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1. Introduction

The excited states of Q. were discovered by the LHCb Collaboration. In 2017, five states,
Q.(3000), Q.(3050), Q.(3066), Q.(3090), and Q. (3119), were observed as narrow peak struc-
tures in the Z.K invariant mass distributions [1]. More recently, in 2023, two additional states,
Q.(3185) and Q.(3327), were observed [2]. The Q. states have attracted a lot of interest from
the theoretical community, and various studies have been carried out to understand the nature of
these states from the quark model and hadronic molecular perspectives. In this article, we make a
thorough study of the Q.(3119) state [3], one of these €. states, which is called as Q.(3120) in
PDG [4]. The mass and width of the Q. (3120) state are reported as !

Mg, 3120) = 3119.1 £ 0.3 £ 0.9"93 MeV,
)
T, (3120) = 1.1 £ 0.8 + 0.4 MeV.

In the study of Ref. [5] based on the molecular perspective, the mass of the Q. (3120) with J¥ = 3/2~

*

is reproduced as a molecular state from mostly the Z:K and Q;.

n channels, while the width is zero
because the decay channel is not included and the width of =, is ignored. Therefore, in our study

*

of Ref. [3], we introduce the d-wave Z.K channel in addition to the s-wave EZ[Z and Q7.

to evaluate the width of the Q.(3120) state.
Since it is interesting to understand the nature of the hadronic state, as an example, the Belle

n channels

Collaboration performed some tests on the molecular nature of the Q(2012) state, which was
reported as a new state in 2018 [6]. The Q(2012) state with J© = 3/27 is reproduced as a
molecular state from the Z*K and Qn channels based on the molecular picture, e.g. [7, 8]. The
experiment looked at the decay of the Q(2012) state into 72K, a signal of the Z*K component, and
determined the ratio for the decay rate into 72K versus EK [9]. The recent analysis [9] concluded
that the experimental data is consistent with the molecular interpretation of the Q(2012) [7, 8].

In this article, we also discuss the Q. (3120) state by the analogy of the Q(2012). We evaluate
the partial decay widths of the Q.(3120) into E.K and 7Z.K, which could be a measure of the
molecular component E;. K of the Q.(3120) state, since the information on the partial decay width
was useful for discussion on the molecular nature in the study of the Q(2012).

2. The ©.(3120) state based on the molecular picture

We assume that the Q.(3120) state has a spin of J¥ = 3/27 as in Ref. [5] and we take into
account three coupled channels to study the Q.(3120) state as

ELRK (). Qi (2. EK (3). ®)

The E:K and Q}n channels are in s-wave and the E.K channel is in d-wave. We solve the
Bethe-Salpeter equation
T=[1-VG]'V, 3)

Tn Ref. [2], the Q. (3120) width is changed to 0.60 + 0.63 MeV. We perform the calculations with the data of Eq. (1).
The conclusions do not change because our model has free parameters to fit the data.
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to obtain the scattering matrix 7" of the coupled channels. The transition potential V for each channel

is given by
F % F aqgn
V=l FF 0 Bag |- )
@G5, Baen O
with

1/2 2 2
Al (s,mk,mgc)

2+/s '

with the pion decay constant f = 93 MeV, and k°, k’° the energies of initial and final mesons

_ 1

0 70y. —
F = 4_fz(k +k ), don =

®)

respectively. The s-wave potentials between the Z%K and Q}n channels are taken from Ref. [5].
The d-wave potential is introduced phenomenologically as done in Refs. [7, 8], and has two free
parameters « and S to be fitted to the mass and width of the Q.(3120) state. The meson-baryon
loop function G in Eq. (3) is given by the diagonal matrix G = diag(G;). For the s-wave channels

i = E:K,Qfn, the G; is written as

3 1 - 1
Gi(V5) = / | M ©)

lil<gme. (27003 20i(§) Ei(§) Vs — wi(§) — E;(§) + i€

with w;(§) = \Jm? + G2, Ei(§) = \|/M? + G* and m;, M; the meson and baryon masses of the i

channels. For the d-wave channel, E.K, the G is written as

d3q (Q/QOH)4 ME 1
G': i = e e . 7
=k (V) /c7|<qmax (21)3 2wk (§) E=(q) Vs — wg(q) — E=.(q) + i€ @

The loop functions are regularized with the cut-off parameters gmax which are determined from the
experimental data.

We make a fit to the experimental data of Eq. (1), the mass and width of the Q.(3120) state,
by changing the parameters @, S and gmax. The parameters we determined are

Gmax = 674.6MeV, @ =2.6x10"MeV™3, B=2.0x10""MeV~>. (8)
With the parameters, we obtain the pole position at,
(3119.13 +i0.54) MeV. C)]

The width is then given by 1.08 MeV. We can see that the mass and width we obtained are consistent
with the values of the experiment. In Table 1, we show the couplings g; and the probabilities
we calculated for the Q.(3120) to different channels as well as those for the Q(2012) state. In
the Q. (3120) state, the E:K has the largest probability and it is around 63% and Q7 is around
10%. Therefore, we can say that the Q.(3120) is largely of molecular nature, and the =} K channel
mostly dominates. For the comparison with the results of the ©(2012) state, the couplings and the
probabilities of Q.(3120) are very similar to those of the 2(2012) state. It implies that Q.(3120)
state is an analogous state to the Q(2012) state.
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Table 1: The couplings g; for different channels in the Q. (3120) and (2012), and the molecular probabilities
EYe?
—g? —L for the s-wave channels. The numbers of Q.(3120) and Q(2012) are taken from Ref. [3] and Ref. [7],

G
ONs

respectively.
Q.(3120) Q(2012)
=K Q'n E.K 'K Qn EK
gi 2.06-i0.02 2.09-i0.01 —0.138 |2.01+i0.02 2.84-i0.01 —0.29
3G,
—g7 —* 0.63 0.10 0.64 0.16
s

3. Partial decay width of the Q.(3120) into the Z.K and nE.K

Here, we consider the mechanism for the Q.(3120) — Eil? — nE.K process as shown in
Fig. 1. We evaluate the partial decay width of Q.(3120) state into the 7Z.K channel by the analogy
with the Q(2012) — E*K — nEK process calculated in Ref. [8]. The mass distribution for the
Q.(3120) decay into the three-body decay nZ.K of the mechanism is given as

To. L hn o ke, (10)
dMiy (nE0)  (27)3 Mg, PRP7 'QemnKE L
with 1/2 2 2 2
p__ﬁ/ (MG, m%, My, (nEc)) 5 _AVA(M (7Be).m7, M2 ) an
K 21‘49C ’ " 2 Miny (7E.) '

and we can obtain the width I'o_ by integrating over Miny(7Z.). The amplitude to__, gz in
Eq. (10) is written as

1
t B.K = KE; '
Q.—nE.K = 8Q.,KE; Minv(ﬂ'Ec) - ME? - ll—‘gz/z

= 78, P> (12)

where the coupling go_ g=: corresponds to the value taken from Table 1. The coupling gz: »z,. is

given via the width 'z as
1 Mz,

FEI - E M:‘* géZ’ﬂEC ﬁfr, <13)
and we consider the enegy dependence of the width E. as
Mz q 3
FEZ(MinV(T(EC)) = m (T) Fon Q(Minv(ﬂ'EC) — My —MEC), (14)
mv —C on

with Ty = 2.25 MeV, the average width of E:* and E° from PDG, and

/ll/Q(Méz,mi,Méc) , V(Mm% M3 )
2 M=, 4= 2 My

(15)

4 —
don =

As for the two-body decay width for the Q.(3120) — E.K process, we calculate
1 Mz

—C

_ 2 o
2m Mg, 8a.5.k PR

(16)
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0.(3120) = -

c

(1]

K
Figure 1: The Q.(3120) — E’ZK — 18.K decay process. This figure is taken from Ref. [3].

where the coupling go_= g is the value taken from Table 1, and p’ is the K momentum for
Q. — E.K decay in the Q. rest frame.
As a result, we obtain the three-body decay width for the Q.(3120) — E:K — nE.K process
as
o,z 2k = 0.03 MeV, 17)

while the two-body decay width for Q.(3120) — Z.K process is found to be
ooz = 0.90 MeV. (18)

The total width I'q_, the sum of both widths, is around 1 MeV, which corresponds to the same as
the central value of the experiment, Eq. (1). Thus, we obtain that the fraction of .(3120) decay
into 7E. K versus that into Z.K is 3%. We find that this value is much smaller than that of the 72K
channel in the case of the Q(2012), where the analogous fraction is around 96% The difference
comes from the different bindings because of the interaction potential V for the Q.(3120) and
Q(2012) states. In the case of the (2012) state, the diagonal terms in the V matrix are zero, while
in the Q. (3120) state, they are finite and negative, which has extra attraction and produces a much
bigger binding.

4. Scattering length and effective range for the Q.(3120) and Q(2012)

Since the determination of a fraction, I'q__,z g = 0.03 MeV, is very challenging with the
present experimental errors, we calculate alternative observables here, such as the scattering length
and effective range, which are nowadays determined experimentally using correlation functions.
The scattering length and effective range of the different channels are written as [3]

1 877
L \f T (19)
i Vi j
1 0 81 s 1
0= N[ Ta @iy (20)

‘Eth,j

with \/Eth’ ; the threshold mass of channel j, u; the reduced mass of channel j, and k ; the momentum
of a particle of the pair in their rest frame. In Table 2, we show the results for the different channels
in the Q.(3120) and ©(2012) states. We can see that the values of the scattering length for the
different channels in the Q.(3120) and Q(2012) states are very similar. Therefore, we think that
these new magnitudes, in addition to the binding energy and width of the Q.(3120), should be
helpful to determine the nature of the Q.(3120) state.
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Table 2: Scattering length a; and effective range ro ; for the E;K and Q}5 channels in Q. (3120) state, and
for the Z*K and Qn channels in the (2012) state. Numbers are taken from Ref. [3].

Q. (3120) Q(2012)

[fm] = K Qin 'K Qn

a; | 1.45-i0.07 0.44-i0.09 | 1.69-i0.17 0.51—i0.09
roj | —0.08-i0.01 0.26+i0.01 | —0.37 —i0.01 0.25—i0.03

5. Summary

We thoroughly studied the Q.(3120) state, which was reported in the LHCb experiment in
Refs. [1, 2]. Based on the molecular picture, the mass of the Q.(3120) state with J© = 3/2 is
reproduced from the ;K and Q7 channels. The K state mostly dominates with 63%. We also
reproduced the experimental width of Q.(3120) by introducing the Z.K channel in addition to the
two channels. Furthermore, we calculated the partial decay widths of the Q. (3120) into Z.K and
nE.K, following a similar discussion on the molecular nature of the Q(2012). Since we found
that the decay width of the Q.(3120) into 7Z.K is much smaller compared to that of the Q(2012)
state, we calculated alternative observables, such as the scattering length and effective range. In
conclusion, we believe that the information on the scattering length and effective range, together
with the binding energy and width of the Q. (3120), could provide a more detailed information on
the nature of the €.(3120) state in the near future.
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