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We present a theoretical investigation of the radiative decay process Q(2012) — yQ, where the Q(2012)
resonance with spin-parity J© = %‘ is treated as a dynamically generated state from KZ(1530) and 7Q in
s-wave and KZ in d-wave. The radiative decay width of the (2012) is calculated using a triangular loop
mechanism, where the ©(2012) couples to the KZ(1530) channel. Subsequently, the final-state
interactions between Z(1530) and K transition to a photon and Q through the exchange of a E baryon.
Our calculations yield a radiative decay width of 13.21?‘_‘2 keV, with uncertainties arising from the model
parameters. This result provides valuable insights into the nature of the (2012) resonance and its decay
dynamics. It is expected that the calculations presented here could be verified by future experiments, which

would open a new door for studying the still elusive nature of Q(2012).
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I. INTRODUCTION

Q-like states, which contain at least three strange quarks,
are particularly elusive. In 2018, the Belle Collaboration
observed a new Q(-like) state, referred to as the Q(2012),
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in the E°K~ and E-KY invariant mass distributions with a
combined significance of 8.3¢ [1]. Its EzK and ZK decays
were also studied by experiments later [2—4]. The Belle
collaboration concluded that the Q(2012) resonance is
most likely to have spin-parity J” = 3/27. Recently, the
BESIII Collaboration observed ©(2012) in e*e™ collisions
with a significance of 3.5¢; they also observed a new
Q(-like) state €2(2109) with 4.16 [5]. Simultaneously, the
ALICE Collaboration observed the ©(2012) state in high-
multiplicity-triggered pp collisions at /s = 13 TeV, with
a significance of 156 [6]. At present, (2012) is classified
as a three-star state with unknown spin and negative parity
in the Review of Particle Physics (RPP) [7]. Its average
mass (Mp) and width (I') are 2012.5 £ 0.6 MeV and
6.4735 & 1.6 MeV, respectively [7].

Published by the American Physical Society
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FIG. 1.

Before the observation of the ©(2012) resonance, most
information on Q(-like) states was extracted from bubble
chamber experiments in the 1980s, and that information is
very scarce [7]. There was only one three-star Q(-like)
state, ©(2250), with spin-parity unknown. Meanwhile, the
other two higher two-star states, ©(2380) and ©(2470), are
very poorly known, and were omitted from the summary
table in the RPP [7]. The current status of the ground
Q(1670) state and the four Q-like resonances is shown
in Fig. 1.

On the theoretical side, an Q excited state with a mass
around 2 GeV has been predicted by many theoretical
works [8-18] before the ©(2012) resonance was discov-
ered. In particular, Ref. [8] reported a J* = 3/2~ excited Q
resonance with a mass of about 2020 MeV within a quark
model incorporating ingredients motivated by quantum
chromodynamics. This state was found to decay into the
KZE channel. Moreover, the radiative decay width of that
JP =3/27 excited Q resonance with a mass of about
2020 MeV was calculated in Ref. [19] within the non-
relativistic potential model, yielding a value of 18 keV. It is
worth noting that the excited Q states with J© = 1/2~ and
JP =3/27 in Refs. [8,19] are degenerate, sharing the same
mass and partial decay width to the yQ channel.

After the observation of the €(2012) state, there have
been a large variety of theoretical investigations about its
nature; see more details in a short review of Ref. [20]. In the
three-quark (gqq) baryon picture, various models find an Q
excited state near 2 GeV, such as the constituent quark
model [21-24], harmonic oscillator expansion [25], QCD
sum rule method [26,27], and lattice QCD method [28,29].
Meanwhile, Q(2012) is also interpreted as a molecular
state considering that its mass is very close to the mass
threshold of K and Z(1530) [30-37]. In the molecular
picture, the strong decay modes of ©(2012) are the focus of
studies, especially the (2012) — K= and K= processes.
In Ref. [31], the Q(2012) - K= and Q(2012) —» Kz=
decays were investigated within the triangle loop diagram
mechanism using the effective Lagrangian approach. It was
found that the dominant decay mode of the 2(2012) state is
the K7Z three-body channel. In Refs. [38—43], the chiral

Current status of ground Q and excited Q*(-like) states. Data are taken from the RPP [7].

unitary approach was employed to study the Q(2012) —
KEz and Q(2012) — K= decays via the rescattering of
KZ(1530) and #Q within the molecular framework. The
current experimental results, such as the mass and width,
can be naturally accommodated by the molecular nature
of Q(2012).

It is worth mentioning that in the coupled-channel
dynamics involving KZ(1530) and 7Q, only the off-
diagonal element does not vanish at leading order, i.e.,
Vie(1530)-k=(1530) = Vya-ne = 0 within the chiral pertur-
bation theory. Thus, the coupled-channel effects are crucial
to dynamically generate the Q(2012) state. The generation
mechanism of ©(2012) from the KZ(1530) - KZ(1530)
and nQ — nQ with this scenario at the one-loop order is
displayed in Fig. 2. The molecular structure of Q(2012) is
rather peculiar: while it predominantly behaves as a bound
state of KZ(1530), binding actually requires the coupling
to the 7€ channel. Neither the KE(1530) system nor the 7Q
system would form a bound state on its own.

Recently, the structure of the ©(2012) state was inves-
tigated by a combined analysis of lattice QCD simulations
and experimental data within the Hamiltonian effective
field theory [44], where the K= and KZ(1530) channels
were taken into account. It was found that the spin-parity of
the Q(2012) resonance is 3/27, and the K=(1530) channel
plays a crucial role in shaping the structure and generating
the real part of the ©(2012) pole. Meanwhile, the KE
channel is responsible for the imaginary part of the pole,
and thus contributes to the width of the ©(2012).

(a) (b)

FIG. 2. Interaction of (a) KZ(1530) - KZ(1530) and
(b) nQ2 — nQ at the one-loop order.
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Along this line, within the molecular picture, we study
the radiative decay, Q(2012) — yQ, using the triangle loop
mechanism in the present manuscript, where the Q(2012)
couples to the KZ(1530) channel. Subsequently, the final-
state interactions between Z(1530) and K transition to a
photon and Q through the exchange of a E baryon.

This paper is organized as follows. In Sec. II, we will
explain the decay mechanism and calculate the radiative
decay width for Q(2012) — yQ via the triangle loop
diagrams considering the strong coupling of Q(2012) to
the K=(1530) channel. Numerical results and discussions
are presented in Sec. III. Finally, a summary is given
in Sec. IV.

II. FORMALISM AND INGREDIENTS

Considering the strong coupling of the ©(2012) to the
KZ(1530) channel, the dominant mechanism for the radia-
tive decay Q(2012) — yQ can proceed with the triangle
loop mechanism shown in Fig. 3, where the ©(2012)
directly couples to KZ(1530), then transitions to yQ by
exchanging a E hyperon.

In the following, we provide a brief review of the unitary
coupled-channel approach to investigate the €(2012) state.
The effective interaction Lagrangians of Z(1530)Zy and
QKE are also introduced.

A. The molecular nature of Q(2012) and its
coupling to KE(1530)

Within the chiral unitary approach, the coupled-channel
interactions of KZ(1530) and #Q with strangeness S = —3
and isospin / = 0 have been investigated in Refs. [16-18].
An Q bound state with spin 5~ is found. In Ref. [38], the
two- and three-body strong decays of Q(2012) - K=
and ©(2012) — KzE were further investigated from the
molecular perspective, where the (2012) resonance is a
dynamically generated state from the coupled-channel
interactions of KZ(1530) and #Q in s-wave and KZE in
d-wave. Following Refs. [33,38], the tree-level transition
potentials among K=(1530), 7€, and K= read

VI?E(1530)—>1_{E(1530) = VnQ—mQ = Vigz-k= =0, (l)

=(1530)°
Q(2012)~ g y=0
K= )
() 0
FIG. 3.
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Vkz(1530)» k=

V;]Q—»I_(E = VI_(E—mQ = ﬂqé, (4)

where we take the pion decay constant f, = 93 MeV. The
model parameters « and /3 are involved in the KZ(1530) —
K= and nQ — KZ transition potentials, respectively. The
quantities

s+ mg - M25(1530)
B = TE, )
s+ my — M}
E,y :TQ7 (6)
Y/ et T R T P R

2\/s

are the center of frame (c.m.) energies of incoming or
outgoing mesons, respectively, and the c.m. momentum of
KE with /s the invariant mass. With the transition
potentials given above, the unitarized scattering amplitude
T can be obtained by solving the Bethe-Salpeter equation,

T=V+VGT =[1-VG]'V, (8)

where G is the loop function for each channel, and it can be
regularized with a cutoff prescription. Typically, the cutoff
parameter (gma) in the loop functions for the KZ(1530),
7Q, and KE channels are different. In this work, we adopt a
common value ¢, for all channels, which will be
determined from the Belle collaboration experimental data.
We refer to Ref. [38] for additional details regarding these
model parameters.

Taking into account the updated experimental result of
the ratio of the branching fraction of the three-body decay
to that of the two-body decay REZ= = 0.99 4 0.26 + 0.06
measured by the Belle Collaboration [4] and the

Q(2012)~

Radiative decay of Q(2012) — yQ through triangle loop mechanism with the strong coupling of ©(2012) to the KZ(1530)

channel. (a) Q(2012)~ couples to E(1530)°K~; (b) (2012)~ couples to E(1530)~K".
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TABLE 1. Model parameters and pole position (Mg, Tz) (in MeV) of the Q(2012) and its couplings to the involving channels.
Parameter ¢, is in MeV, and « and f§ are in 10™° MeV 3.

9 max a p [Mg,Tg] |gs2(2012)1‘<3(1530) | |QQ(2012);19\ |99(2012)1’(3| Rgi
800 —-175£ 10 316 £ 22 [2014.1 £ 1.0,3.4 £+ 0.3] 2.07 £0.02 1.87 +0.07 0.21 +£0.02 0.76 £ 0.15
850 —-174 £ 11 371 +28 [2014.1 £+ 1.0,3.4 +0.2] 2.09 +0.02 1.56 +0.05 0.20 +0.02 0.81 £0.14
900 —-157 £ 11 372 + 30 [2014.1 £1.0,3.4 £ 0.2] 2.10 £ 0.02 1.354+0.05 0.20 +0.02 0.81 £0.14
1000 —-1204+9 328 £ 28 [2014.2 £1.0,3.4 £0.2] 2.10£0.03 1.07 £ 0.04 0.21 £0.02 0.81 £0.14
1100 -91+6 273 £24 [2014.2 4+ 1.0,3.4 +0.2] 2.09 +0.03 0.88 £ 0.04 0.20 £0.02 0.81 £0.14
1200 —-69+5 219 +£22 [2014.2 £ 1.0,3.5 + 0.3] 2.08 +0.03 0.73 £ 0.05 0.21 £0.03 0.78 £0.16
experimental ~results for the mass Mp=2012.5+  REE < (.119 was imposed merely as a constraint. In the

0.9 MeV and width I'; = 6.4 £3.0 MeV of the Q(2012)
resonance, we have redetermined the model parameters, as
well as the pole position (Mg, I'g) of the Q(2012)
resonance and its couplings to the involving channels,
which are listed in Table I. Note that we take the same g,
for the KZ(1530), 7, and KE channels.

From Table I, one can see that the obtained reso-
nance parameters, mass, and width of the ©Q(2012) states
are in agreement with the experimental results within
uncertainties.

The coupling of the ©(2012) to each relevant channel g;
(i = Q(2012)K=(1530), 2(2012)7Q, Q(2012)KE) can be
determined via the residues of the scattering amplitude 7';;
at the pole position, which reads

9i9;

ij:\/E_ZR,

where z = My — il'z /2 denotes the Q(2012) pole posi-
tion. The theoretical results for these coupling constants
are also shown in Table I for each scenario of model
parameters and ¢,,,. Considering the dominant radiative
decay mechanism shown in Fig. 3, we need the coupling
constant of go(2012)k=(1530)> and in the numerical study

T

©)

we take

90(2012)k=2(1530)° = 9Q(2012)K°E(1530)~
1

= 74 . 10
\/599(2012)1(_(1530) (10)

In the present notation, we employ the isospin doublets
(K°, —K~) and (E(1530)°, Z(1530)7). The resulting I = 0
state of the Z(1530)K system is written as [7]

_ 1
|2(1530)K.1 = 0) = —\/;\5(1530)01(1

- \@5(1530)—1‘(0). (11)

It is important to note that, in Ref. [38], only the mass
and width of the ©(2012) were fitted, while the upper limit

present work, however, the updated experimental value
R%E =0.99 +0.26 £ 0.06 is included as an additional
data point in the fit. This change in the fitting inputs
explains the differences between the theoretical parameters
obtained here and those reported in Ref. [38]. Moreover,
the larger absolute values of a and f lead to a larger
coupling constant go»012)kz(1530) and a smaller go(2012) k=
which in turn allows the new, larger experimental ratio
R%E to be reproduced within uncertainties. These results
further support the molecular interpretation of the Q(2012)
state.

B. The effective Lagrangians for the £(1530)Zy and
QKE interaction

For the E(1530)Zy vertex, the effective Lagrangian
reads [45-55]

cegl L o
Lz1530)2, = lﬁF" Ey,rs2(1530),
%2 pw(0,8)ysE(1530), + He. (12)

- (2mN)2

where F" = 0*AY — 0”A* is the conventional photon field
strength tensor and A* refers to the photon field. The above
effective Lagrangian describes the interactions among the
octet baryon, decouplet baryon, and photon. It automati-
cally satisfies the gauge symmetry invariance [50]. There
are two electromagnetic transition coupling constants g,
and g, in Eq. (12), in which the g; term is dominant. In
general, these two couplings can be determined from the
radiative decay of Z(1530) — yE. Yet, the experimental
measurement of the radiative decay of E(1530) — yE is
currently insufficient [7]. Only theoretical calculations are
available. Here, we take ¢g; = 3.02 and ¢, = —2.40 for the
E(1530)°Z% vertex as shown in Fig. 3(a), and g; = 0.56
and g, = —0.16 for the £(1530)"Ey vertex as shown in
Fig. 3(b). The above values obtained via the chiral
constituent quark model [56] are employed in Ref. [48]
for the study of photoproduction yN — KKZ=. Note that the
coupling strength of E(1530)"E7y is much weaker than
E(1530)°Z% due to the SU,(3) flavor symmetry breaking

036014-4
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effect. The decay width of £(1530)~ — E~y will be zero if
SU,(3) flavor symmetry is exact [56].

For the QKZ vertex, we use the effective Lagrangian as
used in previous works [57-63]

_ fo=k

K

Logs =K Q 2ok (13)

where we take the coupling constant fosg = fo-=0x- =
—fo-=-g0 = 8.13 [62]. This coupling constant can be
obtained using the SU(3) relation as in Refs. [48,61].

C. The radiative decay ©(2012) — yQ

With the above formalism, one can obtain the radiative
decay amplitude of Q(2012) — yQ corresponding to the
triangle loop diagrams shown in Fig. 3:

Mo012)-y0 = / dq AFz(le)
(2r)* ¢* - m_(1530> + ie
1 1
x (P—q)?—m2% +ieq: —m%+ie’

(14)

where P, g, and g, are the four-momenta of the Q(2012),

E(1530), and the exchanged hyperon E, respectively.
Mz(is30) is the mass of Z(1530), and
A=A\ -k +mz)A5By A, (15)
Sozk - .
Ay =—i - K“ﬂ(kzvssz)(P— Q)}v (16)
mg

eg N
Ag—{ 2m1 kg — Ky

€g B "
—— kig®f — ki q” ki, A)ys, 17
+ (2m ) [q lg( ]}ga( 1 )7/5 ( )
- 1
By, = (4 + mz(1530)) | —9p, + 3BV
2 v v v
n czzpq LT Qﬁ:|’ (18)
3mz 1530 3Mz(1530)
v 90(2012)kE(1530)
Af = ZOR0IREIS0),, (P, 50(2012))- (19)

2

Here, k; (1) and k, (sq) are the four-momenta (spin
polarization) of the final photon and € baryon.
u'(P,sq(o12)) is a Rarita-Schwinger spinor for the
Q(2012) resonance with momentum P and spin polariza-
tion sq(2012)- The expression for the photon polarization
vector &*(k;, 1) are given by

0
;1 1

#(ky, £1 20
0

For the Rarita-Schwinger spinor, it can be written as

1
M”(p,s)—z<l,r,§,s—r

r

%,S>8(p, Nu(p,s—r), (21)

where (1,r,3,5—r|3.s) is Clebsch-Gordan coefficient.
More explicitly,

u <p,+%> = e(p,+1)u<l?v+%>’
(o) ran(o)
+ \@e(pﬂrl)u(ﬂ’—%)v
(o) - o)
1

where the spin-1 polarization vector &(p,4) and spin-
Dirac spinor u(p, A) are:

- P .
5(197/1):( ml7€z

p-€ -
_— , 22
+m(E+m)p> (22)

1 0
u p’ + ~ = P ’ (23)
2 VE+m
P+

with E = /|p|* + m* and p. = p, + ip,. And the €, are

0 . 1
+ .
e=101, €y =—| %i |. (25)
2
1 V2 0
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Next, we introduce a form factor F(gq,,) to suppress the
off-shell contributions from the exchanged E baryon, which
reads [31,64]

A4
(72— m2) + AT

F(gex) = (26)

where A is a cutoff parameter, and ¢,, = g — k;. We note
that incorporating this form factor can eliminate the
divergence of the loop integration in Eq. (14).

For the numerical evaluation of Eq. (14), we use the rest
frame of the initial particle Q(2012), and thus

P = (PO’O,O, 0) = (MQ(z()lZ)’O’O’O)v

q = (qo. |q] sin@cos ¢, |G| sin Osin ¢, || cos 9),

ki = (E,.0,0,—E,), ky = (Eq,0,0,E,), (27)
|

with

B Mgz(zolz) F mg

E, o= , (28)

2M g 012

where Mg(17) is the mass of ©(2012) and E, (Eq) is the
energy of the final photon (€2). We first integrate out the g,
component utilizing the residue theorem [65] and introduce
a cutoff A for the integration over |g|,"

M ot [ (29)
Q(2012)—yQ (271_)3 0 s

where

D = 8ws(1530)0x 0= (P’ + wz(1530) + @) (P° — w=(1530) + 0 + i€) (P’ — wz(1530) — wg + i€)(E, + w=(1530) + @=)

x (E, — wz(1530) + @z + i€)(E, — wz(1530) — 0z + i€)(Eq + ok + w=)(Eq + 0 — 0= + i€)

X (Eq — wg — wg + i€),

(30)

N:N1+N2+N3, (31)

with

Ny = 4wgws(P° 4 wz(1530) + wx ) (E, + 0z(1530) + 0=)(Eq + 0 + 0z)(Eq + wg — wz)(Eq — wg — a)s)ﬂwa

1530)

N, = 4w5(1530)w5(P0 — Wg(1530) T a)K)(Ey + wz(1530) + wE)(Ey — Wz(1530) T wE)(Ey — Wg(1530) — wz)

x (Eq — oy — wa)ﬂpoﬂ,l(,

N3 = 4w=(1530) 0k (P° + wz(1530) + 0x) (P° — w=(1530) + 0x ) (P° — w(1530) — @k ) (E, — 05(1530) — 0)

x (Eq + ok + 0’5);|Ey+w3’

where 7|, is the value of 7 obtained at ¢° = x with
i=AF%(q,,), and

Wk =/ 1G> + m,

wz =\/1g — ki? + m2. (32)

wz(1530) = \/14* + mé(1530>,

With the expressions specified above, one can obtain the
decay width as

E [
Fo012)- Ty — |Ma(2012)=70 2, (33)
T 32aM ?2(2012) Sg%);z) ;(; ’

where we average over the spin of the initial state Q(2012)
and sum over the spins of final states y and Q.

III. NUMERICAL RESULTS

We have one free parameter A as introduced in the form
factor of Eq. (26). Here, we take its value in the range
of 850-1100 MeV as one of the ¢,,,, we have determined
in Table I. When ¢, is in that range, the obtained
pole position of the €(2012), the coupling constant

|9a(2012)k=(1530)|> and the ratio REEE are stable.

With the coupling constant [go(012)k=(1530)| 2.1 in
Table I and formalism in the previous section, we can
obtain the radiative decay width of Q(2012) — yQ.

"The triangle loop integral depends on the cutoff parameter A
from the form factor of the exchanged E in Eq. (26). We have
therefore set the value of A in this integral to be the same as that in
the form factor. This treatment not only simplifies the calculation
but also reduces the number of free parameters in the theory.
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FIG. 4. Partial decay width of Q(2012) — yQ obtained as a
function of the parameter A.

The radiative decay width as a function of the parameter A
is shown in Fig. 4. In this work, the physical masses of the
involved particles are taken from the RPP [7], and we have
tabulated them in Table II.

Within the range of A = IOOOfllgg MeV, we obtain

Copo12)—0 = 13.2737 keV. Combining this partial decay

width with the theoretical total width 'y = 3.4 + 0.3 MeV
of the Q(2012) resonance, one can estimate the branching
fraction of this radiative decay process:

BR[Q(2012) - yQ] = 3.91/7 x 1073, (34)

Apart from the molecular picture, the radiative decay
width 'g012)-yq has also been calculated in the quark
model [21], which is about 9.52 keV. This result was
derived on the basis that the ©(2012) resonance is assigned
to a 3/27 excited 1P-wave Q excited state. The partial
decay width obtained here is consistent with the one
obtained in Ref. [21] within uncertainties. However, it
should be noted that the branching fraction obtained here,
BR[Q(2012) — yQ, differs from the value (1.67 x 107%)
given in Ref. [21], where a total width ' = 5.69 MeV was
used. In this work, we employ I's = 3.4 + 0.3 MeV, as
listed in Table I. Uncertainties arising from the errors in its
coupling constant to the KZ(1530) channel are not
included, since their contributions are small compared to
the error originating from the range of the cutoff parameter

TABLE II. Masses (in MeV) of the particles used in this work.
2(1530)" K- Cn Q- Q(2012)~
1535.0 493.677 1321.71 1672.45 2012.4
2(1530)° K° =0 N

1531.8 497.611 1314.86 938.3

A. We hope that this decay channel will be measured in
future experiments, providing a test for the model calcu-
lations presented here.

Until now, the Q(2012) has been observed by three
collaborations: Belle, BESIII, and ALICE. Its mass has
been determined, while its width has large uncertainties. Its
strong decay modes ©(2012) — K= and KEx are mea-
sured by Belle [2-4] and ALICE [6]. The investigation of
its electromagnetic interactions is still lacking. Further-
more, its spin and parity are not fully confirmed. These
experimental measurements can be carried out not only by
the Belle collaboration but also by the Belle II, LHCb, and
BESIII collaborations in the near future, as well as by the
next-generation facilities [66,67].

IV. SUMMARY

The study of Q(-like) states, which contain at least three
strange quarks, has long been challenging due to their
scarcity. A significant advancement occurred in 2018 when
the Belle Collaboration discovered the Q(2012) resonance
in the E°K~ and E-KY invariant mass distributions with a
combined significance of 8.3¢ [1]. Subsequent analyses of
its ZzK and EK decay channels suggested its spin-parity is
most likely J” = 3/2~. Recent confirmations have solidi-
fied its status: the BESIII Collaboration observed it in e e~
collisions (3.5¢) and reported a new state, the Q(2109)
(4.16) [5], while the ALICE Collaboration observed it
in pp collisions with a high significance of 150 [6].
The RPP currently lists Q(2012) as a three-star state with
unknown spin and negative parity, reporting an average
mass and width of M, = 2012.54+0.6 MeV and 'y, =
6.4135 + 1.6 MeV, respectively [7].

Prior to these discoveries, information on Q excitations
was scarce and primarily came from 1980s bubble chamber
experiments, with the (2250) being the only well-
established three-star state. The observation of the Q(2012)
thus marks a pivotal breakthrough, opening a new chapter
in the study of triply strange baryons. However, the internal
structure of the ©(2012) remains controversial. Conse-
quently, studying its production and decays in various
processes is essential to gaining crucial insights into its
nature.

In this work, we investigated the radiative decay
Q(2012) - yQ within a molecular picture, where the
Q(2012) resonance with quantum numbers J” =3~ is
dynamically generated by the coupled channel interactions
of KZ(1530) and #Q in s-wave and KZ in d-wave. By
considering the dominant contribution from the triangle
loop diagrams in which the ©(2012) directly couples to
KZ=(1530) and then transitions to y€ via the exchange of a
E hyperon, we have determined the partial decay width of
Q(2012) - yQ to be 13.2?"2 keV. This result offers
valuable information on the nature of the €(2012) reso-
nance and its decay dynamics. We anticipate that the result
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obtained here can be tested in future experiments by the
Belle II and/or BESIII collaborations, and such experi-
mental measurements can be used to study the nature of the
Q(2012) state in great detail.
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