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CP asymmetry in the decays B — (X, X;)u ™ p~ with four generations
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We estimate the CP asymmetry Acp(g®) in the decays B— X, u ™ and B— X,u* u™ in the
standard model (SM) with an additional fourth generation. We use a parametrization that allows us to
explore the complete parameter space of the 4 X 4 quark mixing matrix, and constrain these parameters
from the current data on B decays. We find that the enhancement in Ap(g?) depends strongly on the mass
of the ¢, the up-type quark in the fourth generation. For m, around 400 GeV, the CP asymmetry in the
high-g? region (¢> > 14.4 GeV?) can be enhanced by more than an order of magnitude for B — X, u* u~
and up to a factor of 6 for B— X, u* u~. There is no enhancement in the low-¢° region (1 < ¢> <
6 GeV?). With increasing m,, Acp(g?) in the high-g> (low-g?) region first decreases (increases) and then
saturates at a value a few times the SM prediction. In the high-¢> region of B — X, ™ u~, this saturation

value may be up to 25 times the SM expectation.
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I. INTRODUCTION

Upcoming high statistics experiments at the LHC and
super-B factories will provide stringent tests of the stan-
dard model (SM) via flavor physics involving B decays.
The large number of B hadrons anticipated to be produced
at these facilities will allow us to measure various flavor
changing neutral current (FCNC) interactions. The quark
level FCNC transition b — s(d)["1~, where [ = e, u, T,
are forbidden at the tree level in the SM and can occur only
via one or more loops. Therefore, they have the potential to
test higher order corrections to the SM and also to con-
strain many of its possible extensions. The quark level
FCNC transitions b — s(d)I" 1~ give rise to the inclusive
semileptonic decays B — X (X, )" 1.

It is always good to consider new physics effects in the
observables, which are either zero or highly suppressed in
the SM. The reason is that any finite or large measurement
of such an observable will confirm the existence of new
physics. The CP asymmetry in B — (X,, X;)T1~ is one
such observable. The CP asymmetry in B — (X, X,)[* 1~
has been widely studied within the framework of the SM
and its possible extensions [1-7]. In the SM, the CP
asymmetry in B— XTI is ~1073 [1,2], whereas in
B — X 171 it is ~(3-6)% [2—4]. In the SM with three
generations (SM3), the only source of CP violation is the
unique phase in the Cabibbo-Kobayashi-Maskawa (CKM)
quark mixing matrix. However, in many possible exten-
sions of the SM, there can be extra phases contributing to
the CP asymmetry.

In this paper we study the CP asymmetry in B —
(X,, X;)uu" u~ within the framework of the SM with an
additional fourth generation (SM4). There is no clear
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theoretical argument to restrict the number of generations
to three in the SM. Therefore, in principle we can have four
or more generations. The effects of the extra generation
have been studied in the literature in detail [8-18]. The
existence of new-generation fermions that are lighter than
My/2 = 45 GeV has been excluded by the data on the
width of the Z boson [19], whereas the existence of fermi-
ons heavier than M; = 91 GeV has been excluded by the
existing data on the Z boson parameters combined with the
masses of the W boson and the top quark [20]. However,
using the same data one can show that a few extra gen-
erations are possible provided the neutral leptons have
masses around 50 GeV [21,22].

The electroweak (EW) precision measurements impose
severe constraints on the fourth generation [20,23-27]. A
considerable amount of fine-tuning is required to accom-
modate a heavy fourth generation top quark # (m, >
400 GeV) in order not to violate the experimental con-
straints from the S and 7T parameters [27]. The parameter
space of fourth generation masses with minimal contribu-
tions to the EW precision oblique parameters, and in
agreement with all experimental constraints, is [27]

my — my, = (30—60) GeV
0]

I m
ml/—mb/:<l+— el

— | X
5115 GeV) 30 GeV,

where my is the Higgs mass and my, m,, m; are the
masses of the fourth generation charged lepton /’, neutrino
v’ and the down type quark b/, respectively. We see that the
EW precision data constrain the mass splitting between '
and b’ (I’ and 7') to be small, around 50 GeV.

The fourth generation has a significant effect on the
Higgs sector of the SM. For example, the ¢’ and b’ quarks
increase the effective ggH coupling by a factor of roughly
3, which will increase the production cross section o4, .y
by almost an order of magnitude [28,29]. The effect of the
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fourth generation on Higgs physics has been studied in
[27,30-32]. In [27], it was shown that in the SM4, Higgs
masses between 115-315 (115-750) GeV are allowed by
the EW precision data at the 68% (95%) C.L. Thus, the EW
precision data favor a heavy Higgs boson if the fourth
generation is introduced.

Rare decays of B mesons occur at loop level and hence
they are sensitive to the generic extensions of the SM. The
effects of the fourth generation on inclusive B decays have
been studied in the literature [33-37]. We employ the
Dighe-Kim parametrization [17] of the 4 X 4 quark mixing
matrix (CKM4) that allows us to treat the effects of the
fourth generation perturbatively and explore the complete
parameter space available. We generalize the notion of
unitarity triangles to unitarity quadrilaterals, and calculate
the CP asymmetry.

The paper is organized as follows. In Sec. I, we present
the theoretical expressions for the decay rate and CP
asymmetry in B — (X, X,))u "~ In Sec. III, we study
constraints on the elements of CKM4, whereas in Secs. IV
and V we present the estimates of CP asymmetry in B —
X,utuw™ and B— X, utu~, respectively. Finally in
Sec. VI, we present our conclusions.

II. DECAY RATE AND CP ASYMMETRY
INB— Xy, Xgp' p~

A. Effective Hamiltonian and decay rate

The effective Hamiltonian in the SM for the decay b —
gut u~, where ¢ = s, d, may be written as

4G
Hey = ﬁF ViVig Z Ci(m)O0i(w), )

i=1

where the form of operators O; and the expressions for
calculating the coefficients C;(u) are given in [38]. The
fourth generation only changes values of the Wilson co-
efficients C g ¢ 1o via the virtual exchange of 7. The Wilson
coefficients in the SM4 can be written as

V/ 1 /
b9 Ct (), 3)

C'(wp) = Cily) +
i (/J’b) l(Mb) V[*bv

where i = 7, 8,9, 10. The new Wilson coefficients Cf/(,u b)
can easily be calculated by substituting m, for m, in the
SM3 expressions involving the ¢ quark.

The amplitude for the decay B — X, u™ ™ in the SM4
is given by

Gra _

M—\/g v;, tql:ct SLYubL By
+ C&&mhﬁv“v jz
+2CY'my3 00, p bR,wy ,u:l (€))

where the Wilson coefficients are evaluated at w, = m,,.
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The calculation of the differential decay rate gives

dB(B— X,u*u~) a’B(B— X.eb)

J— _ 2
dz 42 f(rh, )K(m)(1 2)
42\12 V3V, |
| —
x( ) T DR, ©)

where
21
D(z) = |C‘°‘|2<1 + —)(1 +2z) + 4|C‘°‘|2<1 + —)
2 2
x (1 + 7) Tl [(1 v+ 20 - 4@]
Z Z
. 21
+ 12Re(CIACY" )(1 + —). (©)
Z

Here, z = ¢*/mj, t = m,/my, and M, = m,/m, for all
quarks g. The phase space factor /(i) in B(B — X_ eD) is
given by [39]

FUh) =1 - 8

k() is the 1-loop QCD correction factor [39]
2a,(my) , 31 v, 3
_ 2%Uy) ~2)a - +21
3, [(77 1 )(1 i) 2] (8)

Within the SM3, the Wilson coefficients C; and Cy are
real. However the Wilson coefficient Cy becomes slightly
complex due to the non-negligible terms induced by the
continuum part of uii and c¢ loops proportional to V;,V,,
and V7, V,,, respectively. This complex nature of Cy gives
rise to the CP asymmetry in B — (X, X;,)u "~ in the
SM3.

In the framework of the SM4, the Wilson coefficients
CY', C¥, and C' are given by

24 86 — S — 24t i, (7)

k(m,) =1

CY¥' = Cy(my) + AY,CH(my), 9)
CY' = & + AL & + AL, Ch(my), (10)
Ctl%t Cio(my) + )l”/cll()(mb), (11)

where

A ViV

Ay === (12)
VYA
2\ = )l_;]’ — V:;bvt/q (13)
oAl VY
t th V' tq

so that all three relevant Wilson coefficients are complex in
general. The parameters &; are given by [38]
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& = Cy(my) + 0.138w(z) + g(i,, 2)(3C, + C, + 3C;
+ Cy + 3Cs + Cg) — Ag(iy, 2)(C53 + 3Cy)
— 18(My, 2)(4C3 + 4C4 + 3Cs + Cg)
+2(3C; + Cy +3Cs + Cy), (14)

& = [g(, 2) — g, 2)]BC, + Cy). 5)

Here,
0(z) = gw - lez(z) S ingin(l -9
5+ 4z In(1 — )_2z(1+z)(1—2Z)1
T30+ 22) 30— 221 +22) ©
549z — 672
6(1 —2)(1 +2z)’ (16)
with
) I In(1 — 1)
Li,(z) = [()dz;t . a7

The function g(r, z) represents the one loop corrections to
the four-quark operators O; — Og4 and is given by [38]

8 my 8 8 4
i, e e S 20—
g(rm, z) = 9an 5 7=719% 5 2+ 1)1 —xf
(lnlv——vi:ijl—i'ﬂ), foer“—'Zh <1

” (18)
for x E“%> 1.

1
2arctanm,
For light quarks, we have 1, =

8 8 m, 4 4
0,2) = — —~In—2—~ Inz + ~im. 19
s0.9=5"3 T, 9 Ty (19)

=~ (). In this limit,

We compute g(if, z) at p;, = my,.
IL. CP asymmetry in B— X, u" pu~
The CP asymmetry in B — Xq,qu,Lf is defined as

(dB/dz) — (dB/dz)
(dB/dz) + (dB/dz)

_D(z) — D(2)

Acp(z) = DG TG

(20)

where B and B represents the branching ratio of B —
X,I"1” and its complex conjugate B — X,I"1", respec-
tively. dB/dz can be obtained from dB/dz by making the
following replacements:

CYt = Crlmy) + AL CY(my) — CFF
- C7(mb) + /\ C7(mb), (21)

i

CP' =&+ ALé + /\;I,/C9/(mb) — Cy"
=&t

My & + AT Ch(my), (22)
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C\y = Ciolmy,) + ALC to(my) = Cy
= Cyo(mp) + AL C'o(my). (23)

Then

D() - D@ —2(1 +—)[Im<A 201 + 22) Im(£,£)

— 12C; Im(&,)}
+ Xin{(1 + 22)C5 + 6C4}, (24)

D(z) +D(z) = (1 + Z—tz)[(l +22){B, +2C} (A4

+12{B, +2C;C)Re(A?)

12Cl + X}

!

+Ch(2AY

!

2t 2t2
[>C§ +Xre)}]+8(1+—)

2
X (1 +—)|Ct7°‘|2 +2[(1 +22) +—(1 —4z)]
Z Z
X |CYy 2 (25)
where

X = 2{Re(A],) Re(£)) + Re(A], A7) Re(é5)},  (26)

!

Xim = 2{Im(A?)) Im(¢)) + Im(A, A7) Im(£,)}, (27)

By = 20|, + [AL &N + 2Re(Af) Re(£,65)) (28)
BZ - 2C7{Re(‘fl) + Re()\tu) Re(fZ)}: (29)

ICP = (Cio” + 1A], P(Clo)” + 2C10Clo Re(A7,), (30)

'

|C¥? = (C7)? + AL [2(C)? + 2C;C5 Re(A).  (31)

'

The theoretical calculations shown above for the branch-
ing ratio of B — Xq,u+ p~ are rather uncertain in the
intermediate g* region (7 GeV? < ¢> < 12 GeV?) owing
to the vicinity of charmed resonances. The predictions are
relatively more robust in the lower and higher ¢* regions.
We therefore concentrate on calculating Acp(g?) in the
low-g> (1 GeV?><¢g?><6GeV?) and the high-¢°
(14.4 GeV? < ¢*> < m3) regions. In terms of the dimen-
sionless parameter z = ¢°/ m%, the low-g? region corre-
sponds to 0.043 < z < 0.26, whereas the high ¢ region
corresponds to 0.62 < z < 1.

In order to estimate A.p, we need to know the magnitude
and phase of A7, and A?,. For this we use the Dighe-Kim
(DK) parametrization of the CKM4 matrix elements, in-
troduced in [17].
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III. THE QUARK MIXING MATRIX IN SM4

DK parametrization for the 4 X 4 matrix CKM4

The CKM matrix in the SM is a 3 X 3 unitary matrix
represented as

Vud Vus Vub
VCKM3 = Vcd Vcs Vc . (3 2)
Via Vis Vu

In the SM4, a general CKM matrix can be written as
follows:

‘fud ‘Zus ‘fub ‘fub'
\%4 \% \%4 \7
\% — cd s ' ¢cb ' ¢cb . 33
e Ytd Yts Ytb Ytb/ 59
Vt’d Vt’s Vt'b Vt’b’

The above matrix can be described, with appropriate
choices for the quark phases, in terms of 6 real quantities
and 3 phases. The DK parametrization defines

Vis=A  Vu=AA,  V,, =ANCe P,
Vub’ = p/\3eii6“h/ Vch’ = q)‘2e*i5(b/’ th’ =rA
(34)
The CKM4 matrix now looks like
# A A/\3Ce_i5ub pA3€_i8’4b/
| # # AN? q)\zefi‘scb’
Vekma = ra— 4 A (35)
# # # #

The elements denoted by “#”” can be determined uniquely
from the unitarity condition VEKM4 Vexkms = I on CKM4.
They can be calculated in the form of an expansion in the
powers of A such that each element is accurate up to a
multiplicative factor of [1 + O(A3)]. The matrix elements
Vd» Veqr and V., retain their SM3 values

- A2

Vig=1- > + O\, (36)
Vea=—A+0WN), (37)
. A2

V,=1- 5 + O(A%), (38)

whereas the values of the matrix elements V,;, V,,, and V,;,
are modified due to the presence of the additional quark
generation:

Vg =AX(1 — Ce®w) + rA*(ge® — pedw)

+ %‘ AS(=12 4 (C + CPR)eldw) + O5),  (39)
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- . A .

V= —AN — grAdelds + 5)14(1 + 12 — 2Ce'%w)

+ (9(/\5), (40)

r2/\2
2
In the limit p = g = r = 0, only the elements present in

the 3 X 3 CKM matrix retain nontrivial values, and the
above expansion corresponds to the Wolfenstein parame-

trization [40] with C = 4/p% + n? and 8,;, = tan"'(n/p).
The remaining new CKM4 matrix elements are

Vop=1- + O(A%). 41)

Vg = A(ge — pel®w) + ArA*(1 + Ce'®w)

A , .
+ 7(petéuhl — queuS(_h/ + prZeuSu,,/) + @()‘6)’ (42)

Vs = gA?ea + Ara3 + /\4<—pei5ulz’ + %ei‘sfh’

2
+ %em/) + OO), (43)
Vo= —rA+ 0%, (44)
232
Vo =1- % + O(A%). 45)

We already have strong direct bounds on the magnitudes
of the elements of the CKM3 matrix. From the direct
measurements  of |V, | =1|V,l, V.| =1V,], and
\Vs/Verl = Vi/Vepl [19], which do not assume the
unitarity of the CKM matrix, one can derive [17]

0216 <<A<<0.223, 0.76<<A<0.90, 0.23<C<0.59
(46)

at90% C.L. Also, the phase J,,, can be constrained through
the measurement of y = Arg(—V,,V,.)/(V:,V.s) since
from (34), (36), and (37),

Arg(—M> ~ Arg(— w) ~8,,  (47)
:bvcd Vﬁhvcd !

The value of 0, is therefore restricted to lie between (26°—
125°) at 90% C.L.

Direct bounds on p and ¢ can be obtained by combining
the direct measurements of the magnitudes of the elements
in the first two rows with the unitarity constraints. We get
the 90% C.L. bounds on |V | and |V | as

|V, < 0.094, |V.y| <0.147, (48)

which correspond to p <9.0, ¢ <3.05. In addition, a
strong constraint is obtained on the combination X%, =
(VgKM4 Verma)pp through the measurements involving Z —
bb, which give Xk, = 0.996 = 0.005 [41]. This translates
to |V,,] < 0.11 at 90% C.L., which corresponds to < 0.5.
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The observables AMg, AMg, B— Xy, B—
X, ut ™, and sin2B are complicated functions of the
CKM parameters A, A, C, p, q, 1, O, Oup, and O,
Hence, we take care of the constraints on these parameters
numerically, without giving the analytic expressions ex-
plicitly here.

IV. CP ASYMMETRY IN B — X, ut p~

A. Unitarity quadrilateral relevant for B — X, u ™t u~

The ““squashed” unitarity triangle in the SM3 that arises
from the equation

:b Vcs + V;jh Vus + z*h Vts = 0 (49)

is shown in Fig. 1. The angles of this unitarity triangle are
VeV
X = Arg(— —cb_cs CS),
th Vis

V;ths) — 7 _ X
V:bvus '

(50)

@)EArg(— T— 0 — y.

‘/(:s (:1; ~ ‘/(’,s ,;Z

FIG. 1. The “squashed” unitarity triangle (PQR) in the SM3
and the corresponding unitarity quadrilateral (QRPT) in the
SM4.
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The corresponding unitarity “quadrilateral’ relation in the
SM4 is

ViV + ViV + ViV + Vi V=0, (51
This quadrilateral may be superimposed on the SM unitar-
ity triangle as shown in Fig. 1.

The CP asymmetry in the SM3 depends on Im(A$,), as

can be seen from Eq. (24). This quantity may be written as
Im (A,) = —CA?sind,;, + O(A3), (52)

which is the same as the sine of the angle y shown in Fig. 1.
With the introduction of the fourth generation, the contri-
bution to the CP asymmetry also comes from the quantity
Im(AY,), which may be written as

Im(Af) — qrsind

1!

A+ O()\2), (53)

which is the same as the sine of the angle y in the figure.
Thus, the new CKM4 elements themselves tend to magnify
the CP violation by a factor of ~1/A = 5. There can of
course be additional factors due to the modified Wilson
coefficients in SM4, which we will take care of in our
complete numerical analysis in the next section.

B. Numerical calculation of A¢p(g*)in B— X, u" ™

In order to calculate A-p(g?) from the procedure out-
lined in Sec. II B, we need to know A7, and A?,. Using the
DK parametrization, we have

B0 gr\ 218, 2,2
Xy == (r S :lzq ! )/\2 + O, (54)

XS, = —Ceidu )2 + O(N3). (55)

Putting these values of A7, and A}, in the relevant expres-
sions in Sec. II B, we obtain Acp(g?) in B— X,ut ™.
The inputs used in the numerical analysis are shown in
Table 1.

Figure 2 shows Acp(g?) in the low and high ¢ regions
for  the decay B—Xutu~ for  my=
(400,800, 1200) GeV. Clearly for m, = 400 GeV, for

TABLE I. Numerical inputs used in our analysis. Unless explicitly specified, they are taken
from the Review of Particle Physics [19].

Gp=1.166 X 1073 GeV 2 m./my, = 0.29 [42]
a = 1.0/129.0 FoAlB, = (0270 £ 0.030) GeV [43]

a,(my) = 0.220 [44]
Tp = 145X 1071 s
T, = 153X 10712 s
m, = 0.105 GeV
my = 80.40 GeV

m, = 172.5 GeV

m, = 4.80 GeV [42]
mp, = 5.366 GeV
my = 5.279 GeV

fsd\/é_d = (0.225 + 0.025) GeV [43]

m, = (1.17 £ 0.008) X 107! GeV

Amy = (3.337 £ 0.033) X 10713 GeV

sin23 = 0.681 = 0.025

Bub(E 7) = (77tzg °

B(B — X €v) = 0.1061 = 0.0016 * 0.0006 [45]

B(B— X" 7)) 25144 ey = (0.44 = 0.12) X 107° [46,47]
B(B— X,v) = (3.55 = 0.25) X 107* [48]
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3

my = 400GeV
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my = 800GeV
25}
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1S
<
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0.04 008 0.2 016 02 024 028
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FIG. 2 (color online).

PHYSICAL REVIEW D 79, 034017 (2009)
3 T T T

my = 400GeV
25 ¢
° © ©

2t
SN

< 15|
«0
<

1t

0.5

0 y
0.6 0.65 0.7 0.75 0.8 085 09 095 1

z = q¢*/m;
3 e
my = 800GeV
25 )
2 -
15t

Acp (%)

0
0.6 0.65 0.7 0.75 0.8 085 09 095 1

z = q*/m;
3 [
my = 1200GeV
25
2 -
S
= 15|
S
<

0 - - =
0.6 0.65 0.7 0.75 0.8 0.85 09 095 1

7 =q/m;

Acp(z) vs z plot in the low-¢? (left panel) and the high-¢? (right panel) regions for the decay B — X, u ™ u~ for

m, = (400, 800, 1200) GeV. The blue band represents the SM3 prediction, whereas the grey circles correspond to the possible values

that can be obtained in the SM4.

most of the allowed regions of the parameter space, the
SM4 prediction for Ac-p(g?) in the low-g? region is either
below the SM3 prediction or consistent with it. However,
in the high-g? region, the SM4 prediction can be as high as
2.5%, which is about 40 times the SM3 prediction. There is
thus a significant enhancement in A-p(g?) in the high-¢°
region.

Table II shows the ratio of the maximum Acp(g?) al-
lowed within the SM4 and that allowed in the SM3. It can
be seen that with increasing m,, the enhancement in

Acp(g?) at low ¢ (high ¢?) increases (decreases) and
then saturates at ~1.2 (25) times the SM value. Thus,
while the low-¢g* region is rather insensitive to the effects
of the fourth generation, the high-¢> region may show a
significant asymmetry that can easily be shown to be
beyond the limits of the SM3.

The saturation in Ap(g?) at large m, may be understood
as follows. The Wilson coefficient C;, becomes very large
as compared to C; and Cq for large m,. Hence, from Eq.

(L1), it is obvious that A}, must be very small for large m,
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TABLE II.  Comparison of Acp(g?) in the SM3 and in the SM4 for B — X, u* u ™~ at different m, values.
[A2p(¢) Imax (low %) [AZp(¢*) Imax (high ¢°)
my (GeV) SM3 SM4 SM4/SM3 SM3 SM4 SM4/SM3
400 0.25% 0.25% 0.05% 2.3% 46
800 0.25% 0.3% 0.05% 1.4% 28
1200 0.25% 0.3% 0.05% 1.3% 26

so as to keep the branching ratio within the experimental
range. Hence, in the limit of large m,, we have A}, — 0. In
this limit, the X;, term in Eq. (24) vanishes and the

numerator of Acp(g*) becomes

- 212 )
D) - D) = 2(1 + 7)[Imu;a){zu +22)Im(é,£)

— 12C; Im(&,)}] (56)

The right-hand side of Eq. (56) has only a weak depen-
dence on m, and hence remains almost constant for large
my. D(z) + D(z), on the other hand, is just obtained from
the branching ratio of B — X,u" u~, an experimentally
measured value. The ratio of these two quantities, Ap(g?),
is therefore rather independent of m, at large m,. This fact
is reflected in the Ap plots: there is not much difference in
the Acp(g?) prediction for m, = 800 GeV and m, =
1200 GeV.

V. CP ASYMMETRY IN B — X,u* ™

A. Unitarity quadrilateral relevant for B — X,u" u~

The “‘standard” unitarity triangle in the SM3, which
arises from the equation

VisVua + ViyVea T Vi Via =0 (57)

is shown in Fig. 3 The angles of this unitarity triangle are
defined as

Im
A VeV, D
; 4
| g d)brl\
: \
\
! Vi Vs
ViaVay L o
- ‘7;d~* \VidVyy
ud Vyp
O ‘= —— g™ Re
VeadVi ~ i
cdVch cdVeh

FIG. 3. The unitarity triangle (ABC) in the SM3 and the
corresponding unitarity quadrilateral (ACBD) in the SM4.

Vi,V VeV,
a= Arg(— b _id ), B = Arg(— — < °d>,
Vo Vua VipVia
ViV (58)
y = Arg<— —ub g "d>.
cb VC
The corresponding unitarity relation in the SM4 is
ViV T Vi Vg + Vi Vg + Vi, Vg = 0. (59)

This quadrilateral may be superimposed on the SM unitar-
ity triangle as shown in Fig. 3.

The CP asymmetry in SM3 depends on Im(A¢%,), as can
be seen from Eq. (24). This quantity may be written as

id,p

1 — Ce'ow (60)

Im (A%,) = —Arg< ) + O,
which is the same as the sine of the angle 8 shown in Fig. 3.
With the introduction of the fourth generation, contribution
to the CP asymmetry also comes from the quantity
Im()\ft,), which may be written as

Im (A%) = O()).

!

(61)

Thus, the additional contribution to the CP violation from
the complex nature of the CKM4 elements is rather small.
The enhancement in A-p(g?), if any, therefore has to come
from the modified values of the Wilson coefficients. We
calculate the enhancement numerically in the next section.

B. Numerical calculation of A p(g*)in B— X,u" ™

We now consider A¢, and A% for the calculation of
Acp(g?) in B— X, ut u~ using the procedure outlined

in Sec. II B. Using the DK parametrization, we obtain

B (peiaub’ _ qei‘srb’)r)t

M, = . + 0()\?), 62
AL~ Celow) *) 02
is, s, i8,y — 08,
Ay = : b's lpet 'qae 2b A + 0(A?).
1 — Ceidw A(l — Cedw)
(63)

For our numerical analysis, we use the expressions correct
up to O(A?).

Figure 4 shows the Ap(g?) distribution in the low-g>
and the high-¢> regions for m, = (400, 800, 1200) GeV.
Here, we find that for m, = 400 GeV, the low-g* predic-
tion in the SM4 is either consistent with or below the SM3
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FIG. 4 (color online). Acp(z) vs z plot in (a) the low-g> and (b) the high-g> region for the decay B — X, u"u~ for my, =

(400, 800, 1200) GeV.

prediction, whereas in the high-g* region, the SM4 pre-
diction can be as high as 6%, which is about 6 times the
SM3 prediction. There is thus a significant enhancement in
Acp(g?) in the high-g? region.

Table III shows the ratio of the maximal values of
Acp(g?) allowed within the SM4 and that allowed in the
SM3. It can be seen that with increasing m,, the enhance-
ment in Acp(g?) at low-g? (high ¢?) increases (decreases)
and then saturates at ~2.5 (3) times the SM3 value. At low
my, the enhancement in the high-¢? region is rather large,

TABLE 1II. Comparison of Acp(g?) in the SM3 and in the
SM4 for B— X, ut u~ at different m, values.

[A2p(¢P) Imax (0w ¢*)  [AZp(¢*) ]max (high ¢%)
my (GeV) SM3 SM4 SM4/SM3 SM3 SM4 SM4/SM3

400 5.5% 5.5% 1.0 1.0% 6.0% 6.0
800 5.5% 13.5% 2.45 1.0% 4.0% 4.0
1200 5.5% 13.5% 2.45 1.0% 3.0% 3.0
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and makes this region more suitable for the detection of a
deviation from the SM3 expectation, just like in the case of
B — X,u" u~. However, at high m,, the enhancement
over the SM3 value is similar in both the regions, so that
the higher branching ratio at low ¢ and the higher value of
Acp(g?) therein makes the analysis of B— X,u"u~ at
low ¢ an interesting prospect.

The same arguments as given in Sec. [V B in the case of
B — X,u" u~ for the saturation of Ac-p(g?) at large m,
also apply to B — X,u ™ u ™. The allowed range Ap(g?) at
800 GeV and 1200 GeV is then almost identical, as can be
seen in Fig. 4.

VI. CONCLUSIONS

In this paper we study the CP asymmetry in the decays
B— X, utu and B— X,ut " in the standard model
with an additional fourth generation using the Dighe-Kim
parametrization, which allows us to treat the problem as a
perturbative expansion in the Cabibbo angle A, and explore
the complete parameter space of the 4 X 4 quark mixing
matrix. We use constraints from the present measurements
of AMp , AMp,, sin23, and the branching ratios of B —
X.ev, B— X,y, B— X,u" u". The results may be sum-
marized as follows:

(1) For the decay B — X, u™ u~, the fourth generation
of quarks may provide more than an order of mag-
nitude enhancement in Acp(g?) in the high-¢* re-
gion (for m, > 400 GeV), whereas practically no
enhancement in the low-g> region is obtained.

PHYSICAL REVIEW D 79, 034017 (2009)

Therefore, the high-g> region is more sensitive to
new physics of this kind.

(2) For the decay B — X, u* ™, the fourth generation
of quarks may provide an enhancement up to 6 times
in Acp(g?) in the high-g? region. While no enhance-
ment is possible in the low-g? region for m, around
400 GeV, at large m, (> 800 GeV) the enhance-
ment in both the low- and high-g? region in the SM4
is about 3 times the corresponding SM3 prediction.
Since the branching ratio in the high-¢> region is
small compared to the one in the low-¢” region, the
low-¢? region becomes more attractive at large m,.

(3) For both the decays B — (X, X;)u™* ™, the effect
of increasing m, is to increase (decrease) the values
of Acp(g?) in the low-g* (high-g?) region. At large
m,, the value of Acp(g?) is almost independent of
my.

For a branching ratio of ~ 107°, a measurement of a CP
asymmetry of 1% at the 3¢ level would require ~10'© B
mesons. Hence, the measurement of a CP asymmetry at the
level of a few percent should be feasible at the future
colliders like super-B factories [49,50]. Any enhancement
observed beyond the standard model, combined with its ¢>
dependence, can offer clues about the nature of new phys-
ics involved.
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