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Theoretical study in the B — J/wK*°K® and B’ — J/yf(1285) decays
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We study the decay processes of B — J/wK**K" and B® — J/yf,(1285) to analyze the f;(1285)
resonance. By the calculation within chiral unitary approach where f;(1285) resonance is dynamically
generated from the K*K —c.c. interaction, we find that the K*°K° invariant mass distribution has a
clear broad peak. Such broad peak has been understood as the signal of the f(1285). Finally, we obtain a
theoretical result R, = T'go_,; k00 /Tpo_yyy 1, (1285) Which is expected to be compared with the

experimental data.
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I. INTRODUCTION

One of the main goals of hadron physics is to unravel the
nature of mesons or baryons. With the discovery of more
and more new particles, the traditional quark model is not
enough for us to understand the nature of particles. The
general examples are a((980) and f((980), and several
perspectives were presented about the nature of these: ¢g
states [1,2], glueballs, multiquark states or meson-meson
molecules [3].

In very low energy regions, the strong interactions of the
light pseudoscalar particles can be simplified by consi-
dering global symmetry. Thus, based on the chiral sym-
metry of quantum chromodynamics (QCD) and the concept
of effective field theory(EFT), a powerful theoretical tool
chiral perturbation theory (yPT) has been proposed [4,5].
The yPT can be used for the study of QCD at low energies
(<500 MeV) by means of chiral Lagrangians using fields
related to mesons and baryons. Further, the application of
the unitary approaches in yPT, unitary chiral approach
(UyPT), provides a possibility to study strong interactions
at higher energy (=500 MeV) by yPT. The UyPT has been
successfully applied to study meson-meson and meson-
baryon interactions, and also gives a new perspective to
understand the nature of particles, since several resonances
can be understood as dynamically generated. Such as, the
ap(980) and f,(1285) have been viewed as dynamically
generated from the interaction of KK, zn [6-11] and
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K*K —c.c. [12,13] respectively. As for the baryon case,
the A(1405) can be shown as dynamically generated from
the interaction of KN and nA [13-16], - - -. In this paper, we
focus on the f1(1285) as dynamically generated.

The f,(1285) resonance is an axial-vector state
with quantum numbers /(J€) = 0% (11+), mass M, =
1281.9 0.5 MeV and total decay width 'y =22.7 +
1.1 MeV [17]. Itis hard for f(1285) to decay to two-body,
since the mass of the f(1285) is 100 MeV below the K*K
threshold. The main decay modes of f(1285) are the
nrr (52.2%) and 4z (32.7%). In Ref. [18], the authors
found a pole of the amplitude of pseudoscalar-vector meson
interaction in the complex plane at the 1288 — i0 MeV and
assigned it to the f;(1285) resonance. At the same time,
similar results were obtained in [19] when including higher
order Lagrangians. Thus, in the chiral unitary approach, the
f1(1285) can be qualified as dynamically generated from
the pseudoscalar-vector meson interaction. Although, the
PDG [17] has reported “not seen” for the K*K decay mode
of the f(1285), inspired by the KKz decay mode of the
f1(1285), the authors in Ref. [20] explained the possibility
of the K*K decay mode of the f;(1285) and gave the
coupling g, = 7555 MeV of the f(1285) to K*K chan-
nel. Some works in Refs. [21,22] also show the possibility
of the K*K decay mode of the f,(1285).

In Refs. [12,23], the role of the f;(1285) that was
dynamically generated from the interaction of K*K — c.c.,
has been studied in the J/w — ¢f,(1285) and B? —
J/wf(1285) decay processes, respectively. Unlike the
latter which showed only one tail of the resonance peak,
the former showed a clear threshold enhancement of
invariant mass distribution of KK*, which is caused by
the production of the f;(1285). In Ref. [24], they obtained
a consistent result with the experiment for the f(1285) —
7%ay(980) decay branching fraction, where the f,(1285),

Published by the American Physical Society


https://orcid.org/0000-0002-2341-536X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.094007&domain=pdf&date_stamp=2021-05-11
https://doi.org/10.1103/PhysRevD.103.094007
https://doi.org/10.1103/PhysRevD.103.094007
https://doi.org/10.1103/PhysRevD.103.094007
https://doi.org/10.1103/PhysRevD.103.094007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

HE, LUO, XIE, and SUN

PHYS. REV. D 103, 094007 (2021)

ao(980) are also treated as dynamically generated. Also,
the process 7 — f1(1285)zr, has been researched by
considering a triangle loop mechanism with K*(K*) and
K(K) as internal lines [25].

On the other hand, in the experiments, the B‘()s> provides
a good platform for the study of some resonances
Sfo,ao, f1,- -+ [26-29]. Following the original ideas in
Refs. [12,23], we study the decays of B? — J/wK*°K°
and B — J/wf,(1285) decay by considering that the
£1(1285) resonance is dynamically generated from K*K
interaction. Notice although the channel B® — J/ywK*°K°
cannot be observed directly, it can be related to B’ —
J/wK°K~z" + c.c. by decay of the K* — Kz, which was
measured by LHCb Collaboration with Br(B® —
J/wK°K=z" +c.c.) =2.1 x 107 [30]. The branching
ratio of Br(B® — J/yf,(1285)) = (8.44+2.1) x 107¢
was also obtained from the measurement of [[(B’ —
J/wf1(1285))/Tiga] x [B(f1(1285) — 2727277)] by the
LHCb Collaboration [31,32]. We can therefore define

drBOH//.,,k*UKO /dMinv (R*OKO)

S without

the physical quantity R =

BO—J/y sy (1285)
any other free parameter dependence except the energy
scale, and show the distribution of K*°K° invariant mass.
Moreover, we can obtain a theoretical result R, =
Cgos s ykok0 /T B2y 1, (1285) Which is possible to be com-
pared with the experimental data at a certain energy scale.
This paper is organized as follows. In Sec. II, we give
the theoretical formalism for the weak decay of b quark
and the hadronization of quark pairs. In Sec. III, the
Lagrangian of the processes VP — VP and the detailed
calculations are presented. In Sec. IV, the numerical
results and discussions are presented. Finally, a short
summary is given in Sec. V.

II. FORMALISM

In this section we draw the pictures of the weak decay of
b quark and the hadronization. The reaction process at the
quark level as shown in the Fig. 1 can be divided into three
steps. The first part is that the b quark of the BY converts to
a cc¢ and a d quark via weak interaction, where two vertex
bcW and dcW involved by the weak decay are Cabibbo
suppressed [33,34] as shown in the Fig. 1(a). In the next
step, the cc pair from decay of the b quark forms a J/y and
the dd hadronizes a pair of vector-pseudoscalar mesons as
depicted in Fig. 1(b). Following Refs. [13,23,35], for the dd
hadronization, we need to introduce a gg pair with the
quantum numbers of the vacuum, zu + dd + 55, and then
two pairs of gg (vector-pseudoscalar mesons) arise. The
hadronization process can be written

3
d(ﬁu+c_ld+§s)6_l': ZMziMiz (1)
i=1

cJ/y ¢
b W d
BY
d < d
(a)
cJ/y ¢
b W d
B0 gq(au + dd + 3s)
d < d
(b)

FIG. 1. The B® — J/wf,(1285) decay process at the quark
level. (a) Elementary quark arrangement for the weak decay of b
quark. (b) Hadronization of the dd component.

where i denotes the quarks u, d, s, and M is the gg matrix in
SU(3) group

u uii  ud us
M=qqg=|d|(a d 5)=|du dd ds|. (2)
) si sd s5

The matrix M can also be rewritten in terms of pseudoscalar
meson matrix Mp or vector meson matrix My,

Mp=| 7 —Z+% K°
K= K° —%778
wth 0 K
My = p- —\’}—;—I—% K*0 (3)
K+ I_(*O ¢

Equation (1) can be rewritten with regard to MyMp or
MpMy

MyMp+ MpMy, (4)

where the + corresponds to C =F 1(C parity), respectively
[23]. Now, the hadronization process of dd gives
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d(uﬁ + dzi + SE)EZ = (MVMP - MPMV)22
= KK — KK + p=nt — pta~

(%))
R @

In the last step from Fig. 2(b) which will be explained in
the following section, we need pseudoscalar P and vector
mesons V for rescattering to form the molecular resonance
£1(1285) with quantum numbers 1°(J7€) = 0+ (1) [17]
since CV = —V and CP = P for My and M p, respectively.
Thus, in order to generate the resonance f(1285) we must
take the C-parity positive combination between the V and
P, and the Eq. (5):

IMM) = |K*°K? — K*K® + p=n* — p*r=).  (6)

17y

FIG. 2. Diagrammatic representation for the B’ — J/yVP
process. (a) The reaction at the tree level. (b) The rescattering
between pseudoscalar mesons and vector mesons. (c) Production
process of the B® — J/yf,(1285) decay.

III. THE PROCESSES B’ — J/yK*'K"
AND B — J/yf,(1285)

In this section, we will calculate the invariant mass
distribution of K*°K? in decay process B’ — J/yK*K?°
and the decay width of B — J/y f(1285). According to
the chiral unitary approach [18], the molecular resonance
f1(1285) can be regarded as dynamically generated from
the interaction of K*K — c.c. Meanwhile, the process of
VP — VP rescattering is shown in Fig. 2(b). In the local
hidden gauge approach [36-39], the Lagrangian for the
interaction of two pseudoscalar and two vector mesons is

ﬁvvpp:=-—Z§§rquw,a~vpnp,abe (7)

where P and V are given in Eq. (3), f, is the decay constant
of pion with f, =92.4 MeV, Tr represents the SU(3)
trace. The Lagrangian of Eq. (7) will lead to the relevant the
s-wave projection of the scattering amplitude, or to say the
V-matrix [18]

Lo
V”(S) = _%CU |:3S - (M2 + m2 + 1‘4/2 + m/z)
1
- = )7 =) 0

where €(¢’) represents the polarization vector of the
incoming(outgoing) vector meson. For convenience, ¢ - ¢
is calculated as a prefactor below. The M(M'), m(m’) stand
for the masses of initial(final) vector mesons and initial
(final) pseudoscalar mesons, respectively. The indices i and
Jj correspond to the initial and final V P states, respectively.
There are different C;; coefficients for different isospin
basis (S, 1), the results of C;; have been listed in Ref. [18].

The rescattering amplitude 7 for the decay of
BY - J/wK*°K® as shown in the Fig. 2(b) was obtained
by solving the Bethe-Salpeter equation in coupled
channels [18]

T=[1+ V6 (=V)E & 9)

where G = G(1 + %A‘i—zz) and G is the two meson propa-
gator loop function including a vector and a pseudoscalar:

&g 1 |
G pr— | b
(V) =1 2m)* (P - q)* = M? + ie ¢* — m? + ie

(10)

where m and M are the masses of the pseudoscalar and
vector mesons, respectively. Some amplitudes and
V-matrices have been listed in Refs. [11,40].

The divergence of loop function Eq. (10) can be
regularized by means of the dimensional regularization
[18,41] or cutoff scheme [24], one has in the former scheme
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1 M> m?—M>+s. m?

GP(v/f5) = — In— In—s

(V6) = gz {at0) + e+ =5
+|\;Zl_[ln (s — (M?* — m?) + 2|G|\/s)

+1In (s + (M? = m?) + 2|G|V/s)
—1In(=s + (M? — m?) + 2|G|\/s)

“n(os - (- 0?) 20V ()

Also, in the cutoff scheme we have

Gmax d3_) w; + w 1
G(ve) = [ S

o (22) 200y s~ (o) +@y)” +ie
w; =\/|gF +m* @, =/|g]* + M. (12)

where the y and a(u) are the renormalization scale and
subtraction constant, respectively. And, the g stands for the
three-momentum of the vector or pseudoscalar meson in
the center of mass frame and is given by

=3/l = (M mPlls = (M =L (13

The s is the invariant mass of vector and pseudoscalar
mesons in the loop of Fig. 2(b).

When the final state is the K*°K?, the total amplitude
contributions correspond to Fig. 3. Equation (6) causes that
subfigures (b) and (c) have a minus sign comparing with (a)
and (d). Meanwhile, we can write the amplitude U for the
transition B — J/wK* K"

ty = Vi (I 4 Y6 M ()| (14

where the G is the loop function in Eq. (10), the scattering
matrix 7;; is described in Eq. (9) and M, is the invariant
mass of the vector-meson and pseudoscalar-meson in the
final state. The Vp is an overall factor, which includes
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and
kinematic prefactors. And the Vp is a unknown quantity
and it could be cancelled below. Meanwhile, in the
Refs. [8,15,42-44] the authors take Vp as a constant.
Also, considering the Eq. (8), for h;(;) we have

hK*OI_{U = hl,f,ﬁ =1,
hK**K’ = hK*—KJr = hpUn.O - hpopo =0. (15)

hgogo = h/,+ﬂ— = -1,

Take notice that the above amplitude only holds for an
s-wave with every intermediate particle being on
mass-shell.

J/y

()

FIG. 3. The total contributions for the K**K° production.
Subfigures (a) and (d) have a minus sign corresponding with
subfigures (b) and (c).

The amplitude Eq. (14) for the B® — J/wK*°K° can be
written as

U = Vp[=1 = Ggogo(Min, (K*K?))
X tgogo_gogo (Miny (K*0K?))
+ Ggoogo (Miny (K*OK®))tgogo_ grogo (Miny (K*OK))
+ Gyt (Minv(k*OKo))fp*f—uz*oKo (M, (K*°K"))
=Gy (Minv(k*OKO))tp+n-—>k*0K° (M (K*°K?))].
(16)
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By means of the following isospin multiplets

—pt —rt

+ 74\l
o) Ce) {2 ) |2
KO 9 _K— 9 9 9
p- n

and the CG-coefficients, we have amplitude relations

(17)

_ 1 1=0
TRHog0_ gHogo = EIK*K—J( K
L0 RO RHOg0 = ;t;(*(l)(—ﬂ(*l(
Ly nt kK" = _\/Latz;gK*K
Lyt g ROK0 = —LZIZO . (18)

\/6 pn—=K*K.

And we can rewrite the Eq. (16) as

1 _ -
U= _VP[I +§Gl_(*l((Minv(K*OKO))I;(*([)(_)K*K(Minv (K*OKO))
1 - -
+§GK*K<MinV (K*OKO))#( ([)(_,K*K(Minv (K*OKO))]
(19)

If the final state is chosen as J/wK*°K?, the amplitude for
Uy koge has a minus sign compared with Eq. (19).

With the above results, now the invariant mass distri-
bution dI'/dM,,, can be written [17]

2 mv
- 2 (2n )3 8M3,
max
MJ/-// &0

an

U|2MJ/WK OdMJ/y/ KOs (20)

min
1y &0

the Y C? represents the total polarization structure, which
can be written as

p .
ZC2_3+ J/W+pKO’ (21)
J Jwr M g0
where we make the approximation [35,45,46] that the
three-momenta of the vector mesons in the loop are on-
shell and small compared to their masses. And we have

- A (M%;O’M.%/y/’Mlznv)

pj/l[/ ZMBO ’

> y — ’1 (M12nv’Mi0’Mi*0> (22)
Pk 2]va ,

where A(x,y,z) = x* 4+ y* + 2> = 2xy — 2yz — 2xz is the
Kihlén function.
In the Eq. (20), M g0 and M, g-o are interrelated, thus

for specific M gugo, the range of M, g-o is defined as

max

J/y K0
2
min
)y K0
2
:\/(Ek*()—'_EJ/W)Z_(\/ K*“ *0+\/ Ty~ .]/l//) s
(23)

where Eg.o = (M}, — My + M%.,)/2M;,, and E;;, =
(M2%, — M

v = M3,,)/2M;y, are the energies of K*0 and
J/y in the K*OKO rest frame. The Dalitz plot for M g-ogo
and M, go invariant masses in the B — J/yK*K"
decay is shown in Fig. 4.

On the other hand, notice that Eq. (20) contains an
unknown quantity Vp. In order to eliminate Vp, we
could consider the production of the f(1285) resonance.
The relevant mechanism is depicted in Fig. 2(c) and
we have

Tgo_ypyr 285y = VpCsG(My, ) gy, (24)
where the polarization factor C) is obtained analogy to
Eq. (21). The coupling of £ (1285) to K*K channel can be
expressed as g; €;(f1)e;(K*), by contracting the two
polarization vectors ¢;(K*)e;(K*) = 6;; in the loop of
Fig. 2(c), and give

pj P
S cp =3+ (25)
mJ/lI/ mfl
4800 =
— 4600]=
>
(&)
=
= 4400f=
593
s
S
= 00
4000 =
1 1 1 1
1400 1600 1800 2000 2200

Mg ko [MeV]

FIG. 4. Dalitz plot for K**K® and J/wK* invariant masses in
the B — J/wK*°K" decay.
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where p, :ﬁj/,l,:A%(M%O,Mﬁ/W,M}I)/2MBo is the three
momentum of £, and J/y in the B° rest frame.

Then, the partial decay width of B — J/yf(1285) can
be written

V363,63 )IFry

I =
S A T2
2 2 2 \2
(Mo = M3, = M5,)
x| 2+ (26)
4M§/V/Mj%1

By considering B® — J/wf,(1285), we define

- ﬁB°eJ/wk*0K0/dMinv ([_(*OKO)

(27)
U500 r,(1285)

Rr

where Vp has been canceled so that Ry has no other free
parameters except the energy scale. It can be a function of
invariant mass M;,, and compared with the experiments at a
certain energy scale. Although there are different ¢/ for
different final states J/wK*°K® and J/wK*°K", they have
an equal Rp.

IV. NUMERICAL RESULTS AND DISCUSSION

With the former formulas, we present, in Fig. 5, the
predictions for the ratio Rr as a function of the invariant
mass M;,, of the K*°K? state. As mentioned above, the
unknown parameter Vp cancels, therefore it does not
appear in the final result of the ratio Rp. Meanwhile,
we consider the following renormalization scales u =
1100 MeV, 1200 MeV, 1300 MeV and corresponding sub-
traction constants a(u) = —1.66, —1.62, —1.59. A straight-
forward relation between a(u) and p is given by [47]

2 .
a;(4) = —21log <1+ 1+£§>+o<ﬁ>. (28)
H M;

As shown in Fig. 5, the solid curve gives a good
description for the invariant mass distribution of
M, (K*°K?), which produces the broad peak of the mass
distribution. The broad peak is caused by the f;(1285)
which is dynamically generated by the K*K — c.c. inter-
action. The range of the invariant mass M,,, of K*°K° has
been considered as the 1390-1900 MeV. In principle, the
range of the invariant mass M;,, of K*K can reach the
maximum value 2182 MeV (Mg — M, ,,) in the process of
BY - J/wK*K® decay. Nevertheless, the results of the
previous sections are based on the chiral unitary theory,
thus the range of the invariant mass should be 200-
300 MeV smaller than the maximum value 2182 MeV
to make sure the theory works better [12]. At the same time,
by comparing three subgraphs in Fig. 5, we can see that as
the renormalization scale u increases, the strength of the R
decreases and the position of the broad peak of Ry almost
does not move. In addition, in order to compare, the result
without considering the polarization structure factor of the
Ry is also shown by the dashed curve. We can see that the
dashed curve also gives a clear broad peak and is larger than
the solid one. Finally, the phase space as a function of the
invariant mass M,,, has been depicted by the dot-dashed
curve. Actually, the value from the phase space distribution
1s much smaller than the values of the other two curves, and
we normalize the phase space distribution to make it have
the same area with the solid curve.

We define the parameter R, by

F_O <0 0 Mzo—m
2 B’>J/wKPKY B Iw
R =—/—"""—"—"— —/ RrdM,,,,
m

= (29)
U0 sy r, (1285)

&0 T g0

and obtain a theoretical value of R, = 0.451 for u =
1200 MeV. When we choose the values of u in the range
of 1100-1300 MeYV, the results of Ry are located around the
range of 0.301-0.734. Thus the main uncertainty of the
theoretical ratio comes from the renormalization scale u.

3.0 T T T 5 1.2 T T T
A 1.75— T e T =
2.5k o~ —-- Rr without polarization | 1.50F L —=- Ry without polarization 1.0k === Rr without polarization |
'II \\ —-=- Phase space ! \\ —-- Phase space I,’_\\\\ —-=- Phase space
—20F | "\ H=1100MeV, a(u)= ~1.66 125F S u=1200MeV,a(m)=-162 | ~—o08F / Sa( H=1300MeVia(u) = —1.59
T H 1 ~ — 1 ~
3usf | o ool |
- 1 -
o) 1.5 '| i o) 0.6 ',
= T L i
x 1.0F x 0.4
05F | . L. 0.2}
0 G I; " 1 " 1 " 1 " 1 " 0 OC I; 1 1 1 1 0 C i " 1 " 1 " 1 " 1 "
. 1.4 15 1.6 1.7 1.8 1.9 ! 1.4 1.5 1.6 1.7 1.8 1.9 . 1.4 15 1.6 1.7 1.8 1.9
Min,(K0K®) [Gev] Min,(K°K°) [Gev] Min,(K°K°) [Gev]
(a) (b) (c)
FIG. 5. The distribution of R as a function of the invariant mass M, of K*°K? at y = 1100 MeV, 1200 MeV and 1300 MeV,
r inv

respectively. The solid (dashed) curve represents the dynamically generated prediction with (without) the polarization structure factor.
The dot-dashed curve stands for the phase space distribution which has been normalized to make it have the same area with the solid

curve in the M;,, range.

094007-6



THEORETICAL STUDY IN THE

PHYS. REV. D 103, 094007 (2021)

On the other side, the processes K*0 — K+z~, K%z2°
have strengths %, % respectively. The strength of the process
B® — J/wK*K can be obtained by using the experimental
branching ratio of B — J/wK°K~n* + c.c., thus similar
to Ref. [35], we have

_ _ 13
Br(B" — J/wK*°K?) = 35 % 2.1x 1073,
Br(BY — J/ywf(1285)) = (8.4 £2.1) x 10°°,  (30)

where the branching ratio for B® — J/y f,(1285) can be
obtained directly from PDG. Equation (30) gives an
experiment result

Br(B? — J/wK*K")
R, =

= Be (B = J/yf, (1285)) =0.469 £0.117. (31)

In principle, the R, should be related with R, by R, = R,.
However, the Br(B® — J/wK°K~z" +c.c.) = 2.1 x 107
is not accurate within the corresponding experimental
condition. Furthermore, as mentioned, in order that the
chiral unitary approach can work well, the upper limits of
the M,,, should be 200-300 MeV far from the boundary
(mgo —my,,). The above two reasons lead to the main
discrepancy between R, and R,. There are also some other
reasons, for examples, there are higher mass states with
spin-parity J* = 17 and 2" at higher invariant mass range
of K*KY [12]. As for the relation between y and a(u),
we ignore higher-order effects. These contributions are
small compared with the previous two main reasons.

We expect that future experimental observation of the
invariant mass distribution Rp- on the LHCb would provide
valuable information on the mechanism of the BY —
J/wK*K" decay.

V. SUMMARY

In the present work, we have shown the distribution of
the invariant mass K*°K? in the decay B® — J/wK*°K? to
investigate the basic nature of the f(1285) resonance.
In the frame of chiral unitary theory, the f;(1285)

resonance is dynamically generated from the K*K —c.c.

interaction, further we get the theoretical prediction Ry =

dUs0_ ;1,50 50/ AMiny (KOKO) . . .
501y K OKO T in as a function of invariant mass

T30y, (1285)

M, (K*°K?). The result of Ry reproduces the peak of
the mass distribution of M;,,(K*°K?), which is caused by
the production of the f;(1285) state. Finally, we can obtain
a theoretical result R, =Tgo_;/,z0x0/T50o507 (1285)
which is possible to be compared with the experimental
result R,. We expect that there will be more valuable data in
future experimental observations, which could advance our
understanding of f(1285).
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