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Ulas Ozdem :

Health Services Vocational School of Higher Education, Istanbul Aydin University,
Sefakoy-Kucukcekmece, 34295 Istanbul, Tiirkiye

® (Received 7 May 2026; accepted 23 June 2026; published 23 July 2026)

Probing the internal organization of hidden-charm pentaquarks—including the spin-color correlations that
distinguish compact diquark-diquark-antiquark configurations from loosely bound hadronic molecules—
requires observables that go beyond mass spectroscopy. We argue that multicurrent QCD light-cone sum rules
provide a diagnostic framework for this problem, not only through the expected sensitivity of the magnetic
moment to the internal spin structure but, more importantly, through exact analytic relations among the flavor-
sector contributions that are enforced by the algebra of the interpolating currents themselves. We identify two
such signatures that emerge from our analysis of compact diquark-diquark-antiquark configurations: (i) for
any of the four currents considered the light-quark contributions satisfy the exact ratio u,, /u,; = e,/e; = =2,
reflecting a common Lorentz-color kernel that couples u# and d only through their electric charges; and (ii) for
the J3(x) current the charm-quark contribution vanishes identically, . = 0, arising not from the pseudoscalar
embedding of the charm diquark alone—since the same embedding occurs in J; (x), which yields a nonzero
u.—but from the specific Dirac structure associated with the anticharm coupling in the global current, which
produces an analytic cancellation in the operator product expansion. We illustrate these signatures through
explicit calculations using four independent diquark-diquark-antiquark interpolating currents J; (x)—J4(x),
assumed to carry J¥ =1 and obtain u; = —1.355033un, uy, = 31420 uy. py, = 1.015050uy, and
Wy, = — 179734 - These four predictions are then assigned to the observed P,(4338) and P} (4459)
resonances on the basis of the mass predictions of recent QCD sum rule analyses; we emphasize, however,
that the corresponding +0.11 GeV mass uncertainties accommodate either state within 1o of all four currents,
so this current-to-state mapping is adopted only as an auxiliary phenomenological choice. The predicted
magnitudes |u| ~ 1-3uy lie systematically above quark-model and heavy pentaquark chiral perturbation
theory expectations (|u| < 0.5uy). Applying the same flavor-decomposition procedure to two previous
molecular LCSR analyses of the same states yields p,/p, = —1/2 rather than —2, providing an LCSR-
internal contrast that operates at the flavor-decomposed level even when total magnitudes are comparable.
Crucially, the two analytic signatures identified here are immune to the ambiguity of the state-to-current
pairing and therefore offer falsifiable tests of the compact picture that survive the unavoidable phenom-
enological assumptions of mass-based assignments.

DOI: 10.1103/8p4m-zbpb

I. INTRODUCTION

Exotic hadronic configurations, such as pentaquarks and
tetraquarks, have emerged as central topics in particle physics
since the early formulation of the quark model [1]. Although
neither the quark model nor quantum chromodynamics
(QCD) forbids their existence, these states remained hypo-
thetical for decades and were the subject of extensive
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theoretical and experimental studies. A major breakthrough
occurred in 2003, when the Belle Collaboration reported the
first observation of a candidate tetraquark state, the X (3872),
thereby marking the beginning of a new era in the explora-
tion of exotic hadrons [2]. The discovery of exotic hadrons
composed of five valence quarks, known as pentaquarks,
was first reported by the LHCb Collaboration in 2015. Two
states, Py (4380) and P} (4450), were observed in the J /y p
decay channel [3]. Subsequent studies in 2019, based on a
larger dataset, revealed that the P)/(4450) resonance is
actually two separate states, P)(4440) and P)(4457),
and also identified a new resonance, P (4312) [4]. The
existence of P})(4380) remains uncertain, as it has neither
been confirmed nor definitively ruled out. In 2020,
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the LHCb Collaboration reported a hidden-charm penta-
quark candidate, P}(4459), in the J/wA invariant mass
spectrum via the decay Eg — J/wAK~ [5], which was
subsequently supported by evidence from the Belle
Collaboration [6]. In 2021, the LHCb Collaboration
reported the detection of a new pentaquark state in the
J/wp invariant mass spectrum [7], whose resonance
parameters differ from those of the previously established
pentaquarks observed in the A, — J/wpK decay channel.
In 2022, the LHCb Collaboration reported the observation
of a new pentaquark candidate, P} (4338), in the J/yA
invariant mass spectrum by analyzing the decay process
B~ — J/wAp [8]. Concerning spin-parity assignments, an

amplitude analysis by LHCb favors J¥ = %‘ for the

P};(4338), whereas for the Pj)(4459) the current data
do not allow a unique determination and both {~ and 3~
remain compatible with the measurements. Throughout this
work we adopt J¥ = %‘ as a working hypothesis for both
states, with the understanding that our results for the
P}(4459) are conditional on this assignment.

Despite these experimental advances, the internal struc-
ture of the P,,’\,’ and PQY states remains an open question.
Several scenarios have been proposed, including a compact
pentaquark composed of a diquark-diquark-antiquark con-
figuration, or alternatively, a loosely bound hadronic
molecular state formed by the interaction of a charmed
baryon and a meson (for reviews, see [9—11]). A crucial
feature of the current landscape is that the measured masses
alone do not discriminate among these competing structural
scenarios: compact diquark-diquark-antiquark configura-
tions, hadronic molecules, and quark-model bound states
all yield mass predictions consistent with the observed 4338
and 4459 MeV values within their respective uncertainties,
largely because these states lie near common hadronic
thresholds that constrain the total energy more strongly than
any particular internal configuration. The situation is further
complicated by the persistent ambiguity in the spin-parity
assignment of the P, (4459), where both J¥ =1~ and 3~
remain compatible with existing data. Under these condi-
tions, observables that go beyond the mass spectrum—and
that respond differently to distinct internal configurations
even when the corresponding mass predictions coincide—
become indispensable for any meaningful structural dis-
crimination. A detailed review of experimental findings and
theoretical developments for both confirmed and candidate
pentaquark states can be found in [10-25].

Electromagnetic multipole moments are a natural can-
didate for such complementary observables: existing theo-
retical predictions for the magnetic dipole moment of the
Pl states span a wide range across competing structural
scenarios, with quark-model and heavy pentaquark chiral
perturbation theory analyses typically yielding |x| < 0.5uy
and QCD light-cone sum rules-based studies producing
magnitudes that range from a few tenths to a few uy

depending on the assumed internal organization of the state.
We will see that the comparison among these scenarios is
more subtle than a simple magnitude-based separation
would suggest, and that a coherent structural diagnosis
requires going beyond the total magnetic moment to its
flavor-decomposed contributions. They are directly sensi-
tive to the spatial arrangement of quarks and to their spin
orientations within the hadron, and they respond differently
to compact and extended internal configurations. For
hidden-charm pentaquarks in particular, the magnetic dipole
moment provides information about the alignment of quark
spins and their interactions with external magnetic fields,
while higher multipoles probe finer anisotropies of the
charge and current densities. Existing studies of electro-
magnetic multipole moments for pentaquarks remain com-
paratively limited [26—52], and the results reported span a
wide range, reflecting the strong dependence of these
observables on the assumed internal configuration.

Motivated by these considerations, the present work
employs the multicurrent QCD light-cone sum rules
(LCSR) framework [53-55] to compute the magnetic
moments of the P} (4338) and P)(4459) pentaquarks,
under the assumption of a compact diquark-diquark-
antiquark configuration. We construct four independent
interpolating currents J(x)—-J4(x) that encode different
spin-flavor organizations of the constituent diquarks, and
extract both the total magnetic moments and their decom-
position into individual quark-sector contributions. The use of
multiple interpolating currents serves a dual purpose: it
quantifies the sensitivity of the magnetic moment to the
internal diquark structure—an aspect that has been repeatedly
emphasized in LCSR studies of exotic hadrons—and, as we
shall see in Sec. III, the resulting flavor decomposition
exhibits structural regularities whose origin lies in the algebra
of the interpolating currents and which can be traced
analytically. These features, together with the explicit numeri-
cal values, form the main content of our results. Although
directly measuring the magnetic moment of a short-lived
hadronic state such as the P,,’}s states poses significant
experimental challenges, it remains a feasible objective in
future high-luminosity facilities. One promising approach
involves analyzing the photoproduction cross-section in
electron—proton collisions: the magnetic moment, together
with other electromagnetic form factors, governs the coupling
of the pentaquark to the electromagnetic field, and conse-
quently the production rate of the PV’}S via photon-induced
reactions is sensitive to this coupling. Complementary
information can be extracted from the angular distributions
of the decay products in photoproduction events, since spin-
dependent interactions influenced by the magnetic moment
leave characteristic imprints on these distributions.

The article is organized as follows: Sec. II presents the
sum rule derivation for the magnetic moments of the Pj);
states. Section III presents the numerical results for the
magnetic moments and their flavor-sector decomposition,
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followed by a concise summary of the main findings
in Sec. IV.

II. SUM RULE DERIVATION

The analysis of the electromagnetic structure of the Pl,/)s
states, within the formalism of LCSR, is initiated through
the formulation of the following correlation functions:

H(l(p7 q)

_ / dixeins / dyei® 0T {I(x) L) T(0)}]0). (1)

In this expression, J4(y) represents the electromagnetic
current, while J(x) denotes the interpolating current cor-
responding to the P$S states, which carries the quantum
numbers J© =1~

The correlation function may alternatively be expressed as

M(p.q) =i / e (O T{I(0T0)}[0).  (2)

It should be emphasized that II(p,q) represents
eI, (p, q). In this context, F' denotes the external back-
ground electromagnetic field (EBGEM), with

Faﬂ = i(SaQﬂ - gﬂqa)e—iq-x’ (3)

where €5 and g, correspond to the polarization and four-
momentum of the photon, respectively.

The EBGEM approach offers a notable advantage by
enabling a gauge-invariant separation of soft and hard
photon contributions [56]. Moreover, the EBGEM is treated
as an infinitesimally weak background field, allowing the
correlation function in Eq. (2) to be systematically expanded
in powers of the field strength, leading to the following
representation:

N(p.q) =1p.q) + 0V (p.q)+---.  (4)

In this decomposition, I1”)(p, ¢) denotes the correlation
function in the absence of an external background electro-
magnetic field, which is associated with the mass sum rules
and lies beyond the scope of the present analysis. In contrast,
M (p, q) accounts for contributions arising from single-
photon emission [56-58]. Accordingly, within the frame-
work of LCSR, the extraction of the electromagnetic
multipole moments of the relevant hadrons requires only
the computation of the IT") (p, ¢) component.

With these clarifications established, we now proceed to
derive the LCSR for the magnetic moments of the P{,,\S
states. The initial step of our analysis involves computing
the hadronic representation of the correlation function.
Within the hadronic framework, by inserting complete sets

of PV’)S states carrying the same quantum numbers as the

interpolating currents, we obtain

(Ol (x)[Pys(p,s))
(P> —mp, |

(Pys(p+4.5)|7(0)[0)
[(p+4q)* —m3, |

ws

ed(p,q) = (Pr(p.s)IPh(p+q.5))p

oo (5)

For the subsequent calculations, the matrix elements in
Eq. (5) are required. These can be expressed in terms of
hadronic quantities, such as the spinor u(p,s) and the
residue /1PVA”, as illustrated below,

(017 (x) [Py (. 5)) = Apy v5u(p. s). (6)

(Pys(p +q.5)|7(0)[0) = Apy 7s(p + q.5).  (7)

For a spin-% hadron, the electromagnetic current matrix
element can be represented using Lorentz-invariant form

factors (F;(¢?)). The corresponding general expression is
provided in [59],

(Pys (. 8)[Pys(p 4 q.5))p = ea(p. s)Cu(p + q.),
(8)

where

2p+4q), .

T, = [Fi(q*) + F2(¢*)ly, + F2(q?) 9)

By combining the above expressions and performing a
summation over spins, one obtains the resulting equations
for the correlation functions in the hadronic representation,

#(p. q)
2,
Piys 2 2
= [pz _ m12)A I[(p+ q)2 _ml%/\ ] [(Fi(q%) + Fa(q?))
X (2(e.p) P — mpy #9 — mps ¢4 + P4)). (10)

In order to determine the magnetic form factor, F M(qQ),
of the PV’)S state, it is essential to relate it to the form factors
Fi(¢*). The relevant expressions are given below,

Fy(q*) = Fi(¢*) + F2(q?). (11)

Using the expressions described above, the electromagnetic
form factors of the PV/)S states can be determined. In the case
of a real photon, where g* = 0, the relevant form factor
can be directly related to the magnetic moment. The
corresponding relation is given below:
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e

M Fy(0). (12)

)
ws
m P/y/\s

With this relation, the hadronic representation of the corre-
lation function is complete. We are now prepared to proceed
to the QCD-side evaluation of the correlation function.
One of the most essential ingredients in the QCD
representation of the correlation function is the construction
of an interpolating current that can effectively couple to the
hadronic states under consideration. In constructing suit-
able interpolating currents, it is essential to align the quark
field configurations with the valence content and quantum

attractiveness of the one-gluon exchange mechanism nat-
urally favors the formation of diquarks in the color
antitriplet channel. Previous QCD sum-rule analyses
[60,61] indicate that scalar and axial-vector diquark corre-
lations are the most favorable configurations. Guided by
these considerations, we employ in this study interpolating
currents of the axial-vector—diquark—scalar—diquark—anti-
quark type and the axial-vector—diquark—axial-vector—
diquark—antiquark type. Taking into account the
assumption that the pentaquark studied in this work has
the quantum numbers J* = %‘, the possible interpolating
currents can be written as follows:

numbers of hidden-charm pentaquark states. The
|
Ji(x) = ee®elTo{ [ufy (x)Cysd, (x)][s} (x) Cysc,(x)]}Cel (x), (13)
Ja(x) = e®cet®e?T9{ [ug (x) Cysd, (x)][s] (x) Cr,ey (x)] hrsr* CEL(x), (14)
gabcgade gbfg . - . . _r
J3(x) = 7 {[ug (x)Crpus. (x)][d} (x) Cysey(x)] = [dg (x) s, (0)][up (x) Crsey(x)]}ysr* Cec (x),  (15)
Suhc&.adegbfy . T T T T
J4(x) = 7 {[ug (X)Cruse (0)][d (x) Crtcy(x)] = [dg (x)Cruse (x)][ug (x) Crey(x)]}CEc (x), (16)
|
where a, b, - - - are color indexes and the C is the charge =~ working scheme rather than as a definitive structural

conjugation operator.

All four interpolating currents considered here are, in
principle, capable of coupling to the relevant pentaquark
states. In [62], the corresponding hadron masses were
evaluated using these four currents: m/t =4.47 +
0.11 GeV and m’> =4.51 +£0.10 GeV for the scalar-
diquark—containing currents J;(x) and J,(x), and
m’ =433 +0.11 GeV and m’/* =4374+0.11 GeV
for the currents J53(x) and J4(x) built on a vector light-
strange diquark. On the basis of these central values, the
lower-mass pair {J3(x),J4(x)} is phenomenologically
paired with the P (4338), and the higher-mass pair
{/1(x),J2(x)} with the P}(4459). We emphasize, how-
ever, that this assignment is far from unique: the
+0.11 GeV mass uncertainties comfortably accommodate
either state within the 1o range of all four currents, and a
cross-assignment (or even a mixing of currents coupling to
a single physical state) cannot be excluded on mass
grounds alone. We therefore adopt this pairing as a

|

identification. As we shall see in Sec. IIl, the structural
features that emerge from the flavor decomposition of the
magnetic moments are properties of the interpolating
currents themselves rather than of any particular state-
to-current assignment, and would survive a reshuffling of
this mapping; the mass-based pairing adopted here there-
fore enters only as an auxiliary phenomenological choice.
Accordingly, we present calculations for the Py/)s (4338)
magnetic moment using the J3(x) and J4(x) currents, and
for the PJ,(4459) using the J,(x) and J,(x) currents.

The QCD side evaluation of the correlation function is
carried out in the deep Euclidean region, where p?> < 0 and
(p + ¢q)> < 0. Within this kinematic regime, the correla-
tion function can be expressed in terms of photon distri-
bution amplitudes (DAs). To obtain this representation, the
interpolating currents are substituted into the correlation
function defined in Eq. (1), and applying Wick’s theorem
allows the correlation function to be recast in terms of both
heavy and light quark propagators as follows:

[19¢€D-J, (x) (p7 q) _ _l'gabcga’b’c’Sudeea’d’e’gbfggb’f’g’ / d4xeipvx <0|{TI‘[7/SSZ€I (x)yssvgd’ (x)]
x Trly, & (x)r, S (0]} (757 8¢ (=2)7*75)|0) (17)
HQCD—Jz(x) (p7 q) — _igabcga’h’c’Sadeea’d’e’gbfggh’f’_(/ / d4xeip»x <0|{Tr[y5Sff' (x)yssvgd’ (.X)]

x TrlysS¥ (x)7s S ()11 (3¢ (=x)) 0}, (18)
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T1OCD-103)(p, g) = — & sbees!V gadeal e hfseh / e (O1{Try, S5 (x)7, 54 ()]

X TrlysS% (x)ys8 (x)] + Trly, 8¢ (x)7,5% ()| TrlysSY (x)ysS4 (x)]
+ e[y, 8¢ (07,85 (x)rsS% (x)7554 (x)]
+ Trly,S¢ (x)7, 557 (x)r5S2 (x)75s8% ()]} (rsr3E (=x)7*75)|0) (19)

HQCD—J4(x) (p’ q) — _éEabcga’b’c’gadega’d’e’Ebfggb’f’g’ / d4xeip'x<0|{Tr[},ﬂsge’(x)},bgtuid' <x)]

x Try*S% (x)y* S5 ()] + Tely,S¢ (x)7, 8% ()] Te[#SY (x)y* 547 (x)]
+ ey, ¢ (x)7, 85" (x)rS¥ (x)r* 8 (x))
+ Tely, ¢ ()7, 507 (x)rS% (x)r*34 ()]} (85 (=x))|0) (20)

where 540, = CS4TC.
In these expressions, the light and charm quark propa-
gators, denoted by S, (x) and S.(x), respectively, are given

by the following forms [63,64]:

— 1 ; x q . Js
S =52 (le 2 ) 6222

1
X/() duG" (ux)litfo,, + uc,x], (21)

mg |Ki(mN=x?)  fKy(m.V—x?)
R v Y e SR e
.mggs 1 K m.v — 2
_11632/0 duGH (ux) (aﬂy}é—l—kaﬂb)%

+26,,K, (m \/——ﬁ)] : (22)

In this context, G**(x) represents the background gluonic
field strength tensor, while Ky(m.vV—x?), K,(m,V—x?),
and K,(m,V—x?*) denote the modified Bessel functions of
the second kind.

The correlation function receives contributions from two
distinct sources: perturbative and nonperturbative. The
perturbative component emerges when the photon couples
to quarks via short distance, perturbatively calculable
processes, whereas the nonperturbative component stems
from long-distance interactions between the photon and
quarks. Calculating both contributions is crucial to obtain a
complete and reliable description.

In evaluating the perturbative contributions, the propa-
gator of one of the quarks is replaced by its expression that
incorporates the photon interaction at the perturbative level,

5 (x) - / ST (x = ARSIy, (23)

where S™¢(x) is the first term of the heavy and light quark
propagators. The remaining propagators in Egs. (17)—(20)
are treated as free propagators.

To incorporate nonperturbative effects, one of the light
quark propagators in Eqgs. (17)—(20) is replaced by the
expression presented below,

$8(0) — 3 @Oy (24

where T'; = {1,75.7,. 1757, 0,,/2}. Within this frame-
work, the matrix elements (y(q)|g(x)I';G,3q(0)|0) and
(r(q)|g(x)T';q(0)|0) arise, which are parametrized in terms
of photon DAs [56]. Photon DAs play a central role in
incorporating nonperturbative QCD effects into the evalu-
ation of correlation functions. In this work, we employ the
explicit expressions given in [56], which include contri-
butions up to twist-4 accuracy. It is important to emphasize
that the photon DAs considered here account exclusively
for light-quark contributions. Although, in principle, long-
distance photon emissions from charm quarks can occur,
their effects are negligible in the present analysis. In
particular, charm quark condensates are suppressed by
the inverse heavy-quark mass, scaling as ~1/m, [65],
and therefore provide a negligible contribution to the
correlation function. Accordingly, in our analysis, we omit
long-distance photon emissions from charm quark DAs and
retain only the short-distance contributions, as specified in
Eq. (23). By following the technical procedures outlined
above, the QCD side expression for the magnetic moment
is derived.

The magnetic moment of the PV/)S state is extracted within
the LCSR framework by equating the correlation function
expressed in terms of QCD parameters with its hadronic
representation, employing the concept of quark-hadron
duality. To efficiently suppress contributions from the con-
tinuum and higher resonances while enhancing the ground-
state signal, continuum subtraction and Borel transformation
are performed according to the standard LCSR procedure.
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The resulting magnetic moments, obtained through the
complete set of steps outlined above, are summarized as
follows:

m?

A

,qu(xuszl(X) —¢ Mllzlvp] (MZ’ SO)’

Py TP
ﬂle
p
Jo(x) 42,7, (x ws
ﬂPz{l\i )/IPQf( ) = e M2 ,OQ(MZ, SO)v (25)
"’2/\
P
J 2.J s
ﬂ})gf)ﬂp,,’}j(w — e M /)3(M2, SO)a
"lz
P
J. 2,J ys
ﬂp?,}(:x)/lpv/):(x) = e M p4(M2’ SO)- (26)

The explicit form of the functions p; (M2, sy), p» (M2, s¢),
p3(M2,s), and p,(M2,s,) are presented in Appendix A.

III. RESULTS AND DISCUSSIONS

The numerical analysis proceeds in two stages. We first
fix the auxiliary parameters of the sum rule (the Borel
mass parameter M” and the continuum threshold s;)
following the standard stability and convergence criteria,
and extract the four magnetic moments associated with
the interpolating currents J; (x)—J4(x). We then turn to the
central part of our analysis: the identification and dis-
cussion of two analytic signatures that emerge from the
flavor decomposition of these results and that, as argued
in the Introduction, constitute the principal outcome of the
present work. The current-by-current physical interpreta-
tion and the comparison with existing theoretical
approaches follow.

A. Auxiliary parameters and numerical values

The numerical values of the input parameters used in
these computations are provided in Table I. The explicit
definitions of the photon DAs (¢,, w", w*, A, V, h,, A, S,
3, 7T |_4), the corresponding nonlocal matrix elements, and
the numerical values of the additional DA parameters
entering these expressions are collected in Appendix B,
following the conventions of [56].

The analysis requires two auxiliary quantities: the Borel
mass parameter M? and the continuum threshold s,. These
are fixed by applying the standard procedures and stability
criteria intrinsic to the QCD sum rule approach. The
acceptable range of M? is determined by requiring proper
convergence of the operator product expansion (CVG) and
ensuring that the ground-state pole contribution (PC)
remains dominant over the continuum. The continuum
threshold s, is then chosen such that the extracted hadron
mass exhibits minimal sensitivity to variations in M?. These
conditions can be expressed as

TABLE 1. List of input parameters utilized in our numerical
computations.
Inputs Values
my 93.5 £ 0.8 MeV [66]
m, 1.273 £ 0.0046 GeV [66]
m-]lA(X) 447 +0.11 GeV [62]
Py
szA(X) 4.51 £0.10 GeV [62]
Py
m:)slA(X) 433 1+0.11 GeV [62]
m;}(f) 437 +0.11 GeV [62]
,1;2\/(50 (1.86 £0.30) x 1073 GeV® [62]
/1;25*) (3.43 £0.55) x 1073 GeV® [62]
s
,1;3A<x> (2.8140.47) x 1073 GeV® [62]
s
/1;1(*) (2.34 4 0.42) x 1073 GeV® [62]
s
(G9) (-0.24 £ 0.01)% GeV? [67]
(ss) 0.8 x (=0.24 £ 0.01)3 GeV? [67]
(2G?) 0.48 £0.14 GeV* [68]
f3y —0.0039 GeV? [56]
X —2.85+0.5 GeV~2 [69]
(M2,s
pe = LML) 4o,
pi(M?, 00)
DimN M2 S
cvg =P Ms) g (27)
pi(M?,s0)

where pP™N(M? s) denotes the highest-dimensional terms
in the operator product expansion of p;(M?2,s,). On the
QCD side, the highest-order contributions originate from the
dimension-7 operators, (g2G?)(gq) and (g?G?)(ss). The
CVG analysis has therefore been carried out including these
D7 terms, and the results presented in Table II reflect this
choice. In addition, the QCD representation incorporates
operator structures such as (g:G?)f3, (D6), (9:G?)(Gq)x
and (g;G*)(3s)y (DS), (gq) and (5s) (D3), f3, (D2), and
(gq)y and (5s)y (D1). Figure 1 shows that, within the
chosen Borel window, the PC remains significantly larger
than the continuum contribution, thereby ensuring ground-
state dominance. The relative magnitudes of the condensate
terms confirm the satisfactory convergence of the operator
product expansion (OPE) expansion. Figure | also illustrates
the dependence of the magnetic dipole moment of the Pj;
pentaquark on the Borel mass parameter M? and the
continuum threshold s,: only mild variations are observed
within the selected parameter ranges.

The final values of the magnetic moments associated
with the four interpolating currents are collected in Table II.
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TABLE II.

Working intervals of s, and M?, fixed by the CVG and PC criteria, together with the magnetic

moments obtained for each of the four interpolating currents J; (x)—J4(x). The numerical results are presented as

predictions associated with the individual currents; their assignment to the observed Pj) (4338) and P}

(4459)

ws

resonances, discussed in Sec. II, is adopted as a working hypothesis based on mass predictions and does not enter the

construction of this table.

Current so (GeV?) M? (GeV?) PC (%) CVG (%) uluy)

Ti(x) 26.0-28.0 2.4-3.0 67.16 — 42.56 0.10 ~1.35103
T (x) 26.0-28.0 2.4-3.0 67.72 — 43.26 0.12 3.147085
T3(x) 24.0-26.0 23-27 64.48 — 46.24 0.17 1.0110%
J4(x) 24.0-26.0 2.2-2.7 66.91 — 44.10 0.10 —1.791034

The reported uncertainties account for variations in the
input parameters, the auxiliary quantities s, and M2, and the
parameters related to the photon DAs. We emphasize that
these four values are best interpreted as predictions for four
distinct compact-diquark configurations characterized by
the interpolating currents J;(x)-J4(x), each probing a
different spin-color organization of the constituent
diquarks. The mass-based assignment {J3(x),J4(x)} <
P1(4338) and {J;(x).J,(x)} < Pj(4459) adopted in
Sec. II is a working hypothesis: the +0.11 GeV mass
uncertainties accommodate either physical state within
1o of all four currents, and a future measurement of the
magnetic moment of either resonance will simultaneously
test the compact-diquark hypothesis and the specific
current-to-state pairing assumed here. All four values
populate the regime |u| ~ 1-3uy, which is of the order
of a few nuclear magnetons and, as we shall see, lies
systematically above the magnitudes predicted by quark-
model and heavy pentaquark chiral perturbation theory
analyses. Before entering the physical interpretation of the
four numerical values, however, we turn to what we regard
as the principal result of the present analysis.

B. Analytic signatures from the flavor decomposition

To expose the microscopic origin of the magnetic
moments, we decompose the total results into contributions
from individual quark sectors, as summarized in Table III
and visualized in Fig. 2. This decomposition is obtained by
selectively adjusting the charge factors (e, and e.) within
the LCSR, which are explicitly retained for this purpose.
Setting e. = 0 eliminates all terms proportional to the
charm-quark charge and thereby isolates the light-quark (u,
d, and s) contributions in Egs. (A1)—(A4); repeating the
exercise for each light flavor separately yields the individ-
ual sector contributions p,,, pg4, iy, and u, listed in the table
and shown as colored bars in the figure. Note that the
fractional contributions /. and p./p represent the
relative weight of each sector in the total moment; when
light and charm contributions have opposite signs [e.g.,
J1(x) and J4(x)] the fractions can exceed unity in absolute
value, reflecting the competing nature of the contributions.

A glance at Fig. 2 reveals two structural regularities that
persist across all four currents and that, as we argue below,
cannot be attributed to numerical accidents of the OPE. The
first is the rigid proportionality between the u- and d-quark
bars in every current, always with opposite sign and with
the u-quark bar twice the height of the d-quark bar. The
second is the complete absence of a charm-quark bar in
J3(x), in stark contrast to the sizable charm contributions
that dominate J;(x) and J,4(x) and that add coherently to
the strange sector in J,(x). Both features illustrate how the
interpolating-current algebra leaves exact imprints on the
magnetic moment beyond any numerical approximation,
and both are independent of the specific mapping between
the four currents and the two physical resonances. We
discuss each in turn.

Signature I: The light-quark ratio u, /iy = —2. For every
one of the four currents we find p,/u; = —2, which is
simply the ratio e, /e, of the up- and down-quark charges.
This reflects the fact that the u- and d-quark propagators
enter the OPE through a common Lorentz-color kernel, so
that the individual light-flavor contributions factorize into
an identical dynamical coefficient times the correspond-
ing quark charge: u, =¢,C,y and u,; = e,C,,; with the
same C,,;. Consequently, the combined u+ d light-
quark contribution is controlled by the combination
e, + e; = +1/3, and never by the isoscalar-like combina-
tion e, + 2e, = 0 that would produce an exact cancellation.
The u—d partial cancellation visible in Fig. 2 and Table III is
therefore governed purely by charge factors, not by any
accidental numerical coincidence, and provides a sharp test
of the flavor organization assumed in Egs. (13)—(26), under
the standard one-gluon-exchange diquark hypothesis.

Signature II: Analytic vanishing u. = 0 for J3(x). For
the J3(x) current, the charm-quark contribution is y. = 0
identically, not merely small—a feature immediately evi-
dent in Fig. 2 as the complete absence of a charm bar in the
J3(x) group. Direct inspection of the explicit expression for
p3(M2,sy) in Eq. (A3) reveals the complete absence of e,.-
proportional terms in the OPE, which is the technical origin
of this analytic cancellation. It is instructive to compare this
behavior with that of J, (x), which also embeds the charm
quark in a pseudoscalar diquark of the form [gCysc| and yet

014050-7



ULAS OZDEM PHYS. REV. D 114, 014050 (2026)
I 100———— T T 3 T — T
05’ — T 9 _ L — 5,=260 GeV’
L5 |4+ - L 4
i ofa i C ] - s =27.0GeV
- Pert 8o i —~ I !
2 |e<D7 B RO ] Z ot - §,=280GeV
< s 1 =k 1 = -
L 0.5 - o 60 - ~F g
[CN NS =
> - [° D5 1 < B T =3
O _il-|=aD3 . e i =S
I [ee D2 E ET S N NN 3 B |
.1,5: vv DI t 30: h s h
I N N I I B ot v b b | I A B
2 20 22 23 24 25 26 27 28 29 3 3.1 18 2 22 24 26 28 3 32 34 36 2 22 24 26 28 3 32 34 36
M[GeV'] M[GeV'] M[GeV’]
T T T T T T 100———— ——T — 10 — T
- . %0 i 9 — 5,=260 GeV’
|_ [+ Total _ L 4
3 ota ok ] 8 ~ 5,=27.0GeV’
b et , 2 ] . .
E o[+ D7 _ o 70— — N& 6 — 5, =280GeV
[ — L , -
©op|eeDe . = 6o — L5
g | D5 B S ] ?j 4
) =8 D3 © S ] e
. eoD2 T N AN 3 5
Niadtl , 30 & :
] PR T R U AR R AR AN R AR ot v b b o
2 2.0 22 23 24 25 26 27 28 29 3 3.1 18 2 22 24 26 28 3 32 34 36 2 22 24 26 28 3 32 34 36
M’[GeV’] M’[GeV’] M’[GeV’]
2 T T T T T T LA L L B L B L T T T T T T T
r 1 90 — . — 5,=240 GeV’|
15_-H-Total . + g L ) i
L pert | 80~ - 5L - 5,=250GeV’ | ]
S <+ D7 Z ok ] Gl — 5, =260GeV |
2z k/*——\‘ . g C ] < L S, .0 Ge ]
T Ee L | o b ] P
g o5k D5 i o\\c/ + E [l | B T rreter B
O [ |eeD3 S PSRRI IR ; S .
0 coD2 40 \ 0: y
| v Dl |¥ v ~ | 30: ] |- .
oS 1 ol vt b by ol b v b
21 22 23 24 25 26 27 28 14 16 18 2 22 24 26 28 3 32 2 22 24 26 28 3 32 34 36
M[GeV’] M[GeV’] M[GeV’]
0 L B B B B | ALY AL L LA LA RN N B B B 2
i ] i 1 1
B i 90 -
O f+Total] & S S 7] L ] o
20.50-| - Pert - . 80? 7] B
¥ I |«<D7 ] qé’ 70 T <r‘>'<’ 2
— -l - = - E - L
©oop|meDe ~ 60 . Lok
O isf-|e=Ds - S 1 Ege ]
& | eaps 1 o o b I°F — 5,=240 GeV'| ]
ok ] SRR R W 3 51— -
[ |eoD2 i 401 B o -5, =250GeV’ | ]
| [+~ D1 i i i “F i
2351 ] 301 S 4k -~ 5,=260Gev? | ]
0 I I RN NN TN NN SN O A ol vt b b P T R SRR A T s s el B
19 2 21 22 23 24 25 26 27 28 14 16 18 2 22 24 26 28 3 32 2 22 24 26 28 3 32 34 36
M[GeV'] M[GeV’] M[GeV’]

FIG. 1. CVG analysis (left panels), PC analysis (middle panels),

and total value (right panels) for the magnetic dipole moments of the

P{,}S pentaquarks versus M? at fixed s, values. In the middle and right panels, the region enclosed by the vertical lines represents the
adopted Borel window. The horizontal line in the middle panel corresponds to the smallest PC value obtained within this Borel region in

the present study.

yields a sizable charm-sector contribution yil = —1.31uy.
The two currents differ in two respects: the flavor content
and Lorentz structure of the light diquark (scalar u — d with
ys in Jy versus vector u —s with y, in J3), and, more

prominently, the Dirac structure associated with the anti-
charm field in the global current—J,(x) couples the
anticharm through the simple structure Cc!, whereas
J3(x) introduces the decorated coupling ysy*Cc’ . The latter
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TABLE III.  Flavor-decomposed magnetic moment contributions for the P{,}s states (in units of nuclear magneton g ).
Here py, = p,, + pq + p,. The last two columns show the fractional contributions of the light and charm sectors to the
total magnetic moment, i.e., ft,/ o and fi. /pyor-

Current Hu Ha Hs He Hiot Holtor — HelHiot
B0) 004000 00200988 00207087 —13103  —1350% 003 097
J2(x) 0.02613%0  —0.01370920 2.13104 1.0050% 3.14708 0.68 0.32
J5(x) —2.02581% 1.01790% 2024949 0002050 1.017°933 1.00 0.00
J4(x) —0.0247300  0.01229010 —0.091092 -1.69%03  —1.79°04 0.06 0.94
structure, when combined with the Dirac organization of the These two statements—one pattern-type (¢, = —2u,)

remaining traces in the OPE, produces the exact cancella-

tion of the charm-sector contribution observed in p5. The

vanishing of 42 is therefore a joint consequence of the

diquark embedding and the anticharm coupling in the global
current, not a property of the pseudoscalar diquark alone.
A fully analytic derivation tracing this cancellation through
the individual OPE contractions would be of independent
interest but lies beyond the scope of the present analysis.
The total magnetic moment of J5(x) is thus carried entirely
by the light sector, p, /o = 1, a feature dictated by current
algebra rather than by numerical details of the OPE.

and one analytic zero (¢, = 0 for J5(x))—constitute clean,
falsifiable structural predictions of the present compact
diquark—diquark—antiquark analysis. They survive any
reshuffling of the mass-based mapping between the four
currents and the two physical pentaquarks, and they can be
compared directly to future experimental extractions of
flavor-decomposed magnetic moments or to independent
theoretical calculations that retain explicit light-flavor
charge dependence. As we shall see momentarily, such a
comparison has in fact already been carried out for the
molecular LCSR analyses of Refs. [30,35].

I u-quark 3 c-quark
I d-quark [0 Total
[ s-quark

J1(x) J2(x)

J5(x) Ja(x)

FIG. 2. Flavor-decomposed contributions to the magnetic moment of the Pjy; pentaquark for the four interpolating currents J; (x)—J, (x).
The individual bars show the u-, d-, s-, and c-quark contributions y,,, 4, i, and u., while the last bar in each group shows the total magnetic
moment ., with the error bar reflecting the combined uncertainty from the input parameters, auxiliary quantities, and photon DAs
(see Table II). Two analytic signatures discussed in the text are manifest at a glance: (i) in every current the u-quark bar is exactly twice the
d-quark bar with opposite sign, p,,/uys = —2; and (i) for J5(x) the charm-quark bar is absent, . = 0, whereas for the other three currents
the charm sector contributes appreciably [dominantly in J;(x) and J4(x), and coherently with the strange sector in J,(x)].
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A natural question concerns the extent to which these
signatures discriminate among different internal configura-
tions: are they exclusive to the compact diquark-diquark-
antiquark picture, or could they also arise in alternative
structural scenarios? A careful analysis suggests that each
signature, taken in isolation, is in fact a structural conse-
quence of the algebra of the interpolating currents rather
than of the compact picture per se. Signature I, pt,,/uy; = =2,
follows from the appearance of u- and d-quark propagators
in a common Lorentz-color kernel within the OPE; whether
the same ratio is reproduced in alternative interpolating-
current organizations—compact or molecular—depends on
the specific placement of the u and d propagators within the
OPE and on the Lorentz structure of the light-quark
coupling, and is not guaranteed a priori. Similarly,
Signature II [p. = 0 for J3(x)] reflects a Dirac-structure
cancellation that, in principle, could be reproduced by other
currents—compact or molecular—whose anticharm cou-
pling shares the relevant ysy#Cé¢! organization combined
with the appropriate OPE trace structure. We therefore do
not claim mathematical uniqueness for either signature in
isolation.

To make this discussion concrete, we have applied the
same flavor-decomposition procedure to the author’s pre-
vious molecular LCSR analyses of the two pentaquark
states, Refs. [30,35], in which only the total magnetic
moments were originally reported. Within those frame-
works, the light-quark contributions yield the ratio y,, /1, =
—1/2 =ey/e, for both P} (4338) and P)(4459), in
contrast to the value u,/pu; = -2 =-e,/e,; obtained in
the present compact analysis for all four interpolating
currents J (x)—J4(x). The fact that two structurally distinct
molecular currents—each corresponding to a different
hadronic-molecule decomposition of one of the two states
—yield the same inverse ratio strengthens the conclusion
that this behavior is a generic feature of the molecular LCSR
realizations considered, rather than an accidental property of
a particular current. Signature I is therefore not reproduced
in the specific molecular LCSR currents tested so far, and in
this LCSR-internal sense it does serve as a discriminator
between the compact and molecular organizations studied
here. We emphasize, however, that this comparison is
restricted to the LCSR framework with the specific inter-
polating currents employed in Refs. [30,35]; the question of
whether other molecular current organizations or other
theoretical frameworks reproduce Signature I lies beyond
the scope of the present study.

What is specific to the present analysis, therefore, is the
simultaneous occurrence of these two analytic relations
across a coherent set of four interpolating currents that
collectively span the relevant compact diquark-diquark-
antiquark configurations, the resulting magnitude regime
|| ~ 1-3puy obtained across all four currents, and the
LCSR-internal contrast with the molecular calculations of
Refs. [30,35] documented above. This combination—the

rigid p,, /pu, = —2 relation in every compact current (versus
—1/2 in the molecular analyses), the analytic vanishing
U =0 in J3(x) specifically, the systematic large-
magnitude regime, and the structural taxonomy among
the four currents discussed in Sec. III C—constitutes a
coherent fingerprint that characterizes our specific com-
pact-diquark realization within the LCSR framework. An
independent calculation reproducing only one of these
features would not, on this basis, mimic the compact
realization studied here. Conversely, a calculation that
reproduces the entire package—the two analytic signatures
together with the large-magnitude regime and the structural
taxonomy—would be indistinguishable from our compact
analysis at the level of magnetic moments and would
represent an alternative structural realization with the same
electromagnetic phenomenology. We regard the experimen-
tal test of this package, rather than of any single signature, as
the appropriate falsification criterion of the present analysis.

C. Current-by-current interpretation

With the analytic signatures in hand, the remaining
pattern in Table III can be read directly from the diquark
spin assignment of each interpolating current. We empha-
size that the discussion below interprets the four magnetic
moments as predictions associated with the four currents
themselves: the eventual identification of which physical
resonance each prediction describes is a separate phenom-
enological question that depends on the current-to-state
mapping discussed in Sec. II. The internal-structure pattern
that emerges, however, is independent of that mapping and
is dictated solely by the spin-color organization of the
interpolating currents.

The results clearly indicate that the charm-quark contri-
bution dominates in the J;(x) and J4(x) configurations,
while the light sector governs the J,(x) and J53(x) configu-
rations. For the J;(x) current, both diquarks are of scalar
type ([u'Cysd] and [sTCysc]). Here, the charm quark is
embedded in a spin-0 diquark, leading to partial spin
screening but still yielding a dominant charm contribution,
He/ o = 0.97. The light-quark contributions are minor and
largely cancel each other (subject to the y,/u,; = —2 rule),
giving a small p, /o ~0.03. The total magnetic moment
associated with this current is y; = —1.35703uy. In the
J>(x) current, a scalar light diquark couples to a vector
charm-bearing diquark ([s” Cy,c]). This structure allows the
charm spin to couple directly to the electromagnetic current,
producing constructive interference between the s and ¢
sectors. The light contribution (g /o ~ 0.68) is dominated
by the strange quark (1, = 2.13uy), while the charm part
(4o / phior = 0.32) adds coherently, resulting in the largest total
moment among all four configurations, u;, = +3. 14J_r8:56(5) U -

The J;(x) configuration displays the complementary
behavior already discussed in Sec. III B: the charm-sector
contribution vanishes analytically (¢, = 0) as a consequence
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of the combined Dirac structure of the charm diquark and
the anticharm coupling in the global current, so that the
total magnetic moment y; = 1.01f8.'223u,\, arises entirely
from the light sector. Here the u- and d-quark contributions
partially cancel via the u, = —2u, relation, and the strange-
quark contribution p; = 4+2.02uy combined with the
residual u + d piece yields the observed total. Finally,
the J,4(x) current involves two vector diquarks, [u” Cy,,s]
and [d” Cy*¢], coupled to the anticharm quark. In this fully
spin-1 configuration, the charm quark contributes over-
whelmingly (|u./poi| & 0.94), while the light-quark sector

provides a small correction (|p /| ~ 0.06). The total

value, u;, = —1.79f8_‘§‘i/4N, is large and negative. The sign

reversal relative to J, (x) originates from the opposite phase
alignment of the vector diquarks and the coupling to the
anticharm quark, which flips the direction of the charm
contribution relative to the total spin.

Taken together, the four currents define a clear structural
taxonomy independent of which physical state each is
eventually associated with. Scalar diquarks containing the
charm quark [J;(x), J3(x)] tend to screen or fully suppress
the charm contribution, while vector diquarks containing
the charm quark [J;(x), J4(x)] activate it, leading to large
absolute values with opposite signs depending on their
phase couplings. The electromagnetic properties—particu-
larly the magnetic moment—therefore serve as a powerful
diagnostic of the internal spin-flavor dynamics and spatial
correlations in multiquark systems.

A general expectation in hadron physics is that physical
observables should remain invariant under a change of basis
for the hadronic states. For magnetic moments this principle
applies only with important qualifications: the observable is
intimately connected to the internal spatial and spin organi-
zation of the constituent quarks, and adopting a different
basis effectively corresponds to examining a distinct con-
figuration of the internal structure, which can lead to
substantial variations in the predicted magnetic moments.
This sensitivity has been repeatedly observed in studies of
tetra- and pentaquark states across a variety of theoretical
frameworks—ranging from quark-model and -effective-
field-theory analyses to LCSR calculations employing
different interpolating current organizations—where the
predicted magnetic moments are found to differ significantly
in both magnitude and sign depending on the assumed
internal configuration [27,28,31,37,42,43,46,70-74].

Far from constituting a weakness of the multicurrent
strategy, this sensitivity is its principal virtue. Different
structural assumptions yield predictably distinct results,
and the exact relations among them—the two analytic
signatures identified in Sec. IIl B—are enforced by the
algebra of the interpolating currents. A future magnetic-
moment measurement of either PQS resonance would
therefore not merely test “the” compact-diquark hypothesis
as a single object: it would specifically identify which of
the four spin-flavor organizations encoded in J; (x)-J4(x)

is realized in the physical state, and would simultaneously
test the mass-based phenomenological pairing adopted
here. The apparent ambiguity of having four predictions
where two physical resonances are observed is thereby
transformed into experimental leverage: each compact-
diquark configuration carries a distinctive magnetic sig-
nature, and a measurement determines which is realized in
nature.

D. Comparison with other theoretical approaches

Comparison with existing theoretical approaches, illus-
trated in Fig. 3, provides valuable insight into the impli-
cations of our results. To enable a direct comparison with
literature predictions, which are organized by physical
resonance, we group our four current-based predictions
according to the mass-based pairing adopted in Sec. II,
while keeping in mind that this pairing is a working
hypothesis subject to revision by a future magnetic-moment
measurement.

For the PV/)S (4338) state, all quark-model (QM) [37,42]
and heavy pentaquark chiral perturbation theory
(HPChPT) [43] predictions cluster within |u| < 0.4uy, with
substantial sign variations depending on the assumed flavor
multiplet representation. It is worth noting in this context that
HPChPT is an effective field theory tailored to loosely bound
molecular states near hadronic thresholds, so the small
magnitudes it produces are intrinsically consistent with
the molecular picture and should not be regarded as an
independent validation of any particular structural scenario.
The molecular LCSR calculation of [30] falls in the same
small-magnitude regime, consistent with the expectations for
a spatially extended, loosely bound hadronic molecule. In
contrast, our compact diquark-diquark-antiquark predictions
for the currents associated with this state under the working
pairing, gy, = 1.01'0%uy and ;= —1.79" 04 uy, lie
three to five times above this common range and carry a
wider sign variation—features that directly reflect the
internal spin organization of the compact scenario rather
than any particular flavor multiplet choice.

The situation for the PJ(4459) is more nuanced and
merits explicit comment, since the molecular LCSR analysis
of [35] yields y = 1.75f8_'56§ 1 ny—a value of order one nuclear
magneton and thus comparable in magnitude to our com-
pact-diquark predictions for the currents associated with this

state under the working pairing, u; = —1.351“8"35/41\, and

Wy, = +3.14f8.'563/1,v. QM estimates [36,37] again predict
modest magnitudes, |u| < 0.5y, but the existence of a
molecular LCSR prediction in the same magnitude regime as
our compact results constitutes a genuine challenge to any
simple magnitude-based discrimination between compact
and molecular configurations. We acknowledge this point
openly: a total-moment measurement alone, even if it returns
a value of order 1py, cannot cleanly separate “‘compact”
from “molecular” within the LCSR framework, since both
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P.(4338)

QM [8y7] — Li et al. [42] 4 -0.20
QM [8,d] — Li et al. [42] +0.38
QM [81¢] — Gao et al. [37] 4 +0.050

QM [82] — Gao et al. [37] 4 —0.38

HPChPT [8:7] — Li et al. [43] -0.13

HPChPT [857] — Li et al. [43] +0.38

LCSR — Gzdem [30] +0.34491
+1.01+533

This Work [/3(x)] 4

This Work [/4(x)1 4 -1.79+84%

Hpp,(4338) (UN)

[ Diquark configuration (literature)

B Molecular configuration (literature)

P).(4459)

QM — Li et al. [36] 4

QM — Gao et al. [37] 4 -0.53

QM — Gao et al. [37] 4

+1.7543¢4

LCSR — Ozdem [35] 1

This Work [J1(x)]{ —1.35%33

This Work [/2(x)]1 4 +3.147383

Hpp,(aa59) (n)

Bl This Work (compact diquark)

FIG. 3. Comparison of theoretical predictions for the magnetic moment of the P}(4338) (left) and Pj),(4459) (right) pentaquarks.

s

Orange bars denote literature predictions obtained with compact diquark-diquark-antiquark configurations, green bars those obtained in
molecular or hadronic-molecule pictures, and blue hatched bars the results of the present work. The shaded gray band indicates the
small-moment regime |u| < 0.5uy typical of QM and HPChPT predictions. Literature values are taken from Li et al. [42] [2024a],
Gao et al. [37], Li et al. [43] [2024b], Ozdem [30], Li et al. [36], and Ozdem [35]. For u PA (4338)s the four QM entries correspond to two
distinct flavor octet assignments (8, s and 8,,). The grouping of our predictions by physical resonance follows the mass-based working
hypothesis adopted in Sec. II; the four current-based predictions y; —u,, are themselves independent of this grouping.

types of interpolating currents couple to specific spin-color
structures and yield results sensitive to those choices. What
remains robust at the qualitative level is the pattern visible
in Fig. 3: compact diquark-diquark-antiquark configurations
systematically populate the region |u| = 1uy with a wide
sign variation, whereas QM and HPChPT approaches cluster
at much smaller magnitudes, |u| <0.5uy. This regime
separation is, importantly, independent of which specific
current-state pairing is adopted: any reshuffling of the mass-
based mapping would simply reassign our four predictions
among the two resonances but leave the overall regime
structure intact.

When a measurement becomes available, these two
distinct regimes will play complementary roles. A small
measured magnitude would strongly favor the QM/HPChPT
picture and disfavor the compact diquark-diquark-antiquark
description. A large magnitude would be consistent with
both our compact scenario and with specific molecular
LCSR implementations such as that of [35]; as shown in
Sec. III B, the two analytic signatures—the u,/p; = —2
relation and the vanishing u. = 0 for J;(x)—already dis-
tinguish the compact and molecular pictures within the
LCSR framework itself at the flavor-decomposed level, with
the molecular currents of Refs. [30,35] yielding u,/u; =
—1/2 rather than —2. A measurement would thus simulta-
neously test three propositions: (i) the compact diquark-
diquark-antiquark hypothesis as a whole, (ii) the specific
spin—flavor organization encoded in one of the four currents

J1(x)=J4(x), and (iii) the mass-based current-to-state pairing
assumed in this work, with the additional benefit that the
flavor-decomposed comparison documented in Sec. III B
already provides an LCSR-internal discriminator between
the compact and molecular realizations independent of the
total magnitude.

In light of the magnitude overlap with Ref. [35], the value
added by the present multicurrent analysis lies precisely in
the structural information that goes beyond a single total-
moment prediction. Three features of our analysis, taken
together, address the limitation acknowledged above and
provide diagnostic content that a single molecular LCSR
calculation cannot offer. First, the two analytic signatures of
Sec. Il B—the rigid u,/puy; = —2 relation across all four
currents and the analytic vanishing y. = 0 for J5(x)—are
flavor-decomposed predictions whose experimental or theo-
retical verification provides a structural test independent of
the total magnitude. In particular, the LCSR-internal com-
parison documented in Sec. III B shows that Signature I is
not reproduced in the molecular currents of Refs. [30,35],
where the same flavor-decomposition procedure yields
/g = —1/2 instead, providing a concrete diagnostic
example of how flavor-decomposed observables can dis-
criminate between compact and molecular LCSR realiza-
tions even when the total magnitudes are comparable.
Second, the systematic appearance of |u| ~ 1-3uy across
all four currents—rather than only the single value
u =~ 1.75uy obtained in the molecular LCSR analysis of
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Ref. [35]—reveals the regime structure of the compact
diquark-diquark-antiquark family as a whole, not the
magnetic response of one particular interpolating current.
Third, the structural taxonomy among the four currents
discussed in Sec. III C (scalar-charm versus vector-charm
diquarks, p.-dominated versus light-dominated regimes)
provides a current-by-current diagnostic of the internal
spin-color organization that is absent from any single-
current calculation. We therefore regard the experimental
test of this composite structural package—rather than of
the total magnetic moment of a single state in isolation—
as the appropriate falsification criterion of the present
analysis. More broadly, the multicurrent strategy with
flavor-decomposed observables illustrated here offers a
diagnostic template that, in principle, can be applied to
other compact multiquark candidates whose internal
organization is similarly under debate, though such exten-
sions lie beyond the scope of the present study.

E. Experimental outlook

Although a direct measurement of the magnetic moment
of short-lived states such as the P), pentaquarks remains
challenging, it is not beyond the reach of future experi-
ments. Several complementary strategies can be envisaged
to constrain, and eventually measure, this fundamental
observable.

The most promising approach exploits the fact that the
magnetic moment governs, together with other electromag-
netic form factors, the coupling strength of the pentaquark to
the electromagnetic field. The photoproduction rate in
reactions of the type ep — ¢ PV’}SX near threshold is
sensitive to this coupling, and a precise determination of
the corresponding cross section—interpreted within a theo-
retical framework that incorporates the magnetic moment as
an explicit parameter—would yield the first quantitative
constraints on this quantity. Complementary information can
be extracted from the angular distributions of the decay
products PV’}S — J/wA in photoproduction events, which
carry imprints of spin-dependent interactions. The use of
polarized photon beams would significantly enhance the
sensitivity to these effects and provide an independent probe
of the magnetic-moment-driven dynamics. Radiative decays
such as PU’}S — J/wAy probe related electromagnetic tran-
sition couplings, although their exploitation is hampered by
the very small expected branching ratios.

From an experimental standpoint, a precise measurement
requires high luminosity, excellent vertexing and tracking
capabilities, and good photon energy resolution. Facilities
such as the upgraded LHCb, Belle II, and the future
Electron-Ion Collider are well suited to pursue these
measurements, although the short lifetime of the PV/)S states,

7 < 10723 s, and their correspondingly low production rates
pose significant challenges that demand very high integrated
luminosities. Ultraperipheral heavy-ion collisions offer an

alternative high-photon-flux environment, and electron-ion
colliders could, in principle, contribute to mapping the Q2
behavior of the electromagnetic form factors, providing
independent cross-checks of the underlying structure.

Beyond the total magnetic moment, the two analytic
signatures identified in this work offer a particularly
attractive target for theory-driven experimental analyses.
A flavor-resolved interpretation of P,,’}S production and
decay—obtained, for instance, by combining measurements
of production or polarization observables in channels with
different quark-flavor sensitivities—could provide indirect
constraints on the flavor-decomposed contributions, includ-
ing the relation u,/p; = —2 and, in appropriate channels,
the vanishing of the charm-quark contribution for J3(x)-
type currents. Such constraints would constitute experimen-
tal checks of the compact diquark-diquark-antiquark picture
that rely on relations among observables rather than on the
absolute magnitude of the total moment alone, and would
therefore be complementary to a single-moment measure-
ment. A coordinated theoretical and experimental program
combining photoproduction measurements, polarization
observables, radiative-decay studies, and form-factor map-
pings would transform the magnetic moment from a
theoretical parameter into a key observable for deciphering
the internal structure of the PV/)S pentaquarks. We therefore
strongly encourage future high-luminosity experiments to
pursue this measurement as a crucial test of exotic hadron
structure, while acknowledging the significant experimental
challenges involved.

IV. SUMMARY

The principal message of this work is methodological:
the multicurrent LCSR framework produces, in addition to
standard numerical predictions for electromagnetic observ-
ables, exact analytic relations that encode structural infor-
mation about compact multiquark configurations. We have
demonstrated this explicitly for the hidden-charm strange
pentaquarks Py (4338) and P} (4459), under the working
assumption J = %‘ for both states, by constructing four
distinct diquark-diquark-antiquark interpolating currents
and extracting both the total magnetic moments and their
flavor-sector decomposition.

Two analytic signatures emerged from the flavor decom-
position that, in our view, constitute the central result of the
present analysis. First, in all four currents the light-quark
contributions satisfy the exact ratio u,/uy; = e,/e; = =2,
which shows that # and d enter the QCD side through a
common dynamical kernel and contribute only through their
electric charges. Second, for the J5(x) current the charm-
quark contribution vanishes identically, u. = 0. This can-
cellation cannot be attributed to the pseudoscalar embedding
of the charm diquark alone, since the same embedding

occurs in J;(x) and yet produces a sizable y!‘ = —1.31uy;
the distinguishing feature is rather the Dirac structure of the
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anticharm coupling in the global current, which combines
with the remaining OPE traces to enforce the exact
vanishing of e -proportional terms in p;. Both signatures
are enforced by the algebra of the compact interpolating
currents themselves and are therefore independent of any
phenomenological mapping between the four currents and
the two physical resonances; the LCSR-internal compari-
son documented in Sec. III further demonstrates that this
algebraic structure distinguishes the compact realization
from the molecular currents of Refs. [30,35] at the flavor-
decomposed level. As such, the signatures provide clean,
falsifiable structural predictions of the present analysis that
survive the unavoidable ambiguities of state-to-current
assignments, and that, when combined with the magnitude
regime and structural taxonomy discussed in Sec. III, form
the falsifiable package characterizing our specific compact-
diquark realization.

The numerical values of the magnetic moments—to be read
as predictions associated with the four interpolating currents
rather than as definitive predictions for the two observed

resonances—are j;, = —1.355 055y, p;, = +3.1430 % uy,
s, = 101505 uy, and p;, = —1.797%uy. The mass-

based assignment adopted here—pairing {J3(x),J4(x)}
with the PJ(4338) and {J;(x).Jo(x)} with the
P};(4459) on the basis of the mass predictions of [62]
—is adopted as a working hypothesis rather than as a
definitive structural identification. The & 0.11 GeV mass
uncertainties overlap both physical states at the 1o level,
and a future measurement of the magnetic moment will
therefore simultaneously test the compact-diquark hypoth-
esis, the specific spin-flavor organization encoded in one of
the four currents, and the pairing of currents with observed
resonances assumed here.

The sign reversals and factor-of-two magnitude variations
among the four currents highlight the deep sensitivity of the
magnetic moment to the internal organization of each inter-
polating current: in the J5(x) configuration the charm-sector
contribution cancels analytically due to the combined Dirac
structure of the charm diquark and the anticharm coupling,
whereas in J4(x) a vector charm-bearing diquark [d” Cy*¢]
generates a dominant, negative charm contribution. An
analogous structural pattern drives the difference between
the J; (x) and J, (x) results. The analytic signatures identified
above, by contrast, are immune to these structural variations
and constitute the most robust predictions of the present
analysis.

When compared with previous theoretical approaches, our
compact-diquark predictions stand out collectively. QM and
HPChPT predictions typically lie in the range |u| < 0.5uy,
whereas our four diquark-diquark-antiquark configurations
populate the region |u|~ 1-3uy. Comparison with other
LCSR-based studies is more subtle: the molecular LCSR
analysis of [30] for the Pj)(4338) falls in the small-moment

range, whereas that of [35] for the Pj,(4459) produces a

magnitude comparable to our compact predictions. This
mixed pattern implies that the total magnetic moment is most
effective as a discriminator when interpreted alongside the
methodological assumptions of each calculation, and it
underscores the added value of the two analytic signatures
identified here. Specifically, applying the same flavor-
decomposition procedure to the molecular LCSR analyses
of Refs. [30,35] yields p,/u; = —1/2 for both states, in
contrast to the value —2 obtained here for all four compact
currents, providing an LCSR-internal discriminator that
operates at the level of flavor-decomposed contributions
even when the total magnitudes are comparable.

Overall, this analysis underscores that magnetic moments
and their flavor decomposition encode detailed and partly
universal information about the spin correlations and color
dynamics within multiquark systems. More broadly, it
illustrates that the multicurrent LCSR strategy is not merely
a computational device but a diagnostic framework in which
the algebra of interpolating currents enforces exact relations
among physical observables—relations that can serve as
model-independent structural predictions for exotic multi-
quark states. This work, together with earlier studies on
various exotic states [26-52], contributes to the develop-
ment of such a framework.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

APPENDIX A: EXPLICIT FORM OF THE
SPECTRAL DENSITIES p;(M2, s,)

The explicit form of the functions p; (M2, sy), p» (M2, s¢),
p3(M2,s), and p4(M?2,sy), obtained following the imple-
mentation of all the procedures described in Sec. II, are
presented in Egs. (A1)-(A4) below. Before quoting the
explicit expressions, it is useful to outline their general
organization for the reader’s convenience.

Each spectral density admits a natural decomposition by
the origin of its individual terms. The terms proportional to
1[0, n] alone (no condensate or DA prefactor) constitute the
leading perturbative contribution arising from short-dis-
tance photon emission off the quark lines, as implemented
through the replacement of Eq. (23). Terms multiplied by
the quark condensates (gg) or (5s) encode the lowest-
dimensional nonperturbative contributions associated with
chiral-symmetry breaking in the QCD vacuum. The gluon
condensate (g?G?) appears either alone or combined with
quark condensates, generating higher-dimensional contri-
butions that mix perturbative and nonperturbative gluonic
dynamics. The parameter f3,, normalization constant of the
twist-3 photon DAs, multiplies terms involving the func-
tions V(a;), A(a;), and w*(u). The magnetic susceptibility
 multiplies terms involving the leading twist-2 photon DA
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¢,(u) and parametrizes long-distance photon emission The electric charges e, and e, are retained explicitly
from quark condensates. Finally, the auxiliary functions  throughout, since their selective adjustment underlies the
I;[F] (defined at the end of this appendix together with the  flavor decomposition discussed in Sec. Il B. In particular,
integration measure Da;) encapsulate the convolutions of ~ the complete absence of e -proportional terms in
three-particle photon DAs S(«;), T;(@;), A(u), and others 5 (M?,s,) is directly visible from the expression below.

with the relevant kinematic structures. The explicit expressions are,
e e (G G?) (5s) |

2%
- % [207(4ed + 565)11 [V}I[O, 4] + 828e¢,1, [V]I[O, 4] - 32(44edmcmsl[0, 3] - 44eumcmsl[0, 3]
esm.(5s)

- 9€d1[0, 4] - 8631[0, 4] + 9€u1{07 4])1//“[1/!0]] + W [ [S] [O 5]]

by oy (e V) + e, sV)IIO.5] = S((ey + e )LV + e, bV)IO. 6], (A1)

1

3555 7,7 [32620ecmem,1[0.6] + 1647(2¢, = 9¢,)1[0.7]
X X X T

Pz(Mz, So) = 725

+ L ETVED ) 4+ 1313(81)10.3) 2100, 4]0, ]

f3y<g§G2> 117((4 Se )1 |V| + 4e, I,|V])I0,4] —4(16 110,3
—m[— ((4eq + 5e,)1[V] + 4e, L[V])I[0,4] — 4(16m my(e, — €,)I[0, 3]

+ 9(ey + 2e, — e, )I[0, 4] )y [u]] + e;m.(5s)

221 % 32 x 570

[13(5)1[0, 5]]

+ 75 32];3y52 T [168m.mg(e 1, [V] + e, >, [V])I[0,5] + 5((11e, + 36e,)I,[V] + 1le,I,[V])I[0,6]],
(A2)

183

x5 7o (a2 el

,03(M2’ SO) =
26
ABGNAD (¢, 1 e,)[(~68m,Alwa] +3(113m,[S) + 6m Lo [T] + 6m,5[T.] + 9m, 4[]

492, 14[S) = Em 4[] — m LT ))I0.3) + S BE VY (anlug] ~ 31,18]) 0. 3]

f3,(9:G%) [(=60( Al = 1070(e, + 2 I p 307, A] + 1931
70 % 3% % 555 eq+ )| [A] = 1070(eq + 2¢; + e, )11 [V] + 2(eq + €,) (301:[A] + 1931,[V])

+ 128(e, + 2e, + e, )y [ug)) 1[0, 4]]

%( ey e [-omLT.V0.3) + (S6m, + 81m )0, o o]
GGV 410,41, ]
+ \44) (eq + €)[(306m,Alug] + 175m 13[S] + 5Smy(1515[S] = 2715[T ] + 2715[T]

22 x 3 x 5% x Tn°
+12714[S] 4 2714[T ] = 2714[T5)) = 21m (I5[T 1] = 515[T 5] — AL [T o] + 514[S] = 14[T 1] + 514[T]
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FALITD)I0.5] + Sy

f?ay
+227x32x52x77r5
+5(ey +2e, + eu)l[o, 6})]1 [V] + (ed -+ eu)(—126mcms(512[y4} + 9]2[V])I[0, 5] + 5(—2712[A]

1318110, 51) ~ oA TPE (e, 4 ) (172,01 10.6]

[45(ey + e,)(14m m 1[0, 5] + 310, 6])1,[A] + (=56Tm.m (e, + €,)1[0, 3]

+ 1941, [V])1(0, 6]) — 1032(ey + 2, + €,)I[0, 6}y [uq]], (A3)
6le
2 _ c
PMEs0) = = o s e [0
(92G*)(aq)

m (Ed + eu)[(16(31mL - lle)A[uo} - 9(1093”’1(13 [S} - 21mcl3[7—1] + 21mCI3[7'2}

e;m(g:G?)(5s)
224 % 35 x 57
f3y<g%G2> _
P 36 % 575 [9((es + 2e5 + €,)11[V] + 338(e, + e,)-[V))1[0,4] + 16(66(e, + e, )m .m0, 3]
+ (Seq + 2e; + €,)1[0, 4]y [uy)]
(5:G*)(aa)x
223 % 3% x 577
(29)
Bx3x52xTn
e mg(ss
~ s nsiro. 3]
f3y
B w3 x5 xTn
+ (eq + e,) [L,V)I0, 6]]. (A4)

[(44A[uo] + 915[S])110, 3] = 32210, 4]ep, [uo ]

+

(ed + eu)[<_64mc + 23ms)1[0’ 4](py [”0“

+

(eq + €n)[(2me 4 15m)15[S] = (6m + 5Sm; ) 14[S])I[0, 5]]

+5 [36(eq + e )memy(I[V] + LIVDIO, 5] = 5((eq + 2¢; + e,) 11 [V]

Here, ¢, (u), w" (u), y*(u), A(e;) and V(a;), b, (u), A(u), S(a;), S(e;), Ty (), Ta(a;), T3 (), and T 4(a;) are the photon
DAs. The expressions for the functions /[n, m] and I;[F] are given in the following form:

S, 2
I[n,m] = /20 . dse‘s/M s"(s — (2m, + my)*)™,

/ a,/ dvF(ag, a,. a,)8 (a, + va, — ug),

/ a/ dvF(ag, a4, a,)d (az + va, — ug),

/ / dvF(ag, a4, a,)d(a, + Da, — ug),
/ / dvF(ag, a4, a,)d(az + va, — ug). (AS5)

Here, F represents the corresponding photon DAs.

It is noteworthy that the Borel transformations applied in the expressions above have been carried out in accordance with
the following relations:

1
ma—mnw+@ e

g = e (a0
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in the hadronic side, and

o)
(m* —ap* —u(p + q)*)"
- (M?) =5y — uo)e_mz/Mz, (A7)
in the QCD side, in which we make use of

) MiM3
M? + M3’

Mi

MM

In this context, M? and M3 denote the Borel parameters
associated with the initial and final Py1>3 states, respectively.
Since the same PQS state appears in both the initial and final
configurations, we set M§ = M3 = 2 M? and u, = 3. This
choice ensures that the single dispersion approximation
effectively suppresses contributions from higher resonan-
ces and the continuum. For further details regarding this
procedure, see [71].

APPENDIX B: PHOTON DISTRIBUTION
AMPLITUDES

For completeness, we present in this appendix the
explicit forms of the nonperturbative matrix elements that
appear on the QCD side of the LCSR calculations, together
with the explicit functional forms of the photon DAs
entering these matrix elements. The conventions are those
of [56], to which we refer the reader for further details.

The matrix elements involving photon DAs are defined
as (7(q)[a(x)T;q(0)[0) and (y(9)|g(x)[' G, q(0)|0), where
I'; denotes the relevant Dirac matrix structures. Following
the conventions established in [56], these matrix elements
take the following forms:

{r(9)lg(x)r,q(0)]0)

1 32
(r(9)|(x)0,,q(0)[0) = —ie,(qq)(e,q, — €,9,) A due'™® (;(rpy(u) + —A(u)>

“stg 19~
(r(9)13(x)9,G,. (vx)q(0)|0) = —ie,(Gq)(e,q, — €.4,) / Dae' )4 S(ar;),
(r(9)13(x)g,G . (vx)iysq(0)[0) = —ie,(qq)(e,q, — €.4,) / Dae! 9§ (),

<7(q)|Q(x)gs(~;/w(vx)ya}/SQ(O)|O> = eqf3y‘]a(£/4%/ - guqu) / Daiei({l‘?+v{1y>qx"4(ai)?

1 .

=y (5;4 — 4y %) A due™y"(u),  (BI)
(r(@)|a(x)7,759(0)|0)

1 1 .

- —Zeqf3},€ﬂmﬂ8”q“xﬁ/o due ™y (u), (B2)
|
16
1 .

9 %) - X, (8y -q, %)] A due™h,(u), (B3)
(B4)
(B5)
(B6)
(B7)

<y(q)|E1(x)qum,(1Jx)l}/aq(0)|0> = eqf3y"]a(£qu - el/qﬂ) / Daiei(aq+vay)qxv(ai)’

(1(@)1(0)5.50:G, (1) (0) 0) = eq<zzq>{ [( ~q, —) <gay -+ qym) ]

<
02
<

qx
£X 1
= 4y a) (gﬁy T (gpx, + CI%/})) 9a
1
G =~ o (qau + qﬂxa)> s

ex 1 .
q_> <9/;,4 ——(qpx, + f]ﬂ/})) qa} /Daiel(aﬁ”a")qx?—l(ai)

qx
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(

EX
Gup — nyﬂ +apx,) | q
14

ot
(o)

€p— ‘Iﬂ* 9

)
(gyﬁ ——(q.x5 + apx, )) P
(

/\/\l—|

qﬂx + qux )>qy

wa —
+ &5 —qp —) <gm — —(qu%a + qux, )qﬂ] / Da;e' %145 T ) (a;)

N

1
+q_(qll — 4 )( €adp — €pYa /Dae g tvg) qu ( )
1
+qx (qax/} C]ﬂxa)( €4y — €44, /Dae agtva, qu ( )} (B8)

In these expressions, the functions ¢, (u), y"(u), w(u), Ala;), V(a;), h,(u), A(u), S(a;), S(ay), Ty(a), To(a;),
T5(a;), and 7 4(a;) represent the photon DAs of different twists. Specifically, ¢, () corresponds to the leading twist-2 DA,
while y*(u), w*(u), A(e;), and V(a;) are associated with twist-3 contributions. The remaining functions &, (u), A(u),

S(a), S(a;), T1(a), Tala;), T5(e;), and T4(a;) encode the twist-4 effects.
The integration measure Da; appearing in the multivariable distributions is defined as

1 1 1
/ Da; = / da, / da, / dayd(1 — ag — a, — a,). (B9)
0 0 0

The explicit functional forms of the photon DAs employed in our analysis are given by [56],

@, () = 6ui(1 + ¢, () Cy(u — 7)),

y'(u) =33Qu—-17-1)+ 634(15w — 5wh)(3 = 30(2u — 1)2 4 35(2u — 1)*),
ll/“(”)2(1—(2u—1)2)(5(2u—1)2—1)§<1+%w;’_%wﬁ>7

h (1) = —10(1 + 2x*) C5 (u — @),
Au) = 40> 3k — k" + 1) + 8(¢&5 —3¢o)[uin(2 + 13uin) + 2u (10 — 15u + 6u?) In(u)
+2i*(10 — 15i + 6u2) In(@t)],

Ala )—360aqaqag< L4whl 5 (Ta, —3>>,

V(a;) = 540w) (a,,

q a,a; a
=—12003, + &5

97979

(a;) az)
T () )ag — a,)aza,aq,
TH(ay) = 30ag(ag — ag)((k = k%) + (&1 = £)(1 = 20) + £5(3 = 4ay)),
T5(a;) = —120(38, — &5 ) (g — ay)aza,a,,
Ta(ai) = 30ag(ag — ag)((x + %) + (§1 +C7) (1 = 20,) + 03 — 4ay)),
S(a;) =3022[(k + &) (1 —a,) + (&1 + &) (1 —a,)(1 = 2a,) + & (3(a; —a,)? —a,(1 - a,))],
(a;)

S @ _30aq[( _K+)(1 _ay) ( 1 _CT)U _ay)( zaq) +€2( (a’ _aq)2 _ay(l _ag))]' (BlO)

@;

@;

The numerical values of the parameters entering these DAs are taken as ¢,(1 GeV) =0, w) =38=+1.38,
wf =-21+10,xk=02,x"=0,¢, =04, and {, = 0.3, following the conventions of [56].
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