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ARTICLE INFO ABSTRACT

Editor: A. Schwenk To elucidate the internal structure of exotic states is one of the central purposes of hadron physics. Motivated by
this, we study the electromagnetic properties of D&/, D®A,, DA, and D™E, pentaquarks without strange,
with strange and with double strange through QCD light-cone sum rules. We have also evaluated electric
quadrupole and magnetic octupole moments of the D*E/, D*A,, D*A, and D*E, pentaquarks. The magnetic
Molecular picture dipole moment is the leading-order response of a bound system to a soft external magnetic field. Thus, it ensures
Hidden-charm pentaquarks a prominent platform for the examination of the internal organizations of hadrons governed by the quark-
QCD light-cone sum rules gluon dynamics of QCD. We look forward to the present study stimulating the interest of experimentalists in
investigating the electromagnetic properties of the hidden-charm pentaquarks.
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1. Introduction

Although it was suggested long ago that non-conventional states other than standard hadrons might exist, the experimental evidence of these
states was taken to a new level in 2003 with the Belle Collaboration observation of the X(3872) particle [1]. Since then a series of states beyond the
non-conventional states have been discovered. Most of those are potentially exotic states such as tetraquarks, pentaquarks, hybrid mesons, glueballs,
and so on. The exploration of exotic states, particularly how the quarks are grouped inside (i.e., molecular or compact configuration) plays an
important role in the comprehension of the behavior of the low-energy QCD. Therefore, investigating the properties of these states and shedding
light on their nature is one of the most active areas of research in both experimental and theoretical hadron physics [2-17].

In 2015, the LHCb Collaboration reported two resonance states, P,(4380) and P,(4450), in the J/y p invariant mass distribution of the A, —
J/wpK decay [18]. In 2019, the LHCb Collaboration updated the observations in the A, —» J/w pK process by using more data [19], they not
only discovered a new narrow pentaquark state, P,(4312), but also found that the P,(4450) consists of two narrow overlapping peaks, P.(4440), and
P.(4457). In 2020, the LHCb collaboration reported evidence of a hidden-charm pentaquark candidate, P, (4459), in the invariant mass spectrum
of J/wA in the Eg — J/wAK~ decay [20]. In 2021, the LHCb Collaboration reported evidence for a new pentaquark candidate, P,(4337), in B, —
J /w pp decays [21]. Recently, the LHCb Collaboration announced the observed a new pentaquark state, P, (4338), in the J/yA mass distribution
in the B~ — J /w A~ p decays [22]. The masses, widths, and minimal valence quark contents of hidden-charm pentaquarks are presented in Table 1.
Systematical research on their nature and inner structure can progress our comprehension of the non-perturbative behaviors of strong interaction.
Therefore, a great deal of theoretical effort has been devoted to figuring out the nature of the hidden-charm pentaquarks [23-72].

The discovery of pentaquarks in the J /y p system at LHCb opened a new era of examination in hadron spectroscopy. Although mass spectra, decay
behavior, and production mechanisms of pentaquarks have attracted much attention on both the theoretical and experimental sides, examination of
the electromagnetic features of these states has not received plenty of attention [73-84]. The magnetic dipole moment is another intrinsic observable
of hadrons which may contain prominent data of its quark-gluon structure and underlying dynamics. Different magnetic dipole moments will affect
both the total and differential cross sections in the photo- or electro-production of pentaquarks. Therefore, such an investigation will deepen our
knowledge of pentaquarks and help us understand the underlying dynamics governing their formation. As expected, since the masses of these states
are slightly below or above the thresholds of the charmed meson-baryon pairs, the P,(4312), P,(4380), P,(4440), P.(4457), P,,(4459) and P, (4338)
have been assigned to be the DX, DZ:, D'z, D*Ej, D*E,, and DE,, respectively, have been found to be the charmed meson-baryon molecular
states according to several phenomenological analyses. Following the experimental observations of these hidden-charm pentaquarks, numerous
studies have begun to investigate other possible hidden-charm pentaquarks and their properties. Inspired by these studies and our previous work,
we focused on two possible questions: Can we calculate the magnetic dipole moments of other possible hidden-charm pentaquarks in the molecular
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Table 1

The masses, widths, and minimal valence quark contents of hidden-charm pentaquarks.
State Mass (MeV) Width (MeV) Content
P,(4380)* 4380+ 8+29 215+ 18 + 86 uudcé
P.(4312)* 4311.9+0.7 *6% 9.8+£27 47 uudcé
P,(4440)* 44403+ 13 140 206£4.9 7 uudee
P,(4457)* 44573 +0.6 7} 642047 uudeé
P,,(4459)° 4458.8 2.9 T 17365+ udsce
P,(4337)* 4337742 29 126+ uudcé
P, (4338)° 4338.2+0.7+0.4 70+£12+13 udscé

structure? And what are the electromagnetic properties of other possible molecular hidden-charm pentaquarks with and without strangeness?
Motivated by these questions, we investigate the magnetic dipole moment of possible D&/, DA, D{”A,, and D{"E, hidden-charm pentaquarks
without strange, with strange and with double strange. We would like to point out that there are other possible hidden-charm pentaquarks besides
the ones we have examined in this study, but we cannot calculate the magnetic dipole moments of these possible hidden-charm pentaquarks because
both the mass and the residue values have not yet been calculated. If these values are calculated in the future, we may be able to calculate the
magnetic dipole moments of other possible hidden-charm pentaquarks. Since the magnetic dipole moments belong to the non-perturbative domain
of the QCD, we need non-perturbative methods to be able to perform the calculations of these parameters. The QCD light-cone sum rule is one of the
powerful methods developed to calculate non-perturbative effects. In this technique, a proper correlation function is computed concerning hadronic
parameters and their magnetic dipole moment on one side and quark-gluon degrees of freedom and distribution amplitudes of the on-shell photon
on the other side. The distribution amplitudes of photon are expressed concerning functions of different twists. Then, continuum subtraction and
Borel transform procedures provided by the quark-hadron duality ansatz are carried out to remove the contributions coming from the higher states
and continuum. By equating the results acquired in two different regions, the related sum rules for the magnetic dipole moment of the hadrons are
obtained [85-87].

This paper is organized as follows. We introduce our theoretical framework in Sec. 2 and the corresponding numerical results and discussions in
Sec. 3. Finally, a summary is given in Sec. 4. The analytical expressions acquired for the magnetic dipole moment of the DE/ pentaquark state are
given in the Appendix.

2. The QCD light-cone sum rules for hidden-charm pentaquarks

2.1. Formalism of the spin—% pentaquarks

The correlation function required to perform magnetic dipole moment analysis of the spin-1/2 pentaquarks (hereafter PC'E/ %) is given in the
following form:
. 1/2 _pl/2
N(p.q)=i / d4xe”""(0|T{JPcc' (o) Pt (0)} 10y, , 6))

where ¢ is the momentum of the photon, sub-indice y is the external electromagnetic field, and J(x) stand for the interpolating currents of the PCIC,/ 2
states. The corresponding interpolating currents are given by

1 = =_ T
I ==={1020) | 572) | = == { [ irsut (0] [ (0Cr, " e ()]
\/5 c c \/— H

L
2
~ [e@irsa? o [eu” (x)Cr, 5" rrse )] }

J2(x)=| D°AF) = { (64 (opiysud (0)] [e™eu” (x)Cysdt(x)e ()] } ,

J3(x) = DAYy = { [Ed(x)iy5dd(x)] [e"bcu“T (x)Cysdb(x)cC(x)] } R

JHx) = D;ES) = { [c‘d (X)iyss? (x)] [gabcd”T(x)CyS sb(x)cc(x)] } R

J(x) =] DAYy = { [c‘d(x)[yS sd(x)] [e"bcu“T (x)CySdb(x)cC(x)] } , 2)
where u(x), d(x), s(x) and c(x) being quark fields, a, b, ¢ and d stand for color indices; and the C denotes the charge conjugation operator.

On the QCD side, we contract the relevant quark operators in the correlation function at the quark-gluon level with the help of Wick’s theorem.
After these manipulations, the correlation function of the QCD side is obtained in terms of the light and heavy-quark propagators, and distribution
amplitudes (DAs) of the photon. For example, in the case of the state DEQ , the result of the contractions is obtained as follows

A / atx e (0 | { e sS04 rsSE 4 (=0 Te [, % Gor, 347 ()
= Tr[rs S0 (0, 5 (07,52 (rsSE ()]
= Tr[rs53 r, % (0, S rs S (-

e [r5S37 s S840 Te 1, 527 9, 52 0] (158 s ) 10), ®
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where Ezq)(x) = CSZZ)(x)C and, S,(x) and S,(x) denote the charm and light-quark propagators. The explicit expressions of these terms can be
written as [88,89]

_ 1 . x my (qq) .qu (qq) ) .qu igg v
$i09= 5505 -7) -5 (1)~ Tomi (1275 ) - 5w O [t + ], @
m2 K1<mc —x2) 9€K2<mc\/—x2) am ! K, (m, —x2)
S.(x)= 02 +i - = ; /dUG”V(Ux) (o‘lwx+)f0'ﬂv)
4z V—x2 (V=x2)2 167 " —x2

+26”VK0(mC \/—_xz)] , 5)

where (gq) stands for light-quark condensate, G#¥ denotes the gluon field strength tensor, v is line variable, and K;’s are modified Bessel functions
of the second kind.

The correlation function in Eq. (3) receives different contributions: perturbative, i.e., when a photon interacts perturbatively with quark prop-
agators, and nonperturbative, i.e., photon interacts with light quarks at a large distance, contributions. Details of this procedure applied to obtain
the expression of perturbative and non-perturbative contributions are given in Refs. [82,90]. With this procedure, the calculation of the QCD side
of the correlation function is completed.

To obtain the second representation of the correlation function, the hadronic side, we isolate the ground state contributions from pentaquarks
with spin-parity J¥ = 1/2~, and acquire the hadronic side,

\/2 1/2 1/2 7p/?
O T < ) | Pl (. 9)) (P (p+q.9) |7« (0)]0)
mHed (p, q) = = (PL(p.5) | Pl (p+q.5)), — +o (6)
(P =n, ] ((p+a)?-m?, ]
PL‘E PCE
where dots represent the contributions of excited states and continuum.
The matrix elements in the above equation are given in terms of hadronic parameters and form factors:
172
O1 7% ) | P2 (0.9)) =4 1275 u(p. 9), %)
1/2 =pl/2 _
(PL(p+a,9)1 T (0)]0) =4 127550 +4,9), ®
12 12 _ 2p+4q)
PLGS I PL G+ q.9), = 1.9 [FieD) + Fa@)]r,, + Fz(qz)Tl/zﬂ] u(p+4q.s). ©
Pl
Then Egs. (7)-(9) are inserted in the Eq. (6), we get the following result for the hadronic side of the correlation function,
(ﬁ+mP1/2> @ (15+¢1+m 1/2)
! p+q) P/
HHad ) :AZ cé “|IF, 2 +F 2 +F 2 H [ . 10
R o 1/2]8 [F1(@®) + Fy(@))]r, + B@) 2 |7 orar—n ] (10)
p!/ cc P
In obtaining the above analytical expression, summation over spins of Pclz/ 2
Y ulp, $)(p,s) = p+m 12, an
- cc
Zu(p+q,s)u(p+q,s)=(ﬁ+¢j)+mP1_/z, (12)
- cc
were also carried out.
The magnetic dipole form factor, F,,(¢%), is written with respect to the F;(¢?) and F,(¢%) form factor at different ¢*:
Fy (@)= Fi(@) + Fy(@). 13)
In case of on-shell photon, i.e. > =0, the magnetic dipole form factor is proportional to the magnetic dipole moment x pl/2°
Hpis2 = 5—— Fy(q® =0). 14
P 2m

cc
The QCD light-cone sum rules for the magnetic dipole moments of the spin-1/2 pentaquarks are extracted by equating the coefficients of the
structure #4 from the hadronic and QCD sides of the correlation function. To remove the effects coming from the higher states and continuum, Borel
transformation as well as continuum subtraction provided by the quark-hadron duality approximation are used. When all the above-mentioned
procedures are performed, the following results are obtained for the magnetic dipole moments:

m? m2
My A%ml =eM_12 AIQCD(MQ,SO), Uy A§m2=eM_22 AZQCD(Mz,so),
w2 n?
pz Wmy = em? ASCP(M?, 5), py A2my =em? AP(M2 s,
m
ps 22 ms = em? ACCP (M2 s), 15)

where y;, m;, and /; are magnetic dipole moment, mass, and residue of the related pentaquarks. As an example, only the explicit expressions of the
AIQCD (M2, 5,) function are given in the appendix, the rest of the AiQCD (M?,s,) expressions are in similar forms.

3
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2.2. Formalism of the spin-% pentaquarks

3/2

For the magnetic dipole moment of spin-3/2 pentaquarks (here after P,/”) needed correlation function is introduced as

) P32 P32
I, (p.q) = i/d“xe'”"‘(OlT { 9, 0J, o (0)} 0), . 1e6)
The 1nterpolat1ng currents used in the magnetic dipole moment analyses of P/ 3/2 pentaquarks are written as follows:
Jlxy=——={ | D80 — | D8+ = — [c'd(x)y ud(x)] [éabcd"T(x)Cyasb(x)y“yscc(x)]
" V2 { ¢ ¢ } NG { H

—-[Ed(x)y”dd(x)][e”bcu“T(x)(fyasb(x)y“yscc(x)]},
Ja(0)=| D*A}) = { 69, u (0] [ u” (x)Cysd?(x)e ()] } ,
Ja)=| D*"A}) = { [¢9 ()7, d? (0] [e™u" (x)Crsd® (et ()] }
740 = D78 = { [ o 0] [ ()Crsst et 0] |
7300 = DA ={ [, )] [eeu” (s ()] } a”

In this part of our analysis, our goal is to get the correlation function with the quark-gluon parameters and photon DAs. As an example for the
D*E] state, if we repeat the steps used in the analysis of spin-1/2 pentaquarks, we obtain the following result:

M08 ) = Seebee [ x>0 { Te]y, 524 o, 524 (0| Tl 52 00y S 0]
= T[S0 (0 S (0S4 (0, ST =) = T, 58 (o 527 o 52 ey, 24 (=)

e[, S84 (o, S 0| Te 1,5 s 52 0] (v 7585 orsy” ) 10), as)

As a result of these procedures, the analysis of the QCD side of the correlation function for spin-3/2 pentaquarks is completed.
Our next task is to obtain the relevant correlation function based on hadronic parameters. It is written as follows,
p’ 3/2 3/2 P
0lJ, o XN P P9) | 5 32 (P (p+g,91, e (0)|0)

e (p gy = (P10, 5) | P10+ q.9)), 19
" P> =m2 ] T +R-m 3,21

cc

/

In the above equation, the matrix elements of the interpolating current between the P3 2 pentaquark state and the vacuum are given as:

‘4
011, (1 PL(0,9) = Ao, (5. 9),
3/2 P _
(BLp+a.9) 11, ©10)=4,00,(p+4.9). 20)

where the 1 P2 and u,(p,s) (u,(p + g, 5)) are the residue and spinors of the PSE/ 2 pentaquarks, respectively. To further simplify, the summation over

the spin of the Rarita-Schwinger spinor for the spin-3/2 pentaquarks is given:

_ 1 2p,py  Puty =Dy
X w090, 0. = =(p+my5 ) [0 = 5707, - — T ] @1
§ Pz,/2 cc
The transition matrix element (P3/ 2(p) | P3/ 2 (p+¢q)), entering Eq. (19) can be introduced as [91-94]:
_ 1 ud
(P, )| PP (p+4,5), =—eit, (p,s) | Fy(@)gf — [ Fa@)g0 + Fala SR L, Py
2m 3 2m 3/2 )2
+&m> P%%4w@+m& (22)
where F;’s are the Lorentz invariant form factors. Inserting Egs. (20)-(22) into Eq. (19) for hadronic side we get
in ( p+m 3/2)
Had Pcc/ 1 2[7”[7\/ pyyv _pvyy
I, (p.q) =~ > 5 g = xVulv— 5t
[(p+9) —mP3!2][p —mP3/2] 3 3m P2 3mP35/2
Rt = g | P8+ i) D+ 5@ o @3)
14q guv P 2(q guv 4\q ( )2 (2 )2 M v

cé CC
The above correlation function contains numerous Lorentz structures, not all of which are independent and this correlation function also includes
spin-1/2 contributions. For our calculations to be more reliable, we need to get rid of these two problems. We can do this by choosing a specific
ordering for gamma matrices such as y, p¢fy, and abolish terms with y, at the beginning, y, at the end and those proportional to p, and p, [95].

4
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Table 2
Working intervals of s, and M? as well as the PC and OPE convergence for the magnetic dipole moments of
pentaquarks without strange, with strange, and with double strange.

State 50 (GeV?) M? (GeV?) PC (%) OPE (%)
DEL 23.5-255 45-6.5 30-55 2.8
DA[ 23.6-25.6 45-65 31-56 29
D, 24.4-264 46-66 3057 28
[)SA( 23.8-25.8 4.6 -6.6 32-57 2.5
D*EZ 24.7-26.7 4.6 -6.6 31-54 2.8
D*A, 249-269 4.6-6.6 31-58 29
[)’:EC 25.5-27.5 4.7-6.7 30 -56 2.7
DjAc 24.0 -26.0 45-6.5 31-57 2.7

After these algebraic manipulations, both spin-1/2 contributions are eliminated and all Lorentz structures become independent, and the final form
of the hadronic side of the correlation function becomes the following form:

/12
vl F(g%)
l-lHad — cc F 2y _ F 2y_ 3
v (Pq) P, =] [g,,v#d 147 =mpn g, fd Foa”) rrege 4,9,#4

r pl ¢

Fy(q®)

- 43 (e-p)a,q,pd+ - | G
4mP3/2

23

The magnetic dipole form factor, G,,(¢%), of spin-3/2 pentaquarks can be written in terms of F;(¢%) form factors as follows: [91-94]:

4 2
G (@) =F1(¢") + Fy(g))(1 + 57) = SIF3(a") + Fy(g)]e(1 + ), (25)
where 7 = — m‘f . At the static limit, i.e. ¢°> = 0, the magnetic dipole moment is achieved in connection with the form factors as:
P3!2
Gy(q* =0)= Fi(¢* =0) + Fy(¢* =0). (26)

The magnetic dipole moment of the spin-3/2 pentaquark state, (u P2 ), is defined in the following way:

e

Hp32 = [Fi(> =0)+ Fy(¢” = 0)]. @7

2m PS /2

[23

We have obtained the analytical expressions for both PCIE/ % and Pfc./ 2 pentaquarks. The next step in the calculations will be to perform numerical

calculations of the analytical expressions obtained for the pentaquarks under investigation.

3. Numerical results

The QCD light-cone sum rules for electromagnetic properties of pentaquarks without strange, with strange, and with double strange contain many
input parameters that we need their numerical values. Their numerical values are given as: m, =m,; =0, m, = 93.44_’?2 MeV, m, =1.27+0.02 GeV [96],
(85y = 0.8 (au) GeV? with (i) = (dd) = (=0.24 £ 0.01)* GeV? [97], m} =0.8 £0.1 GeV* [97], (¢?G?) = 0.88 GeV* [98], f3, = —0.0039 GeV* [99] and
7 =-2.85+0.5 GeV~2 [100]. To get numerical values for the electromagnetic multipole moments, we need to define the numerical values of the
mass and residue of the pentaquarks. The masses and residues of these pentaquarks are borrowed from Refs. [59,63]. Photon DAs and their input
parameters required for further analysis are taken from Ref. [99].

Predictions for electromagnetic properties extracted from the sum rules depend also on the Borel and continuum subtraction parameters M > and
so- There should be a working interval where the results obtained will not vary much according to these extra parameters. The choice of working
intervals for these extra parameters has to fulfill standard restrictions imposed on the pole contribution (PC) and convergence of the operator product
expansion (OPE). It is convenient to use the following equations to describe these restrictions:

A(M?,s0)
PC=——"—, (28)
A(M2, )
ADII’IIN(MZ’ SO)
OPE Convergence = ———— 29
A(M?, 50)

where ADimN(M 2.50) = ADIM(8+9+10) (M?,50). In the standard analysis of QCD light cone sum rules, pole contribution is expected to be over
the 50% for traditional hadrons. However, in multiquark states, this contribution is around PC > 20%, which is enough for a reliable analysis. To
be convinced of the convergence of the OPE, we expect that these contributions should be less than 5% of total calculations. The working regions
obtained for M? and s, as a result of these restrictions are given in Table 2 together with PC and convergence of OPE values for each state. It follows
from these values that the determined working regions for M? and s, meet the constraints coming from the dominance of PC and convergence of
the OPE. In Figs. 1 and 2, we also illustrate the dependence of the magnetic dipole moment of pentaquarks, on the Borel mass parameter, M? at
various values of s. It follows from these figures, that the variation of the respective magnetic dipole moments concerning M? is observed to be



U. Ozdem Physics Letters B 846 (2023) 138267

0 T T T 2.1 T | |
- - 1.8 i
r 2 ,
r ] 15 — 5,=23.6 GeV B
B _ 2 ,
=z T - = = ~ 5, =24.6 GeV 7
=T —5,=23.5 GeV 1 E L ase g 1
=< o3+ ) _ 3 09+ 0 -
T 5= 24.5 GeV = ,
i 5 1 06 -
0.4 = 80:25.5 GeV — OSSO |
L | 03 |
-0 I 1 I | L | L ()7 | | | i
15 5 55 6 6.5 45 s s . s
M’[GeV’] M[GeV’]
(a) (b)
2.1 T T T 20— | : : |
1.8 i s B
i T r 2 i
sk —5,=23.5 GeV’ ] o —5,=23.4 GeV h
i = g i B e = 2 4
’;é 12k T8y = 24.5 GeV B ;_é ol S 24.4 GeV ]
3 09f 15,7255 GeV’ i = ool = 5, =25.4GeV’ ]
N — N
) S —— il
o : ' L | o1 I I I L
45 5 55 6 6.5 48 52 5.6 6 6.4
M[GeV?] M{GeV]
(c) ()
2.17 T T T T —
1.8 |
B _ 2 _
15 —5,=23.8 GeV ]
B _ 2 _
2 12k 8, =24.8GeV B
= B _ 2 i
=5 09 = 5,=25.8 GeV B
S — ]
P I
o1 | | ! L
48 52 56 6 6.4
M’[GeV’]
(e)

Fig. 1. The magnetic dipole moments of spin-% pentaquarks versus M at three different values of s,; (a), (b), (c), (d) and (e) denote the DE/, D°AF, D~A, D;E0
and D; A} pentaquarks, respectively.

quite stable. When the variation of s, is examined, it is observed that the variation of the results according to this parameter is high, however, this
variation remains within the error limits of the method used.

Employing all the input parameters we give the final results for the magnetic and higher multipole moments of pentaquarks in Table 3. The
presented uncertainties in the results originated from the errors in the values of all the input parameters as well as those errors coming from the
calculations of the working regions for the extra parameters M2 and s,,.

In Ref. [84], the authors have studied the magnetic dipole moments of the DE/ and D*E! states in the framework of the constituent quark
model and they predicted magnetic dipole moments as —0.277 and —0.184 for the DZ/ and D*E] states, respectively. When the quark model results
are compared with the values obtained in this study, it is seen that the results are not compatible with each other. In Ref. [81], we obtained
magnetic dipole moments of the hidden-charm pentaquarks with quantum number J¥ = 1/2~ within the QCD light-cone sum rules. In the anal-
yses, the interpolating currents J'0(x), the light axialvector diquarks ([g(x)C7,q(x)]) combine with the heavy scalar diquarks ([g(x)Cysc(x)]) to
form a tetraquark with quantum number J” = 17, then this tetraquark couples with é-quark ([ysy#Cé(x)]) to form a hidden-charm pentaquarks
with quantum number J* = 1/2~, while in the interpolating currents J'!(x), the light axialvector diquarks ([g(x)Cr,,4(x)]) combine with the heavy
axialvector diquarks ([g(x)Cy*c(x)]) to form a tetraquark with quantum number J* = 0%, then this tetraquark couples with ¢-quark ([C&(x)]) to
form a hidden-charm pentaquarks with quantum number J¥ = 1/2~. As a result, in the calculations the axialvector-diquark-axialvector-diquark-
antiquark (P!!) and axialvector-diquark-scalar-diquark-antiquark (PC'L?) forms of interpolating currents have been used to obtain the magnetic
dipole moments of the hidden-charm pentaquarks without strange, with strange and with double strange. The results obtained are given as
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Fig. 2. The magnetic dipole moments of spin-% pentaquarks versus M? at three different values of s,; (a), (b), (c), (d) and (e) denote the D*E/, D**A¥, D*~A7,
D20 and D*~A} pentaquarks, respectively.

Table 3

The magnetic dipole moments of hidden-charm pentaquarks without strange, with strange, and with double
strange obtained by performing the QCD light-cone sum rules. For completeness, we have also presented
higher multipole moments, electric quadrupole (Q) and magnetic octupole (), of the D*EQ , D*A,, DjA[
and D8, pentaquarks.

Parameters D=/ DAY DAf D;=E! Dy A,
0.03 0.17 0.17 0.18 0.17
u(py) —-0.1 0:’0_03 0,44:’0_ 4 0'45t0,15 0.50:]_16 0.43:]_14
Parameters D*E! D*OAF DAY DrE° DA,
0.88 0.77 0.76 0.90 0.70
Ky 2.60%058 2249077 222407 2734090 1875070
-1 2 0.40 +0.60 +0.60 0.70 0.06
Q(x107") (fm?) 1.60*040 261709 2.5040 3114970 0.24%00
-3 3 0.05 0.04 0.04 0.04 0.03
O(x107?) (fm?) 0.32+005 011004 0.100%¢ 0.14700¢ 0.09*003
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_ 0.14 0.25 _ 0.26 0.25 0.47 0.57
follows: Mpu 043+01(> HN> Hpll = 060+022 N> Hpll =0.62 *_'022 N> Hpll = 070+02] N> Hplo = =1 39*’044 N> Hplo = =1 42*’050 UN
pplo = =1. 51+g i‘; HN> Hplo =-1. 92+g gg puy-. It is seen that the results obtalned for DOAJr D~ AY, DS‘EC and D A} states are consistent with

the ax1a1vector-d1quark-ax1alvector diquark-antiquark configurations within errors. However, it can easily be seen that there is a large discrepancy
with the results obtained using the axialvector-diquark-scalar-diquark-antiquark configuration. Using different models and configurations leads
to different predictions. Therefore, more theoretical investigation and experimental measurements are required to define the properties of these
hidden-charm pentaquarks. Comparing the magnetic dipole moment results obtained using different theoretical models with the values obtained in
this study may give an idea about the consistency of our estimations.

4. Summary and concluding remarks

Since the discovery of the hidden-charm pentaquarks P.(4380) and P.(4450) by the LHCb Collaboration in 2015, the study and elucidation of
pentaquarks, along with other pentaquark candidates discovered, has become an attractive subject in hadron physics. Inspired by this, we have
studied the electromagnetic properties of D®WE/, DWA,, D™A, and DS, pentaquarks without strange, with strange and with double strange
through QCD light-cone sum rules. We have also evaluated electric quadrupole and magnetic octupole moments of the D*Z/, D*A,, D*A, and
D}E, pentaquarks. A comparison of our results on magnetic dipole moments of the hidden-charm pentaquarks with the other models existing in
the literature is presented. The magnetic dipole moments of the hidden-charm pentaquarks reveal valuable knowledge about the size and shape
of the hadrons. Obtaining these parameters can be a prominent step in our understanding of hadron properties according to quark-gluon degrees
of freedom. Moreover, the magnetic dipole moment is a key ingredient in the calculation of the J/y photo-production procedure, which may
provide an independent examination of the pentaquarks. It will also be crucial to identify the branching ratios of the different decay modes and
decay channels of the hidden-charm pentaquarks. With the accumulation of events, magnetic dipole moments of pentaquarks may be extracted from
the comparison of theoretical and experimental cross-sections eventually in the near future. If the inner structure of exotic states figures out, our
comprehension of the construction of the subatomic world be crucially improved, and our comprehension of the non-perturbative behaviors of the
strong interaction at the low energy region would also be crucially improved.
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Appendix A. Explicit expression for AQCD (M?,s0)

In this appendix, we present the explicit expressions of the function A?CD (M2, 5,) for the magnetic dipole moment of the DE ! pentaquark state
entering into the sum rule.

AQCD(M{sO):m(e +e){ —3(14m.m 110,1,2,0] + 191[0,2,3,0D) 1,[S] - 27m m 1,[$11[0,1,2,0]

! 407686348873 “ o o
+96mcmS16[hy]I[0,1,2,0]+24<(1[0,2,1,0]—21[0,2,1,1]+I[0,2,1,2]—21[0,2,2,0]+21[O,2,2,1])
x Alug] + (Alug + I5[A] + ym2 Is[, D10, 2,3,0]) ~87(3m,m110,2,3,0] +41[0,3,3,0]

+31[0,3,4,01) Is[e,] - 8;((3mcms(51[0, 2,1,01-61[0,2,1,1]+ I10,2,1,2] — 61[0,2,2,0]
+21[0,2,2, 1]+ 1[0,2,3,0]) = 3m3(1[0,2,1,0] — 27[0,2, 1,1] + 1{0,2,1,2] - 2110,2,2,0] + 21[0,2,2, 1]
+1[0,2,3,01) — 71[0,3,1,0] + 211[0,3, 1,1] - 211[0,3, 1,2] + 7[0,3,1,3] + 171[0,3,2,0]

—341[0,3,2,1]+ 171[0,3,2,2] - 131[0, 3,3,0] + 131[0,3,3, 1] +31[O,3,4,O]>(py[u0]}

P P}

-2 48me,(1[0,2,1,0] - 21[0,2,1, 1] + I[0,2,1,2] — 21[0,2,2,0] + 21[0,2,2, 1
10192158727;3{ ¢ ( [ 1-21T 1+11 1-2IT ]+ 21 ]

- 10(1[1, 1,1,0] -21I[1, 1,1, 1]+ I[1,1,1,2] = 21[1,1,2,0] + 21[1, 1,2, 1] + I[1, 1,3,()]))
+96mcex(31[0,2, 1,0] - 61[0,2,1,1]1+31[0,2,1,2] - 61[0,2,2,0] + 61[0,2,2,1] + 31[0,2,3,0]
- IO(I[I, 1,1,0] =21I[1,1,1,1]+ I[1,1,1,2] = 21[1,1,2,0] + 21[1,1,2, 1] + I[1, 1,3,0]))

+(ey +e“)mc< —96m mI¢[h,1110,1,2,0] +31,[S11[0,2,3,0] + 12A[u0](1[0, 2,1,0]
—2I[0,2,1,11+1[0,2,1,2] — 2110,2,2,0] + 21[0,2,2,1] + 1[0,2,3,0]> +4;((24m‘.mx(l[0,2, 1,0]
-1[0,2,1,1]1 - 110,2,2,0]) + 3mé(—21[0,2, 1,11+ 1[0,2,1,2] -21[0,2,2,0] + 210,2,2,1]

8
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+1[0,2,3,0D)+ 1[0,3,1,0] -31[0,3,1,1]+31[0,3,1,2] - 1[0,3,1,3]+ 1[0,3,2,0] - 21[0,3,2,1]
+1[0,3,2,2] - 51[0,3,3,0] +51[0,3,3,1] + 31[0,3,4,0])(py[u0] +4<3I5[A]1[0, 2,3,0]+ xIsle, ]

X (3m21[0,2.3,0] - 41[0,3,3,0] +31[0,3.4,0]) + 3 ym2 10,2, 1,0](py[u0])> }

_ % {48m§mg<8 es< —31I10,2,2,0] + 31[0,2,2,1] + 3110,2,3,0] - 81[1,1,1,0]
+20(1,1,1,2]+ 161[1,1,2,0] = 61[1,1,2,1] - 811, 1,3,0]) +ec(9I[O,2, 1,0] - 541[0,2,1,1]
+45100,2,1,2] - 61[0,2,2,0] +421[0,2,2,1] = 37[0,2,3,0] — 2(/[1,1,1,0] + 6/[1,1,1,1] = 71[1,1,1,2]
—21I(1,1,2,0] - 61[1,1,2,1] + I[1, 1,3,0])) +2€d<l[0,2,1,0] —210,2,1,11+1[0,2,1,2] - 81[0,2,2,0]
+81[0,2,2, 1]+ 71[0,2,3,0] — 4(61[1,1,1,0] — 111[1,1,1,1] + 51[1,1,1,2] - 121[1,1,2,0]

+ 1L 1,2, 1] +6I[1, 1,3,0])) +2¢,(1[0,2,1,0] - 21[0,2, 1, 1]+ 1[0,2,1,2] - 81[0,2,2,0]
+81[0,2,2,1]+71[0,2,3,0] —4(64[1,1,1,0] = 117[1,1,1,1] + 51[1,1,1,2] - 12[1,1,2,0]

+11111,1,2, 1]+ 6I[1, 1,3,0]))) - 192ecm§<1[0,3, 1,01+ 1[0,3,1,11 = 9110,3,1,2] + 71[0, 3, 1,3]

—21[0,3,2,0] +61[0,3,2,2] + 1[0,3,3,0] — [0,3,3,1] — I[1,2,1,1] —21[1,2,1,2] + 31[1,2,1,3]
+2(111,2,2,11+111,2,2,2]) - I[1,2,3, 1]) +576esm3<21[0,3, 1,0] —41[0,3,1,1]+31[0,3,1,2]
-110,3,1,3] - 41[0,3,2,0] +61[0,3,2,1] - 31[0,3,2,2] + 21[0, 3,3,0] — 21[0,3,3,1] + 81[1,2,1,1]
—11111,2,1,2]1+31[1,2,1,3] - 161[1,2,2,1]+ 111[1,2,2,2] +81[1,2,3, 1]) + 144edmf(7l[0,3,1,0]
—151[0,3,1,1]1 + 121[0,3,1,2] — 41[0,3,1,3] — 141[0,3,2,0] 4+ 221[0,3,2,1] - 11110, 3,2,2]
+71[0,3,3,0] - 71[0,3,3,1] +361[1,2,1,1] - 691[1,2,1,2]1 4+ 331[1,2,1,3] = 721[1,2,2,1]
+69I1[1,2,2,2]14+361[1,2,3, 1]) + 144eum3<71[0,3, 1,0] - 15110,3,1,1] + 121[0,3,1,2] — 41[0,3,1,3]
—14110,3,2,0] +221[0,3,2,1] - 111[0, 3,2,2] 4+ 71[0,3,3,0] - 71[0,3,3, 11+ 361[1,2,1,1]
—-691[1,2,1,2] +331[1,2,1,3]1 - 72I[1,2,2,11 4+ 691[1,2,2,2] + 361[1,2,3, 1])

+4m, <3;(ms(—euI[0,4,4,0] +(eq +¢,)110,4,4, 1), [ug] - 16f3y”2<2esmc (2mg(1[0, 1,1,0]-I10,1,1,1]

-1[0,1,2,0])+ 111[0,2,1,0] —221[0,2,1,1]+ 111[0,2,1,2] - 181[0,2,2,0] + 181[0,2,2,1]+7I[0,2,3,0]>

+ey <2mgmc(1[0, 1,1,0] - 10, 1,1, 1] = I[0, 1,2,01) + 2m (1[0,2, 1,0] = 21[0,2, 1, 1] + 1[0,2, 1,2] - 21[0,2,2,0]
+21[0,2,2,1] + 1[0,2,3,0]) — m, (31[0,2,1,0] — 61[0,2, 1, 1]+ 31[0,2,1,2] — 101[0,2,2,0] + 101[0,2,2,1]

+ 71[0,2,3,0])) + eu(Zm(z)mc(I[O, 1,1,0] = 110, 1,1, 1] = I[0,1,2,00) + 2m (1[0,2,1,0] = 21[0,2, 1,11 + 1[0,2,1,2]
—21[0,2,2,0] + 21[0,2,2, 1]+ 1[0,2,3,01) — m (31[0,2,1,0] — 61[0,2, 1, 1] + 31[0,2, 1,2] — 101[0,2,2,0]

+101[0,2,2,1] +71[O,2,3,O])))y/”[u0]> +4ym.(e, +eu)<4mc( —1[0,4,1,2] + 1[0,4,1,3] + 1[0,4,2,2])
+ms<31[0,4, 1,0] —81[0,4,1,1] +81[0,4,1,2] —41[0,4,1,3] + 1[0,4,1,4] —91[0,4,2,0] + 191[0,4,2,1]

—151[0,4,2,2] +51[0,4,2,3] +91[0,4,3,0] — 141[0,4,3,1]1 + 71[0,4,3,2] — 31[0,4,4,0] + 31[0,4,4, 1]>>(py[u0]
+ 64f3ymc<(—5es —2e,)m. 1,[V1I[0,2,2,0] + (Z(ed +2e, + eu)mc(mgI[O, 1,2,0] -21[0,2,2,0])

+(T(ey =2, + e )m, +2ey + e, ymI[0, 2,3,0])15 [w“]) }

PPy
+ —_—
1630745395275
+2I[0,2,2,11+1[0,2,3,0] —21I[1,1,1,0] +41[1,1,1,1]1—=21I[1,1,1,2]+41[1,1,2,0]—-41[1,1,2,1]—-2I[1,1,3,0])

{ - 96mg(3(3ed —e.+ 3eu)mf(l[0, 2,1,0]1-2110,2,1,11+ I[0,2,1,2] - 21[0,2,2,0]

+mcms(eu(l[0,2,1,0] —2I10,2,1,1]+ 10,2, 1,2] — 2110,2,2,0] + 210,2,2, 1]+ 2I[1,1,1,0] = 4I[1,1,1,1]
+21[1,1,1,2] = 4I[1,1,2,0] + 41[1,1,2, 1]+ 21[1,1,3,0]) + e,(I[0,2,1,0] — 21[0,2,1, 1] + I[0,2,1,2] — 21[0,2,2,0]
+2110,2,2,11+ I[0,2,3,0] + 21[1,1,1,0] = 41[1,1,1,1] + 2I[1,1,1,2] —41[1,1,2,0] + 4I[1,1,2,1] + 2I[1,1,3,0])



U. Ozdem Physics Letters B 846 (2023) 138267
+e.(25110,2,1,0] - 50110,2,1,1]4+251[0,2,1,2] = 501[0,2,2,0] + 501[0,2,2,1] + 251[0,2,3,0] +2I[1,1,1,0]
—4I71,1,1,11+2111,1,1,2] —41[1,1,2,0] +41[1,1,2, 1]+ 21I[1, 1,3,0]))) +96m(e,; + ¢, +3ec)<I[O,3, 1,0]

—3100,3,1,1]+31[0,3,1,2] - I[0,3,1,3] — 411[0,3,2,0] + 821[0,3,2, 1] — 411[0,3,2,2] + 791[0,3,3,0]
—179110,3,3,1] — 3(131[0,3,4,0] — 51[1,2,1,1] + I[1,2,1,2] + I[1,2,1,3] + 941[1,2,2,1] — 431[1,2,2,2]
—891[1,2,3, 1])) —576m,(Seq +Te, + 3ec)<I[O,3, 1,0] - 31[0,3,1,1]+31[0,3,1,2] = I10,3,1,3] - 411[0,3,2,0]

+821[0,3,2,1]1-411[0,3,2,2]1+791(0,3,3,0] — 79110, 3,3,1] — 3(131[0,3,4,0] = 51[1,2, 1,11+ I[1,2,1,2]

+1[1,2,1,3]14+941[1,2,2,1] -431[1,2,2,2] - 8911, 2,3, 1])) — 3f3ymczr2<256edm‘.(m(2)1[0, 1,2,0] - 2110,2,2,0])

X Iﬁ[y/yv] + (184e,m_110,2,2,0] — Se;m,1[0,2,3,0] — Se,m1[0,2,3,0))1,[ V] + 64(e; + eu)< —my(1[0,2,1,0]

—2I10,2,1,1] + I[0,2,1,2] - 21[0,2,2,0] + 21[0,2,2,1] + 1[0,2,3,0]) + m,(5I[0,2,1,0]
—107[0,2,1,1]1+5170,2,1,2] — 61[0,2,2,0] + 6I[0,2,2,1] + I[0,2,3,O]))y/“[u0]) + 1265m3< — (4I10,3,2,0]
+110,3,3,0)I,[S] - 4<214[5']I[0,3,2,O] +2I5[A1I10,3,2,0] = 214, 11[0,3,2,0] + I5[A11[0,3,3,0]

+ I,[SI8I[0,3,2,0] + I[0,3,3,0])> +4(I[o,3, 1,01 = 5170,3,1, 11+ 71[0,3,1,2] — 31(0,3,1,3] — 21[0,3,2,0]

+61[0,3,2, 1] - 41[0,3,2,21 + I10,3,3,0] - I[0,3,3, 1])A[u0]> — 8 e,m?(6110,4,1,1] - 211[0,4,1,2]

+221[0,4,1,3]1-71[0,4,1,4] — 121[0,4,2,1]+241[0,4,2,2] - 101[0,4,2,3] +61[0,4,3,1] — 3I[0,4,3,2]>(py[u0]}

m, Py Py
1887436873
+91[0,4,2,11-91[0,4,2,21+ 31[0,4,2,3]1 + 91[0,4,3,0] — 181[0,4,3,1]1+91[0,4,3,2] —91[0,4,4,0] + 91[0,4,4,1]

{ (4(5ed —e,)m,m.1[0,3,3,0] —21(e; —2e, + eu)I[0,4,4,0])I4[S] +4(ey + eu)( —31[0,4,2,0]

+31[0,4,5,0]+ 28mcms<l[0,3,2,0] -21[0,3,2,1]1+ 1[0,3,2,2] - 2110, 3,3,0] + 21[0,3,3,1] + 1[0, 3,4,0]

+61[1,2,2,11-31I[1,2,2,2] —6[[1,2,3,1]) - 12(3[[1,3,2,1] -31I11,3,2,2]1+1[1,3,2,3] + —61[1,3,3,1]

+31[1,3,3,2] + 3I1,3,4, 1])) - 16ec<mg(5m£mx(3l[0,2, 1,0] - 61[0,2,1, 1] + 31[0,2, 1,2] — 61[0,2,2,0]
+6100,2,2,11+31[0,2,3,0] +21[1,1,1,0] = 41[1, 1, 1,11+ 21(1,1,1,2] = 41[1,1,2,0] + 41[1,1,2, 1]+ 21[1,1,3,0])
~2(110,3,2,0] - 21[0,3,2,1] + 1[0,3,2,2] - 21[0,3,3,0] + 21[0,3,3, 1]+ 1[0,3,4,0] + 61[1,2,2, 1] - 31[1,2,2,2]
—61[1,2,3, 1])) +4mcmS(I[O,3, 1,01 —51[0,3,1, 1]+ 71[0,3, 1,2] — 31[0,3,1,3] — 21[0,3,2,0] + 81[0, 3,2, 1]
~61[0,3,2,2]+ 1[0,3,3,0] — 3(1[0,3,3, 11+ 1{1,2,1,11 = 21[1,2,1,2] + I[1,2,1,3] = 21[1,2,2, 11+ 21[1,2,2,2]

+I[1,2,3,1])) —1[0,4,2,0] - 31[0,4,2,1] +31[0,4,2,2] - 1]0,4,2,3] — 21[0,4,3,0] +41[0,4,3,1] — 21[0,4,3,2]

+1[0,4,4,0] — I10,4,4,1]+41[1,3,2,1] - 81[1,3,2,2] +41[1,3,2,3]1 - 81[1,3,3,1] 4+ 81[1,3,3,2] + 4I[1,3,4, 1]>}

2
m, P;

BT { <8edmcmsl[0,3,3,0] +56e,m,mg1[0,3,3,0] —3e,1[0,4,4,0] — 3eul[0,4,4,0]>14[5]
3

- Sec<8mcm5<l[0,3, 1,0] -2110,3,1,1] + 110,3,1,2] - 2110, 3,2,0] + 21[0,3,2,1] + I[0,3,3,0]> +31[0,4,1,0]
—15110,4,1,11+271[0,4,1,2] —211[0,4,1,3]+ 61[0,4,1,4] — 101[0,4,2,0] + 391(0,4,2,1] —481[0,4,2,2]
+191[0,4,2,3]+111[0,4,3,0] —311[0,4,3,1] +201[0,4,3,2] —41[0,4,4,0] + 71[0,4,4, 1] +2mg (61[0,3, 1,0]
—181[0,3,1,1] + 181[0,3,1,2] - 61[0,3,1,3] — 191[0, 3,2,0] + 381[0,3,2,1] - 19110, 3, 2,2] + 2010, 3, 3,0]
-20110,3,3,11 - 71[0,3,4,0] = 61[1,2,2,1]+ 31[1,2,2,2] + 61[1,2,3, 1]) —41[1,3,2,11+81[1,3,2,2]
—41[1,3,2,3] +81[1,3,3,1] — 81[1,3,3,2] — 41[1,3,4, 1]> - 12es(I[0,4,2,0] —31[0,4,2,1] + 31[0,4,2,2]
—1[0,4,2,3] -31[0,4,3,0] + 61[0,4,3,1] —31[0,4,3,2] + 31[0,4,4,0] — 31[0,4,4,1] — I[0,4,5,0]
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+121[1,3,2,1]1 - 121[1,3,2,2]1+41[1,3,2,3] —241[1,3,3,1]+ 121[1,3,3,2] + 121[1,3,4, 1]) }
Pl

+ ————————————
4348654387207
—11110,5,2,1] — 241[0,5,2,2] + 591[0,5,2,3] — 241[0, 5,2,4] + 13110, 5,3, 1] + 4110, 5, 3,2] — 6110,5, 3, 3]

{8m6<— 12ec(—3][0,5,1,1]+40][0,5,1,2]—91[[0,5,1,3]+74I[0,5,1,4] —-20110,5,1,5]

—51[0,5,4,11+41[0,5,4,2] + IOmEmS(I[O,4, 1,1]1-3110,4,1,2] +31[0,4,1,3] - I0,4,1,4] — 21[0,4,2,1]
+41[0,4,2,2] — 21[0,4,2,3] + 1[0,4,3,1] — 1[0,4,3,2] +4(1[1,3,1,2] = 21[1,3,1,3] + I[1,3,1,4] - 21I[1,3,2,2]
+21[1,3,2,3] + l[1,3,3,2])) +5(1[1,4,1,3] =21[1,4,1,4] + I[1,4,1,5] - I[1,4,2,2] + I[1,4,2,4] +21[1,4,3,2]
—1[1,4,3,3] - I[1,4,4,2])) +26S(216I[0,5, 1,11 -792I[0,5,1,2] + 10561[0,5,1,3] — 6001[0,5, 1,4]
+1201[0,5,1,5] -271[0,5,2,0] - 828110,5,2,1] +22501[0,5,2,2] — 18601[0, 5,2,3] + 46510,5,2,4]
+811[0,5,3,0] +9811[0, 5,3, 1] — 1629110,5,3,2] + 5431[0,5,3,3] — 811[0, 5,4,0] — 234110, 5,4, 1] + 1171[0,5,4,2]
+271[0,5,5,0] — 271[0,5,5,1] 4+ 5(1801[1,4,1,2] + 5201[1,4,1,3] —=5001[1,4,1,4] + 1601[1,4,1,5] +271[1,4,2,1]
+3151(1,4,2,2]1-6711[1,4,2,3]1+3291[1,4,2,4] — 811[1,4,3,1] —901[1,4,3,2] + 1511[1,4,3,3]1+ 811[1,4,4,1]
—451[1,4,4,2] - 271[1,4,5, 1])) +e, (504][0,5, 1,1]1—17881[0,5,1,2] +23241[0,5,1,3] — 1300110, 5, 1,4]
+2601[0,5,1,5]+91[0,5,2,0] —204011[0,5,2,1] + 51121[0,5,2,2] — 4108110, 5,2,3] + 10271[0,5,2,4]
—27110,5,3,0] +25771[0,5,3,1] — 3849110, 5, 3,2] + 12831[0,5,3,3] + 271[0,5,4,0] + 661[0,5,4, 1] — 331[0,5,4,2]
-9110,5,5,0] +9110,5,5,1] +360m‘.ms(21[0,4, 1,11 -5110,4,1,2] +41[0,4,1,3] - I[0,4,1,4] —41[0,4,2,1]
+61[0,4,2,2] —21[0,4,2,3] +21[0,4,3,1] - I1[0,4,3,2]1 +4(I[1,3,1,2] —21[1,3,1,3] + I[1,3,1,4] —21[1,3,2,2]
+21[1,3,2,3] + 1[1,3,3,2])) —5(4681[1,4,1,2] — 14121[1,4,1,3] + 14201[1,4,1,4] —4761[1,4,1,5]1+91[1,4,2,1]
—11851[1,4,2,2] +23591(1,4,2,3] — 11831[1,4,2,4] —271[1,4,3,1] + 9661[1,4,3,2] —9471[1,4,3,3]
+271[1,4,4,11 —2491[1,4,4,2] - 91[1,4,5, 1])) +ed(5041[0,5, 1,1]1-17881[0,5,1,2] +23241[0,5,1,3]
—13001[0,5,1,4] +2601[0,5,1,5]1+91[0,5,2,0] —20401[0,5,2,1] +51121[0,5,2,2] — 4108110, 5,2, 3]
+10271[0,5,2,4] - 27110, 5,3,0] +25771[0,5,3,1] — 38491(0, 5, 3,2] + 1283110, 5, 3,3] + 271[0,5,4,0]
+661[0,5,4,1] - 331[0,5,4,2]1 - 9110,5,5,0] + 91[0,5,5, 11 + 360m_ m (2[[0,4, 1,11 -51[0,4,1,2] +41[0,4,1,3]
—1[0,4,1,4] —41[0,4,2,1]1+61[0,4,2,2] —21[0,4,2,3] + 21[0,4,3,1] - I1[0,4,3,2] +4(I[1,3,1,2] - 2I[1,3,1,3]
+1[1,3,1,4] - 21I[1,3,2,2] + 2I[1,3,2,3] + I[1,3,3,2])) +5(4681[1,4,1,2] + 14121[1,4,1,3] — 14201[1,4,1,4]

+4761[1,4,1,5]1-91[1,4,2,1]1+ 11851[1,4,2,2] —23591[1,4,2,3] + 11831[1,4,2,4]1 +271[1,4,3,1]

—9661[1,4,3,2] +9471[1,4,3,3]1 —271[1,4,4,11+2491[1,4,4,2] + 91[1,4,5, 1]))>

+ f3ymc<( —45(11e, +24e,)1[0,4,3,0] + e,(736m,m I[0,3,2,0] — 4591[0,4,3,0] — 30[0,4,4,0])

- 6Oe51[0,4,4,0])12[l7] + 64((8edmcmsl[0, 3,2,0] + 8e,m.m,1[0,3,2,0] + 4eym.m 1[0,3,3,0] + 4e,m.m,

X 170,3,3,01 + ¢, 1[0,4,3,01 + ¢, 110,4,3,01 + ¢, 110,4,3,01 + 3(3e, — Te, +3e,)I[0,4,4,01) Is[w“]
+dmem(—dey Iy, V1110,3,2,0] + (e, +e,)( = 110,3,1,0] + 71[0,3,1,1] = 91[0,3,1,2] 4+ 37[0,3,1,3]
+2110,3,2,0] — 81[0,3,2, 1]+ 41[0,3,2,2] — I[0,3,3,0] + I[0,3,3, 1])1//”[140])) + (es( —211{0,4,1,0]
+821[0,4,1,1] — 1211[0,4,1,2] + 801[0,4,1,3] — 201[0,4, 1,4] + 631[0,4,2,0] — 1851[0,4,2, 1] + 1831[0,4,2,2]
—611[0,4,2,3] — 631[0,4,3,0] + 1241[0,4,3,1] - 621[0,4,3,2] + 211[0,4,4,0] — 211[0,4,4, 1]) + e, (91[0,4,1,0]
—381[0,4,1,1]+591[0,4,1,2] — 401[0,4,1,3] + 10I[0,4, 1,4] — 271[0,4,2,0] + 851[0,4,2, 1] — 871[0,4,2,2]
+29100,4,2,3] + 271[0,4,3,0] — 561[0,4,3, 1]+ 281[0,4,3,2] — 91[0,4,4,0] + 91[0,4,4,11) +¢,(91[0,4,1,0]
—381[0,4,1,1]+591[0,4,1,2] — 401[0,4,1,3] + 10[0,4, 1,4] — 271[0,4,2,0] + 851[0,4,2, 1] — 871[0,4,2,2]

+291[0,4,2,3]1+271[0,4,3,0] - 561[0,4,3,1] +281[0,4,3,2] —91[0,4,4,0] +91[0,4,4, 1]) )u/"[uo]

+8eym,mg( —1[0,3,1,2]+1[0,3,1,3] + I[0,3,2, 2])1,/;[,40]) }

11
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_mGh = By {(eu +2e, — 5es)<10f3 72 L[V1(10m2m,I[0,3,3,0] — 3m,I[0,4,4,0]) + 3((—mCI[O,5,3,0]
37748736073 4 0

+21mI0,5,4,0)I,[S]+ 5m? (3m, (- 110,4,2,0] +31[0,4,2, 1] — 31[0,4,2,2] + I[0,4,2,3] + 31[0,4,3,0]

—61[0,4,3,1] + 31[0,4,3,2] — 31[0,4,4,0] + 31[0,4,4,1] + I[0,4,5,0] — 12I[1,3,2,1] + 12I[1,3,2,2] — 4I[1,3,2,3]

+241(1,3,3,11 - 121[1,3,3,2] — 121[1,3,4,11) + 14m, (1[0,4,2,0] = 31[0,4,2, 1]+ 31[0,4,2,2] — 1[0,4,2,3]

—2110,4,3,0] +41[0,4,3,1] — 2I[0,4,3,2] + I[0,4,4,0] — I[0,4,4,1] +41I[1,3,2,1] — 81[1,3,2,2] + 4I[1,3,2,3]

—81I1,3,3,11+81[1,3,3,2] +4I[1,3,4,11)) — 4(7m,(21(0,5,2,1] - 51[0,5,2,2] + 41[0,5,2,3] — 1[0,5,2,4]

—4110,5,3,1] + 61[0,5,3,2] — 2I[0,5,3,3] + 21[0,5,4,1] — I[0,5,4,2] + 5I[1,4,2,2] — 10I[1,4,2,3]

+51(1,4,2,4] - 101[1,4,3,2] + 101[1,4,3,31 + 5I[1,4,4,21) + 3m, (1[0, 5,2,0] — 4110,5,2,1] + 61[0,5,2,2]

—4110,5,2,3] + I10,5,2,4] - 3I[0,5,3,0] + 9110,5,3, 1] — 9I[0,5,3,2] + 3I[0,5,3,3] + 31[0,5,4,0] — 61[0,5,4,1]

+3I[0,5,4,2] - 1[0,5,5,0] + I[0,5,5, 1]+ 5I[1,4,2, 1] — 151[1,4,2,2] + 151[1,4,2,3] - 5I[1,4,2,4] - 15I[1,4,3,1]
+301[1,4,3,2] — 15I[1,4,3,3] + 15I[1,4,4,1] — 15I[1,4,4,2] - 5I[1,4,5, 1]))))}

mfms
t 25297472007 {%(21[0»6, 1,3]1=5110,6,1,4]1 +41[0,6,1,5] — I[0,6,1,6] —41[0,6,2,3] + 61[0,6,2,4] — 21[0,6,2,5]
+21I[0,6,3,3] — 1[0,6,3,4] + 61[1,5,1,4] — 12I[1,5,1,5] + 61[1,5,1,6] — 121[1,5,2,4] + 121[1,5,2,5] +61[1,5,3,4])

—(ey + eu)<3I[O, 6,2,2] - 71[0,6,2,3]+51[0,6,2,4] — 1[0,6,2,5] —61[0,6,3,2] + 81[0,6,3,3] —21[0,6,3,4]

+31[0,6,4,2] — I[0,6,4,3]1 +61[1,5,2,3] — 12I[1,5,2,4]1 + 61[1,5,2,5] — 121I[1,5,3,3] + 121I[1,5,3,4]

+6I[1,5,4,3])}

m
2113929216077

—1761[0,7,2,3] +4411[0,7,2,4] — 354110,7,2,5] +891[0,7,2,6] + 1721[0,7,3,3] — 2601[0,7,3,4] 4+ 881[0,7,3,5]

- {ec<601[0,7,1,3]—2101[0,7,l,4]+2701[0,7,1,5]— 150110,7,1,6]+301[0,7,1,7]

—561[0,7,4,31+291[0,7,4,4] +71[1,6,2,4] — 141[1,6,2,5]1+71[1,6,2,6] — 141[1,6,3,4] + 141[1,6,3,5]
+71[1,6,4,4]) +42(e; + e +eu)<31[0,7,2,2] —101[0,7,2,3] +121[0,7,2,4] - 61[0,7,2,5]+ 1[0,7,2,6]
-91[0,7,3,2] +211[0,7,3,3] — 151[0,7,3,4] 4+ 31[0,7,3,5]1 +91(0,7,4,2] - 121[0,7,4,3] + 31[0,7,4,4]

-31[0,7,5,2] +1[0,7,5,31 + 71[1,6,2,3] —211[1,6,2,4] + 211[1,6,2,5] - 7I[1,6,2,6] —211[1,6,3,3]

+421[1,6,3,4]—21[[1,6,3,5]+21][1,6,4,3]—21][1,6,4,4]—7I[1,6,5,3]>}, (30)
where
2002 2
2_ MM, e = M;
M2em2 T M MY

with M |2 and Mz2 being the Borel parameters in the initial and final states, respectively. Since the same pentaquarks have existed in our initial and
final states, hence we can put, M% = M% = 2 M?, which gives rise to u, = 1/2. We can interpret this result as that each quark and antiquark carry
half the momentum of the photon. Here P, = (ng2> is gluon condensate, P, = (gq) stands for u/d-quark condensate and P; = (5s) denotes s-quark
condensate. The I'[n,m,[, k] and I,[F] functions are defined as:

1

S0 1
I[n,m,l,k]:/ds/dt/dw eTIME g (s — 4y i Wk,
4m% 0 0

1
L[F]= / D, /dv F(aq,aq,ag)é'(aq + Dag — up),
0

1

L[F]= / D, /dv 7-’(04,7,0:(],otg)é'(ot(7 + vag — up),
0
1

L[F]= / D, /dv Flag, a4, a,)6(a, + Dag — up),
0

12
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1
I[F]= / Da,» /a’v Flag, a4, a,)6(a; + vag — up),
0

1

L[F] = / du F)d' (u — ug),
0
1

Ig[F]= /du F(u), (3D
0

where F denotes the corresponding photon DAs.
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