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flavour charge mass discovery
up 2/3 5 MeV 1911

down -1/3 10 MeV 1932
charm 2/3 1600 MeV 

MeV
1974

strange -1/3 150 MeV 1947
top 2/3 174 GeV 1995

bottom -1/3 5 GeV 1977

Study the QCD portion of the Standard Model



The social life of quarks, Science, 15 Jan, 2016

Quarks Make Things!

?



“hadrons are simple”

Quarks Make Things!



“hadrons are 
irreducible 
complexity”

Quarks Make Things!



the Eightfold Way

V.E. Barnes et al., PRL12, 204 (1964). 

Quarks Make Things! Omega- predicted by Gell-Mann in 
1962, race was on to find it. Won by 
BNL two years later



P.L. Connelly et al., PRL10, 371 (1963). 

I remember being very surprised by 
Figure 1 …There was an enormous 
peak … right at the edge of phase 
space. The fact that the φ  decayed 
predominantly into KK and not πρ was 
total ly unintel l igible. … Only 
conservation laws suppress reactions. 
Here was a reaction that was allowed 
but did not proceed! I had thought that 
hadrons probably have constituents 
and this experiment convinced me that 
they do, and that they are real. … This 
was a statement about dynamics which 
indicated that the constituents were not 
hypothetical objects carrying the 
symmetries of the theory, but real 
objects that moved in space-time from 
hadron to hadron.” George Zweig

Kp� �KK̄
discovery of the 𝜑

Quarks Make Things!

Dick Dalitz
1925-2006



Quarks Make Things!



J.J. Aubert et al. Nov 12, 1974 J.-E. Augustin et al., Nov 13, 1974

Quarks Make Things!

<- Sam Ting, at BNL


-> Burton Richter at SLAC
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Quarks Make Things!
…since 2003…
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The Constituent Quark Model
colour
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The Constituent Quark Model



Build a Meson
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The Constituent Quark Model

a useful exercise: write the explicit expression for the vector current  ̄�µ 



helicity formalism: Martin and Spearman
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Build a Meson

The Constituent Quark Model

Dirac bra-ket formalism

* * *



Cb~pmC† = ⌘Cd~pm

Cd†~pmC† = ⌘Cb
†
~pm

Pd†~pmP † = �⌘P d
†
�~pm

Pb†~pmP † = ⌘⇤P b
†
�~pm

Meson Quantum Numbers

The Constituent Quark Model

P |M(P ); JM [LS]i = (�)L+1|M(�P ); JM [LS]i

C|M(P ); JM [LS]i = (�)L+S |M(P ); JM [LS]i



Godfrey & Isgur, 1985

Days of Yore
The Constituent Quark Model
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The Constituent Quark Model



Thresholds

[Belle] PRL100, 202001 (08)

thresholds will also move the mesons 
around
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and are related to thresholds

E.S. Swanson, arXiv:1409.3291

D. V. Bugg, Europhys. Lett. 96, 11002 (2011) 

D. V. Bugg, Int. J. Mod. Phys. A 24, 394 (2009)

E.P. Wigner, Phys. Rev. 73 (1948) 1002



  E.S. Swanson,``Cusps and Exotic Charmonia,’' arXiv:1504.07952 [hep-ph]. 

  Z.Y. Zhou and Z. Xiao, ``Distinguishing cusp effects and near-threshold-pole effects,’' arXiv:1505.05761 [hep-ph].

  F.K. Guo, C. Hanhart, Q. Wang and Q. Zhao, `Could the near-threshold XYZ states be simply kinematic effects?,'' 
  Phys. Rev. D {91}, no. 5, 051504 (2015)

Cusps: Zc(3900)



Adachi et al. [Belle] 1105.4583

IGJP = 1+1+

Zb(10610) Zb(10650)

B
� B̄

B
� B̄

�

�(2S) hb(1P ) hb(2P )

++

�(5S)� ���(nS)

1+1+ B*B* is  5D1 and mildly attractive 
so likely a channel opening effect


isovector 1++ BB* is repulsive


note that both states are above 
threshold


narrow (15 MeV)




Multiquarks
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Multiquarks  Multielectrons



Cassidy, D.B.; Mills, A.P. (Jr.) (2007). "The production of molecular positronium". Nature 449 (7159): 195–197

Four-electron States

1946: Wheeler suggests that Ps2 might be bound
Wheeler, J. A. Polyelectrons. Ann. NY Acad. Sci. 48, 219–238 (1946).

1946: Ore proves it is unbound

1947: Hylleraas & Ore prove it is bound
Hylleraas, E. A. & Ore, A. Binding energy of the positronium molecule. Phys. Rev.71, 493–496 (1947).

2007: Ps2 is observed

Multiquarks  Multielectrons

https://en.wikipedia.org/wiki/Nature_(journal)
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Multiquarks



gluonics
hybrids
glueballs
strong decays

vacuum structure
chiral symmetry breaking
confinement
instantons/vortices/
monopoles

short range interactions
gluon exchange
pion exchange
instantons
coupled channels

long range interactions
pomeron exchange
pion exchange
gluonic multipoles
coupled channels
confinement
emergence of nuclear physics

Multiquarks
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Multiquarks



Discovery of doubly-charmed Ξcc baryon implies a stable           
tetraquark 

Assume colour/space factorize (as in weak coupling) so QQ 
interaction strength is 1/2 QQ~ . Take (ud) w/ I=0 S=0

Xicc & bb Tetraquarks
Marek Karliner and Jonathan L. Rosner  arXiv:1707.07666 

b

b
ū

d̄

3̄

bbūd̄
JP = 1+

3̄

3̄

Multiquarks

In QCD the attractive nature of the color 
Coulomb potential for two antiquarks in a 3c 
color configuration ensures the existence of 
strong-interaction-stable qq0Q ̄ Q ̄ exotics in the 
limit mQ → ∞ 

Marek and Karliner assume both pairs form 
diquarks, so the analogue is ~Qq. This is not 
necessary, just need ~Q~q~q.




Xicc & bb Tetraquarks
Marek Karliner and Jonathan L. Rosner  arXiv:1707.07666 

 Predict a stable         1+  state at 10389, 215 MeV below BB* 
and 170 MeV below BBγ
           might be below threshold too

(bbūd̄)!B̄D⇡+ Electroweak decay modes, eg 

bbūd̄

bcūd̄

Multiquarks



|0++⇥ = |[cq]S [c̄q̄]S ;J = 0⇥ (1)

|0++⇥⇥ = |[cq]V [c̄q̄]V ;J = 0⇥ (2)

|1++⇥ =
1⌅
2

(|[cq]S [c̄q̄]V ;J = 1⇥+ |[cq]V [c̄q̄]S ;J = 1⇥) (3)

|1+�⇥ =
1⌅
2

(|[cq]S [c̄q̄]V ;J = 1⇥ � |[cq]V [c̄q̄]S ;J = 1⇥) (4)

|1+�⇥⇥ = |[cq]V [c̄q̄]V ;J = 1⇥ (5)
|2++⇥ = |[cq]V [c̄q̄]V ;J = 2⇥ (6)

Maiani, Riquer, Piccinini, Polosa; PRD72, 031502 (2005)

Maiani, Polosa, Riquer; PRL99, 182003 (2007)

Bigi, Maiani, Piccinini,Polosa, Riquer; PRD72, 114016 (2005)

Maiani, Polosa, Riquer; arXiv:0708.3997

Maiani, Piccinini,Polosa, Riquer; PRD71, 014028 (2005)

Assume a spin-spin interaction

Diquarks and the New Charmonia

M([cq]V ) = 1933
M([cq]S) = 1933

Multiquarks



arXiv:1606.07895v1 

B � KJ/�� LHCb Tetraquarks
Multiquarks



LHCb Tetraquarks

arXiv:1606.07895v1 

PHYSICAL REVIEW D 91, 034009 (2015) 

http://francis.naukas.com/
2016/06/04/tetraquarks-pentaquarks-
observados-lhcb/

Multiquarks
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F. Rubbo, Torino thesis

JP = 1+

B ! K⇡± 0

Multiquarks D*D1(2420) threshold effect

D*D1(2420) molecule (JP = (2,1,0)-)

[cu][cd] tetraquark radial excitation 
(JP=1+)
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X(3872)
B± → K±π+π−J/ψ

B. Aubert (Babar) hep-ex/0402025 

Multiquarks



X(3872)

Multiquarks
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G ~ V / C *  
*'n' Mass - Negative Beam 

F i e  6.12 p mass spectrum, standard cuts, negative beam. 

A single peak above background does not fit the observed signal well. A sec- 

. ond peak above the yt was added to the fit to improve this. The fit parameters are 

shown on the following page: 

Tom LeCompte, 
Northwestern thesis
E705 at  FNAL
1992



Bf(X � �⇥(2S))
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arXiv:1904.03947 arXiv:1507.03414

Pentaquarks

Multiquarks
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Hic dracones sunt.

the big wild card



glue



G. Bali  et al., PRD71, 114513 (05) 

glue



f0(1500) IJPC = 00++

glue
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Ichie, Bornyakov, Schierholz, & Streuer, hep-lat/0212036

glue



Juge, Kuti, & Morningstar. 

glue



Meyer and Swanson, arXiv:1502.0727 

P |M(P ); JM [LS]i = (�)L+1|M(�P ); JM [LS]i

Not in this list:
0��

1�+, 3�+, . . .

2+�, 4+�, . . .

 “quantum number exotics”

glue - hybrid mesons

C|M(P ); JM [LS]i = (�)L+S |M(P ); JM [LS]i
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arXiv:1106.5515 

glue - hybrid mesons

`light` mesons



flavor octet, decuplet and singlet states by JP with three quark flavors all at the strange quark mass, corresponding to an octet pseudoscalar mass of 702 MeV. Grey boxes are conventional qqq states and blue 
boxes are the states identified as hybrid baryons. 

arXiv:1201.2349 

glue - hybrid mesons

`light` baryons



arXiv:1204.5425 

glue - hybrid mesons
`charmonium` mesons
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδn f5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×

ffiffiffi
s

p
, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
ffiffiffi
s

p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at

ffiffiffi
s

p
¼ 10.866 GeV: Bð&ÞB̄ð&ÞðπÞ and

Bð&Þ
s B̄ð&Þ

s . As the relative rates of the different event types are
only known at the on resonance point, we take the average
of the highest and lowest efficiencies as ϵbb̄ and the
difference divided by

ffiffiffiffiffi
12

p
as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is

Ni ¼ Li ×
"
σbb̄;iϵbb̄;i þ σqq̄;iϵqq̄;i þ

X
σISR;iϵISR;i

#
ð4Þ

FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
s

p
is not included.

M5S (MeV=c2) Γ5S (MeV) M6S (MeV=c2) Γ6S (MeV) ϕ6S − ϕ5SðδÞ (rad) χ2=dof

R0
b 10881.8þ1.0

−1.1 ( 1.2 48.5þ1.9þ2.0
−1.8−2.8 11003.0( 1.1þ0.9

−1.0 39.3þ1.7þ1.3
−1.6−2.4 −1.87þ0.32

−0.51 ( 0.16 56=50
RΥðnSÞππ 10891.1( 3.2þ0.6

−1.7 53.7þ7.1 þ1.3
−5.6 −5.4 10987.5þ6.4þ9.0

−2.5−2.1 61þ9 þ2
−19−20 −1.0( 0.4þ1.4

−0.1 51=56

D. SANTEL et al. PHYSICAL REVIEW D 93, 011101(R) (2016)

011101-4

RAPID COMMUNICATIONS

(a)

scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδn f5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
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−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×
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photons exceeding 0.5 ×
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. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
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open bb̄ event found at

ffiffiffi
s

p
¼ 10.866 GeV: Bð&ÞB̄ð&ÞðπÞ and

Bð&Þ
s B̄ð&Þ

s . As the relative rates of the different event types are
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as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is

Ni ¼ Li ×
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FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
s

p
is not included.
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδn f5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×

ffiffiffi
s

p
, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
ffiffiffi
s

p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
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b, data with components of fit: total
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(b)

4

Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.
Using MC simulation, we find that combining a ran-

dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is incorpo-
rated within the combinatorial background and results
in minor corrections in the hb(1P ) and hb(2P ) yields of
0.99 ± 0.01 and 0.995 ± 0.005, respectively. The π+π−

pairs originating from the Υ(2S) → Υ(1S)π+π− transi-
tions with the Υ(2S) produced inclusively or via ISR re-
sult in a peak at Ec.m.− [mΥ(2S) −mΥ(1S)] that is inside
the hb(2P ) fit interval for the c.m. energies close to the
Υ(5S). The shape of this peaking background is found
to be a Gaussian with σ = 11MeV/c2. Its normalization
is floated in the fit.
To determine the reconstruction efficiency, we use

phase-space-generatedMC, weighted in Mmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.
At each energy, the Born cross section is determined

according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.
The systematic uncertainties in the signal yields origi-

nate from the signal and background shapes. The relative
uncertainty due to the Mmiss(ππ) resolution is correlated
among different energy points and is equal to 1.4% for
the hb(1P ) and 3.3% for the hb(2P ). The uncertainties
due to the hb(nP ) masses and ISR tail shapes are found
to be negligible. To estimate the background-shape con-
tribution, we vary the fit interval limits by about 50MeV
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FIG. 1. (colored online) The cross sections for the e+e− →
hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

and the polynomial order for each fit interval. The cor-
responding uncertainties are considered uncorrelated and
are 1.1% and 2.5% for the on-resonance cross sections in
Eqs. (3) and (4), respectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-
tions. We perform a simultaneous fit of the shapes,

(c)

5
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.

production of the Yð4260Þ, and beyond # 4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

In order to extract the parameter values of the Yð4260Þ,
we perform an unbinned, extended-maximum-likelihood
fit in the region 3:74– 5:5 GeV=c2 to the J=c!þ !% dis-
tribution from the J=c signal region, and simultaneously
to the background distribution from the J=c sidebands.
The background is fitted using a third-order polynomial in
J=c!þ !% mass, m . The mass-dependence of the signal
function is given by fðm Þ ¼ "ðm Þ 'Lðm Þ ' #ðm Þ, where
"ðm Þ is the mass-dependent signal-selection efficiency
from MC simulation with a J=c!þ !% phase space distri-
bution, and Lðm Þ is the mass-distributed luminosity [23],
where we ignore the small corrections due to initial-state
emission of additional soft photons; "ðm Þ increases from

9.5% at 3:74 GeV=c2 to 15.5% at 5:5 GeV=c2, and Lðm Þ
from 35 pb% 1=20 MeV to 61:3 pb% 1=20 MeV over the
same range. The cross section, #ðm Þ, is given by the
incoherent sum #ðm Þ ¼ #NYðm Þ þ #BWðm Þ, where we
choose #NYðm Þ to be a simple exponential function. This
provides an adequate description of the low-statistics
non-Yð4260Þ (NY) contributions, and approaches zero
from above at mass # 4:8 GeV=c2 (see Fig. 2). The func-
tion#BWðm Þ represents the cross section for the production
of the Yð4260Þ, and is given by

#BWðm Þ ¼ 12!C

m 2 ' PSðm Þ
PSðm YÞ

'!eþ e% 'BðJ=c!þ !% Þ ' m 2
Y '!Y

ðm 2
Y % m 2Þ2 þ m 2

Y!
2
Y

;

(1)

where m Y and !Y are the mass and width of the Yð4260Þ,
!eþ e% is the partial width for Yð4260Þ ! eþ e% ,
BðJ=c!þ !% Þ is the branching fraction for Yð4260Þ !
J=c!þ !% , and C ¼ 0:3894 ( 109 GeV2 pb. The func-
tion PSðm Þ represents the mass dependence of J=c!þ !%

phase space, and PSðm YÞ is its value at the mass of the
Yð4260Þ. In the likelihood function, #BWðm Þ is multiplied
by BðJ=c ! lþ l% Þ, the branching fraction sum of the
eþ e% and $þ $% decay modes [18], since the fit is to the
observed events. In the fit procedure fðm Þ is convolvedwith
a Gaussian resolution function obtained from MC simula-
tion. This function has a r.m.s. deviation which increases
linearly from 2:1 MeV=c2 at # 3:5 GeV=c2 to 5 MeV=c2 at
# 4:3 GeV=c2. The results of the fit are shown in Fig. 2(a).
The parameter values obtained for the Yð4260Þ are m Y ¼
4245 ) 5ðstatÞ MeV=c2, !Y ¼ 114þ 16

% 15ðstatÞ MeV, and
!eþ e% ( BðJ=c!þ !% Þ ¼ 9:2 ) 0:8ðstatÞ eV.
For each J=c!þ !% mass interval, i, we calculate the

eþ e% ! J=c!þ !% cross section after background sub-
traction using

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþ l% Þ ; (2)

with nobsi and nbkgi the number of observed and background
events, respectively, for this interval; "i, and Li are the
values of "ðm Þ and Lðm Þ [23] at the center of interval i.
The resulting cross section is shown in Fig. 2(b), where

the solid curve is obtained from the simultaneous like-
lihood fit. The corresponding estimates of systematic
uncertainty are due to luminosity (1%), tracking (5.1%),
BðJ=c ! lþ l% Þ (0.7%), efficiency (1%) and PID (1%);
combined in quadrature. These yield a net systematic
uncertainty of 5.4%, as indicated in Table I.
The reaction eþ e% ! J=c!þ !% has been studied at

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1 )
2:2 pb for the eþ e% ! c ð3770Þ ! J=c!þ !% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ !% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþ e% ! J=c!þ !% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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The cross sections are of the same order of magnitude
as those of the e+e− → π+π−J/ψ measured by BES!
[14] and other experiments [3, 4], but with a different line
shape (see Fig. 1). There is a broad structure at high en-
ergy with a possible local maximum at around 4.23 GeV.
We try to use the BES! and the CLEO-c measurements
to extract the resonant structures in e+e−→π+π−hc.

Fig. 1. A comparison between the cross sections
of e+e− →π+π−hc from BES! (dots with error
bars) [11] and those of e+e− → π+π−J/ψ from
Belle (open circles with error bars) [4]. The er-
rors are statistical only.

Since the systematic error (± 18.1%) of the BES!
experiment is common for all the data points, we only
use the statistical errors in the fits below. The CLEO-c
measurement is completely independent from the BES!
experiment and all of the errors added in quadrature
(± 4.2 pb) are taken as the total error, which is used in
the fits. We use a least χ2 method with [15]

χ2=
14!

i=1

(σmeas
i −σfit(mi))2

(∆σmeas
i )2

,

where σmeas
i ± ∆σmeas

i is the experimental measurement,
and σfit(mi) is the cross section value calculated from the
model below with the parameters from the fit. Here, mi

is the energy corresponds to the ith energy point.
Since the line shape above 4.42 GeV is unknown, it is

not clear whether or not the large cross section at high
energy will decrease. We will try to fit the data with two
different scenarios.

Assuming that the cross section follows the three-
body phase space and that there is a narrow resonance
at around 4.2 GeV, we fit the cross sections with the co-
herent sum of two amplitudes, a constant and a constant
width relativistic Breit-Wigner (BW) function; that is,

σ(m)=|c·
"

PS(m)+eiφBW (m)
"

PS(m)/PS(M)|2,

where PS(m) is the 3-body phase space factor,

BW (m)=
"

12πΓe+e−B(π+π−hc)Γtot

m2−M2+iMΓtot

,

is the Breit-Wigner (BW) function for a vector state,
with mass M , total width Γtot, electron partial
width Γe+e− , and the branching fraction to π+π−hc,
B(π+π−hc), keep in mind that from the fit we can only
extract the product Γe+e−B(π+π−hc). The constant term
c and the relative phase, φ, between the two amplitudes
are also free parameters in the fit, together with the res-
onant parameters of the BW function.

The fit indicates the existence of a resonance (called
Y(4220) hereafter) with a mass of (4216 ± 7) MeV/c2

and a width of (39 ± 17) MeV, and the goodness-of-
the-fit is χ2/ndf = 11.04/9, corresponding to a confi-
dence level of 27%. There are two solutions for the
Γe+e−×B(Y(4220)→ π+π−hc), which are (3.2± 1.5) eV
and (6.0± 2.4) eV. Here, all of the errors are from the fit
only. Fitting the cross sections without the Y(4220) re-
sults in a very bad fit, χ2/ndf=72.75/13, corresponding
to a confidence level of 2.5×10−10. The statistical signif-
icance of the Y(4220) is calculated to be 7.1σ comparing

Fig. 2. The fit to the cross sections of e+e− →
π+π−hc from BES! and CLEO-c (dots with er-
ror bars). The solid curves show the best fits, and
the dashed ones are individual components. (a)
is the fit with the coherent sum of a phase space
amplitude and a BW function, and (b) is the co-
herent sum of two BW functions.
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number of events observed in data, the number of back-
ground events estimated from the fit to the events in the
sidebands and scaled to the signal region, the detection
efficiency of the jth mode, the effective luminosity in the
ith πþπ−ψð2SÞmass bin, and the branching fractions of the
jth mode [21], respectively. The resulting cross sections in
the full solid angle are shown in Fig. 11 and Appendix B,
where the error bars include statistical uncertainties in the
signal and the subtracted background and all the systematic
errors. The systematic error for the cross-section measure-
ment is 4.8% and is the same for all data points.

V. SYSTEMATIC ERRORS

The systematic uncertainties in the cross-section mea-
surements are summarized in Table IVand discussed below.
The particle identification uncertainty is 3.3% for the

πþπ−J=ψ mode and 1.4% for the μþμ− mode. The
uncertainty in the tracking efficiency is 0.35% per track

and is additive. The efficiency differences between data and
MC due to the corresponding resolutions in the J=ψ mass,
ψð2SÞ mass, and M2

rec requirements are measured with the
control sample eþe− → ψð2SÞ → πþπ−J=ψ [9]. The MC
efficiency is found to be higher than in data by ð4.3 $
0.7Þ% for the πþπ−J=ψ mode and ð4.4 $ 0.3Þ% for the
μþμ− mode. A correction factor of 1.043 (1.044) is applied
to the πþπ−J=ψ (μþμ−) mode, leaving 0.7% (0.3%) as the
residual systematic error.
The luminosity uncertainty of 1.4% is due mainly to the

uncertainty from the Bhabha generator. The trigger effi-
ciency for the events surviving the selection criteria is
ð98.7 $ 0.1ðstatÞÞ% for the πþπ−J=ψ mode and ð91.4 $
0.6ðstatÞÞ% for the μþμ− mode, based on the trigger
simulation. A value of 1.0% is taken as a conservative
estimate of the systematic error for the πþπ−J=ψ mode;
1.5% is used for the μþμ− mode.
Uncertainties in the simulation of the ISR process with

PHOKHARA contributes less than 1.0%, and the largest
uncertainty in the MC generation of signal events is from
the simulation of the Mπþπ− from Y decays. We generate
another MC sample with mf0ð500Þ ¼ 0.7 GeV=c2 and
Γf0ð500Þ ¼ 0.2 GeV in order to check the efficiency varia-
tion. The efficiency changes by 2.0% at 4.4 GeV=c2 and
3.8% at 4.7 GeV=c2; half of the larger efficiency differ-
ence, 1.9%, is taken as the systematic error. The possible
existence of the Zc structure in π$ ψð2SÞ system does not
affect the efficiency significantly and is thus neglected.
The uncertainties in the intermediate decay branching

fractions taken from Ref. [21] contribute systematic errors
of 1.0% for the πþπ−J=ψ mode and 10.4% for the μþμ−

mode. The statistical error in the MC determination of the
efficiency is less than 0.1%.
Assuming all the sources are independent and adding them

in quadrature, we obtain total systematic errors in the cross-
section measurement of 5.0% for the πþπ−J=ψ mode and
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FIG. 11 (color online). The measured eþe− → πþπ−ψð2SÞ
cross section for

ffiffiffi
s

p
¼ 4.0 to 5.5 GeV. The errors are the sum

in quadrature of the summed statistical errors of the numbers of
signal and background events and the systematic errors.

TABLE III. Results of the alternative fits to the πþπ−ψð2SÞ invariant-mass spectra using three resonances:
Yð4260Þ, Yð4360Þ, and Yð4660Þ. The parameters are the same as in Table I, except that, here, ϕ1 is the relative phase
between the Yð4360Þ and Yð4260Þ (in degrees) and ϕ2 is the relative phase between the Yð4360Þ and Yð4660Þ (in
degrees).

Parameters Solution III Solution IV Solution V Solution VI

MYð4260Þ 4259 (fixed)
ΓYð4260Þ 134 (fixed)
B½Yð4260Þ → πþπ−ψð2SÞ' · Γeþe−

Yð4260Þ 1.5 $ 0.6 $ 0.4 1.7 $ 0.7 $ 0.5 10.4 $ 1.3 $ 0.8 8.9 $ 1.2 $ 0.8
MYð4360Þ 4365 $ 7 $ 4
ΓYð4360Þ 74 $ 14 $ 4

B½Yð4360Þ → πþπ−ψð2SÞ' · Γeþe−
Yð4360Þ 4.1 $ 1.0 $ 0.6 4.9 $ 1.3 $ 0.6 21.1 $ 3.5 $ 1.4 17.7 $ 2.6 $ 1.5

MYð4660Þ 4660 $ 9 $ 12
ΓYð4660Þ 74 $ 12 $ 4

B½Yð4660Þ → πþπ−ψð2SÞ' · Γeþe−
Yð4660Þ 2.2 $ 0.4 $ 0.2 8.4 $ 0.9 $ 0.9 9.3 $ 1.2 $ 1.0 2.4 $ 0.5 $ 0.3

ϕ1 304 $ 24 $ 21 294 $ 25 $ 23 130 $ 4 $ 2 141 $ 5 $ 4
ϕ2 26 $ 19 $ 10 238 $ 14 $ 21 329 $ 8 $ 5 117 $ 23 $ 25
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.

production of the Yð4260Þ, and beyond # 4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

In order to extract the parameter values of the Yð4260Þ,
we perform an unbinned, extended-maximum-likelihood
fit in the region 3:74– 5:5 GeV=c2 to the J=c!þ !% dis-
tribution from the J=c signal region, and simultaneously
to the background distribution from the J=c sidebands.
The background is fitted using a third-order polynomial in
J=c!þ !% mass, m . The mass-dependence of the signal
function is given by fðm Þ ¼ "ðm Þ 'Lðm Þ ' #ðm Þ, where
"ðm Þ is the mass-dependent signal-selection efficiency
from MC simulation with a J=c!þ !% phase space distri-
bution, and Lðm Þ is the mass-distributed luminosity [23],
where we ignore the small corrections due to initial-state
emission of additional soft photons; "ðm Þ increases from

9.5% at 3:74 GeV=c2 to 15.5% at 5:5 GeV=c2, and Lðm Þ
from 35 pb% 1=20 MeV to 61:3 pb% 1=20 MeV over the
same range. The cross section, #ðm Þ, is given by the
incoherent sum #ðm Þ ¼ #NYðm Þ þ #BWðm Þ, where we
choose #NYðm Þ to be a simple exponential function. This
provides an adequate description of the low-statistics
non-Yð4260Þ (NY) contributions, and approaches zero
from above at mass # 4:8 GeV=c2 (see Fig. 2). The func-
tion#BWðm Þ represents the cross section for the production
of the Yð4260Þ, and is given by

#BWðm Þ ¼ 12!C

m 2 ' PSðm Þ
PSðm YÞ

'!eþ e% 'BðJ=c!þ !% Þ ' m 2
Y '!Y

ðm 2
Y % m 2Þ2 þ m 2

Y!
2
Y

;

(1)

where m Y and !Y are the mass and width of the Yð4260Þ,
!eþ e% is the partial width for Yð4260Þ ! eþ e% ,
BðJ=c!þ !% Þ is the branching fraction for Yð4260Þ !
J=c!þ !% , and C ¼ 0:3894 ( 109 GeV2 pb. The func-
tion PSðm Þ represents the mass dependence of J=c!þ !%

phase space, and PSðm YÞ is its value at the mass of the
Yð4260Þ. In the likelihood function, #BWðm Þ is multiplied
by BðJ=c ! lþ l% Þ, the branching fraction sum of the
eþ e% and $þ $% decay modes [18], since the fit is to the
observed events. In the fit procedure fðm Þ is convolvedwith
a Gaussian resolution function obtained from MC simula-
tion. This function has a r.m.s. deviation which increases
linearly from 2:1 MeV=c2 at # 3:5 GeV=c2 to 5 MeV=c2 at
# 4:3 GeV=c2. The results of the fit are shown in Fig. 2(a).
The parameter values obtained for the Yð4260Þ are m Y ¼
4245 ) 5ðstatÞ MeV=c2, !Y ¼ 114þ 16

% 15ðstatÞ MeV, and
!eþ e% ( BðJ=c!þ !% Þ ¼ 9:2 ) 0:8ðstatÞ eV.
For each J=c!þ !% mass interval, i, we calculate the

eþ e% ! J=c!þ !% cross section after background sub-
traction using

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþ l% Þ ; (2)

with nobsi and nbkgi the number of observed and background
events, respectively, for this interval; "i, and Li are the
values of "ðm Þ and Lðm Þ [23] at the center of interval i.
The resulting cross section is shown in Fig. 2(b), where

the solid curve is obtained from the simultaneous like-
lihood fit. The corresponding estimates of systematic
uncertainty are due to luminosity (1%), tracking (5.1%),
BðJ=c ! lþ l% Þ (0.7%), efficiency (1%) and PID (1%);
combined in quadrature. These yield a net systematic
uncertainty of 5.4%, as indicated in Table I.
The reaction eþ e% ! J=c!þ !% has been studied at

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1 )
2:2 pb for the eþ e% ! c ð3770Þ ! J=c!þ !% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ !% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþ e% ! J=c!þ !% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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number of events observed in data, the number of back-
ground events estimated from the fit to the events in the
sidebands and scaled to the signal region, the detection
efficiency of the jth mode, the effective luminosity in the
ith πþπ−ψð2SÞmass bin, and the branching fractions of the
jth mode [21], respectively. The resulting cross sections in
the full solid angle are shown in Fig. 11 and Appendix B,
where the error bars include statistical uncertainties in the
signal and the subtracted background and all the systematic
errors. The systematic error for the cross-section measure-
ment is 4.8% and is the same for all data points.

V. SYSTEMATIC ERRORS

The systematic uncertainties in the cross-section mea-
surements are summarized in Table IVand discussed below.
The particle identification uncertainty is 3.3% for the

πþπ−J=ψ mode and 1.4% for the μþμ− mode. The
uncertainty in the tracking efficiency is 0.35% per track

and is additive. The efficiency differences between data and
MC due to the corresponding resolutions in the J=ψ mass,
ψð2SÞ mass, and M2

rec requirements are measured with the
control sample eþe− → ψð2SÞ → πþπ−J=ψ [9]. The MC
efficiency is found to be higher than in data by ð4.3 $
0.7Þ% for the πþπ−J=ψ mode and ð4.4 $ 0.3Þ% for the
μþμ− mode. A correction factor of 1.043 (1.044) is applied
to the πþπ−J=ψ (μþμ−) mode, leaving 0.7% (0.3%) as the
residual systematic error.
The luminosity uncertainty of 1.4% is due mainly to the

uncertainty from the Bhabha generator. The trigger effi-
ciency for the events surviving the selection criteria is
ð98.7 $ 0.1ðstatÞÞ% for the πþπ−J=ψ mode and ð91.4 $
0.6ðstatÞÞ% for the μþμ− mode, based on the trigger
simulation. A value of 1.0% is taken as a conservative
estimate of the systematic error for the πþπ−J=ψ mode;
1.5% is used for the μþμ− mode.
Uncertainties in the simulation of the ISR process with

PHOKHARA contributes less than 1.0%, and the largest
uncertainty in the MC generation of signal events is from
the simulation of the Mπþπ− from Y decays. We generate
another MC sample with mf0ð500Þ ¼ 0.7 GeV=c2 and
Γf0ð500Þ ¼ 0.2 GeV in order to check the efficiency varia-
tion. The efficiency changes by 2.0% at 4.4 GeV=c2 and
3.8% at 4.7 GeV=c2; half of the larger efficiency differ-
ence, 1.9%, is taken as the systematic error. The possible
existence of the Zc structure in π$ ψð2SÞ system does not
affect the efficiency significantly and is thus neglected.
The uncertainties in the intermediate decay branching

fractions taken from Ref. [21] contribute systematic errors
of 1.0% for the πþπ−J=ψ mode and 10.4% for the μþμ−

mode. The statistical error in the MC determination of the
efficiency is less than 0.1%.
Assuming all the sources are independent and adding them

in quadrature, we obtain total systematic errors in the cross-
section measurement of 5.0% for the πþπ−J=ψ mode and
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FIG. 11 (color online). The measured eþe− → πþπ−ψð2SÞ
cross section for

ffiffiffi
s

p
¼ 4.0 to 5.5 GeV. The errors are the sum

in quadrature of the summed statistical errors of the numbers of
signal and background events and the systematic errors.

TABLE III. Results of the alternative fits to the πþπ−ψð2SÞ invariant-mass spectra using three resonances:
Yð4260Þ, Yð4360Þ, and Yð4660Þ. The parameters are the same as in Table I, except that, here, ϕ1 is the relative phase
between the Yð4360Þ and Yð4260Þ (in degrees) and ϕ2 is the relative phase between the Yð4360Þ and Yð4660Þ (in
degrees).

Parameters Solution III Solution IV Solution V Solution VI

MYð4260Þ 4259 (fixed)
ΓYð4260Þ 134 (fixed)
B½Yð4260Þ → πþπ−ψð2SÞ' · Γeþe−

Yð4260Þ 1.5 $ 0.6 $ 0.4 1.7 $ 0.7 $ 0.5 10.4 $ 1.3 $ 0.8 8.9 $ 1.2 $ 0.8
MYð4360Þ 4365 $ 7 $ 4
ΓYð4360Þ 74 $ 14 $ 4

B½Yð4360Þ → πþπ−ψð2SÞ' · Γeþe−
Yð4360Þ 4.1 $ 1.0 $ 0.6 4.9 $ 1.3 $ 0.6 21.1 $ 3.5 $ 1.4 17.7 $ 2.6 $ 1.5

MYð4660Þ 4660 $ 9 $ 12
ΓYð4660Þ 74 $ 12 $ 4

B½Yð4660Þ → πþπ−ψð2SÞ' · Γeþe−
Yð4660Þ 2.2 $ 0.4 $ 0.2 8.4 $ 0.9 $ 0.9 9.3 $ 1.2 $ 1.0 2.4 $ 0.5 $ 0.3

ϕ1 304 $ 24 $ 21 294 $ 25 $ 23 130 $ 4 $ 2 141 $ 5 $ 4
ϕ2 26 $ 19 $ 10 238 $ 14 $ 21 329 $ 8 $ 5 117 $ 23 $ 25
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The cross sections are of the same order of magnitude
as those of the e+e− → π+π−J/ψ measured by BES!
[14] and other experiments [3, 4], but with a different line
shape (see Fig. 1). There is a broad structure at high en-
ergy with a possible local maximum at around 4.23 GeV.
We try to use the BES! and the CLEO-c measurements
to extract the resonant structures in e+e−→π+π−hc.

Fig. 1. A comparison between the cross sections
of e+e− →π+π−hc from BES! (dots with error
bars) [11] and those of e+e− → π+π−J/ψ from
Belle (open circles with error bars) [4]. The er-
rors are statistical only.

Since the systematic error (± 18.1%) of the BES!
experiment is common for all the data points, we only
use the statistical errors in the fits below. The CLEO-c
measurement is completely independent from the BES!
experiment and all of the errors added in quadrature
(± 4.2 pb) are taken as the total error, which is used in
the fits. We use a least χ2 method with [15]

χ2=
14!

i=1

(σmeas
i −σfit(mi))2

(∆σmeas
i )2

,

where σmeas
i ± ∆σmeas

i is the experimental measurement,
and σfit(mi) is the cross section value calculated from the
model below with the parameters from the fit. Here, mi

is the energy corresponds to the ith energy point.
Since the line shape above 4.42 GeV is unknown, it is

not clear whether or not the large cross section at high
energy will decrease. We will try to fit the data with two
different scenarios.

Assuming that the cross section follows the three-
body phase space and that there is a narrow resonance
at around 4.2 GeV, we fit the cross sections with the co-
herent sum of two amplitudes, a constant and a constant
width relativistic Breit-Wigner (BW) function; that is,

σ(m)=|c·
"

PS(m)+eiφBW (m)
"

PS(m)/PS(M)|2,

where PS(m) is the 3-body phase space factor,

BW (m)=
"

12πΓe+e−B(π+π−hc)Γtot

m2−M2+iMΓtot

,

is the Breit-Wigner (BW) function for a vector state,
with mass M , total width Γtot, electron partial
width Γe+e− , and the branching fraction to π+π−hc,
B(π+π−hc), keep in mind that from the fit we can only
extract the product Γe+e−B(π+π−hc). The constant term
c and the relative phase, φ, between the two amplitudes
are also free parameters in the fit, together with the res-
onant parameters of the BW function.

The fit indicates the existence of a resonance (called
Y(4220) hereafter) with a mass of (4216 ± 7) MeV/c2

and a width of (39 ± 17) MeV, and the goodness-of-
the-fit is χ2/ndf = 11.04/9, corresponding to a confi-
dence level of 27%. There are two solutions for the
Γe+e−×B(Y(4220)→ π+π−hc), which are (3.2± 1.5) eV
and (6.0± 2.4) eV. Here, all of the errors are from the fit
only. Fitting the cross sections without the Y(4220) re-
sults in a very bad fit, χ2/ndf=72.75/13, corresponding
to a confidence level of 2.5×10−10. The statistical signif-
icance of the Y(4220) is calculated to be 7.1σ comparing

Fig. 2. The fit to the cross sections of e+e− →
π+π−hc from BES! and CLEO-c (dots with er-
ror bars). The solid curves show the best fits, and
the dashed ones are individual components. (a)
is the fit with the coherent sum of a phase space
amplitude and a BW function, and (b) is the co-
herent sum of two BW functions.
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Contrast ee -> bb  where the Upsilon(4S) and (5S) are clearly 
visible to cc:
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Conclusions

• there are a lot of new states, not all of them are ‘real’!
• cusp effects can be important and should be accounted 

for when modelling
• it appears likely (?) that the Zb and Zc states are 

kinematical
• cusps appear above threshold with fixed properties such 

as widths and phases
• channel-dependent widths, masses, and production 

characteristics are a clue!

 
 

 

 

 



X(3872): likely a                mixture (not a cusp!)
Y(4260): our best candidate for a hybrid; expect many more!
Zc(4475): 4q exotic? Much to be understood with this (and 
related?) states.
4X: more exotics/cusps?
X(5568): likely dead.
Pc(4450)+Pc(4380) -> Pc(4457)+Pc(4440): actual
 pentaquarks? Again, much remains to be understood.
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 search for new classes of exotics: hexaquarks, double heavies, 
eg          ;   exotic 
search for new decay modes of exotics
clarify conventional      in 3.8-4.0 GeV range. Zc(3930) = ?                
.               : should be able to observe a DD* decay mode
understand the         charm cross sections better
compare       to        production (via PANDA); 
photoproduction at COMPASS
full amplitude analysis a la LHCb, more sophisticated models 
than isobar?
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theoretical tools
potential models

Bethe-Salpeter/Schwinger-Dyson formalism

lattice gauge theory

effective field theories

perturbative QCD

operator product expansion/multipole expansion



has approximate chiral symmetry

has approximate SU(3) flavour symmetry

accounts for the parton model

has colour

and colour confinement

is renormalizable

Quantum Chromodynamics
we require a theory which



• lie just above thresholds
• S-wave quantum numbers
• asymmetric lineshapes
• partner states of similar width — widths will 

depend on channel
• the reaction                                should reveal 

“states” at 10695 (                  ) and 10745 (           )
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Cusp Diagnostics

(if the wavefunction enhanced rescattering diagram contributes)
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Exploring Quarks

Jerome Friedman
(1930-)

Henry Kendall 
(1926-1999)

Richard Taylor
(1929-)

James Bjorken
(1934-)

repeat the Rutherford experiment… 
expect mushy scattering, find hard 
kernels instead!

Bj still being nominated for a Nobel 
Prize, but keeps refusing invitations to 
give talks in Stockholm!


(source: Kam Seth)



Exploring Quarks
Leon Lederman et al. Fermilab E288 
proposal Feb 1974


