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Abstract: The baryon =,(6227) with the quantum number J¥ = 1/2 is considered as a molecular state composed of

a X, baryon and K meson. The partial decay widths of the £, K molecular state into Z;y and E'by final states through

hadronic loops are evaluated with the help of the effective Lagrangians. The partial widths for the E,(6227) — yZE,
and E,(6227) — 7E'b transitions are evaluated at 1.50—1.02 keV and 17.56-24.91 keV, respectively, which may be

accessible for the LHCb. Based on our results, we argue that an experimental determination of the radiative decay

width of E,(6227) is important for the understanding of its intrinsic properties.
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1 Introduction

In the past five years, numerous novel narrow bottom
baryons were identified. The latest one was discovered in
2018, when the LHCb Collaboration observed a novel
narrow structure with the statistical significance of 9.2 o
in the AYK~ and E)7~ invariant mass spectra, named
Ep(6227) [1]. The observed resonance parameters of the
structure are

M =6226.9 +2.0(stat) + 0.3(syst) = O.Z(Ag) MeV,
I'=18.1 +5.4(stat) = 1.8(syst) MeV. )

The observed channel indicates that the isospin of the
E,(6227)" is 1/2.

However, its spin-parity has not been determined by
experiment. Assuming different assignments for its spin-
parity, some theoretical interpretations were already dis-
cussed in the literature. Considering the E,(6227) as a
conventional bottom baryon, the spin-parity was as-
signed to be J¥ =3/2" or J¥ =5/27 in Refs. [2-6]. Be-
sides supposing that =,(6227) is a conventional bottom
baryon, it is also described as a §— wave dynamically
generated resonance with a dominant K%, configuration
[7, 8]. However, a different conclusion was finally ob-
tained, namely that the Z,(6227) is a pure KX, bound
state with J¥ = 1/27 [9].
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To date, the inner structure of this state remains un-
clear, and further efforts are necessary. In theory, an in-
vestigation of the decay properties may provide more in-
formation on the nature of the Z,(6227). Regarding the
E,(6227) as a conventional bottom baryon, a strong de-
cay width has been computed [2-6]. The results indicate
that the =,(6227) interpretation as a conventional three
quark state is most in agreement with its experimental
total width. However, the S— wave KX, assignment for
the Z,(6227) is likewise supported by studying the strong
decay widths [7-9]. The two-body allowed strong decay
widths from different model are consistent with each oth-
er within errors. Hence, based on the analysis of the two-
body allowed strong decays, the Z,(6227) is not only con-
sidered as a conventional three quark state, but also as an
S-wave KX, molecular configuration. Theoretical invest-
igations on other decay modes will be helpful to determ-
ine whether the Z,(6227) is a conventional bottom bary-
on or a molecular state.

Radiative decays may be helpful to distinguish the in-
ternal structure of the Z,(6227), as the coupling of the
photon to the constituent K meson and X, baryon of the
E5(6227) is essentially different from that of the quark
models, in which the photon couples directly to the quark
system [10]. Therefore, a precise measurement of the ra-
diative decays is useful to test different interpretations of
the Z,(6227). However, to date, no study addressed the
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radiation decays of the £,(6227). In the present study, we
continue our investigation of the =,(6227) properties in
terms of its radiative decay in the hadronic molecule ap-
proach developed in our previous study [9].

This paper is organized as follows. The theoretical
formalism is explained in Sec. 2. The predicted partial de-
cay widths are presented in Sec. 3, followed by a short
summary in the last section.

2 Formalism and ingredients

In our previous study [9], the Z,(6227) is interpreted
as a pure K¥;, bound state with J¥ = 1/2~ by studying the
strong decay model, where consistency with the ob-
served strong decay width of the E,(6227) was achieved
in a hadronic molecule interpretation [9]. According to
the pure KX, molecular scenario, we calculate the radiat-
ive decay widths Z,(6227) — E,y and 5,(6227) — E,y in
this study to elucidate the internal structure of the
Z,(6227). In the KX, molecular scenario, the Z,(6227)
must couple to its components via the S— wave, and the
corresponding effective Lagrangian assumes the follow-
ing form [9, 11]

Lz, 6227) =8z, 6007 k3, Plk1ws, —kw 1
X 2,(6227)7- 5K, 2

where w;; = m;/(m; +m;), with m; as the mass of the bary-
on or meson. k; and k, denote the four-momenta of the K
meson and X, baryon, respectively. From Refs. [9, 11-
13], we find that the correlation function ®(p?)=
exp(—p%/A?) is not only introduced to describe the distri-
butions of the K meson and X, baryon in the hadronic
molecule, but also plays a role in stopping the Feynman
diagrams ultraviolet divergence. pg denotes the Euc-
lidean Jacobi momentum, and A is the size parameter that
characterizes the distribution of components inside a mo-
lecule. A is a free parameter, and it is usually set to be
about 1 GeV to reproduce the experimentally observed
decay width in the literature [9, 11-13]. In this study, we
vary A in a range of 0.9 GeV < A <1.10 GeV.

In the above Lagrangian, the remaining unknown
coupling constant gz 2275, 18 computed by the compos-
iteness condition [14, 15], which indicates that the renor-
malization constants of a composite particle wave func-
tion should be zero, i.e.,

Zz, 6227 =1- w =0, 3)
Ko W=, am)
where the S[E,(6227)] is the mass operator of the
Ep(6227) corresponding to the diagrams in Fig. 1. With
the effective Lagrangian in Eq. (2) and the composite-
ness condition in Eq. (3), we obtain the coupling con-
stant of the £,K molecule to its components

2

Fig. 1. (color online) Self-energy of the =; state.

I 2
d d
‘7{ f af ﬁ16ﬂ2

g, (6227, R =1

X exp {—p [Timé; + a/M? +ﬁmi2]} , @

where Fi=-202+4% - and A;=—4w;—28 with i=1
and 2 denoting the molecule component K~X) and K°%,
respectively. M; and m; are the mass of the X, baryon
and the mass of the K meson, respectively. The isospin-
spin symmetry requiring the coupling of the =, %, K’ 0 ver-
tex is V2 times lager than the one of the E,20K". Em-
ploying those ratios and the A; listed
{ V2 i=% K0
A= ) - (%)
1 i=X)K".
In the present hadronic molecular scenario, the diagrams
contributing to the £,(6227)" — E; y and 5,(6227)" — E,y
decay are presented in Fig. 2.
To compute the radiative decays of the diagrams
shown in Fig. 2, the effective Lagrangian densities re-
lated to the photon fields are required, which are [16, 17]

Lrky= émee“mﬁFwKZE K
+ ‘@ee’””ﬁFwK;%f(O +he., (6)
Liky = ieA, K~ T K", 7)
Lysno = ” Z,As 22 T® YA +hec., ®)

where the strength tensor is defined as F,, = 9,4, —d,A,
and K}, = 9,K; —,K;;. The a = ¢*/4r = 1/137 is the elec-
tromagnetic fine structure constant. The us A, = —1.37u is
the transition magnetic moment [18], where u is in the
units of the nuclear magneton. The coupling constant
gk~k+y and ggwgo, is determined from the partial decay
width of K** — K*y and K*° — K%y, which is obtained
from Eq. (6),
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Fig. 2. (color online) Feynman diagrams for the £,(6227) — £,y and £,(6227)" — E;;y decay processes. We show the definitions of
the kinematics (ko,k1,k2, p1,p2, and ¢) used in the calculation.
o . a/giw,@y ) ) [20]. " is the axial vector combination of the pseudo-
HK™ = K7y) = — —my-(mi. =mie.). ) gcalar-meson fields and its derivatives,
) = i(u’ 0 u—udu'), (13)
F(K — KOy) = KK o ois =) (10)
Y= K g =Ko )> where the > =U = exp(i%), fo = 92.4 MeV, and the
where mg. and my are the mass of K* and kaon, respect- pseudoscalar-meson octet ¢ is represented by the 3x3

ively.

According to the experimental widths I'(K** — K*y) =
0.0503 keV [19], T(K** — K%) = 0.125 keV [19], and the
masses of the particles shown in Table 1, the coupling
constant gg-k, is fixed as

gk-ky = 0.580GeV™!,  grogs, =-0.904GeV™'. (1)

The signs of these coupling constants are fixed by the
quark model.

Table 1. Masses of particles in present study (in units of MeV).
=t % z; AY Iy ES
5811.3 5813.4 5815.5 5619.6 5794.5 5935.02
KO K0 K K* s
497.611 898.36 891.66 493.68 139.57

To evaluate the diagrams in Fig. 2, in addition to the
Lagrangian in Egs. (2), (6), (7), the following effective
Lagrangians, responsible for heavy baryons and pseudo-
scalar mesons interactions, are needed as well [20]

Lpg =81(Beyysu* Be) + g2(Bey,ysu' B3 + H.c.)
+86(Byy,ysu' Bs). (12)

Where the coupling constant g; :—\/ggz and g¢=0

matrix

0

T n + +
— = s K
v V6o
; 2
K- K° -—7
V6

The particle assignment for the J=1/2 bottom baryons
of the B; and B¢ representations is [20, 21]

0 =9

b Zb
By=| -A) 0 EF |, (15)
=0  _=-
b =b 0
1 1
0 =0
ZZ \/;Zb 2=
B = loo 5 1 (16)
6 7% b 7%
Ty 1_. B
\/;:b \/;:b Qb

The coupling g is fixed from the strong decay width
of ¥, — AYr. Using Egs. (12)—(16), the two-body decay
width T'(Z, — A7) is related to g> as

2

ﬁ—p3
AU?

mf2 (mg, +mpo)? —mz" "

(ms, +mpr)?

I, - A)n) = (17)
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where the ms,, mpo, and m, are the masses of the X, ba-
ryon, Ag baryon, and 7 meson, respectively. The Prpo is
the three-momentum of the n in the rest frame of the X,.
The Particle Data Group lists the X, predominant decays
into ADx [19], such that its partial width may be approx-
imately equal to the total width of the X,. Using the ex-
perimentally determined strong decay width and masses
of particles required in the present study, we obtain
g =0.252+0.013.

To compute the radiative decay amplitude, the
K22 and K% = () Lagrangian vertices are re-
qulred Accordmg to the strategy in Refs. [22, 23], the
Lagrangian for the K*"20=, " and K*°%, =, vertices is
easily obtained by replacing the charm baryons with the
bottom ones, whose procedures are provided in Ref. [9],

z%,Kk82 d4q

Lsz = EEV RS,

8 =0 =yt 8
+—=—= K z

b " 2v3
8 =0y 050
E:by'“Kﬂ z,

8 =— U pr—50
=YK
23 PR

=0,y +050
EY Kﬂ %,

[x]!

Sl sl &)

bOVyK;_Z; +

[}t

+

- ! - g-:’f —
e on +3E YK, X +he., (18)

where the coupling constant g = 6.6 is obtained from Ref.
[23].

In the radiative decay of the Z,(6227)" — =,y and
25(6227)” — E'h‘y, a photon can be emitted from the ka-
on meson and X, baryon. The triangle diagrams are lis-
ted in Fig. 2, and the corresponding amplitudes are

- R 3€8 _ Ki+my .
Mu(Ep(6227)” > E,y)=—()’ L Ol wk- —kaws))*1a(p1) 4/vs—5—— u(ko) r——=(ky +4 ) —e(p2),
fo (2m) ky —mg, S —mi m.
My(Ep(6227)" — ;) =0,
_ o 1 8€8=3 K8k Ky (* dig - Ki+my
M (Ep(6227)" = E7y) = —(i)° e O[(kjwgo — krows-)"it —_—
Ep( ) »Y) =—() a3 20 [((kiwge —kows; )] (P1)%;k%_
[
Xu(ko) s Envap(Pr8™ - ph8")(q" ¢ - quW)( 8"+ —— 7 q Jz—zEﬂ(pZ)’
Kn m[’( q _mk"”
- oy 38¢8=:3,K8K Ky d4q 2 Ki+ms
Ma(Ep(6227)" = E,y) = —(i) 53 (Zn)4‘1)[(k1w1<f —kws) ]M(Pl))’nkz_—z
q"q” 1 .
x M(ko)ﬂenmﬁ(pggm - P34~ g™ (—g"" + %) £mi. €.(p2),
M(Ep(6227)” > B, y) = 7M W8, — &y Y)If;i: __57'15;,,
_ . €828=:5, RUS, A, d* - q/ +mp
My(Ep(6227)" = E;y) = () T ol(kwk - kows) 10 (p K275 —at
4 fompo (2m) g*-m Ao
K+
X (Yu P2~ 1'5/27p) M(ko)k2 €,(P2),
E()
M(EH(6227) — a’b-y) = \/§MC(Eb(6227)‘ N E;y)|mﬁmﬁ_,
Ma(Ep(6227)” = By y) = VBMuEn6227)” = 57|, . -
(19)
The total amplitude of ,(6227)" — &,y is ML =, (6227) =0y =€ (PP
ML o, = Mo+ My + Me+ M. (20) X(gl“y” +g T“pﬂ Uk ) utko).  (21)
E,(6227) =&,y P2

After performing the loop integral, the total contributions
of the triangle diagrams to the £,(6227)" — E;(')y can be

parameterized as

This amplitude cannot satisfy the gauge invariance of
the photon field with only triangle diagrams included. To
ensure the gauge invariance of the total amplitudes, the
contact diagram in Fig. 3 must be included as well. The
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Sp(k1)
5 (ko)
———
K(kg)
Fig. 3. (color online) Contact diagram for Z,(6227)" — &,y

and Z,(6227)" — E;}’y. We show definitions of the kinemat-
ics (ko,k1,k2, and g) used in the calculation.

effective Lagrangian describing the vertex of Eg)yZbI_(
could be deduced from the one of the Eg)ZbI_( by the min-
imal substitution * — o* +ieA*, which is

‘EEZ’)/ZI,E = gE;,”yth'(Eg)Vﬂ?’Sﬂ#I_{zb- (22)

By this effective Lagrangian, the amplitude of the con-
tact diagram assumes the form,

- N d*k
MconlE(6227) = £,91 = gz5 & (27)14
x € (p2)®L(kiwk- — kowse ) Ta(p1)YyYs
K1 +ms
X ot u(k) (23)
kl—ng kz—mK,

After performing the loop integral for the above amp-
litude, we obtain,

MconlEp(6227)" — 5, y]
= €,(p)U(p1)gcoy Y ulko). (24)

The total amplitude of the =,(6227)" — E;(/)y is the
sum of the triangle diagram and contact term contribu-
tions. To maintain an invariant full amplitude gauge, the
Scon = 81" —g&" can be obtained, and the coupling con-
stant g™ and g can be evaluated from the amplitudes
listed in Eq. (19).

Once the amplitudes are determined, the correspond-
ing partial decay widths are obtained, which read,

1 1 |7l

Qr 2
2J+18m mE/,(6227)

I'(Ep(6227) > MB) = IM2, (25)
where J is the total angular momentum of the =,(6227)
state; |p;] is the three-momenta of the decay products in
the center of mass frame; the overline indicates the sum
over the polarization vectors of the final hadrons, and MB
denotes the decay channel of MB, i.e., Eyy and Z,y.

3 Results and discussions

To estimate the radiative decay widths of the conside-
red processes, the relevant coupling constants gz (2073, &

must be discussed first. Regarding the =,(6227) as an
S —wave loose X, K hadronic molecule, the coupling con-
stant gz 6207)5,& can be computed by the compositeness
condition. As shown in Eq. (4), the coupling constant is
dependent on the parameter A. With a cutoff A =0.9-1.1
GeV, the corresponding coupling constant varies from
2.68 GeV to 2.47 GeV, as shown in Fig. 4. The coupling

30

JP=1/2

10 | .
9. (6227) K= (GeV)
0 L 1 ' | " | L
0.90 0.95 1.00 1.05 1.10
A (GeV)
Fig. 4. (color online) Coupling constant (red dashed line),

8=z,62275,k» and total decay width (black solid line) as a
function of the parameter A. The cyan band depicts the ex-
perimental total width [1].

8 T T T T T T T

6 | P

0 P PR P R
0.90 0.95 1.00 1.05 1.10
A (GeV)
Fig. 5. (color online) Total decay width (black solid line)

and partial decay widths from K~ (red dash line), K*°(blue
dash-dot line), K*~(magenta dash-dot-dot line), AJ(purple
short line), and the remainder is the contact term exchange
contribution for the Z,(6227) as a function of the parameter
A.
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constant decreases slowly with the increase in the cut-off,
and it is almost independent of A. In our previous study
[9], the coupling constant was incorrect, being smaller
than the one given in this study. However, this does not
alter the conclusion that E,(6227) only can be considered
as S —wave KX, molecule, and the result is shown in Fig. 4.

Fig. 5 shows the dependence of the radiative decay
widths on the cutoff A. By increasing the cut-off from 0.9
GeV to 1.1 GeV, the radiative decay width of the
=,(6227) — yE'b monotonously increases, albeit very
slowly. In particular, the partial width varies from 19.47
to 23.15 keV with the variation of A from 0.9 to 1.1 GeV.
However, the radiative decay widths decrease for the
Ep(6227) — yE, when the cut-off A is changed from 0.9
to 1.1 GeV. With the constrained parameter A, the par-
tial width of the £,(6227) — yE, is estimated to be

T(5,(6227) — yE,) = 1.38 — 1.14 keV, (26)

which is weakly dependent on the model parameter. Our
calculation indicates that the width of the =,(6227) — yE}j
is about one order larger than the one of the Z,(6227) —
YEp.

The contributions to the total width from individual
channels are likewise shown in Fig. 5. Because the relat-
ive signs of the corresponding amplitude in Fig. 2 are
well defined, the analysis of the interference character
between various channels is facilitated. The total decay
widths obtained are the square of their coherent sum. Re-
garding the E,(6227) —» yE, process, the K~ -exchange
and contract term provide a dominant contribution to the
total decay width, and the amplitude of these two chan-
nels are not gauge invariant. The amplitudes correspond-
ing to the Ag-exchange and K*-exchange are gauge in-
variant, and the results indicate that the contributions of
these amplitudes are almost three orders of magnitude
smaller than those of the amplitudes corresponding to the
K~ -exchange and contract term. However, the interfer-
ences among them are sizable, which makes the total ra-
diative decay width smaller than the partial decay widths
of the K~-exchange and contact term, respectively. For
the transition Z,(6227) — yE}), the individual contribu-
tions of the Ag exchange are dominant, almost amount-
ing to the total width. The estimated individual partial de-
cay widths are all insensitive to the A. The radiative de-
cay width of the Z,(6227) into the yZ, final state is ap-
proximately one order of magnitude smaller than into the
yE, final state due to the contribution of Fig. 2(b) vanish-

ing in the case of £,(6227) — yE,.

According to Eq. (10) and the experimental width
I'(K*° — K%) = 0.125 keV, the coupling constant 8KVKoy
=0.904 GeV~! is fixed. However, it is generally chosen
at approximately —0.904 GeV~' in the literature, and the
sign of this coupling constant is fixed by the quark model.
If we assume ggogo, = 0.904 GeV™!, the decay width
Iz, = 1.39-1.15 keV and T')z =19.33-23.08 keV  ap-
proach the previous results: T'yz, = 1.38-1.14 keV and
I,z = 19.47-23.15 keV. Hence, our numerical results
show that the value of the decay width I'yz, and Tz is
not sensitive to the negative sign when varying the mod-
el parameter A from 0.9 to 1.1.

4 Summary

Presently, there is not sufficient experimental inform-
ation to determine the spin-parity of the =,(6227) state.
The experimental study of its decay behaviors could
provide further insigth into its inner structure. However,
the strong decay channels are difficult to determine, irre-
spective whether the Z,(6227) is a conventional bottom
baryon [2-6] or a molecular state [7-9].

In the present study, we estimated the partial widths
for the radiative decay from the Z,(6227) to the E;} and
=, state in a molecular scenario, in which the =,(6227) is
considered a X,K hadronic molecule. In the relevant
parameter region, the partial widths are evaluated as

['(E,(6227) — vE,) =1.38—1.14 keV,
['(E,(6227) — yE,) =19.47-23.15keV. 27)

Our estimations indicate that the partial widths for the
E,(6227) — yE,;, transition are approximately one order of
magnitude smaller than those of =,(6227) — 7’5;;‘

Based on the current integrated luminosity and our es-
timations, facilities such as the LHCb might be able to
detect radiative decays of the Z,(6227) baryon in the keV
regime. This research can also be performed in the forth-
coming Belle II experiment. The study of the radiative
decay of the E,(6227) baryon employing the quark mod-
el is strongly recommended. In comparison with the pre-
dicted widths of the quark model, the results in the
present study provide further information for the experi-
mental search for the Z,(6227) baryon. Furthermore, the
experimental measurements for these radiative decay pro-
cesses can be a crucial test for the molecule interpreta-
tion of the E,(6227)baryon.
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