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Abstract: Recently, scientists have achieved significant progress in experiments searching for excited =, and A,
baryons such as A;(6072), Ap(6146), Ap(6152), E5,(6227), E;(6100), E,(6327), and E5,(6333). Motivated by these
achievements, we systematically analyze the 1D and 2D states of Z;, and A, baryons using the method of quantum

chromodynamics sum rules. By constructing three types of interpolating currents, we calculate the masses and pole

residues of these heavy baryons with different excitation modes: (L, L,) = (0,2), (2,0), and (1,1). Subsequently, we
decode the inner structures of A;(6146), Ap(6152), E5,(6327), and E,(6333) and favor assigning these states as the
1D baryons with the quantum numbers (L,,L;) = (0,2) and 3/2*, 5/2*, 3/2%, and 5/2*, respectively. In addition,
the predictions for the masses and pole residues of the other 1D and 2D &, and A, baryons in this paper will be use-

ful for studying D-wave bottom baryons in the future.
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I. INTRODUCTION

In recent years, an increasing number of heavy bary-
ons have been confirmed by the Belle, LHCb, and CDF
collaborations, and the spectra of the charm and bottom
baryon families have become increasingly abundant. For
excited bottom baryons in particular, scientists have
achieved significant progress in theoretical and experi-
mental studies in recent years, such as for A;(5912),
Ap(5920) [1, 2], Ap(6072) [3, 4], E,(6227) [5—7], and
E,(6100) [8]. In 2019, the LHCb collaboration reported
the discovery of two bottom baryon states, A,(6146)° and
Ap(6152)°, by analyzing the AQr*n” invariant mass spec-
trum from pp collisions [9]. The measured masses and
widths are

ma, 6146y =6146.17+0.33£0.22+0.16 MeV,
I'a 61460 =2.9+1.3+0.3 MeV,

ma, 61520 =6152.51+£0.26+0.22+0.16 MeV,
A, 61520 =2.1£2.1+£0.8+£0.3 MeV.

By studying their strong decays using quark model or 3P,
model, scholars interpreted these two states as a A,(1D)
doublet [6, 10—13]. Before this observation, different col-
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laborations predicted the masses of this doublet using the
quark model [14—17], whose results were not consistent
with each other and with experiments, and they require
further confirmation using different theoretical methods
and models.

Very recently, the LHCb collaboration reported the
observation of two new excited Z, states in the A, K n*
mass spectrum [18]. The measured masses and widths
were

mz, (6327) =6327.28* 037 (stat) + 0.08(syst)
+ O.24(mAb) MeV, F:b(6327) <2.20 MeV,

Mz, 6333) =6332.69*0 | (stat) + 0.03(syst)
+0.22(mpp) MeV,  T'g,6327) < 1.55 MeV.

By comparing with the quark-model predictions
[6, 10], Chen et al. interpreted these two states as a
1D(Z,) doublet with J¥ = 3/2* and 5/2*.

Many theoretical methods and models have been used
over the past decades to investigate bottom baryons, in-
cluding the quark model [12, 14—16, 19—41], heavy had-
ron chiral perturbation theory [42—47], 3Py decay model
[48— 54], lattice quantum chromodynamics (QCD)
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[55—58], light cone QCD sum rules [59-66], and QCD
sum rules [67—79]. For more discussions on bottom bary-
on states, please consult Refs. [17, 80—88] and the refer-
ences therein. Through the efforts of theoretical and ex-
perimental physicists, some bottom baryon states have
been observed and confirmed, such as Z,(5797) [89],
Ap(5620) [89], Ap(5912) [89], A,(5920) [89], and
Ap(6072) [3, 4], whose quantum numbers were determ-
ined to be 15(1/2%), 18(1/2*), 1P(1/27), 1P(3/27), and
25(1/2%), respectively. However, the inner structures of
the newly observed baryon states =,(6327), =,(6333),
A(6146), and A(6152) require further confirmation theor-
etically. The other bottom baryon states, such as the radi-
ally excited D-wave E;, and A, baryons, have not been
observed.

The QCD sum rule method has been proven to be the
most effective non-perturbative method in studying the
properties of mesons and baryons [70, 90-98], and it has
been extended to studying multiquark states [99—106]. In
our previous study, we systematically studied the D-wave
charmed baryons A.(2860), A.(2880), =.(3055), and
E.(3080) [71], the P-wave Q. states, Q.(3000), Q.(3050),
Q.(3066), Q.(3090), and Q.(3119) [107, 108], and the Q,
states, ,(6316), Q,(6330), Q,(6340), and Q,(6350) [109]
using the method of QCD sum rules. As a continuation of
our previous research, we study the 1D and 2D states of
E, and A, Dbaryons with orbital excitations
(Lp,Ly) =(0,2), (2,0), and (1,1). The motivation of this
study was to further confirm the structures of A,(6146),
Ap(6152), Z,(6327), and Z,(6333), decode their excita-
tion modes, and predict the masses and pole residues of
1D and 2DE;, and A, baryons.

The remainder this paper is outlined as follows: in
Sec. 11, we first construct three types of interpolating cur-
rents for D-wave bottom baryons A, and E,; in Sec. III,
we derive QCD sum rules for the masses and pole
residues of these states with spin-parity 3/2* and 5/2*
from two-point correlation function; in Sec. IV, we
present the numerical results and discussions; and Sec. V
presents our conclusions.

II. INTERPOLATING CURRENTS FOR
D-WAVE BOTTOM BARYONS

In the heavy quark limit, one heavy quark within a
heavy baryon system is decoupled from two light quarks.
Under this scenario, the dynamics of a heavy baryon state
can be separated into two parts: the p-mode, which is for
the degree of freedom between two light quarks, and the
A-mode, which denotes the degree between the center of
mass of diquarks and the heavy quark. In this diquark-
quark model, the orbital angular momentum between the
two light quarks is denoted by L,, and the angular mo-
mentum between the light diquarks and heavy quark is
denoted by L,. The D-wave (L =2) bottom baryon has

three orbital excitation modes: (L,,Ly) = (2,0), (0,2), and
(1,1). The color antitriplet diquarks with quantum num-
bers of L, =0 and s; = 0 can be expressed as ”*¢} Cysq;,
which has the spin-parity of J; =0%. The spin-parity of

relative P-wave and D-wave are denoted as
P _ P _q- : P _ :
me —Lp//1 = 1/7//1 and 2;/1, respectively. If J, = (1/2); is

the spin-parity of b-quark, we can obtain the final states
of D-wave bottom baryons according to direct product of

angular momentum J* =03 &) J” .

For the excitation mode (L,,L;) =(1,0), the P-wave
diquark system with J” = 1~ can be constructed by apply-
ing a derivative between two light quarks:

eMPql (OCysq ()~ g ()CysP (). (1)

Based on this, we introduce an additional derivative
between the two light quarks in Eq. (1) to obtain the ex-
citation mode of (L,,L,) =(2,0)

eM{[6°Pq] (0)Cysq/(x) - Pq] ()Cys0"q ()]
~[6¢] (OCys g0 - g ()Cys"Pgi()]].  (2)

For the excitation mode (L,,L;) =(0,2), we must apply
two derivatives between the diquark system and b-quark
field. It should be noted that the b-quark in the bottom ba-

ryon is static in the heavy quark limit. Thus, 8, is re-

duced to 3,, when operating on the b-quark field, and the
light diquark state with J” = 2+ is expressed as

0" Pl q] (x)Cysq(x)] =€*[0"Pq] (x)Cysq/(x)
+ BﬁqiT(x)Cysaaq}(X)]
+0"q] (X)Cys0Pq/(x)
+ qiT(x)Cy56”33q}(x)]~ 3)

For the (L,,Ly) =(1,1) state, we require an additional de-
rivative between the P-wave diquark (Eq. (1)) and b-
quark field:

"M gT ()Cysd (%) — gl (R)CysdPe ()]
=070 q] (0)Cysq(x)+8°q] (x)Cy50°q(x)
— 9747 ()CysdP q(x) — g} ()Cy50" P () T aguver ().
@)

Considering the symmetrization of the Lorentz indexes u
and v, the light diquark state with (L,,L;) =(1,1) can be
expressed in a simpler form:

El/k[aaaﬁqf(x)Cy5q;(x) - qlT(x)Cysa"an;(x)] (5)

093102-2



The 1D, 2D E, and A, baryons

Chin. Phys. C 46, 093102 (2022)

Finally, we combine the above light diquark systems with
the b-quark field to form J = 3/2* or 5/2* baryon states
that have three excitation modes, (L,,L;) =(2,0), (0,2),
and (1,1). For more details about the construction of the
interpolating currents of baryons, please consult Refs.
[71, 72, 97]. We can now classify these constructed inter-
polating currents as follows:

(Lp, 1) =(0,2) for J./m,(x), Ja, /10, (%),
(Lp. L) =(2,0) for J% /(). 3, /0 (%),
(Lo, Lp) =(1,1) for T3 /m(x), T3, 1, (%),

where J,, 1, are for Z, and A, with quantum numbers
1/2*; J., nu denote 3/2*F, and A, baryons, respect-
ively. The interpolating currents for different excitation
modes (L,,L;) =(0,2), (2,0), and (1,1) are denoted as J"
and " with n=1, 2, and 3, respectively, which can be
expressed as

J; (x) =€* [BaﬁﬁqiT(x)Cys 5i(x) + (3"qiT (x)Cysﬁasj(x)
+ GquT(x)C)g@“ 5(x)
+qL (0)Cy5070 s (0)|Capubi(x),

T2 (x) =€7¥[6*6Pq] (x)Cyss(x) - g (x)Cys0”s;(x)
-3q] (x)Cys0”s;(x)
+q7 (0)Cy5070P s ;(x)|Copubr(x)

Ji (x) =€* [8“55qiT(x)Cy5 5j(x),

— gl (x)Cy5070 5 ()T apubi(x),
(©6)

mu(x) =€ 0¥ q] (x)Cysq'y(x) + 8" q] ()Cysd ¢ (x)
+&q] ()Cys0°q(x)
+4; ()Cy50" P ¢,(0) T apyubr(x),

ma(x) =€ 0¥ q] (x)Cysq/(x) - 8 q] ()Cysd ¢ (x)
-8 q] (x)Cys0"q/(x)
+4] ()Cy50°0 ¢/,(0)|Capubi(x),

() =€M[8° 0 g ()Cysq(x)
- g} ()Cy50"0 ¢/,(0) | apubi(x),
™

T () =€ 07 q] (x)Cyss;(x) +8°q] ()Cysds;(x)
+ 8quT(x)Cy56" 5j(x)
+q! (0)Cy50" 5 () |Tapurbi(x),

I3, (x) =€*[07P q] (x)Cyssi(x) - 0"q] (x)Cys56Ps5(x)
~q] (x)Cys0s;(x)
+q! (X)Cy507 5 ;(x) [Tapyurbr(x)
T3, (x) =€[6* P q] (x)Cys5;(x),
— g (x)Cy50" s ;(x) T apuvbi(x),
(8)

Mu(X) =€ (0" g] (0)Cysq/(x) +8"q] ()Cys0 ()
+#q] (0)Cys0"¢(x)
+q] (0)Cy50" 0 ¢/,(0) T apuvbic(x)
oy (0) =€ [0 ¥ q] () Cysq(x) = 8" q] ()Cys0q(x)
- #q] ()Cys0° (),
+q] (0Cy50" 0 ¢/;(0) T apyrbi(x)
Ty (X) =€7[0°P g ()Cysq/(x),
—q; (0Cy50" 8¢} (D)T opyurbi(x),
©)

where T'op, and T, are the projection operatiors, whose
explicit forms are:

1
raﬁy = (gaugﬁv +g(wgﬁu - zg(tﬁguv)yvyﬁ (10)
1 1

Copuv =8au&py + 8av8pu — G808y = 7 8auVBYy

1

1 1
- ng’)/ﬁ'y;t - Zgﬁu)/(y)/v - Zgﬁv%ﬂ’u

1 1
+ ﬁ%ﬁ’y)’ﬁ)’v + ﬁ)’(ﬁ’v?’ﬁ)’y

1 1

+ ﬁyﬁyﬂ'ya)’v + ﬁ)’ﬂ’)’v)’(ﬁ’y- (1

Note that we can select either the partial derivative 9,
or the covariant derivative D, to construct the interpolat-
ing currents. The current with the covariant derivative is
gauge invariant but blurs the physical interpretation of
3,, being the angular momentum. The current with the
partial derivative g, is not gauge invariant but manifests
the physical interpretation of ?H being the angular mo-
mentum. In the calculations with these two currents in
QCD sum rules, the difference is that the current with the
covariant derivativeD,emits a gluon at a interaction ver-
tex. This gluon field contributes to the gluon condensate
terms. Our research indicates that the contributions of
these condensate terms from the vertex result in negli-
gible difference in the final results [98]. Thus, we neglect
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the contributions from the vertex in gluon condensate
terms and use the current with the partial derivative 9, as
our interpolating currents.

III. QCD SUM RULES FOR THE 1D AND 2D &,
AND A, STATES

The first step of the analysis with QCD sum rules is to
write down the following two-point correlation functions:

() =i [ @4 (0T {1/, 07, /7,00)0),

osp) =1 [ 56 (O {11/ 0T g O)0). (12)

where 7 is the time ordered product. The currents
Ju/n,(0) and J,,/1,,(0) in these correlations couple po-
tentially to 1D bottom states Bsz;»- and Bs)»:, respectively,
and couple also to 2D states B} e and B s with the
quantum numbers 3/2* and 5/2%:

O /OB (p)) =53 Uy (p, ),
OV /0 OB (p)) =45y Uy (P, ), (13)

OL/mu (OB (p)) =)y iysUy (p.5),

(O /m (ONB); (p)) =25y 175U, (p, 9)- (14)

A. Phenomenological side

At the hadron level, a complete set of intermediate
baryon states with the same quantum numbers as the cur-
rent operators J,/n.(x), Ju/fu(x), iysJu/n.(x), and
iysJu/Muw(x) are inserted into the correlation functions
I1,,(p) and II,.0p(p). After separating the pole terms of
the lowest 1D and 2D states, we obtain the following res-
ults:

4 _
M3/2 ) 15—M3/2
2 t 43 M2 2

+2 ]é+
Hyv(p) = /13/2 M2

327 P 32 P
1+ y—
32 3277
N N
YuVv  2PuDv  PuYv—DPvYu
x| —gu + + - 4o
[ T 34/p? ]
=TT3/2(p*)(—gyu) + - (15)

P+Ms), P—Ms),

M(p) = [4;722— T RO
2 /2 g2 2

M5+/2 - sp— P

7+ A
o P My, P My, \]
5/2 ygr42 2 5/2 pqr-2 2
M55 —p Mg, —p
« |:§(l/l§ﬁv +§av§ﬁp _ ’ga,B’gyv
2 5

_ i + Pa¥u = PuYe  PuPe |~
10 YuYa \/p_z p2 8pv
_r L PBYu=PuYp _ Pubp |~
10 YuVB \/? p2 8au
8au8pv + 8av8pu ..
—2 >

4+ ...

=Ms/2(p>) (16)

where g = gu — (Pupy)/ P%; M7 and M7 denote the
masses of the 1D and 2D states with positive parity and
angular momentum j; and M; and M’" are for the states
with negative parity. In these derivations, we use the fol-
lowing relations about the spinors U (p,s) and Uy, (p, s):

Yu¥v
3

Z U U, =(p + MW)( — g+
N

L 2Puly Pty —pm)

3p? 3/p?

(17

— o o +~ 0 0,30
> UagUpr =5+ M<'>*){ St~ Sy S
N
1 PuYa—PaYu PaPu |—
—_— + —
10 YaYu \/F p2 8pv
1 PuYB—DPBYu  DPBDu |~
10 VBYut \/17 p2 av
_ i + PvYa — PaYv _ PaDv |~
10 Yoy \/17 p2 8Bu
1 L PYB=PEYy  Peby |
10 7ﬁ7v \/17 p2 ap (»
(18)

where p? = M*? and p? = M"*? on mass-shell for 1D and
2D states, respectively. From the imaginary part, we can
obtain the spectral densities at the hadron side:

ImI1(s)

_ +2 +2 -2 -2

= P 6(s = MT?) + A776(s — M)
+ A2 6(s = M) + A7 6(s — M)
+[M7A76(s— M?) — M; A;°6(s — M)
+MTAS(s - M) = M X2 6(s - M),

= PP () +0 1 (5). (19)
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Subsequently, through a dispersion relation and Borel
transformation, we obtain the QCD sum rules at the had-
ron side:

f [ Vol (5)+ pf,{H(s)]exp( - %)ds

b

M2 M2 )

_~ 20t J 142 8 g1+ J
=24; Mjexp(—F)+2/lj M; exp(— 77

f [ Vspj(s) - p,H(s>]exp(——)ds

b

_2 M/ 2
=2/l;2M;exp( 73 )+2/l’ M eXp( —) (20)

where j denotes the total angular momentum 3/2 or 5/2,
and the subscript H denotes the hadron side. The para-
meter so is the continuum thresholds, and 72 are the
Borel parameters. From Eq. (20), we observe that the bot-
tom states with positive parity and those with negative
parity are successfully separated according to the combin-
ation of p}, () and p(,) ().

B. QCD side
At the QCD side, the correlation function is approx-
imated at very large P?>=—-p? by contracting all quark
fields using Wick's theorem. In our calculations, we use
the full light quark propagators Sij (x) in the coordinate
space and the full heavy quark propagator S (x) in the
momentum spaces:

S(x) =i

6”_&6”_(%)(1_ _x)

b
22 x4 472 x2 12

$2

.My

a O (7 i a
_tij[xo- T x] 32ﬂ2x2gsG9n

1 — v
DL
1)
. Oi
X d4ke—1k.x{ tj
Sg = 2r )4f K=mg
_ 85Gagli; P+ mo) + Y+ mo)o”
4 (k2 —my)?
et 1) Gl Gl (fPHY + fOHPY + [
_ PR -
(22)

where

TP =+ mo)y (K +mo) Y’ (W +mg)
XY (K +mo)y” (K +mg), (23)

g=u,d,s, t*=2%/2, and A¢ is the Gell-Mann matrix.
After completing the integrals both in the coordinate and
momentum spaces, we obtain the QCD spectral density
through the imaginary part of the correlation:

ImIT;(s)

= ?P};QCD(S) +P(},QCD(S)- (24)

In calculations, we observe that the condensate contribu-
tions primarily result from <(gq), (ss), ((a;GG)/n),
(q8s0Gq), (5850Gs), (qgs0Gq)*, and (qg;0Gq) (5g,0Gs).
The explicit form of the QCD spectral densities p}’QCD(s)
and p),p(s) are listed in the Appendix. Similar to the
hadron side, we can obtain the sum rules at the QCD side.
Subsequently, we apply the quark-hadron duality below
the continuum thresholds sy to obtain the QCD sum
rules:

M2 M2
+ 342 J 1+ y1+2 J
2Mj /lj exp(—F)—FZMj /lj CXP(— 72 )

f [ ‘/_,0] ocp(®) +p/QCD(S)]eXp( - _)ds (25)

h

First, we select low continuum threshold parameters sy to
include only the contributions of the 1D state. Thereafter,
we differentiate Eq. (25) with respect to 1/T? to obtain
the masses of the 1DZ;, and A, states with J? =3/2* and
5/2*:

+2

d [
_—d(l/Tz)jy;ﬁ [\/Ep;,QcD(S)+p(]).’QCD(s)]exp(—%)ds
L [ Vspliaen(®) +93,QCD(S)]CXP( - %)ds
h (26)

After the mass M;F is obtained, it is treated as a input
parameter to obtain the pole residues:

So 5
X fmz [ \/Ep}’QCD(s) +p?’QCD(s)]exp( - ﬁ)ds
A==
J

Y2 (27)
2M+exp( - T—;)ds

Now, we use the masses and pole residues of the 1D states
as input parameters and postpone the continuum threshold
parameters sy to larger values to include the contributions
of the 2D states, and we obtain the QCD sum rules for the
masses and pole residues of the 2D states:
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, 2
d %o 1 0 s +342 M;r
240 /TZ){fm;, [Vibloeots)+Higen(]erp (_ ﬁ)ds_sz S e o8
i = s ) s
n [ Vs oen () +0° (s)]ex — 2 \ds —2mt A 2exp| - —-
. ;Qcp'S) TP jqep Pl =72 TR 4
s +2
0[\/? Lo (s) + 00 (s)]exp 2 ds—2M+ A 2exp| — M—j
o LVPjqent¥ TPjqen T2 it T2
= : (29)

J

IV. NUMERICAL RESULTS AND DISCUSSIONS

The calculated results from QCD sum rules depend
on input parameters such as the vacuum condensates,
masses of quarks, continuum threshold sy, and Borel
parameters T7. For the values of the vacuum condensates
used in this paper, we first obtain the standard values at
the energy scale u=1 GeV [110, 111]:

(qq) =-(0.24+0.01 GeV)?,
(ss) =(0.8£0.1){qq),
(@g:;0Gq)y =mi(qq).
(5g.0Gs) =my(ss),

m: =(0.8+0.1) GeV?,
a,GG
T

( Yy =(0.33 GeV)*.

For the masses of quarks, we set m, =my; =0 owing to
their small current quark masses, and the masses of the b-
quark and s-quark are selected to be my(mp)=(4.18+
0.03) GeV and m(u =2 GeV)=(0.095+0.005) GeV [89].
Subsequently, we consider the energy-scale dependence
of the above input parameters from the re-normalization
group equation:

(@) = @q)(Q)[‘Z(ﬁ))rw’

(Ss)(u) = <§s)(Q)[Zi(wQ))]4/9,
@0 G = @gserqXQ)[%]zm,
(58,0Gs)(u) = (58,0G S>(Q)[C;i(£))]2/27’
ms(u) = mX(ZGeV)[%rw’

1 by logr  b*(log*t—logt— 1)+ bob
(o) = |- o Jogr | billogr—logr= D+ boba |
bot| " by 1 bir?
where
2 33-2n
—loet _ 1
l—lOgAz, bo 2n ,
5033 325 ,
_153-19n; _2857_ S+ o
'S T e 0 2T 1287

A =213, 296, 339 MeV for the flavors ny =5, 4, and 3,
respectively [89], and we evolve these parameters to the
optimal energy scales u to extract the masses of the bot-
tom baryon states. To determine the optimal energy
scales, we have developed an empirical formula

o= ,/M}i—(nMQ)z, where My is the mass of a hadron,

My is the effective mass of a heavy quark, and # is the
number of heavy quarks within a hadron. Since this for-
mula was proposed to determine the optimal energy
scales p in the calculations of QCD sum rules [112—-114],
it has successfully been used to study the hidden-charm
(hidden-bottom) tetraquark and molecular states [112—
114], hidden-charm pentaquark states [115], charmed and
bottom states [116], etc. In this article, we set the effect-
ive mass of b-quark as M; =5.17 GeV, which was fitted
in a study on the diquark-antidiquark type hidden-bottom
tetraquark states [117].

For selecting the working interval of the parameter T2
and continuum threshold parameters sy, some criteria
should be satisfied, i.e., pole dominance, convergence of
operator product expansion (OPE), and appearance of the
Borel platforms, in addition to satisfying the energy scale
formula. In other words, the pole contribution should be
as large as possible (commonly larger than 40%) com-
pared with the contributions of the high resonances and
continuum states. Meanwhile, we should also determine a
plateau (Borel platforms), which will ensure OPE conver-
gence and the stability of the final results. The plateau is
often called the Borel window. As an example, we can
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analyze the convergence of operator production expan-
sion of Z,(3/2*) with the excitation mode (L,,L;) =(0,2).
The contributions of the vacuum condensates of dimen-
sion n can be expressed as

So s
fﬁ PQCD,a(5)exp (— 72 ) ds
}'rl)-7

So s >
Lz pacp(s)exp (— ﬁ)ds

where D(n) represents the contribution of condensate
term with dimension ». In Fig. 1, we show the depend-
ence of these condensate terms on the Borel parameters
T2, from which we can observe good OPE convergence.
After repeated adjustment and comparison, we fi-
nally determine the optimal energy scales u, the Borel
windows, the continuum threshold parameters sg, and the
pole contributions, which are presented in Tables 1, 2. As
an example, the results for 1D states with different excit-
ation modes are shown explicitly in Figs. 2—25. Note that
we plot the masses and pole residues with variations in
the Borel parameters at much larger intervals than the
Borel windows shown in Tables 1, 2. Additionally, the
uncertainties of the masses and pole residues are marked
as the upper and lower bounds in these figures. From
Tables 1, 2, we observe that the pole contributions are
about 40, and the pole dominance criterion is satisfied.
However, we can observe that flat platforms appear in
Figs. 225, and the uncertainties originating from the
Borel parameters T2 in the Borel window are small
(<£3%). In other words, all of the criteria of QCD sum
rules are satisfied, and it is reliable to extract the final res-
ults about the D-wave bottom baryons. Considering all
uncertainties of the input parameters, we obtain the

D(n) =

(30)

masses and pole residues of 1D and 2D states of A, and
Ep baryons, which are also presentd in Tables 1, 2.

The LHCD collaboration observed two structures with
the masses of m,\h(6146)0 =6146.17+0.33+0.22+0.16
MeV and my,(6152)° =6152.51+0.26+0.22+0.16 MeV
and suggested their possible interpretation as a doublet of
the A,(1D) state. The quark-model predictions from dif-
ferent collaborations for the masses of this doublet
(3/2%,5/2%) were (6.145, 6.165 GeV) [14], (6.190, 6.196
GeV) [15], (6.181, 6.183 GeV) [16] and (6.147, 6.153
GeV) [17]. Our predictions for this doublet with the ex-

citation mode (L,,L,(0,2) are mf\/lr =6.137010 GeV and

mf\/[Z =6.15%012 GeV, respectively. This result is consist-
ent with experimental data [9] and quark-model predic-
tions [14, 17], which supports assigning A(6146) and
Ap(6152) as the 1DA, doublet with the quantum num-
bers (L,,Ly) = (0,2) and J? =32%, 5/2*.

To date, the 1S, 1P, and 1D A, baryons have been es-

—e—pert
29 —E—<ss>
2 —<—<qq>
7 <qqG>
1.5 <ssG>
2 <GG>
2 1 ©oeo0coe0e0000000000004
2 \
= X
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Fig. 1. (color online) Contributions of different condensate
terms for Z,(3/2*) of the excitation mode (L,,L,) =(0,2), with
variations in the Borel parameters 72.

Table 1. Optimal energy scales u, Borel parameters 72, continuum threshold parameters s, pole contributions (pole) and masses,
and pole residues for the D-wave bottom baryon states =,, where the results of Ref. [15] are the quark-model predictions.

Ep(Lp. L) JP 1GeV’ T'/GeV’ V50/GeV MIGeV Refs. [15, 18]/GeV (107 GeV?) pole
=(2,0) 5/2*(1D) 3.7 3.8-4.2 7.0£0.1 6.43*910 1.59+020 49% —59%
25(2,0) 3/2*(1D) 35 3.9-43 7.0£0.1 6.42+0.99 4.64+0: 47%—57%
2,(0,2) 5/2*(1D) 3.6 43-47 6.9+0.1 6.36701 6.333 [18] 0.67+0.98 41%—56%
£5(0,2) 3/2*(1D) 3.6 3.6-4.0 6.9+0.1 6.3470-12 6.327 [18] 2.98+038 41%-61%
E(1,1) 5/2*(1D) 3.6 42-4.6 6.9+0.1 6.417007 0.80*911 42% - 58%
Ep(1,1) 3/2*(1D) 3.7 3.8-42 7.0+0.1 6.4170:99 2.82+030 47%—-57%
2,(2.0) 5/2+(2D) 4.1 39-43 73£0.1 677011 24602 65%—T7%
E5(2,0) 3/2*(2D) 4.2 3.9-43 7.3+0.1 6.7370.% 7.13%05 66% —76%
2,(0,2) 5/2+(2D) 4.1 43-47 72+0.1 6.697013 6.696 [15] 0.98+0:19 60% — 68%
£5(0,2) 3/2*(2D) 4.1 3.7-4.1 7.2+0.1 6.6270:19 6.690 [15] 4.29%042 53%-75%
Ep(1,1) 5/2*(2D) 4.1 42-4.6 7.2+0.1 6.720-11 119943 57%—170%
Ep(1,1) 3/2*(2D) 4.1 3.8-42 7.3+0.1 6.7970:12 3.537033 65% —78%
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Table 2. Optimal energy scales u, Borel parameters 72, continuum threshold parameters s, pole contributions (pole) and masses,

and pole residues for the D-wave bottom baryon states A, where the results of Ref. [15] are the quark-model predictions.

Ap (Lo, L) JP 1/GeV? T?/GeV? V50/GeV M/GeV Ref. [9, 15]/GeV /(1071 GeV?) pole
Ap(2,0) 5/2*(1D) 32 3.5-39 6.8+0.1 6.28*910 0.96*519 42% —58%
Ap(2,0) 3/2*(1D) 3.2 3.3-37 6.7+0.1 6.2170:19 2.23*932 44% —56%
Ap(0,2) 5/2*(1D) 3.2 3.7-4.1 6.7+0.1 6.157013 6.153 [9] 0.377093 41%—56%
Ap(0,2) 3/2+(1D) 3.2 3.4-3.8 6.6+0.1 6.1370:19 6.146 [9] 1.45702) 44% —59%
Ap(1,1) 5/2*(1D) 32 3.9-43 6.8+0.1 6.2970.98 0.54+0:08 45% - 60%
Ap(1,1) 3/2*(1D) 34 3.5-39 6.8+0.1 6.3070:08 1.77+031 42%—57%
Ap(2.0) 5/2*(2D) 39 37-4.1 7.1+0.1 6.57*013 1.84+0.18 59%—73%
Ap(2,0) 3/2*(2D) 3.9 3.6-4.0 7.0+0.1 6.5070:11 4.65042 56% —67%
Ap(0,2) 5/2+(2D) 3.8 3.9-43 7.0+0.1 6.5370:14 6.531 [15] 0.83+0.98 61%-71%
Ap(0,2) 3/2*(2D) 3.8 3.6-4.0 6.9+0.1 6.47+09 6.526 [15] 3.00%93} 50% — 65%
Ap(1,1) 5/2*(2D) 39 4.1-45 7.1+0.1 6.627000 1.05*0.12 53% - 66%
Ap(1,1) 3/2*(2D) 3.9 3.7-4.1 7.1+£0.1 6.6000 2.96+042 56%—72%
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Fig. 2.  (color online) Mass of the bottom baryon state Fig. 4.  (color online) Mass of the bottom baryon state

£,(0,2,5/2) with variations in the Borel parameters 72.
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Fig. 3.
=,(2,0,5/2) with variations in the Borel parameters 72.

(color online) Mass of the bottom baryon state

tablished, but as for the =, sector, only the ground state
E»(5797) has been confirmed [89]. In particular, for radi-
ally excited Z, and A, states, fewer experimental results
have been reported [3]. In Ref. [15], the mass spectra of
E, baryons were calculated in the heavy-quark-light-
diquark picture in the framework of the QCD-motivated

=,(0,2,3/2) with variations in the Borel parameters T2

6.8
£,(2,0,312)
6'6lf*feﬂfﬁmg:z:::g::g:gtg::g :E
6,4,?1’::3::3i;,,,5,,4,,4,,4} e o
3
o 6.2F
=
6l
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l —<— Lower bound
561
4 4.2 4.4 4.6 4.8

T2(GeV?)
Fig. 5. (color online) Mass of the bottom baryon state
Z,(2,0,3/2) with variations in the Borel parameters 72.

relativistic quark model. In Refs. [6, 10], the masses and
strong decay properties of 1DZ, baryons with J? =3/2*
and 5/2* were studied using the quark and 3P, models.
These calculations with the quark model were performed
by considering bottom baryons as the excitation mode
(Lp,L2) =(0,2). Their predicted masses for the 1DE,
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Fig. 7.  (color online) Mass of the bottom baryon state
Z,(1,1,3/2) with variations in the Borel parameters 72.
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Fig. 8.  (color online) Mass of the bottom baryon state
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Fig. 9. (color online) Mass of the bottom baryon state

Ap(2,0,5/2) with variations in the Borel parameters 72.
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Fig. 10. (color online) Mass of the bottom baryon state
A»(0,2,3/2) with variations in the Borel parameters 72.
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A»(2,0,3/2) with variations in the Borel parameters 72.
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state =,,(0,2,5/2) with variations in the Borel parameters 72.
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Fig. 15. (color online) Pole residues of the bottom baryon
state Z,(2,0,5/2) with variations in the Borel parameters 72.

0.35F 1

5 5 5 5 5 s a8 &

03¢—e—o—o o —o oo ——H

<< 44 4

AMGeV®)
o
N
(4]

—oe— Central value

0.2r Eb(0,2,3/2) —=—Upper bound 4
—<— Lower bound
0.15¢ 1
0.1
3.4 3.6 3.8 4 4.2
T2(GeV?)

Fig. 16. (color online) Pole residues of the bottom baryon
state =,(0,2,3/2) with variations in the Borel parameters 72.

0.55r ]
b s e 5 = e —8—8—8—— 5%
0.5F b
b—6—o6 —6——e6——o —6—o6—o—6—¢
__04sf ]
g
E o4 F—<+—<—<—= ¢ < ¢ i
\2035
el = (2,0,3/12 1
o ) —&— Central value

0.3F —&— Upper bound 1
—<— Lower bound
0.251 1

0.2 . . . .
3.6 3.8 4 4.2 4.4 4.6

T4GeV?)
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doublet were (6366 MeV, 6373 MeV) in Ref. [15] and
(6327 MeV, 6330 MeV) in Refs. [6, 10], respectively.
Table 1 shows that the QCD sum rule predictions for the
masses of this doublet with excitation mode (L,,L;) =
(0,2) are m3pp. = 6.34*017 GeV and ms)y- = 6.36")1) GeV,
which are consistent with experiments [18] and the pre-
dictions in Refs. [6, 10]. Thus, it is reasonable to de-
scribe the E,(6327) and E,(6333) baryons as the 1D(E;)
doublet with the excited mode (L,,L;)=(0,2) and
quantum numbers J” =3/2% and 5/2*. For the 2DA; and
Ep doublets, their masses with A-mode were predicted as
(6526 MeV, 6531 MeV) and (6690 MeV, 6696 MeV) in
Ref. [15], which is roughly compatible with our results
(647799 GeV, 6.53*%14 GeV) and (6.62+019 GeV,

010 014 ~0.13
6.69*13 GeV). From Tables 1-2, we also observe that

-0.11
for either the 1D or 2D state, the prediction for the mass
of the orbital excitation mode (L,,L,;) =(0,2) is slightly
lower than those of the other excitation modes. Except for
the 1DE, states, the predicted mass for the excitation
mode (L,,L,;) =(1,1) is slightly higher than the others.

Finally, we would like to note that in addition to
masses, decay and production properties are useful for re-
vealing the inner structure of heavy baryons. The pre-
dicted pole residues for the D-wave E; and A, baryons in
this paper will be useful parameters in studying the strong
decay properties in the future. With the operation of the
LHCb, we expect these excited E, and A, baryons to be
observed in the near future.

V. CONCLUSIONS

In summary, theoretical and experimental physicists
have achieved significant progress in the field of single
bottom baryons such as A,(6072) [3, 4], Ap(6146)
[10-13], Ap(6152) [10-13], E,(6227) [5-7], E5(6100) [8],
Ep(6327) [10, 18], and E,(6333) [10, 18]. Stimulated by
the observations of these new bottom states, we systemat-
ically study the 1D and 2D A, and =, baryons using the
method of QCD sum rules. According to the heavy quark
effective theory, we categorize the D-wave bottom bary-
ons into three types, which are denoted by their orbital
excitation modes:(L,,L,) =(0,2), (2,0), and (1,1). Ac-
cording to these excitation modes, we construct three
types of interpolating currents to study the 1D and 2D
bottom baryons with spin-parity J? =3/2* and 5/2%. In
our calculations, we successfully separate the contribu-
tions of the positive and negative states, which causes the
QCD sum rules to refrain from the contamination of the
bottom baryon states with negative parity. We perform
the OPE up to the vacuum condensates of dimension 10
to warrant the reliability of the final results. Our predic-
tions favor assigning A,(6146) and A,(6152) as a 1DA,
doublet with quantum numbers of (L,,L;)=(0,2) and
JP =(3/2*, 5/2%), respectively. This conclusion is con-
sistent with experiments and with those of other collabor-
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ations [9, 14, 17]. As for the E,(1D) states, we predict the
masses of the excitation mode (L,,Li)=(0,2) as
m3jy = 6.34%012 GeV and ms)- = 6.367): %é GeV. This res-
ult is compatible with the experimental data [18] as well
as the quark-model predictions [6, 10]. Thus, these two
states can be interpreted as the =Z,(1D) doublet with the

quantum numbers (L,,L;) = (0,2) and JP =3/2%,5/2*, re-

spectively. Finally, our results show that the prediction
for the mass of the excitation mode (L,,L,) = (0,2) is the
smallest in these three excitation modes, and the mass of
(Lp,Ly) = (1,1) is the largest, except for the 1DEZ, state.
The pole residues predicted in this paper are useful para-
meters in studying the strong decay properties of the 1D
and 2D=;, and A, states.
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