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Newly observed €2,(3327): A good candidate for a D-wave charmed baryon
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The newly observed Q. (3327) gives us a good chance to construct the Q. charmed baryon family. In this
work, we carry out the mass spectrum analysis by a nonrelativistic potential model using the Gaussian
expansion method, and the study of its two-body Okubo-Zweig-lizuka—allowed strong decay behavior.
Our results imply that the ©.(3327) is a good candidate of the Q.(1D) state with J* = 5/2%. We also
predict the spectroscopy behavior of other Q. (1D) states, which may provide further clues to their search.
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Very recently, the LHCb Collaboration observed two
new hadronic states, Q.(3185) and Q,.(3327), in the Ef K~
invarant spectrum [I]. Their resonance parameters are
given by

Mg (3185 = 3185.1 £ 1.72]4 £ 0.2 MeV,

Lo, (3185) = 50 £ 7550 MeV,

Mg (3307) = 3327.1 £1.2101 £ 0.2 MeV,

Lo (3327) = 20 £ 571° MeV. (1)

In this experimental analysis [1], LHCb also confirmed
the existence of the five narrow Q. states including the
Q.(3000), .(3050), 2.(3065), 2.(3090), and ©.(3119),
which were first reported in 2017 [2]. Furthermore, the
Q,(3000), Q.(3050), 2.(3065), and €,.(3090) states were
also confirmed by the Belle Collaboration via the ee™
collision [3], and by LHCb in the Q; — Q%(X)z~ —
EFK~n~ process [4]. Obviously, by associating these
excited states with the two 1S states Q.(2695) and
Q.(2700), these new observations of the . states give
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us a good chance to construct the €, charmed baryon
family.

There have been some theoretical studies focusing on the
Q.(3000), 2.(3050), 2.(3065), 2.(3090), and .(3119)
states, which suggest that these five . states are good
candidates of Q.(1P) or Q.(2S) [5-18]. For the newly
observed Q. (3185), its resonance parameter is close to that
of the ©.(3188) discovered by LHCb and Belle [2,3]. In
principle, we can treat the Q.(3185) and the Q.(3188)
states in the same procedures. These efforts have made
great progress in constructing the €. charmed baryon
family, where there are suitable candidates for the 1.8,
1P, and 2S states of Q. (see Refs. [19-22] for review
articles). However, our knowledge of higher states in the Q..
family is still lacking. Further efforts should therefore
be made.

Against this research background, the newly observed
Q.(3327) state is timely, since deciphering the nature of the
Q.(3327) may provide useful clues to establish the 1D
states of the Q. family, which will be a major task of
this work.

To achieve this goal, we perform the mass spectrum
analysis and the study of its two-body Okubo-Zweig-lizuka
(OZI)-allowed strong decay behavior. When performing
the mass spectrum analysis, we adopt a nonrelativistic
potential model [23,24] with the help of the Gaussian
expansion method (GEM) [25], which can promote the
accuracy of the calculation. Obtaining the mass spectrum of
the Q.. family is only one aspect of deciphering the property
of the Q.(3327). In the following, we should focus on its
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two-body OZI-allowed strong decay behavior. The numeri-
cal spatial wave function obtained by the mass spectrum
analysis can be used as input, by which we can avoid the
uncertainty of simply applying the simple harmonic oscil-
lator (SHO) wave function to deal with the spatial wave
function. In the concrete calculation of its strong decay
behavior, the quark pair creation model [26] is adopted,
which is an effective approach to estimate the partial widths
of the strong decay of the baryon. Later, we will briefly
present some details of the QPC model. In general, we can
finally suggest that the newly observed Q.(3327) is a 1D
state of Q. with spin parity quantum number J¥ = 5/27.
Taking this opportunity, we also give some further pre-
dictions of its strong decay mode, which can be used to test
this assignment. In fact, there are six 1D states of Q.. In this
work, their masses and two-body OZl-allowed decay
behaviors are predicted, which is useful for future searches
for them.

As a first step, we need the mass spectrum of the
singly heavy baryons. Here, a nonrelativistic potential
model has been adopted. The corresponding Hamiltonian
is [23,24,27]

2

where m; and p; are the mass and momentum of the ith
constituent quark, respectively. The last term, V;;, in Eq. (2)
denotes the quark-quark interaction, which is expressed by

3 h so(em) so(tp)
Vi =H" + HY? + Hy Y+ HE (3)
In Eq. (3), the first term is spin independent—i.e.,

2a, b 1
_ — .. —C. 4
U+2r,,+2 (4)

conf _ _ 7

i 3r

Here, the values ay, b, and C are the coupling constant of
the one-gluon-exchange (OGE), the strength of the linear
confinement, and the renormalized mass constant, respec-
tively. The remaining parts of Eq. (3) are spin-dependent
potentials, including the hyperfine interaction H?jyp, the

color-magnetic term H‘?;'(Cm)

so(tp)

, and the Thomas-precession

piece H;; "', which are written as
20 |87+ 1
hyp __ s
Hj" = Imm; [?5(717)51‘ °S; +7jS(r,si,sj)} (5)
Hso(cm) o 2as Fij XPi - S _ Lij XPj"S;
D o .
ij i Y
_rinPj'Si—rinPi‘Sj)’ (6)
mimj

TABLE 1. The parameters involved in the adopted potential
model.

System a, b (GeV?) o (GeV) C (GeV)
E./E. 0.548 0.144 1.732 —0.711
Q. 0.578 0.144 1.732 —0.688
Meson 0.578 0.144 1.020 —0.685

myq = 0.370 GeV, m; = 0.600 GeV, m, = 1.880 GeV

and
ole) _ L OHP™ (v X pi-s; 1y XP;s; (7)
& 2r[j 0}’,-/- le m? '

The Gaussian smearing function S(ri ;) and tensor operator
S(r,s;,s;) in Eq. (5) are defined as

3
o 22 3Si'riij'rij
S(rvsi’sj> = rz'
L

—S,-'Sj,

(8)

. . . (Ié .
respectively. For the quark-antiquark potential V" in the

meson system, we simply take Vi = 2V, since the color
factor of the quark-(anti)quark within a meson is exactly
twice that of the baryon system.

It is convenient to use the p mode and A mode to
distinguish the different excited modes of the singly

charmed balryon.1 The basis

[IM) = H[Sqlsqz]s,, [npnlllpli]L]jfsQ]JM> )

is used to calculate the masses of singly charmed baryons.
Here, s, and s,, are the spins of the light flavor quarks,
while s, is the spin of the heavy flavor quark. The value s,
in Eq. (9) denotes the total spin of the two light flavor
quarks, while n,,; and [,/ are the radial and orbital
quantum numbers, respectively. L is the total orbital
angular momentum of the system, and j, stands for the
total angular momentum of the light degree of freedom.

In this work, we employ the GEM [25] to solve the
Schrodinger equations of the mesons and singly charmed
baryons. In our calculation, the values of a, b, o, C, and the
consistent quark masses in the quark potential model are
constrained by the well-established mesons and charm
baryons. The concrete values of the parameters are listed
in Table 1.

The numerical results of the mass spectrum of a singly
charmed baryon are shown in Fig. 1. So far, all observed

"The p mode denotes the excitation between two light quarks
(g1 and g,), while the 1 mode represents the excitation between
the light quark cluster and the heavy quark (Q).
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FIG. 1. The calculated mass spectrum of the . and the

comparison with experimental data. The short lines represent
the calculated results, while the blue points are obtained from
the experimental data taken from the Particle Data Group
(PDG) [37]. The newly observed Q,(3327) [1] is marked by the
red point.

singly charmed baryons belong to the A-mode excited
state [28,29], which is the reason why in this work we
mainly focus on the assignment of the A-mode exited
state to Q.(3327). Thus, six of the 2-mode 1D Q. states
are Q. (1D,1/2%), Q. (1D,3/2%), Q,(1D,3/2"),
Q,(1D,5/2%), Q;s(1D,5/2%), and Q4(1D,7/2%),
where the subscripts 1, 2, 3, denote the j, quantum number
of the corresponding states. The same notation is also
applied to denote other Q. states in Table II. Here, most of
the calculated results are in good agreement with the
experimental data. In this way, we test the feasibility of
the adopted potential model used to represent the mass

TABLEIIL. The comparisons of our calculated mass spectrum of
a Q. charmed baryon with the results from other theoretical
groups.

This

States PDG [37] work Ref. [30] Ref. [31] Ref. [27]
Q.(18,1/2%) 2695 2699 2698 2699 2731
Q.(28,1/2%) 3206 3088 3150 3227
Q.(18,3/2%) 2766 2758 2768 2762 2779
Q.(28,3/2%) 3246 3123 3197 3257
Quo(1P,1/27) 3034 2966 3057 3030
Q. (1P, 1/27) 3024 3055 3045 3048
Q. (1P,3/27) 3059 3029 3062 3033
Q,(1P,3/27) 3057 3054 3039 3056
Q,(1P,5/27) 3077 3051 3067 3057
Q. (1D, 1/2%) 3301 3287 3304 3292
Q. (1D,3/2%) 3305 3282 3313 3285
Q,(1D,3/2%) 3318 3298 3304 e
Q,(1D,5/2%) 3319 3286 3314 3288
Qs(1D,5/2%) 3309 3297 3304 3299
Q;(1D,7/27) 3317 3283 3315

spectrum of a singly charmed baryon. Furthermore, in order
to refer to the details of the €. mass spectrum, we also
collect our results and make comparisons with those of
different theoretical groups in Table II, and similar results
have also been obtained in Refs. [27,30-36]. We find that
the mass of the newly observed Q.(3327) is close to the
calculated mass range of the Q_.(1D) states, suggesting that
the ©,.(3327) can be a good Q.(1D) candidate. However,
since the mass splits of the six Q.(1D) states are too small,
it is difficult to determine the spin-parity quantum number
of the Q,.(3327) directly from this mass spectrum analysis.
We need to further unravel its nature by investigating its
two-body OZI-allowed strong decay behaviors.

In this work, the quark pair creation (QPC) model
[26,38—41] is employed to calculate the strong decays of
the Q. (1D) states. The QPC model has been widely used to
study the strong decays of the singly charmed baryons
[13,14,28,42-58]. The transition operator of the QPC
model is

T = —3)/2(1, m; 1, —m|0,0) / &*p,d*p,8(p; +p;)

<y ("’2 ol a8l w0 w). (10)

where w, ¢, y, and Y are the color, flavor, spin, and spatial
functions of the quark pair, respectively. The values blT and
dj- are the quark and antiquark creation operators, respec-
tively. The dimensionless parameter y describes the strength
of a quark-antiquark pair created from the vacuum, which is
fixed as y = 9.58 by fitting the experimental width of the
>%(2520) state [37]. The partial wave amplitude for a decay
process A — BC with relative spin Spc and orbital angular
momentum L g between BC could be expressed by

Mg (p) = (11)

where p is the momentum of the final-state B. The partial
width could be calculated by

(BC. Lyc. Spc. p|TIA).

5 VM4 PP Me+p?
My

FLBCSBC

LypcS
A—BC P|MA[fB£éC(P)|2'

(12)

In the calculations of meson decays [40,41,59,60],
it is convenient to employ the simple harmonic oscillator
(SHO) wave functions to depict the spatial structures of
hadrons—i.e.,

_1\n _il i
Rin(p#) = U [ s

)
X e Z/XZPZYlm(QP)’

(13)

where n, [, and m represent the radial, orbital, and magnetic
quantum numbers, respectively. The f value in Eq. (13) is a
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TABLE III. The g values (in units of GeV) of these involved mesons and singly charmed baryons.

States B, b States b States B, b

E.(1S) 0.304 0.384 E.(1S) 0.252 0.384 Q.(1S) 0.288 0.420
. e e Ei(1S) 0.243 0.358 Qi(1S) 0.275 0.389

E.(25) 0.262 0.207 E.(25) 0.214 0.210 Q.(25) 0.230 0.231

e o B =:(29) 0.217 0.201 Qi(29) 0.236 0.218

E.(1P) 0.278 0.258 E.(1P) 0.229 0.258 Q.(1P) 0.257 0.279

E.(1D) 0.267 0.201 E.(1D) 0.219 0.199 Q.(1D) 0.244 0.212

=) 0.287 0.317 Pr = 0409 Bi5115,) = 0402 fr = 0.385

=* 0.258 0.265 pp = 0.357 pp- = 0.307

parameter for scaling the SHO wave function, which could
be calculated from the GEM. By solving the Schrodinger
equations with the GEM, one could obtain the spatial wave
function ¢;/,n2 I limpmA@,/l), which is the summation of a
series of Gaussian wave functions. Since a singly charmed
baryon contains two spatial degrees of freedom, two S values
(B, and p,) are introduced in the SHO wave functions to
reduce ¢, ,ﬂnpnu(p,ll), which can be extracted with

1

F: / |¢:r1/,n;l,,14m,)m4(/” l)|2p2d3pd3/1,

14

1

ﬁ_Zz / |¢Zﬂnxlplﬂmpml(p,/1)|212d3pd3l. (14)
A

Here, the formula for calculating the f# value is slightly
different from that in Refs. [59,60], but the calculations for
the decay widths of singly heavy baryons [14,28,43-45,58]
suggest that this scheme is also an effective approach. Then
the spatial wave functions could be written by the following
approximation:

Z,,nAz,,zlm,,nl},(.”al) ~ RZ,,Z,,m,, (ﬁp’P)R;},zlml (Bis4).  (15)

Since it is convenient to calculate decay widths in the
momentum space with the QPC model, we transform the
wave function into the momentum representation—i.e.,

Z/,m-l/,l,lm(,m,l (P, P2~ Ry, m, (8B, P/))jolimﬁ. (Br-p2). (16)

With preparations above, we calculate the f values and
present them in Table III. There are six 1D states of the Q.
charmed baryon, as shown in Fig. 1. The mass spectrum
analysis only shows that the newly discovered Q.(3327)
has a relation to the 1D states of Q... The information of the
total and partial decay widths of six Q.(1D) charmed
baryons is crucial to decoding the nature of the ©.(3327).
In this subsection, we focus on the study of the partial
decay widths of these discussed Q. (1D) charmed baryons.

In Table IV, we list the calculated partial and total decay
widths of six 1D states of Q. and make a comparison with
the experimental data of the ©.(3327) [1]. We should note

that the masses of the six 1D states of €. are assumed to
be the mass of Q.(3327) for ease of comparison. We find
that the measured width of the ©.(3327) is very close to the
obtained total decay width of the Q. ;(1D,5/27) state. In
addition, the E,(2470)K channel has the largest contribu-
tion to the total decay width, which can be reflected by the
corresponding branching ratio

BR[Q;(1D,5/2%) — E,(2470)K] ~ 55%,  (17)

which also explains why the Q.(3327) was first observed
in its £ (2470)K~ channel. Thus, according to this study,
we may conclude that assigning the Q.(3327) as the
Q(1D,5/2%) state is suitable. If the Q.(3327) is the
Q.(1D,5/27) state, the partial widths of the Q.(3327)
decays into Z.(2580)K, ED, E:(2645)K, and E.(2790)K
are sizable. In Ref. [61], the decay widths of the Q.(1D)
states were predicted by the chiral quark model. According
to the numerical results of Ref. [61], the ©.(3327) is also
consistent with the Q.(1D) assignment.

We should introduce the decay behaviors of the other
two 1D states of Q.. Here, Q. (1D, 1/27%) is a very broad
state, where ZD and Z.(2790)K have dominant contribu-
tions to the width of Q. (1D, 1/2%). Although the total
decay width of Q. (1D,3/27) is close to that of
Q. (1D,3/27), their decay behaviors are different. Here,
E.(2815)K and ED are the dominant decay modes of
Q. (1D,3/2%) and Q. (1D,3/2"), respectively. The
Q,(1D,5/27) cases have a total width of 60.5 MeV,
coming mainly from the ED, E;(2645)K, and ED*
channels. There exists Q.(1D,7/2%), where ED is the
dominant contributor to the total decay width and
E.(2470)K is sizable. This obtained decay information
is valuable for further experimental searches.

In reality, the mixing between Q. (1D,3/2") and
Q. (1D,3/2") can happen—i.e.,

( 1Q.(1D,3/27),) )
|Q.(1D.3/27),)

[ cosO sin6, Q. (1D,3/27)) 8
_<—sin91 cos91><|902(11),3/2+)>>' (18)
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TABLE IV. The partial and total decay widths of the -mode excited Q.(1D) state in units of MeV. The forbidden couplings are
denoted by the symbol “x.” The number “0.0” implies that the partial decay width is less than 0.1 MeV. Here, we do not consider the
mixture between Q. (1D,3/2%) and Q,,(1D,3/2") or the mixture between Q.,(1D,5/2%) and Q.3(1D,5/2"). When presenting
these decay behaviors, the masses of these six 1D states of Q. are from the experimental mass of Q.(3327).

Decay channels Q. (1D,1/2%7) Q. (1D,3/2%)

Q.(1D.3/2%)

Q.(1D.5/2%)  Q4(1D.5/2)  Q4(1D.7/2%)

B, (2470)1_( 2.7 2.7
Z.(2790)K 125.0 0.5
2.(2815)K 0.0 114.1
2/(2580)K 3.9 0.9
E:(2645)K 2.7 6.7
Q.(2695)n 04 0.1
Q.(2765)n 0.0 0.0
E 244.9 153
ED* 5.6 16.3
Total 385.2 156.6
Exp.

X X 13.4 13.4
1.1 04 3.6 0.0
0.0 0.1 0.0 0.3
8.7 2.6 3.0 1.7
5.2 15.8 2.2 3.0
1.0 0.0 0.0 0.0
0.0 0.1 0.0 0.0
137.8 313 22 80.6
3.8 10.2 0.0 0.0
157.6 60.5 244 99.0

204518 1]

Here, Q.(1D,3/2%), and Q.(1D,3/2"), are two physical
states, where the subscripts a and b are applied to
distinguish the physical states with lower and higher
masses, respectively. €, is the mixing angle, which can
be estimated to be zero in the limit of the heavy quark mass

Q.(1D,3/2%), Q.(1D,3/2*
240 (1D 3/27), 240 (1D, 3/27)
200 F 200 F
E 160 k 160
S 120 120F-
V20815
2 sof N A A
a0k A a0k /,/ \\\ =D /v\".
0 N ‘.I . N N N 0 N N ~ N /I N ‘-b B
90 -60 -30 0 30 60 90 90 -60 -30 0 30 60 90
18
[ S
~ 15 \\ =/(2580)K \/
> 12+ E:(2645)K
b= / x;
2 L
=) \ N
=l \\ N
=z Q470K ¥
3o
P S S N S
90 -60 -30 0 30 60 90 90 -60 -30 O 30 60 90
0.03 T T T T T 0.03 T r
_ 002} 1 002}
< 2N
Q /, \\ \\ /
z , . - /
0.01f I/ \\ 1 0.01f \\ J
/I \\\ \\\ ,Il
// \\\ \\ /
0'0(—)90 -60 -30 0 30 60 9000990 60 30 0 30 60 90

61(%) 61

FIG. 2. The decay widths’ and branch ratios’ dependence on
the mixing angles for Q.(1D,3/2%), and Q.(1D,3/2"),. The
masses are taken from the measured mass of Q,.(3327) [1]. Some
small widths are not shown here but are still counted in the total
widths.

mgy — [9,45]. Note, however, that the charm quark mass
is not heavy enough. Thus, the mixing angle 8, is not zero
in a realistic situation. We take a range of mixing angle
—90° < 6, <90° to discuss the dependence of their total
and partial decay widths on the mixing angle, which is
shown in Fig. 2.

Qc(1D,5/2%)q

Q:(1D,5/2%),

80 ————— 80
~ 60} 60
>
3
S o} 40}
2
= a0f . 20F ,
"4_,. s (2545)1{ N S \ ,_/'
q90 60 30 0 30 60 90 (—)90 -60 -30 0 30 60 90
15 T T T T T 18 T T T T
~ ED* - [~ == = E(2470)K
N ’ . ENQ2645)K
. \ E24700K / // 15 -
L SRV A A
s v // \\ K
E \\\ / \ ' 9
= — / ,\H (2790)K]
g SN ERSS0R N 6
\ / 3
‘-/{\ 1 o8p .
7/ . E. L
0 1 o 0 Y Y 1 ) e |
-90 60 30 0 30 60 90 90 -60 -30 0 30 60 90
0.8 T T T T T 0.6 T —— T T
III \\\
0.6} R PN
- . ST 041 ! \
g N / ,1 \
@ 041\ /! 1 / \
& \ / K \
\ / 02} / \
02F N ] K \
0990 60 30 0 30 60 90 0990 60 30 0 30 60 90
6:(%) 6:(%)
FIG. 3. The decay widths’ and branch ratios’ dependence on

the mixing angles for Q.(1D,5/2%), and Q.(1D,5/27),. The

conventions are consistent with those in Fig. 2.
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There is also a mixture between Q.,(1D,5/2") and
Q.(1D,5/27), which is written as

< |Q.(1D.5/2%),) )
1Q:(1D.5/2%),)
cosf, sinb, |Q,(1D,5/27%)) 19
<— sin 0, cos92> < |Q.(1D,5/2%)) ) (19)
In this paper, we also show the dependence of their decay
behavior on the mixing angle #, as given in Fig. 3. Since
this mixing angle cannot be fixed by experimental data or
theoretical input, we have to stop the discussion on the
strong decay behaviors of these four mixing states.

In summary, stimulated by the observation of the Q..(3327)
from LHCb [1], in this work we decipher its nature by
carrying out the analysis of the mass spectrum analysis and
the calculation of the two-body OZI-allowed strong decay.
Our result shows the possibility of assigning the .(3327) as
a 1D state of Q., which has the spin parity quantum number
JP =5/2%. We also notice a detail of its partial decay widths
under this assignment, where Z,.(2470)K is its main decay
channel in our calculation, which can naturally explain why
the Q.(3327) was first observed in this decay channel. As a
byproduct, we also predict the decay behavior of the other five
1D states of Q., which are still missing in the experiment.

Obviously, the present study can provide some clues for their
future exploration.

The study of this work opens a window for the
construction of the 1D states of charmed baryons. With
the accumulation of experimental data in LHCb and
Belle II, we have a reason to believe that further exper-
imental progress will be made. For the discussed
Q.(3327), the measurement of its spin parity quantum
number and the observation of its other decay modes are a
crucial step to establish the Q.(3327) as the 1D states of
the charmed baryon, which will be a new task for
experimentalists.
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Note added.—In a recent paper on the Q.(3327) in arXiv
[62], the authors tried to explain the .(3327) as a 1D state
of the Q, with J¥ =3/2%, which is different from our
assignment to the Q.(3327).
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