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We explore the recently observed Z,(6227)~ resonance to fix its quantum numbers. To this end, we
consider various possible scenarios: It can be considered as either a 1P or 2S excitation of the E; and
&),(5935) ground-state baryons with spin-} or the 1P or 2 excitation of the ground-state Z,(5955) with

spin-%. We calculate the masses of the possible angular-orbital 1P and 2§ excited states corresponding to

each channel employing the QCD sum rule technique. It is seen that all the obtained masses are in
agreement with the experimentally observed value, implying that the mass calculations are not enough to
determine the quantum numbers of the state under question. Therefore, we extend the analysis to
investigate the possible decays of the excited states into Ag K~ and E; 7. Using the light cone QCD sum rule
method, we calculate the corresponding strong coupling constants, which are used to extract the decay
widths of the modes under consideration. Our results on decay widths indicate that the E,(6227)" isa 1P
angular-orbital excited state of the Z,(5955) baryon with quantum numbers J = %‘.
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I. INTRODUCTION

The theoretical studies of the heavy baryons involving
their spectroscopic parameters and the interaction mecha-
nisms improve our understanding of the nonperturbative
regime of the strong interaction, as well as their nature and
internal structure. As a result of the impressive develop-
ments in the experimental sector in the last decade, almost
all of the ground-state baryons with single heavy quarks
were observed [1-9].

The spectroscopy of the heavy baryons containing the b
quark has been investigated within different models. These
approaches include the quark model [10-19], the QCD sum
rule approach [20-24], lattice QCD [25], 1/N, and 1/m,,
expansions [26], and the Faddeev approach [27]. To gain a
deeper understanding of the single bottom baryons, their
properties, such as magnetic dipole moments and strong
decays, were investigated in Refs. [28-33]. In Ref. [34],
their strong and radiative decays were studied using the
constituent quark model.
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The quark model predicts the existence of many new
baryons with one, two, or three heavy quarks. The
impressive developments in the experimental techniques
indicate that more heavy baryons will be observed in
the near future. With this motivation and the motiva-
tion brought by the recent observation of the LHCb
Collaboration [35], we investigate the masses and decay
constants of the low-lying 25 and 1P excited =, baryons
having J :% and J = % The LHCb Collaboration
recently reported the observation of E,(6227)~ with mass
mgz, (6227)- = 6226.9 £2.0+ 0.3 £0.2 MeV and width
Iz, 6227)- = 18.1 £5.4+ 1.8 MeV. From the observed

mass and decay modes, it was stated that the E,(6227)~
state may be a 1P or 25 excited baryon (see also [35]).
After this observation, this state is considered in Ref. [36]
and its mass and strong decays were analyzed. The
obtained results indicated the possibility of its being a
P-wave state with J© = %‘ or %‘. It is clear that to identify
the characteristics of this baryon, more studies are neces-
sary. In this study, we aim to identify the properties of the
E,(6227) state by using QCD sum rule method [37-39].
This method serves as one of the powerful nonperturbative
methods. In the calculations, the observed state is consid-
ered as a 1P and 2§ excitation of the ground-state =,
baryons having J = { and J = 3, with the =}, baryon having
J= % We obtain the decay constants and masses of the 1P
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and 2§ excitations for each case. In the quark model’s
notations, these states are represented by the 12P, /25 228, /25
14P55, and 2%S; ;. For simplicity, we denote these states
as JP =1/2-, JF =1/2%, JP =3/27, and J' =3/2%,
respectively.

Moreover, we discuss the strong transitions of the
E,(6227)" to A) and K~ as well as to E) and z~. To this
end, we use an extension of the traditional QCD sum rules
method, namely the light cone QCD sum rule (LCSR)
technique [40-42]. In the LCSR, the time-ordered product
of the interpolating currents is sandwiched between an on-
shell state and the vacuum. The on-shell state in the present
work is either K or 7 meson depending on the considered
transition. Again, taking into account the 1P and 2§
excitation possibilities for the 5,(6227) state, the related
coupling constants and decay widths are obtained for the
mentioned transitions. The results are compared to the
existing experimental ones with the aim of better determi-
nation of the quantum numbers to be assigned to the
E,(6227) state.

The outline of the article is as follows: In Sec. II, we
derive the QCD sum rules for the masses and decay
constants of the =,(6227)” with the possible quantum
numbers J” =1* and 3*. This section also contains the
numerical values obtained for masses and decay constants
of considered states which will be used as inputs in the
following section. In Sec. III, within light cone QCD
sum rule method, we obtain the coupling constants for
the considered transitions with possible configurations
assigned to the E,(6227)" and present the results
obtained from the analysis. This section includes also
the decay width calculations for the considered transitions.
Section 1V is devoted to the summary and discussion of
the results.

II. SPECTROSCOPIC PARAMETERS
OF THE Z, STATES

In this section, the details of the calculations for
spectroscopic properties, i.e., masses and decay constants,
of 1P and 2§ excited E, states are presented for three
different total angular momentum J possibilities. The
calculations for all three considerations are performed
using the QCD sum rule formalism which starts from
the following correlation function,

(@) = i [ e O (g (175, (OO}, (1)

The correlation function is written in terms of the inter-
polating current of the considered state, i.e., the current
J () corresponding to the considered J = 1(3) state, which
is formed using quark fields and considering the quantum
numbers of the state. The subindex B represents one of the

states, B, (J = 1), B, (J =D or 8, (J = 3). We will use the
following interpolating currents in the calculations:

(a) For J =] particles:

J= =

=p

1
76€ahc{2(duTCSh)]/5bc + (daTCbh)]/ssc

+ (baTCSb)]/SdC + 2ﬁ(daTC}/5Sb)bc
+ BT Cysb)s¢ + (6T Cpss?)dcY,

1 .
— _ﬁ abc{(daTCbb) (baTcsb)ySdc

+B(dT Cysb®)se — B(b™T Cyss”)de}. (2)

(b) For J =3 particles:

2 . .
JEM! = \/; ”h‘{(d“Cyﬂ )b‘ + (S“C;/”b”)dC
+ (b“Cyﬂdb)sC}. (3)

The indices a, b, and c in the current expressions are used
to represent the color indices, C is the charge conjugation
operator, and g in the J = % currents is an arbitrary
parameter.

In QCD sum rule calculations, we calculate the correlator
in two ways. In the first step, it is calculated in terms of
hadronic degrees of freedom, considering the interpolating
fields as operators annihilating or creating those hadrons.
This side is expressed in terms of hadronic degrees of
freedom and denoted as physical or phenomenological
side. For the calculation of this side, complete sets of
hadronic states with the same quantum numbers of the
considered hadrons are inserted in the correlation function.
As a result, we have

() = (017 5(,) B(q;n?_(q( 5)|5,)|0)
+<0|JB |B(g.s 3><B( $)1 s |0> @
i — g
and
T (g) = (013 (y) \B(q,mz)>_<q( 5)[5,)/0)
<O|JB IB’(q, )><B’(q,s)|73<y>|0>

+...’

(5)

when the 1P and the 2§ excitations are considered,
respectively. Here, m, rii, and m' are the mass of the
ground, 1P, and 2S excited states of the E, baryons,
correspondingly. Jp(,) represents either the current Jp of
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J =1 or that Jp, of J =3 baryon. The contributions of
higher states and the continuum are represented by the dots.
The matrix elements between the vacuum and one-particle
states are defined as

(0l73|B(q, s)) = Au(q.s),
(017|B(q.s)) = Arsu(q.s).
(075|B'(q,5)) = Au(q, s), (6)

for J =1 states and

(01| B*(q,5)) = 2u,(q. s),
(07 5,|B*(g.5)) = Xysu,(q.s).
(O154|B"(q,5)) = 4"u,(q,s) (7)

for J = % states. In this section and in the following one,
B(B*), B(B*), and B'(B*') notations are used to represent
the ground 1S, 1P, and 25 excited states corresponding to
the J =1(3) baryon, respectively, and A(1*), 2(1), and
A (A*") are the decay constants related to each of these
states. In Eq. (7), u,(q. s) is the Rarita-Schwinger spinor
for the J = % states. Summation over the spins of spinors is
performed by using the formulas

> ulg.s)ilg.s) = (¢ +m) (8)

N

and

Zuu(q’ S)”_‘v(Qv S)

N

2QyQu 4uVv — 4V u
. 9
3m? * 3m ©)

1
= _(q+ m) |:g/w - gy/ﬂ/u -

Using these expressions together with the matrix elements
in Egs. (4) and (5), we get the following expressions for the

J:%case:
P(g+m) Plg—m
r(q) = LW R o)
m-—q m-—q
and
. Plg+m) 2*(g+m)
"Y3(g) = 2 2 n_ 3 T (11)
m-—q m=—q

For the J = 3 case, we obtain

, 1*2
Ph *
,"(q) = —WWJF’" )
1 ZQyQV Au¥v — 97 u
:1*2 .,
_qz_ﬁl*z(gl_m )
1 2Q/4q1/ qu¥v — ¥y
Y O v v I
(12)
and
Phys 1*2
" (q) = —m(;ﬂ- m*)
[ 1 29,9, | 90— 97,
X I T3 T e T |
1/2
- 2 —m" (g +m")
[ 1 ZQﬂqu qu¥v — Quyﬂ-
X _g,,,, 3Vl =3, + 3| to
(13)

where the first and second equations for each case belong to
the 1P and 2§ excitations, respectively. Note that Egs. (10)
and (11) are used as common formulas for both J = % =
and E} baryons.

The same correlation function, Eq. (1), can also be
calculated in terms of quarks and gluons using the explicit
expressions of the interpolating currents and by the help of
operator product expansion (OPE). The possible contrac-
tions between quark fields render the expression into a
form, which contains the heavy and light quark propaga-
tors. Using these quark propagators in coordinate space and
performing the necessary Fourier transformations to trans-
fer the calculations to the momentum space, we get the
results for the QCD side.

After calculations of the physical and QCD sides, Borel
transformations are applied to both sides with the aim of
suppression of the higher states and continuum contribu-
tions. Finally, we choose the coefficients of the same
Lorentz structures from both sides to get the QCD sum
rules for the masses and decay constants. In calculations,
the structures ¢ and [ are chosen for J = % cases and ¢g,,
and g, for J :% case. In the case of J = %, there are
actually more Lorentz structures; however, the others
contain contributions from the J :% states and, to avoid
the contributions of these undesired states, only these two
structures are considered. Final form of the QCD sum rules
for the masses and decay constants are obtained as
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TABLE I. Some input parameters used in the calculations of
masses and coupling constants.

TABLEII. Results obtained for the 1P and 2§ excitations of the
ground-state =, 5} (5935)~ and E,(5955)~ baryons.

Parameters Values The state B(JP) Mass (MeV) Residue 1(GeV?)
ms; 5794.5+ 1.4 MeV [1] E,(37)(1P) 61907197 014570030
Mz (5935)- 5935.02+0.02+£0.05 MeV [1]  E,(1*)(25) 61901192 0.81070060
M, (5955)- 595533 4£0.12£0.05 MeV [1] = (17)(1P) 6195113 0.11079:9%0
my, 4185004 GeV [1] g,(11)(29) 61953 0.7600220
m 128%1? MeV [1] 2(37)(1P) 6200170 0.075-9010
i 4703 MeV (1] =(3+)(25) 6200475, 0540820
An, (3.85+0.56) x 107> GeV? [43]
Az, 0.054 £ 0.012 GeV? [44]
(gq) (=0.24 4 0.01)° GeV? [45] including the parameter f3, its working interval is obtained
(55) 0.8(34) [45] from the analysis of the results, requiring the least possible
m? (0.8 +0.1) GeV? [45] : :

S ) . dependence on this parameter. For this purpose, one
(:G%) 47°(0.012 = 0.004) GeV* [46] examines the variance of the results as a function of
A (0.5+£0.1) GeV [47]

-2( /2)

m2 ~ _m=(m
e + Q2 (N%)e”

_ D
= %P,

m? 2 ("1/2 )

mate w® F in(m' )2 (X?)e” w2

=3P, (14)

where — and + signs in the second equation correspond to
the 1P excited B and 2S excited B’ states, respectively.
H?CD with i = 1, 2 are the Borel transformed coefficients
of the structures ¢ and I for J = % cases obtained in QCD
sides. The results for J :% case can be obtained from
Eq. (14) by replacing 1— 1%, X — ¥, i — m*,
m' = m*, and TP - P for the coefficients of
49, and g,, attained on the QCD side.

To perform the numerical analysis, various input param-
eters entering the sum rules are needed. Some of these input
parameters are given in Table 1. Besides these parameters,
the sum rules contain three auxiliary parameters. These are
the Borel parameter M?, threshold parameter s,, and an
arbitrary parameter f existing in the calculations of J = %
states. To fix their working intervals, we follow the standard
criteria of the QCD sum rules formalism. To begin with, in
the determination of threshold parameter s;, we need to
emphasize that it is not completely arbitrary and has a
relation with the energy of first excited state having the
same quantum numbers with the considered state.
However, since we have very limited knowledge on the
energy of excited states, we fix its interval looking at the
pole dominance condition. We demand that the pole
contributions for each case are dominant and comprise
the highest part of the total value. The Borel parameter
region is determined looking at the convergence of the
OPE. This requires also the dominance of the perturbative
terms over the nonperturbative ones in the calculations.
Claiming these, the lower limit of the Borel parameter is
fixed. For the upper limit of this parameter, the pole
dominance is required. Finally, for the calculations

cos 0, where f = tan @, and determines the regions where
the results have relatively weak dependence on cos®6.
Actually, the relatively weak dependence on the auxiliary
parameters is another requirement in the QCD sum rules
calculation to gain reliable results for the physical param-
eters under consideration. With all these requirements, the
intervals for auxiliary parameters, for all the considered
states, are attained as

45 GeV? < 5, < 48 GeV?2, (15)
6 GeV2 < M? <9 GeV?, (16)

and
—1<cos0<-03 and 03<cosd<1. (17)

Using the working regions for the auxiliary parameters,
together with the parameters given in Table I, we obtain the
final results for the masses and decay constants under
consideration. Note that the ground-state mass values of &,
baryons, i.e., the masses of 5, 5 (5935)~, and &,(5955)",
are taken as inputs in the equations. The values of the
masses corresponding to the 1P and 2§ excitations are
obtained as presented in Table II. The errors in the results
are due to the errors of the input parameters as well as those
coming from the variations of the results with respect to
the variations of the auxiliary parameters in their working
intervals. As an example, in Fig. 1, we present the
dependence of the mass of the Z,(37)(1P) state on M>
and s,. From this figure, one can see that the requirement of
the relatively weak dependence on these parameters is
satisfied.

The masses of the other possibilities and decay constants
for all the states under consideration are determined
similarly and presented in Table II. From this table, it
follows that the masses of the considered states with J¥ =
1% and JP =3* are all very close to each other and
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FIG. 1.
of E,(5955)~ baryon vs threshold parameter sj.

therefore the mass determination is not enough to identify
E,(6227)". Hence, in the next section, we extend the
analysis and obtain the widths of the considered excited
states decaying to AYK~ and E)x~, which can provide us
with the possibility to assign quantum numbers of the
B, (6227)" state.

III. TRANSITIONS OF THE =, STATES

TO AYK~ AND Elz-

This section is devoted to the analysis of the transitions
E,(6227)" - AYK~ and E,(6227)" - E)z~ by consid-
ering the 5, (6227)~ as the 1P or 2S excitation state of one
of the ground-state 5, Z) (5935)~, or E,(5955)" baryons.
In calculations, the LCSR method is employed. The
starting point of this method is consideration of the

Left: The mass 7 for the 1P excitation of Z,(5955)~ baryon vs Borel parameter M. Right: The mass 7 for the 1P excitation

1, (9) i/d“xeiq"‘( () (@) T{J no(z) () ) (0) 10).

(18)

In this correlation function, Jp(,) represents one of the
currents given in Egs. (2) and (3), and the calculation of this
correlation function will be carried out for each current
given there, considering again both possibilities of being
1P or 28§ states separately. The index (u) is used only for
transition of the J = 3 state. (K(rr)(g)| is the on-shell K (x)-
meson state with momentum g. J A9 and Jg are the
interpolating currents of the J =1 A} and E baryons.

In this part of the study, again the correlation function is
firstly calculated in terms of the hadronic parameters. For

correlation function given as J= %, we get
s (p, ) = “’“A’p _'A,jlﬁ“({))(p 2l <K<n><q)Ab<Eb><p,s>|B<p’,s’>>w
+ W) WAEIPI) 1) g, 2, o) B ) BT g
Pm =My (5,) P "
(. g) = ORI EIP I ey o) ') e
+ N NAENLI) )y, 2, ) ) S W0
Prme, pe=m
and for J = 3, we obtain
L™ (p.q) = <0JAhp _|A,Z§H(Ii)>(p D k(@) (E )(p,s)IB*(P’,s’)><B*(5z’i)¥g’”m>
<0JAbp _|Ani§E<b)>(p i (K(m)(0)As(Ep) (P, 9)|B* (', 5")) <B*(52’i/),l~,{g’”|0> +ee (2D
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(015, 1A (Ep) (. 5)) (B*(p'. ")/ .u|0)

;"™ (p, q) = > (K (@) (@) M (Zs) (P, 9)|B* (P, 8)) —5— 5
P™ =y (5,) P "
O BB ) g 2, . s ) WD o)
Pm = (5) P "

Again, note that, in these equations, B(B*), B(B*), and B'(B*') represent the ground, 1P, and 2S excited states
corresponding to each considered ground-state baryon. Here, p’ = p + ¢ and p are the momenta of these baryons and
A, (E,) baryon, respectively. The contributions of higher states and continuum are represented by dots.

Now, we have some additional matrix elements in Egs. (19)-(22). For J :% baryons, these matrix elements are
determined as

(K()(q)Ap(Ep) (P, 5)IB(P', ")) = gba, (=, k() @(Ps $)rsu(p', s"),
(K(x)(q)As(Ep) (. 8)[B(P',5")) = 9z, k(i (P> $)u(p',s)),
(K(7) (@) N (Ep) (P, $)|B'(P'.5") = gBa, (2, k(x) @(P s)rsu(p’.s'). (23)

and, for J = % baryons, they are parametrized as

(K()(q)Ap(Ep) (P, 5)|B*(P',5")) = 9B, =) k() # (P, $)u, (P, 5")q",
(K(z)(q)No(Bp) (P, $)IB* (P, 5")) = 9B, 2 k() B (P> )7 514, (P 8) G,

(K()(q)Ap(Ep) (P, 5)|BY(P',5")) = 9B a, (=, k() B(Ps ), (P, 5") G, (24)

)

where, in Egs. (23) and (24), ¢’s with various indices denote the strong coupling constants of the corresponding baryons
with pseudoscalar mesons.

Inserting these matrix elements into Eqs. (19)—(22) and applying summations over spins given in Eqgs. (8) and (9), for
physical sides of the correlation function, we get

s IBAL(E,)K () AN (2,4 gB’AEKn/IA(E)Z
I (p.) = 7zt () P M@ s m) e ey 0 )
Ay (E, Ay(Ep
x (P +m)ys+---, (25)
9BA,(E K;r/IA,E A 9B'A,E A _,/1
"™ (p.q) = o 22”( ();(p’,é ) ) (P +mp, )75 (P +m) + (p? - ,;(th )))(pg I)m % (P +ma,z,)
Ap(Eyp Ap(Eyp
Xys(# +m')+- -, (26)
9B Ay (E)K (1)1 (E,) A b A @K E)A
"™ (p.q) = - L 9" (P + ma,z) (P + m) Ty + -
(2=, o) (p? —m) ! =) (P> =m3 =) (p? —in*?)
X q (V—i_ml\b b)?S(ﬂ +m” )Taﬂ75+"" (27)
9B A, (5, K (m) A, (24 98" A (E)K (R A0y (E) A
L™ (p.q) = — e q* (P + mp, ) (P +m)T,
" (p? =m} (s, (P2 = m"?) i (PP e ) (PP = m )
X q* (P +mp, ) (P +m") T+ . (28)
The function T, is given as
1 2 1
Taﬂ(p) = YGou _gyayu - Wpapﬂ + % [payy - p/ﬁ/a]' (29)

To suppress the contributions coming from the higher states and continuum, a double Borel transformation with respect to
—p? and —p'? is performed. As a result, we get
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BIT™S(p. q) = gpa, (=, k(x4 (=, 1€
+ [m%( ) = m(m—my, =

X {qprs — Vqrs —

m,\b

BHPhys(p’ Q) = 9BA,(By)K(n )lAb(Eb)ﬂ

+ [m%{( ) —m(m—my,,

2
—mZ/M% e_mA

ve ™ { gpys —

(m+my, @,
2
-m* /M3 , mAb(:b)/M

Drst + 9sa, @) k@A, E,

M, e, qYs + (m—my,=,))Prs
/M2 o M%
E,) )]]/5} + gB/\b(_.b) K(x )j'/\b Eb)ﬂe /Mle Ab(—b)/ 2
DPYs + (M — m(im + my,s,)lrs}, (30)
2
HqPrs — ma,z,)qrs + (m—mp, =) Prs

i/ —mZ/M _mi (Eb)/Mg

X {gprs — ma,z,)qrs + (m' = mp, @) prs + [my o —m'(m' —mp,z,)]rs} (31)
s * —m*? —mi s
BHPhy (P @) = =98 A, (2,)K ()40, (2,)A € IMi e hy ) q“(P+my,z,) (P +m )Ty,
+ 95 A, (=) K ()00 (E ATeTm M g an(ﬂ‘f' m, z,))7s(P + ) Tos. (32)
S * —m mf\ = a
BIL™ (p, q) = —gp (= DK@ AN, @ AT e M e heE) (ﬂ+mA,, (P +m*)Tg,
*/ —mz - *
— 9Ba, (&, K An, @) AT e Mie T M@ R g (- m e ) (P +m") Ty, (33)

where M3 and M3 are Borel parameters in initial and final
) (pq)
stands for the Borel transformed form of the Hl;h)y *(p.q)

channels, respectively. In these equations, BII

function. These results contain different Lorentz structures
from which we can get the sum rules to obtain the strong
coupling constants under question. In the J = % scenario,
we use gpys and pys structures to obtain the coupling
constants for each possibility that the state E,(6227) may
become. For obtaining the relevant coupling constants for
J :% baryon, the Lorentz structures gpy, and 4q, are
considered.

For both J¥ = 1* and J? = 3* scenarios, we also need to
calculate the theoretical sides of the correlation function,
Eq. (18), with usage of the related interpolating currents,
explicitly. Similar to the previous case after the possible
contractions made using Wick’s theorem between the quark
fields of the interpolating currents, the results are expressed

2
2 _'"Ah(ZEb)
OPE M2 M
BITY™ = gpa, =) k(040,54 e ™
2
2 _"ME)

BIRE = gpa, =, k(mdn, =) he e "

_mE __Mp(Ep)
M2 M2
L(Ete e

BH?PE = QBA,,(EZ,)K(:MA

2
m<
_m2 __Mp(Ep)

”)llAb(Eh)ﬂe Mie

BHE)PE = 9BA,(E,)K(

in terms of light and heavy quark propagators. Besides the
propagators, we need matrix elements of remaining quark
field operators between the K(z) meson and the vacuum.
These matrix elements, whose common forms can be
written as (K(z)(¢)|g(x)q(y)|0) or (K(x)(q)|q(x) x
I'G,,q(y)|0) with " and G,, being the full set of Dirac
matrices and gluon field strength tensor, respectively, are
parametrized in terms of K(z)-meson distribution ampli-
tudes (DAs). Nonperturbative contributions are attained by
exploiting these matrix elements as inputs in the calcu-
lations. The explicit form of these matrix elements is
present in Refs. [48-51].

Again, considering the same structures in the physical
and the theoretical sides and matching the coefficients of
the same structures in both sides, performing the Borel
transformation and continuum subtraction using quark
hadron duality assumption, we obtain the QCD sum rules
for the relevant coupling constants as

+gl’}/\b(ah )K () /1/\1; :b)/l Yie M
m2 ih(:b)
2 (m=mp, =) = Gia, @k mAnE) e e M X (it mys,),  (34)
m’j /\b(fb)
+ 9B A, @)K An, ) A e e M
’; g\b(zsb)
(m=m,(z,) + g, @ rmine)Ae e Eox (m =my ). (35)
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”12
[(m™ +ma,5,)? = my] - el -
BILO™ = —gpn, (=, k(m)An, (2,4 o Ele e M g, (2, k(5
2
o K 2 2 * mA7 )
O i) 5
in
2
(™ 4+ m, e, = M, ~ M,
BILO™ = —ggn, =z, k(m 2,4 R e e
m2
[+ m? =) T MA@, = m%((ﬂ)]m/\b(ab) —al D
= 95 A, (2K (2) 0 (E5) A A e e ", (36)
m2
[(m* + my,z,)* = my )] e
BIGO™ = —gpp, 2, k(m)Ar, 24 o e e M = ggon g k(a4
m* 4 ma =) = m2 ) _’"?\,,(E,,)
o’ Ag“jf kil 5
m
2
[m*2+m2 - _m*mA =) —m ,,]mA = _m*2 Ap(Ep)
BIT:OPE — —gpa (= K;z/lA - PE Ay (Ey) »(Ep) K(7) 5(Ep) e M%e M2
2 5(Ep) K (1) Ny () 32
)
{m*/2 + mi =)= m*/mA &) — m]( ; ]m/\ (=) _”;;/2 A,l;,(Eb)
= g5,z KA )4 e e (37)
|
where BITPPE(BIT;9PF) and BIIYPE (BIT;PF) represent the  entering the calculations, which leads to
Borel transformed coefficients of the gpys(¢py,) and , ,
Prs(aq,) structures of theoretical sides for J =1 (3) case. M} = M5 =2M". (39)

As examples, we present the explicit expressions of the
QCD sides obtained for the decay of J = % &, baryon to
Eg and 7~ states in the Appendix.

To perform the calculations for the coupling constants,
the numerical values of the input parameters presented in
Table 1 are used. Since the masses of the considered
baryons are close to each other, we choose M? = M3 in

M2M?
M? = 2 iy 2° (38)
M7 + M5
70 . . . . .
601 1
i 50 Wr
o
= 40 —o—o * . '
<
at 30f —o— 54=6.0 GeV? ]
$0=7.5 GeV?
201 1
—— 50=9.0 GeV?
10 " 1 " " " 1 " " " 1 " " " 1 " " " 1 "
16 18 20 22 24
M2(GeV?)

Moreover, for all of the auxiliary parameters, we adopt the
values obtained in the mass and decay constant calculations
only with one exception. Using the OPE series convergence

and pole dominance conditions for working region of M2,
in this part, we obtain

15 GeV2 < M? <25 GeV2. (40)

Again to illustrate the sensitivity of the results to the
auxiliary parameters, we pick out the coupling constant

70 : : : : :
601
3 M
R}
~% 40 b
< — 2
2 a0t e M=15GeV
> M?=20 GeV2
20¢ e MP=25 GeV?
10 1 1 1 1 1
450 455 46.0 465 47.0 475 48.0

so(GeV?)

FIG. 2. Left: The coupling constant gz ,, x of the 1P excitation of Z,(5955)~ baryon to A,K vs Borel parameter M>. Right: The
coupling constant gz » x of the 1P excitation of 5, (5955)~ baryon to A,K vs threshold parameter s,
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TABLE III.
E,(5955) baryons.

= =/

Coupling constant and decay width results obtained for the 1P and 2S excitations of the ground-state Z; , &} (5935)~, and

The state B(J?) IBAK- 9820 I'(B— AJK")(MeV) I(B-E)r)(MeV)  Total Width I'(MeV)
E,(¢)(p) 1.84+04 0.010 4 0.002 130 + 30 0.006 4 0.002 130 + 30
5,(37)(29) 6.7+1.5 0.06 £ 0.01 1.14+0.3 0.00016 = 0.00005 1.14+0.3
g,(3)(1P) 0.5+0.1 0.840.2 12+4 32+9 44 £ 10
g,(31)(29) 1.64+0.4 524 1.1 0.07 £ 0.02 1.44+04 1.54+04
E,(37)(1P) 44410 GeV™!' 7746 GeV~! 1.6+0.5 1543 1743
5,37)(29) 19 +4 GeV™! 35 +4 GeV~! 0.4+0.1 32+0.8 3.6+0.8

gz,a,x for the transition of the 1P excitation of the
E,(5955)" baryon to A, and K final states and present
the dependence of the corresponding coupling constant on
M? and s in Fig. 2.

Similarly, we perform the analyses for all the coupling
constants under consideration. Our final results for the
relevant coupling constants are presented in Table III. The
obtained coupling constants are used to extract the corre-
sponding decay widths. The decay width formulas for the
LP and 2§ excitations for the J = 5 cases are

2
- _ IBA,E)K () ¢/ -~
D(B = Ay(E)K(n)) = L5 (4 ma ) )

— Mg lf (7, 1A (=, K (),

(41)
and
I r, &K ()
— B'A,(E,)K (x
(B = Ay(E,)K(7)) = W [(m —my, )
- m%((ﬂ)]f(ml’ Ma, () mK(ﬂ'))'
(42)

The similar decay width expressions for the J =3
case are

2
- —_ g~*/\ = ~ %
[(B* - A,(E,)K(n)) = M[(m - mAb(Eb))z

24xm*?
_mK ]f3(m MA,(E,) K (x))»
(43)

and

i IBin, (=,
[(B" = A, (Ey)K(x)) 24:r<m}3/2(>[( +my,z,)?
— Mgl (M mp,(2,), Mg ()
(44)

The function f(x,y,z) appearing in the decay width
equations is defined as

1
flx,y,2) = I \/x4 + oyt 4 2t = 2x%y? = 2x% 72 - 2%

The numerical results for the decay widths are also
presented in Table III. In this table, we also present the total
width values as a sum of the considered transitions in each
case. Comparing our results given in Table III to that of the
experimental width, which is I'g(g7)- = 18.1 £5.4 &
1.8 MeV [35], it can be seen that the state with J* = %‘
scenario nicely reproduces the experimental width value.

At the end of this section, we would like to have a
comment on the heavy quark symmetry partners. In heavy
quark effective theory (HQET), the heavy quark decouple
with light quarks in the leading inverse heavy quark mass
expansion. Therefore, properties of baryons with one heavy
quark are determined with the properties of light quarks (so
called diquark). The properties of P-wave baryons and their
interpolating currents were systematically studied in
[52,53]. Using the same notations given in these studies,
the heavy baryons belonging to the baryon multiplet
are characterized by the set of the quantum numbers
[F, ji.$1,p/4], where F means antitriplet or sextet repre-
sentation of SU(3), j; and s; are the total angular and spin
momenta of the diquark, and p and A denote the p type
(I,=1,1; =0) and 4 type (I, = 0,1, = 1), respectively.
Here, [, is the orbital angular momentum between two light
quarks and /; is the angular momentum between heavy
quark and diquark. As a result, for the antitriplet negative
parity baryons for instance, the following heavy quark
symmetry partners are obtained:

-\ _ /1- _
Ab(i )a'—‘b(i > [3F70,17,0]a

1- 3-\ _ [1- 3- _
Ab(i 55 >7h‘h<§ 75) [3F’1’1’p]7
3-5-\ - /35" -
Ab(i 75 >"—‘b<§ ,E) [3}77211’,0],
1- 3- 1- 3- -
Al 2 )m (52 1,0, 2]. 4
(35 )=(53) Beoa @
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The strong decay widths of these states are calculated
in [52].

IV. CONCLUSION

The present work covers an investigation into the nature
of the recently observed E,(6227)~ baryon. To get the
information about the possible quantum numbers of this
state, three different ground-state particles, namely &,
E),(5935), and E,(5955), are considered. The investiga-
tions were conducted focusing on their angular-orbital 1P
and 25 excitations. With this orientation, we first calculated
the corresponding masses and decay constants for all these
excited states using the two-point QCD sum rule formal-
ism. We find that the sum rule predictions on the masses for
all the considered scenarios are very consistent with the
experimental mass value. Hence, only mass considerations
are not enough to determine the quantum numbers of this
state. Therefore, to get extra information about possible
quantum numbers, we also studied the strong decays of all
the considered states to AYK~ and E; 7. To this end, we
applied the LCSR and obtained the coupling constants for
all the possible transitions. These coupling constants were

|

1

P1) = it

2
p-1) {fn (2(5 + B)m[my (=210 + woo (=4 + M?)) 4 298] ({1 = 285) In <%>

then used to get the corresponding decay widths. From the
results on decay widths, it is obtained that the angular-
orbital excited 1P state with J* =3~ has reproduced well
the experimental value of the width. This result indicates
that the state Z,,(6227) has the quantum numbers J” = 3~
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APPENDIX: QCD SIDES OF THE
CORRELATION FUNCTIONS

In this appendix, as an example, we present the results of
the QCD sides for the 5, (6227)~ — E)z~ transition, i.e.,
the functions BIIPPE and BIISPE. They are obtained as

m2 m?

S0 _s Mz ——b—ﬁ
B = / IR ) (8)ds + €W W Ty (Al

m,

where the expressions p;()(s) and I'j() are given as

b

+ mj, (—4W10mb54 + 4Py iompCs — dwrimply + 4Py mply + 20y 1 omCy + 4Py om0y

+ 20y21m 8y + 4PworimCa + 200 10mpCy + 280y 10mpCy + 20w mply + 28y myly + 30w eom L,
+ 6fwoomC1 + 307 eyoom 1 + 6By ewoom sy + 10yoimy + 2Pwormly — 25w 0amCy — 5pyoamCy
— 10y gwoam &y = 2Py ewoam$y — 2y10msCy — 10y omCy — SyrymCy — pyriimCy — 10y gyrym )y
= 2Py 1imi$y = Syiam &y — Pyiom Gy — 10y gy 1om Cy — 2Py pwiom €y — 2yaym$y — 10pya m¢y
+2(=2(8 = D (w10 +wa1)my = (5+B)[6(1 +7£)woo + 2wor = (5 + 27)wo

2
= (1 +2ye) (w11 +wi2)mg)6o = 4(5 + Bwoom, ($1 = 245) In (%)

2

A
=2(5+B)woamy($1 —28) In <T) +2{—(5 + B)woam (1 —28,) In <%> —my((11+ 138)¢,

=2(f=1){3)In <%) = (5+p)my ({1 —28,) [(21//00 =W —2y0+ 2y ‘H//zz)hl(

b
2

(s —m})

)

+wooln <M) =2y In <M>] }) ) mizr + 2m‘,i(§’5 - 2C/6)[WIO +5pw 1o

A%s Nm3

=3(L+B) (w0 —ya1) + (1 +58) ln(mT%Hﬂn} +

_(B=1)
19272
_(B=1
5767

#=1)
3847

A(u)(uo) famz (B — 1) (w10 +war)my + (5 + B)woom,]

P
m3 [ (14o) [(ﬁ = 1)(2y10 = yao +y31)my, + (5 + B) (wao — w31 )my +2(F = 1)m, In <%>]

(35)

my(=1 + iz )06 (o) [(5 4 b) (wao —w31)my +2(8 = 1) (w10 +yo1 )m] + - (- 1)

72
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X (5 + B)woof 20 (uo) + <92G2>{ (B=1)(B—1)m;(3(5+ P)la—4(1 +28)C1 + (5+ B)E2) fami {211/00 = Yo

1
576m}n?
2

s —m?
Az) + 2(woo — Wo3 + 3y + 2w +wa3) In <—b>}

=W — o + O6rwio + 3w +wan — 6y ln< A2

1
768mSx?

Msq oo [S—m} 1
— 12y In . + 12y (s — my) In 2 + 6912m2 2 (B=1)f2pz(u0) | (B = 1)(Woo = 3(wi0 + w21))my
+3(5+P)B(=3+4yr)woo —wor + 2wos + Sywo_ + 3Tw0 — 367w 10 — Wiz — 313 — 6wo — 2wan)my

M? s —m?
—6(5 + p)m <6(l//oo —3y0) In (p) + [~ 1900 — 2wo3 + 12901 + 6wy + 4y + 2y ln< e b)

5(8=1)(5+ pymoA(u)(uo)f zmz [mzz; (6(27E =310+ 6w + 3wm +was —dy_jo + 3o o3

s(s —mqgb? 1 .
+ 3pp3 In (W))} + W (B —1)2my(fiz — 1) a0, (ug) {211100 —Wor — o — o

M? s —m3
+ 6yeyi10 + 3wa + Yo — 6y ln <A ) +2(woo — wo3 + 3wa1 + 2y +ya3) In < 2 >] } (A2)
1
9205) = g2 2| R romal=2(1 -4 BT+ P + 401+ BT+ )Es = (= 1765 =240

+3(1L+ B4+ 5)) (wao — w31)my (&7 —285) +2(8 = 1)(5 + B)wiomCp + (5 + B)[(1 + 58) (wao — w31)my,

m2
2= Dyl = maf2(1+ T+ D) =401+ B0+ AL+ (9= 120 - 28] ("2 ) )

- 2<—(ﬁ — D26 +B)(wor —2w0) — (L+ 58w ]my(C + &) +wa [(5+Bm(C + &) + (B Dmy (&) + &,

+83-28+ 8 = 28)] +wiol(5+ B) (=T + 6y)my(C + &) + (B— Dmy (8 + Co+ & =28, + & = 283)]]
+woolB3(B—1)(=2+ (=2 +7E) + 5ve)m (& + &) + (54 B) (1 +58)my (&1 + & + &5 — 284 + &5 = 283))]

= (5= 106+ PG+ 8 [pn(r = D10 () 4300 = 20100y ) =2t () + 200

b

— m2 2
=3y gy + 6ya; + 3yo]In (s AZ”) + 2w, In (s(j\zmn;b)ﬂ )m72t> = (B = 1) (w10 +wa1)mp[(5 + p)m,
b

0= D )ur2 = 2 | =g (14 BT+ D)z =y LA ) = s (14 5T+ )

38472
1

s
X [ () {61//10 =3y + w30 — 2w — 6y In (”1127)] 115222

(8= Dm2 (2 = Dyiggrs (1) {(s )20

m2
— a0 +w3)my + (B = 1)(wa0 —w31)ms +2(5 + f)my, 1n< )] +%Woo[ 6(1+ (7 +B))mf s (uo)
1
1152mlﬂ'2
2

A2

+ (B =12 (7 = Dieg,' (uo)] + (92G2>{— (B = 1)m;m; [2fn((3(5 +B)mi[2w00 = Wor — woo

s —m?
) +2(woo — Wo3 + 3yar + 2y +yo3) In <—b>]

=10+ 6ywio + 3w +wxn — 6y 111( Az

+ (& + Zz){@o‘l/oo = 15yo1 = 15pon = 15y +12(29 = 19yg)y1o — 5[=3 + 21wy + 12y + Syaz — 20y

+Sy_13 + 15p_1 1] + Bl6woo — 3wor — 3wor — TSwo-y + 12(19 = Lyg)wio = 21ya = 1299 = S(=15 + ya3
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M2
— w10 + oz + 3w_i))my + 12(19 + 11B)ygmy 1 <A2> + 3[(=19 + 135y09 — 10w — 6Wo_; + 30y,

s —m3
+ 2075, + 103 + B[25 + 2Two0 — 203 — 300y + 6oy + 4w + 2y03)Imy — 20(5 + Byoos] 1ﬂ< A2 b) }mfzr>

2

M
=3(B—1)mj (s —286) 2woo — Wor — Wor — W10 + 67w 10 + 3war + wan — 6w ln( ) + 2[woo — wos + 3y

A2

s —m? 1
2 1 b - 1 ! — (- -1
# 2t in(“ ) Y| = g (4 A+ 8) 00+ ) (0 + s (= 15 = U
X @5 (ug)[(5 + B) (oo = 310 +wa1))my + 3(B = D[(=1 4+ 207)woo + Wor + 2wor — 3wosz + 61wig —win

M2
= 3yri3 — 60y (w10 — 2wa0) — 181yag + w3y |my + 6(B — 1)m, |:_10(1//00 =30 + 6yyg) In <A2) + [89 + woo

s —m?
+ w03 — 135w0_1 + 54wy + 6w3; + 33 + wis) ln< A2 b)” } (A3)

Iy = (ss) {W (5= DI=(6M*[4(5 + HMEy =21+ SHME, + mym, (118, + 130, 4205 = 2602)]

+ mgmy [3myM>(=2(5 + p)C4 + &1 + 56¢1) — mymg (118, 4+ 138, + 28, —2B5) + mM> (118, + 1358, + 28,
= 2P i+ (14 5B)m M2 (=mimi -+ 6M*) (8 = 2 ) = s (B = DA ) (o) f a3 (120 (i
— pmg) +2(5 4 p)mpM* +2(5 + B)M*) + mgm,, (2(p = 1)mym + mj[=6(5 + p)my, + (19 + 54)m | M*

=3[(=3+p)my, + (5 + 3p)mIM*)] + (B = 1)f 2 (o) [=12(8 = V)mym M + mi(2(8 — 1)mim,

1728 M*
+3my[=2(5 4 f)my, + (54 3f)m|M* —3(7 + 3)M*)] + STRAM (fiz = Dz () [=12(8 = 1)M*((5 + )

x myms = 2(f = 1)myM? + (5 + B)ym;M?) + mgm;,(2(f = 1)(5 + p)mijm, — (B = 1)my[6(8 — 1)m,

-1

+2(8 = 1)mpM* (204 + &1) = AmymM?[3(5 + )Ly = 4(1 +28)C + (5 + B)La] = 2m M*[3(5 + B)a — 4(1 + 28)C,
+ (54 P)Ca] +2mym[2(5 + B) (=1 +3ye)ly + (14 56 = 8(1 + 28)rg) 1 + 2(5 + B)yela] — 2mym,[3(5 + B)L4

A2 M? 1
—4(1+2B)C, + (54 p)¢)] [In( b> +2In <A2>}>m% +6(5 + p)ymzM° (L% — 2C/6)/'t7r:| +WI%M%2

+ (11 4+ 78)m|M? +24(1 + p + /32)M4)]} + <92G2>{

x (B = 1)A(u)(ug) f zm> [2(5 + B) (=1 + 3yg)mbms — 10(5 + B)ymimM?* + m3[m,, — pm;, — 9(5 + f)m | M*

F2((B = 1)my, = 3(5 + B)myME = 3(5 + BymSm [m(i) + 21n<AZZZ>H +m(ﬂ— (5 + p)m, f

A2 M2
X @, (u) [(—2 + 6yp)mi 4+ 6(—1 +yg)M?* — 3(m? + 2M?) In <m_i> —-3(2m2 +3M?*)In <F>}

1
20736m,M*

5= vmutt =305 - D (25 ) 20 (55 ) [ b+ 02 ot 0 Dzt

b

(B = D(=1+ iz )z (1) {Q(ﬁ = D)(=1+3yg)mym, = 7(f = 1)mym,M> = [(5 + )m,

X [6M4(—(ﬁ = Dmimg +2m3((5 + B)ymy +3(B— 1)mg)M? =2(2(5 + p)my, + 3(f — 1)m;)M?)
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+mg((B = 1)mGmg —my[3(5 + Bymy, + 11(8 — 1)m M + 6m[3(5 + f)my, + 5(f — 1)m,|M* — 18[(5 + p)m,,
+ (ﬂ - l)ms]M6)] _W(ﬁ - 1>mbfﬂ§0n(u0)[6M4(mi(ms _ﬂms) + 2(5 +ﬂ)mbM2 + 3(:3 - l)mst)
+mi((B = Dmymg = 3mp[(S + B)my, +2(f = 1)m]M> + 6((5 + p)my, + (B — 1)m,|M*)]

1
- W(ﬁ — Dmy (i — Dpaps () [m3[(5 4 )mymg — 3(B — 1)M?](mj — 6myM* + 6M*)

_6M((5 + Bmim, — 2my[(=1 + By, + (5 + Bym,]M? + 6( - 1>M4>] } (Ad)

2 2
FZZﬁ(ﬂ_l)(s‘Fﬁ)mbms(Zl+52)fn {27’15 1n<2> 21“(?;[2)} +(5s >{1728M8 [f ez (MP{6M (m,M?

b
X [=2(1+B(T+ )5 +4(0+p(T+P), — (B—1)2(& —28)) 4+ 2(5 + B) (mi (my + 5pmy) = 2(B — 1)m,M?
+ (14 58)mM?){g) + mimy,[=2(5+ B) (1 + 58)mym S +6(f— 1)(5 + p)miM>¢ g — 18(5* — 1)M* g

+mpym M 21+ B(7 + ))& = 4(1+B(7+ )¢, + (B = 1)*(¢5 — 244 +3CB)H} =2(f = 1)my[6M*[2(1 +5p)
xM*(&+8) = (B=Dmym (& + 8+ 85 =284+ & = 28)] + m (=3(1+ 58)miM> (L, + &) +3(1 4+ 58)M* (¢,
+5)+(B- 1)’"2”&(51 +8+ 8 =284 8 —28) —2(B— 1)mymM?(E) 4+ &o + &5 — 284 + &5 — 285))|m2)

-3(p- 1)2M4Mn((m(2)m127 —4M4><Cs —22:6)’" —|—m0M4(2v —Dep(ug))] + m%A/(”0>[_24(1

1
6012818 " =

+B(7+B))M* (mj + M) + mimi [4(1 + B(7 +ﬁ)) +(T+p(4+7p))M?]] - o f 07 (o) [4(1

1
1728020
(B—=1)(fiz = Vgl (o) [=12(5 + p)ympm M* + m(2(5

+B(T+p))my + (11 +B(32+ 115))M°] + 10368M4

T Bmim, & 3my(=2(5 = Vymy + (B— 3)ym,)M? —3(3 +5ﬂ>M4>} } n <ngz>{ m2Lf (2

1
13824m; M®z? "

x (mbM“[Z(l +B(T+P))Ss =41+ B(T+P)54 = (54 B)(1+56) (5 = 28)] +2(5+ ) 2(B— 1) By — 1)mym

7B = Dy, M2 =y + 5Py + (B = \m, )M = 6(8 = 1)(5 + p)mbm YCBP“@Z)”] (%))

+22(B-1)(=1 =2y +p(14yp = 5))m§my(C, + o) —8(B—1) (=1 + 4+ 3(B— Dyg)mimM*(, + &)
+12(8=1mimM* (&, + &) = (B=1) (54 B)mMO(C, +C) + (5+B)(1 +58)myM*(&, +Cr + 85— 24,
2

8= 200) + (= Do G-+ L) 149 93 = )| (2

) +[(4-288)m3 +3(—7+ 13p)M?]
b

scin (M50 )2 ) = (6= 12 = 26) (209 )3 = Dpmion, = (S 4 Py + 605 D)o

25+ B)my = 38— m )M =3(F— )mim, {1 (2) 2l (f‘z >Du] bz (L BT+ ) am2A o)

1

. A?
—W(ﬁ —1)2m (% — D)y () [(67 — 2)my + 6(yp — 1)M* = 3(m} +2M?) In <—2>

mj,
2

1
-3+ 32 )| |+ 590626 i (5 Pttt m, + 5pm) =305 102
—6miM? +6M*) +6M*(—(1+ 58)mim, +2my[(B— 1)my, + my + 5pm|M* — 6(3 — 1)M*)]
BT YVIYIViE] (L+B(T+B))ympm f ymzA (o) [6M* (—mj, +2M?) + m(my, — 6mzM? + 6M*)]
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1

X @ (ug) [6M*[~(5 +ﬂ)mims +2(8 = 1)mpM? +3(5 + B)ym M?] + m((5 + p)mym

3B = Dy + 2(5 + Bym M2 + 6[(F — ymy + (5 +/3)ms]M4)] }

where the functions ¢, ', 4 ; and {p are defined as
6= [ a [ aus apitiia + vay) - )
= /Dai /01 dvf(a;)d (k(a, + va,) — ug),
6= [ D [ duf(a)otita, + vay) - o).

{p = /1du’[EB(u’),

(s —mg?)"
Yoam = —m’ (A6)
s" (mg)

with f1(a;) = V(&) fa(a) = Vi(), f3(a) = Aj(a;), fala)) =T (), fs(a;) = vT (a;) being the pion distribution

amplitudes whose explicit forms can be found in Refs. [49-51]. Note that u, = Mzﬁj_ 7 and, due to the close masses of initial
2

2 _ A2 my
5 with the use of M7= M5. In the above results, u, = f, .

and final baryons, this expression becomes ug =
fip =", Da = dogda,dayd(l - az —a, —ay) and the @, (u), A(u), B(u), ¢p(u), ¢,(u), T(a;), Ar(a), Aj(a),
Vi (a;) and V) (a;) are functions of definite twist which are given as [49-51]

@.(u) = 6ui(l +afCy(2u—1)+ a’Q’C%Z(Zu -1)),
1
T (a;) = 360n305a,a; (1 +wss (Ta, — 3)),
5 1 27 81 1

on(w) = 1+ (300 =302 ) 2= 1)+ (=3ns - 3002 - et ) Chau - ),

_ 1 7 3
Po(u) = buil {1 + (5n3 W3 —2—0/17r —5/472: )Cz (2u — 1)]
Vi (a;) = 120a,a50,(vo + v19(3a, — 1)),
Aj (a;) = 120a,a50,(0 + ajo(a, — az)),

V() = =302 {hoo(l — a,) + hoi(a,(1 — ) — 6a,a,) + hw( a,(1 - a,) —% (ag + ag))],

1
Ay () = 30z (az — ay) [hoo + horay + Ehlo(sag - 3)] ;

B(1) = g,(1t) — (),
Gn(10) = goC5(2u = 1) + oC3(2u — 1) + g, C5(2u — 1),

16 24 20 1 1 7 10
A(u) = 6uii 20 2u—1
(u) ui LS 35a2 +20n; + — 9 ns + < 15+ 6 27"~ 27'74>C2( u—1)
11 4 3 18
+ <—210a’2’ 135;73w3> C,(2u — 1)] + (—Sa’z’ +21;74w4> [2u*(10 = 15u + 6u*) Inu

+2i*(10 — 15i + 6@%) In it + uii(2 + 13uit)], (A7)
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where Ck(x) are the Gegenbauer polynomials,

1

h g = - s
00 = Yoo 3'74
7
ho, :ZW4W4—*G’2[,
7 y/5
hyo 21774W4+20a2’
21 i
ao :§’74W4——02’
21
Vig = —NaW4,
10 3 MaWyq
90 = 1’
18 20
g = 1 4+ —a5 +60n; + —n4,
7 3
94 = —%03—6773%' (A8)

Equations (A7) and (A8) contain some constants which were calculated using QCD sum rules at the renormalization scale
u =1 GeV? [48-51,54-57] and are given as a¥ = 0, a% = 0.44, n; = 0.015, 4, = 10, w3 = =3, and w, = 0.2.
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