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We investigate P-wave bottom baryons of the SU(3) flavor 6, and systematically study their D-wave
decays into ground-state bottom baryons and pseudoscalar mesons. Together with [H. X. Chen ez al., Phys.
Rev. D 91, 054034 (2015); Q. Mao et al., Phys. Rev. D 92, 114007 (2015); H. X. Chen et al., Phys. Rev. D
95, 094008 (2017); H. M. Yang et al.,Eur. Phys. J. C 80, 80 (2020)], a rather complete study is performed
on both mass spectra and decay properties of P-wave bottom baryons, using the method of QCD sum rules
and light-cone sum rules within the framework of heavy quark effective theory. Among all the possibilities,
we find four X, four B}, and six €, baryons, with limited widths and so capable of being observed. Their
masses, mass splittings within the same multiplets, and decay properties are extracted (summarized in

Table VI) for future experimental searches.

DOI: 10.1103/PhysRevD.101.114013

I. INTRODUCTION

The strong interaction holds quarks and gluons together
inside a single hadron. It is similar to the electromagnetic
interaction in some aspects, which holds electrons and
protons together inside a single atom. The latter leads to the
well-known fine structure of line spectra, and it is interest-
ing to investigate whether the former also leads to some fine
structure of hadron spectra [1-4]. An ideal platform to
study this is the singly bottom baryon system [5-8]: light
quarks together with gluons circle around the nearly static
bottom quark, and the whole system behaves as the QCD
analog of the hydrogen.

In recent years important experimental progress has been
made in the field of singly bottom baryons. Until three
years ago there were only two excited bottom baryons,
A, (5912)° and A, (5920)°, which were observed by LHCb
and CDF in 2012 [9,10]. However, in the past three years
the LHCb and CMS collaborations discovered as many as
nine excited bottom baryons:

(i) In 2018 the LHCb collaboration observed the
%,(6097)* in the A)z* invariant mass spectrum,
and the E,(6227)~ in the AY)K~ and E)z~ invariant
mass spectra [11,12]:
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(iii)
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B,(6227)7: M = 6226.9 2.0 + 0.3 + 0.2 MeV,
['=18.1+54+1.8 MeV, (1)

%,(6097)": M = 6095.8 + 1.7 + 0.4 MeV,
I'=31+55+07 MeV, (2)

%,(6097)": M = 6098.0 £ 1.7 + 0.5 MeV,
I'=289+42+0.9 MeV. (3)
In 2020 the LHCb collaboration observed the
Q,(6316)7, ©,(6330)~, Q,(6340)~, and ,,(6350)~
in the E(;K‘ invariant mass spectrum [13]:
Q,(6316)": M =6315.64+0.314+0.07+0.50MeV,
'<2.8MeV, (4)

Q,(6330)": M =6330.30+0.284+0.07£0.50MeV,
I'<3.1MeV, (5)

Q,(6340)~: M =6339.71+0.26+0.05+0.50 MeV,
I'<1.5MeV, (6)

Q,(6350)": M =6349.8840.3540.05+:0.50MeV,
I=14%9+0.1MeV. (7)

In 2019 the LHCb collaboration observed the
A(6146)° and A,(6152)° in the Agzﬁn‘ invariant
mass distribution [14]. Later in 2020 the CMS
collaboration confirmed them, and further observed

Published by the American Physical Society


https://orcid.org/0000-0002-5141-6888
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.101.114013&domain=pdf&date_stamp=2020-06-16
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.92.114007
https://doi.org/10.1103/PhysRevD.95.094008
https://doi.org/10.1103/PhysRevD.95.094008
https://doi.org/10.1140/epjc/s10052-020-7637-z
https://doi.org/10.1103/PhysRevD.101.114013
https://doi.org/10.1103/PhysRevD.101.114013
https://doi.org/10.1103/PhysRevD.101.114013
https://doi.org/10.1103/PhysRevD.101.114013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

HUI-MIN YANG and HUA-XING CHEN

PHYS. REV. D 101, 114013 (2020)

a broad excess of events in the A2ﬂ+ﬂ‘ mass
distribution in the region of 6040-6100 MeV
[15], whose mass and width were later measured
by LHCb to be [16]

Ay(6072)°: M = 60723 £2.9 4 0.6 +0.2 MeV,
'=72+1142 MeV. (8)

Various theoretical methods and models have been
applied to study singly bottom baryons in the past thirty
years, such as various quark models [17-26], various
molecular models [27-38], the quark pair creation model
[39-42], the chiral perturbation theory [43—45], QCD sum
rules [46-48], lattice QCD [49-52], etc. More theoretical
studies can be found in Refs. [53-57], and we refer to
recent reviews for detailed discussions [1,5-8,58,59].

Especially, the A,(5912)° and A,(5920)° were studied
by Capstick and Isgur in 1986 as P-wave bottom baryons
[60], and their predicted masses are in very good agreement
with the LHCb and CDF measurements [9,10]. The
%,(6097)* and E,(6227)" are also good candidates
of P-wave bottom baryons [23,39-41,46,47,55-57], while
there exists the molecular interpretation for the E,(6227)~
[37,38]. Besides, the four excited Q, baryons, Q,(6316),
Q,(6330)7, Q,(6340)~, and Q,(6350)", are all good
candidates of P-wave bottom baryons [26,42,48]. Other
than this, the A,(6146)° and A,(6152)° can be well
interpreted as D-wave bottom baryons [61-67].

In this paper we shall investigate P-wave bottom baryons
of the SU(3) flavor 6, and systematically study their
D-wave decays into ground-state bottom baryons and
pseudoscalar mesons. Previously in Refs. [68-71], we
have systematically studied their mass spectra and S-wave
decay properties using the method of QCD sum rules
[72,73] and light-cone sum rules [74—78] within the heavy
quark effective theory (HQET) [79-81]. These results will
be reanalyzed in the present study, so that a rather complete
study can be performed on both mass spectra and decay

properties of P-wave bottom baryons. Similar methods
applied to investigate singly heavy mesons and baryons can
be found in Refs. [82-96].

This paper is organized as follows. In Sec. I, we briefly
introduce our notations for P-wave bottom baryons of the
SU(3) flavor 6, and categorize them into four bottom
baryon multiplets [6£, 1,0, p], [67,0,1,4], [67,1, 1, 4], and
[6£,2,1,2]. Then in Sec. III we study their D-wave decays
into ground-state bottom baryons and pseudoscalar mesons
(7 or K), separately for these four multiplets. In Sec. IV we
discuss the results and conclude this paper.

II. P-WAVE BOTTOM BARYONS

At the beginning we briefly introduce our notations. A
singly bottom baryon is composed by one bottom quark
and two light up/down/strange quarks, with the follow-
ing internal structures:

(i) According to the Pauli principle, the total symmetry

of the two light quarks is antisymmetric.

(i) The color structure of the two light quarks is
antisymmetric (3¢).

(iii) The flavor structure of the two light quarks is either
symmetric [SU(3) flavor 6] or antisymmetric
[SU(3) flavor 3,].

(iv) The spin structure of the two light quarks is either
symmetric (s; = s, = 1) or antisymmetric (s; = 0).

(v) The orbital structure of the two light quarks is either
symmetric (4-type with [, = 0 and /, = 1, meaning
that the orbital excitation is between the bottom quark
and the two-light-quark system) or antisymmetric
(p-type with [, =1 and [; = 0, meaning that the
orbital excitation is between the two light quarks).

Accordingly, we categorize P-wave bottom baryons into
eight baryon multiplets, four of which belong to the SU(3)
flavor 6y representation, as shown in Fig. 1. We use
[F(flavor), j;, s;, p/A] to denote them, where j; is the total
angular momentum of the light components, satisfying
Ji=1®I1,®s;. Each multiplet contains one or two

S1=0 (A)_> 6F (S) —> jl = 1 le ( %_’ 5;7) [6F5150’p]

5;=1(S) — 35 (A)

5;=1(S) —> 65 (S)

Qpo(z)
Ji=1 Qo (4, 8) [6,,1,1]
j]:2 QbZ( %7;%7) [6F72919;L]

Ji=0 [64.0,1,4]

5;=0(A)—> 3p (A)

L,=1(A)
L=o &
3c(A)
1,=0(S)
L=1 ®
FIG. 1.

Categorization of P-wave bottom baryons belonging to the SU(3) flavor 6, representation.
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TABLE L.

Parameters of the P-wave bottom baryons belonging to the SU(3) flavor 6 representation. See Refs. [68,69] for detailed

discussions. In the last column we list the decay constant f, where isospin factors are explicitly taken into account, satisfying fZZ =

fs; = \/Efz? and ng‘ =fz--

o, Working Baryons Mass Difference

Multiplets B (GeV) region (GeV) A (GeV) G (GeV) (MeV) f (GeV*)
[67,1,0,p] %, 183 027<T<034 131+£0.11 X, (1/27) 6.05+0.12 3+1 0.079 £0.019(%Z;, (1/27))
>,(3/27) 6.05+0.12 0.037 £0.009(%; (3/27))
B, 198 026<T7T<036 145+0.11 E(1/27) 6.18£0.12 3+1 0.072 £0.016(E},(1/27))
E,(3/27) 6.19+0.11 0.034 £ 0.008(Z),(3/27))
Q, 213 026<T<037 158+0.09 Q,(1/27) 632=+0.11 241 0.133 £ 0.028(€;, (1/27))
Q,(3/27) 6.32+0.11 0.063 £ 0.013(€,(3/27))
[6£,0,1,4] %, 170 026<T7 <032 125+0.10 X,(1/27) 6.05+0.11 0.077 £ 0.018(%; (1/27))
B, 185 027<T7T<033 140£0.09 ZE(1/27) 6.20=£0.11 0.069 £ 0.015(5),(1/27))
Q, 200 027<T<034 154+£009 Q,(1/27) 634=£0.11 0.127 £ 0.028(€;, (1/27))
61,1, %, 194 029<T<036 125+0.11 X,(1/27) 6.06+0.13 6+3 0.075 £0.016(%;, (1/27))
%,(3/27)  6.07+0.13 0.035 £ 0.008(%; (3/27))
B, 197 035<T7T<038 138+£0.09 ZE(1/27) 621=£0.11 7+2 0.069 £ 0.012(Z},(1/27))
E,(3/27) 6.22+0.11 0.032 £ 0.006(Z);(3/27))
Q, 200 038<T7T<039 1484+0.07 Q,(1/27) 6.34+0.10 6+2 0.122 £0.019(€;, (1/27))
Q,(3/27) 6.34+0.09 0.058 £ 0.009(€;, (3/27))
[67,2,1,4] X, 184 027<T<034 130£0.13 X,(3/27) 6.11+0.16 12+5 0.102 £ 0.028(%; (3/27))
>,(5/27) 6.12+0.15 0.043 £0.012(%; (5/27))
B, 196 026<T<035 141+£012 &, (3/27) 623+0.15 11+5 0.091 +£ 0.023(E),(3/27))
E,(5/27) 624+0.14 0.038 £ 0.010(5}, (5/27))
Q, 208 026<T<037 153+£0.10 €,(3/27) 635+0.13 104 0.162 +0.035(9;, (3/27))
Q,(5/27) 6.36+0.12 0.069 £ 0.015(€,(5/27))

bottom baryons with the total angular momenta j =

J1 ® s, = |j; = 1/2]|, which have similar masses according
to the heavy quark effective theory.

In Refs. [68,69] we have systematically studied the mass
spectrum of P-wave bottom baryons, and the results are
reanalyzed in the present study, as summarized in Table L.
Some of them are used as input parameters when studying
decay properties of P-wave bottom baryons. Especially, we use
the following mass values when calculating their decay widths:

(i) In Ref. [97] we found that the ©,(6316)” can be

(iif)

explained as a P-wave €, baryon of either J¥ =
1/27 or 3/27, belonging to the [6, 1,0, p] doublet.
Hence, we use the following mass values for this
doublet, taken from the LHCb experiment [13] as
well as their mass sum rules:

Mis, (1/2-),1.0,p = 6.05 GeV,
Mz, 301,10, = 6.05 GeV,
Mz (12710, = 6.18 GeV,

=/
b

Mz 3/2).10,) = 6.19 GeV,

Mg, (1/2-).1.0, = 6315.64 MeV,
Mo, 3/2).1.00 = 6315.64 MeV.

©)
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(ii) For the [6f,0,1,4] singlet, we use the following

mass values taken from their mass sum rules:

M5, (1/2-)0.1.4) = 0.05 GeV,
Mg (1/2-)01.4) = 6.20 GeV,

Mg, (1/2-)01.4 = 6.34 GeV.

(10)

In Ref. [97] we found that the Q,(6330)~ and
Q,(6340)~ can be explained as P-wave €, baryons
of JP =1/2~ and 3/2~ respectively, belonging to
the [6f, 1, 1, 4] doublet. Hence, we use the following
mass values for this doublet, taken from the LHCb
experiment [13] as well as their mass sum rules:

Mis,(1/2-)1.1.4 = 6.06 GeV,
Mz, 3/2-).1.1.0 = 6.07 GeV,
Mz (/2111 = 6:21 GeV,
Mg 3/2).1.14 = 6.22 GeV,
Mg, (1/27).1.1.4 = 6330.30 MeV,

M[Q,,(3/2’),1,1,A] = 6339.71 MeV.

(11)
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(iv) In Refs. [97,98] we found that the X,(6097)%,
E,(6227)7, and Q,(6350) can be explained as
P-wave bottom baryons of J¥ = 3/2~, belonging to
the [6, 2, 1, 4] doublet. Hence, we use the following
mass values for this doublet, taken from the LHCb
experiments [11-13] as well as their mass sum rules:

M[El,(3/2_),2.1,1] = 6096.9 MGV,
Mz, 572210 = Mz, 3/2) 219 = 12 MeV,
M[E;}(S/Z_),Z.l,i] = 62269 MeV,
Mg 5/ 210 = Mg 3/27) 21, = 11 MeV,
M[Qb(3/27),2,l,i] = 6349.88 MeV,
Mg, (5/2-)2.1.0 — M, 3/2) 214 = 10 MeV.  (12)
Note that the above interpretations are just possible
assignments, and there exist many other possibilities
for the £,(6097)%, Z,(6227), ©,(6316)~, Q,(6330)",
Q,,(6340)~, and Q,(6350)".

We use the following parameters for ground-state bottom
baryons, pseudoscalar and vector mesons [4]:

Ap(1/2%): m = 5619.60 MeV,
E,(1/2%): m = 5793.20 MeV,
,(1/2%): m = 5813.4 MeV,
:(3/2%): m = 5833.6 MeV,
= (1/2+): m = 5935.02 MeV,
=5 (3/21): m = 5952.6 MeV,
Q,(1/2%): m = 6046.1 MeV,
Qr(3/27): m = 6063 MeV,
7z(07): m = 138.04 MeV,
K(07): m = 495.65 MeV,
p(17): m=1775.21 MeV,
[=1482MeV, g, =5.94,
K*(17): m = 893.57 MeV,
=491 MeV,  gex, =320,  (13)

with the following Lagrangians:

E/er = Gpar X (PgﬂJr@ﬂﬂ_ - Pg”_a””+) +

Likr = giknKt X (K=0"2° — O K=2%) + .. (14)

III. D-WAVE DECAY PROPERTIES

In the present study we shall investigate P-wave bottom
baryons of the SU(3) flavor 6, and study their D-wave
decays into ground-state bottom baryons together with

pseudoscalar mesons (z or K). Their S-wave decay proper-
ties have been systematically studied in Refs. [70,71], and
we shall use the same method of light-cone sum rules
within the heavy quark effective theory to investigate the
following decay channels (the coefficients at right-hand
sides are isospin factors):
(al)T[Z[1/27] > =5 +a] =2xT[Z,[1/27] > 0+ 77,
(15)

(b1) T[Z,[3/27] > Ay + 7] =T[Z;[3/27] = A) + 77,
(16)

(b2)T[Z[3/27] = % + 7] =2xT[Z;[3/27] > =)+ 77,

(17)
(B3)T[Z,[3/27] = = + 7] =2xT[E;[3/27] > 0 + 27,

(18)
(c1) T[Z,[5/27] = Ay + 7] =T[%;[5/27] = A) + 77,

(19)

(2)T[Z[5/27] » % + 7] =2 xT[Z;[5/27]| = =) +77],
(20)

(3)T[E,[5/27] = Zp + 7] =2 xT[5;[5/27] =» 0 + 77,
(21)
(ﬂ)FEﬂUZﬂeE}+ﬂ:%XFEgU/TJeEW+n1,
(22)
(d2) T(E}[1/2-] = 55 + K] = 3x T[E[1/27] » £+ K],
(23)
(1) P[Z}[3/27] > B, 2] =3 < D[g; [3/27] > E} 7).
(24)
(e2) T[E,[3/27] > A, + K] =T[E;[3/27] = A+ K],
(25)
(63) P[5 3/27] B} + 7 =3 x DIy [1/27] > B+,
(26)

(e4)T[E)[3/27] > 2, + K] =3xT[E;[3/27] > =)+ K],
(27)

114013-4
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(65) T{2)[3/27] > Zj ) =3 < D[E; [3/27] > Z0 ],
(28)
(e6)T[E,[3/27] > Z; + K] =3xT[E,[3/27] > Z;°+ K],
(29)
(FITIE}5/27] 8, +2] =3 x DI [5/27] > 2 4 27],
(30)
(f2) T[E,[5/27] = Ay + K] =T[E;[5/27] — A + K7,
(31)
(F3)T(E}[5/27) ) +a] = x DIy [1/27] > 2 )
(32)
(fA)T[E,[5/27] =%, +K]=3xT[E[5/27] > 0+ K],
(33)
(F5) TIZ3[5/27] — By 2] =X T(Ef [5/27) > Z0 7,
(34)
(f6)T[E,[5/27] > %; + K]=3xT[E,[5/27] - £+ K],
(35)
(g1)T[Q[1/27] > B + K] =2xT[Q; [1/27] > E° + K],
(36)
(h1)T[Q,[3/27] = B, + K] =2 xT[Q;[3/27] = E) + k7],
(37)
(h2)T[Q,[3/27] = &, + K] =2xT[Q;[3/27] - EX + K],
(38)
(h3)T[Q,[3/27] = E; + K] =2 xT[Q;[3/27] = E;*+ K],
(39)
(i) T[Q,[5/27] > B, + K] =2 xT[Q;[5/27] » B + k7],
(40)
(i2)T[Q,[5/27] = E) + K] =2xT[Q;[5/27] > EY + K],
(41)

(i3)T[Q,[5/27] = E; + K] =2xT[Q;[5/27] > E° + K.
(42)

We shall calculate their decay widths through

Ly, (1/2)=v,3/2p = 9Xp(1/27)7,75Y 5, (3/2F) 0+ 0P,
(43)

Ly, 32 )=1,(1725p = 9Xpu(3/27)1,75Y,(1/21) 040" P,
(44)

Ly, 3/2)=v,3/2p = 9Xp(3/27)Y,,, (3/27)0#0*P,  (45)
Ly, 572 )=1,01/2p = 9Xpu (5/27)Y,(1/21)040* P, (46)

Ly, (5/2-)=1,(3/2)P
= 9Xp (5/27)y,7r5Y},(3/27)0ror P

+ 9Ky (5/27)7,75Y5(3/27)00°P, - (47)
where X/, Y and P denote the P-wave bottom baryon,
ground-state bottom baryon, and pseudoscalar meson,
respectively.

As an example, we shall study the D-wave decay of
Q;(3/27) belonging to [67,2,1,4] into E)(1/2") and
K~(07) in the next subsection. The four bottom baryon
multiplets  [67,1,0,p], [6£,0,1,4], [67,1,1,4], and
[6£,2,1, ] will be separately investigated in the following
subsections.

A. Q;(3/27) of [65.2.1,1] to D-wave E)K -

In this subsection we study the D-wave decay of the
Q;(3/27) belonging to [65,2,1,4] into E)(1/2%) and
K=(07). To do this we need to calculate the three-point
correlation function,

*(w, ")

Il
—

d*xe™ (015, _ o 2.1.4(0) = ()| K™ (q))
(0, 0), (48)
at both hadron and quark-gluon levels. In this expression

kK=k+qg,w=v -k, and @ = v-k'. The two interpolat-
ing fields J§ J2-9:2.1. and J= have been constructed in

Refs. [68,94]:

J3n—0; 014
= i€ ([DfsT|Cyys + 59T Cy¥[D)'s”])

ap . v v 2 v.a c
X <g/‘yt}'s + gviys — gg‘t’ i }’5>hvv (49)
Jag = €ape[dT Cyss”]h, (50)

which couple to Q;(3/27) and E)(1/2"), respectively.

114013-5
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At the hadron level, we write G

o -k ®
fapf=
a 1 — A 0 _ b2 7 b . a ...
GQ;[%‘]—»E(;K- (0, 0) = 9o, 5 1-=0k X Ag ) - o)Az — ) voqrsqt e, (51)
b 12 =b

where - - - denotes other possible decay amplitudes.
At the quark-gluon level, we calculate G¢,_ O 20K using the method of operator product expansion:

Ga . ”OK-( /)

frmgu fxmiu
dt d i(1-u) cut iuwt 8 . 9.
/ / ue'l X8 X <4 ) $oxc(u) + 12(m, + m,) 2P 5.k (1)

fxmimyu Sxmgu fKM fxmgmut® .
W¢ x(u) + 642 Pax (1) + < s)pax (u) + m(ss}rmx(u)
2 2 4
ffguzt (s8)Pax (1) +ff92t (9,50Gs) ok (u )+];Ol;t2 (gssaGs>¢4K(u)> Xy - qysq®

« ! i t(ay+uas) yiwt(1—op—ua f3Ku f3](
_A dl‘/o du/Dge Haytuas) giot(1—ay—uas) 5 <W¢3;K(g)_2ﬂ2t2®3;K(g)

ifsuas ®si(a) if3guay D (a) — if3xu

2m*tw - q 2rtv-q TN 27ty g 3’K(Q)>X7’ qrsq” + (52)

Then we perform double Borel transformations to both Eqgs. (51) and (52), and obtain

o M

—?—2 —

—[3— — — — 13— —_ 2
Jo;rl-sk-foypi e T oe

. . 2 .
:8X<_% gfz( >¢2K( 0) ~ %ﬂﬁ(%) ?;K(Mo)ﬂLMTfo( >¢4K(”0)

m, + my)mw 641>

i 1
BUL <Y >Tfo< V) = g (55 3 ) = 0 155 1 el

ifguo , ifguo , 1
- 0 0,50G5) ) + o 3,50G) s )

_< lf3K 3f2<a)c)/ da2 __1 azdog( Dk (a )_ai%q)&K(Q))

lf31< sk pag, (%) / da [1 “d (aguod)3 k(@) + @3 (a) — <D3;K(Q))>- (53)

In the above expression  and o’ have been transformed to T} and T,; we work at the symmetric point 7, = T, = 27T so
that ug = T +T2 2, fax)=1-e*>1, ’,‘{—’: We refer to Refs. [77,78,99-104] for explicit forms of the light-cone

distribution amplitudes contained in the above sum rule equations, and more examples can be found in the Appendix.

In the present study we use the following values for various quark and gluon parameters at the renormalization scale
2 GeV [4,105-112]:

114013-6
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(gq) = —(0.24 £0.01 GeV)?,
(35) = (0.8 £0.1) x (gq)
(9:G0Gq) = M x (qq),
(g,56Gs) = M3 x (5s),
M} = 0.8 GeV?,
(2GG) = (0.48 +0.14) GeV*. (54)

After fixing o, = 1.665 GeV to be the average of the
threshold values of the Q;(3/27) and E) mass sum rules,
we calculate the coupling constant 9o, -0k from

Eq. (53) to be

_ +1.10 4222 +2.34 +1.96 )
=T7.270%68 2167 ~166 —142 GV

=7.271333 GeV~2.

9oy -0k~

(55)

Here the uncertainties are due to the Borel mass, the
parameters of =), the parameters of Q; (3/27), and various
quark and gluon parameters listed in Eq. (54), respectively.
Some of these parameters can be found in Sec. II. The
variation of 9o -0k is shown in Fig. 4(d) as a function
of the Borel mass T, where we find that its Borel mass
dependence is moderate and acceptable.

The D-wave decay of € (3/27) into E)K~ is kinemat-
ically allowed, and its amplitude is
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M(Q,(3/27) > E)+K")
= G, p-]-=0k- HoV V51 P2uD2- (56)

This amplitude can be used to further calculate its width
through

Q;(3/27) - E) +K7)
_ Bl y
32”2”% gQ;[%‘]—EgK‘ p2,;4P2,vP2,pp2,a

x Tr [}’”75(1’1 +my)y7ys

Yt Pt — phr’ 204t
X H — — —
<9’ 3 3, 3m? (Po +my) |,
(57)
from which we obtain
To j-zx = 461735 MeV. (58)

In the following subsections we shall follow the same
procedures to separately investigate the four bottom
baryon multiplets [67,1,0,p], [67,0,1,4], [6£,1,1,4],
and [67,2,1, 4.

TABLE II.

B. The [6£,1,0,p] doublet

There are six bottom baryons contained in the
[6-,1,0,p] doublet, which are £,(37/37), B,(37/3).
and Q,(}7/37). We study their D-wave decays into

ground-state bottom baryons and pseudoscalar mesons,
and find twelve nonzero coupling constants:

(al) 95, -5 Bre = 4.80 GeV‘Z,
(b2) 95,3~ It = 5.79 GeV~2,
(b3) gs,31ox;p+1x = 3-37 GeV 2,
(

d1) gz )z e = 310 GeV2,
(d2) 9o, 1 oms 3 = 363 GeV=2,
(€3) gz oz gt = 3.79 GeV™ 2,
(e4) gz m, k= 445 GeV2,
(€5) gar oz ) = 218 GeV2,

(e6) g= oz ptg = 255 GeV~2,
(g1) ggb[z Lz = 4.54 GeV2,
(h2) g, -1~z 1ok = 5.56 GeV=2,
(h3) g,z 5x = 3.19 GeV=2. (59)

We show some of these coupling constants as functions of
the Borel mass 7 in Fig. 2. Based on them, we further find
six D-wave decay channels that are kinematically allowed:

Decay properties of the P-wave bottom baryons belonging to the [61, 1,0, p] doublet. In Refs. [68,69] we studied the mass

spectrum of P-wave bottom baryons, and the results are reanalyzed and summarized in the second and third columns. In Refs. [70,71]
we studied the S-wave decay properties of P-wave bottom baryons into ground-state bottom baryons together with pseudoscalar mesons
or vector mesons, and the results are reanalyzed and summarized in the fifth column. The sixth column “D-wave width” is added in the
present study. Possible experimental candidates are given in the last column for comparison.

Difference S-wave width  D-wave width  Total width
Baryon (j©) Mass (GeV) MeV) Decay channels (MeV) MeV) (MeV) Candidate
Zb(%‘) 6.05 +0.12 3+1 Zb(%‘) - X7 710 e 710
5,() - S 0.62
Zb(%’) - Npp = Nyrm 43 x 1073
Zh(%‘) 6.05 +0.12 Zb(%‘) - X7 e 0.84 410
Eb(%‘) - X 410 0.098
Zb(%_) = App = Ny 5.1 x 1073
EQ,(%‘) 6.18 £ 0.12 341 = (%) -8 250 250
EZ({) - B 0.29
EZ(%‘) - Byp > Bynrn 1.2 x 107
g,37) 6.19 £0.11 5,3)->Enx 0.47 160
E;)(% ) - Ejx 160 0.064
E,37) > Eyp > Bpan 8.0 x 1073
Qb(%—) 6.32+0.11 241 ~0 Q,(6316) [13]
Q,(3) 6.32 £0.11 ~0
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TABLE IIL
detailed explanations.

Decay properties of the P-wave bottom baryons belonging to the [6,0, 1, 1] singlet. See the caption of Table II for

Difference S-wave width D-wave width Total width
Baryon (j©) Mass (GeV) (MeV) Decay channels (MeV) (MeV) (MeV) Candidate
Zb(%‘) 6.05 £0.11 P (%—) - Ay 1300 1300
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EQ,(%‘) - ALK 910
Q,,(%‘) 6.34 £0.11 e Q,,(%‘) - E,K 2700 2700
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FIG. 3. The coupling constants as functions of the Borel mass 7' (a) Iz f-1-507> (0) Gzt mz0,-5 (©) Ix-p-jox0a> (d) T =L
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(al) Ty, 1)) = 0.62 MeV,

(b2) Ty, g, 11} = 0.84 MeV.,

(b3) T, = 0.098 MeV,

(d1) T 30 = 029 MeV,

(e3) Iz = 0.47 MeV,

(e5) 11/ ot = 0.064 MeV. (60)

We summarize these D-wave decay widths in Table II,
where possible experimental candidates are given for
comparisons. In Refs. [68,69] we have studied the mass
spectrum of P-wave bottom baryons, and the results are
reanalyzed and summarized in this Table. In Refs. [70,71]
we have studied S-wave decay properties of P-wave bottom
baryons into ground-state bottom baryons together with
pseudoscalar mesons or vector mesons, and the results are
also reanalyzed and summarized in this Table.

C. The [65,0,1,A] singlet

There are three bottom baryons contained in the
[6£,0,1,2] singlet, which are X,(17), E,(}7), and
Q,(37). We study their D-wave decays into ground-state
bottom baryons and pseudoscalar mesons, but find all the
coupling constants to be zero. For completeness, we
summarize these results in Table III, together with their
mass spectrum, S-wave decay properties, and possible
experimental candidates.

D. The [67,1,1,A] doublet

There are six bottom baryons contained in the [6, 1, 1, ]
doublet, which are ,(37/37), E,,(}7/37), and Q,(37/37).
We study their D-wave decays into ground-state bottom
baryons and pseudoscalar mesons, and find twelve nonzero
coupling constants:

al) gs,rjozpe = 1405755 GeV72,
b2) g5, gz, n = 3481145 GeV72,
3) gs, 5 1ox;3e = 2:011055 GeV2,
d1) gz oz e = 1447060 GeV2,
(d2) gz -z, 3k = 0.78 GeV 2,

S

(63) g.—, _7 R 1+] =2. 22+8§SG6V_
(34) g= [3 ]—»21”[;*]1( =174 GCV_
(€5) 9z iz rin = 1.2820% GeV2,
(66) g= [3 ]_)2*[%]]( =1.01 GeV~ 2

(91) 9o, g1-z; 3k = 159 GeV 2,
(hZ) 9o, B -5 LK = 2.49 GeV~2,
(h3) 90,F -5 3K = 1.44 GeV~2. (61)

We show some of these coupling constants as functions of
the Borel mass 7 in Fig. 3. Based on them, we further find
six D-wave decay channels that are kinematically allowed:

TABLE IV. Decay properties of the P-wave bottom baryons belonging to the [6, 1, 1, 1] doublet. See the caption of Table II for

detailed explanations.

Difference S-wave width  D-wave width  Total width
Baryon (j7) Mass (GeV) MeV) Decay channels MeV) MeV) MeV) Candidate
2, (1) 6.06+0.13  6+3 5(4) = Sy 1417303 1431303
5,(0) - 5n 0,076
() = App = Apar 0.08710 532
2,3) 6.07 +0.13 %,(37) > Ty 0.55%07¢ 48139
%y(37) - Ty 3955 0.070%)0:7
Zh(%_) - Abp - Ahﬂ'ﬂ' 023f833
E;)(%—) 6.21 £0.11 742 E;)(%) — T 45f35§g 47f§§
ACH g 0.162575
E,(37) = Epp = Bpar 0.043709%¢
g,() 6.22 £0.11 E,(37) > Ejx 0.347935 18500,
ACHE 13553 0.051%53)
E,37) > Eyp > Bynn 0.07870 e
=) — Sy Ly (5.5744) x 10
Q,,(%‘) 6.34 +£0.10 612 ~0 Q,,(6330)~ [13]
Qb(%—) 6.34 +0.09 ~0 Q,(6340)~ [13]
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TABLE V. Decay properties of the P-wave bottom baryons belonging to the [6,2, I, 1] doublet. See the caption of Table II for

detailed explanations.

Difference S-wave width D-wave width Total width
Baryon (j¥) Mass (GeV) (MeV) Decay channels (MeV) (MeV) (MeV) Candidate
2,(3) 6.114+0.16 1245 2,(37) = Apm 49.61359 5147355 %, (6097)* [12]
2,3) - Zyr 1.6577
ACED I 0.019700%  0.23704%
2,(37) = Zpp - Zpan (14537 x 107
2,(37) 6.12+0.15 ~0
g,3) 623+£0.15 1145 B,(37) > Epr 19.04793 273185 B, (6227)" [11]
2,(37) - AK 74410 '
B,(37) > 0.797)13
E,(7) > 0.0075950  0.12:55¢
E,37) > E,p—>Ean (5.6131) x 107
E,(3) 6.24 +0.14 E,(37) > Ejp > Epan (2.8558) x 107 (2.8738) x 107
Q,3) 635+0.13  10+4 Q,(37) - EK 46173 46173 Q,,(6350)" [13]
Q,(3) 6.36 +£0.12 ~0 e

(a1) Ty, yox: 10 = 0.076 5576 MeV,
(b2) Ty, o, 1)z = 0.551036 MeV,
(b3) Ty, grjer: 12 = 0.07015057 MeV,
(D)l gpjmz g = 0161515 MeV,
(€3) Tz oz e = 0341555 MeV,

(€5) Tz oz e = 0.0517553) MeV. (62)

We summarize these D-wave decay widths in Table IV,

together with their mass spectrum, S-wave decay proper-
ties, and possible experimental candidates.

E. The [65,2,1,4] doublet

There are six bottom baryons contained in the [6, 2, 1, 1]
doublet, which are £,(37/37), £,(37/37), and Q,(37/37).
We study their D-wave decays into ground-state bottom
baryons and pseudoscalar mesons, and find twelve nonzero
coupling constants:

(b1) g5, 51—, 1s = 7-572575 GeV2,
(b2) gs, 3oz, 1410 = 4297750 GeV 2,

(b3) Gs,5 -5 ) = 2487105 GeV2,
(1) gz gz, e = 492335 GeV2,

(62) 92, B-Ay K = 579f;§86 GeV—2,

(€3) gz oz pie = 3157137 GeV 2,

(64) g= [2 ]—’2};[ +K =243 GCV_Z,

(€5) gz
(66) 9= [2 ]—»Z*[”]K = 1.40 GeV~ 2

e = 1.8229% GeV72,

(h1) go,51-z,10x = 7-271553 GeV=2,
(/’l ) ggh 2[%*]1( =3.78 GeV‘z,

‘We show some of these coupling constants as functions of the
Borel mass 7T in Fig. 4. Based on them, we further find eight
D-wave decay channels that are kinematically allowed:
(b1) Ty, jon, 10 = 49.61355 MeV,
(b2) Ty, gz, piye = 1.6577 MeV,
(b3) Ty, g tje = 0-231076 MeV,
(el) T 19.077%3 MeV,
(e2) FE, len btk = 74050 MeV,
(€3) Tz gz o)a = 0.791579 MeV,
(€5) Tz oz 41 = 0.121005 MeV,
(h1) T, 5oz, 1k = 46175 MeV.

b[%ﬂ” =

(64)

We summarize these D-wave decay widths in Table V,
together with their mass spectrum, S-wave decay properties,
and possible experimental candidates.
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TABLE VI

=/

Among all the possible P-wave bottom baryons of the flavor 6, we find altogether four X, four 5}, and six €, baryons,

with limited widths (< 100 MeV) and so capable of being observed. Their masses, mass splittings within the same multiplets, and decay
properties are extracted for future experimental searches. We note that there are considerable uncertainties in our results for the absolute
values of the bottom baryon masses due to their significant dependence on the bottom quark mass [68,69]; however, their mass splittings
within the same doublets do not depend much on this, so they are produced quite well with much less uncertainties and give more useful
information; moreover, we can extract even more useful information from S- and D-wave strong decay properties of P-wave bottom

baryons.
Baryon Mass Difference Total width
B Multiplet G" (GeV) (MeV) Decay channel (MeV) Candidate
%, (61,14 3,(7) 6.06+0.13 6+3 [(Z,(37) = Zyn) = 1417352 MeV 14.373)2
[(Z,(}7) = Zj7) = 0.0761 043¢ MeV
F(Zh(%‘) — App = Nyzm) = 0.087 MeV
5,(37) 6.07+0.13 I'(Z,(3) - Zpr) = 0.55507 MeV 48439
I'(Z,3) - Zjn) = 4.0558 Mev
I'(Z,(37) = App = Apzr) = 0.23 MeV
6r.2.1,4] x,3) 6.11£0.16 12+5 [(Z,(37) = Apr) = 49.67353 MeV 5147085 Z,(6097)*
I'(Z,3) - Zpr) = 1657 MeV
I'(Z,3) - Zjn) = 025507 MeV
[(2,(37) = Zpp = Zpan) = 1.4 x 1074 MeV
5,(7) 6.12+0.15 ~0
E, [6/1,1,2] E,(37) 621+0.11 7+2 I'(E,(Q) - 8n) = 45535 MeV 4.73%
I'(E,(}) = &) = 016105 MeV
['(E,(37) = Eyp = Epzr) = 0.043 MeV
g,637) 622+0.11 ['(E,(37) - E,x) = 0341035 MeV 1.8% o0
['(E,(3) - Ejn) = 1479 MeV
['(8,(37) = Eyp = Eprm) = 0.078 MeV
I'(8,37) - Bp — Ejzr) = 5.5 x 107° MeV
6£,2,1.4] E,(37) 623%£0.15 I1£5 ['(E,(37) - Eyr) = 19.01183 MeV 273183 E,(6227)7
[(E,3) - AK) = 745" MeV
['(E,(3) - E,x) = 0.791)75 MeV
['(E,(37) - &) = 0.1310d MeV
[(E,(7) > B,p » Ejnr) = 5.6 x 107 MeV
g,(37) 624+0.14 INEEA é-) — Eip — Ejan) = 2.8 x 1074 MeV ~0
Q, [65,1,0.p] Q,() 632+0.11 241 ~0 Q,(6316)~
Q,(3) 632+0.11 ~0
[6p.1,1,2] Q") 6344010 6+2 ~0 Q,(6330)~
Q,(37) 634£0.09 e ~0 Q,(6340)~
6/.2.1.2] Q,(37) 635+0.13 1044 T(Q,(37) - E,K) = 4613 MeV 46533 ©,(6350)"
Q) 636+0.12 ~0

IV. SUMMARY AND DISCUSSIONS

To summarize this paper, we have investigated the P-
wave bottom baryons belonging to the SU(3) flavor 65
representation, and studied their D-wave decays into
ground-state bottom baryons and pseudoscalar mesons.
Together with Refs. [68—71], we have performed a rather
complete study on both mass spectra and decay properties
of P-wave bottom baryons using the method of QCD sum
rules and light-cone sum rules within the framework of
heavy quark effective theory.

Accordingly to the heavy quark effective theory,
we categorize the P-wave bottom baryons of the SU(3)
flavor 6, into four multiplets: [64,1,0,p], [6£,0,1, 1],
[67,1,1,2], and [65,2,1,4]. In this paper we have
studied their D-wave decay properties, and the results
are separately summarized in Tables II-V. Besides, in
Refs. [68,69] we have studied the mass spectrum of
P-wave bottom baryons, and the results are reanalyzed
and summarized in these Tables; in Refs. [70,71] we have
studied S-wave decay properties of P-wave bottom baryons
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FIG. 5.
the caption of Table VI for detailed explanations.
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into ground-state bottom baryons together with pseudo-
scalar mesons or vector mesons, and the results are also
reanalyzed and summarized in these Tables.

Before drawing our conclusions, we note that there are
considerable (theoretical) uncertainties in our results for the
absolute values of the bottom baryon masses due to their
significant dependence on the bottom quark mass [68,69];
however, their mass splittings within the same doublets do
not depend much on this, so they are produced quite well
with much less (theoretical) uncertainties and give more
useful information; moreover, we can extract even (much)
more useful information from S- and D-wave strong decay
properties of P-wave bottom baryons. Based on the results
summarized in Tables II-V, we can well understand
P-wave bottom baryons as a whole:

(i) The [6,0, 1, 1] singlet contains three bottom bary-
ons: %,(37), B,(37), and €, (37). Their total widths
are all calculated to be very large, preventing them
from being observed in any experiment.

The [6F,1 0, p] doublet contains six bottom bary-
ons: 2, (37/37), 8, (57/37), and ©Q,(37/37). The total
widths of £,,(37/37) and &}, (1~ /37) are all calculated
to be very large, while the total widths of Q,(17/37)
are both extracted to be zero.

The [6f, 1,1, 4] doublet contains six bottom bary-
ons: X,(37/37), B,(47/37), and Q,(37/37). Their
total widths are all calculated to be less than
100 MeV.

The [6,2,1,4] doublet contains six bottom bary-
ons: £,(37/37), B,(37/37), and Q,(37/37). Their
total widths are all calculated to be less than
100 MeV.

Hence, among all the possible P-wave bottom baryons of
the flavor 65, we find altogether four %, four EZ, and six
Q, baryons, with limited widths (< 100 MeV) and so
capable of being observed. Their masses, mass splittings
within the same multiplets, and decay properties are
summarized in Table VI. Their possible experimental

(i)

(iii)

(iv)

nonzero decay widths, whose branching ratios are shown in
Fig. 5 using pie charts. We suggest the LHCb and CMS
collaborations to search for these excited bottom baryons,
but note that it still depends on the production rates whether
these baryons can be observed or not. Especially, it is
interesting to further investigate the A,(6072)°, i.e., the
broad excess of events in the Agﬂ+ﬂ_ mass distribution in
the region of 6040-6100 MeV [15,16].

In the present study the p-mode doublet [6, 1,0, p] is
found to be lower than the two A-mode doublets [6, 1, 1, 4]
and [67,2,1,4], a behavior which is consistent with our
previous results for their corresponding doublets of the
SU(3) flavor 3, [68,69], but in contrast to the quark model
expectation [2,21]. However, this is possible simply
because the mass differences between different multiplets
have considerable uncertainties in our framework, similar
to the absolute values of baryon masses, but unlike the mass
differences within the same multiplet. We propose to verify
whether the p-mode doublet [61, 1,0, p] exists or not by
investigating: (a) the spin-parity quantum number of the
Q,(6316)7, (b) whether it can be separated into two states
almost degenerate, and (c) whether its X, and =) partner
states can be observed.
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APPENDIX: SUM RULE EQUATIONS

In this Appendix we give several examples of sum rule
equations, which are used to study D-wave decays of P-
wave bottom baryons into ground-state bottom baryons and
pseudoscalar mesons.

candidates are also given in this Table for comparison. The sum rule equation for the Zj [}”] belonging to
Among these fourteen bottom baryons, eight of them have  [64, 1,0, p] is
|
fepifzn
Go-p-150,- (0, @) = gg-p-1_= b
= -z (0. @) = g2rp) (A—_ ) = o) (Aso — o)
famim2u f,rm u
dt d i(1-u a)t iuwt X 4 x o
/ / “ (G 5 e #5010
f fnm u - fammzut®
< >¢2 Jr( ) 2 ¢2 ﬂ( ) 24( ) 2 2¢’§;n(u) + 576(71’!” + md) <SS>¢3W(M)
f ﬂutz - f r L r*
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o . 2 . .
_ / dr / ' / Daeio/laztuas) gioi(1--uay) 5 Lo (F3nl0 g oy W30 G gy
0 0 - 2to-q 7T 4n°t T

2 dr“ty
if3ua3v - q if3,uv-q if3na2v'q if3,v-q
WarltdsV G g, (g) W3tV gy () 4 3%V 4 e
M g (o) - L g (o) T () - )

Jant
- Lt o). (A1)

The sum rule equation for the € [1~] belonging to [65,0,1,4] is

fo; i1 fz0
Go, ook (@0, @) = gog -y sk X (Ag- ) — )(A:*o - ) =0 (42)
b
The sum rule equation for the ¥, [37] belonging to [65, 1,1,4] is
fe-p)fxo
Ge_n (o, A ~ p 2 ~b
Zh[i ]—»227[ (6() CU) gZ [ ]—>ZO X (A): [ ] w/)(Azg _ w)

© 1 . o if ;u if u
_ i(1—u)a't jiuwt il ” .
A th due et x 8 x <4 273 $on(u) + 647z2t¢4’”<u)

08 0) - e (0,206}, (0)

144(m, + my) 3m 2304(m,, +
[ [ [ Dt gt (Ve o) 4 Pt )
ey Baele) e b)) + {00+
- lg;”ztd>4;ﬂ(g) - lgr’gtﬁu;ﬂ(g) + 8ﬂ£+’:'q‘1‘4;ﬂ(a) + 8”%%‘?4;;1(05) - 87[2;;”1; — @y, (a)
Bl W) - ) (a3)
The sum rule equation for the X, [37] belonging to [67,2,1, 4] is
Gz;[g-]-u\gn- (0, 0') = 95,3 )-n07 X (Az fz — )J(C;\\OAO — o)
T ) () + T2 (030G ) + L2 0,0 s >)
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