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QCD properties—color confinement

Only color neutral objects can be observed:

Mesons:
qq̄, qqq̄q̄(tetraquark), qqqq̄q̄q̄ (baryonium),. . . GG, GGG,. . . (glueball)

Now many candidates for non-qq̄ configuration:

Examples:

π1(1400)
X (3872)

Z (′)±
c (3900)

Y (4260)
· · ·

JPC = 1−+

JPC = 1++

JPC = 1+−

JPC = 1−−

· · ·

exotic quantum number
lower than the χc1(2P) in QM
charged state but decay to QQ̄
not seen both in R-value measurement
and open-charmed decay channels

Baryons:
qqq, qqqqq̄ (penta-quark), . . .

Examples: Λ(1405) JP = 1
2
−

lower than other excited 1
2
−

baryons . . .
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Advantages of the heavy quark system

mQ � ΛQCD → physics at the mQ scale is perturbative
Heavy quark limit→ spin symmetry & flavor symmetry

To the leading order,

LQCD = h̄v iv · Dhv +O(ΛQCD/mQ)

No Dirac matrix:

→ spin symmetry,
→sQ and light degrees of freedom conserved individually

→spin doublet: sl = 1
2
−

(D,D∗), sl = 3
2

+
(D1,D2)

→mD∗ −mD ∼ ΛQCD, mD2 −mD1 ∼ ΛQCD

No heavy quark mass:

→ flavor symmetry

Heavy system is expected to be easier!
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Rich experimental data

More states than simple QM predictions!

PDG 2014
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Explanations of the XYZ statesProposals
Tetraquark

→ Compact object formed from (Qq) and (Q̄q̄)

Hybrid

→ Compact with active gluons and Q̄Q

Hadro-Quarkonium

→ Compact (Q̄Q) surrounded by light quarks

Glueball

→ Compact object just made off gluons

Hadronic-Molecule

→ Extended object made of (Q̄q) and (Qq̄)

Are there hadronic molecules amongst the XYZ states? – p. 8/24

Tetraquark
⇒ Compact object formed from Qq and Q̄q̄

L. Maiani et al., PRD89(2014)114010, L. Maiani et al., PRD87(2013)111102,. . .

Hadro-Quarkonium
⇒ Compact QQ̄ embedded in light quarks

M.B. Voloshin, Prog.Part.Nucl.Phys.61(2008)455, S. Dubynskiy et al., PLB666(2008)344,. . .

Molecule
⇒ Extended object made of Qq̄ and Q̄q

N. A. Tö rnqvist, PLB590(2004)209, C.E. Thomas, PRD78(2008)034007, . . .

Threshold effects
Bugg, PLB598(2004)8; Chen et al, PRD84(2011)094003;Swanson PRD91(2015)034009,. . .

Dynamics? Or kinematics?
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Not simple threshold effects

Zc(3900): Y (4260)→ π∓(J/ψπ±), π∓(DD̄∗)±

BESIII, Belle, Xiao et al(2013)
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FIG. 3: One dimensional projections of theM(π+J/ψ), M(π−J/ψ), andM(π+π−) invariant mass distributions ine+e− → π+π−J/ψ
for data in theJ/ψ signal region (dots with error bars), data in theJ/ψ sideband region (shaded histograms), and MC simulation results from
σ(500), f0(980) and non-resonantπ+π− amplitudes (red dot-dashed histograms). The pink blank histograms show a MC simulation of the
Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to theMmax(π
±J/ψ) distribution as described in the

text. Dots with error bars are data; the red solid curve showsthe total
fit, and the blue dotted curve the background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalizedJ/ψ sideband
events.

between the MC and measured mass resolutions of theJ/ψ
andD0 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 systematic
error is 4.9 MeV/c2 for mass, 20 MeV for width and 7.5% for
the production ratio.

In Summary, we have studiede+e− → π+π−J/ψ at a
CM energy of 4.26 GeV. The cross section is measured to
be (62.9 ± 1.9 ± 3.7) pb, which agrees with the existing re-
sults from the BaBar [5], Belle [3], and CLEO [4] experi-
ments. In addition, a structure with a mass of(3899.0± 3.6±
4.9) MeV/c2 and a width of(46± 10± 20)MeV is observed
in theπ±J/ψ mass spectrum. This structure couples to char-
monium and has an electric charge, which is suggestive of a
state containing more quarks than just a charm and anti-charm

quark. Similar studies were performed inB decays, with un-
confirmed structures reported in theπ±ψ(3686) andπ±χc1
systems [23–26]. It is also noted that model-dependent calcu-
lations exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmoniumlike
structures, and there were model predictions of charmonium-
like structures near theDD̄∗ andD∗D̄∗ thresholds [27].
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tion from MC-simulated e+e− → π−D+D̄∗0 three-body
phase-space events. Here, also, the π−D+-tagged event
sample that is used to study π−D+D̄∗0 includes some
cross feed from the π−Zc(3885)+, Zc(3885)+ → D̄0D∗+

signal channel, where the D+ used for tagging is a decay
product of the D∗+. The dashed histogram is from MC-
simulated e+e− → π−Zc(3885)+, Zc(3885)+ → D̄0D∗+,
D∗+ → π0D+ events.
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FIG. 1. The πD recoil mass distribution for the π+D0- (left)
and π−D+-tagged (right) events. Points with errors are data, the
hatched histogram shows the events from the D mass sidebands.
The solid and dashed histograms are described in the text.

We apply a two-constraint kinematic fit to the selected
events, where we constrain the invariant mass of the D0

(D+) candidate tracks to be equal to mD0 (mD+) and
the mass recoiling from the π+D0 (π−D+) to be equal
to mD∗− (mD̄∗0). If there is more than one bachelor pion
candidate in an event, we retain the one with the small-
est χ2 from the kinematic fit. Events with χ2 < 30 are
selected for further analysis. For the π+D0-tag analysis,
we require M(π+D0) > 2.02 GeV to reject the events
of the type e+e− → D∗+D∗−, D∗+ → π+D0. The left
(right) panel of Fig. 2 shows the distribution of D0D∗−

(D+D̄∗0) invariant masses recoiling from the bachelor
pion for the π+D0 (π−D+) tagged events. The two dis-
tributions are similar and both have a distinct peak near
the mD + mD̄∗ mass threshold. For cross-feed events,
the reconstructed D meson is not in fact recoiling from
a D̄∗ and the efficiency for satisfying these selection re-
quirements decreases with increasing DD̄∗ mass. Studies
with phase-space MC event samples show that this ac-
ceptance variation is not sufficient to produce a peaking
structure.
To characterize the observed enhancement and de-

termine the signal yield, we fit the histograms in
the left and right panels of Fig. 2 using a mass-
dependent-width Breit-Wigner (BW) lineshape to model
the signal and smooth threshold functions to repre-
sent the non-peaking background. For the signal,
we use dN/dmDD̄∗ ∝ (k∗)2ℓ+1|BWZc(mDD̄∗)|2, where
k∗ is the Zc momentum in the e+e− rest frame, ℓ
is the π-Zc relative orbital angular momentum and

BWZc(mDD̄∗) ∝
√
mDD̄∗ΓZc

m2
Zc

−m2
DD̄∗−imZcΓZc

. Here ΓZc =

Γ0(q
∗/q0)2L+1(mZc/mDD̄∗), where q∗(mDD̄∗) is the D

momentum in the Zc(3885) rest frame, q0 = q∗(mZc)

and L is the D-D̄∗ orbital angular momentum. In the
default fits, we set ℓ = 0, L = 0 and leave mZc and
Γ0 as free parameters. We multiply the BW by a poly-
nomial determined from a fit to the MC-determined
mass-dependent efficiency to form the signal probabil-
ity density function (PDF). Mass resolution effects are
less than 1 MeV/c2 and, thus, ignored. For the non-
peaking background for the M(DD̄∗) distribution, we
use: fbkg(mDD̄∗) ∝ (mDD̄∗ −Mmin)

c(Mmax −mDD̄∗)d,
where Mmin and Mmax are the minimum and maximum
kinematically allowed masses, respectively. The expo-
nents c and d are free parameters determined from the
fits to the data.
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FIG. 2. The M(D0D∗−) (left) and M(D+D̄∗0) (right) distribu-
tions for selected events. The curves are described in the text.

The results of the fits are shown as solid curves in
Fig. 2. The dashed curves show the fitted non-resonant
background. The fitted BW masses and widths from the
π+D0 (π−D+) tagged sample are 3889.2 ± 1.8 MeV/c2

and 28.1 ± 4.1 MeV (3891.8 ± 1.8 MeV/c2 and 27.8 ±
3.9 MeV), where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent and may differ from the actual reso-
nance properties [27], we solve for P =Mpole − iΓpole/2,
the position in the complex (M,Γ) plane where the BW
denominator is zero, and use Mpole and Γpole to charac-
terize the mass and width of the Zc(3885) peak. Table I
lists the pole masses and widths for the π+D0 and π−D+

tagged samples.

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

Tag Mpole(MeV/c2) Γpole(MeV) Zc signal (evts) χ2/ndf

π+D0 3882.3 ± 1.5 24.6± 3.3 502 ± 41 54/54

π−D+ 3885.5 ± 1.5 24.9± 3.2 710 ± 54 60/54

Monte Carlo studies of possible sources of peaking
backgrounds in the DD̄∗ mass distribution show that
processes of the type e+e− → DD̄X , D̄X → D̄∗π, would
produce a near-threshold reflection peak in the DD̄∗

mass distribution, where DX denotes a D∗π resonance
with mass near the upper kinematic boundary. This
boundary,

√
s − mD, is 30 MeV/c2 below the mass of

the lightest established D∗π resonance, the D1(2420),

Observed in elastic & inelastic channels

Narrow pronounced structure near-threshold

The same origin→ pole of the S-matrix
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Not simple threshold effects

Argument I: Perturbative input→ non-perturbative output

11th, November, 2014 Q. Wang         QWG 2014 24
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Argument II: Perturbative requirement→ no pronounced peak in elastic
channels

Narrow pronounced
Near-threshold
Elastic channel

F.K. Guo, C. Hanhart, QW, Q. Zhao, PRD91(2015)051504
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Disentangle different models from the spectrum

Tetraquark
Compact diquark-antidiquark bound systems
Straightforward extension of the quark model
Spin-spin interaction within these diquark systems

Proposals
Tetraquark

→ Compact object formed from (Qq) and (Q̄q̄)

Hybrid

→ Compact with active gluons and Q̄Q

Hadro-Quarkonium

→ Compact (Q̄Q) surrounded by light quarks

Glueball

→ Compact object just made off gluons

Hadronic-Molecule

→ Extended object made of (Q̄q) and (Qq̄)

Are there hadronic molecules amongst the XYZ states? – p. 8/24

M = M00 + Bc
L2

2
− 2aL · S + 2κcq[(sq · sc) + (sq̄ · sc̄)]

→ κcq > κcc̄ & κcq > κqq̄

→ Degenerate isospin singlet and isospin triplet (ρ & ω )

→ Parameters are fixed from the experimental data (positive)

→ Mass will decrease with the growing J

L. Maiani, et. al., PRD89(2014)114010, A. Esposito, et. al., Int.J. Mod.Phys. A30, 1530002, M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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→ Compact object just made off gluons

Hadronic-Molecule

→ Extended object made of (Q̄q) and (Qq̄)

Are there hadronic molecules amongst the XYZ states? – p. 8/24

M = M00 + Bc
L(L + 1)

2
+ a[L(L + 1) + S(S + 1)− J(J + 1)]

+ κcq[s(s + 1) + s̄(s̄ + 1)− 3]

→ κcq > κcc̄ & κcq > κqq̄

→ Degenerate isospin singlet and isospin triplet (ρ & ω )

→ Parameters are fixed from the experimental data (positive)

→ Mass will decrease with the growing J

L. Maiani, et. al., PRD89(2014)114010, A. Esposito, et. al., Int.J. Mod.Phys. A30, 1530002, M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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Disentangle different models from the spectrum

Tetraquark

Deviation from the existing data

9/24 S-wave tetraquark,
4/56 P-wave tetraquark

Two 0−+ states

Y (4360) and Y (4660) excitations
of Y (4008) and Y (4260)

Lower 3−− tetraquark

Exotic quantum numbers:
0−− and 1−+

L. Maiani, et. al., PRD89(2014)114010, A. Esposito, et. al., Int.J. Mod.Phys. A30, 1530002, M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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Disentangle different models from the spectrum

Hadro-quarkonium
Observed in charmonium plus some pions,
Y (4260)→ J/ψππ, Y (4360)→ ψ′ππ

A compact heavy quarkonium embedded in a light cloud
Y (4260)→ hcππ @ BESIII
Hadro-charmonium mixing by including HQSS breaking

Hadro-charmonium basis

ψ1 ∼ (1+−)cc̄ ⊗ (0−+)qq̄ , ψ3 ∼ (1−−)cc̄ ⊗ (0++)qq̄

→ Heavy core hc & ψ′, (ψ1, ψ3)
R(θ)−−−→ (Y (4260),Y (4360))

Mass (
mY (4260) 0

0 mY (4360)

)
= R(θ)

(
mψ1 m13
m13 mψ3

)
R(θ)T

M.B. Voloshin, Prog.Part.Nucl.Phys.61(2008)455, S. Dubynskiy et. al., PLB666(2008)344,

X.Li and M.B. Voloshin, Mod.Phys.Lett. A29(2014)1450060, M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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Disentangle different models from the spectrum

Hadro-quarkonium ψ′ → η′c & hc → χcJ

M1× E1 transition between color neutral heavy core and light cloud

ηc(4140) and ηc(4320): B± → K±η(′)
c π+π−

ηc(4310) and ηc(4350): e+e− → γχc1(χc2)π+π−

M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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Disentangle different models from the spectrum

Hadronic Molecules

Extended object made of two hadrons or more

Examples:
X (3872) : DD∗, Zc(3900) : DD∗,Y (4260) : D1D

Bound state can only be formed by narrow states

→ Examples: 1
2 + 1

2 and 1
2 + 3

2 , with (D,D∗) ∼ 1
2 , (D1,D2) ∼ 3

2

If the long-range pion exchange potential plays a crucial role, then either
isoscalar or isovector state may exist, but not both of them

〈II3|~τ(1) · ~τ(2)|II3〉 = 2
[
I(I + 1)− 3

2

]
=

{
1 (I = 1)

−3 (I = 0)

M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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Disentangle different models from the spectrum

Hadronic Molecules 1
2 + 1

2

Pion-exchange long range
potential

V1++ = V2++ to the leading order

Without dynamic analysis

Relevant thresholds for fixed
quantum numbers

X (3872) isosinglet 1++

→ isosinglet 2++

Zc(3900) & Zc(4020) isotriplet
→ no isosinglet 1+−

No diagonal pion transition for
DD(0++)

J.Nieves, et. al., PRD86(2012)056004, F.K.Guo, et. al., PRD88(2013)054007, M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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Disentangle different models from the spectrum

Hadronic Molecules 1
2 + 3

2

Three 1−±, 2−± channels

Lowest state of 1−± near D1D

0−+ near D1D∗ ↔ higher than
Y (4260) compared to
hadro-charmonium

3/2

g τ(1)

g1 τ(2)

π

1/2

3/2

1/2

1/2

g2 τ(1)

g2 τ(2)

π

1/2

3/2

3/2

t-channel and u-channel

Unkown coupling g1

Isoscalar 0−−& 3−+

Isovector 0−+& 3−−

3−− is much higher than that in
tetraquark picture

QW, C. Hanhart, Q. Zhao, PRL111(2013)132003, QW, PRD89(2014)114013, M. Cleven et. al., arXiv: 1505.01771[hep-ph]
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Some impacts on the baryon physics

Tetraquark: Qq diquark configuration→ Qq + Q in double
charmed baryon? Or QQ + q ?

Λ(1405): K̄ N molecule? Or conventional excited baryon ?

· · ·
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Summary

A pronounced, narrow near-threshold peak in the elastic channel cannot
be produced by purely kinematic perturbative effects

Heavy quark spin symmetry helps us to disentangle the spectra for the
XYZ states in different scenarios

→ one 0−+ near D1D∗ (4.43 GeV) threshold in molecular picture; two
0−+ states, i.e. 4.14 GeV and 4.32 GeV in hadro-charmonium picture

→ the masses of J = 3 in molecular scenario is much higher than those
in tetraquark scenario

Searching exotic quantum number states is another method to
disentangle them, such as 0−−, 1−+, 3−+

Thank you very much!
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