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What does “hadron spectroscopy” 
tell us about the “hadron dynamics?”
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The pattern of energy levels gives 
important clues to what are the 
relevant “degrees of freedom.”

This pattern, and matrix elements, 
tell how a complicated system can 
be reduced to a “simple” one.
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An example from nuclear physics: 
Dynamics of the samarium isotopes
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Equal 
spacing

Vibrations of 
a spherical 
liquid drop!

E ∝ l(l+1)

“Rigid Rotor”

P. Stoler, et al., Phys.Rev. 155(1967)1334 
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About CLEO
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Inclusive detection of 
e+e− annihilation 
reaction products 
using varying energies 
in the center-of-mass.

1979 thru 2002: ECM≈10 GeV for B’s, ϒ(nS), charm, ...
2002 thru 2008: ECM≈4 GeV for low background charm

A Personal History of CLEO and CESR
Karl Berkelman, World Scientific (2004)
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Topics for this talk
• ϒ(1D) discovery: Precision test of Lattice QCD

• Discovery of singlet charmonium, the hc(3520)

• Rate for Χc0→γJ/ψ: New Lattice QCD results

• Light scalars/tensors: ϒ(1S)→γπ0π0

• Precise masses for Σc baryons

• Confirmation and study of  Y(4260)

• Search for ψ(2S)→ηc3π

• Exclusive e+e− in the charmonium region

• Coming up: The new ψ(2S) sample

5
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Discovery of the ϒ(1D)

6

( a )

( b )

12

10

8

6

4

2

0

6

4

2

0
10100 10125 10150 10175 10200

E
v
e

n
ts

 /
 2

.5
 M

e
V

E
v
e

n
ts

 /
 1

.0
 M

e
V

Mass (MeV)

1630304-051

M[ϒ(13D2)]=10161.1±0.6±1.6 MeV

“Method #1”

“Method #2”

Agreement with Precision LQCD

Phys.Rev.D 70(2004)032001

6



Hirschegg 2007Napolitano/CLEO

1P1 Charmonium: The hc(3520)
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Decay rate: χc(3P0)→γJ/ψ
Phys.Rev.Lett. 94(2005)232002
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Note: This rate calculated in Lattice QCD
JLab Group: Phys.Rev.D73(2006)074507

is a source of some systematic error on our result for this
transition and may be the reason our result is somewhat too
large (recall that our quark mass is slightly too small).

B. !c0 ! J= "E1;C1

Experimentally it is only possible to access transverse
on-shell (Q2 ! 0) photons in this transition and the matrix

element is purely through the electric dipole (E1). In more
generality, if we allow Q2 ! 0 and necessarily also longi-
tudinal photons, there is a second multipole, labeled C1.
The decomposition of the transition matrix element in
terms of these multipoles is derived in the appendix and
we reproduce it here:

hS" ~pS#jj!"0#jV" ~pV; r#i ! !$1"Q2#
!
E1"Q2#%!"Q2#"!" ~pV; r# $ "" ~pV; r# & pS"p!

VpV & pS $m2
Vp

!
S #'

( C1"Q2#
"""""
q2

p mV"" ~pV; r# & pS%pV & pS"pV ( pS#! $m2
Sp

!
V $m2

Vp
!
S '
#
:

The Lorentz invariant matrix elements for the transition
#c0 ! J= $)"Q2# are also given in the appendix:

M "r$ ! *; r ! +# ! E1"Q2#
M"r$ ! 0; r ! 0# ! $C1"Q2#:

Hence the analogue of (13) gives for the width at Q2 ! 0,

""#c0 ! J= $# ! %
j ~qj
m2

#c0

16

9
jÊ1"0#j2;

where the lattice form factor is again related to the physical
one by E1"Q2# ! 2, 2

3e, Ê1"Q2#.
The most recent measurement of this decay’s branching

fraction comes from the CLEO Collaboration [4], who
find, using the PDG total width to normalise: ""#c0 !
J= $# ! 204"31# keV. In addition to this we have the
PDG [3] average/fit to data obtained up to 2005 which
gives ""#c0 ! J= $# ! 115"14# keV. The next PDG re-
port will likely contain the CLEO value in a new average
which will thus lie between these two values.

In Fig. 13 we display the Ê1"Q2# extracted from our
lattice simulations. Temporal vector current insertions pro-

duce compatible results but with much larger error bars and
are not shown.

Our simulation data lies at Q2 ! 0, but since we are
primarily interested in the photopoint we require some fit
function to allow us to extrapolate back. In the light of the
success of forms motivated by the nonrelativistic quark
model in previous sections we consider using a function
which resembles one that would be derived in such a
model. We opt to use a form

Ê 1"Q2# ! Ê1"0#
!
1(Q2

&2

#
exp

$
$ Q2

16'2

%
; (15)

which has the gaussian behavior used previously modified
by a polynomial in Q2. In the simple quark model, the
Q2=&2 term could arise from relativistic corrections or
departures from gaussian wave function behavior. Note
that this form is analytic for Q2 > 0 as we would ex-
pect—singularities (as in the VMD case) will occur at
Q2 < 0.

We do not include in the fit the points at Q2 < 0—these
data, corresponding to the case ~pf ! ~pi where Q2 !
$"Ef $ Ei#2, were extracted from correlators with no
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FIG. 13 (color online). #c0 ! J= $ E1 transition form factor. (a) full range of lattice data (b) zoom to the Q2 - 0 region.

DUDEK, EDWARDS, AND RICHARDS PHYSICAL REVIEW D 73, 074507 (2006)

074507-14

PDG04

CLEO-c

9



Hirschegg 2007Napolitano/CLEO

Light scalars or tensors with glue?
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ϒ(1S)→γπ0π0:   hep-ex/0512003
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in Phys.Rev.D
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Precise Masses for Σc Baryons

11

Phys.Rev.D 71(2005)051101

Λc+ signal

decay products of B mesons. Thus, the majority of the
charmed baryons we measure are produced from the
e!e" ! q !q continuum, and some may be the direct decay
products of the " resonances.

We observe the ##
c candidates by their decay ##!!=0

c !
$!

c !!=". Charge conjugate modes are implicit through-
out. For this measurement we use the two $!

c decay modes
$!

c ! pK"!! and $!
c ! pK0. The CLEO III detector

configuration detects charged particles using a cylindrical
drift chamber system inside a solenoidal magnet. Particle
identification of p;K, and ! candidates is performed using
specific ionization (dE=dx) measurements in the drift
chamber, combined with information, when present, from
the RICH counters. The technique for combining the two
identification systems follows the method that was used to
find the decay %0

c ! pK"K"!!, and is described else-
where [5]. K0 candidates are identified with reconstructed
2-track vertices displaced by more than 5 mm along the
direction of the resultant momentum. Assuming the two
tracks are pions, those candidates with an invariant mass
within 8 MeVof the nominal K0

S mass are mass-constrained
and retained for further analysis.

To illustrate the good statistics and signal to noise ratio
of the $!

c signals, we reduce the combinatorial back-
ground, which is worse for $!

c candidates with low mo-
mentum, by applying a cut on the scaled momentum, xp.

We define xp $ pbaryon=pmax, where pmax $
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

E2
beam "M2

baryon

q

. We fit the invariant mass distributions
for these modes to a sum of a Gaussian signal and a second-
order polynomial background. Figure 1 shows the plot for
the $!

c ! pK"!! signal; the signal yield is approxi-

mately 45 000. The decay mode $!
c ! pK0, which has

superior signal to noise ratio, augments the number of
candidates by 15%.

Releasing the xp%$!
c & cut, $!

c candidates within 2:0" of
the peak mass in each decay mode were combined with
each remaining charged ! track in the event. A cut of xp >
0:5 was made on the $!

c ! combination, and the mass
difference &%M& ' M%$!

c !& "M%$!
c & was calculated.

The mass difference spectra, shown in Fig. 2, are plotted
in the mass range 178–298 MeV. The lower bound of this
plot is chosen to avoid the contribution of #!!=0

c !
$!

c !!=" decays. The upper bound is chosen to approxi-
mately center the ##

c peaks.
The fits to the signal spectra in Fig. 2 each have three

components as follows. Firstly, the excesses in the region
below 204 MeV due to $!

c1%2625& production are accom-
modated by functions found using the $!

c ! spectrum from
reconstructed $!

c1%2625& decays found in this same dataset.
The normalization of this spectrum was then corrected for
the inefficiency in detecting both transition pions by use of
a Monte Carlo program. Secondly, we use a background
shape of a second-order polynomial. Lastly, we use signal
functions of spin-1 Breit-Wigners convolved with a
Gaussian resolution function of standard deviation,
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from $c1 decays), and dot-dash lines (polynomial background
function).
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Σc*++

Σc*0

M(Σ)-M(Λ)=231.5±0.4±0.3 MeV
Γ=14.4±1.6±1.4 MeV

M(Σ)-M(Λ)=231.4±0.5±0.3 MeV
Γ=16.6±1.9±1.4 MeV
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Confirmation and Study of the Y(4260)
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PRL 96(2006)162003

Phys.Rev.D 74(2006)091104

Observed by CLEO both 
in direct e+e− annihilation 
and in ISR at high energy

Also 3.7σ 
signal for 
K+K−J/ψ
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Search for ψ(2S)→ηc3π
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Test of the “Survival before 
Annihilation” model:
Artoisenet, et al.,
Phys.Lett. B628(2005)211

Histogram shows a signal 
level of 1% which is the 
model prediction.
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Resonances (?) in e+e− Annihilation

14

See R. Poling, FPCP 2006 (hep-ex/0606016)
and B. Lang, PhD Thesis, University of Minnesota

e+e−→
charmed mesons

e+e−→
charmed strange mesons

The lines just join the points, but...

14
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... From Estia Eichten, QWG 2006
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QWG4  International Workshop Heavy Quarkonium    --    BNL June 27-30, 2006      --      E. Eichten - Fermilab   36                                                                       

CLEO-c  hep-ex/0606016

Model - Cornell Coupled Channel 
QWG4  International Workshop Heavy Quarkonium    --    BNL June 27-30, 2006      --      E. Eichten - Fermilab   37                                                                       

CLEO-c  hep-ex/0606016

Model - Cornell Coupled Channel 

Coupled channels calculation (“updated”)
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Coming up: The new ψ(2S) sample
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25M e+e−→ψ(2S) (new!) are in hand and being analyzed 

Many analyses are in progress, for example...

!0.8 !0.6 !0.4 !0.2 0

M2/E1

!
c1

!
c2

E835

E760

Xtal Ball

E835

Xtal Ball
... What is wrong with 
the M2/E1 amplitude 
ratio in radiative decay 
of the χc states?

Will Lattice QCD give 
a different answer 
than the quark model?
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Conclusions

17

Spectroscopy remains a powerful tool for 
unraveling the relevant degrees of freedom 
for complicated physical systems.

CLEO has had a long and illustrious history. 
We continue to take data (mainly producing 
charmed mesons) and analysis will go on.

It is important to keep an open mind to the 
possibilities. Surprises often pop up!

Thank you!  and...
17
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... Charm 2007 at Cornell !

Tuesday, 31 July thru 
Friday 3 August, 2007

Stay tuned for the official 
announcement (soon).
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