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The forward-backward asymmetry induced CP asymmetry in B — K- 7*n°
in phase space around the resonances K (892)° and K,(700)"
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Abstract: The interference between amplitudes corresponding to different intermediate resonances plays an im-
portant role in generating large CP asymmetries in the phase space in multi-body decays of bottom and charmed

mesons. In this study, we examine the CP violation in the decay channel B — K~ n

~n*70 in the phase-space region

where the intermediate resonances K (892)° and f3(700) dominate. In particular, the forward-backward asym-
metry (FBA) and the CP asymmetry induced by FBA (FB-CPA), which are closely related to the interference ef-
fects between the two aforementioned resonances, are investigated. The nontrivial correlation between FBA and FB-

CPA is analyzed. The analysis indicates that FB-CPAs around the resonance K (892)° can be as large as approxim-

ately 35%, which can be potentially accessible by Belle and Belle-II collaborations in the near future.
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I. INTRODUCTION

CP violation (CPV) has played an important role in
particle physics since its first discovery in the decay of
K? mesons in 1964 [1]. In addition to strange meson sys-
tems, CP violation has been observed in B, B, and D
meson systems [2-5], and in the A} decay process
A — pK-n*n~ [6], all of which are consistent with the
description of the the standard model (SM) of particle
physics, within which CPV is described by an irreducible
complex phase in the Cabibbo-Kobayashi-Maskawa
quark mixing matrix [7, 8]. According to Sakharov's cri-
teria [9], CPV is also an important condition to explain
the baryon asymmetry of the universe (BAU). However,
it is widely accepted that CPV within the SM is insuffi-
cient to explain the current BAU [10—14]. Hence, a bet-
ter understanding of CPV is of great importance both to
particle physics and cosmology.

Owing to the increasing amount of data, CPV can
now be investigated in some multi-body decays of bot-
tom and charmed hadrons, in which CP asymmetries
(CPAs) with great detailed structures were observed in
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different regions of the phase space [15—20]. Some of the
regional CPAs in charged B meson multi-body decays
can be as high as 80%, which represent the largest CPAs
ever observed in laboratories. In contrast, the overall
CPAs of these decays are considerably smaller.

The structures of regional CPAs in phase space in the
three-body decay of charged B mesons indicates that the
interference between different intermediate resonances
play an important role in generating the large regional
CPAs. Take the decay B* — n*n*n~ as an example. The
results of the LHCD collaboration showed that the large
regional CPA is located around the intermediate reson-
ances p(770)°. The behavior of the large regional CPA
can be understood as a consequence of the interference
effect between the p(770)° resonance and some s-wave
structures [21, 22]. Since p(770)° has spin-1, meaning
that the #*n~ system originating from p(770)° with the
residence pion are in p-wave, a forward-backward asym-
metry (FBA) in the distribution of final particles is pro-
duced because of the interfering effects. Consequently,
the CPV corresponding to this interfering effect, which is
the dominant contribution to the large regional CPAs, can
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also result in CPAs corresponding to the FBA (FB-CPA)
[23, 24].

In this study, we examine a similar interfering effect,
which is the interference of amplitudes correspondi j to
K'(892)° and K,(700) in the decay channel of B
K n*n°. This decay channel has been studied by the
BaBar and Belle collaborations; no CPV is established,
mainly because of the low statistics [25—28]. This study
shows that the interference of K (892)° and K,(700) may
result in CPV, which has the potential to be detectable
with more data through the measurements of observables
such as FB-CPA. There is very strong evidence that the
interference of K (892)° and K,(700) in the baryon-anti-

. =0 o
baryon-production decay channel B° — ppK 7" can lead
to large CPAs [29]. Moreover, the contribution of the in-
terference of K (892)° and K,(700) in the A} decay pro-
cess AY - pK-n*n~ [6] may be related to the observed re-
gional CPAs (5.3+1.3+0.2) %, which deserves further
investigation.

The remainder of this paper is organized as follows.
In Sec. II, we present a brief introduction of FBA and FB-
CPA. In Sec. III we present the decay amplitudes of the
decay channel B - K, focusing on the phase space
region where both the intermediate resonances K (892)°
and K,(700) dominate. In Sec. IV, we present the numer-
ical results and discussion. Finally, in Sec. V, we provide
the summary and conclusions.

II. FORWARD-BACKWARD ASYMMETRY
INDUCED CP ASYMMETRY

For a three-body decay process H — MM, M;, with
H being a heavy pseudo-scalar meson, and M;, M,, M; be-
ing three light pseudo-scalar mesons, we can parameter-
ize the decay amplitude as

M= AP (cost), (1)
1

where P; is the Legendre polynomial of order /, with / be-
ing the quantum number of the angular momentum
between M; and the M; M, system; @ is the helicity angle,
which is defined as the angle between the momentum of
M, and H (or M3) in the center-of-mass (C.0.M.) frame
of the MM, system, and A, is the amplitude of the /-th
wave. Figure 1 presents an illustration of the helicity

angle 0 for the case B’ — K*nn°, as this is the decay

B w0

K+

Fig. 1. Definition of 8 in the B’ — K*7~ 2% decay channel.

channel that we will focus on. Note that / is also the spin
quantum number of the M| M, system.

The FBA in the decay channel H — M;M,M; can be
defined as the difference between the event yields for the
M; flying forward (cos6 > 0) and backward (cosé < 0) in
the C.O.M. frame of the M; M, systerm, which can be ex-
pressed as

J1aMPdcoso— [° (IMPydcosd
fj1<|M|2)dcose

AP = : )

where the notion "(---)" represents the integration over
phase space other than cosé. It can be shown that [24]

Zﬁk

AFB —
> [{Jail® >/<2J+1>}

<ﬂlﬂk> (3)

. (D)D) 1
where izl PP eost = S G e DG FTG= D /21
From the above equation, one can see that FBA is caused
by the real part of the interference between even- and
odd-wave amplitudes R({(a,a;)). In the simplest case, the
amplitudes are dominated by the S- and P-wave amp-
litudes (I =0, and 1, respectively). Thus, the FBA can be
expressed as

AFB — Y{(<~?{P~ﬂ§ ))
(AR 3+ (A

4)

The FBA include CP asymmetry (FB-CPA) can be
defined as "

AG = % (am—am), (5)

where AP represents the FBA of the CP conjugate process.

1) In Ref. [24], a CP violation observable, which is called the direct-CPA subtracted FB-CPA was introduced, which is defined as

} j;l ((\M\2>—<|ﬂ|2> )dcos(}—fj ((\M\2>—<|ﬂ|2> )dcosH
AE?’ = T —2 .
-[—1 <<|M|2>+<’M’ >>dcos€

When only S- and P- wave amplitudes involved, it has a simple form:

B R(apay)) - R((aras"))
L lapPy/3 +las Py + (@pl)/3 + (@)
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II. DECAY AMPLITUDE OF B’ > K-7*7°

When the invariant mass of the K~n* systemis ap-
proximately the masses of K,(700) and K (892)°, the de-
cay will be dominated by the cascade decays B -
K,(700)(— K79’ and B’ — K (892)°(— K-7H)n’. The
decay amplitudes can then be expressed as

Mo

B —»K-ntn0

= Ag; + Ageo e cosd, (6)

where Ay: and Ak are the decay amplitudes for the two
cascade processes, and J is the relative phase between
them. We can further isolate the Breit-Wigner factor so
that the amplitudes Ak and Ak can be re-expressed as

A
ﬂx_ X

s—mk +imxly’

(7

for X = K; and K*°, where s is the invariant mass squared
of the K~n* system, and

~ S70,- — S0~ mi
Ao = V2mgogreos (w)

. 1
% {V“” Viar fAS K+ V, Vi Ka“ - Eam)
B—n 3 B—K*0
X fr-@goopFy 7"+ 3 (a7 —av) A , ®)

Ag: = \/EgKaKir' <— ViV,

us

% a—l _2m%(6 1 2_ 2
It el Gl £ (mig —my)

o 3 B—K}
X fK(;Fff —5(07_09)("1%_’"%(3)];170 0} )’

)

2 2 B—K*
a(my — mKS)f”FO "+ V, Vi

where FZ~K°, AB-K' Fy, F§™, and FP~" are the
form factors for the corresponding transitions B -
K'(892)°, B' = Ky(700), and B’ — 1°; fyo, fi: , andf, are
the decay constants; $;0,- max and s0,- min are the maxim-
um and minimum values of s, , respectively; and 8K:Kn
and gk, are the strong coupling constants. All the a;'s
are built up from the Wilson coefficients c¢;'s and take the
form a; = ¢;+c;y 1 /N for odd i and a; = ¢;+ ¢,y /N for
even i, where N7 is the effective color number whose de-
viation from the color number N, =3 measures the non-
factorizable contribution. The strong coupling constants
gk, and 8k:kx are determined from the measured par-
tial decay widths through the relations [30]:

Pe 2 P
Skke LEKOKx= % 8xogn  (10)
8rmy. Kok KT 3 4z, OKOK

FK(’;KH -

where Uk: g and [k, are the decay widths for K;(700) —
Kr and K*(892)° — Kn, respectively, and p, is the mo-
mentum of K or # in the rest frame of K;(700) or
K*(892),.

IV. NUMERICAL RESULTS AND DISCUSSION

Figures 2, 3, and 4 present the AFBs of B’ —
K*nn° and its CP-conjugate process A™ and AFB, and
the corresponding FB-CPAs AfS for N =1, 2, and 3, re-
spectively, for various values of the strong phase d, where
the inputs of various parameters are listed in Table 1. One
can see from all these figures that A™ and AF® tend to
take large values when s is approximately the mass-
squared of K (892)° and K,(700), implying that the inter-
ference effect of K (892)° and K,(700) induces large
FBAs. Note that this behaviour is universal to different
values of N¢™. On the other hand, the CP violation ob-
servables FB-CPAs are much more sensitive to the val-
ues of N, By comparing these three figures, one can im-
mediately see that non-zero FB-CPAs lie in the regions of
K'(892) and K,(700) for N*T=1 and 2, as can be seen
from Figs. 2 and 3.The FB-CPAs are negligibly small for
N°T=3 from Fig. 4, indicating the important impact of
non-factorizable contributions, which are characterized
by N°T, to the FB-CPAs.

Figures 2, 3, and 4 also show that the behavior of FB-
CPA, as a function of s, strongly depends on the value d.
One important property is that for +/s below and above
the mass of the vector resonance K (892)°, when o takes
values of approximately O or z, the FB-CPA tends to take
opposite values. When o takes values of approximately
n/2 or 37/2, the FB-CPA does not change the sign. This
behavior can be understood as follows.

For simplicity, we will denote K,(700) and K (892)°
as S and P, respectively, to reflect that the angular mo-
mentum of the K,(700)z° and K (892)°7°system are [ =0
(S) and /=1 (P), respectively. By isolating the Breit-
Wigner factors, the interference term in A™ can be ex-
pressed as

(s —mp)(s —mg)

R(A; Ape) =1 { {1 + } R(A; Ape)

mprmSFS
2 2
§s—mp s—ms} -~ ia}
+ | = + J(AA . (11
ST @ ape) . an
where
r r
1= mpl pmgl g (12)

[(s—m%)z +(mpr)2] [(s—m§)2+(msfs)2} .
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Fig. 2. s-Dependence of A™®, AFB, ATB and AE® of the decay channel B° — K*nz° for 6 =0, /2, x, and 3r/2, respectively, and for
NeT = 1. The range of s is taken from 0.4 GeV/c? to 1.2 GeV/c2. The dotted, dashed, dash-dotted, and solid lines represent AT®, AFB,
ALE. and AfS, respectively. The shadowed region indicate the location of the vector resonances K*(892)° ((mg-(gop0—

2 2
T s (892)0)7 <8 < (Mgg92)0 + T s (392)0) ).
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Fig. 3. Same as Fig. 2 but for N =2,
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Fig. 4. Same as Figs. 2 and 3 but for N =3,
Table 1. Input parameters used in this study.
Parameters Input data References
Wilson coefficients ¢y =1.1502,¢p = -0.3125,¢3 = 0.0174 [31]
¢4 =—0.0373,¢5 =0.0104,c6 = —0.0459
c7=-1.050x1077,cg = 3.839x 10™*,¢c9 = —0.0101
c10=1.959x1073
Form factors Fg—ﬂ(g(m()) =0.27, Fg—’” =0.25, [32-34]
FBom =025, ABK 2" _ 0374
Decay constants (in GeV) fr=0.13, fig000 = 0217, [35-37]

Tk a00) = 0.064

masses, decay widths, and branching ratios . - . —
mK0(700) 845 MBV, FK0(700) 468 MCV,
Mg (5020 = 895 MeV, T go00 = 47 MeV [33]

BRk:700)kx = 100%, BRy+ (3920, = 100%

Note that I's is considerably larger than I'». Meanwhile,
since we focus mainly on the region when s is approxim-
ately the mass-squared of S and P, we have I;>

VIs—m?| and Ty > \/|s—m3|. This means that we can

safely approximate Eq. (11) as

where we collectively denote the three small quantities,
Tp/Ts, \/|s—m}|/Ts, and \/|s—m}|/Ts, as e.

Up to the order O(e), R(A;Ape) can be further split
into two parts:

2
R(A; Ape)=2 {9&(54;% 0y Mr g (A Ap eiﬁ)+0(e)} , R(A; Ape”) = AA+T), (14)
P

S
mPF
(13)

where
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2
A= (sm5+ M cos6> I( AL Ap), (15)
mprp
and
§—m> - =
T= (cosé— £ siné) R(A: Ap). (16)
mpl p

To explain the motivation for this split, notice that if J is
the only dominate strong phase, one will have Aj; ~ A’
and A, ~ A, where A" and AS® are the correspond-
ing amplitudes for the CP-conjugate processes. As a res-
ult, one has J(A;Ap) ~ —F(ASPAS) and R(A;Ap) ~
R(ASP ALY, Consequently one has Ax-A® and
=~ X, where A®? (=) is the same as A (X), except that
the amplitudes are replaced by the CP-conjugate ones.
This means that if J is the only dominate strong phase,
FB-CPA will be dominated by A such that

Ay ~ R(A; Ape”) — R(A AL )
~(A=AP+E-ZF) 2 A-ATF = 2A.  (17)

Now the different behaviours of FB-CPA in the four
subfigures of Figs. 2, 3, and 4 can be understood. The
two terms in A of Eq. (15) have quite different behaviour.
The second term changes sign when s passing through m?
because of the presence of the factor s—m3, while the
first term does not. When 6 take values around O or x, the
second term dominates, so that the FB-CPA tends to
change sign when s passing through m?2; when J take val-
ues around x/2 or 3x/2, the first term dominates, so that
the FB-CPA tends to not change sign throughout the in-
terference region V.

Note that in Figs. 2, 3, and 4, we also present the CP-
averaged FBA, which is defined as

1 2 0 5
/ <|M|2+'M‘ >dcos9—/ <|M|2+‘M‘ >dcos€
A=t 1 - |
/ <|M|2+’M‘2> dcos@
-1

It can be easily shown that the CP-averaged FBA is dom-
inated by X, A ~ 23, if § is the only dominate strong

ave

phase. As can be seen from Eq. (16) that A'® tends to

ave

(18)

change sign for J taking values around 7/2 or 37/2, while
the sign of Aavc remains unchanged for 0 taking values
around 0 or x, in contrast to the situation of A% 2.

The aforementioned behavior is also indicated in Fig.
5, in which the d-dependence of FB-CPAs for N*T =1 in
different phase-space regions are mp—Tp<s<mp,
mp<s<mp+Ip, and mp—Tp <s<mp+Ip, denoted as
regions L, R, and L+ R, respectively. Figure 5 shows that
when ¢ takes values of approximately 0 or z, the value of
ABB(L) is quite different from that of ARS(R), and they
tend to take opposite values. When J takes values of ap-
proximately 7/2 or 371/ 2, the difference between the val-
ues of AFB(L) and AEB(R) is small.

A Dalitz analys1s of the decay B°(B%) — K*n*n° has
been performed by the BaBar collaboration [27]. The res-
ults of Fig. 7 in Ref. [27] indicate that the CP-averaged
FBA A® tends to take positive (negative) values when s
is below (above) m3. A closer comparison of the results
of Fig. 7 in Ref. [27] with the CP-averaged FBA show
that the strong phase J assumes values in the range
[37/2, 57/3]. This means that the subfigures (d) in Figs.
2, 3, and 4 are more favorable by the data than the other
three. As can be seen from Fig. 5, for ¢ taking values in
the range [n/2, 2x/3], the corresponding FB-CPA in the
region L+ R can take values as large as approximately
35% for N =1, which are likely accessible for Bell and
Bell-II.

In the above analy51s of the interference effects of
K'(892)° and K,(700) in B’ = K%, we used the con-
dition that the strong phase 0 is the only dominate strong
phase. In other words, there are no large physical strong
phases within the amplitudes for each of the cascade de-
cays, which means that the direct CP asymmetries for the
two-body decay processes B’ — K*(892)°2° and B’ —
K;(700)n° are negligibly small. This is consistent with
BaBar's experimental results [27, 28]. This is true in the
naive factorization approach for weak decay processes,
which is what we have adopted in this study. Beyond the
naive factorization, it is also possible that there are large
strong phases within the amplitudes for the cascade de-
cays. In this type of situation, non-negligible CPAs are
expected in the two-body decays, and the above analysis
will be contaminated. It should be noted that whether this
is the case can be examined by comparing FB-CPA and
the corresponding direct-CPA-subtracted FB-CPA. If
there are obvious differences between them, it means that
at least one of the the direct CPAs for the two two-body
decays is relatively large. If we relaxed the assumption of

1) The behaviour of changing of sign of AE% as s varing allows us to construct CPA observables corresponding the term 3(5"l§ Ape'?) [38]. LHCD collabaration has
searching for CPV in D — KK [20, 39]. In the phase space where ¢(1020) locates, they looked for CPV via an observable Acpjs . This observable is the same in es-
sence as that proposed in Ref. [38]. For the current situation, the interference of vector and pseudo-scalar resonances may result in a change of sign of Acp (as well as

regional CPA) provided that the strong phase o takes values around 0 or 7.

2) It is also possible that ﬂg Ap is almost real, i.e. %(ﬂs Ap) > S(ﬂ* Ap). This happens either because of the weak phase is very small, such as the D meson
decay processes, or extra strong phases provide cancellation to result in a small imaginary part of ~7h Ap . 1n this kind of situations, the behaviour of AFB and ATB s

dominated by X, which can change or not change of sign when s passing through mp, but A E remains small.
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Fig. 5. FB-CPAs of three different regions in phase space, L
(mp-Tp<s<mp), R (mp<s<mp+Tp), and L+R
(mp—Tp<s<mp+Tp), which are denoted as AFB(L), AFB(R),
and AFB(L+R), respectively, in the maintext and are represen-
ted by dotted, dashed, and solid lines, respectively, as func-
tions of the strong phase & for N¢ = 1. The shadowed area in-
dicates the range of J preferred by the data in Ref. [27].

3m/2 2

the dominance of the strong phase d, a combined analys-
is of the behavior of FBA, CP-averaged FBA, FB-CPA,
direct-CPA-subtracted FB-CPA, and regional CPAs can
also give us a more comprehensive understanding of the
underlying dynamics of CP violation in the interference
region.

Our analysis here is in fact quite general and can be
applied to other three-body decay processes. Take the
well studied B* — n*x*n~ channel as an example. It has
been shown experimentally that the interference of
p(770)° and £,(500) has great impact on CPV in this de-
cay channel. The regional CPAs change sign when the in-
variant mass squared of the n*zn~ system s;:,- pass
through the mass squared of p(770)° [18]. This behavior
can be explained similar to that in Eq. (11), since this

kind of term can also contribute to regional CPAs. We
strongly suggest that our experimental colleagues per-
form the combined analysis of observables in three-body
decays of heavy mesons in the interference region of in-
termediate resonances.

V. SUMMARY AND CONCLUSION

In this paper, we present an analysis of CPVs in-
duced by the interference effect of the intermediate reson-
ances K'(892)° and K,(700) in three-body decay B’ —
K-n*7°, based on the naive factorization approach for the
ngak two-body decay processes B' — K (892)°x° and
B — K,(700)°, The interference between K (892)°
(J? =17) and K,(700) (J* =0*) can generate significant
FBA. This FBA induces potentially measurable CP viola-
tions, with FB-CPA values reaching approximately 35%
for phenomenologically reasonable parameters.

According to the analysis, the non-factorizabe contri-
butions relative to the strong phase J between the amp-
litudes corresponding to the cascade decays play an im-
portant role in the behavior of FBA and FB-CPA. We
present a general analysis of the correlation between the
non-factorizabe contributions, the values of the strong
phase J, and the behavior of FBAs and FB-CPAs. We
discover a model-independent correlation between FBA
and FB-CPA that persists across parameter variations.

The results of this study establish a framework for the
inclusion of the K (892)°—K,(700) interference effect
when studying CPV in multi-body decays, with both the-
oretical significance and immediate experimental relev-
ance. This framework g{oplains similar CPV observations
in A, — pK n*n~ and B — ppK™ 7" decays. The analys-
is can also apply to other multi-body decays of bottom
and charmed hadrons.
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