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Unveiling the electromagnetic structure and intrinsic dynamics of spin-:
hidden-charm pentaquarks: A comprehensive QCD analysis
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Abstract: In this study, we investigate the electromagnetic properties— specifically, the magnetic dipole, electric
quadrupole, and magnetic octupole moments— of six hidden-charm pentaquark states: [uu][dc]c, [dd][uc]c,
[uullscle, [dd][scle, [ss]lucle, and [ss][dc]e. Employing the framework of QCD light-cone sum rules and utilizing
two distinct diquark-diquark-antiquark interpolating currents, we focus on pentaquark configurations with spin-par-
ity quantum numbers J¥ = %7. From the numerical results, we observe significant deviations between the magnetic
dipole moment predictions obtained using different diquark-diquark-antidiquark structures. These results suggest
that multiple pentaquark states with identical quantum numbers and quark constituents may exhibit distinct magnet-
ic dipole moments, depending on their internal quark configurations. The obtained electromagnetic moments, partic-
ularly the variations in magnetic dipole moments, may provide insights into the internal structure of hidden-charm

pentaquark states.
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I. INTRODUCTION

The study of multiquark states, including tetraquarks,
hybrids, glueballs, and pentaquarks, along with the con-
ventional meson-baryon states, has emerged as.a pivotal
subject in the field of hadron physics after their introduc-
tion within the framework of the quark model. Given that
Quantum Chromodynamics (QCD) does mot inherently
preclude their existence, these multiquark states have
garnered the interest of the hadron physics community
from its inception and have been the subject of compre-
hensive investigation over an extended period. Following
an extended period of anticipation, the much-speculated
confirmation of the existence of these states was finally
established in 2003 with the announcement by the Belle
Collaboration of the discovery of the X(3872) particle
[1]. This discovery was identified as a candidate tetra-
quark state, signifying a substantial advancement in the
domain of particle physics. Subsequently, the observa-
tion of a large number of promising candidates for multi-
quark states by different experimental collaborations con-
tributed to the advancement of our expectations and un-
derstanding in the field of particle physics.

Following the 2003 discovery, another breakthrough
occurred in 2015 with the observation by the LHCb Col-

Received 9 April 2025; Accepted 26 June 2025
T E-mail: ulasozdem@aydin.edu.tr

laboration of a new member of the exotic states, the
pentaquark state, which consists of five valence quarks. A
detailed analysis of the J/y+ p decay channel revealed
two pentaquark candidates, designated as P.(4380) and
P.(4450) [2]. In 2019, a more extensive analysis was con-
ducted using a larger data sample, providing further in-
formation. It was reported that the previously identified
P.(4450) pentaquark candidate splits into P.(4440) and
P.(4457) states, revealing an additional peak: the
P.(4312) state [3]. It is noteworthy that the final status of
the P.(4380) pentaquark, as reported in the 2015 analysis,
remains unresolved, neither confirmed nor ruled out in
the updated analysis of 2019. In 2020, the LHCb Collab-
oration unveiled an additional pentaquark state, desig-
nated as P_,(4459), within the invariant mass spectrum of
J/wA [4]. In 2022, the LHCD collaboration made a not-
able observation: a novel structure, P.(4338), was identi-
fied within the J/yA mass distribution in the
B~ — J/YyA~p decays [5]. In 2024, the Belle Collabora-
tion used Y(1S,2S5) events to search for the pentaquark
state in the pJ/y final state. No significant P.(4312),
P.(4440), or P.(4457) signal was found in the pJ/y final
state in T(1S,2S) inclusive decays [6]. Very recently,
Belle Collaboration found evidence of the P, (4459) state
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with a significance of 3.3 standard deviations, including
statistical and systematic uncertainties [7]. A compendi-
um of data about the masses, widths, minimal valence
quark contents, and observed channels for these states is
provided in Table 1. Along with the aforementioned hid-
den-charm pentaquark states, searches for doubly and
triply strange hidden-charm pentaquarks are currently un-
derway, with the CMS Collaboration recently observing
the decay A) — J/WE K* [8]. Nevertheless, insufficient
yield and inadequate resolution prevented the observa-
tion of a clear spectrum in the J/yZE~ invariant mass.
These findings are relevant for illuminating the strong in-
teraction processes that underlie the hadronic decays of
beauty baryons and the underlying potential mechanism
for the production of multiquark states.

Several interpretations have been posited for these
pentaquark states, including the hypothesis of tightly-
bound pentaquark states, loosely-bound meson-baryon
molecular states, and the product of re-scattering effects,
among others. For a more detailed discussion, see Refs.
[9-26]. Despite the significant body of research conduc-
ted since the initial observation of these states, our under-
standing of their precise nature, internal structure, and
crucial parameters such as spin-parity quantum numbers
remains incomplete and requires further eluecidation. A
considerable amount of effort is still required to address
the aforementioned inquiries. In addition to the dis-
covered pentaquark states P.(4312), P.(4440), P.(4457),
P.(4338), and P.(4459), searching for  other possible
pentaquarks containing one or two strange quarks, or
without strangeness, and determining their properties are
also important and interesting topics of study. One of the
key tools for probing the internal structure of hadrons is
the study of their electromagnetic properties, such as
magnetic dipole moments, electric quadrupole moments,
and higher-order multipole moments. These properties
are sensitive to the spatial distribution of quarks and their
spin orientations within the hadron. For hidden-charm
pentaquarks, the electromagnetic multipole moments can
provide critical insights into their quark-gluon composi-
tion, spin-parity assignments, and geometric shape. To
this end, the present study investigates the magnetic di-
pole, electric quadrupole, and magnetic octupole mo-

ments of the [uu][dc]e, [dd][ucle, [uu][scle, [dd][sc]c,
[ss][uc]c, and [ss][dc]c states in the context of the QCD
light-cone sum rules [27—29]. In the course of examining
these properties, two distinct diquark-diquark-antiquark
forms of the interpolating currents are employed, given
that these pentaquark candidates possess quantum num-
bers J* = 3. By calculating the magnetic dipole, electric
quadrupole, and magnetic octupole moments, we aim to
shed light on the internal structure of these exotic states
and provide predictions that can be tested in future exper-
iments. Our results not only contribute to the ongoing ef-
fort to understand the nature of pentaquarks but also of-
fer valuable insights into the dynamics of multiquark sys-
tems in QCD..Despite their importance, the electromag-
netic properties of hidden-charm pentaquarks have not
been extensively studied, either theoretically or experi-
mentally. There is a paucity of research in the extant liter-
ature on the electromagnetic multipole moments of hid-
den-charm/bottom pentaquarks [30—52].

The paper is organized as follows: Sec. II outlines the
QCD light-cone sum rules utilized to calculate the mag-
netic dipole, electric quadrupole, and magnetic octupole
moments of the states being studied. In Sec. III, we
present the numerical analysis of the results derived from
the QCD light-cone sum rules. The final section offers a
summary and conclusion of the findings.

Io. FORMALISM

To facilitate the analysis of the electromagnetic multi-
pole moments of the P, states, it is necessary to determ-
ine the correlation function that will be employed in this
analysis. The following formula has been determined to
be the correlation function that should be used:

Mu(pa) =i [ dse™ O (0RO} 0, ()

where the J;(x) stand for interpolating current of the Py
states, y is the external electromagnetic field, and ¢ is the
momentum of the photon. To study the electromagnetic
multipole moments of P, pentaquarks, the J/(x) inter-
polating currents prove to be significant and can be con-

Table 1. Reported hidden-charm pentaquark states by the LHCb [2—5] and Belle [7] collaborations.

State Mass (MeV) Width (MeV) Quark content Observed decays
P.(4312)* [3] 4311.9+0.7 768 9.8+2.7+37 uudce A) - J/ypk-
P.(4440)* [3] 4440313441 20.6+4.9 87 uudce A) = JIypK~
P.(4457)* [3] 44573 +0.6*41 6.4+2.0%37 uudce A) - J/ypk-
Pes(4459)0 [4] 4458.8+29*H 17.3£6.5*59 udsct g, - J/YAK~
P.(4338)0 [5] 4338.2+0.7+0.4 70+12+13 udscc B~ — JlyAp
P.s(4459)0 [7] 4471.7+4.8+0.6 21.9+13.1+2.7 udscc T(18,28) = J/yA
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sidered pivotal parameters. In consideration of the quark
contents and spin-parity quantum numbers of the
pentaquarks in question, the interpolating currents that
are likely to couple to these pentaquarks with spin-parity
quantum numbers J* = 2 are expressed as follows [53]:

A
A { (415 (CYuq1,(0)] [g2} () CYats()]

+2[q15(DCYuq2,(0)] [q1 7 (D)CYac,y(x)] }

J,(x) =

Xysy"Cel(x),
(2)

A
i) [efmenao)

+2[q15(DCYa2,(0)] [q1 F () Cyuce(0)] }

Ji(x) =

X ysy*Ce (%),
3)

where A = gueanerr, With a, b, ¢, d, e, fand g being col-
or indices; and the C is the charge conjugation operator.
The quark content of the P, states is listed in Table 2.
We would like to note that the interpolating currents con-
sidered here may also couple ‘to positive-parity
pentaquark states. According _to Refs. [53—56],
pentaquarks with positive parity have higher masses than
those with negative parity states. This mass difference is
particularly relevant in magnetic moment calculations,
where contributions from higher-mass states are typically
neglected due to their suppressed effects. Since the
pentaquarks studied in this work are low-mass states, it is
reasonable to disregard the already small contribution of
the spin—%+ pentaquark states in the magnetic moment
analysis. Therefore, the interpolating current used pre-
dominantly couples to the spin-3 pentaquarks, and the
resulting magnetic moment values correspond primarily
to these states.

The essential parameters necessary to initiate the ana-
lysis are derived within the framework of the pertinent
methodology. As a preliminary step, we will derive some
of the analytical expressions for the electromagnetic mul-
tipole moments using the hadronic description of the cor-
relation function.

Table 2. The quark content of the P states.

States [uul[dc]c [dd][uclc [uul[sc]lc [dd][sclc [ss][uc]c [ss]ldc]c

q1 u d u d S S
q2 d u S S u d

A. Hadronic description

In the context of the hadron description, a complete
set of intermediate hadronic states is inserted into the cor-
relation function, each state being assigned the same
quantum numbers as the interpolating currents. The

ground-state contributions are then isolated. = Con-
sequently, we get
a (01 J,(0) | Pesy(p2,5))
I (p,q) = —5——
[P3 mpﬁ(x,]
X (Pc(s)(sz S) I Pc(s)(ph S))y
P -
><< «w(P1,9) 14,(0) | 0) )

2 9
- mP(.(A)]

[p?
where p; = p+g¢, p, = p. Upon examination of the afore-
mentioned equation, it becomes evident that a variety of
matrix elements of differing structures are necessary for
the subsequent analysis. These matrix elements are out-
lined below [57-60]:

(O Ju(x) | Pegoy (P2, 8)) = Ap,, (P25, 8), )
(Peoy(p1,8) [ (0) | 0) = Ap,, it,(P1, ), (6)
(Pes)(P2:8) | Pei (1, 8))y = —€ity(pa, 5)
x {F (@8 =5 {Fz(qz)gﬂyﬁlﬁﬂ(qz)
mP((A)
qy‘]vﬁﬁ} Fa(CIZ) }
+ v v ’ ’
@mp)?) t Cmp, P quqy £ ( (1, S)
(7
where Ap,, is pole residue (or coupling) of the P

states; u,(p,,s) and @,(p;,s) are the spinors of the P,
states; ¢ is the photon's polarization vector, and F;(¢?) are
transition form factors. By employing the Egs. (4) to (7)
and making the requisite simplifications, the expressions
for the magnetic moment of the P, statesin conjunc-
tion with hadronic parameters are as follows:

2
Pe(s)

[(p+qr—m p*—m; ]

Pe(s)
F3(q%)
2mp

7 (p,q) =

gpvpb/qFl(qz)_mP[-(S)g}WE/IFZ(qZ)_’_ qﬂ"]vb/q

c(s)
Fu(q)

+
3
4my,

(&.p)quqv p 41 + other independent structures |. (8)
c(s)

To derive the aforementioned equation, it is neces-
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sary to perform a summation over the spins of the P.(s)
state in the following manner:

1
Zup(pv S)L_lv(P, S) = - (p + mP(»(A)) |:gyv - §7ﬂ7v

_2pupy
2
3 mp,

DYy~ pvn} R

3 mp,,

The Lorentz invariant form factors F(q*), F.(q%),
F3(¢?) and F,(g*) are related to the magnetic dipole,
Gu(g?), electric quadrupole, Gy(g?), and magnetic octu-
pole, Go(q?), form factors as [57—60]:

4 2
Gu(@") = [Fi(g)+ )] (1+ 2D = S [Fa(@)
+Fy)]t(1+7),
1
Go(q) = [Fi(g") —TFx(¢)] - 3 [F3(g") —TFa(g)] (1+7),

1
Go(q®) = [Fi(@") + F2(q")] - 3 [F3(q") + Fa(g)] (1+7),
(10)

2

__ 4
where 7= e

sions enable thg(%xtraction of the electromagnetic form
factors for these pentaquark states. At zero momentum
transfer, since we deal with the real photon (¢* = 0), these
form factors are proportional to the-usual static quantities
of the magnetic dipole (up,, ), the electric quadrupole
(Or,,,) and the magnetic octupole (Op,, ) moments of the
P states,

is a kinematic factor. These expres-

e
MPp(x) = zmpcm GM(O)’
QP('(.;) = GQ(O)»
Pes)
e
0Pp<x) = EGO(OL (1 1)
where
Gu(0) = F1(0) + F»(0),
1
GQ(O) =F(0)- §F3(0),
1
Go(O)=F1(0)+F2(0)—§[F3(0)+F4(0)]- (12)

Along with the derivation of the above expressions,
the hadronic description of the correlation function cor-
responding to the magnetic dipole, electric quadrupole,
and magnetic octupole moments of the pentaquark states
has been obtained.

B. QCD description

In the following, we will provide a concise overview
of the operator product expansion for the correlation
function in perturbative QCD. To that end, the quark
fields in the correlation function are contracted through
the use of the Wick theorem. Using the J; current as an
example, this would result in the following.

QCD Jl
"(p.q )—

abrga’b’c adega de bfgg g /d4xeip~x<0|
{ = T[S OS2 @)C| Tr [ yaS & (xyypCS I T (0)C)
+ e[y, S5 (O CS ET()C] Tr[yaS & (xyysCS I T (0)C)
—4Tr|y,8 ¢ @)y, CS 4T (0OC | Tr 7,8 5 (1),CS /T (x)C]
+ATr 1,8 2 (X CS LT ()C| Tr [ ya S 5 (0)ypCS & M ()C]
[
[
[

+2Tr |, S & (0)ypCS & (0CYS & (0, CS [T (0)C |

+2Tr|y,S (X)ysCS e/ T(x)Cy#SZj’ x)y,CS gf T(X)C]

— 2Tt | 7o S8 (0)yCS T (0)Cy, S & (x)y, CS T (x)C

—2Tr [WSgg (x)yﬁCS ef’ T(x)Cyl,SdE (x)y,CS: f‘”(x)C }

X (1574 CS £ T(=2)Cyyys ) 10),.
(13)

where the light and charm quark propagators, denoted by
S,(x) and S.(x), respectively, can be expressed as fol-
lows: [61, 62]

(qq)
12

x (1 —img/k)

X {ﬁkaﬂv + MO'#‘JC:| s

/ dvG* (vx)

Vo
X |:(O—yv/k + Ika-uv)l(nz/Q_—xz'X)

Ay Ga)
(1-i 2) T2 "%

igs y
16n2x2/0 duG* (ux)

S () = SI7(x) —

(14)

_ o free _
S0 =S50 —i%28

+20,, Ko (mg \/—_xZ)}, (15)

(16)

v /5(? K2 (mL \/__xz)

(V=x22 (4
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where G*” is the gluon field strength tensor and K, are
modified Bessel functions of the second kind.

In the QCD description, there are two classes of con-
tributions according to the way the photon interacts with
the quark lines. First, the photon interacts perturbatively
with the quark line through the standard QED interaction.
In this set of interactions, it is possible to replace one of
the free quark propagators in Eq. (13) with a propagator
that incorporates an electromagnetic interaction. This re-
placement can be achieved by employing the following
method:

STree(x) — / d* 287 (x — ) AR) S (2). (18)

The second category of interactions encompasses the
non-perturbative interaction of photons with quarks, as
depicted by the photon light cone distribution amplitude.
One of the five propagators in Eq. (13) is replaced by

1
Sep(®) = —7 [ Dig" O] (1), 5, (19)

where I'; = 1,¥s,,, Y5y, 0w /2. Upon substituting the re-
placement stipulated in Eq.(19), expressions such as
(@) |g(0TGq(0)|0) and (¥()|g(x)Fig(0)|0) are de-
rived. These expressions are obtained in the form of
photon dispersion amplitudes within the framework of the
requisite analysis (for details see Ref. [63]). As these sub-
jects are thoroughly delineated and have been standard-
ized, we have elected to omit further elaboration in this
section. Individuals seeking a more comprehensive un-
derstanding of these subjects are encouraged to refer to
the Refs. [64, 65]. Egs. (18) and (19) have been utilized
to encompass both perturbative and non-perturbative con-
tributions within the conducted analysis, under the pre-
scribed scheme.

C. QCD light-cone sum rules for the electromagnetic
multipole moments

The findings from evaluations on both descriptions of
the correlation function are compared by using disper-
sion relations that take into account the coefficients of the
same Lorentz structures. In the final step, double Borel
transformations are applied to the variables —p* and
—(p+¢)*. This process eliminates contributions from the
continuum and higher states, thereby enhancing the con-
tributions from ground states. To illustrate this, consider
the case of the magnetic dipole moment. The results ob-
tained using the double dispersion relations are as fol-
lows [66, 67]:

_ o ) s _s

/lem>/l§°(.<.y)e +"'=/ dsl/ dsye "1 " p(s),52),
0 0

(20)

where m;(my), s1(s,) and M?(M?) are the mass, con-
tinuum threshold, and Borel parameter for the initial (fi-
nal) P, tetraquarks, respectively, and --- denote the
contribution from higher states and the continuum. The
p(s1,5,) denotes the hadronic spectral density, which is
obtained through double Borel transformations applied to
the correlation function.

To calculate the magnetic dipole moment within the
QCD light-cone sum rules, it is necessary to extract the
contributions from higher states and the continuum. This
is achieved by utilizing the quark-hadron duality ansatz
as follows:

p(s1,82) = p?"E(s1,82) if (s1,5,) ¢ D, (21
where D is a domain in the (si,s,) plane. Generally, the
domain D is a rectangular region defined by s; < 510 and
$y < 850 for some constants s;, and sy, or a triangular re-
gion. In this work, for the sake of brevity, the continuum
subtraction is carried out by selecting D as the region
specified as s = sjug+ s2ilg < sy Where Uo = ﬁ and
iy = 1 —uy. Defining a second variable u = >, the integ-
ral in the (s1,s,) plane can be defined as:

00 00 ) I
2 2
/ dsl/ ds,e " "2 p(sy,8,) =
0 0

where

/m dsp(s)e_ATSz, (22)
0

MM

VM2 and p(s) =

1 _
i/ dup(si,s_i). (23)
UoUo Jo Up U

In the context of the problem being examined, the
masses of the initial and final states are the same, so we
can set M} = Mj; =2M?*, which gives uy = 3. Following
the conclusion of the aforementioned procedure, the con-
tinuum subtraction by setting the upper limit to s, is equi-
valent (in the original double spectral density) to subtract
everything outside the triangular region
§ = SiUp + Spilg = 59. Following this scheme, the QCD
light-cone sum rules for the F,, F,, F5, and F; form
factors can be determined by equating the coefficients of
the g, P £ 4, 8w £ 4> 9.9y £ 4 ad (£.p)quq, p 4 structures.
The obtained sum rules for the electromagnetic multipole
moments of P, states are presented as follows,
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2

m
B 32 ey 2
M p— 2
Hp, /lpm) =e m p(M7,s),
2
m
> P
B2 e py(M2,s0) 24
HpyApy =€ P4V, 80), (24)
1 .
J (s
m 2 v 2
QPm) APL-(A-) =e v pr(M7,s9),
2
2o, "Pets R
Qi Apy, =€ ps(MT,50), (25)
2
n
gl 2 _Pets) 2
H —
OP‘.(S) /lpm) =e v p3(M7,s9),
2
Ao e
OPL-(,\-) Ap, =e M pg(M7,sp). (26)

c(s)

As the forms of the p;(M?2,s,) functions are similar,
for illustrative purposes, we only present the explicit form
of the p;(M2,s0), p2(M?2,s0) and p3(M?2,s,) functions in the
Appendix.

III. RESULTS AND DISCUSSIONS

The following section is concerned with the results of
a numerical analysis of the QCD light-cone sum rules.
This analysis is conducted to predict the electromagnetic
multipole moments of the P, states. To perform a nu-
merical analysis of the QCD light-cone sum rule, itis first
necessary to ascertain the numerical values of several
parameters. The following numerical values are assigned
to the relevant parameters: m, =93.4"3¢MeV, m, = 1.27+
0.02GeV [68], Miyulidele = Midd][ucle = 4.39+0.14 GeV [53],
Mpugisele = Migaysee = 4512012 °GeV [53], myuce =
Mssldcle = 4.60+0.11 GeV [53], <I/_H/t> = <dd> = (-0241
0.01)*GeV?, (5s) = (0.8+0.1)¢@u)y GeV> [69], m2=0.8+
0.1GeV? [69], and (g2G?)=0.48+0.14 GeV* [70]. Fur-
thermore, the residues of the P, states are required, as
they are borrowed from Ref. [53]. In numerical calcula-
tions, the parameters m,, m,, and m? are set to zero, since
their contributions are found to be substantially small.
However, it is important to note that terms proportional to
m; are taken into account. To carry out further calcula-
tions, it is necessary to use the photon DAs and their ex-
plicit form, as well as the required numerical quantities,
as described in Ref. [63].

In light of the preceding numerical input variables,
two supplementary parameters must be incorporated into
the execution of this numerical analysis. The first of these
is the continuum threshold parameter, designated as sg.
The second is the Borel mass parameter, denoted by M?.
In an ideal scenario, the numerical analysis should be per-
formed independently of the parameters mentioned
above. However, this approach is neither pragmatic nor
realistic. The establishment of a region of analysis is im-
perative to ensure that the impact of parameter variation

on the numerical results is deemed negligible. The para-
meter s, is not arbitrary; rather, it establishes a scale.
Subsequent to this scale, continuum and higher states be-
gin to exert an influence on the correlation function. Des-
pite the existence of various methodologies described in
the extant literature for determining the working region of
this parameter, it is generally observed that this paramet-
er varies within the range (mp +0.5? GeV? < sy <
(mp,,, +0.8)> GeV?. Therefore, the approach that this
parameter varies in this working interval is preferred. The
working region for the M2, i.e. the range in which the
variation in our numerical predictions for this variable is
relatively small, is constrained by the applied approaches.
The aforementioned constraints are referred to as pole
contribution (PC) and convergence of OPE (CVG). Fol-
lowing the prevailing methodology, the CVG must
demonstrate adequate smallness to assure convergence of
the OPE. Conversely, the PC is assumed to be ad-
equately large to improve the efficiency of the single-pole
scheme. The following formulas have been utilized to
quantify them:

0i(M2,50) PPMN(MZ, )
pc=PV%0) 300, oy = B %0)
(M2, 00) =207 (V. 50)

<5%, (27)
where pP™N(M?2,sy) represent the highest dimensional
terms in the p;(M?,sy). As demonstrated in the analytical
expressions provided in the appendix, our analysis incor-
porates combinations of condensates with varying com-
positions, such as (g2G*Xgq)*, mj ($2G*Xaqq), (§2G*Xqq),
(G9)*, (g°G*), and (gq). In our analysis, the highest di-
mensional terms are dimension 8 (m} (gq)*), 9 (m}
(8:G*Xqq)), and 10 ((g3G*)gq)*). Consequently, the
CVG analysis has been performed by considering the
DimN expression in the form of Dim(8 +9 + 10). As a res-
ult of our analysis, taking into account the results given in
Table 3, it can be seen that the working regions determ-
ined for the parameters s, and M? are successful in satis-
fying the constraints of the method. To support the con-
sistency of these study regions, the magnetic dipole mo-
ments at different values of s, are plotted versus M? in
Figs. 1 and 2. As demonstrated in these figures, the vari-
ation of the magnetic dipole moment resulting from these
parameters is within an acceptable limit. It is also worth
noting that the results may be affected by uncertainty due
to the presence of residual dependencies.

All the necessary variables for the numerical evalu-
ation are determined. The entire numerical predictions,
together with all the inherent uncertainties concerning the
input quantities, have been listed in Table 4. The follow-
ing conclusions can be delineated from the results ob-
tained:

e In the QCD light-cone sum rules framework, the
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Table 3. Working regions of sy and M? together with the CVG and PC for the magnetic moments of the P, states, where the "Pert"
and "NPert" stand for the contributions from the perturbative and non-perturbative terms, respectively.
Current State s0(GeV?) M2 (GeV?) CVG(%) PC(%) Pert(%) NPert(%)
[uu]ldc]c [25.0,27.0] [2.5,3.1] <1 [56.45, 35.38] (88-93) (7-12)
[dd][uclc [25.0,27.0] [2.5,3.1] <1 [56.36, 35.27] (88-93) (7-12)
;i [uu][sc]e [25.2,28.2] [2.7,3.3] <1 [56.15, 34.60] (89-94) 6-11)
# [dd][sc]c [25.2,28.2] [2.7,3.3] <1 [56.12, 35.78] (87-92) (8-13)
[ss][ucle [26.3,29.3] [2.9,3.5] <1 [55.08, 34.90] (89-94) 6-11)
[ss]ldcle [26.3,29.3] [2.9,3.5] <1 [56.30, 36.05] (87-92) 8-13)
[uu]ldc]c [25.0,27.0] [2.5,3.1] <1.5 [57.45,35.38] (81 -86) (14-19)
[dd][uclc [25.0,27.0] [2.5,3.1] <1.5 [57.36, 35.27] (81-286) (14-19)
P [uu][sc]e [25.2,28.2] [2.7,3.3] <1.5 [57.23,35.47] (80-85) (15-20)
g [dd][sc]c [25.2,28.2] [2.7,3.3] <1.5 [54.17, 35.24] (75-82) (18-25)
[ss][ucle [26.3,29.3] [2.9,3.5] <1.5 [53.97, 34.14] (80-85) (15-20)
[ss]ldc]e [26.3,29.3] [2.9,3.5] <15 [53.64, 33.17] (75-82) (18-25)

primary contributions to the electromagnetic multipole
moments of the P, states originate from the perturbat-
ive component of the spectral density. This component
can be schematically expressed as (Ae.+B(2e, +e,)).
For the magnetic dipole moment, the contribution from
the B(2e,, +e¢,,) term is found to be negligible. However,
for the electric quadrupole and magnetic octupole. mo-
ments, this term plays a more significant role, in' some
cases even determining the sign of the electric quadru-
pole moment in certain P, states.

e A more thorough investigation of the magnetic di-
pole moment requires an examination of the contribu-
tions of light quarks and the charm quark. The findings of
this comprehensive analysis are presented in Table 6,
where the central values of all input parameters are used.
The contributions of both light quarks and the charm
quark differ significantly depending on the choice of in-
terpolating current. In the case of the J i interpolating cur-
rent, the contributions of light quarks to the magnetic di-
pole moment are quite small. In contrast, in the case of
the J; interpolating current, these contributions become
larger than in the J }ﬂ interpolating current. The analysis of
quark contributions to the magnetic dipole moments re-
veals that the charm quark dominates the magnetic prop-
erties of pentaquarks. The light quarks (up, down, and
strange) contribute less significantly to the magnetic di-
pole moments, but their contributions vary depending on
the diquark configuration. This variation suggests that the
light quark dynamics are sensitive to the specific arrange-
ment of quarks within the pentaquark.

e The contribution of charm- and light quarks to the
magnetic dipole moment have been observed to exhibit
an inverse relationship, except for the [uu][dc]e,

[dd][ucle, and [uu][sc]¢ state, which is obtained in the
case of J;. The signs of the magnetic dipole moments
demonstrate the interaction of the spin degrees of free-
dom of the quarks. The opposite signs of the magnetic di-
pole moments for charm and light quarks suggest that
their spins are anti-aligned within the pentaquark.

e The electric quadrupole and magnetic octupole mo-
ments of the related pentaquarks are also calculated. The
obtained results are given in the Table 4. It may be pos-
ited that the values of the electric quadrupole and magnet-
ic octupole moments are substantially smaller than those
of the magnetic dipole moments. This finding indicates
the presence of non-zero values for the electric quadru-
pole and magnetic octupole moments of the observed
pentaquarks, suggesting a non-spherical charge distribu-
tion. The sign of the electric quadrupole moment reveals
the overall shape of the charge distribution in the baryon
states: Positive quadrupole moment-indicates a prolate
deformation—charge is stretched along the quantization
axis. Negative quadrupole moment-indicates an oblate
deformation —charge is concentrated in the transverse
plane. The magnetic octupole moment gives information
about the spatial distribution of the magnetic current in-
side the baryon: Positive octupole moment- suggests that
magnetic currents are aligned or concentrated along a
specific axis. Negative octupole moment-indicates an op-
posite orientation of the magnetic current distribution. It
can be posited that the signs of the higher multipole mo-
ments can offer insights into the deformation of the cor-
responding hadron and its direction. If the signs of the
higher multipole moments are the same, it indicates that
both the geometric deformation and the charge distribu-
tion are aligned in the same direction. Conversely, if the
signs differ, this implies that the spatial deformation and
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Fig. 1. (color online) The magnetic dipole moments of the P, states versus M? for the J; current.

the charge distribution are oriented oppositely. In the
event of a negative prediction, the shape of the hadron is
classified as an oblate, while positive predictions are in-
dicative of prolate shapes. The sign of the electric quad-
rupole moments is predicted to be positive, except for the
[uu][dc]c, and [uu][sc]c state, which are obtained in the

case of J; and corresponds to the prolate charge distribu-
tion. In contrast, the sign of the magnetic octupole mo-
ments is obtained as negative. This finding suggests that
the charge distribution and geometrical shape of these
states are opposite. However, in the case of the [uu][dc]c,
and [uu][sc]c state, which are obtained in the case of Jﬁ,
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Fig. 2. (color online) The magnetic dipole moments of the P, states versus M? for the Jﬁ current.

it is observed that both the electric quadrupole and mag-
netic octupole moments have the same sign and geomet-
ric shape as the charge distribution (oblate). As can be
seen from the obtained results, different diquark configur-
ations affect not only the geometric shape of the corres-
ponding hadrons but also their internal charge distribu-

tions.

e To guarantee the comprehensiveness of the analys-
is, the contribution of light quarks and the c-quark to the
electric quadrupole and magnetic octupole moments are
also investigated. The predicted values of these paramet-
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Table 4. Predictions of the electromagnetic multipole moments of the Py states

Current Pentaquarks u(un) Q (1072 fm?) O (1073 fm?)
[uulldc]e 3.95+0.82 0.31+0.02 -0.56+0.07

[dd][uc]c 3.86+0.80 1.79+0.23 -0.81+£0.07

;i [uu][scle 4.33+1.09 0.32+0.02 -0.58+0.08
g [dd][sc]e 4.50+1.04 3.48 +0.60 -1.09+0.08
[ss]lucle 4.53+1.03 1.83+0.28 -0.80+0.08

[ss]ldcle 4.48+0.98 3.42+0.56 -1.04+0.08

[uulldc]e 3.17+0.82 -1.43+0.26 -0.20+0.04

[dd][uc]c 3.09+0.61 1.51£0.19 -0.62+0.05

P [uu][scle 3.43+0.83 -1.53+£0.33 -0.21+0.05
: [dd][sc]c 2.19+0.59 4.85+0.88 -1.12+0.07
[ss]lucle 2.81+0.67 1.57+0.25 -0.63+£0.06

[ss]ldc]e 1.84+0.49 4.80+0.82 -1.06+0.06

Table 5. Scaling factors (1) for different pentaquark states.

Pentaquark State A (Scaling Factor)
[uu][dc]e 1.25
[dd][uc]e 1.25
[uu]lscle 1.25
[dd][sc]e 2.05
[ss][uc)e 1.60
[ss]ldc]e 2.40

ers can be found in Tables 7 and 8. In the quark contribu-
tion analysis, a similar result to that observed in the mag-
netic dipole moment output is evident. It can be seen that
the contributions of both light quarks and c-quarks are
quite different in the two interpolating currents used. The
contributions of the light quarks in the second interpolat-
ing current have been obtained to be approximately twice
those of the first interpolating current. As can be seen
from the results here, the different diquark structures sig-
nificantly influence the outcomes.

e Given that U-spin symmetry-breaking effects have
been incorporated through a nonzero strange-quark mass
and strange-quark condensate, as reflected in the ratios of
[uu]lldc]c

[uu][sc]lc’ an

electromagnetic multipole moments
[dd][uc]c

[ss]lucl ), the resulting predictions indicate a U-spin vi-

olation of at most 15%. The typical U-spin symmetry
breaking effects are anticipated to reach, at most, the
level of approximately 30%. A detailed examination of
these symmetry violation effects reveals that the maxim-
um violation reaches approximately 15% for the J inter-
polating current, while for the J2 interpolating current,
the violation is slightly lower, around 10%. This differ-

Table 6. The contribution of light and heavy quarks to the
magnetic dipole moment of the P states (uy)

Current Pentaquarks Hq He Hrotal
[uu]ldc]e -0.30 4.25 3.95
[dd][uc]c -0.31 4.17 3.86
;i [uu][scle -0.27 4.60 4.33
g [dd][sc]e -0.11 4.61 450
[ss]lucle -0.17 4.70 4.53
[ss]ldc]e -0.21 4.69 4.48
[uu]ldc]e 0.21 2.96 3.17
[dd][uc]c 0.14 2.95 3.09
P [uu][scle 0.26 3.17 343
g [dd][sc]e -0.98 3.17 2.19
[ss]lucle -0.41 3.22 2.81
[ss]ldc]c -1.38 3.22 1.84

ence may stem from the varying sensitivity of the inter-
polating currents to strange-quark contributions, as each
current emphasizes different quark-gluon configurations
and coupling structures. These findings indicate a moder-
ate but noticeable violation of U-spin symmetry, consist-
ent with theoretical expectations. Moreover, the analysis
shows that the construction of interpolating currents with
different internal structures alters the relative contribu-
tions of strange-quark terms in the operator product ex-
pansion. These results also demonstrate that the choice of
diquark configurations plays a significant role in modu-
lating the extent and manifestation of U-spin symmetry-
breaking effects. The diquark structure affects the flavor
composition and internal correlations of the baryon,
which in turn influences the sensitivity to strange-quark
dynamics. Taken together, our findings confirm that U-
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Table 7. The contribution of light and heavy quarks to the
electric quadrupole moment of the P, states (1072 fm?)

Current Pentaquarks Q, Q. Qioral
[uu]ldc]e -1.53 1.84 0.31
[dd][ucle 0.00 1.79 1.79
;i [uu][sc]c -1.62 1.94 0.32
g [dd][scle 1.54 1.94 3.48
[ss]lucle 0.00 1.83 1.83
[ss]ldcle 1.52 1.90 3.42
[uu]ldc]e -3.01 1.58 -1.43
[dd][ucle 0.00 1.51 1.51
Jf, [uu][sc]c -3.19 1.66 -1.53
[dd][sc]e 3.19 1.66 4.85
[ss]lucle 0.00 1.57 1.57
[ss]ldc]e 3.16 1.64 4.80

Table 8. The contribution of light and heavy quarks to the

magnetic octupole moment of the P, states (107> fm?)

Current Pentaquarks 0, O, Orotal
[uu]ldc]e 0.24 -0.80 —-0.56

[dd][ucle 0.00 -0.81 —-0.81

. [uu][sc]c 0.26 -0.84 -0.58
g [dd][sc]c -0.25 —0.84 =1.09
[ss][ucle 0.00 —0.80 -0.80

[ss]ldc]e -0.23 -0.81 -1.04

[uu]ldc]e 0.46 -0.66 -0.20

[dd][ucle 0.00 -0.62 -0.62

P [uu][sc]c 0.48 -0.69 -0.21
! [dd)[scle -043 ~0.69 -L12
[ss][ucle 0.00 -0.63 -0.63

[ss]ldc]e -0.39 -0.67 -1.06

spin symmetry is moderately broken at a level below
15%, but that its breaking is not negligible. These effects
should be considered in any precise determination of the
internal electromagnetic structure of hadrons.

e The magnetic dipole moments obtained using dif-
ferent interpolating currents are related as follows:

My~ AXpp

where A varies for different pentaquark states as shown in
the table below:

As evidenced by the aforementioned equations, the
different diquark configurations constructed for

pentaquarks result in a substantial variation in the ob-
served outcomes.

e As demonstrated in Table 6, the application of dif-
ferent interpolating currents to the P, states—despite
having identical quark content and quantum
numbers—Ileads to substantial discrepancies in the ob-
tained magnetic dipole moments. These results may sug-
gest the existence of multiple P, states with the same
quantum numbers, yet differing in their electromagnetic
properties due to variations in their internal quark config-
urations. While these states are nearly degenerate in mass
[53], their electromagnetic properties appear to be highly
sensitive to the underlying diquark configurations. This
raises important questions about the common assumption
that changing the basis of hadrons does not affect physic-
al observables. In the context of electromagnetic proper-
ties, a change in the hadronic basis may correspond to a
modification in the internal structure, leading to signific-
ant variations in the predicted results. Previous studies
[42,48, 71-74] have explored the electromagnetic prop-
erties of tetraquark and pentaquark states using various
interpolating currents, revealing substantial deviations in
the magnetic dipole moments obtained from different
diquark-antidiquark and diquark-diquark-antiquark con-
figurations. Consequently, the choice of interpolating cur-
rents—or equivalently, the isospin and charge basis of the
studied hadrons —may significantly impact the electro-
magnetic moments.

e The mass of the [uu][dc]c state is very close to the
mass of the P.(4440) pentaquark state within errors. One
can therefore consider the possibility that these interpolat-
ing currents couple to this P.(4440) pentaquark state.
Comparing the results obtained for state P.(4440) with
the results available in the literature can provide a useful
consistent perspective. In Ref. [36], the magnetic dipole
moment of the P.(4440) state has been examined within
the quark model, interpreted as being in the molecular
configuration with the quantum numbers J* = 3 . The res-
ultant value is referred to as pp_aa0) = —0.979 py. In Ref.
[45], the magnetic dipole moment of the P.(4440) state
has been studied utilizing the QCD light-cone sum rules
for meson-baryon pentaquark picture with J*=3"
quantum numbers. The resultant value is referred to as
Up.aas0) = 0.73%53% uy. The observed differences in the
magnetic dipole moments may stem from the distinct in-
ternal dynamics of these configurations. In the diquark-
diquark-antiquark picture, the clustering of diquarks may
lead to a different spin alignment compared to the meson-
baryon interpretation, where the spatial separation
between the meson and baryon components could modi-
fy the magnetic response. The differences in electromag-
netic properties between these configurations (diquark-
diquark-antiquark and meson-baryon molecular states)
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could be used to distinguish between them in future ex-
perimental studies. The findings from the numerical ana-
lyses conducted within the present study suggest that the
magnetic dipole moments of P.(4440) state may provide
crucial insights into their fundamental structures. These
results, in turn, may facilitate a more refined interpreta-
tion of the distinction between their respective spin-par-
ity quantum numbers. Future studies should explore these
differences to better understand the underlying structure
of these exotic states.

e Determining the magnetic dipole moments of P,
pentaquarks via spin precession experiments presents sig-
nificant challenges owing to their relatively short life-
times. This difficulty stems from the need for stable,
long-lived systems to allow for accurate measurements of
spin dynamics. As such, direct observation is not feasible.
Instead, the magnetic dipole moment of these P, states
can only be determined indirectly through a three-step
procedure. First, the P, is generated. Then, it emits a
low-energy photon that acts as an external magnetic field.
Finally, the P,y undergoes decay. The magnetic dipole
moment of the A resonance was obtained using. this
scheme through the yN —>A— Ay —aNy process
[75—83]. By analogy, a comparable process, YN — P,
— Py — J/YyNy or yYYA — P, — Py — J/YyAy,
could be utilized to extract the magnetic dipole moment
of the P, pentaquarks. Future experiments at facilities
like LHCDb, Belle II, and PANDA could focus on measur-
ing the angular distributions and polarization observables
in pentaquark decays, which are sensitive to electromag-
netic multipole moments. In parallel, lattice QCD calcula-
tions, which have been successfully employed to com-
pute the magnetic dipole moments of baryons containing
two charm quarks [84, 85], are expected to provide cru-
cial theoretical predictions. These methods, in combina-
tion with forthcoming experimental data, will help refine
our understanding of the electromagnetic properties of
exotic hadrons.

IV. CONCLUSIONS

In the present study, we investigate the magnetic di-
pole, electric quadrupole, and magnetic octupole mo-
ments of the [uu]ldcle, [dd)[ucle, [uul[scle, [dd][sc]c,
[ss][ucle, and [ss][dc]c states in the context of the QCD
light-cone sum rules. In the course of examining these
properties, two distinct diquark-diquark-antiquark forms
of the interpolating currents are employed, given that
these pentaquark candidates possess quantum numbers
J* =27 From the numerical results, we observe that there
are significant discrepancies in the predicted magnetic di-
pole moments depending on the chosen diquark-diquark-
antiquark structure. The results of this study provide valu-
able insights into the electromagnetic properties of hid-

den-charm pentaquarks, shedding light on their internal
structure and quark-gluon dynamics. The significant dif-
ferences in electromagnetic properties between different
diquark configurations suggest that pentaquarks may ex-
ist in multiple states with similar quantum numbers but
different internal structures. These findings have import-
ant implications for future experimental searches and the-
oretical studies of exotic hadrons. By combining theoret-
ical predictions with experimental observations, we can
move closer to a_comprehensive understanding of the
nature of pentaquarks and the fundamental forces that
bind quarks together. Future theoretical studies should
explore alternative pentaquark configurations, such as
molecular models, for a better understanding of the range
of possible electromagnetic properties. Additionally, lat-
tice QCD.calculations could provide more precise predic-
tions for comparison with experimental data. The discrep-
ancies between theoretical predictions and experimental
observations (when available) serve as a testing ground
for various QCD models. The ability of different models
to ~reproduce the electromagnetic properties of
pentaquarks could help refine our understanding of QCD
dynamics in the non-perturbative regime.

APPENDIX: THE OBTAINED SUM RULES FOR
THE ELECTROMAGNETIC MULTIPOLE MO-
MENTS OF P, STATES FOR THE J;, CURRENT

The obtained sum rules for the electromagnetic multi-

pole moments of P, statesfor the J; current are presen-
ted as follows,

m2
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— 6480m,,m,(1[0,2] - 21[1,1]) — 84091[1,2]) + 7440(3m,, — 2m)I[1,2]) +4e,, (2(371m,, +1210m,)
X 1[0, 3] +45m3((116m,, +325m.)I[0,2] - 2(88m,, +305m)I[1,1])+3(2809m,, +7880m,)I[1,2])]
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F3(M?,50) =

CiCym,

222 x 37 x 57
+ 45mé(39mql 1[0,2] - 62m,,1[0,2] = 154m 1[0, 2] + 31(=6m,, +2m,, + Tm)I[1,1]))
+3e,, (7440m,, —5117m,, —6520m.)I[1,2] + 4e . (—2(18m,, + 665m,)I[0,3] + 15m§(—51mq1 110,2]
+30m,,1[0,2] - 102m.1[0,2] +4(12m,, — 5Sm,, +36m.)I[1,1]) + 6(53m,, —300m,)I[1,2]
—20my,, (321[0,3] +27my,m.(31[0,2] - 8I[1, 11) + 481[1,2]))]

Cim,

214 % 3% x 57
x 110,2] +47(110,3] - 31[1,2])) + 1761[1,3])]
N C,m,

226 % 36 x 52717
x I[1,3]) - 6630e.1[1,4] —10e,,(1321[0,5] + 176m,, m.(371[0,4] +1041[1,3]) + 3551[1,4])
—4e, (—286m, m, —235m,,m:)I[0,4] +4531[0,5] + 80(=97my, m,. —136m,,m.)I[1,3]+42951[1,4])]

[2¢,,((2327m,, +370m.)I[0,3] + 60m,, (671[0,3] — 108m,,m.(1[0,2] - 21[1,1]))

[9e,,(I[0,4] - 41[1,3]) + e, (4(10(m,, —9m,,)m)I[0,3]— 151[0,4] + 2m3(75m,, m,

[891¢1[0,5] + 160e.((295m,, m, + 113mg, m)I[0,4] +2(+105m,, m, +42m,,m,)

me
t gt eis {12<2eqzmq, C5(61[0,5]+ 5m2(10,4] - 81[1,3])) +e;, (3(3m,, Cs +m,,Cs +m,, Cs
+3m,, C)I[0, 5]+ 10m2 ((=2my, Cs + 31y, Ca + 3y, Cs =21y, C3)I[0,4] + 4(m,, Cs — 3m,,C

~3m,,Cs +m,,C)I[1,3]) )) +630(e,,m,, Co— e, (1, (C —2C3) +my, (—2C, + C))I[1,4]
+e, ( — (=92m.(2C5 + C3) + my,(224C5 +99C3) + m,, (422C; +224C3)I[0, 5] + 20m3 ((m,, (52C;

—=30C3) = 12m,(2C, + C3) + mg, (=30C, + 41C3))I[0,4] + 176(2my, C; + 2my, C3 —my, C3)I[1, 3]))} , (A8)

m,
VTR Tt e {ec (3280m1.(2m,, +m,,)110,5]-23871[0,6] - 22081[1,5]) +9(2e,, +e,,) X (1221[0,6]
C1C2 me

TV {3qu ( —490e,, myI10, 11— 400e,,m 110, 11+ 953e,, 110, 2] + 706e,, 1[0, 2] + (365¢,,

+811[1,5])} +

+232e,)I[1,1]) +2e. (20m3(Tmy, — 30m)I10, 1] - 309m,, 1[0,2] +440m 1[0,2] + 20m,, I[1, 1])}

GiGme |4 980my 110, 1]+ 18731[0,2]+ 7061[1,1]) + 8e. ( 10mg(5 33m.)I[0, 1
e | 3¢y My, (~980mEI[0, 1]+ 1873110,2]-+ T06/[1, 11)+ 8e ( 10m3(Sm,, ~33m,)I[0.1]

C2
—129m,,110,2] + 260m.1[0,2] — 28m,, I[1, 1])} - W {ecmql mZ(SmgI10, 1] - 4110, 2])}
C1 me

+ R3S {— 896e.m.(13my, +17my,)1[0,3]+21(=161e. +411e,, +70e,,)I[0,4]

+2(=764e. +2069¢,, +270e,,)I[1, 3]}

+ e
29 %34 x 5% 7nd

+7ec( = 3(1781m,, Cy +89m,, Cs + 12m.(2C; + C3))I[0,4] + 8m3 (4(26m,, Cs + 8m Cy + 13m,,Cs

{— 42((eq, +eg,)my, Cy +e4,my, C3)(=211[0,4] + ma(161[0,3] +211[1,2]))

+4m.C3)I1[0,3]+57(2m,, C» +mq2C3)I[1,2])> +756(e,, +e4,)m, CoI[1,3] - 1856e.(2my, C, +my,C3)I[1,3]|,
(A9)
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me
F4(M2, SO) = m |:(736€L - 243(26q1 + el]z)) I[O, 5]}
C1C3 n.m
Wéxs‘;s {(1 12¢, — 1059¢,)I[0, 1]} +
me

+—
217 x 34 x 5% T

+e,,my, C3)(Tmg110,2] - 6110, 3])} ,

where C; =(g*G?) is gluon condensate; C, =(g,q;) and
C; =(g2q2) are corresponding light-quark condensates.
For completeness, the values e, , e, , my, mg,, {G191),
and (g,q,) related to the expressions of the sum rules in
aforementioned equations are given in Table Al. The
function I[n,m] is given as

219 % 36 x 5775
CI me
223 x36x 5% Tn’

C]szcmql

{(40@ +1095e,, +696¢,,)I[0, 1]}

{(764@, ~2069¢,, —270e,,)1[0, 3]}

{ —de.m.(2m,, Cy + mqZC3)(399m(2)I[O, 2]-232110,3]) + 63m.((e,, +e4,)m, C,

(A10)

(All)

S0
1[n,m] :/ ds e”™ s"(s—m)",

m

where m = (2m.)* for the [uu][dc]é and [dd][uc]¢ states;
m = (m, +2m,)* for the [uu][sc]c and [dd][sc]c states; and,
m= (2mg+2m,)* for the [ss][uc]c and [ss][dc]e states.

Table Al. The values e, , e,,, mq, , mg,, {G1q1), and (g2¢>) related to the expressions of the sum rules in aforementioned equations.
Parameters [uu]ldcle [dd][uc]c [uu][sc]c [dd][sc]c [ss][ucle [ss]ldc]e
eq, ey eq ey eq e e
€q, ed €y es [ ey ed
Mg, my mq my my mg g
Mgy, mq my myg myg my mq
G1q1) (i) (dd) (e (dd) (5s) (3s)
(G292) (dd) 7y (5s) (5s) Citu) (dd)
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