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Abstract. The hypercentral constituent quark model (HCQM) to calculate
the mass spectra of singly charmed pentaquark states. As a bound system of
two diquarks and an antiquark, the pentaquark is represented by a potential
that contains a Coulomb term and a linear confining term. Spin-dependent
interactions are included, namely spin—spin, spin—orbit, and tensor terms, to
explain the fine structure of the mass spectra. We compare our results with
available experimental evidence and other theoretical techniques, and we do
a systematic analysis of the spin-parity quantum numbers of the anticipated
states. The work aids ongoing efforts to gain a better understanding of singly
charmed pentaquark systems and offers important insights into the internal
structure of pentaquarks.

1 Introduction

The quark model, independently introduced by Gell-Mann and Zweig [1-3], provides a foundational
framework for hadron classification by describing conventional hadrons as bound states of quarks and
antiquarks, namely mesons composed of a quark—antiquark pair (qq) and baryons consisting of three
quarks (qqq), previously we have study the various property of these conventional hadrons using the
Chiral perturbation theory [4,5]. Within this picture, the observed spectrum of hadrons can be
systematically organized according to their quark content, spin, and flavor quantum numbers. The
development of quantum chromodynamics (QCD) as the underlying theory of the strong interaction
significantly broadened this perspective by allowing color-singlet configurations beyond the
conventional meson and baryon structures. Therefore, QCD permits the existence of exotic hadronic
states, including tetraquarks (qqqq), pentaquarks (qqqqq), hexaquarks (qqqqqq), and purely gluonic
bound states known as glueballs [6-9]. The study of such multiquark and gluonic configurations plays
a crucial role in probing the mechanisms of color confinement, hadronization, and other non-
perturbative aspects of QCD, thereby providing deeper insight into the rich dynamics of the strong
interaction beyond the conventional quark model [10-14].

Pentaquark states, consisting of four quarks and one antiquark, attracted significant attention following
the experimental report of the 8% resonance in 2003[15]. A decisive advancement in this field occurred
in 2015 with the observation of the hidden-charm pentaquark candidates P,(4083)* and P.(4450)* by
the LHCDb Collaboration [17], with additional structures reported in later measurements [18]. These
experimental findings renewed strong interest in the spectroscopy of multiquark systems. In this
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context, singly heavy pentaquarks containing a single charm quark are of relevance, as the presence of
a heavy constituent allows the application of heavy-quark effective theory (HQET) [19] and motivates
diquark-based descriptions [20]. The study of such states provides valuable insight into confinement
dynamics and the role of diquark correlations in multiquark hadrons.[16]

In this work, we study the mass spectrum of the singly charmed qqqcs pentaquark system within the
framework of the hypercentral constituent quark model (HCQM) [21]. The hypercentral potential is
employed to effectively describe the internal dynamics of the diquark—diquark—antiquark configuration
[22,23]. Spin-dependent interactions are considered to generate the mass splitting among different
states, and the corresponding spin—parity (JP) quantum numbers are systematically assigned [24].

2 Methodology

Singly charm-strange pentaquark are modelled as a three-body system of two diquarks and an antiquark.
Their internal dynamics are conveniently described by the Jacobi coordinates in Ref. [25-29,39,40] as

—
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Here the diquark mass and position represented as mg, (i = 1,2) and rg, (i = 1,2) respectively are given
in Table 1.

Table 1. Diquark masses (GeV)

Quark . Mass

content Diquark type [30]
[9,9] S 0.710
{9,9} A 0.909
[9,s] S 0.948
{q,s} A 1.069
[9,c] S 1.860
{g,¢} A 1.870

The system is expressed in terms of the hyperradius, X = /p? + A2, and the wavefunction is governed
by the hyperradial Schrodinger equation in the hypercentral approximation [32,33]:

2
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where the m is effective mass of three body system and is y hyper angular momentum.[24]

The effective interaction contains a static confining term and a spin-dependent corrections as [33-36]
V(x) = 5 + Bx + Vo + Vgp (%). O]

Here, T = ko is the Coulomb color strength, = GeV? is the string tension, V, is scaling constant, and

Vsp (%) accounts for the spin-spin, spin-orbit, and tensor effects as [37,41]
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Where, Vss(x) denotes the spin-spin interaction term, Vip (x) the spin-orbit interaction, and V1 (x) the
tensor potential is written as [31,33,38]
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Here the linear term can be written as Vg = ax and Coulomb term as Vy, = %

Instead of the six-dimensional delta function in Eq. (7), we use a smeared function [39,40] is given by,
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Ao

Where, A= W’

where A, is an arbitrary parameter, and X, is the hyperfine parameter.

Finally, the spin averaged mass is obtained as M = Y,; m; + B. E., where m; represents the mass of the
constituents [42].

3 Result and discussion

The mass spectrum of the qqqcS pentaquark system has been systematically investigated within the
framework of the Hypercentral Constituent Quark Model by adopting a diquark—diquark—antiquark
configuration. In this approach, the qqqcs system is treated as an effective three-body system composed
of two light diquarks (qq and qc) and a strange antiquark(S), where the antiquark spin (Sg = 1/2)
couples with the spins of the two diquarks, which may exist in scalar (Sq=0) or axial-vector (Sq=1)
configurations. The resulting states are classified as |[Sg,,Sq,,Sg;] >, leading to ground-state
pentaquark configurations with negative parity and total spin—parity assignments. Spin-dependent
interactions among the constituents generate characteristic mass splittings between different diquark
combinations, giving rise to a rich spectrum of low-lying states.

The calculated masses for the qqqcs pentaquark states are summarized in Table 2 and compared with
existing theoretical predictions available in the Ref. [43]. A generally consistent mass spectra is
observed, supporting the robustness of the present model. To assess the possible stability and decay
behaviour of these states, the predicted masses are examined relative to relevant baryon—meson
thresholds, which are evaluated using experimentally measured hadron masses reported by the Particle
Data Group [1]. States lying close to or below the lowest accessible thresholds are expected to be
weakly bound or narrow resonances, while those above the thresholds are likely to decay strongly into
open baryon—-meson channels. Consequently, the present analysis provides useful insights into the
structure and decay properties of qqqcS pentaquarks and offers guidance for future experimental
searches in the strange—charm pentaquark sector.

The calculated mass spectrum of the qqqcs pentaquark system exhibits a clear and consistent agreement
with the results of Ref. [43] across all possible JPassignments, demonstrating the compatibility of the
two theoretical approaches. For the lowest JP = 1/27 states, the present masses of 3.0690 GeV and
2.9726 GeV closely follow the corresponding values (3.03524+0.0201) GeV and (2.9564+0.0196) GeV
reported in Ref. [43], indicating that both models describe the ground-state dynamics in a mutually
consistent manner. In the JP = 3/27 sector, the present predictions of 3.1854 GeV and 3.2323 GeV
preserve the same level ordering and lie in reasonable proximity to the Ref. [43] results
(3.052440.0200) GeV and (3.21244-0.0205) GeV, reflecting a comparable treatment of spin-dependent
interactions. For the highest-spin configuration with JP = 5/27, the calculated mass of 3.4705 GeV is
somewhat higher than the value (3.281440.0227) GeV obtained in Ref. [43], which can be understood
because of different implementations of spin—orbit and hyperfine contributions rather than a qualitative
discrepancy. Overall, the present model reproduces the mass hierarchy and general scale reported in
Ref. [43] while providing a complementary description of the qqqcS pentaquark spectrum, thereby
reinforcing the robustness of the theoretical understanding of these states rather than contradicting
earlier findings.

Quark rearrangement mechanisms enable the qqqcs pentaquark system to hadronized into conventional
baryon—meson final states while preserving color, flavour, and spin—parity quantum numbers. In one
possible rearrangement, the three light quarks (qqq) cluster to form a light baryon, such as a nucleon
(N) or a Delta (A), whereas the remaining charm quark and strange antiquark (cS) combine to produce
a charmed—strange meson, namely Dy or D. In an alternative rearrangement scheme, two light quarks
together with the charm quark (qqc) form a charmed baryon, such as A, or X, while the remaining light
quark and strange antiquark (qS) generate a strange meson, such as K or K*. Consequently, the
dominant strong decay channels of the qqqcs pentaquark are expected to proceed through NDg, NDZ,
ADs, and ADZ modes, as well as A K, and Z.K final states, which represent the most natural baryon—
meson decay pathways for this system.
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Table 2. Calculated masses of qqqcs pentaquark states and decay thresholds.
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For the scalar—scalar diquark configuration, the state lies well above the NDg, AcK, and £.K thresholds
indicating that these strong decay channels are open. In contrast, NDZ threshold places this state close
to the decay threshold, suggesting a suppressed phase space and the possibility of a comparatively
narrow, near-threshold resonance dominated by the ND: channel. For the scalar—axial diquark
configurations, four low-lying states are obtained, each exhibiting distinct decay characteristics
depending on their proximity to the relevant baryon—meson thresholds. The |1,0,1/2; 1/2 > state lies
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moderately above the NDg and ND} thresholds, while remaining relatively close to the £.K channel,
indicating that this mode is likely to play an important role in its strong decay pattern. The
[1,0,1/2;3/2 > state is located very close to the AD; threshold, suggesting a near-threshold behavior
with a suppressed decay phase space and the possible formation of a comparatively narrow resonance.
In contrast, the |0,1,1/2;1/2 > configuration is situated well above all considered thresholds,
implying that multiple strong decay channels are kinematically allowed and that this state is expected
to be relatively broad. Finally, the |0,1,1/2;3/2 > state lies close to the A K and XK thresholds,
pointing to limited available phase space and indicating that these channels are likely to dominate its
decay dynamics and potentially lead to a narrow resonance structure. For the axial-axial diquark
configuration, three possible states are obtained with total spin—parity assignments |1,1,1/2;1/2 >,
[1,1,1/2;3/2 >, and |1,1,1/2;5/2 >. The |1,1,1/2;1/2 > state is found to lie well above the NDg
and A.K thresholds, while remaining relatively close to the ND} channel, suggesting that this mode may
play a significant role in its strong decay and that the state could exhibit moderate width. The
|1,1,1/2; 3/2 > configuration lies near the AD; threshold and above the NDZ channel, indicating a near-
threshold behavior in the ADg decay mode with a potentially suppressed phase space. Finally, the
highest-spin state |1,1,1/2;5/2 > is located close to the ADZ and A K thresholds, implying limited
available phase space for strong decays and suggesting that this configuration may manifest as a
relatively narrow resonance dominated by these channels.

4 Conclusion

The present work provides independent predictions for the mass spectrum of the qqqcs pentaquark
system within a consistent theoretical framework. The obtained results exhibit a well-defined mass
spectrum and a systematic spin—parity structure, reflecting an improved treatment of the underlying
dynamics, particularly the spin-dependent interactions. The predicted masses offer a refined description
of strange—charmed pentaquark states and serve as a valuable theoretical reference for future studies
and experimental searches, thereby advancing the understanding of exotic multiquark spectroscopy.
Overall, the threshold analysis indicates that the most promising qqqcS pentaquark candidates for
experimental observation are those lying close to dominant baryon—meson thresholds, where the
available phase space for strong decays is limited. States near the NDg, AD;, AD} and A K thresholds
are expected to exhibit suppressed decay widths and may appear as weakly bound or narrow resonant
structures. In contrast, configurations located well above all relevant thresholds are likely to be broad
due to multiple open decay channels, making them less favorable for detection. Consequently, near-
threshold states, especially those with higher total spin or mixed diquark configurations, emerge as the
most stable and experimentally accessible candidates in the strange—charmed pentaquark sector.

Acknowledgement

Mr. Hardik Rathod acknowledges the financial assistance by UGC under the JRF-FELLOWSHIP
scheme with NTA REFERENCE NO.:241610007146.

References

1. S. Navas et al. (Particle Data Group), Review of particle physics, Phys. Rev. D 110, 030001
(2024).

2. M. Gell-Mann, The Eightfold Way: A Theory of Strong Interaction Symmetry. California
Institute of Technology Report CTSL-20 (1961).
3. M. Gell-Mann, A Schematic Model of Baryons and Mesons, Phys. Lett. 8, 214 (1964).

4. H. Rathod, P. Jakhad, and A. K. Rai, Exploring strong decay behavior of X ¢ baryon
Proceedings of the DAE Symp. on Nucl. Phys. 68, Indian Institute of Technology, Roorkee,
Uttarakhand, India, December 7-11 (2024).



EPJ Web of Conferences 356, 02017 (2026) https://doi.org/10.1051/epjconf/202635602017

ICC 2025

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.

H. Rathod, P. Jakhad, and A. K. Rai, Study of the strong decay of the A c and E ¢
baryons Proceedings of Recent Trends in Applied Physics and Material Science
conference, Bikaner Technical University, Bikaner, Rajasthan, India, November 14-15
(2024).

R. L. Jaffe, Exotica, Phys. Rep. 409, 1-45 (2005).
A. Esposito, A. Pilloni, and A. D. Polosa, Multiquark Resonances, Phys. Rep. 668, 1-97 (2017).

R. Tiwari, A. K. Rai, Mass-Spectroscopy of Hidden Charm and Hidden Strange Tetraquarks in
Diquark-Antidiquark Approach. Few-Body Syst 64, 20 (2023).

R. Tiwari, D. P. Rathaud, & Rai, A.K. Spectroscopy of all charm tetraquark states. Indian J
Phys 97, 943-954 (2023).

S.K. Choi et al. (Belle Collaboration), Observation of a Narrow Charmoniumlike State in
Exclusive B —» Kfn™n~]/{ Decays, Phys. Rev. Lett. 91, 262001 (2003).

M. Ablikim et al. (BESIII Collaboration), Observation of a Charged Charmoniumlike Structure
ine*e™ » mrnw~] /Y at v/s= 4.26 GeV, Phys. Rev. Lett. 11, 252001 (2013).

V. Patel, J. Oudichhya, and A. K. Rai, Mass spectra of qqqq, ssSs and qqss tetraquarks using
Regge phenomenology, Eur. Phys. J. A 61, 218 (2025).

V. Patel, J. Oudichhya, and A. K. Rai, Spectroscopic study of ssbb and bbbb tetraquarks using
Regge phenomenology, Int. J. Mod. Phys. A 40, 2550152 (2025).

V. Patel, J. Oudichhya, & A. K. Rai, Spectroscopy of cccc and sscc Tetraquarks within the
Framework of Regge Phenomenology. Few-Body Syst 66, 39 (2025).

A.K. Rai, J.N.Pandya, and P. C. Vinodkumar, Multiquark states as di-hadronic molecules, Nucl.
Phys. A 782, 406 (2007).

H. Rathod, and A. K. Rai, Mass spectra of singly charmed pentaquark for flavor 6 multiplet
with S=-2 and S=-3 proceedings of the DAE Symp. on Nucl. Phys. 69, Dr. B. R. Ambedkar
National Institute of Technology, Jalandhar, Panjab, India, December 8-12 (2025).

R. Aaij et al. (LHCb Collaboration), Observation of ] /{yp Resonances Consistent with
Pentaquark States in A}, - J/WK™p Decays, Phys. Rev. Lett. 115, 072001 (2015).

R. Aaij et al. (LHCb Collaboration), Observation of a narrow pentaquark state, P.(4312)*, and
of the two-peak structure of the P.(4450)*, Phys. Rev. Lett. 122, 222001 (2019).

M. Neubert, Heavy-quark symmetry, Phys. Rep. 245, 259 (1994).

R.L. Jaffe and F. Wilczek, Diquarks and Exotic Spectroscopy, Phys. Rev. Lett. 91, 232003
(2003).

M. Ferraris, M.M. Giannini, M. Pizzo, E. Santopinto, and L. Tiator, A Three body force model
for the baryon spectrum, Phys. Lett. B 364, 231 (1995).

E. Santopinto, An interacting quark—diquark model of baryons, Phys. Rev. C 72, 022201 (2005).

A.K. Rai, J.N.Pandya, and P. C. Vinodkumar, Low-lying di-hadronic states in relativistic
harmonic model, Indian J. Phys. 80, 387(2007).

H.X. Chen, W. Chen, X. Liu and S.L. Zhu, The hidden-charm pentaquark and tetraquark states,
Phys. Rep. 639, 1-121 (2016).

R. Bijker, F. Iachello, and A. Leviatan, Algebraic models of hadron structure. I. Nonstrange
baryons, Ann. Phys. 284, 89 (2000).

M.~M. Giannini and E. Santopinto, The hypercentral constituent quark model and its application
to baryon properties, Chin. J. Phys. 53, 020301 (2015).

M. Fabre de la Ripelle and J. Navarro, The first order of the hyperspherical harmonic expansion
method, Ann. Phys. 123, 185 (1979).

M. Fabre de la Ripelle, H. Fiedeldey, and S. A. Soanos, Integro-differential equations for few-
and many-body systems, Phys. Rev. C 38, 449(1988).



EPJ Web of Conferences 356, 02017 (2026) https://doi.org/10.1051/epjcont/202635602017

ICC 2025

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

P. Hasenfratz, R. R. Horgan, J. Kuti, and J.-M. Richard, Heavy baryon spectroscopy in the QCD
bag model, Phys. Lett. B 94, 401-404 (1980).

D. Ebert, R. N. Faustov and V. O. Galkin, Masses of excited heavy baryons in the relativistic
quark-diquark picture, Phys. Lett. B 659, 612-620 (2008).

R. Bijker, F. Iachello and A. Leviatan, Algebraic models of hadron structure I: Nonstrange
baryons, Ann. Phys. (N.Y.) 236, 69-116 (1994).

R. Bijker, F. Iachello, and E. Santopinto, Algebraic treatment of the hyper-Coulomb problem, J.
Phys. A 31, 9041-9065 (1998).

T. Barnes, S. Godfrey and E.~S. Swanson, Higher charmonia, Phys. Rev. D 72, 054026 (2005).

A. Majethiya, B. Patel, and P. C. Vinodkumar, Radiative decays of single heavy-flavour
baryons, Eur. Phys. J. A 42, 213-218 (2009).

C. Menapara, Z. Shah and A. K. Rai, Spectroscopic properties of $\Delta$ baryons, Chin. Phys.
C 45, 023102 (2021).

K. Gandhi, Z. Shah and A. K. Rai, Spectrum of Nonstrange Singly Charmed Baryons in the
Constituent Quark Model, Int. J. Theor. Phys. 59, 1129-1156 (2020).

M. B. Voloshin, Charmonium, Prog. Part. Nucl. Phys. 61, 455-511 (2008).

Q. Li, M.S. Liu, L.S. Lu, Q.F. Ly, L.C. Gui and X.H. Zhong, Excited charmed strange baryon
spectrum: Masses and strong decays, Phys. Rev. D 99, 096020 (2019).

K. Thakkar, B. Patel, A. Majethiya, and P. C. Vinodkumar, Properties of light flavour baryons in
the hypercentral quark model, Pramana J. Phys. 77, 1053—-1067 (2011).

K. Thakkar, A. Majethiya and P. C. Vinodkumar, Electromagnetic transition properties of
$\Delta \rightarrow N\,\gamma$ in a hypercentral scheme, Chin. Phys. C 36, 385 (2012).

V.S. Silva, C. Pigozzo and L.M. Abreu, Fully-heavy tetraquarks in the vacuum and in a hot
environment, Eur. Phys. J. C 85, 783 (2025).

W. Lucha and F. Schéberl, Solving the Schrodinger equation for bound states of quarks, Int. J.
Mod. Phys. C 10, 607-620 (1999).

A. Sharma and A. Upadhyay, Masses and Magnetic Moments of Singly Heavy Pentaquarks
using the Gursey-Radicati Mass Formula, Effective Mass, and Screened Charge Scheme, Few-
Body Systems 66, 14 (2025).



