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The large data sample of the B, meson collected at the LHC experiment and the HL-LHC experiment
provides us the opportunity to study the B, decays and the related physics. In this paper, we investigate the
effect of K — K mixing on the branching ratios, CP violations and CPT violations in the B — B*K§

decays. We find that some of the B — BiKgyL - fpf K9, decay chains have large branching ratios,

whose maximum value can exceed the order of 107°, the minimum number of BF events times efficiency

for observing the decays at three standard deviations (36) level is about 10°. We study the CP asymmetries

in the B — BiKg’ . decays and find that the CP asymmetries can exceed the order of 1073, which are

dominated by K° — K° mixing. We give the most promising processes to observe the CP violations and

the ranges of the numbers of BE events-times-efficiency needed to observe the CP asymmetries at a

significance of 3¢ in these decays. We investigate the possibility to constraint the CPT violation parameter
z in the Bf — BiKg. L= feef K, decays and give the most promising processes to constraint the

parameter z.

DOI: 10.1103/PhysRevD.104.093005

I. INTRODUCTION

CP violation provides deep insights into the nature and
plays an important role in explaining for our matter-
dominated universe [1,2]. In the Standard Model (SM),
effects of CP violations in the charm sector, unlike the kaon
and B meson systems, are expected to be rather small [3-5].
During the past decade, many theoretical and experimental
efforts have so far been made to study CP violations in the
D system and charm baryon [6-20]. In 2019, the LHCb
collaboration reported a first confirmed observation of the
CP violations in charm decays via measuring the difference
of time-integrated CP asymmetries of D® — K*K~ and
DY - 7~ decays with the result of (1.54 & 0.29) x 1073
[21], the significance of the measured deviation from zero
is 5.30. However, studies of CP-violating processes in the

_chengxd @mails.ccnu.edu.cn
_r_ruminwan g@sina.com
'Ly@mail.ccnu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2021/104(9)/093005(18)

093005-1

B, decays that proceed via the ¢ quark decay with the b
quark as a spectator are very scarce.

CPT invariance is one of the most fundamental sym-
metries in physics and is based on three assumptions:
unitarity, locality, and Lorentz invariance [22]. Therefore, a
strong motivation for experimental and theoretical studies
on CPT theorem is to test the CPT symmetry [23-27]. The
K° — K° mixing system is one of the most intriguing
processes to study CP and CPT violations.

The decays with final states including K§ or K can be
used to study CP violation [28] and CPT violation. In these
decays, K — K° mixing have a non-negligible effect on
CP violation and CPT violation, even play a dominant
role. The CP asymmetries in the decays D — ngﬁ and
> 77,'+K2~171 have been measured by Belle [29,30],
BABAR [31,32], CLEO [33,34], and FOCUS [35] collab-
orations. There exist 2.8¢ discrepancy observed between
the BABAR measurement and the SM prediction of the CP
asymmetry in the 7 — 7t Kb, decay [36-38]. Because
the direct CP violation in this decay is absented at the tree
level in the SM, the discrepancy could be a hint of the
physics beyond the SM, several possible new-physics
proposals are put forwarded [39]. However, the result for
the CP asymmetry in t7 — 7t Kb, decay suffers large
uncertainty and no unambiguous conclusion can be drawn,
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so more precise data and more reactions are needed in both
experiment and theory.

The B, meson is the lowest bound state of the doubly
heavy-flavored (bc) system, here both the b and ¢ quark
can decay while the other serves as a spectator, so the B,
physics must be very rich [40—43]. At the LHC experiment,
around 5 x 10'° B, mesons per year could be produced
[44,45], which provides us the opportunity to get more
information of this particle and study the related physics.
In this paper, we investigate the effect of K — K* mixing
on CP and CPT violations in the Bf — B*KY, decays.
We predict the branching ratio of these decays and calculate
the CP and CPT asymmetries which are dominated by the
effect of K* — K° mixing. In addition, we also explore the
sensitivity of these measurements in experiment.

1. BRANCHING FRACTIONS
OF THE B: — B*KY, DECAYS

Within the SM, the decays B} — B*K" and its charge
conjugate can occur through the Cabibbo-favored channels,
which are shown in Fig. 1. The decays B/ — BT K" and its
charge conjugate can proceed via the doubly Cabibbo-
suppressed channels, as shown in Fig 2. The resulting
effective Hamiltonian for these decays can be written as

G _ _
=—=L [Visvuds}/ﬂ(l - 75)Cu}/ﬂ(1

\/Z —Vs)d

+ Vﬁdvusayﬂ(l - yS)Cayﬂ(l - 75)5] + H.C., (1)

7_{eff

where G is the Fermi coupling constant; V;; denotes the
CKM matrix element. To calculate the hadronic matrix
elements of the effective Hamiltonian, we work with the
factorization assumption [5,46,47], then, we need to
reconstruct the effective Hamiltonian in a form suitable
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Quark diagrams for the Cabibbo-allowed B

for the use of this assumption by Fierz transformation [48].
By making use of the Fierz transformation, we obtain the
factorized Hamiltonian

_Gr_
V2N,
+ VZdeayﬂ(l - 75)Sﬁ}/ﬂ(l - }/5>C] =+ H.C., (2)

fac __

off — — Vi Viuasr* (1 —ys)day, (1 —ys)c

with N, = 3 is the number of colors.
The decay constant for pseudoscalar meson K° are
defined by [49]

(K%(q,)|dy"yss|0) = iq! fk. (3)

(IK°(q,)|57"75d|0) = i} f. (4)

here, the CP transformation property CP|K°(¢?,q,)) =
—|K%¢% —q,)) is used. The matrix elements

(B (p2)|uy*c|BS (p1)) and (B~(py)[cy'ulB:(py)) are
parametrized in terms of various form factors as [50]

(B*(po)lay"c|BE (p1))
_ P% _P% H
—fo(fﬁ)( p q,)

t

2 2
P1—P
+f+(q%)<p’f+p§— 1~ 2qf;), (5)
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FIG. 2. Quark diagrams for the doubly Cabibbo-suppressed B — B*K° and B, — B~K° decays.
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where g, = p; — p, is the 4-momentum transfer. The form
factors fy(q?) and f(q?) read

0 1 2 3
lah) - — O 02,007,
ﬂ’lég
0 1 2 3
£ = — 0+ 802, 410210,

I3
2
mD*

here, mp. and mp- is respectively the mass of the neutral

scalar meson D;;(2300)° and the neutral vector meson
D*(2007)°. The variable Z,, is defined as

7 — (\/H—CI%_\/H)‘ Ve —mp + /T
p )
Vi =g+ i) |ty —mh. — /T

(i)

with 7, = (mg+ + mp+)?. The polynomial coefficients by’
(i =0, 1, 2, 3) appearing in Eq. (7) and Eq. (8) have been
calculated in Ref. [50]

©)

b = 0548 £0.023, b =-0.19+0.22,
b =005+£074, b =0, (10)
b\ = —0.48 £ 021,

b =o. (11)

b\ = 0.548 +0.023,
b =0.12+0.77,

Now, we can proceed to calculate the hadronic
matrix  clements  (K°(q,)B*(p,)|[HE|BE(p))  and
(K°(q,)B*(p2)|Hei§|BE (p1))- Because of the parity con-
servation in strong interaction, the matrix elements
(K°(g,)ldy"s|0), (B (pa)lary’c|B(p1)) and  their
charge conjugate have no contribution to the corresponding
the hadronic matrix elements. By combining Eq. (2),

Eq. 3), Eq. (4), Eq. (5), Eq. (6) and g, = p; — ps, we
can obtain

(K°(q,)B* (p2)[HEIBE (p1))

G .
Ky v et fo(@)(pt—ph).  (12)

32
(K°(q.)B* (p2)|HE|BE (1))

G
Si)fl( V;s ude fO(qt)( p%)’ (13)

(K°(q,)B~ (p2)IHG|BZ (p1))

G
SF}KV Vit folgd)(pr=p2),  (14)

(K°(q,)B=(p2) [HS|BZ (1))

Grfk i
= V. V’[,se”ﬁ 2 (p? = p?), 15
3\/2 d fO(Qz)(Pl Pz) ( )

where ¢ denotes the strong phase of the involved matrix
elements. In the BX — B*K? and B — B*K? decays, there
are only color-suppressed tree-emission diagrams contribut-
ing to both the Cabibbo-favored and doubly Cabibbo-
suppressed decay amplitudes, without W-annihilation or
We-exchange diagrams. In this case, the strong phases in
the Cabibbo-favored decay and Cabibbo-suppressed decay
are identical [51], i.e., the strong phases are identical in the
Bf — B*K° and Bf — B*K" decays.

In the K- K° system, the two mass eigenstates,
K9 of mass mg and width I'y and K9 of mass m; and
width I';, are linear combinations of the flavor eigenstates
K° and K° [52]

K7) = pV1+2K%) —qV1 2K,  (16)
KS) = pV1—2|K%) +qV1+2K).  (17)

where p, g and z are complex mixing parameters. CPT
invariant requires z = 0, while CP conservation requires
both p=¢g=+/2/2 and z=0. The mass and width
eigenstates, K(s). ;> may also be described with the popular
notations

14+e-6 l—€e+6

K9 = K% — K9,
kL) 2(1—|—|€—5|2)| ) 2(1+|e—5|2)| )
(18)
1+e+6 1l—e-6 _
KO — KO + KO ,
Ks) 2<1+|e+5|2)| ) 2(1+|e+5|2)| )
(19)

where the complex parameter € signifies deviation of the
mass eigenstates from the CP eigenstates, 6 is the CPT
violating complex parameter. The parameters p, ¢ and z
can be expressed in terms of € and § [neglecting terms of ¢

and O(5)]

1+¢ 1-¢
P =" 9= sy 2= -2
2(1 + le[*) 2(1 + le]*)

(20)

In this paper, we adopt the notations p, ¢ and z in order
to ensuring the rephasing invariance of all analytical
results [19].

The time-evolved states of the K°
expressed by the mass eigenstates

— K system can be

1+

[N
ET
N

—im, t—L
|Kphy§( )> = e Ll 2IﬂLt|I<(2>

;

1—

2, AR, e)

+
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VvI1-— .
N

Vv1i+z

2q e_i”’S’_irS’|Kg>_ (22)

With Eq. (21) and Eq. (22), the time-dependent amplitudes of the cascade decays B — B*K° — B* fo can be written as

A(BE = BTK (1) = B* fxo(1)) = (K°(q,) B (p2)|He 1B (1)) - A(Kpys (1) = fo)
+ (K%(q)B*(p2)[HEE|BE (1)) - A(KD (1) = fro), (23)

where f o denotes the final state from the decay of the K° or K meson. A( phys( ) = fxo) and A(thys( ) = fxo) denotes

the amplitude of the Kphys( ) = fxo and Kphys( ) — fxo decays, respectively. They have the following forms

1+z . 1—z .

AR (1) = o) = T A (K — fio) + Y17 AR = fro) 24)
1-z —imp =Mt 0 14z —imgt—iTgt 0

A( phys()_’fKO):_ 24 e”MITIA(KY = fro) + 24 e""ITRSIA(K = fio). (25)

Making use of Egs. (12), (13), (23), (24), and (25) and performing integration over phase space, we can obtain

G%f%df()(mi(o)lz 2 2

11527 p[*|g[*m;} S mgo) - (o = i)

e T(KY = fro) - ggo + ™" - T(KS — fgo) "Ik

+ e AN(KS = fro) - A(KY = fro) - gro_go

T AKY = i) - A°(KY = o) G ) (26)

['(Bf - BTK(t) » BT fxo(t)) =

where m, with r = Bf, B*, K° denotes the mass of the resonance, Am denotes the difference in masses of K? and Kg, r
denotes the average in widths of K9 and K9

I, + T

Am=m; —mg, I'=
m=m; — mg >

(27)

The terms 9K9» 9K and g9k are related to the effect of the K9 decay, the K g decay and their interference, respectively, and
have the following forms

gy = [laPVTF 2P Vel Vil + PP IVT=2PIVes PIV ol

- pq* \% I- Z( v 1 =+ Z)*Visvudvcd‘/;x - p*q \% 1 + Z( Vv 1 - Z)*Vzdvusvcsv);d (28)

9xy = [laPIVT=2P VeIV + [PV T 2PV PV gl
+ pq* Vv 1 + Z( Vv ) stvudvcdvm + p qv 1- (V ) dVMSVCSVZd

—~
[\®]
\=]

N

gKg—Kg = |:|(’I|2 V1+ Z( V1-— Z>*|Vcd|2|Vus|2 - |P|2 v1- Z( V14 Z)*|Vcs‘2|vud|2
- pq*| Vv - Z|2stvudvcdv;s + p*Q| Vv 1 + Z|2VzdvusvcsVZdi| ’ (30)

The function f(x,y,z) in Eq. (26) is defined as

Fry.2) = (3t 4yt 2= 207 =202 - 2222 (31)
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In experiment, the K(S) state is defined via a final state zt 7z~ with m,, ~ mg and a time difference between the B, decay and
the K% decay [36]. By taking into account these experimental features, the partial decay width for the Bf — B K% decay
can be defined as

S T(Bf - B*K(t) > Btata(t))dt
(e7sto — e7Tsh) . B(KY —> ntn™)

I'(Bf — BYK9) = (32)

where t) = 0.17g and #; = 275 ~ 207 with 7y is the K(S) lifetime, we adopt #; = 10z in our calculation. Combining Eq. (26)

and Eq. (32), we can obtain

Grfxlfo(m3)? eTito — et B(KY - 72t77)

I'(Bf - BTKY) = - f(mps, mpe,mq) - (m2, —m3,.)%- + ) .
( c S) 11527[|p|2‘q|2m:;:r f( B} B S) ( B B+) gK(: e_FSIO _ e_FStl B(ng N 717+T[_) gKg
e—iAmtO—l"to _ e—iAmtl —I'ty r A KO N 7T+71'_
+ 2Re T T . S . ( L _) * ggO_go . (33)
e tsto — o=l T'+iAm A(Kg—>7r+7r) sTRL

From Particle Data Group [52], I'y/Tg=(1.75+  Using Eq. (16), Eq. (17) and neglecting the tiny direct CP
0.01) x 1073, If we adopt t;, = 10rg = 10/Ts, then we  asymmetry in the K® — z*z~ decay, we can derive
can obtain

e Tito — =Tty A(Kg - 7T+71'_) _ pvV1l+z— q\/l -z (36)
T g ~ 0019, (34) AKS»na) pVT-z+qV/T+2

0 - 0 _
the value of B(K} — z"7")/B(Kg— n'z") can also  For convenience, we introduce the following substitution
obtained from Particle Data Group [52]

—iAmty—Tt —iAmt; =Tt
B(KY - zt77) - e 0= —e T Ty
W = (2.84£0.01) x 107, (35) KKy = T T iiam D

so the second term in the bracket in Eq. (33), which  Combining Egs. (29), (30), (33), (34), (35), and (36), we
corresponds to the effect of the K9 decay, can be neglected. can derive

G% 1> |f (rr12)|2
(Bf — BtKY) = £/ KUOVES/T | mgs . myg) - (m2, — m2,)?
(B¢ 9) 1152ﬂ|p|2|q|2m37 f(mBl_ mg+, Mg) (mB: my,)

: {[|Q|2|v1 — 2PIVeaPVisP + PPV + 2PV PIVial
+ pq* \% 1+ Z( \% 1 - Z)*stvudvchZs + p*q\’ 1- Z( \% 1+ Z)*V:dvusvcs‘/;;d]
pVl+z—gvl—z
—|—2Re(t - gPVTF 2(VT =25V 2V, 2
gy S VT (VT2 VeIV
- |P|2 a _Z( V1+ Z)*|V03‘2|Vud|2 _pq*l V19— Z|2ViSVMdVCdVZS

+ p*q| v 1 + Z|2V:dvusvcsvz:d]> } (38)

Similarly, we can obtain the partial decay width for the B, — B‘Kg decay
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Grfx |fo(ms)|2
1152z|p|?|q|*m

: {[|q|2\/1 — 2P VesPIViadl® + 1PV + 2P Vea PV sl
+pq*v1+z(\’1_ )*V udv dvus+p qv 1 - (V1+ ) VcsV*dV dvus}
pV1itz—gqvl
+2Re<t . V14 z2(V1 =2V PV al?
ek e gV T (VT 2) VsV
- |p|2\/ l_Z<V 1+Z) |Vcd| |Vus|2 _pq*l v 1 _Z|2V§svudvchZs

P aVIT z|2vzdvmvcsv:;d]) } (39)

2

F(B_ - B~ KO) 'f<me’mB+’mS) ' (mB: - mé+)2

In experiment, the K9 state is defined via a large time difference between the B, decay and the K9 decay and mostly decay
outside the detector [53]. Basing on these experimental features, the partial decay width for the B — B*K? decay can be
defined as

Ji®T(Bf — B*K(1) = B* fxo (1))dt

I'(Bf - BTKY) = T B = frg) : (40)
where f K0 denotes the final state of the K decay, t, > 100zg. Combining Eq. (26) and Eq. (40), we can obtain
0
Using the result from Particle Data Group [52]: I'; /T’y = (1.75 £0.01) x 1073, we can obtain
T < 4.4 % 1074, S5t <21 x 1072, (42)

so the second and the third terms in the bracket in Eq. (41), which corresponds to the effects of the Kg decay and the
interference between the K decay and the K9 decay, can be neglected. Substituting Eq. (28) into Eq. (41) and neglecting
the second and the third terms in the bracket in Eq. (41), we obtain

|fo(mL)|2
1152ﬂlpl |qPmy,
' Hq|2| v1+ Z|2|Vcd|2|vus|2 + |P|2| V1-— |2|Vcs|2|Vud|2
- pq* V1-— Z(V 1 +Z)*V:svudvcdvm p qv 14z (V ) dvu\VuV:d]' (43)

2

I'(Bf - B*KY) = < flmpgemps.my) - (my. —mg.)?

Similarly, we can obtain the partial decay width for the B; — B~KY decay
wfxlfo(mp)I?

1152ﬂ|p|2|q\2m3_

PV + 2PV PIVial? + PPV = 2PV el Vi

- pq* \% I- Z( Vv 1 + Z)*VisvudvczIVZs- - p*(] \% 1 =+ Z( \% 1 - Z)*VcsVZdV:dvus']- (44)

2

'f(mB:WmB*’mL) : (n/lB:r - m%+)2
+

[(B; — B KY) =
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From Egs. (38), (39), (43) and (44), we can obtain the branching ratios of BX — BiKg. ; decays, which are the products of
the partial decay widths for these decays and the mean life of B. meson.

III. CP VIOLATIONS, K} -K?} ASYMMETRIES, AND CPT VIOLATIONS
In the Bf - B*KY, — fpf K9, decays, the time-independent CP asymmetries are defined as

I'(B; —» B—KgL) ‘T(B~ = fp-) -T(Bf > B+Kg{L) T(B* = fg)

KO
A S.L — _ ,
" T I(B; -» B KY,) T(B~— fp) +T(Bf - B*KY,) -T(B* - fp-)

(45)

here, f, with r = B*, K3, denote the final states from the decays of the B* and K9 ; mesons, f- are the CP-conjugate
states of fp+, [(B~ — fp-) and ['(B* — f-) is the partial decay width of the B~ — f- and B* — f5- decays
respectively. Using the relations in Eqgs. (A1) and (A2) listed in Appendix A, we can obtain

A5 _ I'(B~ = fp-) -T(B" = ]_fB‘) (B; — B_K(S),L) -T'(Bf — B+K(5),L)
" T I'(B~ - fg)+T(B" > fp-) T(B; > B KY,)+T(Bf > B*KY,)

, (46)

where (I'(B; - B"KY,) —T'(Bf — B"KY,))/(I(B; = B KY,) +T(Bi — B"KY,)) are the CP asymmetries in the
Bf - BiKg’L decays and hereinafter denoted as Acp(BE — BiK(S)_L). Under the assumption of CPT invariance,
Acp(BE - BFKY,) can be calculated from Egs. (38), (39), (43), and (44)

(|LI|2 - |p|2) i (lvcs|2|vud|2 B |Vcd|2|vus|2)
(|p|2 + |Q|2) : (|Vcs|2|Vud|2 + |Vcd|2|Vus|2) + 2pq*V2<‘SVleVCdVZS + 2p*qvcsVZdV:qus
N 2(VeslPIVial? = [VealPIVusl?) - (101> + 19]*) - Re(tgo_go - 259)
(|P|2 + |CI|2> : (|Vcs|2|Vud|2 + |Vcd|2|Vus|2> + 2pq*visvudvchZS —+ 2p*qvcsV;dV:qus '

ACP(Bgz g BiKg) —

(47)

(|q|2 B |p‘2) i (|Vcs|2|vud|2 B |Vcd|2|vus|2)
(|P‘2 + |CI|2) ' (‘Vcs|2|vud|2 + |Vcd|2|Vus|2) - zpq*VisVuchdVﬁs - 2p*qvcsvzdvzdvm

Acp(B — B*K}) = (48)

From Eq. (47) and Eq. (48), we can see that the dominant contributions to the CP asymmetries in the BY — BiKg’ ;, decays
arise indirectly from K° — K° mixing, the time evolution effect of neutral kaons can significantly affect the CP asymmetry
in the B — B*K?) decays, but has little effect on the CP asymmetry in the BX — B*K? decays. This is very different from
the D meson decays. The reason is that the decay amplitudes of BX — BXKY, only receive the contributions of the color-
suppressed tree-emission diagrams, which can be calculated in the naive factorization approach and have no strong phase
difference. In D meson decays, the naive factorization does not work, due to the large nonperturbative contributions at the
charm scale. There are different strong phases between the Cabibbo-favored and doubly Cabibbo-suppressed amplitudes,
the time-evolution effect of neutral kaons can contribute to a new and large CP violation in the D meson decays [15,51].

In Eq. (46), (T(B~ = f5-) —=T(B™ = f5-))/(T(B~ = fg-) + (BT — f5-)) is the CP asymmetry in B~ — fj- and
Bt — fp- decays and hereinafter denoted as Ac-p(B~ — f5-). For the semileptonic decays of the B* to charmed meson,
such as B — D°[*y; and B* — D*(2007)°/*v,, the direct CP violations do not occur in the SM [54], so AISSD and AIC(,Z are
only determined by Aqp(BE — BTK 2’ 1 )- Here, we note that A-p(B~ — fp-) should also receive the contribution from the

CP violations in charm meson decays, for example, the CP violations in B* — D°I*v; — f,I*v, decay chains can be
derived as

(B~ - D°I"p;)) —T(B* — D°I*y)) T(D°— fp)—T(D° - fp)

B~ — DVIg;) = - 5057
Acp(B™ = 71) (B~ - D)+ T (Bt - D’I*y)) T(D°— fp,)+T(D° = fp)

(49)

here, fp and f ) denote the final states of D and D° decays, respectively. Fortunately, the second term on the right side of
Eq. (49) is zero in the semileptonic and leptonic decays of the D mesons in the SM. However, because the final states of
B* — D semileptonic decays followed by the semileptonic and leptonic charm decays contain two neutrinos, the
experiment environment is imperfect. The CP asymmetries in the nonleptonic decays of the B* mesons have nonzero
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values, some of these values can reach the order of 107!, so the CP asymmetries in the nonleptonic decays of the B+ mesons
couldn’t be neglected, we will discuss the possibility to observe the CP violations in the B — BiK(S” ;. decays followed by
the nonleptonic decays of the B* mesons in section IV.

Next, we turn to calculate the K3 — K asymmetries in the Bf — B*KY, and B; — B~KY, decays, which are defined
as [15,55-57]

I'(Bf - B'KY) —T'(Bf — B'K?)
['(Bf - B*KY) + T'(Bf - BTKY)’

R(Bf - BTKY,) = (50)

I'(B; - B"K%) —-T'(B; — B™KY)

R(B: - B°K%,) = ,
(B: s1) I'(B; - B™KY) +I'(B; - B™K")

(51)

By substituting Egs. (38), (39), (43), and (44) into Egs. (50)—(51) and neglecting the Kg — K(Z mass difference and the CPT
violation parameter z, we can obtain

R(BF — B*KY,) = Pq*V;EsVud;/chZZS + P*;IVcsVdeViszus
' |11V eal IV us|® + PFIV sV al

n Re(fK{g—Kg ‘%' [|Q|2|Vcd|2|vm|2 - |p|2|Vcs|2|Vud|2 =P ViVuaVeaVis + P qVigVusVesVinal)

9PV ealP Vsl + [P PIVes PV aal?

(52)

PG VesViuaVeaVis + 07V esVigVieaVus

PV esPIVual® + |PPIVeal* Vi
+Re(f1<g_1<g L N|GPVeslPIVial* = [PPIVeaPIVas? = PaVEViaV eaVis + P aVigVisVesVial)
PV esPIVial® + |PPIVeal* Vi

R(B; — B_K(s),L> =

(53)
here, we note that the K — K? mass difference is involved in the following expression in R(BF — B*KY, )

|f0(m§)|2f(m3jv Mg+, mg) — |f0(m%)|2f(m3jv mpe,mp,)

f0<m§)|2f(m3[+v mp+, mg)

, (54)

the experimental value of the K — K mass difference is (3.48 = 0.01) x 10715 GeV [52], so the above expression is of the
order of 107'% and can be safely neglected.

Now, we proceed to study the CPT violation parameter z in the BY — BiKgy ;. decays. From Egs. (38), (39), (43), and
(44), we can obtain

I'(B; — B K}) —T'(Bf - B"KY)
_ GAlfm)P
1152z p*|q*m3).

’ (|Vcs|2|vud‘2 - |Vcd‘2|vus|2) : {(|q2| V1 _Z|2 - ‘p‘2| V1 +Z‘2)

“f(mgy mpg:, mg) - (”112;; - m%ﬁ)z

pV1l+z—gVl-z 2 — 2 T .
+2Re<tK2_K2op\/1___2+qm'[|q (V1=2)V1+z+|p*V1-z(V1+2) ])}, (55)

Grfxlfo(mi)?
- -0 0\ _ FJ KIJ O\ 2 2 )2
(B - BKY)-T'(Bf - BTKY) = [1524]pPlqPn f(mpz mgemy) - (my, —my.)

' (|CI|2| v1+ Z|2 - |p|2| V19— Z|2) ' (|Vcs|2|vud|2 - |Vcd|2|vus|2)’ (56)
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we define the follow asymmetry

A (g gy ) [DB2 = BKY) —T(BE ~ B*KY)) = (B — BK)) ~T(B! » BKY) o
CPTYTe SLOT (B - B7KY) + T'(Bf — BTKY) +T'(B; - B™KY) + I'(Bf — B*KY)
Substituting Egs. (38), (39), (43), (44), (55), and (56) into Eq. (57), we can obtain
KSi pt + 10
Acpr(BE — B KS.L)
RC(Z) |Vcs|2|Vud|2 - |Vcd|2|vus 2 pP—q < ‘Vcs|2|Vud|2 - |Vcd|2|vus|2
- : +Rel tpo_go - | —+= .
1+ Y Ve PIVaal? + [VealP Vs B A\p g 2)) Vel Vil + VeIVl
(1+75
|q|2 _ |p|2 . |Vcs|2|Vud|2 — |Vcd|2|Vus|2 . |f0(m§)‘2f(m8:f’m8+7m5') B |f0(m%)|2f<m8j’m3+’mL) (58)
|Q|2 + |P|2 |VCS|2|Vud|2 + |Vcd|2|Vus|2 |f0(m§)|2f(m3j, Mg+, mg) + |fo(m%>|2f(m3jv mge,my)’

here, (|q|*>—1|p|*)/(lq|> + |p|?) is the mixing-induced CP violation, which is of the order of 1073 [19,52].
(|f0(m§)|2f(mgjv Mp+, mg) — |f0<m%)|2f(m3j7 mp+, mL))/(lfO(mg)Pf(mij mp+, mg) + |f0(m%)|2f(m3p mg-, mp))
denotes the result of the K% — K9 mass difference and is at the order of 10~!¢, which can be calculated by Eq. (54) and its
result, so the third term on the right side of Eq. (58) is immeasurably small (on the order of 10~!%), we can safely neglect this
term. In this approach, we obtain

0 R Vs PIViual? = Va2V s |? — Vs IV oual? = Va2V s |2
Aﬁ;);‘(Bci_’BiKgL):— e(Z)Z | c5|2| ud|2 | Ld|2| ”“|2+Re<tKo_Ko-(p q E))| LA|2| ud|2 | Ld|2| u‘\|2.
(l‘l’%) |Vcs| |Vud| +|Vcd| |Vu5| S p+q 2 |Vcs| |Vud| +|Vcd| |Vus|
(59)
0
Obviously, AIC(}JLT(BﬂE — B*K§,) contains the term Re(tgo_go - 27%), which is independent from the CPT violation

parameter z, so the precise calculation of Re(tKg KO , which is the function of the parameters m; — mg, I';, s, p, g, to

),
and t,, is crucial to constraint the CPT violation parameter z in the BX — BiKg. ;. decays. Here, we note that the values of 7,
and #; must be consistent with the event selection criteria in experiment. In a word, Ag%fT(Bf — B*KY ) can in principle
constraint the parameter of CPT violation only if the measurements of the parameters m; — mg, I';, I's, p and ¢ have high
precision and the values of #, and #; are consistent with the event selection criteria in experiment.

In experiment, the intermediate BT states are reconstructed in the final states f- or fp-, so we defined the following
observable

KO _ KO _
S’ L
ACPT — ACPT

K.+ K)o+’
S’ L
Acpr + Acpr

Acpr = (60)

K.+ K+
where A, and Aqp, are defined as

AGT =T(B: = B-KYT(B~ — fy) £T(B: — B KYL(B — F-). (61)

Ay =T(B; > BK)D(B™ — fy-) £ T(Bf —» BYKY)T(B* — f5). (62)

By using Egs. (B1)-(B5) listed in Appendix B, we can obtain

Acrr = R(BY — BYKY,) - Acp(B~ = fir) + Acph(BE — B*KY,))
[(Bf —» B'KS) —T(Bf —» B*K]) T'(B~ — fp-) ~T(B* — fp-)
- I(Bf » BYKY) + (B! —» B'K)) T(B™ = f5-) +T(B" = fs-)
(B, - B-KY) —T(B{ —» B*KY)| - [[(B; - BKY) —T(B; - B*KY)]
(B » B"K$)+T'(Bf - B'KY)+T'(B; - BK?)+T'(Bf - B'KY) ~

(63)
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For the semileptonic decays of B* to charm meson, Acp(B~ — fp-) is zero in the SM, so A¢py can in principle constraint
the parameter of CPT violation in the semileptonic decays of B* to charm meson, provided the new physics effects are
negligible small. By combining Eq. (59) and Eq. (63), we can obtain

Acpr(BE — B K, — D°(D*(2007)°)I*v,K )

RG(Z) |Vcs|2|vud|2 - |Vcd|2|vus|2 R P—9q < |Vcs|2|vud|2 - |Vcd|2|vus|2
ERY 2 2 2 2 T Re| Txo-ky 7)) 2 2 2 2
(1 +T) |Vcs| |Vud‘ +|Vcd| |Vus| |Vcs| |Vud| +|Vcd| |Vus|

piq 2 (64)

For the nonleptonic decays of B*, Acp(B~ — fp-) is nonzero, and what is more, the values of R(Bf — BTKY ;) have not
been precisely measured up to now, so it is difficult to constraint the CPT violating parameter z by measuring the value of
Acpr via the nonleptonic decays of the B* mesons.

IV. NUMERICAL CALCULATION
Now, we are going to calculate the values of the observables. The input parameters used in this paper are collected as
below [52,58,59]
mg: = 6.275 GeV, mpg+ = 5.279 GeV,
mg = 0.498 GeV, my; = 0.498 GeV,
Am = (3.48 £0.01) x 107" GeV, Gp = 1.166 x 107 GeV~2,
Iy =735%x10"1 GeV, I, =(1.294+0.01) x 1077 GeV,
mp» = 2.007 GeV, mp; = 2.300 GeV,
75, = (0.510 £ 0.009) x 10712 s, fx = (0.154 £0.002) GeV,
Re(e) = (1.66 £+ 0.02) x 1073, Im(e) = (1.57 £0.02) x 1073. (65)

We use the Wolfenstein parametrization to write the CKM matrix elements [52,60]

Via = VI=2\1= 820502 +12). Vey= =1 =222 = A%\ 1= 22(p + in).

Vie = W1 =A% 1), Ve = V1= 2V1— A = A%S(p + ). (66)

where A, A, p and 7 are the real parameters. The latest results fitted by the UTHfit collaboration [61] are presented as following
A =0.225 £+ 0.001, A =0.826+£0.012, p =0.152+0.014, n = 0.357 £ 0.010. (67)

With all these parameters and Egs. (38), (39), (43), and (44), we obtain the branching fractions of the Bf — BiK(S)’ ; decays
B(BE — B*KY) = (2.057920) x 107, (68)

B(BE — B*KY) = (2.5473) x 1073, (69)

here, the above results are the averaged branching ratios of the decay and its charge conjugate. By using the branching ratios
of the consequent decays of the B* and Kg. , mesons given by the Particle Data Group, we can calculate the results of
B(BE - BiKg’ L= feef K%L)’ which are listed in Table I. Here, we only consider the decay channels with the branching
ratios are larger than 5.0 x 10~7, which are hopefully to be marginally observed by the current experiments. We also list the
Bf - B'KY, - J/wK"K}, — e"e"K'ntz (z*e¥v,) decays in Table I, because these decays have a small number of
final states and can be easily detected.

By substituting the values of the parameters in Egs. (65), (66), and (67) into Egs. (47) and (48), we can proceed to
calculate the numerical results of the CP asymmetries in B — BiKg. ;. decays
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TABLE 1. The branching fractions of the Bf — B*KY, — fp: f ko, decays.

The decay channel

The branching ratio

B(Bf - BTKY —» D°I"y,K% — Kte v, I Tymtn™)

Bf = BYKY - DI'yKS > Kt~ Ityntn)

Bf - BTKY - D"y K —» KT a2 T yntn)

BY —» BTKY — D*(2007)°I"v,K§ — D°z°l*y,KY — Kt e 0,2l yntn)
Bf — BYKY — D*(2007)°I"v,KY - D°z°l"y,K) - KT n~a’lTynn™)

Bf - BTKY - D*(2007)°I"y,KY — D°2°1"y,KG - K a2 yntn)
Bf = BYKY - D°2"KY —» Kt~ nlztntn)

Bf —» BYKY - D% *KS - KT e v,atn’zntn)

Bf — BYKY - D% 'K - Kt~ at 2%zt n™)

Bf > B'KY - D% K - K a2’z 27" 7)

Bf — BYKY — D*(2007)°2" K% — D°z°2"KS — Kt 2= 227 ntn™)

Bf — BYKY — D*(2007)°z "zt 2~ K$ —» D2zt nta K — K a~ 2’2’z ntanta)
Bf - BYKY - J/wK'KS > ete Kt nta)

Bf - BYKY - DI"yKY — Kte v, My ntet,)

Bf —» BYKY - D'I"yKY —» K+ ITynteTu,)

Bf —» BYKY - DI'yKY —» Kta 2'ltynteTu,)

Bf - BYKY - DIy K9 — Kt 201t vyt a=a0)

Bf - BTKY - D*(2007)°I*y,K) — Dz°l1* K¢ —» Kte 0,2° T ymteTu,)
Bf — BYKY — D*(2007)°I*y,KY — D20y, K — KT o~ n’lTynteTu,)
Bf - BTKY - D*(2007)°I"v,KY — D21y KY —» K+~ 2201 ynteTu,)
B — B*KY - D*(2007)°1*y,K? — D°z°I'v,KY — K 2= 2%7201 vyt = 20)
Bf - B'KY - D°z*KY —» KTz~ 2%zt nteTu,)

Bf - BYKY - D" KY —» K*n~ntazteTu,)

Bf —» B*KY - D%*K? - Kta~ 2zt 20zt eFu,)

Bf - B'KY - D°"KY) —» Kt a’n"2%nt 2~ 2%)

B - BTKY - D*(2007)° 2zt 27K} —» D2z 2t a KO - Kt 2 220zt ntnmnteTu,)

Bf - B'KY - J/wK"K) - ete"KtnteFu,)

T T TSI ®

S oY

= &

TSI DN W

B

(1187913) x 106
(1.324£0.14) x 107°
(4.80793%) x 1076
(1.84 £0.20) x 107°
(20579%) x 10
(748758 x 106
(9.56:193) x 1077
(673741 x 107
(7.5131%) x 1077
(274745) x 106
(6483374) x 1077
(1363934) x 10
(8523535 x 10°*
(8.57793!) x 1077
(9.56719L) x 1077
(349793 x 10°¢
(1.08 £0.12) x 107°
(1347314) x 10°°
(1.49 +0.16) x 107°
(5.43798) x 107°
(1.68 +0.19) x 107°
(6.947973) x 1077
(5.45793%) x 1077
(1.99 +0.34) x 107°
(6.1571%2) x 1077
(9.88713) x 1077
(6.19798) x 1078

I(B; » B"K§) —-T(Bf - B'KS)
I'(B; - B K%) +I'(Bf - BTKY)

ACP(BL# — BiKg) =

I'(B; - B KY)-T'(Bf - BTKY)
I(B; — B™K}) + T(B! — B*K])

ACP(B? - BiK(L]) =

(4.05 £ 0.05) x 1073, (70)

= (—2.98 +0.04) x 1073, (71)

0
Combining Eqs. (46), (49), (70), and (71), we can obtain the time-independent CP asymmetries Agf, and Ag;, in the
Bf — B*K§, = fu-(fp- )f ko, decays. As for the B — D°(D)I*v;, and B* — D*(2007)°(D*(2007)°)/*v; decays, the

CP asymmetries in these decays are zero in the SM, so we can obtain

AN (BY — BYKY — DO w,KY) = (4.05 £ 0.05) x 107 +

F(DO = fp) — F(DO - fD)
[(D° = fp) +T(D° - f

F(DO - fp

ASL(BY = BYKY — DOI* K0 = (—2.98 £ 0.04) x 107 +

- fD)’ (72)

- F(DO — J_CD)
(D" > fp) 11D = fp)’ 73)
F(DO_)fD)_F(DO_)}D) (74)

AR (B — BYKY — D*(2007)01 1KY — D001 1,KY) = (4.05 4 0.05) x 107 +
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F(DO - fp) —F(DO —’J_fD)

0
ALt Bf = BTKY - D*(2007)°I"y,KY — D°z°Ity,KY) = (—2.98 £0.04) x 1073 + =
CP( L ( ) B [ L) ( ) F(D() —)fD) +F(D0 —)fD)

(75)

of course, (I(D° — f,) =T(D° = fp))/(T(D° = fp) +T(D° = fp,)) is zero in the semileptonic decay of the D° meson
in the SM. Meanwhile, the CP violations in the nonleptonic decays of charm mesons, such as D’ — K~z* and
D" — K~7" 7Y, are of order of 107*, or even smaller [52,55,62—65], so the CP violations in the nonleptonic decays of
charm mesons are smaller than that in Bf — B*KY, decays and can be safely neglected. From Table I, we can see that the
branching ratios of the following decay channels are of the order of 107%: Bf - B*K$ — DI*y,K§ - KT e v, I ymntn™,
Bf - BYKY - DI'yKS - K*nltyntn~, Bl - BTK) - D°I'y,K§ - KT n 2’ltyntn~,  Bf — BTKY
D*(2007)°1*y,KY — D°2°1"y, K — K e v, a°lTymtn™, Bf — BYKY — D*(2007)°I*y,KY — Dz°I*v,K?
Ko a'lrynta, Bf — BYKY — D*(2007)°I"v,KY — D°z°I" v, K — K+ =272’ It yn 7, Bf —» B*KY
DI*yKY — K*ta 2’ ltyntetu,, Bf - BTKY - DI'yKY —» Kt~ n°l* vt =, Bf — B*KY
D*(2007)°I*v,KY — D°z°I"v)KY — K*e 0,2 ymteTu,, B —» B*KY — D*(2007)°I"v,KY — D°2°I*y, K"
Ktn 2’ lrynteTu,, Bf — BTKY - D*(2007)°I"y,K? — D21 y,K? — KT 2= 2%2% 1 vynteTu, and
Bf — BTKY — D*(2007)°I*y,K? — D°z°1* 1KY — K+ 72~ 2%2°tv;2t 72", so the magnitude of the branching ratio

Ll

. K9 . . .
times A" can reach 1072 or larger for these channels, which are possible to be observed. Here, one can also consider the
possibility to sum over the available final states of D° decays to obtain a statistically significant signal of CP violation.

For the case of the nonleptonic decays of B+ mesons,

Aﬁ%" can receive contributions from both the CP asym-
metries in B* — fp-(fp-) decays and the CP asymmetries
in BY — BKY, decays, so it is possible to extract the CP
asymmetries in Bf — B*KY, decays in the channels
which have the accurate measurements of the CP asym-
metries in B* — fp-(f-) decays and the large branching
ratios of the Bf - B*KY, — fp-(fp- )f ko, decay chains.
However, one can see from Particle Data Group [52] and
Table I that some decay channels, such as B - BTK' g —
Dztntn - K n 2%z zt2~ and Bf - B'K) —
Dt rta~ — Ktn~ a’zta%z 7, have the large branch-
ing ratio (at the level of 107°) but an inaccurate value of
Acp(B™ — fp-). Other decays, such as Bf - BTK% —
K*K=n*ztz~ and Bf - BTK) - zta nzn*z, have
the accurate measurement of Aqp(B~ — fp-) but a small
branching ratio, further more, Acp(B~ — fp-) in these
channels is at the level of 1072 or larger, which dominant
the Agjif, so it is difficult to extract the CP asymmetries in
BF — B*KY, decays by measuring the CP violations in
the Bf — B*KY, — fpf ko, processes with the nonlep-
tonic decays of B.

The explicit expressions for the Kg — K9 asymmetries
R(Bf - B'KY,) and R(B; — B™KY, ) have been given
in Egs. (52) and (53). Using the values of the parameters in
Egs. (65), (66) and (67), the numerical results of R(B} —
B*KY,) and R(B; — B™KY ) can be obtained

R(Bf — BYKY,) = —0.109 & 0.001, (76)

|
R(B; — B™KY,) = —0.103 £ 0.001.  (77)

Obviously, the large values of the K% — K asymmetries
indicate that there exist a large difference between the
branching ratios of B — B*KY and the branching ratios of
Bf — B*KY. Combining Egs. (76) and (77) with the
branching ratios of the Bf — B¥KY, — f:K%, decays
from Particle Data Group [52] and Table I, we can see
that the maximum order of the branching ratios for the
decays Bf - B*KY, — f3:K}, times R(BE — B*KY )
can reach 1077, so R(Bf — B*KY,) are hopefully to be
detected in the current experiments.

Now, we move on to the determination or constraint of
the parameter of CPT violation in Bf - B*KY | —fefxo,
decays. As discussed in Section III, the most promising
process to constraint the parameter of CPT violation are
the B — B'KY, — D°lI'y, K, — K I"pl"yKY, and
Bf — BTKY, — D*(2007)°I*y,KY, — D2°lI"y,KY, —
K I"p;n°I"y,KY , decays. By combining Eq. (64), Eq. (66)
and Eq. (67), we can obtain

|VCS|2|VM |2_ |VC |2‘Vus|2
e jl2+\VZ|2|V 7= 0.9943 40,0001 (78)

From Table I, we can see that the branching ratios of
the Bf - B"K§ - D°lI'yKS —» Kt Imp)ltyntn=, Bf >
B*KY - DIy K - Kt It ynteFy,, Bf - BTK) —
D*(2007)°I"y,K§ — D°z°I"v, K% — KT I~pn° T ynt ™
and B — BTKY — D*(2007)°I"v,KY - D°z°I*y,K9 —
K" 0,2° "yt eTu, decays can arrive at 1.18 x 1079,
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8.57 x 1077, 1.84 x 107 and 1.34 x 107°, respectively, so
the sensitivity for the measurement of A py is expected to be
at the level of 1073 if we assume the selection efficiency is
1073 and the total number of B events is 10'? after the LHC
run 5 [66]. With the values of the parameters in Egs. (65),
(66) and (67), we can obtain

pP—q |Vcs|2|Vud|2_|Vcd|2|vus|2
Re Tgo_go - . 3 3 3 3
st p+q |Vcs| |Vud| +|Vcd| |Vus|

= (3.46 £0.03) x 1073, (79)

which accuracy can reach 10™*~ 107>, According to
Eq. (64), we can obtain that the sensitivity for the meas-
urement of the CPT violation parameter z is expected to be at
the level of 1073,

V. PROSPECTS FOR THE MEASUREMENT
AT LHC

At the LHC experiment, around 5 x 10'° B, mesons per
years could be produced [44,45], therefore, one could expect

5 x 10" B, events with 10 years’ run and 50 fb~! data at
LHCb [67]. Moreover, LHCb will accumulate a data sample
corresponding to a minimum of 300 fb~! in the HL-LHC era
[66], so the total number of B, events may exceed 3 x 10'2
by the end of the HL-LHC era. Basing on these samples, the
B, decay chains with a branching ratio at the level of
1078-107° can be measured with a good precision.

Following Refs. [44,68,69], we give an estimation of
how many B, events-times-efficiency are needed to establish
the branching ratio, the CP asymmetry and the K§ — K¢
asymmetry to three standard deviations (30). When the
decays are observed at three standard deviations (30) level,
the numbers of B, events-times-efficiency needed read

9
B(B: — BiK?,L - fBing_L)

(e/N)s = . (80)

where € is the detecting efficiency of the final states. With
the numerical results of the branching ratios in Table I,
we can obtain the numerical results of (e,N )z for the Bf —

B*KS, — fp:fxy, channels, as shown in Table IL

TABLE II.  The numerical results of (e;N)g for the Bf — B*KY, — fp:f ko, decays.

The decay channel

(e/N)g

Bf - BTKY —» DYI"y,K§ » KTe v I ymta
B - BYK§ - DI'yKY - Kt~ lTymtn
Bf - B'K§ - DlI'yKS - K =2’ ltynt 2~

Bf - BTKY - D*(2007)°I*y;K} — D°z°l*v,K} — Kt e 0,2l yntn™
Bf - BYK§ - D*(2007)°I"y,KY - D21 y,K§ - K n~ T yntn~
Bf - BYK§ - D*(2007)°ITy,KY - D71 y,KS - KT~ 2’21 vt

Bf - B'K) > Dzt K} —» Kt~ 'zt ntn~
Bf - BTKY - DK - Kte v,ntantn”
Bf - B*K§ - D°pKY - Ktnnt 2zt n~
Bf - B'K§ - D% K§ - KTa 2zt 2zt

Bf —» BYKY - D*(2007)°z*K§ — D°n°2tK§ — K* 2= 2%z " ntn~
Bf - BTKY - D*(2007)°z*n* 2 K§ — D°nztnta K§ — K+

Bf - BTKY —» J/yKTK} - ete K Tntn~

Bf —» B*KY - DI"y)KY — Kte 0, T ymteTr,
Bf - B*KY —» DI*yKY — Kta ItynteTy,
Bf —» B*KY - DIy K9 —» K*n n°lTymteo,
Bf - B*KY - DI*yKY —» Kt a2t ynta2®

B —» B*KY — D*(2007)°I*y,KY — D201 y,K9 — Kt e 0,2ty mter,
B — B*KY — D*(2007)°I*y,KY) — Dz°1*y,KY — Kt~ altynteTu,

Bf = B*KY — D*(2007)°I*y,KY — D°z°1ITyKY) — KT~ 2’201t vmteo,
B - B*KY - D*(2007)°I*y,KY — D°z°1*v,KY —» K+ 72~ 2020t vyt a°

Bf - B'KY - D'z*KY —» Ktn 2%zt nte,
Bf - B'KY - DK - Kta—at2'z% ey,
Bf —» B*KY - DK - Kta 2"zt 20zt e,
Bf - B*KY - D°p*KY —» Kt n= a0zt n 7"

Bf —» B*KY - D*(2007)°zt 2t 27 KY —» D222t a KO - Kt 220zt ntnmnte o,

B —» B*KY - J/wKKY) — ete Kt nteTu,

b A A A

(6.87 ~8.52) x 10°
(6.16 ~ 7.64) x 10°
(1.68 ~2.11) x 10°
(4.40 ~ 5.47) x 10°
(3.95 ~4.91) x 10°
(1.08 ~ 1.35) x 10°
(0.85 ~ 1.05) x 107
(1.14 ~ 1.60) x 107
(1.03 ~ 1.44) x 107
(2.80 ~3.96) x 10°
(1.25 ~ 1.56) x 107
070 (5.70 ~ 7.84) x 10°
(095~ 1.18) x 108
(0.95~1.17) x 107
(0.85 ~ 1.05) x 107
(2.32~2.91) x 10°
(7.49 ~ 9.40) x 10°
(6.06 ~ 7.55) x 10°
(5.44 ~6.77) x 10°
(1.49 ~ 1.87) x 10°
(4.80 ~ 6.04) x 10°
(1.17 ~ 1.45) x 107
(1.41 ~ 1.98) x 107
(3.86 ~ 5.46) x 10°
(1.25 ~ 1.76) x 107
(0.79 ~ 1.08) x 107
(132~ 1.62) x 10
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In the same way, the numbers of B events-times-efficiency needed for observing the K

standard deviations (36) level are

9

— K9 asymmetries at three

(efN)+(S)

and

9

Kse  [B(Bf - BTKY — f5:K}) + B(Bf -» BTKY — f5:KV)] - |R(Bf — BTKY,)

, (81)

N =
(erN)is,

From Particle Data Group [52], Table I, Eq. (76) and Eq. (77), we can calculate the numerical results of (efN );g(,
S.L

(e/N)%

X0 which are listed in Table III.
S.L

[B(B: = BK§ — fp-Ks) + B(B; » B™K| — fp-K])]- [R(B; —» B™Kg, )|

(82)

and

Again, the numbers of B events-times-efficiency needed for testing CP violation with 3¢ significance can be derived as

follows

TABLE IIl.  The numerical results of (e;N)%, for the Bf — B*KY, — f5-K$, decays.
S.L ’ !

The decay channel

(esN)

+ —_
K9, ((efN)Kg.L)

Bf — BTKS, - D°I'y,KS, — K" e 0l 'y KY,

B, - B Ky, - DI'p)Ky, — K~etv, I"p/KY

Bf - B'K}, —» DI'y K}, — K'n I"yKS,

B; - B K, - DI"'p)K}, — K n"I"pKY

Bf - BYKY, — DI'yKS, — Ktz 2"y, K,

B; - B"K}, —» DI'p)K§, — K- n*z°l"0,K§

Bf — BYKY, — D*(2007)°I*y,K§, — D°z°I"v,KS, — K*e 0,721y, K,
B, — B KY, — D*(2007)°I"5,KS,; — D°z°I"p,K, — K~etv,n’I"0,K§
Bf - BTKY, — D*(2007)Ol+1/lK(S)L - D7y KY, - K a2’y Ky,

B; - B"KY, — D*(2007)°I"5,K§, — D°z°I"p,K$, — K n" 2’ I"p,KY

Bf — BYKY, — D*(2007)°I*y,K§, — D° 01+u,Kqu > K'rx ﬂol+1/,K0
B; - B™KY, — D*(2007)°I"5,K},; — D°z°lI-9,KY, — K~ n*n’z°I-p,KY,
Bf - B'K}, - D°n"KY, - KTn n’n"KY,

B, - B K}, - D'z K}, - K ntzz"KY,

Bf - B'KY, — D°p*K$, — K"e v, Ky,

B; > B"KY, - D% K%, - K e*v,n n°KY,

Bf - BYKS, —» D°%"Ky, — K nn"n°K§,

B, - B K}, - D% K}, - K n'n 2°KY,

Bf - BYKY, — D°p*KY, — Ktz nn"n"KY,

B; - B"K}, - D% K%, - K n"a’n K3,

Bf — BYKY, — D*(2007)°z*KY, — D°z’z"K§, - K*an°2%z" K,

B, — B K%, — D*(2007)°z" K%, — D°z°z" K, — K n"n’z’n~ Kg{L

Bf — BYKY, — D*(2007)°z zta KY, - D'zt ntn Ky, - K'a n’z’z* nta KY,
B; - B"KY, — D*(2007)°z 7z~ n*K$,; — D2’z 77" KY, » K- n" 22z n"n" K,
Bf —» B'KY, — J/yK"K}, - e"e"K'KY,

B, - B K}, - J/wK K}, —ete"KK§,

1.99 ~2.35) x 107
2.11 ~2.49) x 107
1.79 ~2.11) x 107
1.89 ~2.23) x 107
4.88 ~5.82) x 10°
5.16 ~ 6.16) x 10°
1.28 ~ 1.51) x 107
1.35 ~ 1.60) x 107
1.15 ~ 1.35) x 10’
1.21 ~1.43) x 10’
3.13 ~3.74) x 10°
3.31 ~3.96) x 10°
2.46 ~2.91) x 107
2.60 ~3.08) x 107
3.29 ~4.47) x 107
3.48 ~4.73) x 107
2.95~4.01) x 107
3.12~4.24) x 107
0.81 ~ 1.10) x 107
0.85 ~ 1.17) x 107
3.62 ~4.32) x 107
3.83 ~4.57) x 107
1.64 ~2.18) x 107
1.74 ~2.31) x 10’
2.78 ~3.24) x 10

)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(2.94 ~3.43) x 10°
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TABLE IV. The numerical results of (¢;N)cp for the BE

— B*KY, — fefx, decays.

The decay channel (e/N)cp
Bf - BTKY - DIy K - Kte v, Tymta~ (0.85 ~ 1.05) x 10°
Bf - B'KY - DI'yKY - Kt o~ ITyntn (7.60 ~9.44) x 108
Bf - B'K§ - DI'yKS - KT =2’ lTyntn (2.08 ~2.60) x 108
Bf — B*KY - D*(2007)°I*y,KY - Dzl v, K — Kt e 0,2 1T ynta~ (5.43 ~6.76) x 108
Bf - BTKY - D*(2007)°I*y,K} — D°z°1*v,K) — K* a2l ynt n~ (4.87 ~ 6.06) x 103
Bf - BTKY - D*(2007)°I"y,KY - D71y, KY - K n= 2’2l ynt ™ (1.33~1.67) x 108
Bf —» B*KY - DI'y)KY — Kte 0, lTymteTy, (1.59 ~ 1.97) x 10°
B - B*KY —» DI*yKY — Kta ItynteTy, (1.42 ~1.77) x 10°
Bf —» B*KY - DI'y,K9 —» K*n=n’lTymteo, (3.88 ~ 4.88) x 108
Bf - B*KY - DI'y)KY —» KT~ 2t vnt = n° (1.26 ~ 1.58) x 10°
Bf - B'KY - D*(2007)Ol+1/ K9 - D21y KY - Ktemp, 2%t ynteTu, (1.02 ~ 1.27) x 10°
B — B*KY — D*(2007)°*y, KO D21y K —» Kt a2ty nteTu, (0.91 ~ 1.14) x 10°
Bf - B*KY — D*(2007)°I*y,KY — D°z°ITyKY — KT~ 2’201t vmte, (2.49 ~3.13) x 108
B — BTKY — D*(2007)°1*y,KY - D°z°I"v,K9 — KT~ 2’2ty mtn= 20 (0.81 ~1.01) x 10°
9
(efN)CP = ) N K9,
[BBY — B*KY, — fu-fro,) + B(B: > BKY, — fi- foé,L)]" i
9
~ P (83)
2-B(Bf — B*KY, — forfxa ) ‘
|

As discussed in Sec. IIT and Sec. IV, the CP asymmetries  decays. We find that some of the Bf — B*K), —

— B*KY, decays and the
semileptonic decays of the B to charmed meson, so we
only calculate the numbers of BE events-times-efficiency
needed in these decays,which are shown in Table IV.
Meanwhile, we note that the decays Bf — B*KY —
fpentn~ are more favorable than the decays B —
B*KY — fpnteTv,(xn 2") to observe in experiment,
because the number of the final state particles in K§ —
mta~ decay is less than that in K9 — z%eTv,(zta2°)
decays.

From Table II, Table III, and Table IV, we can see that the
numbers of the BE events-times-efficiency, which are
needed to observe the branching ratios, K (S) — K9 asymme-
tries and CP asymmetries, are of the order of 10° ~ 10° in
the listed processes, so they are possible to be observed at
the LHC experiment and the HL-LHC experiment.

can be observed only in the B

VI. CONCLUSIONS

In conclusion, the large BF sample, which can be
produced at the LHC experiment and the HL-LHC experi-
ment, will make it an ideal place to study the B decays and
investigate the related physics. We study the effect of K —
K° mixing on the branching ratios, CP asymmetries, K —
K? asymmetries and CPT violations in the Bf — B*KY

feef K9, decay chains have large branching ratios, whose

maximum value can reach 7.48 x 107°. The CP asymme-
tries in the B — B*KY, decays are dominated by K —
K° mixing and can exceed the order of 1073. The most
promising processes to observe the CP violation are
Bf - BTKY - Dl'y,KS — Kte vl yntn=, Bf -
B*KY - DIy KY —» KtnlTyntn~, Bf - B'KY—
DIy, KY — Ktaaltymta, Bf - B'K§ -
D*(2007)°1*y,K} — D°2°1M v, K} — Kt e 0,2l Tynt
Bf — BTKY — D*(2007)°I"y K% — D°2°I*yK§ —
Kt 2= z°lfynta~ and B — BTKY — D*(2007)°1*x
vK§ - D2y K — Ktnn 7T01+l/171' n~, for which
about 1.05 x 10?, 9.44 x 108, 2.60 x 108, 6.76 x 108,
6.06 x 10® and 1.67 x 108 BE events-times-efficiency are
needed respectively, if CP violation is observed at 3¢ level.
The K§ — K asymmetries in the BY — B*KY, decays
are also studied. The numerical results of the K§ — K9
asymmetries can reach as large as 0.11. Together with
the branching ratios for the B — B*KY, — fp-K%,
decay chains and the K% — K asymmetries, we calculate
the numbers of the BY events-times-efficiency needed to
establish the K — K9 asymmetries to 3 standard deviations
in the decay processes with a large branching ratios.

093005-15



CHENG, WANG, and YUAN PHYS. REV. D 104, 093005 (2021)

The range of the numbers of the B events-times-efficiency needed to observe K% — K asymmetries at a significance
of 3¢ in these decays is from 3.74 x 10° to 3.43 x 108, which is measurable at the LHC experiment. We investigate
the possibility of extracting the CPT violation parameter z in the BX — BiKg‘ L= feef K, decays. We find that the

decays Bf — B*KY, — D°I'yK}, — K*e™0,I"yKY, and Bf — BTKY, — D*(2007)°1*y,K, — D°z°I"y,KS, —
K +e‘Dechler,K(S)_ ;. can in principle constraint the parameter z if the measurements of the parameters m; — mg, I'1, I's, p
and ¢ have high precision and the values of f; and ¢, are consistent with the event selection criteria in experiment.
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0
APPENDIX A: THE RELATIONS USED IN AIC(;'L CALCULATIONS
0
Below we present the relations used in evaluating the expression of AIE}'L in Sec. III
I'(B; - B°KY,) -T(B~ - fp-) —T(Bf - B'KY,)-T(Bt > fp)
=I(Bf - B+K(§,L) -(T(B~ = fp-) —=T(B" = fp-)) + (T(B; — B_K.(S)‘,L) —-I(Bf - B'KY,)) - T(B~ = f5)

=D(B; — B™KS; ) (T(B~ — fy-) =T(B* = f-)) + (D(B; — B™KS;) =T (Bf = BYKS,)) - I'(B* > fp-),
(A1)

)
)

and

I'(B; - B KY,) -I'(B~ - fp-) +I'(Bf > B'KY,) -TI'(B" — f5)
=T(Bf = B"KS,) - (I(B~ = fp-) +T(B" = fp-)) + (I(B; - BK$,) —T(Bf - BTKS,))-T(B~ = fp-)
= (I(B; - B°KY,) +T(Bf - B'KY,))-T(B~ - f5-) —T(Bf - B'KY,)- ("(B~ - f5) —T(B" = f5)).
(A2)

APPENDIX B: THE A p; CALCULATIONS

To calculate the expression of Acpr, the following relations are employed

[C(B; = B-K$)I'(B~ = f5-) —T(Bf — BYKQ)T(B* — fp-)]
= [C(B: - B"K})U(B~ = fp-) ~T(Bf - B*K))T(B* = fp-)]
= [[(Bf —» B*K) —T(B — B*K})]- [[(B~ = fp-) —T(B* = fp-)]
+ (DB = B™Ks) =T (B! — BYKY)) — (I(B; — B™K]) —=T'(BI - B*K}))]-T(B™ — fp-). (B1)

and

T(B; = B"KS)T(B™ = f5-) + T(Bf — BTKG)T(BT — f3-)
+T(B; = B"K])T(B™ = fz-) + T(Bf - BTKY)[(B" — fp-)
= [[(Bf — BYKS) + T(Bf — BYKY)] - [[(B~ = f5-) +T(B* = f-)]
+2[0(B; » B KY) —T(Bf - B*KY)] - T(B~ — fp-) + [(N(B; = B™KY)
—I(Bf - B*KY)) - (U(B; - BKY) ~T(Bf — B*KY))| - T(B~ = f5-)
= [[(B; - BKY) +I'(Bf -» BTKY) + T'(B; -» B"KY) + I'(Bf — B'KY?)]
T(B™ — fg-) — [[(Bf - BYKY) + T(Bf — B*K))] - [[(B~ — f5-) =T (B* = J5-)]. (B2)
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By combining Egs. (60), (61), (62), (B1), and (B2), we can obtain

(Bt - B*KY) —T(Bf > B*K)) T(B~ > fy) —T(B* > fy)

[(Bf —» B*KS) +T(Bf — B*K}) T(B™ — f5-) +I(B" = fp-)
I(B{ » B'K3) —I'(B! —» B'K?) T(B~ = fp-) =T'(B" = fp-)
[(Bf — BYKS) +T(Bf —» B*K]) T(B™ = fp-) +T(B" - fp-)
I'(B; - BK)) -TI'(Bf - BTKY)

‘T'(B; > BKY) +T'(Bf > BTKY)

_I(Bf » B'KY) —-T'(B - B'K)) (B~ = fg) =T(B* > fp)
I(Bf — BYKg) +T(Bf —» B'K]) T(B™ — fp-) +T(B" - fp-)
[(B; - BKY) -T'(Bf - B"KY)| - [['(B; - B°K?) — (B+ - B*KY)]

" T(B; - B°KY) +T'(Bf - B'K%) +I'(B; - B"K?) + I'(Bf - B*KY)

I-

Acpr &

N [[(B; - B™KY) —T(Bf — BTKY)] - [[(B; - B"KY) —-T'(Bf - B*KY)]
(B - B"K%) +T'(Bf -» B*KY) +T'(B; - B"KY) +T'(Bf - B"KY)
[T(B; - B™KY%) —TI'(Bf - BTKY)] - [[(B; - B"K?) —T'(Bf - B"KY)]
_|_
['(B; - B"K%) + I'(Bf - BTKY) + I'(B; - B"K?) +T'(Bf — BTKY)
_F(B__)fB')_F(BJF_)]_CB‘) (B3)
(B~ = fp-) + (B = fp-)’
then we obtain
Acpr = R(Bf - B+K(5)‘,L) “Acp(B™ = fp-) —R(Bf - B+K2,L> - Acp(B™ = fp-) - Acp(BE — B*KY)
KO
—R(B! — B'KS, ) Acp(B™ = fp-) - Acpr(BE — B¥K§)
K%, kS, _
+ AC}‘T(B} - BiK?S‘,L) + AC}‘T(B} - BiKg,L) 'ACP(B - fB’)‘ (B4)

0
Neglecting the high order terms of R(Bf — B'KY, ) - Acp(B~ — fp-) and Agf,‘LT(BfF — B*KY, ), we can obtain

KO
Acpr = R(Bf — B+K(s),L) “Acp(B™ = fg-) + Acpr (B

- BiK%,L))- (B5)
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