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Introduction

The PANDA experiment at the future Facility for Antiproton and Ion Research
(FAIR), at the GSI Helmholtz-Center, Darmstadt, Germany, is planned to start operation in 2018. It will use a stored anti-proton beam in the High Energy Storage
Ring (HESR)
√ with a momentum p≤15 GeV/c, corresponding to a center-of-mass
energy of s≤5.5 GeV in a fixed target setup with e.g. a hydrogen pellet target.
For charmonium(-like) states Xcc formation pp→Xcc or production pp→Xcc M with
one or more additional mesons M can be used. The advantage of pp collisions is
that any quantum number can be formed, while in e+ e− collisions with one virtual
photon only formation of J P C =1−− is possible. There will be two HESR operation
modes. In the high intensity mode, using stochastic cooling, there will be 1011 stored
anti-protons and a beam momentum resolution of ∆p/p'10−4 . In the high resolution mode, using electron cooling, there will be 1010 stored anti-protons and a beam
momentum resolution of ∆p/p'10−5 . Additional details can be found elsewhere [1].
In this paper, new, priorly not shown results for Monte Carlo (MC) simulations of
charmonium(-like) states will be presented.
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Cross sections at PANDA

Cross sections in pp formation (as an example σ(pp→X(3872)) can be estimated from
measured branching fractions (i.e. B(X(3872)→pp) using the principle of detailed
balance, which is shown in Eq. 1.
σ[pp → X(3872)]

=

σBW [pp → X(3872) → all](mX(3872) )
=1

=

(2J + 1) · 4π
·
m2X(3872) − 4m2p

z
}|
{
B(X(3872) → pp) · B(X(3872) → all) ·Γ2X(3872)
4(mX(3872) − mX(3872) )2 +Γ2X(3872)
|
{z
}
=0

(J=1)

=

3 · 4π
· B(X(3872) → pp) .
2
mX(3872) − 4m2p

Tab. 1 summarizes cross sections for production at PANDA as derived by the principle
of detailed balance for selected resonances R. For the J/ψ, the ψ 0 , the ηc0 and the χc0
the branching fraction B(R→pp) was taken from [2]. For the ηc0 , B(B + →K + R→K + pp)
was taken from [3] and B(B + →K + R) was taken from [2]. For the hc and the X(3872)
B(B + →K + R→K + pp) was taken from [3] and the upper limit for B(B + →K + R) was
taken from [2]. Typical cross sections for charmonium formation at PANDA are thus
in the order of 10-100 nb.
1

(1)

R
J/ψ
ψ0
ηc
ηc0
χc0
hc
X(3872)

J
1
1
0
0
0
1
1

m [MeV]
3096.916±0.011
3686.109+012
−014
2981.0±1.1
3638.9±1.3
3414.75±0.31
3525.41±0.16
3871.68±0.17

Γ [keV]
92.9±2.8
304±9
(29.7±1.0)×103
(10±4)×103
(10.4±0.6)×103
≤1×103
≤1.2×103

B(R→pp)
(2.17±0.07)×10−3
(2.76±0.12)×10−4
(1.41±0.17)×10−3
(1.85±1.26)×10−4
(2.23±0.13)×10−4
(8.95±5.21)×10−4
≤5.31×10−4

σ(pp→R)
5.25±0.17 µb
402±18 nb
1.29±0.16 µb
93±63 nb
134.1±7.8 nb
1.47±0.86 µb
≤68.0 nb

Table 1: Total spin J, mass m, width Γ, branching fraction for the decay into pp
and cross sections for production at PANDA as derived by the principle of detailed
balance for selected resonances R.
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The Quark Anti-Quark Potential

The static heavy quark anti-quark (QQ) potential of the Cornell-type [4] can be
expressed as
4 αS
+k·r
(2)
3 r
with a chromo-electric, Coulomb-type term and a linear confinement term. It predicts
many of the experimentally observed charmonium and bottomonium states up to a
precision of '1 MeV. Recently several new states have been observed, which fit well
into the prediction of the Cornell-type potential, i.e. the hc [5] [6], the hb and h0b [7], or
the ηb and ηb0 [8]. By the mass measurements of these new states, a comparison of the
level spacings between charmonium (mass regime 3-4 GeV) and bottomonium (mass
regime 9-10 GeV) became available for the first time. As a surprising result, some of
the level spacings are identical to ≤1 MeV, which means a relative difference of ≥10−4
compared to the mass scales [9]. This important experimental observation points to
flavor independence of the potential. However, as already found in the 1970’s [10],
flavor independence is not fulfilled for a Cornell-type potential. Potentials, for which
identical level spacings for charmonium and bottomonium are fulfilled, are logarithmic
potentials of the type
V (r) = −

V (r) = c1 ln c2 r

(3)

with parameters c1 and c2 . One of the important tasks of future experiments such
as PANDA is the search for additional, yet unobserved states (e.g. the h0c or a 3 F4
state), which could be used to obtain additional level spacings and further test the
flavor indepedence, and possibly a logarithmic shape of the potential.
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Prospects for h0c at PANDA

The h0c (n=2, 1 P1 ) state with J P C =0−+ is one of the yet unobserved states, which
may be used for a test of flavor independence of the potential. From the Cornell-type
model, it is predicted at m=3934-3956 GeV [4]. PANDA is well suited for a search
for the h0c , for the following reasons:
• hc (n=1) was never observed in B decays, as 0−+ →0−+ 1+− is forbidden in the
factorisation limit. In the decay B + →K + hc , h0c the combination of quantum
numbers would require an additional gluon connecting the K + and hc lines.
• The hc (n=1) ground state was observed at CLEO [5] and BESIII [6] in the
isospin violating decay ψ 0 →hc π 0 . However, for the h0c one would have to use
the higher ψ(4040) or ψ(4160) resonance. As the decay would again be isospin
violating, the branching fraction is expected to be small. In addition, the phase
space is small, as the available kinetic energy is only '100 or '220 MeV, respectively.
For the search for the h0c at PANDA , a recoil mass technique provides a useful approach. MC simulations were performed for the decay pp→(π + π − )recoil h0c . The advantage of this inclusive method is, that no knowledge on the specific decay of the h0c
is required. For the simulation a decay h0c →ηc ππ was used on the generator level, however with all possible ηc decays as known from [2]. Fig. 1 (left) shows the π + π − recoil
0∗
mass from a MC simulation pp→h0c π + π − at PANDA [11]. The decay is h0c →D0 D
0∗
with D0 →K − π + and D →anything. The highest available anti-proton momentum
of 15 GeV/c was chosen for two reasons: (a) a higher beam momentum leads to higher
reconstructable momenta and efficiencies of the π + and π − and (b) the inelastic pp
cross section, being the main source of the background π + π − pairs, decreases as a
function of beam momentum. An input width of Γ=87 MeV was used for the h0c ,
consistent with predictions for the static potential [4]. The assumed cross section
for the signal is 4.5 nb, corresponding to 3.9×104 h0c per day produced at PANDA in
the HESR high luminosity mode. The inelastic hadronic background cross section is
'43 mb [12]. Fig. 1 (left) shows the signal for 3 hours data taking and the background
for 1 second of data taking, corresponding to 2×107 events, generated with the DPM
model [13]. The number of simulated background events is limited by available CPU
performance and will be increased in the future. The signal consists not only of the
0∗
h0c , but also of the X(3872), which decays into the same final state D0 D and can be
regarded as a reference signal for the h0c .
In order to suppress the large hadronic background, three cuts were applied: a momentum cut plab (π ± )>1.2 GeV, a vertex cut in beam direction ∆z≤0.1 cm, and a 3σ
cut on the invariant mass m(K ± π ∓ ) around the nominal mass of the D0 . The latter
3

cut is largely efficient to reduce the background. After applying the cut, the signal
efficiency is 8.3%, while the background efficiency in only 1.6×10−5 . Fig. 1 (right)
shows the π + π − recoil mass after applying the cuts.
The above mentioned signal cross section of 4.5 nb is onep
main result of this analysis,
as it represents the cross section required to achieve S/ (S + B)≥10 in 6 weeks of
data taking with a duty factor of 50% (for details of the calculation see [11]). For the
plots, we assumed the relative ratio of h0c and X(3872) to be 50%:50%. However, a
cross section of 4.5 nb for the h0c and, as mentioned before, an estimated cross section
for the X(3872) of 50 nb would lead to a relative ratio of 9%:91%.

Figure 1: π + π − recoil mass for a MC simulation of pp→h0c π + π − at PANDA for
pbeam =15 GeV/c before cuts (left) and after cuts (right). For details see text.
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Prospects for the 3F4 state at PANDA

One of the disadvantages of using the h0c as a test on the flavor independence of
the potential is, that the width is as large as Γ=87 MeV. On the other hand, the yet
unobserved 3 F4 charmonium state is more appropriate due to its very narrow predicted
width of 8.3 MeV [4]. The narrow width is a consequence of the quantum numbers
J P C =4++ , because the decay is blocked by angular barrier. A transition from L=3
to the ground state with L=0 is suppressed by a factor (2L+1) with L=3. Due to
the same reason, the production of the 3 F4 state is suppressed in B meson decays at
Belle II or in radiative decays of high lying ψ states at BESIII. At PANDA production
of states with higher L quantum numbers in the pp initial system is not suppressed,
and therefore PANDA is uniquely suited for the search. Qualitatively L≥10 can
be achieved, but the quantitave estimates for the population of given L values is
unknown, as there are no existing measurements. The here chosen approach for the
reconstruction is the detection of a radiative cascade, which in 3 steps changes ∆L=1
down to the J/ψ, which then can be detected by its decay into e+ e− or µ+ µ− . Tab. 2
4

shows the parameters of the states in the radiative cascade.
1 3 F4
J P C =4++
4095 MeV
Γ=8.3 MeV
Eγ =246 MeV

1 3 D3
J P C =3−−
3849 MeV
Γ=0.5 MeV
Eγ =338 MeV

χc2
J P C =2++
3556 MeV
Γ=2.0 MeV
Eγ =413 MeV

J/ψ
J P C =1−−
3097 MeV
Γ=0.3 MeV
-

Table 2: Parameters of the states in the radiative cascade to search for the 3 F4 state
at PANDA .
MC simulations for a search for the 3 F4 state at PANDA were performed. The assumed cross section is σ(pp→3 F4 )=10 nb. The size of the cross section is a function of the mass of the cc state to be produced, and an assumption of a factor '5
smaller cross section than σ(pp→X(3872)) is reasonable. The branching fraction is assumed B=10% for each of the three transitions, corresponding to the measured value
B=9.84±0.31% [2] for the transition ψ 0 →γχc0 . Each transition was modeled with a
decay from a vector meson to a vector meson and a photon as an approximation,
as J=2,3,4 decays are not available yet in the MC. The additional assumption was
made that there is no polarisation. The search will be conducted in the HESR high
luminosity mode with 8.64 pb−1 per day. Fig. 2 (left) shows the photon energy in the
center-of-mass (cms) frame Eγ∗ for signal events for 14 days of data taking assuming
50% duty factor. The first transistion from the 3 F4 at 246 MeV is clearly visible and
shows a photon energy resolution, post-boost in the cms frame, of σ(Eγ∗ )=9.2 MeV.
Although the boost is an approximation, even the second transition with 338 MeV
and the third transition at 413 MeV are visible as well. Final state radiation in the
J/ψ decay was taken into account in the MC simulation by using PHOTOS [14]
and generates the peaking photon background at Eγ∗ '0 MeV. For suppression of this
background, a cut of Eγ∗ ≥150 MeV was applied in the further analysis. Fig. 2 (right)
∗
∗
∗
shows the sum of the three photon energies Eγ1
+Eγ2
+Eγ3
, where the cut was applied
for each candidate photon, for 14 days of data taking assuming 50% duty factor. The
three photons were input to a kinematical fit with four constraints on the total E,
px , py and pz , and a cut on fit quality with χ2f it ≤0.1 was applied. The nominal mass
of the J/ψ from PDG was added to adjust the mass scale. A narrow 3 F4 signal is
clearly visible with a reconstructed width of σ(m(3 F4 ))=1.2 MeV. The background at
lower masses corresponds to 43.2% multiple candidates due to final state radiation (as
mentioned above) and Bremsstrahlung in the detector material. The main hadronic
background in this analysis is given by events with photons from light hadron (π 0 , η,
etc.) decays. However, the requirement of a reconstructed J/ψ and 3 photons with an
energy cut Eγ∗ ≥150 MeV is very clean. A background suppression factor of 1.2×106
was achieved for events generated with DPM, so that the hadronic background is
5

expected to be negligible.

Figure 2: MC simulation of a search for the 3 F4 charmonium state at PANDA . Left:
Eγ∗ for signal events for 14 days of data taking. Right: signal of the 3 F4 in the sum of
∗
∗
∗
added to the nominal mass of the J/ψ. A
+Eγ3
+Eγ2
the three photon energies Eγ1
four-constraint kinematical fit was applied for the three photons.
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Prospects for the Y(4260) at PANDA

Another important topic for PANDA is the investigation of the possible nature of the
Y(4260) [15], which is often being discussed as a candidate for a [ccg] hybrid state.
From the detailed balance we can derive an estimate for an upper limit of the cross
section σ(pp→Y(4260))≤4370 nb, which is unreasonably high due to the measured
high upper limit B(Y(4260)→pp)/B(Y(4260)→J/ψπ + π − )<0.13 (90% C.L.) [18]. A
better approach for obtaining a reasonable cross section is scaling from the measured
B(J/ψ→pp) with the ratio of the known total widths of the J/ψ and the Y(4260):
B(Y (4260) → pp) = B(J/ψ → pp) ×

Γ (J/ψ)
,
Γ (Y (4260))

(4)

which leads to σ(pp→Y(4260))=1.9±0.2 nb. Although this is a factor ≥26 smaller
than the cross section for the X(3872) at PANDA, the number of generated Y(4260)
is still high. For the HESR high resolution mode, this correponds to 16.400 events
per day, and thus PANDA may be considered a Y(4260) mini-”factory”. PANDA is
planned to achieve a peak luminosity of L=2×1032 cm−2 s−1 which is only a factor
'2.7 less than the achieved peak luminosity of L=5.3×1032 cm−2 s−1 on the Y(4260)
resonance at BESIII. However, the cross section at BESIII is a factor '30 smaller
with σ(e+ e− →Y(4260))=62.9±1.9±3.7 pb [17]. At Belle II, the Y(4260) will be produced in initial state radiation (ISR). In B meson decays the Y(4260) has not been
6

observed so far. Based on the scaled number of observed events at Belle, for Belle
II '30.000 ISR events are expected in an envisaged data set of 50 ab−1 , assuming
B(Y(4260)→J/ψπ + π − )=100%. While at Belle this would correspond to ≥8 years
of data taking, at PANDA only ≥2 days in HESR high luminosity mode would be
required. With the very high statistics, PANDA will be suited to search for rare decays such as Y(4260)→e+ e− . This decay has not been observed yet, although the
quantum numbers of the Y(4260) with J P C =1−− would allow it. A limit on the
coupling to e+ e− can be derived from the coupling to initial state in e+ e− →Y(4260).
However, this way only a product of a coupling to the initial state and the coupling
to the final state can be measured, as the Y(4260) must be observed in the final
state in a decay such as Y(4260)→J/ψπ + π − . The measured product partial width is
B(Y(4260)→J/ψπ + π − )×Γ(Y(4260)→e+ e)= (7.5±0.9±0.8) eV [15]. Thus the partial
width is of the order of eV, while the total width of the Y(4260) is in the order '100
MeV, indicating the strong suppression of the coupling to e+− by a factor ≥107 . Depending on the interpretation of the Y(4260), there could be several reasons for the
suppression. In a simplified view, a suppression could be induced by a reduced wave
function at r=0, corresponding to a reduced annihilation term. If the Y(4260) is a
[ccg] hybrid, then the wave function at the origin might be reduced, as the minimum
of the Πu field∗ is not at r=0, but at r>0 [16] (and references therein). If the Y(4260)
is a [DD1 (2420)] molecule, then the long-range part of the wave function might be
enhanced and therefore, according to unitarity of the wave function, the short-range
part at r'0 is suppressed. Tab. 3 shows the known branching fractions of decays
of conventional ψ charmonium states to e+ e− [2]. In order to claim a suppression,
the question would be in fact, if the branching fraction B(Y(4260)→e+ e− ) is smaller
than for the ψ states. For the reasons explained above, the measurement of such a
rare decay would only be possible at PANDA. The advantage is that this would be
an absolute measurement, not depending on the coupling to the initial state in the
product branching fraction.
Decay
ψ(3770)→e+ e−
ψ(4040)→e+ e−
ψ(4160)→e+ e−
ψ(4415)→e+ e−

Branching fraction
(9.6±0.7)×10−6
(1.07±0.16)×10−5
(8.1±0.9)×10−6
(9.4±3.2)×10−6

Table 3: Known branching fractions of decays to e+ e− of conventional ψ charmonium
states [2].
A MC simulation for pp→Y(4260)→e+ e− was performed. The reconstruction effi∗

The Πu field is the lowest lying gluon excitation potential, for which the gluon spin projected
onto the quark anti-quark axis JG = 1.
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ciency turns out to be high with ε>93% and only limited by acceptance and Bremsstrahlung, i.e. the e+ or e− radiates one or more photons before being detected in the
EMC, is recontructed with a wrong photon energy and therefore may not pass the
energy cuts. There are two main backgrounds. On the one hand, elastic pp→pp has
a 2-prong signature with total energy E=m(Y(4260)). The cross section is high with
σ=4.5×104 µb, however a suppression technique based upon (a) the strongly peaking
behavior in the polar angular distribution and (b) partial identification of the p annihilation in EMC lead to a suppression of ≤1.3×10−5 . On the other hand, pp→π + π −
with a 2-prong final state has a high cross section as well with 4.6×104 µb. With π ±
and e± identification a suppression of ≥106 was achieved [19]. Note that there can be
interference between signal and background, but was not taken into account in this
analysis.
Fig. 3 shows the e+ e− invariant mass distribution at PANDA with a beam momentum
p=8.62323 GeV/c. For the Y(4260)→e+ e− signal 3 months of data taking (50% duty
factor) are assumed. For the background 2×107 events (generated with the DPM
model), corresponding to one second of data taking, are shown. The number of simulated background events is limited by available CPU performance and will be increased
in the future. The width of Γ=114.5±6.5 MeV was determined by a fit with a single
Gaussian, and is consistent with the generated input width of Γ=108 MeV. The J/ψ
signal which is visible in Fig. 3 originates from Y(4260)→J/ψπ + π − with a branching
fraction of '100% assumed and subsequent J/ψ→e+ e− with a branching fraction of
6%. This J/ψ signal can be used as a reference signal for fixing the mass scale. For
the decay Y(4260)→e+ e− the same branching fraction as ψ(4160)→e+ e− in Tab. 3
was assumed. A small contribution for Y(4260)→ψ 0 π + π − , which was not observed
so far, assuming as a simple estimate B(Y(4260)→ψ 0 π + π − )=B(ψ(4160)→e+ e− ), was
also included and is visible as the small signal for ψ 0 →e+ e− . The fitted mass of the
Y(4260) is 4.151±0.008, which is ≥100 MeV lower than the nomimal mass. The
reason is, that a single Gaussian, which was used here in the fit as an approximation, is not a proper description of the p.d.f. The beam momentum is adjusted to
the on-resonance peak position. Thus, the right hand side of the mass peak is only
due to momentum resolution. The left-hand side is a convolution of three effects:
(a) a P -wave Breit-Wigner shape, (b) the momentum resolution, and (c) a tail from
Bremsstrahlung. This asymmetry between the left and the right hand side leads to
the lower fitted mass.
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Summary

PANDA with pp collisions is well suited for the search for high lying charmonium(-like) states, which are suppressed due to their quantum numbers in B meson decays
or radiative decays of ψ resonances. Expected event rates are high due to the planned
8

Figure 3: e+ e− invariant mass distribution at PANDA with a beam momentum
p=8.62323 GeV/c. For details see text.
high luminosity, e.g. 16.400 events with a Y(4260) per day, and thus enabling searches
for rare decays of XYZ states.
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