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Abstract

In this work, we investigate an effective Lagrangian that describes the interactions between D mesons, charmed baryons
(Y,) and nucleons within the framework of Heavy-Quark Spin Symmetry (HQSS). Using the super-multiplet formalism, we
systematically construct the three-point interaction terms. As a result, by considering the minimal sets of the effective
Lagrangian in the HQSS construction, there are two effective Lagrangians that are invariant under HQSS whereas we find
two minimum terms of the Lagrangian that violate the HQSS transformation. To reveal the phenomenological consequences
of HQSS-breaking pattern, we compute the differential cross-sections for exclusive charmed baryon pair production in proton-
antiproton collisions, pp - Y.Y,,, with Y, Y, € {A., Z.,Z:}. We demonstrate that the production rates of these channels can
be used as a sensitive probe of the HQSS-violating dynamics. Our framework provides predictions for these observables,

which are of crucial importance for the upcoming PANDA experiment at the Facility for Antiproton and Ion Research (FAIR).

Keywords: Charmed baryon production, Heavy-Quark Spin Symmetry, Effective Lagrangian

Introduction

One of the challenging questions in particle physics
is how strong interactions bind quarks and gluons as
described by the non-abelian gauge group SU(3), as is
widely known quantum chromodynamics (QCD). At high
energies, it is well-defined through perturbation theory
due to the interaction weakening with the small couplings.
However, non-perturbative QCD becomes strongly
coupled and ambiguous at lower energies like a
phenomenon known as color confinement. To address the
questions, the study of heavy hadrons with a charm quark
exhibits distinctive properties that provide valuable insight
into QCD.

Charmed baryon states were initially identified in
1975 during interactions with neutrinos [1]. Since then,

various facilities such as CLEO [2], BABAR [3,4], Belle
[5-7], LHCb collaborations [8,9] have observed various
hadrons. Several studies have calculated cross-sections for
the production of pp — A.A.. The Quark-Gluon String
Model (QGSM) and Regge approach were applied [10-
15]. The effective Lagrangian model was calculated
[16,17] within the sum of the t-channel D° and D°*
meson-exchange processes. In previous studies, the
production varies depending on the model used and there
is no agreement on the best way to describe this reaction.

Heavy-quark spin symmetry (HQSS) plays a
significant role in understanding of low-energy strong
interactions and the classification of the heavy-light

hadronic spectrum including the dynamics charm baryons
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as studied [18-22]. In the infinite heavy-quark mass limit
(m — ), the degrees of freedom (DOF) associated with
the heavy quark decouple from those of the light quark
[23-25]. Note that HQSS is valid for on-shell heavy
(charm) quarks. However, in the pp = A A, process, the
charm quark is significantly off-shell due to virtual D-
meson exchange [26,27]. This leads to HQSS violation.
Although experimental hints of this violation exist [19],
the phenomenon remains poorly understood and numerous
theoretical studies have been undertaken. Some violations
were examined in heavy quarkonium decays [19] and
minimal effects were found in the two-meson interaction
[28]. More importantly, HQSS breaking was employed to
investigate the coupling of Y(4260) to DD, (2420) +
c. c. within the framework of the 3P, quark model [29].

Consequently, this work aims to examine the
consequences of HQSS and its violations using constraints
to evaluate their effects on scattering processes for charm
production such as pp = A.Ag, T2, ZeZs, Zele, 220,
Ao, AZo, ZiA, and A Z;. We construct the conserving
and violating heavy-quark spin symmetry (CHQSS and
VHQSS) Lagrangians and estimate various coupling
constants by matching terms to the standard SU(3)
effective Lagrangian approach, as studied [17],
incorporating SU(4); symmetry breaking with a
deviation of about 20% relative to SU(3) s symmetry that
was derived by 3P, quark model [30-32]. Ultimately, we
aim to provide precise cross-section predictions for beam
momenta (py,,,) from threshold to 15 GeV/c for the future
P ANDA (antiProton ANihilation at DArmstadt)
experiment at the Facility for Antiproton and Ion Research
(FAIR), Germany, which focuses on highly accurate
spectroscopy of charmed hadrons and their interactions
with ordinary matter [33].

The present work is organized as follows: In the
section Formalism, we set up the conserving and violating
HQSS Lagrangians with their implications. In the next
section, we compute the scattering amplitudes and the
differential cross-sections in our model. In the section
Results and discussion, the numerical results of all
relevant observables for the charmed baryon productions
are presented. Finally, we close this work with discussions

and conclusions.

Formalism

Firstly, to construct the super-multiplet fields in
CHQSS and VHQSS Lagrangians of D mesons, nucleon
and charmed baryons , all relevant symmetries of the
effective Lagrangians in the system are considered. The
basic building blocks of the charmed baryon productions

from pp scattering are introduced as

N(l‘ A(C)’ Z(C)abl Zélc)ab’ Da: Dﬂa; (1)

where the light baryon singlet fields N,(J¥ = %Jr) ,
charmed baryon singlet fields A(C) gr = l+) and charmed

baryon triplet fields 2(¢)q5 (J* = - ) and Z(C)ab gr = ?).
In addition, the Latin indices, a,b,--- =1,2 are the
fundamental indices of the SU(2); symmetry for the
super-multiplet heavy-quark hadronic fields in this work.
The D mesons fields D(J* = 0%) and D,(J* = 1*) are
pseudoscalar and vector D mesons respectively, they
represent forming a doublet. Furthermore, the nucleon,
charmed baryons and, D mesons can be explicitly

represented in the SU(2) s space by

Na=(z)a' A=Ay Da=D° DYa Dy=(DZ D), (2)

1 g+ oyt Lyut  gutt
S FIF % . SIt )
(c)ab — 50 _LZ_,_ ’&(e)ab T S0 _izud- ’
c e c Nead
ab ab

In the heavy-quark limit my — o , the spin
interaction between light and heavy quarks has
disappeared. As a consequence, the pseudoscalar and
vector D mesons as well as spin-i and spin—% baryons form

degenerate states, which are based on the following super
multiplet field [20,23].

Hy = (2225 (Dyar* + ivsDa), @)
Top = Vg = (r# + vM)iys ( )Z(c)ab + (HW )Z?c)ab ®)

T = (1+vaY )A(c) ) (6)
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And their conjugate fields are

H =7%o ayo'T;;J ( b) Yo.T =(T)+y0. @)

These super-multiplet heavy-quark hadronic fields
are building blocks for the HQSS Lagrangian. These
building blocks obey the following SU(2),

transformations,

H, —» e %S“H, , H, - Hye!%S" ®)
Tay = €520 Th , Ty = Ty,e'%es”, ©)
T - e 1$ab“T T - TelSad® (10)

where §¢ is the heavy quark spin operator. We note

The CHQSS and VHQSS Lagrangians presented above
indicate that invariance under the spin symmetry group
SU,(2) is preserved only when the Dirac structures are
positioned either after the field H or before its conjugate
H with respect to meson supermultiplets, in a manner
analogous to baryon supermultiplets. Specifically,
configurations that maintain this invariance under SU,, (2)
require that nontrivial Dirac matrices do not precede the
fields N and N, nor follow the fields T, and T. It
should be noted that the constructions of the CHQSS and
VHQSS Lagrangians are regarded as the minimal set.
More importantly, the three point interaction Lagrangians
of CHQSS and VHQSS were first constructed in this
work. Previous studies have not considered charmed
baryons, D-mesons and nucleons under HQSS framework
but only four-point interaction of charmed baryons, D-
mesons, nucleons and cc-mesons was established [34].
Accordingly, employing the definitions of the
supermultiplet heavy-quark fields as outlined in Egs. (4) -
(6), we are able to express the CHQSS and VHQSS
Lagrangians explicitly as follows,

Lcugss = _\/—Clz(c)aby D,N +\/—C12(c)ably5D N+
2¢,50 4y ¥sDulN (14)

that all super-multiplet heavy-quark hadronic fields
transform as doublet under SU(2),, HQSS where as the
nucleon field is transformed as a singlet under the SU(2),,
symmetry. The definition of the heavy-quark spin operator
and its properties are read,

S =2ys[v,v%], Sivo = VoSe, 1Sl =0, [Swysl=0  (11)

Taking into account for all of the super-multiplet
fields of the HQSS, the conserving HQSS (CHQSS)

Lagrangian is given by
[’CHQSS = Clrfal_lea)/”]/sNb + h.c. +C2THaNa + h.c. (12)

On the other hand, the violating HQSS (VHQSS)

Lagrangian is read,

LVHQSS = blT(:lbvaayuva/SNb +h.c. +szVMHaVuNa +h.c (13)

+C Ay V#Dya e N + oA yiysDy + N + h.c, (15)
Lynqgss = —b1):(c)ab)’ D, N+2 blz(c)ablysD N+

4’b1 (c)ab)/SD/lN (16)
+2b2/_\(c)]/#D‘ua‘+N + 4b2/_\(c) l.ysDa,+N + h.c.. (17)

We obtain the ratios between the conserving
coupling constants c¢; and c, and the violating couplings
b; and b,. The results show that the violating terms are
suppressed relative to the conserving ones for
pseudoscalar, axial-vector and vector interaction
couplings by factors of c¢;/4b,, c;/2b; and ¢, /6b, for
L) and by c,/4b, and c,/2b, for pseudoscalar and
vector interactions in the case of A, respectively. As a
result, HQSS significantly reduces the number of
independent parameters, leaving only a small set of low-
energy constants (LECs) to determine. Since the QCD
action depends linearly on the heavy quark mass, the
effective Lagrangians in Eqgs (12) - (13) reflect an overall
scaling with the charm quark mass M.. Consequently, the
couplings introduced previously scale linearly with M.
With these constraints in place, we can fix the remaining
couplings and compute the scattering amplitudes for
CHQSS and VHQSS, along with their differential cross

sections.
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A. Determination of coupling constants (LECs) of
the effective lagrangians

Due to the limited experimental data relevant to our
study, theoretical estimations are required to determine
these LECs. Subsequently, we establish a correspondence
between the CHQSS and VHQSS Lagrangians, as
presented in Eqs. (14) - (15), by matching their relations
with those obtained from the standard SU(3) effective
Lagrangian approach, as studied [17]. This enables us to
derive the relations between the conserving and violating

coupling constants for the vector coupling f as follows,

G = _\/§f1' &=/ (18)

For the violating terms,

b, = gfl, b, =f2_z (19)

It shows that the vector couplings in the violating
terms are suppressed relative to the conserving ones by
factors of 1/6 and 1/2 for f; and f,, respectively. For the
vector (f; ), we found that the SU(4); symmetry of the

baryon-baryon-meson couplings implies

f1 = fons, = fins» (20)
f2 = fona, = frna - 2D

However, SU(4); symmetry is not a good

r,p

P2

approximation for combining light and heavy quarks, we

consider its breaking in  baryon-baryon-meson
interactions. Using the 3P, quark model, symmetry-
breaking effects on couplings among heavy baryons, light
baryons, and heavy mesons have been demonstrated
[31,32]. This provides a reasonable first approximation,
with about a 20% deviation from exact SU(4); values
[30-32]. Thus, the coupling constants (LECs) for D
mesons, charmed baryons, and light baryons derived from

SU(4)y symmetry breaking are given by
fi=-4182 + 0.836, f,=5.11 %+ 1.02 (22)

Next, we proceed to calculate the scattering
amplitudes by applying these vector coupling values,
together with the proportions of conserving and violating
terms for pseudoscalar and axial-vector coupling

constants.

Scattering ampliudes

In this section, we aim to calculate the differential
of pp—AA,ZE, 555,55
LA, AZ A, and A Z
processes, we will investigate the consequences of the

cross-sections

processes.  For  those

HQSS and its violation effects in the charmed baryon
productions and the Feynman diagram of these processes
have been shown in Figure 1 This diagram underlies all
channels shown in Figures 2 - 10.

/ 7“/2, Y_"(c)

\\.’1;2/‘/
p

2

L Xy

Figure 1 Tree-level diagram for the reactions pp — Y,.Y.', where Y. and Y’, represent charmed baryons. ¢., in the

intermediate line, represents the pseudoscalar and vector D mesons, respectively.



Trends Sci. 2026; 23(2): 11487

50f15

A. The scattering amplitudes
According to the Lagrangians in terms of conserving

and violating parts in Egs. (14) - (15), the scattering
amplitudes of charmed productions with the exchanges of
the pseudoscalar and vector D mesons are written as

follows,

Process: pp — A A,
M = ¢t Tuepy G(q) Tgpy + €3 Fﬁ(y) G (D Ty
My = 163 Ty G(@) Ty + 4b3 Ty G (@ Ty (23)

Process: pp - Z.Z,

1
M = 3¢t Tvepy G(@) ey + §C12 F;f;(v) G (@) Ty,
M, = 48b7 Typy G(q) Tgpy + 1262 Ty G (@) Ty (24

Process: pp — A Z,

M, = ‘%czcl Tvey G(@) Ty — %Czcl M) G (@) T, 25)
My, = %bzb1 Tney G(@) Tagey + %bzbl Ty G (@ Ti)-
Process: pp - Z A,
M, = \/3_§C1cz FN(P) G(q) l—‘ITI(P) - \/%Clcz FK;(V) G’“’(q) FR,*’(V) (26)
My = %blbz Ty G(@) Ty + %blbz Ty G (@) Tiwy:
Process: pp — X.Z;
MC = 4C12 FII\’IL(V*) Guv (q) l-%(V) (27)
]\/[V = 16b12 FII\}L(V*) G;w (q) l—‘I%(V)'
Process: pp — A X
]\/[C = 262C1 FII\}L(V) Gyv (Q) l—‘I%(V*) (28)
MV = 8c,cq FII\}L(V) G;w (q) l—‘I%(V*)'
Process: pp — Z;A,
]\/[C = 2¢,0y FII\}L(V*) G[,w (q) 1—‘I%(V) (29)
MV = 8C1C2 FI(;(V*) Guv (q) I‘I%(V)
Process: pp — XX,

_ 2 21K
M, = -5t Ty G (@) Ty (30)

24

My = ﬁbf Ty Guv (@) TRw)-
Process: pp — X Z;

_ 2 21K
M, = —54 Ty Guv (@) lﬂl%(V*) G1)

24

MV = NG F1<IL(V) Gm,(q) FI%(V*)

Here, M and M, denote the conserving and
violating scattering amplitudes, respectively. The T

notations appear in the scattering amplitudes above and

they are defined by,

vy = Uy, iVsun, Ty = —Vnivsvy,,

vy = T ¥ un, Tyoy = —Pnv¥ vy, (32)
Fg(v*) = ay Ysun, Tywe = —T5 Vs vy,

where Iy(py and Iy(y) denote the vertices for charmed
baryons with spin—%, while Ty« represents spin-%. The

Feynman propagators for the pseudoscalar D meson (spin-

0) and the vector D meson (spin-1) are defined by:

60) = oz, G = (0 +22). 03)

_ 2
q mp

B. differential cross-sections

It is well known that a study of the scattering of the
composite particles, precisely hadrons needs the form
factor to regulate the amplitudes and to describe the
internal hadronic structures. In this work, we include
phenomenological form factors taken from Ref. [17],
whose unknown parameters are determined from
experimental data on strangeness production and then
extrapolated to charmed baryon production. The form

factors used in this work are given by

F(t) = a>—2 (34)
A+ (e-m3)
E(t) = a (A’z‘it)n, (n=12) (35)

The form factor F(t), with parameters a = 0.46 and
A = 0.63 GeV. For F,(t), the parameters are a = 0.285
and A = 0.7 GeV, while for F,(t), the parameters are a =
0.285 and A =0.99GeV , where a serves as the
normalization constant in both cases, with A and mg
denoting the cutoff parameter and the mass of the
exchanged D-mesons, respectively. The total amplitudes

of the reactions pp — Y, ¥, are written as
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MpFp + Mp<Fpx,

Mppovezt = {MDFr%,D + Mp-FZ . (36)

The form factors F(p p+ are included in the entire
amplitude and F,p p+) are multiplied at each vertex, as
already mentioned in Egs. (31) - (32) for the pseudoscalar
D-meson (D) and the vector D-meson (D*). It is common
practice to use various functional forms and cutoff values
for t-channel form factors [35-37]. The differential cross-

sections as a function of t is calculated from

do _ 1
dt 64T (Pem)?s

(1]2). (37

Here, pc, is the relative momentum of p and p in
the center-of-mass frame, s is the Mandelstam variable.
The term (|M|?) is the spin-averaged and summed

amplitude, given by
1
(lMlz) ZZZspin |M|2 (38)

where the sum runs over the spins of the final-state
particles. After averaging and summing over spins Eq.
(35) the interference term vanishes. This is because of the
spin averaging eliminates interference between spin
configurations. Trace analysis reveals that the interference
term would mix D and D* mesons, which is prohibited by
conservation of parity. In this study, the differential cross
sections, do /dt, in section Results and Discussion are
presented as functions of t,,,4, — t. For a specific energy
value, t varies from tpi, t0 tpax (i€., tmax — t Vvaries
from 0 to tnax — tmin)- One can write the explicit form of

the tmax as,

) 1 ; ]
tmin =mi +m — s ls(s+ mj, — m,z,rr) + Js(s —4mi)(s — (my, + my)?)
X [(s = (my, —my)?)].

Results and discussion
In this section, the numerical results of the

(39)

differential cross-sections, do/dt, are presented as a
function of t —ty., for the reaction pp — Y.V, ,
evaluated for each form factor at py,, = 15 GeV/c in
Figures 2 - 10. Considering the effects of SU(4)f
symmetry breaking with the uncertainty of 20% of the

coupling constants described previously, the green bands
represent the conserving production, the red bands show
the violating parts and the purple bands illustrate the total
contributions. The dashed lines represent central values
without the + 20% uncertainty: The white dashed line
corresponds to the conserving contribution, the red dashed
line to the violating contribution and the purple dashed line
to the total differential cross-section. The graphs appear on
band-length scales due to uncertainty. However, several
studies reveal that charm production is represented on the
band graph and its behavior depends on the theoretical
approach [12,38,39].

A. Numerical results of the scattering amplitudes
of the pp — Y Y. reactions

In Figure 2, our predicted differential cross-sections
for pp —» A A, show that violating terms contribute
marginally more than conserving terms—about 51 - 53%,
depending on the form factor, with exact values of
53.29%, 51.99% and 52.70% for form factors F, F; and
F,, while the conserving terms correspond to 46.71%,
48.01% and 47.30%, respectively. The conserving
contribution is weaker than the violating one because the
coupling strength of the violating term is twice as large as
that of the conserving term for the pseudoscalar
interaction, as shown in Egs. (16) - (17), which originate
from the CHQSS and VHQSS Lagrangians in Egs. (14) -
(15). These differences influence the scattering amplitudes
in Eq. (20).

The tendencies illustrate that the exact value depends
on the type of form factor. In Figures 2(a) - 2(c), the total
do/dt follows a similar trend in order of
1073(F),1071(F,) and 1072(F,) ub/GeV? respectively.
The F, is, consistent with the findings of Titov and
Kampfer [11], about 1072 ub/GeV? at the excess energy
at tyax — t = 0 GeVZ, which employs a modified Regge
model inspired by quark-gluon string dynamics, with
unknown parameters determined from independent
studies of open strangeness production and SU(4)f
symmetry. Likewise, the results for F are consistent with
those reported in Khodjamirian et al. [12], which employs
Kaidalov’s QGSM with Regge poles and strong couplings
derived from QCD light-cone sum rules and presents
do/dt as a function of —t.
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(a)

(c)

Figure 2 Differential cross section do/dt for pp — A A, at p,, = 15GeV/c, plotted versus t,,,, — t (GeV?). Panels (a)-(c)
use the three vertex form factors F, Fy, F, defined in Egs. (31) - (32); bands reflect +20% SU(4)-breaking variations of the

couplings (green: Conserving; red: Violating; purple: Total; dashed lines are central values).

(a)

()

Figure 3 Differential cross section do/dt for pp — Z.Z, at p,, = 15GeV/c, shown versus t,,,, — t for F, F;, F,. Bands and

dashed lines have the same meaning as in Figure 2. Here the conserving part dominates (about 66% ), consistent with the

presence of heavy-quark spin partners in the final state; typical magnitudes lie between 103 — 10~ 'y b/GeV? depending on

the form factor.

In Figure 3 the differential cross-section for pp —
2.2, is shown. Most of the production rate is dominated
by the conserving terms, contributing about 65% — 68%,
which are 68.64% , 64.07% and 65.98% for the
respective form factors, while the violating contributions
are 31.36%, 35.93%, and 34.02%, respectively. We
obtain that the total do/dt is around 1073 ub/GeV? (F
and F,) and 1072 ub/GeV? (F;). These contributions are

lower than those for pp = A.A. by about one order of
magnitude. More importantly, the F and F, constraints are
in close agreement with the studies [11,12]. Nevertheless,
the impact of F,(t) diminishes at higher values of t,,, —
t due to its form factor, where the squared smaller cutoff
A (0.99 GeV) enhances suppression, even though it uses
the same parameter a (0.285) as F; (t).
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(a)

(c)

Figure 4 Differential cross section do/dt for pp — ;2% at p,, = 15GeV/c versus ty,¢ — t for F, F;, F,. The conserving

contribution is overwhelmingly dominant ( = 98.8% ); F, shows the strongest high- t suppression, with the violating term

reaching ~ 1078y b/GeV? near t,,, — t = 2GeV2.

Currently, the production rates of XX} have not
been extensively investigated, including in experiments.
Since we are performing calculations at high beam
momenta py,, = 15 GeV, this leads us to further explore
the spectroscopy of this production and its interactions in
experiments. Our results for pp — Z:Z; are shown in
Figure 4. These contributions primarily come from the

conserving terms is estimated to be about 98.78%, with

the violation being 1.22% for each form factor. The
orders of the conserving rates are 10™* (F), 1073 (F,) and
10~* (F,) ub/GeV?, while violation terms range from
107%,107° and 107° ub/GeV? respectively. We clearly
observe that the F, becomes more suppressed at the excess
energy tpa.x — t = 2 GeV?, reaching 1078 ub/GeV?, in

agreement with previous calculations.

(a)

(c)

Figure 5 Differential cross section do/dt for pp - ;X at p,, = 15GeV/c versus ty,,, — t for F, F;, F,. The conserving

piece remains dominant at ~ 90%, with totals ranging from 10™> — 1073y b/GeV? (form-factor dependent).
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(a) (b) (c)

Figure 6 Differential cross section da /dt for pp — Z.Z; (charge-conjugate ordering of Figure 5) at p,, = 15GeV/c versus
tmax — t for F, F;, F,. As in Figure 5, the conserving term contributes ~9%; the qualitative t-dependence and band overlap

closely mirror the %, case.

Shown in Figure 5 are the results for pp - 23, (F and F,) and 1073 ub/GeV? ( F; ). Notably, the
which has not been widely studied either, similar to Z;Z}. conserving contributions remain similar to those for Z;Z7,
We found that the conserving terms still play a dominant whereas the violating contributions differ, being higher by
role, with approximately 90%. The total do/dt varies in about one order of magnitude. When compared with £ X7,
the range 10~*-10~3 ub/GeV?, which are 10~* ub/GeV? a similar trend is clearly observed, as shown in Figure 6.

(a) (b) (c)

Figure 7 Differential cross section da /dt for the mixed channel pp — A Z. at p,, = 15GeV/c, shown versus t,,,, — t for
F, F,, F,. In this non-partner final state, the conserving and violating pieces are comparable (violating is larger by roughly 2%

- 4% across the three form factors), producing broad, partially overlapping bands.
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(a)

(c)

Figure 8 Differential cross section do/dt for pp — Z.A. (charge-conjugate ordering of Figure 7) at p,, = 15 GeV/c,

shown versus t,,,, — t for F, F;, F,. The conserving and violating contributions come out nearly equal, with a slight excess

on the violating side; the overall scale sits between those of the pure A A, and XX, channels.

The X A, channel, as illustrated in Figure 8. This
channel exhibits stronger interactions and fits better with
simpler theoretical models than A.Z.. However, to fully
understand the pp annihilation process, it is important to
study both final states. Our prediction shows that the
HQSS-conserving contribution is slightly lower than the
violating one, similar to the case of A.A., where the
pseudoscalar coupling strength for the violating term is
larger, with a ratio of 4:3 compared to the conserving term.
The A.Z, production, as observed in Figure 7, reveals
about 48% for conserving and 51% for violating
respectively. A similar trend is observed in the Z.A., with

around 47% contribution from the conserving term and

52% from the violating one.

The total do/dt falls in the range of 1073 —
1072 ub/GeV? , which are 1073 ub/GeV? ( F) and
1072 ub/GeV? (F,) and almost 1072 ub/GeV? (F,), these
minimally above those for the £.Z. channel but remain
under those for A A,. Furthermore, the F, constrain found
to be agree with Titov and Kampfer [11] and those for F
align with Khodjamirian er al. [12]. The observed
similarity arises not only from the pseudoscalar coupling
strengths but also from the squared amplitudes of the
pseudoscalar and vector interactions, as uncovered by the

interference between the mixed D and D* mesons.

(a)

(c)

Figure 9 Differential cross section do/dt for pp — A Z} at p,, = 15 GeV/c versus t,,,, — t for F, F;, F,. The conserving

and violating parts contribute about 90% and 10%, respectively. This corresponds to the final state for the production of the
charmed baryon triplet £ (J® = 3/2%) and the charmed baryon singlet A, (J© = 1/2%).
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(a)

(c)

Figure 10 Differential cross section do/dt for pp — Z;A. (charge-conjugate ordering of Figure 9) at p,,, = 15 GeV/c

versus t,, —t for F,F;,F,. The conserving and violating parts contribute about 90% and 10%, respectively. This

corresponds to the final state for the production of the charmed baryon triplet X} (J* = 3/2%) and the charmed baryon

singlet A, (J® = 1/2%).

The production rates for the charmed baryon triplet
T: (JP = 3/2%) and the charmed baryon singlet A, (J¥ =
1/2%) in the processes pp — ZiA., A Z; are calculated, as
depicted in Figures 9 and 10. The conserving term is
dominant primary at 90%, falling within the range 10~*-
1072 ub/GeV?, with estimated as 10™*(F), 1072(F,) and
1073(F,) ub/GeV? . Notice that the percents
coincidentally matches the level observed in the processes
¥:Z. and .2} However, the rates for F; and F, are about
ten times larger compared to those processes, while F
remains unchanged at the order of 10~*ub/GeV?. These
proportions are equal due to a well-defined ratio in the

CHQSS and VHQSS Lagrangians, as shown in Egs. (14)
- (15), combined with the spin-averaged and spin-summed
amplitude for the final-state particles, which leads to near
decimal-level cancellation. Among the form factors, F;

consistently displays the highest peak.

B. Comparison results with previous studies of
the charmed baryon productions

In this subsection, we calculate the total cross-
sections, Oiog and compare with previous studies,
focusing on different p;,,(GeV/c) thresholds, as
illustrated in Table 1.

Table 1 Total cross-sections (0yotq) for different channels in the pp — Y, ¥'.. process.

Total Cross-Section (G4ta1) (b)

Quark-gluon Effective

pp - Y.Y'. String model [10] Lagrangian model [16]

Kaidalov’s
QGSM [12]

Quark-gluon X
. This study
dynamics [15]

ACKC
(10.5 GeV/c)

1.03 x 1072 32x1073

(1.98 — 28.2) x 1072

(0.20 — 1.50) X 1073 (F)
(1.77 = 5.68) X 1072 (F,)

1.94 — 3.07 (0.41 — 1.31) X 107* (F,)

(113 - 3.61) X 10~ (F)

2.E, ~ ., (2.53-8.08)x 107* (F,)
(1.07 — 60.2) x 1073 (4.92—9.68) x 10~* »
(12 GeV/c) - - (2.31 - 7.38) X 1078 (F)
(0.69 — 5.02) X 10~* (F)
A 3.04 — 9.74) x 10™* (F
o - (5.05-136) x 1073 (5.09 — 9.83) x 1073 ( ) . (F)
(11 GeV/c) (2.15 — 6.87) X 1076 (F,)
(1.99 — 6.39) X 10™* (F)
s (6.73 — 21.51) x 107* (F,)

(15 GeV/c)

(0.02 — 6.48) X 107* (F,)
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Our predicted total cross-sections for the reaction
AcA, for each form factor at pp,, = 10.5 GeV/c fall
within the range of 10™* — 1073 ub. In spite of structural
differences in the form factors and couplings, as studied in
Ref. [16], which is based on an effective Lagrangian
model, our results remain consistent for F and F;. This
indicates that the inclusion of all super-multiplet fields in
CHQSS and VHQSS leads to reliable predictions.
However, they are about 10 times lower than the results in
Ref. [10], which are based on the non-perturbative QGSM
and are in approximate agreement with Ref. [12], which
employs Kaidalov’s QGSM with Regge poles and uses
strong couplings derived from QCD light-cone sum rules.
In contrast, our results are approximately 1000 times
smaller than those from Ref. [15], which investigates
kinematic thresholds based on Quark-gluon dynamics. For
F,, the cross-sections deviate significantly, being more
than 10 times smaller than those for the other form factors.

For X.Z, production at py,, = 12 GeV/c, we find
that the cross-sections fall within the range of 1076 —
10~* ub. These results are consistent with Ref. [15] which
reports values on the order of 10™* ub for the form factors
F and F; and are also are lower than those in Ref. [12],
with stronger suppression in the F, constraint. Moreover,
the total cross-section gy Shows a significant decrease
compared to that for A.A,, by about one to two orders of
magnitude. For X.A. production at a laboratory
momentum of 11 GeV/c, our predictions lie in the range
of 107® to 10™* ub. These results are smaller than those
reported in Refs. [12,15] by about one to three orders of
magnitude. These trends are similar to those for £, but
slightly higher.

Note that, as discussed earlier, as t increases, F,
becomes more suppressed, which should be carefully
considered. This suppression is evident in the do/dt
results, despite equal values at t,,, —t = 0. Finally, we
have predicted oy, for the reaction pp — ZiZ) at
Prab = 15 GeV/c. Our observations are (1.99 — 6.39) X
107*ub (F), (6.73—21.51)x10"*ub ( F; ) and
(0.02 — 6.48) X 10™* ub (F,) respectively. Since this
process has not been extensively studied, no existing

model is available for comparison.

Conclusions
In this work, we constructed the CHQSS and

VHQSS  Lagrangians under  HQSS  SU(2),
transformations. These Lagrangians reveal the proportions
of conserving and violating couplings for pseudoscalar
and axial-vector interactions. As in Refs. [20,23], these
implications reduce parameters, enabling estimation of
unknown LECs. The vertex coupling constants are
adopted from Ref. [17], incorporating SU(4); symmetry
breaking with a deviation of about 20% relative to SU(3) ¢
symmetry. Moreover, we investigated do/dt for charmed
production processes and evaluated the contributions from
HQSS and its violation. As a result, the conserving
contribution is slightly smaller than the violation average,
with 47% for A A,. In contrast, the conserving parts are
higher, with 66% for X.Z, and 90% for XX, and Z.Z},
with Z:2% being the most dominant at 98%. These results
indicate that conserving HQSS works well when particles
have heavy-quark spin partners, while more HQSS
breaking effects appear in A.A, and appears weaker in
excited charmed baryons.

The do/dt for pp — A.A, and £.%,, varies
between 1073 — 107! ub/GeV? and 1073 — 1072 ub/
GeV? respectively, which is consistent with the results
reported in Refs. [11,12] for form factor F and F,. The
ratio of the conserving contributions in X;Z} and
2:Z.(2.Z;) is of the same order, 107*-1073 ub/GeV?.
However, the production of X}E; is clearly smaller by
about a factor of 10 compared to the violating
contributions. Furthermore, they indicate that as t
increases, the form factor F, induces stronger suppression.

We also presented the predicted 0yqey for AA, at
PrLab = 10.5 GeV/c, estimated to be in the range of
10™* — 1073 ub, in close agreement with previous studies
in Refs. [16], which similar to our framework. For £.Z, at
Prab = 12 GeV/c, the constrained form factors F and F;
agree with those in Ref. [15]. In contrast, X A, decreases
by factors of 10 and 1000 compared to the results reported
in Refs. [12,15]. Additionally, we computed Giq¢, for
T:X: at prap = 15 GeV/c, with results presented around
10~* pub for all form factors. As mentioned before, this

work and previous studies provide model-dependent
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charm production predictions that vary widely but still
offer insight for guiding experiments.

For the forthcoming PANDA experiments at FAIR,
the High-Energy Storage Ring (HESR) will store
antiprotons in a momentum range from 1.5 to 15 GeV/c
[40,33]. Hopefully, our results will provide in exploring
the nature of charmed baryons and also serve as the first
step towards more involved reaction mechanisms, leading

to an increase in experimental requirements.
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