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We study the bottom A, (6146)° baryon, newly discovered by the LHCb Collaboration. By adopting an
interpolating current of (L,,L;) = (0,2) type and D-wave nature with spin-parity quantum numbers

JP = %* for this heavy bottom baryon, we calculate its mass and residue. Using these spectroscopic

parameters, we also investigate its dominant decays A, (6146)° — X,z and A, (6146)° — Xz and estimate
the width of A,(6146)° obtained via these channels. The obtained mass, m,, = (6144 & 68) MeV is in
accord nicely with the experimental data. The width obtained via the dominant channels is also consistent
with the experimental data of LHCb collaboration. We calculate the spectroscopic parameters and the same
decay channels for the c-partner of A, (6146)° state, namely A, (2860), as well. We compare the obtained
results with the existing theoretical predictions as well as experimental data. The results indicate that the
state A, (6146)° and its charmed-partner A (2860)" can be considered as 1D-wave baryons with J© = 37,
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I. INTRODUCTION

The heavy baryons containing a heavy quark play an
important role in our understanding of the strong inter-
action. Their quark content makes them more attractive in
point of studying the dynamics of light quarks when a
heavy one is present. The studies on the heavy baryons
with one heavy quark could improve our understanding
of the confinement mechanism and provide us with test of
the quark model and heavy quark symmetry. And also, the
investigations on their different properties could help us
test the predictions obtained by different theoretical
assumptions on their internal organizations. Therefore,
understanding the nature and properties of these baryons
and their quantum numbers by means of theoretical and
experimental studies are of great importance.

In the last decades, the advances in experimental
facilities and techniques led to the observations of many
new states. The new observations include the conventional
hadrons and the exotic states. Some of the baryons with
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single heavy quark content are among these states. In
the Particle Data Group (PDG) listing [1] there exist
seven A. states, which are Af, A.(2595)", A.(2625)7,
A.(2765)F (or X.(2765)), A.(2860)7, A.(2880)" and
A.(2940)*. On the other hand, there are a smaller
number of listed A, states, which are A9, A,(5912)°
and A,(5920)°. Among these states, the A.(2860)" was
discovered in 2017 by the LHCb Collaboration [2].
Besides the first observation of this resonance by means
of an amplitude analysis of A, — D°pn~ decay, the
spin of A.(2880)%, which was firstly reported by
the CLEO Collaboration [3], was also confirmed
in this work. The quantum numbers of the A,(2860)"
state were reported as J© = 3/2% and its measured mass
and decay widths were presented as my (2860 =
2856.1779 (stat) & 0.5 (syst)"2d (model) MeV and
L', (2860)" = 67.614, " (stat) & 1.4 (syst) T3, (model) MeV
[2], respectively. Recently, the LHCb collaboration
announced the observation of two bottom baryons with
very close masses, which were reported as my, 61460 =
6146.17 + 0.33 £ 0.22 £ 0.16 MeV and my (515500 =
6152.51 +0.26 -0.22 - 0.16 MeV. Their respective
widths are I'y 51460 =29+ 1.3£0.3MeV and I'y 515000 =
2.1+£0.8£0.3 MeV. According to their masses and widths,
they were interpreted as a A,(1D)° doublet [4].
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The properties of the heavy baryons with single heavy
quark were studied by different approaches in the literature.
Among some of these studies, including analyses on their
mass spectrum or decay mechanisms, are the various quark
models [5-32], relativistic flux tube model [33], heavy
hadron chiral perturbation theory [34-38], QCD sum rule
method [39-47], light cone QCD sum rules [48-56], 3P,
model [57-64], Bethe-Salpeter formalism [65], lattice
QCD [66-69] and the bound state picture [70], etc. One
may find more discussions about the related studies on the
singly heavy baryons in the Refs. [71-76] and the refer-
ences therein.

In this work, we direct our attention to 1 D-wave charmed
and bottom baryons with spin—%. Although our main focus
is the bottom baryon A, (6146)° that was recently observed
by the LHCb Collaboration [4], we also consider its
charmed counterpart, A.(2860)". We represent these
two states as A, where Q is used to represent either b
or ¢ quark. Considering the proper interpolating currents
for the considered states with quantum numbers
(L,.L;) = (0,2), we calculate the masses and the current
coupling constants for these states using QCD sum rule
approach [77-79]. The QCD sum rule method is a powerful
nonperturbative method, which has provided successful
predictions for spectroscopic and decay properties of the
hadrons, so far. The D-wave charmed baryons were
analyzed via the QCD sum rules in Refs. [42,44]. In
Ref. [42], both the charmed baryons and the bottom ones
were considered in the framework of heavy quark effective
theory. Reference [44] presented the mass results only for
the charmed ones obtained in full QCD. In our case, we
shall consider both the bottom and charmed baryons with
light u and d quark content in full QCD. In the calculations,
we adopt an interpolating current for the A, state consid-
ering the suggestion of the LHCb Collaboration as its
possibly being one of 1D doublet of A, states. This
suggestion was made considering the consistency of the
mass of the observed A, states with the predictions
presented by the constituent quark model [7,33]. Such
spectroscopic analyses improve our understanding of the
nature and structure of this baryons and contribute to our
understanding of the nonperturbative natures of the strong
interaction. From the analyses, we may deduce information
about the quantum numbers of these states, as well. Beside
these, another issue in baryon physics is the so-called
missing resonances problem. According to the quark
model, three constituent quarks comprise the baryons
and, as a result, theoretically there should be more states
compared to experimentally observed ones. One suggestion
to solve this problem is considering a heavy quark-light
diquark picture, which reduces the number of excited states
as a result of the reduction of the number of degrees of
freedom. Considering this, we adopt an interpolating
current in our calculation in the form of a heavy quark-
light diquark with quantum numbers J* = 3/2". In the

present study, to provide further support to the results that

we obtain, we also investigate the widths for Ay, — ZS)H

decays of the states under consideration. In this part of the
calculations, the results obtained from the mass and residue
calculations are used as input parameters, and the consis-
tency of our findings with the experimental results are
checked.

This paper has the following organization. In Sec. II we
give the details of the QCD sum rules calculations for the
spectroscopic parameters of the considered states. In this
section we also present the numerical analyses and dis-
playing of the results for the mass sum rules. In Sec. III,
using the obtained results of the previous section, we
calculate the widths for A, — Z(b*)n' and A, — Zc*)n'
channels and numerically analyze the obtained sum rules.
The last section contains a summary of the results and
conclusions.

II. SPECTROSCOPIC PARAMETERS
OF A, AND A, STATES

After choosing a proper interpolating current that carries
the same quantum numbers and same quark field operators
in accordance with valance quark content, the following
correlation function is chosen to calculate the spectroscopic
parameters of the states under consideration:

M, (k) = i / e 01T {7,(0)T,(0}0), (1)

where 7 is time ordering operator and J, is the interpolat-
ing current with following explicit form [44]:

JH = e“b”[ﬁaaﬂugCysdb + 8au£Cy58ﬂdb
+ 3ﬂu£C7/5aadb + uZCysﬁaﬁﬂdb]

1
x (g“"gﬁ‘s +g7g - 59"”9”) r’r5Qc. (2)

In the above interpolating current, the Q represents b(c)
quark field, C is charge conjugation operator and the
indices a, b and c display the colors.

One follows two paths to calculate the correlation
function. In the first one, it is computed in terms of
hadronic degrees of freedom. This is done by saturation
of the correlation function by a complete set of hadronic
states with the same quantum numbers of the interpolating
current. After that the results emerge in terms of hadronic
degrees of freedom such as the current coupling constant
and mass of the considered hadron. This procedure leads to

<O|Jﬂ‘AQ(k’ S)><AQ(k’ S)lju|0> +

Had () =
£ (8) e

(3)

The - - - represents the contributions of the higher states and
continuum. The matrix element (0|J,[Ay(k, s)) in the last
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result is parameterized in terms of the current coupling
constant, 4,, and spin vector in Rarit-Schwinger repre-

sentation, u,(k, s), as

(Ol Ag(k, ) = An,uu(k s). (4)

When this matrix element is used in Eq. (3) we need to
perform the following summation over spin s:

> (k. 8)it, (k. )

N

Yulv 2k ku kYD_kl/y
=(k+m)<—g,w+ Pl 24 £l (5)

3 3m/2\Q 3mp 0
which recasts the result into the form
2
rpaa g — MoK F 00)
v m/z\ = 2
> <_glw + 7;4]/11 2ky2kl/ _ kﬂyl/ - kv}/u) ...
3 3m o 3mp 0

(6)

The interpolating current used in the calculations couples
not only with spin-% states but also spin—% states. Therefore
to refrain from the contributions of spin—% states and isolate
the terms related only to spin-3 states, we choose a proper

Lorentz structure free from spin—% contribution. To this end,
|

> =

+ Te[[0K 09 % (x — )]ys CIA ST (x = y)]Crs
+ Tr{[070454 (x — y)]ys oY O S (x — y)
+ Tr{[020¢ S (x — y)|ysClRL S (x = )] Cys
+ Te[[9254 (x — y)]ys C[HOZ ) S (x — y)
+Tr[[6€8§’sz“’<x—y>]ys [8“6’3 S””(x »ICys
+ Tr[[ok (x=y)
+Tr[[3§/53“'(x—y)]r5 [Wﬁﬁ 3ﬁ ST""/(X Y)Crs
[ [osakoy o S5 (x -

+ Tr[S% (x — y)ysC

where 0% = Bixa’ 3? = 8v ;

also used the short-hand notation,

WICYs|} T opSG (x =

we consider the following matrix element showing the
coupling of the chosen current to spin—% states:

Oy W) =y (1,

2

4"!‘) uk,s).  (7)

mi+
2

This matrix element indicates that the terms containing 7,
and k, in the Lorentz structures take also contributions from
spin-% states due to the coupling of the current with them. To
isolate the spin—% states we make our analyses with the
Lorentz structure Kg,,. Finally, the hadronic side results in

m2

~ 0

H,I;I;d(k) = lg\ge_vkg;w e (8)
after the Borel transformation. Hﬂad(k) represents the Borel
transformed correlation function obtained for the hadronic
side, the - - - in the last result stands for both the contributions
coming from the other Lorentz structures and from higher
states and continuum.

The second step in the calculations is computation of the
correlation function in terms of QCD degrees of freedom
such as QCD condensates, quark masses and QCD cou-
pling. To accomplish this part of the calculations, the
interpolating current is used explicitly in the correlator and
possible contractions between the quark fields are carried
out using Wick’s theorem. This turns the result into a form
containing heavy and light quark propagators:

- / d*xe™ € yyo€ gy o { Tr[[02ROT ) S8 (x — y)]ysCSLPY (x — y)Cys]

Q2R 53 (x = y)lysClog S5 (x = y)|Crs)
0208 % 84 (x = y)lysCLAASH (x — )] Cys]
a“ff Sa (x = y)|ysClaray Sy (x = y)] Crs]
D005 O 547 (x — )]ys ClOESH (x — )] Cys]
R 54 (x — y)]ysCl020Y ST (x = y)|Crs]
8 ) 84 (x — )]s C[O2LSTHY (x — y)]Cys)
& 84 (x = y)lysClogokog Si* (x = )1 Crs)
N Tapo, 9)

and S,(x —y) and Sy (x — y) are the light and heavy quark propagators, respectively. We have

1
T oy = (gaﬂgﬂﬁ + Gasp ~ 5 g(,ﬁg,,(s) r°rs. (10)

In the last equation, after taking the derivatives we set y to zero. The propagators in Eq. (9) are used explicitly in the
calculations to obtain the QCD side of the sum rules. Their explicit forms are
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. mg, <C_]q> . fmq@@ 2 295
Sq,ab(x) = 0y 2t —Sap ) —Oap 12 + i0up g — Oab s 192 <ngo-GQ> + 0wy —cn 1152 <qg96GQ>
ap 2 = \2
; 9:Gap N R T)
32 2,2 [XOup + OopX] — léava (11)
and
S, (x) = i d*t oot Sap(t +mg) gsGab Oop(t +mg) + (f + mg)oys n gng(s " P + mot
Qrab (2n)* 2 —m} 4 (2 = m3)? 12 7T (2 —md)
3G3 +m
e s O = 30) + 2mg (28 = (-4 mg) + . ). (12)

0

for the light and the heavy quark propagators in the
coordinate space, respectively. The following notations
are also used in Eqgs. (11) and (12):

Gay=Gi'1hy,. G

=GAGY. G = fAPCGA,GEGES,

(13)

with A,B,C =1,2...8 and t* = }4/2. }* are the Gell-
Mann matrices, and the Gg‘ﬁ represent the gluon field

strength tensors. Insertion of the propagators into the
correlation function is followed by Fourier and Borel

dse wp(s) +T. (14)

fieco /
(mQ+mu+md)2

where s is the continuum threshold and p(s) is the spectral
density obtained from the imaginary part of the of corre-
lation function, viz 1Im[IT%P]. In the analyses, as it was
stated to isolate the contribution coming only from the
spln-— states the Lorentz structure is chosen as Kg,,. The
standard calculations lead to the following results for p(s)
and I corresponding to this Lorentz structure:

5) = Ppert(S) T+ Ppim3(S) T PDima(S) + Ppime(S), 15
transformations. Finally, continuum subtraction is applied P($) = Pren() = Poims () + Poima () + Pins (5) (15)
and the following result is achieved: where
1 1
Pren(s) = _A dxm (mg + s(x = 1))*x*[mg (8x = 3) + 5(3 — 19x + 16x7)]0[L (s, x)],
1 1 - _
Ppim3(8) = —/ dxm [m, ((au) —2(dd)) + my({(dd) — 2<z'm>)]x2[m2(8x — 1) +s2(x=1)2(12x = 1)
0 JT
+ 2ms(1 = 11x 4 10x?)]0[L(s, x)],
1 1 o
pDim4<s) = —/(; de <; G2>x2[3s2(x - 1)4(12x - 1) + m‘é(—fﬁ + 30.76' - 57x2 + 40X3)
+ 2ms(3 = 39x 4 102x% — 106x° + 40x*)]0[L s, x)],
Poims(s) = 0,
1 1
Poime(s) = A dxm (3G?)X°[Ts(1 = 10x 4 21x* = 12x%) — 4m (=6 + 5x + 12x?)]0[L(s, x)], ~ (16)
and
V’lz
= /ldxe i ;<93G3>m4 (x = 8)x° (17)
0 204807 (x — 1)* Q ‘
Here 6]...] is the usual unit-step function and
L(s,x) = sx(1 = x) — mpx. (18)
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TABLE L. Some input parameters used in the calculations of the TABLE 1II. The results of the masses and current coupling
masses and current coupling constants. constants obtained for 1D wave A, and A, states with J© = %*.
Parameters Values The state  Mass (MeV)  Current coupling constant 1(GeV?)
m, 1.27 £0.02 GeV [80] Ay 6144 + 68 0.264 +0.039

m, 4.1810¢5 GeV [80] A, 2855 + 66 0.080 £ 0.012

m, 2.161052 MeV [80]

my 467018 MeV [80]

(gq)(1 GeV) (=0.24 £ 0.01)° GeV? [81] . (M2 50)

m3 (0.8 +£0.1) GeV? [81] CR(M?) = M (22)
(©G?) (0.012 4 0.004) GeV* [82] TI(M*., 59)

(B2G?) (0.57 £0.29) GeV* [83]

After completing the calculations for both the hadronic
and QCD sides, the next stage is equating the coefficient of
the same Lorentz structure obtained from each side, that is
Kg,.» as a result we get

m2

7 e =119, (19)

Using this relation we obtain the masses of the considered
hadrons and their current coupling constants. Thus, for the
mass we obtain

[ dseip(s) +T]
d(—L mo-+m,+m 2
m/z\Q _ (=) Hmg a) . (20)

[f(i:LQwLm,mLmd)z dse_ﬁp(s) + F]

and the current coupling constant is obtained as

m2

A s, s
B o= U” dsewp(s)+T|. (21)
¢ ( Q+m,,+md)2

m

Now, we numerically analyze the sum rules obtained
using the input parameters given in Table I and the working
windows of auxiliary parameters such as threshold param-
eter s, and Borel parameter M. Although our main focus in
the present work is the mass and current coupling constant
of A,(6146)° state, for completeness we also calculate the
mass and current coupling constant for A.(2860)" state.

To determine the working intervals for the auxiliary
parameters we consider the criteria of the QCD sum rule
method such as the convergence of OPE and dominance
of the pole contribution. Besides these requirements, the
dependencies of the results on these parameters are
demanded to be relatively weak. As an asymptotic expan-
sion, the dominant contribution to the OPE side should
come from perturbative contribution and the terms with
higher dimensions contribute less and less. To fix the lover
limit of the Borel parameter we consider the convergence
ratio, CR(M?), that is the ratio of the contribution of the
highest dimensional term in the OPE side to the total one
and it is given as

To determine the lover limit of Borel parameter we con-
sider this ratio to be less than 5% for A, state. The pole
contribution, PC(M?) is considered to be larger or at least
equal to the 10% for the D-wave state,

II(M?, 50)

P = 047 o)

> 0.10. (23)

Our analyses result in the following intervals of the Borel
parameters:

5.2 GeV? < M? < 6.2 GeV?, (24)
for A, state and
2.8 GeV? < M? < 3.2 GeV?, (25)

for A, state. In the analyses, the working windows of the
threshold parameters, s, are decided as

41.5 GeV? < 5, < 43.3 GeV?, (26)

for A, state and
10.8 GeV? < 55 < 11.6 GeV?, (27)

for A, state. In these intervals the variations of the physical
quantities with respect to the changes of s, are weak. The
weak dependencies of the results on the auxiliary param-
eters form the main parts of the errors present in predictions
of the QCD sum rules method. With these errors and the
errors coming from the other input parameters used in the
analyses our results are presented in Table II. Note that, as
the interpolating currents for the D-wave baryons contain
second order derivatives their residues or current coupling
constants are obtained in GeV> against the usual S-wave
and P-wave baryonic states that these quantities are
in GeV>.

III. THE STRONG DECAYS A, — Eg 'z

The dominant decays of A,(6146)° is considered to be
A, (6146)° — X,z and A,(6146)° — Xi 7 [84]. Hence, we
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consider these strong decays in this section. However, the
width in 2,7 is expected to be roughly four times greater
than that of the Xjz channel. Therefore between these
two channels the dominant one is X,z. In this accor-
dance, we calculate the widths of the strong decays of the
ID-wave A, states to X,z by calculating the relevant
coupling constants, INySom> in the framework of QCD
sum rules. The calculations of the strong coupling
constants are done through the following three-point
correlation function:

x/fwwmﬁw%mu@ﬂ@mw

(28)
|

{0z, [Zo(p",s)) (01/z]7(q)) (=(q)Z(p". ") Ao (. 5)) (Ao (P, 5)|/,4]0)
2

where J,(x) is the interpolating current given in Eq. (2)
for the A, state under consideration. The interpolating
currents for the spin—% %, and pion states are as follows:

Tz, = €ij(uT Cru)ysy, 0",
Jﬂ = ial}/5d15 (29)

where i, j, kK and [/ are the color indices, T represents
transpose.

As in the mass calculation, for the strong coupling con-
stant calculation, we follow a similar procedure and compute
the correlator in terms of QCD degrees of freedom on one
side and hadronic degrees of freedom on the other side.

We insert complete sets of hadronic states into the
correlator to deduce the result in terms of hadronic degrees
of freedom. This part results in

L (p. p') =
. (m3, = p

mE, — p?)(mk — &)

)

- (30)

The - - - in Eq. (30) is used to represent the contribution of the higher states and continuum. The matrix elements present in
this result are parametrized in terms of physical parameters as follows:

(015, [Zo(p', ) = Az u(p’,s'),

. fam
Oplta)) = i L
<O|Jﬂ|AQ(p,S)> :ﬂAQu#(p,s), (31)

and the following matrix element is defined in terms of the considered strong coupling constant g, oSon 88

(7(@)Zo(P'.5")[Ao(P.5)) = gr,s,at(P'. ") (. 5)q" (32)

When we use these relations in Eq. (30) the final form of the correlator in the physical side becomes

2
fﬂmn

*
ﬂzQﬂAQ IApZon

H.‘l;[ad(p’ p/) = _l(

2 2 2) (ﬁ/'f'ng)

m, + md) (m%Q - pz)(sz - p/2)(m” -q

Yulu 2pvp/4 Pu¥u — Pulv v
- - . 33
(o ) (L 4 e - DT ) 33)
0 o
To obtain the last result we use the Eq. (5) together with the following summation over spins of Dirac spinors:
> ulp' s)als', p') = (' + ms,). (34)

s

To suppress the contribution of the higher states and continuum we apply double Borel transformation and obtain the final

form of the result for this side as

2
mAQ

2 * M e m?
.fnmﬂlEQﬂAQgAQZQﬂe u*e

HHad , N — _
B P P ) = ) =)

2 _ 2 _ 2
{(mAQ mp, My, +ms, q°)

VR Y

3m3
Ao
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In the last result, we only give the term that we use in the
analyses and there are also other Lorentz structures giving
contributions. As we mentioned already, the interpolating
current of spin—% states also couples to the spin—% states. In
this part, in order to focus the contribution of only the spin—%
states, we make a special ordering in the Dirac matrices.
Considering the matrix element given in Eq. (7) it can be
seen that, the terms taking the contribution from spin—%
states are related to the Lorentz structures containing y,, or
(p' + q), at the far right end. Therefore the Dirac matrices
are ordered in the form ¢ p’y,, first and then the structure,
q p'q,, ruling out the spin—% contributions, is chosen. The
contributions of other structures and the contributions
coming from higher states are represented by ---. M?
and M” in Eq. (35) are the Borel parameters.

The other side of the calculation requires to use inter-
polating currents given in Egs. (2) and (29) explicitly inside
the correlator. Possible contractions between the quark
fields performed via Wick’s theorem render the result into
the form containing heavy and light quark propagators.
Their explicit expressions, Egs. (11) and (12), are used and
correlation function IIZP (p, p’) is obtained with different
Dirac structures as in the hadronic side. The results are
lengthy and to refrain overwhelming long expressions we
shortly represent the result here as

HQCD

2 P(p.p) = H?CD(qz)qp’qﬂ + other structures, (36)

and not give their explicit form. The invariant function
H?CD (¢%) here is the coefficient of the 4 #'q,, structure that
we use in the analyses. The imaginary parts of the obtained
results are used as spectral densities in the following

dispersion integral leading us to the final form of the
QCD side

QCD
I1;

/dS/d r/’f’e”(s s' q2)+p"°" (s, s q?)
- pA)(s' —p")
(37)

where i represents different Lorentz structures present
in the calculation and the spectral densities are represented
by their perturbative and nonperturbative parts as
PP (s, s, %) and pi°"P" (s, 5, ¢7), respectively.

The results obtained from the hadronic and the QCD
sides are matched, considering the same Lorentz structure,
giving us the QCD sum rules for the strong coupling

constants under question as follows:

QAQan(QZ)
mA - md
o "o
3mAQ(m + Q%)ew? en?
fﬂ’lAQﬂEQﬂﬂOnA) my,ms, + sz +0%)

x BIIYP(s,5', 0%), (38)

where BIYP (s, 5", 02) is the result of QCD side after
m2

(mu+md).

Now, we present the numerical computations of the

coupling constants gu oZom obtained for the decays

Borel transformation, Q> = —¢* and y, =

AQ - Z(Q*)n. To this end, we use the results that we
obtained from the mass analyses of A, states as inputs.
Besides, we also need the values of some other para-
meters which are 4y, = 0.062 £+ 0.018 GeV? [85], ms, =
5810.56 +0.25 MeV  [80], 4y, = 0.04540.015 GeV?
[85], my, = 2453.97 £0.14 MeV [80], f, = 131.5 MeV
and p, = —@.

As for the f(;[ur additional auxiliary parameters, the Borel
parameter M2 and the threshold parameter s, are used as in
the mass sum rule calculations, Egs. (24), (25), (26) and
(27). The second Borel parameter M’> and the second
threshold parameter s are determined, considering the
standard criteria of the QCD sum rule that we explained in
mass sum rule calculations, as

5.0 GeV2 < M < 6.0 GeV2, (39)

39.0 GeV? < () < 41.0 GeV?, (40)
for the bottom baryon case and

2.7 GeV? < M < 3.1 GeV?, (41)

10.6 GeV? < sj) < 11.4 GeV?, (42)

for the charmed baryon case.

Using the related input parameters and working intervals
of the auxiliary parameters, we attain the results of the
coupling constants as a function of Q? which is well
represented by the following fit function

02

9 (0%) = cre” 2 + c3. (43)

The parameters of the fit function, c¢;, ¢,, and c¢3 are
determined from our analyses and presented in Table III
Using the fit functions of related decays, we obtain the
considered coupling constants at Q> = —m?2 for both decay
channels. The results of these coupling constants are
presented in Table IV. This table also shows the results
obtained for the partial widths of considered decays of the
Ay states which are calculated by applying the following
equation:

TABLE III. The parameters of the fit function.

The decay mode c1(GeV™) ¢, (GeV?) c3(GeV)
Ay = Zpm —6734.9 7.9 6804.3
A, > Z.w —2087.9 4.4 2156.9
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TABLE IV. The coupling constants and the calculated partial
widths for considered decays.

The decay mode gAQZQ,[(GeV_l) ' MeV)
Ay — Syr 528 +4.7 23404
A, - So1 59.6 + 5.4 349+ 6.5

TABLE V. Partial and total widths for the decays under study.

The decay mode I' MeV)
Ay = Zym 23+04
Ay = Zim 0.7+0.1
Total 3.0+04
A, = 2. 349+£6.5
A, = Zin 100+ 1.9
Total 449 4+ 6.8
9;\ s
T(Ap = Zpr) = —22 [(my —myg )2 —m?
(Ag = Zo7) 2am?, [(mp, —ms,)* — mg]
X f3(mAQ7 my,, My), (44)

where f(my,, ms,,m,) is defined through the following
expression

1
f(x’y, Z) e ﬂ \/x4 _|_ y4 _|_ Z4 _ 2x2y2 _ 2x212 _ 2y212.

(45)

The errors in these results arise from the uncertainties of the
input and auxiliary parameters. In Ref. [84], the following
relation between the partial widths of the A,(6146)° —
Ty and A, (6146)° > T,z strong decays in p- and f-wave
decays is obtained:

T[A,(6146)° — Xiz]  0.65” +0.28/
T[A,(6146)° - X,7] 3.25

=0.286. (46)

We assume that this is roughly holds in ¢ channel, as well.
Using this relation, we estimate the widths in X7,z channels
and also the total widths of the states under study: all of
these widths are presented in Table V.

IV. DISCUSSION AND CONCLUSION

We calculated the mass and the current coupling constant
of the recently observed A,(6146)° state assigning its
quantum numbers as J¥ = %+. This state together with the
A(6152)° (probably a 1D-wave state with J* = 3") form
a A,(1D)° doublet [4,7,33]. Based on the provided
information by recent experimental results, we chose a
D-wave type interpolating current for A,(6146)° state.

For completeness, we also calculated the spectroscopic
parameters of its charmed partner A, state with the same
quantum numbers. The result for the mass of the A,, state
was obtained to be m,, = (6144 & 68) MeV, which is in a
good consistency with other theoretical predictions: m,, =
6147 MeV [33], m,, = 6190 MeV [18], m,, = 6181 MeV
[17], m,, = 6145 MeV [7], m,, = 6149 MeV [84], and
6.0170% GeV [42]. Our result on the mass of the A, is
in accord with the experimental data of the LHCb
Collaboration, as well. This leads us to consider the
A (6146)° state as a 1D-wave resonance with quantum
numbers J© = 3.

The mass result obtained for 1D wave A, state with
JP =3t is m, = (28554 66) MeV, which is also
consistent, within the errors, with the predictions of
Refs. [7,17,18,25,33,42,44] given as m, = 2857 MeV,
mp, = 2874 MeV, m,_ = 2887 MeV, m, = 2910 MeV,
my = 2843 MeV, m, =281707; GeV, and m, =
2.837037 GeV, respectively. Our result is also in agreement
with experimentally observed mass value for A.(2860)"
state which is m,_(2g60)+ = 2856.173¢ MeV [2]. This can
be considered as another support to assign these states as
resonances in b and ¢ 1D-wave channels with spin-parity
JP =3t

To make a final decision on the structure and quan-
tum numbers of these states especially the lesser-known
A,(6146)° resonance, we need to support these assign-
ments by the width calculations, which require the calcu-
lations of the partial widths of the dominant decays of this
state. The A, (6146)° state was seen in A)z "z~ channel by
LHCDb collaboration [4] and very recently confirmed by the
CMS collaboration in the same channel [86]. The dominant
decays of this state is considered to be A,(6146)° — X, 7
and A,(6146)° — X: 7 [84]. Although, by considering the
A, (6146)° sate as a 1D-wave resonances with quantum
numbers J© = %* and its decays to X,z and X x final states,
the obtained total width via the quark potential model in
this study is comparable with the experimental data within
the presented errors, the LHCb collaboration could not find
significant signals in these channels [4].

We considered the A,(6146)° — X,z and A, (6146)° —
X, m decay modes. The partial width of the decay in X,7
channel is considered to be roughly four times greater than
that of the X}z channel [84]. Hence, by calculation of the
related strong coupling constant, g,,y, . via the three-point
QCD sum rule approach in details, we obtained the
partial width of this decay as I'[A,(6146)° — X, 7] =
2.3 £ 0.4 MeV. The partial width for this mode is obtained
as T[A,(6146)° - X, 7] =325 MeV in Ref. [84]. In
literature, there are other works on the strong decays of
1D-wave AQ states [31,64], as well. In these works the
results T(A, — Z,7) = 4.577]99 MeV [31] and T'(A, —
¥,m) = 1.79 MeV [64] are obtained. As is seen, the results
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of Refs. [31,84] are considerably larger and that of the [64]
is considerably smaller than our prediction. We considered

. T[A,(6146)°—>%: 7] . . .
the ratio m obtained in Ref. [84], to estimate

the partial width of A,(6146)° — X; 7 as I'[A,(6146)° —
Y] = 0.7 £ 0.1 MeV, as well. We also obtained the total
width of A,(6146)° state as [, 614600 = 3.0 = 0.4 MeV,
which is in a nice consistency with the experimental data of
LHCb collaboration: I'y, 51460 = 2.9 £ 1.3 £ 0.3 MeV.
For the c-partner, we obtained T'[A,. — Z.z] = 34.9 +
6.5 and T[A. - Ziz] =10.0£1.9, which leads to
LA, (2860)r =449 £ 6.8 MeV  for the total width of

A.(2860)7 state. This result, within the errors, is consistent
with the experimental data, T'y (2g60)+ = 67.63;';‘ MeV
[2], as well.

Considering the mass and the obtained width from its
dominant decays, the newly observed A,(6146)° state was
assigned as a 1 D-wave excited state in usual three-quark A,
channel with spin-parity J” = 3. We also assigned the
same quantum numbers for its c-partner. More experimen-
tal and theoretical effort are needed to clarify the decay
modes of A,(6146)° and A.(2860)" sates in order to more
clarify their nature.
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