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Quarkonium physics below threshold
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FIG. 2 Transitions among bb̄ levels. There are also numerous electric dipole transitions S ↔ P ↔ D

(not shown). Red (dark) arrows denote objects of recent searches.

of JPC are shown at the bottom of each figure. States are often denoted by 2S+1[L]J , with

[L] = S, P, D, . . .. Thus, L = 0 states can be 1S0 or 3S1; L = 1 states can be 1P1 or 3P0,1,2;

L = 2 states can be 1D2 or 3D1,2,3, and so on. The radial quantum number is denoted by n.

III. THEORETICAL UNDERPINNINGS

A. Quarks and potential models

An approximate picture of quarkonium states may be obtained by describing them as

bound by an interquark force whose short-distance behavior is approximately Coulombic

(with an appropriate logarithmic modification of coupling strength to account for asymptotic

freedom) and whose long-distance behavior is linear to account for quark confinement. An

example of this approach is found in Eichten et al. (1975, 1976, 1978, 1980); early reviews

may be found in Appelquist et al. (1978); Grosse and Martin (1980); Novikov et al. (1978);

Quigg and Rosner (1979). Radford and Repko (2007) presents more recent results.
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FIG. 1 Known charmonium states and candidates, with selected decay modes and transitions. Red

(dark) arrows denote recent observations.

to charmonium and Section V to the bb̄ levels and includes a brief mention of interpolation

to the bc̄ system. Section VI summarizes.

II. OVERVIEW OF QUARKONIUM LEVELS

Since the discovery of the J/ψ more than thirty years ago, information on quarkonium

levels has grown to the point that more is known about the cc̄ and bb̄ systems than about

their namesake positronium, the bound state of an electron and a positron. The present

status of charmonium (cc̄) levels is shown in Fig. 1, while that of bottomonium (bb̄) levels

is shown in Fig. 2. The best-established states are summarized in Tables I and II.

The levels are labeled by S, P , D, corresponding to relative orbital angular momentum

L = 0, 1, 2 between quark and antiquark. (No candidates for L ≥ 3 states have been

seen yet.) The spin of the quark and antiquark can couple to either S = 0 (spin-singlet)

or S = 1 (spin-triplet) states. The parity of a quark-antiquark state with orbital angular

momentum L is P = (−1)L+1; the charge-conjugation eigenvalue is C = (−1)L+S. Values
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• Qualitative predictions of QCD inspired potential models reproduce                                            
the spectrum and EM transitions well
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Quarkonium physics below threshold
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Low lying charmonium levels 

Glasgow 1411.1318 
Continuum limit, 
Physical quark masses 

Regensburg 1503.08440 
No continuum limit 
 

Reasonably well understood 

C. DeTar, Lepton-Photon 2015

• Now superseded by lattice calculations for the spectrum
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Hadronic Transitions 

• Below threshold the QCD multipole expansion works 
well to describe the hadronic transitions.  

• The transition rates are small. 

• Heavy-quark symmetry (HQS)  dictates that the leading 
transitions do not flip the spin of the heavy quarks (as 
with the usual EM transitions in non-relativistic systems 
E1, M1, E2, …).

• Isospin breaking is suppressed. 

• But detailed results rely on a specific  
phenomenological model of  Kuang-Yan.

• A few puzzles remain.
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for these and other transitions within the context of
the Kuang-Yan model can be found in the review of
Kuang [521].

A summary of all experimentally observed hadronic
transitions and their corresponding theoretical expecta-
tions within the Kuang-Yan (KY) model is presented in
Table 36. The experimental partial widths are deter-
mined from the measured branching fractions and total
width of the initial state. If the total width is not well-
measured, the theoretically-expected width is used, as
indicated. The theory expectations are adjusted using
the current experimental inputs to rescale the model pa-
rameters |C1| and |C2| in Eq. (135) and |C3| in Eq. (136).

The multipole expansion works well for transitions of
heavy QQ̄ states below threshold [81]. Within the spe-
cific KY model a fairly good description of the rates for
the two-pion transitions is observed. The partial width
�(⌥(3S) ! ⌥(1S)⇡+⇡�) was predicted to be suppressed
due to cancellations between the various QCS interme-
diate states [517], allowing nonleading terms, O(v2), to
contribute significantly. The non-S-wave behavior of the
m⇡+⇡� dependence in ⌥(3S) decays, also observed in the
⌥(4S) ! ⌥(2S)⇡+⇡� transitions, may well reflect this
influence of higher-order terms. Other possibilities are
discussed in Sect. 3.3.11. For single light-hadron transi-
tions some puzzles remain. For example, the ratio

�(⌥(2S) ! ⌘⌥(1S))

�( (2S) ! ⌘J/ (1S))
(137)

is much smaller than expected from theory (see
Sect. 3.3.6).

The situation is more complicated for above-threshold,
strong open-flavor decays. The issues are manifest for
⌥(5S) two-pion transitions to ⌥(nS) (n = 1, 2, 3). First,
states above threshold do not have sizes that are small
compared to the QCD scale (e.g.,

phr2i⌥(5S) = 1.2 fm),
making the whole QCDME approach less reliable. Sec-
ond, even within the KY model, the QCS intermediate
states are no longer far away from the initial-state mass.
Thus the energy denominator, Ei � EKL in Eq. (134),
can be small, leading to large enhancements in the tran-
sition rates that are sensitive to the exact position of the
intermediate states [528]. This is the reason for the large
theory widths seen in Table 36. Third, a number of new
states (see Sects. 2.3) that do not fit into the conventional
QQ̄ spectra have been observed, implying additional de-
grees of freedom appearing in the QCD spectrum beyond
naive-quark-model counting. Hence the physical quarko-
nium states have open-flavor meson-pair contributions
and possible hybrid (QQ̄g) or tetraquark contributions.
The e↵ect of such terms on hadronic transitions is not
yet understood [531]. A possibly-related puzzle is the
strikingly-large ratio

R⌘[⌥(4S)] ⌘ �(⌥(4S) ! ⌥(1S) ⌘)

�(⌥(4S) ! ⌥(1S)⇡+⇡�)
⇡ 2.5 . (138)

This ratio is over a hundred times larger than one would
expect within the KY model, which is particularly sur-

TABLE 36: Partial widths for observed hadronic transitions.
Experimental results are from PDG08 [18] unless otherwise
noted. Partial widths determined from known branching frac-
tions and total widths. Quoted values assume total widths
of �tot(�b2(2P )) = 138 ± 19 keV [523], �tot(�b1(2P )) =
96 ± 16 keV [523], �tot(⌥(13D2)) = 28.5 keV [524, 525] and
�tot(⌥(5S)) = 43 ± 4 MeV [36]. Only the charged dipion
transitions are shown here, but the corresponding measured
⇡0⇡0 rates, where they exist, are consistent with a parent
state of I = 0. Theoretical results are given using the Kuang
and Yan (KY) model [517, 521, 526]. Current experimental
inputs were used to rescale the parameters in the theory par-
tial rates. (|C1| = 10.2 ± 0.2 ⇥ 10�3, C2/C1 = 1.75 ± 0.14,
C3/C1 = 0.78± 0.02 for the Cornell case)

Transition �partial (keV) �partial (keV)

(Experiment) (KY Model)

 (2S)

! J/ + ⇡+⇡� 102.3± 3.4 input (|C1|)
! J/ + ⌘ 10.0± 0.4 input (C3/C1)
! J/ + ⇡0 0.411± 0.030 [446] 0.64 [522]
! hc(1P ) + ⇡0 0.26± 0.05 [47] 0.12-0.40 [527]

 (3770)

! J/ + ⇡+⇡� 52.7± 7.9 input (C2/C1)
! J/ + ⌘ 24± 11

 (3S)
! J/ + ⇡+⇡� < 320 (90% CL)

⌥(2S)

! ⌥(1S) + ⇡+⇡� 5.79± 0.49 8.7 [528]
! ⌥(1S) + ⌘ (6.7± 2.4)⇥ 10�3 0.025 [521]

⌥(13D2)

! ⌥(1S) + ⇡+⇡� 0.188± 0.046 [63] 0.07 [529]

�b1(2P )

! �b1(1P ) + ⇡+⇡� 0.83± 0.33 [523] 0.54 [530]
! ⌥(1S) + ! 1.56± 0.46

�b2(2P )

! �b2(1P ) + ⇡+⇡� 0.83± 0.31 [523] 0.54 [530]
! ⌥(1S) + ! 1.52± 0.49

⌥(3S)

! ⌥(1S) + ⇡+⇡� 0.894± 0.084 1.85 [528]
! ⌥(1S) + ⌘ < 3.7⇥ 10�3 0.012 [521]
! ⌥(2S) + ⇡+⇡� 0.498± 0.065 0.86 [528]

⌥(4S)

! ⌥(1S) + ⇡+⇡� 1.64± 0.25 4.1 [528]
! ⌥(1S) + ⌘ 4.02± 0.54
! ⌥(2S) + ⇡+⇡� 1.76± 0.34 1.4 [528]

⌥(5S)

! ⌥(1S) + ⇡+⇡� 228± 33
! ⌥(1S) +K+K� 26.2± 8.1
! ⌥(2S) + ⇡+⇡� 335± 64
! ⌥(3S) + ⇡+⇡� 206± 80

N. Brambilla, et al.,Eur.Phys.J. C71 (2011) 1534
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Basics of the QCDME 

• QCD multipole expansion (QCDME) in a nutshell

– Analogous to the QED multipole expansion with gluons replacing photons.

– color singlet physical states means lowest order terms involve two gluon emission.                   
So lowest multipoles E1 E1, E1 M1, E1 E2, ....

– factorize the heavy quark and light quark dynamics

– assume a model for the heavy quarkonium states Φi, Φf and a model for the intermediate 
states |KL> hybrid states.

– use chiral effective lagrangians to parameterize the light hadronic system.

10 May 15, 2010: Quarkonia Decays

Many authors contributed to the early development of
QCDME approach[101–103], but Yan[104] was the first to
present a gauge invariant formulation within QCD. For
a heavy QQ̄ bound state, a dressed (constituent) quark
(⌥̃(x, t)) is defined as

⌥̃(x, t) ⌅ U�1(x, t)⌥(x) (11)

where ⌥(x) is the usual quark field and U is defined as a
path ordered exponential along a straight line path from
X ⌅ (x1 + x2)/2 (the c.o.m. coordinate of Q and Q̄) to x,

U(x, t) = P exp
⌅
igs

� x

X
A(x⇥, t) · dx⇥

⇧
(12)

For gluon fields the color indices have been suppressed.
The dressed gluon field (Ã(x, t)) is defined by

Ãµ(x, t) ⌅ U�1(x, t)Aµ(x)U(x, t)� i

gs
U�1(x, t)�µU(x, t).

(13)
Now we can make the QCD multipole expansion in pow-
ers of (x�X) ·⌦ operating on the gluon field in exact
analogy with QED:

Ã0(x, t) = A0(X, t)� (x�X) ·E(X, t) + · · · ,

Ã(X, t) = �1
2
(x�X)⇤B(X, t) + · · · , (14)

where E and B are color-electric and color-magnetic fields,
respectively. The resulting Hamiltonian for a heavy QQ̄
system is then [104]

He�
QCD = H(0)

QCD + H(1)
QCD + H(2)

QCD, (15)

with H(0)
QCD taken as the zeroth order Hamiltonian even

though it does not represent free fields but the sum of the
kinetic and potential energies of the heavy quarks; and

H(1)
QCD ⌅ QaAa

0(X, t), (16)

where Qa the color charge of QQ̄ system (zero for color
singlets); and finally

H(2)
QCD ⌅ �da ·Ea(X, t)�ma ·Ba(X, t) + · · · , (17)

is treated perturbatively. di
a = gE

⌃
d3x⌥̃†(x�X)ita⌥̃

and mi
a = gM/2

⌃
d3x⌥̃†⌅ijk(x�X)j⇥kta⌥̃ are the color-

electric dipole moment (E1) and the color-magnetic dipole
moment (M1) of the QQ̄ system, respectively. Higher or-
der terms (not shown) give rise to higher order electric
(E2, E3, ...) and magnetic moments. (M2, ...)

Because H(2)
QCD in Eq. 17 couples color singlet to octet

QQ̄ states. The transitions between eigenstates |i� and |f�
of H(0)

QCD is at least second order in H(2)
QCD. The leading

order term is given by:
�
f
⇤⇤H2

1

Ei �H(0)
QCD + i�0 �H1

H2

⇤⇤i
⇥

= (18)

⌥

KL

�
f
⇤⇤H2

⇤⇤KL
⇥ 1
Ei � EKL

�
KL
⇤⇤H2

⇤⇤i
⇥
,

where the sum KL is over a complete set of color octet
QQ̄ states |KL� with associated energy EKL. Finally con-
nection is made to the physical hadronic transitions Eq.
10 by assuming a factorization of the heavy quark inter-
actions and the production of light hadrons. For example
the leading order E1-E1 transition the amplitude is:

M(�i ⇧ �f + h) = (19)

1
24

⌥

KL

�
f
⇤⇤dia

m

⇤⇤KL
⇥
⌥
⇤⇤KL
⇤⇤dj

ma

⇤⇤i
⇥

Ei � EKL

�
h
⇤⇤EaiEj

a

⇤⇤0
⇥

The allowed light hadronic final state h is determined by
quantum numbers of gluonic operator. The leading order
term E1-E1 in Eq.19 has CP=++ and L = 0, 2 and hence
couples to 2⌃ and 2K in I = 0 states. Higher order terms
(in powers of v) couple as follows: E1-M1 in O(v) with
(CP=--) couples to �; E1-M1, E1-E2 in O(v) and M1-
M1, E1-M2 in O(v2) with (CP=+-) couples to ⌃0 (isospin
breaking) and ⇧ (SU(3) breaking); and M1-M1, E1-E3, E2-
E2 (CP=++) are higher order corrections to the E1-E1
terms.

Applying this formulation to observed hadronic tran-
sitions requires addition phenomenological assumptions.
Following Kuang and Yan[104,108], the heavy QQ̄ bound
states spectrum of H(0)

QCD is calculated by solving the SE
with a given potential model. The intermediate octet QQ̄
states are modeled by the Buchmueller-Tye quark confin-
ing string (QCS) model[109]. Then chiral symmetry rela-
tions can be employed to parameterize the light hadronic
matrix element. The remaining unknown coe⇤cients in
the light hadron matrix elements are set by experiment
or calculated using a duality argument between the phys-
ical light hadron final state and associated two gluon final
state. A detailed discussion of all these assumptions can
be found in the previous QWG review[110].

For the most common transitions h = ⌃1 + ⌃2 the
e�ective chiral lagrangian form is [111]

g2
E

6
�
⌃1⌃2

⇤⇤Ea
i Eaj

⇤⇤0
⇥

=
1 

(2�1)(2�2)
[C1⇤ijq

µ
1 q2µ (20)

+ C2(q1kq2l + q1lq2k �
2
3
⇤ijq

µ
1 q2µ)]

If the polarization of the heavy QQ̄ initial and final states
is measured more information can be extracted form these
transitions and a more general form of Eq. 21 is appropri-
ate[112].

Important single light hadron transitions include the
⇧, ⌃0 and � transitions. The general form the light hadronic
factor for the eta transition which is dominantly (E1-M2)
is [117]

gegM

6
�
⇧
⇤⇤Ea

i ⇤iBa
j

⇤⇤0
⇥

= i(2⌃)3/2C3qj (21)

The ⌃0 transitions and ⇧ transitions are related by the
structure of chiral symetry breaking[114]. Many more de-
tails for these and other transitions within the context
of the Kuang-Yan model can be found in the review of
Kuang[117].
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Ãµ(x, t) ⌅ U�1(x, t)Aµ(x)U(x, t)� i

gs
U�1(x, t)�µU(x, t).

(13)
Now we can make the QCD multipole expansion in pow-
ers of (x�X) ·⌦ operating on the gluon field in exact
analogy with QED:
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QCD in Eq. 17 couples color singlet to octet

QQ̄ states. The transitions between eigenstates |i� and |f�
of H(0)

QCD is at least second order in H(2)
QCD. The leading

order term is given by:
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where the sum KL is over a complete set of color octet
QQ̄ states |KL� with associated energy EKL. Finally con-
nection is made to the physical hadronic transitions Eq.
10 by assuming a factorization of the heavy quark inter-
actions and the production of light hadrons. For example
the leading order E1-E1 transition the amplitude is:

M(�i ⇧ �f + h) = (19)
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The allowed light hadronic final state h is determined by
quantum numbers of gluonic operator. The leading order
term E1-E1 in Eq.19 has CP=++ and L = 0, 2 and hence
couples to 2⌃ and 2K in I = 0 states. Higher order terms
(in powers of v) couple as follows: E1-M1 in O(v) with
(CP=--) couples to �; E1-M1, E1-E2 in O(v) and M1-
M1, E1-M2 in O(v2) with (CP=+-) couples to ⌃0 (isospin
breaking) and ⇧ (SU(3) breaking); and M1-M1, E1-E3, E2-
E2 (CP=++) are higher order corrections to the E1-E1
terms.

Applying this formulation to observed hadronic tran-
sitions requires addition phenomenological assumptions.
Following Kuang and Yan[104,108], the heavy QQ̄ bound
states spectrum of H(0)

QCD is calculated by solving the SE
with a given potential model. The intermediate octet QQ̄
states are modeled by the Buchmueller-Tye quark confin-
ing string (QCS) model[109]. Then chiral symmetry rela-
tions can be employed to parameterize the light hadronic
matrix element. The remaining unknown coe⇤cients in
the light hadron matrix elements are set by experiment
or calculated using a duality argument between the phys-
ical light hadron final state and associated two gluon final
state. A detailed discussion of all these assumptions can
be found in the previous QWG review[110].

For the most common transitions h = ⌃1 + ⌃2 the
e�ective chiral lagrangian form is [111]
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If the polarization of the heavy QQ̄ initial and final states
is measured more information can be extracted form these
transitions and a more general form of Eq. 21 is appropri-
ate[112].

Important single light hadron transitions include the
⇧, ⌃0 and � transitions. The general form the light hadronic
factor for the eta transition which is dominantly (E1-M2)
is [117]

gegM
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= i(2⌃)3/2C3qj (21)

The ⌃0 transitions and ⇧ transitions are related by the
structure of chiral symetry breaking[114]. Many more de-
tails for these and other transitions within the context
of the Kuang-Yan model can be found in the review of
Kuang[117].
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Ãµ(x, t) ⌅ U�1(x, t)Aµ(x)U(x, t)� i

gs
U�1(x, t)�µU(x, t).

(13)
Now we can make the QCD multipole expansion in pow-
ers of (x�X) ·⌦ operating on the gluon field in exact
analogy with QED:
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Remaining puzzles

• QCDME  n 3S1  -> m 3S1 + π π transitions:

– E1E1 dominates 

– Chiral symmetry

– 3 ->1 and 4 -> 2     puzzling behavior

– dynamical cancellations: M. Voloshin [arXiv:hep-ph/0606258]

– final state (π π) interactions: Y. Surovtsev, el al[arXiv:1506.0306]
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TABLE I: Number of signal events, significance, efficiency
and measured values of the products of branching ratios for
the 4S → nS transitions. The error on the efficiency is
obtained adding in quadrature the systematic uncertainties.
The errors on the product branching fractions are statistical
and systematic respectively

Transition Nsig significance εsel B4S→nS × BnS→µµ

(%) (10−6)

4S → 1S 167±19 10.0σ 32.5±3.9 2.23±0.25±0.27

4S → 2S 97±15 7.3σ 24.9±3.0 1.69±0.26±0.20

QCD multipole model [2]. The second largest source
of systematic uncertainty is due to uncertainty in the
track reconstruction efficiency, which is 1.3% per track,
resulting in a 5.2% uncertainty in ϵsel. The systematic
uncertainties associated with the event selection (4.3%)
and muon identification (1.4%) criteria are estimated by
comparing the efficiency of each selection criterion deter-
mined from MC samples to the corresponding efficiency
measured with the ISR control samples. We have also
considered the systematic uncertainties due to the choice
of signal and background parametrizations by using dif-
ferent functions or different parameters, and the system-
atic uncertainties due to the choice of the fit range. The
contributions from these sources are negligible in com-
parison to the previously mentioned sources.

The product branching fraction (Table I) is determined
from the π+π−µ+µ− sample using:

B
(

Υ (4S) → π+π−Υ (nS)
)

×

B
(

Υ (nS) → µ+µ−
)

=
Nsig

εsel N(4S)
, (1)

where N(4S) = (230.0 ± 2.5) × 106 is the total number
of Υ (4S) mesons produced.

The event yields observed for 3S → nS and 2S → 1S
are compatible with PDG-averaged values of the ISR
cross section and branching fractions for those reso-
nances. The number of signal events observed in the
π+π−e+e− final state is compatible with the branch-
ing fractions we measure in the π+π−µ+µ− sample. No
4S → nS signal is observed for π+π−µ+µ− or π+π−e+e−

final states in the data collected at center of mass energies
40 MeV below the Υ (4S) resonance.

The dipion invariant mass distribution, Mπ+π−

(Fig. 3), is determined by fitting the ∆M distribution
in equal intervals of Mπ+π− , and dividing the number
of signal events in each interval by the corresponding
selection efficiency. The measured distribution for the
4S → 1S transition has a shape similar to the prediction
of the Kuang-Yan model [2]. This model provides a good
description of the observed distributions for 2S → 1S,
3S → 2S, and also ψ(2S) → π+π−J/ψ, but fails to de-
scribe the 3S → 1S distribution. Our measured distribu-
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FIG. 3: The efficiency-corrected Mπ+π− distribution for
4S → 1S transition (left) and 4S → 2S transition (right).
The solid line shows the distribution predicted in Ref. [2]. The
dotted histogram shows the selection efficiency in each bin.
The experimental resolution in Mπ+π− is less than 5 MeV/c2,
much smaller than the bin size.

tion for the 4S → 2S transition has a marked enhance-
ment at low Mπ+π− that is incompatible with this model.

The 4S → nS branching ratios and partial widths
can be derived using the world average values for
B (Υ (nS) → µ+µ−) [10] and a recent BABAR measure-
ment of Γ(Υ (4S)) [13]. We obtain

B (Υ (4S) → π+π−Υ (1S)) = (0.90 ± 0.15)× 10−4,

B (Υ (4S) → π+π−Υ (2S)) = (1.29 ± 0.32)× 10−4,

Γ(Υ (4S) → π+π−Υ (1S)) = (1.8 ± 0.4) keV,

and

Γ(Υ (4S) → π+π−Υ (2S)) = (2.7 ± 0.8) keV.

We add in quadrature the statistical and systematic un-
certainties on the derived quantities. With the most
recent CLEO measurement of B (Υ (2S) → µ+µ−) [14],
we obtain smaller values: B (Υ (4S) → π+π−Υ (2S)) =
(0.83 ± 0.16) × 10−4 and Γ(Υ (4S) → π+π−Υ (2S)) =
(1.7 ± 0.5) keV.

The branching fractions are compatible with previ-
ous upper limits on these decays [7]. The Υ (4S) partial
widths are within the range spanned by other dipion tran-
sitions in the bb̄ system [10]: Γ(Υ (2S) → π+π−Υ (1S)) =
(8.1 ± 2.1) keV; Γ(Υ (3S) → π+π−Υ (1S)) = (1.2 ±
0.2) keV; Γ(Υ (3S) → π+π−Υ (2S)) = (0.6 ± 0.2) keV.

In conclusion, we measure

B
(

Υ (4S) → π+π−Υ (1S)
)

× B
(

Υ (1S) → µ+µ−
)

=

(2.23 ± 0.25 ± 0.27) × 10−6

and

B
(

Υ (4S) → π+π−Υ (2S)
)

× B
(

Υ (2S) → µ+µ−
)

=

(1.69 ± 0.26 ± 0.20)× 10−6 .
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4S → 1S transition has a shape similar to the prediction
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FIG. 3: The efficiency-corrected Mπ+π− distribution for
4S → 1S transition (left) and 4S → 2S transition (right).
The solid line shows the distribution predicted in Ref. [2]. The
dotted histogram shows the selection efficiency in each bin.
The experimental resolution in Mπ+π− is less than 5 MeV/c2,
much smaller than the bin size.

tion for the 4S → 2S transition has a marked enhance-
ment at low Mπ+π− that is incompatible with this model.

The 4S → nS branching ratios and partial widths
can be derived using the world average values for
B (Υ (nS) → µ+µ−) [10] and a recent BABAR measure-
ment of Γ(Υ (4S)) [13]. We obtain

B (Υ (4S) → π+π−Υ (1S)) = (0.90 ± 0.15)× 10−4,

B (Υ (4S) → π+π−Υ (2S)) = (1.29 ± 0.32)× 10−4,
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and
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We add in quadrature the statistical and systematic un-
certainties on the derived quantities. With the most
recent CLEO measurement of B (Υ (2S) → µ+µ−) [14],
we obtain smaller values: B (Υ (4S) → π+π−Υ (2S)) =
(0.83 ± 0.16) × 10−4 and Γ(Υ (4S) → π+π−Υ (2S)) =
(1.7 ± 0.5) keV.

The branching fractions are compatible with previ-
ous upper limits on these decays [7]. The Υ (4S) partial
widths are within the range spanned by other dipion tran-
sitions in the bb̄ system [10]: Γ(Υ (2S) → π+π−Υ (1S)) =
(8.1 ± 2.1) keV; Γ(Υ (3S) → π+π−Υ (1S)) = (1.2 ±
0.2) keV; Γ(Υ (3S) → π+π−Υ (2S)) = (0.6 ± 0.2) keV.

In conclusion, we measure

B
(

Υ (4S) → π+π−Υ (1S)
)
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=

(2.23 ± 0.25 ± 0.27) × 10−6

and

B
(

Υ (4S) → π+π−Υ (2S)
)

× B
(

Υ (2S) → µ+µ−
)

=

(1.69 ± 0.26 ± 0.20)× 10−6 .

D. Cronin-Hennessy, et al 
PRD76:072001,2007 (CLEO III)

FIG. 8: Plots overlaying projections of the data (points with error bars) and the fit result (his-

tograms) onto the Mππ and cos θX variables. The plots are summed over electrons and muons, but
are differentiated by pion charge. The neutral modes (open symbols, dashed lines) show only a
positive distribution in cos θX because the two pions are indistinguishable. For the charged modes

(solid symbols, solid lines) the angle is that of the π+.

and proportional to 1/
√

ai, where ai is the Monte Carlo phase space yield in bin i. Hence,

σi =
√

di + d̃2
i /ai.

The bins for which di = 0 require special treatment, and σi is modified appropriately. To
minimize the effect of such bins with zero yield, we sum over muon and electron final states.
This takes a weighted average over the distributions, rather than taking account of the
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(BABAR) B. Aubert, el al  
PRL96:232001,2006.

B. hadronic transitions

Applying the multipole expansion to hadronic transitions. First suggested by Gottfried

and proven by Yan.

HI = i⌃†⇥ r
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II. RADIATIVE TRANSITIONS

The spin averaged decay rate is given by
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where the statistical factor SM
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fi is
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For l = 0 transitions, SM
if = 1.

V. HADRONIC TRANSITONS
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1 q2µ + C2

�
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⇤kl (q1 · q2)

⇥⌦

where C1 and C2 are two unknown constants.

Very recently, CLEO-c also detected the channel ⇧(3770)⌅J/⇧ + ⌅+ + ⌅� with higher

precision, and the measured branching ratio is [29]

B(⇧(3770)⌅J/⇧ + ⌅+ + ⌅�) = (0.214± 0.025± 0.022)%. (10)

With the ⇧(3770) total width (??), the partial width is

�(⇧(3770)⌅J/⇧ + ⌅+ + ⌅�) = 50.5± 16.9 keV. (11)

We can also determine C2/C1 from (12) and (??), and the result is

C2/C1 = 1.52+0.35
�0.45. (12)

This is consistent with the value (??) determined from the BES data, but with higher

precision.

An alternative way of calculating this kind of transition rate taking the approach to the

H factor proposed by Ref. [4] was carried out in Ref. [22]. The so obtained transition rate

is smaller than the above theoretical prediction by two orders of magnitude. So it strongly

disagrees with (??) and (12). Therefore the approach given in Ref. [4] is ruled out by the

BES and CLEO-c experiments.
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FIG. 8. Fits of cos θ∗π using Eqn. 11 as a function of mππ. The fit results are shown in Table V.
(a) 0.34 < mππ < 0.45 GeV/c2, (b) 0.45 < mππ < 0.48 GeV/c2, (c) 0.48 < mππ < 0.51 GeV/c2,

(d) 0.51 < mππ < 0.54 GeV/c2, (e) 0.54 < mππ < 0.57 GeV/c2, and (f) 0.57 < mππ < 0.60
GeV/c2.
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0.8 using Eqn. 10 [20], we obtain the results shown in Fig. 7. The fit yields κ = 0.210±0.027
with a χ2/DOF = 26/40.

We have also fit the joint cos θ∗π and mππ distribution (Eqn. 8). This approach does not
require integrating over one of the variables and is sensitive to any cos θ∗π - mππ correlation.
Using this approach, we obtain a κ = 0.183 ± 0.002 and a χ2/DOF = 1618/1482. The
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Remaining puzzles

• QCDME  η transitions:

– E1-M2 dominates:

– Ratio of η to π π transitions:  same initial and final quarkonium states at (Mππ = Mη)

– Comparing theory (KY) and experiment.

– Transitions near and above threshold violate expectations of QCDME and sizable rates require 
large SU(3) breaking.

– We will see this is associated with the large SU(3) breaking in virtual and real heavy-light meson 
pair contributions to the states.

7

is independent of the details of the intermediate states. [kinematic factor]

Table 1: Partial widths for observed hadronic transitions. Simple overlaps
.

Transition G (GeV)7 ⇧f |r2|i⌃ >(GeV)�2 �(exp) (keV) �(overlap) (keV)
⇤(2S)⌅ J/⇤ + ⇥+⇥� 3.56⇥ 10�2 3.36 102.3 ± 3.4 input(|C1|)

⇥(2S)⌅ ⇥(1S)+⇥+⇥� 2.87⇥ 10�2 1.19 5.79 ± 0.49 5.9
⇥(3S)⌅ ⇥(1S)+⇥+⇥� 1.09 2.37⇥ 10�1 0.894 ± 0.084 12.9
⇥(3S)⌅ ⇥(2S)+⇥+⇥� 9.09⇥ 10�5 3.70 0.498 ± 0.065 0.26
⇥(4S)⌅ ⇥(1S)+⇥+⇥� 5.58 9.74⇥ 10�2 1.64 ± 0.25 19.9
⇥(4S)⌅ ⇥(2S)+⇥+⇥� 2.61⇥ 10�2 4.64⇥ 10�1 1.76 ± 0.34 2.1

�(n3S1 ⌅ m3S1 + �)
d�(n3S1 ⌅ m3S1 + ⇥+⇥�)/dM2

⇥⇥
=

32
81⇥

1
m2

Q

(
C3

C1
)2[frac((Mi + Mf )2 �M2

� )((Mi �Mf )2 �M2
� )4M2

i

�
(1� 4m2

⇥/M�)(M2
� � 2m2

⇥)2]

(8)
Now we have :

�(n3S1 ⌅ m3S1 + �)
�(n3S1 ⌅ m3S1 + ⇥+⇥�)

=
8⇥2

27
1

m2
Q

(
C3

C1
)2[

[(Mi + Mf )2 �M2
� )((Mi �Mf )2 �M2

� )]3/2

G
]

(9)
(M⇥⇥ = M�) (10)

2

• two pion transitions (E1-E1)

– Factorization

– Chiral symmetry

– Explicit model - Kuang & Yan (PR D24, 2874 (1981)

Estia Eichten              7th International Workshop on Heavy Quarkonia: Fermilab          May 19, 2010                         
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Hadronize

B. hadronic transitions

Applying the multipole expansion to hadronic transitions. First suggested by Gottfried

and proven by Yan.

HI = i⌃†⇥ r

2
· gE⇥

at
a⌃⇥ +

cF

mQ
⌃†⇥sQ · gtaB⇥

a⌃
⇥ + [Q� > Q̄] + · · ·

where

⌃⇥ = U�1⌃

taA⇥µ
a = U�1taAµ

aU �
i

g
U�1⌥µU

taA⇥µ
a = U�1taAµ

aU �
i

g
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g2
E

16
< B|rigtaGrjgtb|A > < ⇧�⇧⇥|Ei

aE
j

b|0 >

Mgg
if =

1

16
< B|ri⌅

aGrj⌅
a|A >

g2
E

6
< ⇧�⇧⇥|Tr(EiE

j
)|0 >

where

G = (EA �H0
NR)�1 =

⇥

KL

|KL >< KL|
EA � EKL

(QQ̄ octet)

fAB ⇥
⇥

KL

�
r2drRB(r)rRKL(r)

�
r2drRKL(r)rRA(r)

EA � EKL + i⇤

II. RADIATIVE TRANSITIONS

The spin averaged decay rate is given by

�(i
E1�⇤ f + ⇥) =

4�e2
Q

3
(2Jf + 1)SE

ifk
3|Eif |2 (1)

3

state (n⇥2s�+1SJ �), f , is:

�(i
M1�⇥ f + ⇥) =

4�e2
Q

3m2
Q

(2J ⇥ + 1)k3SM
if [Mif |]2 (8)

where the statistical factor SM
if = SM

fi is

SM
if = 6(2s + 1)(2s⇥ + 1)

⇤
⌥

⇧
J 1 J ⇥

s⇥ ⌥ s

⌅
�

⌃

2 ⇤⌥

⇧
1 1

2
1
2

1
2 s⇥ s

⌅
�

⌃

2

. (9)

For l = 0 transitions, SM
if = 1.

V. HADRONIC TRANSITONS

g2
E

6
⇤⌅�(q1)⌅⇥(q2)|Ea

kEa
l |0⌅ =

⇤�⇥↵
(2⌃1)(2⌃2)

 
C1⇤klq

µ
1 q2µ + C2

�
q1kq2l + q1lq2k �

2

3
⇤kl (q1 · q2)

⇥⌦

where C1 and C2 are two unknown constants.

Very recently, CLEO-c also detected the channel ⇧(3770)⇥J/⇧ + ⌅+ + ⌅� with higher

precision, and the measured branching ratio is [29]

B(⇧(3770)⇥J/⇧ + ⌅+ + ⌅�) = (0.214± 0.025± 0.022)%. (10)

With the ⇧(3770) total width (??), the partial width is

�(⇧(3770)⇥J/⇧ + ⌅+ + ⌅�) = 50.5± 16.9 keV. (11)

We can also determine C2/C1 from (12) and (??), and the result is

C2/C1 = 1.52+0.35
�0.45. (12)

This is consistent with the value (??) determined from the BES data, but with higher

precision.

An alternative way of calculating this kind of transition rate taking the approach to the

H factor proposed by Ref. [4] was carried out in Ref. [22]. The so obtained transition rate

is smaller than the above theoretical prediction by two orders of magnitude. So it strongly

disagrees with (??) and (12). Therefore the approach given in Ref. [4] is ruled out by the

BES and CLEO-c experiments.
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More puzzles

– Within the KY model the ratio Rη/ππ  is fixed for all transitions (n->m)  once one is fixed.        

From theΥ(2S) -> Υ(1S) transitions set the value of |C3/C1| = 0.143 ± 0.024 0.143 ± 0.024

– The eta transitions are very poorly described by this model if initial state is near or above 
threshold.

13
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Why does it work so well?

• When should the QCDME work?

– Transitions between tightly bound quarkonium states
– Small radius (R << ΛQCD)


• bottomonium 1S, 1P, 2S, 1D, 2P, 3S, ...

• charmonium 1S, 1P, ...

– Small contributions from excitations involving                                   
QCD additional degrees of freedom.

• This is essential to the factorization assumption !

• Above threshold

– light quark pairs 

• D(*) D(*) thresholds in 1D to 3S region 
• B(*) B(*) thresholds in 4S region       


– gluonic string excitations   

• Hybrid states associated with the potentials Πu, ...      


• In the static limit this occurs at separation  r ≈ 1.2 fm.  


• Between the 3S and 4S in (cc) system

• Just above the 5S in the (bb) system


•  New mechanisms can be expected for hadronic transitions   
above threshold.         

DD, BB

8
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Fig. 3.6: The singlet static energy (quenched and unquenched data) from Ref. [51], see also [143]

2.3.3 The QCD static spectrum and mechanism of confinement18

The spectrum of gluons in the presence of a static quark–antiquark pair has been extensively studied with

high precision using lattice simulations. Such studies involve the calculation of large sets of Wilson loops

with a variety of different spatial paths. Projections onto states of definite symmetries are done, and the

resulting energies are related to the static quark–antiquark potential and the static hybrids potentials. With

accurate results, such calculations provide an ideal testing ground for models of the QCD confinement

mechanism.

The singlet static energy

The singlet static energy is the singlet static potential V (0)
s .

In the plot3.6, we report simulation results both with and without light quark–antiquark pair cre-

ation. Such pair creation only slightly modifies the energies for separations below 1 fm, but dramatically

affects the results around 1.2 fm, at a distance which is too large with respect to the typical heavy quarko-

nium radius to be relevant for heavy quarkonium spectroscopy. At finite temperature, the so-called string

breaking occurs at a smaller distance (cf. corresponding Section in Chapter 7,Media).

One can study possible nonperturbative effects in the static potential at short distances. As it has

already been mentioned in the ”static QCD potential” subsection, the proper treatment of the renormalon

effects has made possible the agreement of perturbation theory with lattice simulations (and potential

models) [78,88–92]. Here we would like to quantify this agreement assigning errors to this comparison.

In particular, we would like to discern whether a linear potential with the usual slope could be added to

perturbation theory. In order to do so we follow here the analysis of Ref. [90, 144], where the potential

is computed within perturbation theory in the Renormalon Subtracted scheme defined in Ref. [81]. The

comparison with lattice simulations [145] in Fig. 3.7 shows that nonperturbative effects should be small

and compatible with zero, since perturbation theory is able to explain lattice data within errors. The

systematic and statistical errors of the lattice points are very small (smaller than the size of the points).

Therefore, the main sources of uncertainty of our (perturbative) evaluation come from the uncertainty in

the value of ΛMS (±0.48 r−1
0 ) obtained from the lattice [146] and from the uncertainty in higher orders

in perturbation theory. We show our results in Fig. 3.7. The inner band reflects the uncertainty in ΛMS
whereas the outer band is meant to estimate the uncertainty due to higher orders in perturbation theory.

We estimate the error due to perturbation theory by the difference between the NNLO and NNNLO

evaluation. The usual confining potential, δV = σr, goes with a slope σ = 0.21GeV2. In lattice units

18Authors: N. Brambilla, C. Morningstar, A. Pineda
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The Threshold Region

• R = σ(e+e- -> Ɣ* -> hadrons)/σ(e+e- -> Ɣ*-> μ+μ-)  JPC = 1- -

– Resonance region: (√s - 2mH) ≲ 1 GeV 

– Two body decays 
• D0 = (cu), D+ = (cd)

• M(D0D0) = 3,729.72 MeV

• M(D+D-) = 3,739.26 MeV

• B- = (bu), B0 = (bd)

• M(B+B-) = 10,578.52 MeV

• M(B0B0) = 10,579.16 MeV

– ec = 2/3;  eb = -1/3
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http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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from this assumption are likely. We allow for this relaxation in fit “C” using the fitting
function

F ′
n = |A5S,nf5S|2 + |A6S,nf6S|2

+2knA5S,nA6S,nℜ[eiδnf5Sf ∗
6S],

(5)

wherein kn and δn are allowed to float but the three δn are constrained to a common value.
We find k1 = 1.04 ± 0.19, k2 = 0.87 ± 0.17, k3 = 1.07 ± 0.23, and δn = −1.0 ± 0.4.
Finally, in fit “D,” we fix kn to unity and allow the three δn to float independently. We find
δ1 = −0.5 ± 1.9, δ2 = −1.1 ± 0.5, and δ3 = 1.0+0.8

−0.5. The masses and widths found in fits
C and D are not significantly different from those found in fits A and B, as can be seen in
Table I. The results from fit C are taken as the nominal values and shown in Fig. 2. The
difference in M5S between fit C and the fit to R′

b is 9.2± 3.4± 1.9 MeV.
As can be seen from Eq. (3), the distributions in R are described by the absolute square

of the sum of two or more amplitudes. The expanded sum includes absolute squares of am-
plitudes for individual processes and interference terms. In principle, the term proportional
to the absolute square of the Υ(5S) amplitude in RΥππ, summed with corresponding terms
for all other event types, is expected to result in the corresponding term for R′

b. We calculate
Pn ≡ |A5S(nS)f5S|2 × Φn (n = 1, 2, 3) and Pb ≡ |A5S(Rb)f5S|2 at the on-resonance energy
point (

√
s = 10.865 GeV) using the results from fit A and the fit to R′

b, respectively. We
determine the “branching fraction” P ≡

∑

n Pn/Pb= 0.170 ± 0.009. It is worthwhile to ex-
pand this definition of P to include several known final states related to Υ(nS)π+π−, which
may also be expected to contain very little continuum. The Υ(nS)π0π0 is related through
isospin, and the observed rate is consistent with being half of the Υ(nS)π+π− rate, as ex-
pected [16]. As Υ(nS)π+π− (Υ(nS)π0π0) includes a substantial fraction of Z±

b π
∓ (Z0

bπ
0),

we can conclude that other final states with Z0/±
b π0/∓ behave similarly, i.e., with little or

no bb̄ continuum. These include hb(mP)π+π− (m = 1, 2), which is found to be saturated
by Υ(5S) → Z±

blπ
∓ [2, 3], and hb(mP)π0π0, which we assume contributes at half the rate.
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The Threshold Region

• Two pictures of R
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In this appendix we derive the charm contribu-
tion, to the ratio R in e'e annihilation. The ratio

, ~ due to charm is given. by
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order of magnitude and of opposite sign (see Ta-
ble IV).
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From (B5) and (B6) we find

Thus our task is to calculate p, (W).
Since quarks are confined in our model, e'e an-

nihilation into hadrons proceeds through the pro-
duction of spin-1 cc bound states. Let us first
evaluate the. matrix elements of the electromag-
netic current j, between the vacuum and these
bound states. Expanding the bound states as in
(3.29), and expressing j, in terms of the quark
creation and destruction operators, we find that

. 6 i/2
g, x ~j,(0) ~0)=

( ), e,e„(X)|tj„(0),

where ~n, X) is the nth cc bound state at'rest with
polarization X, &,(X) is the polarization vector,
and $„(0) is the spatial wave function at the origin.
Since $„(0) vanishes for nonzero-orbital-angular-
momentum states, only S states contribute to the
matrix element (C3).
Next, let us introduce a phenomenologica1. field,
Q„„(x), associated with each bound state n'S, .
Then, using the matrix elements (C3) as coeffic-
ients, w'e can express the electromagnetic current,j, as a linear combination of these fields:
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Heavy-Light Mesons

• Observed low-lying (1S, 1P, and 1D) charm and bottom mesons: 

– Very similar excitation spectrum - HQS

– There are 9 narrow ( < 2 MeV ) charm meson states [and 10 bottom mesons states].                 
Any pair of these might have a cusp at S-wave threshold.

– The wide states can originate sequential decay chains.
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Light quarks effects

• Light quark loops 

– Corrections even below threshold

• Above threshold: Zweig allowed strong decay      

;

f

,

fπ

fK

3MΞ − MN

2MBs
− MΥ

ψ(1P − 1S)

Υ(1D − 1S)

Υ(2P − 1S)

Υ(3S − 1S)

Υ(1P − 1S)

LQCD/Exp’t (nf = 0)

1.110.9

LQCD/Exp’t (nf = 3)

1.110.9

Fig. 3.2: Lattice QCD results divided by experiment for a range of ‘gold-plated’ quantities which cover the full range of

hadronic physics [29]. The unquenched calculations on the right show agreement with experiment across the board, whereas

the quenched approximation on the left yields systematic errors of O(10%).

−
clat
S

8m2
iσ · (D × gE + gE × D) −

clat
F

2m
σ · gB

]
ψ + · · · , (3.1)

similar to the standard (continuum) NRQCD Lagrangian, but note that the derivative operators are ‘im-

proved’ on the lattice to remove leading errors arising from the lattice spacing. See also the Introduction

3.23 Heavy Quark Actions in Chapter 1. We have omitted the term ψ†mψ.

Compared to the NRQCD description of continuum QCD, an unimportant difference is the Eu-

clidean metric (D4 instead of −iD0). Also, unlike in dimensional regularization, in lattice regularization

the mass shift δm will in general be non-zero. However, this cancels from mass differences and decay

amplitudes. Moreover, it can be determined nonperturbatively from the Υ dispersion relation. Obvi-

ously, terms accompanied by wi are lattice specific. The essential difference is that the matching scale is

provided by the lattice spacing: the short-distance coefficients clat
i , w

lat
i and δm depend on am and on

the details of the chosen discretisation. The matching of clat
i and wlat

i is carried out to some accuracy in

αs. From Eq. (3.1) one sees that the most important matching condition is to identify the kinetic massm
with the heavy quark mass in the lattice scheme, and then tune the higher-dimension interactions.

One area of lattice QCD which has remained problematic is the handling of light quarks on the

lattice. This is now being addressed successfully and is critical to obtaining precision results of use

to experiment. In particular the problem is how to include the dynamical (sea) u/d/s quark pairs that
appear as a result of energy fluctuations in the vacuum. We can often safely ignore c/b/t quarks in
the vacuum because they are so heavy, but we know that light quark pairs have significant effects, for

example in screening the running of the gauge coupling and in generating Zweig-allowed decay modes

for unstable mesons.

Many calculations in the past have used the “quenched approximation,” attempting to compensate

sea quark effects by ad hoc shifts in the bare coupling and (valence) quark masses. The results then suffer

from errors as large as 10–30%. The error of the quenched approximation is not really quantifiable and

this is reflected by a lack of internal consistency when different kinds of hadrons are used to fix the bare

parameters. This ambiguity plagues the lattice QCD literature.

The MILC Collaboration recently have produced ensembles of gluon field configurations which

include 2 degenerate light sea quarks (u, d) and a heavier one (s) [30]. They rely on fast supercomputers

95

C. T. H. Davies et al.                                                             
[HPQCD, Fermilab Lattice, MILC, and UKQCD Collaborations], 
Phys. Rev. Lett. 92, 022001 (2004) [arXiv:hep-lat/0304004]. 

Lattice QCD
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Figure 13. Radial and orbital splittings in the Υ spectrum from lattice QCD in the

quenched approximation and including a realistic light quark vacuum polarisation. In

these plots the b quark mass was fixed from the Υ mass and the lattice spacing from

the splitting between the Υ′ and the Υ. Neither of these masses is predicted. (Top) The
spectrum of S, P andD levels in theΥ system obtained from coarse (filled red triangles)

and fine (open black triangles) quenched lattice calculations and from coarse (filled red

squares) and fine (open black squares) unquenched calculations. Experimental results

are shown as lines. (Bottom) Results for different splittings as a function of light u/d
quark mass. The leftmost points, at lightest u/d quark mass, are the ones included in the
top plot for the unquenched results. (Gray et al. 2003)

momentum transfer inside an Υ is larger than any of the u, d, or s masses and so we

expect these splittings simply to ‘count’ the presence of the light quarks. This lack of

variation with light quark mass is evident in Figure 13.

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].
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) is described by the interaction . Nonrelativistic potential models are normally used to determine
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degrees of freedom would also be contained the spectrum of .
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exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.
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Table 1: Charmonium spectrum, including the influence of open-charm channels. All masses are in MeV. The penultimate

column holds an estimate of the spin splitting due to tensor and spin-orbit forces in a single-channel potential model. The last
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State Mass Centroid
Splitting

(Potential)

Splitting

(Induced)

S

S

P

P

P

P

S

S

D

D

D

D

(3 815)

P

P

P

P

3 968

The main theoretical weakness of the QPC model is its failure to reproduce the vanishing of the

pair production amplitudes for a static source at zero spatial separation. The flux tube breaking

model [20, 21] somewhat addresses this weakness. It has the same basic interaction as the QPC model

(Eq. 2) but the integration is only over a region near a ”string” between the and positions. This

region is defined by a upper bound on the shortest distance bewteen the pair creation point and the string.

Detailed applications of QPC models to the quarkonium systems are presently under investigation [22].

There have been attempts to compare the various models for quark pair creation [23, 24]. At

present the most studied system is the open charm threshold region and we will focus on that system

below. However, the same threshold effects are present in the states near threshold and states

near threshold. A detailed comparison of the scaling behaviour between different heavy quark

systems would provide valuable insight into the correct form for the coupling to light-quark pairs.

1.2 Mass Shifts

The mass of the quarkonium state in the presence of coupling to decay channels is given by:

(3)

Above threshold has both a real (mass) and imaginary part (width).

The basic coupled-channel interaction (Eq. 1 or Eq. 2) appearing in Eq. 3 is independent of the

heavy quarks spin, but the hyperfine splittings of and , and , induce spin-dependent forces

that affect the charmonium states. These spin-dependent forces give rise to S-D mixing that contributes

to the electronic width, for example, and are a source of additional spin splitting.

NRQCD (without light quarks)

light quark pair creation
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The main theoretical weakness of the CCC model is the use of the time component of a long-
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interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum
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The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].

Heavy-Light meson pair 
interactions

Cornell model (CCCM)

Vacuum Pair Creation model (QPC)
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HI

Threshold Formalism

• Two set of states near threshold in each JPC channel

Charmonium bound states                     Charmed meson pair states

13

J/ψ

ψ(3770)

ψ’(3686)

ψ(4040)
ψ(4160)

DD

D*D*

DD*+D*D

H0 H2
1--



• Coupled channel problem

• Formally eliminate ψ2

• Decay amplitude    <DD|HI|ψ>

• Simplifying assumptions

– H2 - free meson pairs no final state interactions
– H0 - charmonium states are a complete basis - no hybrids

• Assuming vector meson dominance. Can compute Rc
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Threshold Formalism

14

defines Ω(z)



• Cornell Coupled Channel Model 

• ψn  potential model wavefunction

• Final mesons:

– dV(x)/dx = 1/a2 + κ/x2  => no free parameters                                                                      
setting  κ = 0   => same form as the vacuum pair creation model (3P0)
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where   

Reduced decay 
amplitudes I(p)Statistical factor

Decay Amplitudes

15

E. Eichten, K. Gottfried, T. Kinoshita, K. Lane and T.M. Yan
PR D17, 3090 (1978)

Hence   
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Decay Model

16

Il=13S(p) cc,bb

p(GeV)

Il=1ϒ(4S)(p) d,s

p(GeV)

Key point: The only part of I(p) that 
depends on the pair production model 
is the function Φ(t):

For the CCCM (κ=0):

Using HQET this function Φ(t) is the 
same for all final states in a jlP multiplet.

Apart from overall light quark mass 
factors  Φ(t) is approximately SU(3) 
invariant. So independent of light quark 
flavor (u,d,s).

One universal function, Φ(t), 
determines RQ in the threshold 

region.

 E. Eichten - Fermilab                6th International Workshop on Heavy Quarkonia  - Nara, Japan - Dec. 2-5, 2008                     -8-                                                                                                                    

Sample decay amplitudes I(p)
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Complicated Decay Amplitudes

17

1S-> D(*) D(*) P-wave
_

4S-> D1 D(*) S-wave
_

3S-> D(*) D(*) P-wave
_

1S-> D1 D(*) S-wave
_

• For resonances (with no radial nodes) as expected:

• But complicated dependence on heavy-light momentum for radially excited 
resonances.

• ΔE = E - m1 - m2 = √(m12+p2) + √(m22+p2) - m1 - m2    ≈   (m1+m2) p2/(2m1m2)



• The differences between the exclusive channels arises from the mass splittings of of the D and D*

• p(DD) = 590 MeV; p(DD*) = 288 MeV;                                                                       E = 4.000 GeV
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Effects of HQS Breaking Masses
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_

_

3S-> D(*) D(*) P-wave _

D D   

D D* 

D*D* 

Ds Ds



• The differences between the exclusive channels arises from the mass splittings of of the D and D*

• p(DD) = 740 MeV; p(DD*) = 530 MeV;  p(D*D*) = 085 MeV;  p(DsDs) = 406 MeV     E = 4.020 GeV
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Effects of HQS Breaking Masses
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_

_

3S-> D(*) D(*) P-wave _

D D   

D D* 

D*D* 

Ds Ds



• The differences between the exclusive channels arises from the mass splittings of of the D and D*

• p(DD) = 766 MeV; p(DD*) = 567 MeV;  p(D*D*) = 218 MeV;  p(DsDs) = 453 MeV     E = 4.040 GeV
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Effects of HQS Breaking Masses
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_

_

3S-> D(*) D(*) P-wave _

D D   

D D* 

D*D* 

Ds Ds
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Individual Decay Channels Above Threshold

• Ψ(3S) 

– M = 4039 ± 1 MeV      Γ = 80 ± 10 MeV; 

– Open decay channels:  
• M(D0D0) = 3,729.72 MeV,  M(D+D-) = 3,739.26 MeV

• M(D0D*0) = 3,871.85 MeV,  M(D+D*-) = 3,879.92 MeV

• M(Ds+Ds-) = 3,937. MeV

• M(D*0D*0) = 4,013.98 MeV,  M(D*+D*-) = 4,020.58 MeV

21

_

Table 3: Selected  (2D) decays.

Decay Mode Branching Rate

D0D̄0 (52± 5)%

D+D� (41± 4)%

total DD̄ 93+8
�9%

 (1S) ⇡+⇡� (1.93± 0.28)⇥ 10�3

 (1S) ⌘ (9± 4)⇥ 10�4

Table 4: Selected  (3S) decays.

Decay Mode Branching Rate

D ⇤ D̄⇤
D+

s D
�
s ⇤+c.c.

DD⇤ �(D⇤D̄+c.c.)
�(D⇤D̄⇤ = 0.34± 0.14± 0.05

DD̄ �(D⇤D̄+c.c.)
�(D⇤D̄⇤) = 0.02± 0.03± 0.02

 (1S) ⌘ (5.2± 0.7)⇥ 10�3

Table 5: QQ̄ ! Qq̄(1
1
2
+

PJ) + qQ̄(1
1
2
�
SJ 0)

C(J, J 0) J 0 = 0 J 0 = 1

J = 0 0 2/3

J = 1 2/3 4/3

3

Evidence of strong 
production of D(*) DP 

at the ψ(4160)

Charm threshold region has very large  
induced HQS breaking effects due to 
spin splitting in jl  heavy-light multiplets

_

_
_
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Virtual Loop Effects

• Effects of heavy-light meson virtual loops

– Shift masses and properties of states near threshold.  Because the lowest 
quarkonium states feel more of the short distance (Coulomb) interaction     
they are least affected by the large loop effects. 

– Lattice calculations (some already in hand) could provide valuable information 
on the meson loop effects.  The variation of  quarkonium masses as a 
function of light quark masses (physical values < mq < ΛQCD) is directly related 
to the meson loops contributions.

– Couplings are independent of the particular mesons in the loop within a 
heavy-light multiplet (up to CG coefficients) and are approximately SU(3) 
flavor invariant.

– SU(3) breaking and HQS Spin breaking in quarkonium masses and transitions 
are induced by the mass splittings of physical heavy-light mesons.  These 
effects are only large near the relevant threshold. For example isospin 
splitting is only important for the X(3872).
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Known XYZ States

• Notation

– Y denotes states observed directly in the charm contribution to e+e- -> hadrons:              
⇒    JPC = 1- -   and I  = 0

• Yc(4260), Yc(4360), Yc(4650)

– Z denotes states with I = 1

• Z+c(3885), Z+c(4025)

• Z+b(10610), Z+b(10650)

• Z+c(4430)

– X denotes anything else

• Xc(3872), …              ⇒ see PDG table 

• Pentaquarks: X(4450) (JP = 5/2+), …
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HQS

In the light meson sector, many new states have been discovered that have peculiar properties not
fitting to the known meson nonets. Here, various candidates for exotic states have been found. Their
analysis is complicated by the fact that these states are broad and mixing can occur. Furthermore,
states with exotic quantum numbers, i.e. quantum numbers that cannot be ascribed to a qq̄ system
have been found, representing potential candidates for hybrid states or mesonic molecules.

In the heavy quark sector, the situation is more favorable. The decay of heavy quarkonia into light
mesons is OZI suppressed. As a consequence, states are narrow and well separated. Furthermore,
the spectroscopy of these states can be well described by various theoretical approaches such as static
potential models, effective field theories and lattice QCD.

Until about 10 years ago, the spectroscopy of heavy quarkonia was believed to be well understood.
Most states below the open charm and open beauty thresholds had been found and their properties
could be reasonably well understood in terms of theory. A wealth of information has been extracted
leading to a better understanding of the QCD potential, binding quarks and anti-quarks in heavy
quarkonia. The striking similarity to the spectroscopy of positronium lead to the conclusion that the
QCD potential exhibits a Coulomb - like shape at small distances.

Figure 1. Spectroscopy of charmonia and

charmonium-like states. States marked in yellow are

conventional charmonium states that were

experimentally established and predicted by theory.

States marked in grey are predicted but have not been

found by experiment up to now. States marked in red

were not predicted b theory but found by experiment.

Figure courtesy of Ryan Mitchell, Indiana University.

Above the open charm threshold, the situation is more complex. Some of the predicted charmo-
nium states have been found, many have not yet been observed. Since 2003, many new unpredicted
states have been found with properties that are not consistent with those of conventional charmonium
states.

These states were called XYZ states since their nature is not understood and thus the existing
naming scheme for mesons is not appropriate. Here, X states refer to neutral states containing cc̄ with
quantum numbers different from JPC = 1−−. Y-states refer to 1−− states containing cc̄ with properties
that exclude their interpretation as conventional charmonia. Z-states are charged charmonium-like

EPJ Web of Conferences

01008-p.2

2 - -           3- -           2-+

ηc2(11D2)ψ2(13D2)
ψ3(13D3)
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Additional XYZ Candidates

• Updated from PDG  -  other X states need more information

24

Unresolved States

E. Eichten

November 3, 2015

1 States needing more information

Table 1: States needing clarification. Updated from PDG 2014 review of heavy quarkonium states.

State m (MeV) � ( MeV) JPC Process (mode) Experiment (#�) Year

�c0(3915) 3917.4± 2.7 28+10
� 9 0++ B ! K(!J/ ) Belle (8.1), BABAR (19) 2004

Close to �c2(3927). Are the quantum numbers correct?

X(3940) 3942+9
�8 37+27

�17 ??+ e+e� ! J/ (DD̄⇤) Belle(6.0) 2007
e+e� ! J/ (...) Belle (5.0)

Candidate for ⌘c(3S), but to far below  (3S)

Y (4008) 4008+121
� 49 226± 97 1�� e+e� ! �(⇡+⇡�J/ ) Belle(7.4) 2007

Two BW peak fit better than only the Y(4260).

Z1(4050)+ 4051+24
�43 82+51

�55 ? B ! K(⇡+�c1(1P )) Belle(5.0), BABAR (1.1) 2008

Y (4140) 4145.8± 2.6 18± 8 ??+ B ! K(�J/ ) CDF (3.1), Belle (1.9) 2008
LHCb (1.4), CMS (> 5)

D0 (3.1)

X(4160) 4156+29
�25 139+113

�65 ??+ e+e� ! J/ (DD̄⇤) Belle(5.5) 2007

Z2(4250)+ 4248± 20 35± 16 ? B ! K(⇡+�c1(1P )) Belle(5.0), BABAR (2.0) 2008

Y (4274) 4293+121
� 49 226± 97 ??+ B+ ! K+(�J/ ) CDF (3.1), LHCb (1.0) 2007

CMS (> 3), D0 (np)

X(4350) 4350.6+4.6
�5.1 13.3+18.4

�10.0 0/2++ e+e� ! e+e�(�J/ ) Belle(3.2) 2009
Observable in LHCb, CMS, Atlas ?

X(4630) 4634+ 9
�11 92+41

�32 1�� e+e� ! �(⇤+
c ⇤

�
c ) Belle (8.2) 2007

1



• Y(4260)  -  not standard charmonium state.  JPC = 1- -    M= 4259 ± 9   Γ= 120 ± 12 MeV

– Decays observed: 

– Many models:    

– Lattice results from the hadron spectroscopy collaboration suggest the possibility of a hybrid 

– HQS expectations require to see an analog state in the bottomonium system

• 1. Using the static potential of the excited string  Πu  :  Hybrid state should be ~ 10,870 MeV   

• 2. At threshold of B1 B  :  11,000 MeV

• 3. Deeper bound systems :    
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1 From a two-resonance fit.
2 From a single-resonance fit. Supersedes AUBERT,B 05I.
3 Superseded by LIU 13B.
4 From a single-resonance fit. Two interfering resonances are not excluded. Superseded
by LEES 12AC.

X (4260) WIDTHX (4260) WIDTHX (4260) WIDTHX (4260) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

120 ±12 OUR AVERAGE120 ±12 OUR AVERAGE120 ±12 OUR AVERAGE120 ±12 OUR AVERAGE Error includes scale factor of 1.1.

134.1±16.4± 5.5 1 LIU 13B BELL e+ e− → γπ+π− J/ψ

114 +16
−15 ± 7 2 LEES 12AC BABR 10.58 e+ e− → γπ+π− J/ψ

73 +39
−25 ± 5 13.6 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. • • •

108 ±19 ±10 1,3 YUAN 07 BELL 10.58 e+ e− → γπ+π− J/ψ

88 ±23 + 6
− 4 125 4 AUBERT,B 05I BABR 10.58 e+ e− → γπ+π− J/ψ

1 From a two-resonance fit.
2 From a single-resonance fit. Supersedes AUBERT,B 05I.
3 Superseded by LIU 13B.
4 From a single-resonance fit. Two interfering resonances are not excluded. Superseded
by LEES 12AC.

X (4260) DECAY MODESX (4260) DECAY MODESX (4260) DECAY MODESX (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 X (3900)±π∓, X±
→ J/ψπ± seen

Γ5 J/ψπ0π0 seen

Γ6 J/ψK+K− seen

Γ7 X (3872)γ 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/ψηη not seen

Γ13 ψ(2S)π+π− not seen

Γ14 ψ(2S)η not seen

Γ15 χc0ω not seen

Γ16 χc1γ not seen

Γ17 χc2γ not seen

Γ18 χc1π+π−π0 not seen

Γ19 χc2π+π−π0 not seen

Γ20 hc (1P)π+π− not seen
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1. Charmonium  hybrid 
2. D1 D molecule 
3. Hadrocharmonium 
4. Tetraquark (ccss) 
5. Cusp/nonresonance 
…
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usually off-shell, which indicates the necessity of consid-
ering the form factor. As shown in the last two columns
in Table 1, the total branching ratio of Y (4260)→ V P
are from (3.36+3.24

−2.31)×10−3 to (7.48+7.22
−5.16)×10−3 with the

cutoff parameter α=2.0∼ 3.0.
For the isospin-violating channels, i.e., Y (4260) →

ωπ0, ρη, and ρη′, the charged and neutral charmed me-
son loops would cancel out exactly in the isospin sym-
metry limit. In other words, the mass difference be-
tween the u and d quark will lead to m(∗)±

D ̸= m(∗)0
D

due to the isospin symmetry breaking. As a result, the
charged and neutral charmed meson loops cannot com-
pletely cancel out, and the residue part will contribute to
the isospin-violating amplitudes. The branching ratios of
these isospin-violating channels as shown in Table 1 are
suppressed. Differing from the isospin-violating chan-
nels, since there is no cancelations between the charged
and neutral meson loops for the isospin isospin conserved
channels, i.e., Y (4260)→ ρπ, K∗K̄+c.c, ωη, and ωη′, so
the calculated branching ratios of these channels are 3-4
orders of magnitude larger than that of the isospin vio-
lated channels. As shown in this table, at the same α,
the predicted branching ratios of Y (4260)→ ωη are one
order larger than that of Y (4260) → ωη′. The reasons
may attribute to the different nn̄ component and differ-
ent phase space. We suggest the experimental measure-
ments to test this point.

In order to better understand the decay mechanism
of Y (4260), we define the following ratio

R=
Br(Y (4260)→V P )

Br(Y (4260)→Z+
c (3900)π

−)
, (14)

which is plotted in Fig. 3 for the dependence on the cut-
off parameter. The ratio is less sensitive to the cutoff

parameter, which is a consequence of the fact that the
involved loops are the same. The predicted branching
ratios for Y (4260)→ V P are the same order to that of
Y (4260) → Zc(3900)π. It may be an evidence for the
molecule structure of Y (4260) and can be tested by the
experimental measurements in future.

4 Summary

In this work, we have investigated the charmless de-
cays of Y (4260) in ELA, where Y (4260) is considered as
a D1D̄ molecular state candidate. We explore the rescat-
tering mechanism with the effective Lagrangian based on
the heavy quark symmetry and chiral symmetry. The re-
sults show that the α dependence of the branching ratios
are not drastically sensitive to some extent. With the
commonly accepted α = 2 ∼ 3 range, we make a quan-
titative prediction for all Y (4260) → V P with BRV P

from (3.36+3.24
−2.31)×10−3 to (7.48+7.22

−5.16)×10−3. These pre-
dicted branching ratios are the same order to that of
Y (4260) → Z+

c (3900)π
− with the molecular state as-

sumption. It indicates that the intermediate D1D̄ meson
loops may be a possible mechanism in Y (4260) → V P
decays. Of course, the relevant calculations of these
Y (4260)→V P channels in other models are also needed
in order to study the nature of Y (4260) deeply. We ex-
pect that with the help of precise measurements of var-
ious decay modes at BESIII, the nature of Y (4260) and
the decay mechanism of Y (4260)→ V P can be investi-
gated deeply. And the intermediate meson loops mech-
anism can be established as a possible nonperturbative
dynamics in the charmonium energy region, especially
the initial states are close to the two particle thresholds.
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parameter, which is a consequence of the fact that the
involved loops are the same. The predicted branching
ratios for Y (4260)→ V P are the same order to that of
Y (4260) → Zc(3900)π. It may be an evidence for the
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experimental measurements in future.
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tering mechanism with the effective Lagrangian based on
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sults show that the α dependence of the branching ratios
are not drastically sensitive to some extent. With the
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from (3.36+3.24
−2.31)×10−3 to (7.48+7.22

−5.16)×10−3. These pre-
dicted branching ratios are the same order to that of
Y (4260) → Z+

c (3900)π
− with the molecular state as-

sumption. It indicates that the intermediate D1D̄ meson
loops may be a possible mechanism in Y (4260) → V P
decays. Of course, the relevant calculations of these
Y (4260)→V P channels in other models are also needed
in order to study the nature of Y (4260) deeply. We ex-
pect that with the help of precise measurements of var-
ious decay modes at BESIII, the nature of Y (4260) and
the decay mechanism of Y (4260)→ V P can be investi-
gated deeply. And the intermediate meson loops mech-
anism can be established as a possible nonperturbative
dynamics in the charmonium energy region, especially
the initial states are close to the two particle thresholds.
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sults show that the α dependence of the branching ratios
are not drastically sensitive to some extent. With the
commonly accepted α = 2 ∼ 3 range, we make a quan-
titative prediction for all Y (4260) → V P with BRV P
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decays. Of course, the relevant calculations of these
Y (4260)→V P channels in other models are also needed
in order to study the nature of Y (4260) deeply. We ex-
pect that with the help of precise measurements of var-
ious decay modes at BESIII, the nature of Y (4260) and
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gated deeply. And the intermediate meson loops mech-
anism can be established as a possible nonperturbative
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• X(3872)  - JPC = 1++   M= 3871.69 ± 0.16 ± 0.19   Γ< 1.2 MeV   from J/ψ ππ mode

– Decays observed: 

– LHCb [arXiv:1404.0275]   

– MX - MD - MD*  = - 0.11 ± 0.23 MeV    

– Two primary models:    

– Mixed state with sizable quarkonium component likely.

– For LQCD:  Where is the χc0‘(23P0) state?

1. χc1’(23P1) state 

2. D0 D0* molecule
_
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X (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODES

Mode Fraction (Γi /Γ)

Γ1 e+ e−

Γ2 π+π− J/ψ(1S) > 2.6 %

Γ3 ρ0 J/ψ(1S)
Γ4 ωJ/ψ(1S) > 1.9 %

Γ5 D0D0 π0 >32 %

Γ6 D∗0D0 >24 %

Γ7 γγ
Γ8 D0D0

Γ9 D+D−

Γ10 γχc1
Γ11 γχc2
Γ12 ηJ/ψ
Γ13 γ J/ψ > 6 × 10−3

Γ14 γψ(2S) [a] > 3.0 %

Γ15 π+π− ηc(1S) not seen

Γ16 pp not seen

[a] BHARDWAJ 11 does not observe this decay and presents a stronger 90%
CL limit than this value. See measurements listings for details.

X (3872) PARTIAL WIDTHSX (3872) PARTIAL WIDTHSX (3872) PARTIAL WIDTHSX (3872) PARTIAL WIDTHS

Γ
(

e+ e−
)

Γ1Γ
(

e+ e−
)

Γ1Γ
(

e+ e−
)

Γ1Γ
(

e+ e−
)

Γ1
VALUE (keV) CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

<0.28 90 16 YUAN 04 RVUE e+ e− → π+π− J/ψ
16Using BAI 98E data on e+ e− → π+π− ℓ+ ℓ−. Assuming that Γ(π+π− J/ψ) of

X (3872) is the same as that of ψ(2S) (85.4 keV).

X (3872) Γ(i)Γ(e+ e−)/Γ(total)X (3872) Γ(i)Γ(e+ e−)/Γ(total)X (3872) Γ(i)Γ(e+e−)/Γ(total)X (3872) Γ(i)Γ(e+e−)/Γ(total)

Γ
(
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× Γ
(
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(
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(
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e+ e−
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(

π+π− J/ψ(1S)
)

× Γ
(

e+ e−
)

/Γtotal Γ2Γ1/Γ
VALUE (eV) CL% DOCUMENT ID TECN COMMENT

< 6.2< 6.2< 6.2< 6.2 90 17,18 AUBERT 05D BABR 10.6 e+ e− →

K+K−π+π−γ
• • • We do not use the following data for averages, fits, limits, etc. • • •

< 8.3 90 18 DOBBS 05 CLE3 e+ e− → π+π− J/ψ

<10 90 19 YUAN 04 RVUE e+ e− → π+π− J/ψ
17Using B(X (3872) → J/ψπ+ π−) · B(J/ψ → µ+µ−) · Γ(X (3872) → e+ e−) < 0.37

eV from AUBERT 05D and B(J/ψ → µ+µ−) = 0.0588 ± 0.0010 from the PDG 04.
18Assuming X (3872) has JPC = 1 −−.
19Using BAI 98E data on e+ e− → π+π− ℓ+ ℓ−. From theoretical calculation of the

production cross section and using B(J/ψ → µ+ µ−) = (5.88 ± 0.10)%.
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large Isospin violation

B(X(3872) !  (2S)�)

B(X(3872) ! J/ �)
= 2.46± 0.64± 0.29,
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TABLE I. Unnatural spin-parity and charge-psrity state. L stands for the relative orbital

angular momentum of π+π− and J/ψ.

JPC
ππ I L JPC

0++ 0, 2 1 0+−, 1+−, 2+−

2 2−−

2++ 0, 2 0 2−−

1 0+−, 1+−, 2+−, 3+−, 4+−

1−− 1 0 1++

1 0−+, 1−+, 2−+, 3−+
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• B -> X(3872) K -> (D0D0*) K

• Strong peaking at threshold for S-wave 
observed experimentally.

• Lattice calculations:

– `A pole appears just below threshold in the  
JPC =1++  I = 0 channel.

– But requires both the (cc) and  the DD* 
components.  

– Suggests there is a significant (cc) 
component of the X(3872)

– No pole observed in the I = 1 channel.
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FIG. 2: Distributions of MD∗D mass for Mbc > 5.27 GeV/c2 for D∗0
→ D0γ (left) and for D∗0

→ D0π0 (right). The result of
the simultaneous fit is shown by the superimposed lines. The points with error bars are data, the dotted curve is the signal,
the dashed curve is the background, the dash-dotted curve (barely visible) is the Y (3940) component, and the solid curve is
the total fitting function.
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and the solid curve is the total fitting function.
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Debye screening fit of the results, and the resulting Debye screening mass acquires
a nonzero value roughly at Tc. The spin-dependent part has a repulsive core which
roughly resembles the familiar parametrisation with the �(r) function.

11 Summary

Recent lattice QCD studies of charmonium and charmonium-like states were reviewed.
The main challenge for the future lattice simulations is the extraction of the scatter-
ing matrix relevant to the experimentally interesting states. This will, for example,
involve two or more coupled channels for tetraquarks Z+

c or pentaquarks Pc.
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X(3872)

•  Xb(10604) ??

• No isospin breaking: X is I=0 => G-parity 
forbids the decay X -> ππϒ(1S). 

• Dominate decay X -> ωϒ(1S) ?

• M(χb1(3P)) - M(B) - M(B*) ≈  - 75 MeV

• So the (bb) state is decoupled. 

• Expect no analogy of the X(3872) in the 
bottomonium system

29

X(3872) and Z+c (3900) Carleton DeTar

 400

 600

 800

 1000

 1200

 1400

E 
- E

(1
S)

 M
eV

D(0)D*(0)

D(-1)D*(1)

cc (I=0) cc + DD* (I=0) DD* (I=0)

Figure 2: Energy splittings between En and 1S = 1
4 (Mηc + 3MJ/ψ ), the spin-averaged 1S charmonium

masses. The towers of states are from the same operator bases as the first three panels in Fig. 1. Left:
the separate χc1(1P) and χc1(2P) states from cc operators. Middle: combined cc and DD∗ operators. Right:
states from the DD∗ I = 0 operators. The lower blue bar represents the X(3872) candidate.

Table 1: Energy levels for the cc+DD∗ operator set. The level e1 (lower blue bar in Fig. 2) corresponds
to the X(3872) candidate with a splitting of 13(6) MeV relative to the DD∗ threshold with our unphysical
lattice parameters.

En−1S (MeV)

Non-interacting
D̄(0)D(0) 910(2)
D̄(1)D(−1) 1036(3)

Interacting

e0 452(2)
e1 897(6)
e2 966(21)
e3 1494(30)

interpolating operators included, level repulsion results in the weakly bound state represented by
the lower blue bar, our candidate X(3872). The upper blue bar can be interpreted as a scattering
state shifted up due to the large negative scattering length. This shallow bound state scenario on the
lattice has been confirmed in deuteron studies [29, 30]. Our results agree qualitatively with those of
the pioneering lattice studies of the X(3872) by Prelovsek and Leskovec [19] using clover valence
and sea quarks throughout.

4.2 Z+
c (3900)

Figure 3 shows the energy splittings in the various 1+− channels. The mixing is evidently
too weak to produce a state distinct from the noninteracting scattering states, in agreement with
[20, 22].
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FIG. 3. The spectra of states with JPC = 1++ for the cases with u/d valence quarks. The energies En = Elat
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[Eq. (11)] are shown. The horizontal lines show energies of noninteracting two-particle states (1) and experimental thresholds,
indicating uncertainty related to σ width. In each subplot, the middle block shows the discrete spectrum determined from our
lattice simulation from the optimized basis [Eq. (9)]. The right-hand block shows the spectrum we obtained from the optimized
basis of operators with the [c̄q̄]Ḡ [cq]G operators excluded. The gray marks, on the right-hand side of each pane, indicate the
lowest three-meson threshold mηc + 2mπ, while the actual lowest ηcππ level on the lattice appears higher due to l = 1, which
requires relative momenta. The left-hand block shows the physical thresholds and possible experimental candidates (a) χc1,
X(3872) and X(3940), (b) Z+

c (4050) and Z+
c (4250). The violet error bars for experimental candidates show the uncertainties

in the energy and the black error bars show its width.

 3.4

 3.55

 3.7

 3.85

 4

 4.15

 4.3

 4.45

E
n
 [

G
eV

]

 Expt. Lat. Lat. − O4q 

Ds(0) -Ds*(0)

J/Ψ(0) φ(0)

Ds(1) -Ds* (-1)

J/Ψ(1) φ(-1)

I=0 : -cc
-
ss & -cc 

FIG. 4. The spectrum of states with JPC = 1++ and hidden
strange quarks. The possible experimental candidates shown
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the right-hand side of each pane, indicate the lowest three-
meson threshold mηc + 2mK . However, the actual lowest
ηcKK level on the lattice appears higher due to l = 1, which
requires relative momenta. For further details see Figure 3.

or becomes too noisy to be identified. This is de-
termined by comparing the pattern of the effective
masses and overlaps between the original basis and
the basis after operator exclusion.

The remaining states, that are not attributed to the
two-meson scattering channels, are represented by red
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FIG. 5. The spectrum of states (Eq. (11)) with JPC = 1++

and quark content c̄c(ūu + d̄d) & c̄c. (i) Optimized basis
(without OMM

17 ), (ii) optimized basis without c̄c operators
(and without OMM

17 ) and (iii) basis with only c̄c operators.
Note that candidate for X(3872) disappears when remov-
ing c̄c operators although diquark-antidiquark operators are
present in the basis, while it is not clear to infer on the dom-
inant nature of this state just from the third panel. The
OMM

17 = χc1(0)σ(0) is excluded from the basis to achieve bet-
ter signals and clear comparison.

squares.

Figures 3 and 4 also compare the spectra between the
two bases of operators, one with optimized operator set
and another with the optimized set excluding [c̄q̄]Ḡ [cq]G .
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In all three cases we see an almost negligible effect on the
low lying states, while we do observe an improvement in
the signals for higher lying states in the basis without
[c̄q̄]Ḡ [cq]G . The same conclusion applies for overlaps.
The employed irreducible representation T++

1 con-
tains the states JPC = 1++ of interest, as well as
JPC = 3++ states due to the broken rotational sym-
metry. Upon inclusion of the interpolator Oc̄c

8 to the
basis [Eq. (9)] the spectra for both I = 0 channels re-
main essentially unchanged except for an additional level
at E ≃ 4.1−4.2 GeV [Eq. (11)]. This is where the earlier
simulation on the same ensemble [25] and the simula-
tion [47] have identified the only 3++ state in the energy
region of our interest. In the following subsections, we
present the spectra of JPC = 1++ states in three flavor
channels for the basis (Eq. (9)), where Oc̄c

8 is excluded.

A. I = 0 channel with flavor c̄c(ūu+ d̄d) and c̄c

This is the channel where the experimental X(3872)
resides. We will argue that the energy levels affected
by this state are n = 2 (red squares) and n = 6 (blue
circle) from Figure 3(a). The lowest state is the con-
ventional χc1(1P ). The overlaps of the three low-lying
levels represented by circles show dominant J/ψ(0)ω(0),
ηc(1)σ(−1) and χc1(0)σ(0) Fock components. The high-
est two states in Figure 3(a) have significant overlap with
the J/ψ(1)ω(−1) and D0(1)D̄∗

0(−1) operators.
Now we focus on the eigenstates that are related to

X(3872). The c̄c interpolators alone give an eigenstate
close to DD̄∗ threshold (right pane of Figure 5), but
one cannot establish whether this eigenstate is related
to X(3872) or to nearby two-meson states in this case.
Therefore we turn to the spectrum of the full optimized
basis [midpane in Figure 3(a)], where levels n = 2 (red
squares) and n=6 (blue circles) are found to have dom-
inant overlap with the c̄c and DD̄∗ operators. Exclud-
ing either of these operators results in disappearance of
one level and a shift in the other level towards the DD̄∗

threshold. We emphasize that one of the two levels re-
mains absent whenDD̄∗ and O4q are used and Oc̄c is not,
as is evident from the first and second panel from the left
of Figure 5. This indicates that the c̄c Fock component is
crucial for X(3872), while the [c̄q̄]Ḡ [cq]G structure alone
does not render it. This also implies a combined domi-
nance of c̄c and DD̄∗ operators in determining the posi-
tion of these two levels, while their resulting energies are
not significantly affected whether O4q is used in addition
or not.
We determine the DD̄∗ scattering phase shift from lev-

els n = 2, 6 via Lüscher’s relation [31] assuming elastic
scattering. The phase shift is interpolated near threshold
using the effective-range approximation. The eigenstate
n=6 (blue circle) is interpreted as the D(0)D̄∗(0) scat-
tering state, which is significantly shifted up due to a
large negative scattering length [48]. The resulting scat-
tering matrix T ∝ 1/(cot δ(p) − i) has a pole just below

X(3872) mX −ms.a. mX −mD0
−mD∗

0

Lat. 816(15) -8(15)

Lat. - O4q 815(8) -9(8)

LQCD [17] 815(7) -11(7)

LQCD [18] - -13(6)

Exp. 803(1) -0.11(21)

TABLE III. Mass of X(3872) 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. Re-
sults from previous lattice QCD simulations [17, 18] and ex-
periment are also presented.

the threshold where cot δ(pB) = i is satisfied. We neglect
possible effects of the left-hand cut in the partial wave
amplitude. The results confirm a shallow bound state
just below the DD̄∗ threshold and the binding momen-
tum pB renders the mass of the bound state, interpreted
as experimentally observed X(3872). The resulting mass
of X(3872) and its binding energy are provided in Table
III and in Figure 7, which indicate that it is insensitive
to inclusion of diquark-antidiquark interpolators within
errors. The mass of X(3872) was extracted along these
lines for the first time in Ref. [17], where this channel
was studied in a smaller energy range on the same en-
semble without diquark-antidiquark interpolators. The
error on the 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 properties are due to the accidental alignment
of a c̄c state with the D0D̄∗0 threshold [49, 50], but we
cannot rule out other options.

-30

-20

-10

 0

 10
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FIG. 7. Mass of X(3872) with respect to ms.a. from the
present simulation, previous lattice studies [17, 18] and ex-
periment [6].

With regard to the other experimentally observed
charmonia-like states [e.g. X(3940)], 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 = 1++
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Hadronic Transitions Above Threshold

• With BaBar, BES III, LHCb, BELLE and (CMS, ATLAS, CDF/D0) many new details of 
hadronic transitions have been observed.

• A clearer theoretical understanding hadronic transitions for quarkonium-like states above 
threshold should now be possible. 

• However there are many the questions which arise as well:

– The QCD Multipole Expansion fails above threshold.  Why and how? 

– What are the remaining constraints of Heavy Quark Symmetry?

– What explains the large rate of transitions for some states above threshold?

– Can the pattern of transitions be understood?

– Can detailed predictions be made?

• First let’s look at the details of the transitions.  
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Hadronic Transitions Above Threshold

• Bottomonium systems: 

• 𝚼(4S) 

– M = 10,579.4 ± 1.2 MeV  Γ = 20.5 ± 2.5 MeV; 

– Open decay channels:  

• M(B+B-) = 10,578.52 MeV,   M(B0B0) = 10,579.16 MeV

• Essentially no isospin breaking in the masses.

– Normal pattern of 2π decays,  large η decays:

—>  partial rate =  1.66 ± 0.23 keV

_

Table 1: Selected ⌥(4S) decays.

Decay Mode Branching Rate

B+B� (51.4± 0.6)%

B0B̄0 (48.6± 0.6)%

total BB̄ > 96%

⌥(1S) ⇡+⇡� (8.1± 0.6)⇥ 10�5

⌥(2S) ⇡+⇡� (8.6± 1.3)⇥ 10�5

hb(1P ) ⇡+⇡� (not seen)

⌥(1S) ⌘ (1.96± 0.28)⇥ 10�4

hb(1P ) ⌘ (1.83± 0.23)⇥ 10�3

Table 2: Selected ⌥(5S) decays.

Decay Mode Branching Rate

B+B� (51.4± 0.6)%

B0B̄0 (48.6± 0.6)%

total BB̄ > 96%

⌥(1S) ⇡+⇡� (5.3± 0.6)⇥ 10�3

⌥(1S) ! (5.3± 0.6)⇥ 10�3

⌥(2S) ⇡+⇡� (7.8± 1.3)⇥ 10�3

⌥(3S) ⇡+⇡� (4.8 +1.9
�1.7)⇥ 10�3

hb(1P ) ⇡+⇡� (3.5 +1.0
�1.3)⇥ 10�3

hb(1P ) ⇡+⇡� (6.0 +2.1
�1.8)⇥ 10�3

2
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—>  partial rate =  4.02 ± 0.89 keV 
—>  partial rate =  3.75 ± 0.73 keV

SU(3) violating 
HQS  violating-4
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• Large heavy quark spin symmetry breaking induced by the B*- B mass splitting.  [Same for  
D*-D and Ds*-Ds]

– Coupled channel calculations show a large virtual B B component to the 𝚼(4S).   This accounts 
for the observed violation of the spin-flip rules of the usual  QCDME.   

– JPC = 1- -  in terms of B(*), B(*) mass eigenstates: 

• JSLB = jSLB + L

– IG (JP) = 1- (1+)

• S-wave (L=0)

32

S wave meson-antimeson pairs with the quantum numbers IG(JP ) = 1+(1+): Zb(10650) ∼
B∗B̄∗, and Zb(10610) ∼ (B∗B̄ − B̄∗B). The heavy meson pairs in the states with quantum

numbers IG(JP ) = 1+(1+) are not eigenstates of the total spin of the bb̄ quark pair, SH = 0−H
or SH = 1−H , but rather are two orthogonal completely mixed states [7]:

Zb(10610) ∼ (B∗B̄ − B̄∗B) ∼
1√
2

(

0−H ⊗ 1−SLB + 1−H ⊗ 0−SLB
)

,

Zb(10650) ∼ B∗B̄∗ ∼
1√
2

(

0−H ⊗ 1−SLB − 1−H ⊗ 0−SLB
)

, (1)

where 0−SLB and 1−SLB stand for the two possible spin states of the ‘rest’ degrees of freedom

besides the heavy quark spin. In other words, these are the two possible JP = 1+ states

of an S-wave pair of heavy mesons in the limit of spinless b quark (‘SLB’ states). In this

picture and due to the heavy quark spin symmetry the observed decays of the Zb resonances

to Υ(nS) π proceed due to the presence of the ortho- (1−H) heavy quark spin state in each

of the resonances, while the transitions to the para- states of bottomonium, proceed due to

the part of the spin wave function with 0−H .

A complete classification of S-wave threshold states of heavy meson pairs in terms of

their SH ⊗ SSLB structure is described in Refs.[8, 9]. Of these states two more states with

JP = 0+ made of BB̄ and B∗B̄∗ also contain mixtures of ortho- and para- heavy quark pairs.

In this paper a similar analysis in terms of the spin of the heavy quark pair and the

angular momentum of the ‘rest’ degrees of freedom is applied to the states of heavy meson

pairs with isospin zero and JPC = 1−−. This channel is of a special interest due to the direct

formation of such states in e+e− annihilation. Clearly, these quantum numbers correspond

to a P -wave relative motion of the mesons 1. It is necessary to emphasize that unlike the

isovector states, considered [7, 8, 9] in connection with the Zb resonances, and which are

in fact states of a heavy meson pair, the isoscalar JPC = 1−− states of heavy meson pairs

should be considered as an admixture to the pure heavy quarkonium states, of which the ones

produced in e+e− annihilation are 3S1 states of the heavy quark pair. In the considered here

classification in terms of their SH⊗SSLB structure, the quarkonium 3S1 states are 1
−
H⊗0+SLB,

since the (absent) ‘rest’ degrees of freedom are in the vacuum state corresponding to 0+SLB.

A possible small admixture of 3D1 heavy quark pair, which is to be classified as that of a

1−H ⊗ 2+SLB arises in the second order in the breaking of the heavy quark symmetry and is

neglected here.

1A possible presence of an F wave for a B∗B̄∗ pair can be neglected in the near-threshold region.

2

negative C parity, which in simple terms of ‘the light quark pair’ qq̄ corresponds to a 1P1

state).

The explicit expansion of the four states in Eq.(2) in terms of the four eigenfunctions ψab

can be readily found, similarly to the method used in Ref. [7] by replacing in Eq.(2) the wave

functions of the B(∗) mesons with interpolating expressions in terms of nonrelativistic spinors

b (b†) for the b (anti)quark and the nonrelativistic spinors q and q† for the ‘rest’ degrees of

freedom in the mesons, B ∼ (b†q), B∗
i ∼ (b† σi q), and performing the Fierz transformation,

e.g.

(b†q)(q†b) = −
1

2
(b† σi b)(q

† σi q)−
1

2
(b†b)(q†q) .

The result has the form:

BB̄ :
1

2
√
3
ψ10 +

1

2
ψ11 +

√
5

2
√
3
ψ12 +

1

2
ψ01 ;

B∗B̄ − B̄∗B√
2

:
1√
3
ψ10 +

1

2
ψ11 −

√
5

2
√
3
ψ12 ;

(B∗B̄∗)S=0 : −
1

6
ψ10 −

1

2
√
3
ψ11 −

√
5

6
ψ12 +

√
3

2
ψ01 ;

(B∗B̄∗)S=2 :

√
5

3
ψ10 −

√
5

2
√
3
ψ11 +

1

6
ψ12 . (4)

One can easily check that the matrix of the transformation from the H ⊗ SLB eigenstates

to the states of the meson pairs is orthogonal.

3 Production of heavy meson pairs in e+e− annihilation

The heavy mesons are produced by the electromagnetic current of the heavy quark, e.g.

(b̄ γµb), which in the nonrelativistic near-threshold region corresponds to the structure 1−−
H ⊗

0++
SLB. Therefore in the limit of exact heavy quark spin conservation the relative amplitudes

for production of the four states of the meson pairs are given by the coefficients of ψ10 in

Eq.(4):

A(e+e− → BB̄) : A(e+e− → B∗B̄ + c.c.) : A
[

e+e− → (B∗B̄∗)S=0

]

: A
[

e+e− → (B∗B̄∗)S=2

]

=
1

2
√
3
:

1√
3
: −

1

6
:

√
5

3
. (5)

These ratios give rise to the relation between the production cross section σ for each chan-

nel, normalized to the corresponding P -wave phase space factor v3 with v being the c.m.

4

In what follows, for definiteness and simplicity of the notation, the properties of the

bottomonium-like states and of B(∗) meson-antimeson pairs are discussed. An application

to similar properties of charmonium and D(∗) mesons will be mentioned separately.

The rest of the paper is organized as follows. In Sec. 2 the transformation from the states

of meson pairs to the eigenstates of the heavy quark spin is derived. In Sec. 3 an application

of the spin symmetry to production of heavy meson pairs in e+e− annihilation is discussed,

and in Sec. 4 properties of specific bottomonium-like and charmonium-like vector resonances

are considered. Finally, the discussion and results are summarized in Sec. 5.

2 Spin structure of the JPC
= 1

−− heavy meson pairs

There are four different P -wave states of the heavy mesons with JPC = 1−−:

BB̄ : pi (B
†B) ;

B∗B̄ − B̄∗B√
2

:
i

2
ϵijkpj (B

∗†
k B − B∗

kB
†) ;

(B∗B̄∗)S=0 :
pi√
3
(B∗†

j B∗
j ) ;

(B∗B̄∗)S=2 :

√

3

5

pk
2

(

B∗†
i B∗

k +B∗†
k B∗

i −
2

3
δik B

∗†
j B∗

j

)

. (2)

The states (B∗B̄∗)S=0 and (B∗B̄∗)S=2 correspond to two possible values of the total spin S

of the B∗B̄∗ meson pair. The wave functions in the r.h.s are written in terms of the c.m.

momentum p⃗ and the wave functions of the pseudoscalar and vector mesons and have the

same normalization for each state.

The four states of the meson pairs in Eq.(2) are not eigenstates of either the operator of

the total spin S⃗H of the heavy quark pair, nor of the operator J⃗SLB = S⃗SLB + L⃗, describing

the angular momentum in the limit of spinless b quark. Clearly, there are four possible

combinations of such eigenstates that match the overall quantum numbers JPC = 1−−:

ψ10 = 1−−
H ⊗ 0++

SLB , ψ11 = 1−−
H ⊗ 1++

SLB , ψ12 = 1−−
H ⊗ 2++

SLB , and ψ01 = 0−+
H ⊗ 1+−

SLB . (3)

The first three of these combinations involve an ortho- state of the bb̄ pair with different

alignment of the total spin SH = 1 relative to the total angular momentum of the state,

while the fourth combination involves a para- bb̄ state, i.e. with SH = 0, while the overall

angular momentum is provided by that of the ‘rest’ degrees of freedom, JSLB = 1 (and a

3

 Voloshin [arXiv:1201.1222]

Heavy Quark Spin Symmetry
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Strange heavy-light meson thresholds

• What about SU(3) ?

– If there was no SU(3) breaking: only SU(3) singlet light hadron states 
could be produced. So single light hadron production (except the η’ ) 
would be forbidden.  

– BUT: SU(3) breaking is induced by the mass splitting of the                 
(Q q) mesons with q=u,d (degenerate if no isospin breaking) and q = s. 

– These splittings are large (~100 MeV)  so there is large SU(3) breaking 
in the threshold dynamics.  

– This leads to large effects in the threshold region. 

– This greatly enhances the final states with η + (QQ).                                              
Yu.A. Simonov and A.I. Veselov [arXiv:0810.0366]

– Similarly important in ω and ɸ production. 
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Hadronic Transitions Above Threshold

• 𝚼(5S) hadronic transitions

– M = 10,876 ± 11 MeV  Γ = 55 ± 26 MeV;

– Open Ground State (jp = ½- ) Decay Channels: 

• M(BB) = 10,559 MeV,  M(B*B) = 10,604 MeV,   M(B*B*) = 10,650 MeV

• M(BsBs) = 10,734 MeV,  M(B*sBs) = 10,782 MeV,   M(B*sB*s) = 10,831 MeV

– Also some P state (jp = ½+) Decay Channels are essentially open 

• M(B[1½+P0]B*) = 11,055 MeV         (notation: njPLJ)

• M(B[1½+P1]B) = 11,045 MeV,   M(B[1½+P1]B*) = 11,091 MeV

– I have assumed: Γ(B[1½+P{0,1}]) ~ 300 MeV (wide);  Γ(B[13/2+P{1,2}]) are narrow 

34
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FIG. 3. The ordering pattern of B meson states. The mass scale is in GeV.

17

with 1/mQ correctionsmQ-->infinity

5.5

5.7

5.9

5.3

2S1
2S0

1P1
1P0

1P(1/2)

1P1

2S

1P2

1S

1S0

1P(3/2)

1S1
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Hadronic Transitions Above Threshold

• 𝚼(5S) hadronic transitions

– M = 10,876 ± 11 MeV  Γ = 55 ± 26 MeV;

– Open Ground State (jp = ½- ) Decay Channels: 

• M(BB) = 10,559 MeV,  M(B*B) = 10,604 MeV,   

• M(B*B*) = 10,650 MeV

• M(BsBs) = 10,734 MeV,  M(B*sBs) = 10,782 MeV,   

• M(B*sB*s) = 10,831 MeV

– Also some P state (jp = ½+) decay channels                                                                                             
are essentially open 

• M(B[1½+P0]B*) = 11,055 MeV         (notation: njPLJ)

• M(B[1½+P1]B) = 11,045 MeV,   

• M(B[1½+P1]B*) = 11,091 MeV

– I have assumed: Γ(B[1½+P{0,1}]) ~ 300 MeV (wide);  Γ(B[13/2+P{1,2}]) < few MeV (narrow) 
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Low-lying thresholds

36

Narrow-Wide Thresholds

Bs* B(P1) 

Bs* B(P0); Bs B(P1) 

B* B(P1); Bs B(P0) 

B* B(P0), B B(P1) 

B B(P0)
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Hadronic Transitions Above Threshold

– 𝚼(5S) decay pattern:

– Very large 2π hadronic transitions [ > 100 times 𝚼(4S) rates ]

– Very large  η (single light hadron) transitions.   Related to nearby Bs*Bs* threshold?

—>  partial rate = 0.29 ± 0.13 MeV

—>  partial rate = 86 ± 41 keV

37

—>  partial rate = 0.15 ± 0.08 MeV

Table 2: Selected ⌥(5S) decays.

Decay Mode Branching Rate Decay Mode Branching Rate

BB̄ (5.5± 1.0)% ⌥(1S) ⇡+⇡� (5.3± 0.6)⇥ 10�3

BB̄⇤ + c.c. (13.7± 1.6)% ⌥(2S) ⇡+⇡� (7.8± 1.3)⇥ 10�3

B⇤B̄⇤ (38.1± 3.4)% ⌥(3S) ⇡+⇡� (4.8 +1.9
�1.7)⇥ 10�3

⌥(1S)KK̄ (6.1± 1.8)⇥ 10�4

BsB̄s (5± 5)⇥ 10�3 hb(1P )⇡+⇡� (3.5 +1.0
�1.3)⇥ 10�3

BsB̄
⇤
s + c.c. (1.35± 0.32)% hb(1P )⇡+⇡� (6.0 +2.1

�1.8)⇥ 10�3

B⇤
s B̄

⇤
s (17.6± 2.7)% �b1 ⇡+⇡�⇡0 (total) (1.85± 0.33)⇥ 10�3

BB̄⇡ (0.0± 1.2)% �b2 ⇡+⇡�⇡0 (total) (1.17± 0.30)⇥ 10�3

B⇤B̄⇡ +BB̄⇤⇡ (7.3± 2.3)% �b1 ! (1.57± 0.32)⇥ 10�3

B⇤B̄⇤⇡ (1.0± 1.4)% �b2 ! (0.60± 0.27)⇥ 10�3

BB̄⇡⇡ < 8.9% ⌥(1S)⌘ (0.73± 0.18)⇥ 10�3

⌥(2S)⌘ (2.1± 0.8)⇥ 10�3

⌥(1D)⌘ (2.8± 0.8)⇥ 10�3

total BB̄X (76.2 +2.7
�4.0)%

Table 3: Selected  (2D) decays.

Decay Mode Branching Rate

D0D̄0 (52± 5)%

D+D� (41± 4)%

total DD̄ 93+8
�9%

 (1S) ⇡+⇡� (1.93± 0.28)⇥ 10�3

 (1S) ⌘ (9± 4)⇥ 10�4

3
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Zb±(10,610)  and Z b± (10,650)

• BELLE observed two new charged states in the Υ(5S) -> Υ(nS) + π+π- (n=1,2,3)   and the Υ(5S) -> 

hb(nP) + π+π- (n=1,2) 

• Υ(5S) -> Zb++ π- and  Zb -> hb(nP) + π+ .  

• Explicitly violates the factorization assumption of the QCDME. 

• The Zb± (10610) is a narrow state (Γ= 15.6 ± 2.5 MeV) at the BB* threshold (10605).

• The Zb± (10650) is a narrow state (Γ= 14.4 ± 3.2 MeV) at the B*B* threshold (10650).

38
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• Strong threshold dynamics

– Strong peaking at threshold BB* and B*B*

– Z+(10610) and Z+(10650) states

– HQS implies that the same mechanism applies for charmonium-like states
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FIG. 3: Mr(π) distribution for wrong-sign Bπ combinations for the (a) BB∗π and (b) B∗B∗π

candidate events. Points with error bars are data, the solid line is the result of the fit with a

function of Eq.(2).
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FIG. 4: Mr(π) distribution for right-sign Bπ combinations for (a) Υ(10860) → BB∗π and (b)
Υ(10860) → B∗B∗π candidate events. Points with error bars are data, the solid line is the result of

the fit with the nominal model (see text), the dashed line - fit to pure non-resonant amplitude, the
dotted line - fit to a single Zb state plus a non-resonant amplitude, and the dash-dotted - two Zb

states and a non-resonant amplitude. The hatched histogram represents background component
normalized to the estimated number of background events.

where ANR is the non-resonant amplitude parameterized as a complex constant and the
Zb(10610) amplitude is a Breit-Wigner function. As a variation of this nominal model, we
also add a second Breit-Wigner amplitude to account for possible Zb(10650) → BB∗π decay.
We also fit the data with only the Zb(10610) channel included in the decay amplitude. The
results of these fits are shown in Fig. 4(a). Two models give about equally good description
of the data: nominal model and a model with additional non-resonant amplitude. However,
we select the former one as our nominal model since adding a non-resonant amplitude does

9

m = 1, 2 decays, one can measure the ratio of the branching fractions:

B(Zb(10610) → BB∗)
∑

n B(Zb(10610) → Υ(nS)π) +
∑

m Zb(10610) → hb(mP )
= 6.2± 0.7± 1.3+0.0

−1.8

and

B(Zb(10650) → B∗B∗)
∑

n B(Zb(10650) → Υ(nS)π) +
∑

m Zb(10650) → hb(mP )
= 2.8± 0.4± 0.6+0.0

−0.4.

We also find it useful to calculate the relative fractions for Zb decays assuming that thy
are saturated by the already observed Υ(nS) (n = 1, 2, 3), hb(mP ) (m = 1, 2), and B∗B(∗)

channels. The results are summarized in Table V. We do not include the Zb(10650) → BB∗

channel in the table as this decay mode has marginal significance. However, if the central
value is used, its fraction would be 25.4± 10.2%. All other fractions would be reduced by a
factor of 1.33.
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– Contributions of P-state decays:

• n3S1(QQ) ->  1½+PJ(Qq) + 1½-SJ’(qQ) :

• 1½+PJ(Qq) -> 1½-SJ’(Qq’) +  1S0 (qq’)  for S-wave J=J’

• Dominant two body decays of the ϒ(5S)

_ __

40

_ _ _

π

πϒ(5S)

ϒ(1S)

B1(1P)
B*

B(*)
_

Example

Table 3: QQ̄ ! Qq̄(1
1
2
+

PJ) + qQ̄(1
1
2
�
SJ 0)

C(J, J 0) J 0 = 0 J 0 = 1

J = 0 0 2/3

J = 1 2/3 4/3

3

Remarks: 
(1)  𝚼(5S) strong decay is S-wave 
(2) The large width of the B1(1P) implies that 

the first π is likely emitted while the 
B1(1P) and B(*) are still nearby. 

(3) The B1(1P) decay is S-wave 
(4)  Therefore the B(*) B* system is in a 

relative S-wave and near threshold.   
(5)  No similar BB system is possible.

S-wave decays

New Dynamics for Hadronic Transitions
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New Dynamics for Hadronic Transitions

•  A new factorization for hadronic transitions above threshold.

– Production of a pair of heavy-light mesons (H’1 H2) near threshold.   
Where   H’1 = H1 or  H’1 decays rapidly to H1  + light hadrons (hb), 
yielding  H1 H2 <hb>

– Followed by recombination of this  (H1 H2) state into a narrow 
quarkonium  state (ɸf) and  light hadrons (ha).

• The time scale of the production process has to be short                                                 
relative to the time scale over which H1 H2 rescattering can occur. 

• The relative velocity in the  H1 H2 system must be low. This is                              
only possible near threshold. 

– Here we need not speculate on whether the observed rescattering is 
caused by a threshold bound state, cusp, or other dynamical effect.  

41

⟨hb⟩

ha

H2

_

ɸi

ɸf

H1

Table 7: New States Above Threshold for Bottomonium System. Present experi-
mental masses and widths (MeV) are shown.

State Mass Width JPC Comments

⌥(10580) 10579.4± 1.2 20.5± 2.5 1�� 43S1

Z(10610)+ 10607.2± 2.0 18.4± 2.4 1+ I = 1
Z(10650)+ 10652.2± 1.5 11.5± 2.2 1+ I = 1
⌥(10860) 10876± 11 55± 28 1�� 53S1

⌥(11020) 11019± 8 79± 16 1�� 63S1

M(�i ! �f + h >=
X

H1H2

X

p1,p2

h�fha|H0
I |H1(p1)H̄2(p2)i 1

(Ef + Ea)� (E1 + E2)
hH1H̄2[hb]|HI ||�ii

6

F.K. Gao, C. Hanhart, Q. Wang, Q. Zhao [arXiv:1411.5584]



• Production modes

– e+e- 

• direct                                                 sequential (dominate terms)

• Can compute using coupled channel formalism

– B decays

• More quantum numbers accessible 
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New Dynamics for Hadronic Transitions
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  I = 0

hl

H2

_
B

H1

π 

H2

_

ɸi H1

JP = 1+ 

 IG = 1+
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B
ɸi H2
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• Physical Expectations for Threshold Dynamics:

1.There is a large rescattering probability into light 
hadrons and quarkonium states for two heavy light 
mesons both near threshold and  nearby in position. 

2. For direct decays of a quarkonium resonance:  New 
S-wave channels peak rapidly near threshold.   This 
is an expected property of the decay amplitudes into 
two narrow two heavy mesons and is an explicit 
feature of coupled channel calculations.  

3. For sequential decays: the strong scattering 
dynamics of two narrow heavy-light mesons is 
peaked near threshold for S-wave initial states. 
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New Dynamics for Hadronic Transitions

π

𝚼(nS)

B*

B(*)_

B*

B(*)

B*

B(*)_

Ratios determined by LQCD calculations  
and judicious use of  SU(3).   

M. Padmanath, C. B. Lang and S. Prelovsek  
[arXix:1503.03257]
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Heavy Quark Symmetry

• Charmonium-like states:  e+e- —> π+ π- J/ѱ  at √s = 4.26 GeV   [Y(4260)]

• Zc(3885) , Zc(4020)  both have  IG (JP) = 1- (1+).   

• As expected by HQS between the bottomonium and charmonium systems
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BESIII  Z. Lin  

[arXiv:1504.06102]

2 Observation of Zc(3900) at BESIII

The BESIII detector has collected 525 pb−1 data at e+e− central-of-mass (CM) energy (4.260±
0.001) GeV. With this data sample, we analyze the e+e− → π+π−J/ψ process 5. The Drift
Chamber is used to catch 4 charged tracks (π+π−ℓ+ℓ−), and the calorimeter is used to separate

electrons and muons. We use the published Belle 6 and BABAR 9 e+e− → π+π−J/ψ cross
section line shapes to do radiative correction. The Born order cross section at

√
s = 4.260 GeV

is measured to be σB(e+e− → π+π−J/ψ) = (62.9± 1.9± 3.7) pb. The good agreement between

BESIII, Belle 6 and BABAR 9 for π+π−J/ψ cross section measurement confirms the BESIII
analysis is valid and unbiased.

After obtained the cross section, we turn to investigate the intermediate state in Y (4260) →
π+π−J/ψ decays. We got 1595 π+π−J/ψ signal events with a purity of ∼90%. The Dalizt plot
of Y (4260) → π+π−J/ψ signal events shows interesting structures both in the π+π− system and
π±J/ψ system. In the π±J/ψ mass distribution, a new resonance at around 3.9 GeV/c2 (called
Zc(3900) hereafter) was observed. For the π+π− mass distribution, there are also interested
structures, which can be modeled well by 0++ resonance σ(500), f0(980) and non-resonant S-
wave π+π− amplitude. The D-wave π+π− amplitude is found to be small in data and they
also do not form peaks in the M(π±J/ψ) mass spectrum. To extract the resonant parameters
of Zc(3900), we use 1-dimensional unbinned maximum likelihood fit to the Mmax(π±J/ψ) mass
distribution (the larger one of M(π+J/ψ) and M(π−J/ψ) mass combination in each event),
which is an effective way to avoid Zc(3900)+ and Zc(3900)− components cross counting. Figure 1
(left) shows the fit results, with M [Zc(3900)] = (3899.0± 3.6± 4.9) MeV/c2, and Γ[Zc(3900)] =
(46±10±20) MeV. Here the first errors are statistical and the second systematic. The significance
of Zc(3900) signal is estimated to be > 8σ in all kinds of systematic checks.
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Figure 1 – Fit to the Mmax(Zc(3900) → π±J/ψ) (left) and M(Zc(3900) → D0D∗−) (middle) and M(Zc(3900) →
D+D̄∗0) (right) invariant mass distribution as described in the text. Dots with error bars are data, the solid
curves show the total fit and the dashed curves are backgrounds contribution.

3 e+e− → π+(DD∗)−+c.c.

The mass of Zc(3900) is a bit above DD∗ mass threshold, which motivates an assumption
that Zc(3900) can coupling to DD∗. The BESIII Collaboration has performed the analysis

of e+e− → π+(DD∗)− (here charge conjugation is always implied) with 525 pb−1 data 10.
The (DD∗)− system contains two combination: D0D∗− and D−D∗0. In order to obtain more
statistics, a good choice is to employed the partial reconstruction technique. The primary π+

and D meson are required to be detected, while the D∗ meson is missing. The final 4-momentum
of DD∗ system is obtained through e+e− initial momentum minus pion momentum, which is due
to strict momentum conservation. Figure 1 (middle, right) shows the obtained DD∗ invariant
mass distributions. An obvious peak is observed near DD∗ mass threshold, which corresponds
to a resonance. An unbinned maximum likelihood fit gives mass M = 3889.1 ± 1.8 MeV and
width Γ = 28.1 ± 4.1 MeV (3891.8 ± 1.8 MeV and 27.8 ± 3.9 MeV) for the two data sets,

respectively. The pole position of this peak is calculated to be Mpole = 3883.9 ± 1.5± 4.2 MeV
and Γpole = 24.8±3.3±11.0 MeV, where the first errors are statistical and the second systematic.

The mass and width of the peak observed in DD∗ final state agree with that of Zc(3900).
Thus, they are quite probably the same state. From the production cross section measurement,
we also obtained Γ[Zc(3900)→DD∗]

Γ[Zc(3900)→πJ/ψ] = 6.2 ± 1.1stat ± 2.7sys. That means Zc(3900) has a much

stronger coupling to DD∗ than πJ/ψ. Further study of production angle distribution shows the
DD∗ peak favor JP = 1+ assignment.

4 Zc(4020) and Zc(4025)

Using about 3.3 fb−1 data, we also try to search charged charmoniumlike state in the e+e− →
π+π−hc process11. The hc resonance is reconstructed through its radiative decay hc → γηc (with
∼ 50% branching ratio), and ηc resonance is reconstructed through 16 exclusive hadron decay
channels (with ∼ 40% branching ratios). After events selection, clear e+e− → π+π−hc signal
events are observed, and the e+e− CM energy dependent production cross section σB(e+e− →
π+π−hc) is measured, which is at the same order of that π+π−J/ψ 5,6,9.

By further checking the π±hc invariant mass distribution, a resonant structure was observed,
as shown in Fig. 2 (left). The measured mass is M = 4022.9 ± 0.8 ± 2.7 MeV and width is
Γ = 7.9 ± 2.7 ± 2.6 MeV for the resonance (denoted as Zc(4020)), where the first errors are
statistical and the second systematic. The significance of Zc(4020) is estimated to be > 8.9σ.
And the production cross section σB(e+e− → π+Zc(4020)− → π+π−hc) is measured to be
∼ 10 pb level at e+e− CM energy 4.23, 4.26, 4.36 GeV. The Zc(3900) state is also searched, but
find to be not significant in π+π−hc process.
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Figure 2 – M(π±hc) (left) invariant mass distribution for e+e− → π+π−hc data events and M(D∗D∗) (right)
invariant mass distribution for e+e− → π+(D∗D∗)− data events. Dots with error bars are data. The solid curves
in both panel are fit results, the dashed curve in left panel is background and in the right panel is signal.

Being near D∗D∗ mass threshold, the Zc(4020) state is also quite possible to be cou-
pling to D∗D∗. Using 827 pb−1 data collected at

√
s = 4.26 GeV, BESIII has studied the

e+e− → π+(D∗D∗)− (here charge conjugation is always implied) process 12. In order to in-
crease statistics, partial reconstruction technique is also employed. The primary charged pion,
one D meson from charged D∗ decay, and at least one π0 from D∗ decay are detected. The final
4-momentum of (D∗D∗) system is determined from e+e− initial momentum minus the primary
pion momentum, due to strict momentum conservation.

Figure 2 (right) shows the (D∗D∗) invariant mass distribution. There is obvious excess for
data events distribution over background estimation. We assume this enhancement is due to a
resonant structure, and labeled it as Zc(4025). The measured mass isM = 4026.3±2.6±3.7 MeV,
and width is Γ = 24.8 ± 5.6 ± 7.7 MeV, where the first errors are statistical and the second
systematic. The significance of Zc(4025) is estimated to be 13σ.
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Being near D∗D∗ mass threshold, the Zc(4020) state is also quite possible to be cou-
pling to D∗D∗. Using 827 pb−1 data collected at

√
s = 4.26 GeV, BESIII has studied the

e+e− → π+(D∗D∗)− (here charge conjugation is always implied) process 12. In order to in-
crease statistics, partial reconstruction technique is also employed. The primary charged pion,
one D meson from charged D∗ decay, and at least one π0 from D∗ decay are detected. The final
4-momentum of (D∗D∗) system is determined from e+e− initial momentum minus the primary
pion momentum, due to strict momentum conservation.

Figure 2 (right) shows the (D∗D∗) invariant mass distribution. There is obvious excess for
data events distribution over background estimation. We assume this enhancement is due to a
resonant structure, and labeled it as Zc(4025). The measured mass isM = 4026.3±2.6±3.7 MeV,
and width is Γ = 24.8 ± 5.6 ± 7.7 MeV, where the first errors are statistical and the second
systematic. The significance of Zc(4025) is estimated to be 13σ.
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Thus, they are quite probably the same state. From the production cross section measurement,
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DD∗ peak favor JP = 1+ assignment.
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Using about 3.3 fb−1 data, we also try to search charged charmoniumlike state in the e+e− →
π+π−hc process11. The hc resonance is reconstructed through its radiative decay hc → γηc (with
∼ 50% branching ratio), and ηc resonance is reconstructed through 16 exclusive hadron decay
channels (with ∼ 40% branching ratios). After events selection, clear e+e− → π+π−hc signal
events are observed, and the e+e− CM energy dependent production cross section σB(e+e− →
π+π−hc) is measured, which is at the same order of that π+π−J/ψ 5,6,9.

By further checking the π±hc invariant mass distribution, a resonant structure was observed,
as shown in Fig. 2 (left). The measured mass is M = 4022.9 ± 0.8 ± 2.7 MeV and width is
Γ = 7.9 ± 2.7 ± 2.6 MeV for the resonance (denoted as Zc(4020)), where the first errors are
statistical and the second systematic. The significance of Zc(4020) is estimated to be > 8.9σ.
And the production cross section σB(e+e− → π+Zc(4020)− → π+π−hc) is measured to be
∼ 10 pb level at e+e− CM energy 4.23, 4.26, 4.36 GeV. The Zc(3900) state is also searched, but
find to be not significant in π+π−hc process.
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Being near D∗D∗ mass threshold, the Zc(4020) state is also quite possible to be cou-
pling to D∗D∗. Using 827 pb−1 data collected at

√
s = 4.26 GeV, BESIII has studied the

e+e− → π+(D∗D∗)− (here charge conjugation is always implied) process 12. In order to in-
crease statistics, partial reconstruction technique is also employed. The primary charged pion,
one D meson from charged D∗ decay, and at least one π0 from D∗ decay are detected. The final
4-momentum of (D∗D∗) system is determined from e+e− initial momentum minus the primary
pion momentum, due to strict momentum conservation.

Figure 2 (right) shows the (D∗D∗) invariant mass distribution. There is obvious excess for
data events distribution over background estimation. We assume this enhancement is due to a
resonant structure, and labeled it as Zc(4025). The measured mass isM = 4026.3±2.6±3.7 MeV,
and width is Γ = 24.8 ± 5.6 ± 7.7 MeV, where the first errors are statistical and the second
systematic. The significance of Zc(4025) is estimated to be 13σ.
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Being near D∗D∗ mass threshold, the Zc(4020) state is also quite possible to be cou-
pling to D∗D∗. Using 827 pb−1 data collected at

√
s = 4.26 GeV, BESIII has studied the

e+e− → π+(D∗D∗)− (here charge conjugation is always implied) process 12. In order to in-
crease statistics, partial reconstruction technique is also employed. The primary charged pion,
one D meson from charged D∗ decay, and at least one π0 from D∗ decay are detected. The final
4-momentum of (D∗D∗) system is determined from e+e− initial momentum minus the primary
pion momentum, due to strict momentum conservation.

Figure 2 (right) shows the (D∗D∗) invariant mass distribution. There is obvious excess for
data events distribution over background estimation. We assume this enhancement is due to a
resonant structure, and labeled it as Zc(4025). The measured mass isM = 4026.3±2.6±3.7 MeV,
and width is Γ = 24.8 ± 5.6 ± 7.7 MeV, where the first errors are statistical and the second
systematic. The significance of Zc(4025) is estimated to be 13σ.

Charged charmoniumlike states Zc(4020) and Zc(4025) show up with a similar mass (near
D∗D∗ threshold). Thus, they might be the same resonance. If we assume so, we can measure

the relative decay width of Γ[Zc(4025)→D∗D∗]
Γ[Zc(4020)→πhc]

∼ 9. This behaves quite similar with Zc(3900), and

hints Zc(4020)/Zc(4025) is a partner particle of Zc(3900).

5 e+e− → γX(3872)

The X(3872) was firstly observed by Belle Collaboration in B → Kπ+π−J/ψ 2. After ten years
of its discovery, its nature still keep mysterious. Recently, the LHCb Collaboration determined
its quantum number to be JPC = 1++ 13. Since BESIII can produce lots of vector particles
ψ/Y s, thus it’s natural to search for X(3872) in the radiative decay of vector particles.

Using ∼ 3.3 fb−1 data collected by BESIII, we have studied the e+e− → ψ/Y → γπ+π−J/ψ

process 14. Figure 3 (left) shows the obtained π+π−J/ψ invariant mass distribution from the
whole data sets. X(3872) signal could be seen clearly. A fit to data events gives M [X(3872)] =

3871.9±0.7stat±0.2sys MeV, which agrees with other measurements very well15. The significant
of X(3872) signal is estimated to be 6.3σ. It’s worth to mention our measurement at BESIII
provides another independent confirmation of the X(3872) particle.

We also measured the e+e− CM energy dependent production cross section of γX(3872).
Figure 3 (right) shows the cross section line shape, which peaks near 4.26 GeV. We find pure
phase space and linear shape describe the cross sections rather bad (with χ2/ndf=8.7/3 and
5.5/2, respectively), while Y (4260) line shape can describe the cross section line shape quite well
(with χ2/ndf = 0.49/3). It strongly suggested the decay Y (4260) → γX(3872).
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6 Summary

With the large data sets taken above 4 GeV, the BESIII experiment could study XY Z particles
in a unique way. The charged charmoniumlike state Zc(3900) discovered recently by BESIII
experiment give us solid evidence for an exotic hadron, probably a four quark state. Further
study also shows Zc(3900) can couple to DD∗ final state strongly. BESIII also observed a
new charged charmoniumlike state Zc(4020), a “partner” particle of Zc(3900). And a similar
structure Zc(4025) (possible the same state as Zc(4020)) was also found to be strongly coupling
to D∗D∗.

In addition to charged states, BESIII also studied X(3872) and Y (4260) particles. We
observe the first radiative decay of Y (4260) → γX(3872), which connected the X and Y particles
together. Considering the Zc(3900) was also observed at

√
s = 4.26 GeV, it hints us there may

be common nature for these XY Z particles, and suggest us understand them in a unified way.

respectively. The pole position of this peak is calculated to be Mpole = 3883.9 ± 1.5± 4.2 MeV
and Γpole = 24.8±3.3±11.0 MeV, where the first errors are statistical and the second systematic.

The mass and width of the peak observed in DD∗ final state agree with that of Zc(3900).
Thus, they are quite probably the same state. From the production cross section measurement,
we also obtained Γ[Zc(3900)→DD∗]

Γ[Zc(3900)→πJ/ψ] = 6.2 ± 1.1stat ± 2.7sys. That means Zc(3900) has a much

stronger coupling to DD∗ than πJ/ψ. Further study of production angle distribution shows the
DD∗ peak favor JP = 1+ assignment.

4 Zc(4020) and Zc(4025)

Using about 3.3 fb−1 data, we also try to search charged charmoniumlike state in the e+e− →
π+π−hc process11. The hc resonance is reconstructed through its radiative decay hc → γηc (with
∼ 50% branching ratio), and ηc resonance is reconstructed through 16 exclusive hadron decay
channels (with ∼ 40% branching ratios). After events selection, clear e+e− → π+π−hc signal
events are observed, and the e+e− CM energy dependent production cross section σB(e+e− →
π+π−hc) is measured, which is at the same order of that π+π−J/ψ 5,6,9.

By further checking the π±hc invariant mass distribution, a resonant structure was observed,
as shown in Fig. 2 (left). The measured mass is M = 4022.9 ± 0.8 ± 2.7 MeV and width is
Γ = 7.9 ± 2.7 ± 2.6 MeV for the resonance (denoted as Zc(4020)), where the first errors are
statistical and the second systematic. The significance of Zc(4020) is estimated to be > 8.9σ.
And the production cross section σB(e+e− → π+Zc(4020)− → π+π−hc) is measured to be
∼ 10 pb level at e+e− CM energy 4.23, 4.26, 4.36 GeV. The Zc(3900) state is also searched, but
find to be not significant in π+π−hc process.
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Figure 2 – M(π±hc) (left) invariant mass distribution for e+e− → π+π−hc data events and M(D∗D∗) (right)
invariant mass distribution for e+e− → π+(D∗D∗)− data events. Dots with error bars are data. The solid curves
in both panel are fit results, the dashed curve in left panel is background and in the right panel is signal.

Being near D∗D∗ mass threshold, the Zc(4020) state is also quite possible to be cou-
pling to D∗D∗. Using 827 pb−1 data collected at

√
s = 4.26 GeV, BESIII has studied the

e+e− → π+(D∗D∗)− (here charge conjugation is always implied) process 12. In order to in-
crease statistics, partial reconstruction technique is also employed. The primary charged pion,
one D meson from charged D∗ decay, and at least one π0 from D∗ decay are detected. The final
4-momentum of (D∗D∗) system is determined from e+e− initial momentum minus the primary
pion momentum, due to strict momentum conservation.

Figure 2 (right) shows the (D∗D∗) invariant mass distribution. There is obvious excess for
data events distribution over background estimation. We assume this enhancement is due to a
resonant structure, and labeled it as Zc(4025). The measured mass isM = 4026.3±2.6±3.7 MeV,
and width is Γ = 24.8 ± 5.6 ± 7.7 MeV, where the first errors are statistical and the second
systematic. The significance of Zc(4025) is estimated to be 13σ.
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π+π−hc process11. The hc resonance is reconstructed through its radiative decay hc → γηc (with
∼ 50% branching ratio), and ηc resonance is reconstructed through 16 exclusive hadron decay
channels (with ∼ 40% branching ratios). After events selection, clear e+e− → π+π−hc signal
events are observed, and the e+e− CM energy dependent production cross section σB(e+e− →
π+π−hc) is measured, which is at the same order of that π+π−J/ψ 5,6,9.

By further checking the π±hc invariant mass distribution, a resonant structure was observed,
as shown in Fig. 2 (left). The measured mass is M = 4022.9 ± 0.8 ± 2.7 MeV and width is
Γ = 7.9 ± 2.7 ± 2.6 MeV for the resonance (denoted as Zc(4020)), where the first errors are
statistical and the second systematic. The significance of Zc(4020) is estimated to be > 8.9σ.
And the production cross section σB(e+e− → π+Zc(4020)− → π+π−hc) is measured to be
∼ 10 pb level at e+e− CM energy 4.23, 4.26, 4.36 GeV. The Zc(3900) state is also searched, but
find to be not significant in π+π−hc process.
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Figure 2 – M(π±hc) (left) invariant mass distribution for e+e− → π+π−hc data events and M(D∗D∗) (right)
invariant mass distribution for e+e− → π+(D∗D∗)− data events. Dots with error bars are data. The solid curves
in both panel are fit results, the dashed curve in left panel is background and in the right panel is signal.

Being near D∗D∗ mass threshold, the Zc(4020) state is also quite possible to be cou-
pling to D∗D∗. Using 827 pb−1 data collected at

√
s = 4.26 GeV, BESIII has studied the

e+e− → π+(D∗D∗)− (here charge conjugation is always implied) process 12. In order to in-
crease statistics, partial reconstruction technique is also employed. The primary charged pion,
one D meson from charged D∗ decay, and at least one π0 from D∗ decay are detected. The final
4-momentum of (D∗D∗) system is determined from e+e− initial momentum minus the primary
pion momentum, due to strict momentum conservation.

Figure 2 (right) shows the (D∗D∗) invariant mass distribution. There is obvious excess for
data events distribution over background estimation. We assume this enhancement is due to a
resonant structure, and labeled it as Zc(4025). The measured mass isM = 4026.3±2.6±3.7 MeV,
and width is Γ = 24.8 ± 5.6 ± 7.7 MeV, where the first errors are statistical and the second
systematic. The significance of Zc(4025) is estimated to be 13σ.

M(D0+D*-) = 3.8752

M(D*0+D*-) = 4.0178
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• Charmonium systems: 

• Ψ(1D) 

– M = 3773.15 ± 0.33 MeV      Γ = 27.2 ± 1.1 MeV; 

– Open decay channels:  

• M(D0D0) = 3,729.72 MeV,  M(D+D-) = 3,739.26 MeV

– Normal pattern

– Puzzle is the total DD branching fraction 

—>  partial rate =  52.5 ± 7.6 keV

_
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Table 3: Selected  (2D) decays.

Decay Mode Branching Rate

D0D̄0 (52± 5)%

D+D� (41± 4)%

total DD̄ 93+8
�9%

 (1S) ⇡+⇡� (1.93± 0.28)⇥ 10�3

 (1S) ⌘ (9± 4)⇥ 10�4

Table 4: QQ̄ ! Qq̄(1
1
2
+

PJ) + qQ̄(1
1
2
�
SJ 0)

C(J, J 0) J 0 = 0 J 0 = 1

J = 0 0 2/3

J = 1 2/3 4/3

Table 5: Selected  (4S) decays.

Decay Mode Branching Rate

DD̄ (51.4± 0.6)%

B0B̄0 (48.6± 0.6)%

total BB̄ > 96%

⌥(1S) ⇡+⇡� (8.1± 0.6)⇥ 10�5

⌥(2S) ⇡+⇡� (8.6± 1.3)⇥ 10�5

hb(1P ) ⇡+⇡� (not seen)

⌥(1S) ⌘ (1.96± 0.28)⇥ 10�4

hb(1P ) ⌘ (1.83± 0.23)⇥ 10�3

3

_

More States and Transitions
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Ψ(3770), Ψ(4040)

• Only ground state heavy-light meson pair decays allowed

46
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Systematics: ѱ(4040) and Below

• Charmonium-like state transitions for masses at or below the ψ(3S)

47

Table 7: Hadronic Transitions for Charmonium-like States [ (3S) and below]

State Mass Width JPC Comments
Transition Observed Branching Fraction

 (3770) 3773.15± 0.33 27.2± 1.0 1�� 13D1

⇡+⇡�J/ (1.93± 0.28)⇥ 10�3

⇡0⇡0J/ (8.0± 3.0)⇥ 10�4

⌘J/ (9± 4)⇥ 10�4

X(3872) 3871.68± 0.17 < 1.2 MeV 1++

⇡+⇡�J/ large ⇢ component
!J/ o↵ shell

D0D̄0⇡0

D⇤0D̄0

X(3915) 3918.4± 1.9 20± 5 0++ 23P0

!J/ 
�c2(2P ) 3927.2± 2.6 24± 6 2++ 23P2

Z(3900)+ 3899.0± 3.6± 4.9 46± 10± 20 1+ e+e�(4260) ! ⇡+⇡�J/ 

⇡+J/ (Zc(3885)!DD̄⇤

Zc!⇡J/ 
) = 6.2± 1.1± 2.7 1+

Z(3900)0 3894.8± 2.3± 2.7 29.2± 3.3± 11 1+

⇡0J/ I = 1

X(3940) 3942± 7/6± 6 37± 26/15± 8 ?
!J/ 

Z(4020)+ 4022.9± 0.8± 2.7 7.9± 2.7± 2.6 1+ e+e�(4260) ! ⇡+⇡�hc

4026.3± 2.6± 3.7 24.8± 5.6± 7.7 1+ e+e�(4260) ! ⇡±(D⇤D̄⇤)⌥

Z(4020)0 4023.9± 2.2± 3.8 fixed to Z+ I = 1
 (4040) 4039± 1 60± 10 1�� 33S1

⌘J/ (5.2± 0.5± 0.2± 0.5)⇥ 10�3

5
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Low-lying thresholds

48

Narrow-Wide Thresholds

Ds* D(P1) 

Ds D(P1); Ds* D(P0); D* D(P1)  

Ds D(P0); D* D(P0); D D(P1)  

D D(P0)
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Systematics: Ψ(4160), Ψ(4415)

• Many open channels for heavy-light meson pair decays.

49
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Hadronic Transitions Above Threshold

• Ψ(4S) 

– M = 4421 ± 4 MeV      Γ = 62 ± 20  MeV; 

– Open decay channels:  

• Many 

50

Table 4: Selected  (3S) decays.

Decay Mode Branching Rate

D ⇤ D̄⇤
D+

s D
�
s ⇤+c.c.

DD⇤ �(D⇤D̄+c.c.)
�(D⇤D̄⇤ = 0.34± 0.14± 0.05

DD̄ �(D⇤D̄+c.c.)
�(D⇤D̄⇤) = 0.02± 0.03± 0.02

 (1S) ⌘ (5.2± 0.7)⇥ 10�3

Table 5: QQ̄ ! Qq̄(1
1
2
+

PJ) + qQ̄(1
1
2
�
SJ 0)

C(J, J 0) J 0 = 0 J 0 = 1

J = 0 0 2/3

J = 1 2/3 4/3

Table 6: Selected  (4S) decays.

Decay Mode Branching Rate

D⇤D̄ + cc �(D⇤D̄)
�(D⇤D̄⇤)

= 0.17± 0.25± 0.03

D⇤D̄⇤ seen

D+⇤
s D�

s seen

D ¯D⇤
2(2460) (10± 4)%

⌘J/ < 6± 10�3

4
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Systematics: Ψ(4160), Ψ(4415)

• Charmonium-like state transitions for masses above the ψ(3S)

51

Table 8: Hadronic Transitions for Charmonium-like States [above  (3S)]

State Mass Width JPC Comments
Transition Observed Branching Fraction

X(4140) 4148.0± 3.9± 6.3 28± 15± 19 ?
�J/ 

X(4160) 4156± 25/20± 15 139± 111/61± 21 ?
 (4160) 4153± 3 103± 8 1�� 23D1

⌘J/ 
Z(4200)+ 4196 81

�29
+17
�13 370± 70 +70

�132 1+

Y (4260) 4250± 9 108± 12 1��

⇡+⇡�J/ 
⇡0⇡0J/ 

K+ K�J/ 
�X(3872)

X(4350) 4350.6± 4.6/5.1± 0.7 13± 18/9± 4 2++/0++ 33P2

�J/ 
Y (4360) 4337± 6± 3 103± 9± 5 1��

⇡+⇡� (2S)
⌘J/ 

⇡±(DD̄⇤)⌥

⇡+ (2S)
 (4415) 4421± 4 62± 20 1�� 43S1

Z(4430)+ 4475± 7‘+15
�25 172± 13++37

�34 1+

⇡+ (2S)
⇡+J/ 

Y (4660) 4652± 10± 8 68± 11± 1 1��

⇡+⇡� (2S)
⌘J/ 

⇡±(DD̄⇤)⌥

6



– There should be threshold enhancements for strange       
heavy-light meson pair production leading to sizable 
production of single η and ɸ light hadrons.

– No wide P-states -> no sequential transitions with these   
states.  

– M(Ds+ Ds-*) = 4,081 MeV,  M(Ds+*Ds-*) =4,225 MeV;            
M(33P1) = 4,310 MeV  -> no analogy of X(3872)

– Direct transitions? 

– Narrow  D(½+P) + D(½-S) thresholds? (and B analogs)

– At higher energies the Ds(2S) wide states could play a           
role in sequential transitions.
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Strange heavy-light meson thresholds

52Figure 1: The invariant mass spectrum m(J/ψφ) by CMS collaboration [1], LHCb collaboration [2], CDF
collaboration [3, 4] and Belle collaboration [5]. The three full thick vertical lines from left to right (red,
blue, green and brown) are for Y (4140), Y (4274), X(4320) and X(4350), respectively. The curves are the
fitting results by the experimental collaborations. The two full thin vertical lines are the thresholds for
D∗D̄∗ and D∗D̄s0(2317) [6]. The two dashed thin vertical lines are the masses of χ′′

c1 and χ′′

c2 predicted by
GI potential [7].

• The structure Y (4274) is found by CDF Collaboration in the B decay process. Why
is it not found in two photon fusion?

• If Y (4274) exists, it should be explained why the Y (4274) is not reported by CMS
collaboration in the same channel B+ → J/ψφK+.

• Is the structure X(4320) different from Y (4274) considered the large mass difference?
Why is it not found in CDF experiment?

• Are the structure X(4320) found in the B decay and the structure X(4350) found in
the two photon fusion the same?
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cess. To reproduce the shape of the D+
s D

∗−

s mass spec-
trum we use the initial measurement of the D∗+

s D∗−

s

mass spectrum. The remainder of background (3) for
the D+

s D
−

s final state is estimated using a MC simulation
of the e+e− → D+

s D
∗−

s γISR and e+e− → D∗+
s D∗−

s γISR
processes. To reproduce the shape of the D+

s D
−

s mass
spectrum we use the initial measurement of the D∗+

s D∗−

s

mass spectrum and the first iteration of the D+
s D

∗−

s mass
spectrum. The contributions from background (3) for
the D+

s D
−

s and the D+
s D

∗−

s final states are shown in
Figs. 1 a), 1 d) and Figs. 2 a), 2 d) as open histograms.
Uncertainties in these estimates are included in the sys-
tematic errors.
To estimate the contribution from background (4), we

study the e+e− → D(∗)+
s D(∗)−

s π0γISR processes using
fully reconstructed final states. From a MC study we es-
timate the fraction of reconstructed events for the cases
where the π0 is not detected. After the application of the

requirement on M2
recoil(D

(∗)+
s D(∗)−

s ) this contribution is
found to be less than 0.5% and negligibly small; uncer-
tainties in this estimate are included in the systematic
errors.
The contribution from background (5), in which an

energetic π0 is misidentified as the γISR candidate, is de-
termined from the data using fully reconstructed e+e− →

D(∗)+
s D(∗)−

s π0 events. Only three events with MD+
s D−

s

<

5.0GeV/c2 and MD+
s D−

s π0 − Ec.m. > 0.5GeV are found

in the data. Assuming a uniform π0 polar angle distribu-
tion, this background contribution in the | cos(θD+

s D−

s

)| >
0.9 signal sub-sample (case 1) is 3 events/9ϵπ0 ∼ 0.6
events in the whole MD+

s D−

s

mass range, where ϵπ0 is

the π0 reconstruction efficiency. For the D+
s D

∗−

s and the
D∗+

s D∗−

s final states the expected backgrounds are ∼ 0.6
events and 0 events in the whole MD+

s D∗−

s

and MD∗+
s D∗−

s

mass ranges. The probability of π0 → γ misidentification
due to asymmetric π0 → γγ decays is also estimated to
be small. Thus the contribution from background (5) is
found to be negligibly small; uncertainties in these esti-
mates are included in the systematic error.

The e+e− → D(∗)+
s D(∗)−

s cross sections are extracted
from the background subtracted D(∗)+

s D(∗)−
s mass distri-

butions

σ(e+e− → D(∗)+
s D(∗)−

s ) =
dN/dm

ηtotdL/dm
, (2)

where m ≡ M
D

(∗)+
s D

(∗)−
s

, dN/dm is the obtained mass
spectrum, ηtot is the total efficiency and the factor
dL/dm is the differential ISR luminosity [15]. The to-
tal efficiencies determined by the MC simulation grow
quadratically with energy from 0.015%, 0.010%, 0.005%
near threshold to 0.045%, 0.025%, 0.011% at 5.0GeV/c2

for the D+
s D

−

s , D+
s D

∗−

s and the D∗+
s D∗−

s final states,

respectively. The resulting e+e− → D(∗)+
s D(∗)−

s exclu-
sive cross sections averaged over the bin width are shown
in Fig. 4. Since the bin width is much larger than the
M

D
(∗)+
s D

(∗)−
s

resolution, which varies from ∼ 2MeV/c2

around threshold to ∼ 6MeV/c2 at M
D

(∗)+
s D

(∗)−
s

=

5.0GeV/c2, no correction for resolution is applied. The
next-to-leading order radiative corrections are taken into
account by the dL/dm formula. The next-to-next-to-
leading order corrections are included in the systematics.
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FIG. 4: The cross section averaged over the bin width for a) the e+e− → D+
s D−

s process; b) the e+e− → D+
s D∗−

s + c.c. process;
c) the e+e− → D∗+

s D∗−

s process. Error bars show statistical uncertainties only. There is a common systematic uncertainty
for all measurements, 11% for D+

s D−

s , 17% for D+
s D∗−

s and 31% for D∗+
s D∗−

s . This uncertainty is described in the text The
dotted lines show masses of the ψ(4040), ψ(4160) and ψ(4415) states [14].

The R ratio, defined as R = σ(e+e− →
hadrons)/σ(e+e− → µ+µ−), where σ(e+e− → µ+µ−) =
4πα2/3s, for the sum of the exclusive e+e− →

D(∗)+
s D(∗)−

s cross sections is shown in Fig. 5.

The systematic errors for the σ(e+e− → D(∗)+
s D(∗)−

s )
measurements are summarized in Table I. The system-
atic errors associated with the background (1–2) subtrac-
tion are estimated from the uncertainty in the scaling fac-

tors for the sideband subtractions. This is done using fits
to the M

D
(∗)+
s

and M
D

(∗)−
s

distributions in the data with
different signal and background parameterizations and
are found to be 3%, 7% and 24% for the D+

s D
−

s , D
+
s D

∗−

s

and the D∗+
s D∗−

s final states, respectively. Uncertainties
in the contribution from background (3) are estimated
to be 2% for the D+

s D
−

s final state and smaller than 1%
for the D+

s D
∗−

s final state. Uncertainties in the back-
grounds (4–5) are estimated conservatively to be smaller

 Belle Pakhlova et.al [arXiv:1011.4397]

• What happens at strange heavy-light meson thresholds ?
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Summary

• Near threshold the effects of heavy-light meson loops on quarkonium transiton rates are 
pronounced.

• Hadronic transition rates are much larger than then usual QCDME.

• The SU(3) breaking and Heavy Quark Spin Symmetry violation seen in these 
transitions are induced by the HL meson mass differences of nearby threshold

• The factorization assumption fails.  Heavy quark and light hadronic dynamics interact 
strongly due to heavy flavor meson pair (four quark) contributions to the quarkonium 
wavefunctions.   

• A new mechanism, in which the dynamics is factored differently, is purposed. HQS as 
well as the usual SU(3) and chiral symmetry expectations are recovered for amplitudes. 
Magnetic transitions not suppressed. The puzzles in η transitions are resolved.

• The known X and Z states are associated with threshold S-wave scattering of narrow HL 
state meson pairs.  The Y(4260) may be a hybrid state. 

• With BES III and LHCb and soon BELLE 2.  I expect even more progress in understanding 
hadronic transitions and XYZ states in the near future. 

• Lattice QCD can play an important role in disentangling this situation
53
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Requests to Experimentalists

• Confirm/Refute the X,Y,Z states seen in only one experiment:            
X(3740), Y(4008), Z1(4050)+, Z2(4250)+.

• The 𝝌c0(3917) has a very small separation from the 𝝌c2(3927). Why?

• As many decay modes of the Y(4260) as possible.  Look for partners of 
this state.

• Look for quasi two body exclusive channels  with a ground state heavy-
light meson and a P-wave (JP = 1/2+ or 3/2+) heavy-light meson.

• Are there any I=0 threshold associated with the I=1 states? This will help 
understand the mechanism of the Z states.

• What about strange light quarks? Y(4140), Y(4274), X(4350),..     Clearly 
states decaying into (ɸψ) can have JPC = 0++  or 2++. Can be produced in 
hadron collisions.
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Requests to lattice theorists

• Calculate the quarkonium spectrum (and transitions) as a function of 
the light quark masses for masses  ≲ ΛQCD.  This provides model 
independent insight into the role of meson loops.

• Calculate the behavior of scattering of heavy-light meson pairs in the 
threshold region.  

– Consider S-wave amplitudes

– Include the mixing between two HL mesons and quarkonium + a single 
light hadron.

– Can use the HQSS and approximate SU(3) of the amplitudes to greatly 
simplify the task.

– This is an difficult challenge but initial progress is very encouraging.
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Backup Slides
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Pentaquarks

• X(4450)   F. K. Guo et al [arXiv:1507.04950]

– Resonance is at threshold of χc1 p  =  3510.66 + 938.27 = 4448.93 MeV

– Also triangle diagram involving the Λ(1890) can give a leading Laudau singularity which would 
appear at χc1 P threshold.

– Purpose tests in:  Λb -> K χc1 p  and Υ(1S) -> J/Ψ p p

57

⇤0b ⇤0b

�c1

K�
p p

J/ 

p p
�c1 J/ 

K�
⇤⇤

(a) (b)

Figure 1: Two-point and three-point loops for the mechanism of the �c1 p ! J/ p rescattering
in the decay ⇤0

b ! K�J/ p .

via the mediation of the W -boson. After integrating out the o↵-shell mediators, one arrives at
two e↵ective operators for the b ! cc̄s transition:

O
1

= [c̄↵�µ(1� �
5

)c↵][s̄��µ(1� �
5

)b� ], O
2

= [c̄↵�µ(1� �
5

)c� ][s̄��µ(1� �
5

)b↵] , (2)

where one-loop QCD corrections have been taken into account to form O
1

. Here, ↵,� are color
indices, and they should be set to be the same in O

2

in order to form a color-singlet charmonium
state. The quark fields, [c̄�µ(1��

5

)c], will directly generate the charmonium state. A charmonium
with JPC = 1�� like the J/ is produced by the vector current, while the axial-vector current
tends to produce the �c1 with JPC = 1++ and the ⌘c state with JPC = 0+�. Since the vector
and axial-vector currents have the same strength in the weak operators, one would expect the
production rates for the J/ and �c1 are of the same order in b quark decays. Corrections to this
expectation come from higher-order QCD contributions but are sub-leading [39]. In fact, such an
expectation is supported by the B meson decay data [2]:

B(B+ ! J/ K+) = (10.27± 0.31)⇥ 10�4, B(B+ ! �c1K
+) = (4.79± 0.23)⇥ 10�4. (3)

Having made these general observations, we return to the discussion of the ⇤0

b decays measured
by LHCb. We will first focus on the two-point loop diagram whose singularity is a branch point at
the �c1 p threshold on the real axis of the complex s plane, where and in the following

p
s denotes

the invariant mass of the J/ p or �c1 p system. It manifests itself as a cusp at the threshold if the
�c1 p is in an S-wave. For higher partial waves, the threshold behavior of the amplitude is more
smooth and a cusp becomes evident in derivatives of the amplitude with respect to s. Since we
are only interested in the near-threshold region, both of the �c1 and the proton are nonrelativistic.
Thus, the amplitude for Fig. 1 (a) is proportional to the nonrelativistic two-point loop integral

G
⇤

(E) =

Z
d3q

(2⇡)3
~q 2 f

⇤

(~q 2)

E �m
1

�m
2

� ~q 2/(2µ)
, (4)

where m
1,2 denote the masses of the intermediate states in the loop, µ is the reduced mass and E

is the total energy. Here, we consider the case for the P -wave �c1 p which has quantum numbers
compatible with the possibilities of the Pc(4450) reported by the LHCb Collaboration, though
one should be conservative to take these determinations for granted as none of the singularities
discussed here was taken into account in the LHCb amplitude analysis. If we take a Gaussian
form factor, f

⇤

(~q 2) = exp
��2~q 2/⇤2

�
, to regularize the loop integral, the analytic expression for

the loop integral is then given by

G
⇤

(E) = � µ⇤

(2⇡)3/2

✓
k2 +

⇤2

4

◆
+

µk3

2⇡
e�2k2/⇤2

"
erfi

 p
2k

⇤

!
� i

#
, (5)

with k =
p
2µ(E �m

1

�m
2

+ i✏), and the imaginary error function erfi(z) = (2/
p
⇡)
R z
0

et
2

dt. A
better regularization method should be applied in the future, but for our present study such an
approach is fine.

3
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Other Decay Structures 

• 2 3P1(cc) 

• Strong S-wave decay

• Large width attained quickly

58
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Other Decay Structures 

• 1 3D3 (cc)

– very small decay width

– How to observe?

• 23P0 (cc)

– wide state but complex structure 
in line shape.

– M(Ds++Ds-) = 3,937 MeV

– large SU(3) breaking

– hadronic transitions observable 
near dip.

59

decay width small

Search for DD final states
_

QWG4  International Workshop Heavy Quarkonium    --    BNL June 27-30, 2006      --      E. Eichten - Fermilab   20                                                                        

No strong decays below

DD̄� + D�D̄ threshold

3D2

3D3

23P0

Total

DsD̄s

DD̄

QWG4  International Workshop Heavy Quarkonium    --    BNL June 27-30, 2006      --      E. Eichten - Fermilab   26                                                                       

Surprisingly narrow width - but J = 0 disfavored
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Partial Waves for Various Decays

• Decays Near Threshold in e+e-

60

Partial Wave (L) ofTwo Body Decay to Heavy-Light Meson Pairs
 [n3S1] jlP=1/2- jlP=1/2+ jlP=3/2+ jlP=3/2- jlP=5/2-

jlP=1/2- L=1 L=0 L=2 L=1 -
jlP=1/2+ L=0 L=1 L=1 L=2 -
jlP=3/2+ L=2 L=1 L=1,3 L=0,2 L=1,3

jlP=3/2- L=1 L=2 L=0,2 L=1,3 L=2,4 

jlP=5/2- - - L=1,3 L=2,4 L=1,3,5

[n3D1] jlP=1/2- jlP=1/2+ jlP=3/2+ jlP=3/2- jlP=5/2-

jlP=1/2- L=1,3 L=2 L=0,2,4 L=1,3 L=1,3,5

jlP=1/2+ L=2 L=1,3 L=1,3 L=0,2,4 L=0,2,4

jlP=3/2+ L=0,2,4 L=1,3 L=1,3,5 L=0,2,4 L=0,2,4,6

jlP=3/2- L=1,3 L=0,2,4 L=0,2,4 

,4

L=1,3,5 L=1,3,5 

jlP=5/2- L=1,3,5 L=0,2,4 L=0,2,
4,6

L=1,3,5 L=1,3,
5,7

S

P{
D{

{ {S P D

D{
P{
S



Estia Eichten                                     Modern Exotic Hadrons@INT Univ. of Washington, Seattle                                Nov 4, 2015

Complicated pattern in ΔRc

• Ψ(3S)  in exclusive channels (2006 CCM)

– At 4.04 GeV:  

• p(DD) = 0.77  ; p(DD*) = 0.57 ; p(D*D*) = 0.20

– At 4.00 GeV:  

• p(DD) = 0.72  ; p(DD*) = 0.49 ; p(D*D*) = 0.0

- At 3.96 GeV:  

• p(DD) = 0.66  ; p(DD*) = 0.40 ; p(D*D*) = — 
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Decay Couplings

62

2

TABLE I: Thresholds for decay into open charm.

Channel Threshold Energy (MeV)

D0D̄0 3729.4
D+D− 3738.8

D0D̄∗0 or D∗0D̄0 3871.5
D±D∗∓ 3879.5
D+

s D−
s 3936.2

D∗0D̄∗0 4013.6
D∗+D∗− 4020.2

D+
s D̄∗−

s or D∗+
s D̄−

s 4080.0
D∗+

s D∗−
s 4223.8

cc̄ analysis below threshold and gives a qualitative un-
derstanding of the structures observed above thresh-
old [10, 11]. We now employ the Cornell coupled-channel
formalism to analyze the properties of charmonium lev-
els that populate the threshold region between 2M(D)
and 2M(D∗), for which the main landmarks are shown
in Table I.

Our command of quantum chromodynamics is inade-
quate to derive a realistic description of the interactions
that communicate between the cc̄ and cq̄ + c̄q sectors.
The Cornell formalism generalizes the cc̄ model with-
out introducing new parameters, writing the interaction
Hamiltonian in second-quantized form as

HI = 3
8

∑8
a=1

∫
: ρa(r)V (r − r

′)ρa(r′) : d3r d3r′ , (3)

where V is the charmonium potential and ρa(r) =
1
2
ψ†(r)λaψ(r) is the color current density, with ψ the

quark field operator and λa the octet of SU(3) matrices.
To generate the relevant interactions, ψ is expanded in
creation and annihilation operators (for charm, up, down,
and strange quarks), but transitions from two mesons to
three mesons and all transitions that violate the Zweig
rule are omitted. It is a good approximation to neglect
all effects of the Coulomb piece of the potential in (3).

A full outline of the calculational procedure appears in
Refs. [10, 11], but it is apt to cite a few elements here.
We evaluate Eq. 3 between nonrelativistic (cc̄) states with
wave functions determined by the Cornell potential, and
11S0 and 13S1 cū, cd̄, and cs̄ ground states with Gaussian
wave functions. States with orbital angular momentum
L > 0 can decay in partial waves ℓ = L ∓ 1.

Following [10], we define a coupling matrix within the
(cc̄) sector

Ωnm(W ) =
∑

ij

⟨n|HI |DiD̄j⟩⟨DiD̄j |HI |m⟩

(W − EDi
− ED̄j

+ iε)
, (4)

where the summation runs over momentum, spin, and fla-
vor. Above threshold (for W > Mi + Mj), Ω is complex.
We decompose Ωnm into a dynamical part (see [10]) that
depends on the radial and orbital quantum numbers of
the charmonium states and on the masses of Di and Dj

times the product recoupling matrix shown in Table II
that expresses the spin dependence for each partial wave.

TABLE II: Statistical recoupling coefficients C, defined by
Eq. D19 of Ref. [10], that enter the calculation of charmonium
decays to pairs of charmed mesons. Paired entries correspond
to ℓ = L − 1 and ℓ = L + 1.

State DD̄ DD̄∗ D∗D̄∗

1S0 – : 0 – : 2 – : 2
3S1 – : 1

3
– : 4

3
– : 7

3

3P0 1 : 0 0 : 0 1

3
: 8

3

3P1 0 : 0 4

3
: 2

3
0 : 2

1P1 0 : 0 2

3
: 4

3

2

3
: 4

3

3P2 0 : 2

5
0 : 6

5

4

3
: 16

15

3D1
2

3
: 0 2

3
: 0 4

15
: 12

5

3D2 0 : 0 6

5
: 4

5

2

5
: 8

5

1D2 0 : 0 4

5
: 6

5

4

5
: 6

5

3D3 0 : 3

7
0 : 8

7

8

5
: 29

35

3F2
3

5
: 0 4

5
: 0 11

35
: 16

7

3F3 0 : 0 8

7
: 6

7

4

7
: 10

7

1F3 0 : 0 6

7
: 8

7

6

7
: 8

7

3F4 0 : 4

9
0 : 10

9

12

7
: 46

63

3G3
4

7
: 0 6

7
: 0 22

63
: 20

9

3G4 0 : 0 10

9
: 8

9

2

3
: 4

3

1G4 0 : 0 8

9
: 10

9

8

9
: 10

9

3G5 0 : 5

11
0 : 12

11

16

9
: 67

99

In each channel 2S+1LJ , the physical states correspond
to the eigenvalues of

(Hcc̄ + Ω(W )) Ψ = WΨ . (5)

The real parts of the energy eigenvalues are the char-
monium masses. Imaginary parts determine the widths
of resonances above threshold. The eigenvalues also de-
termine the mixing among (cc̄) states and the overall
fraction in the (cc̄) sector.

To fix the (Coulomb + linear) charmonium potential,

V (r) = −κ/r + r/a2, (6)

we adjust the strength of the linear term to reproduce
the observed ψ′-ψ splitting, after including all the effects
of coupling to virtual decay channels. Neglecting the in-
fluence of open charm gives a = 2.34 GeV, κ = 0.52,
and a charmed-quark mass mc = 1.84 GeV. In the Cor-
nell coupled-channel model, the virtual decay channels
reduce the ψ′-ψ splitting by about 115 MeV, so the slope
parameter has to be reduced to a = 1.97 GeV.

The basic coupled-channel interaction (3) is spin-
independent, but the hyperfine splittings of D and D∗,
Ds and D∗

s , induce spin-dependent forces that affect the
charmonium states. These spin-dependent forces give
rise to S-D mixing that contributes to the ψ(3770) elec-
tronic width, for example, and are a source of additional
spin splitting, shown in the rightmost column of Ta-
ble III. To compute the induced splittings, we adjust the
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Potential model states
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Transitions

64

71

for these and other transitions within the context of
the Kuang-Yan model can be found in the review of
Kuang [521].

A summary of all experimentally observed hadronic
transitions and their corresponding theoretical expecta-
tions within the Kuang-Yan (KY) model is presented in
Table 36. The experimental partial widths are deter-
mined from the measured branching fractions and total
width of the initial state. If the total width is not well-
measured, the theoretically-expected width is used, as
indicated. The theory expectations are adjusted using
the current experimental inputs to rescale the model pa-
rameters |C1| and |C2| in Eq. (135) and |C3| in Eq. (136).

The multipole expansion works well for transitions of
heavy QQ̄ states below threshold [81]. Within the spe-
cific KY model a fairly good description of the rates for
the two-pion transitions is observed. The partial width
�(⇥(3S) ⌅ ⇥(1S)⇥+⇥�) was predicted to be suppressed
due to cancellations between the various QCS interme-
diate states [517], allowing nonleading terms, O(v2), to
contribute significantly. The non-S-wave behavior of the
m⇥+⇥� dependence in ⇥(3S) decays, also observed in the
⇥(4S) ⌅ ⇥(2S)⇥+⇥� transitions, may well reflect this
influence of higher-order terms. Other possibilities are
discussed in Sect. 3.3.11. For single light-hadron transi-
tions some puzzles remain. For example, the ratio

�(⇥(2S) ⌅ �⇥(1S))

�(⇤(2S) ⌅ �J/⇤(1S))
(137)

is much smaller than expected from theory (see
Sect. 3.3.6).

The situation is more complicated for above-threshold,
strong open-flavor decays. The issues are manifest for
⇥(5S) two-pion transitions to ⇥(nS) (n = 1, 2, 3). First,
states above threshold do not have sizes that are small
compared to the QCD scale (e.g.,

�
⇧r2⌃�(5S) = 1.2 fm),

making the whole QCDME approach less reliable. Sec-
ond, even within the KY model, the QCS intermediate
states are no longer far away from the initial-state mass.
Thus the energy denominator, Ei � EKL in Eq. (134),
can be small, leading to large enhancements in the tran-
sition rates that are sensitive to the exact position of the
intermediate states [528]. This is the reason for the large
theory widths seen in Table 36. Third, a number of new
states (see Sects. 2.3) that do not fit into the conventional
QQ̄ spectra have been observed, implying additional de-
grees of freedom appearing in the QCD spectrum beyond
naive-quark-model counting. Hence the physical quarko-
nium states have open-flavor meson-pair contributions
and possible hybrid (QQ̄g) or tetraquark contributions.
The e⇤ect of such terms on hadronic transitions is not
yet understood [531]. A possibly-related puzzle is the
strikingly-large ratio

R�[⇥(4S)] ⇥ �(⇥(4S) ⌅ ⇥(1S) �)

�(⇥(4S) ⌅ ⇥(1S)⇥+⇥�)
⇤ 2.5 . (138)

This ratio is over a hundred times larger than one would
expect within the KY model, which is particularly sur-

TABLE 36: Partial widths for observed hadronic transitions.
Experimental results are from PDG08 [18] unless otherwise
noted. Partial widths determined from known branching frac-
tions and total widths. Quoted values assume total widths
of �tot(⇤b2(2P )) = 138 ± 19 keV [523], �tot(⇤b1(2P )) =
96 ± 16 keV [523], �tot(⇥(13D2)) = 28.5 keV [524, 525] and
�tot(⇥(5S)) = 43 ± 4 MeV [36]. Only the charged dipion
transitions are shown here, but the corresponding measured
⇥0⇥0 rates, where they exist, are consistent with a parent
state of I = 0. Theoretical results are given using the Kuang
and Yan (KY) model [517, 521, 526]. Current experimental
inputs were used to rescale the parameters in the theory par-
tial rates. (|C1| = 10.2 ± 0.2 � 10�3, C2/C1 = 1.75 ± 0.14,
C3/C1 = 0.78± 0.02 for the Cornell case)

Transition �partial (keV) �partial (keV)

(Experiment) (KY Model)

⌅(2S)

⇤ J/⌅ + ⇥+⇥� 102.3± 3.4 input (|C1|)
⇤ J/⌅ + � 10.0± 0.4 input (C3/C1)
⇤ J/⌅ + ⇥0 0.411± 0.030 [446] 0.64 [522]
⇤ hc(1P ) + ⇥0 0.26± 0.05 [47] 0.12-0.40 [527]

⌅(3770)

⇤ J/⌅ + ⇥+⇥� 52.7± 7.9 input (C2/C1)
⇤ J/⌅ + � 24± 11

⌅(3S)
⇤ J/⌅ + ⇥+⇥� < 320 (90% CL)

⇥(2S)

⇤ ⇥(1S) + ⇥+⇥� 5.79± 0.49 8.7 [528]
⇤ ⇥(1S) + � (6.7± 2.4)� 10�3 0.025 [521]

⇥(13D2)

⇤ ⇥(1S) + ⇥+⇥� 0.188± 0.046 [63] 0.07 [529]

⇤b1(2P )

⇤ ⇤b1(1P ) + ⇥+⇥� 0.83± 0.33 [523] 0.54 [530]
⇤ ⇥(1S) + ⇧ 1.56± 0.46

⇤b2(2P )

⇤ ⇤b2(1P ) + ⇥+⇥� 0.83± 0.31 [523] 0.54 [530]
⇤ ⇥(1S) + ⇧ 1.52± 0.49

⇥(3S)

⇤ ⇥(1S) + ⇥+⇥� 0.894± 0.084 1.85 [528]
⇤ ⇥(1S) + � < 3.7� 10�3 0.012 [521]
⇤ ⇥(2S) + ⇥+⇥� 0.498± 0.065 0.86 [528]

⇥(4S)

⇤ ⇥(1S) + ⇥+⇥� 1.64± 0.25 4.1 [528]
⇤ ⇥(1S) + � 4.02± 0.54
⇤ ⇥(2S) + ⇥+⇥� 1.76± 0.34 1.4 [528]

⇥(5S)

⇤ ⇥(1S) + ⇥+⇥� 228± 33
⇤ ⇥(1S) +K+K� 26.2± 8.1
⇤ ⇥(2S) + ⇥+⇥� 335± 64
⇤ ⇥(3S) + ⇥+⇥� 206± 80
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⇥(4S) ⌅ ⇥(2S)⇥+⇥� transitions, may well reflect this
influence of higher-order terms. Other possibilities are
discussed in Sect. 3.3.11. For single light-hadron transi-
tions some puzzles remain. For example, the ratio

�(⇥(2S) ⌅ �⇥(1S))

�(⇤(2S) ⌅ �J/⇤(1S))
(137)

is much smaller than expected from theory (see
Sect. 3.3.6).

The situation is more complicated for above-threshold,
strong open-flavor decays. The issues are manifest for
⇥(5S) two-pion transitions to ⇥(nS) (n = 1, 2, 3). First,
states above threshold do not have sizes that are small
compared to the QCD scale (e.g.,

�
⇧r2⌃�(5S) = 1.2 fm),

making the whole QCDME approach less reliable. Sec-
ond, even within the KY model, the QCS intermediate
states are no longer far away from the initial-state mass.
Thus the energy denominator, Ei � EKL in Eq. (134),
can be small, leading to large enhancements in the tran-
sition rates that are sensitive to the exact position of the
intermediate states [528]. This is the reason for the large
theory widths seen in Table 36. Third, a number of new
states (see Sects. 2.3) that do not fit into the conventional
QQ̄ spectra have been observed, implying additional de-
grees of freedom appearing in the QCD spectrum beyond
naive-quark-model counting. Hence the physical quarko-
nium states have open-flavor meson-pair contributions
and possible hybrid (QQ̄g) or tetraquark contributions.
The e⇤ect of such terms on hadronic transitions is not
yet understood [531]. A possibly-related puzzle is the
strikingly-large ratio

R�[⇥(4S)] ⇥ �(⇥(4S) ⌅ ⇥(1S) �)

�(⇥(4S) ⌅ ⇥(1S)⇥+⇥�)
⇤ 2.5 . (138)

This ratio is over a hundred times larger than one would
expect within the KY model, which is particularly sur-

TABLE 36: Partial widths for observed hadronic transitions.
Experimental results are from PDG08 [18] unless otherwise
noted. Partial widths determined from known branching frac-
tions and total widths. Quoted values assume total widths
of �tot(⇤b2(2P )) = 138 ± 19 keV [523], �tot(⇤b1(2P )) =
96 ± 16 keV [523], �tot(⇥(13D2)) = 28.5 keV [524, 525] and
�tot(⇥(5S)) = 43 ± 4 MeV [36]. Only the charged dipion
transitions are shown here, but the corresponding measured
⇥0⇥0 rates, where they exist, are consistent with a parent
state of I = 0. Theoretical results are given using the Kuang
and Yan (KY) model [517, 521, 526]. Current experimental
inputs were used to rescale the parameters in the theory par-
tial rates. (|C1| = 10.2 ± 0.2 � 10�3, C2/C1 = 1.75 ± 0.14,
C3/C1 = 0.78± 0.02 for the Cornell case)

Transition �partial (keV) �partial (keV)

(Experiment) (KY Model)

⌅(2S)

⇤ J/⌅ + ⇥+⇥� 102.3± 3.4 input (|C1|)
⇤ J/⌅ + � 10.0± 0.4 input (C3/C1)
⇤ J/⌅ + ⇥0 0.411± 0.030 [446] 0.64 [522]
⇤ hc(1P ) + ⇥0 0.26± 0.05 [47] 0.12-0.40 [527]

⌅(3770)

⇤ J/⌅ + ⇥+⇥� 52.7± 7.9 input (C2/C1)
⇤ J/⌅ + � 24± 11

⌅(3S)
⇤ J/⌅ + ⇥+⇥� < 320 (90% CL)

⇥(2S)

⇤ ⇥(1S) + ⇥+⇥� 5.79± 0.49 8.7 [528]
⇤ ⇥(1S) + � (6.7± 2.4)� 10�3 0.025 [521]

⇥(13D2)

⇤ ⇥(1S) + ⇥+⇥� 0.188± 0.046 [63] 0.07 [529]

⇤b1(2P )

⇤ ⇤b1(1P ) + ⇥+⇥� 0.83± 0.33 [523] 0.54 [530]
⇤ ⇥(1S) + ⇧ 1.56± 0.46

⇤b2(2P )

⇤ ⇤b2(1P ) + ⇥+⇥� 0.83± 0.31 [523] 0.54 [530]
⇤ ⇥(1S) + ⇧ 1.52± 0.49

⇥(3S)

⇤ ⇥(1S) + ⇥+⇥� 0.894± 0.084 1.85 [528]
⇤ ⇥(1S) + � < 3.7� 10�3 0.012 [521]
⇤ ⇥(2S) + ⇥+⇥� 0.498± 0.065 0.86 [528]

⇥(4S)

⇤ ⇥(1S) + ⇥+⇥� 1.64± 0.25 4.1 [528]
⇤ ⇥(1S) + � 4.02± 0.54
⇤ ⇥(2S) + ⇥+⇥� 1.76± 0.34 1.4 [528]

⇥(5S)

⇤ ⇥(1S) + ⇥+⇥� 228± 33
⇤ ⇥(1S) +K+K� 26.2± 8.1
⇤ ⇥(2S) + ⇥+⇥� 335± 64
⇤ ⇥(3S) + ⇥+⇥� 206± 80

☛
☛

☛

Heavy quarkonium: progress, puzzles,  
and opportunities 

N. Brambilla et.al. [arXiv:1010.5827] 

☛
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Determining the Hybrid Potentials

• Putting the ends together

• Toy model - minimal parameters
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3

TABLE I: Operators to create excited gluon states for small
qq̄ separation R are listed. E and B denote the electric and
magnetic operators, respectively. The covariant derivative D

is defined in the adjoint representation [10].

gluon state J operator
Σ+ ′

g 1 R · E, R · (D ×B)
Πg 1 R × E, R × (D× B)
Σ−

u 1 R · B, R · (D× E)
Πu 1 R × B, R × (D× E)
Σ−

g 2 (R · D)(R · B)
Π′

g 2 R × ((R · D)B + D(R · B))
∆g 2 (R × D)i(R × B)j + (R × D)j(R × B)i

Σ+
u 2 (R · D)(R · E)

Π′

u 2 R × ((R · D)E + D(R · E))
∆u 2 (R × D)i(R × E)j + (R × D)j(R × E)i

predicted short–distance degeneracies. Only the states
∆u and Σ+′

g show considerable soft breaking of the ap-
proximate symmetry at the shortest R values.
Crossover region. For 0.5 fm < R < 2 fm, a dramatic
crossover of the energy levels toward a string-like spec-
trum as R increases is observed. For example, the states
Σ−

u with N = 3 and Σ−

g with N = 4 break violently away
from their respective short-distance O(3) degeneracies to
approach the ordering expected from bosonic string the-
ory near R ∼ 2 fm.

An interesting feature of the crossover region is the suc-
cessful parametrization of the Σ+

g ground state energy by
the empirical function E0(R) = a + σR− c π

12R
, with the

fitted constant c close to unity, once R exceeds 0.5 fm.
The Casimir energy of a thin flux line was calculated in
Refs. [11, 12], yielding c = 1, and this approximate agree-
ment is often interpreted as evidence for string formation.
While the spectrum, including the qualitative ordering
of the energy levels, differs from the naive bosonic string
gaps for R < 1 fm, a high precision calculation shows
the rapid approach of ceff(R) to the asymptotic Casimir
value in the same R range [13]. Although there is no in-
consistency between the two different findings, a deeper
understanding of this puzzling situation is warranted.

We will return to this issue in a high precision study of
the 3-dimensional Z(2) gauge model in a future publica-
tion [14]. This accurate study of ceff(R) and the excita-
tion spectrum of the Z(2) flux line for a wide range of R
values between 0.3 fm and 10 fm will clearly demonstrate
the early onset of c ≈ 1 without a well-developed string
spectrum. For now, Fig. 3 shows the lowest excitations in
Z(2) for R = 0.7 fm, revealing a bag-like disorder profile
surrounding the static qq̄ pair in the vacuum [14]. The
two lowest energy levels are substantially dislocated from
exact π/R string gaps and all other excitations form a
continuous spectrum above the glueball threshold. Since
the submission of this work, a new study of Z(2) at fi-
nite temperature has appeared [15], reporting very early
onset of string behavior in support of Ref. [13].
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FIG. 2: Short-distance degeneracies and crossover in the
spectrum. The solid curves are only shown for visualization.
The dashed line marks a lower bound for the onset of mixing
effects with glueball states which requires careful interpreta-
tion.

String limit. For R > 2 fm, the energy levels exhibit,
without exception, the ordering and approximate degen-
eracies of string-like excitations. The levels nearly re-
produce the asymptotic π/R gaps, but an intriguing fine
structure remains.

It has been anticipated that the interactions of mass-
less excitations on long flux lines are described by a lo-
cal derivative expansion of a massless vector field ξ with
two transverse components in four–dimensional space-
time [11, 12]. Symmetries of the effective QCD string
Lagrangian require a derivative expansion of the form

Leff = a∂µξ·∂µξ+b(∂µξ·∂µξ)2+c(∂µξ·∂νξ)(∂µξ·∂νξ)+...,
(1)

where the dots represent further terms with four or more
derivatives in world sheet coordinates. The coefficient a
has the dimension of a mass squared and can be identified
with the string tension σ. The other coefficients must be
determined from the underlying microscopic theory. Ex-
amples with calculable coefficients include the D=3 Z(2)

Fixes Mc = 1.84 GeV, √σ = .427 GeV, αs = 0.39

n(R) = [n]  (string level) if no level crossing

        [n - 2 tanh(R0/R)] for Σ u potential (n=3)



Estia Eichten                                     Modern Exotic Hadrons@INT Univ. of Washington, Seattle                                Nov 4, 2015

Spectrum of Low-Lying Hybrid States

• Only interested in states below 4.8 GeV for cc system.                                                                   
Unlikely higher states will be narrow (DD, glueball+J/ψ, etc)  
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• Only Πu, Σu- , andΣg+‘ systems have sufficiently light states.                                                        
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Spectrum of Low-Lying Hybrid States

• Πu (1S)   m = 4.132 GeV      Πu (2S)   m = 4.465 GeV      JPC = 0++, 0- -, 1+ - , 1- +                                                  
Πu (1P)   m = 4.445 GeV      Πu (2P)   m = 4.773 GeV       JPC = 1--, 1++, 0- +, 0+ -, 1+ -, 1- +, 2+ -, 2- +

• Σg +’(1S)   m = 4.547 GeV   JPC = 0- +, 1- -  

• The Πu (1P), Πu (2P) and Σg +’(1S)  have 1-- states with spacing seen in the Y(4260) system

• Σu -(1S)   m = 4.292 GeV       Σu -(1P)   m = 4.537 GeV     Σu -(2S)   m = 4.772 GeV

• Numerous states with C=+ in the 4.2 GeV region.
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Spectrum of Low-Lying Hybrid States

• The spectrum of bottomonium hybrids is completely predicted as well

• For the Πu  states
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(cc)   L    n     mass(GeV)
 0   1    4.132580  
 0   2    4.454556  
 0   3    4.752947  

 0   4    5.032962  
 0   5    5.298250  
 0   6    5.551412  
 1   1    4.293717  
 1   2    4.604123  

 1   3    4.893249  
 1   4    5.165793  
 1   5    5.424925  
 2   1    4.454768  
 2   2    4.753368  

 2   3    5.033384  
 2   4    5.298625  
 3   1    4.612335  
 3   2    4.900169  
 3   3    5.171746  

 4   1    4.765983  
 4   2    5.044143  
 5   1    4.915791  
 

 0   1    10.783900  
 0   2    10.982855  
 0   3    11.172408  

 0   4    11.353469  
 0   5    11.527274  
 0   6    11.694851  
 0   7    11.856977  
 0   8    12.014256  

 1   1    10.877928  
 1   2    11.073672  
 1   3    11.259766  
 1   4    11.437735  
 1   5    11.608810  

 1   6    11.773931  
 1   7    11.933823  
 2   1    10.976071  
 2   2    11.167070  
 2   3    11.349124  

 2   4    11.523652  
 2   5    11.691737  
 2   6    11.854216  
 3   1    11.074034  
 3   2    11.260265  

 3   3    11.438320  
 3   4    11.609433  
 3   5    11.774550  
 4   1    11.170870  
 4   2    11.352563  

 4   3    11.526791  
 4   4    11.694614  
 5   1    11.266288  
 5   2    11.443727  
 5   3    11.614333  

 6   1    11.360209  
 6   2    11.533678  
 7   1    11.452636  
 

(bb)   L    n     mass(GeV)

✓
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Systematics: Other States

• Same mechanism in B-decays with  2S{0,1}(Ds) states: Z+(4430)

– Ds*(2S)  M = 2,709 ± 4 MeV   Γ = 117 ± 13 MeV

– Ds(2S)   M = 2,610-2660  MeV

– Relevant open thresholds:

• M(D D(2S))   =  4,449 MeV;    M(D D*(2S)) = 4,519 MeV

• M(D*D(2S))  =  4,586 MeV;   M(D*D*(2S)) = 4,659 MeV

P. Pakhlov and T. Uglov 

[arXiv:1408.5295]
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Figure 3: a) Distribution of M2
ψ′π+

in the LHCb data for 1.0 <
M2
K−π+ < 1.8 GeV2 borrowed from [4] (black points), orange, green

and magenta histograms are contributions from K∗(890), K∗2 (1430)
and S -wave three body phase space, respectively, expected by LHCb
fit. b) Distribution of M2

ψ′π+
after incoherent subtraction of contri-

butions from K∗(890), K∗2(1430) and non-resonance three body de-
cays. The black curve represents our fit to the data points. Red, blue
and cyan curves represent contributuion of (1a) process, and (2b) with
λ = 1 and λ = 0, respectivly.

K∗(890) K∗2(1430) and S -wave three body phase space,
after selection in the 1.0 < M2

K−π+ < 1.8 GeV2 inter-
val, using Figs. 3 a) and b) from [4]. The LHCb data
points with these three contributions superimposed (the
histogram colors correspond to the LHCb notations) are
shown in Fig. 3 a). The spectrum in Fig. 3 b) is ob-
tained after a bin-by-bin subtraction of K∗(∗) and non-
resonance three body decays. This remaining spectrum
we attribute to the rescattering contribution and perform
the fit to this spectrum with a sum of contributions from
the reactions (1a) and (2b) only, thus with five free pa-
rameters. We note that all intermediate B decay chan-
nels with various D(∗)′−

s states contribute to Z+ produc-
tion coherently with the same universal amplitude of
rescattering. The fit results are plotted in Fig. 3 b) with
the black solid line, and nicely describe all the features
observed in data.

A real test of our hypothesis can be achieved with
a 4D-fit performed by Belle, BaBar and LHCb for

B → ψ′π+K− decays using amplitudes (3) instead of
resonance-like Z+’s. Obviously the fitting model with
rescattering comprises too many free parameters: at
least 7 complex amplitudes to describe all possible con-
tributions as well as the yet-undetermined parameters
of the D′−s resonance. It is important to fix these am-
plitudes using a study of B → D̄∗0D+K− and B →
D̄0D∗+K−, which is possible at B-factories or LHCb.
However, there is an easier way to check our hypoth-
esis experimentally. The Z+-like structures should ap-
pear in the distributions of M(D∗⊥D̄)+×cos2(θform) in either
B → D̄∗0D+K− or B → D̄0D∗+K− decays, or in both.
The M(D∗⊥ D̄)+ × cos2(θform) is the (D∗⊥D̄)+ combination
mass spectrum corrected in each bin for the fraction of
the D∗ transverse component in the (D̄D)∗+ rest frame,
and also the 1+ formation factor D2(θform) = cos2(θform).

In summary, we show that D̄∗0D+ → ψ′π+ rescatter-
ing in the decay chain B̄ → D′−s D+, D′−s → D̄∗0K− can
explain the appearance of a peak in the ψ′π+ mass spec-
trum in B̄ → ψ′π+K− decays around M ∼ 4430 MeV
and also correctly describes the quantum numbers and
amplitude resonance-like behavior. This approach al-
lows also to describe another peak at M ∼ 4.2 GeV that
is observed in LHCb data and has been interpreted as
another exotic resonance, as well as a high mass struc-
ture at the upper bound of the mass spectrum, which
remains still undersaturated by the LHCb fit (with many
K∗∗ and two Z(4430)+’s included).

The authors thank Yu. Kalashnikova for useful com-
ments and D. Besson for the paper English correction.
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