
22 Jan 2013 Veldhoven 5

Charmonium – positronium of QCD?

Potential 
Theory

Unexpected 
states

DDDD

DsDsDsDs

0-+0-+ 1--1-- 2-+2-+ 1-+1-+ 0++0++ 1+-1+- 1++1++ 2++2++ 3+-3+- 0+-0+- 2+-2+-0

500

1000

1500

M
-
M
h c
HMe

V
L

Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in Fig. 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

multi-meson states [24, 37].

7.2 Exotic mesons and hybrid phenomenology

In Fig. 16 we show the charmonium spectrum for the subset of JPC channels in which,

by considering operator-state overlaps, we identify candidate hybrid mesons. A state is

suggested to be dominantly hybrid in character if it has a relatively large overlap onto an

operator proportional to the commutator of two covariant derivatives, the field-strength

tensor. We note that within QCD non-exotic hybrids can mix with conventional charmonia.

We find that the lightest exotic meson has JPC = 1�+ and is nearly degenerate with the

three states observed in the negative parity sector suggested to be non-exotic hybrids,

(0, 2)�+, 1��. Higher in mass there is a pair of states, (0, 2)+�, and a second 2+� state

slightly above this. Not shown on the figures, an excited 1�+ appears at around 4.6 GeV,

there is an exotic 3�+ state at around 4.8 GeV and the lightest 0�� exotic does not appear

until above 5 GeV.

The observation that there are four hybrid candidates nearly degenerate with JPC =

(0, 1, 2)�+, 1��, coloured red in Fig. 16, is interesting. This is the pattern of states pre-

dicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the P-wave

quasiparticle gluon approach [40], or more generally where a quark-antiquark pair in S-

wave is coupled to a 1+� chromomagnetic gluonic excitation as shown Table 5. This is not

the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In addition,

the observation of two 2+� states, with one only slightly heavier than the other, appears

to rule out the flux-tube model which does not predict two such states so close in mass.

The pattern of JPC of the lightest hybrids is the same as that observed in light meson sec-

tor [11, 31]. They appear at a mass scale of 1.2� 1.3 GeV above the lightest conventional
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

The observation that there are four hybrid candidates nearly degenerate with JPC =

(0, 1, 2)�+, 1��, coloured red in figure 16, is interesting. This is the pattern of states

predicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the

P-wave quasiparticle gluon approach [40], or more generally where a quark-antiquark pair

in S-wave is coupled to a 1+� chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

addition, the observation of two 2+� states, with one only slightly heavier than the other,

appears to rule out the flux-tube model which does not predict two such states so close

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 � 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy di�erence between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (⇥NR ⇥ D[2]
J=1)

J=0,1,2 with

JPC = (0, 1, 2)�+ and (�NR ⇥D[2]
J=1)

J=1 with JPC = 1�� are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (⇥NR) or S = 0 (�NR), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g = 1+� where Jg, Pg and Cg refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

The observation that there are four hybrid candidates nearly degenerate with JPC =

(0, 1, 2)�+, 1��, coloured red in figure 16, is interesting. This is the pattern of states

predicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the

P-wave quasiparticle gluon approach [40], or more generally where a quark-antiquark pair

in S-wave is coupled to a 1+� chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

addition, the observation of two 2+� states, with one only slightly heavier than the other,

appears to rule out the flux-tube model which does not predict two such states so close

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 � 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy di�erence between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (⇥NR ⇥ D[2]
J=1)

J=0,1,2 with

JPC = (0, 1, 2)�+ and (�NR ⇥D[2]
J=1)

J=1 with JPC = 1�� are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (⇥NR) or S = 0 (�NR), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g = 1+� where Jg, Pg and Cg refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have
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Y (4350), and the Z(4430) is still unclear. These states are not charmonium states,
and are probably the first occurrences of non-standard quark content.

Theoretically, these states are still actively in debate, and new ideas will probably
emerge in the near future.

Analyzes are still in progress with the current data set in BaBar: more decay
modes for the resonances presented here are being investigated. We also expect
contributions from LHCb and Super-B/Belle II experiments which will collect data
at high luminosity.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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PLAN: measure hadronic & e.m. 
transition rates of Y states to study 

orbital-spin structure (e.g. S=0?) 

terra incognita: QCD exotics?
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A quark model state with JPC = 1−− has:
      even L (since P = (−1)L+1) and 
      odd S  (since C = (−1)L+S).

So JPC = 1−− and S = 0 
      ⇒ a non-quark model state 

If S = 0,
     B(Y → γηc) > B(Y → γχc0)

IV.  A New Era of Discovery

Find more decays of the 
Y(4260) and Y(4360).

Can we show S = 0?
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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IV.  A New Era of DiscoveryCharmonium physics potentials

Resonance parameters
- details confinement potential
- line shape studies
- exotic resonances/XYZ

Light hadron spectroscopy
- light glueball&hybrid searches
- baryon&meson spectroscopy

Open charm  (D(s))
- fD decay constant
- quark mixing matrix
- Ds spectroscopy

Tau physics
- decays & mass

Miscellaneous
- e.m. formfactors
- rare/forbidden decays
- beyond SM physics

Transitions & decays
- test validity pQCD
- quark masses
- strong coupling constant
- constrain EFTs
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to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
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events are observed, consistent with the expectation of
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grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
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tional pions reveal no structure that could feed down to
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ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
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e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
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!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
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Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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IV.  A New Era of DiscoveryA few BESIII highlights

Resonance parameters
- details confinement potential
- line shape studies
- exotic resonances/XYZ

Light hadron spectroscopy
- light glueball&hybrid searches
- baryon&meson spectroscopy

Tau physics
- decays & mass

Miscellaneous
- e.m. formfactors
- rare/forbidden decays
- beyond SM physics

Transitions & decays
- test validity pQCD
- quark masses
- strong coupling constant
- constrain EFTs

Open charm  (D(s))
- fD decay constant
- quark mixing matrix
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The next generation charmonium spectroscopy

PANDA at FAIR, Germany

  > anti-proton+proton or light nuclei

  > couples to all JPC states

  > hadronic environment, background

BESIII at IHEP, China

  > electron+positron

  > couples to JPC=1-- states

  > clean environment

The next generation charmonium spectroscopy

BESIII: 2009-?? PANDA: 2018-??BESIII: 2008-??



The next generation charmonium spectroscopy

PANDA at FAIR, Germany

  > anti-proton+proton or light nuclei

  > couples to all JPC states

  > hadronic environment, background

The next generation charmonium spectroscopy

BESIII: 2009-?? PANDA: 2018-??Scanning with cooled anti-protons: 
mass and width determination

SSP2012 | June 19, 2012 41Sören Lange | QCD at e+ e− machines

Input Width ΓX(3872)=100 keV

Panda Coll. Meeting, 13.12.2012 8S. Lange | X(3872), Panda and Belle II

Width of X(3872) @ Panda by Resonance Scan

T. Randriamaiala, 
J. Ritman
Jülich Group
06/2012

T. Weber, 
M. Fritsch
Mainz Group
09/2012

K. Seth, A. Tomoradze
Northwestern Group

09/2012

M. Galuska, S. Lange
Giessen Group

QWG 2011

Conclusion: Γ ≃ 100 keV
is feasible (even w/ background)

X(3872)
MC simulations



Charmonium Physics - probing the strong force & beyond

The strong force fascinates:
confinement & generation of hadron mass

Charmonium provides a unique window
to study the dynamics of the strong force 

Since its discovery in 1974, charmonium
spectroscopy has become a precision field

New discoveries are emerging with 
todays BESIII, and near future experiments
such as PANDA, Belle2, ...

Charmonium Spectroscopy - probing the strong force



BESIII collaboration: >300 physicists, 51 institutions from 10 countries

谢谢
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Confirmation of X(1835) and 
Observation of two new structures


  

   

 (Stat. sig. ~ 7.7 ) :
 1833.7 6.1( ) 2.7( )

67.7 20.3(stat) 7.7(syst)MeV

BESII result
M stat syst MeV

PRL 95,262001(2005)

BESII

PRL 106, 072002(2011)

f1(1510)

two news!
J/+

+


BESIII

terra incognita: QCD exotics?

exploit radiative decay of 
“charmonium” to study light 

hadronic matter:
 

search for gluon-rich matter!



X(1835)�in J�
��	�	��+�at�BESIII

• X(1835)�is�confirmed at�BESIII�!�����	�	��

PRL�106�(2011)�072002�

• Two�new resonances�are�observed

• PWA�is�needed,�inference�among�the�

State M(MeV) �(MeV) Stat. 

resonances�needs�to�be�considered�

( ) ( )
sig.
(�)

X(1835) 1838 1�2 8 179 5�9 1 25 0X(1835) 1838.1�2.8 179.5�9.1 25.0
X(2120) 2124.8�5.6 101�14 7.2
X(2370) 2371.0�6.4 108�15 6.7

Angular�distribution�of�the�events�in�
X(1835) 1 2
 t JPC 0 +

34

X(1835)��� 1+cos2
� ,�suggests�JPC=0�+.

X(1835): 0-+ 
glueball,excited     ?

X(2120), X(2370): ?

Confirmation of the Xð1835Þ and Observation of the Resonances Xð2120Þ
and Xð2370Þ in J=c ! !"þ"$#0

M. Ablikim,1 M.N. Achasov,5 L. An,9 Q. An,36 Z. H. An,1 J. Z. Bai,1 R. Baldini,17 Y. Ban,23 J. Becker,2 N. Berger,1

M. Bertani,17 J.M. Bian,1 I. Boyko,15 R.A. Briere,3 V. Bytev,15 X. Cai,1 G. F. Cao,1 X.X. Cao,1 J. F. Chang,1

G. Chelkov,15,* G. Chen,1 H. S. Chen,1 J. C. Chen,1 M. L. Chen,1 S. J. Chen,21 Y. Chen,1 Y. B. Chen,1 H. P. Cheng,11

Y. P. Chu,1 D. Cronin-Hennessy,35 H. L. Dai,1 J. P. Dai,1 D. Dedovich,15 Z. Y. Deng,1 I. Denysenko,15,† M. Destefanis,38
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Re-discovery of the X(1835)

What’s the nature of this pseudoscalar?

Partial-wave analysis with more data in 
progress....

PRL106, 072002 (2011) 

efficiency-corrected Breit-Wigner functions convolved
with a Gaussian mass resolution plus a nonresonant
!þ!""0 contribution and background representations,
where the efficiency for the combined channels is obtained
from the branching-ratio-weighted average of the efficien-
cies for the two "0 modes. The contribution from non-
resonant #!þ!""0 production is described by
reconstructed Monte Carlo (MC)-generated J=c !
#!þ!""0 phase space decays, and it is treated as an
incoherent process. The background contribution can be
divided into two different components: the contribution
from non-"0 events estimated from "0 mass sideband,
and the contribution from J=c ! !0!þ!""0. For the
second background, we obtain the background !þ!""0

mass spectrum from data by selecting J=c ! !0!þ!""0

events and reweighting their mass spectrum with a weight
equal to the MC efficiency ratio of the #!þ!""0 and
!0!þ!""0 selections for J=c ! !0!þ!""0. The
masses, widths, and number of events of the f1ð1510Þ,
the Xð1835Þ and the resonances near 2.1 and
2:4 GeV=c2, the Xð2120Þ and Xð2370Þ, are listed in
Table I. The statistical significance is determined from
the change in "2 lnL in the fits to mass spectra with and
without signal assumption while considering the change of
degree of freedom of the fits. With the systematic
uncertainties in the fit taken into account, the statistical

significance of the Xð1835Þ is larger than 20$, while those
for the f1ð1510Þ, the Xð2120Þ, and the Xð2370Þ are larger
than 5:7$, 7:2$, and 6:4$, respectively. The mass and
width from the fit of the f1ð1510Þ are consistent with
PDG values [17]. With MC-determined selection efficien-
cies of 16.0% and 11.3% for the "0 ! #% and "0 !
!þ!"" decay modes, respectively, the branching fraction
for the Xð1835Þ is measured to be BðJ=c !#Xð1835ÞÞ
BðXð1835Þ!!þ!""0Þ¼ð2:87&0:09Þ'10"4. The con-
sistency between the two "0 decay modes is checked by
fitting their !þ!""0 mass distribution separately with the
procedure described above.
For radiative J=c decays to a pseudoscalar meson, the

polar angle of the photon in the J=c center of mass system,
&#, should be distributed according to 1 þ cos2&#. We
divide the j cos&#j distribution into 10 bins in the region
of [0, 1, 0]. With the same procedure as described above,
the number of the Xð1835Þ events in each bin can be
obtained by fitting the mass spectrum in this bin, and
then the background-subtracted, acceptance-corrected
j cos&#j distribution for the Xð1835Þ is obtained as shown
in Fig. 3, where the errors are statistical only. It agrees with
1 þ cos2&#, which is expected for a pseudoscalar, with
'2=d:o:f ¼ 11:8=9.
The systematic uncertainties on the mass and width are

mainly from the uncertainty of background representation,
the mass range included in the fit, different shapes for
background contributions, and the nonresonant process
and contributions of possible additional resonances in the
1:6 GeV=c2 and 2:6 GeV=c2 mass regions. The total sys-
tematic errors on the mass and width are þ5:6
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FIG. 2 (color online). (a) The !þ!""0 invariant-mass distri-
bution for the selected events from the two "0 decay modes.
(b) Mass spectrum fitting with four resonances; here, the dash-
dotted line is contributions of non-"0 events and the !0!þ!""0

background for two "0 decay modes, and the dashed line is
contributions of the total background and nonresonant !þ!""0

process.

TABLE I. Fit results with four resonances for the combined
two "0 decay modes

Resonance MðMeV=c2Þ !ðMeV=c2Þ Nevent

f1ð1510Þ 1522:7 & 5:0 48 & 11 230 & 37
Xð1835Þ 1836:5 & 3:0 190:1 & 9:0 4265 & 131
Xð2120Þ 2122:4 & 6:7 83 & 16 647 & 103
Xð2370Þ 2376:3 & 8:7 83 & 17 565 & 105
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FIG. 3. The background-subtracted, acceptance-corrected
j cos&#j distribution of the Xð1835Þ for two "0 decay modes
for J=c ! #!þ!""0.
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terra incognita: QCD exotics?

BESIII�Physics�Programs

� B (looks like DD for D or charm physics)
� E (looks like cc for charmonium physics)
� S� (for light�hadron Spectroscopy)
� T� (for tau physics,�looks�like�a�Roman�number�“III”)



BESIII@BEPCII - the facility
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a bigger picture
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Radiative decays: #(2S)&"X 

BESIII  

preliminary 

•! Clean exclusive signal  
•! High statistics 
•! Clear inclusive  
  photon spectrum 
•! Excellent photon  
  resolution 

BESIII 

photons from !(2S) decays

 0 ! �X

9

Introduction to the BESIII Experiment

The BESIII Detector

Excellent tracking and calorimetry with

a uniform acceptance:

tracks:  #p/p = 0.58% at 1 GeV/c

photons:  #E/E = 2.5% at 1 GeV

detector
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Select data samples (2008-present):  
     ~500 pb−1 at 4.009 GeV
     ~2.9 fb−1 at ψ""
      225 million J/ψ decays (+ more)
      106 million ψ(2S) decays (+ more) 

first hadronic event:  July 2008

III.  From Discovery to Precision

BES III  Detector in Beijing, China
(BEPC2 e+e− collider)



PANDA, the challengesp Production Cross Sections 

K. Götzen Oct 2012, GSI 13 

PANDA 

50 

~2x107 annihilations/s



PANDA, the challenges
p Production Cross Sections 

K. Götzen Oct 2012, GSI 13 

PANDA 

50 

p Production Cross Sections 

K. Götzen Oct 2012, GSI 14 
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1 mb 
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ηc 

χc0 

χc2 

ηcπ0 

Hybrids 

Glueballs 

X(3872) 

Cross section expectations for: 
 
• Glueballs, light hybrids 
• rates comparable to  
  light hadrons 

 
• Charmed hybrids/molecules 
• rates comparable to  
  charmed hadrons 

 

p pLab [GeV/c] 

1 10 102 103 104 105 106 107 108 

1/10.000 1/10.000.000 ....finding needles in haystack!



The PANDA Detector

p̄



PANDA is a modular multi-purpose device:

• nearly 4π solid angle        (partial wave analysis)
• high reaction rate capability (2·107 annihilations/s)
• high data rate capability      (200 GB/s)
• good PID        (γ, e, µ, π, K, p)
• momentum resolution       (~1%)
• vertex info for D, K0

S, Λ         (cτ = 317 µm for D±)
• efficient, software trigger (e, µ, K, D, Λ)
• modular design       (Hypernuclei experiments)

The PANDA Detector



!c(11S0)

J/"(13S1)

"#(23S1)

"##(13D1)

hc(11P1)

$c0(13P0)

$c1(13P1)

$c2(13P2)

!c#(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0%+ 1%% 1+% 0++ 1++ 2++

E1-Dominated Transitions

M1-Dominated Transitions

M
A

S
S

  
 [
G

e
V

/c
2
]

JPC

15

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

E1 photon tagged

BESIII

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000
Inclusive

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

Introduction to the BESIII Experiment

QCD

accelerator

detector

data

analysis
a bigger picture

phenomenology

and theory

BESIII@BEPCII - breaking all records

~225 million (+more)

~106 million (+more)
~2.9 fb-1

(+data taken at 3.65 GeV and resonance scans)

~10-20x previous generation charmonium factories
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Introduction to the BESIII Experiment

QCD

accelerator

detector

data

analysis
a bigger picture

phenomenology

and theory

BESIII@BEPCII - breaking all records

~225 million (+more)

~106 million (+more)
~2.9 fb-1

(+data taken at 3.65 GeV and resonance scans)

~10-20x previous generation charmonium factories

0.5 fb-1 @4010 MeV
0.5 fb-1 @4260 MeV 
0.5 fb-1 @4360 MeV (ongoing!)

  NEW  



M
proton

⇡ 3⇥M
quark

⇡ 10MeV/c2 M
proton

= 938MeV/c2

The proton revisited

  Strong interaction = mass !

“naive” “reality”


