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The A-type P-wave bottom baryon states via the QCD sum rules”

Qi Xin CEF)"

Zhi-Gang Wang (E&NI)'T

Fei Lii (575’

lDepartment of Physics, North China Electric Power University, Baoding 071003, China
*School of Nuclear Science and Engineering, North China Electric Power University, Beijing 102206, China

Abstract: Our study focuses on the A-type P-wave bottom baryon states with spin-parity J¥ = 1/27, 3/2~. We in-

troduce an explicit P-wave between the two light quarks in the interpolating currents (these light quarks are antisym-
metric in the flavor space, thus giving rise to the designation of A-type baryon) to investigate the A, and =, states
within the framework of the full QCD sum rules. The predicted masses show that E,(6087) and Z,(6095/6100)
could be the P-wave bottom-strange baryon states with spin-parity J* = 1/2~ and 3/2~, respectively; meanwhile,
Ap(5912) and Ap(5920) could be the P-wave bottom baryon states with spin-parity J¥ = 1/2~ and 3/27, respect-
ively. Moreover, Ap(5920) and Z,(6095/6100) may have two remarkable under-structures or Fock components at

least.
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I. INTRODUCTION

In the past years, several excited bottom baryon states
Ap [1-3] and excited strange-bottom baryon states Z,
[4—10] have been observed. In 2012, the LHCb collabora-
tion observed two narrow states, A,(5912)° and
Ap(5920)°, in the A)r*n~ invariant mass spectrum [3].
The masses were measured to be

M, (s012) = 5911.97 £0.12+0.02 +0.66 MeV,
MA,,(5920) =5919.77+£0.08 £ 0.02 + 0.66 MeV . (1)

In 2021, the CMS collaboration discovered =Z,(6100)” in
the Z, 7"7~ invariant mass spectrum with spin-parity
JP =3/27 [9]; the measured mass was

ME,,(6]OO) =6100.3+0.2+0.1£0.6 MeV. )

Sometime ago, the LHCb collaboration confirmed
Ep(6100)~ in decay mode E;‘,On‘, and observed bottom
baryon states Z,(6087)° and Z,(6095)° in decay modes
_r— —— 4

E, 7" and E; n*, respectively [11, 12]; the masses and
widths were determined to be
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MT,,(()IOO) =6099.74 +£0.11 +£0.02+0.6 MeV,

1":/,(6100) =0.94+0.30+0.08 MeV,

MT,,(6087) =6087.24+0.20+0.06+0.5 MeV,

r=,,(6087) =243+0.51+0.10 MeV,

MT,,(6095) =6095.26+0.15+0.03 +£0.5 MeV,

r:h(é()gs) =0.50+0.33+0.11 MeV. (3)

We can tentatively assign Z,(6095)° and Z,(6100)~ to be
the isospin doublet by considering the mass difference
and quark constituents.

Experimental discoveries of those single bottom bary-
on states have increased the interest in theoretical re-
search. It is necessary to identify the quantum numbers of
those states and explore their internal structures. The bot-
tom baryon states have been investigated using many the-
oretical approaches, including the elementary emission
model and 3Py model (quark pair creation model) [13]
([14]), chiral quark model [15, 16], constituent quark
model [17-19], QCD-motivated relativistic quark model
[20], light-cone QCD sum rule [21], QCD sum rules
[22-31], and lattice QCD [32]. In particular, A,(5912)
and A,(5920) have been investigated by the flux tube

* Supported by the National Natural Science Foundation of China (12175068) and the Postgraduate Students Innovative Capacity Foundation of Education Depart-

ment of Hebei Province, China (CXZZBS2023146)
" E-mail: zgwang@aliyun.com

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP’ and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

093106-1


http://orcid.org/0000-0002-8538-4677
http://orcid.org/0000-0002-5203-6705

Qi Xin, Zhi-Gang Wang, Fei Lii

Chin. Phys. C 47, 093106 (2023)

model [33], QCD sum rules combined with the heavy
quark effective theory [34], effective hadronic model
with respect to the chiral and heavy-quark spin-flavor
symmetries [35], relativized quark model [36], etc. These
studies showed that A,(5912) and A,(5920) can be ac-
commodated in the 1P states with J* = 1/2~ and 3/2", re-
spectively. Additionally, E,(6100) can be taken as a good
candidate for the 1P bottom state with J” =3/2~ by the
3Py model [37], QCD sum rules combined with the heavy
quark effective theory [38], relativized quark model [39],
etc.

In previous studies of ours, we used the full QCD
sum rules to systematically investigate the heavy baryon
states. We calculated the masses of the S-wave, P-wave
and D-wave charmed baryon candidates Q.(3000),
0.(3050), Q.(3066), Q.(3090), Q.(3119) [40, 41],
Q.(3327) [42], Ac(2625) [43], E.(2815) [43], A.(2860),
A.(2880), E.(3055), and E.(3080) [44], and acquired sat-
isfactory results consistent with the experimental data that
will set guidelines for future experimental measurements.
On the bottom sector, our calculations also led to satis-
factory assignments for P-wave candidates ,(6316),
Q,(6330), Q,(6340), and Q,(6350) [30] and D-wave can-
didates A,(6146), A,(6152), E,(6327), and=E,(6333) [29].

In the constituent quark models, the =, states have
three valence quarks ¢(u,d), s and b. Introducing the rel-
ative P-wave between ¢ and s in the diquarks, we ob-
tained the A-type E, baryon states with spin-parity
JP =1/27, 3/27. We can choose either a partial derivat-
ive 0, or covariant derivative D, = d, —ig,;G, to embody
the net effects of the relative P-wave. It is interesting to
choose both partial 9, and covariant D, derivatives in
constructing the P-wave states, and examine the different
outcomes, similar to previous studies of ours on the D-

wave charmed baryon states [42]. In this study, we com-
prehensively explore the P-wave A-type bottom baryon
states using the QCD sum rules, and examine the sub-
structures of new bottom baryon states Ap(5912),
Ap(5920), =,(6087), E,(6095), and Z,(6100) to diagnose
their nature, because their properties are not completely
understood yet.

The paper is structured as follows: the P-wave bot-
tom baryon states are studied via the QCD sum rules in
Section II; numerical results and discussion are provided
in Section III; in Section IV, relevant conclusions are
drawn.

II. QCD SUM RULES FOR P-WAVE
BOTTOM BARYONS STATES

First, let us express the two-point correlation func-
tions I1(p) and IL,(p),

M) =i / & xS OIT {1/n(x)7/7(0)}10).

I,(p) =i / & xe P OIT { I/ T/AO L0, (@)
where

J(x) =M (%), J5 (%),
n(x) =n™ @), 1™ (),
Tu(x) =T, (x), Jo ()., T5(x), T3, (%),

Tu(X) =10, 755, (), 7T, (), 1755, (%), (5)

TN (x) = [0 ul (0)Cy"d () — ul (x)CyY"F dj(x)] Ty bi(x),
T () =6 [0 u] ()CYPdj(x) = u] ()CY*0"d (X)) (Zua¥p = ZupYa) 1Y5bi(x).

. 1 .
T30 (x) =7 [07u] ()CYPd;(x) - u] (x)CY*0"d ()] (gﬂayﬁ + 8upYa — fgam) iysbi(x),

2 (6)

™ (x) =" [D*u] (x)Cy"d (%) — ui(x)Cy" D*d ()] oy D),
() =7 [Dul ()CyPd () — u] ()CY*D*dj(x)] (Zua¥p — upYar) Tysbi(x),

. 1 :
Moy = [Duf ()CYdj(0) = u] ()CY D d()] (gmﬁ + 8y = 5&4;7,1) iysbe(x),

T=(x) = [0q] ()Cy"s(x) - g ()CY F 5,(x)] 0y i),

(N

Jo(0) =" [0 ] (0¥ 51(x) = g] ()CYP0" 51(0)] (Bua¥p — GupYa) 1Y5bi(1).
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= [ 7 1 1
5,00 = [0%] IO 550 ~af ICP 0 530) (g0 + usva = S0 ) 9sbio),

(8)
7 (x) =7 [D'g] ()CY5;(0) =g (OCY" D*5(x)] 0y i),
07, () =7 [D*q] ()0CYPs () - g} ()CY’ D5 ()] (8ua¥s — BusYer) ¥5br(0),
M, (1) =6 [D"q] (0)CP5i(x) — ¢] ()CY’Ds(x)] (g/uﬁ’ﬁ’ + Ve — %gaﬁ7ﬂ> iysbi(x). ©9)
q=u or d, the i, j, k are color indexes, C is the charge (OIJ/nﬂ(O)IBg(p)) =/1;p,uU+(P, s),
e b e S5 O i)

rivatives to construct the currents; J/n(x) and J/n,(x) in-
terpolate the P-wave baryon states with spin-parity
JP =1/2" and 3/27, respectively. The currents with cov-
ariant derivatives are gauge covariant/invariant; however,
this disfavors the interpretation of the covariant derivat-
ives as angular momenta in the non-relativistic limit, i.e.,
D— p+g,G. By contrast, the currents with partial deriv-
atives g, are not gauge covariant; however, this does fa-
vor the interpretation of the partial derivatives as angular
momentum in the non-relativistic limit, i.e., d — p. In the
quantum field theory, gauge invariant currents are con-
structed with the same quantum numbers as the hadrons
to interpolate them, and it suffices. In this sense, the
gauge invariant currents are physical and preferred.

Diquarks T ()Cyq dpqj()  and  sitql (x)x

Cvq Dﬁ q j(x) have two Lorentz indexes o and £, where

q#q, 6/3 op — aﬁ and Dp Dﬁ

and Cya 3 are antisymmetric. Therefore, currents J/n(x)

Dﬁ Structures Cy, 6,;

and J/n,(x) are referred to as A-type currents. Dirac

matrices  gue¥s —8usYe anNd  guo¥p+&usYa — %gaﬁyy are
anti-symmetric and symmetric, respectively, when inter-
changing indexes a and f, which are constructed with the
corresponding indexes in the diquarks. Therefore, the
diquarks in currents J/n ,(x) and J/n2,(x) have spins 1
and 2, respectively.

Currents J/n(©0) and J/n,(0) couple potentially to

=1/2% and 1/2*, 3/27and bottom baryon states Bf 1
and Bi),, B3, respectively,

O /OB () =AU~ (p, ),
O /OB (p)) =ALiysU* (p,s),

O/ OIBE(p)) =25 Uy (p, ),

O/ OB (p)) =ATiys Uy (p, ), (10)

where U*(p,s) and Uj(p,s) are the Dirac and Rarita-
Schwinger spinors, respectively, and 17, and 43, are the

corresponding pole residues [45—53]. The Rarita-
Schwinger spinors  Uj(p,s) satisfy the relations
YU (p,s)=0, which correspond to the relations

Y Ju(x) = ¥*n,(x) = 0. In general, currents J/1n,(x) are not
necessary to satisfy such relations; however, in the
present case, they do hold such relations. Therefore, Eq.
(11) should be modified as follows:

OBt ) =1t (7, —41"’7‘:) U(p,9),

O OBT o) =Atis (v~ 4 L Uy, (12)

At the hadron side of correlation functions II(p) and
I1,,(p), we isolate the ground state contributions from the
spin-parity J¥ = 1/27 and 3/27 baryon states according to
the current-hadron couplings described by Eqgs.
(10)—(12), thereby obtaining the hadronic representation
[54, 55],

T(p) Ajz b+

+2¢ M+
/15 M2 p +...’

=i (p )1é+H2(p2), (13)

L M (_ | Yl 2pupv_pﬂyv—pm)
ny

M(p) =47~ +
. M2 - p? 3 3p? 32
-M YuYv 20uPv  PuYv—DVY,
+/lif“é S L LA L A A K
- \ T3 T

+M
+/u.2<yﬂ_4p7u) 1152 +2(%_4pv>
: M+ M2-p M,

w2 (o) 20 (yea e )

=—H§(P )i’g;tv_n%(p Vgt

(14)
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and we choose components ITj ,(p?), IIY ,(p?), 113 ,(p?),
and I19,,(p*) to explore the spin-parity J”=1/2" and

3/27 states, respectively, to avoid possible contamina-
tions.

i0;; ¥

At the QCD side, we apply the following full light-
quark propagator S;;(x) and full heavy-quark propagator
Bij(x) when calculating the operator product expansion

for correlation functions II(p) and IL,,(p) [55-57],

S =30 T a2

ap’ij

dijmg  6ij{qq) N 16;; ¥my(qq) 61jx*(qg,0Gq)
48 192
(HoP+o )

i(si./'x2 f’”q@gsO'GCI) _ igGast?

1152
where g =u, d or s, and

3272 x2

~ {20 @ (15)

6ij  8&sGapliy P +my) + (K +mp)o”

B _ i 47 —ik-x _
B =y [ e {k—mh 4

4(k2 —m2)>
f(YﬁllV —

for further technical details, one can consult Ref. [57].

Similar to previous studies of ours [48—53], we select
the components associated with structures g, 1, pg,, and
guv in correlation functions II(p) and II,,(p) to investig-
ate the baryon states with spin-parity J” = 1/2¥ and 3/27,
respectively. Thus, we obtain the spectral densities at the
hadronic side through dispersion relations:

ImIT!
ML) _ 126 (g m2) 426 (s - M2) = ply(s). (18)

p J
ImITO(s)
— L = ML (s- MP) = ML AT (s— M2) = p0(s),
pn 3
(19)
.13 .
where j = 3 5 and subscript H represents the hadron

side. We introduce the weight functions +/sexp (—%)

and exp (—%) to obtain the QCD sum rules at the phe-
nomenological side,

/ s [ VapLu(s) +pu ()] exp (~5)

_ M?
=2M_A;% exp (_W) : (20)

wheresy denotes the continuum threshold parameters and
T? denotes the Borel parameters. We separate the contri-
butions of the negative-parity baryon states from those of

=+ mp)y™ K+ mp) VP K+ mp)y" K+ mp)y” K +my),

k2=

QA GGGl ([P + [+ fou }
pa— + e R

(16)

(17)

the positive-parity baryon states unambiguously. In Eq.
(20), the threshold is taken as mj instead of
(mp+my +mq/)2, which is consistent with the light-quark
propagator described by Eq. (15), where the small light
quark mass is taken as a perturbative correction and does

not modify the dispersion relation.

. . . 1
We differentiate Eq. (20) with respect to 7 = T2 and

. . 1 3 .
eliminate the pole residues A; for j= = and - to obtain

the QCD sum rules for the masses of the P-wave baryons
states,

d So

-2 / ~ds [V5phep(s) + phen(9)] exp(—79)

w2 = S0 . @)
/ ds [ Vspoep(8) + poep(s)] exp(=7s)

2
b

where spectral densities fulfill picp(s) = pjoep(s) and
Poep(8) =PYqep(s); explicit expressions are provided in
the Appendix.

III. NUMERICAL RESULTS AND DISCUSSION

We select standard values of the vacuum condensates
(Gg) = —(0.24+0.01GeV)3, (35) = (0.8 £ 0.1)gq), (Gg,0Gq)
=miqq), (58,0Gs)=mi(5s), m}=(0.8+0.1) GeV?,
(@) =(0.33GeV)* at energy scale u=1 GeV [54, 55,
58], and MS masses my(my)=(4.18+£0.03)GeV and
mg(u=2GeV) =(0.095+0.005)GeV from the Particle
Data Group [59]. We aim to extract the masses of the P-
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wave baryons states at the best energy scales u of the
QCD spectral densities as the input parameters evolve
with energy scale u according to the re-normalization
group equation:

12
a,(1GeV) } 33-2n,

5

(qg)(w) =(qq)(1GeV) {

o)
1GeV)| o
33-2
F9) =(F(1Gev) | LUTNV | 33
a(u)
2
_ _ a,(1GeV) | 33-2n,
(G8s0Gq) (1) =(Gg,0Gq)(1GeV) {‘(7} )
ag(u)
2
1GeV) ] 33-2n
(5g,0Gs)(u) =(3g,0Gs)(1GeV) {w} :
as(w)
() | 55,
g 33-2n
my(u) =mb(mh>[ : } i
a(mp)
W 17w
a; 33-2n,
=m.(2 s
ms(41) =rs( GeV)Ln(ZGeV)} :
1 by logt bi(log’t—1logt—1)+byh,
. [p— 1_77
as(u) bot |: b(z) p + bétz
(22)
2 33-2 153-19
where t=1log /; , bozinf’ lziznf’
acD 127 24r
5033 325 ,
by = 1283 , AQCD =210MeV, 292 MeV,

and 332 MeV for flavors ny =5, 4, and 3, respectively
[59, 60]; we can assume a flavor number ny =5 for the
bottom baryon states.

We calculate the vacuum condensates in the operator
product expansion up to dimension 10, and study the P-
wave bottom baryon states by considering the light fla-
vor SU#(3) breaking effects. We make use of the modi-
fied energy scale formula p = /M%—Mj7 — kM, where k
is the number of the s-quark in the currents [42, 61, 62],
Mp = M_, and M, and M; are the effective b-quark and s-
quark masses, respectively. To ensure that the QCD spec-
tral densities are taken at the best energy scales u, we set
the effective h-quark mass as M, =5.17GeV and effect-
ive s-quark mass as M, = 0.2GeV, which are fitted to the
QCD sum rules for the tetraquark states [61, 62].

We extracted the best energy scales x4 and other para-
meters via trial and error and subsequently obtained the
masses and pole residues of those P-wave bottom baryon
states, numerical values of the energy scales, continuum
threshold parameters, Borel windows, pole and perturbat-
ive contributions, masses and pole residues, which are lis-
ted in Tables 1 and 2. These tables show that the con-
tinuum threshold parameters and predicted baryon masses
hold the relation +/so—Mp =0.60 ~0.70+0.1 GeV, which
satisfies our naive expectations with respect to the mass
gaps between the ground and excited states. Furthermore,
the pole contributions are approximately (40% —65%),
and the dominant contributions come from the perturbat-
ive terms. Therefore, it is reasonable to extract the had-
ron masses. We set the pole contributions to be approx-
imately (40% —65%), and the central values to exceed
50%, which is what we did in previous studies of ours for
other S-wave, P-wave and D-wave bottom baryon states
[22, 29, 30].

If larger pole contributions are preferred, the paramet-
ers and Borel windows, resulting energy scales, con-
tinuum threshold parameters, Borel windows, pole and

Table 1.  Energy scales u, Borel windows 72, continuum threshold parameters sy, and pole and perturbative contributions for the P-
wave bottom baryon states.
Currents JP u T2/GeV? V50/GeV Pole(%) Perturbative(%)

JNo 1/2= 2.9 3.6-4.0 6.55+0.1 (40-62) (90-94)
n 3/2° 2.9 3.6-4.0 6.55+0.1 (41-63) (88—92)%
Jé\z 3/2° 29 3.8-4.2 6.60+0.1 (43-64) (85-90)
e 1/27 29 3.7-4.1 6.55+0.1 (40-61) (85-89)
n;\j’l 3/27 29 3.7-4.1 6.55+0.1 (40-61) (83-88)
" 327 29 3.8-42 6.60+0.1 @2-61) (77-84)
J=b 1/27 3.0 39-43 6.70+0.1 (42-64) (95-97)
JlEfl 3/2° 3.0 39-43 6.70+0.1 (43-65) (95-97)
JZEZ 3/2° 3.0 4.1-45 6.75+0.1 (42-62) (93-96)
b 1/27 3.0 4.0-44 6.70+0.1 (41-61) (90-93)
7]15';, 3/27 3.0 4.0-44 6.70+0.1 (41-61) (90-94)
s, 3/2° 3.0 4.1-45 6.75+0.1 (41-62) (89-92)

093106-5



Qi Xin, Zhi-Gang Wang, Fei Lii

Chin. Phys. C 47, 093106 (2023)

Table 2. Masses and pole residues of the P-wave bottom ba-
ryon states with possible assignments.

Currents M/GeV A 1071 GeV4) Assignments
Jhe 5.91+0.13 1.08+0.21 Ap(5912)
J]A; 591+0.14 0.53+0.08 Ap(5920)
v 5.92+0.15 0.97+0.20 Ap(5920)
7 5.91+0.13 1.12+0.19 Ap(5912)
n’l‘; 5.91+0.13 0.55+0.08 Ap(5920)
nﬁ‘; 5.92+0.15 0.96 +0.20 Ap(5920)
JE 6.10+0.11 1.59+0.25 E,(6087)
Jﬁ; 6.10+0.10 0.77+0.12 2,(6095/6100)
JZE; 6.11+0.12 1.43+0.22 Z,(6095/6100)
7= 6.09+0.11 1.63+0.24 E,(6087)
nfjl 6.10+0.10 0.79+0.11 Z,(6095/6100)
ni’;, 6.12+0.13 1.43+0.24 25(6095/6100)

perturbative contributions, and masses and pole residues
must be set as shown in Tables 3—4. From Tables 1—4,
we can conclude that larger pole contributions lead to lar-
ger pole residues while the predicted masses remain al-
most unchanged; moreover, we have to set larger con-
tinuum threshold parameters, which may lead to contam-
ination from the excited states or higher resonances and
weaken the predictive power. Therefore, a comprehens-
ive analysis is required for all the S-wave, P-wave and D-
wave baryon states with pole contributions larger than
50% in a self-consistent way. Given that this demands a
substantial amount of effort, it will be addressed in future
studies.

In our calculations, we found that the differences
between the central values of the baryon masses with re-

spect to currents Ji,)(x) and 7, (x) are less than 0.02 GeV
if the same parameters are set. Slightly changing the
Borel windows T2 or continuum threshold parameters s
is sufficient to smear the differences between the out-
comes of the partial and covariant derivatives. From
Tables 1 and 2, we found that if we set the same pole
contributions, then the central values of the baryon
masses remain essentially unchanged while those of the
pole residues change slightly. Another interesting point is
that the contributions of the perturbative terms for cur-
rents 7,,(x) with covariant derivatives are smaller than
those from currents Jy,(x) with partial derivatives. The
currents with covariant derivatives are gauge covariant/
invariant; however, this disfavors the interpretation of the
covariant derivatives as angular momenta in the non-re-
lativistic limit, i.e., D — g+ gXG_’, while the currents with
partial derivatives are not gauge covariant, which favors
the interpretation of the partial derivatives as angular mo-
menta in the non-relativistic limit, i.e., d — p. If only the
baryon masses are concerned, we can choose either cur-
rents J(ﬂ)(x) or r](ﬂ)(x).

Figures 1 and 2 plot the variation trends of the bary-
on masses with the Borel parameters; the two vertical
lines indicate the ranges of the Borel platforms. In Table
2, we show the baryon masses and pole residues expli-
citly by accounting for all uncertainties of the input para-
meters. Note that the currents containing both covariant
and partial derivatives can lead to baryon masses consist-
ent with experimental data.

The predicted masses from the currents with partial
(covariant) derivatives were M_ =5.91+0.13 GeV (5.91+
0.13GeV),5.91+0.14 GeV (5.91+0.13 GeV),and 5.92+0.15
GeV (5.92+0.15 GeV), which are consistent with the ex-
perimentally measured masses Ma,(s912) = 5911.97 +0.12+
0.02+0.66 MeV or MA,](5920) =5919.77+0.08 £0.02 +0.66

Table 3. Energy scales u, Borel windows 72, continuum threshold parameters s, pole contributions (> 50%) and perturbative contri-
butions for the P-wave bottom baryon states.
Currents JP u T2/GeV? V50/GeV Pole(%) Perturbative(%)

JNo 1/2= 2.9 34-38 6.65+0.1 (52-74) (83-89)
JlA.f, 3/27 29 34-38 6.65+0.1 (52-74) (83-89)
Jé\z 3/2° 29 3.5-39 6.70+0.1 (54-175) (85-91)
e 1/27 29 34-38 6.65+0.1 (53-74) (80-285)
. 3/2° 29 34-38 6.650.1 (53-75) (79-86)
n;\i’l 3/2° 29 35-39 6.70+0.1 (53-74) (79-86)
J=b 1/27 3.0 3.6-4.0 6.80+0.1 (55-175) (92-95)
JlEfl 3/2° 3.0 3.7-4.1 6.80+0.1 (53-73) (93-96)
JZEZ 3/2° 3.0 3.8-4.2 6.85+0.1 (54-174) (93-97)
b 1/27 3.0 3.6-4.0 6.80+0.1 (56-176) (88-92)
ny, 3/2- 3.0 3741 6.8040.1 (54-74) (89-93)
ni’; 3/27 3.0 3.8-42 6.85+0.1 (53-73) (89-93)
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Table 4. Masses and pole residues of the P-wave bottom ba-

ryon states (in the case of pole contributions > 50%) with pos-

sible assignments.

Currents M/GeV A 1071 GeV4) Assignments
JNo 5.92+0.15 1.16+0.27 Ap(5912)
Jﬁ; 5.92+0.13 0.56+0.13 Ap(5920)
v 5.92+0.15 1.01:+0.25 Ap(5920)
e 5.91+0.13 1.16+0.25 Ap(5912)
Y 591+0.13 0.57+0.11 Ap(5920)
n?j, 5.93+0.16 1.00+0.27 Ap(5920)
JZb 6.10+0.12 1.66+0.30 =(6087)
Jﬁj; 6.11+0.11 0.83+0.13 2(6095/6100)
Jifl 6.11+0.12 1.49+0.27 Z(6095/6100)
e 6.08+0.12 1.65+0.25 =5(6087)
nfjl 6.10+0.11 0.83+0.11 Z(6095/6100)
ni’;, 6.12+0.13 1.48+0.30 =,(6095/6100)
8.0 T
7.5 || —— Central value
70H 1 — — Error bounds
AL
50k A (|)
4.5
4.0 T S S T T
18 21 24 27 30 33 36 39 42 45 48 51
T2(GeV?)
8.0 rr—
7.5 || —— Central value| -
701 — — Error bounds
|
;GAS
8 6.0
2 5.5
5.0
4.5+ 4
4.0 S S ST
1.8 21 24 2.7 3.0 33 36 39 42 45 48 5.1
T2(GeV?)
8.0
7.5 —— Central value| 4
7.0k — — Error bounds| |
/ c
45H ( ) 4
4.0 L TR L - L L P
1.8 21 24 27 3.0 33 36 39 42 45 48 51
TX(GeV?)
Fig. 1.

MeV from the LHCb collaboration [3]. The numerical
results indicate that A,(5912) and A,(5920) could be the
A-type P-wave bottom baryon states with J© =1/2~ and
3/27, respectively. Analogously, the predicted masses
M =6.10£0.11GeV  (6.09+£0.11GeV), 6.10+0.10 GeV
(6.10£0.10 GeV) and 6.11+0.12 GeV (6.12+0.13 GeV) are
consistent with the experimentally measured masses
ME,,(6087) =6087.24+0.2+0.06 0.5 MeV, M5,1(6095) =
6095.26+0.15+0.03+0.5 MeV, or Mz, 100 = 6099.74+
0.11£0.02+0.6 MeV from the LHCb collaboration [12].
Our numerical results indicate that Z=,(6087) and
E,(6095/6100) could be the A-type P-wave bottom bary-
on states with J” = 1/2~ and 3/2, respectively. A,(5920)
and Z;(6095/6100) could be interpreted to have at least
two remarkable under-structures or Fock components.

We cannot assign those bottom baryon states unam-
biguously with the masses alone; at least the dominant
strong decays should be investigated, such as

\ —— Central value

— — Error bounds

A (1)

21 24 27 30 33 36 39 42 45 48 51
T2(GeV?)

—— Central value| -
— — Error bounds| |

B (Il)

Y
1.8 2.1 24 27 3.0 33 3.6 39 42 45 48
T2(GeV?)

5.1

—— Central value| -
— — Error bounds| |

c

aobl e
1.8 21 24 27 3.0 33 36 39 42 45 48 5.1
2 2
T9(GeV?)

(color online) Masses of the A,(1/27), Ap(3/27,1) and Ap(3/27,2) states (labeled as 4, B, and C, respectively) with variations of

the Borel parameters 72, where (I) and (II) denote the currents with partial and covariant derivatives, respectively.
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|
\

D (1)

0 L L L L L L L L L L
18 21 24 27 3.0 33 36 39 42 45 48 51

T*(GeV?)
8.0 ————— T
75 f —— Central value
700 — — Error bounds
|

o E ()
451+

40 1 1 1 1 1 1 1 1 1 1
1.8 21 24 27 3.0 33 36 39 42 45 48 51

T4 GeV?)
8.0 T T T T T T T T T T
751 —— Central value
70k — — Error bounds
=6
[
g A
s
45}

4.0
1.8 21 24 27 3.0 33 36 39 42 45 48 51
T2(GeV?)
Fig. 2.

8.0 T T T T T T T T T T
7.5 l\ —— Central value|
70} — — Error bounds

D (I)

0 L L L L L L L L
18 21 24 27 30 33 36 39 42 45 48 51

T2(GeV?)
8.0 T —— —— —— —— T
1
75H —— Central value|
70k — — Error bounds
\
SR
]
g |
s
40 1 1 1 1 1 1 1 1 1 1
18 21 24 27 30 33 36 39 42 45 48 51
T4GeV?)
8.0 T —— —— —— —— T
751 —— Central value|
70} — — Error bounds
; .
]
g R
2.
N T P T S T S

4.0
18 21 24 27 30 33 36 39 42 45 48 51

T2(GeV?)

(color online) Masses of the E,(1/27), E,(3/27,1) and E,(3/27,2) states (labeled as D, E, and F, respectively) with variations of

the Borel parameters 72, where (I) and (II) denote the currents with partial and covariant derivatives, respectively.

2%(6087) »=, 7" /20" - Ednat

—_ —0 = jm— —_ -
B, -Eyn /:bp —>zb7r+7r ,

:0(6095) _):'*_ +/'—~0 0_>

=p =p T [=pP '_‘bﬂ 7T

=,(6100) »E7 /=, 0° — Egnw, (23)

AV(5912) -2, /AY? — Adnn*
A)(5920) —»Z; 7 /AY? — Adrnt (24)

where intermediate p is off-shell, and E is also off-
shell as the decay E0 — Z;n" is kmematlcally forbidden.
At the present time, there only exist experimental evid-
ences for the isospin doublet (52(6095), E,(6100)); there
are no experimental evidences for the isospin doublet

(52(6087), 5, (7). We can explore these three-body de-
cays with the (light-cone) QCD sum rules directly or in-
directly [21, 38, 63], and then compare the predictions
with experimental data to diagnose the nature of those P-
wave baryon states. This will be addressed in future stud-
ies.

IV. CONCLUSIONS

In this study, we extend previous studies of ours to
comprehensively explore the A-type P-wave bottom ba-
ryon states with the QCD sum rules. We introduce a relat-
ive P-wave between the two light quarks in the diquarks
to construct the interpolating currents, and refer to them
as A-type currents because the two light quarks are anti-
symmetric. We carry out the expansion of the operator
product up to the vacuum condensates of dimension 10 in

093106-8



The A-type P-wave bottom baryon states via the QCD sum rules

Chin. Phys. C 47, 093106 (2023)

a self-consistent way, obtain the spectral representations
through dispersion relation, distinguish the contributions
of the negative-parity and positive-parity bottom baryon
states unambiguously, and determine the ideal energy
scales of the QCD spectral densities using the modified
energy scale formula by considering the light-flavor
SU(3) breaking effects. Our numerical results support the
assignment of AY(5912) and E)(6087) to the A-type P-
wave baryon states with spin-parity J”=1/2" and
valence quarks udb and usb, respectively, and assign-
ment of A9(5920) and E(6095) (Z;(6100)) to the A-type
P-wave baryon states with spin-parity J=3/2" and
valence quarks udb and usb (dsb), respectively. Z9(6095)
and Z;(6100) form an isospin doublet, while the isospin
partner of Z)(6087) has not been observed yet. =,(6095)
and E,(6100) may have two structures or Fock compon-

ents, given that there exist two J” =3/2~ currents with
different structures but exhibiting potential coupling to
the bottom baryon states with almost degenerated masses.
Furthermore, we observe that the currents with covariant
or partial derivatives lead to almost the same baryon
masses; if only the baryon masses are considered, we can
choose either covariant or partial derivatives for the con-
struction of the currents. According to the quantum field
theory, we constructed gauge invariant currents with the
same quantum numbers as the hadrons to interpolate
them; therefore, covariant derivatives are preferred.

APPENDIX

The QCD spectral densities p?,QCD(S) and p} ocp(s) for
the currents with the partial derivatives are

e O MO NN ON PN O N O N S O NP O

Zp

P}‘,QCD(S) 2171%,/\,,(5‘)’ p%,l,/\b(s)’ p%,z,/\b(s)’ PI%,E,](S), ,0%71,5,7(5), P%,z,gb(s)» (A1)
1 3
where j=—, =,
=22
0 _0
P17, (8) =P 5,(5) ln~0.(55)-@a)(56.0Gs)—@g.0Gay »
0 _0
P2.1.4,(9) =P3 1 2,(9) In—0.55)-@0).(58.0G9)G8.0Ga) »
pg,z,A,,(S) 292,2,5,,(5) |m‘—>0,<Ss)—»(Qq),(EgﬁGs)—»(zig‘O'Gq) > (A2)
pli,/\b(s) =Pl%‘3b(s) |m3HO,(ES)H((}q),(Eg,o‘Gs)ﬁ(t}gAO'Gq) s
Plg,l,A,,(S) =Plg,1,5,,(s) i, —0,(35)—(Gq)(58,.0Gs)—(Gg,0Gq) »
P2 2.0,(9) =03 .2,(8) b 0,554 (5.6 a8,0G) (A3)
1 3 1 3
0 mp 3, a3 M asGG/ (1-x)
e = dx(1- - - d
Piz(®) 327r4/x, =275 = 1;) 967r2< g >x, e
my ;GG /‘ (x=Dx+DGBx=2) _,
+—t d -
327r2< n >x, * x2 (5=t}
GG ' 1 my(5(5g,0Gs) — 12(gg,0G !
T mump(5sy >/ dxié(s_mb”mémb( (5g;0Gs) —12(ggs0 q))/ dx
7 y  32x 3272 X
Gq){5g5;0Gs) +(55)qGg;0G 58,0Gs)Xqgs0G 3
L M(qg)(58s0 si (55(38:0Gq)) 6(S_m£)_mb<5850485;<2qg30 Q (_2+ T%) S(s—mD), (AD)
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3mg(2(5s5) —(qq))

1
p;Eb(s)zﬁ / dxx(1-x)*(s—m2)* + dxx(l x)(s —ii})

42
Xi
m?  a,GG (1-x) 3 aGG
prrcii >/ 2 +647r2 : >/ A1 =0 =17
m mb((qq) 2(ss)) a,GG x) B Y(ss) a,GG
2AT? ) o(s—iny) + 2 ) dx6(s —mh)
my(qq) ,@sGG .~ ms<qgﬂGq> 11m5<sgs<TGS>
* 8 { Yo(s —mj) + 62 d (7Tx-1)— o : dxx
(58;0GsXqg;0Gq) s 2
- 1672 (1 ﬁ) S(s =), (A5)
1 3 1 3
0 mp 3 23 m;, a;GG / (1-x) mp a,GG / (1- x)
) _(s)= 1- - -
Pi12(5) 128714/ W= =) = 3 T ) Y w Tseet T ) (=35+20)
;GG (x DO6-13x+x%)
7687TZ< > x2 ( _mb)
msmb<ss) a/SGG 3 4x 4(x—1) s
T ) 5 | 0(s —mnj)
Smgmy(3,0Gs) msmy(Ggs0Gq) memp(qgsoGq) (' s(1-x?*
e d —odos” d 1 -
+ 123,22 g X+ 192,22 x(x—19)+ 96,2 g dx o O(s—imny)
mb(<qq><sgschs> + <ss><qgschq>) 2 mb<sgschs><c?gscTGq> 2
o(s —my) — (s —my),
16 256
(A6)
1! B 3m,(2 2(5s
Plz®=gs / dex(l — x5 —iiy® — sl <‘]]Z>2 G [ (1= x)(s — i)
X; Xi
m?  a,GG_ ' (1-x)? 1 «,GG B
_ 192;2( s )/ dx o 2567r2< s )/ dx(1 - x)*(s —i3)
mym3((Gq) — 2<SS>) a;GG / B m(3s) asGG /
1— -
9672 ) dx(1 = x)o(s —imy,) 8d ) dxd(s— mb)
my(qq) ;GG 2, . m(qgscGq) 11m(5g;0Gs)
S(s — _SMiosT 747 ZsNes T s
192 T T T g d A e an
3(5g8,0Gs){qgs0Gq) s
- 64T2 (1 B ﬁ) 5(“’"%)’ (A7)

mgiy((35) —2(Gq))

1
pg,z,Eh(@:% / dx(@+x)(1 - x)(s— i) + i (1= x)(s— i)

82 N

m  a,GG ! x-13@A+x) m a ;GG (x-1D3@+x) -
Y57 n ) / B3 192;2< ) / N G

mp a/SGG/ (x—1)[5(24 = 51x +44x%) + (=10 + 23x — 30x% )77 ]
+ )

3847 3¢ x
L Msmp(55) ~24q9)) aGG) / (1- x)(3x 1) 55— )

48
msmb<qq> ;GG _o.  msmp(qq) ,asGG
T )/ dxo(s—m h)+T< Yo(s — )
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mymi$s) @,GG ) o Tmamyp(Gg,oGa) 1 s(1-x) 3
) s(s— d 8(s—
L r— 788 >/ 142 T2 (s — i) + 9672 g X : (s —mj,)
smb<Sgso-Gs> msmb<ng0-Gq>
oA les ol 1 —64dx) + ———~tos~ =47 42 +782
384 d (81— 64x) + T dx( 842 +782x)
3mb(<qq><sgs0Gs>+<ss><qgs<TGq>) » mb(SgsersqusUGq) ( 3s)
- A
16 0ls =mp) 9672 T+ 572 ) 8 =mb). (A8)

L GG e
Praz ()= 644/dxx<2+X><1—x>3<s—mi>3+19"§b2<“ >/ g

J mstag) dxx(x D+ 3)(s i)+ 14D GGy 2
82 /., 72
mb(ss> a,GG ! (1-x)(20—34x—13x%) ~
= dxx(x D@Bx—1)(s— b)+<T)/ d 115272 (s—mmy)
_m, mb(ss) a/SGG / x)(Sx 1) o qmb(qq) asGG / (x— 1)(x+3) .
14472 ) g Obmmy) - ) O(s — fiy)
3 v(qq) a,GG / SmY(ss) a,GG /
44 ) dxxo(s — mh) 576 ) dxxo(s — mb)
my(35850Gs) my(qgs0Gq)
7128 5 d x(68x — 47)+7192 5 dxx(29x 11)
5(<éq><§gsGGS>+<SS><qg50Gq>) 2 <sgSUGS><qgsGGq> ( 13S>
+ i3 o(s—my)+ 57672 37— 372 o(s— mb) (A9)
2 2
where i} = @, X = iy
X s
With the following simple replacements,
0 0 ~0
Pjiacp(8) =Pjacp($) +Pjocp(s),
p.},QCD(S) _’p},QCD(S) +f~);’,QCD(S)a (A10)

we obtain the corresponding QCD spectral densities for the currents with covariant derivatives, with the corresponding
additional terms:

Placn($) =01 4, (), P21 4, ()5 P25 0, (), P12, (), BY 2,(9), P255,(5),
Piacn($) =LA, (), Py a, ()5 PLoa (), pLz (), Pl 2 (), Plaz (9), (A11)

~0 <0
P1 Ah(s) Z,D%’Eh(s) |m,\—»0,(&&)—><tjq>,(Sg,\O'Gs)—><Qg,\0'Gq) s

0 -0
p%,l,Ah(s) =P;,1,gb(s) |ms—>O,(§s)—>(éq),(§g\(er)—>(ég,o'Gq) s
/N)(-%),Z,Ah(s) 2,5(%)’2,3“(5) |m&—>0,(§s)—>(éq),(§g\o'Gs)—>(ég&o'Gq) s (A12)
~1 <1

,01 ’](S) =,0%’5,J(S) |m,\—>0,(§s>—><tjq>,<§g,\0'Gs)—><Qg,\0'Gq) s

1
l

~ ~1
P11, (8) =P34 2, (8) lm,—0.455)(a9)(58.0G5)~(a8.0Gg) »

~1
Pg,z,A,,(S) =P 22,(8) ln.—0.(55)>49).(58.0Gs)>a8.0G) » (A13)
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0 3my, <a/5GG
i, 642

()=

myg mz(ss)<a/3GG>6( _mb)

)/ dx(1 —x)(s—mmy,) +

o(s—mp), (Al4)

3msmb<qgsUGq> / _ myps(58,0G5)(qgs0Gq)
- 64m? 3274

3 a,GG._ (! my(ss) a,GG
~1 _ s ~ myg
P%,gb(s) _W<N>L dxx(1 - x)(s — i) + 64 ( 20(s— )
3m(3g;0Gs) [ (5850Gs)GgsoGq) s 2
S =l e (l+ﬁ)6(s—mb), (A15)
1 - 1
-0 a/SGG / B msmp(5s) a;GG 2 3msmp{GgsoGq)
3= = dx(1 - - — - A - T 14 d
Pz,mb(s) 2567 2< ) x(1—=x)(s mb) 256 ( Yo(s p) + 25672 N X
mbs<sgscTGs><qgscTGq> 2
5 , Al6
[287% (s —mj) (Al6)
1 GG
Phaz (9 =55 & >/ dxx(1 = x)(1 +2x)(s — i)
ms(ss) a,GG / _y. . m(3s) a,GG 2
192 ) dxxo(s —imy,) + 756 4 Yo(s —my)
m(3g,0Gs) (5g,0Gs){qgs0Gq) < s ) )
—seesr =/ d 1—4x S(s—m2), Al7
25672 M1 =40~ 12872 3772 ) 0T mb) (A17)
1
-0 _ a,GG 9
Pinz,(8) =55 3¢ ) /x dx(x = 1)(9 +4x)(s — i)
msmp(3s) a;GG_ (! o 13mgmp(ss) a,GG
+T<—>/ duxd(s = ) = ——— (=) = m})
msmp{GgsoGq) / mb<sgs06s><qgs<TGq>( )
8x 5 Al8
5o ). 38472 gt 2 ) os—mp). (A18)
1 a,GG_[!
~1 _ s )
p%’z’ah(s) = 556,2 )/ dxx(x = 1)(11 4+ 2x)(s — i)
v(ss) a;GG 5 13my(ss) a;GG
10 ) / duexd(s = i) = —— 2= Y6(s —my)
mg(qgs0Gq) (580G s){qgs0Gq) ( )
o 77 d 4-— -2 s Al9
25672 X4 =2+ 38472 372 ) S5 = m)- (A19)
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