)

2008:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) chi(b2)(1P)
Upsilon(2S) Upsilon(1D) chi(b0)(2P) chi(b1)(2P)
chi(b2)(2P) Upsilon(3S) Upsilon(4S) Upsilon(10860)
Upsilon(11020)



2010:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) chi(b2)(1P)
Upsilon(2S) Upsilon(1D) chi(b0)(2P) chi(b1)(2P)
chi(b2)(2P) Upsilon(3S) Upsilon(4S) Upsilon(10860)
Upsilon(11020)

2012:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) h(b)(1P)
chi(b2)(1P) Upsilon(2S) Upsilon(1D) chi(b0)(2P)
chi(b1)(2P) h(b)(2P) chi(b2)(2P) Upsilon(3S) chi(b)(3P)
Upsilon(4S) X(10610)+- X(10650)+- Upsilon(10860)
Upsilon(11020)

2014:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) h(b)(1P)
chi(b2)(1P) eta(b)(2S) Upsilon(2S) Upsilon(1D) chi(b0)(2P)
chi(b1)(2P) h(b)(2P) chi(b2)(2P) Upsilon(3S) chi(b)(3P)
Upsilon(4S) X(10610)+- X(10610)0 X(10650)+-
Upsilon(10860) Upsilon(11020)



2016:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) h(b)(1P)
chi(b2)(1P) eta(b)(2S) Upsilon(2S) Upsilon(1D) chi(b0)(2P)
chi(b1)(2P) h(b)(2P) chi(b2)(2P) Upsilon(3S) chi(b)(3P)
Upsilon(4S) X(10610)+- X(10610)0 X(10650)+-
Upsilon(10860) Upsilon(11020)

2018:
eta(b)(1S) Upsilon(1S) chi(b0)(1P) chi(b1)(1P) h(b)(1P)
chi(b2)(1P) eta(b)(2S) Upsilon(2S) Upsilon(2)(1D)
chi(b0)(2P) chi(b1)(2P) h(b)(2P) chi(b2)(2P) Upsilon(3S)
chi(b)(3P) Upsilon(4S) Z(b)(10610) Z(b)(10650)
Upsilon(10860) Upsilon(11020)



II. Why χc1(3872) is so unique

• PDG-2018 average mass: mχc1(3872) = 3871.69 ± 0.17 MeV.

Average D0D̄?0 threshold: mD0D̄?0 = 3871.696 ± 0.08 MeV.

• This mass difference has been shrinking over the years and is now
probably smaller than the D?0 width.

• The other hadronic decay modes ωJ/ψ and ρ0J/ψ are both
OZI-suppressed, the latter also isospin-breaking. Therefore, the
χc1(3872) width is very small.

• The quantum numbers IGJPC = 0+1++ have been firmly estab-
lished.

• For many purposes, χc1(3872) can be treated as a (quasi-)bound
state, allowing very detailed model calculations.

• Future experiments (e.g. PANDA) will be able to pin down
χc1(3872)’s properties with unprecedented precision, such as
electromagnetic transitions.

• χc1(3872) is an ideal laboratory for both experimentalists and
theorists to improve their methods of analysis.



Wave function of χc1(3872) as a unitarised 2 3P1 cc̄ state

M. Cardoso, G. Rupp, and E. van Beveren
Eur. Phys. J. C 75 (2015) 26 [arXiv:1411.1654 [hep-ph]]
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χc1(3872) as an intrinsic or a dynamical unitarised 2 3P1 cc̄ state

S. Coito, G. Rupp, and E. van Beveren
Eur. Phys. J. C 73 (2013) 2351 [arXiv:1212.0648 [hep-ph]]
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We perform a lattice study of charmonium-like mesons with JPC ¼ 1þþ and three quark contents

c̄cd̄u, c̄cðūuþ d̄dÞ and c̄cs̄s, where the later two can mix with c̄c. This simulation with Nf ¼ 2 and

mπ ≃ 266 MeV aims at the possible signatures of four-quark exotic states. We utilize a large basis of c̄c,

two-meson and diquark-antidiquark interpolating fields, with diquarks in both antitriplet and sextet color

representations. A lattice candidate for Xð3872Þ with I ¼ 0 is observed very close to the experimental state

only if both c̄c and DD̄� interpolators are included; the candidate is not found if diquark-antidiquark and

DD̄� are used in the absence of c̄c. No candidate for neutral or charged Xð3872Þ, or any other exotic

candidates are found in the I ¼ 1 channel. We also do not find signatures of exotic c̄cs̄s candidates below

4.2 GeV, such as Yð4140Þ. Possible physics and methodology related reasons for that are discussed. Along

the way, we present the diquark-antidiquark operators as linear combinations of the two-meson operators

via the Fierz transformations.

DOI: 10.1103/PhysRevD.92.034501 PACS numbers: 12.38.Gc, 14.40.Pq, 14.40.Rt

I. INTRODUCTION

The experimental discovery of charged resonances

Zcð3900Þ
þ [1] and Zð4430Þ� [2,3] gives signatures for

hadrons with minimal quark content c̄cd̄u. The neutral

Xð3872Þ and yet-unconfirmed Yð4140Þ with charge parity

C ¼ þ1 also appear to have significant four-quark Fock

components. Most of the observed exotic states have

JP ¼ 1þ. The JP for some has not been settled exper-

imentally and JP ¼ 1þ presents one possible option.

In this paper, we perform a lattice investigation of the

charmonium spectrum, looking for charmonium-like states

with quantumnumbers JPC ¼ 1þþ and three quark contents:

c̄cd̄u, c̄cðūuþ d̄dÞ and c̄cs̄s, where the later two channels

have I ¼ 0 and can mix with c̄c (C indicates C-parity of

neutral isospin partners for charged states).Ourmain interest

in these channels is aimed at a first-principle study of

Xð3872Þ and Yð4140Þ, which were observed in Xð3872Þ →
J=ψρ; J=ψω; DD̄� and Yð4140Þ → J=ψϕ, for example.

From the experimental side, the long known exotic

candidate Xð3872Þ [4] is confirmed to have JPC ¼ 1þþ

[5]. However, questions about its isospin remain unsettled.

If it has isospin I ¼ 1, one expects charged partners.

Observation of a nearly equal branching fraction for

Xð3872Þ→ J=ψω and Xð3872Þ → J=ψρ decays [6] and

searches for charged partner Xð3872Þ states decaying to

J=ψρ� [7] speak against a pure I ¼ 1 state. There are a few

other candidates with C ¼ þ1 that could possibly have

JPC ¼ 1þþ like Xð3940Þ [8], Zð4050Þ� [3] and Zð4250Þ�

[3]. A detailed review on these can be found in Ref. [9].

The growing evidence for the Yð4140Þ resonance in the

J=ψϕ invariant mass [10] serves as a promising signature

for exotic hadrons with hidden strangeness. Similarities in

the properties of Xð3930Þ and Yð4140Þ led to an interpre-

tation that Xð3930Þ may be a D�D̄� molecule and Yð4140Þ
is its hidden strange counterpart D�

sD
�
s molecule [11].

However, the upper limit for the production of Yð4140Þ
in γγ → J=ψϕ is observed to be much lower than theoretical

expectations for aD�
sD

�
s molecule with JPC ¼ 0þþ and 2þþ

[12]. Hence the quantum numbers of Yð4140Þ stay unsettled
and it remains open for a JPC ¼ 1þþ assignment.

From a theoretical perspective, the description of such

resonances is not settled. Several suggestions have been

made interpreting them as mesonic molecules [13], as

diquark-antidiquark structures [14], as a cusp phenomena

[15] or as a jcc̄gi hybrid meson [16]. A great deal of

theoretical studies are based on phenomenological

approaches like quark model, (unitarized) effective field

theory and QCD sum rules (see reviews [9]).

It is paramount to establish whether QCD supports the

existence of resonances with exotic character using first

principles techniques such as lattice QCD. Simulations that

considered only c̄c interpolators could not provide evidence

for Xð3872Þ. The first evidence from a lattice simulation for

Xð3872Þ with I ¼ 0 was reported in Ref. [17], where a

*
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. . . “In the physical world with Nc = 3, it is argued that
tetraquarks could exist at subleading orders [46] of large
Nc QCD. However, in the presence of the leading order
two-meson terms, one should take caution in interpreting
the nature of the levels purely based on their overlap
factors onto various four-quark interpolators.” . . .



binding energy in the present paper is larger due to the

larger interpolator basis. These results are in agreement

with a possible interpretation of X(3872), where its proper-

ties are due to the accidental alignment of a c̄c state with

the D0D̄�0 threshold [49,50], but we cannot rule out other

options.

With regard to the other experimentally observed char-

monia-like states [e.g. Xð3940Þ], which could appear in

this channel, we do not find any candidate in addition to

the expected two-meson scattering levels. We also do not

find candidates for other c̄c states with JPC ¼ 1þþ [e.g.

χ1cðnPÞ] in the region between the DD̄� threshold

and 4.2 GeV.

B. I ¼ 1 channel with flavor c̄cd̄u

A careful analysis of this isospin channel is crucial due to

the large branching ratio for the decay Xð3872Þ→ J=ψρ
and current experimental interests in search of a charged

Xð3872Þ. With no disconnected diagrams allowed in the

light quark propagation, the correlation matrix is con-

structed purely of four-quark interpolators and connected

Wick contractions in Fig. 1(a).

The spectrum of eigenstates is shown in Fig. 3(b), where

all energies are close to noninteracting energy levels. All

the eigenstates have a dominant overlap with the two-

meson interpolators. The spectrum shows very little influ-

ence on the inclusion of ½c̄ q̄�Ḡ½cq�G, which is evident from

Fig. 3(b). Given that all the levels below 4.2 GeV can be

attributed to the expected two-meson scattering states, we

conclude that our lattice simulation gives no evidence for

Zcð4050Þ
þ and Zcð4250Þ

þ.

Our results also do not support charged or neutral

Xð3872Þ with I ¼ 1. There is no experimental indication

for charged X, while the neutral X does have a large decay

rate to I ¼ 1 final state J=ψρ0. One popular phenomeno-

logical explanation for this decay is that Xð3872Þ has I ¼ 0

and the isospin is broken in the decay mechanism (due to

the DþD̄�− vs D0D̄�0 mass difference) [50,51]. According

to another explanation, X is a linear combination of I ¼ 0

and I ¼ 1 components, where the I ¼ 1 component van-

ishes in the isospin limit [52]. Our simulation is performed

in the isospin limit mu ¼ md, so it is perhaps not surprising

that X with I ¼ 1 is not observed. Future simulations with

nondegenerate u=d quarks would be very welcome for this

channel.

As pointed out in Sec. II, ρ in J=ψρ is treated as stable,

although ρð1Þ is kinematically close to the decay channel

πð1Þπð0Þ. In the absence of a simulation of a three-meson

system, it is disputable what “noninteracting” energy

should be taken for the ρð1Þ. An estimate from the diagonal

correlator ρð1Þ leads to noninteracting energy roughly

65 MeV below the eigenstate energy, which is identified

to have a dominant overlap with the J=ψð1Þρð−1Þ inter-

polator. However, taking the resonance position [26] brings

the noninteracting level in agreement with the measured

eigenenergy.

C. I ¼ 0 channel with flavor c̄cs̄s and c̄c

Our goal in simulating this channel is to search for a

possible presence of the Yð4140Þ resonance, which was

found in J=ψϕ scattering in several experiments [10]. Our

lattice simulation of J=ψϕ scattering takes into account the

annihilation of the valence strange quarks and thereby the

mixing with c̄c flavor content.

With no strange quark effects in the sea, the study of this

channel is based on the following assumptions. We con-

struct a basis with only c̄c and four-quark operators (OMM,

O4q) with valence hidden strange content for this analysis.

We assume that these interpolators have negligible cou-

pling to two-meson states with flavor content c̄cðūuþ d̄dÞ.
In other words, we assume that two-meson states like DD̄�

and J=ψω will not appear in the spectrum based on the

chosen interpolators. The resulting spectrum in this channel

confirms this assumption. We point out that Yð4140Þ has
been experimentally observed only in the J=ψϕ final state

with valence strange content, but it has not been observed

inDD̄� and J=ψω final states. Although this ensemble does

not have strange quarks in the sea, we assume that the

valence strange content could uncover hints on the exist-

ence of the charm-strange exotics, if they exists.

Spectra in this channel are shown in Fig. 4. We identify

the lowest two states, represented by squares, to be χc1ð1PÞ
and the level related to Xð3872Þ. The remaining four states

are identified with the expected DsD̄
�
s and J=ψϕ scattering

levels. Thus in the energy region below 4.2 GeV, we find no

levels that could be related to Yð4140Þ or any other exotic

structure. Note that the existence of Yð4140Þ is not yet

finally settled from experiment, and its quantum numbers,

except for C ¼ þ1, are unknown. Therefore it is possible

that its absence in our simulation is related to the fact that

we explored the channel JP ¼ 1þ only.

D. Discussion

The only exotic charmonium-like state found in our

simulation is a Xð3872Þ candidate with JPC ¼ 1þþ and

TABLE III. Mass of Xð3872Þ with respect to ms:a: and the

D0D̄
�
0
threshold. Our estimates are from the correlated fits to

the corresponding eigenvalues using single exponential fit form

with and without diquark-antidiquark operators. Results from

previous lattice QCD simulations [17,18] and experiment are also

presented.

Xð3872Þ mX −ms:a: mX −mD0
−mD�

0

Lat. 816(15) −8ð15Þ
Lat.−O4q 815(8) −9ð8Þ
LQCD [17] 815(7) −11ð7Þ
LQCD [18] � � � −13ð6Þ
Experiment 803(1) −0.11ð21Þ

M. PADMANATH, C. B. LANG, AND S. PRELOVSEK PHYSICAL REVIEW D 92, 034501 (2015)
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. . . “These results are in agreement with a possible
interpretation of X(3872), where its properties are due
to the accidental alignment of a cc̄ state with the D0D̄?0

threshold [49,50], but we cannot rule out other options.”
. . .



ψ(4260) decay modes in the PDG-2018 Meson Listings

M. Tanabashi al. (Particle Data Group)
Phys. Rev. D 98 (2018) 030001

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

1 From a three-resonance fit.
2 From a two-resonance fit.
3 From a single-resonance fit. Supersedes AUBERT,B 05I.
4 From a three-resonance fit.
5 From a combined fit of BELLE, BABAR and BES3 e+ e− → π+π− J/ψ and e+ e− →
π+π−ψ(2S) data.

6 Superseded by LIU 13B.
7 From a single-resonance fit. Two interfering resonances are not excluded. Superseded
by LEES 12AC.

ψ(4260) DECAY MODESψ(4260) DECAY MODESψ(4260) DECAY MODESψ(4260) DECAY MODES

Mode Fraction (Γi /Γ)

Γ1 e+ e−

Γ2 J/ψπ+π− seen

Γ3 J/ψ f0(980), f0(980) → π+π− seen

Γ4 Zc(3900)
±π∓, Z±

c → J/ψπ± seen

Γ5 J/ψπ0π0 seen

Γ6 J/ψK+K− seen

Γ7 J/ψK0
S K

0
S not seen

Γ8 J/ψη not seen

Γ9 J/ψπ0 not seen

Γ10 J/ψη′ not seen

Γ11 J/ψπ+π−π0 not seen

Γ12 J/ψηπ0 not seen

Γ13 J/ψηη not seen

Γ14 ψ(2S)π+π− not seen

Γ15 ψ(2S)η not seen

Γ16 χc0ω not seen

Γ17 χc1π
+π−π0 not seen

Γ18 χc2π
+π−π0 not seen

Γ19 hc (1P)π
+π− not seen

Γ20 φπ+π− not seen

Γ21 φ f0(980) → φπ+π− not seen

Γ22 DD not seen

Γ23 D0D0 not seen

Γ24 D+D− not seen

Γ25 D∗D+c.c. not seen

Γ26 D∗(2007)0D0+c.c. not seen

Γ27 D∗(2010)+D−+c.c. not seen

Γ28 D∗D∗ not seen

Γ29 D∗(2007)0D∗(2007)0 not seen

Γ30 D∗(2010)+D∗(2010)− not seen

Γ31 DD π+c.c.

HTTP://PDG.LBL.GOV Page 3 Created: 6/5/2018 19:00
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Γ32 D0D−π++c.c. (excl.
D∗(2007)0D∗0 +c.c.,
D∗(2010)+D− +c.c.)

not seen

Γ33 DD∗π+c.c. (excl. D∗D∗) not seen

Γ34 D0D∗−π++c.c. (excl.
D∗(2010)+D∗(2010)−)

not seen

Γ35 D0D∗(2010)−π++c.c. not seen

Γ36 D∗D∗π not seen

Γ37 D+
s D−

s not seen

Γ38 D∗+
s D−

s +c.c. not seen

Γ39 D∗+
s D∗−

s not seen

Γ40 pp not seen

Γ41 ppπ0 not seen

Γ42 K0
S K

±π∓ not seen

Γ43 K+K−π0 not seen

Radiative decaysRadiative decaysRadiative decaysRadiative decays

Γ44 ηc (1S)γ possibly seen

Γ45 χc1γ not seen

Γ46 χc2γ not seen

Γ47 χc1(3872)γ seen

ψ(4260) Γ(i)× Γ(e+ e−)/Γ(total)ψ(4260) Γ(i)× Γ(e+ e−)/Γ(total)ψ(4260) Γ(i)× Γ(e+ e−)/Γ(total)ψ(4260) Γ(i)× Γ(e+ e−)/Γ(total)

Γ
(
J/ψπ+π−

)
× Γ

(
e+ e−

)
/Γtotal Γ2Γ1/ΓΓ

(
J/ψπ+π−

)
× Γ

(
e+ e−

)
/Γtotal Γ2Γ1/ΓΓ

(
J/ψπ+π−

)
× Γ

(
e+ e−

)
/Γtotal Γ2Γ1/ΓΓ

(
J/ψπ+π−

)
× Γ

(
e+ e−

)
/Γtotal Γ2Γ1/Γ

VALUE (eV) EVTS DOCUMENT ID TECN COMMENT

9.2±1.0 OUR AVERAGE9.2±1.0 OUR AVERAGE9.2±1.0 OUR AVERAGE9.2±1.0 OUR AVERAGE

9.2±0.8±0.7 1 LEES 12AC BABR 10.58 e+ e− → γπ+π− J/ψ

8.9+3.9
−3.1±1.8 8.1 HE 06B CLEO 9.4–10.6 e+ e− → γπ+π− J/ψ

• • • We do not use the following data for averages, fits, limits, etc. • • •
6.4±0.8±0.6 2 LIU 13B BELL e+ e− → γπ+π− J/ψ

20.5±1.4±2.0 3 LIU 13B BELL e+ e− → γπ+π− J/ψ

6.0±1.2+4.7
−0.5

2,4 YUAN 07 BELL 10.58 e+ e− → γπ+π− J/ψ

20.6±2.3+9.1
−1.7

3,4 YUAN 07 BELL 10.58 e+ e− → γπ+π− J/ψ

5.5±1.0+0.8
−0.7 125 5 AUBERT,B 05I BABR 10.58 e+ e− → γπ+π− J/ψ

1 From a single-resonance fit. Supersedes AUBERT,B 05I.
2 Solution I of two equivalent solutions in a fit using two interfering resonances.
3 Solution II of two equivalent solutions in a fit using two interfering resonances.
4 Superseded by LIU 13B.
5 From a single-resonance fit. Two interfering resonances are not excluded. Superseded
by LEES 12AC.
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ψ(4260) as a non-resonant cc̄ structure from inelasticities

E. van Beveren, G. Rupp, and J. Segovia
Phys. Rev. Lett. 105 (2010) 102001 [arXiv:1005.1010 [hep-ph]]

Depletion by open-charm decays
of the X(4260) signal

in π+π- J/ψ

By threshold enhancements:
DD, DD*, DsDs, D*D*, DsDs*, Ds*Ds*, ΛcΛc.

By cc resonances: ψ(3S), ψ(2D), ψ(4S), ψ(3D).

  - data from BaBar, Phys. Rev. Lett. 95, 142001 (2005)
  - figure from Evb, GR, JS, Phys. Rev. Lett. 105, 102001 (2010)



ψ(4660) as a ΛcΛ̄c threshold enhancement in BABAR data
E. van Beveren, X. Liu, R. Coimbra, and G. Rupp
Europhys. Lett. 85 (2009) 61002 [arXiv:0809.1151 [hep-ph]]
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Alternative vector bb̄ spectrum from threshold enhancements

E. van Beveren and G. Rupp, arXiv:0910.0967 [hep-ph]
Also see: EvB & GR, Phys. Rev. D 80 (2009) 074001
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IV. Conclusions

• A modern lattice calculation seems to confirm χc1(3872) as an
axial-vector charmonium state with a sizeable D0D̄?0 component.
Both cc̄ and D0D̄?0 turn out to be crucial for its existence, in
contrast with a largely negligible diquark-antidiquark component.

• As the (putative) χb1(3P) state lies way below the BB̄? thresh-
old, the χc1(3872) case appears to be unique as a lucky accident.

• The large unitarisation effects found for χc1(3872) should be a
warning to model builders who treat new charmonium-like and
bottomonium-like states as static tetraquarks or molecules.

• Experimentalists should be very careful in trying to distinguish
between genuine resonance and possible non-resonant threshold
effects. They should also not make assignments of new heavy
quarkonium states above open-charm/bottom threshold based on
predictions of static quark models.

• In my opinion, the PDG people should be more selective in in-
cluding new charmonium-like states in the listings, lest the heavy-
quarkonium panorama become increasingly confusing.




