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• sub-MeV mass and width determination 
• (near threshold) associated production  

• Energy range & p-pbar probe 
• charm baryons production above ~4.5 GeV 
• sensitivity to D-waves in open-charm 
• complementary to e+e- machines (e.g. BESIII)

• Vertex, track, and photon detection 
• allows for a study of  lepton/photon-rich channels 
• complementary to LHCb



PANDA’s Challenges
• Open-charm production in p-pbar? 

• predicted cross sections vary from nano to micro barns  
• interesting physics in production mechanisms? 

• Open-charm with p-pbar far from trivial 
• *huge* background to cope with cross section … 
• … in particular for BSM aspects! 
• requires “complete” detector and over-redundancy 
• requires state-of-the-art reconstruction and analysis tools 

• Competition is fierce! 
• LHCb & BelleII upgrades 
• BESIII - clean environment 
• GlueX, J-Parc - charmed baryons
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Figure 1: The planar diagram of charmed baryon (a) and meson (b) pair production in
pp̄ collisions.

the Nijmegen potential model [13] of low-energy scattering. Expressed in terms of the
gV,T couplings defined in (1), the results agree with our predictions within uncertainties.

3 The QGS model for meson pair production

In the QGS model, the amplitudes of binary reactions, such as pp̄ → ΛcΛ̄c or pp̄ →
D̄D, are described by planar diagrams depicted in Fig. 1. These diagrams have a dual
interpretation. From the s-channel point of view, annihilation of the slow uū or dd̄
pair from the initial proton and antiproton is followed by a creation of the cc̄-pair.
The spectator quarks and antiquarks from the initial proton and antiproton coalesce
with the created quark and antiquark to form the final state charmed hadrons. The
intermediate state in s-channel represents a sort of a diquark-antidiquark (Fig.1 a) or
quark-antiquark (Fig.1 b) string. On the other hand, in the t-channel a virtual hadronic
state with the quantum numbers of a charmed meson or baryon is exchanged. In the
s ≫ |t| limit, this exchange is described by the dominant Regge pole. For instance, the
amplitude of pp̄ → ΛcΛ̄c is approximated by the (degenerate) D∗,D∗∗ Regge-trajectory
αD∗(t) = αD∗(0)+α′

D∗ t (we use the linear approximation). The QGS-model parameters
are obtained [2, 9] using the quark-parton description of the s-channel planar diagram.
Replacing the c-quark by s-quark in the planar diagrams of Fig. 1 we reproduce the
QGS model for the production of strange baryons and mesons. The strange-hadron pair
production cross section in pp̄ collisions calculated in this model [2] agrees well with
the experimental data. Importantly, there is a strong flavour dependence of the binary
reactions in QGS model, encoded in the slopes and intercepts of the Regge trajectories as
well as in the scale factors s0 entering the Regge amplitudes. The relative suppression
of the charmed hadron production corresponds, in terms of the s-channel picture, to
a comparatively smaller probability to create a heavy quark-antiquark pair within the
intermediate string.

To discuss the QGS model in more detail, we first consider a relatively simple binary
reaction involving no spins or helicities: π+π− → MM , with pseudoscalar mesons (M =

5

p̄p ! D̄D



Open-charm Production, Theory

• Non-resonant production, Haidenbauer&Krein, PRD89, 114003 (2014) 

the contribution of Σ! (Σ!
c) exchange turns out to be

negligible.]
The vertex form factors adopted in Refs. [14,15] for the

N̄N annihilation diagrams are not of the conventional
monopole type but involve fourth powers of the cutoff
mass Λ, of the exchanged baryon, and of the transferred
momentum, see Eq. (2.15) in Ref. [14]. Such a more
complicated parametrization was required in order to avoid
unphysical singularities in the potential. We employ the
same form here. In the actual calculation, a cutoff mass Λ of
3.5 GeV at the YND vertices is used. This choice is
motivated by the experience gained in our studies of N̄N →
MM annihilation processes in the past and, specifically, in
N̄N → K̄K where cutoff masses that are roughly 1 GeV

larger than the masses of the exchanged baryons were
found to be appropriate. We will come back to (and
explore) the sensitivity of the results to variations of the
cutoff mass below.
Let us now focus on the effects of the initial state

interaction. Those effects are included by solving the
formal coupled-channel equations

TN̄N;N̄N ¼ VN̄N;N̄N þ VN̄N;N̄NGN̄NTN̄N;N̄N; ð5Þ

TDD̄;N̄N ¼ VDD̄;N̄N þ VDD̄;N̄NGN̄NTN̄N;N̄N; ð6Þ

using the N̄N potential described in Sec. II. Of course,
Eq. (6) implies that the N̄N → DD̄ transition amplitude is
effectively evaluated in a DWBA.
Results with the inclusion of ISI effects are presented as

bands in Fig. 3 because we consider several variants of the
N̄N potential as discussed in the previous section. It is
obvious that the results change drastically once the ISI is
included in the calculation. The cross sections forD0D̄0 are
strongly reduced, while at the same time those for DþD−

are enhanced. Indeed now both DD̄ channels are produced
at a comparable rate. In fact, the predicted cross section for
DþD− appears to be even somewhat larger than the one
for D0D̄0.
Whereas the reduction in the D0D̄0 case is in line with

comparable effects observed in the previous studies of N̄N
annihilation processes [23,25–27], as mentioned above, the
enhancement seen for DþD− may be somewhat surprising,
at least at first sight. However, it can be easily understood if
one recalls that the Λþ

c cannot contribute to the p̄p →
D−Dþ transition potential as discussed above. Only Σc
(and Σ!

c) exchange contributes. But their coupling constants
are very small according to SU(4) symmetry [cf. Eq. (3)],
and the somewhat larger masses reduce the importance of
Σc-exchange contributions further. This is the reason why
the p̄p → DþD− cross section is strongly suppressed in the
Born approximation. The consideration of the ISI via the
employed DWBA approach (6) generates two-step tran-
sitions of the form p̄p → n̄n → DþD−. In this case Λþ

c
exchange is no longer absent because it does contribute to
the n̄n → DþD− transition potential, and, accordingly,
those two-step transitions are enhanced in comparison to
the Born approximation.

B. p̄p → DD̄ based on the quark model

We consider a p̄p → DD̄ transition potential derived in a
constituent quark model where two light quark pairs (ūu
and d̄d) are annihilated and a charmed quark pair (c̄c) is
created—see Fig. 4. We base our study on the model of
Kohno and Weise [28] for the p̄p → K̄K reaction; we
replace parameters corresponding to the s quark and K
meson of that model by those of the c quark and D meson.
The quark-model N̄N → DD̄ transition potential
VN̄N→DD̄
Q ðtÞ can be written as

6.0 6.5 7.0 7.5 8.0
plab (GeV/c)

10-3

10-2

10-1

100

σ to
t (µ

b)

pp -> D0D0

6.0 6.5 7.0 7.5 8.0
plab (GeV/c)

10-3

10-2

10-1

100

σ to
t (µ

b)

pp -> D+D-

FIG. 3 (color online). Total reaction cross sections for p̄p →
DD̄ as a function of plab, based on baryon exchange (shaded
band) and the quark model (grid). Results obtained in the Born
approximation are indicated by the dotted (baryon exchange) and
dash-dotted (quark model) lines, respectively.
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VN̄N→DD̄
Q ðtÞ ¼ χ†N̄ ½h1ðtÞσ · pþ h2ðtÞσ · p0&χN; ð7Þ

where p and p0 are the N̄N and DD̄ center-of-mass (c.m.)
momenta, χN and χN̄ are the spin Pauli spinors of the
nucleon and antinucleon, and h1ðtÞ and h2ðtÞ depend upon
quark masses and hadron sizes and the effective strength of
quark-pair annihilation and creation—their explicit expres-
sions are given in Appendix B. A specific feature of the
quark-model potential is that Vp̄p→D0D̄0

Q ¼ −Vp̄p→DþD−

Q (see
Appendix B), so that there is no isospin I ¼ 0 transition.
This is in contrast to the transitions induced by Λþ

c and Σc
exchange, as discussed above.
Before presenting the results for p̄p → DD̄, let us first

examine the performance of the model in the reaction
p̄p → K−Kþ for which there are experimental data avail-
able. We use standard quark-model values for quark masses
and size parameters (they are given in Appendix B). And to
facilitate a comparison with the results of Kohno and
Weise, we use the same value for the effective coupling
strength αA=m2

G as in their study of that reaction, namely,
αA=m2

G ¼ 0.15 fm2. The employed ISI is the same as for
the DD̄ case discussed above, but with parameters of the
optical potential fitted to low-energy N̄N data (cf. OBEPF
in Table IV of Ref. [51]). As visible from Fig. 5 (dashed
line), the result is roughly in line with the available data,
and it is also close to the original result of Kohno and
Weise [28]. The differences are presumably due to the
different ISI used by them and by us. Actually, with a
slight reduction of the effective coupling strength
(αA=m2

G ¼ 0.12 fm2), the bulk of the K−Kþ data can be
quantitatively reproduced; see the solid curve in the figure.
Thus, we will use this smaller coupling constant in the
following calculations of charmed meson production to be
on the safe side.
The quark model results for p̄p → DD̄ are shown in

Fig. 3. Clearly, because the transitionsDþD− andD0D̄0 are
of the same magnitude, the corresponding cross sections
calculated in Born approximation are the same. Moreover,

for the same reason, the two-step transitions p̄p → N̄N →
DþD− and p̄p → N̄N → D0D̄0 that make up the ISI
provide equal reductions for both final states. Figure 3
also reveals that the quark model and baryon-exchange
transitions yield comparable predictions, with those of the
quark model being on average smaller by a factor roughly
equal to 3. In addition, the results show once more the
fundamental role played by the ISI in the p̄p annihilation
process, as the two transition mechanisms have very
different isospin dependence and yet the final results are
of comparable magnitude.
Predictions for the differential cross sections based on

the baryon-exchange transition potential are presented in
Fig. 6 at the excess energy ϵ ¼ 40 MeV (corresponding to
plab ¼ 6.578 GeV=c). We show the results for the different
ISI separately so that one can see the variations induced by
the individual N̄N potentials. The overall variation at this
energy amounts to roughly a factor 2. In all cases there is
only a rather weak dependence of the D0D̄0 and DþD−

cross sections on the scattering angle, which is a clear sign
for the dominance of s-wave production. This is not
surprising in view of the fact that the production mecha-
nism is of rather short range. In this context it is instructive
to recall the selection rules for the production of two
pseudoscalar mesons [14]. Conservation of total angular
momentum and parity implies that the lowest two partial-
wave amplitudes are given by the transitions 3P0 → s and
3S1 → p, where the first symbol characterizes the N̄N
partial wave in the standard spectral notation and the
second specifies the angular momentum in the DD̄ (or
K̄K) system. Dominance of the s wave is therefore
expected near the DD̄ threshold. However, in the case of
p̄p → K̄K, one is actually close to the p̄p threshold so that
the N̄N system is in the 3S1 partial wave and the K̄K system
will be dominantly produced in a p wave. Indeed, for that
reaction, one observes a pronounced angular dependence of
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FIG. 4. Microscopic quark-model mechanism for the transition
potential: annihilation of two pairs of light quarks, qq̄ ¼ uū; dd̄,
and creation of a pair of heavier quarks, QQ̄ ¼ ss̄; cc̄.
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• Resonant production 
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Figure 2: Fit to the dressed cross section of e+e− → pp̄ as a function of center-of-mass energy. The red dashed line shows the fit curve. The
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in the MC simulated samples (0.4%), which can be directly considered in the fit. The latter refers to the uncertainties
that are correlated among different energy points, such as the tracking (4% for two charged tracks), particle identi-
fication (4% for both proton and antiproton), and integrated luminosity. The integrated luminosity for the data was
measured by analyzing large angle Bhabha scattering events [13] and has a total uncertainty of 1.1% at each energy
point.

To estimate the uncertainty from the radiative corrections, a different correction procedure using the structure-
function method [27] is applied, and the difference in results from these two correction procedures (2%) is taken as
the uncertainty. To investigate the impact of the possible inconsistency of the MC simulation and experimental data,
an alternative MC simulated sample is generated with a different proton momentum resolution (15% better than the
previous MC sample), and the change in the final results (1.4%) is taken as the uncertainty.

In addition, the uncertainty on the reconstruction efficiency from the unmeasured angular distribution of the proton
in the rest frame of the ψ(3770) is also studied. According to hadron helicity conservation, the angular distribution
of ψ → pp̄ can be expressed as dN

dcosθ ∝ 1 + α cos
2 θ, where θ is the angle between the proton and the positron beam

direction in the center-of-mass system. The theoretical value of α = 0.813 [28] is used to produce the MC simulated
sample in this analysis. In the case of ψ(3686)→ pp̄, the mean value of α measured by E835 (0.67±0.16) [29] differs
by 0.13 from the theoretical value of 0.80. To obtain a conservative uncertainty, an alternative MC simulated sample
with α = 0.683 is used and the difference in the results (1.0%) is taken as the uncertainty. The uncertainty from the
angle cut between the proton and antiproton is investigated by varying the angle cut (from 178.9 to 179.5 degrees)
and the difference (2.2%) is taken as the uncertainty.

All of the above sources of uncertainty are applied to the observed cross section at each energy point. The total
systematic uncertainty of the individual energy points is 6.7%.

The systematic uncertainties on the parameters extracted from the fit, such as σdressed(ψ(3770)→pp̄) and the phase angle φ,
are estimated by the “offset method” [30], in which the error propagation is determined from shifting the data by the
aforementioned correlated uncertainties and adding the deviations in quadrature. In addition, a 1MeV uncertainty for
the beam energy measurements of all the data points is considered in the fit.

8. Summary and Discussion

Using 2917 pb−1 of data collected at 3.773GeV, 44.5 pb−1 of data collected at 3.65GeV and data collected during
a ψ(3770) line-shape scan with the BESIII detector, the reaction e+e− → pp̄ has been studied. To extract the cross
section of e+e− → ψ(3770) → pp̄, a fit, taking into account the interference of resonant and continuum amplitudes,
is performed. In this investigation, the measured cross sections of e+e− → pp̄ from the BaBar experiment are
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that are correlated among different energy points, such as the tracking (4% for two charged tracks), particle identi-
fication (4% for both proton and antiproton), and integrated luminosity. The integrated luminosity for the data was
measured by analyzing large angle Bhabha scattering events [13] and has a total uncertainty of 1.1% at each energy
point.

To estimate the uncertainty from the radiative corrections, a different correction procedure using the structure-
function method [27] is applied, and the difference in results from these two correction procedures (2%) is taken as
the uncertainty. To investigate the impact of the possible inconsistency of the MC simulation and experimental data,
an alternative MC simulated sample is generated with a different proton momentum resolution (15% better than the
previous MC sample), and the change in the final results (1.4%) is taken as the uncertainty.

In addition, the uncertainty on the reconstruction efficiency from the unmeasured angular distribution of the proton
in the rest frame of the ψ(3770) is also studied. According to hadron helicity conservation, the angular distribution
of ψ → pp̄ can be expressed as dN

dcosθ ∝ 1 + α cos
2 θ, where θ is the angle between the proton and the positron beam

direction in the center-of-mass system. The theoretical value of α = 0.813 [28] is used to produce the MC simulated
sample in this analysis. In the case of ψ(3686)→ pp̄, the mean value of α measured by E835 (0.67±0.16) [29] differs
by 0.13 from the theoretical value of 0.80. To obtain a conservative uncertainty, an alternative MC simulated sample
with α = 0.683 is used and the difference in the results (1.0%) is taken as the uncertainty. The uncertainty from the
angle cut between the proton and antiproton is investigated by varying the angle cut (from 178.9 to 179.5 degrees)
and the difference (2.2%) is taken as the uncertainty.

All of the above sources of uncertainty are applied to the observed cross section at each energy point. The total
systematic uncertainty of the individual energy points is 6.7%.

The systematic uncertainties on the parameters extracted from the fit, such as σdressed(ψ(3770)→pp̄) and the phase angle φ,
are estimated by the “offset method” [30], in which the error propagation is determined from shifting the data by the
aforementioned correlated uncertainties and adding the deviations in quadrature. In addition, a 1MeV uncertainty for
the beam energy measurements of all the data points is considered in the fit.

8. Summary and Discussion

Using 2917 pb−1 of data collected at 3.773GeV, 44.5 pb−1 of data collected at 3.65GeV and data collected during
a ψ(3770) line-shape scan with the BESIII detector, the reaction e+e− → pp̄ has been studied. To extract the cross
section of e+e− → ψ(3770) → pp̄, a fit, taking into account the interference of resonant and continuum amplitudes,
is performed. In this investigation, the measured cross sections of e+e− → pp̄ from the BaBar experiment are
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Table 2: Summary of the extracted results for different solutions of the fit. Upper limits are determined at 90% C.L.

Solution σdressed(ψ(3770)→pp̄) (pb) φ (◦)

(1) 0.059 ± 0.032 ± 0.012 255.8 ± 37.9 ± 4.8(< 0.11 at 90% C.L.)
(2) 2.57 ± 0.12 ± 0.12 266.9 ± 6.1 ± 0.9

process (Acon). For the exclusive light hadron decay of the ψ(3770), the contribution of the electromagnetic process
Aγ is negligible compared to that of the three-gluon strong interaction A3g [22]. The resonant amplitude can then be
written as Aψ ≡ A3g + Aγ ∼ A3g. Finally, the total cross section can be constructed with only two amplitudes, Aψ and
Acon,

σ(s) = |Acon + Aψeiφ|2

=

∣

∣

∣

∣

∣

∣

∣

√

σcon(s) +
√
σψ

mψΓψ

s − m2ψ + imψΓψ
eiφ
∣

∣

∣

∣

∣

∣

∣

2

,
(1)

where mψ and Γψ are the mass and width of the ψ(3770) [23], respectively; φ describes the phase angle between the
continuum and resonant amplitudes, which is a free parameter to be determined in the fit; and σψ is the resonant cross
section, which is also a free parameter.

The continuum cross section, σcon, has been measured by many experiments [20, 21, 24, 25]. In Ref. [24] from the
BESII Collaboration, σcon was measured from 2 to 3.07GeV, and is well-described with an s dependence according
to

σcon(s) =
4πα2v
3s

⎛

⎜

⎜

⎜

⎜

⎜

⎝

1 +
2m2p
s

⎞

⎟

⎟

⎟

⎟

⎟

⎠

|G(s)|2, (2)

|G(s)| =
C

s2 ln2(s/Λ2)
. (3)

Here α is the fine-structure constant; mp is the nominal proton mass; v is the proton velocity in the e+e− rest frame;
G(s) is the effective proton form factor [25]; Λ = 0.3GeV is the QCD scale parameter; and C is a free parameter.

The dressed cross sections in Table 1, together with the BaBar measurements of the cross sections between 3 and
4GeV, are fitted with Eq. (1). In this fit, 26 data points are considered: 16 points from this investigation by BESIII,
5 points from Ref. [20] and 5 points from Ref. [21]. The free parameters are the phase angle φ, the resonant cross
section σψ, andC from the form factor describing the contribution of the continuum. Fig. 2 shows the data points and
the fit result.

The fit yields a χ2/nd f of 13.4/23. Two solutions are found with the same χ2 and the same parameter C of
(62.0 ± 2.3) GeV4. Two solutions are found because the cross section in Eq. (1) is constructed with the square of two
amplitudes. This multi-solution problem has been explained in Ref. [26]. A dip indicating destructive interference is
seen clearly in the fit (the red solid line in Fig. 2). The first solution for the cross section isσdressed(e+e− → ψ(3770)→
pp̄) = (0.059 ± 0.032) pb with a phase angle φ = (255.8 ± 37.9)◦ (< 0.11 pb at the 90% C.L.). The second solution is
σdressed(e+e− → ψ(3770)→ pp̄) = (2.57 ± 0.12) pb with a phase angle φ = (266.9± 6.1)◦.

For comparison, an alternative fit with only the BESIII data points is performed. Two solutions are found with
the same χ2/nd f of 6.8/13 and the same parameter C of (62.6 ± 4.1) GeV4. The first solution for the cross section is
σdressed(e+e− → ψ(3770)→ pp̄) = (0.067± 0.049) pb with a phase angle φ = (253.8± 36.3)◦. The second solution is
σdressed(e+e− → ψ(3770)→ pp̄) = (2.59 ± 0.20) pb with a phase angle φ = (266.4± 6.3)◦. These two solutions agree
with those from the previous fit, but have larger uncertainties.

Table 2 shows a summary of the fit results, where the first error is from the fit and the second error is from the
correlated systematic uncertainties.

7. Systematic uncertainty study

The sources of systematic uncertainty in the cross section measurements are divided into two categories: uncorre-
lated and correlated uncertainties between different energy points. The former includes only the statistical uncertainty
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Figure 37: [RELEASE] Scheme of the reconstruction employed in this note.

4 Event Analysis

In this section, pions and kaons are combined into the composite D candidates. First, the
particles of the final state are analyzed, before the combined D meson candidates are studied
extensively, both as single particles and as a combined system. For reconstruction PandaRoot is
employed with ideal PID (PidAlgoIdealCharged). The analysis parameters are summarized at
the beginning in Section 1. For event analysis, the Rho package is used [4].

4.1 Scheme of the Reconstruction

Figure 37 gives an overview of the scheme employed for the reconstruction, outlined in the
following.

• Kaons and pions are combined to D meson candidates of each charge. Since there might
be more than one kaon or more than two pions per event, more than one D candidate
might be created. A rough cut on the D mass is employed, maccept < mPDG±0.15GeV/c2.

• On every D meson candidate, a vertex fit is employed. The reconstruction continues with
these vertex-fitted candidates, which have Prob(�2)> 0.01 and have the smallest �2 per
event (shorthand: cutvtx). There exists exactly one candidate per event after this step.6

• A mass-constraint fit is employed, testing the candidate of an event against the nominal
D mass. The four-vector of the candidate is not changed, the fit is solely used to disregard
these event, which have a mass fit Prob(�2)< 0.01 (shorthand: cutmass). This is the last
cut employed in the inclusive part of the reconstruction.

6Exactly one or none, since some events do not have a candidate which passes the probability cut.
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In this section, pions and kaons are combined into the composite D candidates. First, the
particles of the final state are analyzed, before the combined D meson candidates are studied
extensively, both as single particles and as a combined system. For reconstruction PandaRoot is
employed with ideal PID (PidAlgoIdealCharged). The analysis parameters are summarized at
the beginning in Section 1. For event analysis, the Rho package is used [4].

4.1 Scheme of the Reconstruction

Figure 37 gives an overview of the scheme employed for the reconstruction, outlined in the
following.

• Kaons and pions are combined to D meson candidates of each charge. Since there might
be more than one kaon or more than two pions per event, more than one D candidate
might be created. A rough cut on the D mass is employed, maccept < mPDG±0.15GeV/c2.

• On every D meson candidate, a vertex fit is employed. The reconstruction continues with
these vertex-fitted candidates, which have Prob(�2)> 0.01 and have the smallest �2 per
event (shorthand: cutvtx). There exists exactly one candidate per event after this step.6

• A mass-constraint fit is employed, testing the candidate of an event against the nominal
D mass. The four-vector of the candidate is not changed, the fit is solely used to disregard
these event, which have a mass fit Prob(�2)< 0.01 (shorthand: cutmass). This is the last
cut employed in the inclusive part of the reconstruction.

6Exactly one or none, since some events do not have a candidate which passes the probability cut.
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Table 2: [RELEASE] Overview of efficiencies and resolutions in the different stages of the analysis: before
any fits; after the vertex fit (including cutvtx); after the vertex fit and using cutmass as a discrimination
value; after the mass constraint fit (including the vertx fit, cutvtx, and cutmass). Missing Mass refers to
the resolution of the missing mass of the corresponding candidate. In the last line, results for exclusive
D+D� events are given after the four-constraint fit, which pass cut4C.

D+ D�

N �E �m N �E �m
% MeV MeV/c2 % MeV MeV/c2

inclusive

Before Fits 35.4 31.8 15.5 41.7 31.2 15.3
Vertex Fit 21.8 31.4 15.4 25.3 30.0 15.2

Vertex Fit & cutmass 18.1 30.6 15.7 21.2 29.1 15.3
Mass Fit 18.1 15.1 21.2 14.7

Missing Mass 15.8 15.6

exclusive

4C Fit 3.9 26.7 10.0 3.9 26.8 8.6

�DPM ⇡ 45,000µb.
In the following section, cuts for inclusive events are studied first, then the exclusive system of
D+D� is analyzed.

4.5.1 Inclusive Decays

Of the 100 million simulated background-like events, 19,886 contain D+ candidates, passing
cutvtx and cutmass (D�: 30,935). Since the final state of the decay channel consists solely
of pions and kaons coming from one common vertex, the number of misidentified DPM-D±

candidates is comparably high.

Two cuts are applied to further discriminate the background: A cut on the center-of-mass
(CM) energy of the D candidate and a cut on the CM momentum. In addition, the preliminary
cuts on the vertex fit and the mass constraint fit probability are refined.

To match the produced signal events to those of the background, the number of background
events is scaled up by a factor:

F=
N

gen
sig /
Ä
�sig ⇥BR
ä

N

gen
bkg/�bkg

, (1)

with the number of generated signal events N

gen
sig = 200,000, the production cross section of

the signal events �sig ⇡ 100 nb [5], the signal branching ratio BR = 9.13% [2], the number of
generated background-like events N

gen
bkg = 1⇥ 108, and the cross section �bkg ⇡ 45 mb. In this

section the background histograms are already scaled by F= 9858.
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the contribution of Σ! (Σ!
c) exchange turns out to be

negligible.]
The vertex form factors adopted in Refs. [14,15] for the

N̄N annihilation diagrams are not of the conventional
monopole type but involve fourth powers of the cutoff
mass Λ, of the exchanged baryon, and of the transferred
momentum, see Eq. (2.15) in Ref. [14]. Such a more
complicated parametrization was required in order to avoid
unphysical singularities in the potential. We employ the
same form here. In the actual calculation, a cutoff mass Λ of
3.5 GeV at the YND vertices is used. This choice is
motivated by the experience gained in our studies of N̄N →
MM annihilation processes in the past and, specifically, in
N̄N → K̄K where cutoff masses that are roughly 1 GeV

larger than the masses of the exchanged baryons were
found to be appropriate. We will come back to (and
explore) the sensitivity of the results to variations of the
cutoff mass below.
Let us now focus on the effects of the initial state

interaction. Those effects are included by solving the
formal coupled-channel equations

TN̄N;N̄N ¼ VN̄N;N̄N þ VN̄N;N̄NGN̄NTN̄N;N̄N; ð5Þ

TDD̄;N̄N ¼ VDD̄;N̄N þ VDD̄;N̄NGN̄NTN̄N;N̄N; ð6Þ

using the N̄N potential described in Sec. II. Of course,
Eq. (6) implies that the N̄N → DD̄ transition amplitude is
effectively evaluated in a DWBA.
Results with the inclusion of ISI effects are presented as

bands in Fig. 3 because we consider several variants of the
N̄N potential as discussed in the previous section. It is
obvious that the results change drastically once the ISI is
included in the calculation. The cross sections forD0D̄0 are
strongly reduced, while at the same time those for DþD−

are enhanced. Indeed now both DD̄ channels are produced
at a comparable rate. In fact, the predicted cross section for
DþD− appears to be even somewhat larger than the one
for D0D̄0.
Whereas the reduction in the D0D̄0 case is in line with

comparable effects observed in the previous studies of N̄N
annihilation processes [23,25–27], as mentioned above, the
enhancement seen for DþD− may be somewhat surprising,
at least at first sight. However, it can be easily understood if
one recalls that the Λþ

c cannot contribute to the p̄p →
D−Dþ transition potential as discussed above. Only Σc
(and Σ!

c) exchange contributes. But their coupling constants
are very small according to SU(4) symmetry [cf. Eq. (3)],
and the somewhat larger masses reduce the importance of
Σc-exchange contributions further. This is the reason why
the p̄p → DþD− cross section is strongly suppressed in the
Born approximation. The consideration of the ISI via the
employed DWBA approach (6) generates two-step tran-
sitions of the form p̄p → n̄n → DþD−. In this case Λþ

c
exchange is no longer absent because it does contribute to
the n̄n → DþD− transition potential, and, accordingly,
those two-step transitions are enhanced in comparison to
the Born approximation.

B. p̄p → DD̄ based on the quark model

We consider a p̄p → DD̄ transition potential derived in a
constituent quark model where two light quark pairs (ūu
and d̄d) are annihilated and a charmed quark pair (c̄c) is
created—see Fig. 4. We base our study on the model of
Kohno and Weise [28] for the p̄p → K̄K reaction; we
replace parameters corresponding to the s quark and K
meson of that model by those of the c quark and D meson.
The quark-model N̄N → DD̄ transition potential
VN̄N→DD̄
Q ðtÞ can be written as
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FIG. 3 (color online). Total reaction cross sections for p̄p →
DD̄ as a function of plab, based on baryon exchange (shaded
band) and the quark model (grid). Results obtained in the Born
approximation are indicated by the dotted (baryon exchange) and
dash-dotted (quark model) lines, respectively.

FIG. 2. Transition potential for N̄N → DD̄ (right) and N̄N →
K̄K (left), respectively.
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Open-Charm Spectroscopy

Ds Meson Spectrum - By JP [arXiv:1301.7670]
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Challenges in D
S
 meson spectroscopy

Missing mass of D
S

−:

improve mass resolution and efficiency
D

SJ
 reconstructed exclusively

to evaluate the width
Bkg cross section > thousand times 
than expected on signal

Expected ~(103-105)⋅ε events/day 

   

ICNPF 2014

E.P.

ε = 35%

Sig+comb  bkg
Fit to Sig. events

high res. mode

Work in progress

D
s0

*(2317)+ simulation

 
    1. Cross section measurement in pp 
        (unknown, difficult predictions: 1-100 nb)
    2. Measurement of the width with mass scan 
        and the excitation function of cross section
    3. Mixing between D states with same spin, 
        e.g. D

S1
(2460) and D

S1
(2535) 

    4. Chiral symmetry breaking, involving very precise 
        mass measurement: D

S0
(2317) and D

S1
(2460) can 

        be interpreted as chiral partners of the same heavy-light system

Goals:

E. Prencipe

D
S
(2317)

D
S
(2460)

3 states included in this simulation:
D

S
(2317), D

S
(2460) and D

S
(2535)

TRUTH MATCHED VALUES

p
g
>50 MeV/c

D
S

−

Missing M

E.P.

pp D
s

−D
sJ

+

D
S
(2535)

Work in progress

PandaROOT MC

Elisabetta 
Prencipe



Ds0*(2317) width

• Nature of  Ds0*(2317) 
• molecule/tetraquark/…? 
• deficiency quark model?  
• role chiral symmetry? 

• Model sensitivity 
• line-shape —> nature 
• width: large variations 5-200 keV  

• Opportunity 
• determine width by p+pbar scan in 

associate DS production 

• Challenge 
• uncertainty in prod. cross section 
• can we reach sufficient stat. sign.? 
• how far can we suppress the backgrd? 
• can we reach enough sensitivity?

  23

2. Scan of D
s0

*(2317)+

Γ = 100 keV

M. Mertens
D

s0
*(2317)+

 D
s

+ π0

E. Prencipe ICHEP Conference, 2-9 July .2014

E [MeV]

σ
/|
M

|2
 [
M

e
V

]

Excitation function of the cross section:

PDG: Γ <4.6 MeV at 90% c.l.

Summary

Spectroscopy of the charmed mesons still exciting
� Particle properties not fully understood yet
� Precise data needed as input for theory
� Ds0*(2317) world average (PDG)

• Mass: 2317.8 ± 0.6 MeV/c2

• Width: < 3.8 MeV/c2

Achievable PANDA performance
� Resolution of the width: ~ 0.1 MeV/c2

� Sensitivity to background
Æ Precision increases with higher production cross section

� Optimization of scanpoints
Æ further improvement of results possible

EXA Wien, 8.9.2011 Marius C. Mertens 21
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Influence of the Beam Momentum Spread

EXA Wien, 8.9.2011 Marius C. Mertens

4285.5 4286.0 4286.5 4287.0 4287.5

excitation function without smearing

beam momentum spread

nominal beam 
momentum

�s MeV

σ, IBeam

11

Momentum spread: δp/p0 = 10-4

Absolute positioning: δp0/p0 = 10-4

Relative positioning: δΔp/Δp = 10-5

Toy MC studies

100 keV resolution 
in width feasible

(analysis note in preparation)



Ds0*(2317) studies
• Collaboration with theory (Hanhart) 

• updates in the excitation function 
• role of  interferences 

• Full simulation 
• focus on recoil-mass study and phi->KK 
• realistic decay model for Ds->KKpi 
• background via DPM 
• exploit MVA for background suppression 
• signal yield obtained via combined fit 

• Preliminary results 
• DPM backgrd suppr. of  at least 4.5x107  
• … with signal efficiency of  3.2%    

(production rate: 864 evts/day/nb@HR)  
• memo internally discussed 

• Future items 
• determination of  background PDFs 
• systematic sensitivity studies 
• large scale simulations required 
• towards publication in 2016

Elisabetta Prencipe (FZJ)
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Master formula

E. Prencipe   PANDA Charm meeting – 22.10.2015

Critical points: statistic and systematic errors!

  9

Likelihood vs NN

E. Prencipe   PANDA Charm meeting – 19.11.2015

Test: 200k sig, 45M DPM events
PID
PndKinFit

Prob c2>0.01; 

Training: 5 variables

c2<14

5-parameter MVA



Open-Charm: weak decays
govern the Yukawa terms in the SM Lagrangian. Any Yukawa coupling between two fermions,
irrespective of the generation they belong to, is allowed, as far as it is gauge-invariant and
renormalizable. In spite of this fact, the measured CKM matrix elements show a clear pattern
as shown in Fig. 1.1. The origin of this hierarchy is a mystery at the moment; it may indicate

Figure 1.1: Current knowledge on the CKM unitary matrix.

that some hidden mechanism, e.g. some new flavor symmetry, exists at a higher energy scale.
Secondly, from a cosmological viewpoint, there is a serious problem with the matter-antimatter
asymmetry in the universe. While the CP violation is one of the conditions for the evolution of
a matter dominated universe [23] the magnitude of the asymmetry cannot be explained solely
by the CP violation within the Standard Model, which originates from the quark mixing.

There are also other fundamental questions in the SM, which have a deep impact on the
studies of flavor mixing. Due to quadratically divergent radiative corrections, the Higgs mass
is naturally of the same order as its cutoff scale. This implies that some new physics exists
not far above the electroweak scale, most likely at the TeV energy scale. The mechanism to
suppress the Flavor-Changing Neutral Current (FCNC) processes should be present in new
physics models if the new physics lies at the TeV energy scale, because otherwise such FCNC
processes would violate current experimental limits. Even with such a mechanism, many TeV
new physics scenarios almost inevitably introduce new flavor mixing that can be detected with
precision measurements at the energy scale of B factories. Information obtained from flavor
physics experiments is thus essential to uncover the details of the physics beyond the Standard
Model, even after energy frontier machines discover new particles.

The history of particle physics tells us that the flavor physics experiments often provided a
breakthrough in their own period. In fact, before its discovery, the existence of the charm quark
was postulated to explain the smallness of strangeness-changing neutral currents (the Glashow-
Illiopolous-Maiani (GIM) mechanism [24]). The third family of quarks and leptons was predicted
by Kobayashi and Maskawa to explain the small CP violation seen in kaon mixing [25]. The top
quark mass was predicted based on the B0 − B̄0 mixing measurements, before it was directly
measured at the Tevatron. These are all examples of FCNC processes, with which one can
investigate the effect of heavier particles appearing only in quantum loop corrections. Moreover,
there have been many unexpected discoveries in the past and Belle has followed the tradition:
several new states, which according to the so far known properties cannot be placed in the
conventional quark model of hadrons, were discovered [26–28]. Therefore, if the history can
be any guide, a long-term step-by-step strategy for flavor experiments should be part of the

6



Open-Charm: weak decays

•   
• Lu Cao (FZJ) 
• Semi-leptonic Ds decay: weak meets strong physics! 
• Thesis/memo in progress !

•   
• Donghee Kang (Mainz) 
• Search for enhancement c—>ug transition (BSM) 
• Internal note available on doc-server !

•   
• Andreas Pitka (Giessen) 
• Study decay time differences in D0/D0bar decays 
• Time resolution of  612 fs achieved 
• Continuation (background studies etc.)?

p̄p ! D0D̄0 ! (��) + (K⇡/K2⇡/K3⇡)

p̄p ! D�
s D

+
s ! KK⇡/3⇡ + ⌘e+⌫e

Where to look for CP 
violation?  

•  Singly Cabibbo Suppressed (SCS) decays are an 
interesting sector for direct CPV searches 

•  Interference between Tree and Penguin can 
generate direct CP asymmetries 
–  Several classes of NP can contribute 
–  … but also non-negligible SM contribution 

 Today special guest  
 Time-integrated asymmetries in D0hh 

6"

Tree Penguin 

Why search for CP 
violation in charm ? 

No evidence for CP violation in charm 
decays has yet been found 

3"

D0 mixing is well established at a level 
which is consistent with, but at the 

upper end of SM expectations 
HFAG arXiv:1010.1589 

p̄p ! D0D̄0 ! (KS⇡
+⇡�)(K+⇡�)

BESIII𝑫 semileptonic decays to 𝑲 and 𝝅
� Charm mesons can decay into other hadrons by 

emitting a ℓା𝝂 lepton pair via the weak interactions

� Use theory for form factors, extract CKM parameters

� Use unitarily for CKM parameters, test QCD

� Verified QCD can help extract Vub from 𝑩 → 𝝅ℓ𝝂

PHIPSI13 17
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Semi-leptonic Form Factors
Lu Cao (FZJ)

• Full simulation 
• complete reconstr. of  two tags 
• realistic decay model for Ds->KKpi 
• full reconstr. of  e+ and eta 
• vertex fits and mass constraints 
• studies at three beam momenta                   

7.3/7.7/8.0 GeV/c
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Semi-leptonic Form Factors
Lu Cao (FZJ)

• Full simulation 
• complete reconstr. of  two tags 
• realistic decay model for Ds->KKpi 
• full reconstr. of  e+ and eta 
• vertex fits and mass constraints 
• studies at three beam momenta                   

7.3/7.7/8.0 GeV/c

• Preliminary results 
• resolutions look promising 
• efficiencies major improvement 

with GenFit2 (e+ reconstr) 
• —> 172 evts/month (HL, 20nb) 
• better than CLEO statistics         

(82 evts, PRD80, 052007 (2009))
~ 172 evts

 

with high luminosity mode in 35 days

Estimate on Event Rate

pbarpSystem                              

 ! Ds- Ds+                                                          BRPDG2014 

       |       |! eta e+ nu_e                                        2.67 % 

       |               |!pi+ pi- pi0                                   22.92 % 

       |                                 |-> 2 gamma                  98.8 % 

       |! K- K+ pi-                                                     5.39 % 

       (! pi- pi+ pi-)                                                  1.09 %

9

Efficiency

Mode A 1. 22 %
Mode B 4. 84 %

1.22 4.84

CLEO 2009: 82 evts 
Phys.Rev. D, 80:052007, 2009.



Semi-leptonic Form Factors
Lu Cao (FZJ)
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• resolutions look promising 
• efficiencies major improvement 

with GenFit2 (e+ reconstr) 
• —> 172 evts/month (HL, 20nb) 
• better than CLEO statistics         

(82 evts, PRD80, 052007 (2009))

• Future items 
• background studies 
• more decay channels 
• additional eta’ study 
• note in progress

~ 172 evts
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FCNC decays
Donghee Kang (Mainz)p̄p ! D0D̄0 ! (��) + (K⇡/K2⇡/K3⇡)

• Full simulation 
• goal: BF sensitivity of  at least 10-6 

• exclusive reconstruction of  3 modes 
• background via DPM, FTF, and 

EvtGen (excl. studies) 
• study at Ecm=3.77 and 5.5 GeV



FCNC decays
Donghee Kang (Mainz)p̄p ! D0D̄0 ! (��) + (K⇡/K2⇡/K3⇡)

Lint = 2 fb−1 (t =120 days)
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Donghee Kang (Mainz)p̄p ! D0D̄0 ! (��) + (K⇡/K2⇡/K3⇡)

• Preliminary results 
• promising, but … 
• additional backgrd suppr. needed 
• analysis note available

• Future items 

• additional cuts, MVA? 
• other D tags, DD*,   
• continuation of  Donghee’s work?

FCNC decays

D0 ! �µ+µ�

• Full simulation 
• goal: BF sensitivity of  at least 10-6 

• exclusive reconstruction of  3 modes 
• background via DPM, FTF, and 

EvtGen (excl. studies) 
• study at Ecm=3.77 and 5.5 GeV

 ⎯    total  
 ---    Argus bkg. 
 -·-·   D0 peaking bkg. 
 -·-·   D0→γγ signal
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• … keeping high efficiencies 
• … even for the bread-and-butter open-charm studies 
• Ambition to get results published
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Open-Charm: Looking Ahead
• Studies so far show …  

• In first instance, it is all about statistical significance 
• … reducing background yield 
• … keeping high efficiencies 
• … even for the bread-and-butter open-charm studies 
• Ambition to get results published

• Reconstruction and analysis tools 
• Getting in the right shape 
• Always plenty of  room for improvements 

• Cross fertilisation between physics/software groups

• More and more data 
• Huge amounts of  background data required  
• Storage limitations reached 
• Central organisation of  data production

• Less and less human resources 
• Critical mass? 
• Funding limitations, career changes, …  



Open-Charm “goodies”

The D-Meson: „Hydrogen of QCD“

General idea of spectroscopy:
� Measure the properties of the states

to deduce the properties of the potential
� Has been done with great success

for the QED with hydrogen
� D-Meson

• Heavy-light system, like hydrogen
• The c-quark can be considered as a static color source

EXA Wien, 8.9.2011 Marius C. Mertens

Morrison, Witherell
Annu. Rev. Nucl. Part. Sci. 1989. 39: 183-230

The spectroscopy of the pseudo scalar and vector D mesons is complete, and 
the masses are well measured. Three of the excited charmed mesons have 
been observed, although it will take further experiments to extract completely 
the individual particle properties.

c q

3

• Hadrons with narrow widths/long lifetimes 
• ideal experimental signatures 
• perfect probes to study weak and strong forces 
• well suited for PANDA precision ambitions 

• Hydrogen-like system 
• close to heavy-quark symmetry (HQS) 
• flavour (mass) and spin independent strong interaction 
• “tethered” constituent light quarks 

• Theoretically controllable (QCD based)  
• HQS: heavy-quark effective theory and expansions 
• lattice QCD: model independent and moving forward! 
• b-sector: possibly precise;  
• c-sector: systematic probe of  non-perturbative effects!



Donghee Kang (Mainz)p̄p ! D0D̄0 ! (��) + (K⇡/K2⇡/K3⇡)

nb 50=DDσ

nb 100=DDσ

• Preliminary results 
• promising, but … 
• additional backgrd suppr. needed 
• analysis note available

• Future items 

• additional cuts, MVA? 
• other D tags, DD*,   
• continuation of  Donghee’s work?

FCNC decays

D0 ! �µ+µ�

• Full simulation 
• goal: BF sensitivity of  at least 10-6 

• exclusive reconstruction of  3 modes 
• background via DPM, FTF, and 

EvtGen (excl. studies) 
• study at Ecm=3.77 and 5.5 GeV


