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Crossing the Threshold
1. Strong decays - resonances become wide and eventually hard to extract.
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• R = σ(e+e- -> Ɣ* -> hadrons)/σ(e+e- -> Ɣ*-> µ+µ-)  JPC = 1- - 
– Resonance region: (√s - 2mH) ≲ 1 GeV 

6 49. Plots of cross sections and related quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 49.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 49.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Figure 49.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 49.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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FIG. 1. R′
b, data with components of fit: total (solid curve), constants |Anr|2 (thin), |Ar|2 (thick);

for Υ(5S) (thin) and Υ(6S) (thick), |f |2 (dot-dot-dash), cross terms with Ar (dashed), and two-
resonance cross term (dot-dash). Error bars are statistical only.

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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• Two pictures of R:       Quark-Hadron Duality 

–                                :

Estia Eichten                                                                                                                                                              Fermilab                     

QWG 2016                                                                                                                                                          June 8, 2016                     3

EICHTEN, GOTTFRIED, KINOSHITA, LANE, AND YAN 17

dg u. .(p) = - ——5(p) .c dp

Thus we obtain
1

dQ &nr„n o= —— p&pu, z(p)—&(p)
n'=1 c 0 dp

1—u„i(0+ )

(BV)

=0 (B8)
for L = 0, 1, 2, . . ., which proves (B2).
The sum rule (83) can be derived by a similar

argument. We have only to note that

u.,(p) = PR.,(p)
and

e(t) —-', t'

for t-0.
APPENDIX C. DERIVATION OF FORMULA (3.1&)

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
67T

~R(W) = —p,(W), (Cl)

K

FIG. 12. Matrix elements for some hindered Ml trans-
itions as functions of E= (ka/2)(m, a) ~~ for the case X=0.

where q' = R" and
-(a ~'- e, e.)p.(iv)

d4xe"" 0 j x j„0 0
charm '

(C2)

order of magnitude and of opposite sign (see Ta-
ble IV).
Proof of (B2): Consider the completeness re-

lation for L'=0:

8 0 P 0 ~0 P 6 P P
n'=1

(B4)

Differentiating this with respect to p', we obtain

'M g0 P ZE„,0 P = — Q P—P

= ——&(p- p')
dp

Now, for linear potentials only, we get

(B5)

d u„.,(p') = c = const. independent of n'.
dp pi 0

(B6)
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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–  Observed states in D meson systems:  

• HQS determines the ratios of hadronic transitions - very useful in distinguishing excited 
states 

• Various proposals for the shifts of the Ds*(2317) and Ds(2460): 
– Influence of the nearby decay channels. 

– Chiral multiplets (0-,0+). 

– Threshold bound states of DK and D*K respectively.

4
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• strangeness zero states: 
– first double wide states: D(13P0)D(13P0) ~ 4.6; Ds(21S0)Ds(21S0) ~ 5.42
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– Observed states in the B meson systems 

–   

• HQS relates the excitation spectrum in the D system to the B system.   

• Various models will be disentangled when the narrow Bs (jP = ½+) states are observed.

6

Estia Eichten                                                                                                                                                              Fermilab                     

Important to observe the Bs (jP = ½+) states
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• If we take this picture seriously then: 
– near threshold the meson picture is dominant. 

– decays are expected  to be “quasi” two body.   
• continuum production small - set to zero? 

• large hadronic transitions  - ignore for now 

• This picture suggests that it is very useful to consider the massing mass 
approach.   
– e+e- -> (D, D*, Ds, or D*s) + X   plot MX(s).  (Similar for B thresholds)  

• Idealized case - cartoon 

7
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• Comments 
– A detailed calculation is in progress. 

– The non-resonance production of additional pions with heavy-light meson 
pairs will be small 

– With increased statistics MX can be measured as a function of √s. 

– This inclusive measurement is dual to perturbative QCD with quark 
fragmentation. 

– More information can be obtained by separation into partial waves. 

– The disentangling the D and D* and the Ds and Ds*  is challenging. 

– The tagging of the primary jp = 1/2-  is possible as long there is only one 
excited resonance that is decaying.  So this breakdown when we reach 
threshold for two excited heavy-light mesons that are wide. 

• The same approach applies to the bottonnmium threshold region

8
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• HQS implies a similar picture in the B system:

9
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• strangeness zero states:   
– first double wide states: B(13P0)B(13P0) ~ 11.43; Bs(B21S0)Bs(21S0) ~ 12.0
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• Decays - Coupled Channel Models 

• ψn  potential model wavefunction 

• Final mesons - simple harmonic oscillator wave functions 

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

where   

Reduced decay 
amplitudes I(p)Statistical factor

11
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E. Eichten, K. Gottfried, T. Kinoshita, K. Lane and T.M. Yan
PR D17, 3090 (1978)

Meson loops
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• Reduced decay amplitudes I(p)

12
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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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– The mass differences of heavy-light mesons produces large effects in the decay 
amplitudes to exclusive channels. 

• E = 4.04 GeV 

• p(DD) = 766 MeV; p(DD*) = 567 MeV;                                                                            
p(D*D*) = 218 MeV;  p(DsDs) = 453 MeV                     

13
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 Observed exclusive channel rates
D D   
D D* 
D*D* 
Ds Ds



Hadronic Transitions Above Threshold
• There were two surprises in the decays of quarkonium states above threshold 

1.   Hadronic transitions violate naive expectations.  Spin flip transitions  not suppressed 
(HQSS)  and large SU(3) violation.  For example, ϒ(4S): 

• Large heavy quark spin symmetry (HQSS)  breaking is 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 in hadronic transitions   

Estia Eichten                                                                                                                                                              Fermilab                     
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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

—>  partial rate =  1.66 ± 0.23 keV

—>  partial rate =  4.02 ± 0.89 keV 
—>  partial rate = 37.5 ± 7.3 keV  

SU(3) violating 
HQS  violating

expected rates



QWG 2016                                                                                                                                                          June 8, 2016                     

– What about SU(3) ? 
• SU(3) breaking is induced by the mass splitting of the (Q q) mesons with q=(u,d)    

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).  

• Similarly important in ω and ɸ production. 

15
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_

The observed HQSS and SU(3) violation in hadronic 
decays of quarkonium states near threshold is induced by 
the symmetry breaking in the heavy-light meson masses

Yu.A. Simonov and A. I. Veselov 
[arXiv:0810.0366]
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2.  The large size of the hadronic transitions for the ϒ(5S). 

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

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

16
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—>  partial rate = 0.29 ± 0.13 MeV

—>  partial rate = 86 ± 41 keV

—>  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)%

hb(2P)π+π-
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• Requires new mechanism for hadronic transitions 

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

– Decays involving  P-state heavy-light mesons: 

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

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

_ __

17
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_ _ _

π

πϒ(5S)

ϒ(1S)

B1(1P)
B*

B(*)
_

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
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• These hadronic transitions seen at both the ϒ(5S) and ϒ(6S) 
• HHChPT 

• Using the masses and widths of the jp = 1+ B mesons
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Figure 1: (a): Diagram of Y (4260) main decay mode by supposing it is a D1D̄ molecular state. (b):
the rescattering process, where A and B are some specified final states. The charge conjugate diagrams
are implicit.

pertinent decay modes and discuss some interesting threshold behaviors in the following sections.
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TABLE II. Summary of results on three-body cross sections.
The first (or sole) uncertainty is statistical; the second is sys-
tematic.

Parameter BBπ BB∗π B∗B∗π

Yield, Events 13± 25 357± 30 161± 21
Bf , 10

−6 293 ± 22 276± 21 223± 17
η 1.0 1.066 1.182

σvis, pb < 2.1 11.2± 1.0± 1.2 5.61 ± 0.73± 0.66

and 8.7% for B∗B∗π), in the reconstruction efficiency
(7.6%) (including secondary branching fractions [11]), in
the correction factor α (1%), and the uncertainty in the
integrated luminosity (1.4%). The overall systematic un-
certainties for the three-body cross sections are estimated
to be 7.9%, 10.4%, and 11.7% for the BBπ, BB∗π, and
B∗B∗π final states, respectively.

Using the results of the fit to the Mmiss(π) spec-
tra with the nominal model (Model-0 in Table I) and
the results of the analyses of e+e− → Υ(nS)π+π− [1]
and e+e− → hb(mP)π+π− [15, 16], we calculate
the ratio of the branching fractions B(Zb(10610) →
BB̄∗ + c.c.)/B(Zb(10610) → bottomonium) = 4.76 ±
0.64 ± 0.75 and B(Zb(10650) → B∗B̄∗)/B(Zb(10650) →
bottomonium) = 2.40± 0.44± 0.50.

We calculate the relative fractions for Zb decays, as-
suming that they are saturated by the already observed
Υ(nS)π, hb(mP)π, and B∗B(∗) channels. The results are
summarized in Table III.

In conclusion, we report the first observations of the
three-body e+e− → BB∗π and e+e− → B∗B∗π pro-
cesses with a statistical significance above 8σ. Mea-
sured visible cross sections are σvis(e+e− → BB∗π) =
(11.2± 1.0± 1.2) pb and σvis(e+e− → B∗B∗π = (5.61±
0.73 ± 0.66) pb. For the e+e− → BBπ process, we
set a 90% confidence level upper limit of σvis(e+e− →
BBπ) < 2.1 pb. The analysis of the B(∗)B∗ mass spec-
tra indicates that the total three-body rates are domi-
nated by the intermediate e+e− → Zb(10610)∓π± and
e+e− → Zb(10650)∓π± transitions for the BB∗π and
B∗B∗π final states, respectively.

We thank the KEKB group for excellent operation
of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
SINET4 network support. We acknowledge support
from MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC
and DIISR (Australia); FWF (Austria); NSFC (China);
MSMT (Czechia); CZF, DFG, and VS (Germany); DST
(India); INFN (Italy); MEST, NRF, GSDC of KISTI,
and WCU (Korea); MNiSW and NCN (Poland); MES
and RFAAE (Russia); ARRS (Slovenia); IKERBASQUE
and UPV/EHU (Spain); SNSF (Switzerland); NSC and
MOE (Taiwan); and DOE and NSF (USA).

TABLE III. B branching fractions for the Z+
b (10610) and

Z+
b (10650) decays. The first quoted uncertainty is statisti-

cal; the second is systematic.

Channel Fraction, %
Zb(10610) Zb(10650)

Υ(1S)π+ 0.60 ± 0.17± 0.07 0.17± 0.06 ± 0.02
Υ(2S)π+ 4.05 ± 0.81± 0.58 1.38± 0.45 ± 0.21
Υ(3S)π+ 2.40 ± 0.58± 0.36 1.62± 0.50 ± 0.24
hb(1P)π

+ 4.26 ± 1.28± 1.10 9.23± 2.88 ± 2.28
hb(2P)π

+ 6.08 ± 2.15± 1.63 17.0 ± 3.74 ± 4.1
B+B̄∗0 + B̄0B∗+ 82.6± 2.9± 2.3 −

B∗+B̄∗0
− 70.6 ± 4.9± 4.4

[1] A. Bondar et al. (Belle Collaboration), Phys. Rev. Lett.
108, 122001 (2012).

[2] A. Garmash et al. (Belle Collaboration), Phys. Rev. D
91, 072003 (2015).

[3] D.-Y. Chen and X. Liu, Phys. Rev. D 84, 094003
(2011); A. Ali, C. Hambrock and W. Wang, Phys. Rev.
D 85, 054011 (2012); I. V. Danilkin, V. D. Orlovsky
and Y. A. Simonov, Phys. Rev. D 85, 034012 (2012);
S. Ohkoda, Y. Yamaguchi, S. Yasui, K. Sudoh and
A. Hosaka, Phys. Rev. D 86, 014004 (2012); E. Braaten,
C. Langmack and D. Hudson Smith, Phys. Rev. D 90,
014044 (2014).

[4] A. Bondar, A. Garmash, A.I. Milstein, R. Mizuk, and
M.B. Voloshin, Phys. Rev. D 84, 054010 (2011).

[5] A. Drutskoy et al. (Belle Collaboration), Phys. Rev. D
81, 112003 (2010).

[6] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res. Sect. A 479, 117 (2002); also see
detector section in J. Brodzicka et al. Prog. Theor. Exp.
Phys. (2012) 04D001.

[7] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res. Sect. A 499, 1 (2003), and other papers in-
cluded in this Volume; T. Abe et al. Prog. Theor. Exp.
Phys. (2013) 03A001 and following articles up to 03A011.

[8] D.J. Lange, Nucl. Instrum. Methods Phys. Res. Sect. A
462, 152 (2001).

[9] R.Brun et al., GEANT 3.21, CERN Report DD/EE/84-
1, 1984.
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• Production modes:  (Where to look for new surprises) 
– e+e- processes 

• direct                                                 sequential (dominant terms) 

• Can compute using coupled channel formalism 

– B weak decays 
• More quantum numbers accessible  

– Four quark states can easily be produced from two-heavy-light meson at                          
S-wave thresholds
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• What is the QCD dynamics of these new states? Threshold Effects, Hybrids, 
Tetraquark States: 

XYZ  States Observed
Estia Eichten                                                                                                                                                              Fermilab                     
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The Exotic XY Z Charmonium-like Mesons 7

[cuc̄s̄]) (41).

Figure 2: Cartoon representations of molecular states, diquark-diantiquark
tetraquark mesons and quark-antiquark-gluon hybrids.

2.3 Charmonium hybrids

Hybrid mesons are states with an excited gluonic degree of freedom (see Fig. 2).
These are described by many different models and calculational schemes (42).
A compelling description, supported by lattice QCD (43, 44), views the quarks
as moving in adiabatic potentials produced by gluons in analogy to the atomic
nuclei in molecules moving in the adiabatic potentials produced by electrons. The
lowest adiabatic surface leads to the conventional quarkonium spectrum while the
excited adiabatic surfaces are found by putting the quarks into more complicated
colour configurations. In the flux-tube model (45), the lowest excited adiabatic
surface corresponds to transverse excitations of the flux tube and leads to a doubly
degenerate octet of the lowest mass hybrids with quantum numbers JPC = 0+−,
0−+, 1+−, 1−+, 2+−, 2−+, 1++ and 1−−. The 0+−, 1−+, 2+− quantum numbers
are not possible for a cc̄ bound state in the quark model and are referred to
as exotic quantum numbers. If observed, they would unambiguously signal the
existence of an unconventional state. Lattice QCD and most models predict the
lowest charmonium hybrid state to be roughly 4200 MeV/c2 in mass (45,42,46).

Charmonium hybrids can decay via electromagnetic transitions, hadronic tran-
sitions such as ψg → J/ψ + ππ, and to open-charm final states such as ψg →
D(∗,∗∗)D̄(∗,∗∗)10. The partial widths have been calculated using many different
models. There are some general properties that seem to be supported by most
models and by recent lattice QCD calculations. Nevertheless, since there are

10D∗∗ denotes mesons that are formed from P -wave cq̄ (q = u or d) pairs: D∗

0(3P0), D∗

2(3P2)
and the D1 and D′

1 are 3P1 −
1 P1 mixtures.

S. Godfrey+S. Olsen 
arXiv:0801.3867

_ 
u

uc

_ 
c

hadro-charmonium



Zb±(10,610)  and Z b± (10,650)

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

– The Zb± : M = 10607 MeV,  Γ= 15.6 ± 2.5 MeV                                                       
[BB* threshold (10605)] 

– The Zb± : M = 10653 MeV,  Γ= 14.4 ± 3.2                   
[B*B* threshold (10650)]. 

• 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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Z+(10650)

_

4

√

(
√
s− EBπ)2/c4 − P 2

Bπ/c
2, where EBπ and PBπ are

the measured energy and momentum of the reconstructed
Bπ combination. Signal e+e− → BB∗π events produce
a narrow peak in the Mmiss(Bπ) spectrum around the
nominal B∗ mass while e+e− → B∗B∗π events produce
a peak at mB∗ + ∆mB∗ , where ∆mB∗ = mB∗ − mB,
due to the missed photon from the B∗ → Bγ decay. It
is important to note here that, according to signal MC,
BB∗π events, where the reconstructed B is the one from
the B∗, produce a peak in the Mmiss(Bπ) distribution at
virtually the same position as BB∗π events, where the
reconstructed B is the primary one. To remove the cor-
relation between Mmiss(Bπ) and M(B) and to improve
the resolution, we use M∗

miss = Mmiss(Bπ)+M(B)−mB

instead of Mmiss(Bπ). The M∗
miss distribution for the RS

combinations is shown in Fig. 1(b), where peaks corre-
sponding to the BB∗π and B∗B∗π signals are evident.
Combinations with π+ — the wrong sign (WS) combina-
tions — are used to evaluate the shape of the combinato-
rial background. There is also a hint for a peaking struc-
ture in the WS M∗

miss distribution, shown as a hatched
histogram in Fig. 1(b). Due to B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as
B̄0 given by 0.5x2

d/(1 + x2
d) = 0.1861± 0.0024, where xd

is the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons

produced in events with initial-state radiation (ISR),
e+e− → γBB̄, overlaps significantly with that for B
mesons from the three-body e+e− → B(∗)B(∗)π pro-
cesses. However, ISR events do not produce peaking
structures in the M∗

miss distribution.
A binned maximum likelihood fit is performed to fit

the M∗
miss distribution to the sum of three Gaussian func-

tions to represent three possible signals and two threshold
components Ak(xk − x)αk exp{(x− xk)/δk} (k = 1, 2) to
parameterize the qq̄ and two-body B(∗)B̄(∗) backgrounds.
The means and widths of the signal Gaussian functions
are fixed from the signal MC simulation. The parameters
Ak, αk, δk of the background functions are free parame-
ters of the fit; the threshold parameters xk are fixed from
the generic MC. ISR events produce an M∗

miss distribu-
tion similar to that for qq̄ events; these two components
are modeled by a single threshold function. The reso-
lution of the signal peaks in Fig. 1(c) is dominated by
the c.m. energy spread and is fixed at 6.5 MeV/c2 as
determined from the signal MC. The fit to the RS spec-
trum yields NBBπ = 13 ± 25, NBB∗π = 357 ± 30 and
NB∗B∗π = 161± 21 signal events. The statistical signif-
icance of the observed BB∗π and B∗B∗π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is cal-
culated as

√

−2 ln(L0/Lsig), where Lsig and L0 denote
the likelihood values obtained with the nominal fit and
with the signal yield fixed at zero, respectively.
For the subsequent analysis, we require |M∗

miss −
mB∗ | < 15 MeV/c2 to select BB∗π signal events and
|M∗

miss − (mB∗ + ∆mB)| < 12 MeV/c2, where ∆mB =
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FIG. 2. The Mmiss(π) distribution for the (a) BB∗π and (b)
B∗B∗π candidate events.

mB∗ − mB , to select B∗B∗π events. For the se-
lected B∗B(∗)π candidates, we calculate Mmiss(π) =
√

(
√
s− Eπ)2/c4 − P 2

π/c
2, where Eπ and Pπ are the re-

constructed energy and momentum, respectively, of the
charged pion in the c.m. frame. The Mmiss(π) distribu-
tions are shown in Fig. 2 [12]. We perform a simulta-
neous binned maximum likelihood fit to the RS and WS
samples, assuming the same number and distribution of
background events in both samples and known fraction
of signal events in the RS sample that leaks to the WS
sample due to mixing. To fit the Mmiss(π) spectrum, we
use the function

F (m) = [fsigS(m) +B(m)]ϵ(m)FPHSP(m), (1)

where m ≡ Mmiss(π); fsig = 1.0 (0.1105 ± 0.0016, [13])
for the RS (WS) sample; S(m) and B(m) are the signal
and background PDFs, respectively; and FPHSP(m) is the
phase space function. To account for the instrumental
resolution, we smear the function F (m) with a Gaussian
function. The reconstruction efficiency is parametrized
as ϵ(m) ∼ exp((m−m0)/∆)(1−m/m0)3/4, where m0 =
10.718±0.001 GeV/c2 is an efficiency threshold and ∆ =
0.094± 0.002 GeV/c2.
The distribution of background events is parameter-

ized as BB(∗)B∗π(m) = b0e−βδm , where b0 and β are fit
parameters and δm = m−(mB(∗)+mB∗). A general form
of the signal PDF is written as

S(m) = |AZb(10610) +AZb(10650) +Anr|2, (2)

where Anr = anreiφnr is the non-resonant amplitude
parameterized as a complex constant and the two Zb

B(Zb(10610) → BB∗ + c.c.)/B(Zb(10610) → bottomonium)            
= 4.76 ± 0.64 ± 0.75  

B(Zb(10650) → B∗B∗)/B(Zb(10650) → bottomonium)      
= 2.40 ± 0.44 ± 0.50.  

_
_
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• As expected by HQS between the bottomonium and charmonium systems
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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.

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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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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and Γpole = 24.8±3.3±11.0 MeV, where the first errors are statistical and the second systematic.
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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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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.

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.
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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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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.
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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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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.

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.

M(D0+D*-) = 3.8752

M(D*0+D*-) = 4.0178
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• LHCb - T.  Skwarnicki talk Meson 2016 - light quarks -> strange quarks
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Results of fit: m(J/ψφ) 

28 Recontres de Blois, June 2, 2016

36 

n    4 visible structures fit with BW amplitudes 

}X0 

 

m=4147 MeV 
Γ=80 MeV 

Results of fit 
n  JP also measured all with >4σ significances 

28 Recontres de Blois, June 2, 2016

37 

Particle JP Signif-
icance 

Mass 
(MeV) 

Γ 
(MeV) 

 

Fit 
Fraction 

(%) 

X(4140) 1+ 8.4 σ

X(4274) 1+ 6.0 σ

X(4500) 0+ 6.1 σ

X(4700) 0+ 5.6 σ

NR 0+ 6.4 σ

 4146.5± 4.5
−2.8
+4.6

 
4273.3±8.3

− 3.6
+17.2

 4506±11
−15
+12

 4704±10
−24
+14

 83± 21
−14
+21

 56±11
−11
+ 8

 92± 21
−20
+21

 120±31
−33
+42

 13.0±3.2
−2.0
+4.8

 7.1± 2.5
−2.4
+3.5

 6.6± 2.4
−2.3
+3.5

 12±5
−5
+9

 46±11
−21
+11



QWG 2016                                                                                                                                                          June 8, 2016                     

• strangeness zero states - charmonium 

• SU(3) symmetry suggests new Xs states near the thresholds:                                   
D Ds*, Ds D*, Ds*Ds* : observable in B decays?
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X(4704)

(4081)

(4225)

(3875)

(4014)

(4636)

X(4140)

X(4273)

Z+(3884)

Z+(4023)

X(4506)

 B -> X K:  Mx < 4785 MeV



X(3872)
• 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?
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B(X(3872) !  (2S)�)

B(X(3872) ! J/ �)
= 2.46± 0.64± 0.29,

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)
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Γ7 γγ
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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.
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• • • We do not use the following data for averages, fits, limits, etc. • • •
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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).
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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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suggests 2P state

suggests molecule

1. χc1’(23P1) state 

2. D0 D0* molecule
_

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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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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• RA  - R with axial vector currents - for b meson decays 
– CCCM: only shift the bare mass of the 23P1 state (𝟀’c1)  

– bare mass, mB, adjusted to physical 𝟀’c1  to D0D*0 threshold (3.872):                              
ΔMP = m(𝟀’c1) - M(D0) - DMD*0);  ΔMB = mB(23P1) - mB(23P1 [ref]) = 0

28
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det GA(n,m)

— total 
—    D0 

—    D+

RA

 ΔMP = 0; ΔMB = 0 
25



• The ΔMB = mB(23P1) - mB(23P1 [ref])  behavior: 
• below 

• above
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 ΔMP = -0.1; ΔMB = -2  ΔMP = -0.5; ΔMB = -5  ΔMP = -1.0; ΔMB = -10  ΔMP = -1.6; ΔMB = -15

 ΔMP = 0.2; ΔMB = +5  ΔMP = 0.3; ΔMB = +10  ΔMP = 0.4; ΔMB = +15
 ΔMP = ~; ΔMB = +20

det GA(n,m)

25
peak = 38 peak = 72 peak = 32 

25
 ΔMP = -30; ΔMB = -75
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• My preliminary conclusions about the X(3872) 
– No need for addition attractive interactions or pion exchange. 

– Detailed measurements can extract the physical mass to high accuracy.  

– For the real shifts of states above threshold: 
• Coupled channel models need to include the contribution of more higher states, or 

• Use subtracted dispersion relations, or 

• Model the high states using perturbative QCD

30
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Summary

• Heavy quark states are ideal systems to study QCD strong dynamics. 

• In the threshold region for decays to open heavy flavor states QCD 
dynamics is more complicated than below. There have been many 
surprises and a still incomplete picture of the dynamics:  
– Large violations of heavy quark spin symmetry and SU(3) expectations. Likely 

induced by the symmetry breaking of the heavy-light mesons masses coupled to 
the rapid energy variation of the decay amplitudes. 

– Large hadronic transition rates.  New transition contributions with two 
open flavor intermediate states.  Points to dynamics of S-wave two 
heavy-light mesons at threshold. 

– New states with additional degrees of freedom:  Threshold effects, 
hybrid states, tetraquarks, pentaquark provide a multitude of 
possibilities.  More clues from BESIII, Belle2, LHCb, PANDA,…    
coupled with Lattice QCD calculations are needed.   

• Many heavy quark systems remain essentially unexplored; more 
surprises may await.
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Wish List-1

• The dynamics of the new states is likely a cocktail of the models so far 
proposed.  Lattice QCD may provide some answers.  More experimental data    
will also clarify the situation: 
– Resolve the status of (cc) new exotic states only seen by one experiment. 

– HQS predicts the expectations (cc) -> (bb) within a given model.   Provides a test for 
various models.  

– e+e- -> (jlP =½-)HL + X:  Measure MX(s) for s < [4.6 (D); 5.42(Ds ); 11.43 (B); 12.0 (Bs)] 

• We see enhancements (resonances) at two heavy-light meson thresholds for I=1 
channels.  What about the rest of the SU(3) nonet? 
– For strange heavy-light meson pair thresholds:  Resonances and hadronic transitions 

with single η and 𝜙 light hadrons? 
• No wide jp = ½+ heavy-light mesons in charm or bottom systems -> no sequential  

transitions (as in the ϒ(5S) system). 

• M(Ds+ Ds
-*) = 4,081;  M(Ds+*Ds

-*) =4,225; M(23P1) = 4,310 MeV  -> no analogy of X(3872). 

• Narrow  DP(½+) + DS(½-) thresholds? (and B analogs) - This is answered now 

• Also possible in decays of B mesons  - D Ds*, D* Ds ,D*DS* states.D Ds*

Estia Eichten                                                                                                                                                              Fermilab                     
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Wish List-2

• Double heavy baryons - (ccq), (cbq), (bbq).  Both HQET and NRQCD 
play a role in the excitation spectra. 
– double expansion 

– NRQCD for the two heavy quarks and HQET expansion for the heavy core 
(QQ) - light quark system. 

– In leading order in 1/mQ: Excitation spectrum for the light quark is same 
as for heavy-light mesons (HQET) 

• Bc  -  a rich excitation spectrum of states. 
– Atlas observed: Bc(2S) -> Bc(1S) +ππ.                                                          

The first radially excited state. 

– Many states observable at the LHC and                                                         
a future TevaZ factory. 

– Bc is the unique heavy-heavy meson that                                                         
only has weak direct decays. 

– Opportunities to study CKM and BSM physics.  
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Wish List-3

• CMS at  √s = 8 TeV  observes double ϒ production   
in the µ+ µ- µ+ µ- final state:   
– σ (pp -> ϒ ϒ) = 68.8 ± 12.7 (stat) ± 7.4 (syst) pb         

for |y| < 2.0 and pT ϒ < 50 GeV 

– Possible to search for heavy quark hadrons          
(cccc), (cbbc), (bbbb) 

– Quarkonium states increasingly bound as heavy quark 
mass increases. What about tetraquark states?

Estia Eichten                                                                                                                                                              Fermilab                     

QWG 2016                                                                                                                                                          June 8, 2016                     34

Are there any narrow deeply bound 
tetraquark states?

• Have four quark states with heavier light quarks  
been observed? 
– (cscs)   X(4140) and others? 

• CMS at  √s = 8 TeV  observes double ϒ production   
in the µ+ µ- µ+ µ- final state:   
– σ (pp -> ϒ ϒ) = 68.8 ± 12.7 (stat) ± 7.4 (syst) pb         

for |y| < 2.0 and pT ϒ < 50 GeV 

– Possible to search for heavy quark hadrons          
(cccc), (cbcb), (bbbb)
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Narrow States Below Threshold

– expected spectrum below threshold: 
• Observed states (labeled) 

• 2 narrow states still unobserved                            18 narrow states still unobserved
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Why it works so well

•  Lattice calculation V(r), then SE
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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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LQCD static energy

The leading Born-Oppenheimer approximation

In the leading Born-Oppenheimer approximation, one replaces the covariant Lapla-

cian DDD2 by an ordinary Laplacian ∇∇∇
2
, which neglects retardation effects. The spin in-

teractions of the heavy quarks are also neglected, and one solves the radial Schrödinger

equation:

−
1

2µ

d2u(r)

dr2
+

{

⟨LLL2
QQ̄

⟩

2µr2
+VQQ̄(r)

}

u(r) = E u(r), (2)

where u(r) is the radial wavefunction of the quark-antiquark pair. The total angular
momentum is given by

JJJ = LLL+SSS, SSS= sssQ+ sssQ̄, LLL= LLLQQ̄+ JJJg, (3)

where sssQ is the spin of the heavy quark, sssQ̄ is the spin of the heavy antiquark, JJJg is the

total spin of the gluon field, and LLLQQ̄ is the orbital angular momentum of the quark-

antiquark pair. In the LBO, both L and S are good quantum numbers. The expectation

value in the centrifugal term is given by

⟨LLL2
QQ̄

⟩ = ⟨LLL2⟩−2⟨LLL · JJJg⟩+ ⟨JJJ2g⟩. (4)

The first term yields L(L+1). The second term is evaluated by expressing the vectors in
terms of components in the body-fixed frame. Let Lr denote the component of LLL along

the molecular axis, and Lξ and Lζ be components perpendicular to the molecular axis.

Writing L± = Lξ ± iLζ and similarly for JJJg, one obtains

⟨LLL · JJJg⟩ = ⟨LrJgr⟩+
1
2
⟨L+Jg− +L−Jg+⟩. (5)

Since Jg± raises or lowers the value of Λ, this term mixes different gluonic stationary
states, and thus, must be neglected in the leading Born-Oppenheimer approximation. In

the meson rest frame, the component of LLLQQ̄ along the molecular axis vanishes, and

hence, ⟨LrJgr⟩ = ⟨J2gr⟩ = Λ2. In summary, the expectation value in the centrifugal term
is given in the adiabatic approximation by

⟨LLL2
QQ̄

⟩ = L(L+1)−2Λ2+ ⟨JJJ2g⟩. (6)

We assume ⟨JJJ2g⟩ is saturated by the minimum number of allowed gluons. Hence, ⟨JJJ
2
g⟩= 0

for the Σ+
g level and ⟨JJJ

2
g⟩= 2 for theΠu and Σ

−
u levels.Wigner rotations are used as usual

to construct |LSJM;λη⟩ states, where λ = JJJg · r̂rr and Λ = |λ |, then JPC eigenstates are
finally obtained from

|LSJM;λη⟩+ ε|LSJM;−λη⟩, (7)

where ε = 1 for Σ+ levels, ε = −1 for Σ− levels, and ε = ±1 for Λ ≥ 1 levels. Hence,
the JPC eigenstates satisfy

P= ε(−1)L+Λ+1, C = ηε(−1)L+S+Λ. (8)

•  What about the gluon and light quark degrees 
of freedom of QCD?   

•  Two thresholds:  

–  Usual                   decay threshold 
–  Excite the string - hybrids 

• Hybrid states will appear in the spectrum 
associated with the potential Πu, ...   

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

• Between 3S-4S in        ; near the 5S in        .
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• Observed quarkonium states above threshold
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ψ (4.040)

ψ (4.421)

𝟀c2(3.927)

ψ(3D2)(3.823) 
ψ(3D1)(3.773)

ψ(23D1)(4.191)

ϒ(10.579)

ϒ(10.876)

ϒ(11.020)
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• 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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defines Ω(z)

NRQCD (without light quarks)

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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heavy-light meson pair interactions

light quark pair creation
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• General features of decays to low-lying heavy-light mesons: 
– Unlike light meson systems, these decays are from highly excited QQ states:  

• Ground state decay amplitudes : 

• Second (third) radial excited state: ψ(4040) (ψ(4415)) decay  

– Have complicated energy dependence.
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1S-> D(*) D(*) P-wave
1S-> D1 D(*) S-wave___

4S-> D1 D(*) S-wave3S-> D(*)D(*) P-wave
_ _



Heavy Quark Spin Symmetry

• Large heavy quark spin symmetry (HQSS)  breaking is 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 in hadronic transitions    

– JPC = 1- -  in terms of B(*), B(*) mass eigenstates:  
• JSLB = jSLB + L 

– IG (JP) = 1- (1+) 
• S-wave (L=0)
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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
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• 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

2 - -           3- -           2-+

ηc2(11D2)ψ2(13D2)
ψ3(13D3)

Tetraquark 
summary 

n  Predicted neutral 
charmonium 
states compared 
with found cc 
states, & both 
neutral & charged 
exotic candidates 

n  Based on  Olsen                   
[arXiv:1511.01589] 

n  Added 4 new J/ψφ 
states  

28 Recontres de Blois, June 2, 2016

45 

No theory 
predictions 
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•  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. 
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X(3872) and Z+c (3900) Carleton DeTar
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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].

5
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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
n −mlat

s.a. +mexp
s.a.

[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.
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FIG. 4. The spectrum of states with JPC = 1++ and hidden
strange quarks. The possible experimental candidates shown
are χc1, X(3872), Y (4140) and Y (4274). The gray marks, on
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

Exp. Lat. Lat.-O4q [17] [18]

mX(3872)−mD−m-D*

 770

 790

 810

 830

 850
mX(3872)−ms.a.

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++

Expect no analog of the X(3872) 
 in the bottomonium system
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Figure 3: Fitted values of the Z�
1

amplitude in six m2

 

0
⇡

� bins, shown in an Argand diagram

(connected points with the error bars, m2

 

0
⇡

� increases counterclockwise). The red curve is the

prediction from the Breit-Wigner formula with a resonance mass (width) of 4475 (172) MeV and
magnitude scaled to intersect the bin with the largest magnitude centered at (4477 MeV)2. Units
are arbitrary. The phase convention assumes the helicity-zero K⇤(892) amplitude to be real.

component only. The model-independent analysis has a large statistical uncertainty in
the Z�

0

region and shows no deviations of the data from the reflections of the K⇤ degrees
of freedom (Fig. 1). Argand diagram studies for the Z�

0

are inconclusive. Therefore,
its characterization as a resonance will need confirmation when larger samples become
available.

In summary, an amplitude fit to a large sample of B0 !  0K+⇡� decays provides the
first independent confirmation of the existence of the Z(4430)� resonance and establishes
its spin-parity to be 1+, both with very high significance. The measured mass, 4475 ±
7 +15

�25

MeV, width, 172±13 +37

�34

MeV, and amplitude fraction, (5.9±0.9 +1.5

�3.3

)%, are consistent
with, but more precise than, the Belle results [27]. An analysis of the data using the
model-independent approach developed by the BaBar collaboration [24] confirms the
inconsistencies in the Z(4430)� region between the data and K+⇡� states with J  2.
The D-wave contribution is found to be insignificant in Z(4430)� decays, as expected for
a true state at such mass. The Argand diagram obtained for the Z(4430)� amplitude
is consistent with the resonant behavior. For the first time the resonant character is
demonstrated in this way among all known candidates for charged four-quark states.

6

Systematics: Other States
• Z-(4430) : seen in B0 -> K+ π- ψ’ 

– JP = 1+;  M = (4,475±7±[15/25]) MeV; Γ = (172±13 ±[37/34]) MeV 

– Resonance behavior observed.  

– Same mechanism in B-decays with  Ds(2S) states? 
• Ds*(2S)  M = 2,709 ± 4 MeV   Γ = 117 ± 13 MeV 

• B -> Ds (23S1) D*, Ds (21S0) D*, or Ds (23S1) D then  

• Ds (23S1) -> K+ D*- or K+ D-; Ds (21S0) -> K+ D*- 

– Possible rescattering explanation 

• X(5568): decaying into Bs π+ 

–  by observed by Dzero but not confirmed by LHCb

Estia Eichten                                                                                                                                                              Fermilab                     
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Figure 2: Distributions of the fit variables (black data points) together with the projections of
the 4D fit. The red solid (brown dashed) histogram represents the total amplitude with (without)
the Z�

1

. The other points illustrate various subcomponents of the fit that includes the Z�
1

: the
upper (lower) blue points represent the Z�

1

component removed (taken alone). The orange,
magenta, cyan, yellow, green, and red points represent the K⇤(892), total S-wave, K⇤(1410),
K⇤(1680), K⇤

2

(1430) and background terms, respectively.

The sum of all amplitude fractions is not 100% because of interference e↵ects. To assign
systematic errors, we: vary the K⇤ models by removing the K⇤(1680) or adding the
K⇤

3

(1780) in the amplitude (f
K

⇤
3 (1780)

= (0.5 ± 0.2)%); use the LASS function as an
alternative K⇤ S-wave representation; float all K⇤ masses and widths while constraining
them to the known values [37]; allow a second Z� component; increase the orbital angular
momentum assumed in the B0 decay; allow a D-wave component in the Z�

1

decay;
change the e↵ective hadron size in the Blatt-Weisskopf form factors from the default
1.6 GeV�1 [27] to 3.0 GeV�1; let the background fraction float in the fit or neglect the
background altogether; tighten the selection criteria probing the e�ciency simulation; and
use alternative e�ciency and background implementations in the fit. We also evaluate
the systematic uncertainty from the formulation of the resonant amplitude. In the default
fit, we follow the approach of Eq. (2) in Ref. [27] that uses a running mass M

R

in the
(p

R

/M
R

)LR term, where M
R

is the invariant mass of two daughters of the R resonance; p
R

is
the daughter’s momentum in the rest frame of R and L

R

is the orbital angular momentum
of the decay. The more conventional formulation [37,42] is to use pLR

R

(equivalent to a fixed

4
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• Pentaquarks:  [Λb -> p J/ψ K  weak decay] 
–  Pc(4450) - JP = 5/2+; M=(4,449.8±1.7±2.5) MeV; Γ= (39±5±19) MeV 

–  Pc(4380) - JP = 3/2-; M=(4,380±8±29) MeV; Γ= (205±18±86) MeV 

– complicated analysis required. 

– possible J/ψ K state investigated also 

– Note  nearby thresholds 
• 𝟀c1 p threshold 4,448 MeV 

• Maybe a cusp effect?  

45
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Figure 4: E�ciency-corrected and background-subtracted mJ/ p distribution of the data (black
points with error bars), with F(mJ/ p|H0

) (solid blue line) and F(mJ/ p|H1

) (dashed black line)
superimposed.

Beyond that the power of the test deteriorates. The limit l
large

! 1 would result in a
perfect description of the data, but a weak test since then the test statistic would pick
up the fluctuations in the data. For the same reason it is also important to choose l

large

independently of the actual data. Here l
large

= 31 is taken, one unit larger than the
value used in the model-independent analysis of B0 !  (2S)⇡+K� [13], as baryons have
half-integer spins. The result for F(mJ/ p|H1

) is shown in Fig. 4, where it is seen that
l
large

= 31 is su�cient. To make F(mJ/ p|H0,1) continuous, quadratic splines are used to
interpolate between nearby mJ/ p bins.

The numerical representations of H
0

and of H
1

contain a large number of parameters,
requiring extensive statistical simulations to determine the distribution of the test variable
for the H

0

hypothesis: Ft(�(�2 lnL)|H
0

). A large number of pseudoexperiments are
generated with nsig

cand

and nside

cand

equal to those obtained in the data. The signal events,
contributing a fraction (1 � �) to the signal region sample, are generated according to
the F(mKp, cos ✓⇤⇤ |H

0

) function with parameters determined from the data. They are
then shaped according to the ✏(mKp, cos ✓⇤⇤ ,⌦a) function, with the ⌦a angles generated
uniformly in phase space. The latter is an approximation, whose possible impact is
discussed later. Background events in sideband and signal regions are generated according
to the 6D background parameterization previously developed in the amplitude analysis
of the same data (Ref. [3] supplement). The pseudoexperiments are subject to the same
analysis procedure as the data. The distribution of values of �(�2 lnL) over more than
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Figure 6: E�ciency-corrected and background-subtracted mJ/ K distribution of the data (black
points with error bars), with F(mJ/ K |H

0

) (solid blue line) and F(mJ/ K |H
1

) (dashed black
line) superimposed.

K�p contributions; no assumptions on their number, their resonant or nonresonant nature,
or their lineshapes have been made. Non-K�p contributions, which must be present in
the data, can be either of the exotic hadron type, or due to rescattering e↵ects among
ordinary hadrons. This result supports the amplitude model-dependent observation of the
J/ p resonances presented previously [3].
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the communities behind the multiple open source software packages on which we depend.
Individual groups or members have received support from AvH Foundation (Germany),

9

LHCb: [arXiv:507.03414, 1604.05708]  

The upper bound can also be written as m2

2

+ m2

3

+ 2m
2

m
3

y
13

by using that y
12

= �1 and
y
23

+ y
13

= 0, which are valid only for m
1

= m
1,high. One notices that if the resonance m

1

takes a
mass ofm

1,low, the amplitude will be singular at p2
23

= (m
2

+m
3

)2. Of course, a physical amplitude
never diverges in the physical region. In this case, the fact that all the intermediate particles can
go on shell means that the particle m

1

can decay into particles m
3

and p
13

, and thus it must be
an unstable resonance. As a consequence, the triangle singularity cannot reside on the real p2

23

axis, but in the complex plane so that the relevant amplitude in the physical region still takes a
finite value. Nevertheless, if the singularity is not located deep in the complex plane, it will then
introduce a visible peak around the real part of the singularity location in the p2

23

distribution.
In addition, for a value of m

1

slightly beyond the range given in Eq. (3), the singularity is not far
from the physical boundary and could still cause a visible e↵ect.

Since the peak position of the Pc(4450) coincides with the �c1p threshold, we consider the
case with m

2

and m
3

being the �c1 and proton, respectively. The triangle diagram suggested in
Ref. [38] for the process ⇤0

b ! K�J/ p is shown in Fig. 2 (a), with the mass of the ⇤⇤(1890)
exactly at the lower edge of the range [1.89, 2.11] GeV given by Eq. (3). Replacing the ⇤⇤ by an

⇤

0

b p
p

�c1 J/ 

⇡�

N
⇤
(

1

9

0

0

)

(b)

⇤

0

b p
p

�c1 J/ 

K�

⇤

⇤
(

1

8

9

0

)

(a)

Figure 2: Triangle diagrams which can produce a peak around 4.45 GeV in the J/ p invariant
mass distribution for the processes (a) ⇤0

b ! K�J/ p and (b) ⇤0

b ! ⇡�J/ p.

N⇤ resonance, we get the analogue for the process ⇤0

b ! ⇡�J/ p. The relevant mass range of
the N⇤ is [1.84, 2.11] GeV. Within this range, there are two three-star nucleon resonances: the

N⇤(1875) with JP = 3

2

�
and the N⇤(1900) with JP = 3

2

+

. Substituting (1.875 � i 0.125) GeV
and (1.9� i 0.1) GeV as their masses 2 in Eq. (2), we find triangle singularities at

(4429� i 10) MeV and (4439� i 16) MeV , (5)

respectively. Because the singularity is in the second Riemann sheet of the complex mJ/ p plane,
the absolute value of amplitude with the singularities as given in Eq. (5), as well as that for
the ⇤0

b ! K�J/ p, is maximized at the �c1p threshold. This is because the real parts of the
singularity positions are smaller than the branch point, the �c1p threshold. It is thus similar to
the case that an amplitude that possesses a virtual state pole has a sharp cusp at the relevant
threshold. However, since the imaginary parts of the values given above is larger than that for the
one induced by the ⇤⇤(1890) for the process ⇤0

b ! K�J/ p, (4447.8 � i 0.3) MeV, the peak due
to the triangle singularities through the exchange of the N⇤ as shown in Fig. 2 (b) should have a
larger width than that for Fig. 2 (a).

Here, we do not intend to construct a full model for the three-body decay ⇤0

b ! ⇡�J/ p, which
is a formidable task if all the final state interactions including the exchange of N⇤ resonances, and
even the exotic Zc(3900), and kinematical singularities are taken into account. Instead, we only
want to illustrate that the bump around 4.45 GeV in its J/ p invariant mass distribution observed
by the LHCb collaboration may be due to the triangle singularities discussed above. Since we do
not know the relative strength for the decays ⇤b ! N⇤(1875)�c1 and ⇤b ! N⇤(1900)�c1, we
choose to include only the N⇤(1900) which has the same spin and parity as the ⇤⇤(1890). We also
include as an additional contribution the tree-level exchanges of the N⇤(1440), the N⇤(1520) and
the N⇤(1650) with the masses and widths taken from Ref. [54]. The N⇤ exchanges can describe

2Here, the values refer to M � i�/2, and we use the central values of the masses and widths as given by the
PDG [54].
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F.-K. Guo, U.-G. Meißner, W. Wang and Z. Yang  
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F.-K. Guo, U.-G. Meißner, J.Nieves and Z. Yang 
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Discovery of  hb  

 
• The rates for these decays are even more intriguing than the rates of 
Υ(5S) to ππΥ(nS) (and very reminiscent of Y(4260)) 

 
• If these were direct three-body decays, these transitions require 

heavy quark spin flip, which must necessarily cause a suppression 
relative to ππΥ(nS) 

 
• Natural to ponder the reason these transitions occur so readily 

24 May 2016 T. K. Pedlar  Belle Results near Y(5S) 
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Searches in ππ missing 
mass spectrum lead to 
discovery of the two 
lowest lying singlet P 
states in bottomonium  

I. Adachi et al (Belle) PRL 107, 041803 (2011) 
I. Adachi et al (Belle)     arXiv:1508.06562 

6

TABLE II. Summary of results on three-body cross sections.
The first (or sole) uncertainty is statistical; the second is sys-
tematic.

Parameter BBπ BB∗π B∗B∗π

Yield, Events 13± 25 357± 30 161± 21
Bf , 10

−6 293 ± 22 276± 21 223± 17
η 1.0 1.066 1.182

σvis, pb < 2.1 11.2± 1.0± 1.2 5.61 ± 0.73± 0.66

and 8.7% for B∗B∗π), in the reconstruction efficiency
(7.6%) (including secondary branching fractions [11]), in
the correction factor α (1%), and the uncertainty in the
integrated luminosity (1.4%). The overall systematic un-
certainties for the three-body cross sections are estimated
to be 7.9%, 10.4%, and 11.7% for the BBπ, BB∗π, and
B∗B∗π final states, respectively.

Using the results of the fit to the Mmiss(π) spec-
tra with the nominal model (Model-0 in Table I) and
the results of the analyses of e+e− → Υ(nS)π+π− [1]
and e+e− → hb(mP)π+π− [15, 16], we calculate
the ratio of the branching fractions B(Zb(10610) →
BB̄∗ + c.c.)/B(Zb(10610) → bottomonium) = 4.76 ±
0.64 ± 0.75 and B(Zb(10650) → B∗B̄∗)/B(Zb(10650) →
bottomonium) = 2.40± 0.44± 0.50.

We calculate the relative fractions for Zb decays, as-
suming that they are saturated by the already observed
Υ(nS)π, hb(mP)π, and B∗B(∗) channels. The results are
summarized in Table III.

In conclusion, we report the first observations of the
three-body e+e− → BB∗π and e+e− → B∗B∗π pro-
cesses with a statistical significance above 8σ. Mea-
sured visible cross sections are σvis(e+e− → BB∗π) =
(11.2± 1.0± 1.2) pb and σvis(e+e− → B∗B∗π = (5.61±
0.73 ± 0.66) pb. For the e+e− → BBπ process, we
set a 90% confidence level upper limit of σvis(e+e− →
BBπ) < 2.1 pb. The analysis of the B(∗)B∗ mass spec-
tra indicates that the total three-body rates are domi-
nated by the intermediate e+e− → Zb(10610)∓π± and
e+e− → Zb(10650)∓π± transitions for the BB∗π and
B∗B∗π final states, respectively.

We thank the KEKB group for excellent operation
of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
SINET4 network support. We acknowledge support
from MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC
and DIISR (Australia); FWF (Austria); NSFC (China);
MSMT (Czechia); CZF, DFG, and VS (Germany); DST
(India); INFN (Italy); MEST, NRF, GSDC of KISTI,
and WCU (Korea); MNiSW and NCN (Poland); MES
and RFAAE (Russia); ARRS (Slovenia); IKERBASQUE
and UPV/EHU (Spain); SNSF (Switzerland); NSC and
MOE (Taiwan); and DOE and NSF (USA).

TABLE III. B branching fractions for the Z+
b (10610) and

Z+
b (10650) decays. The first quoted uncertainty is statisti-

cal; the second is systematic.

Channel Fraction, %
Zb(10610) Zb(10650)

Υ(1S)π+ 0.60 ± 0.17± 0.07 0.17± 0.06 ± 0.02
Υ(2S)π+ 4.05 ± 0.81± 0.58 1.38± 0.45 ± 0.21
Υ(3S)π+ 2.40 ± 0.58± 0.36 1.62± 0.50 ± 0.24
hb(1P)π

+ 4.26 ± 1.28± 1.10 9.23± 2.88 ± 2.28
hb(2P)π

+ 6.08 ± 2.15± 1.63 17.0 ± 3.74 ± 4.1
B+B̄∗0 + B̄0B∗+ 82.6± 2.9± 2.3 −

B∗+B̄∗0
− 70.6 ± 4.9± 4.4
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•  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 transition is caused by 
a threshold bound state, cusp, or other dynamical effect.  
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⟨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]
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• Strangeness 1 states: expect additional “threshold” states
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Xs(?) Xs(?)


