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Two bottom X, (6097)* baryons were observed in the final states AYz~ and A%z " in pp collision by
LHCDb collaboration, whose masses and widths were measured. In a 3P0 model, the strong decay widths of
two ground S-wave and seven excited P-wave X, baryons have been systematically computed. Numerical

3

results indicate that the newly observed %, (6097)* are very possibly £}, (37) with J* = 3~ or £},(37) with

2

JP =37 In particular, the ratios I'(£,(6097)* — Zifz°)/T'(£,(6097)* — Z;*2°) are different in these
two assignments. The ratios can be measured as an evidence of the two different assignments of =, (6097)*
in the future. In the meantime, our results support the assignments that £ and Z;* are the ground S-wave

¥, baryons with J© =1 and J” = 3T, respectively.

DOI: 10.1103/PhysRevD.99.034018

I. INTRODUCTION

There are two light u, d quarks and one heavy b quark in
2, baryons, and the two light quarks couple with isospin 1
inside. Four X; and =;* have been observed by the CDF
collaboration [1,2]. Their spins or parities have not been
measured by experiment, they are assigned as the ground S-
wave %, with J¥ =1 and JP = 3", respectively, in quark
models. The assignments need confirmation in more ways.
The widths of these baryons from Particle Data Group [3]
are given in Table I. Recently, the data has been precisely
improved by LHCb experiment [4].

In the same LHCb experiment, two bottom X, (6097)*
baryons were first observed in final states A)z~ and Az "
in pp collision. The masses and widths of the ¥,(6097)*
are measured

m(E,(6097)7) = 6098.0 = 1.7 + 0.5 MeV,
(2, (6097)") = 28.9 £ 4.2 + 0.4 MeV,
m(Z,(6097)%) = 6095.8 & 1.7 + 0.4 MeV,
I'(5,(6097)%) = 31.0 5.5 + 0.7 MeV.

The identification of heavy baryons provides an excel-
lent way to explore the structure and dynamics in baryons

[5-9]. Therefore, the identification of £,(6097)* is impor-
tant in the quark model. In Ref. [10], £,(6097)* were
explained as P-wave baryons with J© =3~ or J¥ =3~
based on a mass spectra analysis and a calculation of the
strong decay widths in a *P, model with a diquark picture.
In Ref. [11], Z,(6097)* were also explained as P-wave
baryons with J* =3~ or J® =3~ based on their strong
decay analysis in a chiral quark model.

As a phenomenological method, *P, model has been
employed to compute the Okubo-Zweig-lizuka—allowed
hadronic decay widths of hadrons after its appearance
[12—15]. Though the bridge between the phenomenological
3P, model and QCD has not been established, some
attempts have been made [16-18]. The 3P, model is also
capable of exploring the dynamics and structure of baryons
or multiquark systems. Recently, the approach has been
employed to study of the structure of charmed baryons
through their strong decays [19-23].

So far, whether there is a diquark cluster in baryons is
still unknown. It is necessary to study the strong decay of
%,(6097)* in the *P, model with three-body picture in
detail. In this paper, we will study the P-wave possibility of
¥,(6097)* and find out any signal in different assignments.

TABLE I. Widths of the ground %, (in MeV).
*zhangal @staff.shu.edu.cn State  J”  Width [3] Width [4] Decay modes
- 1+ +40 4.83 +£0.31 £0.37 0
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Furthermore, we will explore whether there is any possible
diquark evidence in P-wave X,. By the way, the ground
S-wave X, possibility of X, and Z; will be examined.
The work is organized as follows. In Sec. II, the 3P,
model is briefly introduced, some notations of heavy
baryons and related parameters are indicated. We present
our numerical results and analyses in Sec. III. In the last
section, we give our conclusions and discussions.

IL. *Py MODEL, SOME NOTATIONS AND
PARAMETERS

3P, model is also called a quark pair creation (QPC)
model. It was first proposed by Micu [12] and further
developed by Yaouanc et al. [13—15]. The basic idea of this
model assumes that a pair of quark ¢g is created from the
QCD vacuum with vacuum quantum numbers J7¢ = 0+,
and then the quark and the antiquark regroup with the
quarks from the initial hadron A to form two daughter
hadrons B and C [12]. For a bottom baryon, there are three
ways of regrouping shown in the following equations
[19,23]:

A(uyuy,b3) +Pluy, iis) = Bluy, up, ug) +C(bs.is), (1)
A(uyuz,by) +Plug. iis) = Bluy, by, ug) +Cluz. its), (2)
A(uyuy,by) +Pluy, its) = Blua, by, ug) +C(uy. iis), (3)
where uub (the constituent quark of initial baryon A) could

be replaced by ddb, and the created quark pair uii could be
replaced by dd.

8 (Pg + be — pa) MMiaMisMic

=2 SEAEBECZ Z Z Z Z

My, My, My, My, Mg Mgy Mg, m

X (LaMy, Si:Ms, |JIAMJ,A M(S1Mg S:M, |Sl2MS|2><JlgMJ,B S3M |JgM,, ) (L

(J1,M;, S3Ms,|JaM;, ) (L

In the P, model, the strong decay width I" of a process
A — B+ C follows [15]

1P|
r— H2WZ|MJL|2, (4)

A JL

where the partial wave amplitude ML is related to the
helicity amplitude M™M7aM15Mic via the Jacob-Wick for-
mula [24]

e - V2LHT

=371 > (LOIMy,|TaM,y,)

My My,

x(JgMy,J M, |IM; YMMMisMic— (5)

with J =Jpg+Jc, Ja=Jp+Jc+ L and M; =M, +
M. In Eq. (5), the conservation of the total angular
momentum and the angular momentum of light quark
freedom is indicated explicitly in the process, which is a
natural result of the heavy quark effective theory.

In Eq. (4), p is the momentum of the daughter baryon in
A’s center of mass frame,

51— VI = G = me o = (ma ]

|p| = m,

my and J, are the mass and the total angular momentum of
the initial baryon A, respectively. mpg and m are the masses
of the final hadrons. MMuMssMic is the helicity amplitude,
which reads [19-21,23]

My, LMy, |LaMy,)

Pa

My, LMy, |LgMy,)

PB

X <LBMLBS14MS14|JIBMJIB><S1MSIS4MS4|Sl4MS14><1m; 1 —m|00)(S4Ms,SsMg, |1 —m)

X <LCMLCSCMSC |JCMJC> <521V15255MS5 |SCMSC> (

The factor 2 in front of y results from the fact that Eqs. (2)
and (3) give the same final states.

In the equation above, the matrix (p5* 9%’ |ph?? o)
of the flavor wave functions ¢; (i = A, B, C,0) can also be
computed in terms of a matrix of the isospins as follows
[15,20]

(0502 o) = FUMIN LI (8)

with

143 25, 123 45\ Miom -
A T (T >IM2’;’MLC(p). (7)

f'(IA;IBIc> — f (_])113+Ic+1A+12

X

N[ =

1/2
(2 +1)(205 + 1)]
113 IB 14
X{Ic I, IA} ©)

where f takes a value (2)/2 or —(4)!/? due to the isospin 1
or 0 of the created quarks, respectively. 14, Iz and I,
represent the isospins of the initial baryon, the final baryon
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and the final meson. /,,, I3 and /, denote the isospins of
relevant quarks, respectively.
The space integral follows as,

MLA,m

ittt (P) = [ dbidpadpadpads
X 8 (Py + Do + D3 — Da) (Pa + Ds)
x 5%(P1 + Da + D3 — D)8 (P2 + Ps — Pc)
X W5(P1. Par P3)YE(P2. Ps)

I ps—D
X‘PA(Pth,Pz))’m( 42 5) (10)

with a simple harmonic oscillator (SHO) wave functions
for the baryons [20,25,26]

lp(ﬁ) = Nlpn,,L/,MLp (ﬁp)lpn/lL}vMLA, (ﬁi)s (11)

where N = 3i represents a normalization coefficient of the
total wave function. Explicitly,

. 1) (=)L 2n! D\ L p?
‘PnLML(p):( ;352 i F(n+nL+%) <§) exp<_2p_ﬂ2)

xLL“/Z(f)Y (Q,) (12)
n ﬂ2 LM \>%p

where LI,;H/z(%j

tion, and Y, (Q,) is a spherical harmonic function. The
relation between the solid harmonica polynomial y,,,(p)
and Yy, (Q5) 18 y1,(P) = |P|“Y 1y, (€,). In the above

) denotes the Laguerre polynomial func-

equations, Jacobi coordinates p and 7 [27] were employed.

Notations and internal structures of the heavy baryons in
quark model are explained in Refs. [19,22,23,28,29]. In this
model, there are two S-wave and seven P-wave X, baryons
through a symmetry analysis with color, flavor (or isospin),
spin and space. In other quark model, the structure and
dynamics in baryons may be different. In fact, the differ-
ence is an indication of the complexity of baryon.
Accordingly, the numbers of P-wave X, may be different
in other models. For example, there are five P-wave X,
baryons in Refs. [10,11,30-32]. For a practical calcula-
tion’s purpose, the quantum numbers of two 1S-wave and
seven |P-wave X, baryons are presented in Table II.

In this table, L,J denotes an orbital angular momentum
between the two light quarks, L, denotes the orbital angular
momentum between the bottom quark and the two light
quark system, and L is the total orbital angular momentum
of Lyand L, (L = L, + L,). S, denotes the total spin of the
two light quarks, J; is the total angular momentum of L and
S, (J; =L +S,),and J is the total angular momentum of

the baryons (J =J;+14). For £}, a superscript L is

TABLE II. Quantum numbers of 1S-wave and 1P-wave ex-
citations of X, baryons.

N Assignments J J; L, L, L S,
1 221(%+) % 1 0 0 0 1
2 %@y 3 100 0
3 21‘70(%‘) % 0 0 1 1 1
4 Ty oy 10
5 =, (3) 3 1 0 1 1 1
6 222(%‘) % 2 0 1 1 1
7o) 3 2 0 1
S S R
o S 3 1 1 0 1 0
TABLE III. Masses of mesons and baryons involved in the
decays [3].

State Mass (MeV) State Mass (MeV)
zt 139.570 z, 5815.64
° 134.977 pong 5810.55
A 5619.58 X 5834.73
A9(5912) 5912.2 bs 5830.28
AY(5920) 5919.92 2 (6097) 6095.8

- - %, (6097) 6098.0

specialized to denote different total angular momentum.
The tilde indicates L, = 1, and the blank indicates L, = 0.

Masses of relevant mesons and baryons involved in our
calculation are presented in Table III [3,4].

Some parameters are chosen as follows. The dimension-
less pair-creation strength y = 13.4. The f; , = 600 MeV
in the S-wave baryon wave functions are fixed through the
measured data of the ground X, and X;. The f§;, =
400 MeV in the P-wave baryon wave functions are chosen
as those in Refs. [19,20,33-35]. The R =2.5 GeV~' in z
wave functions. To account for the uncertainties from f3, the
results from 3, , = 400 + 100 MeV in the P-wave baryon
wave functions are also calculated and presented.

III. NUMERICAL RESULTS
A. Decays of X, and X;

TF and Z;* were first observed in the final states A)z™*
in pp collision by the CDF collaboration [1], and were
interpreted as the lowest-lying ¥ and X;* baryons with
JP =1 and 3", respectively, according to their decay
widths and masses. Az is the only decay mode of £, and
%", and Az~ is the only decay mode of =; and =;~. In the
3P, model, the hadronic decay widths of these four
observed I into AYz* in two S-wave and seven P-wave
assignments are computed and presented in Table IV, where
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TABLE IV. Decay widths (MeV) of £ and Z;* into A)z* as
1S-wave states or 1P-wave excitations.

N %,,(0") X z; it e
1= 454 5.29 8.95 9.74
2 3,3 454 5.29 8.95 9.74
3 xl,d) 8199 88.00 10509  110.23
4 %,67) 0 0 0 0
5 2};1(%_) 0 0 0 0
6 x,37) 002 0.02 0.03 0.03
7 s,3) 002 0.02 0.03 0.03
8 i11;1(%_) 0 0 0 0
9 iél(%_) 0 0 0 0
t

B 97587 49+ 11 1LSEINY TS

a “0” indicates a vanish decay channel. In comparison with
experimental results (see Table I), our numerical results
support the assignments that i and ¥ are ), (57) and
%), (37), respectively. ¥, and ¥; are very possibly the
ground S-wave X,, where there is no A or p excitation
inside.

B. Decays of Z,(6097)

As pointed out in the second section, there are seven
P-wave X, baryons. The masses of low-lying bottom
baryons have been systemically predicted in many refer-
ences such as [29-32]. If £,(6097)* are P-wave X,
baryons, there exist five possible Okubo-Zweig-lizuka—
allowed hadronic decay modes. The five channels are :
Nr*t, =20, 520, AY(5912)7%, and A)(5920)z*. The
strong decay widths of X,(6097)~ into these five channels
are calculated in seven different P-wave assignments, and
presented in Table V. The results of £,(6097)" are similar
to those for £,(6097). In the table, the decay widths from
B, =300 MeV to f; , =500 MeV are given, while the
ratios in the final volume are given at a centered
P, =400 MeV.

In the calculation, %, and X are set to the ground S-wave
%), (A7) and X),(37) as indicated in previous subsection.
A9(5912) and A9(5920) were observed in A)ztz~ in pp

collision by LHCb [36], and interpreted as the orbitally
excited A;°(5912) and A;°(5920) though their exact
assignment as the P-wave A, has not been made. For
simplicity, A)(5912) and A)(5920) are set to A,(3~) and
Ay(37), respectively.

Based on numerical results, £,(6097)* are very possibly
2,(37) or £},(37) where there is no p-mode excitation
inside. Under theoretical uncertainties, the total decay
widths (I'~ 17-21 MeV) are consistent with the exper-
imentally measured ones by LHCb. In both assignments,
A)n* are their dominant decay channels with branching
fraction ratios ~48-76%.

The decay widths into fz° or Z;*2° are small in
%,(37) or £},(37) assignment. However, the branching
[(Z,(6097)* > x")
T'(Z,(6097)"—X;*2")
these two different assignments. If £,(6097)* are X}, (37),

fraction ratios R = are largely different in

£ 3+ 0
the branching fraction ratios R = %&_};{;})} ~1.7;If
%,(6097)* are X},(37), the branching fraction ratios

r 5, (5097)i->zbin0

R=r ~ 0.5. In particular, these ratios depend
Zp

(6097)% x50

weakly on the parameters in the 3P, model and can be
employed by experiment to distinguish %},(37)
from X},(37).

Through Tables II and V, only £},(17) or £},(37) has
vanish A,z mode. Obviously, the observation of A,z mode
is an indication that the two light quarks in the ¥,(6097)*
state may couple with spin S, = 1. That is to say, a bad
diquark is possibly located in X, baryons.

IV. CONCLUSIONS AND DISCUSSIONS

There are two ground S-wave and seven excited P-wave
Y, baryons. The Okubo-Zweig-lizuka—allowed strong
decay channels of these X, baryons have been given,
and their widths have been systematically computed in the
3P, model.

A)n* is the only strong decay channel of £ and Z;*. In
comparison with experimental data, our theoretical results
support the assignments that X7 and X;* are the ground
S-wave ¥, baryons with J* = 1™ and J¥ = 3", respectively.

TABLE V. Decay widths (MeV) of X, (6097) as 1P-wave excitations. B = I'(Z;(6097) — AYz™) /T ga-

255, (J) A)m~ %,z ;i al A)(5912)n~ A)(5920)7~ Cotal B
z30) 132-317 0 0 2.02-5.48 2.92-7.98 145-321.93 97.0% 4
=,30) 0 67-129 0.20-0.30 3.98-9.96 1.43-3.61 81-135 0
=6) 0 0.16-0.4 61-115 0.99-2.49 3.58-9.02 72-119 0
2,3) 9.43-14.60 0.30-0.50 0.18-0.30 3.11-7.49 0.45-1.09 17.28-20.95 69% gy,
2,30) 9.43-14.60 0.15-0.2 0.28-0.40 1.70-3.08 2.69-6.53 18.02-19.5 75% 30
=G0 0 101-193 1.20-1.70 0 0 191-235 0
£.60) 0 0.99-1.6 91-173 0 0 168-213 0
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Channels AYz*, TFa% XZ;*z2% AY(5912)z*, and
AY(5920)z* are five possible strong decays for
¥, (6097)%. The observation of A,z mode is an obvious
indication that the two light quarks in P-wave bottom
baryons couple with spin S, = 1. Numerical results indi-
cate that X, (6097)* are very possibly 2},(37) or £},(37).
In these assignments, the decay widths I'~ 17-21 MeV,
which are consistent with experimental measurements
under theoretical uncertainties. A)z* are their dominant
decay channels with branching fraction ratios ~48-76%.

. _ T(%,(6097)*>xia")
The ratios R = TS, (60975 55 50

or X} ,(37) assignment. The measurement of these ratios by
experiments is possible to distinguish £},(37) from £, (37)
in the future.

are different in 2}, (37)

There are some uncertainties in the 3P, model. In
addition to the masses of the hadrons involved in the
decays, the strong decay widths depend on some param-
eters such as y and f. These uncertainties may result
in some large uncertainties of the predicted decay widths.
However, these uncertainties can be reduced largely
through the prediction of some branching fraction
ratios.
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