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The magnetic dipole moment of the exotic Z,(10610) state is calculated within the light cone QCD sum
rule method using the diquark-antidiquark and molecule interpolating currents. The magnetic dipole
moment is obtained as yz, = 1.73 4+ 0.63 py in diquark-antidiquark picture and pz, = 1.59 & 0.58 py in

the molecular case. The obtained results in both pictures together with the results of other theoretical studies

on the spectroscopic parameters of the Z,(10610) state may be useful in determination of the nature and

quark organization of this state.
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I. INTRODUCTION

According to QCD and the conventional quark model, not
only the standard hadrons, but also exotic states such as
meson-baryon molecules, tetraquarks, pentaquarks, glue-
ball, and hybrids can exist. The first theoretical prediction on
the existence of the multiquark structures was made by Jaffe
in 1976 [1]. Although it was predicted in the 1970s, there
was not significant experimental evidence of their existence
until 2003. The first observation on the exotic states was
discovery of X(3872) made by Belle Collaboration [2] in the
decay B" — K'X(3872)J/wn'n~. Subsequently, it was
confirmed by BABAR [3], CDF1I [4], DO [5], LHCDb [6], and
CMS [7] Collaborations. The discovery of the X (3872) state
turned out to be the forerunner of a new direction in hadron
physics. So far, more than twenty exotic states have been
observed experimentally [for details, see [8—15]]. The fail-
ure of these states to fit the standard particles’ structures and
violation of some conservation laws such as isospin sym-
metry, make these states suitable tools for studying the
nonperturbative nature of QCD.

In 2011, Belle Collaboration discovered two charged
bottomonium-like states Z,(10610) and Z,(10650) (here-
after we will denote these states as Z,, and Z, respectively)
inthe processes Y'(55) — zz Y (nS),and Y'(5S) — zzh, (kP)
[16]. Here,n = 1, 2, 3 and k = 1, 2. The masses and widths
of the two states have been measured as
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My, = 10607.2 +2 MeV,
My = 106522+ 1.5 MeV,

Iy, = 18.4+2.4 MeV,
[y =115+£22 MeV.

The analysis of the angular distribution shows that the
quantum numbers of both states are I69(JF) = 17(17).
Both Z, and Z) belong to the family of charged hidden-
bottom states. Since they are the first observed charged
bottomoniumlike states and also very close to the thresh-
olds of BB*(10604.6 MeV) and B*B*(10650.2 MeV), Z,
and Z] states have attracted attention of many theoretical
groups. The spectroscopic parameters and decays of Z;, and
Z), states have been studied with different models and
approaches. Most of these investigations are based on
diquark-antidiquark [17-20] and molecular interpretations
[17,21-41], using the analogy to the charm sector.
Although the spectroscopic features of these states have
been studied sufficiently, the inner structure of these states
have not exactly enlightened. Different kinds of analyses,
such as interaction with the photon can shed light on the
internal structure of these multiquark states.

A comprehensive analysis of the electromagnetic pro-
perties of hadrons ensures crucial information on the
nonperturbative nature of QCD and their geometric shapes.
The electromagnetic multipole moments contain the spatial
distributions of the charge and magnetization in the particle
and therefore, these observables are directly related to the
spatial distributions of quarks and gluons in hadrons. In this
study, the magnetic dipole moment of the exotic state Z, is
extracted by using the diquark-antidiquark and molecule
interpolating currents in the framework of the light cone
QCD sum rule (LCSR). This method has already been
successfully applied to study the dynamical and statical
properties of hadrons for decades such as, form factors,
coupling constants and multipole moments. In the LCSR,
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the properties of the particles are characterized in terms of
the light-cone distribution amplitudes (DAs) and the
vacuum condensates [for details, see for instance [42—44]].

The rest of the paper is organized as follows: In Sec. II,
the light-cone QCD sum rule for the electromagnetic form
factors of Z,, is applied and its magnetic dipole moment is
derived. Section III encompasses our numerical analysis
and discussion. The explicit expressions of the photon DAs
are moved to the Appendix A.

II. FORMALISM

To obtain the magnetic dipole moment of the Z,, state by
using the LCSR approach, we begin with the subsequent
correlation function,

X (O|T {5 (x) 1o (3)J27" (0)}10). (1)

Here, J ) is the interpolating current of the Z,, state and
the electromagnetic current J, is given as,

> e,araa (2)

q=u,d.b

Jo =

where e, is the electric charge of the corresponding quark.

From technical point of view, it is more convenient to
rewrite the correlation function by using the external
background electromagnetic (BGEM) field,

M(p.g) =i / e (O[T (72 ()2 O)}0),.  (3)

where F is the external BGEM field and F,; = i(g,q; —
€5q,) With g, and &4 being the four-momentum and
polarization of the BGEM field. Since the external
BGEM field can be made arbitrarily small, the correlation
function in Eq. (3) can be acquired by expanding in powers
of the BGEM field,

Mu(p.q) = (p.q) + T (poq) +---. (4)
and keeping only terms Hftly) (p, q), which corresponds to
the single photon emission [45,46] (the technical details
about the external BGEM field method can be found in
[47]). The main advantage of using the BGEM field
approach relies on the fact that it separates the soft and
hard photon emissions in an explicitly gauge invariant way

[46]. The H,(g) (p,q) is the correlation function in the
absence of the BGEM field, and gives rise to the mass
sum rules of the hadrons, which is not relevant for our case.

After these general remarks, we can now proceed
deriving the LCSR for the magnetic dipole moment of
the Z,, state. The correlation function given in Eq. (3) can

be obtained in terms of hadronic parameters, known as
hadronic representation. Additionally it can be calculated in
terms of the quark and gluon parameters in the deep
Euclidean region, known as QCD representation.

We can insert a complete set of intermediate
hadronic states with the same quantum numbers as the
interpolating current of the Z, into the correlation func-
tion to obtain the hadronic representation. Then, by
isolating the ground state contributions, we obtain the
following expression:

(012, (p))

(
2 — m2

3 (p,q) =
mzb

Zy(P)IZp(p + q)) F

_(Z(p + 9)lI0)

e (5)
(p+q)*—m3,
where dots denote the contributions coming from the
higher states and continuum.
The matrix element appearing in Eq. (5) can be written in
terms of three invariant form factors as follows [48]:

(Zy(p.e)|Z,(p+q.€%)) F

=—(”)*(&)" | G1(Q*) (2P + ) 9up

G3(0*)(2P+4) 94495 | -

(6)

where €7 is the polarization vector of the BGEM field; and
€’ and €% are the polarization vectors of the initial and final
Z,, states.

The remaining matrix element, that of the 1nterp01at1ng
current between the vacuum and particle state, (0|J5*|Z,),
is parametrized as

1
G 2
+ Z(Q )(grﬁQa gm‘]/i) szh

(O|2,) = 27,0, (7)

where 17, is residue of the Z, state.

The form factors G;(Q?), G,(Q?) and G;(Q?) can be
defined in terms of the charge F(Q?), magnetic F,,(Q?)
and quadrupole Fp(Q?) form factors as follows

Fel0?) = G (Q2) + 2 (Q2/4m3, ) Fo(0?),

Fu(Q?%) = G2(Q%).

Fp(Q%) = Gi(Q%) = G2(Q%) + (1 + 0*/4m3,)G5(Q?),
(8)

At Q% =0, the form factors F(Q* =0), Fy(Q*> =0),

and Fp(Q? = 0) are related to the electric charge, magnetic
moment y, and the quadrupole moment D as
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e, chosen. In this study, we consider the Zb state with the
quantum numbers JP€ =17, Then in the diquark-

eFc(0)

eFy (O) 2m mgz, K, .. . . Zy -
5 antidiquark model the interpolating current J,” is defined
eFp(0) = mz, D. ) by the following expression in terms of quark fields:

Inserting the matrix elements in Egs. (6) and (7) into the
correlation function in Eq. (5) and imposing the condition Jfb( (x) = ie {[u T(x)Cysby( x)] [E[ 4 x))/”Cl_JeT( x)]
q - ¢ = 0, we obtain the correlation function in terms of the f
hadronic parameters as = [ud (x)Cruby (x)][da(x)ysCBE ()]}, (11)

ST

“mZ —(p+q)*|lmy, —p

Hﬁfd(l?ﬂ): 2] where C is the charge conjugation matrix, € = €.,

€ = €4,.; and a, b, ... are color indices.
% [Zp Fe(0) <g _quu—quﬂ> One can also construct the interpolating current by
wc m m%b considering the Z, as a molecular form of BB* and B*B
1 state,
+FM(O) (Qﬂgw_ngyr+m—2pr(pﬂqu_pyqﬂ))
Z, 1 -
JEPMOD () — iysb by (x)y,up(x
—(Fe(0)+ Fp(0)) pzr 61,4%] (10) H (x) \/—{[ o(X)iysb (x)] by ()7, 15 (x)]
mz,

+ [da()ruba (0] [By (X)irsuy ()]} (12)
To obtain the expression of the correlation function in
terms of the quark and gluon parameters, the explicit form After contracting pairs of the light and heavy quark

for the interpolating current of the Z, state needs to be  operators, the correlation function becomes:
|

ceec'd 4 = ad . “oe )
0" (p,q) = —i 5 / d*xeP* (O[{ Tr[ys S5 (x)ysSEP (x)]Tr[y, Se ¢ (—x)y,84(=x)]

— Trfy, 8¢ (=x)75S%(=x)] Tr[y, S5 (x)ysS2Y (x)] = Tr[ysSe“ (x)y, S ()] Te[ysS (—x)7, 89 (—x)]
+ Ty, S5 (x)7,S2Y ()] TelysSe (=x)r5S94(=x)]}0) 5. (13)

in the diquark-antidiquark picture, and
i : ! ! / /
3P (pug) = 5 [ el O TS5 (s () Tel, LY (0, S5 ()

+ TrlysSe (x)y, 84 (=x)]Trly, S5 (x)ysSh P (—x)] + Tr[y, e« (x)y5S4* (=x)| TrlysS5? (x)7, S5 b (—x)]
+ Tr[y, S8 (x)7,84 (—x)| Trlys S5 (x)ysS5 ° (—x)] }0) . (14)

in the molecular picture, where
(@ (X) = CST >( x)C,

with S, (x) and S, (x) being the light and heavy quark propagators, respectively. To calculate the correlation functions in
QCD representations, the light and heavy quark propagators are required. Their explicit expressions in the x-space are
given as

. f <qq> m%xz ng v
Sy() =iz g = (1 e ) = 55 55 G (0o + o] (15)

and
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S,(x) = Z: Kl(%? ) 4 i XKE%;*)}—%’Z; A L dvGr (o) {(aﬂpﬁx%) (’\’}”___?* ) 4 26, Ko(my /=)

(16)
where K; are the second kind Bessel functions, v is line variable, and G*¥ is the gluon field strength tensor.

The correlation function includes different types of contributions. In first case, one of the free quark propagators in
Egs. (13)—(14) is replaced by

st / ST (x = )/ A()S™(). (17)

where S® is the first term of the light or heavy quark propagators and the remaining three propagators are replaced with the
full quark propagators. The LCSR calculations are most conveniently done in the fixed-point gauge. For electromagnetic
field, it is defined by x,A* = 0. In this gauge, the electromagnetic potential is given by

1 1
Arz = _EF(z[)’yﬁ = _E(Saqﬂ - S/JQa)yﬁ' (18)

The Eq. (18) is plugged into Eq. (17), as a result of which we obtain

1
Sfree — _E(EGQ/)’ _Eﬂqa> /d4yyﬂsfree(x_y)},asfree(y)’

(19)
After some calculations for ST and Si* we get
e
Siree — ngz (€adp = €590) (XOap + Oapk).
€ K (m
$ir° = 1% ety = ) [y ooms V=) + L . (20)
In second case one of the light quark propagators in Eqgs. (13)—(14) are replaced by
ab 1 —a b
Sap = _Z(‘] Liq”)(Ti) gp, (21)

and the remaining propagators are full quark propagators including the perturbative as well as the nonperturbative
contributions. Here as an example, we give a short detail of the calculations of the QCD representations. In second case for
simplicity, we only consider the first term in Eq. (13),

ceec'd , = ad ’ ~le .
2" (p.q) = —i 5 / d*xe P (0|TrlysSy" (x)rsSy” ()] Trly,Sh ¢ (—x)r, g (=x)|0) p + - - (22)
By replacing one of light propagators with the expressions in Eq. (21) and making use of

3(0* (0) ~ 5544 0), (23)

the Eq. (22) takes the form

eec'd 4 ’ “ole . |
5" (p.q) = —i 5 / d“xe””{Trb/sFirsSi” (0] Trly,Sh (—X)VySZd(—X)]EfS““

+ TrlysSi (0)rsSpY () Tely, S5 (=x)r. 1 o5 : 5d"/}<7(q)lé(x)l“iq(0)|0>+“-, (24)
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where I'; = 1, ys,7,.iy57,. 6,,/2. Similarly, when a light propagator interacts with the photon, a gluon may be released
from one of the remaining three propagators. The expression obtained in this case is as follows:

c eec'd
e (p.q) = —i

1

[ atser{mupstirssty Tl S5 o spe - | (a5 - S )

+ <5ae§a’e’ _ l&aa’éee’) + <5ad5a’d’ _ léaa’5dd’>:|
3 3

~ ! 7 ~ 11,/ 1 U / ! 1 ! /
TS (S (Ol 55 (]| (567 = 340 )+ (a0 — L

1

i <‘5“d‘3“'d’ - ‘5““'5"”">] } L (@)a(IT Gy (1x)a(0)0) + - -

3 32

where we inserted

g (x)L,Gp (vx)g” (0)

1 ! L 1 ! /
>3 <6“b5“ br— 55“" 5bb > g(x)T';G,,(vx)q(0).  (26)

As is seen, there appear matrix elements such as
(r(9)1g(x)I';q(0)|0) and (¢(q)|g(x)I';G,, (vx)4(0)[0), rep-
resenting the nonperturbative contributions. These matrix
elements can be expressed in terms of photon DAs and
wave functions with definite twists, whose expressions are
given in Appendix A. The QCD representation of the
correlation function is obtained by using Egs. (13)—(26).
Then, the Fourier transformation is applied to transfer
expressions in x-space to the momentum space.

The sum rule for the magnetic dipole moment are
obtained by matching the expressions of the correlation
function in terms of QCD parameters and its expression in
|

3m?

_ b
2567
_my{giG?) (e

92162%
_my{giG?)
14745675
my(g:G?)
29491275
_my{gG?)
29491275

m;,

98304 7°

_ mymi(aq)

384M83 7t
2/ 22\ /7

_ mymg(g5G*)(qq)
36864M°7*

IT;

(ew — ea)(16N[1.3.1] = M?NJ[1,3,2))

(e, — eq)(16m3 FIP[—1,2,0] — 8m2 FIP[0,2,0] + FIP[1,2.0]).

(25)

|

terms of the hadronic parameters, using their spectral
representation. To eliminate the contributions of the excited
and continuum states in the spectral representation of the
correlation function, a double Borel transformation with
respect to the variables p? and (p + ¢)? is applied. After the
transformation, these contributions are exponentially sup-
pressed. Eventually, we choose the structure (e.p)(p,q, —
q,p,) for the magnetic dipole moment and obtain

méb/M2

— [ + 11, (27)

(28)

The explicit forms of the functions that appear in the
above sum rules are given as follows:

(eu = ) {32N[3.3.0] = 2MN[3,3.1] = 16m,N[3.4.1] + m,M°N[3.4.2]}
— eq)(=M>N[1,1,0] + 2m,N[1,2,0])

(2m,M>N[1,2, 1] + z*(gq)(16N[1,2,1] + 5N|1,2,2]))

(e, — eq)(128N[2,2,0] — 8(2m3 + M*)N|[2,2,1] + m3M>N|2,2,2])
(e, — €)(16({3G*) — 1927°m;,(qq))N|2,3. 1] + M>(13(g7G?) — 9607 m;,(3q) )N 2.3, 2]

(e, + €4)(64mSFIP[~3,4,0] — 48m* FIP[~2,4,0] + 12m2FIP[~1,4,0] — FIP[0.4,0))

(29)

014010-5



U. OZDEM and K. AZIZI PHYS. REV. D 97, 014010 (2018)

mb<gsG2>< >

I, = 35023110 52 (e, — eq)(m§ — M*)I5[h,)(4m3FINP[0, 1,0] — FINP[-1,1,0])
mym <gs G2>< >
100368M10 (e, — eg)Ish,)(4m} FINP[2,1,1] — FINP[3,1,1])
f3mi(5:G*)(qq) a ,
_ 3;1(;)5921\410 [~ (de, — ey (ug) + 2e405[w"]|(16m3 FINP[1,2,1] — 8m?FINP[2,2,1] + FINP[3,2, 1))
GZ
_ il 1>2< x 99) (80, — 5e,)(Alu) + 815 [h,])(16m FINP[2,3,2] — 8Sm2FINP[3,3,2] + FINP[4,3,2])
995328 M
= \2
my(gq
W (8ey — 5eq)[=(9:G*) (—(SmG — 2M?)A(ug) — 2miyM> @, (uo)) — 8{=5m5(g;G*) + 2(M*(g;G?)
+ 432m3miM?)15[h,]}|(16m; FINP[0,3, 1] — 8m} FINP[1,3,1] + FINP[2,3,1])
my, - a
t 16588301077 [(ew = €a) f3, (TM?*{(g;G?) — 5762 my,(qq) (mg — M?) )y (uo)
+ 727%(qq)* (mG — M?)(=2e,0[S] + e,(315[T 1] = 31,[T5] = 51,[S]))]
x (—64m$FINP[3,4,0] + 48m} FINP[2,4,0] — 12m3FINP[1,4,0] + FINP[0,4,0])
mymg(4q) _ < <
- m [—=8(e, — eq)my,f3,w (ug) — (qq)(=2e,0,[S] + e4(30,[T ] = 31,[T,] — 51,[S]))]
x (64m§FINP[—1,4,1] — 48m}FINP[0,4, 1] + 12m}FINP[1,4,1] — FINP[2,4,1])
<‘_1‘1> 5~
— T [($2G*){2e,(-3M*(16m?} FINP[1,3,0] — 8m2FINP|0,3,0] + FINP[-1,3,0
—322%my,(gq) (5m} — 4M?)(16m} FINP[2,3,0] — 8m2FINP[1,3,0] + FINP[0,3,0]))
+ e4(407%my,(qq) (5m} — 4M?)(16m} FINP[2,3,0] — 8m2FINP[1,3,0] + FINP[0,3,0])
+ 3M*(—48mSFINP[2,3,0] + 56m} FINP[1,3,0] — 19m3 FINP[0, 3,0] + 2FINP[-1,3,0])) }A(u)
+ 8my{—4(8e, — Seq)w* My (5;G*){(aq) (mg — M*)p, (o) — 3(40e, — 43e4)m,M*(g;G*)
+8(8e, — Seq)n*(5:G*)(aq) (Sm — M?) — 432(e,, — eq)w*myM?(Gq) (m — 4M?) } 5[, ]
x (16m}FINP[2,3,0] — 8m}FINP[1,3,0] + FINP|0,3,0]), (30)
9 4
I, — “T’ZQ (e, — e4){32N[3.3,0] — 2M2N[3,3,1] — 16m,N[3,4, 1] + m,M>N[3,4,2]}
T
3
~ Sy (eu = €a) ((G3G?) + 487y (q)) (16N[2.3. 1] + SMN[2.3.2)
mymg(qq)
— m (e, — e4)(64mSAFIP[-3,4,0] — 48m}FIP[-2,4,0] + 12m} FIP[-1,4,0] + FIP[0,4,0]),  (31)
T
and

2/ .22\ /5
my(g;G*){(qq)
S AL P T
4= " hogo1ags eul=3N1S]
3mb<qQ> ( _
6dnt
3mbf37

1287*
mym;(qq)* 6 .
- W (eu - ed)13 [hy](64mhFlNP[O, 3, 1] - 48melNP[1, 3, 1} + FZNP[Q,, 3, 1])
_ mim%fay@qy
1536M 072

—214[S)) + e, (3L,[S] + 21,[S])](M2N[1,2,2] — 8N[1,2.,1])

eq)I3[h,)(M2N[2,3.2] — 8N[2,3.1])

(ew + ea)w (1) (M?N[3.3.2] - 8N[3.3. 1])

(e, — eq)y(uo) (64mSFINP[—1,4, 1]
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—48FINP|0,4,1] + 12m}FINP[1,4,1] — FINP[2,4,1])
myfs )
m("u + ) [(-M*{2G?) — 487’ my,(qq) (m§ — M?) )y (uy)]
x (~64m§FINP[3,4,0] + 48m} FINP[2,4,0] — 12m}FINP[1,4,0] + FINP[0,4,0])
my(qq)
— TTsoap07 (€0 — €)(=MGG?) = 48 my (aq) (m = M2)) L3 h, |
x (=16m}FINP[2,3,0] — 8m2FINP[1,3,0] + FINP[0,3,0]), (32)

where, m; is the mass of the b quark, e, is the
corresponding electric charge, y is the magnetic suscep-
tibility of the quark condensate, m§ = (390,;,G?q)/
(Gq), (gq) and (g?G?) are quark and gluon condensates,
respectively.

The functions N(n,m, k], FIP[n,m, k|, FINP[n,m,k|,
I,[A], I,[A], and I3[ A] are defined as:

e~/ 2(t+1)
n m, k / dt/ dt ) ,

—12/¢ln )m
Fan m, k / ds/ dl————————— )2¢k s

—lz/ﬂln )m
FINP[n,m, k| = / ds/ dl————— )ﬂk ,

/ /dvAa a,, a,)

x 8(a, + va, — ug),

1
:/Dai/ dvAlag, a,, a,)
0

x 8(az + vay, — ug),

LAl = A L duA(w), (33)
where

B = 4IM* — 16m2 M2,
¢ = 8IM? — 32m2M>.

The functions I1; and I15 indicate the case that one of the
quark propagators enters the perturbative interaction with
the photon and the remaining three propagators are taken as
full propagators. The functions Il, and IlI; show the
contributions that one of the light quark propagators enters
the nonperturbative interaction with the photon and the
remaining three propagators are taken as full propagators.
The reader can find some details about the calculations
such as Fourier and Borel transformations as well as
continuum subtraction in Appendix C of Ref. [49].

[

As we already mentioned, the calculations have been
done in the fixed-point gauge, x,A* = 0, for simplicity. In
order to show whether our results are gauge invariant or not
we examine the Lorentz gauge, d,A* = 0. In this gauge,
the electromagnetic vector potential is written as

A (x) = eﬂe_i"'x, (34)

with g,¢ = 0. In this gauge, the corresponding gauge
invariant electromagnetic field strength tensor is written as

Fu, = i(e,q, — que,)e”'". (35)
We repeat all the calculations in this gauge and find the
same results for the magnetic dipole moment of the state

under consideration. Therefore the results obtained in the
present study are gauge invariant.

III. NUMERICAL ANALYSIS
AND CONCLUSION

In this section, we numerically analyze the results of
calculations for magnetic dipole moment of the Z, state.
We use mz, =10607.2-£2MeV, n,(m;)=(4.18505) GeV
[501, f3, = —0.0039 GeV?[46], (7¢)(1 GeV) = (-0.24 +
0.01)° GeV® [51], m3=0.8+0.1 GeV?, ($2G?) =
0.88 GeV* [8], and y(1 GeV) = -2.85+0.5 GeV~?
[52]. To evaluate a numerical prediction for the magnetic
moment, we need also specify the values of the residue of the
Z,, state. The residue is obtained from the mass sum rule as
Az, =my fz withf; = (2.791022) x 1072 GeV* [19] for
diquark-antidiquark picture and 4z, = 0.27 £+ 0.07 GeV>
[23] for molecular picture. The parameters used in the photon
DAs are given in Appendix A, as well.

The estimations for the magnetic dipole moment of
the Z, state depend on two auxiliary parameters; the
continuum threshold s, and Borel mass parameter M?>.
The continuum threshold is not completely an arbitrary
parameter, and there are some physical restrictions for it.
The s, signals the scale at which, the excited states
and continuum start to contribute to the correlation
function. The working interval for this parameter is
chosen such that the maximum pole contribution is
acquired and the results relatively weakly depend on
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FIG. 1. The dependence of the magnetic moment for Z,, state;
on the Borel parameter squared M? at different fixed values of the
continuum threshold.

its choices. Our numerical calculations lead to the
interval [119-128] GeV? for this parameter. The Borel
parameter can vary in the interval that the results weakly
depend on it according to the standard prescriptions. The
upper bound of it is found demanding the maximum pole
contributions and its lower bound is found the conver-
gence of the operator product expansion and exceeding
of the perturbative part over nonperturbative contribu-
tions. Under these constraints, the working region of the
Borel parameter is determined as 15 GeV? < M? <
17 GeV2.

In Fig. 1, we plot the dependency of the magnetic
dipole moment of the Z, state on M? at different fixed
values of the continuum threshold. From the figure we
observe that the results considerably depend on the
variations of the Borel parameter. The magnetic dipole
moment is stable under variation of s, in its working
region. In Fig. 2, we show the contributions of I1;, I1,,
I15, and T1; functions to the results obtained at average
value of s, with respect to the Borel mass parameter. It
is clear that IT; is dominant in the results obtained when

3.5 T T T -

U, [uy]-Diquark-antidiquark
=)
W
I
l

S
o

5 155 16 16,5 17
M’[GeV’]
(a)
3.5F T 1 l =
3
L 25
=
b5
g 2
15
=
= 1
S'N [ .
0.5 .
. N
05 | L |
s 155 16 16,5 17
M’[GeV’]
(b)

FIG. 2. Comparison of the contributions to the magnetic
moment with respect to M2 at average value of s.

using diquark-antidiquark current but Il; is dominant
while using the molecular current. The contribution
of the I, and Il functions seems to be almost zero.
When the results are analyzed in detail, almost
(95-97)% of the total contribution comes from the
perturbative part and the remaining (3—-5)% belongs to
the nonperturbative contributions.

Our predictions on the numerical value of the magnetic
dipole moment in both pictures are presented in Table I.
The errors in the results come from the variations in the
calculations of the working regions of M? and from the
uncertainties in the values of the input parameters as well as
the photon DAs. We shall remark that the main source of

TABLE I. Results of the magnetic moment (in units of y) for
Z,, state.

Picture luz,|
Diquark-antidiquark 1.73 £0.63
Molecule 1.59 £0.58
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uncertainties is the variations with respect to variations
of M?.

In conclusion, we have computed the magnetic dipole
moment of the Z,(10610) by modeling it as the diquark-
antidiquark and molecule states. In our calculations we
have employed the light-cone QCD sum rule in electro-
magnetic background field. Although the central values
of the magnetic dipole moment obtained via two
pictures differ slightly from each other but they are
consistent within the errors. In Ref. [19], both the
spectroscopic parameters and some of the strong decays
of the Z, state have been studied using diquark-anti-
diquark interpolating current. Although the obtained
mass in [19] is in agreement with the experimental
data, the result obtained for the width of Z, in the
diquark-antidiquark picture in [19] differ considerably
from the experimental data. They suggested, as a result,
that the Z, state may not have a pure diquark-anti-
diquark structure. When we combine the obtained results
in the present study with those of the predictions on the
mass obtained via both pictures in the literature and
those result obtained for the width of Z, in Ref. [19] we
conclude that both pictures can be considered for the
internal structure of Z,. May be a mixed current will be
a better choice for interpolating this particle. More
theoretical and experimental studies are still needed to
be performed in this respect.

Finally, the magnetic dipole moment encodes impor-
tant information about the inner structure of particles
|

and their geometric shape. The results obtained for the
magnetic dipole moment of Z, state in both the diquark-
antidiquark and molecule pictures, within a factor 2, are
of the same order of magnitude as the proton’s magnetic
moment and not such small that it appears hopeless to
try to measure the value of the magnetic dipole moment
of this state. By the recent progresses in the exper-
imental side, we hope that we can measure the multipole
moments of the newly founded exotic states, especially
the Z, particle in future. Comparison of any exper-
imental data on the magnetic dipole moment of Z; will
be useful to gain exact knowledge on its quark organ-
izations and will help us in the course of undestanding
the structures of the newly observed exotic states and
their quantum chromodynamics.

ACKNOWLEDGMENTS

This work has been supported by the Scientific and
Technological Research Council of Turkey (TUBITAK)
under the Grant No. 115F183.

APPENDIX: PHOTON DAS AND
WAVE FUNCTIONS

In this appendix, we present the definitions of
the matrix elements of the forms (y(q)|g(x)[';q(0)|0)
and (y(q)|g(x)I';G,,¢(0)|0) in terms of the photon DAs
and wave functions [46],

r(@)1a(0)7,a(0)[0) = e, (—q—) [ auetrsye

qx

_ 1 o
(r(@)|a(x)y,r5q(0)[0) =——e,f3,€mape’q"X | due™y(u)
4 0

X2
(13170 0)0) =ie, (aa) ey, ~era,) [ due™ (x¢y<u>+—A<u>>

i _

16

£x 1 .
- —-q,— due™*h,
)-su(ema )| [ duemen,w

(r(9)13(x)9,G, (vx)q(0)|0) = —ie(qq) (£,9, — €.4,) / Dae' %1245 S (a;)

(H(@)[2(0)95G o (22)i75q(0)]0) = —ie, {Gq) (eud — €14, / Dayeitert19)0:3(q,)

<y(q>|El(x)gs(~;/w(vx)yay5q(o)|0> = eqf3yqa(8ﬂqu _8vql4) /Daiei<aq+m){g)qx~’4(ai)

<7(Q) |L_](X)gsGﬂb(UX) lyglq(o) |0> = eqf3}/qa(8;tqp - Sl/qﬂ) /Daiei(a‘-?Jrvag)qu(ai)

(r(9)|2(5)04p9,G . (v)q(0)[0) _eq@@{ Kgﬂ_qﬂ_> (

1
Yo~ (anu + qyxa) qp
qx

£X 1 £X 1
- gﬂ - Qﬂa gﬂl/ - 5 (Qﬁxv + quxﬂ) Ga—\ €v— QDE g(lﬂ _5 (q(l'x}l + qlzxa) q[f
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+ (8” )(9/5/4__ 9pXut 4up )%} /Daiei(aﬁwﬂ)"le(ai)
qx
+K ex)( s )> ( ex)( 1( N ))
Eqa—Ya g ——qx qx Ea—{q g5——(q,x qsx, q
) \ 9w wXptdp o) \ 9= (@ ap,
ex
- Sﬁ—qﬂ* Gua = q (@)Xt qaXy) |4
+ <8ﬁ qu—> (gm qyx + X, )q#:| /Dae agtvay)gx ( )

(q/l —q,X )( Eadp—Epqq /’Dae agtvay) qx T ( )

1
q
1 ; ,
+— (qa-xﬂ - Qﬂxa) (Sﬂ%/ - 8l/qﬂ) /Daiel(aq+ulg)qx7-4(ai) } s

qx

where ¢, (u) is the leading twist-2, y" (u), w*(u), A(a;), and V(q;), are the twist-3, and £, (), A(u), S(a;), S(), Ty (@),
T5(a;), T3(a;), and T 4(«;) are the twist-4 photon DAs. The measure Dq; is defined as

1 1 1
/Dai=A da[—]A daq/o dad(l —az —a, —a,).

The expressions of the DAs entering into the above matrix elements are defined as:

@, (1) = 6uii(1 + gy () C (1 — ),

w'(u) =30BQ2u—-1)>-1)+ 634(15w =5w)(3-302u—1)*4+35(2u—1)*),
9 3

vt = (1= Qu= 0P 5Ca- 1= 03 (14 ot - ).

h (1) = —10(1 + 2k ) Cy(u — @),

A(u) = 40u?u? 3k — k" 4+ 1) +8(&5 — 38, [uit(2 4 13uit) 4+ 2u (10 — 15u + 6u?) In(u) + 20 (10 — 158 + 6% ) In(ir)],

Ala;) =360a,a;a7 (1 +wy ; (T, — 3)) ,

V() = )

Ti(a) = )ag —ag)aza,ay,

TZ(al) 30a ( aq)((K K ) (Z:l _z:;r)(l _zag) +4,2(3 _4ag))’
)
(

T5(a;) = —120(38, — &3 ) (ag — ) aza,a

) g 97979
Ta(ai) = 30ag(ag — ) ((k + &%) + (C1 +£F)(1 - 2a,) + (3 — 4ay)),
Sla;) = 30ag{(k +x") (1= ay) + (§1 + L) (1 —ay)(1 = 2a,) + $[3(ag — a,)* —ay(1 — )]}
S(ar) = =30a2{ (k= k") (1 = ay) + (61 = &) (1 = @) (1 = 2a,) + G [3(a = ag)* — @y (1 — )]}

Numerical values of parameters used in DAs are ¢,(1 GeV) =0, w) =3.8+ 1.8, w) = -2.1+£1.0,x =02, =0,
£1=04,4,=03
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