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New decay modes

Radiative decay and
X+J/ψ modes observed.

Properties and decays

Discovery

Precision measurements 
and radiative decay
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The States of 
Charmonium

Scan for new structure, 
including Y(4260)
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Fig. 1. The E835 detector, side view.

We determine the center-of-mass energy distribution by measuring the beam-revolution-

frequency spectrum and the orbit length, as described in detail in Ref. [6]. We calibrate the

central orbit length L0 using the recent high-precision measurement of the ψ ′ mass by the
KEDR experiment, 3686.111± 0.025± 0.009 MeV/c2 [8], which gives an uncertainty of

±0.17 mm out of 474.046 m. "L, the correction to L0 due to deviations from the central

orbit, is determined using 48 horizontal beam-position monitors (BPMs) [4,6]. For scan I

at the χc1, the uncertainty in "L was estimated as 1 mm (rms) (110 keV) [6]. The BPM

system was subsequently improved and we estimate the uncertainty for the subsequent

scans as 0.64 mm (rms) (70 keV at the χc1, 75 keV at the χc2). The center-of-mass energy

spread, σ√
s , was approximately 200 keV at the χc formation energies.

The cross section for formation of the χc states is less than 10
−5 of the inelastic p̄p

hadronic cross section. Even so, a clean signal was extracted by selecting electromagnetic

final states as tags of charmonium formation. The χcJ were studied in the inclusive reac-

tion:

(1)p̄p → χcJ → J/ψ + anything→ (e+e−) + anything.
The non-magnetic spectrometer (Fig. 1) was optimized for the detection of photons and

electrons, and is described in detail in Ref. [4]. The apparatus had full acceptance in az-

imuth (φ), with a cylindrical central system and a planar forward system. The detector

elements used for the trigger and for the offline selection of events from reaction (1) were

(a) three hodoscopes, H1, H2′ and H2, azimuthally segmented in 8, 24 and 32 counters,
respectively, (b) a threshold gas Čerenkov counter for identifying e±, divided in two vol-
umes in polar angle; each volume was segmented azimuthally in 8 sectors aligned with

the counters of the H1 hodoscope, and (c) two lead-glass calorimeters for measuring the

energy and direction of photons and electrons: a cylindrical one (CCAL) with 1280 coun-

ters, covering the polar angles 11◦ < θ < 70◦ and a planar one (FCAL) covering the polar
angles 3◦ < θ < 12◦. All counters were equipped with time and pulse-height measurement
capability. The luminosity was measured at each data point with a statistical precision of

p̄p
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“Recent Results”

A lot has been happening in 
the past few years!

I will present my own personal 
selection of highlights, but many 
stories will go untold here.



Discovery of 11P1 Charmonium: 
The hc(3525)
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We make the following tests: For events away from the
hc search region, we rescale the ! energies by the ratio
3526:2=

!!!

s
p !MeV" and examine the resulting Dalitz plots

for events appearing in the "c! band. No candidates are
present. We also examine the sensitivity of the selection to
the value of m"c used in the 5C fit. Within the range
2850<m"c < 3150 MeV, the selection is unaffected.

2. Significance of the resonant signal

There are several methods for estimating the signifi-
cance of the event excess in the "c! channel.

(1) Binomial significance with a priori alternate hy-
pothesis: We test the null hypothesis H0, that the
cross section is the same in the signal bin and
background bin, against the alternate resonant hy-
pothesis H1, that the signal bin has a larger cross
section, where the signal bin is chosen from the
E760 J= #0 analysis. We bin the E760 data in the
hc search region (3522:6<

!!!

s
p

< 3527:15 MeV) so

that the peak observed is contained in a single signal
bin between 3525.6 and 3526.4 MeV. For the E835-
1997 data, the integrated luminosity for the hc signal
bin is 19:07 pb#1, and that for the background bin,
extending from the $c1 to $c2 but excluding the
signal bin, is 40:05 pb#1, for binomial coefficient
Pb $ 0:323. There are 7 events in the signal bin and
2 in the background bin for P $ 0:0068. For the
E835-2000 data, the corresponding values are
25:69 pb#1 in the signal bin and 31:73 pb#1 in the
background bin for Pb $ 0:447, and 6 events in the
signal bin and 1 in the background bin, for P $
0:035. Combining both data sets we have
44:76 pb#1 in the signal bin, 71:78 pb#1 in the
background bin, Pb $ 0:384 and P $ 0:000 59.
These results are summarized in Table III.

(2) Binomial significance with a posteriori alternate
hypothesis with correction for multiple hypotheses:
We select a bin with the expected width containing
the event excess, test H0 against H1 as above, and
multiply the resulting P by the number of indepen-
dent H1 (Bonferroni correction). For a 0.5 MeV
signal bin we find 12 events in 3525:7<

!!!

s
p

<
3526:2 MeV with integrated luminosity
31:79 pb#1, and 4 events in the remaining back-
ground bin between the $c1 to $c2 containing
84:75 pb#1 for Pb $ 0:273. Taking the conservative
Bonferroni factor 10 we find P $ 0:0009. For a
1.0 MeV signal bin we have 13 events in 3525:7<
!!!

s
p

< 3:5267 MeV (49:85 pb#1) and 3 events be-
tween the $c1 and $c2 (66:69 pb#1) for Pb $
0:428 and, taking a Bonferroni factor 5, P $
0:010. We note that if we impose a more restrictive
cut, M2

23 > 1:2 GeV2, so as to exclude more events
under the "0 peak, then we are left with 8 events in
the region 3525:4<

!!!

s
p

< 3526:2 MeV, and 2
events outside the hc signal region, for the combined
data sets. This result, with reduced statistics, still
corresponds to a very low binomial probability for
the null hypothesis.

(3) Poisson significance: We estimate the expected
number of background events nb in a bin with the
expected width, derived from a linear fit to the
background cross section. Using our full data set,
3300<

!!!

s
p

< 4400 MeV, we estimate the back-
ground cross section at 3526.2 MeV to be 79%
16 fb yielding nb $ 2:51% 0:51 for 3525:7<

!!!

s
p

<

TABLE III. Binomial P s for the "c! channel in E835-1997, E835-2000, and for both runs combined, using the a priori (E760)
signal bin.

Run L(signal) (pb#1) L(back) (pb#1) Pb N(signal) N(back) P
E835-1997 19.07 40.03 0.323 7 2 0.0068
E835-2000 25.69 35.03 0.447 6 1 0.035
E835-combined 44.76 75.06 0.384 13 3 0.000 59

FIG. 9. The cross section for pp! "c! ! !!!. The inset
shows an expanded view of the hc search region. The E835-1997
data are open circles and the E835-2000 data closed triangles.

RESULTS OF A SEARCH FOR THE hc!1P1" STATE . . . PHYSICAL REVIEW D 72, 032001 (2005)

032001-7

E835: Phys.Rev.D72
(2005)032001

CLEO-c: Phys.Rev.D72
(2005)092004

p̄p→γηc

→γγγ e+e− → ψ(2S)→π0hc

hc→γηc



Precision Measurements: χc(3P0)→γJ/ψ
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CLEO-c: Phys.Rev.Lett. 94(2005)232002
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Note: Radiative Transitions 
Calculated in Lattice QCD
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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

A new testing 
ground for 
Lattice QCD.



Decays of the ψ(3770)
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40. P lots of cross sections and related quantities 7

R in Light-Flavour, Charm, and Beauty Threshold Regions
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Figure 40.7: R in the light-flavour, 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. 40.6. 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 hep-ph/0312114. The

computer-readable data are available at http://pdg.ihep.su/xsect/contents.html (Courtesy of the COMPAS(Protvino) and

HEPDATA(Durham) Groups, March 2004.)

R

 e+e− CM Energy (GeV)

σ(e+e− → DD̄) = 6.39±0.10+0.17
−0.08 nb PRL 95(2005)121801

σhad(ψ(3770)) = 6.38±0.08+0.41
−0.30 nb PRL 96(2006)092002

Not a lot of room left 
for any other decays!

See also hep-ex/0605105 
and hep-ex/0605107 (BES)



Two Examples (Both from CLEO-c)
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Phys.Rev.Lett.96(2006)082004 Phys.Rev.Lett.96(2006)182002
and hep-ex/0605070
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π+π−K+K−



Testing “Survival Before Annihilation” 
by Searching for ψ(2S)→ηc3π
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Artoisenet, et al., 
Phys.Lett. B628(2005)211



Charmonium from the B-Factories
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Examples:

Belle: X(3940) through

BaBar: Y(4260) through

e+e− → J/ψ+X

e+e−→(γ)Y (4260)
Y (4260)→π+π−J/ψ



Summary (from Helmut Marsiske, FPCP 06)
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State Mass
(MeV)

Width
(MeV)

Decay 
Modes

JPC

X(3872) 3871.2±0.6 <2.3
π+π−J/ψ
γJ/ψ

D0D0π0
1++

X(3940) 3943±9 <52 D*D 0−+?
Y(3940) 3943±17 87±34 ωJ/ψ C=+1

Z(3930) 3929±6 29±10 DD 2++

Y(4260) 4259+8-10 88+24-23 ππJ/ψ 1−−



Y(4260) Confirmation from CLEO-c
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Phys.Rev.Lett. 96(2006)162003

e+e−→{ππ,KK}J/ψ, and...



“New Opportunities”
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• CLEO-c plans to take 30M ψ(2S) this summer

After that, our remaining running time 
(through March 2008) will be devoted to 
production of D and Ds.

• Expect more from the B-Factories, but...

• The future belongs to BES III!

More precision measurements, decays of the 
χcJ and hc, investigations of higher charmonia.



Examples for e+e− Colliders
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than expected in this model. Figure 9 shows a comparison of

all existing measurements of the a2 amplitude; p̄p experi-

ments indicate a smaller M2 contribution to the !c2 radiative

decay, compared to the Crystal Ball result. The observed 2"
discrepancy between a2(!c1) as measured and the prediction

#with $c!0) could indicate the presence of competing

mechanisms, leading to the reduction of the M2 amplitude at

the !c1.

The measurement of B0
2(!c2) completes the set of experi-

mental parameters characterizing the coupling of charmo-

nium triplet P states to p̄p . Theoretical predictions on the

helicity structure of the coupling can be found in the frame-

work of the diquark model %20&. We summarize our informa-
tion on the helicity dependence of the coupling of p̄p to

charmonium in Table III. We characterize the strength of the

coupling by the hadronic branching ratio, BRh!'(!cJ

→ p̄p)/'(!cJ→hadrons). Our present measurement shows

that the helicity 0 coupling in the !c2 is small #13%( com-
pared to the helicity 1 contribution. This may be considered

consistent with the fact that the !c2 and !c1 coupling to p̄p

are quite similar. We note, however, that the !c0 which

couples only through the helicity 0 channel has as large a p̄p

coupling as the other states.
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FIG. 7. Projections of the an-

gular distribution at the !c2: the

data sample, corrected for accep-

tance #dots(, is compared to the
best fit prediction #solid line(. The
raw data set #shaded histogram( is
also shown.

FIG. 8. Contour lines of lnL(a2 ,B0
2), corresponding to

1,2,3 . . . standard deviations around the best fit value for the !c2,

when a3 is set equal to 0. The open marker indicates the best fit

result before correcting for the bias. The error bars show the size of

the total systematic error.

FIG. 9. Results from the Crystal Ball %9&, E760 %8& and E835 for
a2(!c1 ,!c2).

M. AMBROGIANI et al. PHYSICAL REVIEW D 65 052002

052002-8

Theory

Theory

M2/E1 in χc{1,2} decay

H 0 !
!!!!!!!!!!!!!!!!!!
~p2
q "m2

q

q
"

!!!!!!!!!!!!!!!!!!
~p2
!q "m2

!q

q
: (5)

Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L> 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0

c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0
c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.

HIGHER CHARMONIA PHYSICAL REVIEW D 72, 054026 (2005)

054026-3

Higher charmonia 
via radiative decay

BGS, Phys.Rev.D72(2005)054026

Look for the 
23PJ states.

Calculable on the lattice??



Conclusions
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Charmonium has seen many recent discoveries 
and a lot of renewed interest.

It is a testing ground for many models of hadronic 
physics, including calculations in Lattice QCD.

The future has a lot to offer!

Be beam pipe

SC magnetMagnet 

yoke

Drift Chamber  

CsI(Tl) calorimeter

TOF

FIGURE 1. The BESIII detector.

TABLE 1. Detector parameters comparison.

Sub-system BESIII BESII

σxy = 130 µm 250 µm

MDC ∆P/P = 0.5% @ 1 GeV SC magnet 2.4% @ 1 GeV

σdE/dx = (6− 7)% 8.5%

∆E/E = 2.5% @ 1 GeV 20% @ 1 GeV
EM Calorimeter

σz = 0.6 cm @ 1 GeV 3 cm @ 1 GeV

100 ps barrel 180 ps barrel
TOF Detector σT =

110 ps endcap 350 ps endcap

µ Counters 9 layers 3 layers

Magnet 1.0 Tesla 0.4 Tesla
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