Chinese Physics C  Vol. 45, No. 7 (2021) 073112

Radiative decay of the Z(1620) in a hadronic molecule picture®
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Abstract: Last year, the Z(1620) state, which is cataloged in the Particle Data Group (PDG) with only one star,

was reported again in the Z~xt final state by the Belle Collaboration. Its properties, such as the spectroscopy and

decay width, cannot be simply explained in the context of conventional constituent quark models. This inspires an

active discussion on the structure of this resonance. In this paper, we study the radiative decays of the newly ob-

served Z(1620) assuming that it is a meson-baryon molecular state of AK and K with spin-parity J¥ = 1/27 de-

veloped in our previous study. The partial decay widths of the AK — XK molecular state into Zy and Zny final states

through hadronic loops are evaluated using effective Lagrangians. The partial widths for £(1620)° — yZ is evalu-
ated to be approximately 118.76 —174.21 keV, which may be accessible for the LHCb experiment. If Z(1620) is a
AK —ZK molecule, the radiative transition strength £(1620)° — yKA is considerably small and the decay width is

of the order of 0.01 eV. Future experimental measurements of these processes can be useful to test the molecule in-

terpretations of the Z(1620).
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I. INTRODUCTION

Searching for hadrons beyond the constituent quark
model is one of the most important topics in the hadron
physics community. In the conventional quark model, a
hadron is composed of ¢ as a meson or gqq as a baryon.
It is natural to expect the existence of hadrons composed
of more quarks, which are called exotic states. Because of
the significant experimental progress over the past twenty
years, more exotic states have been observed [1]. Last
year, the Z(1620) state, which is cataloged in the Particle
Data Group (PDG) [1] with only one star, was reported
again in the Z7n* final state by the Belle Collaboration
[2]. The observed resonance parameters of the structure
are

M =1610.4 = 6.0(stat) 3 2(syst) MeV,

I =59.9 +4.8(stat) "3 5(syst) MeV, (1)

which are consistent with the earlier measured values [3,

4]. However, its spin-parity remains undetermined.

From the observed decay model, £(1620) is a conven-
tional baryon composed of uss or dss. However, its prop-
erties, such as the spectroscopy and decay width, cannot
be simply explained in the context of conventional con-
stituent quark models [5-8]. As indicated in Refs. [9-16],
Z(1620) can be understood as a molecular state in com-
parison with the Belle data [2]. A molecular state with a
narrow width and a mass of approximately 1606 MeV
was predicted in the unitarized coupled channels ap-
proach [9-12]. However, a E bound state with a mass of
approximately 1620 MeV and J” =1/2 was predicted
by studying the KA interaction in the framework of the
one-boson-exchange (OBE) model [15]. Additionally,
Ref. [15] considered Z(1620) as a pure molecular state
composed of KA component. A possible explanation for
these results of Refs. [9-12, 15] is that Z(1620) has a lar-
ger KA component [14, 16]. Moreover, the KX compon-
ent cannot be underestimated to reproduce the total de-
cay width of Z(1620) and a study of only the spectro-
scopy does not provide a complete description of its
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nature [16].

From the above discussion, Z(1620) may be a mo-
lecular state. However, currently, we cannot fully ex-
clude other possible explanations such as a mixture of
three-quark and five-quark components (as long as
quantum numbers permit, this might be the reality). Fur-
ther research is required to distinguish whether it is a mo-
lecular or compact multi-quark state. The photon coup-
ling with a quark is significantly different from the coup-
ling of the photon to the constituent KA and KT of
E(1620) [17]. Hence, a precise measurement of the radiat-
ive decays is useful to test different interpretations of
E(1620). In this paper, we study the radiative decay of
E(1620) using the hadronic molecule approach de-
veloped in our previous study [16].

The remainder of the paper is organized as follows.
The theoretical formalism is explained in Sec. II. The pre-
dicted partial decay widths are presented in Sec. III, fol-
lowed by a short summary in the final section.

II. THEORETICAL FORMALISM

In our previous study [16], the total decay width of
=(1620) was reproduced with the assumption that
2(1620) is an S-wave KA-KY bound state with
JP =1/27. Based on the molecular scenario, the radiative
decay widths Z(1620) — yZ, Z(1620) — yKA, and
E(1620) — ynZ are studied to elucidate the internal struc-
ture of the Z(1620) state. To calculate the radiation decay,
we first employ the Weinberg compositeness rule to de-
termine =(1620) couplings to its constituents KY
(Y = A,%). Radiative decays occurs from the exchange of
a suitable hadron between the KY pair, which then trans-
forms into Zy,yKA, and Zry. The corresponding Feyn-
man diagrams are shown in Fig. 1 and Fig. 2.

To compute the diagrams shown in Figs. 1-2, we re-

quire the effective Lagrangian densities for the relevant
interaction vertices. For the Z(1620)KY vertices, the Lag-
rangian densities can be expressed as [16, 18, 19]

L=1620)(X) =g=1620)k Y fd4y®(y2)K(x+wyy)

X Y(x— wgy)Z(1620)(x), )

where wg =mg/(mg+my) and wy = my/(mg +my). For
an isovector baryon X, Y should be replaced with ¥-7,
where 7 is the isospin matrix. ®(y?) is an effective correl-
ation function that is introduced to describe the distribu-
tion of the constituents K and Y in the hadronic molecu-
lar Z(1620) state, which is often selected to be of the fol-
lowing form [16, 18-26]:

D(p3) = exp(-pE/B°). 3)

where pg is the Euclidean Jacobi momentum and § is the
size parameter that characterizes the distribution of the
components inthe molecule. Currently, the value of
B=1.0 is determined by experimental data [16, 18-26]
(and references therein).

The coupling constant gz(;620)cy 1S determined by the
compositeness condition [16, 18-26], which implies that
the renormalization constant of the bound state wave
function Z(1620) is set to zero

dXz(1620)

— = =0, (4
d ];l[() Ko=mzi20) ( )

Z=5(1620) = Xz + XgA —

where x,p is the probability of the Z(1620) being in the
hadronic state AB with normalization xgs+xgp =
1.0. Zz(1620) 1s the self-energy of the Z(1620) and can be
computed using the Feynmann diagrams shown in Fig. 3.

—_— \ ¥ (q) A, 2%q)
A(ky) (T>_ v(p2) (ke (—)»— v(p2) »(ke) —— 7(p2)
a b (c)
K~ (k1) jp=—>— 7(p2) RO( ——(P2) K(ky) fp=——(p2)
E*O(p) / —x0 / E*O /
N K=, K*(q) ) K*(q) —yi K*(q)

—— =(p1)
(d)
Fig. 1.
(p>k1,k2, p1,p2, and g) used in the calculation.

A(k2)

——="(p1)
(e) ()

(color online) Feynman diagrams of the = — y=% decay processes. We also indicate the definitions of the kinematics
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——(p2)
(a) (0)
K~ (ky) fp—>— 7(12) KO(k1) jo=>—E""(m)
E%ﬁ//ﬂq@ T%)//[\\ﬁwg
0 +(I)3) A0
,2%q)
St (kg) / 0,— S0(ks) 7(ps)

K";sy K(ﬁy
EaC) oy 1(0)
A(I‘\Q)\ / ZO(\kz)\ /A(pz)

o A(p2) —_

(e) (f)
Fig. 2.  (color online) Feynman diagrams of the =* —
y=2%72°, yE-x*, and yKA decay processes. We also indicate the
definitions of the kinematics (p,ki,k2,p1,p2,p3, and ¢g) used in

the calculation.

Zz1620)(ko) = Z (CY) g-(mo)KYf daf dn

Y=AZ
( Ko+ mY)
1 2
167r2 p{_,(?[(_z‘”y_”
A2
+4—Z)k§ + a/m%, + nmi]} . %)

where z=2+a+n and A =—-4wy-2n. k(z) =m23(1620) with
ko,mz(1620) denoting the four-momenta and mass of the
E(1620), respectively; ki, mg, and my are the four-mo-
menta, mass of the K meson, and mass of the Y baryon,
respectively. Here, we set mz(1620) = my + mg — E, with E),
being the binding energy of E(1620). Isospin symmetry
implies that

1 Y=A
Vi3 y=3". (6)
—\2/3 v=%*

Cy=

R’O
=( 1620 /’\

To estimate the radiative decays of the diagrams
shown in Figs. 1-2, we require the effective Lagrangian
densities related to the photon fields, which are [27, 28]

_ ek
‘[’YEZ = —2[@2% - _ZU'MVaVAH]25 (7)
2mN
LYAA _ A(TﬂyavA A (8)
,UZA Y A
Lk = 8K+ Ky cetvaB Fpuy K;};K -
+ g[(?%ee”mﬁFmK;gko+h'c" (10)
LKKy:ieA#K—?ﬂK+, (11)

where the strength tensors are defined as oy, =

(yﬂy,, Yo¥uws Fuy=0,A,-0,4,, and K* =0,K;-
6 K. My is the mass of p, and a =e?/4n =1/137 is the
electromagnetlc fine structure constant. The anomalous
and transition magnetic moments of the baryons are
provided by the PDG [1] and are shown in Table 1.

The coupling constants gg-g+, and ggwko, are intro-
duced to obtain consistent results with the experimental
measurements of K** — K*y and K** — K%y. The theor-
etical decay widths of K** — K*y and K** — K% are

2
i A8y g+
LK™ — K'y) = Tymk(mﬁp —m%@), (12)
g2
« K*OKU
T(K* = K%)= — = migo(miga = o). (13)

According to the experimental widths T(K** — K*y) =
0.0503 keV [1] and T'(K** — K%)=0.125 keV [1], the
coupling constant gk, is fixed as

Skky =0.580GeV™!,  ggogo, = -0.904 GeV™!, (14)

ju

(1620)° 1620 /)\E 1620)°

(color online) Self-energy of the =(1620) state.
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Table 1. Anomalous and transition magnetic moments.
ks~ =—0.16 K50 = 0.65 Ks+ = 1.46
kp = —0.61 usa =1.61

and the signs of these coupling constants are fixed ac-
cording to the quark model [29, 30].

In addition to the Lagrangians above, the meson-bary-
on interactions are also required and can be obtained from
the following chiral Lagrangians [31, 32]

Lvps = g(Byu[V*, Bl) +(By.B)V")), (15)

F - D _
LPBB = E(BYH)/S[M”7B]>+§<BYﬂYS{uu’B}>’ (16)

(B
Lpppp = ) f2 (By [(PO,P—d,PP)B
—B(P@HP—aﬂPP)]) (17)

where g=4.64, F=0.51, D=0.75 [16, 31, 33]; at the
lowest order, w* = —V20*P/f with f=93 MeV;(...) de-
notes the trace in the flavor space; B, P, and V¥ are the
SU(3) pseudoscalar meson, vector meson, and baryon
octet matrices, respectively, which are

— 304 —A * p
V2 Ve X
B= X ——304+ —A n ,
V2 6 )
=" =0 -—A
V6
(18)
a0 n
—+—= a* K*
V2 V6
p= - . L ko (19)
V2 V6
K- K° —in
V6
L(pO_f_w) p+ K+
V2 1
V.= - 0 0 (20)
p —(=p'+w) K
V2
K* K*O ¢ p

Putting all the pieces together, we obtain the decay
amplitudes that are shown in Appendix A. The total amp-
litudes of the =0 — 20, 20 —» =07%, and 20 —» n*E"y
are the sum of these individual amplitudes, respectively:

MI@ED - 2y) = Z Mi(E? - Ey), (21)
i=a,b,c.d.e.f
M@E®srZp= ) ME >y, @)
i=a,b,c,d
MIE® - RAy) = Z ME? - KAy). (23)
i=e.f

When the amplitudes are determined, the correspond-
ing partial decay width can be easily obtained, which is
expressed as

1 L gl
dI'(E(1620)° — y&) = — 24Q,
(E(1620)" = vE) 2J+132ﬂ2mé0M|
(24)
dI'(E(1620)° - yEx,yKA) = Lt 1t
= YERYRM =570 @ny 16m2
X IMP| 33| 2ldmy3d€;, dQ,,.
(25)

The complete explanation of calculating these two
equations is available in Refs. [1, 34]. J is the total angu-
lar momentum of the Z(1620); |7;| is the three-momenta
of the decay products in the center of mass frame, and the
overline indicates the sum over the polarization vectors of
the final hadrons; (75,2, ) is the momentum and angle of
the particle 7 in the rest frame of 7 and E; Q,, is the
angle of the photon in the rest frame of the decaying
particle; m3 isthe invariant mass for r and =, and m,, + mz <
myz < m.

Using the values obtained above, the radiative decay
width of the Z(1620)° into Z%, Zyx, and yKA that are
shown in Fig. 1 and Fig. 2 can be calculated. However,
the amplitudes of the Z(1620)° — yZ° and Z(1620)° —
vEn cannot satisfy the gauge invariance of the photon
field. To ensure the gauge invariance of the total amp-
litudes, the contact diagram must be included. The corres-
ponding Feynman diagrams are shown in Fig. 4. For the

this calculation, we adopt the following form to satisfy
p}le;Eotal(E MT +Mcom) =0

K(ki)

K(ky)
Y(p2) (p2)
. /’\\‘\’\‘\) o /’\\‘\‘\[\1 .
=) =07 (p1)

Fig. 4.

=0

(color onhne) Contact dlagram for =0 - =0y,
— 2970y, and 2*° — 7*="y. We also indicate definitions of

the kinematics (p1, p2, p3.ki1,k2, and p) used in the calculation.
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D+F * 0 ° 1
= =0y _ _ . *
Meom(E* = yEY) = Vs eCygzx k- fo da fo dn fo dg Ty 23 a(p1)(C\T1 +ChT2)ysu(p)e,(p2),

1 00 00 00
bomi0 . 0m0., 4= 3€Cr@aky [ 15 1
Mcom(“-‘ TRy, = ’y)——l T{ 1\5 £ daf(; d)’]j(; d{m

X W(p (DT + DhT2)u(p)e,(pa),

where
1] 1
T1= GXP{ "R a(=pt+mE )+ nma, +{(=p3+mE) — (prws: — prwg-)* + E(szz _7‘{1]71)2}},
1] 1
Tr= CXP{ R a(=p3 +my.) +ngmy- +{(=p; +m3.) — (prws- — prwg-)* + ZZ((]_(ZPI - H, Pz)z}},
2(]_{ 37{2 27_[2 247{ 7_{
Ol = - gt pl—m) - T e mim L
1 4y2 2y z
+ HH. H .= HZH, ‘7’( H.
+((m ml)mzz S 1)P’f‘m2 m17”+ 13 pi-p2Q2p —miy) + ——=— o 1 2 p1-p2Y*
2y y y 4y-
+ HH. 3H.
L ’"12);"; S ),
2w3 27{ (m+m)ms Hi My, (m+mpmsHy |, mimsH; H
ot == 2p"— 1 22 1 2p’1'—( m)ms L 1y 2p/4_mlm2 2
2y 2y 2y
7‘(2 mi(m+my)H? (m+m)H:
My« u _ 1 1 2 _mlm mp 2
+y7+23 2Py+22P1 217” 2,72 Pﬂ 2 P/]‘
7‘( 27’(
(2p” —m)+ 2p"+ S
m%ff(l mg+7’[1 7‘(2 Mmy+ ‘7’(1 nmy-+
D =|- > mi. |2p' - m)”l)— (m PP+ ——=— pp' + (m— po)p" + 7”
2 43 2 2 ) 22
_mm13741 m(m mn)‘H H, m137{ ) Himy, HyHo(m” —m7,) 1
TH H. 3 7-(
X (2p" - yﬂ)—’” 2 o+ e
. . 2 —miHiHy 3 H;
D == TR o™ %% - m)p“—’"zw(m LT T - T
Yy Yy y
m} H; 3H:
s —2p“ yﬂ

2y?
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with y=1+a+n+¢,H = 2({ + wg-), H = 2(a + wy-), and

miy = (p1+p3)*. m and m; are the masses of the =* and
=, respectively.

III. NUMERICAL RESULTS AND DISCUSSIONS

To compute the radiative decay widths of the con-
sidered processes, the coupling constants of Z*(1620) to
its components can be estimated using the compositeness
conditions provided by Eq. (4). x,z in Eq. (4) is the prob-
ability of Z(1620) being in the hadronic state AK. The
value of the x,x is in the a range of 0.0-1.0. If x,z= 0.0
or 1.0, £(1620) is a pure molecular state containing the
components XK and AK, respectively. Otherwise
2(1620) is a KA-KX molecular state. Currently, the value
of x,z cannot be accurately determined from first prin-
ciples; therefore, it should better be determined using ex-
perimental data. As the free parameter, x,z = 0.52-0.68
is fixed by fitting the experimental decay data on pos-
sible KA-KX bound states within the same theoretical
framework adopted in Ref. [16]. In this region, the total
decay width for this state is predicted to be approxim-
ately 50.39-68.79 MeV, which is comparable with the
experimental data [2].

Considering Z*(1620) loosely as an S-wave KA-KX
hadronic molecule, the coupling constants g=.(;620)za and
g=-(1620kx that are dependent on the parameter xg, are
plotted in Fig. 5. We observe that the coupling constant
g=-(16200ka Monotonously increases with increasing xg,
in our considered xz, range, while the coupling constant
g=-(1620ks decreases with increasing xg,. The opposite
trend can be easily understood, as the coupling constants
g=-(1620ka and gz.(1620)%x are directly proportional to the
corresponding molecular compositions [23].

With the obtained total amplitude, the radiative decay
width of Z(1620)° into 2% canbe calculated. The de-
pendence of the corresponding radiative decay width on
xga 18 depicted in Fig. 6. For the xz, value within a reas-
onable range from 0.52 to 0.68, the radiative decay width
of the 2(1620)° — y=° contribution from the KX channel

6 T T T
Y=A
---- Y=3
w4 ]
= F-----_
<
o
©
(1] 2 | |
0 1 1 1
0.52 0.56 0.60 0.64 0.68
Xra
Fig. 5. (color online) xg, dependence of gz-(160xa and
8=*(1620)K -

monotonously decreases. However, it increases for the
KA channel contribution to the Z(1620)° — y=°.
Moreover, the KX component provides the dominant con-
tribution to the partial decay width of the yZ° two-body
channel. The KA contribution to the yZ° two-body chan-
nel is very small. This is different from our results in Ref.
[16] in that the KA component provides the dominant
contribution to the strong decay width of the Z(1620). A
possible explanation for this may be that the interaction
between the T baryon and photon is stronger than the
y— A interaction since the X decays completely to the fi-
nal state containing the A baryon and y [1].

Figure 6 also indicates that the total radiative decay
width decreases for Z(1620)° —yZ° when xg, is
changed from 0.52 to 0.68. We also observe that the in-
terference between the KT and KA channels is consider-
ably small, resulting in a total decay width of
Z(1620)° — y=° being primarily contributed by the KX
channel. This does not alter the conclusion that the KA
channel strongly couples to the KX channel [9, 16]. The
main reason for this is that the radiative decay widths are
often in the keV regime and are significantly lower than
their strong counterparts. Indeed, the total radiative de-
cay width for Z(1620)° —y=° is predicted to be
118.76-174.21 KeV, which is significantly lower than
the total decay width, which is predicted to be approxim-
ately 50.39-68.79 MeV [16].

The individual contributions of K=, K*, ¥, A ex-
changes, and contact term for the reaction Z(1620)° —
¥Z0 are shown in Fig. 7. The amplitudes corresponding to
the K~-exchange and X*-exchange are not gauge invari-
ant, while the remainder are gauge invariant. We can ob-
serve that the contract term and K~ -exchange provide a
dominant contribution to the total decay width, and is at
last sixty orders of magnitude larger than those of the
amplitudes corresponding to the K*, X, and A exchanges
for the studied xz, range.

Next, we examine the three-body radiative decays
Z(1620)° — ynZ and £(1620)° — yKA. The decay widths
with xz, varying from 0.52 to 0.68 for such two trans-

250 T T T
N I Total
§2OO - - - - - Kz-channel 7
0:150 T - KA-channel ]
(1] —
Moo} -
S
© 50} ]
[of
]

0.52 0.56 0.60 0.64 0.68

Xra
Fig. 6. (color online) Decomposed contributions to the de-
cay width of the Z(1620)° into Z0y.
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300 T T T
r Contact
A24O o - - - K-exch b
b z-exch
g 180 |- K-exch 7
g 3 —iee A-exch
2120 \
] I
,T 60 F e e ____ T
)
N
© ol :
o8
[
1L 4
ol
052 056 060 064 0.68

XKA
Fig. 7. (color online) Partial decay widths from K~ (red dash
line), K*(cyan dash dot line), = (blue dot line), A(magenta
dash dot dot line), and the remainder is the contact term ex-
change contribution for the =(1620)° — y=° as a function of
the parameter xg, .

90 T T T T T T

[o2]
o
T

—_— ]

w
o

— T
1

r'(2(1620)° - ) (eV)
S 8

0.01 |- -

oool v
052 056 060 064 068

X&a
Fig. 8. (color online) Partial decay widths of the
5(1620)° — yEr and 2(1620)° — yKA.

itions are depicted in Fig. 8. Since the phase space is
small compared with the two-body radiative decay chan-
nel £(1620)° — yZ°, the decay width should be the smal-
lest for the 2(1620)° — yKA channel, should be interme-
diate for the Z(1620)° — yxZ= channel, and the largest for
the Z(1620)° — y=° channel. Indeed, our study shows
that the partial width of Z£(1620)° — yKA is rather small,
weakly increasing as xz, increases. In particular, the par-
tial width varies from 0.016 to 0.020 eV in the studied

xga Tange. However, the partial width of Z(1620)° — yZn
decreases as xz, increases, and the partial width of the
2(1620)° — yZr is estimated to be 68.75—58.19 eV.

In Fig. 2, the diagrams with pion emitted directly
from the intermediated A and X should be included. Our
estimations indicate that in the discussed parameter
range, the radiative transition strength for these diagrams
are considerably small and the decay width is of the or-
der of approximately 0.1 eV. Moreover, the interferences
among them are also rather small. Therefore, the contri-
butions from these channels are not considered in this pa-
per.

IV. SUMMARY

We have studied the two-body and three-body radiat-
ive decays of the =(1620) state assuming that it is a
bound state of KA-KX. The coupling of Z(1620) to its
components are fixed according to the Weinberg compos-
iteness  condition. The radiative decays for
2(1620)° — y=° and 2(1620)° — y#E are obtained via tri-
angle diagrams with exchanges of a pseudoscalar meson
K, vector meson K*, and baryons X and A. The three-
body decay for the Z(1620)° — yKA occur at the tree
level. In the relevant parameter region, the partial widths
are evaluated as

[(2(1620)° — y=°%) = 118.76 — 174.21 keV,
[(E(1620)° — yEn) = 58.19-68.75 eV,
[(2(1620)° — yKA) = 0.016 - 0.020 eV. (34)

Our calculation indicates the partial widths for
2(1620)° — ynZ and E(1620)° — yKA are too small to be
observed, while for Z(1620)° — y=°, the partial width can
reach up to 174 keV at E ., = 1.620 GeV. Experiment-
ally, with the current integrated luminosity that the LH-
Cb experiment has accumulated at 1.620 GeV, the pro-
cess E(1620)° »y=" may be searched with only y=°
identified. Such research can also be conducted in the
forthcoming Belle II experiment.

APPENDIX A

Using the Lagrangians in Section II, the amplitudes
for the diagrams shown in Figs. 1-2 can be easily ob-
tained:

0 0 3| (D=3F)kp (F+Dusa) eg=ax [~ d*q 2
(2 =) = , () - &
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where {A, and B} are A and X baryon exchanges, respectively. The amplitudes of the Z°(1620) — ynZ,yKA can be also
easily obtained:
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