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▪ Charmed baryon spectroscopy is an excellent 
laboratory to study the dynamics of light diquark in 
the environment of heavy 𝐶-quark.  

▪ It provides better understanding the strong 
interaction and confinement dynamics.
• Bridge Between Light and Heavy Quark System
• Decoupling from Non-Perturbative Effects

Why do we study charmed baryon production ?

Background and Motivation

▪ Charmed baryon excitations has the potential to 
reveal their internal dynamics and the nature of 
the excitation mechanisms.
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▪ Charmed baryon spectroscopy is an excellent laboratory to study the 
dynamics of light diquark in the environment of heavy 𝐶-quark.  

▪ It provides better understanding the strong interaction and confinement 
dynamics.

o At short distances (high energy), the QCD coupling constant 
𝛼𝑠 becomes small.

o When 𝑚𝑄≫ ΛQCD, the heavy quark's Compton wavelength λQ is 
much smaller than the hadron size (Rhadron). This leads to 
simplifications.

▪ It allows testing of many theoretical predictions and approaches such as 
Lattice QCD, Quark model, Quark-gluon dynamics, Effective field theory 
and etc.

▪ It allows testing of many theoretical predictions : 
Lattice QCD, Quark model, Quark-gluon dynamics, 
Effective field theory and etc.
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PANDA experiment

▪  PANDA will use beam momenta well exceeding the threshold of 10.162 GeV/c up 
to 15 GeV/c

▪ The PANDA experiment at the Facility for Antiproton and Ion Research (FAIR) in 
Darmstadt, Germany.
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▪We are interested in the production of 
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Baryon: Σc  JP=
1
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+
 Σ𝑐

∗  JP=
3

2

+

Meson : 𝐷  JP= 0−  𝐷∗  JP= 1−

▪ When the heavy quark mass 𝑚 → ∞ is much greater than the 𝛬𝑄𝐶𝐷, the degrees of 
freedom (DOF) associated with the heavy quark decouple from those of the light 
quark.

Heavy quark symmetry 5

Fig.1 The mass splitting.

▪ HQS leads to degenerate states for heavy quark spin partner with the same flavor but 
does not imply equal masses.
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▪ HQSS is relevant based on the assumption that 
heavy quarks are highly on-shell.
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Research object 6

▪ By now, the study of HQSS and its violation has not been conducted yet.

▪ HQSS is relevant based on the assumption that heavy quarks are highly on-shell.

▪ For  𝑝 ҧ𝑝 → 𝑌𝑐
ത𝑌𝑐 , the charmed production is highly off-shell, which does not satisfy the HQSS 

assumption.

This work explores proton-antiproton annihilation into charm production processes using the effective Lagrangian 
approach with 𝑆𝑈 2  symmetry at laboratory momentum thresholds up to 15 GeV/c. The study investigates the role 
of Heavy Quark Spin Symmetry (HQSS) and its violations in the scattering processes. Moreover, we estimate coupling 
constants with a 20\% deviation from \( SU(3)_f \). This study aims to predict cross sections for charmed baryon 
production in the \( \bar{\text{P}} \)ANDA experiment, as described in chapter \ref{PANDA}.

o Kaidalov, A.B., Volkovitsky, P.E. Binary reactions in collisions at intermediate energies. Z. Phys. C - Particles and 
Fields 63, 517–524 (1994).

o Khodjamirian, A., Klein, C., Mannel, T. et al. How much charm can PANDA produce?. Eur. Phys. J. A 48, 31 (2012).
o Haidenbauer, J., Krein, G. Charm Production in Antiproton-Proton Annihilation. Few-Body Syst 50, 183–186 (2011).
o Haidenbauer, J. and Krein, G. Production of charmed baryons in collisions close to their thresholds. Phys. Rev. 

D 95, 014017.
o Goritschnig, A.T., Kroll, P. & Schweiger, W. Proton-antiproton annihilation into a pair. Eur. Phys. J. A 42, 43 

(2009).

▪ It revealed a strongly model dependent and there's no agreement on the best way to 
describe this reaction.



➢ In this work, we aim to investigates the role of Heavy Quark Spin Symmetry (HQSS) and its violations in proton -antiproton annihilation into 

charm production processes.
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This work explores proton-antiproton annihilation into charm production processes using the effective Lagrangian 
approach with 𝑆𝑈 2  symmetry at laboratory momentum thresholds up to 15 GeV/c. The study investigates the role 
of Heavy Quark Spin Symmetry (HQSS) and its violations in the scattering processes. Moreover, we estimate coupling 
constants with a 20\% deviation from \( SU(3)_f \). This study aims to predict cross sections for charmed baryon 
production in the \( \bar{\text{P}} \)ANDA experiment, as described in chapter \ref{PANDA}.
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Fig.2 Tree-level diagram for the reactions

➢ In this work, we aim to investigates the role HQSS and its violations in proton-antiproton 

annihilation into charm production processes.
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Super-multiplet fields [2,3]

99Construct CHQSS and VHQSS Lagrangians 

▪ Construction Conserving & Violating Lagrangians

After tracing all fields in heavy quark spin space, we get

The CHQSS Lagrangian is given by

For violating HQSS (VHQSS) is expressed as

▪ Building Blocks of HQSS Lagrangian.

▪ As the pseudoscalar and vector 𝐷 mesons as well as spin-
1

2
 and spin-

3

2
 baryons form 

degenerate states.

[2] Cho, P. L. (1993). Heavy hadron chiral perturbation theory. Nuclear Physics B, 396, 183-204.
[3] Wise, Mark B. (1993). Combining chiral and heavy quark symmetry. CALT-68-1860.

(1)
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▪ Construction Conserving & Violating Lagrangians

After tracing all fields in heavy quark spin space, we get

The CHQSS Lagrangian is given by

For violating HQSS (VHQSS) is expressed as

where 𝑆𝛼 and 𝜃𝛼 are the heavy quark spin operator and infinitesimal parameters, 
with the properties 

These building blocks obey the following 𝑆𝑈 2 𝑉 transformations

Thus, the CHQSS conditions

(2)

(3)

Construct CHQSS and VHQSS Lagrangians 



▪ Construction Conserving & Violating Lagrangians

The CHQSS Lagrangian is given by

For violating HQSS (VHQSS) is expressed as

(4)

(5)

11Construct CHQSS and VHQSS Lagrangians 



The CHQSS and VHQSS Lagrangians are given explicitly as follows

(6)

(7)

12Construct CHQSS and VHQSS Lagrangians 



Determination of constants (LECs) of the effective lagrangians 13

▪ Matching their relations the coupling constants with those obtained from the standard 
SU(3) effective Lagrangian approach Ref.[5].

𝐾, 𝐾∗

𝐾, 𝐾∗

[4] Haidenbauer, J. and Krein, G. Production of charmed baryons in collisions close to their thresholds. Phys.Rev.D 95 (2017) 1, 014017
[5] Sangkhakrit, T., Shim, SI., Yan, Y. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and 
Regge approaches. Eur. Phys. J. A 58, 32 (2022).



Determination of constants (LECs) of the effective lagrangians 13

𝐾, 𝐾∗

[4] Haidenbauer, J. and Krein, G. Production of charmed baryons in collisions close to their thresholds. Phys.Rev.D 95 (2017) 1, 014017
[5] Sangkhakrit, T., Shim, SI., Yan, Y. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and 
Regge approaches. Eur. Phys. J. A 58, 32 (2022).

▪ However, SU(4)f symmetry is not good approximation to include the light and heavy 
quarks in the same group.

• The generally accepted assumption that SU(4) flavor symmetry provides a reasonable 
first approximation for this correspondence, with a 20% symmetry breaking relative to 
SU(3).



Form factors 15

▪ The form factors [5]

where

[5] Sangkhakrit, T., Shim, SI., Yan, Y. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and Regge approaches. Eur. Phys. J. A 58, 32 (2022).

(8)

(10)

(9)



The Scattering amplitudes & The differential cross-section 16

▪ The total amplitudes for the reactions are given by

The form factors 𝐹(𝐷, 𝐷∗) and 𝐹𝑛(𝐷, 𝐷∗) , which represent the pseudoscalar D meson 
and vector D meson respectively.

▪ The differential cross-sections

(11)

(12)



RESULTS
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• 𝑝 ҧ𝑝 → Λ𝑐
ഥΛ𝑐

▪ The violating terms contribute marginally more than conserving terms—about 51-53%
▪ the 𝑑𝜎/𝑑𝑡 follows a similar trend, on the order of ~10−3 𝐹 , ~10−1 𝐹1  and , ~10−2 𝐹2   𝜇𝑏/𝐺𝑒𝑉2.
▪ The results show that the values depend on the form factor used. 

The Differential Cross-section for Charmed Baryon Productions
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• 𝑝 ҧ𝑝 → Λ𝑐
ഥΛ𝑐

Titov, Alexander I. and Burkhard Kampfer.(2008) 

Model: A modified Regge model based on quark-gluon string dynamics 

[6] Titov, Alexander I. and Burkhard Kampfer. Physical Review C 78 (2008): 025201.

The Differential Cross-section for Charmed Baryon Productions
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• 𝑝 ҧ𝑝 → Σ𝑐
തΣ𝑐

▪ The production rate is predominantly governed by the conserving terms, contributing around 64-68%.
▪ The conserving terms are found to be in the range of 10−3 − 10−2𝜇𝑏/𝐺𝑒𝑉2, while the violating terms 

range from 10−4 − 10−3 𝜇𝑏/𝐺𝑒𝑉2.
▪ These values are about one orders of magnitude smaller than those for Λ𝑐

ഥΛ𝑐

The Differential Cross-section for Charmed Baryon Productions
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• 𝑝 ҧ𝑝 → Σ𝑐
തΣ𝑐

Titov, Alexander I. and Burkhard Kampfer.(2008) 

Model: A modified Regge model based on quark-gluon string dynamics 

[6] Titov, Alexander I. and Burkhard Kampfer. Physical Review C 78 (2008): 025201.

The Differential Cross-section for Charmed Baryon Productions



• 𝑝 ҧ𝑝 → Σ𝑐
∗ തΣ𝑐

∗

19

▪ The production rates of Σ𝑐
∗ തΣ𝑐

∗ have not been extensively explored, particularly in experiments.
▪ At 𝑝𝐿𝑎𝑏 = 15 GeV, this provides a strong incentive to investigate this production further in experiments.
▪ The conserving contribution is estimated to be nearly 99% (~10−4 − 10−3𝜇𝑏/𝐺𝑒𝑉2) , 
      with the violation (~10−6 − 10−5𝜇𝑏/𝐺𝑒𝑉2) observed for any form factor.

The Differential Cross-section for Charmed Baryon Productions



The Total Cross-section for Charmed Baryon Productions 20



Summary & Outlook 21

Summary

▪ In this work, we constructed the CHQSS and VHQSS Lagrangians under HQSS 

𝑆𝑈 2 𝑣 transformations. It reveal the proportions of Con and Vi couplings.

▪ The conserving contributions are nearly marginal, about 46-48% for 𝛬𝑐
ҧ𝛬𝑐 , whereas 

they dominate 64-68% for 𝛴𝑐
ത𝛴𝑐 with 𝛴𝑐

∗ ത𝛴𝑐
∗ being the most dominant at nearly 99%.

Outlook

▪ HQSS violation appears weaker in excited charmed baryons.
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The relevant low energy constants [5] are derived from 𝑆𝑈 4 𝑓 symmetry breaking. 

[5] Sangkhakrit, T., Shim, SI., Yan, Y. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and Regge approaches. Eur. Phys. J. A 58, 32 (2022).
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The form factors employed in this work are estimated by [5]

▪ Form factors

where

[5] Sangkhakrit, T., Shim, SI., Yan, Y. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and Regge approaches. Eur. Phys. J. A 58, 32 (2022).
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▪ The total amplitudes for the reactions are given by

The form factors 𝐹(𝐷, 𝐷∗) and 𝐹𝑛(𝐷, 𝐷∗) , which represent the pseudoscalar D meson 
and vector D meson respectively.

▪ The differential cross-sections



ഥ𝟑

In QCD a heavy-quark field may be decomposed with 

with the projection operators

30

where ℎ(+) annihilates heavy quarks with velocity 𝑣, and ℎ(−) creates heavy 
antiquarks with 𝑣, with the property

▪ Heavy-quark expansion in QCD.

For the slowly varying heavy quark mass expansion, one can decompose the hadronic 
fields as

(1)

(2)

(3)

(4)



ഥ𝟑
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where 𝐷±(𝑥), 𝐷±
𝜇

𝑥 , Σc,±(𝑥), Σc,±
𝜇

(𝑥) and Λc,±(𝑥) are  slowly varying fields

The heavy quark fields  𝐷(𝑥), 𝐷𝜇(𝑥), Σ𝑐(𝑥), and Λ𝑐(𝑥) can be decomposed as

As the pseudoscalar and vector 𝐷 mesons as well as spin-
1

2
 and spin-

3

2
 baryons 

form degenerate states, they can be defined by Super-multiplet fields.
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Heavy quark symmetry 33

Where 𝑀𝐵 ≈ 𝑚𝑄, the brown muck carries a small momentum 𝑞𝜇

is residual momentum 

The four-velocity of the heavy quark is given by

As 𝑚𝑄 → ∞ , the heavy quark is predominantly contributed by the on-shell 

component 𝑚𝑄𝑣 and carries almost all of the momentum of the bound state

𝑚𝑄

𝑣𝜇
𝑚𝑞

A bound state 𝑀𝐵, 
moving with velocity 𝑣𝜇

Brown muck

Heavy quark mass

Why is 𝑚𝑄 → ∞ on-shell? 



ഥ𝟑

In QCD a heavy-quark field may be decomposed with 

 

with the projection operators

In the heavy quark limit, the QCD Lagrangian to first order 
in 𝑚 → ∞ can be expressed as

▪ This reveals the decoupling of ℎ(+) and ℎ(−)

▪  ℎ(+) and ℎ(−) fields exhibit no interaction, preventing 
the creation of heavy quarks in pairs. 

The HQET  Lagrangian invariant under spin rotation

▪ This leads to the so-called heavy-quark spin symmetry. 

34

with

where ℎ(+) annihilates heavy quarks with velocity 𝑣, and 

ℎ(−) creates heavy antiquarks with 𝑣, with the property

where 𝑆𝛼 and 𝜃𝛼 are the heavy quark spin operator and 
infinitesimal parameters, with the properties 

▪ Heavy-quark expansion in QCD.
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▪ In LO, heavy quark spin in 𝑚𝑄 → ∞ is conserved.

Baryon: Σc  JP=
1

2

+
 Σ𝑐

∗  JP=
3

2

+

Meson : 𝐷  JP= 0−  𝐷∗  JP= 1−

▪ In NLO occurs spin symmetry violation in heavy mass 
expansion. 

Fig.5 The spin degeneracy of states with 
total spin 𝐽±  =  𝑗 ±  1/2 in heavy quark 
mass limit (left) and the small mass 
splitting in finite heavy quark mass (right). 

▪ The ground-state baryons, Λ𝑐 for charm and Λ𝑏for 
bottom, are considered HQS singlets since the light 
component has 𝑗 = 0 in the heavy quark limit.

▪ HQSS is relevant based on the assumption that 
heavy quarks are highly on-shell.

(1)



24/10/2023

▪ In 1974, the 𝐽/𝛹 meson was discovered independently by Ting at Brookhaven
in electron-positron production at 3.1 GeV. [1]

Fig.1 Ting and his experimental 
team.

The 1976 Nobel 
Prize in physics

▪ The mass of this resonance was too large to be a simple pion or other hadrons made of 
light quarks.

[1] Ting, S. C. C., The discovery of the J particle: A personal recollection, Rev. Mod. Phys. 49, 235 (1977).

c

തc

𝐽/𝛹
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Phase of PANDA
- Phase 0

o Currently PANDA detectors are being built. They 
will be used in other excellent experiments until 
the experimental hall is available.

- Phase 1
o First physics experiments with the PANDA 

start setup using antiprotons
- Phase 2

o Experiments using the full setup (MSV), MSV 
is Minimum Setup for the Start Version.

- Phase 3
o Experiments beyond MSV (RESR)

The High Energy Storage Ring (HESR) provides 
antiprotons in a momentum range of approximately 1.5 
to 15 GeV/c
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