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Magnetic and quadrupole moments of the Z.(4020)*, Z.(4050)", and
Z.(4600)" states in the diquark-antidiquark picture

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

Abstract: The magnetic and quadrupole moments of the Z.(4020)*, Z.(4050)*, and Z.(4600)* states are calcu-
lated within the QCD light-cone sum rules. The compact diquark-antidiquark interpolating currents and the distribu-
tion amplitudes of the on-shell photon are used to extract the magnetic and quadrupole moments of these states. The
magnetic moments are acquired as p, = O.SOfgég Hys Hz1 = 1.22f8:§3 Ky, and pz = 2.40f8:i§ py for the
Z.(4020)*, Z.(4050)*, and Z.(4600)" states, respectively. The magnetic moments evaluated for the Z.4020)*,
Z(4050)", and Z.(4600)" states are sufficiently large to be experimentally measurable. The magnetic moment is an
excellent platform for studying the internal structure of hadrons governed by the quark-gluon dynamics of QCD be-
cause it is the leading-order response of a bound system to a weak external magnetic field. The quadrupole moment
results are Dz, = (0.20*003)x 1073 fm?, D1 = (0.57+)07) x 1073 fim?, and D2 = (0.307):03) x 1072 fm? for the
Z.(4020)*, Z.(4050)", and Z.(4600)" states, respectively. We obtain a non-zero, but small, value for the quadru-
pole moments of the Z. states, which indicates a non-spherical charge distribution. The nature and internal structure
of these states can be elucidated by comparing future experimental data on the magnetic and quadrupole moments of

the Z.(4020)*, Z.(4050)*, and Z.(4600)" states with the results of the present study.
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I. INTRODUCTION

Since the observation of the X(3872) state by the
Belle collaboration in 2003 [1], many hadronic states
have been observed that cannot be classified in the con-
ventional two- or three-quark picture. The LHCb, BESIII,
CDF, BABAR, CMS, Belle, and DO collaborations have
subsequently observed numerous states that cannot be
classified in the conventional quark picture and are rep-
resented as XYZ particle, hybrid, and pentaquark states;
however, some are still awaiting confirmation, and
quantum numbers have not yet been assigned. The most
important achievement in the field of non-conventional
states has been the discovery of charged tetraquark states.
Currently, there are ten members in the set of charged
hidden-charmed tetraquark states, Z.(3900), Z.(4020),
Z.(4050), Z.(4100), Z.(4200), Z»(4250), Z.(4430),
Z.(4600), Z.+(3985), Z.+(4000), and Z.,(4220), reported in
decays into final states that contain a pair of light and
charm quarks [2—14]. They cannot be classified as con-

ventional charmonium mesons because of their electric
charge and must be nonconventional states with a minim-
um quark content céud/ccdii/ccsii/ccus. The charged tet-
raquark states receive considerable attention because of
their different properties. The study of these states can
help to not only elucidate their nature and substructure
but also obtain functional data on the nature of the strong
interaction inside these particles. As tetraquark states
with a ccud/ccdii/ctsii/ceus quark content, this family of
charged states has generally been studied as molecular
and compact diquark-antiquark pictures. Many compre-
hensive reviews on this subject can be found in literature
[15-30].

Magnetic and quadrupole moments are important
parameters of hadrons that can be measured and calcu-
lated, just like mass and decay. In studying the internal
structure and possible deformation of the hidden-charm
tetraquark states, magnetic and quadrupole moments are
of particular interest. The magnetic and quadrupole mo-
ments of hidden-charm tetraquark states have been ex-
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tracted in several studies in literature [31—38]. Moreover,
in Ref. [39], QCD calculations of radiative heavy-meson
decay form factors were performed by including the sub-
leading power corrections of the twist-two photon distri-
bution amplitude in the next-to-leading order in a; using
QCD light-cone sum rules. In this study, we evaluate the
magnetic and quadrupole moments of the tetraquark
states Z.(4020)*, Z.(4050)*, and Z.(4600)* (hereafter, Z.,
7!, and Z?2, respectively) by considering them as the
diquark-antiquark picture within QCD light-cone sum
rules. The QCD light-cone sum rules method is a power-
ful technique for studying exotic hadron properties and
has been successfully applied to the calculation of
masses, form factors, magnetic moments, decay con-
stants, and so on. The correlation function is evaluated in
terms of both hadrons (the so-called hadronic part) and
the quark-gluon degrees of freedom (the QCD part) ac-
cording to the QCD light-cone sum rules technique. By
equating these two descriptions of the correlation func-
tion, the physical quantities, that is, the magnetic and
quadrupole moments, are evaluated [40—42].

This paper is organized as follows. In Sec. II, we con-
struct the QCD light-cone sum rules for the magnetic and
quadrupole moments of the hidden-charm tetraquark
states. The numerical results and the corresponding dis-
cussion of the magnetic and quadrupole moments of the
compact hidden-charm tetraquark states are presented in
Sec. III. In Sec. IV, the obtained results are summarized
and discussed. For the sake of brevity, the expressions of
the correlation function for the Z.(4020)* tetraquark state
and the distribution amplitudes of the photon are given in
Appendix A and B, respectively.

II. QCD LIGHT-CONE SUM RULES FOR THE
MAGNETIC AND QUADRUPOLE MOMENTS
OF THE Z. STATES

In this section, we explore the magnetic and quadru-
pole moment of hidden-charm tetraquark states com-
posed of compact diquark-antidiquarks. To do this, we
write the two-point correlation function in the QCD sum
rules in the presence of an external electromagnetic back-
ground field as follows:

I,,(p.q) =i / d*xel P OIT{J, ()L (0)[0),, (1)

where y represents the external electromagnetic back-
ground field, ¢ is the momentum of the photon, and
Juo(x) is the interpolating current of the Z. states with
quantum numbers J” = 17, which are given as

JA () %g {1 (OCT oy CONE ()" CET (1)

T Oy E N ®ysTanCeT 1], ()
VAEY =% {1 (OCTauc N ()ysy" Ce (1))
+ [T ()Y ysc A (Do CET 01}, ()

) = (T (Ce I sy e (0]

~ T @Y yse N Do CET 01}, (4)

where €=€ue; €=€gec; a, b, ¢, d, and e are color
i

indexes; o, = >

[vu,v]; and C is the charge conjugation
matrix.

Now, let us first calculate the hadronic side of the cor-
relation function. The cor relation function in Eq. (1) can
be acquired by entering it into all intermediate hadronic
sum rules, with the same quantum numbers as the corres-
ponding interpolating currents J,,. After isolating the con-
tributions of the ground Z. states, we obtain

1
[m3 —(p+q)*1lm; - p?]
X0 | Ju(x) | Ze(p,£))
X(Ze(p.&%) | Ze(p +4.))y
X(Ze(p+q.€) | T(0) | 0)+---,  (5)

IL2(p.q) =

where dots denote the contributions from the higher states
and continuum.

The matrix elements of the interpolating current
between one hadron and vacuum states in terms of the
polarization vectors and residues are given as

(01 J1,(x) | Ze(p,e®)y = 275, (6)

(Z(p+q.&) 1 T7,(0)| 0) = Az&°. )

The radiative transition matrix element in Eq. (5) is
written in terms of three Lorentz invariant form factors
G1(0%), G2(0?), and G3(Q?) as

(Ze(p,e") | Ze(p+4,6)),
=—&"()"P{G1(Q)Q2p+q)- gop

+G2(0*) (8 o — 8ra qp)

1

- @63@2) 2P+ @)dads (8)
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where & and £°® are the polarization vectors of the
photon and Z, states, respectively.

Employing Egs. (5)—(8), the hadronic part of the cor-
relation function becomes

€p /%.
[m3 —(p+q)?1imz - p?]

() = {GI<Q2>

pulv P+ Qu(p+q)y
X(2p+ ( v = -
Cp+p| gu m% m%
+ v
L PEDypy qi“p (0% +2m> ))
2mZ’> “

p
+G2(0%) (qﬂgpv — 8o — m% (qupp
Z,

I, (p+9)
_EQ 8up) + ) .

1
(‘]v(P + q)p + Engvp)

(P+@upvp,
_ # Q2)

my
G3(Q2) ( Pudv »
— 2 + v —
mZ Cp+@p\ 9uq 2m2, o
P+ Puqy P+ @uqv
+ 211 Q2_ 4/1 Q4 .
Zer 4’"2‘.

©

The magnetic and quadrupole moments of hadrons
are related to their magnetic and quadrupole form factors;
more precisely, the magnetic and quadrupole moments

_ €ée’
3% (p,q) =

are equal to the magnetic and quadrupole form factor at
zero momentum square. Magnetic (Fy(Q?)) and quadru-
pole (Fp(Q?)) form factors, which are more directly ac-
cessible in experiments, are described via the form factors
G1(Q%), G2(Q*), and G3(0?)

Fu(Q?) =G0,

Fp(Q%) =Gi(Q)-Ga(Q) +(1+G3(QY),  (10)
where A = Q?/4m} with Q* = —¢*. At the static limit, that
is, 0? =0, the form factors Fy(Q?=0) and Fp(Q* =0)
are proportional to the magnetic (uz) and quadrupole
(Dz ) moments in the following way:

eFy(Q* =0)=2mzuz

eFp(Q* =0)=m} Dy, (11)

Let us evaluate the QCD part of the correlation func-
tion. The QCD side of the above correlation function is
computed considering the QCD degrees of freedom in the
deep Euclidean region. To do this, we must insert the in-
terpolating currents in Egs. (2)—(4) into the correlation
function. After substituting the explicit forms of the inter-
polating currents into the correlation function and apply-
ing contractions through Wick’s theorem, we obtain the
QCD side as

5 / d*xe P01 {Tr [y*S ¢ (—x0PS 4 (=) | Tt [0 ysS & (x)ys S Y ()]

—Tr [y 8¢ (~0)y508 4 (=) Tt [0 ysS & (xS 2 ()]

—Tr | o ys S (—0YPS § A=) Tr [y S & (xyysopSLY (0]

+Tr[00¥5S ¢ (=X)y50,8 § /(=) | Te [y“S & (052 ()] 10y,

€€e’'e
2

CD-Z!
Hffv “(p.q) =

(12)

/ d*xe' P O1{Tr[ysy"S ¢ “(=x)¥ y5S 4= Tr |00 & () rypS 2 ()]

+Tr[ysy"S ¢ (=x)0pS § (=) | Tr [0S & (xPy5 S LY ()]
+Tr [0S (—00PysS § (=) | Te [ysy" S & (00 LY ()]

+Tr [0S (~ )08 § (=) | Tr[y5y" S & (1 ysSEY ()] 103y,

CD-72 eee’E
Hffv “(p,q) = >

(13)

/ d*xe' PO {Tr[ysy"S ¢ “(=x)¥ y5S 4= Tr |00 & () rypS 2 ()]

—Tr Y5y S ¢ (~ )08 § (=) Tt [0S & (0¥ y5 52 ()]
~Tr [0S (~20PysS § (=) | Te [ysy" S & (00 LY ()]

+Tr [0S (~ )08 § /(=) | Tr[y5y" S & (7 ysS LY ()] 103y,

(14)
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where S.(x) and S,(x) represent the propagators of heavy
and light quarks. The explicit forms of the quark propag-
ators are written as [43, 44]

S 4(x) = free — $9q) (1 —i@() - L("G‘D)ﬁ(l

12 4 192
.qu 185 v
_IT> - 327T2)C2 Gt (-x) |: xo-;tv+0-ﬂv -4 s (15)
and
fi &sMe !
Se(x) =8 - @/0 dvG*(vx) {(O'yv«)‘{"'xo'pv)
K (mc V—xz) >
X T +20,, Ko (mc —x )}, (16)
where
free _ 1 : x ny
S¢ =500 <IE_T>’ a7
giree _ ig {Kl (mc —x2> +ixK2<mc V—XZ)}
¢ T4l Vo2 (V=22 L

(18)

The correlation functions in Eqs. (12)—(14) contain
short distance (perturbative) and long distance (nonper-
turbative) contributions. To obtain the expressions of the
contributions when the photon is radiated at a short dis-
tance, it is adequate to modify one of the propagators in
Egs. (12)—(14) as follows:

Stree(x) - [dtySTee(x—»)A@y) ST (y), (19)

where the remaining three propagators in Eqs. (12)—(14)
are considered free propagators. This amounts to taking
T(a)=0 and S,(a) = d6(ag)d(a,) as the light-cone distri-
bution amplitude in the three particle distribution amp-
litudes (see Ref. [39]).

To obtain the expressions for when the photon is radi-
ated at a long distance, the correlation function can be ac-
quired from Egs. (12)—(14) by substituting one of the u/d-
quark propagators via

1
S - -2 [FOrg W] (1), @)

where I';=1,¥5,7,,iy5¥u,0u/2. In this approach, the
three remaining quark propagators are considered full
quark propagators containing both perturbative and non-

perturbative contributions. When a photon interacts with
light-quark fields nonperturbatively, the matrix elements
of the nonlocal operators (y(¢)|G(x)[G,.yq(0)|0) and
(y(@)|g(x)T';q(0)|0) appear between the photon state and
vacuum, which are parameterized in terms of photon dis-
tribution amplitudes (DAs) (for details, see Ref. [45]).
Together with these matrix elements, non-local operators
such as four quarks (gggq) and two gluons (gGGq) are
expected to appear. However, it is known that the contri-
butions of such terms are small, which is confirmed by
conformal spin expansion [46, 47], and hence we neglect
them. The QCD side of the correlation function is evalu-
ated by employing Eqgs. (12)—(20). The Fourier transform
is then used to transfer the x-space expressions to the mo-
mentum space.

QCD sum rules for the hadron parameters are ob-
tained by equating the correlation functions evaluated at
both the hadronic and quark-gluon parameters through
quark-hadron duality. Then, we choose the structure
(e.p)(pugv—pvq,) and (e.p)q.q, for the magnetic and
quadrupole moments, respectively. As a result, we obtain
the following:

m m;
X 2 <
eM  ocp mzeM  ocp
pz, = —— ASPMP,50), Dz = —Zo— AFP(MP, 50),
/lzk /lz(,
(21)
m, mi,
- 2 =
eM CD mz e M CD
pz = —— AP M, 50), Dy = —5— AP (M2, 50),
Az Az
(22)
mZ, m;z
= 2 O
eM  ocp mzeM  op
pz: = —— AP (M, 50), Dz = —— AP (M, 50),
Az Az

(23)

where M? is the Borel mass, and s¢ is the continuum
threshold parameter. For the sake of simplicity, only the
explicit expressions of the AYP(M?2,sy) function are
presented in Appendix A because the remaining func-
tions are in a similar form.

III. NUMERICAL ANALYSIS

This section contains a numerical analysis of the mag-
netic and quadrupole moments of the Z. states. The fol-
lowing QCD parameters are used in our calculations:
my=mg=0, m,=(127+£0.02)GeV, mz =4024.1+1.9
MeV [48], mz =4051+14%3% MeV [48], myz = 4600
MeV [12], (i) = (ddy=(-0.24+0.01)>GeV? [49],
(g2G?*y=0.88 GeV* [50], and f3, = —-0.0039 GeV? [45].

013101-4
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From Egs. (21)—(23), it follows that for the determina-
tion of magnetic and quadrupole moments, the residues of
the Z, states are needed. These residues are calculated in
Ref. [51], and the values are obtained as Az = (6.09+
0.90)x 1072 GeV3, Az =(3.67+£0.67)x 1072 GeV>, and
Az = (1.18+0.21)x 107" GeV>. The photon DAs are one
of the main non-perturbative inputs of the QCD light-
cone sum rules. A comprehensive analysis of the photon
DAs was conducted in Ref. [45]. For completeness, the
parameters used in the photon DAs are presented in Ap-
pendix B.

The sum rules also depend on the helping parameters,
as mentioned in the previous section, that is, the Borel
mass square parameter M> and continuum threshold sg.
The physical observables, namely, the magnetic and
quadrupole moments, should be independent of these
parameters. Therefore, we search for the working regions
of these additional parameters in such a way that, in these
regions, the magnetic and quadrupole moments are nearly
independent of these parameters. In determining the
working regions of the parameters M? and s, the stand-
ard prescription of the technique used, operator product
expansion (OPE) convergence, and pole contribution
(PC) dominance are considered. To characterize the
above constraints, it is convenient to use the following
equations:

A(M?, 50)
PC=——"<>309 24
A(M?,00) — %, (24)
and
Dim7,3 2
A M
OPE Convergence = W <5%, (25)
where ADim7(M2,s0) represents the contribution of the

highest dimensional term in OPE. The OPE convergence
and PC values for each state, along with the working re-
gions acquired for M? and s, considering the above re-
strictions are presented in Table 1. From the values given
in Table 1, we find that the working regions determined
for M? and so meet the above requirements. Having de-
termined the working regions of M? and so, we now
study the dependence of magnetic and quadrupole mo-
ments on M? at several fixed values of so. From Fig. 1,

we notice that magnetic and quadrupole moments repres-
ent good stability regarding the variation in M? in its
working region.

Our final results for the magnetic and quadrupole mo-
ments of the Z.(4020)*, Z.(4050)*, and Z.(4600)* states
are presented in Table 2. The uncertainties result from the
variation in the Borel parameter M? and continuum
threshold sy as well as from the input parameters. The
magnitude of the numerical results of the magnetic mo-
ments also allows them to be measured experimentally.
The magnetic moments of these states are sufficiently
large to be measured in future experiments by examining
the magnetic moment results. We obtain a non-zero, but
small, value for the quadrupole moments of the Z. states,
which represents a non-spherical charge distribution. The
sign of the quadrupole moments is positive for the Z. tet-
raquark states, which corresponds to prolate charge distri-
butions.

Before concluding this section, we must remark on
the measurement of the magnetic moments of unstable
hadrons. The short lifetimes of the Z. states make it diffi-
cult to measure the magnetic moment at current experi-
mental facilities. However, the accumulation of more data
from different experiments may make this possible in the
future. The A*(1232) baryon also has a very short life-
time; however, its magnetic moment is obtained from ex-
perimental data on the yN — A — Ay —» 7Ny process
[52—54]. Therefore, a technique for the determination of
the magnetic and higher multipole moments is based on
the soft photon emission of hadrons. This technique is re-
commended in Ref. [55]. The photon also carries inform-
ation about the magnetic and higher multipole moments
of the emitted hadron. The radiative transition matrix ele-
ment with respect to the energy of the photon can be de-
scribed as

M~AE,) " +B(E,)+CE,+---, (26)

where E, is the energy of the photon. The electric charge
contributes to the amplitude in the order of (Ey)‘l , where-
as the magnetic moment contribution is defined by the
term (Ey)o. Thus, the magnetic moment of a hadron can
be determined by measuring the decay width or cross-
section of the radiative transition process and ignoring the
small contributions of the linear and higher order terms in

Table 1. Working windows of so and M2, along with the PC and OPE convergence, for the magnetic and quadrupole moments of

hidden-charm tetraquark states.

State 50/GeV? M?/GeV? PC (%) OPE Convergence (%)
Z:(4020)* 18.6-20.6 45-6.5 34-60 2.8
Z.(4050)* 19.0-20.0 45-6.5 31-57 32
Z.(4600)* 24.6-26.6 5.0-7.0 33-60 3.0
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Fig. 1. (color online) Dependencies of the magnetic and quadrupole moments of hidden-charm tetraquark states on M? at three differ-
ent values of sp.

Table 2. Results of the magnetic and quadrupole moments

on the electromagnetic properties that are prominent in
of hidden-charm tetraquark states.

revealing the internal structure of hadrons. Measuring the

State 1z, /N Dy, [fm?x 1073 magnetic and quadrupole moments of hidden-charm tet-
Z.(4020)* 0507022 0207005 raquark. states in. future experimental facilities will be
Z.(4050)* Lop03 0.57+007 helpfgl in determining the quantum ngmbers and under-
¢ 032 ~0.08 standing the substructure of these hidden-charm tetra-
Z,(4600)* 240033 0.3079:%3 quark states. In addition, we hope that the magnetic and

quadrupole moments of the Z.(4020)*, Z.(4050)*, and
E,. Z.(4600)* states can be calculated using other ap-
proaches in the future, and these investigations will con-
tribute to our knowledge of the magnetic and quadrupole
IV. DISCUSSION AND CONCLUDING REMARKS moments of the Z.(4020)*, Z.(4050)*, and Z.(4600)*
The magnetic and quadrupole moments of the  States.
Z.(4020)*, Z.(4050)*, and Z.(4600)* states, assuming that
these states are represented as compact diquark-anti- APPENDIX A: EXPLICIT FORMS OF THE
diquark states with J© = 1* quantum numbers, are calcu- QCD,y 12
lated in the framework of the QCD light-cone sum rules AT (M7, 50) FUNCTION
method. Magnetic and quadrupole moments represent one In this appendix, we present the explicit expressions
of the most promising classes of decay for obtaining data of the analytical expressions obtained for the magnetic
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moment of the Z.(4020)* state as follows:

27(eq—e,+e.)

AP (42 o) =
T (M s0) = 0

{1[0,5,3, 1]1-31[0,5,3,2]+31[0,5,3,3] - 1[0,5,3,4] - 31[0,5,4,1] + 61[0,5,4,2]

-3110,5,4,3]+3I]0,5,5,1] - 31[0,5,5,2] - 1[0, 5,6, 1]

20y —
% (110.4.2,2]-21[0,4,2,3] + 110,4,2,4] - 2110,4,3,2] +2110,4,3,3] + 1[0,4,4,2] )
p
mcP Py < -
+ e | (234eu3lS1+ 120e,1518] + 195¢41,[S]+ 824Li1 ST+ 384(ea ~ eu)lslhy])110.1,3,0]
P\ f3,m?
3 ﬁ(q ~,)(481[0.1,2,01 +110.1,3,01 ) Ie[y]
P
ﬁ (eultLAT+ 6,11 [V] + ea( LA + 6L V1) +256(—eq + ) l6[41)110,2,4,0]
P . - )
+ 39’;2% { —4(10e,13[S]+ 38, 5[ S] + 6eqls[S] +45e414[S1)110,3,4,0] + 3 (4eals[ S1 + Seqls[S]

+6eu(I[S) + I3[S] = 326[hy)) +96(2eq - eIl hy1)110,3,5, 0]}

+ f3y

2097152783 {4(226u11 (Al =25e, [ [ V] +22e41,[A] - 25e4l> [‘V])I[O, 4,5,0]-3 <6eu LA +e ;[ V]

+eq(6L[Al+ L[V]) +448(eq - eu)le[lV]>1[0,4, 6, O]} ;

(AT)

where P; =(g2G?*) and P, =(gq) are gluon and u/d-quark condensates, respectively. The functions I[n,m,Lk], I;[A],
L[A], I[A], LL[A], I5[A], and I4[A] are defined as

So 1 1
I[n,m, 1 k] =/ ds/ dt/ dwe™s/M* s"(s—4mg)’"tlwk,
am Jo 0
1
L[A] = /Da( / dv Alag, g, @) (g + va, —up),
0
1
LAl = /DQ, / dv Alag, ag, @) (ag + vag —up),
0
1
L[A] = /Da(/ dv Alag, oy, ag)d(ay + Va, —up),
0
1
L[A] = /Da,/ dv Alag, oy, ag)d(ag +va, —up),
0
1
Is[A] = / du A(u)6’ (u— uo),
0

1
1o = [ duaw, (A2)
0
where A represents the corresponding photon DAs.

APPENDIX B: ON-SHELL PHOTON DISTRIBUTION AMPLITUDES

In this appendix, we give the descriptions of the matrix elements of the form (y(q)|g(x)I'ig(0)|0) and
¥(@) |g(x)T;Gyq(0)| 0y regarding the on-shell photon DAs, along with the explicit expressions of the photon DAs enter-
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ing into the matrix elements [45]:

1
EX .
Y DIg(x)y.q(0)I0) = e, f3, (8;4 - qﬂqfx> / due™ ™y (),
0
1 o
Y@DIg(x)y.ysq(0)10) = —Zeqfsyemﬁqu”xﬂ /0 due™ Py (u),
1 N 22
Y(PIgx)ouyq(0)|0) = —ie(Gq)(engy — €vqy) | due™ | xo,(u) + —Au)
0 16
1 _ EX &X : ingx
_ meqqq X, | & —qﬂq—x x| & - qv$ | due™ " h,(u),
Y (@G(x)g5G oy (vx)q(0)I0) = —ieg(Gq) (£ugy — &vyi) / Da;e @ S(a;),
Y (@g(x)g5G 1y (vx)iysq(0)I0) = —ie(Gq) (€ugy — vy / Da;e IS (),
Y @1G(0)g5G i (VX)Yay5q(0)I0) = eq fiyqalEudy — £1qy) / Da;e! @ A ay),
Y @NG(0)g5G oy (vx)iyeq(0)I0) = e f3yqa(Eudy — £vq,) / Da;e @Y (),
_ _ EX 1
<7(q)IQ(x)O—(Y,BgSG,uV(Vx)Q(O)|0> = eq(%) Eu—Yqu— 8av— —(qaXy + qyXa) qp
qx qx
£X 1 EX 1
- Sy_Cquix 8pv — a(CIﬁxv"'qvxﬂ) qa — 8v_qv§ 8au — g(%xyﬂﬂl;ﬂa) qp
&xX 1 i(a;+va,)gx
+ & — qv— 8pu— a(qﬁxﬂ +4u%) | G Da;e" T ()
1
+ {(80 ) (g,uﬁ - 7(q,uxﬁ +(’Iﬁx,u)) qv
(Sa ) (gvﬁ - (q;rx/} + Q/jxv)) qu
(s *>< L w)
B~ 4B 8ua gx QuXa T qaXy) | 4v
EX 1 i(a;+va,)gx
+ &g — qﬁa 8va — %(qvxa + %Xv) qu Z)CY,'C oo 7'2(C¥,')
1 .
+ ;(qﬂxv — 4vX)(Eadp — E54a) / Da;e T ()

1 .
+ a(%rx/} - Qﬁxa)(gﬂQV - qu,u) /Daiel(aﬁv%)qx?}(ai)} s (B1)

where De; is defined as

1 1 1
/ Da; = / day / de, / dagd(1 —ag —ay—ay) . (B2)
0 0 0

Here, ¢,(u) denotes the leading twist-2 of the photon DA, ¢ (), y“(u), A(a;), and V(a;) are the twist-3 DAs, and 4, (),
A(w), S(a)), S(a;y)» Ti(@), Tala), Ta(a), and 74(;) are the twist-4 photon DAs. The explicit expressions of the on-
shell photon DAs with different twists are

013101-8
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The numerical values of the constants in the above wave functions are given as ¢2(1 GeV) =0

oy 0) =61t (1+020C (u=10))

W) =3(3Qu-17%-1)+ % (15w) =5w5) (3-302u—1)*+35Q2u—-1)*),

Y =(1-Qu-1?%) (5Qu-1*-1) = > (1 +—

hy () == 10 (1+26") C3 (u - ),
Alu) =40u*i*

9
16"

3 A)
T 16"

(3 =" +1) +8(43 —382) [uit(2 + 13uir)

+2u3(10 - 15u+6u2)1n(u) +2°(10 - 150+ 6@) In(@)) ,

Aery) =360a 00, (1 + wA 5 (Tag - ) ,
V(ay) :540w¥ (ag - a/q)a/qa/qa2

g’
Ti(a) == 1200302 + 3)(ag — ag)agaqay,

Ta(a) =30 (ag = ag) (k=K + (1 =N = 209) + (3 - 4ay))

T3(e) == 1200342 = §3 ) — ag)agayay,

Ta() =300 (g — ag) (k+ 65 + (L + LD =2a) + H(3 - 4ay))
S(ai) =300 {(k + k(1 = ) + (1 + (1 = )1 = 2a,) + H[3(ag — @) —ap(1 —ap)l},

S(ai) = =300k = )1 = @) + (1 = L)1 = ao)(1 = 2a) + a3 — ag)” — ag(1-ap)]).

(B3)

=38=+1.8,

w? =-21+1.0,«=02,«"=0, {; =04, and &, =0.3.
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