
Open-Charm Session
F.K.A. heavy-light+electroweak

Johan Messchendorp (KVI-CART/RuG), PANDA CM, September, 2014 (Frascati)

• Sorry, no work reports today 
• unless any ad-hoc contributions? 

• Overall status of  open-charm activities 
• physics goals? 
• who is doing what? 
• missing analysis items? 

• Looking ahead

Today’s agenda



Open-charm with PANDA: 
“opportunities with challenges”

• Key physics items for PANDA? 
• fierce competition from BESIII, Belle2, LHCb, ..  
• interaction with TAG 

• 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: up to ~50 mbarn  

• requires “complete” detector and over-redundancy
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ū

u

d

u

ū
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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 =
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Open-charm with PANDA: 
“opportunities with challenges”

• Non-resonant production 
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Figure 6: The integrated cross sections σ(t0,∆) of charmed baryon and meson pair pro-
duction in pp̄ collisions in QGS model. The dashed lines indicate the uncer-
tainties introduced by the strong couplings obtained from LCSR.

binary processes with baryons in terms of helicity amplitudes and employed the strong
couplings of initial protons and final charmed baryons (mesons) with the intermediate
charmed mesons (baryons) calculated from LCSR. This additional input allows us to
enhance the connection of the QGS model to QCD.

Strictly speaking, the QGS model is applicable only at sufficiently large energies,
beyond the upper limit of the P̄ANDA energy region. Hence the cross sections calculated
here can only be considered as an order of magnitude estimates, also because the model
is only valid at small momentum transfers and the absorption factor is only taken in the
first approximation. Still the relations between cross sections are less influenced by the
uncertainties and are almost independent of the absorption factors.

Finally, turning to the comparison of our results with the charm-production estimates
in the literature, we observe that our prediction for the dominant ΛcΛ̄c production is
(within estimated uncertainties) consistent with the one obtained in the original QGS
model [2]: σ(pp̄ → ΛcΛ̄c) ≃ 100 nb, at plab = 15 GeV, whereas the predictions for the
ratios of cross sections obtained here and in [2] differ. For example, we do not exclude
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(baryon-meson couplings (light-cone sum rule) input to  
quark-gluon string model) 
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Figure 2. Left: The differential cross section dσpp̄→D0D0/dΩ for s = 15GeV2 versus cos θ.

Right: The integrated pp̄ → D0D0 cross section as a function of s.

our integrated cross-section predictions as a function of s. It is of the order of nb, which still is
in the range P̄ANDA is able to measure. Our cross section predictions are in accordance with
the results of Ref. [13], where also a quark-diquark model has been used, but are one order of
magnitude smaller than the hadronic interaction-model calculations of Refs. [15, 16].

5. Summary
We have investigated the process pp̄ → D0D0 within a double handbag approach where the
process amplitude can be factorized into a hard subprocess amplitude on the constituent level
and soft hadronic p → D0 and p̄ → D0 matrix elements. We have treated the hard subprocess
perturbatively and modelled the soft hadronic transitions as a LCWF overlap. In doing so we
have obtained predictions for the differential and integrated pp̄ → D0D0 cross sections.
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Figure 2. Left: The differential cross section dσpp̄→D0D0/dΩ for s = 15GeV2 versus cos θ.

Right: The integrated pp̄ → D0D0 cross section as a function of s.

our integrated cross-section predictions as a function of s. It is of the order of nb, which still is
in the range P̄ANDA is able to measure. Our cross section predictions are in accordance with
the results of Ref. [13], where also a quark-diquark model has been used, but are one order of
magnitude smaller than the hadronic interaction-model calculations of Refs. [15, 16].

5. Summary
We have investigated the process pp̄ → D0D0 within a double handbag approach where the
process amplitude can be factorized into a hard subprocess amplitude on the constituent level
and soft hadronic p → D0 and p̄ → D0 matrix elements. We have treated the hard subprocess
perturbatively and modelled the soft hadronic transitions as a LCWF overlap. In doing so we
have obtained predictions for the differential and integrated pp̄ → D0D0 cross sections.

Acknowledgments
We would like to thank the organizing committee of the “FAIRNESS 2013” workshop for their
efforts. ATG is supported by the Austrian science fund FWF under Grant No. J 3163-N16.

References

[1] Goritschnig A T, Pire B and Schweiger W 2013 Phys. Rev. D 87 014017; 2013 Erratum-ibid Phys. Rev. D
88 079903(E)

[2] Lutz M F M et al. [PANDA Collaboration] arXiv hep-ex/0903.3905
[3] Mueller D, Robaschik D, Geyer B, Dittes F M and Horejsi J 1994 Fortsch. Phys. 42 101; Radyushkin A V

1996 Phys. Lett. B 380 417; Ji X D 1997 Phys. Rev. Lett. 78 610
[4] Goritschnig A T, Kroll P and Schweiger W 2009 Eur. Phys. J. A 42 43
[5] Pire B, Semenov-Tian-Shansky K and Szymanowski L 2010 Phys. Rev. D 82 094030; 2011 Phys. Rev. D 84

074014; 2013 Phys. Lett. B 724 99; Lansberg J P, Pire B, Semenov-Tian-Shansky K and Szymanowski L
2012 Phys. Rev. D 85 054021

[6] Diehl M, Feldmann T, Jakob R and Kroll P 2001 Nucl. Phys. B 596 33; 2001 Erratum-ibid Nucl. Phys. B
605 647; Brodsky S J, Diehl M and Hwang D S 2001 Nucl. Phys. B 596 99

[7] Diehl M, Feldmann Th, Jakob R and Kroll P 1999 Eur. Phys. J. C 8 409
[8] Körner J G and Kroll P 1992 Phys. Lett. B 293 201
[9] Kniehl B A and Kramer G 2005 Phys. Rev. D 71 094013; 2006 Phys. Rev. D 74 037502
[10] Anselmino M, Kroll P and Pire B 1987 Z. Phys. C 36 89
[11] Anselmino M, Caruso F, Kroll P and Schweiger W 1989 Int. J. Mod. Phys. A 4 5213
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Open-charm with PANDA: 
“opportunities with challenges”

• 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
solid square points with error bars are from BESIII. The open circles are from the BaBar measurements of Ref. [20], and the open triangles from
Ref. [21]. The inset shows a zoom of the region in the vicinity of the ψ(3770).

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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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
solid square points with error bars are from BESIII. The open circles are from the BaBar measurements of Ref. [20], and the open triangles from
Ref. [21]. The inset shows a zoom of the region in the vicinity of the ψ(3770).

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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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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Identified Topics

• Open-charm production in p pbar 

• D(s) Spectroscopy: exotics, transitions & decays 

•                 Spectroscopy: [see above] 

• Form Factors: (semi-)leptonic decays 

• Electroweak: (in)direct CPV, rare decays   
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Open-charm production
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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

!

Groningen, Juelich, …  
Alexandros Apostolou, Andreas Herten, Solmaz Vejdani, … 
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D(s) spectroscopy 
(exotics, transitions, strong decays, …)
!

Giessen, Juelich, …  
Andreas Herten, Andreas Pitka, Elisabetta Prencipe, … 
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* Ds 

Ds DsJ(2317) 
DsJ(2460) 

DsJ(2536) 
DsJ(2573) 

A. Drutskoy!



Ds0*(2317) Energy Scan

EXA Wien, 8.9.2011 Marius C. Mertens
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Marius Mertens (FZJ)

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

• Mass and width determination 
• models give large variations in width: 5-200 keV for Ds0*(2317) 
• many upper limits for D(s) states

PANDA opportunities in D/Ds spectroscopy



Ds0*(2317) Excitation Function – 100 keV Width

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

EXA Wien, 8.9.2011 Marius C. Mertens
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excitation function without smearing

beam momentum spread

nominal beam 
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11

Momentum spread: δp/p0 = 10-4

Absolute positioning: δp0/p0 = 10-4

Relative positioning: δΔp/Δp = 10-5

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

Elisabetta Prencipe (FZJ)

• Mass and width determination 
• models give large variations in width: 5-200 keV for Ds0*(2317) 
• many upper limits for D(s) states

PANDA opportunities in D/Ds spectroscopy



Ds spectroscopy with PANDA

  20

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



PANDA opportunities in D/Ds spectroscopy

• Radiative transitions  
• limited data available 
• model sensitive and calculable as well! 

• Soft pion transitions  
• isospin breaking mechanism in Ds 
• low-energy with Goldstone bosons 
• mixing of  1+ states: f.e, DsJ(2460,2536)—>D*pi 

• Search for D-waves and “exotics” 
• expect higher production rate in p-pbar than in 

e+e- 
• determine spin-parity of  existing candidates 
• *new* discovery from LHCb: D*s1(2860) mixture 

with D*s3(2860) - arXiv:1407.7574 

• Light quark spectroscopy 
• study light (strange) meson spectrum in hadron 

decays (PWA) 
• ideal JP=0- beacons Many

 opp
ortu

nitie
s fo

r *you*
  

to jo
in th

e eff
orts

!



charm baryon spectroscopy
!

Groningen, Juelich, …  
You??… 
(strong overlap with Baryon working group)

Heavy quark baryon 
• When single quark picture is 

still a good picture, excited 
states are degenerated.  

• If Cqq (q=u,d) system is 
considered as C and di-quark 
correlations, orbital motion of 
O is lowered due to the 
collectivity of the di-quark 
motion. 

• Spin correlations between 
light quarks give additional 
level separations. 

2012/6/22 7 

O: orbital motion 
U: di-quark correlation  

Level pattern tell us: 
9Mass of di-quark  
9Strength of di-quark 
correlation 
9Spin dependent correlation 
between light quarks 

Measurements of all levels  are important 



charm baryon spectroscopy 
PANDA opportunities

• Strong decays of  charm baryons 
• soft pion transitions —> HHChPT 
• direct determination of  pion couplings:  
• g1-g2 (s to s-wave) and h2-h18 (p to s-wave) 
• requires measurements of  partial widths 

• Electromagnetic decays of  charm baryons 
• test role of  heavy quark and chiral symmetry 

(HHChPT) 
• f.e. g1 determination via  
• exp. challenging, BF are expected to be tiny

other strong decays. We shall use ßc ! §cº as input [3]

°(ß++
c ) = °(ß++

c ! §+
c º+) = 2.23 ± 0.30MeV. (4.2)

¿From which we obtain

|g2| = 0.605+0.039
°0.043 , (4.3)

where we have neglected the tiny contributions from electromagnetic decays. Note that |g2| obtained
from ß0

c ! §+
c º° has the same central value as Eq. (4.3) except that the errors are slightly large.

If ß§
c ! §cº decays are employed as input, we will obtain |g2| = 0.57 ± 0.04 from ß§++

c ! §+
c º+

and 0.60±0.04 from ß§0
c ! §+

c º°. Hence, it is preferable to use the measurement of ß++
c ! §+

c º+

to fix |g2|.2
As pointed out in [21], within in the framework of the non-relativistic quark model, the couplings

g1 and g2 can be related to gq
A, the axial-vector coupling in a single quark transition of u! d, via

g1 =
4
3
gq
A, g2 =

r
2
3
gq
A. (4.4)

Using gq
A = 0.75 which is required to reproduce the correct value of gN

A = 1.25, we obtain

g1 = 1, g2 = 0.61 . (4.5)

Hence, the quark model prediction is in good agreement with experiment, but deviates 2æ from the
large-Nc argument: |g2| = gN

A /
p

2 = 0.88 [24]. Applying (4.3) leads to (see also Table III)

°(•
0§+
c ) = °(•

0§+
c ! •+

c º0,•0
cº

+) =
g2
2

4ºf2
º

√
1
2

m•+
c

m•0+
c

p3
º +

m•0
c

m•0+
c

p3
º

!

= (2.8 ± 0.4)MeV,

°(•
0§0
c ) = °(•

0§0
c ! •+

c º°,•0
cº

0) =
g2
2

4ºf2
º

√
m•+

c

m•00
c

p3
º +

1
2

m•0
c

m•00
c

p3
º

!

= (2.9 ± 0.4)MeV. (4.6)

Note that we have neglected the eÆect of •c °•0
c mixing in calculations (for recent considerations,

see [29, 30]). Therefore, the predicted total width of •0§+
c is in the vicinity of the current limit

°(•0§+
c ) < 3.1 MeV [31].
It is clear from Table III that the predicted widths of ß++

c and ß0
c by HHChPT are in good

agreement with experiment. The strong decay width of ßc is smaller than that of ß§
c by a factor of

ª 7, although they will become the same in the limit of heavy quark symmetry. This is ascribed to
the fact that the pion’s momentum is around 90 MeV in the decay ßc ! §cº while it is two times
bigger in ß§

c ! §cº. Since ßc states are significantly narrower than their spin-3/2 counterparts, this
explains why the measurement of their widths came out much later. Instead of using the data to fix
the coupling constants in a model-independent manner, there exist some calculations of couplings
in various models such as the relativistic light-front model [25], the relativistic three-quark model
[26] and light-cone sum rules [27, 32]. The results are summarized in Table III.

It is worth remarking that although the coupling g1 cannot be determined directly from the
strong decay such as ß§

c ! ßcº, some information of g1 can be learned from the radiative decay
•0§0

c ! •0
c∞, which is prohibited at tree level by SU(3) symmetry but can be induced by chiral

loops. A measurement of °(•0§0
c ! •0

c∞) will yield two possible solutions for g1. Assuming the
validity of the quark model relations among diÆerent coupling constants, the experimental value of
g2 implies |g1| = 0.93 ± 0.16 [23] (see also Sec. VIII.A).

2 For previous eÆorts of extracting g2 from experiment using HHChPT, see [4, 23].

8

• Molecular states & heavy baryons? 
• many predictions of  molecular states from 

coupled-channels models

Concluding Remarks

•Lots of progress in charm 
baryon spectroscopy

• Insight into charm baryon 
production

•Measurements of charm 
baryon spin from exclusive     
B decay processes

• Insight into light quark 
spectroscopy from hyperon 
resonances produced in 
charm baryon decay
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Form factors/decay constants: 
 (semi)leptonic decays

!

Juelich, Mainz, Muenster, … 
Lu Cao, …

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

emitting a ℓ𝓁ା𝝂 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 → 𝝅ℓ𝓁𝝂

PHIPSI13 17

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

emitting a ℓ𝓁ା𝝂 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 → 𝝅ℓ𝓁𝝂

PHIPSI13 17



Ds semi-leptonic decay 

         

Significance on Ds Semileptonic Decay 
z Semileptonic decays Ds->  e  +  ν  +  η,η’ 

are an excellent environment for 
precision measurements of the CKM 
matrix elements |Vcd| and |Vcs|. 
 

z Form factor encapsulates QCD bound-
state effects; relates to the probability of 
forming final state at given invariant 
mass squared of the lepton-neutrino 
system q2. 
 

z The investigation opens a new approach 
to improve the measurement of mixing 
angle for η  and  η’.   

Simulation on Measurement of Ds Semileptonic Form Factor 11.06.2014 3 

𝜂, 𝜂ᇱ 
Form Factor 

 𝒇ା 𝒒𝟐  

𝑑Γ 𝐷𝑠 → 𝑣𝑙𝑋
𝑑𝑞ଶ = 𝐺𝐹ଶ

24𝜋ଷ 𝑉௖௫ ଶ𝑝𝑥ଷ 𝑓ା 𝒒𝟐 ଶ
 

𝑫𝒔ା 

𝒆ା 
𝝂𝒆 

𝑿 

𝑾ା 
𝒒 

𝑝𝑝̅ 

Lu Cao (FZJ)



Ds semi-leptonic decay 
Lu Cao (FZJ), June Collaboration meeting

         6/11/2014 Simulation & reconstruction of semileptonic Ds meson decays 

FastSim 

FullSim 

~22% efficiency

~3.7% efficiency 
(=80 evts/month)



D/Ds leptonic decays 
Interest from Muenster group (Jochen Heitger, Alfons Khoukaz)

Motivation: Precision heavy flavour physics

Impact of weak decays of hadrons on CKM analyses is generically based
on schematic relations such as
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E.g. for the heavy-light case of interest here:

SM expression for the partial width of the leptonic decay of D± mesons
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Motivation: Precision heavy flavour physics
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Experimental and theory status

TABLE IV: Theoretical predictions of fD+
s
, fD+ , and fD+

s
/fD+ . Quenched lattice calculations are

omitted, while PQL indicates a partially-quenched lattice calculation. (Only selected results having
errors are included.)

Model fD+
s
(MeV) fD+(MeV) fD+

s
/fD+

Experiment (our averages) 257.5± 4.6 204.6± 5.0 1.258± 0.038

Lattice (HPQCD) [22] 246.0± 0.7± 3.5 208.3± 1.0± 3.3 1.187± 0.004± 0.012
Lattice (FNAL+MILC) [23] 246.4± 0.5± 3.6 209.2± 3.0± 3.6 1.175± 0.019
PQL [24] 244± 8 197± 9 1.24± 0.03
QCD sum rules [25] 205± 22 177± 21 1.16± 0.01± 0.03
QCD sum rules [26] 245.3± 15.7± 4.5 206.2± 7.3± 5.1 1.193± 0.025± 0.007
QCD sum rules [27] 246± 6 204± 6 1.21± 0.04
QCD sum rules [28] (I) 241± 12 208± 11 1.16± 0.07
QCD sum rules [28] (II) 258± 13 211± 14 1.22± 0.08
QCD sum rules [29] 238+13

�23 201+12
�13 1.15+0.04

�0.05

Field correlators [30] 260± 10 210± 10 1.24± 0.03
Light front [31] 268.3± 19.1 206 (fixed) 1.30± 0.04

this limit, while the average D+
s result is also, but older results [1] not used in our average

are often above the limit.
Akeroyd and Chen [33] pointed out that leptonic decay widths are modified in two-Higgs-

doublet models (2HDM). Specifically, for the D+ and D+
s , Eq. (1) is modified by a factor rq

multiplying the right-hand side [34]:

rq =

2

41 +

 
1

mc +mq

! 
MDq

MH+

!2  

mc �
mq tan2 �

1 + ✏0 tan �

!3

5
2

,

where mH+ is the charged Higgs mass, MDq is the mass of the D meson (containing the light
quark q), mc is the charm quark mass, mq is the light-quark mass, and tan � is the ratio
of the vacuum expectation values of the two Higgs doublets. In models where the fermion
mass arises from coupling to more than one vacuum expectation value ✏0 can be non-zero,
perhaps as large as 0.01. For the D+, md ⌧ mc, and the change due to the H+ is very small.
For the D+

s , however, the e↵ect can be substantial.
In order to investigate the possible presence of new physics we need to specify a SM value

of fD+
s
. We can only use a theory prediction. Our most aggressive choice is that of the

unquenched lattice calculation [22], because it claims the smallest error. Since the charged
Higgs would lower the rate compared to the SM, in principle, experiment gives a lower limit
on the charged Higgs mass. However, the value for the predicted decay constant using this
model is 2.0 standard deviations below the measurement. If this small discrepancy is to be
taken seriously, either (a) the model of Ref. [22] is not representative; (b) no value of mH+

in the two-Higgs doublet model will satisfy the constraint at 99% confidence level; or (c)
there is new physics, di↵erent from the 2HDM, that interferes constructively with the SM
amplitude such as in the R-parity-violating model of Akeroyd and Recksiegel [35].

6

Feasibility Study of D(s) Decay Experiments at PANDA

Experimental access to leptonic D(s) decays via ¯

D(s)D(s) pairs
Production of ¯D(s)D(s) pairs in p̄p collisions
At full luminosity and p

p̄

> 6.4GeV/c, one can expect ⇠ 100 s

-1

charm pairs (⇠ 40 nb (?) at  (4040)) ! 3 · 108 ¯

D(s)D(s) pairs per year
Tagging of charged Ds by complete detection of Ds ! �⇡! K

+
K

-
⇡

Coincident detection of the charged decay lepton `± from ¯

Ds ! `⌫

Full event reconstruction possible, since only ⌫ remains undetected

Decay rates:

Decay rate D

±
s ! K

+
K

-
⇡

± : ⇠ 9.0%

Rate includes K

+
K

- pairs from � and f0 decays

Decay rate D

±
s ! µ

±
⌫

µ

: ⇠ 0.6%

More detailed feasibility studies needed on event rates,
background, and detector requirements

PANDA:

Detailed simulations 
urgently needed!



(in)direct CPV/rare decays
!

Mainz, GSI… 
Donghee Kang, …

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



Feasibility study rare decays
Donghee Kang (Mainz), June Collaboration meetingBranching fraction

Short distance contribution

JJo0D

Long distance contribution
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- Pre-selection of track candidates
Neutral track   : E > 50 MeV 
Charged track : p > 100 MeV/c
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• DPM background can be manageable up to 107 in the full simulation

• Main background source :

 0 JJoD

EvtGen :
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Test of background reduction I

FSIM: DPM background reduction  
possible up till a level of  ~10-9
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•  We are sitting in the edge of potential achievement

• Other models for D0D0 cross section could be larger than VDD >100 nb
e.g. BESIII second solution : VDD = 486 nb

On the edge of  feasibility! 
(let’s hope the cross section is larger than 100 nb)



Other electroweak opportunities?
Introduction

Charm Production
Topics in Charm Physics

Spectroscopy of Charmonium (like) states
Open Charm
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T. Mannel, Siegen University Charm Quarks @ PANDA

• NP searches via mixing/decays? 
• (in)direct CPV studies 
• CPV “excitement” in charm from LHCb  

• Additional FCNC transitions: 
• forbidden at tree level, possibly sensitive to NP 
• dominated by long-distance effect 
• f.e.                                 (SM ~10-6, PDG <10-4-10-5), 

q2 distributions could help! 

• Weak decays from charm baryons? 
•   
• maybe higher production rate? 
⇤c,⌅c

Time-integrated CP asymmetry 
(what we measure at LHCb) 

•  We are looking for CP asymmetry defined as 

  with f=KK and f=ππ and  
•  The flavor of the initial state (D0 or D0) 
is tagged by requiring a D*+ D0π+s decay, 
with the flavour determined by the charge 
of the slow pion (π+s) 

•  “slow” because of its lower average 
momentum (~5 GeV/c) with respect to the D0 
daughters (~30 GeV/c) 
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• We are making progress! 
• Many tools in simulation framework have become available                                                  

(thanks to the nice developments by software group)   
• Results are becoming more-and-more conclusive 

• But there are bottlenecks and to-dos… 
• figure-of-merits not always available (for good reasons) 
• Open charm analyses are complex and require a detailed                                                           

understanding and improvement of  the underlying software and algorithms 
• request for analysis memos: better start right-away!  
• manpower remains limited, although many open physics channels to study 
• communication with TAG: room for improvement! 

• Looking forward to this week’s workshop 
• Sinead Ryan: “Open-charm meson sector” 

• Antimo Palano: “Open-charm, an experimental overview” 
• Alexei Pivovarov: “Electroweak physics”


