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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: 

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

– Can the pattern of transitions be understood? 

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

– What are the remaining constraints of Heavy Quark Symmetry? 

– 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
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—>  partial rate =  37.5 ± 7.3 keV
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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)

4

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 Ôthe light quark pairÕqøq corresponds to a1P1

state).

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

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

functions of theB (! ) mesons with interpolating expressions in terms of nonrelativistic spinors

b (b  ) for the b (anti)quark and the nonrelativistic spinorsq and q  for the ÔrestÕ 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:

B øB :
1

2
#

3
ψ10 +

1
2

ψ11 +

#
5

2
#

3
ψ12 +

1
2

ψ01 ;

B ! øB " øB ! B
#

2
:

1
#

3
ψ10 +

1
2

ψ11 "

#
5

2
#

3
ψ12 ;

(B ! øB ! )S=0 : "
1
6

ψ10 "
1

2
#

3
ψ11 "

#
5

6
ψ12 +

#
3

2
ψ01 ;

(B ! øB ! )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.

(øbγµb), 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 coe! cients of ψ10 in

Eq.(4):

A(e+ e" % B øB) : A(e+ e" % B ! øB + c.c.) : A
[

e+ e" % (B ! øB ! )S=0

]

: A
[

e+ e" % (B ! øB ! )S=2

]

=
1

2
#

3
:

1
#

3
: "

1
6

:

#
5

3
. (5)

These ratios give rise to the relation between the production crosssectionσ for each chan-

nel, normalized to the correspondingP-wave phase space factorv3 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 Symmetry
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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 

_ _
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_

_ _ _
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_
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FIG. 3. The ordering pattern of B meson states. The mass scale is in GeV.
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FIG. 4. The ordering pattern of Bs meson states. The mass scale is in GeV.
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Hadronic Transitions Above Threshold
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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

7

—>  partial rate = 0.15 ± 0.08 MeV

Table 2: Selected! (5S) decays.

Decay Mode Branching Rate Decay Mode Branching Rate

B øB (5.5 ± 1.0)% ! (1S) ⇡+ ⇡! (5.3 ± 0.6) ! 10! 3

B øB " + c.c. (13.7 ± 1.6)% ! (2S) ⇡+ ⇡! (7.8 ± 1.3) ! 10! 3

B " øB " (38.1 ± 3.4)% ! (3S) ⇡+ ⇡! (4.8 +1 .9
! 1.7) ! 10! 3

! (1S)K øK (6.1 ± 1.8) ! 10! 4

Bs
øBs (5 ± 5) ! 10! 3 hb(1P)⇡+ ⇡! (3.5 +1 .0

! 1.3) ! 10! 3

Bs
øB "

s + c.c. (1.35± 0.32)% hb(1P)⇡+ ⇡! (6.0 +2 .1
! 1.8) ! 10! 3

B "
s

øB "
s (17.6 ± 2.7)% �b1 ⇡+ ⇡! ⇡0 (total) (1 .85± 0.33) ! 10! 3

B øB⇡ (0.0 ± 1.2)% �b2 ⇡+ ⇡! ⇡0 (total) (1 .17± 0.30) ! 10! 3

B " øB⇡ + B øB "⇡ (7.3 ± 2.3)% �b1 ! (1.57± 0.32) ! 10! 3

B " øB "⇡ (1.0 ± 1.4)% �b2 ! (0.60± 0.27) ! 10! 3

B øB⇡⇡ < 8.9% ! (1S)⌘ (0.73± 0.18) ! 10! 3

! (2S)⌘ (2.1 ± 0.8) ! 10! 3

! (1D)⌘ (2.8 ± 0.8) ! 10! 3

total B øBX (76.2 +2 .7
! 4.0)%

Table 3: Selected (2D) decays.

Decay Mode Branching Rate

D 0 øD 0 (52± 5)%

D + D ! (41± 4)%

total D øD 93+8
! 9%

 (1S) ⇡+ ⇡! (1.93± 0.28) ! 10! 3

 (1S) ⌘ (9 ± 4) ! 10! 4

3
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Hadronic Transitions Above Threshold

– 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’

_ __

8

_ _ _

π

π
𝚼(5S)

𝚼(1S)

B1(1P)
B*

B(*)
_

Example

Table 3: Q øQ ! Qøq(1
1
2

+

PJ ) + qøQ(1
1
2

!

SJ ")

C(J, J !) J ! = 0 J ! = 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
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Revisiting the QCDME Assumptions

• 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 ! i, ! f 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[101Ð103], but Yan[104] was the Þrst to
present a gauge invariant formulation within QCD. For
a heavy Q øQ bound state, a dressed(constituent) quark
( ÷! (x , t)) is deÞned as

÷! (x, t) ! U! 1(x , t)! (x) (11)

where ! (x) is the usual quark Þeld andU is deÞned as a
path ordered exponential along a straight line path from
X ! (x1 + x2)/ 2 (the c.o.m. coordinate ofQ and øQ) to x,

U(x, t) = P exp
!
igs

" x

X
A (x", t) ádx"

#
(12)

For gluon Þelds the color indices have been suppressed.
The dressedgluon Þeld (÷A(x, t)) is deÞned by

÷Aµ (x, t) ! U! 1(x , t)Aµ (x)U(x, t) "
i

gs
U! 1(x , t)" µ U(x, t).

(13)
Now we can make the QCD multipole expansion in pow-
ers of (x " X ) á# operating on the gluon Þeld in exact
analogy with QED:

÷A0(x, t) = A0(X , t) " (x " X ) áE(X , t) + á á á,

÷A (X , t) = "
1
2

(x " X ) $ B (X , t) + á á á, (14)

whereE and B are color-electric and color-magnetic Þelds,
respectively. The resulting Hamiltonian for a heavy Q øQ
system is then [104]

H e!
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 Þelds 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 ofQ øQ system (zero for color
singlets); and Þnally

H (2)
QCD ! " da áEa(X , t ) " m a áB a(X , t ) + á á á, (17)

is treated perturbatively. di
a = gE

$
d3x ÷!   (x " X )i ta

÷!
and m i

a = gM / 2
$

d3x ÷!   #ijk (x " X )j $k ta
÷! are the color-

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

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

Q øQ states. The transitions between eigenstates|i%and |f %
of H (0)

QCD is at least second order inH (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 sumKL is over a complete set of color octet
Q øQ states |KL %with associated energyEKL . 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

&
&Eai Ej

a

&
&0

'

The allowed light hadronic Þnal 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 inO(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 heavyQ øQ bound
states spectrum ofH (0)

QCD is calculated by solving the SE
with a given potential model. The intermediate octet Q øQ
states are modeled by the Buchmueller-Tye quark conÞn-
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 Þnal state and associated two gluon Þnal
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) ij qµ

1 q2µ (20)

+ C2(q1k q2l + q1l q2k "
2
3

) ij qµ
1 q2µ )]

If the polarization of the heavy Q øQ initial and Þnal 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 ) i B a
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].

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)
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Now we can make the QCD multipole expansion in pow-
ers of (x � X ) ·⌦ operating on the gluon field in exact
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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
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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)
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QQ̄ states. The transitions between eigenstates |i� and |f�
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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:
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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]
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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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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-
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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
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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]
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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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QCD Multipole Expansion (QCDME)

• When should the QCDME work well ? 

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



• bottomium 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 will appear in the spectrum 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
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Fig. 3.6: Thesinglet static energy (quenched and unquenched data) from Ref. [51], see also [143]

2.3.3 TheQCD static spectrum and mechanism of conÞnement18

Thespectrum of gluons in thepresenceof astatic quarkÐantiquark pair hasbeen extensively studied with
high precision using latticesimulations. Such studies involve thecalculation of largesetsof Wilson loops
with a variety of different spatial paths. Projections onto states of deÞnite symmetries are done, and the
resulting energiesarerelated to thestatic quarkÐantiquark potential and thestatic hybridspotentials. With
accurate results, such calculations provide an ideal testing ground for models of the QCD conÞnement
mechanism.

Thesinglet static energy
Thesinglet static energy is the singlet static potential V (0)

s .

In the plot3.6, we report simulation results both with and without light quarkÐantiquark pair cre-
ation. Such pair creation only slightly modiÞes theenergies for separations below 1 fm, but dramatically
affects theresultsaround 1.2 fm, at adistancewhich istoo largewith respect to thetypical heavy quarko-
nium radius to berelevant for heavy quarkonium spectroscopy. At Þnite temperature, theso-called string
breaking occurs at asmaller 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 theÓstatic QCD potentialÓsubsection, theproper treatment of the renormalon
effects has made possible the agreement of perturbation theory with lattice simulations (and potential
models) [78,88Ð92]. Herewewould 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 deÞned 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 theuncertainty in
the value of ! M S (± 0.48r! 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 reßects the uncertainty in ! M S
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 conÞning potential, ! V = " r, goes with a slope " = 0.21GeV 2. In lattice units

18Authors: N. Brambilla, C. Morningstar, A. Pineda
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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 (>�f) and  light hadrons (ha). 

!

!

!

!
• The time scale of the production process has to be short                                                 

relative to the time scale over with 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.  

11

!hb"

ha

H2

_

! i

! f

H1

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

State Mass Width J P C 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 > =
!

H 1H 2

!

p1,p2

"" f ha|H "
I |H1(p1) øH2(p2)#

1
(Ef + Ea) $ (E1 + E2)

"H1
øH2[hb]|H I ||! i #
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• Production modes 
– e+e-  

• direct                                                 sequential (dominate terms) 

!
!
!
!

• Can compute using coupled channel formalism 

!
– B decays 

• More quantum numbers accessible 

12

New Dynamics for Hadronic Transitions
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• Physical Expectations for Threshold Dynamics: 

1. There is a large rescattering probability per unit 
time 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 P-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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• 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

14
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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) ! (10860) ! BB∗π and (b)
! (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 possibleZb(10650)! BB ∗! decay.
We also Þt the data with only theZb(10610) channel included in the decay amplitude. The
results of these Þts 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)! ! (nS)! ) +
!

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)! ! (nS)! ) +
!

m Zb(10650)! hb(mP)
= 2.8 ± 0.4 ± 0.6+0 .0

" 0.4.

We also Þnd it useful to calculate the relative fractions forZb decays assuming that thy
are saturated by the already observed! (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 theZb(10650)! BB !

channel in the table as this decay mode has marginal signiÞcance. 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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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.
15
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• 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

16

4

tion from MC-simulated e+ e! ! ! ! D + øD " 0 three-body
phase-space events. Here, also, the! ! D + -tagged event
sample that is used to study ! ! D + øD " 0 includes some
cross feed from the! ! Zc(3885)+ , Zc(3885)+ ! øD 0D " +

signal channel, where theD + used for tagging is a decay
product of the D " + . The dashed histogram is from MC-
simulated e+ e! ! ! ! Zc(3885)+ , Zc(3885)+ ! øD 0D " + ,
D " + ! ! 0D + events.
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FIG. 1. The ! D recoil mass distribution for the ! + D 0- (left)
and ! ! D + -tagged (right) events. Points with errors are data, the
hatched histogram shows the events from the D mass sidebands.
The solid and dashed histograms are described in the text.

We apply a two-constraint kinematic Þt to the selected
events, where we constrain the invariant mass of theD 0

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

(D + øD " 0) invariant masses recoiling from the bachelor
pion for the ! + D 0 (! ! D + ) tagged events. The two dis-
tributions are similar and both have a distinct peak near
the mD + m øD ! mass threshold. For cross-feed events,
the reconstructed D meson is not in fact recoiling from
a øD " and the e! ciency for satisfying these selection re-
quirements decreases with increasingD øD " mass. Studies
with phase-space MC event samples show that this ac-
ceptance variation is not su! cient to produce a peaking
structure.

To characterize the observed enhancement and de-
termine the signal yield, we Þt the histograms in
the left and right panels of Fig. 2 using a mass-
dependent-width Breit-Wigner (BW) lineshape to model
the signal and smooth threshold functions to repre-
sent the non-peaking background. For the signal,
we use dN/dm D øD ! " (k" )2! +1 |BWZ c (mD øD ! )|2, where
k" is the Zc momentum in the e+ e! rest frame, #
is the ! -Zc relative orbital angular momentum and

BWZ c (mD øD ! ) "
#

m D øD ! ! Z c

m 2
Z c

! m 2
D øD ! ! im Z c ! Z c

. Here " Z c =

" 0(q" /q0)2L +1 (mZ c /m D øD ! ), where q" (mD øD ! ) is the D
momentum in the Zc(3885) rest frame, q0 = q" (mZ c )

and L is the D- øD " orbital angular momentum. In the
default Þts, we set # = 0, L = 0 and leave mZ c and
" 0 as free parameters. We multiply the BW by a poly-
nomial determined from a Þt to the MC-determined
mass-dependent e! ciency to form the signal probabil-
ity density function (PDF). Mass resolution e#ects are
less than 1 MeV/c2 and, thus, ignored. For the non-
peaking background for the M (D øD " ) distribution, we
use: f bkg (mD øD ! ) " (mD øD ! $ M min )c(M max $ mD øD ! )d,
where M min and M max are the minimum and maximum
kinematically allowed masses, respectively. The expo-
nents c and d are free parameters determined from the
Þts to the data.
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FIG. 2. The M (D 0D "! ) (left) and M (D + øD " 0) (right) distribu-
tions for selected events. The curves are described in the te xt.

The results of the Þts are shown as solid curves in
Fig. 2. The dashed curves show the Þtted non-resonant
background. The Þtted BW masses and widths from the
! + D 0 (! ! D + ) tagged sample are 3889.2 ± 1.8 MeV/ c2

and 28.1 ± 4.1 MeV (3891.8 ± 1.8 MeV/ c2 and 27.8 ±
3.9 MeV), where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent and may di#er from the actual reso-
nance properties [27], we solve forP = M pole $ i " pole / 2,
the position in the complex (M, " ) plane where the BW
denominator is zero, and useM pole and " pole to charac-
terize the mass and width of theZc(3885) peak. TableI
lists the pole masses and widths for the! + D 0 and ! ! D +

tagged samples.

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

Tag M pole (MeV/ c2) Γpole (MeV) Zc signal (evts) χ2 /ndf
π+ D0 3882.3 ± 1.5 24.6± 3.3 502± 41 54/54
π! D+ 3885.5 ± 1.5 24.9± 3.2 710± 54 60/54

Monte Carlo studies of possible sources of peaking
backgrounds in the D øD " mass distribution show that
processes of the typee+ e! ! D øDX , øDX ! øD " ! , would
produce a near-threshold reßection peak in theD øD "

mass distribution, where DX denotes aD " ! resonance
with mass near the upper kinematic boundary. This
boundary,

#
s $ mD , is 30 MeV/c2 below the mass of

the lightest established D " ! resonance, theD1(2420),

2
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We report on a study of the process e+ e! ! ! ± (D øD " )# at
"

s = 4 .26 GeV using a 525 pb! 1 data
sample collected with the BESIII detector at the BEPCII stor age ring. A distinct charged structure is
observed in the (D øD " )# invariant mass distribution. When Þtted to a mass-dependen t-width Breit-
Wigner lineshape, the pole mass and width are determined to be M pole = (3883.9± 1.5± 4.2) MeV/ c2

and ! pole = (24 .8 ± 3.3 ± 11.0) MeV. The mass and width of the structure, which we refer to a s
Zc(3885), are 2" and 1" , respectively, below those of the Zc(3900) ! ! ± J/ # peak observed by
BESIII and Belle in ! + ! ! J/ # Þnal states produced at the same center-of-mass energy. Theangular
distribution of the ! Zc(3885) system favors aJ P = 1 + quantum number assignment for the structure
and disfavors 1! or 0! . The Born cross section times the D øD " branching fraction of the Zc(3885)
is measured to be" (e+ e! ! ! ± Zc(3885)# ) # B(Zc(3885)# ! (D øD " )# ) = (83 .5 ± 6.6 ± 22.0) pb.
Assuming the Zc(3885) ! D øD " signal reported here and the Zc(3900) ! ! J/ # signal are from the
same source, the partial width ratio ! ( Z c (3885) $ D øD ! )

! ( Z c (3900) $ ! J/ " ) = 6 .2 ± 1.1 ± 2.7 is determined.

PACS numbers: 14.40.Rt, 13.25.Gv, 14.40.Pq

The Y(4260) resonance was Þrst seen by BaBar as a
peak in the e+ e! ! ! + ! ! J/ " cross section as a function
of e+ e! center-of-mass (CM) energy [1]. It was subse-
quently conÞrmed by CLEO [2] and Belle [3]. Its produc-
tion via the e+ e! annihilation process requires the quan-
tum numbers of the Y (4260) to be J P C = 1 !! . A pecu-
liar feature is the absence of any apparent corresponding

structure in the cross sections fore+ e! ! D (" ) øD (" ) (! )
in the

"
s = 4260 MeV energy region [4]. This implies a

lower-limit partial width of ! (Y (4260) ! ! + ! ! J/ " ) >
1 MeV [5] that is one order-of-magnitude larger than
measured values for conventional charmonium meson
transitions [6], and indicates that the Y (4260) is prob-
ably not a conventional quarkonium state.

BES III 

[arXiv:1310.1163]
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Ψ(3770), Ψ(4040)

• Only ground state heavy-light meson pair decays allowed

17
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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

D 0 øD 0 (52± 5)%

D + D ! (41± 4)%

total D øD 93+8
! 9%

! (1S) " + " ! (1.93± 0.28) ! 10! 3

! (1S) # (9 ± 4) ! 10! 4

Table 4: Q øQ " Qøq(1
1
2

+

PJ ) + qøQ(1
1
2

!

SJ ")

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

J = 0 0 2/ 3

J = 1 2/ 3 4/ 3

Table 5: Selected! (4S) decays.

Decay Mode Branching Rate

D øD (51.4 ± 0.6)%

B 0 øB 0 (48.6 ± 0.6)%

total B øB > 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

_

Systematics and Expectations
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• 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

_

19

_

_

Systematics and Expectations
Table 3: Selected! (2D) decays.

Decay Mode Branching Rate

D 0 øD 0 (52± 5)%

D + D ! (41± 4)%

total D øD 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 " øD"

D +
s D !

s " + c.c.

DD " ! (D " øD + c.c.)
! (D " øD " = 0.34± 0.14± 0.05

D øD ! (D " øD + c.c.)
! (D " øD " ) = 0.02± 0.03± 0.02

! (1S) # (5.2 ± 0.7) ! 10! 3

Table 5: Q øQ # Qøq(1
1
2

+

PJ ) + qøQ(1
1
2

!

SJ ")

C(J, J #) J # = 0 J # = 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



Estia Eichten (Fermilab)                                                    QWG2014@CERN                                                Nov. 12,  2014

Systematics: ѱ(4040) and Below

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

20

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

State Mass Width J P C 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

D 0 øD 0" 0

D " 0 øD 0

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)# D øD !

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 " øD " )$

Z (4020)0 4023.9 ± 2.2 ± 3.8 Þxed toZ + I = 1
! (4040) 4039± 1 60± 10 1!! 33S1

#J/ ! (5.2 ± 0.5 ± 0.2 ± 0.5) ! 10! 3

5



Estia Eichten (Fermilab)                                                    QWG2014@CERN                                                Nov. 12,  2014

Systematics: Ψ(4160), Ψ(4415)

21

• Many open channels for heavy-light meson pair decays.
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• Ψ(4S)  

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

– Open decay channels:   

• Many  

!
!
!
!
!
!
!
!
!
!
!

– Would be nice to see more study here.

22

Systematics and Expectations

Table 4: Selected! (3S) decays.

Decay Mode Branching Rate

D ! øD!

D +
s D !

s ! + c.c.

DD ! ! (D " øD + c.c.)
! (D " øD " = 0.34± 0.14± 0.05

D øD ! (D " øD + c.c.)
! (D " øD " ) = 0.02± 0.03± 0.02

! (1S) " (5.2 ± 0.7) " 10! 3

Table 5: Q øQ # Qøq(1
1
2

+

PJ ) + qøQ(1
1
2

!

SJ ")

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

J = 0 0 2/ 3

J = 1 2/ 3 4/ 3

Table 6: Selected! (4S) decays.

Decay Mode Branching Rate

D " øD + cc ! (D # øD )
! (D # øD # ) = 0.17± 0.25± 0.03

D " øD " seen

D + "
s D !

s seen

D øD "
2(2460) (10± 4)%

" J/ ! < 6 ± 10! 3

4
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• Charmonium-like state transitions for masses above the ψ(3S)

23

Systematics: Ψ(4160), Ψ(4415)

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

State Mass Width J P C 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)+ 419681

! 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/ !

$± (D øD " )#

$+ ! (2S)
! (4415) 4421± 4 62± 20 1!! 43S1

Z (4430)+ 4475± 7Ô+15
! 25 172± 13++37

! 34 1+

$+ ! (2S)
$+ J/ !

Y(4660) 4652± 10± 8 68± 11± 1 1!!

$+ $! ! (2S)
#J/ !

$± (D øD " )#

6
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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 greatly enhances the final states with η + (QQ).                   
Yu.A. Simonov and A.I. Veselov [arXiv:0810.0366] 

– This leads to large effects in the threshold region.  

– Similarly important in ω and >� production. 
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!

– There should be threshold enhancements for strange       
heavy-light meson pair production leading to sizable production 
of single η and >� 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(33P2) = 4,315 MeV 

– Direct transitions? 

!

– At higher energies the Ds(2S) wide states could play a           
role is sequential transitions.

25Figure 1: The invariant mass spectrumm(J/ !" ) 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 forY(4140), Y (4274), X (4320) and X (4350), respectively. The curves are the
Þtting results by the experimental collaborations. The two full thin vertical lines are the thresholds for
D ! øD ! and D ! øDs0(2317) [6]. The two dashed thin vertical lines are the masses of#""

c1 and #""
c2 predicted by

GI potential [7].

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

¥ If Y (4274) exists, it should be explained why theY(4274) is not reported by CMS
collaboration in the same channelB + ! J/ !" K + .

¥ Is the structure X (4320) di! erent from Y(4274) considered the large mass di! erence?
Why is it not found in CDF experiment?

¥ Are the structure X (4320) found in theB decay and the structureX (4350) found in
the two photon fusion the same?

2

DsDs* Ds*Ds*

5

cess. To reproduce the shape of theD +
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 Þnal state is estimated using a MC simulation

of the e+ e" ! D +
s D !"

s ! ISR and e+ e" ! D ! +
s D !"

s ! ISR
processes. To reproduce the shape of theD +

s D "
s mass

spectrum we use the initial measurement of theD ! +
s D !"

s
mass spectrum and the Þrst iteration of theD +

s D !"
s mass

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

s D "
s and the D +

s D !"
s Þnal 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 " 0! ISR processes using

fully reconstructed Þnal states. From a MC study we es-
timate the fraction of reconstructed events for the cases
where the" 0 is not detected. After the application of the
requirement on M 2

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" 0 is misidentiÞed as the! ISR candidate, is de-
termined from the data using fully reconstructede+ e" !
D (! )+

s D (! ) "
s " 0 events. Only three events withM D +

s D !
s

<
5.0 GeV/c 2 and M D +

s D !
s ! 0 " Ec.m. > 0.5 GeV are found

in the data. Assuming a uniform " 0 polar angle distribu-
tion, this background contribution in the | cos(#D +

s D !
s

)| >
0.9 signal sub-sample (case 1) is 3 events/9$! 0 # 0.6
events in the whole M D +

s D !
s

mass range, where$! 0 is

the " 0 reconstruction e! ciency. For the D +
s D !"

s and the
D ! +

s D !"
s Þnal states the expected backgrounds are# 0.6

events and 0 events in the wholeM D +
s D "!

s
and M D " +

s D "!
s

mass ranges. The probability of" 0 ! ! misidentiÞcation
due to asymmetric " 0 ! !! 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 subtractedD (! )+

s D (! ) "
s mass distri-

butions

%(e+ e" ! D (! )+
s D (! ) "

s ) =
dN/dm

&tot dL/dm
, (2)

where m $ M D ( " )+
s D ( " ) !

s
, dN/dm is the obtained mass

spectrum, &tot is the total e! ciency and the factor
dL/dm is the di" erential ISR luminosity [15]. The to-
tal e! ciencies 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 5.0 GeV/c 2

for the D +
s D "

s , D +
s D !"

s and the D ! +
s D !"

s Þnal 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 # 2 MeV/c 2

around threshold to # 6 MeV/c 2 at M D ( " )+
s D ( " ) !

s
=

5.0 GeV/c 2, 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.

0

0.2

0.4

0.6

3.8 4 4.2 4.4 4.6 4.8 5
0

0.5

1

4 4.2 4.4 4.6 4.8 5

σ
(n

b)

M(Ds
+Ds

–), GeV/c2

a)

σ
(n

b)

M(Ds
+Ds

*–), GeV/c2

b)

σ
(n

b)

M(Ds
*+Ds

*–), GeV/c2

c)

0
0.2
0.4
0.6
0.8

4.2 4.4 4.6 4.8 5

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, deÞned as R = %(e+ e" !
hadrons)/ %(e+ e" ! µ+ µ" ), where %(e+ e" ! µ+ µ" ) =
4"' 2/ 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 %(e+ e" ! D (! )+
s D (! ) "

s )
measurements are summarized in Table I. The system-
atic errors associated with the background (1Ð2) subtrac-
tion are estimated from the uncertainty in the scaling fac-

tors for the sideband subtractions. This is done using Þts
to the M D ( " )+

s
and M D ( " ) !

s
distributions in the data with

di" erent signal and background parameterizations and
are found to be 3%, 7% and 24% for theD +

s D "
s , D +

s D !"
s

and the D ! +
s D !"

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

s D "
s Þnal state and smaller than 1%

for the D +
s D !"

s Þnal state. Uncertainties in the back-
grounds (4Ð5) are estimated conservatively to be smaller

 Belle Pakhlova et.al [arXiv:1011.4397]

Strange heavy-light meson thresholds

• What happens at strange heavy-light meson thresholds ? 



Estia Eichten (Fermilab)                                                    QWG2014@CERN                                                Nov. 12,  2014

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
! ! " + in the LHCb data for 1.0 <

M2
K" " + < 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

! ! " + 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
# = 1 and # = 0, respectivly.

K#(890) K#
2(1430) and S-wave three body phase space,

after selection in the 1.0 < M2
K" " + < 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 $ ! !" +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($form) in either
B $ D̄#0D+K" or B $ D̄0D#+ K" decays, or in both.
The M(D#

%D̄)+ & cos2($form) 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($form) = cos2($form).

In summary, we show that D̄#0D+ $ ! ! " + rescatter-
ing in the decay chain B̄ $ D!"

s D+ , D!"
s $ D̄#0K" can

explain the appearance of a peak in the ! ! " + mass spec-
trum in B̄ $ ! !" +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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Summary

• Above heavy flavor production threshold the usual QCDME fails.   

– The transitions rate are much larger than expected. 

– 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.  Magnetic transitions not suppressed. 

– A new mechanism for hadronic transitions is required. 

• A new mechanism, in which the dynamics is factored differently, is purposed. 

– It requires an intermediate state containing two narrow heavy-light mesons nearby and 
near threshold (v -> zero).  This is the factor.  Other light hadrons may be present or not.  

– The production of this state from the initial state is calculated using familiar strong 
dynamics of coupled channels.  

– The evolution of this threshold system into the final quarkonium state and light hadrons 
requires a new threshold dynamics.  This dynamics involves non-relativistic heavy systems 
and should respect HQS as well as the usual SU(3) and chiral symmetry expectations.  

• With BES III and LHCb and soon BELLE 2.  I expect even more progress in 
understanding hadronic transitions in the near future. 
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Backup Slides
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Low-lying thresholds
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Low-lying thresholds
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Potential model states
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Structure in two pion transitions

• For example, the Υ(5S) has a B(1/2-) + BP(1/2+) component.  The BP(1/2+) state decays 
rapidly into a B meson and pion, leaving a B(1/2-) + B(1/2-)  nearly at rest.  They then 
recombine into the final (Υ or hb) and pion.   

– Both the Υ(5S) -> Bp(0+) B* and  Bp(0+) -> !  B decays are S-wave 

– The analogy in the charmonium system is the structure seen in the ψ(4160) -> π π J/ψ 
transition. 

– This provides a dynamical mechanism for the Meson Loop and ISPE models.     

Υ(5S)

Υ or h

π

π

BP(0+)+

B*

B0

Υ(5S) -> Bp(0+) B* -> !  B B*                                     
  and        Bp(1+) B   -> !  B B* 
  and        Bp(1+) B* -> !  B*B* 

ISPE Model:    [1303.6842] and 
references therein    

32

Meson Loop Models:    
[1303.6355}, [1304.4458]  and 
references therein                                      
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Structure in two pion transitions

– Chen, Lui and Matsuki applied the ISPE model to the Y(4260) -> ! ! !   transition. 

– They were able to reproduce the structure observed in those transitions. 

!

– Thus the nature (cusp or molecule) of the Z+(10610), Z+(10650)+ and newly observed          
Z+(3900)  state is  open. 

– There is an extraordinary rich structure of decays into a heavy-light P state Hq(1P) 
jP=(1/2, 3/2)+ and a ground state Hq(1S) jP=(1/2)- (q=u,d,s) at and above the ψ(4S) in the 
charm system and Υ(6S) in the bottom system. 

– The study of these channels will provide detailed information about the decay strengths 
and the associated hadronic transitions.

33

D.Y. Chen, X, Lui and T. Matsuki  
 [1304.5845]  


