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In this work, the soft rescattering parameters in the B* — 7tz "z~ and B* — K* 7"z~ decays with the
light scalar meson f(500) as the intermediate resonance are studied within the quantum chromodynamics
(QCD) factorization. Considering the interference effect between p(770)° and f,(500), we utilize the
experimentally more direct event yields for fitting and get the soft rescattering parameters |pip | =
329 +£1.01 and |pfS| =233 £0.73 in B > PS and B — SP decays (P and S denote pseudoscalar and
scalar mesons, respectively), respectively. We also study the branching ratios and CP asymmetries in the
decay modes involving other scalar mesons, including f(980), a((980), ag(1450) and K{;(1430), to test
the rationality of the values of |p;”| and |pfS|. Meanwhile, the wealth of experimental data facilitate the
examination of the forward-backward asymmetry induced CP asymmetries (FB-CPAs), and the localized
CP asymmetries (LACPs). We investigate these asymmetries resulting from the interference between
p(770)° and £,(500) for B* — z*z*x~ and B* — K*z*z~ decays when the invariant mass of z+z~
locates in the low-energy region 0.445 GeV < m,, < 0.795 GeV. Our theoretical results of FB-CPAs and
LACPs align with the experimental findings. We propose that the interference between p(770)° and

f0(500) can be extended to other beauty and charmed mesons decays.
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I. INTRODUCTION

The inclusive CP asymmetries of B* — 2"z~ Bt —
K* 7" 7~ and some other charmless three-body decays were
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measured in 2014 [1]. The dynamical origin of these CP
asymmetries can be better understood with the amplitude
analyses of decay channels. These analyses were based on a
data sample corresponding to an integrated luminosity of
3 fb~! of pp collisions recorded with the LHCb detector.
The distributions of CP asymmetries in the Dalitz plots
were also studied and the LHCb Collaboration proposed
two different sources of CP violation. The first one may be
associated with the z7z~ — KTK~ rescattering strong-
phase difference in the region around 1.0 to 1.5 GeV [2,3],
while the second one, observed in both B* — z*zt 7z~ and
B* - K*rntzx~ decays around the p(770)° mass region,
can be attributed to the final-state interference between the
S-wave and P-wave components in the Dalitz plots. In
2020, the LHCb Collaboration conducted a more detailed

Published by the American Physical Society
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amplitude analysis of the three-body decay B* — ztzta~

and reported their new findings [4,5]. They used three
different approaches (the isobar model, the K-matrix model,
and a quasi-model-independent binned approach) to study
the S-wave component of this decay. According to the isobar
model, the S-wave fit fraction was approximately 0.25 which
is mainly influenced by the f,(500) resonance and signifi-
cant CP violation was observed due to the interference
between the P-wave and S-wave components. Based on the
theoretical analysis, the aforementioned important CP vio-
lation is attributed to the interference between p(770)° and
f0(500), which can well be explained based on a QCD
factorization approach for weak decays of B meson.

The decays of B mesons offer a rich testing ground for
exploring the flavor pictures of the Standard Model and
probing the potential hints of new physics. To ensure reliable
predictions, a key aspect involves evaluating the short-
distance QCD corrections to the hadronic matrix elements
of B decays. Various theoretical approaches, such as QCD
factorization (QCDF) [6,7], perturbative QCD (pQCD) [8,9],
and the soft-collinear effective theory (SCET) [10,11], are
extensively employed to calculate the decay amplitudes of B
mesons. In the QCDF, the calculation of hard spectator and
weak annihilation corrections always suffers from the
divergence at the endpoint of convolution integrals of
meson’s light-cone distribution amplitudes. To estimate
the endpoint contribution, phenomenological parameter X,
is introduced, which includes the strength parameter p; and
the possible strong phase parameter ¢;. Both of them are
utterly unknown from the first principles of QCD dynamics,
and thus can only be obtained through fitting the exper-
imental data. It is precisely because of these two soft
rescattering parameters, the hard spectator and weak anni-
hilation contributions also play an indispensable role for
evaluating the CP asymmetry.

Recently, the new observables for the forward-backward
asymmetries (FBAs) and forward-backward asymmetry
induced CP asymmetries (FBA-CPAs) were proposed
[12,13] for the B meson decays. In fact, FBAs have been
recognized as valuable observables since as early as 1956,
for example, in the discovery of the parity violation of weak
interaction [14,15], the precision measurement of the Z
boson [16], and the study of the lepton universality [17,18].
However, they relatively rarely appear in studies of beauty
and charmed meson decays. The FBA-CPA can be used to
isolate CP violation caused by the interference between
adjacent resonance states and can be directly obtained
based on the reported number of events, demonstrating its
apparent advantages of directness and efficiency. Since the
FBA-CPA has not been studied widely for nonleptonic
decays of B and D mesons, it is urgent to investigate this
important observable in large experiments like LHCb.

This paper is structured as follows. In the next section,
we review the formalism for B decays in the QCD
factorization approach. In Sec. III, we present the definition

of the FBA and FBA-CPA for three-body decays of the B
meson. The numerical results are given in Sec. IV and we
summarize and discuss our work in Sec. V. In Appendix,
we give the amplitudes of the B meson decays and the
propagators of the intermediate resonances.

II. B DECAYS IN THE QCD FACTORIZATION

In the following, we provide a brief overview of the
nonannihilation and annihilation amplitudes for B two-
body decays utilizing the QCDF approach. For more
detailed information, please refer to Refs. [7,19]. The
effective weak Hamiltonian for charmless hadronic B
decays can be represented as

G0 b .
Hegr = 7;2 ST Ciw) 0 (u). (1)

i=1 p=u,c

where G is the Fermi constant, zﬁP’ = V;bVPD (D =dor

s) is the Cabibbo-Kobayashi-Maskawa (CKM) factor, and
C;(u) is the Wilson coefficient which is perturbatively
calculable from first principles, the four-quark effective
operators sz, Os..6 and Q..o are tree-level, QCD
penguin, and electroweak penguin operators, respectively.
The nonannihilation and annihilation amplitudes can be
influenced by these effective operators. The effective
Hamiltonian matrix elements can be written as

(M My Ho|B) = 3 A7 (M\Mo|TH + THB).  (2)

p=u,c

where 7% and 7% describe the contributions from non-
annihilation and annihilation amplitudes, respectively,
which can be expressed in terms of af and &Y.
Generally, a” includes the contributions from naive fac-
torization, vertex correction, penguin amplitude and spec-

tator scattering, and can be expressed as follows [7]

Ciil
N;(M
Nc) 1( 2)

Cit1 Cray
+ N, 4n

+ Pi (M), (3)

al (M\M,) = <Ci+

2

VA1) + MM

c

where C; are the Wilson coefficients, the upper (lower)
signs apply when i is odd (even), N,;(M,) are leading-order
coefficients, Cy = (N2 —1)/2N, with N, = 3, the quan-
tities V;(M,) account for one-loop vertex corrections,
H;(MM,) describe hard spectator interactions with a hard
gluon exchange between the emitted meson and the
spectator quark of the B meson, and P? (M M,) are from
penguin contractions [7]. When MM, = VP, PV (V and
P denote vector and pseudoscalar mesons, respectively.),
the correction from the hard gluon exchange between M,
and the spectator quark is given by [7,19]
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H(M,M,) = S8 m, 'ﬁq)B / dx/ dy[ M, )_z (y)+ ) <1>M2(x)‘_bm.(y)} (4)

2myess - ppFaM1(0) Jo y xy

for i = 14,9, 10,

B fBS M, tdg Dy, (x CDMl(y) wm, P, (X) Dy, (v)
Hi(MM>) = 2mV€V pBFB_’M‘( / s(¢ / / [ T Xy } G)

for i =5,7 and H;(MM,) =0 for i = 6,8.
When M, M, = SP, PS [7,20],

HL(M M) = ~ Jefm /lﬁfbg / dx/ dy[ M, (X = 1()’)+ o ‘DMZ(X)‘_DmI()’)]’ (©6)

fM FB—>M1 B xy

fori =14, 9, 10,
S8Sm, Ldé Dy, (x ‘DM]( ) m, Pan, () Dy, ()
Hl'(Mle) f“_%’nB/ 7(1)3 / dx/ |: +r)( )_C_)_):|7 (7)

for i=5,7 and H;(M;M,) =0 for i = 6, 8. The coefficients of flavor operators a’ can be expressed in terms of the
effective coefficients a! as

» (Mle) _ {ag(Mle)—ag(Mle), if M1M2:VP,SP,
3 al (M\M,) + a? (M\M,), if M,M, = PV, PS,
» (MM)_{af(M M2)+r)( (M]Mz), lfMlMZIPV,
1My) =
! al (M\M>) — r2al (M\M,), if M\M, = VP, PSSP,
a (MIMZ) _ {Clg(Mle) - aéj(Mle), if M1M2 = VP,SP,
SEW abl (M \M,) + a¥ (M M,), if MM, = PV, PS,
o (MM = {a‘.’o(MlM» +rRal(M\My), if MM, = PV, -
eV aly(M\M,) — ¥2al (M\M5), if MM, = VP, PS,SP,
where the chiral factors r, are given by
2m> 2m?, [ (u
) = P = e S,
my, (i) (my (1) + my(u)) my(u)  fv
FS u) = 2m§ fS(.“) — zm.% . (9)
“ my(u) fs my(u)(my(u) +mo(u))
Weak annihilation contributions are described by the terms b; and b, gy, which have the following expressions:
Cr ; Cr ;
by N—%ClAp b, _N_§C2A ;
c , . C . .
by = N—§ [C3A] + Cs5(A] + A}) + N.CeAL), b = N_g [C4A] + C4Al).
c C : A
D gy = 5 [CoAl + Cr(A] + AD) + NeCoAll, by = 15 [CroA] + CsAd), (10)
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where the subscripts 1, 2, 3 of AL (n=1,2,3) correspond to the possible Dirac structures (V —A)(V —A),
(V—A)(V+A),and (S — P)(S + P), respectively, and the superscripts i and f refer to gluon emission from the initial-

and final-state quarks, respectively. Their explicit expressions are given by [7,20]

Xy

, 1
Al = ﬂas/o dxdy Y

(@1, (0w, () gy + 5] = 727220, (1), (1) ). for MM, = VP, PS,

M,

y

AL = rna /ldxd
3 s y
0

/—\/—\ /_\/_\/—\
\

Al =4Al =o.

The calculations of the hard-spectator interaction cor-
rections involve the twist-3 distribution amplitude, ®,, (x),
which is nonzero as x — 1 in convolutions. These con-
tributions lead to endpoint divergences due to the nonzero
endpoint behavior of ®,, . One can extract this divergence
by defining a parameter Xy through [7]

A‘%opm,.(x)— 1>/1%*/lﬁ[‘b’”f(x)&'”’“)]’

=, (1)X) f+Al[j:q>mi(x), (12)

with x = 1 — x. Although the remaining integral is finite,

the parameter X%" representing the soft-gluon interaction
with the spectator quark is unknown. It is expected that
XZiMj ~In(m,/Aqcp) because it arises in a perturbative
calculation of these soft interactions that are regulated in
principle by a physical scale of order Agcp, however with a
potentially complex coefficient, since multiple soft scatter-
ings can introduce a strong-interaction phase. We encounter
a similar endpoint divergence issue in weak-annihilation
processes, and can address it using the same approach as
the power corrections for hard-spectator scatterings. The
divergent subtractions are interpreted as

ldx I Inx 1 mwm.
= xMM dx—— > —— (X, "2 13
B A e L SIS

M, (x)D,, (v) %), for MM, = PV, SP,

xy

XY

<—<I>M2 (X)@ar, () [y + 5] + 72 72 Do, () D, (y)2,>, for M{M, = VP, PS,
=By, (1), () [y + ] = 7417, (1), (1) 2), for MM, = PV, SP,

ry '@y, (X)D,, (y)),c)lz—fxy + ryZ(I)Ml(y)(I)mz(x) #fx))), for MM, = VP, PS,

—Ty (DMz (x)(I)ml (y) NG —XV) —+ }”X zd)Ml( )¢m2 (x) 2x _ ), for M M2 PV SP

Ty(1-xy)

Dy, (X) 0y, () 255 = Dy, (0)0,, () 25L), for MyM, = VP PS,

— 1Dy, (), (v) 2D _ryzqwl(y)q)mz(x)zg—yty)), for MM, = PV, SP,

(11)

The contributions from hard-scattering and weak-anni-
hilation topologies, which are subleading in 1/m,, have yet
to be systematically addressed in QCDF. However, they can
be chirally enhanced and contribute sizable corrections to
leading-order results. To parametrize QCD effects in XZ’Mj

and XXI"M’, additional phenomenological parameters, |p|
and ¢, were introduced as in the following (X could be

xy™ and XAMiMj ):
{Xk = (14+p) %,

e with ¢,€[0.22], A,=0.5GeV.
Pr= |pile'?,

(14)

In general, the total amplitude of the B meson three-body
decay B —» M M,M5 (m;, m,, ms being the masses of M|,
M,, and M35, respectively) can be defined as a coherent sum
of N different components, each of which can be described
by a parametrized function F; (j = 1,- - -, N) representing
the contribution of the jth intermediate resonance state,

N

Z 15’F (mty, m3y), (15)

J

m12’ m23

where §; is a strong phase, m;; is the invariant mass of the
system of M; and M, (i,k = 1,2, 3), and the function F;
contains not only weak interaction but also strong inter-
action contributions, which, for a resonance decaying into
M, and M,, is parametrized as
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Fj(m%z’m%ﬂ = ij(m%zv m%3) “R(my,) 'Ms/(ﬁ’ q), (16)

where M, ;(m3,,m3;) and M;(p.q) are the decay ampli-
tudes for the weak decay of the B meson and the strong
decay of the intermediate resonance, respectively, R(m,)
describes the propagator of this intermediate resonance, p
represents the momentum of M5, g denotes the momentum
of M, where both p and g are evaluated in the rest frame of
the MM, system.

|

N - (Forward + Backward) — N g+ (Forward + Backward)

ITII. THE DEFINITIONS OF THE FBA
AND THE FB-CPA

The localized CP asymmetry, A%, has received
extensive attention from both experimental and theoretical
perspectives for a three-body decay B — M| M,M; as
shown in Fig. 1 (the conjugate process is B —
M M,M5), with M; (i=1,2,3) being light mesons.
Take B~ as an example, AéP is a function of the B~
and BT decay event yields (Ng- and Ng-) as,

L
Acp

where the “Forward” describes the events in which M,
moves forward with respect to the initial state B in the c.m.
frame of the MM, system, marked by ¢ <%, and con-
versely, “backward” describes events corresponding to the
backward motion of M with @ > 7. The event yield of each

bin i, Ny« ; has the following form:

— 2
NBi,i - 77/ R|MBi—>M1iM;M;|mlz:m12_idcos 0, (18)
cos 020 :

where 7 is the ratio of the total number of events to the
total decay width, and here we treat it as an unknown
parameter, R is the phase-space factor with the form R=

\/(m%z—4"1%42)[”1%—("112—”11143)2] [m%}_(m12+mM3)2]’1
and m;,; is the average value of m,, in each bin i.

One can introduce a new physical quantity FB-CPA
to study the CP asymmetry in the multibody decay
processes of B mesons. It can provide a good approach
for isolating the interference effects between nearby inter-

mediate resonances. The specific form of FB-CPA is as
follows: [12,13,21]

1 _
A% = 5 (AFB - -AFB)v (19)

where Azp and Ay are the forward-backward asymme-
tries for B — MM,M; and its conjugate process,
respectively. Generating a significant forward-backward
asymmetry is challenging when only even or odd spin
resonanaces are present. However, it becomes relatively

'Since we integrate over the phase space angle € instead of

the invariant mass square m3,, a factor DF, (m3; ... — m3; ...)/2

mgs_(mgz.max+mg3,min>/2

(133 g =33 i) /2 By
applying the boundary conditions of the Dalitz plot and absorbing
the denominator of DF into the amplitude, DF becomes R, where

R= \/(m%z _4m12wz) [m—(my, _mM3)2} [mp—(my, +mM3)2]'

appears due to the relation cosé =

N - (Forward + Backward) + N g+ (Forward + Backward) ’

(17)

|

easy to achieve a substantial FBA when considering the
interference contributions from nearby spin-odd (and even)
resonances. In the forward and backward hemispheres, the
specific definition of FBA in Eq. (19) is [22]

Np=(Forward) — N = (Backward)
N g+ (Forward) + N+ (Backward) ’
Np=(cos > 0) — Ng=(cos @ < 0)

= . 20
Np=(cosd > 0) + Np=(cos@ < 0) (20)

AFB =

Theoretically, when we focus on the phase space near the
intermediate resonant state X, the corresponding decay
will be dominated by the cascade decay B — XM; —
M M,M5. Then, this part of phase space can be further
divided into two parts according to whether 0 is larger or
smaller than /2 (that is, cos 8 < 0 or cos @ > 0). Thus, the
forward-backward asymmetry, Arp, can be described in
these two different phase spaces as [21]

Backward Forward

M,

M > M

M,

FIG. 1. The definition of € in the c.m. frame of the MM,
system (M is chosen to be the B meson).
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_ Jo{IMP)dcosd — [° ([ M[)d cos 0

Ars J1 ([ MP)dcoso ’

(21)

where (|M[?) takes the specific form 3 ["(m3; ..~
m3; i) |[M[*dm3,, with [g, h] being the integration inter-
val of m;, on which we focus, i.e., the region
(my —Tx) <mp, < (my +Ty), where my and T'y are
the mass and the decay width of X, respectively,

2 . . . .
M35 min(max) 15 the minimum (maximum) value of m,; for

fixed m,, cos@ = % in the c.m. frame of the MM,

system, where p; is the momentum of M;. After a
derivation, one can get the relationship between cosé
M35~ (M35 35 i)/ 2

(m%lmax_mglmin)/z
tial waves, the decay amplitude M can be expressed
as M =)>,aP/(cos6), then the FBA becomes
|

and m,3 as cosd = . In terms of par-

my () /m (1) = (0.027355077) x 10°,
me=1.6740.07 GeV,

my(2GeV) =0.09310001 GeV,
m, =4.78 £0.06 GeV,

with flk =

=, where the

App = mzi@g fuR(aap))
1)K /270t

J§ PrPd 089 = eyt ey

numerator only includes the interference term between

even- and odd- waves, implying that in order to obtain

relatively large FBA, the interference between even- and

odd- waves must be considered [12,13].

IV. NUMERICAL RESULTS

Let us clarify the input parameters before presenting the
numerical results. The values of the Wolfenstein parameters
are given as [23]

A =0.79070317,

~ 0.016
p=0. 141J_rO~017 ,

A = 0.22650+9:00048
ii = 0.357:0011. (22)

For the quark masses, we use [23]

my(m,) =4.1870% GeV,

m,=17276+0.30GeV, m,=(m,+mg)/2. (23)

The nonperturbative inputs used in this work include decay constants (in units of GeV), Gegenbauer moments and form
factors for the pseudoscalar and vector mesons (for the scalars see Table 1), we take [24-27]

fr=0.130,  fxr=0156,  f5=0.190,
A7 —0, BT —015+007, &7 =0,

FB=7(0) = 0.25+0.03,  FE¥(0) = 0.35+0.04,

In this work, we focus on the B* — z*ztz~ and B* —

K*n* 7~ decays. Following the general framework in
Sec. III, before exploring CP asymmetry observables
caused by the interference between p(770)° and f,(500)
intermediate resonances, such as FBA-CPAs and LCPAs,
one should pay attention to the event yield distributions, as
they are served as crucial links between theory and
experiment studies. Prior to considering the contributions

S 00 = 0.216 £ 0.003,

Fhirop = 0165 +0.009,

T = 0.14 +0.06,

AB=P(0) = 0.303 +0.029. (24)

from the p(770)° and £, (500), we first investigate the event
yield distributions with only the presence of the p(770)°
using Eq. (18) theoretically. For the endpoint divergence
parameters of B — VP and B — PV decays, we adopt the
PtV ~ 0.87, [p)F| = 1.07, p£V ~ —=30° and ¢)¥ ~ —70° as

in Ref. [32], and assign an error of £0.1 to p,‘:P/ PV and

+20° to g{)ZP/ PV thus the unknown parameters 7 is left.
The experimental event yields in each bin i are listed in

TABLE I. Form factors of B — S transitions at g> = 0 [20], the scalar decay constants f, (in units of MeV) and
the Gegenbauer moments at the scale p = 1 GeV [28-31].
F F(0) Scalar £ B, B,
Fgfo(500) 0.25 f0(500) 350 + 20(]7}0) [29] —0.42 £ 0.07 0.01 £0.04
—-107 + 6(]‘}0) —0.42 £0.07 0.01 £0.04
FOBfo(980) 0.25 f0(980) 113 + 6(};’2) —0.78 £0.08 0.02 £0.07
370 +20 (f},) [29] —0.78 £ 0.08 0.02 +£0.07
Fgao(%o) 0.25 ay(980) 365 £20 —-0.93 £0.10 0.14 £0.08
thlo(1450) 0.26 ag(1450) 460 £+ 50 0.89 £0.20 —-1.38 £0.18
FOBK8<1430) 0.26 K{(1430) —300 £ 30 0.58 £0.07 —-1.20£0.08

016017-6
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TABLE II.

The event yields for Bf — z¥z* 7~ and B* — K*z"n~ decays with m,, ranging from 0.445 GeV to 0.795 GeV based on

Figs. 4 and 5 in Ref. [1], where N;(cos @ = 0) and N;(cos @ = 0) for B~ — 7z~ (K™ )z*z~ and B* — " (K*)z"n~ decays, respectively,

and the uncertainties are statistical only.

B* - nFnta

B* - K*ntn~

y

Bin (GeV) N;(cos@ > 0) N;(cos® < 0) N;(cos@ > 0) N;(cos® < 0) N;(cosd > 0) N;(cos@ < 0) N;(cosd > 0) N;(cos@ < 0)
0.445-0.495 139+ 12 112 + 11 108 + 10 48 +7 89+9 197 + 14 20+ 4 34+6
0.495-0.545 153 £ 12 152 +£12 148 + 12 38+6 49 +7 226 £ 15 20+ 4 64 +8
0.545-0.595 159 £ 13 165 £ 13 182 + 13 48 +7 89+9 244 + 16 20+ 4 76 £9
0.595-0.645 196 + 14 263 £ 16 265 + 16 60 £ 8 158 £13 358 + 19 89+9 128 = 11
0.645-0.695 368 =19 302 + 17 446 + 21 130 = 11 227 + 15 539 +£23 236 £ 15 202 + 14
0.695-0.745 721 £27 473 £22 813 +£29 321+ 18 719 £ 27 815+29 660 £ 26 388 + 20
0.745-0.795 1140 + 34 472 £ 22 1089 + 33 623 +£25 1172 + 34 856 £ 29 1005 £+ 32 496 + 22

Table II, which are obtained from the data of LHCb [1].
With respect to the mass of zz pair, the interval
0.445 GeV < m,, <0.795 GeV is selected. Although
both the Kz and zz systems have impacts on the decay
rates within this small in the Dalitz plots, the influence
of the Kz resonance is significantly weakened when
studying the event yields. Therefore, we can safely consider
the effects dominated by the p(770)° and f,(500) reso-
nances.” By general fitting with y?/d.o.f. = 37.30 and
n=7.67 GeV~!, one get the related theoretical results
which are displayed in Fig. 2 and comparing with the
experimental data. It is noted that there is a significant
discrepancy between the theoretical and experimental
results from Fig. 2, thus we discard this scenario and take
into account the aforementioned interference between
p(770)° and £, (500).

The quark structure of the light scalar mesons below or
near 1 GeV has been quite controversial, though it is
commonly believed that the fy(500), f,(980), and
al(980) are primarily four-quark or molecular states. In
fact, it is difficult to provide quantitative predictions for
B — SP/PS decays based on the four-quark model, as
this not only involves unknown form factors and decay
constants beyond the traditional quark model, but also
includes difficult-to-estimate additional nonfactorizable

*Let us take the K{(1430) resonance as an example, the ratio

of the event numbers generated by the Kj;(1430) can be expressed
2

FXTO)U B;fg:’;%;;ﬁ?}(’? in the overlap of the p(770)° band

and the K (””1430) band, where A is the difference between the

maximum value s, ..« and the minimum value s, ., of

the invariant mass square of the =z pair when my, =

M- (1430) in the Dalitz plot, that is A; = §;;ma —

as w =

snn$min~
]"2
0
One can get 4™-~1073,

w = 1072

Br(B—K;(1430)z)
W =10 and then

(with m, = 0.140 GeV, myg = 0.494 GeV,
mﬂ(770)0 = 0.775 GeV, Fp<770>l) =0.150 GCV, mK5(1430>

1.425 GeV and FK3(1430) = 0.270 GeV). Therefore, the contri-
bution from the K{;(1430) resonance is negligible.

contributions. Therefore, in order to facilitate the applica-
tion of QCDF, this work is based on the ¢g assignment for
the scalar mesons for research. When consider the inter-
ference between p(770)° and £,(500), there exist |p;| and
¢ (especially |p;]) in the expression of X; in Eq. (14),
which are utterly unknown from the first principles of QCD
dynamics. We treat the parameters |p;| and ¢, for the
B — SP/PS processes as distinct unknown parameters,
1p3P), |pPS], @3F, and ¢FS, respectively.’ Regarding the
strong phases associated with p(770)° and f(500) reso-
nances in Eq. (15), we can make the following convention:
taking 8,770 = 0, and &y (s00) as an unknown quantity,

i.e., the relative strong phase. Thus, when dealing with the
amplitudes caused by p(770)°, f,(500) and their interfer-
ence, there six free parameters left, the relative strong phase
0, (500)» the four variables mentioned in the analysis of the
endpoint divergences and the introduced parameter # in
Eq. (18). The event yields may be more suitable than other
physical quantities to extract these six unknown parame-
ters, because they are the most direct and raw observables
presented by experiments. The required decay amplitudes
and propagators are listed in Appendixes A and B,
respectively. We have performed simultaneous fitting of
the theoretical event yields in each bin i with the six
variables in Eq. (18) to the experimental results of the
B* — nFnta and B* — K*ztn~ decay processes which
are listed in Table II, and the corresponding fitted curves are
shown in Fig. 3. The corresponding goodness-of-fit param-
eter is y?>/d.o.f. = 3.79, and the associated values of the
fitting parameters are

There are quite abundant experimental data and theoretical
studies for the B — PP or VP(PV) decays compared with the
B — SP(PS) decays. Therefore, we have adopted the endpoint
divergence parameters for the B — VP(PV) decays as in
Ref. [32], while treating the endpoint divergence parameters
for the B — SP(PS) decay channel as unknowns.
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pif|=3.2941.01, |¢"|=0.854+0.31;
Ipf5|=233£0.73.  [$}5]|=0.15+0.08;
87,500 =0.85+0.39, n=(2.47+0.83)GeV-".

(25)

By comparing Figs. 2 and 3, we can see that the
theoretical results can fit well with the experimental data
after incorporating the contribution from the f,(500)
resonance. However, the results of |p3f| and [pF5| in
Eq. (25) are contradictory to the traditional choice of
pr < 1. In general, X; in Eq. (14) is expected to be around
In(m;/Aqcp) which is regulated by a physical scale of
order Agcp. However, due to the lack of a complete
understanding of the degrees of freedom and their inter-
actions below this scale, the numerical value of the complex
parameter X; is unknown and model dependent, thus in
QCDF a conservative convention |p;| < 1 is adopted and it
is assumed that x; it is universal for all decay processes.

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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The large value of |p;| implies that the contributions of
hard-scattering and weak-annihilation which are formally
1/m,, power suppressed, are not only non-negligible but
also significant, especially for the flavor-changing neutral-
current dominated and pure annihilation decays. There are
many studies suggesting the existence of unexpected large
annihilation contributions by CDF, Belle and LHCb in
B, — znx and B; — KK decays [33-35], and the possible
non-negligible large weak-annihilation contributions were
also noticed in the pQCD approach [36]. In other words, if
|px| < 1is confirmed, another potential explanation for our
findings could be that the two-quark model interpretation of
the scalar mesons may not be applicable. Of course, this
would also pose new challenges for QCDF, as the incor-
poration of scalar mesons in the four-quark model would
introduce extra nonperturbative parameters, potentially
making QCDF powerless in this situation.

It should be noted that we adopt the same set of endpoint
divergence parameters for both light and heavy scalar mesons
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FIG. 2. The fitted curves for the (a) B* — #5727z~ and (b) B* = K*z" 7~ decays, the event yields are from the data of LHCb [1].
The contribution from the p(770)° are only considered in our theoretical calculations.
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The fitted curves for the (a) B¥ — ztztz~ and (b) B* — K*ztz~ decays, the event yields are from the data of LHCb [1].

The contribution from the p(770)° and f,(500) are considered in our theoretical calculations.
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TABLEIII. Branching fractions (in units of 107°) of B decays to final states containing scalar mesons. In order to compare theory with
experiment for decays involving f,(980), a(980) or ay(1450), we use B(f((980) — z*z~) = 0.5070¢0 and B(ay(980) — nx) =
0.845 £ 0.017 [28]. Experimental results are taken from [23] or [37].

Decay channels This work QCDF pQCD Experiment

B~ — 1 f,(500) 4.03 +£0.98 5.1511 314086 37 3.11+0.62

B~ — K~ f((500) 13.58 £3.72 . . o

B~ — 77 £,(980) 2.07 +£047 0.261004100510.15 g 2.5+1.0 [38] <3.0

B~ — K~ f,(980) 20.11 +£4.82 16,17/ 91121308 28] [16, 18] [39] 18.818

B~ — 7~ ay(980)" 4.75 £ 0.63 4.91034 7455 128] 28208 0o 0 [40] <6.9

B~ Ka(980) 073 +041 03450 B 108 3 1411 <3

B = 'an(980) 0876030 0I0RELR P 28] 041310 140) <17

B~ = K%(980)~ 0.12 £0.09 0.08 13084212 [28] 6.91 08 12D 141] <4.6

B — 1 ay(1450)° 6.29 4082 51205 g 6015911083 142]

B~ = K~ay(1450)° 4.07 +0.48 22107 T 28] 12.2701777 [42]

B~ — 7°ay(1450)" 5.01+0.50 2150080308 28] 1.247030010 142]

B~ = K%,(1450)~ 10.34 +0.91 421 10HOTI81 98] 16.3103+84 [42]

B~ — 7~ K;;(1430)° 46.32 +3.93 12.9746H14385 28] 47.61107 [41] 3918
3337 ot ias [43] 36.6 113 +3.9 [44]

B~ — K~K;(1430)° 4.07 £0.62 3197018103617 43 3.99 & 1.38 +0.43 [44] 0.38 +0.13
3371 145)

B~ — 7°K;(1430)~ 12.96 + 3.66 74T R0 28] 28.875% [41] 119139
18.42108242.1845.22 [43] 12.7 £ 4.2 £ 1.4 [44]

B~ — K°K;(1430)" 0.23 £ 0.06 0.08=0:007 %9390 [43] 0.38 £ 0.22 £ 0.04 [44]

+0.05+0.01+0.01
0.1 1—0.()4—().06—0.09 [45]

for an attempt. Using the fitted results of |p3¥| and [pFS| in
Eq. (25), we calculate the branching ratios and CP violating
asymmetries for the B decays involving other scalar mesons,
which are listed in Tables III and IV, respectively, and
compared them with other theoretical and experimental
results to investigate whether the large value of |p{”| and
|pFS|is reasonable. The nonperturbative inputs include decay
constants, the Gegenbauer moments and form factors, which
are summarized in Table I, respectively. It is essential to
clarify that all the form factors are evaluated at g> = 0 due to
the smallness of m2 and m?% compared with m3 [7]. We adopt
the Flatté model and LASS model to deal with the propa-
gators of the f((980) and K(1430), and for other scalar
mesons we use the Breit-Wigner forms.

In the naive gg quark model, f((980) is purely an s5
state, and f,(500) is a ni state with nit = (uit + dd)/+/2.
However, there exist some experimental evidences clearly
showing the existence between the strange and nonstrange
quarks in f((980). Therefore, isoscalars f,(980) and
f0(500) should mixing with each other:

<|f0(980)>) B ( cos@sin 6 )<|s§>) (26)
|f0(500)) ) \ =sinfcosd ) \ |nit) )’

where 6 is the mixing angle between f;(980) and f,(500).
LHCb found @ lies in the range of 0° < 8 < 30° when

measuring the upper limit on the branching ratio product

B(B® = J/wfy(980) = J/wnr) [46]. Besides, when
explaining the large rates of f(,(980)K and f,(980)K*
modes, it was found € is around 20° in Ref. [28], with the
specific value being @ = 17°. In our calculations, we also
adopt this value for studying B~ — 7z~ (K™)f((500) and
B~ — 77 (K7)f((980) decays. Using the QCD sum rule
method and @ = 17° [20], one can get the scalar decay
constants with different quark components, which are listed
in Table 1. The superscript n and s of the decay constants
correspond to the nonstrange and strange quark contents of
f0(500) and f(980) mesons, respectively. However, when
analyzing the Gegenbauer moments, we do not distinguish
the impacts of different quark components. We estimate the
Gegenbauer moments of the f,(500) meson, which are
B; = —0.42 £0.07 and B3 = 0.01 £ 0.04 with the QCD
sum rule in Ref. [20], respectively. Combining the total
branching fraction (15.24+1.4) x 107 in B~ - z~z'z~
measured by BABAR [47] and the fit fraction (25.2 £ 0.5 +
5.0)% of the f,(500) meson [4,5], then the experimental
result of decay branching fraction of B~ — f,(500)z~ —
a~ntn decay is (3.83 £0.76) x 107° [29]. Because of
the broad width of the f,(500) meson, it is not appro-
priate to deal with the branching fraction of the B~ —
7~ fo(500) decay using B(B~ -z~ f((500) >z~ z"n") =
B(B~ -~ f((500))B(f((500) > ztz~). One can absorb
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TABLEIV. Direct CP violating asymmetries (in %) of the B decays involving scalar mesons. Experimental results are taken from [23]

or [37], except for that in the first row.

Decay channels This work QCDF pQCD Experiment

B~ — 77 f((500) 18.23 +5.39 15,1070 715 [31] 160 +1.7+£22 [4,5]

B~ — K~ f,(500) -13.28 £3.23 = -

B~ — 77 f(980) 25.01 £6.21 19.013 50y 28] —50 4 54

B~ — K~ £,(980) —11.47 +2.66 L4200 28] —9.5+7,7

B~ — 7~ay(980)° ~7.04+0.73 —8.8108100100 28] e

B~ — K~a(980)° —15.19 +4.68 —13.31 274134368 [2g]

B~ — ifoao(980)_ —47.81 +6.53 —32.81264324203 18]

B~ — K%ay(980)" TIAEL23 0,635 05 5 (28]

B~ — 17ag(1450)° —12.07 +2.04 —13.1309100149 9g

B~ — K~ay(1450)° —5204£083 179708 0 28]

B~ — nay(1450)" —20.40 + 5.06 —24.61 34510 28]

B~ — K%, (1450)~ —-6.12+1.35 0.2210 05 0 on o, 28] e

B~ — n7K;;(1430)° 4524073 1.3101400459 9g) —1.5[41] 6.1+3.2
0.57:081007 015 [43) 13205 [44]

B~ — KKj(1430)°  —15.04£5.13 12257048+ 1424225 [43) 179 +0.4 +8.0 + 0.9 [44] 10+ 17
—2062565 065 s 145]

B~ — 7K (1430)" 7.96 +0.68 3.0004000587 [28] 16.0 [41] 2613
5.20: 016 0T 084 43] 15+ 1.0 [44]

B~ — K°K;;(1430)" 16094592 1858 07141794267 [43]  —18.4£58+2.7 454 [44]
—52753 505 55 145

the finite width effect into a factor & that is, B(B~— for example, most of the predictions of B —

7™ fo(500) ~ 7™t 1) =EB(B~—a fo(500)) B((500)—
#tx™). It can be determined that & = 1.85 using the method
as in Ref. [48]. With the B(f((500) —» z*z~) =2/3, we
obtain B(B~ = 7~ f((500) = (3.11 £ 0.62) x 1075, which
is listed in the first row and fifth column of Table III. It is
noted that the decay branching ratios for the decay channel
B~ > 77 f4(980) in this work differ from those in
Ref. [30]. This is mainly because in Ref. [30], |p;] =0
and ¢, = 0 were taken while in our work, the parameters
|pfp/ 5| and gbip/ PS" are determined by the experimental
data and take different values from those in Ref. [30].
The production of a,(980) in hadronic B decays has not
been well detected, and only certain limitations have been
set as listed in Table III. In contrast, the production of
ap(980) in charm decays has been observed in various
decays, including D° — 7z*7z7n and DT — zt7z% by
BESIII [49]. With the values of |pi”| and |pF| fitted in
present work, our predicted results all fall within the
constraints of experimental limitations. We also show the
branching ratios of the B — ay(1450)z(K) and B —
K{(1430)z(K) decays in Table III. We adopt the scenario
that a((1450) and K((1430) are the first excited states
of low lying light ¢g scalars a((980) and K{(700) in
our calculations. The data of B — ay(1450)z(K) and
B — K(1430)z(K) can be accommodated within the
framework of QCDF when considering the contribution
from the power corrections due to weak-annihilation,

K{(1430)z(K) are consistent with the experimental
data except the decay B~ — K~K}(1430)°, which is
B(B~— K K};(1430)°) = (4.074+0.62) x 107% and agrees

with the previous works, (3.19f8_‘11§f8 .6326:113793))(10—6 [43],

(3.377 937051031 1070 [45] in QCDF and (3.99 &
1.38 £0.43) x 107 in pQCD [44]. Because of the large
ratio between the chiral factors yf"o and yf“ (*9:1) using
Eq. (9), one can observe that the branching ratio of the
B~ — K=K} (1430)° decay is much larger than that of
the B~ — KK} (1430)~ in Table III. We also calculated the
CP violating asymmetries of B — SP and the results
are summarized in Table IV. It can be seen that our
theoretical results agree with other theoretical results or
existing experimental data. This indicates that larger values
of |pi| fitted in present work may be reasonable and
acceptable.

So far, there is an important issue that needs to be verified,
which is the rationality of the endpoint divergence parameter
forthe B — VP/PV processes. Our target physical quantity
is the direct CP violation in the B — p(770)°z* decay
process. There are numerous studies on the direct CP
violation in the B* — p(770)°z* decay, as summarized
in Ref. [31]. In the past four years, the LHCb experiment has
conducted a more in-depth study of the B* — p(770)%z*
decay process. In 2020, three different methods were
utilized for this decay process and it was found that the

016017-10



PROBING THE SOFT RESCATTERING PARAMETERS IN B ...

PHYS. REV. D 111, 016017 (2025)

0.2f

0.0

cP
ArB

-0.2

-0.4¢1

o8- \ = emaa- Bt
i N T L BfoKEmtm
06F  NL o meme
N .
Ow 04 .
04 NI
0.2
0.0

FIG. 4. Comparisons of the theoretical results and experimental data for AL and localized CP violation for B — 7zt 2~ and
B* — K*z'n~ decays, respectively, with (a) for the forward-backward asymmetry induced CP asymmetries A%E, and (b) for the

localized CP asymmetries AST.

associated violation is nearly zero, with the result being
Acp(B* = p(770)°7%) = (0.7 £ 1.1 £0.6 +4.0)% [4.5]
in the isobar model. In 2023, the LHCb experiment adopted a
new method that does not rely on the full amplitude
analysis [50], yielding the corresponding result as
Acp(BE = p(770)°72%) = (=0.4 £ 1.7)%. We have theo-
retically predicted the CP violation in this decay, and the
corresponding result is (—0.69 + 0.38)% which agrees with
the experimental data. Our uncertainties come from the
nonperturbative parameters and the power corrections due to
soft glue interactions. In QCDF, there are two kinds of 1/my,
power corrections which come from the hard scattering and
weak annihilation interactions, respectively. Their contri-
butions to Acp(B* = p(770)°2%) weaken rather than
enhance each other, thus making Aqp(B* — p(770)°z%)
compatible with zero. This indicates that using the two sets
of divergence parameter values for B - VP/PV decay are
appropriate, eliminating one of our major concerns.

Based on the central values of the fitted parameters in
Eq. (25), we have calculated the FBA-CPAs and the LCPAs
of the BT = zfz*z~ and B* — K*ztz~ decays.
Substituting Eq. (21) and the expression of its conjugate
process into Eq. (19), one can get the theoretical prediction of
FBA-CPAs. Similarly, using Eq. (20), the specific form of the
conjugate process, the event yields summarized in Table II
and Eq. (19), the experimental results for FBA-CPAs can be
. . . L fL dsipdsys (| MP=|MP?)
obtained easily. With Az, = T dsdsn (P AP
get the results of the LCPAs theoretically. By substituting the
event yields from Table II into Eq. (19), one can derive the
experimental observation of LCPAs. For comparison, both
the theoretical and the experimental results for FBA-CPAs
and LCPAs are presented in Figs. 4(a) and 4(b), respectively.
Figure 4 illustrates a good agreement between the theoretical
and experimental results regarding the FBA-CPAs and the
LCPAs, indicating that the contribution of the f,(500)

we also

resonance is indispensable when studying asymmetrical
quantities near the p(770)° resonance were considered. In
fact, if the interference effect from f,(500) were disregarded,
i.e., only the contribution from the p(770)° was considered,
the theoretical results would have not matched with the
experimental results [12]. It is noted that FBA-CPA show
peaks and troughs with maxima of 30% and 40% for B* —
K*ntn~ and B* — ntxt 7™, respectively, when the invari-
ant mass of the zz pair is around 0.60 GeV in Fig. 4(a).
Therefore, it can be concluded that the most pronounced
interference enhancements for these two decays occur at
my, =~ 0.60 GeV for FBA-CPAs. Within the region of our
interest, LCPAs are predominantly positive for B —
afntn~ and B* — K*rx'z~ decays, varying from —5%
to 20% and 20% to 80%, respectively, with LCPAs relatively
modest for B* — 77" 7~. When the mass of the 7z pairis in
the vicinity of 0.75 GeV, sign changes are observed in both
FBA-CPA and LCPA for B* — 7=z z~. However, for the
B* — K*z*z~ decay, only FBA-CPA undergoes a sign
change while LCPA remains constant, with the invariant
mass of the zz pair at approximately 0.56 and 0.61 GeV,
respectively. In conclusion, when investigating the CP
asymmetry caused by the p(770)°, the influence of the
f0(500) resonance should not be disregarded. We suggest
that the above interference effect can be extended, for
instance, to other decays processes of B or D mesons.

V. SUMMARY

As of now, the soft rescattering mechanism in B decays
involving scalar mesons has been a focus of research in
hadron physics. Within the framework of the QCDF,
selecting the B* — 752"z~ and B* — K*ztz~ decay
channels as the focus of this work, we have performed a

global fit of the soft rescattering paremeters |pr | and

fp/ PS with the aid of the event yields measured by the
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LHCb Collaboration. Though the fitting procedure with the
interference effect between p(700)° and f,(500) being
considered, we have obtained [pff| =3.29 £1.01 and
|pFS| =2.33 £0.73, which are not consistent with the
traditional constraint |p;| < 1. This seems to indicate a
large soft gluon interaction effect in the B decays. Using the
obtained values of the [pf| and [pF®|, we have calculated
the branching ratios and CP violating asymmetries for
some other two-body decays of the B meson involving
scalar mesons which are listed in Tables III and IV,
respectively. The results coincide well generally with
the experimental data or other theoretical predictions.
Moreover, there are experimental and theoretical studies
indicating the existence of substantial annihilation contri-
butions. So the large values of |p3f| and [pPS| seem to be
reasonable. Furthermore, we have investigated the
FB-CPAs and the LACPs for the B* — ztz* 7~ and B* —
K*ntzn~ decays. The results show evidently that the
p(770)° and f,(500) interference mechanism can better
explain the experimental data of these asymmetries in the
|

M(B~ = p(770)°7~) = (p°n [Hes|B~)

region of m,, € [0.445,0.795] GeV. We propose that this
interference mechanism can also be extended to decays of
other beauty and charmed mesons, which may help to
further explore the soft gluon interactions and the structures
of scalar mesons.
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APPENDIX A: AMPLITUDES OF THE
B MESON TWO-BODY DECAYS

Within the framework of QCD factorization, the decay
amplitude of B — MM, can be finally given as

oG 0
= Z /157 V2L {(alépu +af + af,EW)/,Oﬂm/JOAg P(0)f,

p=u.c \/E
1

3
+ <a25pu —Qy + _ag,EW + _aZ,EW> OmpOFB—)”(O)pr
P

2 2

2

1
- (b25pu by +5 bg,EW) OfopOfﬂm/)O/(meC)
7p

+ (b25pu + bg + bg,EW)/,O,[fopofﬂ'mpO/(mec>}’ (Al)
M(B™ = p(770)°K™) = (p°K~[Hes|B™)
_ ) G P P B—p° 3 »
= P:ZMAP NG { (018py + oy + a4,EW),,0Kmp°A0 0)fk + <a25pu + 20‘3.EW> o
x moFE=K(0)f 0 + (b26,, + b + bg,EW)poKfoPOmepo/(mBPc)}» (A2)
M(B™ = fo(500)77) = (for™ [Hest|B™)
4 Gr .
=y A 7 (18, + af + aZ,EW)fgﬂ(mﬁ — m3)FE>7(0)f,
p=u,c
1 P 1 P 2 2\ pB—n rn
+ | @20pu + 203 +ay + 5 %3.Ew T 5 Ew (my —mz)Fg="(0)f%,
zfy
+ (\/Eag - \/Eag.EW)ﬂfa (m%i - mfzr)F()B_m(o)]?}O - (b25pu + bg + bg,EW)fgﬂfoﬂf’flo
1 _
+ (b25pu + bg - Ebg,EW> foﬂf?U }v (A3)
zf}
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M(B™ = fo(500)K™) = (foK™[Hett| B™)

s GF B—
= Zlé)ﬁ{(alépu +aj "‘af,EW)ng(m]Zf —my)Fg fo(o)fl(

p=u.c

1 -
+ <a25pu + 203 + Eag.EW> (mp — mg)F§=X(0 ),
Kf

\/—O‘SEW \/— 4EW

— (b2, + b5 + b5 o) szBfK]_C;l”O = V2(by8,, + bE + bY EW)Kf‘foKJ_C;‘O}7 (Ad)

(Ve + vaal - o), (=R O,

M<B_ - f0(980) Z /1 f;/l':z‘ {(alépu + (14 + ay EW)fn (mfo - mB) ol (O)

p=u,c
1 -7 7
+ (= 3ehe) 3= mIEEOF,
afs

1 1 -
+ (a2517u + 208 + 5 X.EW +ay - Eag.EW> (m — m,%)Fg*”(O)f}O

zfy)
= (028, + 05 + bg,EW)fn + (D28 + b5 + bY EW);;fn]foﬂ}‘?O}7 (AS)
GF P P 1 P 1 P 2 2 B—>K s
M(B™ = fo(980)K™) = Y 4 o +af =5 py — 5 gy » (m} — my)FE=K(0)F3,
p=u.c o

B—
(alépu—l—a4 + 0 pw) oy (5, = my) F fo(0)fx

1 - _
+ <a25pu +2a% + 2a3,EW> (my — mz ) FEX(0)f} + (D26, + by + by Ew)anfoKf?O
Kfy

(b25pu +b +b2 EW)KfoBfK]_C?O}v (A6)

where for ease of description, we do not distinguish the decay constants, ]_‘310 and ]_“;U, for the scalar mesons f;(500) and

f0(980) in the B~ — f((500)P and B~ — f,(980)P decays. However, different values for these decay constants are
assigned to f,(500) and f,(980) as shown in Table I in our calculations.

M(B = agr) = 340 {<alapu+a4 ) (2, — MR (0)

p=u.c

3 1 _
+ <a25pu - aff + 50‘3.EW + 5“5,EW) (m% - mizr)Fg_)”(O)fao

may

(BB + B+ B ) = (BB + B+ B ) }fgfﬂfao}, (A7)

5 G —a
M(B™ = agk™) = D4 S5 {( @18+ o + o py), i (m3, = mB)Fy ™ (0) ¢

p=u.c

+ (a2>Ka0 (m%i - m%()Fg_)K(O)fao (b25pu + bp + b3 EW) KfoKJ_Cao}’ (Ag)

where a stands for a,(980) or ay(1450).
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M(B~ - 7 K;(1430)°

M(B~ — 7°K;(1430)7)

M(B~ - K=K};(1430)°

M(B~ - K9K;(1430)7)

APPENDIX B: THE PROPAGATORS OF THE
INTERMEDIATE RESONANCES

The Gounaris-Sakurai (GS) model is widely used for
handling the p(770)° resonance, as it enables the intro-
duction of an analytic dispersive term to maintain unitarity
at a distance from the pole mass. This model was employed
by both BABAR and LHCb Collaborations [4,5,47] in their
analyses of the p(770)° resonance in the B* — x

) G 1 -
Z /1 — { ( 5“4,EW> (mp —mz)F§="(0 )fi(;;
p=u.c 7Kg
GF 2 B—>7Z ;
Z /1 5 (18, + af +af, EW),,K (m — mg)Fg~"(0 )f ko
p=u.
- 3 -
+ (D26, + b5 + bg.Ew)ﬂngBfans + (azépu + Eag’,EW) . fo,,ng}, (A10)
07[
oG 1
= S (=G ) 0= mROER O
p=c KK;
(b25pu+bp+b3EW)[(K foKfK } (All)
2 G 1 B—K:(0)fx
Zﬂ — { (0‘4 2054,Ew> (mj — mK*)FO o
p=uc KoK
+ (628 + b5 + b py) SKfoKJ_CK;;}’ (A12)
|
and
dh 2\-1 2\-1 2\-1
| = hmy)[(845)™ = (2my)™"] + (2amp)™. (BS)
The constant parameter D is given by
iﬂ+7[— D — gm—%lOg mp + 2q0 m/) _ mzzrm/) (B6)
™ g5 2m, 2nqy  nqy

decay. The GS line shape for p(770)° takes the form [51]

1+ Dr?
Ry(s) = g™ (gy)
(my —s) + f(s) —im,[,(s)
where
of 4\’ ™ (1 & 10 2
l"/,(s):l"p = X*(|q)rgw) with szl"p(mp), (B2)
q0) /s
and an additional mass dependence
2 2 2 dh
Flo)=Tp—5 | @ [h(s) =h(m,)]+ (mi=s)qg—| |, (B3)
90 Smﬂ
where
2 ¢q Vs +2¢q
h(s) =——=log| ——— |, B4
() =2 Lrog (V121 (B4

As the CP asymmetry in the S-wave below the inelastic
(KK) threshold seen in the Dalitz plot cannot be explained
via 7w — KK rescattering, it has a different origin. The
f0(500) meson is represented as a simple pole description,
parametrized as [4,52,53]

1 1
an( ) s=Sg, s (}’n]zco—l—?po(s)/él-—l.l’l’lfol—‘fo(S))7 (B7)
with
Iy, (s) =9 <qio> "\;‘2 (BS)

APPENDIX C: FLATTE MODEL

As suggested by D. V. Bugg [54], the Flatté model [55]
for £,(980) is slightly modified and is parametrized as
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1
Tr(m,,)= - ,
. i m%? —Sax— lmR(gmrpmr'f'gKKF%(KpKK)

(C1)

where my, is the f((980) pole mass, the parameters g, and
gxk are the f,(980) coupling constants with respect to the
#tx~ and K™K~ final states, respectively, and the phase-
space factors p are given as the Lorentz-invariant phase

spaces
2 4m*, 1 4m?
Prr = 3 1 - ﬂi+_ 1 - ”0’
3 Sax 3 Sar

1 4m? 1 4m?
prx =51 ——E+ o [1-—E
2 Sx 2 Sx

In Eq. (C1), compared with the normal Flatté function, a
form factor Fgx = exp(—ak?) is introduced above the KK
threshold and serves to reduce the pgx factor as s,
increases, where k is momentum of each kaon in the
KK rest frame, and a = (2.0 4 0.25) GeV~2 [54]. This
parametrization slightly decreases the f(980) width above
the KK threshold. The parameter a is fixed to be
2.0 GeV~2, which is not very sensitive to the fit.

(C2)

APPENDIX D: LASS MODEL

The S-wave KTz~ resonance at low mass is modeled
using a modified LASS lineshape [56—58], which has been
widely used in experimental analyses

My ) molo

Tmge) =50 g o
|q|COt53—l|¢1| m%_s%(ﬂ_imor‘o"iik‘n%
(D1)

with
(6 = —= + 217 (D2)
cotop = —= + 7|4l
P algl 2

where the first term is an empirical term from the elastic kaon-
pion scattering and the second term is the resonant contribu-
tion with a phase factor to retain unitarity. Here m and ' are
the pole mass and width of the K{5(1430) state, respectively, g
is the momentum vector of the resonance decay product
measured in the resonance rest frame, and |gg| is the value of
|g| when mg, = m k;(1430)- In Eq. (D2), the parameters a =

(3.1+1.0) GeV~! and r = (7.0 £ 2.4) GeV~!, being the
scattering length and effective range [58], respectively, which
are universal in application for the description of different
processes involving a kaon-pion pair.
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