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Recent experimental progress has led to the detection of many new hadrons. Very recently, the LHCb
Collaboration announced the observation of two new X,(6097)* states in the Az* invariant mass
distribution, which are considered to be the excited states of the ground-state Z,S*) baryon. Although almost
all of the ground-state baryons have been observed, the fact that only a limited number of excited states
have been observed makes them intriguing. Understanding the properties of the excited baryons would
improve our knowledge about the strong interaction, as well as the nature and internal structures of these
baryons. To specify the quantum numbers of the X, (6097)* states, we analyze their strong decays to AY
and z7F within the light-cone QCD sum rules formalism. To this end, they are considered as possible 1P or
2§ excitations of either the ground-state X, baryon with J :% or the Xj baryon with J = %, and their
corresponding masses are calculated. The results of the analyses indicate that the £,(6097)* baryons are
excited 1P baryons with quantum numbers J© = %‘.

DOI: 10.1103/PhysRevD.99.094003

I. INTRODUCTION

In the quark model, the heavy baryons containing one
heavy and two light quarks form multiplets using the
symmetries of flavor, spin, and spatial wave functions [1].
These considerations lead to the result that they belong to the
sextet and antitriplet representations of SU(3). At present,
almost all of the ground-state heavy baryons have been
observed in experiments. According to the quark model
predictions, in addition to the ground states, the existence of
their excited states is also expected. So far, only a few excited
baryons have been observed in the bottom sector [2-6].
Detailed studies of the experimentally discovered states and
searches for new, yet-to-be-observed states can play a critical
role in our understanding of the internal structures of these
states and give essential information about the dynamics of
QCD in the nonperturbative domain.

Very recently, the LHCb Collaboration announced the first
observation of two resonances %,(6097)~ and X,(6097)"
with masses m(%,(6097)7) =6098.0+ 1.7 +£0.5 and
m(Z,(6097)1)=6095.84+1.7+£0.4MeV [7]. The widths
of these states were also measured as I'(Z,,(6097) ) =28.9+
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42409 and T(Z,(6097)") =31.0+5.5+0.7 MeV.
Following the discovery of these states, the determination
of their quantum numbers remains a central problem. To
understand the structure of X, (6097), the authors of Ref. [8]
performed mass and strong decay analyses within a quasi-
two-body treatment. As a result of this study, £,(6097) was
3—

concluded to be a bottom baryon candidate with J* = 5 or

JP = %‘. In another study, the constituent quark model was
applied to investigate X, (6097). The authors concluded that
this state is a P-wave baryon with the quantum numbers
JP =37 orJP =37 [9]. Another prediction for the quantum
numbers of the observed X,(6097)~ and X,(6097)" states
was presented in Ref. [10] via the quark-pair creation model,
which again indicated the possibility of either J” = %‘
or JF =37

In the present study, the properties of these baryons are
studied in the framework of the QCD sum-rule method
[11]. In our calculations, the observed states are considered
as 1P or 28 excited states with J = % orJ = % We analyze
the =F — A,n* decays and compare the values of the
obtained decay widths with the experimental results, which
allows us to determine the quantum numbers of the
%,(6097)* states. To calculate the decay widths the main
ingredients are the coupling constants corresponding to the
considered transitions. To calculate these coupling con-
stants we use the light-cone QCD sum rules (LCSR)
method [12]. In this work, we also calculate the masses
and decay constants of the states under consideration by
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taking into account all possibilities, i.e., assuming that these
states are 1 P or 25 excited states of the ground state %, and
¥ baryons with J =1 or J = 3. The obtained masses and
decay constants are used as inputs in the numerical
computations of the strong coupling constants of the related
decays. Similar coupling constants for the ground-state
baryons with a single heavy quark with J =1 and J =3
have been calculated in Refs. [13-16].

The paper is organized as follows. In Sec. II, the strong
decays %,(6097)* — AYz* are studied within the LCSR
method [12] by taking into account the possible configu-
rations assigned to the £, (6097)* states. In this section, we
also formulate the sum rules for the masses and decay
constants of ,(6097)* with J = J or J = 3. The numerical
results of the masses and decay constants are used as input
parameters in the analyses of the strong coupling constants
defining the above strong decay channels. The numerical
results of the strong coupling constants are also used to
obtain the numerical values of the decay widths of the
transitions under consideration. The last section contains
our concluding remarks. The details of the calculations of
the spectral densities are given in the Appendix.

II. ANALYSIS OF THE XA, 7 VERTEX
VIA LIGHT-CONE QCD SUM RULES

In this section, we analyze the strong transitions of the
2, (6097)* states to the AY and 7™ particles. As we have
already noted, our primary goal is to determine the
quantum numbers of the recently observed X,(6097)*
baryons. To this end, we assume that these states are 1P
or 25 excitations of the corresponding ground-state baryons
with J :% or J = % We calculate the widths of these
baryons under these assumptions and compare our results
with the experimental data.

Each decay is characterized by its own strong coupling
constant. Therefore, in the first step, we calculate the
corresponding coupling constant defining the strong X, —
A,z transition for each case within the LCSR. For the
ground-state X, and Xj particles, these strong coupling
constants are defined as

(#(@)Ap(p.$)|Z4(P',5") = g, a8 (Pss)ysu(p'.s"),
(7(@)Ap(p.s)|Z5(P'5") = gs: a2 0(Ps$)u, (P'ys") g (1)

For their corresponding 1P and 2S excitations, similar
definitions as in Eq. (1) are used with the following
replacements.

a) For the 1P excitations: gs,a,z = 9, A,z I5iA,z =
gz;ae (P s") = ysu(p'.s), w,(p's) = ysu(p'.s'),
24 (p'.5")) = [Zp1 (p'5")), and [Z5(p", s")) — [Z5, (P, ),

b) For the 2§ excitations: gs, A, Js,,A,z> gs: A =
gs; Ao Z,(P'5")) = |Zpa(p'.s")),  and  |Z5(p'.s")) >
Z5,(p".5"))-

In this section and in all of the following discussions, the
ground state and its 1P and 2S excitations are denoted
by %, (X)), Zp1(Z;,), and Xy, (Z;,) for the corresponding
J =1(3) baryons, respectively. Here, u(q.s) and u,(q,s)
are spinors corresponding to the J :% and J :% states,
respectively.

To determine the aforementioned coupling constants
from the LCSR, we introduce the following vacuum into
the pseudoscalar meson correlation function:

My (a) =i [ dre® a(@) T, (g, ©10) (2)

where the on-shell z-meson state is represented by (z(q)]
with momentum ¢, M5 () is used to represent the inter-
b

polating current of X (2;*), and 5, is the interpolating
1
E-
fields for the J = % particles are given as

current for the A, baryon with J = ;. The interpolating

1
M, = 2 L2 Cdy ) be + 26 Crdy )b

+ (ulCby)y’d, + p(ulCy’b,)d, + (bICdy,)r u,
+ﬁ(bz;c},5db)uc}’ (3)

and

Lo
s, =€ (@i Coqe + PaLCrby)a,

- (bLCqp)rq. — P(BECYr q1)q.}. (4)

For the states with J = 3, we have

1
Ny = \éeab“{(qZqub)bc +(q4Cruby)q.
+ (b4 Cruqs)qe}- (5)

In the above equations, ¢ is the u(d) quark field for

ZE,*) * (Zl(,*>_). The indices a, b, and ¢ represent the colors, C
is the charge-conjugation operator, and f is an arbitrary
mixing parameter. This mixing parameter is introduced to
include all of the possible quark configurations in the
interpolating currents considering the quantum numbers of
the particles under consideration in order to write the
possible general forms of the interpolating currents for
the particles with J = % The case f = —1 corresponds to
the loffe current.

To obtain the sum rules for the strong coupling constants
we start with the standard procedure of QCD sum rules
derivations. To obtain the physical or phenomenological
sides of the desired sum rules, we insert complete sets of the
%,(Z;) and A, baryons into the correlation function. As a
result, we get
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<2( )(P S)|’72§:) )|0>

Phys (Ofna, |1 A5 (P, 5)) (%)
I, (p.q) :pzb_—mzAh<ﬂ<Q)Ab(p’s)|zb (p'.s)) 27— 2
O VIV
(Olna,|Ap(p.5)) . (Zy1 (P2 5" liigter,|0)
B () Ay ()[4 (P 8)) (6)
pm—ny, p—m
QNN
x (p 8 )l’/l (*) |0>
Phys _ {Olna, 1A (p. 5)) =)/ (Z = ()
I, (p.q) = sz——mzA,, (m(@)Ap(p.s)IZ, (P, 5")) P m<*l)’2
() (o =
<0|;7 |A (p’ S)> * <2b2 (p ’ s )|772(*)< )|0>
o S (@) A ()25 (1) 2 7)
pm— my p? - m}
b 2

where p is the momentum of the baryon Ay, and p’ = p + ¢

is the momentum of the considered Zé*) and ZS) initial
states, with i = 1 or 2 indicating the 1P or 2§ excited state.
The dots at the ends of the equations are used to represent
the contributions of the higher states and the continuum. It
is well known that the physical (hadronic) side of the
correlation function is complicated by the appearance of
contributions from the baryonic states of both positive and
negative parities. Constructing QCD sum rules for physical
quantities free of the interference of unwanted (opposite)
parity partners is of great importance (see Ref. [17] for
more details). In our case, the hadronic side of the
correlation function contains contributions from 1S, 1P
and 28 states at the same time. However, it is impossible to
analytically solve the resultant coupled equations and
separate different the contributions from each other when
three resonances are involved. For this reason, in this work
we use the ansatz that the hadronic side contains contri-
butions from either 15 + 1P or 15 + 2§ states. In this way,
we assume that the observed states X, (6097) are either 1P
or2S§ excitations of the corresponding ground-state baryons

take into account the contributions from the 1P and 2§
states. In this case, we need to numerically solve the
resultant three coupled equations. An analysis of this
scenario lies beyond the scope of this work, and we plan
on discussing this point separately in the future.

We use the matrix elements given by Eq. (1) in Egs. (6) and
(7), together with the following matrix elements defined in
terms of the decay constants, /1<*), /1(1*>, /12*), and /IAb:

(Olns, |24 (p', ) = Au(p'.s),
<0|’72b|2b1(l’/’5)> Aysu(p'ss),

(Olns, [Zp2(p'. 5)) = Aou(p', s),

(Olna, 1As(p. 5)) = Aa,u(p. s) (8)

for the J = § states and
(Olns; |25 (P, 8)) = A, (P s),
<0|7]ZZ/4 ZZ] (P/, S)> = /1?75’/‘;1([7/7 5)7
(Olns;u| X5 (P',5)) = 2w, (P, s) 9)

with J =3 or J = 3. Then we separate the corresponding  for the J — 3 states. We perform the summations over spins
contrlbutlons of each state in each case. Naturally, such an  yging
assumption brings some systematic uncertainties. However,
in order to estimate the order of the systematic uncertainties Zu(k, s)a(k,s) = (K+ m), (10)
due to this assumption it is also necessary to simultaneously 5
|
1 2k,k, kﬂyy —kyyu
ZM (k s (k_l_m) gﬂu_gy/ﬂ/u_ 3m 2 3m s (11)
and thus we obtain
g5, Aprhn, A 95, Aprhn, A
™ (p.q) = SR (qpys+ (m—my,)pys)+ v (gpys—(my+mp,)prs)+---. (12)
(p* =m3,)(p”?—m?) ’ (p*=m3 ) (p”?—m3) ’
g5, A ]»A,}L 95, A, 2N, A2
1" (p,q) = 5 e 5 (qpys +(m—my, ) pys) +—5—3 b 5 (qpys + (my—my, ) pys)+---,  (13)

(p*=m3,)(p"—m?)

(p*— mAb)(P/z —m)
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[ (p, ) — — s (m3, + 2ma,m" + m*> — mz) ary, + (m3, = ma,m* +m*® — mz)my, q
H ’ (p2 _ m/Z\b)(pQ _ m*Z) 6m* H 3m*2 u
9s;,mmtn, A (m3, = 2mp,mi +mi* —m3) . (my, 4 ma,mi +mi* —mz)my, g
(p* - m/Z\b)(p/z —mj?) 6m;] Y 3m;? 4y
+oee, (14)
HPhyg(p q) = 2 QZZZAM/?LA;/1 3 |:(m3\" + 2mp, m* + m*? — mzzz) qapy, + (mg\” = ma,m ;”1*2 m/\b :|
; * " u ”
(P - mA,,)(P —m*?) om 3m
_ gz;ZAM/IAMZ {(Wl?\b + ZmAbmé + m§2 _ m%) - (mg\h - mAbmz + m;z mAb
(p* = m3,)(p"* = m5?) 6m} " 3Im?
- (1)

where we only keep the terms that we use in the analyses and the dots in all of the final results represent contributions coming
from other structures as well as the higher states and the continuum. By performing a double Borel transformation with respect
to —p? and —p’?> we suppress the contributions of the higher states and the continuum, and after this process Eqs. (12)—(15)
become

~ a2 —m? M2 o —m? M2
1" (p, q) = gs,a,0hn, A6 Mie "/ gpys + (m —mp,)prs] + gs, a et e Mie iy M2
 lapys — (my +mp, ) pys] + - (16)
- o —m? M2 a2 —m2 M2
™™ (p, q) = gs,a,2An,4e™" Mie "/ gpys + (m —mp,)prs] + gs,,a,tn, e/ Mie iy M2
 lapys + (my —my, ) pys] + - (17)
2 * *2 2
Ph 2 M2 —mE M3 (mA +2mp,m* +m _m)
L, (p.q) = —gs:n, A, A" /M: g,/ 2[ : b6m* a 4PV
2 * *2 2
my —mpym +m*°—my)m . _
+( By al 3m*2 ) L qq”:| +gZZ]A,,nlAb/1Te_m]Z/M%e mxz\b/Mﬁ
(= 2mami ) (0, i
6m} a 3m;? s
L (18)
2 * *2 2
~Ph - > e [(my 4 2mpy, m* + m*> —mg)
I, (p,q) = —Gs:pyehn, A e MG g,/ 2[ b h6m* - qpv,
(m% —mp,m* +m**—m2)m, o M2
b b o n bqqﬂ:| _QZZZAMAAIJAZ /Mle ’”/\b/ 2
(mzsz +2mp,m; + mEZ — m3) (mib —mp,m; + m;z - mfzr)m/\b
x 6m* qp/yﬂ + *2 qqﬂ
m; 3m;
L (19)
where M2 and M2 are the corresponding Borel parameters to be fixed later. In the above equations, the notation Hl()h)y (p,q)is

used to show the Borel-transformed form of ngh)y *(p,q),and we use ¢> = m2 To get the sum rules for the coupling constants,

we choose ¢pys and pys from the presented Lorentz structures for the J/ = 5 scenanos The structures considered for the J =

scenarios are ¢py, and ¢q,. For the J =5 scenanos the selected structures are free of the undesired spln-— contrlbutlon
Besides the physical sides of the calculatlons we need the theoretical or QCD sides of the desired sum rules obtained from

the correlation function (2) via the operator product expansion (OPE). To this end, the explicit forms of the interpolating
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currents are placed in the correlator and possible contrac-
tions are made between the quark fields using Wick’s
theorem. As a result of these contractions, we obtain our
results in terms of the heavy- and light-quark propagators.
There also appear terms containing the matrix elements
of the quark-gluon field operators between vacuum
and ~z-meson states having the common form
(7(9)1g(x)T'G,,q(y)|0) or (n(q)[g(x)I'q(y)|0). Their
explicit expressions are given in terms of the z-meson

one gets the nonperturbative parts contributing to the results
in coordinate space. We then carry out the calculations in
momentum space and apply a double Borel transformation
over the same variables as the physical sides. After applying
the continuum subtraction procedure, the coefficients of
same Lorentz structures as in the physical sides are
considered, and the matching of these coefficients from
both sides leads to the QCD sum rules for the strong

coupling constants under question. Representing the Borel-
(*)OPE

distribution amplitudes (DAs) (see Refs. [18-20]). I' and  transformed results of the QCD sides with II; and
G, denote the full set of Dirac matrices and the gluon field- ﬁg*)OPE, we can depict the above-mentioned matches as
strength tensor, respectively. Using these matrix elements, follows:
|
m2 Ay m_may
M2 M2 M2 " M2 _ F{OPE
Gs, A atn,de e M gs n gAn e e M =TIPTE,
_mz Ay, m? Ay,
w2 TR 2 T2 ~OPE
gsnin,de Mie Mo (m—my,) = g5, A hn,Are e Mo (myp4my) =117, (20)
n12 mAb nl% mAb
Y2 Y2 ~
Gs,Aptn,he e M2 gy p Ay, Me Mie M = H?PE’
_mz A, m% A,
w2 T2 2 T2 ~TOPE
gz nprin,Ae e M2 (m—my, ) + gy oaqAn,dae Ve M2 (my —my ) =TI, (21)
m m*2 m
[(m* + my,)* = mg] _M22 — [my —=my,)? =mz] b = OPE
- gz;Ab”j'Ah/l* 6mb* e "te T2 4 gZZIAh”lAhﬂT 6}’:1’1( e 1e 2 = HT s

*2 2 * 2 *
[m™> +m3 —m*my, —mzlm,, =

2 ma,

2 2 2
[mi* + my +mimy, — mzlmy,

* M2 M2 %
—gzzAbnﬂA,,/1 32 e 1te 2 —QZZ,AM/{A,,% 32
1
m*2 my
1 b
2 T2 A
xe e " =TI;0PE, (22)
*2
* 2 21 _w2 MM * 2 21 M MMy
A A* [(m + m/\b) - mﬂ] 'X/IZ M2 l /'{* [(mz + mAb) mﬂ] M2 M2 _ ﬁ*OPE
= 5z npata, om’ e te 2 = Gse A,/ 6m” e te 2 =147,
- 2
*2 2 * 2 %2 M %2 2 * 2
D [m*> +m3, —m*my, —mzlmy, 2 _Mgh o [m3* +my —mymy, —mzlmy,
= G5 Ayrha, 32 e e = 5, Apata, A 3m2
2
mE2 my
2
2 T2 A/
xe Yie " =TI50PE, (23)

where TI0PE(TT;9PF) and TI9PE(IT;9FF) represent the Borel-transformed coefficients of the ¢pys(4py,) and pys(dq,)

3

structures for the J = %(5) cases. The procedures for calculating these functions and their expressions are very lengthy.
Hence, in the Appendix we briefly show how we calculated these functions and give only the explicit form of the f[TOPE
function for the £,(6097)" — AYz™ transition as an illustration.

The QCD sum rules for the coupling constants are obtained from the numerical solutions of the pairs of equations given
in Egs. (20) and (21) for the J = % scenarios and in Egs. (22) and (23) for the J = 2 scenarios.

2

Calculating the coupling constants requires some input parameters, presented in Table I. Since the masses of the

considered baryons are close to each other, we choose

M? = M3 =2M?* obtained from M? =

Mim3

y 24
M3 + M3 (24)

As is seen from Eqgs. (20)—(23), in order to analyze the coupling constants we also need the masses and decay constants of
the baryons. To obtain the masses and decay constants we consider the following correlation function:

094003-5
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TABLE L. Some input parameters used in the calculations of the
coupling constants and the masses.

Parameters Values

Myt 5811.31.9 MeV [21]

ms. 5815.5 £ 1.8 MeV [21]

My + 5832.1 £ 1.9 MeV [21]
Mg~ 5835.1 £ 1.9 MeV [21]

my, 418109 GeV [21]

mg 4.7103 MeV [21]

An, (3.85 £ 0.56) x 1072 GeV? [16]

(qq)(1 GeV)
(3s)

mg

(5:G*)

(=0.24 £0.01)* GeV3 [22]
0.8(g¢q) [22]
(0.8 £0.1) GeV? [22]
47%(0.012 £ 0.004) GeV* [23]

T(MD) (q) = i/d4xeiq‘x<0|7{l12§:>(ﬂ)(x)f]zz*)(y)(())}w),

(25)

where the current 7y, corresponds to the considered J =
b

(1)
1(3) state, composed of the quark fields with the related
quantum numbers. The subindex X, is used to represent one
of the states: £ with spin § or £;* with J = 3. To determine

the masses of the 25,*) states, we again consider two

assumptions for each of the above-mentioned baryons,
and four different QCD sum rules are obtained. For this
purpose, the interpolating currents given in Egs. (4) and (5)
are used.

In the two-point QCD sum rule method for mass, one
uses two methods to calculate the corresponding correlator.

Oy 125 (@)} (2 (4.0, [0)

Phys —
() (9) m2 — g2
(Ol 1201 (450023 (4.5) g, 10)
+ A2_ o A
1 —q
(26)
and
NI L1 A L S L
() m2 =
(Ol (252 (0:5)) (55 (4.9) g, 0)
+ m2_ 2 A
2 —q

(27)

where Eqgs. (26) and (27) are obtained for the 1P and 2§

excitation scenarios, respectively, and m™), m§*>, and mé*)

are the masses of the 1S, 1P, and 2S excited states of each

(%)

considered X’ baryon whose one-particle states are

represented by |Z§:)>, |Z§,*l)>, and |2[(7*2>>, respectively. The
dots represent contributions of the higher states and the
continuum. As can be seen from the above equations, these
calculations also require the matrix elements given in
Egs. (8) and (9). In these calculations, the ground state
and its 1P and 2S excitations are again denoted by X, (X}),
241 (Z;), and y(Z;,) for the corresponding J =1(3)
baryons, respectively, and 4(1%), 1;(4}), and 1, (4}) are their
corresponding decay constants. After using the expressions
for the matrix elements and the summation relations for
spinors u(qg, s) and u,(q, s) given in Eqs (10) and (11), the
physical sides for the J = % cases are obtained as

_ g+ m) _1_412(4’— my)

The first one includes the calculation of the correlator in TP (g) — e, (28)
terms of the hadronic degrees of freedom, and therefore it is m-—=q my—q
called the physical or phenomenological side. For this ;.4
purpose, the interpolating fields are treated as the operators
creating or annihilating the states under consideration. A2 A2
Insertion of complete sets of hadronic states having the m? — g m% —
same quantum numbers of the hadrons under question
results in Similar steps give the results for the J = % cases as
|
a2 1 24,4, | 47— 47,
Phys o % uv uiv vip
Tw (q) = m(@”rm )[Qﬂu—3nn— a2 T A
Y 1 29,9, 4.1y —Yu
By - - 30
q2 _ mTz (q ml) |:g;w 3 Yyyv SmTZ + 3m41< + ( )
and
A 29,9, | 9t — 4,
Phys % uly ulv vip
le (q) - _m (q+ m ) |:g/w - gyﬂ}/b - 3m*2 + 3Im*
3 29,9, qurv = 9Ty
-7 x - - e 31
C]2 _ m;z (q—'— m2> |:g/u/ 3 7/;4}/11 3m§2 + 3m§ + ( )
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As already mentioned, we need to use a second method
to calculate the same correlation function, Eq. (25), which
proceeds in terms of the quark and gluon degrees of
freedom. For this side of the calculation, we exploit the
explicit expressions of the interpolating currents and OPE.
After making the possible contractions between the quark
fields, the results turn into expressions containing heavy-
and light-quark propagators. To obtain the final results, the
expressions of these quark propagators are used and a
Fourier transformation from coordinate space to momen-
tum space is performed to obtain the final form of the QCD
sides. The results of this side are very lengthy; therefore, we
will not give them here explicitly.

The calculations of the physical and QCD sides are
followed by the application of a Borel transformation to
both sides, which suppresses the contributions coming
from the higher states and the continuum. Finally, the
QCD sum rules are obtained by matching the coefficients of
the same Lorentz structures from both sides. In the present
work, the mentioned structures are ¢ and I for the J :%

cases and ¢g,, and g,,, for the J = % cases. While choosing

the structures for the J :% states, among the various
possibilities, the structures ¢g,, and g, are considered
since the others contain undesired contributions from the
J = % states as well. After applying continuum subtraction,
the obtained equation pairs are solved numerically for each

state under consideration. These equations are given as
2 m%(mz)

2,72 | 92(92\,~ 2 _ FOPE

e +1(A5)e T =TP,

2 m2 (m2 )

mite st F my(my)A2(A2)e m = TOPE. (32)

In the second term of the second equation, we use the — and
+ signs to represent the results for the 1P excitation (2,)
and 2§ excitation (¥,,), respectively. To represent the
expressions obtained in the QCD side of the calculations,
we use TOPE with i = 1, 2, which are the coefficients of the
structures ¢ and I for the J = % cases. To obtain the results
corresponding to the J = % cases, it suffices to make the
changes 4 — 4], 4, = A3, m; - mj, my — mj;, and
TOPE — TiOPE where T:OPF is used to represent the
coefficients obtained from ¢g,, and g,, in the QCD side.

In the numerical analyses of the obtained results, we
need some input parameters, which are presented in Table I.
The other ingredients of the sum rules are the three
auxiliary parameters present in the results, namely, the
Borel parameter M2, the threshold parameter s,, and an
arbitrary parameter . Note that the parameter f belongs to
the currents of the states with J = % Their working regions
are fixed via following some criteria of the QCD sum rule
formalism. To decide on the relevant region for the Borel
parameter, the convergence of the OPE calculation is
considered. To satisfy this requirement, we demand a

dominant perturbative contribution compared to the non-
perturbative ones which helps us determine the lower limit
of the Borel parameter. As for its upper limit, the criterion is
pole dominance. Specifically, for the upper band of the
Borel window we require that

1
> —, 33
*)OPE(MQ’ . f) =5 (33)

while for the lower band we require that the perturbative
part in each case exceeds the total nonperturbative con-
tributions and that the series of the corresponding OPE
converge. From our analyses, we get the following working
interval:

5 GeV? < M2 < 8 GeV2. (34)

On the other hand, the threshold parameter s is related to
the energy of the first excited state of the considered state.
Due to the lack of information about these excited states,
this parameter is also determined by using the pole-
dominance condition, and we obtain

43 GeV? < 5y < 47 GeV>. (35)

The parameter f is determined from the analyses of the
results searching for the region giving the least possible
variation with respect to this parameter. This region is
acquired via a parametric plot depicting the dependency of
the result on cos, where f = tanf. As an example, in
Fig. 1 we plot the dependence of the residue of the X (37)
state on cos @ at average values of M? and s,. From this
figure and the analyses of the obtained sum rules, the
working region for cos @ is obtained as

—1.0<cosf#<-0.3 and 0.3 <cosf <10, (36)

where the results have small dependencies on the mixing
parameter . In order to see how the OPE sides of the mass

T T

-0 -05 0.0 0.5 1.0

cosé

FIG. 1. The dependence of the residue of the Z;(%_) state on
cos @ at average values of M? and s,.

094003-7



ALIEV, AZIZI, SARAC, and SUNDU

PHYS. REV. D 99, 094003 (2019)

T T T T T

10—
80} = 2
S =
3 6o . " 1 £
= = Perturbative Contribution g
S 40F  eemees Non-Perturbative Contribution 1 g'; )
o o 10f ==== Dim6 ]
N Z el
= 200 | < gb TTreeeswzozozDin? ]
0 A A A A A 0-“::-----== ,,,,,,,,,,,,,
5.0 5.5 6.0 6.5 7.0 7.5 8.0 5.0 5.5 6.0 6.5 7.0 7.5 8.0
M?(GeV?) M2(GeV?)

FIG. 2. Various contributions to the OPE side of the mass sum rules for the J =

sy and cos 6.

sum rules converge, as an example we show the depend—
ence of the OPE side of the mass sum rule for the / = 3 case
and the structure ¢g,, on M? at average values of so and
cos @ in Fig. 2. As is seen from this figure, the perturbative
part constitutes the main contribution and the correspond-
ing OPE series demonstrate a good convergence.

Given the working intervals of the auxiliary parameters
and those given in Table I, the obtained masses and decay
constants are presented in Table II. To extract the masses of
the considered excited states, the masses of corresponding
ground-state baryons are used as inputs. Note that the central
values presented in this table are obtained at average values of
M? and s, i.e., M> = 6.5 GeV? and s, = 45 GeV?, as well
as average values of cos 0 on both the positive and negative
sides. This table also contains the errors in the results coming
from uncertainties that exist in the input parameters and
uncertainties arising from the determination of the working
windows for the auxiliary parameters.

As seen from the table, although the masses are con-
sistent with the experimental values ms, o97)- = 6098.0 &
1.7+ 0.5 MeV and my, 5097+ = 6095.8 = 1.7 = 0.4 MeV

TABLEII.  The results of the spectroscopic parameters obtained
for the 1P and 2S excitations of the ground-state X, and X
baryons with J =1 and £;* and Z;~ with J* =3

State Mass (MeV) Decay constant 1(GeV?)
zHap) 6091"27 0.117003
= (1)(29) 609113 0734943
,(37)(1P) 609274 0.115059

5 (5)(25) 609213 0.74°9%
=) (1P) 6093719 0.068-001"
2**<%+><2S) 6093%}33 0475003

" (37)(1P) 60951137 0.068 5517

T (9S) 60957137 047550

3 case and the structure ¢g,, on M at average values of

[71, their central values are too close to accurately predict
the quantum numbers of the observed X,(6097) states.
Therefore, for this purpose it would be much more helpful
to resort to the results obtained for the decay widths. These
decay widths are obtained from the results of the strong
coupling constant calculations and the obtained mass and
decay constant values.

After obtaining the masses and decay constants, we turn
our attention again to the strong coupling constant calcu-
lations in which the values of the above spectroscopic
parameters are used as inputs. In the strong coupling
constant analyses we adopt the auxiliary parameters used
in the calculations of masses and decay constants with one
exception. The Borel parameter M? in these calculations is
revisited, and, considering the OPE series convergence and
the pole dominance conditions, its interval for the strong
coupling constants is determined as

15 GeV? < M? <25 GeV?2. (37)

The coupling constants obtained from the QCD sum rule
analyses are used to get the related decay widths for the 1P
and the 2.5 excitations of the considered states To this end,
we use the decay width formulas for the J = cases which
are

2
LS
b1 1;2” [(ml +mAb)2 _m%]f(ml ,mAb,m,,)
1

F(zhl - Ah”) =
(38)
for the 1P excitations and

2
95, Ao [

[(Zy = Apr) = Sam?
2

my— m/\,,)2 - m,zz]f(mz, m/\b,mn)
(39)

for the 2§ excitations. For the J =
decay-width equations are

cases the respective
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TABLE III.

The results for the coupling constants and decay

widths obtained for 1P and 2S excitations of the ground-state X,
and X,~ baryons with spin 1 and £;* and £}~ with spin 3.

State B(J") G, Apr I (MeV)
d)ae) 1.4+03 127.2 +36.9
Zr(31)(28) 9.1+2.0 77+23
= ()(P) 12403 85.4 4 23.1
2 (1)(28) 75+ 1.7 54+16
= E)(1P) 67.7 + 14.9 27.5+74
7 (ET)(28) 37.8+£83 57+1.6
%-(3)(1P) 67.7 + 149 28.1+7.6
2= (3)(28) 37.8+8.3 58+ 1.6
g%x A
* _ Tt * 2 27 £3 (1%
F(Ebl_’Ah”)—24;m72[(m1_mm,) —mg]f*(mi,mp,.mz)
(40)
and
G A
% _ 27 * 2 21 £3( 10, *
[(Z5—Ap) —24;”@2 [(m2+mAb) —mzlf (mz,m/\b,m,[).

(41)

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

x,y.7) = i Xyt o202y - 20272 — 222
2x

Table III presents the numerical results of the calcula-
tions for the coupling constants and decay widths. It can be
seen from the table that our width results obtained for
the scenario where %, (6097)% are the 1P excitations of the
ground-state £;* with J¥ =3~ are comparable to the

experimental values Iy, (6007- =289 £42+09 and

100 —— , , , ,
80r s
K
f: 60
= sl — 5=43 GeV?
R S — $0=45 GeV?
20 [ mmm Sg=47 GeV2
0 L L L L L
16 18 20 22 24
M*(GeV?)

Iy, 6097y = 31.0 £ 5.5+ 0.7 MeV [7]. Note that the main
uncertainties in the results for the couplings and masses
belong to the variations of the results with respect to the
variations of the continuum threshold s, and the results
show small dependencies on other auxiliary parameters as
well as other input parameters. Figure 3 shows the
dependence of 5@ A OD M? (sq) at different fixed

values of s (M?) and at average values of cos 6. As is seen,
the main source of uncertainties is the variation of the
continuum threshold sy.

To end this section, we will compare our results for the
masses and widths with the predictions of other approaches.
Using the quasi-two-body method, Ref. [8] obtained 6094
and 6098 MeV for the masses of the X(3/27) and X(5/27)
states, respectively, indicating the possibility that the particle
%,(6097) has either J© = 3/2~ or 5/2~. This result for the
mass of the £(3/27) state is consistent with our predictions.
In the same paper, the decay widths were also considered,
and for the channel with final states A,z they obtained 35.2
and 35.8 MeV for the X(3/27) and £(5/27) states, respec-
tively, supporting their conclusion obtained from the mass
calculations. The decay width to the same final state for the
strong decay of the P-wave X, baryon was also considered in
Ref. [9] using the chiral quark model, yielding 32.3 and
31.4 MeV for the J* = 3/2~ and 5/2~ cases, respectively.
Another study supporting the idea that the X, (6097) state has
either J¥ = 3/2~ or 5/2 calculated the decay widths to be
14.56 [14.19] MeV for the £,(6097)~ [X,(6097) ] state for
both the J¥ = 3/2~ and 5/2 cases [10]. As is seen, the
results of Ref. [10] for the decay widths differ from our
predictions and the experimental data considerably.
However, the predictions of Refs. [8,9] are close to our
predictions as well as the experimental results. The advan-
tage of our predictions for the widths using the LCSR is that
by combining these predictions with the mass results we can
exactly assign the particles £, (6097)* to be the 1P excita-
tions of the ground-state X;* baryons with quantum num-
bers J¥ =3~

100
80| ,
K
,<i 60
als —_— e 2
u%f 40 M?=15 GeV
------ M?=20 GeV/?
20 e M2=25 GeV?
0 1 1 1
43 44 45 46 47

so(GeV?)

FIG. 3. The dependence of s+ (@ )Ayn ON M? (sy) at different fixed values of s, (M?) and at average values of cos 6.
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III. CONCLUSION

To investigate the properties of the recently observed
%,(6097)* states, we calculated the strong coupling con-
stants for their transitions to Az* states using the light-
cone QCD sum rules approach. We considered the two
possible cases J =1 and J =3, and both 1P and 2S
excitations were taken into account. For each case, the
considered decays were studied, and from the obtained
strong coupling constants the related decay widths were
calculated. To calculate the strong coupling constants, the
mass and decay constant of each considered state for each
possible quantum number were required. To obtain these
quantities we employed the two-point QCD sum rules.

We obtained the mass values My (1:1p(2s)) = 6091"27,
My (1:1ps) = 60921168, mycq1pas) = 60931135, and
My (3:1p(25)) :6095:13; MeV. As is seen, the central

values obtained for the masses are consistent with the
experimentally ~ observed masses m(Z,(6097)7) =
6098.0 £ 1.7 £ 0.5 and m(Z,(6097)") = 6095.8 + 1.7 £+
0.4 MeV [7]. However, it is clear from these results that it is
not possible to draw a conclusion about the quantum
numbers of the states £,(6097)%, as the central values
of the obtained results are close not only to the exper-
imental results but also to each other, and this does not
allow us to make a conclusive statement about the quantum
numbers. Therefore, using them as input quantities in the
calculations of the strong coupling constants, we obtained
the numerical values of the corresponding coupling con-

stants and subsequently the related decay widths, which
|

For the light- and heavy-quark propagators we use

were the main focus of the present work. Our results for the
decay widths obtained for the J¥ = %_ states are 'y 3-) =

275+£7.4 and l"z;(%_> = 28.1 = 7.6 MeV, which are in

accord with the observed widths of these states, i.e.,
I'(XZ,(6097)") =28.9+4.2+0.9 and I'(X,(6097)") =
31.0£5.5+ 0.7 MeV [7]. These results support the claim
that the states are the 1P excitations of the ground-state X;*
with J =3
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APPENDIX: SOME DETAILS OF THE
CALCULATIONS OF THE SPECTRAL
DENSITIES FOR THE COUPLING CONSTANTS

Here we present some details of the calculations of the
spectral densities used in the analyses of the strong
coupling constants. After contracting the quark fields on
the QCD side, there appears an expression in terms of the
heavy- and light-quark propagators as well as the matrix
elements of the quark-gluon field operators between
vacuum and pseudoscalar meson states having the forms
(PS(4)|2(x)TG,,9(»)[0) and (PS(q)|a(x)Tq(y)|0). These
matrix elements are given in terms of the pseudoscalar
meson DAs (see Refs. [18-20]). For some details on the
calculations of the spectral densities in QCD, we also refer
the reader to Ref. [24].

ix mg (qq) .My x? m2(a My
_ 1 —iay) -2 | —j—4
S = AT e T ( 7 ) “repmolan\ 1 - ¥
i L, .m ) —x2A2
lgs/ du {16712 5G, (ux)aw—mux”Gﬂy(ux)y —132;2 Gﬂb(ux)o*‘ (ln< ) )—1-2)/E>} (A1)
and
(mQ Y _x2) i ZX 2 d4k —ikx ! k+ mQ v
So(x) = 477 N —i 2[( (moV —x )—lgs/(zﬂ)4e A du mGl‘( X)0,,
u v
o | (A2)

where yp is the Euler constant, G,

is the gluon field-strength tensor, A
propagator denotes the Bessel functions of the second kind.

is the scale parameter, and K, in the heavy

After inserting the light- and heavy-quark propagators as well as the DAs of the pseudoscalar mesons, we get the
following generic term as an example for the leading twist (see also Ref. [15]):

/d4xetpx/ du ezuqxf K (mQ )’

A3
W (A3)
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where f(u) denotes the leading DAs. We need to perform Fourier and Borel transformations as well as continuum
subtraction on this expression. To this end, we use the integral representation of the modified Bessel function as

(v o0 —x2)
K (mQ\/: M+ 1/2)2” A dt cos(mQt)(t(L (A4)

\/—mQ 22y

which leads to

4 u elPx (1/ + 1/2) m 1
/a’ / d flu \/_mQ A dt cos(mpt) (\/——xz)”‘”(tz _x2)u+l/2’ (A5)

where P = p + uq. By transferring the calculations into Euclidean space and using the identity

i — 71 /oo dao" e 2, (A6)
z"  TI'(n) Jo

we get

—ov 1 e . 0 s 00 R o
:m/) duf(u)[) d[elmQIA dny—l‘/O dv vl/—%e—vt /d4"‘ —sz—yx —pX , (A7)
2

where the ~ refers to the vectors in Euclidean space. After performing the resultant Gaussian integral over four-X,
we end up with

—i2v7? /1 J f( ) /oo i eimot /oo dy ] /oo J bl o e (fm (AS)
= = o ujylu 4 2 VU oze T -
VampT(%5%) Jo 0 0o 0 (v +v)?

The next step is to perform the integration over ¢, which leads to

p2

_lzyﬂz /1 [ I”’Q e_m
T =y [ duf(u / dyy7~ 1/ dvv'le . A9
mol'(*3%) Jo ®) 0 0 (y+ v)? (A9)

Let us define the following new variables:

A=v+y, T= (A10)

v+y'

Applying this, we obtain

- 21/ ntv n—u _L P
T— : AN / duf(u /d/l/drxl__3 S - ) le T ek, (A11)

Now, we perform a double Borel transformation with respect to p? and (p + p)? with the help of
B(M?)e=* =5(1/M?* —q), (A12)
which leads to
—i2vn? mu 3 m "o _u(u-1)g? 1 u 1 1-u
B(M%)B(M%)T l/ (n " / du f /dl/d’fl 3 1 ) 16 -9 e 44 5<ﬁ%—ﬁ>5<ﬁ%—w)
(A13)

In this step the integrals over u# and A are performed. As a result, we get
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_ivg2,2 2\ n g 2
B(M?)B(M3)T = 12741T dzf (u M7= 71— 1) le_MZUQ*f)eM%*M%, Al4
1 2 v r*(n 1/) 4
Mot "7
where uy = Mzﬁi 7 and M? = + M2 By making the replacement 7 = x?, we obtain
_jovtlg2 2 2 mi " 7
B(M>)B(M3)T = L{ﬂ 1d)c U M7\ X" = X2 ”"e_Mz“afZ)eM%iM%. Al5
1 2 mv. F(n l/) 4
o' \2/ JO

The last step is to change the variable n = 1_1 5 which leads to

2
_'2u+142ﬂ2 M2 ny _% m2
BM)BM)T =27 - (a2, Al6
BRI = S o) () (w8 (A16)
with
sz 1 e —n@ fa—1 a1
¥(an ) =g | e (A17)

where a ="5* and f =1 —v.
At this stage, we discuss how the contributions of the higher states and the continuum are subtracted. We consider the
generic form

A= 010y (w58, s,
We are going to find the spectral density corresponding to this generic term. As a first step, we expand f(u) as
fuo) = Zazuf, (A19)
which leads to
2
" <%> = (M%AfM%> e (A20)

Now we introduce the new variables o; = # and 0, = # As a result, we get
1 2

k
o] 1

(61 +02)"*T(a) Ji

k

o 00 2 ©0
—Sa 1 / d e—r/mQ(o’]JrO'z) p—a—1(, _ 1)1 / d e—§(0|+62) n+k—1
s @) ), @ (= 1) | 3 3

A:Z(Zk

k

(o3 © o _ © 1 - 2
AP~ (1 — 1)@ 1/ dEENTh=1 g=(&rnmy)(01+02)
T(n+ 0T (@) =y [

(_l)k /oo —o— _ / d\* _ 2 _ 2
-3 dmP—=1(p — 1)e-1 degnti=1 (&+nmyy)o (&+nmy)or A21
Ay F(I’l + k)r(a) | nn (l/l ) 0 55 dé e Q e e ( )

By performing a double Borel transformation with respect to 6y — — and 0y = — 1 , we obtain the following double spectral
density:

(_l)k . —a= a— n+k—1 d\*
m[ dP= (= 1) % dggnth= <<d§> 6(s1—(§+nm2Q))>6(s2—(§+nm2Q)). (A22)

p(s1.82) = Zay
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By performing the integral over &, we acquire the following expression for the double spectral density:

J— k o0
p<s1,s2>=2akm / dnnﬂ—a-lw—l)a-l(sl—nmz>"+k-1((disl)kasz—sl))e(sl—nm2Q>, (A23)

which can be written as

_1)F e
plorese) = Zau g s [ a0 =y () o2 =50)). (a2

With the use of this double spectral density, the continuum-subtracted correlation function in the Borel scheme
corresponding to the generic term under consideration is written as

Y S
[ = / " ds, / " dsop(sy, s5)e=s1/Mi e=52/ M3 (A25)
"o "o
Now we define the new variables s; = 2sv and s, = 2s(1 — v). As a result, we obtain

IIsub — /SO ds / dvp(sl, Sz)(4s)e—2sv/M%6—25(1—0)/1‘4%. (A26)
2
"o

Inserting the above expression for the spectral density, one can immediately get

E“krnwc /ds/dvzkk<< > (v—1/2)>

23
" / w/mg d’] nﬂ—a—l <’7 _ l)a—l (st _ ’,lmZQ)n+k—1e—ZSv/M%e—Zs(l—v)/Mg' (A27)
1

Hsub

Now we perform the integration over », which leads to the final form

—1k(=1)k s
s = >q M/Odsi

‘T(n+ k(@) Sy, 25sF
d\k [2sv/m
« |:<d_> / [ d’? r]ﬂ—a—l (’7 _ l)a—l (252) _ ’,,m2Q)n+k—le—2sv/M%e—25(1—v)/M§ ) (A28)
v 1 v=1/2

Now we extend these calculations to all of the terms entering the expressions for the coupling constants under
consideration. As the calculations are very lengthy, as an example we only present our final result for the % case and the
IT;°PE function defining the %,(6097)* — A)z* transition. For this function, we get

~ S s mlzr " m’2'
[;0PE — / " eTwuep, (s)ds + e W el (A29)

2
b

where the expressions for p;(s) and I'; are given as
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pi(s) = 96[1 5 [=waimbuaCa + wamiua s + waomipua (B = 1)(Cy = 2¢5)
+ 23 mipnCs = 2y mip s + 12f gy mpmy Gy + 12 sy ymzmi Bl
+ 12fﬂw21m121m%;muﬂg7 - 6fnl//21mzzzm2§1 - 6fnll/21m725m%,mu4:1 - 6fﬂw2lm72rmiﬁz:l
+ 3fnll/11m;2zmimuﬁ§1 - 15fnll/12m;21m12,muﬁ4:1 — 12f sy iymzmy sy — 12fn’//21m;2zm2§2
= 2f prl imzmym, &y + 10f wyripmzmim, & — 8f wyroymzmim, &y + 8£ syripmzm, sy
- lzan/ZlmszﬂCZ - 4fn’//11m2mimuﬁ52 + ZOf,,y/lzmzm[%muﬁg“z
— 4 f graymampm, iy + 16 f pyriamam,sPC + 8 wyraymmi (2my, +m,,) (2 + B)Cs
+ 2y 0my (2mipp (Ca + 2884 — (24 P)Es) + famzm, (67 — 38, — 485 — 2B8, +4(2 + B)L6)
+ famzmy(6(8 + )57 = 3(1 4+ ) (&1 +283) +8(2 + B)C6))]

X (2(—6ﬂC7 + 18yefL7 + 38 — el — 3yefE1 + 48, — 1078y + 268, — 2yefEs
+43ye = 1)(2 + B)6) — (18887 —9¢, = 3pL, — 10, — 25,

12(2 In a5 21 M ! 21D, 1
#1224 ) (i (mb) 2 (%5))) + 5y feml-2am(1 + )

+ (W20 +y31) (my, + mpf —m,fB) + 2my (1 + B)lg, (u)

+ 48\}_ S (=14 i) mppa 210 + wa )my (B = 1) + (wao + w31)myBles(uo)

< u) (4°G?)
6\/_ 288v2mj}n?

M2
—12(2 + p)Cs) {2 —Wor —Wo2 — W10 + O6reWwio + 3war + W — Oy o ln <A2>

= faBa (1) + —— = famam, (=187 + 91 + 3BL, + 100, + 25¢,

+2(1 = wos + 3y + 2y + )1n<s_’"%’>]+ (7 G") S fam2m A (i)
Yo3 T Y2 Wor T Y023 A2 o4 \/imgnz 2Nz Iy 0

M2
X |:_mb <6(27’E =3)wio + 6wy + 3w + s —4y_yg w3+ 3w — 12W1oln<A >>

+12(m3 — 5) m(s"”lz’ﬂ e, {(1 — 310+ wa))md + (m2(=3(y1o + w1 )m
b A2 576\@m27r2 P Yio T W¥a1))my, b Yio T~ ¥2i
= 3(=2wo1 — 4oy + 3wz — 3Twio + 36w 10 + Wiz + 3wz + 6wa + 2pa)m

2
+ (my, +9(=3 + 4yg)m,)) + 15m,s)p + 12m,p <—3(1 — 3y 19)m? In <A/;[2>

+ (8 +wos — 3wa1 = 2wa — yo3)mj, — 6s) 111( mi))]%(uo)

A2
22 2
gG . M
- 48<\/§7mg>”2 (7 — Dmyu (B —1) [2 —Wor —Wo — Wio + O6yeyio + 3w +wan — 6y ln(A2>
—m
+2(1 = wo3 + 3woy + 2w + wa3) ln< A2 >] @, (up) (A30)

and
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I _—%;a—\/ll)M(s[—UML‘(muMzﬂn(@ F2BL4=(24P)Es) + famzmym, (B=1)5o+f emaM? (=657 +3¢1 +44,

+2p5,—4(2+P)E6)) +mgmy, (2f mgmiym, (B—=1)Eo =2 f pmgm, M* (= 1)Eo+my M? (2m i, ($4 424
—(2+/3)Cs)+3fnm§(—6ﬂ§7+3€1+4Cz+2ﬂéz—4(2+ﬂ)(§6))]+#\%m
+mym, (14-p)) +mgmy, (2m M*(f—=1) 4+ 18my M>f—6mjm, (14 ) +m,M*(5+4p)
(i)
432+/2M*
(iu)
432+/2M°

Fam2[36M*(—2miM*B—2M*B

+2mym, M (7+5))]A(uo) - fa[36mym, M*(1+)+mg (=2mym, M*(B—1)+18myM>f—6mym, (1)

+M4(5+22:B))}(pn(u0) - (ﬁﬂ_ 1)(1 +ﬂﬂ)ﬂﬂ[_12M4(_2mbM2(ﬁ_ 1)+mimuﬂ+muM2ﬂ)

(9°G*)
3456272 {szn 2(my(—=6(14+p)¢7

3(145)81+4(24P) (82 —286)) +2m, (—18BC7 491 +3C + 108, +265, —12(245)C6))

(=mipnr(Ca+5PCa=2(Cs+2pCs)) +2f smzmy (6(148)57=3(1+8)L1 —4(2+8)(£2—26))

+mgmi (=6my, M (1) +2mym,f+m,M*(2=1))lp;(uo) +

—~

+

§‘H
SN

+ famEm, (18687498, + 36, +108, 4265, —12(24)86) ) + M4fnm mym < (=6B87+18ygpL7
+381 =978 =3y P +4L =107 Lo +2P8, =2y g +4(3ye—1) (2+8)C6) — (18887 =9 =3¢,

A2 M2 <92G2>
=108, =2, +12(2+5)&6) [1 ( )+21n< Az)D%Wan”m%(uo) [2(3yE—1)m2muﬁ

A? M?

— 10m4m, M2 B—=9m2m, M*B—6m, MCB—m3 M* (14 B) +2m, MO (1+ ) —3mSm uﬂ[ln( b2>+2ln<A2>”
(°G?)
5767 2M?*n?

(9°G*)
1728/ 2m,M*

2 2 PG>
—3m2‘7mu(ﬁ—l)[ [ib)—l—Zln(]x[z)”(p (uo)—|—2<073G67\>/<_M>14]‘,Z mim [—6M4(_2m‘2M2ﬂ—|—4mbM4/}

+mim,(1+p)—6mim,M?>(1+p)+6m,M*(1+))+m2(=3mM*B+18m; M*B—18m,M°p

(g°G?) (iu)
51842M"°
—mim, (1+p)+3m,M>(1+5)) +m3(=3m; M? B+ 6m,M*f+mim,(1+ ) —6mim, M*(1+f3)
(9°G?) (au)
15552v/2M12
—6M*(2(m2—=3M*)M>+ (m3m, —2m, (my+m, ) M*+6M*)B)| ¢ (uo)- (A31)

2

n o266 =67 =102+ 3(-+ 2002 ) 3203+ 30 (3 )| )

b

( 1)/"71 |:2(37/E_ l)mému(ﬁ_ 1) _7mimuM2(ﬁ_ 1)_mLtM4(ﬂ_ 1) _mbM4ﬂ

+mim, (1+8) = 1 lmym, M*(1+ ) +30mym, M* (1+) — 18m,M° (14 ) )] A (uo) - famy[OM* (2m, M2

+6muM4(l+ﬂ>)](pﬂ<u0)+ (ﬁz l)mbiun'[ (mb 6m127M2+6M4)< 3M2(ﬂ_1)+mbmuﬂ)

In the above functions, {; and y,,, are defined as

/Da/ dvf j(a;)8(k(a, + vay) — u),

(s —mp?)"

I//nm_s (ng)n m’

(A32)
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with the distribution amplitudes that are given as fy(a;) = Vj(a;), f2(;) = Vi (), f3(a;) = Aj(@), fala;) =T (@),
fs(a;) = vT (), fola;) = vV (@), f7(a;) = vA)(@;), whose explicit forms can be found in Refs. [18-20]. As we

. . M? S . . .
previously mentioned, uq has the form uy = 37747. Considering the similar masses of the initial and final baryons and
1 2

taking M} = M3, it becomes u, = 3. In the above results, y, = f, ﬁ jiy = m and Da = dagda,da,s(1 — a

a, —a,) are used. The functions (p,,(u), A(u), B(u), pp(u), ¢ (u), T(a;), AL( i) Aj(a), Vi(a;), and Vj(a;) are
functions of definite twists, which can also be found in Refs. [18-20]. They are given as

@ (u) = 6uﬁ<1 +adfCi(2u—1) + a’jC%z(Zu - 1)>,
2 1
T (o) = 360n3050 05| 1 + w3§(7ag -3),
5
@p(u) =1+ <30’73 —2/,tﬂ)C2( u—1)

27 81 1
+ (‘3’73“’3 20'“” - Eﬂﬂ )Cﬁ(Zu -1),

_ 1 7 3 3
Po () = 6uil [1 + <5773 53 = %llzzz - 5,“;2:“72[) G5 (2u — 1)] ;

V) (a;) = 120a,a5a,(v + v19(3a, = 1)),
Aj (a;) = 120a,050,(0 + ajp(a, — az)).

V) (a;) = =30a2 {hoo(l —ay) + hoi(a,(1 — ) — 6a,a; )+h10< a,(1—a,) —%(a%l +a§)>],

1
Ay (a;) = 300 (az — a,) {hoo + hora, + §h10(50‘g - 3)} ;
B(u) = gﬂ(”) - ¢7‘[(u)’
9r(u) = goC(2u — 1) + 9G53 (2u — 1) + g, C3(2u — 1),

16 24 20 1 1 7 10 3
A(u) = 6ui 200 + — - C(2u—1
(u) ”“[15 354 "3 + 9 ’74+< +16 57 13W3 = 551 > 52u—1)

T L Cu—1)
210 " 135" !
18 n 3 2
+ =54 + 214wy | 207 (10 = 15u + 6u*) Inu
+2i*(10 — 150 + 6@%) In it + uit(2 + 13uit)], (A33)

where Ck(x) are the Gegenbauer polynomials,

1 7 3 7 3 21
hoo = vop = —34 hoy = 31Wa =55 hyy = 7aws + o5 20 o = g MWy = 55d
21 18 20 9
Vio = g 144 go =1, g =1 +7a§ + 6073 +?’14, 94 = ~75g =5 @5 — 6n3ws. (A34)

The constants presented in Eqgs. (A33) and (A34) are calculated using QCD sum rules at the renormalization scale
u=1GeV? [18-20,25-29]. These constants are given as af =0, a%f =044, 53 =0.015, n, =10, w3 = -3,
and wy, = 0.2.
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