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Molecular nature of the Q.(3120) and its analogy with the €2(2012)
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We make a study of the Q,(3120), one of the five Q,. states observed by the LHCb Collaboration, which
is well reproduced as a molecular state from the 7K and Q5 channels mostly. The state with J¥ = 3/2~

decays to 2K in the D wave, and we include this decay channel in our approach, as well as the effect of the
E! width. With all these ingredients, we determine the fraction of the ©(3120) width that goes into Z,zK,
which could be a measure of the Z:K molecular component, but due to a relatively big binding, compared
to its analogous Q(2012) state, we find only a small fraction of about 3%, which makes this measurement
difficult with present statistics. As an alternative, we evaluate the scattering length and effective range of
the =; K and Q7 channels, which, together with the binding and width of the Q.(3120) state, could give us
an answer to the issue of the compositeness of this state when these magnitudes are determined

experimentally, something feasible nowadays, for instance, measuring correlation functions.

DOI: 10.1103/PhysRevD.109.054023

I. INTRODUCTION

The Q(2012) was reported by the Belle Collaboration in
Ref. [1] and stimulated much work from the theoretical
side, some of it from the quark model perspective, assum-
ing it to be a low-lying p-wave exited 3/2~ state [2-8], or
from the molecular picture generated by the interaction of
the K=*(1530) and 7€ channels, decaying to K= [9-15].
The molecular picture is reinforced by the fact that the
state was predicted before its experimental observation in
Refs. [16,17]. It also gets extra support since even using
quark models, a molecular structure was claimed in
Refs. [18,19]. The use of the Weinberg compositeness
condition also led the authors of Ref. [20] to advocate the
molecular character of the state.

In order to test the molecular nature of the ©(2012), the
Belle Collaboration conducted some tests, particularly look-
ing at the decay into KzZE, a signal of the KZ*(1530)
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component of the state. A first experiment [21] reported a
ratio smaller than 11.9% for the decay rate into KzZ versus
K=, which might challenge the molecular picture, although
not necessarily, as explained in Refs. [13,14]. However, a
posterior experiment [22] corrected this ratio and provided

REK = 0.97 +0.24 + 0.07, (1)

and it was concluded that this ratio is consistent with the
molecular interpretation of the Q(2012) given in
Refs. [9,11,12,20].

The basic idea on the molecular picture is that the
Q(2012) is a particular case of the interaction of the octet of
pseudoscalar mesons with the baryons of the decuplet of
the A(1232) [16,17].

Now we give a jump to the Q. states discovered by the
LHCDb Collaboration [23]. In this work, five states were
reported, Q.(3000), €Q.(3050), Q.(3066), €.(3090),
Q.(3119). More recently, two additional states have been
found, Q.(3185) and Q.(3327) [24]. The Q. states have
also raised a wave of interest in the theoretical community,
and, actually, many predictions about them and related
states had been done, some from the quark model point
of view [25-40], and others from the molecular perspec-
tive [41-44]. After the experimental discovery, work
followed with several works trying to explain the states
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from the quark model perspective [45-48], pentaquark
structures [49-54], and lattice QCD [55].

We follow here the molecular line and recall two inde-
pendent works on the issue, an update of Ref. [42] done in
Ref. [56] to the light of the experimental results [24] and
the work of Ref. [57]. Both of them use as input for the
interaction the exchange of vector mesons based on the
local hidden gauge approach [58-61] between several
coupled channels. There is only one free parameter, a
cutoff to regularize the loop functions, which is adjusted to
get the mass of one state. The mass of the other states and
the widths are then a genuine prediction of the models.
There is one difference between these works. In Ref. [56],
SU(4) symmetry is used to obtain the baryon wave func-
tions, while in Ref. [57], the wave functions involving a
c quark are taken, as in Refs. [26,62], isolating the heavy
quarks and imposing the symmetry of the wave function
on the light quarks. In Ref. [56], two €, states were
reproduced using as coupled channels pseudoscalar meson-
baryon 1/2% states, the Q.(3050) and Q.(3090) with
JP =1/27. In Ref. [57], the same states were obtained,
with practically the same properties, but in addition, an
extra state was obtained, the Q(3120), with J¥ = 3/2",
coming from the interaction of pseudoscalar mesons with
baryons of 3/2%, concretely the K, Q¢5, and Z* D, which
were not considered in Ref. [56]. The agreement of the
results of Refs. [56] and [57] for the two states Q.(3050)
and ©.(3090) is not accidental. Even if SU(4) symmetry is
used in Ref. [56], the important part of the interaction
comes from the exchange of light vector mesons in which
case, the heavy quarks act as spectators and one is in prac-
tice projecting over SU(3), and the two pictures coincide.
The two works of Refs. [56,57] conclude that the Q..(3120)
state is not obtained as a 1/2~ state, but in Ref. [57], the
state is obtained as a 3/2~ state. As mentioned above, the
coupled channels in this case are Z: K, Q:#, and Z*D, with
threshold masses 3142 MeV, 3314 MeV, and 3327 MeV,
respectively. The analogy with the Q(2012) is clear. In this
latter case, the coupled channels are Z*K, Q. There is
one extra channel, Z*D, in the case of Q.(3120), but this
channel plays a minor role in Ref. [57]. Indeed, the transi-
tion potential from ZE*D to E:K, Q!n is suppressed;
compared to that of Q}# to Z:K, the mass of the channel
is more than 200 MeV above the mass of the €.(3120)
and the Q. (3120) wave function at the origin in coordinate
space is almost 20 times smaller than that of the Z:K
channel. We shall neglect this channel in our study,
knowing that its small effect can be incorporated by small
changes in the cutoff parameter, which is fitted to the data.
Thus, the analogy of the ©(2012) and ©.(3120) is more
apparent. There is also another common feature: In both
cases, the state is not observed in any of the building
blocks; instead, the ©(2012) is observed in the ZK channel
and the Q.(3120) in the Z.K one. Both channels appear in
the D wave, and they do not have much relevance in the

structure of the ©(2012) and Q.(3120) states, but they
provide the largest source of the width of the states, which is
quite small, mostly due to the D wave character of the decay.

In the present work, we retake the case of the Q.(3120)
state, and, by analogy to what was done in Ref. [11], we
introduce the E.K channel in the D wave in addition to
the Z; K and Q7 channels in the s wave, conduct a fit to the
mass and width of the Q.(3120) state, and evaluate the
partial decay widths into Z.K and zZ.K. The width was
zero in Ref. [57] since the E.K decay channel was not
included, and the width of the E} was also omitted. At the
same time, we evaluate the molecular probabilities of =K
and Q7 and find about 63% and 10%, respectively, similar
to those of the E*K and Q channels in the Q(2012),
indicating a large molecular component of the Q.(3120)
wave function. The partial decay width into 7= K is found
to be small, of the order of 3%, much smaller than the
corresponding z2K one in the Q(2012) case, the reason
being that the =K is now more bound than the Z*K in the
case of the Q(2012), and the width of the E! is much
smaller than the binding energy of the XK component. In
order to find an experimental confirmation for the molecu-
lar structure of the Q.(3120) state, we evaluate the
scattering length and effective range of the Z:K and Q7
channels, which can be accessible in the future measuring
correlation functions, and recall the works of Refs. [63-66]
where it is found that the knowledge of the binding,
scattering length, and effective range of the coupled
channels that build up a molecular state can determine
with a fair accuracy the molecular probability of the state.

II. FORMALISM

We take the results from Ref. [57] for the transition
potential between the 2K and Q# channels and introduce
the D wave E.K channel phenomenologically, as done in
Ref. [11]. The potential is given by

=K Qi EK
F AF (xq2 0
V= R 2)
AE0 fa | Qo
g, Pdon O EK
with
1
F= —W(k°+k’°); f =93 MeV, (3)
/ll/z(s,m%-(,mé[_) A
9on = 2—\/5 ( )

and k%, k° are the energies of the initial, final meson. In
Eq. (2), a, f are unknown parameters, to be fitted to the
width of the Q.(3120) state.
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The scattering matrix between these three channels is
given by

T=[1-VG]V, (5)

where G is the diagonal matrix of the loop function for the
meson-baryon states, diag(Gz:k, Gg:y, Gz ), With

d*q 1
Gi(vs) = [
Gl<dm (27)° 2001(q)
M, 1
X — —, (6
Ei(q) Vs — wi(q) — Ei(q) + ie ©)
for the S-wave ZXK and Q75 channel, and
dq (g\* 1
G=x(v5) = [ —(—)
. i< (27)* \qon/ 20(q)
Mz 1
X (7)

Ez (q) /s — wg(q) — Ez (q) + ie’

for the D-wave E.K channel, where w;(q) = \/m? + ¢,
Ei(q) = /M? + g*, with m;, M; the masses of meson and
baryon in channel i. For the parameter ¢,,,,, we shall take a
value around 650 MeV, as in Ref. [57], fine-tuned to get
the right energy of the state. The parameters a, f will be
chosen to get the width of the ©.(3120) state. We have
from Ref. [23],1

Mg (3120) = 3119.1 £0.3 £ 0.907 MeV,
FQC(3120) =1.14+0.8+£04 MeV. (8)

In order to see the relevance of the E; decay width in the
width of the Q.(3120) state, we calculate the T matrix
including the E} self-energy in the loop. For this, we follow
the prescription given in Ref. [67], recommended when the
width of the particle is small, instead of the popular
convolution method used in Ref. [11], substituting the G
function for the Z;K channel by

s &#g 1 M
GE*_(\/E) :/ =c

. dl<gne (27) 205 (q) E=:(q)
1

X

V5 —0k(q) — Bz (q) + i T (V)

9)

where
s' = [Vs —wi(q)) - ¢, (10)
'In Ref. [24], the Q,(3120) width is changed to

0.60 £ 0.63 MeV, which overlaps with the results of Eq. (8).
We carry our analysis using the data of Eq. (8). The conclusions
of the paper do not change from using one or the other data.

and

= (4
FEf (Minv) = - <CIT) l—‘one(Minv — My = ME(,) ’ (1 1)
on

with M,,, = Vs’ the invariant mass of 72, Top =

2.25 MeV the average width of Z:* and Z:° from PDG, and

ALz (MZ.,m7, M%)

Gon = 2=, ,
_ MM, mz, ME ) 12)
1 2]Winv '

We also need to evaluate the couplings at the pole. For
that, we must use G in the second Riemann sheet

0, for Re(v/s) < /s,

(11) _
G, (Vs) = Gi(Vs) + { izlzl;[i}{?’ for Re(v/s) > /S
(13)

with /sy, ; the threshold mass of channel i, and

- M2(s,m?, M?)

k , Im(k) > 0. 14
NG m() > 0. (14
Only the Z.K channel goes to the second Riemann sheet at
the pole.
The couplings are defined at the pole as
gi9; = lim (Vs —./5,)T; (15
j= Jim (V= 5T, )

with , /5, the energy of the pole, which allows one to have
the relative phase of one coupling to another, with one of
them chosen with an arbitrary phase. We choose gz: ¢
positive. We evaluate the couplings neglecting the width
of the E}.

Once the couplings are evaluated, we can calculate the
molecular probabilities of the S-wave channels as

0G;
INCE
Finally, in order to evaluate the partial decay width into the

E.Kr channel, in analogy to Ref. [14], we evaluate the
amplitude for the diagram of Fig. 1 as

Pi=-g; (16)

1
o 2k2. = K=" = -
Qe k= gQ“K_C Minv(”:z?) - ME:. - ZFEZ/Z

gE:.,ﬂEl.ﬁﬂ7
(17)

where
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0(3120) = .

(4

K Ee

FIG. 1. Mechanism for Q.(3120) to decay into E.Kz via
primary decay into Z;K.

_ AP (MG (#B,), mz, M3 )

Pr= = : (18)
" 2Minv(7r:‘c)
with gz .= given using I'z: as
1 Mz
Ig = ——=¢& = P3. 19
5 = 2n iy, Ve P (19)

with I'z: given by Eq. (11).
The mass distribution for the three-body decay of the
mechanism of Fig. 1 is given by

dlg, 1 Ms

=) = piPalto rk= > (20
dM;, (2,)  (27)3 Mg, PkPxlto, ~xk=,| (20)

with

M2 (Mg, m%, M3, (2E,))

mv

2Mg ’

c

(21)

Pk =

and the integration over M, (7zE,) produces the width for
Q,.(3120) decay to 7KZE,..
The width for Q.(3120) — E.K decay can be obtained
from
1 Mz

=

/
=35- 9o = kP>
2 MQ[ Q.2 KK

(22)

with p/, the K momentum for Q. — E K decay in the Q,
rest frame.

III. RESULTS

We conduct a fit to the position and width of the
Q.(3120) state using Eq. (5) with the potential of Eq. (2)
and the G functions of Eqgs. (6) and (7) using the second
Riemann sheet of Eq. (13). We get a good fit to the data
with the parameters

qmax = 674.6 MeV,
a=26x10"8 MeV3,
p=20x10" MeV~—>. (23)

The pole position appears at

90

with [* ——
\ without 'z ————
80
70
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3110 3112 3114 3116 3118 3120 3122 3124 3126 3128 3130
\'s [MeV]

FIG. 2. |Tz:|* as a function of /s in the cases with I'z. and
without I's:, respectively.

(3119.13 + i0.54) MeV, (24)

implying a width of 1.08 MeV in agreement with the central
values of the experiment.

Now we add the E} self-energy in Eq. (9) and look at the
Tz: g amplitude in the real energy axis. In Fig. 2, we show
the results for [Tz g|* with and without the E} width. As we
see, the results are very similar, with the masses and widths
practically the same. This means that, unlike in the case of
the Q(2012), where the difference between the widths in
the analogous cases, with E* dressed or without, allowed us
to determine the decay width of Q(2012) - E*K — EzK,
in the present case, we cannot determine the Q.(3120) —
EfK — E.7K with precision using this procedure. Hence,
we use the more accurate one of evaluating the width using
explicitly the mechanism of Fig. 1. For this, we need the
coupling of Q.(3120) — E:K, which we address below.
The couplings are evaluated at the pole using the G
functions in the second Riemann sheet through Eq. (13),
and we find the results of Table 1.

We also show there the values of ¢;G; for the S-wave
channels, which are the wave functions at the origin
in coordinate space [68]. As we can see, the wave func-
tion is dominated by the Z:K component. We ignore
now the tiny imaginary part of the couplings and calculate

TABLE I. The couplings g; of Q.(3120) to different channels,
g;G; and the molecular probabilities for the S-wave channels.

=K Qi =K
gi 2.06 — i0.02 2.09 — i0.01 —0.138
9:G; —36.77 + i0.17 —17.64 + i0.06
2 9G, 0.63 0.10

—Yi oys
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TABLE II. The couplings g; of ©(2012) to different channels,
g;G; and the molecular probabilities for the S-wave channels. The

values of g; and —g? gf;- are taken from Ref. [11].

=K o =K
g 2.01 4 i0.02 2.84 — i0.01 ~0.29
e —37.11 + i0.55 —24.95 + i0.38

2 9G, 0.64 0.16

—g7 a\/_

the probability of the E:K, Q5 channels through —g? 3 f

[68,69]. We see again that the E:K has the largest
probability of around 63% and the Qn around 10%;
hence, we have a largely molecular state.

To compare the results of Q.(3120) with Q(2012), we
show the couplings g; of Q(2012) to Z*K, Qn and EK
channels, ¢;G;, and the probabilities in Table II. We can
see that the results of Q.(3120) are similar to those of
Q(2012). We found that the Q# component in the (2012)
state is slightly larger than that of the Q}n component in
the Q.(3120).

Once we have calculated the couplings, we are in a
position to evaluate the Q.(3120) — EfK — E.zK for the
mechanism of Fig. 1 through Egs. (17), (19), and (20).
We get

oz .k = 0.03 MeV, (25)
while through Eq. (22), we would get
g 58 = 0.90 MeV, (26)

the sum of them giving '~ 1 MeV as the central value of
the experiment, Eq. (8). The fraction of Q.(3120) decay to
E.zK is much smaller than the ZzK in the case of the
©Q(2012). However, the molecular probabilities of the Z; K
and E*K in both cases are very similar. The differences
stem from the different bindings. In the case of the
Q(2012), the diagonal terms in the V matrix of Eq. (2) were
zero, while here, they are finite and negative, indicating
extra attraction that reverts into a much bigger binding of
about 20 MeV. This has as a consequence that the decay of
the 2K bound component into Z:K — E.2K is more
difficult [technically, the =} in the diagram of Fig. 1 is more
off shell than the E* in the analogous diagram for ©(2012)
decay]. While the experimental determination of a fraction
of 0.03 MeV is certainly challenging given the present
experimental errors in Eq. (8), we look into other exper-
imental tests that can lead us to determine the nature of that
state. In Refs. [63-66], it was discussed in detail how
the knowledge of the binding, scattering length, and
effective range of the coupled channels provided excellent
information on the molecular compositeness of the states.
The formalism improved substantially over the possible

TABLE III.  Scattering length a; and effective range r ; of the
E:K and Q5 channels (in units of fm).

aj o
E’gl_( 1.45 —i0.07 —0.08 —i0.01
Qi 0.44 — i0.09 0.26 + i0.01

TABLE IV.  Scattering length a; and effective range r ; of the
E*K and Q channels in the Q(2012) state (in units of fm).

aj Yo,
2K 1.69 —i0.17 —-0.37 —i0.01
Qn 0.51 —i0.09 0.25 -1i0.03

application of Weinberg formulas [70], where that range is
ignored and leads to unrealistic results in most cases.
Anticipating that these magnitudes can be determined, for
instance, using correlation functions [71], we determine
here the scattering length and effective range of the E:K
and Q77 channels using the formulas of Ref. [72],

1 8mys

aj_ ZM ( ]j)

. (27)
Ve

8zy/s

o, = ;}aaf[ i (o)™ —l—zk] . (8)

NEY

with y; the reduced mass of channel j and k; the momen-
tum of a particle of the pair in their rest frame. The results
obtained are shown in Table III.

We can see that the values of a; and ry ; are mostly real
because the main source of decay is to Z.K, which we saw
leads to a very small width of the Q.(3120) state.

We also show the values of a; and ry ; in the Q(2012)
state in Table IV. The values in the ©(2012) state are similar
and slightly larger than those in the Q.(3120).

As we can see, we are providing new magnitudes, which
are additional to the binding and width of the Q.(3120)
state. We believe that these magnitudes should be sufficient
to determine the nature of the Q.(3120) state, and the
present work should give an incentive to do experimental
work in this direction.

IV. CONCLUSIONS

We made a thorough study of the €Q.(3120) state,
reported in the LHCb experiment in Ref. [23], which was
shown in Ref. [57] to be well reproduced as a molecular
state from the interaction of mostly the ;K and Qz
channels. The state has J* = 3‘ and is distinct from
Q.(3050), ©.(3090)(57), Wthh are generated from the

pseudoscalar-baryon (") interaction in Refs. [56,57].
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In addition to the Z K, Q5 channels used in Ref. [57], we
include now the Z.K decay channel, where the state was
observed, which appears in the D wave. With the consid-
eration of the Z.K channel, we can now obtain the width
of the state, which was not evaluated in Ref. [57]. Then
we also evaluate the Z,7K decay width, which could be a
measure of the 5K component of the Q,(3120) state, but
unlike in the analogous Q(2012) state where the ExK
decay channel is sizable and has been measured, providing
support for the Z* K molecular picture of the (2012) state,
here, we obtain a very small fraction of Z.zK because the
Q.(3120) state is more bound than the Q(2012). In view
of this, we determined the scattering length and effective
range of the EK and Q}# channels and made a call for the
experimental determination of these magnitudes, acces-
sible, for instance, measuring correlation functions, which
can be instrumental in the determination of the nature of the
Q.(3120) state.
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