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Elucidating the nature of axial-vector charm-antibottom tetraquark states
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Abstract: Investigating the electromagnetic characteristics of unconventional states may offer new insights into
their internal structures. In particular, the magnetic moment attributes may serve as a crucial physical observable for
differentiating exotic states with disparate configurations or spin-parity quantum numbers. As a promising avenue
for research, encompassing both opportunities and challenges, an in-depth examination of the electromagnetic prop-
erties of exotic states is crucial for advancing our understanding of unconventional states. Motivated by this, in this
study, the magnetic moments of 1(J¥) = 1(1%) Zj,. tetraquark states are analyzed in the framework of QCD light-
cone sum rules by considering the diquark-antidiquark approximation, designated as type 3. ®3.. Although the tetra-
quark states examined in this study have nearly identical masses, their magnetic moment results exhibit noticeable
discrepancies. This may facilitate the differentiation between quantum numbers associated with states with identical
quark content. The results show that heavy quarks overcoming light quarks can determine both the sign and mag-
nitude of the magnetic moments of these tetraquark states. The numerical results obtained in this study suggest that
the magnetic moments of Z;. tetraquark states may reveal aspects of their underlying structure, which could distin-
guish between their spin-parity quantum numbers and internal structure. The results obtained regarding the magnetic
moments of the Zj,. tetraquark states may be checked within the context of different phenomenological approaches.
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I. MOTIVATION

Although the existence of hadrons with more sophist-
icated configurations than those comprising ¢g and gqq
has been known for several decades, the experimental
confirmation of the presence of the exotic state labeled
X(3872) was accomplished by the Belle Collaboration in
2003 [1]. Subsequently, various experimental collabora-
tions have identified a considerable number of exotic
states. With each new observation, the family of such
exotic states continues to diversify, representing a dy-
namically evolving and active field within hadron phys-
ics, encompassing experimental and theoretical —ap-
proaches. Various theoretical explanations have been put
forth to elucidate the true nature of these states. These ex-
planations have been proposed in conjunction with sever-
al different theoretical constructs, including more tradi-
tional hadrons, loosely bound molecular states, compact
pentaquarks or tetraquarks, hybrids, glueballs, kinematic
effects, and other related concepts. However, despite
comprehensive investigations, both theoretical and exper-
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imental, the fundamental questions concerning the nature,
quantum numbers, and decay properties of these exotic
states remain unresolved. A list of the most recent ad-
vances in the domain of exotic states can be found in
Refs. [2—-17].

Most observed tetraquark states are classified as hid-
den-charm or hidden-bottom tetraquark states, encom-
passing the ¢z or bb pair. Nevertheless, the fundamental
principles of QCD do not preclude the theoretical possib-
ility of open-flavour tetraquark states. The [gc][gh] with
q = u, d, and s tetraquark states represent a distinct cat-
egory of exotic state. A considerable amount of theoretic-
al information on the expected properties of these tetra-
quark states is available in the literature since the origin-
al studies began more than two decades ago [18—28].
While these specific tetraquark configurations have not
yet been observed experimentally, they represent a theor-
etically compelling subject in hadron spectroscopy. The
[gcll@h] system is particularly noteworthy because, un-
like hidden-flavor tetraquarks (e.g., c2qg or bbqg), it pos-
sesses inherent stability and is expected to exhibit narrow
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decay widths. This distinctive feature arises from the fla-
vor-asymmetric quark content, which forbids annihila-
tion into gluons —a dominant decay channel for many
conventional quarkonia and hidden-flavor exotic states
[28]. These properties render them a valuable resource for
the study of heavy-quark dynamics and a deeper under-
standing of the dynamics of QCD. To gain a deeper un-
derstanding of the internal structures of these states, it is
also crucial to investigate the decay channels, including
strong, radiative, and electromagnetic, in conjunction
with their spectroscopic parameters.

The study of the electromagnetic properties of tetra-
quark states provides a crucial window into their internal
quark-gluon structure and serves as a powerful probe of
non-perturbative QCD dynamics. Among these proper-
ties, the magnetic dipole moment stands out as a particu-
larly sensitive observable, as it directly reflects the spa-
tial distribution of charges and spins within the hadron.
This work aims to determine the magnetic moments of
the axial-vector charm-antibottom tetraquark states, de-
noted as [¢c][g’b] and [gcl(gh] (for short Z;.) using the
framework of QCD light-cone sum rules (LCSR). We
construct these states in a compact diquark-antidiquark
configuration with spin-parity quantum numbers J* = 1*.
Recent experimental discoveries have revealed a rich
spectrum of exotic hadrons, with many states exhibiting
properties consistent with loosely bound molecular con-
figurations of conventional mesons and baryons. While
this molecular picture is phenomenologically successful
for numerous candidates, it is crucial to recognize that
QCD fundamentally permits another distinct class of
exotic states: compact tetraquarks, where all four valence
quarks are confined within a single, small-volume color-
singlet object. The central challenge in contemporary
hadron spectroscopy lies not in choosing between these
two paradigms but in developing tools to distinguish
them unambiguously. In this context, electromagnetic
properties, particularly the magnetic dipole moment,
emerge as exceptionally sensitive and discriminating
probes. Unlike the mass, which can be similar for mo-
lecular and compact configurations due to intricate bind-
ing dynamics, the magnetic moment is directly governed
by the intrinsic spatial distribution of charges and spins
within the hadron. A compact diquark-antidiquark sys-
tem, characterized by strongly correlated quark pairs in a
small volume, is expected to produce a magnetic re-
sponse fundamentally different from that of a loosely
bound hadronic molecule, where the constituent mesons
largely preserve their individual electromagnetic identit-
ies. Therefore, precise theoretical predictions for the mag-
netic moments of specific tetraquark configurations es-
tablish critical theoretical benchmarks against which fu-
ture experimental measurements can be compared. Con-
sequently, this work is dedicated to providing first-prin-
ciples predictions for the magnetic moments of the axial-

vector Z;, tetraquark states within the compact diquark-
antidiquark picture using LCSR. Our calculations yield
concrete numerical predictions that serve as a reference
for the compact scenario. Should future high-precision
experiments at facilities like LHCb, Belle II, or a future
electron-positron super factory succeed in measuring the
electromagnetic properties of a charged Z;.-like reson-
ance, a direct comparison with our results could provide
compelling evidence for or against its interpretation as a
compact tetraquark. This strategy of utilizing electromag-
netic observables to disentangle competing structural
models represents a vital and necessary direction for ad-
vancing our understanding of exotic hadron structure.
This research extends the systematic investigation of
electromagnetic properties into the open-charm-bottom
tetraquark sector. It builds upon a substantial body of pri-
or work examining the electromagnetic characteristics of
both hidden- and doubly-heavy tetraquark states [29—53]
and pentaquark states [54—78]. It is evident that further
research is required to gain a deeper understanding of the
electromagnetic characteristics of states with varying
structural compositions.

This paper is organized as follows: Section II is con-
cerned with deriving the LCSR for the magnetic moment
of Z;, states with quantum numbers J” = 1*. Section III is
dedicated to the numerical examination of the sum rules
derived for these states. In Section IV, possible scenarios
for the experimental measurement of the obtained mag-
netic and quadrupole moments are presented. Finally,
Section V presents our concluding remarks.

II. CONSTRUCTION OF THE LCSR

This section presents the derivation of LCSR for Z;,
states. To obtain the relevant sum rules, the following
correlation function is considered:

() =1 [ aie™ O U@L OO0 (1)

where F' denotes the external electromagnetic field, while
JL(V)(x) denotes the interpolating currents, which corres-
pond to the Z;, tetraquark states.

Under the prescriptions of the LCSR, the analysis
processes can be written as follows:

e The correlation function is derived in terms of had-
ronic parameters, such as mass, residue, and form factors,
which is referred to as the "hadronic representation."

e The correlation function is also derived in terms of
parameters associated with the QCD parameters, includ-
ing quark-gluon degrees of freedom and distribution amp-
litudes, which is referred to as the "QCD representation."
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e In the final step, the aforementioned representa-
tions are equalized with the help of the quark-hadron du-
ality assumption. To remove any unwanted contributions
from the analyses, a double Borel transformation and
continuum subtractions are performed to obtain sum rules
for the physical parameter to be calculated.

In accordance with the procedure described above,
our analysis starts by examining the hadronic formula-
tion of the relevant tetraquark states.

A. Hadronic representation of the correlation function

By the prescription outlined above, we may now com-
mence the magnetic moment analyses of Z;, tetraquark
states. To obtain the hadronic representation of the correl-
ation function, we plug a complete set of intermediate Z;,
tetraquark states with the same quantum numbers as the
interpolating currents into the correlation function. Then,
taking the integral over x, we get the following results:

. 01 4,(x) | Zpe(p, &)
Had _
M p ) =——" 5 3

Zp.

(Zse(p.) | Zse(p+q,8))F

y (Z(p+q,8") | J;(0) | 0)
(p+q)*—m3,

+ higher states and continuum.

2

In Eq. (2), there are matrix elements whose explicit
forms are required as follows [79]:

<0 | Ju(-x) | Z};c(p98i)> = AZBFSL s (3)

Zs(p+q.£) | TL0) |0y = Ay &) @)

v

<Z}3c(p’ Ei) | ZEc(p + q,gf»F =
— (Y'Y [G1(QY) 2p+a)y 8w
+ Gz(Qz) &y 4 — 8y 9v)

1
+—G5(0%) 2p+9),qu4 (5)

ZmZb(

where 1z and sL(sjf ) are the residue and polarization
vector of the initial and final Z;, tetraquark states, re-
spectively; &' is the polarization vector of the photon, and
G:(Q?) are Lorentz invariant form factors of the corres-
ponding radiative transition with Q% = —¢?.

Upon substituting Egs. (3)—(5) into Eq. (2), the had-
ronic representation of the correlation function of the Z;,
tetraquark states takes the following form:

&, A2
% (p, q) = 2 GIOH2p+g)
g [m3, —(p+g)*m3, - p*] {a g
pupr (P+@u(p+q), (P+qupy
X | 8= "5~ 5 + 7
my. my. 2my
‘be ‘be be

X(Q*+2m )] +Ga(0) (4,800 — 48

P < 1 ) P+
- = - +
mz{ quDp 3 O 8up m%h
1 P+ @upvp
X <CIV(p+Q)p + Engvp> - # Q2
Zp,
G3(Q2) quv 2
- Cp+9yp |qugy— 0
m%l_ac g g 2m%5£

+

(P+9yuq, (P+Puqy
- iy o P+ Q4”’
mz, 4mZzn

(6)

The magnetic form factor, denoted as Fj,(Q?), can be
derived under the established methodology for deriving
the aforementioned form factors, G;(Q?), as follows:

Fu(Q%) = Go(Q?). (N

In the static limit (Q* = 0), where the photon is re-
garded as a real particle, the magnetic moment (7, ) can
be characterized as follows:

e

m
Hz,, = Fy(0) <2m N

) = Fu(0) (m7>/l1v, (8)

Zp,

Zje c
where my is nucleon mass and uy represents the nuclear
magneton.

The final equation has been obtained, thus enabling
the hadronic representation of the analysis to be derived.
The second step of the aforementioned prescription may
now be initiated, namely, the derivation of the correla-

tion function in terms of QCD parameters.

B. QCD representation of the correlation function

To compute the magnetic moments of the axial-vec-
tor tetraquark states via LCSR, one must first construct
appropriate interpolating currents that couple efficiently
to the desired physical states. These currents should prop-
erly reflect the internal diquark-antidiquark structure and
JP = 1% quantum numbers of the states under study. In the
present work, we adopt four independent interpolating
currents that are built from a scalar diquark (S) and an
axial-vector antidiquark (4), or vice-versa. Such combin-
ations are known to be the most favorable configurations
for tetraquark states in the QCD sum rule approach [80,
81]. The explicit forms of the currents are given by [26]
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abc pade
J="2 \/85 {[”bT(X)Cysc“(x)} [ B ()] = [ (DCye ()] [‘zd(x)%cger(x)]}’ ©
) gabcgade T B =d =T T c 3d Tel
B =7 {[u (DCysc (] [d' (02,5 ()] + [u” (DC,e (0] [d'(0ysCh (x)]}’ o
abc pade
HOE {W WCyse ()] [ (07, C5 ()] = [d” () Cyse ()] [d (07, CE ()] = [ ()Cye ()]
X [1007sCB 0]+ [0 (e 0] [ sCB (0] . .
abc nade
T =2 {W WCyse ()] [ (0, Ch" ()] = [d” () Cyse ()] [d 7, Ch" ()] + [ ()Cye ()]
B (9]~ [ (e 0] [P om0 . "

where a, b, ¢, d, and e are color indices, and C denotes the charge conjugation operator.

With these currents, we proceed to derive the QCD representation of the correlation function in Eq. (1). Substituting
the interpolating currents for the initial and final tetraquark states and applying Wick's theorem yields the complete set
of quark-field contractions. For illustration, the resulting expressions corresponding to the currents J}(x) and J;(x) are

1
QCDp. J}

o (p.q) =C / d‘ xel”™ <0| {Tr VS5 (=085 (=) Te [y5S & (05 S L (6)] = T[S (=208 ()]
Tr[ysS & S8 ()] = Te[ysS 5 (=2 S (=0 Tr [, 8 & (xyysS 1Y ()]

+Tr [y “(=x)ysS § (=) Te [y, & (078 ()] } | 0> K (13)

2
QCD, J?

o (p.g) =C / d*xelr <0| {Tr 785 (xS 4§ (=) | Te [ysS < (0)ysS 2 (0] + T [,85 “(~x)ysS §(~)|
Tr[ysS & (S (0)] + T [ys85 “ (—x0 S 5= Tr [ 7,8 & (x)ysS 2 ()]

+Tr 7585 (=x)ysS 4 (=) Tr [ 7,8 (0, S8 ()] } | 0> , (14)
F

i b e Sij i .
where C = 58‘”’ g g g and S, (x) = CS Q](Tq)(x)C . The relevant light (S ,(x)) and heavy (S o(x)) quark propagators
in the presence of the external background field are written as [82, 83]

: 1
S, = Sf[“"e(x) - 1617§;x2 / duG* (ux) {ﬁ#a‘w + MO'WX} , (15)
0
1 A —x2
SQ(x):Seree(x)—i';’gf; / G (vx) {(aﬂmrxaw)l(‘(”ij‘z_xzx) +20,, Ko (mo \/—xz)} , (16)
; =
with St () = my | Ki(mg V-2?) it K> (mo V=)
¢ A | YR (V=22
Tee 1 . ')t m (18)
Shee(x) = oy (1;)62—74), (17)

where G*'(x) is the gluon field-strength tensor, and K;'s
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are the Bessel functions.

The correlation functions in Egs. (13) and (14) re-
ceive both perturbative, i.e., once the photon interacts
perturbatively with light and heavy quark propagators,
and non-perturbative, i.e., the photon interacts with light
quarks at a large distance, contributions.

To determine the nature of the perturbative contribu-
tions, it is essential to undertake the subsequent replace-
ment under the methodology characterized as follows:

S G — / d*zS e (k- AR S 5@, (19)

where the remaining propagators are considered as free
propagators. This amounts to taking 7)(u)=0 and
S,(1) = 6(uz)6(u,) as the light-cone distribution amp-
litude in the three particle distribution amplitudes (see
Ref. [84]).

To encompass non-perturbative contributions in the
analysis, it is useful to apply the following formula:

1
58,00 — =5 [FONd O] (1), 0

where T, = {1, vs, v, i¥ys¥u, 0w/2}. After the aforemen-
tioned light-quark replacement, the remaining propagat-
ors are considered to be full propagators.

The incorporation of non-perturbative contributions
into the analysis gives rise to the emergence of matrix
elements, such as (y(q)|g(0)IiG,q0)[0) and <(y(q)
g(x)I';g(0)]0). These matrix elements are characterized by
the photon distribution amplitudes (DAs) [85]. In the con-
text of the current study, it is of significance to acknow-
ledge that the photon DAs employed encompass solely
contributions from light quarks. Nevertheless, it is theor-
etically possible for a photon to be emitted from heavy
quarks over a long distance. However, the probability of
long-distance photon emission from heavy quarks is sig-
nificantly suppressed because of the large mass of these
quarks. Such contributions are not considered within the
framework of this analysis. As elucidated in Eq. (19),
solely the short-distance photon emission from heavy
quarks is taken into account. It is therefore not feasible to
consider DAs encompassing heavy quarks within the con-
text of our analysis. A comprehensive description of the
procedures employed to encompass both perturbative and
non-perturbative contributions within the calculations can
be found in Refs. [39, 86]. Once the aforementioned
modifications have been performed, namely, when both
perturbative and non-perturbative contributions are taken
into account in the analysis, the QCD representation of
the correlation function is obtained.

C. LCSR for magnetic moments

Utilizing dispersion relations that consider the coeffi-
cients of the same Lorentz structures, the results obtained
by performing calculations on both sides of the correla-
tion function are compared. In the last step, we perform
Borel transformation on the variables —p? and —(p +¢)*
to dominate contributions from the continuum and the
higher states and boost ground states to get

2
m 1 m 52

Mmoo m o0 & S8
Hz;, /léiye e M :/ dSI/ ds;e i Mép(sl,sz), €2y
0 0

where m;(m,), s,(s2), and M3?(M3) are the mass, con-
tinuum threshold, and Borel parameter for the initial(fi-
nal) Z;, tetraquarks, respectively.

To acquire the magnetic moment within the QCD LC-
SR, the contributions from the higher states and con-
tinuum are extracted using the quark-hadron duality an-
satz:

p(s1,8) = POPE(Sl ,82) if (s1,5)¢ D, (22)

where D is a domain in the (s, s,) plane. Generally, the
domain D is a rectangular region defined by s, < 59 and
7 < 850 for some constants s;9 and sy, or a triangular re-
gion. In the present study, for brevity, continuum subtrac-
tion is performed by selecting D as the re%ion determ-
ined as s = syup + Syilp < o, Where Up = ﬁ and ity =
1 —uy. Defining a second variable # = LSMO, the integral in
the (sy,s7) plane can be defined as

oo oo oS s o0 s
/ ds1/ ds,e Mi Mip(sl,sz)z/ dsp(s)e M, (23)
0 0 0

where

M2AM? 1 G
V= MV g = [ (s D)
0

M12 +M§, UpUp Uy U

In the problem under review, the masses of the initial
and final state tetraquarks are identical; hence, we can set
M3 = M3 =2M?, which yields uo=1/2. 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-
ing everything outside the triangular region s= sjuy+
SHlly = 8.

The aforementioned processes lead to the conclusion
that the magnetic moments of the Z;. tetraquark states
can be expressed by the following sum rules:
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1 2
2,./# 2,J;

Jioag "z, 2 oop mzt’;:-‘
u i 2 " - 2
Hz;, /IZBF =e M p;(M7,s), Hz;, /lz;w =e M p,(M7,s),

(25)

3 4
Z,J# Z.J"

m.,
Bo2p “p

u i -~ 2 Jﬁ 2’13 "’17,)2( 2
Mz, /lZIm =e M p3(M7,s), Hz;, /lz;w =e M py(M7,s).

(26)

It should be noted that the (g,&, —&,q,) structure has been
selected for the magnetic moment calculations of the Z;,
tetraquark states. This choice is motivated by its superior
convergence properties in the OPE. The explicit mo-
mentum factors in this structure suppress higher-dimen-
sional condensate contributions relative to the leading
perturbative term. To quantify this advantage, we ana-
lyze the OPE convergence within the working Borel re-
gion (specified in the next section). The perturbative con-
tribution dominates, while dimension-3 (quark condens-
ate), dimension-6, and higher-dimensional terms collect-
ively contribute less than 5% of the total. This favorable
hierarchy justifies the OPE truncation and ensures result
stability. For comparison, preliminary tests with alternat-
ive Lorentz structures (such as (g, p, — p.q,)-type) showed
slower convergence, with condensate contributions reach-
ing 20%—25% of the total OPE. Such larger non-perturb-
ative contributions would introduce significant systemat-
ic uncertainties from poorly determined higher-dimen-
sional vacuum condensates. Therefore, the selected
(q.&y— €49, structure provides the most reliable frame-
work for extracting the magnetic moments. Because the
functional forms are analogous, we present a representat-
ive result below —specifically for the spectral density
function p;(M2,s,). The full set of corresponding expres-
sions is provided in Appendix A.

Analytical formulations for the magnetic moments of
Z;. tetraquark states are presented herein. Numerical
computations of these characteristics will be provided in
a subsequent section.

III. NUMERICAL EVALUATIONS

The numerical evaluations of QCD LCSR required
for the determination of magnetic moments entail the in-
put of several quantities, as listed in Table 1. A further
crucial input parameter in the numerical evaluations is the
form employed for the photon DAs and wave functions.
The expressions in question, along with the input para-
meters utilized in their explicit forms, are presented in
Appendix B.

In addition to the above-mentioned input variables,
two supplementary parameters, namely, the continuum
threshold parameter, denoted by s,, and the Borel mass,
denoted by M?, are necessary for further analysis. To de-

rive robust results from the QCD LCSR, it is desirable to
identify the region where the dependence of the magnetic
moments on these variables is relatively weak, the so-
called "working windows." The working windows of
these supplementary parameters are defined by the stand-
ard prescriptions of the methodology employed, namely,
pole dominance (PC) and convergence of OPE (CVG).
As indicated by QCD LCSR analysis, the CVG must be
appropriately constrained to ensure OPE convergence,
whereas the PC must be large enough to enhance the effi-
ciency of the single-pole approach. These limitations are
expressed through the following equations:

piM?,50)
PC="——=,
pi(M2, 00)

PP (M, 50)

CVG(M?2,sy) = ,
(M50 == Ve 50)

@7

where pP™(M?,s) is the highest dimensional term in the
OPE of p;(M?,s0).

Under the above-mentioned requirements, the work-
ing windows of the supplementary parameters, as out-
lined in Table 2, are obtained. As observed from these
results, the method satisfies the constraints. To enhance
our predictions and for completeness, Fig. 1 shows the
variations in the derived magnetic moments of these
states with regards to M? and s,. As shown in the figure,
the magnetic moments of these states show a relatively
mild dependence on these supplementary variables. At
this juncture, all criteria inherent to the QCD LCSR have
been fulfilled, and we expect to make reliable predictions.

The estimated magnetic moments of the Z;. tetra-
quark states, which take into account the ambiguities
inherent in the input quantities and fluctuations in the M?
and s, working regions, are provided in Table 2.
Moreover, to enhance comprehension, we have provided
the results of the magnetic moments, presented in con-

Table 1. Input parameters used in calculations.
Parameter Value Unit
me 1.273 £0.0046 [87] GeV
mp 4.183+0.007 [87] GeV
11(2)
my) 7.30+0.08 [26] GeV
be
13(4)
m)! 7.31+0.08 [26] GeV
be
Sy -0.0039 [85] GeV?
(aq) (—0.24£0.01)3 [88] GeV?
($2G?) 0.48+0.14 [89] GeV*
]1(2) 5
Az (4.82£0.71)x 1072 [26] GeV
]3(4) 5
Az (5.05£0.73) x 1072 [26] GeV
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Table 2. Magnetic moments of the Z;. tetraquark states and related working windows of the auxiliary parameters used in the sum
rules.

Currents Tetraquarks 1 (uN) M2/GeV? s0/GeV? PC (%) CVG (%)
g [ucls [db]a — [uclaldbls -2.35+0.29 [4.5,5.5] [59.0, 62.0] [63.16, 42.57] <1
J? [ucls [db]a + [uclaldbls -2.12+0.26 [4.5,5.5] [59.0, 62.0] [63.12, 42.62] <1
7 [uc]s [@b]4 — [dc]aldb]s —2.05+0.25 [4.5,5.5] [59.0, 62.0] [61.82, 41.40] <1
Ut [uc]s [@b]a + [dc]a[dbls -1.85+0.23 [4.5,5.5] [59.0, 62.0] [61.89, 41.35] <1

-1 T T T T T T T -1 T T T T T T T
2F = 2 s
= 3 7] —= 3 7
3 - 2 - =1 - 2 -
— — 8,=59.0GeV — — 8, =59.0GeV
3 4+ ) — 3 4 ) —
L s, =60.5 GeV i | s, =60.5 GeV B
5 - 5,=620GeV’ - 5 - §,=620GeV’ -
6 I | I | I | I 6 I | I | I | I
4.5 4.75 5 5.25 5.5 4.5 4.75 5 5.25 5.5
M’[GeV’] M’[GeV’]
-1 T T T T T T T -1 T T T T T T T
2F = e —
—~ -3 . — 3F _
2 - ] 2 - 2 .
— > — — 5, =59.0GeV
=+ 4 — 5, =59.0 GeV = =< 4 ) —
| 0 R | B $,=60.5 GeV |
s, =060.5 GeV )
S5 — S5 —_- so=62.0GeV —
| - 5,=620GeV’ 1 i |
6 I | I | ! | I N I | I | I | I
4.5 4.75 5 5.25 5.5 4.5 4.75 5 5.25 5.5
M’[GeV’] M’[GeV’]

Fig. 1. (color online) Variation of magnetic moments Z;, tetraquarks as a function of the M? at different values of s,

junction with both their central values and errors, in
Fig. 2. The uncertainties in our numerical results origin-
ate from the variations in the input parameters. The dom-
inant sources are the continuum threshold s, (30%), tetra-
quark residue (20%), tetraquark mass (19%), and quark
masses (12%). Smaller uncertainties arise from the para-
meters of the photon DAs (7%), Borel parameter M?
(7%), and other inputs, such as various QCD condensates
(5%).

In consideration of the findings yielded by this study,
the following observations are made:

e The main contribution of the analysis comes from
the short-distance interactions of photon with quarks,
which are responsible for approximately 85% of the mag-

netic moment results. The remaining contributions are de-
rived from the long-distance interactions of light quarks
with the photon, which is a non-perturbative contribution.
The observed decomposition of contributions — approx-
imately 85% from the short-distance photon-quark inter-
action and 15% from long-distance effects encoded in
photon DAs—is a direct consequence of the QCD sum
rule framework and provides insight into the nature of the
state. In the LCSR approach, the OPE is organized by op-
erator dimension. The dominant contribution naturally
arises from the leading perturbative diagram, where the
photon couples directly to a propagating quark, which is
calculable within perturbative QCD. The substantial mag-
nitude of this term confirms that our sum rule is sensitive
primarily to the hard, partonic core of a compact tetra-
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Fig. 2. (color online) Magnetic (x) and quadrupole () moments of Z;, tetraquark states: (a) and (c) central values; (b) and (d) com-

bined with errors, respectively.

quark. The non-perturbative 15%, originating from high-
er-twist photon DAs, incorporates soft gluon and vacuum
polarization effects that dress the photon. This modest but
non-negligible share is essential: it ensures the conver-
gence of the OPE while capturing necessary hadronic
cloud effects, yet its subdominant role reinforces the pic-
ture of a compact, diquark-antidiquark object rather than
an extended molecular configuration. Such a balance
between perturbative and non-perturbative contributions
is consistent with LCSR analyses of conventional had-
rons and supports the internal consistency of our calcula-
tion.

e The numerical results presented in Table 3 reveal
several important features regarding the internal quark
dynamics of the Z;, states. First, the magnetic dipole mo-
ment is predominantly shaped by the contributions of the
light quarks. In particular, the u quark yields a large pos-
itive contribution, while the d quark gives a comparably
large negative one, partially canceling each other. The

heavy quark contributions from the ¢ and b quarks are re-
latively smaller in magnitude, as expected due to their
larger masses, and consistently contribute with negative
signs across all interpolating currents. Notably, while the
u quark yields the largest individual positive contribution
due to its charge and relatively light mass, this effect is
substantially counterbalanced by the combined negative
inputs of the d, ¢, and b quarks. This cancellation indic-
ates a delicate internal structure in which spin and spatial
correlations between constituent quarks significantly in-
fluence the electromagnetic properties of the state. The
comparable contributions from ¢ and d quarks, despite
their ~ 300-fold mass difference, arise from the correl-
ated spin structure of the tetraquark. The naive expecta-
tion poc Q/m is modified by the spin expectation values
(S within the bound state. The light quark's large 1/my
factor is compensated by its small spin matrix element in
the spin-singlet diquark, while the charm quark's contri-
bution is enhanced by its larger charge (Q.=+2/3 vs
Q,=-1/3) and more favorable spin alignment in the
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Table 3. Contribution of light and heavy quarks to the mag-

netic dipole moment of the Z;, states (uy ).

Currents He Hb Hu Ha Hrot
I, ~7.90 -3.20 18.25 -9.50 -2.35
J? ~7.10 ~2.88 16.41 -8.55 -2.11
J: ~7.85 -3.25 18.35 -9.30 -2.05
J;j =7.11 -2.90 16.45 -8.29 -1.85

wave function. Experimentally, such negative and moder-
ate magnetic dipole moments could manifest in radiative
transitions or influence the decay widths of the Z;, states
into final states involving photons. If these states are ob-
served in future experiments, their electromagnetic multi-
pole moments —particularly magnetic dipole transitions
to nearby tetraquark or mesonic states—may serve as in-
direct probes of their internal spin structure. Therefore,
our results may provide guidance for designing experi-
mental searches sensitive to electromagnetic observables
in the exotic hadron sector. Overall, the magnetic dipole
moment emerges not merely as a static property but as a
powerful probe of the interplay between quark flavor,
color dynamics, and spin correlations inside exotic had-
rons. The results obtained here offer both a testable pre-
diction and theoretical benchmark for the structure of
open-flavor tetraquark states.

e Although the masses of the states with quantum
numbers J” = 1% are nearly identical, there is a discrep-
ancy in the numerical results of their magnetic moments,
with a difference of approximately 10%—15%. This may
assist in differentiating between quantum numbers associ-
ated with states with identical quark content.

e The magnitude of the magnetic moment may be in-
terpreted as indicating the experimental accessibility of
the corresponding physical parameters. The magnitude of
the results suggests that they may be measured in future
experiments. The results obtained regarding the magnetic
moments of the Z;. tetraquark states may be checked
within the context of different phenomenological ap-
proaches.

e To the best of our knowledge, this is a pioneering
study investigating the magnetic moments of I(J¥)=
1(1%) Z;, tetraquarks. Consequently, there is currently no
available theoretical prediction or experimental data to
which our numerical values can be compared. However,
for illustrative purposes, we can make a comparison with
the magnetic moments of I(J?)=0(1") Z; tetraquark
states. In [39], the magnetic moments of the [uc][ih] and
[dc][db] tetraquark states were calculated within the
framework of the LCSR method, assuming a compact tet-

raquark picture with a 6.®6. color configuration. The
results  obtained  were  ppqup =3.05 0y and
Higeya = 2.3870%3uy. A direct comparison shows a clear
numerical difference between our predictions and those
of [39]. This difference originates from the fundament-
ally different isospin and color structures assumed in the
two studies: we employ the 3.®3, configuration, while
[39] uses the 6,®6,. scheme. These distinct color config-
urations enforce different spin correlations within the
diquark subsystems due to the Pauli exclusion principle.
In the 3.®3, model used here, the light-heavy diquark
[gc] is in a color antitriplet. For light quarks, this color
antisymmetry typically pairs with a spin-0 (singlet) state
to maintain the overall antisymmetry of the fermionic
wave function. This spin-singlet structure determines spe-
cific patterns for the contributions to the magnetic mo-
ment operator. Conversely, in the 6.®6, configuration,
the diquark is in a color sextet, which is symmetric in col-
or. To satisfy Fermi statistics, this is naturally coupled
with a spin-1 (triplet) state. This change in the internal
spin alignment modifies both the individual quark spin
matrix elements and interference between contributions
from different quarks. Because the magnetic moment de-
pends sensitively on the quark spin orientations as well as
their charges, isospin, and masses, such a structural dif-
ference logically leads to different numerical predictions.
This comparison illustrates the sensitivity of the magnet-
ic moment to the internal color-spin structure of tetra-
quarks. The significant variation between predictions
based on different color configurations demonstrates that
electromagnetic properties such as the magnetic moment
can serve as valuable discriminators between competing
theoretical models of exotic hadron structure, providing
complementary information to mass spectroscopy.

e As a further consequence, the quadrupole moments
of these states have also been calculated, and the results
are as follows:

Dy =(1.86+0.24)x 107 fm?, Dy = (1.60+0.21)x 107 fm?,
(28)

Dy = (1.58+0.20) x 1072 fm?, Dy = (1.34£0.17)x 1072 fm?.
(29)

The quadrupole moments are small in magnitude
(ID] ~0.01-0.02 fm?), while the magnetic moments are
substantial (|u|~ 1.85-2.35 uy). The non-zero quadru-
pole moment results for the studied states imply a devi-
ation from spherical charge distributions. It is well estab-
lished that the geometric shape of hadrons can be in-
ferred from the sign of their quadrupole moments: a neg-
ative value corresponds to an oblate shape, whereas a
positive value indicates a prolate configuration. Accord-
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ing to predicted results, the geometric shape of these
states is prolate.

IV. EXPERIMENTAL VERIFICATION OF
ELECTROMAGNETIC PROPERTIES

The magnetic (u~-1.8 to —2.4uy) and quadrupole
(D ~ 1072 fm*) moments calculated in this work provide
quantitative predictions that can, in principle, be tested
experimentally. This section discusses realistic pathways
for such tests, with particular emphasis on how electro-
magnetic moments—central to this study—could be con-
strained through measurable observables.

A. Production in high-energy collisions

The Z;. tetraquarks can be produced at both hadron
and electron-positron colliders:

e LHC (LHCb): The most promising venue. The
dominant mechanism is gluon fusion gg— bbce fol-
lowed by hadronization. While a precise cross-section
prediction requires dedicated calculations, the production
of similar open-heavy-flavor states (e.g., B. mesons) is
well-established at LHCb with significant yields. Given
LHCb's demonstrated capability to reconstruct states with
b- and c-quarks, and with projected integrated luminosit-
ies of 50fb™" in Run 3-4, the Z;. tetraquark should be
producible in sufficient numbers for discovery studies.

e Belle II: Cleaner events via Y(55) decays, e.g.,
ete” > T(58) — Zs. + D¥ +x. The expected branching
fractions are ~ 107°—10"*, accessible with the full Belle 11
dataset.

B. Identification through decay channels

For initial discovery, hadronic decays offer the re-
quired signal yield:

® Z;. — Bin~ with Bf — J/y(— ptu )n*
® Zpe = (- pru)K”

With 1% reconstruction efficiency, 50 fb™' at LHCb gives
0(250) reconstructed events—sufficient for a 50 obser-
vation.

C. Measuring electromagnetic properties: From

moments to observables

1. Accessing the magnetic moment via radiative
transitions
The magnetic moment can be constrained through M1

radiative decays between spin-partner states, e.g.,
Z5.(1%) = Z;.(0%) +y. The partial width is

3
Ly = S?Q/kiyz',utransfa (30)

’n[7
where k, is the photon energy and pu,, the transition
magnetic moment. For heavy compact systems, s =
Usraic1s considered to a good approximation. Using our
predicted |u| ~ 2uy and typical &, ~ 100 MeV, we expect

Iy ~0.1-1 keV.

Theoretical caveat: The approximation pans ~ Mstatic
neglects possible differences in the 1* and 0* wave func-
tions, introducing a systematic uncertainty of ~ 20%—
30% on the extracted x from T'y;. Full lattice QCD or
model calculations of the transition form factor would be
required for a precise extraction.

Experimental requirements: Measuring I'y;; requires:

1. Reconstruction of both the initial and final tetra-
quark states

2. Detection of the soft photon (E, ~ 50-300 MeV)

3. Sufficient statistics: Assuming B(Z* — Zy) ~ 1%
and 10% photon efficiency, O(10*) reconstructed Z
events are required for a ~ 50% uncertainty on Iy

Experimental considerations: Detecting E, ~ 100
MeV photons requires excellent calorimeter granularity
and low-energy thresholds. At LHCb, converted photons
or sophisticated 7° veto algorithms would be essential for
background suppression.

2. Probing the quadrupole moment through angular
distributions
The quadrupole moment D affects the E2/M1 mix-

ing ratio in radiative transitions. The photon angular dis-
tribution in Z* — Zy depends on the following ratio:

dr
dcosé,

o 1+a;cos’6,,

where a, is sensitive to both x and D. A precision angu-
lar analysis of cascade decays like Z* — (Z — J/yn)+y
could, in principle, extract D.

3. Additional constraints from production dynamics

If Z;. states are produced with polarization (as expec-
ted in forward LHCDb acceptance), the angular distribu-
tions of decay products depend on electromagnetic form
factors. While more model-dependent, such analyses
provide complementary constraints.

Alternative approaches: If semileptonic decays
Z;. — D™¢y are observed, the lepton angular distribution
could provide additional constraints on the magnetic form
factor, though these channels are expected to have small
branching fractions.
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D. Feasibility assessment and challenges

Required luminosity: Constraining y via I'y; is stat-
istically demanding. The need for O(10*) reconstructed Z
events makes this an objective for the HL-LHC era
(£ 2 300fb™") rather than earlier runs.

Primary experimental challenges:

o Soft photon reconstruction: M1 photons are soft
(E, ~50-300 MeV) and must be distinguished from
abundant n° — yy backgrounds. This requires excellent
calorimeter performance and advanced particle identifica-
tion.

e Theoretical systematics: Extracting the static mo-
ment u from the measured T'y; involves assumptions
about wavefunction overlaps. The resulting ~ 20%-30%
uncertainty may dominate over statistical errors.

e Background control: Combinatorial background
from conventional B- and D-meson decays could obscure
both the tetraquark signals and radiative photons.

Realistic timeline: Discovery via hadronic decay
channels is feasible with current LHCb datasets. A first
measurement of the radiative width I'y;; may be possible
by the end of LHC Run 4, while precise electromagnetic
moment extraction will likely require HL-LHC statistics.

E. Summary and implications

This study provides specific numerical predictions for
the electromagnetic properties of Z;, tetraquarks. While
challenging, experimental verification is grounded in es-
tablished techniques: radiative transition measurements
and angular analyses. A confirmed magnetic moment
around —2uy would provide strong evidence for the com-
pact diquark-antidiquark structure proposed here, offer-
ing a clear discriminant against molecular interpretations
where different charge and spin distributions would likely
yield different magnetic responses. The coming decade of
high-luminosity heavy-flavor experiments will be crucial
for testing these predictions and advancing our under-
standing of exotic hadron structure.

V. CONCLUDING REMARKS

An investigation of the electromagnetic characterist-
ics of unconventional states may offer new insights into
their internal structures. In particular, the magnetic mo-
ment characteristics may serve as a crucial physical ob-

1

M?,80) = 55—
P 80) = S x5 X T

servable for differentiating exotic states with disparate
configurations or spin-parity quantum numbers. As a
promising avenue for research, encompassing both oppor-
tunities and challenges, an in-depth examination of the
electromagnetic properties of exotic states is crucial for
advancing our understanding of unconventional states.
Motivated by this, in this study, the magnetic moments of
I1(JP)=1(1") Z; tetraquark states are analyzed in the
framework of QCD LCSR by considering the diquark-an-
tidiquark approximation. Despite the nearly identical
masses of the tetraquark states analyzed in this study, sig-
nificant differences are observed in their magnetic mo-
ments. This may facilitate the differentiation between
quantum numbers associated with states with identical
quark content. The results show that heavy quarks over-
coming light quarks can determine both the sign and
magnitude of the magnetic moments of these tetraquark
states. The numerical results obtained in this study sug-
gest that the magnetic moments of Z;. tetraquark states
may reveal aspects of their underlying structure, which
could in turn distinguish between their spin-parity
quantum numbers and internal structure. The results ob-
tained regarding the magnetic moments of the Z;, tetra-
quark states may be checked within the context of differ-
ent phenomenological approaches. As a further con-
sequence, the quadrupole moments of these states have
also been calculated. The quadrupole moment results ob-
tained for these states are non-zero, indicating the pres-
ence of a non-spherical charge distribution.

The magnetic moment of hadrons constitutes an indis-
pensable component in the calculation of the photo- and
electro-production cross-sections. In the future, this para-
meter may be derived from experimental data. As the lu-
minosity of future runs increases, it will become possible
to extract spectroscopic properties and magnetic mo-
ments of Z;. tetraquark states from experimental facilit-
ies. This will facilitate the distinction between different
theoretical configurations and contribute to a deeper un-
derstanding of the dynamics that govern their formation.
Furthermore, it will be essential to determine the branch-
ing ratios of the various decay modes and decay channels
of Z;, tetraquark states.

APPENDIX A: OBTAINED SUM RULES FOR THE
J, CURRENT

In this Appendix, we provide the full analytical res-
ults for the magnetic moment calculations corresponding
to the interpolating current J}. The explicit expressions
are as follows:

4(9ed +21e,—28e, + 96”)1[0, 6]+3 (387ed +126¢;, — 154e. + 3876”)1[1,5]
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(&2G*)qq)

2 % 343 {1 leq ((2mb =m)L [S]=2m | [T1] = 4mp [ [T2] = me Ly [ T2 + me L [ T3] = 2my, 11 [ T3]

+2my 11 [S]+ 4my I [T 1+ 8my L[ T2] + 2m L[ T2 = 2m 1,[ T3] + 4mﬂ4[¢4]) +1le, (mbIZ [S]+2m L [T7]
+mp L[ T2+ 2m L[ T2] = mp L[ T3] = 4mc I3[ T1] = 2mp I3[ T3] — 4m I3[ 721 + 2my 13 [7-3]) +32(e, my, — egmc)Is[h,]

(8:G*) [y

- St {121(@11 [A] - e, L[ADI[0,3] + 5760(3e, + e,)m, m, 1[0, 2] g[.p;]} P

222 x33x 573
X |:2€d ( 1 7mb11 [S] + 45m(.11 [‘7—1] + 45mcll [7-2] + 45m(,11 [S] - 94mb14 [S] + 72}’}1[,]4[‘7—1] -171 m(I4[7'1]
+ 72, L[ T3] = 17U L[ T3] = T2my LI T3] = 72my, LIT31 + 72m, Li[S1) + e, ( = 11m L[S]+2 (9my LT

+ 9mb12[7'2] + 9mb12[3] - 22mcl3 [S] - 54m,,13 [7-1] — 54mbl3 [7-2])) + 28864”1[,15 [hy]:| 1[0,4] + W

x {1 120mym, (4,0, [A] + e, LIAN) 110,41 + (- 448e, 1 [A] + 50541, [ V] +279,LIV] - 9792e,15[y1) 110, 5]} . (AD)

where the I[n,m], and I,[F] functions are expressed as

SO 1
I[n, m] = / ds ei‘v/MZ 5" (S - M)m’ Il [?] = /DQ,‘ / dv T(aqs @y, a/g)é’(a/q + \_/Qg - I/to),
M 0
1 1
LIF]= /Da,. / dv Fag, a4, )0 (g +va, —ug), LIF]= /Dai / dv F (o, aq, ap)0(a, + Vg — up),
0 0

1 1
L[F]= /Dm/ dv F (e, ag, ap)0(az +va, —up), Is[F]= / du F (u),
0 0
where M = (m.+m,)?, and F denotes the relevant DAs of the photon.

APPENDIX B: DISTRIBUTION AMPLITUDES OF THE PHOTON

In this Appendix, we provide the matrix elements (y(¢)|g(x)I';g(0)|0) and (y(¢)|g(x)I';G,,4(0)|0), which are associated
with the photon DAs, as derived in [85]:

1
Y(@DIg(x)y,.q(0)|0) = e, f3, (8,4 —%Z) /0 due™ " (u)
1 L
Y (@DIg(x)y,.ys9(0)|0) = _Zeqﬁye,uvaﬂquwxs / due™ "y (u)
0
1 - 2 .
Y @IFOTq(0)0) = —ieGa)(Eudy - £,,) /0 dug™* (m(m + %A(u)) - @eqqq [xv (sﬂ - q%)
1
— Xy (SV —%Zi)} / due™ h, (u)(y(q)|g(x)g:G ., (vx)g(0)|0) = —ie,(Gq) (£ugy _‘9qu) / Da;e T S(a)
0
Y (@)1g(x)8,G i (vx)iysq(0)0) = —ie(Gq) (£.qy — £1q,) / Dae S (a;)

Y(Qg(x)g,G, (vX)Yaysq(0)I0) = €, f1,qa gy — €44,) / Da;e " A ;)

HPIG(x)g5G,y (vX)iyaq(O)I0) = €, 3, qa(Euqy — £,q,) / Da;e' T Y ()
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£X 1 £X

(‘9;1 - ‘bu%) (gav - a(quﬂxv + q\/xa)> qp — (‘9;4 4y %)
1 EX 1 £X 1

(gﬁv - qfx(qﬁxv + qvxﬁ)) qo— ( qv > (g(m - qfx(qaxy + qpxa)> qp+ (gv - ‘Zva) (gm - ;(qﬂxﬂ + qﬂxﬁ)) qa}
Lo 1 £X 1

/ Da;e T (o) + Kea - qa ) (gﬂﬁ - *(qﬂxﬁ + qm)) qy— <sa - qa§) <gv,3 - a(‘bxﬁ + qﬁxv)) qu

X X 1 i(ag+vag)gx.
< &g — Qﬁa) (g,ua (Clyxa"'qqu)) (Sﬁ qﬁi) (gm_ a(%fxa"'%lxv)) %} /Daiel(nq+ 84 T(a;)

Y DIGX)TapgsGv(vX)q(0)I0) = e,(qq) {

1 i(ag+vag)gx i(ag+vag)gx
+ 5(%% _LIVX#)(Saqﬁ_Sﬁqrr)/Daiel(wq+ 84 73(“1’)"' a(‘hrxﬁ —Clﬁxa)(é‘p%—qu#)/@aie( atvag 7:1((71)} >

where @y (u) is the DA of leading twist-2; y*(u), ¥“(u), Ala;), and V(a;) are the twist-3 amplitudes; and &, (1), A(u),
S(@), S(a), T1(@), T2(a;), T3(w;), and T4(«;) are the twist-4 photon DAs. The measure De; is defined as

1 1 1
/Dai = / daq/ daq/ da (1 —a;—a,—ay) .
0 0 0

The forms of the DAs that are incorporated into the matrix elements above are given by

0,0) = 61t (1 +6240C3 (=1 )

W) = 3(3(2u—1)2—1)+63—4(15w —5w) (3-30Q2u— 1> +35Qu~1)*),

5 9 3
v = (1-Qu=17) (5Qu-1y-1) 5 (1 e Ewﬁ) ,

hy(1) = =10 (1+26*) C3 (u— i),
Au) = 40u’i® (3k -k +1) + S(g; =3) [uit(2 + 13uit) + 21> (10 = 15u + 617 ) In(u) + 202> (10 — 155 + 6i7°) In(ir)] ,
Ala;) = 360,050 (l +w (7a/g - 3)) ,

V() = 540w¥ (ay - a‘—,)aqaqaé,

Ti(a;) = 12003 + &3 g — @),y

Ta(a:) = 300 (0 — @) (k=) + (G = &)1 = 2a,) + H(B - 4ay))

T3(@) = =120 — &g — a)aza,a,,

Tal) = 30a;(a; — ay) ((k+ &)+ (G + D = 2a) +H(3 - 4ay))

S(a) =30 {(k + k) (1 =) + ({1 + LA — )1 = 2a,) + L[B(ag — )’ —a (1 -},
S(a) = =300{(k = k)1 =) + (& = {1 — @) (1 = 2a,) + H[3(ag — @)’ — (1 — )]},

where ¢,(1 GeV) = 0, w¥ =3.8+ 1.8, w! = -2.1£1.0, k=02, " =0, £, = 0.4, and £, = 0.3.
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