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In this paper we present a study of CP asymmetry, single lepton polarization asymmetry and polarized
CP asymmetry in B— K*€*€~ decay within the four-generation standard model. Taking |V} V| =
0.01, 0.02, 0.03 with phase {60°~120°}, which is consistent with the b — s€*{~ rate and the Bs mixing
parameter Amg,, we find that CP asymmetry, single lepton polarization asymmetry and polarized CP
asymmetry are sensitive to the existence of the fourth generation. This can serve as an indirect method to
search for new physics effects, in particular, to search for the fourth-generation quarks(#, b’) via their

indirect manifestations in loop diagrams.
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I. INTRODUCTION

The simple replication of chiral matter is a straightfor-
ward extension of the standard model. This fourth genera-
tion is often considered and ruled out or disfavored by
many researchers. This extension has recently gained more
attention (for the most recent studies see [1]) after mea-
surement of direct CP-asymmetry of B — K decays [2]
and the nonvanished CP phase measured in b — s transi-
tion by CDF [3] and DO [4]. These issues, in particular, the
nonvanished CP phase measured in b — s transition can-
not be explained by 3 X3 the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. A consequential extension of
the three-generation standard model (SM3) to the four-
generation standard model (SM4) has better solutions to
some of the theoretical and experimental problems. Such
extension can include extra weak phases in the quark
mixing matrix. This might introduce a better solution to
the problem related to baryogensis [5]. SM4 can also
explain the direct CP-asymmetry of B — K decays [6].
The reasons for discarding the fourth family are based on
the interpretation of electroweak precision data and LEP 11
experiments. Kribs ef al. indicated that the electroweak
precision tests are not in conflict with the existence of the
fourth family if the quark mass of the fourth generation
satisfy the following relation [7]:

1
My — my =~ (1 s 1n;"1—*;) X 55. (1)

One of the consequences of their study is extension of
the bounds on the Higgs mass [7]. Furthermore, a 4 X 4
CKM matrix includes more weak phases than the 3 X 3
CKM which leads to sizable increases in the calculation of
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CP asymmetry [8,9]. The 4 X 4 CKM matrix clearly af-
fects flavor physics [10-14]. Considering many aspects of
the fourth family, some of which are discussed above, the
search for the fourth family must be included in the LHC.

In this study, we enlarge the standard model with a
complete sequential fourth family of the chiral quark.
The fourth quark can contribute in the flavor-changing
neutral processes (which are loop induced in the SM)
like the other three generations. Thus, the mass and mixing
parameters of 4 X 4 CKM can change the rate of the
physical observables, with respect to the three-generation
standard model (SM3) calculations. b — s€* €~ is a loop-
induced transition in the SM. Like u, c, t quarks, the fourth
family # quark can contribute in this transition. B —
K*€* €~ decay in the quark level is described by b —
s€* ¢~ transition. B — K*¢* ¢~ decay has been widely
studied within SM and beyond [15-23]. The various ob-
servables of this decay are going to be measured at the
LHCb. Here, we study the CP asymmetry, single lepton
polarization asymmetry and polarized CP asymmetry in
B — K*€¢*{~ decay in the SM4. Note that single and
double lepton polarization asymmetries have been studied
in the SM3 and in the model independent approach by
Refs. [24,25].

The outline of the paper is as follows: In Sec. II, we
calculate the decay amplitude and single lepton polariza-
tion CP asymmetry of the B — K*¢*¢~ decay within
SM4. In Sec. III we present the calculation of unpolarized
and polarized CP asymmetry. Section IV is devoted to the
numerical analysis and discussion of the considered tran-
sition as well as our conclusions.

II. STRATEGY

In this section, we present the theoretical expressions for
the decay widths within SM4. As we mention above, ¢’ can
contribute to the » — s transition as u, ¢ and ¢ quarks do.
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As aresult of this contribution the Wilson coefficient of the
SM3 is modified. It is easy to see that if we enlarge the
standard model with a complete sequential fourth family of
the chiral quark the new operators do not appear. In other
words, the full operator set for the SM4 is exactly the same
as in the SM3.

The Wilson coefficients are modified as follows:

ACi — A,CM + A, Ce, 2)
where Ay = Vi, V. The unitarity of the 4 X4 CKM
matrix leads to

Ayt A+ A+ A =0. 3)

One can neglect A, =V, V,  in Eq. (2) which is very
small in strength compared to the others (|A,| ~ 1073).
Then, A, = — A, — Ay

Now, we can rewrite Eq. (1) as

ACM + 2, CoY = — A, CM + A, (CPY — CM). (4)

It is clear that when m, — m, or A, — 0, A, (C?¥ — C?M)
vanishes. This is also required by the GIM mechanism.
The most important operators for B— X £ €~ are

e

07 - 16772 ’/hb(/-‘(’)(ELO-,U,VbR)FMVr
aem = 0
9= 4 (Sryubr)(€y* o), )

Qe _
Oy = —4e Bryubr)(€y*yst).
T

The large g* region is usually considered less favorable,
because it has a smaller rate and suffers from large non-
perturbative corrections. However, the experimental effi-
ciency is better there [26]. For small values of ¢, the
operator O; becomes dominant due to the 1/¢> pole in
the photon propagator. At high ¢ region the O, contribu-
tion is rather small [27]. The rate in the high ¢ region has a
smaller renormalization scale dependence and m, depen-
dence [28]. Despite the experimental advantages, the large
g* region is less favored, because it has a large hadronic
uncertainty [29]. The 1/ m?, corrections are not much
smaller than the 1/m3 ones [30] when the operator product

expansion becomes an expansion in Aqgcp/(m;, — V&)
[31] instead of Agcp/m,.

The QCD corrected effective Hamiltonian for the b —
s€* €~ transitions leads to the following free quark decay
amplitude:

_ GrVu Vi

M Waem[CBOt(Ey#PLb)fyM€

+ Cﬁ%(EyMPLb)EyM)/W

g (mbPR+mSPL>b€y,L€], ©)

_ tot o+ 9
2C7sioy,, P

where g> = (p, + p,)? and p, and p, are the final leptons
four-momenta and the chiral projection operators P; and
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Py are defined as

1 —s 1L +s
P, = R Pp = R
o 2 R 2
and C)°"’s are as follows:
- Ay
C' () = C" () + Tt Crv (), 7
t

where the last terms in these expressions describe the
contributions of the ¢ quark to the Wilson coefficients.
Ay can be parametrized as

/\t’ = V;k;hvt’s = rxbeid’x," 3)
Neglecting the terms of O(m2/m},), g =u, d, c, the
analytic expressions for all Wilson coefficients in the SM
in the leading order (LO) and in the next-to-leading loga-
rithmic approximation (NLO) can be found in [32-42].

The explicit forms of the C}*V can be obtained from the
corresponding expression of the Wilson coefficients in the
SM by substituting m, — m,.

We neglect long-distance resonance effects, which have
their origin in real intermediate c¢ family, in the ampli-
tudes (or in the OPE) for simplicity.

The matrix element for the exclusive decay can be
obtain by sandwiching Eq. (6) between initial hadron state
B(pp) and final hadron state K* in terms of form factors as:

(K*(pg- )15y, (1 = ¥°)b|B(pp))
2V(q?)
mB + mK*

* ig, (mg + mg)A (g%

As(q?)
mpg + mg-

®y P o

= —€ups€ Py

Fi(pp + pr)u(e*q)

2 .
T iq, K (e As(g?) — Aolg)]  (9)
q

(K*(pg, e)l5ior,,.q"(1 = y°)bIB(pp))
= d€,,,08" P"q"T\(q?) = 2i[&),(mp — m3.)
= (pp + pr)u(e°9)1T2(q%)
* 2i(8*4)|:qu —(ps + Py m%zimZK*]TB(qz)'
(10)
Using the equation of motion, the form factor A;(g?) can

be written in terms of the form factors A,(¢?), A,(g?) as
follows:

_mp t mg- mpg — Mg

A A A, (11)

2mK* 2mK*

In order to guarantee the finiteness of Eq. (9) at the g> = 0,
we demand that A5(¢> = 0) = Ay(g*> = 0).
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Using the above definitions the transition operator is
calculated as

M = thVZ{€7“(1 = Y[ —2By€ 108" Pi-q”
4J’
— iB&), + iBy(¢"q)(pp + Px+), + iB3(e7q)qe,, ]
+ dy*(1 + Y)H[—2C€41008™" Pi-q” — iD )€},
+ iD,5(e"q)(pp + Px+), + iDs(e"q)qe, ]} (12)
\%
By = C% — 2(CL + Ctot)
B T Mg~
t t t t T,
By = CP}(mp + mg-)A; — 2(Cf, — C§})(mp — my.)—
C]
A 1
By = Gt - )
2
my — mx.
Az —A T
By = 2my- L =0 + 2(Clk — ct;;)_;

C\ = By(Cll — CPl) Dy = Bi(CYL — Cih
D2 Bz(C o — C[Ot) D'; B:;(C'tot — Cq()t) (13)

A= 33—2m3)t[(m3s -

+Re[Dy(— D% + B + BY)]) + 8mBm (1 - r)ARe[(B,

4
+ ;m‘ém%S/\|B3

Dz)(33
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where C§} = —2mCY", Cgp, = —2m,CY", CP} = C§' —
C\%y and CP = C‘O‘ + C‘l"o‘

From matrix element Eq. (12) it is easy to derive the
invariant dilepton mass spectrum for the B — K*€*{~
decay corresponding to the transversally, normally and
longitudinally polarized lepton €~ :

ar@n) = ( dr’

qu dq ) [1 + (PLeL + PNeN + PTeT) n] (14)

where single lepton polarizations are defined as

dF(ﬁ i) _ dUi=—2)
2y dq*

Pi(q®) = dF(n ) | dlGi=—¢)
dq* dg*

the expression for unpolarized decay spectrum is calcu-
lated as

dr’
(—) - 214 5 IV[hV[*vlzvv)l(l r, S)A, (15)

dq2

with A(r,s) =1+ s2 4+ r2 — 2r — 2s — 2rs and

m3)(IBol? + |C,|?) + 6m3Re(B,C;)] + 96m? Re(B,D}) + 8mBm ARe[B|(—B; + D} + D})]

D3)]— —mBmP(2 +2r — s)ARe(B,Dj)

8
—Ds|> — ﬁm%/\[m%/(Z —2r+s) +m3s(1 — r — s)][Re(B;B5) + Re(D D3)]

4 4
+ 3—[2m%(/\ —6rs) + mis(A+ 12rs)](1B, 1> + |D, ) + 3—m‘1§)\(m123sx\ + m2[2A + 352+ 2r — 5)](|1B,1?) + | D, [?).
rs rs

(16)

Using the definition of lepton polarization we obtain the expression for P;, Py and Py:

4 1 8
P, = —va{3 Nmy[|B, > — |D, ] + gf\m%sHBoP |Ci17] — —mB/\(l — r — s)[Re(B;B;) — Re(DD;)]

A
-+ 128 - 10,)
,

(17)

e { 8mim, Re[(By + C)(B! + D?)] + lmBmg(l T 37 — 9)[Re(By D) — Re(ByDY)] + %m{;(l i)

X [IB;]* =

+ %mémw\ Re[(B, + D,)(B; — D3)] — rismfgmg[/\ + (1 —=r—1s)(1 —r)][Re(B,B}) — Re(DlD;)]}

|D*] — ;m%mg(l —r—s)Re[(B, + D|)(B; —

. 1
D]+ —migme(1 = r)A[lB,|* = 1D,[]

(18)
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Py = —va\/_{Smg Im[(B:Cy) + (BiD,)]
+ L mm A Imf(B, — D;)(B; ~ D3)]
— Lme(1 4 3r = ) Tm{(B, — D,)(B; — D3)]
=Ll = r = (B, ~ DB~ DL (19)

III. UNPOLARIZED AND POLARIZED CP
ASYMMETRY

The normalized CP asymmetry defined in terms of the
difference of decay rate of particle and antiparticle chan-
nels are as follows [43—45]:

dr,i) _ dl(s,n)
Acp(il = £é;) = H (20)
(o + 5o

where

dr(s, i) _ dI'(B— K€€ (1))

’

a8 B 21
T 7)) dT(B — R € ()0)
ds ds ’

here, 7 and 7 are the spin directions for €~ and €* for
B-decay and B—decay, respectively, and i =L, N, T.
Taking into account the fact that EL, N = —ér,and er =
ér, we obtain
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(@ —
21, + o

( dh)oP; — (L), P; )I(/\;/A)—»(/\//A)}

Acplii = £8)) = {

(@Do + (4o
(22)
Using Eq. (16), we get from Eq. (22),
T A-A A -A
Acplil = x2) {A+A A+A}
1 ,
= E{Acp(f) = Acp(3)) (23)

where the upper sign in the definition of AL, corresponds
to L and N polarizations, while the lower sign corresponds
to T polarization.

The Aip(5) terms in Eq. (23) describe an additional
contribution to the unpolarized CP asymmetry. We calcu-
late the Acp(8) and AL, (5). The results are given as

—4Im(3)s
Acp(s) = ————
2A +4Im(GH)3
o (24)
_ —4Im(H)Y
Al(s) = : i=LTN

2A + 4Im(j—{)2’

where the explicit expressions for 2(§) and 2/(5), where
i=0L,N,T, are as follows:

3(s) = Vi{Im(CSM C3*¥) + Im(CV €D} + Vo Im(CSM C3°Y) + V3 Im(CRv €7)
mEsv . )
SHE) = = g (VS Im(CRT G + Im(C )} + Vi Im(CRY CF)
4

S7(s) = mmp/sA (v4{1m(cSM*cnevV) + Im(CY €D} + Vs{Im(CRYT C3e) + Im(CJ5V €D} + Vi Im(CSHT Coev)

— V; Im(CSM C3*Y) + Vg Im(CJEV EY))

SN(s) = —va\/— A(V{Re(C3M" C3) + Re(Ce €1} + V{Re(C5HT CI) + Re(CSMCIs™)}) (25)

with
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32(2m? + m3s)
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s (A Amg(my, — m){my. (=1 + r + )Ty — mymi. (A + 2(=1 + r + )T,

(A1 A AmE(mg + mg=)*(—=1 + r + 5) + A2(mp + mg-)*(A + 12r5) + AmE(A3A + 8rsV?))

5 (4(Ag — As)my(mg + myg){my.(=1+r + )T, — mimi(A +2(=1 + r + )T,

V., =
: 3my(mp — mg-)(mp + mg-)*rs
+my(=1+ A+ 7+ )T, + AsT3)} + (mg + mg){A (mg + mg=)(my, — m)[12(m% — m%(*)zrst
+ Amp Ty — myma.(1 + r + $)T, + mi(s(T, + (=1 + 5)T3) + r(T, + sT3)))]
+ 8Amy(my — my=)(my, + my)rsT,V})
128(2m3 + m3s)
V2= 3my(my — my.)*rs’ (120, = mie ) Omy, = m)?rsT3 + A2mig(my — moP2(m. Ty = m(Ty + 5T3))*
+ Am3 — m2 ) 2mym [ —m%. Ty + 2mym%.(r + $)T5 + m(To(T, — 25T, — 2(—1 + 5)sT5)
+ r(8sT} — 2T3 — 25T, T3))] + (mj, + mH)[m%.T3 — 2mym%.(r + $)T3 + my(To((—=1 + 25)T, + 2(=1 + 5)sT3)
+ 2r(4sT? + T3 + sT,T3))]})
82m? + m3s)
V3 = —2
3(mg + mg+)*rs
—64m€
Vy= (Ay(mg + mg=)(my, + m)T, + (mg — my=)(my, — m;)T,V)
2m
Vs = —62({2(140 — Ay)my-(mp + mg-) + A(mg + mg-)* + Aymz(—1 + r)}
(mg + mg+)rs
X A{AyAm% + Aj(mp + mg )X (=1 + 7+ 5)})
V. = 4m%(mb - ms)
‘ m%}(mB — mg-)(mp + mK*)Z”S
+mp(=1 + A+ r+ 5T, + AsT3)} + Azm%{m‘}@(l +A—=2r+ 12 +4rs — )T,
—2mima. (1 + 12 — 2+ r(=2 + A+ 4s) Ty + mp((1 — A — 2r + 2Ar + 12 + 4rs — s2)T, + 2A(—1 + r)sT3)}
+ Ay(mp + mg-)?2mb (=1 + r+ )Ty — mym2.[=3 + A+ 12 = 2r(=1 +5) + 25 + s*]T,
+m(=1+ A+ 712 =2rs + )T, + s(A + 2 + (=1 + 5)* = 2r(1 + 5))T3]})
512m
Vv, = m2s2€ (m3 — m2.)(m} — m)T\T,Vy = —32mgm3A, V.
B
[
IV. NUMERICAL ANALYSIS

We have tried to analyze the dependency of the various
asymmetries on the fourth-generation quark mass (m,) and
the product of quark mixing matrix elements (V;,Vy, =
r,e'®s). For numerical evaluation, we use the various
particle masses and lifetimes of the B meson from [46].
The quark masses (in GeV) we used are m;, = 4.8, m, =
1.35, m, = 175 GeV, my, = 80.41 GeV the CKM matrix
elements as |V, V%] = 0.041, @ = 1/128 and the weak
mixing angle sin’6y, = 0.23.

The input parameters we used for Wilson coefficients in
the SM are shown in Table I.

In order to perform quantitative analysis of the physical
observables, numerical values for the new parameters

(my, rg, @) are necessary. Using the experimental values
of B— X,y and B— X {"{", the bounds on ry ~
{0.01 — 0.03}, b ~{m/3—-2mw/3} and m, ~
{200, 600} (GeV) have been obtained [8,47]. Also consid-
ering Amyp , ¢, receives a strong restriction (¢, ~ 7/2)
[48].

For the values of the form factors, we have used the
results of [49], where the radiative corrections to the lead-
ing twist contribution and SU(3) breaking effects are also
taken into account. The ¢ dependence of the form factors
can be represented in terms of three parameters as

F(0)

_ 4 2’
1 aFm% + bF(mé)

F(q?) =

TABLE 1. The Wilson coefficients ¢;(u) at the scale u = my, e in the SM. Here ¢§ =

_1 —
Cq §C5 Cq-

C C, Cs C,

Cs cst Cy Cio

+1.107 —-0.248 —0.011 —0.026

—0.007

—0.031 —0.313 4344 —4.669
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TABLE II. B meson decay form factors in a three-parameter
fit, where the radiative corrections to the leading twist contribu-
tion and SU(3) breaking effects are taken into account.

F(0) ar by
AB—K 0.34 = 0.05 0.60 -0.023
AB—K 0.28 = 0.04 1.18 0.281
VE=K 0.46 = 0.07 1.55 0.575
TE=K 0.19 = 0.03 1.59 0.615
T5-K 0.19 = 0.03 0.49 —0.241
T5-K 0.13 +0.02 1.20 0.098

where the values of parameters F(0), ap and by for the
B — K* decay are listed in Table II.

From explicit expressions of the lepton polarizations and
other observables one can easily see that they depend on
both ¢ and the new parameters (m,, r,). We should
eliminate the dependence of the lepton polarization on
one of the variables. We eliminate the variable ¢ by
performing integration over ¢ in the allowed kinematical
region. The averaged lepton polarizations and CP asym-
metries are defined as

JUN ()48 g5

2
4y

(P(A)) =
(1—/#k)? ~
4m2\/_ %ds

Figures 1-5 depict the dependency of the single lepton
polarization asymmetries in terms of mixing angle ¢, for
fixed value of the fourth-generation quark mass (m, =
400 GeV) and three different values of the ry,. Fig-
ures 6—8 show the dependency of unpolarized and polar-
ized CP asymmetry on the ¢, for three different values of
rg, = 0.01, 0.02, 0.03 when the fourth-generation quark
mass (my = 400 GeV). It is worth mentioning that though
we show figures for fixed value of up-type quark (m, =
400 GeV), a full analysis of the # mass dependence would

053
—~ E
| F —-  F,=001

S os1f —— Typ=002
+ E
3 - — =003

g

60 80 100 120
@, (degree)

FIG. 1 (color online). The dependence of the (P ) for the B —
K*u* u~ decay on mixing angle ¢ for three different values of
rg = 0.01, 0.02, 0.03 when the fourth-generation quark mass
my = 400 GeV.
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0.25 S
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FIG. 2 (color online).
lepton channel.

The same as in Fig. 1, but for the tau

require a phenomenological analysis that goes beyond the
purpose of the present paper. Note also that (Py), (Acp),
(AL,), (AL,) and (AY,), for the u channel do not deviate
from the SM3 values significantly. Hence, we do not
present their predictions in the figures.

(i) (P.) depicts strong dependency on mixing angle
¢,. The magnitude of (P;) is suppressed when
b, takes small values (less than about 80°) for the
w channel (see Fig. 1). For high values of ¢, (P;)
is enhanced for the muon channel. While (P, ) for the
tau channel is enhanced at low values of ¢, it is
suppressed at high values (see Fig. 2).

(ii) (Pr) is increased by the parameters of fourth gener-
ations for muon lepton (see Fig. 3). For the tau
channel the dependency is both increasing an de-
creasing depending on the values of ¢, (see Fig. 4).
The discrepancy with respect to the SM3 values
almost vanishes when ¢, = 90° for the tau

channel.

0.9
- —-  I,=001
X oseq -~ F,=002
*Q i T,,=0.03

0.821 .
N [ SM
T o8]
Q
~—~ s T
/:0.74——‘*\~\,\> e
m r ) ,::,::,::,>,;i;;:>(,,<
~— C =T=_":

0.7 e -
60 80 100 120

@, (deg ree)

FIG. 3 (color online). The dependence of the (P;) for the B —
K*u* u~ decay on mixing angle ¢ for three different values of
rg = 0.01, 0.02, 0.03 when the fourth-generation quark mass
my = 400 GeV.
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0.25

o
— o
o o
| |

o
-
!

0.051

(P, XB - K't°1")

60 80 100 120
@, (degree)

FIG. 4 (color online). The same as in Fig. 3, but for the tau

lepton channel.

(iii) (Py) changes its sign when compare to the corre-
sponding SM3 values for the tau channel. Also the
magnitude of (Py) shows sizable discrepancy with
respect to the SM3 value (see Fig. 5).

(iv) While (A¢p) and (AL,) is enhanced by the different
values of ¢, and ry, for the tau channel, (AY,) is
suppressed for the same values of ¢, and ry,.

Finally, a quantitative estimation about the ability to
measure the various physical observables is in order. An
observation of a 3¢ signal for an asymmetry of the order of
the 1% for the branching ratio in order of ~10~° requires
about ~10'° B.

The number of bb pairs that are produced at B—factories
and LHC are about ~5 X 10® and 10'? respectively.
Although these statistics indicate that the lepton polariza-
tion and unpolarized and polarized CP asymmetries in the
B — K*{"{~ decay may be detectable at LHC, the various
technical problems and the efficiency of detecting lepton
polarization, particularly tau leptons, makes the proposed

eco2¢v —ri /7 —
0
-0.02
-0.04
-0.06

-0.08 1

(PyYB > K't'17)

o
=

120

D
o
@ |
o
-
o
o

FIG. 5 (color online). The dependence of the (P ) for the B —
K*7" 7~ decay on mixing angle ¢ for three different values of
rg = 0.01, 0.02, 0.03 when the fourth-generation quark mass
my = 400 GeV.
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W 00257¢
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~— L
= 0.005
S E
<C 0t
~~— C
0005 F+—————p—
60 80 100 120

FIG. 6 (color online). The dependence of the (Aqp) for the
B — K*7% 7~ decay on mixing angle ¢ for three different values
of ry, = 0.01, 0.02, 0.03 when the fourth-generation quark mass
my = 400 GeV.

0.05 T

120
@, (degree)

FIG. 7 (color online). The same as in Fig. 6, but for the
longitudinally polarized CP asymmetry (AL,).
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FIG. 8 (color online). The same as in Fig. 6, but for the
normally polarized CP asymmetry (AY,).
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observables a highly challenging task for future hadronic
collider experiments like LHCb, ATLAS or CMS. If we put
this challenging issue aside, it is worth mentioning that the
ratio of physical observables (for instance, CP asymmetry)
suffers less from the uncertainty among the form factors
where large parts of the uncertainties partially cancel out.

To sum up, we studied single lepton polarization and
polarized and unpolarized CP asymmetry in B — K" €~

PHYSICAL REVIEW D 80, 015016 (2009)

decay with the four-generation standard model (SM4). We
found that these physical observables are sensitive to the
values of new quarks’ mixing parameters and fourth-quark
mass my. If we overcome the technical challenges, the
measurement of magnitude and sign of some of these
physical observables, which are less sensitive to the had-
ronic uncertainties than the branching ratio, can be used to
search for new physics effects indirectly.
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