
Electron Positron Collisions in the 
Charmonium Region:

Results from CLEO-c and BESIII

Matthew Shepherd
Indiana University 

April 1, 2012

April APS Meeting
Atlanta



M. R. Shepherd
APS April Meeting

April 1, 2012

Outline

• Broad theme:  e+e- in the charmonium region provides an opportunity 
to study QCD with a variety of diverse goals

• Properties of charmonium states, radiative transitions, and decays

• a test of QCD in what is thought to be the perturbative regime

• Decays of charmonium to light hadrons

• search for light quark bound states in QCD

• Hadronic decays of D mesons

• permits study of light meson states of QCD

• critical input to precision tests of CP violation in the Standard Model
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Only the most recent results will be reported!
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The Charmonium System
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• All expected cc states below DD 
threshold have been experimentally 
verified

• The 1-- states are easily populated in 
e+e- collisions -- well known and 
“clean” initial states

• Provides an opportunity to explore the 
qq bound state in heavy quark regime

• Decays of cc into light hadrons proceed 
via “glue-rich” OZI suppressed 
channels

• Production of quantum correlated DD 
pairs at ψ(3770) provides unique 
capabilities to measure strong phases
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The Detectors

• CLEO-c

• Cornell Electron Storage Ring (Ithaca, NY)

• e+e- collisions at ψ’, ψ(3770), and 
Ecm = 4160 MeV

• decommissioned in 2008

• over 100 publications in the charm sector; 
only a few analyses remaining

• BES III

• Institute for High Energy Physics (Beijing)

• successor to BES II

• world’s largest sample of J/ψ, ψ’, and 
ψ(3770) decays (and still growing)

• vibrant current and future program
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Available (Large*) Data Sets
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Energy Topics CLEO-c (2008) BESIII (2011)

J/ψ light hadron -- 225M decays

ψ’ charmonium, 
light hadron 26M decays 106M decays

ψ(3770) D 0.8 fb-1 2.9 fb-1

ψ(4040) charmonium above 
DD threshold 6 pb-1 500 pb-1

Ecm=4160 MeV Ds, charmonium above 
DD threshold 0.6 fb-1 --

*Both have additional data sets for background studies, lineshape scans, etc. 
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Charmonium Results

• Bound state of two heavy quarks

• Test perturbative approximations of 
QCD inspired by positronium-like 
spectrum

• radiative transitions

• hyperfine splittings

• New results:

• Observation of ψ’→γηc’

• Magnetic dipole component of 
ψ’→γχc2

• Precision M(ηc) and Γ(ηc)

• J/ψ and ψ’→π+π-π0 
(no perturbative QCD here!)
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First Observation:  ψ’→γηc’

• Expect magnetic dipole transition 
from ψ’→γηc’

• Search for KsKπ decay mode of 
the ηc’

• Eγ≈50 MeV:  high background

• use data driven technique to 
determine background

• Signal significance:  > 5σ

• Measure:

7

39 

Observation of ’c’ 
 N(c(2S)) = 50.6±9.7 
 Pure statistical 
significance more than 6
 Significance with 
systematic variations not less 
than 5
2/ndf=0.9 

c(2S) signal: modified BW (M1) with fixed width (Resolution 
extrapolated from cJ) 
 cJ signal: MC shape smeared with Gaussian 
 BG from e+ e- KsK(ISR), '  KsK (FSR), '  0KsK: are 
measured from data 

E 

BESIII preliminary 

BESIII Preliminary

B( 0 ! �⌘0c)⇥ B(⌘0c ! KSK⇡) =

(2.98± 0.57± 0.48)⇥ 10�6

B( 0 ! �⌘0c) = (4.7± 0.9± 3.0)⇥ 10�4

• Combine with BaBar measurement of 
B(ηc’→ KKπ) to obtain:

Consistent with potential model 
predictions:  (0.1-6.2)x10-4

[PRL 89, 162002 (2002)]
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Higher Multipoles in ψ’→γχc2

• ψ’→γχc2 is dominated by electric 
dipole (E1) transition, but expect some 
magnetic quadrupole component (M2)

• M2 amplitude provides sensitivity to 
charm quark anomalous magnetic 
moment κ

• expect M2 = 0.029( 1 + κ )

• Use large clean samples of χc2→ππ 
and χc2→KK; χc0 samples used as 
control since M2 = 0

• Extract M2 using fit to full angular 
distribution

• Significant signal for M2 amplitude that 
is consistent with κ = 0
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FIG. 1: The invariant mass distributions of π+π− (left) and K+K− (right) for the selected γπ+π−

and γK+K− events from ψ′ data. Dots with error bars are data while blank histograms are the
sum of MC simulated backgrounds and normalized continuum background (estimated from the

data sample taken at
√
s = 3.65 GeV).

signal region between 3.53 and 3.59 GeV/c2 are 2.6% [0.7% ψ′ → (γ)µ+µ−, 0.8% normalized
continuum, 0.3% cross contamination from χc2 → K+K−, 0.7% χc0 tail, and 0.1% ψ′ →
π+π−/π+π−π0 events] for γπ+π− and 2.1% [0.7% cross contamination from χc2 → π+π−,
1.1% χc0 tail, and 0.3% ψ′ → K+K− events] for γK+K−. The highest mass peak corresponds
to ψ′ decays to two charged tracks that are kinematically fitted with an unassociated low
energy photon. Requiring the invariant mass of the two charged tracks to be between 3.53
and 3.59 GeV/c2 to select χc2, 7154 γπ+π− events and 6657 γK+K− events are obtained.

IV. FIT TO THE ANGULAR DISTRIBUTIONS

The formulae for the helicity amplitudes in ψ′ → γχc2 → γPP (P = π/K), which include
higher-order multipole amplitudes, are widely discussed in Refs. [7, 8, 12]:

W (θγ, θM ,φM) = 3 sin2 θγ sin
2(2θM)x2

+
3

2
(1 + cos2 θγ) sin

4 θMy2

−
3√
2
sin(2θγ) sin(2θM) sin2 θM cos φMxy

+
√
3 sin(2θγ) sin(2θM)(3 cos2 θM − 1) cosφMx

+
√
6 sin2 θγ sin

2 θM (3 cos2 θM − 1) cos 2φMy

+ (1 + cos2 θγ)(3 cos
2 θM − 1)2 (1)

where x = A1/A0, y = A2/A0, and A0,1,2 are the χc2 helicity 0, 1, 2 amplitudes, respectively.
θγ is the polar angle of the radiative photon where the electron beam is defined as the z axis
in the e+e− center-of-mass frame, and θM and φM are the polar and azimuthal angles of
the π/K in the χc2 rest frame, where the polar axis is defined with respect to the radiative
photon direction and φM = 0 is defined by the electron beam direction.

7

χc2χc0

M(ππ) M(KK)

χc2χc0

M(c) = 1.5 GeV and κ = 0 

BESIII, PRD 84, 092006 (2011)
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• Ground state of cc system, but its properties 
are not well known

• Error on the measurement of the cc hyperfine 
splitting:  M(J/ψ) - M(ηc) is dominated by error 
on M(ηc)

• important experimental input to tests of 
lattice QCD

• The inconsistency in experimental results may 
be due to different experimental production 
mechanisms

• charmonium radiative decay

• two-photon fusion or B decay

• CLEO discovered distorted ηc lineshape in 
charmonium radiative decay, but was unable to 
parametrize the distortion 
[PRL 102, 011801 (2009)]

9

ηc Mass

ηc Width

Mass and Width of 
the ηc
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• Perform a simultaneous fit of six different 
exclusive decay modes of the ηc (two 
examples at right)

• Parametrize the lineshape asymmetry as an 
interference between two processes

• ψ’→γηc; ηc→X

• ψ’→γX

• Final results are the most precise to date:
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Mass and Width of 
the ηc

M(⌘c) = 2984.3± 0.6± 0.6 MeV/c2

�(⌘c) = 32.0± 1.2± 1.0 MeV

• Consistent with B factory results in other 
production mechanisms and agree with lattice 
QCD calculations of the charmonium 
hyperfine splitting

BESIII, arXiv:1111.0398 (to be published in PRL)
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3π Decays of J/ψ and ψ’

• In the perturbative picture both decays should 
be very similar

• cc annihilation

• same parent JPC

• hadronization into 3π at about the same 
energy scale

• The two Dalitz plots couldn’t look any more 
different!

• J/ψ is dominated by ρ

• ψ’ is strongly populated by higher mass 
states absent in J/ψ decay

• Precision measurement of branching ratio

11

J/ψ→π+π-π0

ψ’→π+π-π0

J/ψ or ψ’
ρ

?

cut to remove 
background

BESIII, arXiv:1202.2048 [to be published in PLB]
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Light Meson Spectroscopy

• Allows opportunity to explore the non-
perturbative characteristics of QCD

• Gluons interact with themselves and could 
form “glueball” or “hybrid” states with 
constituent glue

• Is there any evidence of these states with 
gluonic degrees of freedom in the spectrum?

• Production in charmonium is complementary 
to fixed target mechanisms

• Initial state is well known, which restricts 
possible final states

• glue-rich final state due to OZI-
suppressed decays below DD threshold

• Results from both J/ψ and χc1 decay will be 
presented; almost any state can be used provided 
statistics are sufficient
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Unflavored Meson Spectrum from LQCD

13
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FIG. 6: Isoscalar meson spectrum with m
⇡

⇠ 400MeV labeled by JPC (reproduced from [14]). The light-strange content
of each state (cos2 ↵, sin2 ↵) is given by the fraction of (black, green) and the mixing angle for identified pairs is also shown.
Horizontal square braces with ellipses indicate that additional states were extracted in this JPC but were not robust. Grey
boxes indicate the positions of isovector meson states extracted on the same lattice (taken from [13]). Pink boxes indicate the
position of glueballs in the quark-less Yang-Mills theory [33]. The candidate states for the lightest hybrid meson supermultiplet
are indicated by the blue boxes and stars.

diative transition rates suggest the f
1

(1285), f
1

(1420) are
somewhat flavor mixed as seen in the lattice data.

Of particular interest to us here is the spectrum of ex-
otic isoscalar mesons, where the basic structure of 1�+

lightest below 0+� and 2+� observed for isovectors is
again seen, but doubled to reflect the presence of both
light and strange quarks. The positive parity exotics are
very close to being ideally flavor mixed, but the 1�+,
which in the isovector case we placed in a di↵erent super-
multiplet, has a noticable degree of light-strange mixing.
The large amount of strange-quark in the lighter state is
most likely the dominant reason for it being significantly
heavier than the corresponding isovector state8.

In Figure 7 we show overlap histograms for the
isoscalar 1�� states. We see that the 3S

1

< 3S
1

< 3D
1

<
1hyb

1

pattern is again present, but doubled for light and
strange quarks. The hybrid states show a greater degree
of light-strange flavor mixing than do the qq̄ states. Sim-

8 Note that suggestions from SU(3) Yang-Mills calculations are
that the lightest exotic JPC glueball is much heavier than these
states[33], so we are justified in proceeding with a hybrid meson
interpretation.

ilarly we identify that the 2�+ states near 2.4 GeV have

strong overlap with the ⇢
NR

⇥ D
[2]

J=1

operators. Signals
in the 0�+ sector are not clear enough to identify an an-
ticipated pair of hybrid states above 2 GeV that would
complete the hybrid supermultiplet.
In summary we may well be observing the same hybrid

supermultiplet structure in the isoscalar sector, and there
appears to be some significant flavor mixing away from
pure 1p

2

�
uū+ dd̄

�
, ss̄ structure.

V. COMPARISON WITH MODELS

The models described earlier can now be examined
in light of the hybrid spectrum extracted from an in-
terpretation of lattice QCD. We begin with the flux-
tube model which predicts a large lightest supermulti-
plet: (0, 1, 2)�+, 1��, (0, 1, 2)+�, 1++. The first four of
these states have been clearly identified in the lattice
QCD isovector spectrum, and one might argue that there
are candidates for the remaining four at slightly higher
energy. There would need to be considerable splitting
within the supermultiplet and since two 2+� states ap-
pear to be present in the mass region under consideration,

J. Dudek 
PRD 84, 074023 (2011)

★Hybrids

An interesting region of 
phase space that is 

accessible using 
charmonium decay
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J/ψ → γpp

• Threshold enhancement was 
discovered at BESIII

• Spin-parity analysis is essential for 
determining place in the spectrum 
and possible nature

• Also observed in ψ’ radiative decay 
for the first time

• Final results:
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plots (b)-(d) are angles in the signal region of (a)

BESIII arXiv:1112.09421
(to be published in PRL) 

M = 1832+19
�5

+18
�17 ± 19 MeV/c2

JPC = 0�+

� < 76 MeV

• Nature of this state and its relationship 
to other states in the region is not clear
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J/ψ →ωηπ-π+

• Study spectrum of ηπ-π+ states recoiling against an ω

• Very clear signals for established states f1(1285) and 
η(1405)

• masses and widths consistent with PDG values

• no apparent evidence for η(1295) reported in 
other experiments

• New state X(1870) apparent in the spectrum

• JP is unknown without further analysis  (C=+)

• relation to other X states in this region is not clear 
(masses and widths somewhat inconsistent)

• X in J/ψ → γpp (previous slide)

• X in J/ψ → γη’ππ 
[BESIII PRL 106, 072002 (2011)]

• Expect spin-parity analysis in the future
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the plot above is made after
requiring M(ηπ)≈M(a0)

components, namely, contributions from non-! and/or
non-a0ð980Þ processes, J=c ! b1ð1235Þa0ð980Þ events,
and nonresonant !a0ð980Þ! processes. The background
shapes and numbers of events for the non-! and/or
non-a0ð980Þ processes are determined from the events in
the two-dimensional side bands as discussed above, and
fixed in the fit. For the J=c ! b1ð1235Þa0ð980Þ compo-
nent of background, the background shape is fixed to that
of the phase-space MC samples whereas the number of
events is extracted and fixed to the result of a two-
dimensional fit to the !! versus "! mass distributions.
The contribution of the remaining nonresonant!a0ð980Þ!
process is described by a smooth floating polynomial
function. The mass, width, and the product branching
fractions obtained from the fit are summarized in Table I.
For the f1ð1285Þ and "ð1405Þ, the measured mass and
width are in agreement with PDG values [23]. The statis-
tical significance of the Xð1870Þ signal is determined by
the change of the log likelihood value and the degree of
freedom in the fits with and without the assumption of an
Xð1870Þ. With all factors in the fit varied, the smallest
change in the #2 lnL is 60.1, corresponding to a signifi-
cance of 7:2#. The same procedure is applied to the
f1ð1285Þ and "ð1405Þ signals, and the significances are
determined to be much higher than 10#.

The systematic errors on the measurement of the mass
and width parameters are primarily due to the uncertainty
in the fitting of the mass spectrum. In detail, the fit range,
background estimation method, number of background
events, and the background parametrization are varied to
decide the uncertainty from the background estimation and
fitting as a whole. We also include the systematic errors
determined from the input-output checks based on the
analysis of fully reconstructed MC samples, in which the
input parameters are set according to the final results and
the background is represented by the background channels
seen in the inclusive MC sample. For systematic errors
originating from the potential structure around 2:2 GeV=c2

and the multiple-event candidate selection, we refit the
mass spectrum of "!þ!# with the inclusion of an
Xð2120Þ resonance as recently reported by BESIII [2] in
the decay channel of J=c ! $"0!þ!#, and all the valid
multiple-entry candidates kept in order to estimate the

uncertainty due to these two sources, respectively.
With the numbers from all the sources above combined
quadratically, the systematic errors on the mass and width
parameters are determined as shown in Table I.
The systematic errors on the branching fraction mea-

surements are also subject to errors of the number of J=c
events [17], the intermediate branching fractions [23], the
data-MC difference in the! tracking efficiency, the photon
detection efficiency, the kinematic fit, the signal-selection
efficiency of "=!0, the simulation of the line shape of
a0ð980Þ [24], and the angular distributions due to different
possible spin-parity hypotheses. Combined in quadrature
with the influence from the mass spectrum fitting, the
systematic errors on the product branching fraction for
the f1ð1285Þ, "ð1405Þ and Xð1870Þ are summarized in
Table I.
In summary, we present a study of the J=c !

!"!þ!# decay channel and report the first observation
of the process J=c ! !Xð1870Þ in which Xð1870Þ decays
to a%0 ð980Þ!&, with the signal significance estimated to be
7:2#. In the lower mass region of "!þ!# mass spectrum,
the f1ð1285Þ and "ð1405Þ are also clearly observed with
statistical significances much larger than 10#. The mea-
surements of the mass, width, and product branching
fraction of BðJ=c ! !XÞ 'BðX ! a%0 ð980Þ!&Þ'
Bða%0 ð980Þ ! "!%Þ for the three resonant structures are
summarized in Table I, wherein the product branching
fractions for the f1ð1285Þ and "ð1405Þ are measured for
the first time. Whether the resonant structure of Xð1870Þ is
due to the Xð1835Þ, the "2ð1870Þ, an interference of both,
or a new resonance still needs further study such as a
partial wave analysis that will be possible with the larger
J=c data sample that is anticipated in future runs of the
BESIII experiment. For the "ð1405Þ, the product branch-
ing fraction for its production in the hadronic decay of J=c
is measured to be smaller than that for its production in the
radiative J=c decays [23].
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data. We are grateful for support from our institutes and
universities and from these agencies: Ministry of Science
and Technology of China, National Natural Science
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TABLE I. Summary of measurements of the mass, width,
and the product branching fraction of BðJ=c ! !XÞ'
BðX ! a%0 ð980Þ!&Þ'Bða%0 ð980Þ ! "!%Þ where X represents
f1ð1285Þ, "ð1405Þ and Xð1870Þ. Here the first errors are statis-
tical and the second ones are systematic.

Resonance Mass (MeV=c2) Width (MeV=c2) Bð10#4Þ
f1ð1285Þ 1285:1% 1:0þ1:6

#0:3 22:0% 3:1þ2:0
#1:5 1:25% 0:10þ0:19

#0:20

"ð1405Þ 1399:8% 2:2þ2:8
#0:1 52:8% 7:6þ0:1

#7:6 1:89% 0:21þ0:21
#0:23

Xð1870Þ 1877:3% 6:3þ3:4
#7:4 57% 12þ19

#4 1:50% 0:26þ0:72
#0:36

PRL 107, 182001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

28 OCTOBER 2011

182001-5

f1(1285) η(1405) X(1870)

BESIII PRL 107, 182001 (2011) 
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χc1→η’ππ
• The decay χc1→η’ππ provides an opportunity to 

search for π1→η’π 

• Initial 1++ state restricts allowed final state 
combinations

• The only allowed η’π resonance in an S-wave 
with the second π must have exotic JPC:  1-+

• CLEO results show significant signal in exotic 1-+ 
amplitude that is consistent with previous reports 
of π1(1600)→η’π in pion production

• resonant nature, e.g., resonant phase motion is 
difficult to validate

• fit with π1(1600)→η’π is >4σ better than all 
other alternative fits pursued

• Exciting opportunity for high-statistics study at 
BES III!  (Now has 10x CLEO data; potential for 
more in the future.)

16

CLEO-c, PRD 84, 112009 (2011)
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Previous Slides in the LQCD Context

17

9

0.5

1.0

1.5

2.0

2.5

exotics

isoscalar

isovector

YM glueball

negative parity positive parity

FIG. 6: Isoscalar meson spectrum with m
⇡

⇠ 400MeV labeled by JPC (reproduced from [14]). The light-strange content
of each state (cos2 ↵, sin2 ↵) is given by the fraction of (black, green) and the mixing angle for identified pairs is also shown.
Horizontal square braces with ellipses indicate that additional states were extracted in this JPC but were not robust. Grey
boxes indicate the positions of isovector meson states extracted on the same lattice (taken from [13]). Pink boxes indicate the
position of glueballs in the quark-less Yang-Mills theory [33]. The candidate states for the lightest hybrid meson supermultiplet
are indicated by the blue boxes and stars.

diative transition rates suggest the f
1

(1285), f
1

(1420) are
somewhat flavor mixed as seen in the lattice data.

Of particular interest to us here is the spectrum of ex-
otic isoscalar mesons, where the basic structure of 1�+

lightest below 0+� and 2+� observed for isovectors is
again seen, but doubled to reflect the presence of both
light and strange quarks. The positive parity exotics are
very close to being ideally flavor mixed, but the 1�+,
which in the isovector case we placed in a di↵erent super-
multiplet, has a noticable degree of light-strange mixing.
The large amount of strange-quark in the lighter state is
most likely the dominant reason for it being significantly
heavier than the corresponding isovector state8.

In Figure 7 we show overlap histograms for the
isoscalar 1�� states. We see that the 3S

1

< 3S
1

< 3D
1

<
1hyb

1

pattern is again present, but doubled for light and
strange quarks. The hybrid states show a greater degree
of light-strange flavor mixing than do the qq̄ states. Sim-

8 Note that suggestions from SU(3) Yang-Mills calculations are
that the lightest exotic JPC glueball is much heavier than these
states[33], so we are justified in proceeding with a hybrid meson
interpretation.

ilarly we identify that the 2�+ states near 2.4 GeV have

strong overlap with the ⇢
NR

⇥ D
[2]

J=1

operators. Signals
in the 0�+ sector are not clear enough to identify an an-
ticipated pair of hybrid states above 2 GeV that would
complete the hybrid supermultiplet.
In summary we may well be observing the same hybrid

supermultiplet structure in the isoscalar sector, and there
appears to be some significant flavor mixing away from
pure 1p

2

�
uū+ dd̄

�
, ss̄ structure.

V. COMPARISON WITH MODELS

The models described earlier can now be examined
in light of the hybrid spectrum extracted from an in-
terpretation of lattice QCD. We begin with the flux-
tube model which predicts a large lightest supermulti-
plet: (0, 1, 2)�+, 1��, (0, 1, 2)+�, 1++. The first four of
these states have been clearly identified in the lattice
QCD isovector spectrum, and one might argue that there
are candidates for the remaining four at slightly higher
energy. There would need to be considerable splitting
within the supermultiplet and since two 2+� states ap-
pear to be present in the mass region under consideration,

J. Dudek 
PRD 84, 074023 (2011)

π1 in Χc1 decay

X in J/ψ → γpp
(no clear assignment, 

lattice spectrum is noisy)

η(1405) in J/ψ → ωηππ?
f1 in J/ψ → ωηππ

X in J/ψ → ωηππ?
Experiment needs 

to measure JP!

There is clearly much more work to be done on both the theory and experimental fronts, 
but the prospects for progress are exciting.

a2 and f2 in Χc1 decay
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• Explore dynamics of light hadron decays

• η(1405) is well-known to decay to a0π

• Search for J/ψ→γη(1405); η(1405)→f0(980)π0

• isospin violating decay of η(1405)

• use both f0(980)→π+π- and f0(980)→π0π0

• Two surprising results

• large isospin violation:

18
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η(1405)→f0π0

B(⌘(1405) ! f0(980)⇡0)

B(⌘(1405) ! a0(980)⇡0)
= (17.9± 4.2)%

a0-f0 mixing explanation is inconsistent with limits 
[(BESIII PRD 83, 032003 (2011)]

• very narrow f0 width (PDG: 40 - 100 MeV) :

�[f0(980)] < 11.8 MeV

BESIII, arXiv:1201.2737
[to be published in PRL]
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Open Charm Studies

• e+e- at ψ(3770) provides large samples of D 
mesons with interesting experimental 
advantages 

• tagging:  reduce backgrounds

• “quantum coherence”

• Charm decays provide many inputs to 
precision tests of the SM

• validation of LQCD calculations of form 
factors and decay constants

• absolute D hadronic branching fractions 
for common D decays

• Numerous past results from CLEO on all of the 
above topics, expect BESIII to soon push these 
to the next level of precision

19

ψ(3770)

D

D
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Input to Determination of γ
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I. INTRODUCTION

Decays of theD0 meson to theK0
SK

∓π± final state occur via a singly–Cabibbo–suppressed
(SCS) transition. There are two possible decays, D0 → K0

SK
−π+ and D0 → K0

SK
+π−

(charge conjugation is implied throughout the paper unless otherwise specified), where the
first is decay is favored with respect to the second. These twin decays are of interest for a
variety of reasons. Firstly when produced through a B− → D̃K− decay, where D̃ is either a
D0 orD0, they can be exploited to measure the Cabibbo–Kobayashi–Maskawa (CKM) phase
γ [1]. Secondly a time–dependent study can be used to determine charm mixing parameters
and probe for charm CP violation [2]. Finally, examination of the resonant substructure of
the decays allows for tests of SU(3) flavor symmetry in charm meson decays [3].

This paper describes several measurements performed with data collected by the CLEO
experiment that are valuable for each of these purposes. These are a first determination
of the coherence factor and average strong–phase difference for the two decays, a deter-
mination of the relative branching ratio of the decays that is more precise than previous
measurements [4], and the presentation of isobar models to describe each decay. The coher-

ence factor RK0
SKπ and the average strong–phase difference δ

K0
SKπ

D [5] for D0 → K0
SK

∓π±

are measured using quantum–correlated, fully–reconstructed D0D0 pairs produced in e+e−

collisions at the ψ(3770) resonance. Knowledge of these parameters improves the sensitivity
of measurements of the unitary triangle angle γ using B− meson decays to D̃K− where the
D̃ decays to K0

SK
−π+ or K0

SK
+π−. To probe for the effects of physics beyond the standard

model, it will be necessary to over–constrain the CKM quark–mixing matrix. To do this an
accurate measurement of γ will be required, which is possible through the analysis of many
D meson final states. The sensitivity to γ comes from the interference of b → u and b → c
quark transitions. The weak phase between these two transitions is −γ. The amplitudes are
related by A(B− → D̄0K−)/A(B− → D0K−) = rBei(δb−γ), where rB has a value around 0.1
and is the absolute amplitude ratio, and δB is the strong–phase difference. Sensitivity to γ
is obtained by comparing the four separate decay rates involving B− and B+, and the two
possible D̃ final states. This method is directly analogous to the ADS method [6], originally
proposed to exploit Cabibbo–favored (CF) and doubly–Cabibbo–suppressed (DCS) decays
such as Kπ, Kπππ, and Kππ0, rather than the SCS modes under consideration here. In the
case of decays to multi–body flavor specific final states it is necessary to take into account
that the amplitude ratio of D0 → K0

SK
−π+ and D0 → K0

SK
+π− and the strong–phase

difference will vary over phase space. Rate equations for different final states are given
by [5]

Γ(B∓ → D(K0
SK

∓π±)K∓)

∝ 1 + (rBr
K0

SKπ
D )2 + 2rBr

K0
SKπ

D RK0
SKπ cos(δB − δ

K0
SKπ

D ∓ γ),
(1)

Γ(B∓ → D(K0
SK

±π∓)K∓)

∝ (rB)
2 + (r

K0
SKπ

D )2 + 2rBr
K0

SKπ
D RK0

SKπ cos(δB + δ
K0

SKπ
D ∓ γ),

(2)
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B Factories Measure CP Asymmetries Coherent DD Production
allows direct measurement of:

�KSK⇡
D

RKSK⇡

“coherence factor”

Also need branching ratios for:

rB rKSK⇡
D

The general approach applies to any common hadronic decay mode of D0 and D0 
each have unique values of R, r, and δ
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D0→KSK∓π± at CLEO-c and CLEO III

• Multi-faceted analysis strategy uses both 
CLEO-c and CLEO III (Υ(4S)) data

• Flavor tags from CLEO-c and CLEO III (via 
D*→Dπ) provide

• study of amplitudes in both the favored 
and suppressed decay via fit to the 
Dalitz plot

• measurement of the branching ratio of 
suppressed to favored decay

• Counting signal against different CP and 
flavor tags from CLEO-c provides 

• strong phase difference measurement 
(strong phase difference of CP tags is 0 
or π) 

• coherence factor

21

FIG. 4. Dalitz plot distributions for (a)[(c)] D0 → K0
SK

−π+ and (b)[(d)] D0 → K0
SK

+π− for

flavor–tagged CLEO III [CLEO-c] data.

A. Signal model for the amplitude fit

The signal isobar model considers the decay D0 → CR,R → AB, where A,B,C are
pseudoscalar final state particles, andR is an intermediate resonance with spin 0, 1, or 2. The
corresponding four–momenta are pD for the initial D, pR for the resonance, and pA, pB, pC
for the final state particles. For the invariant mass of the resonance (which, due to its
width, will vary event by event), the symbol mAB is used, with m2

AB = p2R = (pA + pB)2.
For the “nominal” mass of the resonance the symbol mR is used. The matrix element for a
D0 → CR,R → AB decay chain is of the general form for resonance Ri

Mi = FD
ΩJ

m2
R −m2

AB − imRΓAB
FR, (5)

where FD and FR are orbital angular momentum barrier penetration factors, 1/(m2
R−m2

AB−
imRΓAB) is the line–shape of the resonance (in this example Breit–Wigner; other choices
are possible), and ΩJ is the spin factor for a resonance of spin J . The running width, ΓAB

12

D0→KSK-π+ D0→KSK+π-

C
LEO

 III
C

LEO
-c

“flavor tag” samples

(favored) (suppressed)

CLEO arXiv:1203.3804
(submitted to PRD)

[D. Atwood and A. Soni, PRD 68, 033003 (2003)]
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D0→KSK∓π± at CLEO-c and CLEO III

• Amplitude analysis indicates strong presence of 
K*(892)± in both decays

• Most precise measurement of

22

FIG. 9. The best–fit point for RK0
SKπ and δ

K0
SKπ

D measured over the whole Dalitz plot, and the
regions enclosing 1, 2, and 3 standard deviations from that point.

D. Coherence factor in a restricted region

Around dominant resonances occurring in both Dalitz plots, the coherence factor is ex-
pected to be close to one, as this situation approximates the two–body decay which is fully
coherent. Higher coherence in principle provides increased sensitivity to γ. Therefore the
analysis is repeated using only the data where the invariant mass of the K0

Sπ combination
lies within 100 MeV/c2 of the K∗(892)± mass. The analysis could, in principle, also be
performed in the region outside this invariant mass window; however the data are insuf-
ficient for this complementary study. The efficiencies for each double tag are recalculated
for the restricted region. The efficiency–corrected yields for the CP tags and KπSS tag in
this restricted region are given in Tables XXII and XXIII. The efficiency–corrected yields
for K0

S,Lπ
+π− tags are given in Table XXIV and Table XXV. The expected yield of the

K0
Lη

′ tag is very small and is not used. The error matrix relating the uncertainties for the
κ observables is given in Appendix B. In the restricted region, the values of the ν variables
are 0.40±0.08, 0.35±0.06 and 0.35±0.05 for νKπ, νKπππ, and νKππ0

, respectively.

TABLE XXII. Efficiency–corrected yields in the restricted region for double tags with no K0
L in

final state.
Tag KK ππ K0

Sπ
0π0 K0

Sπ
0 K0

Sω K0
Sη(γγ) K0

Sη(πππ
0) K0

Sη
′ Kπ SS

S(K0
SKπ|G) 6.0±14.2 2.0±11.1 43.7±37.8 233.1±57.9 199.9±68.7 47.8±28.2 10.1±18.1 83.0±87.5 288.9±48.7

The value of BK∗K that is used in the analysis is the one calculated for the restricted
region in Sec. IV. In the restricted kinematic region case, a further systematic uncertainty
arises due to detector resolution as the candidate events may migrate across the defined
boundary in the Dalitz plot. To account for this migration simulated signal data samples
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TABLE XXIX. The central values of κ− determined in the restricted region and the statistical and

systematic uncertainties.

K0
Sπ

0 K0
Sω K0

Sη(γγ) K0
Sη(πππ

0) K0
Sη

′ K0
Lπ

0π0

Central κ value 4.003 4.357 5.975 2.382 10.324 2.537

Statistical uncertainty 0.994 1.498 3.523 4.269 10.881 2.640
Total syst. 0.840 1.107 1.386 0.557 2.493 0.677

Total stat. + syst. 1.301 1.862 3.786 4.305 11.163 2.726

FIG. 10. The best–fit point for RK∗K and δK
∗K

D which are measured over the restricted region,
and the regions enclosing 1, 2, and 3 standard deviations from that point.

and r
K0

SKπ
D and RK0

SKπ and δ
K0

SKπ
D as measured here for the full Dalitz plot. The chosen

values for γ, δB, and rB are consistent with current knowledge [4]. The data samples are
fit with only the parameter γ free. The width of the best–fit γ distribution is 10◦. The
restricted region will have approximately 60% of the statistics of the full Dalitz plot. A
similar study in the restricted region assuming 9000 events and the values of rK

∗K
D and RK∗K

and δK
∗K

D as measured in the restricted region has a best–fit γ distribution of 5◦. The better
sensitivity, despite the smaller sample, is due to a combination of increased coherence, a lower

value of rK∗K
D in comparison to r

K0
SKπ

D , and a different value of the average strong–phase
difference. The uncertainties on the coherence factor and average strong–phase difference are
incorporated by making them free parameters in the fit and applying Gaussian constraints
based on their measured uncertainties. In this case the width of the best–fit γ distribution
increases to 14◦ and 7◦ for the full Dalitz plot and restricted regions, respectively. The

uncertainties RK0
SKπ, δ

K0
SKπ

D , RK∗K , and δK
∗K

D are dominated by the statistical uncertainties
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B(D0 ! KSK+⇡�)

B(D0 ! KSK�⇡+)
= 0.592± 0.044± 0.018

• First measurements of coherence factors and strong 
phase for this decay

• restricting the kinematic region to the vicinity of the 
K*(892)± enhances the coherence

• complementary to other measurements by CLEO-c 
aimed at improving γ extraction

• D0→K-π+π0 and D0→K-π+π+π-

[PRD 80, 031105R (2009)]

• D0→K0h+h-  [PRD 82, 112006 (2010)]

• Statistics limited -- opportunity for improvement at BESIII

CLEO arXiv:1203.3804
(submitted to PRD)
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BESIII Outlook
• The BESIII experiment continues to take data:  currently running at the ψ’

• Near term (a year) goals:

• collect about 700M - 1B ψ’:  increases current sample by factor of 6-8 and 
about 30x the CLEO-c sample

• collect 1B J/ψ decays:  increase current sample by factor of 4-5

• lineshape scan of ψ’ and J/ψ:  measure EM/strong decay phase differences

• tau threshold running:  precision tau mass measurement

• Longer term (several years) goals under development, some possibilities:

• dedicated running on Y(4260) and/or Y(4360)

• Ds physics

• R measurements

• ...?

• A diverse future physics program!
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Summary

• Studies of the charmonium region provide opportunities to explore QCD in a 
variety of ways

• transitions between heavy quark bound states

• searches for new light meson states

• dynamics in both light meson and heavy meson decays

• strong physics inputs to precision tests of the Standard Model

• There is a very active ongoing physics program in this area -- only a subset of the 
most recent CLEO-c and BESIII results were presented.  Some notable omissions:

• searches for light Higgs in J/ψ radiative decay
[BESIII, arXiv:1111.2112 (to be published in PRD)]

• searches for CP and P violating decays of η, η’, and ηc

[BESIII, Phys. Rev. D 84, 032006 (2011)]

• Expect many more results from the BESIII Collaboration in the future
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