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We extend our recent work and study implications of the standard model with four generations (SM4)
for rare B and K decays. We again take seriously the several 2-3¢ anomalies seen in B, B, decays and
interpret them in the context of this simple extension of the SM. SM4 is also of course of considerable
interest for its potential relevance to dynamical electroweak symmetry breaking and to baryogenesis.
Using experimental information from processes such as B — X,y, B, and B, mixings, indirect
CP-violation from K; — 77 etc. along with oblique corrections, we constrain the relevant parameter
space of the SM4, and find m, of about 400-600 GeV with a mixing angle |V}, V,| in the range of about
0.05-1.4 X 10~2 and with an appreciable CP-odd associated phase, are favored by the current data. Given
the unique role of the CP asymmetry in B; — ¢ due to its gold-plated nature, correlation of that with
many other interesting observables, including the semileptonic asymmetry (Ag; ) are studied in SM4. We
also identify several processes, such as B — X,v#, K, — #°vb etc., that are significantly different in
SM4 from the SM. Experimentally the very distinctive process B, — u*u~ is also discussed; the

branching ratio can be larger or smaller than in SM, (3.2 — 4.2) X 10~?, by a factor of O(3).
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I. INTRODUCTION

Though the Cabibbo-Kobayashi-Maskawa (CKM) para-
digm [1,2] of CP violation in the standard model (SM) has
been extremely successful in describing a multitude of
experimental data, in the past few years some indications
of deviations have surfaced, specifically in the flavor sector
[3-7]. An intriguing aspect of these deviations is that so far
they have more prominently, though not exclusively, oc-
curred in CP violating observables only. While many
beyond the standard model (BSM) scenarios can account
for such effects [8—14], a very simple extension of the SM
that can cause these anomalies is the addition of an extra
family as we emphasized in a recent study [15,16]. In this
paper, we will extend our previous work and study the
implications of the standard model with four generations
(SM4) in rare B and K decays.

Although our initial motivation for studying SM4 was
triggered by the deviations in the CP violating observables
in B, B, decays, we want to stress that actually SM4 is, in
fact, a very simple and interesting extension of the three
generation SM (SM3). The fact that the heavier quarks and
leptons in this family can play a crucial role in dynamical
electroweak-symmetry breaking (DEWSB) as an economi-
cal way to address the hierarchy puzzle renders this ex-
tension of SM3 especially interesting. In addition, whereas,
as is widely recognized SM3 does not have enough CP to
facilitate baryogenesis, that difficulty is readily and sig-
nificantly ameliorated in SM4 [17-19]. Besides, given that
three families exist, it is clearly important to search for the
fourth.
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That rare B-decays are particularly sensitive to the
fourth generation was in fact emphasized long ago [20-
24]. The potential role of heavy quarks in DEWSB was
also another reason for the earlier interest [25-29]. LEP/
SLC discovery that a fourth family (essentially) massless
neutrino does not exist was one reason that caused some
pause in the interest on SM4. A decade later discovery of
neutrino oscillations and of neutrino mass managed to
offset to some degree this concern about the 4th family’s
necessarily involving massive neutrino. Electroweak pre-
cision tests provide a very important constraint on the mass
difference of the 4th family isodoublet. In this context the
PDG reviewer’s statement [30] that a degenerate 4th family
is strongly disfavored by electroweak precision (EWP)
tests may have been widely misinterpreted; careful studies
show in fact that while mass difference between the iso-
doublet quarks is constrained to be less than = 75 GeV, an
extra generation of quarks is not excluded by the current
data. In fact, some have also claimed that for certain values
of particle masses the quality of the fit with four gener-
ations is comparable to that of the SM3 [3 1-34].!

The addition of fourth generation to the SM means that
the quark mixing matrix will now become a 4 X 4 matrix
(Vekms) and the parametrization of this unitary matrix

'After this paper had been submitted for publication, very
recently, authors of Ref. [30] have reported a new analysis
wherein they state that while their reanalysis with the new
data does not exclude the fourth generation, the fit is not as
good as the SM; see Ref. [35]
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requires six real parameters and three phases. The two
extra phases imply the possibility of extra sources of CP
violation [22].

In [15], it was shown that a fourth family of quarks with
my in the range of (400-600) GeV provides a simple
explanation for the several indications of new physics
that have been observed involving CP asymmetries in the
B, B, decays [3—7]. The built-in hierarchy of Vg4 1S such
that the ¢ readily provides a needed perturbation ( = 15%)
to sin28 as measured in B — ¢ K and simultaneously is
the dominant source of CP asymmetry in B, — i ¢.

While most of the B, B; CP-anomalies are easily ac-
commodated and explained by SM4, we note that, in
contrast, EW precision tests constrain the mass-splitting
between ¢’ and b’ to be small, around 70 GeV [31-33,36];
so for m, of O(500 GeV) their masses have to be degen-
erate to O(15%). As far as the lepton sector is concerned, it
is clear that the 4th family lepton has to be quite different
from the previous three families in that the neutral lepton
has to be rather massive, with mass >m/2. This may also
be a clue that the underlying nature of the 4th family may
be quite different from the previous three families [37]. At
this stage we would like to mention that the addition of
fourth generation will also change the lepton mixing ma-
trix (PMNS) [38]. The new elements in the PMINS matrix
could be constrained from lepton flavor violation in the
charged and neutral sectors, for example, a more stringent
constraint on first/second generation mixings with the
fourth generation should come from x — evy. In a similar
way one could constrain third/fourth generation mixings
from 7 — vy lepton flavor violating decay. However in
this paper our primary focus is on the quark sector, so in
order to avoid any detailed assumptions about the heavy
lepton masses and their mixing with SM3 lepton genera-
tions, in our numerical analysis we will be neglecting the
off-diagonal terms of the PMNS matrix.

In this paper we extend our previous work [15] on the
implications of SM4, to study the direct CP asymmetry in
B— X,y, B— X,J"l” and in B, — X,{v, forward-
backward (FB) asymmetry in B — X (K*)IT1~, decay
rates of B— X,vv, B,— u*u~, 7777, and K, —
7'vp and CP violation in B— 7K and B’ — 7%7°
modes. We show that SM4 can ameliorate the difficulty
in understanding the large difference, O(15%), between the
direct CP asymmetries in neutral B decays to K' 7~
versus that of the charged B-decays to K™ 7 partly due
to the enhanced isospin violation that SM4 causes in flavor-
changing penguin transitions due to the heavy m, [20]
originating from the evasion of the decoupling theorem
and partly if the corresponding strong phase(s) are large in
SM4. The enhanced electroweak penguin amplitude pro-
vides a color-allowed (Z — ) contribution which is not
present for 7= case. However, we want to emphasize that
the prediction obtained using the QCD factorization ap-
proach [3,39,40] depends on many input parameters there-
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fore it has large theoretical uncertainties. Apart from the
SM parameters such as CKM matrix, quark masses, the
strong coupling constant and hadronic parameters there are
large theoretical uncertainties related to the modeling of
power corrections corresponding to weak annihilation ef-
fects and the chirally-enhanced power corrections to hard
spectator scattering. Therefore the numerical results for the
direct CP asymmetries are not reliable.

Several of these observables like FB asymmetry in B —
K*I*1~ [41], CP asymmetry in B, — ¢ [42] and the
decay rate of K; — m’v¥ [43] have also been studied
before, as well as many other interesting aspects of SM4
by Hou and collaborators [44—47], see also [48]. However,
their analysis was generally restricted to m, of ~300 GeV.
On the other hand, our analysis seems to favor m, in the
range of (400-600) GeV to explain the observed CP
asymmetries in the B, B, decays. We note also that recent
analysis by Chanowitz seems to disfavor most of the
parameter space they have used [34] whereas our parame-
ter space is largely unaffected [49].

We identify several processes wherein SM4 causes large
deviations from the expectations of SM3; for example,
B— XSVI_}’ Bs - /-l’+/J’7’ ASL(BS - Xs€V)9 aCP(B -
7K), acp(B— 7°7°), K, — 7’vp and of course
mixing-induced CP in B, — ¢ ¢, etc. These observables
will be measured with higher statistics at the upcoming
high intensity K, B, B, experiments at CERN,
FERMILAB, JPARC facilities, etc. and, in particular, at
the LHCb experiment and possibly also at the Super-B
factories and hence may provide further indirect evidence
for an additional family of quarks.

The paper is arranged as follows. After the introduction,
we provide constraints on the 4 X 4 CKM matrix by in-
corporating oblique corrections along with experimental
data from important observables involving Z, B, and K
decays as well as B, and B, mixings, etc. In Sec. III, we
present the estimates of many useful observables in the
SM4. Finally, in Sec. IV, we present our summary.

II. CONSTRAINTS ON THE CKM4 MATRIX
ELEMENTS

In our previous article [15], to find the limits on Vgma
elements, we concentrated mainly on the constraints that
will come from vertex correction to Z— bb, Br(B —
X,y), Br(B— X,I"17), B; — B;, and B, — B, mixing,
Br(Kt — 7t vv) and indirect CP violation in K; — 77
described by |€,|. We did not consider €' /€ as a constraint
because of its large hadronic uncertainties. Chanowitz [34]
has shown that as m, becomes very large a more important
constraint is from non—decoupling oblique corrections
rather than the vertex correction to Z — bb. In this article
we have extended our analysis by including the constraint
from non—decoupling oblique corrections as well; we note
that for m, =< 500 GeV our previous constraints are
largely unaffected but for m, = 600 GeV the oblique cor-
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TABLE 1.
considered the 20 range for V.
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Inputs that we use in order to constrain the SM4 parameter space, we have

By = 0.72 =+ 0.05 [50]

AM, = (17.77 + 0.12) ps~! [52]

&, =12=%0.06 [51]

le,] X 103 = 2.32 = 0.007

Br(K* — 7 ww) = (0.14773130) x 107°
Br(B — X,y) = (3.55 £ 0.25) X 107*
R,, = 0.216 + 0.001

[V, = (372 £27) x107*

n. = 1.51 = 0.24 [53]

Ne = 0.47 = 0.04 [55]
T,=0.11+0.14

Fos/Bo = 0.281 £ 0.021 GeV [51]
AM, = (0.507 = 0.005) ps~!
v = (75.0 £ 22.0)°
sin23,x, = 0.672 * 0.024
Br(B — X.0v) = (10.61 = 0.17) X 102
Br(B — X, €1 ¢7) = (0.44 + 0.12) X 1076
(High g? region)
V.| = (40.8 + 0.6) X 1073
7, = 0.5765 £ 0.0065 [54]
m, = 172.5 GeV

rections start to have effect. With the inputs given in Table I
we have made the scan over the entire parameter space by a
flat random number generator and obtained the constraints
on various parameters of the 4 X 4 mixing matrix
(Table II). In the following subsections we briefly discuss
the various input parameters used in our analysis.

A. Oblique correction

The Z pole, W mass, and low-energy data can be used to
search for and set limits on deviations from the SM. Most
of the effects on precision measurements can be described
by the three gauge self-energy parameters S, 7', and U. We
assume these parameters to be arising from new physics
only, i.e. they are equal to zero exactly in SM, and do not
include any contributions from m, and My.

The effects of nondegenerate multiplets of chiral fermi-
ons can be described by just three parameters, S, 7, and U
at the one-loop level [30,31,56-58]. T is proportional to the
difference between the W and Z self-energies at Q%> = 0,
while S is associated with the difference between the Z
self-energy at Q> = M2 and Q?> = 0 and (S + U) is asso-
ciated with the difference between W self-energy at Q> =
M3, and Q% = 0. A nondegenerate SU(2) doublet

(%)

with masses m; and m, respectively yields the contribu-
tions [56]

TABLE II.  Allowed ranges for the parameters, A3 ( X 1072)
and phase ¢/ (in degree) for different masses m, (GeV), that
have been obtained from the fitting with the inputs in Table I and
allowed by the present experimental bound for CP asymmetry in

B, — J/ ¢ [15].

my (GeV) 300 400 500 600
A (0.09-25) (0.08-1.4) (0.06-0.9) (0.05-0.6)
b 0— 80 0— 80 0— 80 0— 80

1
S = G[l — YIn(m?}/m3)],

1 2m3m3
— 24 0 _ 2, 2 /2
T emp L g i) |
U— LI:_ 5m} — 22mim3 + 5mj
67 3(m3 — m3)?
6 4,2 2,4 4 6
m] — 3mim; — 3mim; + m
e e ]

where Y is the hypercharge of the doublet. A heavy non-
degenerate doublet of fermions contributes positively to T
as

. 1
py=1=r——=—1=~al 2)

where p; denotes the low-energy ratio of neutral to
charged current couplings in neutrino interactions.

The parameter U plays a fairly unimportant role, all the
neutral current and low energy observables depend only on
S and T [56]. In addition U is often predicted to be very
small. In most of the models U should differ from zero by
only a percent of 7.

Contributions to 7" and S parameters from fourth family
quarks and leptons, with doublets

(»)
(5)

respectively, are given by [34]

and

1
T,=————[B(IViy*muy + Vi[> 6my,,
Barxy (1 — xy)
+ |th’|25mtb’ - |Vt’b|23mtb + |Vt’s|25mt’s)
+ 5m€4,,4], 3)
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N. 1. m? mj
=_°¢ — + 4
Sy 677(1 3 lnmi, lnml%4), 4
with
1 2m?m?

Here N. = 3 for a quark family and the same formula
with N. = 1 will be for a 4th generation lepton family.

B. Vertex corrections to Z — bb
Including QCD and QED corrections, the Z — bb decay
width can be written as [59]

N,

a
N(Z = qq) = 5o 55 mza P + v, )

48 s%,c3,
X (1+ &)1 + 881+ 84ep)(1 + 8%)
X (1 + 8ep)(1 + 8,), (6)

where
v, = (21 — 410 ls%),

and 0’s are various corrections which are discussed below.

In the decay of the Z — bb, the top quark mass enters in
the loop correction to the vertex mediated by the W gauge
boson. Because of spontaneous symmetry breaking effects
the top mass cannot be neglected in the calculation. In fact,

a, =214, 7)

2
there is a top mass dependence that grows like % as in
A
many other one-loop weak processes such as K — K, B —
B (AF =2 mixings), b — s€*{~, etc. The additional
contribution to the Zbb vertex, due to nonzero value of

the top quark mass can be written as

- m?
8, =~ 10 2((— 2m’2 + 0.5)|Vﬂ,|2
VA

m>3
+ (— : +o.5)|v,,b|2). )

2
2my

86ED gives small final-state QED corrections that de-
pend on the charge of final fermion,

3a
80 = 2 02, 9
QED 47TQ" 9)

It is very small (0.2% for charged leptons, 0.8% for u-type
quarks and 0.02% for d-type quarks).

Oqcp gives the QCD corrections common to all quarks
and it is given by

2
Socp = - + 1.41(ﬁ) . (10)
' o

a, is the QCD coupling constant taken at the m scale, i.e.
a, = a,(m%) = 0.12.

PHYSICAL REVIEW D 82, 033009 (2010)

8%, contains the kinematical effects of the external fer-
mion masses, including some mass-dependent QCD radia-
tive corrections. It is only important for the b-quark (0.5%)
and to a lesser extent for the 7-lepton (0.2%) and the c-
quark (0.05%). It is given by

3,LL§ 1, 8a a
B 1 DIty IS T 11
vl + a?l( 2aq< 377) K 77)’ o

59, =

where p2 = 4mi(m%)/m3.
By taking appropriate branching ratios it is possible to
isolate the large top mass dependent Zbb vertex 6, [59],

I'(Z — bb)
Ry=—————"_=(1+2/R,+1/R,+ 1/R,)"},
h F(Z—»hadrons) ( / s / c / u)

(12)
_ I'(z—bb
where R, = F(z—»qqg'

All other corrections cancel exactly in this branching
ratio except the correction to the Zbb vertex which only
depends on the top quark mass.

C. B — X,y decay

Radiative B decays have been a topic of great theoretical
and experimental interest for long. Although the inclusive
radiative decay B — X,y is loop suppressed within the
SM, it has a relatively large branching ratio making it
statistically favorable from the experimental point of
view and hence it serves as an important probe to test
SM and its possible extensions. The present world average
of Br(B — X,7y) is (3.55 = 0.25) X 10~* [60], which is in
good agreement with its SM prediction [61,62]. Apart from
the branching ratio of B — X,vy, direct CP violation in
B — X,y, A2%7 can serve as an important observable to
search physics beyond SM; therefore we will also study
this direct CP asymmetry in this paper (see Sec. Il A).

The quark level transition » — s7 induces the inclusive
B — X,y decay. The effective Hamiltonian for » — sy can
be written in the following form

4G 8
H o =2 ViV ¥ Ci(w) i), (13)
f NGl bizzl M 73

where the form of operators O;(w) and the expressions for
calculating the Wilson coefficients C;(u) are given in [63].
The introduction of fourth generation changes the values of
Wilson coefficients C; and Cg via the virtual exchange of
the #-quark and can be written as

V:;s Vf’b
VisVi

Pe(u) = Crg(p) + Chg(). (14)
The values of C’7',8 can be calculated from the expression of
C; ¢ by replacing the mass of t-quark by m,.

In order to reduce the uncertainties arising from b-quark
mass, we consider the following ratio
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_ Br(B— X;y)
Br(B— X_.ev,)

In leading logarithmic approximation this ratio can be
written as [64]

VAVl 6alCem,)P
|Vch |2 Wf(mL)K(’/hL) ‘

R 5)

Here the Wilson coefficient C; is evaluated at the scale
= my,. The phase space factor f(if,.) in Br(B — X_eD) is
given by [65]

f(m,) =1—8m2 + 8mb — md — 24m* Inm,.  (16)

k(r,) is the 1-loop QCD correction factor [65]

k(i) = 1 — 2“;(7’:‘”)[(772 - %)(1 — )+ g] (17

Here M, = m,/my,.

D. B — X, I*1~ decay
The quark level transition b — s/ [~ is responsible for
the inclusive decay B — X,I["1~. We apply the same ap-

proach introduced for b — s7y. The effective Hamiltonian
for the decay b — sI™ 1~ is given by

H o =2y, S cwow. ()
eff \/5 ts rbi:l i i .

In addition to the operators relevant for b — sy, there are
two new operators:

Qo = (5b)y_a(ll)y, 019 = (5b)y_4(ll)y.  (19)

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

o ] i

M= \/_%ivfsvtb[CBOIE'}’MPLbWul + Clo5yuPLbly, sl
Ctot _

~ 2y i Pably, | (20)

where P, r = (1 + ¥5)/2 and ¢ is the sum of /" and [~
momenta. Here the Wilson coefficients are evaluated at
M= my.

The differential branching ratio is given by

dBr(B— X,I"1") _ &’B(B— X_.e?)

1— 2
dz 472 (i, ) k() (1=2)
42\12|VEV, |?

X[(1—-—) =25 _D(z), (21

(-7 v, P e @b

where
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212 272
D(z) = IC‘;’tlz(l + —)(1 +27) + 4|Ct7°t|2(1 + _)
Z Z
2 212
X (1 + —) + | 2[(1 +22)+—(1 - 4z)]
Z Z

21
+ IZRC(C%O‘CBOI*)(I + —) (22)
z
Here z = ¢*/m3, t = m;/m,, and i,
quarks q.
In the framework of SM4, the Wilson coefficients C%",
Cy", and C'}y are given by

= m,/my, for all

V’{? V/b /
CPo = C10(my) + thivtbcéylo(mb), (23)
sVt

V5V
CY' = Co(my) + Y(z) + 212

C!(my), 24
ViV, g(mb) (24)

where the function Y(z) is given in [63].

The measurements of the B— X £* €~ in the two re-
gions, so-called low g% (¢> < 6 GeV?) and high ¢ (¢> =
14 GeV?), are complementary as they have different sen-
sitivities to the short distance physics. Compared to small
g?, the rate in the large ¢> region has a smaller renormal-
ization scale dependence and m,. dependence. Although
the rate is smaller at large ¢, the experimental efficiency is
better. Large ¢ constrains the X, to have small invariant
mass, my , which suppresses the background from B —
XA~ v — XAL"€ vp. To suppress this background at
small > region an upper cut on m x, 18 required, complicat-
ing the theoretical description due to the dependence of the
measured rate on the shape function, which is absent at
large g°. In the low ¢ region the dominant contribution to
B, — X, £*{~ comes from virtual photon and much less
from Z. It is the Z that is very sensitive to m, as that
amplitude grow with mf, The photonic contribution cares
only about the electric charge, modulo logarithmic QCD
corrections. For these reasons we will be using the branch-
ing ratio only in the high ¢ region to constrain SM4.

The theoretical calculations shown above for the branch-
ing ratio of B — X,/* [~ are rather uncertain in the inter-
mediate ¢ region (7 GeV? < ¢> < 12 GeV?) owing to the
vicinity of charmed resonances. The predictions are rela-
tively more robust in the low-¢> (1 GeV? < ¢*> < 6 GeV?)
and the high-¢* (14.4 GeV? < ¢*> < m?) regions.

For m, > 300 GeV, Br(B— X,["]7) is completely
dominated by the Wilson coefficient Cjj. Hence in our
numerical analysis, we neglect the small z-dependence in

ot
.

E. B, - l_iq mixing
Within SM, B, — Bq mixing (¢ = d, s) proceeds to an

excellent approximation only through the box diagrams
with internal top quark exchanges. In case of four gener-
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ations, there is an additional contribution to B, — Bq mix-

ing coming from the virtual exchange of the fourth gen-
eration up quark 7. The mass difference AM, in SM4 is
given by

AM, = 2|M ), (25)
where

GFmW

My, =———>mg Bbqu {n(Viy Vi )2So(x,)

+ ﬂz/(Vﬂq l/b)st(xt’) + 2%'( ;b)

(V qv:;b)SO(xtJ xr’)}; (26)
where x, = m7/mj,, x, = m3 /M7, and
4x, — 1lx7 +x7 3 x}lnx,
Solx,) = , 27
N L
S()(xt/) = SO()C, - xt/), (28)
Inx, T1 3 1 3 1
S , X ) = / —r [— + — - = ]
0(xs, xp) = x,%, {x[/ el R R ")
Inx, [1 301 31 ]
42 -z
xp—x L4 21—x, 41 —x)
3 1 }
- 29)
4 (1 - Xt)(l - _Xt/)

Here 7, is the QCD correction factor and its value is
0.5765 = 0.0065 [54]. The QCD correction factor 7, is

given by [60]
() )\O/21 @, (my) \6/19
as(mt) ) (as(mh’)) ’ (30)

i = Gy m)
a () is the running coupling constant at the scale u at
NLO [67]. Here we assume 7, = 7, for simplicity. The
numerical values of the structure functions Sy(x,),
So(x, xy) and the QCD correction factor n, are given in
Tables III and IV respectively for various ¢ mass.

F. Indirect CP violation in K; — w7
Indirect CP violation in K; — m is described by the
parameter €, the working formula for it is given by [68]
ex = exp(igp,) sing (ImM+,/AM, + {),  (31)

{Qn;_/[:?, with AO = A(K - (7777)1:0) and AMK
denoting the K; — K¢ mass difference. The off-diagonal

element M, in the neutral K-meson mass matrix repre-

where =

TABLE III.  The structure functions Sy(x,) and So(x;, x,).
my (GeV) 400 600
So(x) 9.225 17.970
So(x, 1) 4302 5225

PHYSICAL REVIEW D 82, 033009 (2010)
TABLE IV. The QCD correction factor 7.

m, (GeV) 400 600
" 0.522 0.514
sents K — K mixing and is given by
KO\ H 4(AS = 2)|K?
e, B As 20K
2mK
The phase ¢, is given by
b. = (43.51 * 0.05)° (33)

The second term in Eq. (31) constitutes a O(5)% cor-
rection to €g. In most of the phenomenological analysis ¢,
is taken as 77/4 and / is taken as zero. However, / # 0 and
¢ < /4 results in a suppression effect in €, relative to
the approximate formula with { =0 and ¢, = 7/4. In
order to include these corrections we have used the pa-
rametrization

K, = 2 sine k., (34)

where &k, =0.94*0.02 and consequently k.=
0.92 = 0.02, k. parametrizing the effect of { # 0 [68].
After some calculations it can be shown that [64]

G2 . .
M, = ?fKBKmKM‘ZiV[/\czncSO(x )+ A2, So(x,)
+ 2005 So (X, x,) + /\t'; Ny So(xy)
+ 2)‘j)‘: NerSo(Xe, Xp) + 2)\7)\}7711[/50()61, xp)]
(35)
where A; = A A;; and x, = (m2/M3,) for all quarks g.

Inserting (35) and (34) in (31) one finds
__ G
1272V2A M
+ AP 0,S0(x) + 2AZA7 S0 (e, x,) + AjP 1 S0(xy)
+ 22X So(Xes Xp) + 2A7 A5 10 So(x,, xp) ], (36)

€x = st%(BKmKM%V Im[/\?zmSo(xc)

where fr = 160 MeV. The value for Bx has been taken
from Ref. [50], in a recent analysis [69,70] the error has
been reduced to = 4%, however, in our analysis we use the
more conservative value mentioned in Table III from [50].

G. Kt — 7w vw decay

The effective Hamiltonian for K+ — 7+ v ¥ can be writ-
ten as

G a
Her =% 5— 5= VeVeaXi + VisViaX
) 27Tsin2®Wl=§L’T[ cs ¥ edANL 15 ViaX(x)
+ V3 VeaX(x)(5d)y— 4 (7,0 y - 4. (37)

The first term is the contribution from the charm sector.
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The function X(x) is relevant for the top part,
aY
X(x) = Xo(x) + 4—‘X1(x), (38)
T

where x, = (m2/M3,) for all quarks g. Here X(x) is the
leading contribution given by
X 2 + X 3x —6
Xolx) = g[ s lnx], (39)

and X (x) is the QCD correction. The expression for X (x)
is given in [64]. The function X can also be written as

X(x,/0) = nyx.Xo(x,/0), x = 0.994. (40)

Here ny represents the NLO corrections.

The function XJ; is the function corresponding to X(x,)
in the charm sector. It results from the NLO calculations
and its explicit form is given in [67,71].

The branching fraction of K* — 7 v can be written
as follows

ImA, ImA, 2
Br(Kt — 7 vp) = K+|:( r;l X(x,) + H)I\ d X(x,/))

ReA, ReA
(55 Po0 + S
Re)\/ 2
X)) | 1)
A3
where
3a’Br(Kt — 7™ 1/)
t = 8 42
“ K 27%sin* @y, (42)
172 1
Py(X) = F[gxﬁm + §X§L]’ (43)

and rgy = 0.901 summarizes the isospin breaking correc-
tions in relating the K * — 77 vp to the well-measured
leading decay K+ — 7% ™ v.

III. PREDICTIONS IN THE SM4

Figure 1 (left panel) shows the correlations between the
CP asymmetries in B; — ¢ K and B; — i ¢ whereas the
rlght panel shows the variation SM, with the new phase
¢'%; which has already been shown in our previous article
[15] for m, = 400, 500, and 600 GeV; here, we have also
included in the plot m, = 300 GeV. This is to clarify the
fact that the present data on CP asymmetries tends to favor
a fourth family of quarks with m, in the range (400—
600) GeV. In this article, therefore, we will focus mostly
on m, = 400-600 GeV when we provide numerical re-
sults for SM4 for some interesting observables related to B
and K systems which could be tested experimentally.

2Soon after we posted version 1 of our paper, [72] appeared
which also discusses about the phenomenology of SM4. To
facilitate direct comparison with that work we are adding few
extra figures in this revised version.

PHYSICAL REVIEW D 82, 033009 (2010)
A. Direct CP asymmetry in B — X,y
Acp in B — X7 is defined as

AB_’X:V _ F(B - Xsy) B F(B - XE’)/)
r I'(B — X;y) + I'(B — X;v)

(44)

Within the SM, A2, ™7 is predicted to be less than 1% [73—
75]. The most recent SM prediction is [76] (Here we have
calculated the errors by adding all errors given in the
mentioned reference in quadrature)

ABXY = (0.44793)%. (45)

CP |E >1.6 GeV —

The current world average of ALC};'X” is(—1.2*28)%
[60], which is consistent with zero or a very small direct
CP asymmetry as we have in the SM. The present experi-
mental uncertainty is still an order of magnitude greater
than the theoretical error. However, a dramatic improve-
ment in the experimental sensitivity is possible at the
upcoming Super-B factories and sensitivity of about
0.4%-0.5% can be achieved [77].

As the CP asymmetry within the SM is less than 1%,
observation of a sizable CP asymmetry would be a clean
signal of new physics. It is expected that the new physics
models with nonstandard CP-odd phases can enhance
AZ%Y and hence we study AL, ™ within the framework
of SM4.

The general expression for the CP asymmetry in B —
X,y is [74]

ALY = |ct3t(() 2)|2{ 1.82Im[C3¥] + 1.72 Im[C"]
— 4.46 Im[CJeV €™ ]
+3.21 Im[€,(1 — 2.18C™ — 0.26C5")]},
(46)
where
€ = ‘1//;\‘2: 47)

Here the new physics Wilson coefficients C%" are at scale
My,. In SM4,
ViV

Crew —
7,8
Vts th

Ly (My). (48)

In Fig. 2 we have shown the correlation between CP
asymmetries in (B — X;y) and B, — J/¢¢ (Sy4). The
current 20 experimental range for S,4 is given by
[-0.90, —0.17] [78]. The SM value for Acp(B — X,7v)
corresponds to S, 4 =~ 0 or in other words ¢! = 0. It is
easy to understand the nature of the plot i.e. decrease of
Acp(B — X,y) with increase of S, 4. From the expression
for Acp(B — X,y) [Eq. (46)], it is clear that in SM the only
contribution to A-p will come from the first part of the
fourth term. In the presence of new phase and new cou-
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(a) Correlation between S,k and S, (left panel) and (b) Variation of S, with the phase ¢§ of A’ (right

panel), for m, = 300 (magenta), 400 (red), 500 (green), and 600 (blue) GeV, respectively. The horizontal lines (left panel) represent
the experimental 1o range for S, whereas the vertical lines (black 1-0 and red 2-0) represent that for S, 4; in the right panel the

horizontal lines are for S .

pling, the first two terms and the fourth term will contribute
to Acp. Contribution from the first two terms is always
negative and increases (mod value) with the new physics
coupling [within the new physics (NP) region in which we
are interested] whereas the fourth term is always positive
and it has very small increase with the new physics cou-
pling or phase.

B. CP asymmetry in B, — X {v
In this section we shall concentrate on semileptonic CP
asymmetry (Ag;) in B, system.’ In general the CP asym-
metry in semileptonic B decays defined as
T[BE™ (1) = ¢+ x] — T[B™(1) —
TIBE™ (1) — € X] + T[BE™ (1) —

€~ X]
X1

(49)

SL =

depends on the relative phase between the absorptive and
dispersive parts of B, — B, mixing amplitude [79]

I, IT'},| sing
Ag = Im(—) =_ 12 s
St My (M) 1A

(50

with ¢, = arg(—
mixing and the corresponding b — c¢s decays and |A]
parametrizes the NP effect in M3, [6]. |I'\,/M,| =
O(m3/M3,) suppresses Agp to the percent level apart
from this there is a GIM suppression factor m?2/ mb reduc-
ing Ag; by another order of magnitude. Because of these
suppression factors it is very small in SM, for B, system it
is O(1073). The GIM suppression is lifted if new physics

M; . _
T:2), the relative phase between B, — B
12

*We were about to post a short paper reporting our study of
Agr. in SM4 when the paper [72] appeared wherein this topic is
also discussed; consequently we are making a very brief addition
of this in version 2 of our paper. Our results agree with Buras
et al. [72].

contributes to arg(M,,). Therefore, Ag; is very sensitive to
new CP phases [80,81]. The situation where new physics
could enhance Ag; by a factor O(10-100) makes this
asymmetry a sensitive probe of new physics.

Recently the search for CP violation in semileptonic By
decays achieved a much more improved sensitivity
[82,83]:

Ag. = (2.45 £ 1.96) X 1072

61
DO = (2.00 =2.79) X 1072 CDF.
Present world average is given by [84],
Ag. = (—0.37 = 0.94) X 107> HFAG. (52)

In near future more precise measurements can exclude SM

0.01
0.008 |
0.006 |
0.004
0.002 |

ot
-0.002
-0.004
-0.006
-0.008

Acp(B -> XS 7)

-1 -09 -0.8 -0.7 -0.6 -0.5 -0.4 -03 -02 -0.1 O

FIG. 2 (color online). Correlation between CP asymmetry in
B— X,y and S, the CP asymmetry in B, — J/ i ¢; where
the red and blue regions correspond to m, = 400 and 600 GeV
whereas horizontal lines represent the SM limit for CP asym-
metry and the vertical lines represent the 2¢ limit for CP
asymmetry in By — J/ .
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prediction if it is much enhanced then the SM prediction. It
is important to note that the scenarios like SM4 can sig-
nificantly affect MY,, but not I'{,, which is dominated by
the CKM-favored b — cc¢s tree-level decays. The leading
contribution to I'}, was obtained in [79,85]. At present, I'},
is known to next-to-leading-order (NLO) in both A/my,
[86] and a (m,) [87-89], later in 2006 Nierste and Lenz
[6] have improved the NLO calculation for AI'; and up-
dated the value for AT;.

In Fig. 3 the sensitivity of semileptonic CP asymmetry
to SM4 is shown and we note an enhancement by a factor
of 100 from its SM prediction of order 107> It could have a
value —0.4% and —0.3% corresponding to maximum val-
ues of S, 4 for my = 400 and 600 GeV, respectively.

C. CP asymmetry in B — X1~

It is very useful to consider new physics effects in the
observables which are either zero or highly suppressed in
the SM as they constitute null test of the SM [90]. The
reason is that any finite or large measurement of such an
observable may signal the existence of new physics. The
CP asymmetry in B — X,["[ is one such observable. In
the SM, the CP asymmetry in B— X"]" is ~1073
[91,92]. In the SM, the only source of CP violation is the
unique phase in the CKM quark mixing matrix. However in
many possible extensions of the SM, there can be extra
phases contributing to the CP asymmetry. Hence the CP
asymmetry in B — X,[* [~ is sensitive to SM4.

The CP asymmetry in B — X,/* 1~ is defined as

(dBr/dz) — (dBr/dz) _ D(z) — D(z)

Acr() = (UBefan) + (dBr/dz) D) + D)’

(53)

where Br and Br represent the branching ratio of B—
X,["1~ and its complex conjugate B — X [T/~ respec-
tively. dBr/dz is given in Eq. (21). The Wilson coefficients

0.001

0

-0.001

AsL

-0.002 |

-0.003 |

-0.004 |

-0.005

0.008 0.012

1Al

0 0.004

0.016 0.02
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WL CYY, and CY can be written as

CP' = Cy(my) + /\j,/Cé/(mb), (54)
Cy' = &1 + A éy + A5, Ch(my,), (55)
Ciy = Ciolmy) + A;,/Cﬁlo(mh), (56)
where
AS VeV

== (57)

)‘i thvls

AV Vg
)\S/=7t,= t*b t‘, (58)

" A Vi, Vis

so that all three relevant Wilson coefficients are complex in
general. The parameters &; are given by [63]

& = Co(my) + 0.138w(z) + g, 2)(3C, + Cy + 3C,
+ Cy + 3Cs + Cg) — 3g(ihy, 2)(C3 + 3Cy)
— 38(My, 2)(4C3 + 4C4 + 3Cs + Cg)
+ %(3C3 + Cy4 + 3Cs + Cg), (59)

& = [glm,, z) — g(m,, 2)](3C, + C). (60)

Here
2 4 2
w(z) = — §7T2 — 3 Liy(z) — 3 InzIn(1 — z)
_ S5+4g In(l - 2) — 2z(1 + 2)(1 — 2z) In
30+ 22) D30+ 20 ©
549z — 677
—’ 61
6(1 — (1 + 22) 6D
with
0.001
0 L
-0.001
3 0002}
-0.003
-0.004 -
-0.005 - - - -
-1 08 -06 04 02 0

FIG. 3 (color online). Left panel shows the semileptonic CP asymmetry Ag as a function of |[A}| whereas in the right panel
correlation between Ag;, and S, is shown; red and blue region corresponds to m, = 400 and 600 GeV, respectively, the SM value of
Agy. (of order 1079) is too close to zero to be visible in the plot whereas the SM value for S v 18 —0.04.
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(1 —
Li,(z) = —[Z dty. (62)
0

The function g(i, z) represents the one-loop corrections to
the four-quark operators O; — Og4 and is given by [63]

i,z) = —gln—=—lnm+ 4 cx = (2 + [l
g z) = —gim gttt a7t gr @l
Vl=x+1 | _ 4

—x|1/2 (ln Vi—x-1 ”T>’ for x = - <1
L = 4’

2arctan7ﬁ, for x =42 > 1,

(63)
For light quarks, we have 71, = ;= 0. In this limit,

8§ 8 4
g(0,2)=———ln@—§

4
Inz +—iw. (64
27 g, “getgim  (6d

We compute g(7ft, z) at w;, = m,,.
dBr/dz can be obtained from dBr/dz by making the
following replacements:

C¥t = Cy(my) + A2, CY(my) — C5*
= Cy(my) + A5CH(my), (65)

i

Ce' =&+ Aué + )tft,Cg(mh) — Cy"

=&+ A é + ASCE(my), (66)

!

Ctl%t = Clo(mb) + AS C’l/o(mb) — C—tloot

'

= Cyo(my) + A5 Clo(my). (67)

1!

Then we get [93]

L 2
D) — D) = 2(1 + %)[Imufu){zu T 22) Im(£, €5

— 12¢, Im(fz)}
+ X {(1 + 22)C8 + 6C41, (68)

!

- 27 ,
D(z) + D(z) = (1 + 7)[(1 +221B, + 201012
X Ch + X))} + 12{B, + 2C;C) Re(A3,)
/ 2 / 2t2
LI 2CE + XY + 8(1 + _)
Z
2
X (1 + —)lcgotl2 + 2[(1 +22)
Z
21 5
+a —4z):||C‘1°0‘ , (69)
Z

where

X = 2{Re(A},) Re(&)) + Re(A;, A7) Re(£2)),  (70)

! 1!

PHYSICAL REVIEW D 82, 033009 (2010)
Xim = 2{Im(A7,) Im(£}) + Im(A3, A7) Im(&5)}, - (71)

By = 2€|& 1> + 125, &7 + 2Re(A,)Re(£,£3)),  (72)
B, = 2C{Re(&;) + Re(A},) Re(&,)}, (73)

IC317 = (C10)* + 13, [7(Clp)* + 2C10ClRe(AS,), (74)

1t 1t

|C¥? = (C7)% + |AS,12(C)? + 2C5C5 Re(XS)).  (75)

1t tf

From the expression for g(7, z) it is clear that the strong
phase in g(rf, /4, z) and g(#,, z) is responsible for CP
asymmetry in B — X £ €~ within the SM. g(rf, /4, 2) is
complex in both high and low-g? region whereas g (7., z)
is complex only in the high-g? region. On the other hand,
g(my, z) is always real. The SM CP asymmetry in high-¢>
region is almost zero since Im(&,) is very small, almost one
order in magnitude relative to its value in low-g? region,
due to the relative cancellations of strong phases in &,. In
the presence of new physics, &, is unaffected but &,
increases with the new physics coupling. On the other
hand, we have contributions from the second term of
Eq. (69) as a whole the CP asymmetry will increase with
Syg¢» as shown in the Fig. 4.

D. FB asymmetry in B — X, ']~

The quark level transition b — s/~ is forbidden at the
tree level within the SM and can occur only via one or more
loops. Hence it has the potential to test higher order cor-
rections to the SM and also to constrain many of its
possible extensions. It gives rise to the inclusive decay
B — X "1~ which has been experimentally observed
[94,95] with a branching ratio close to its SM predictions,
Br(B— X 1¢7)(1<¢*><6GeV?) =(1.63+0.20) X 10°6

0.01

0.008 |

0.006

0.004

0.002 |

Acp(B-> X I T)

0-

_0.002 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0

Syo

FIG. 4 (color online). Correlation between CP asymmetry in
B— X, £*{~ (high-¢* region) and S,,4. In the SM both the
values are very small and in the plot they correspond to the point
[—0.04, 0.0]. The red and blue regions correspond to m, = 400
and 600 GeV whereas the vertical lines represent 20 experimen-
tal range for S 4.
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and Br(B— X 7€ )(g>>14.4GeV?) = (3.84 =0.75) X
1077 [96-98].

Apart from the branching ratio of semileptonic decay,
there are other observables which are sensitive to new
physics contribution to b — s transition. One such observ-
able is FB asymmetry of leptons in B — X,/*1~. The FB
asymmetry of leptons in B(p,) — X, (p)I" (p;+)l” (p;-) is
obtained by integrating the double differential branching
ratio (d’Br/dzd cos@) with respect to the angular variable
cosf [99]

2 2
Jidcost LB — [0 dcosh LB

_ dzd cosf dzd cosf
Apg(z) = (76)
1 d*Br 0 d*Br ’
[l dcosé Tt I, dcost 5o

where z = ¢*/m? = (p;+ + p;-)*/m3 and 6 is the angle
between the momentum of the B-meson (or the outgoing
s-quark) and that of /" in the center of mass frame of the
dileptons /" /~. FB asymmetry measures the difference in
the right-chiral and left-chiral couplings of the leptonic
current. FB asymmetry is driven by the top quark [99] and
hence it is sensitive to the fourth generation up type quark
r.
Within the framework of SM4, the FB asymmetry in
B — X,I"I is given by
412\1/2 E(z)
Apg(z =—3<1——) —, 77
£ (2) - D) (77)
where

E(z) = Re(C'C%™)z + 2Re(CRIC),  (78)

and D(z) is given in Eq. (22).

The FB asymmetry in B — X,["[~ becomes zero for a
particular value of the dilepton invariant mass. Within SM,
the zero of Apg(g®) appears in the low g? region, suffi-
ciently away from the charm resonance region to allow the
precise prediction of its position in perturbation theory.
The value of the zero of the FB asymmetry is one of the
most precisely calculated observables in flavor physics
with a theoretical error of order 5%. The NNLO prediction
for the zero of FB asymmetry is with m, = 4.8 GeV [100]

(¢%)o = (3.5 + 0.12) GeV2. (79)

This zero varies from model to model. Thus it can serve as
an important probe to test SM4 experimentally.

As far as experiments are concerned, this quantity has
not been measured as yet. But estimates show that a
precision of about 5% could be obtained at Super-B facto-
ries [77].

From Fig. 5 one can see that the value of z = %, for

which Agg(z)-asymmetry is zero, could be shifted to a
lower value than its SM value (although it is consistent
with the SM within the uncertainty). For m, = 400 and

PHYSICAL REVIEW D 82, 033009 (2010)
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FIG. 5 (color online). Forward-backward (FB) asymmetry in
2

B — X, {* ¢~ has been plotted with z = 51_2’ the red and blue
b

regions correspond to m, = 400 and 600 GeV, respectively, and
the black thick line represents that for SM and the green line
represents the zero of Apg.

600 GeV, one could have the value for (g?), ranging
between (3.09 — 3.57) GeV? for m;, = 4.8 GeV.

E. FB asymmetry in B — K*€¢* ¢~

The quark level transition b — s€* €~ is responsible for
the exclusive decay B — K*€*¢~. The exclusive decay
B — K*€*¢~ has relatively large theoretical errors as
compared to the inclusive decay b — s€ €~ due to the
uncertainty in the determination of the hadronic form
factors appearing in the transition amplitude B — K*.
However, the exclusive decays are more readily accessible
in the experiments. Therefore despite the large theoretical
errors, the precise measurement of the exclusive decays
could provide hints for possible deviations from the SM.
The decay B — K*€* €~ has been observed at the BABAR
and Belle experiments [101-103]. Within the present ex-
perimental and theoretical precisions, the measured
branching ratio is in agreement with the SM prediction
[97,104]. However the measurements of the invariant di-
lepton mass is sparse. It is expected that the precise mea-
surements of the Dalitz distributions in B — K*€¢* €~ is
possible at the LHCb and at the Super B factories. In
particular, the measurement of FB asymmetry in B —
K*€* €~ is of great importance. This is because the uncer-
tainty due to the form factors is minimal [105].

Within the SM4, the normalized FB asymmetry in B —
K*€* €~ is given by [105]

Apg(2) = _%WZVMPZ/\(] - 471%2)

x I:Re(C‘g"tC‘l‘z)‘*)VAl + % Re(CHCly"

X AVTy(1 — fing) + ATy (1 + mK*)}], (80)
where
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A=1+my +22 =2z —2m3.(1+2), (81
2
=L, (82)
mg
e = K (83)
mp

Here (dI'/dz) is the B — K*€¢* ¢~ differential decay dis-
tributions and its detailed expression can be seen from
Ref. [105]. The form factors A;, V, T; are calculated in
the light cone QCD approach and their values are given in
[105].

The zero of FB asymmetry is determined by the equa-
tion,

m 1- 20
Re (C5(zp)) = —2—2 ¢t ——0—, 84
(@) = 272G L 6
where z, corresponds to the value of z for which FB
asymmetry is zero, within SM the value of (¢?), for m;, =

4.8 GeV is given by [105]

(g%)o = zoM3 = 2887044 GeV2. (85)

From the left panel of Fig. 6, it is clear that within the
uncertainty, the zero of the FB asymmetry in the SM4 is
consistent with the SM prediction.

In Table V we have made a comparative study between
SM, SM4 and experimental ranges for Apg(g?) in different
g* region and one could see that the SM and SM4 pre-
dictions are within the present experimental bound. One
interesting feature of data is that for low g (first two bins),
the central value (with appreciable errors) of Agg is posi-
tive whereas SM predicts negative Arg for these bins. Note
also that there are deviations between SM and SM4 pre-
dicted FB asymmetries in some regions of g2, for example,
g% (GeV?) with values in between (0.6 — 1.0), (6.0 —
8.0), and (16.5 — 18.0) the lower limit of SM4 predicted

0.4

03F}

02r

*

Agg(2)(B->K I'1")

0.1r

OF

0.1 1

-0.2

FIG. 6 (color online).
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values are lower in magnitude than that for SM predictions;
these differences are more prominent for m, = 600 GeV
(see Table V).

F. B, — "1~ decay

The purely leptonic decays B, — [T1~, where [ = e, u,
7, are chirally suppressed within the SM and hence have
appreciably smaller branching ratios as compared to that of
the semileptonic decays. The helicity suppression is more
dominant in the case of B, —ete” and B, — u*u~
which have branching ratio of ~(7.7 + 0.74) X 10~
and ~(3.35 = 0.32) X 107, respectively [106], within
the SM. However, the suppression is evaded to some extent
in the case of B, — 7" 7 due to the large m,, which has a
branching ratio of ~1077. These decays are yet to be
observed experimentally. The present upper bound on
B, — e¢te” and B, — u* u~ are [60]

Br(B, — ete™) <0.28 X 1079,

. s (86)
Br(B, — u"u™) <3.60 X 1078,

As far as the 7 channel is concerned, the current experi-
mental information is rather poor. Using the LEP data on
B — 7v decays, the indirect bound on Br(B;, — 7" 77) is
obtained to be [107]

Br(B, — 7t77) <5%. (87)

Though the decay B, — 777~ has relatively larger
branching ratio compared to B, — e*e” and B, —
ut ™, its observation will also be extremely difficult as
the reconstruction of 7 is a very challenging task. However,
the upcoming experiments at the LHC can reach the SM
sensitivity of B, — u* u~ and hence it can serve as an
important probe to test the SM and constrain many new
physics models. The LHCb will be able to probe the SM
predictions for B, — u"u~ at 30 with 2 fb~! of data
[108] whereas the ATLAS and CMS will be able to recon-

0.5
0.45
04+t
0351
03F}
025
02r
015
0.1r
0.05

*

Arg(2)(B->K I'T)

0 1 1 1 1 1
16.5 17 17.5 18 18.5 19 19.5
o° (GeV)?

FB-asymmetry in B — K*£ €~ in the low-g? (left panel) and the high-¢> region (right panel). The red and the

blue regions correspond to m, = 400 and 600 GeV, respectively, and the grey region represents the SM prediction.
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TABLE V. Values of FB asymmetry in different ¢> region.

q2 (Gevz/CZ) Arp

exp SM m, = 400 GeV m, = 600 GeV
0.6-1.0 0.47+938 (—0.18 — —0.19) (—0.13— —0.19) (—0.08 — —0.19)
1.0-6.0 0.26723% (—02-0.2) (—02-0.2) (—02-02)
6.0-8.0 0.45+931 (0.19 — 0.30) (0.17 — 0.28) (0.11 — 0.30)
16.5-18.0 0.66+12 (0.28 — 0.49) (0.25 — 0.45) 0.15 — 0.47
18.0-19.5 For (¢% > 16) (0.003 — 0.30) (0.003 — 0.27) 0.003 — 0.28

struct the B; — u* u~ signal at 30 with 30 fb~! of data
collection [109].

Here we study the decay B, —» u*u~ and B, — 777~
in the context of SM4.* Within the SM4, the branching

ratio of B, — [*]~ is given by

G2a? mg. mlfB Tp,
1673

X 4ml |Ctot 2_ (88)
\J B

The branching ratio of B, — [*1~ can be predicted with
higher accuracy by correlating it with the B; — B, mixing
and then considerable uncertainty due to mixing angle and
S, gets removed. We have

3atry m? 4m? |C'3|?
L B T ml SV
8B, my, |A |

(89)

Br(B, — I"I") = \AME

Br(B, — [*]7)

where B, is the “‘bag parameter” for B, mesons for which
the lattice result is given by [110],

B,, = 1.33 + 0.06, (90)

however, in order to be conservative we use the value
1.33 = 0.15. In Eq. (89) the parameter A’ is defined as

(Vt/ V#; )2
A’=[nS () + s Ven)
t90\At t (Vllvvlb)z

(Vz sv/h)
VisVi

So(xy)

+ 24 So(xy, xt’)] On

In Fig. 7 we have shown the correlation between the
branching fraction Br(B; — €¢*€~) and CP asymmetry in
B, — ¢, it is clear that there are possibilities for appre-
ciably different predictions in SM4 compared to SM, en-
hanced or diminished by a factor of O(3). Note also that
enhanced branching fractions correspond to a large CP
asymmetry in B; — /¢ and smaller branching fractions
correspond to smaller asymmetry. The corresponding

“As mentioned in the introduction, the contribution to these
processes from 4th generation heavy leptons is being neglected
here.

upper limit on the branching fractions are given by,

Br(B, — utu")<80x10"°  my, =400 GeV,
< 12X 1078 my = 600 GeV,
Br(B, —» r"77)<1.8X107° my = 400 GeV,
<24 %1079, my = 600 GeV.
92)

However, when S v is close to its SM value, i.e. when the
CP violating phase ¢; of V,; is close to zero, the branch-
ing fractions reduce from their SM value since |Ci}| and 6’
in Eq. (91) are reduced from its SM value due to destruc-
tive interference with SM4 counterpart.

G. Branching fraction B — X,vv

The decays B — X,vv are the theoretically cleanest
decays in the field of rare B-decays. They are dominated
by the same Z°-penguin and box diagrams involving top
quark exchanges which we encounter in the case of K; —
7 v D, since the change of the external quark flavors has no
impact on the m,,, dependence, the later is fully described
by the function X(x,/,) which includes the NLO correc-
tions. The charm contribution is negligible here. The ef-

fective Hamiltonian for the decay B — X, v7 is given by °

GF o

ﬂeff \/— Darsin? (V;ka,YX(xl) +V z’dX(xz’))
X (bs)V*A(VV)V*A + H.c. (93)
with
2+x 3x—6
X(x) = [ + 17 1nx]. (94)

The calculation of the branching fractions for B — X,vv
can be done in the spectator model corrected for short-
distance QCD effects. Normalizing it to Br(B — X, .vv)
and summing over three neutrino flavors one finds [64,111]

5 As mentioned in the introduction, the contribution to these
processes from 4th generation heavy leptons is being neglected
here.

033009-13



SONI et al.
1.2e-08 T T T T
1e-08 |
2 8e-09f
=,
A
o 6e-09
m
D 4e09f
2e-09

PHYSICAL REVIEW D 82, 033009 (2010)

2.4e-06 1
2.1e-06
1.8e-06
1.5e-06
1.2e-06

9e-07

Br( Bg > 1)

6e-07
3e-07

FIG. 7 (color online). Correlation between branching fraction in B, — u* u~ (left panel) and B, — 7+ 7~ (right panel) with S Vb
where the red and blue regions correspond to m, = 400 and 600 GeV, respectively, the horizontal lines represent the SM limit for
Br(B; — €*€~) whereas the vertical lines represent the 20" experimental range for S ,.

Br(B — X,vD) 3a? 7 1 LX)
= X
Br(B— X.ep) 4msin*@y f(2)k(z) [V |2
+ A X (xp)?
C*n
___¢n 95
Vo2 F R ©
where

V:}, Vt’s Xo(xz') 2

C2 = (CM)? |1+ L :
thts XO(xt)

(96)

with

2

a *
S0 [V, VisXo(x,)I2.
W

97
272sin N

(CvSM)z —
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FIG. 8 (color online). Correlation between branching fraction
in B— X,vv and S, where the red and blue regions corre-
spond to m, = 400 and 600 GeV, respectively, the horizontal
lines represent the SM limit for Br(B — X,v7) whereas the
vertical lines represent the 20~ experimental range for S,4.

The factor 7 represents the QCD correction to the matrix
element of the b — svv transition due to virtual and
bremsstrahlung contributions and is given by the well-
known expression

7=x0)=1+ 2a,m,) (é —

i 17 ) ~ 0.83.  (98)

The SM4 predicted branching fraction (Fig. 8) Br(B —
X,vv) could be sufficiently larger than its SM limit,
(3.66 — 4.01) X 10> [64] within the uncertainties, for
values of S, sufficiently away from its SM predictions.
We are constraining A{ = V,,V}, using CKM4 unitarity
with A% = V,, V7 as free parameter, with the change of
phase and amplitude of Af, |Aj| increases from its SM
value resulting an overall enhancement of Br(B — X,vv)
from its SM prediction. For values of ¢7 close to 80°, the
terms within modulus in Eq. (96) and (97) have their
maximum values and so the branching fraction is suffi-
ciently larger than its SM prediction and reach its maxi-
mum value 4.8 X 107>, In passing, we note incidentally
that the upper limit that we have obtained for SM4 is
consistent with that obtained in Ref. [112], in models
with minimal flavor violation (MFV), and with the present
experimental bound 6.4 X 104 [113].

H. Branching fraction K™ — 7" vv

Although we have taken branching fraction for K™ —
7t v as a constrain to fit Vegyu, in Fig. 9 we show the
effect of SM4; note that in the left panel only the 1o range
for the branching fraction using the constraints given in the
Table I [except Br(K* — 7+ v)] is shown.®

“The right panel is added in our version 2 to facilitate direct
comparison with [72].
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represent 1o limit for SM and experimental value, respectively. Left panel shows only 1o range expected in SM4; full range is shown

in the right panel.

From Fig. 9 one could see that the Br(K* — 7t vd)
could be enhanced to its present experimental upper limit.
In order to understand the nature of the plot one needs to
concentrate on Eq. (41), and it is important to note that
Br(K™ — 7" v¥) is dominated by the second term of the
expression i.e. the term proportional to Re(A,) it should
also be noted that the SM and SM4 part for each term has a
relative sign difference. When ds is negative [i.e. when
d)? has values in between (0—80) ] and ¢‘th > 270° the
branching fraction will decrease because of the destructive
interference between SM and SM4 part in the second term
of Eq. (41). For ¢ in between (90-180)° the branching
fraction have values above the SM value it is due to
constructive interference between SM and SM4 in the
second term of Eq. (41).

Present NNLO predictions for branching fraction for
K* — 7" v within SM is given by [114]

(8.5 +0.7) x 10711

Br (K" — wtvp) = (99)

and the SM4 1o limit on Br(K™ — 7" v¥) is given by

Br(Kt — 7T vp) = (4.0 — 12.0) X 107!1;

my = 400 GeV,
Br(K™ — 7tvp) = (4.0 — 13.0) X 107 '1;
m, = 600 GeV. (100)

Again these upper limits are consistent with the 95%
confidence level limit obtained in Ref. [112] calculated
in the MFV model.

I. Branching fraction K, — 7'vi

The effective Hamiltonian for K, — #7%v can be writ-

ten as

Hey = (Vn ViaX(x,) + V5 Vi X(xp))

(101)

\/_251

X (sd)V,A(VV)V,A + H.c.

Within SM K; — 7%v# decay, proceeds almost entirely
through CP violation, is completely dominated by short-
distance loop diagrams with top quark exchanges, here the
charm contribution can be fully neglected.

The branching fraction of K; — 7%v¥ can be written as

follows
2
xw) ]

(102)

TImA,
Br (K, — 7m'vp) = KL.[( n; X(x,) +

with

T, T(KL)

= =1.80 X 10710
A e

(103)

k4 and rg, = 0.944 summarizing isospin breaking correc-
tions in relating K, — 7°vv to K™ — 7% ™ v. The current
value of branching fraction for K, — 7°v# with SM is

given by [114]

Br(K, — 7%vp) = (2.76 = 0.40) X 107", (104)

In Fig. 10, the variation of branching fraction Br(K; —
7' v¥) with the phase d)f,“' is shown.” We note that with the
constraint on Br(K* — 7" v¥) (Table I), while, in princi-
ple Br(K;, — 7 v¥) could be enhanced as much as 1.2 X
10~? (right panel Fig. 10), the expected 1o range in SM4
(left panel Fig. 10) is only to 7 X 10~ !, however, at 95%
CL the value could be enhanced to 8 X 1070, The branch-

"The right panel is added in our revised version to facilitate
direct comparison with [72].
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ing fraction has its maximum value when the phase d)j’,s has
the value =90° and 270° since SM4 contribution picks up
its maximum value at those points [Eq. (102)].

The SM4 10 limit on Br(K, — #%v) is given by

Br(K, — 7'vp) = (1.0 = 5.2) X 10~ 1;

my = 400 GeV,
Br(K; — 7'vp) = (1.0 — 6.2) X 10~ '1;
m, = 600 GeV, (105)

the upper limits are consistent with the limit calculated in
Ref. [112].

J. CP violation in B — K modes

The observed data from the currently running two asym-
metric B factories are almost consistent with the SM
predictions and till now there is no compelling evidence
for new physics. However, there are some interesting de-
viations from the SM associated with the b — s transitions,
which provide us with possible indication of new physics.
For example, the mixing induced CP asymmetries in many
b — sgq penguin-dominated modes do not seem to agree
with the SM expectations. The measured values in such
modes follow the trend Ssq PR sin2 3 [5,60], whereas in the
SM they are expected to be similar [115,116]. In this
context, B — wK decay modes, which receive dominant
contributions from b — s mediated QCD penguins in the
SM, provide another testing ground to look for new
physics.

The first one is the difference in direct CP asymmetries
in B~ — 7°k~ and B — #"K~ modes. These two
modes receive similar dominating contributions from tree
and penguin diagrams and hence one would naively expect
that these two channels will have the same direct CP
asymmetries i.e., A og- = A +x-. In the QCD factori-

zation approach, the difference between these asymmetries
is found to be [3]

AMep=Ap o — Ay = (25 1.5%  (106)

whereas the corresponding experimental value [60] is

AAcp = (14.8 + 2.8)%, (107)

which yields nearly 40 deviation.

The second anomaly is associated with the mixing-
induced CP asymmetry in B — 7°K° mode. The time-
dependent CP asymmetry in this mode is defined as

['(B%(1) — 7°K,) — T'(B(t) — #°K,)
I'(B(r) — 7°K,) + I'(B(r) — #°K,)
= Ajog cos(AMyt) + S0k sin(AM 1),

(108)

and in the pure QCD penguin limit one expects A ox = 0
and S ox =~ sin(28). Small nonpenguin contributions do
provide some corrections to these asymmetry parameters
and it has been shown in Refs. [117-119] that these cor-
rections generally tend to increase Sg,o from its pure
penguin limit of (sin23) by a modest amount i.e., S 0x =~
0.8. Recently, using isospin symmetry it has been shown in
[120-122] that the standard model favors a large S ox =

0.99.
However, the recent results from Belle [123] and BABAR
[124] are

Apg = 0.14 = 0.13 = 0.06,
Spx = 0.67 = 0.31 = 0.08

Apg = —0.13 £ 0.13 = 0.03,
Spx = 0.55%0.20+0.03 (BABAR)

(Belle)
(109)

with average

033009-16



STANDARD MODEL WITH FOUR GENERATIONS: ...

Aqpog. = —0.01 £0.10, Spx =0.57+0.17. (110)

As seen from (110), the observed value of S0 is found to

be smaller than the present world average value of sin23 =
0.672 = 0.024 measured in b — ccs transitions [60] by
nearly 1o and the deviation from the SM expectation given
above is possibly even larger. This deviation which is
opposite to the SM expectation, implies the possible pres-
ence of new physics in the B — K°7% decay amplitude. In
the SM, this decay mode receives contributions from QCD
penguin (P), electroweak penguin (Pgw), and color-
suppressed tree (C) diagrams, which follow the hierarch-
ical pattern P:Pgy:C = 1:A:A%, where A = 0.2257 is the
Wolfenstein expansion parameter. Thus, accepting the
above discrepancy seriously one can see that the electro-
weak penguin sector is the best place to search for new
physics.

To account for these discrepancies here we consider the
effect of sequential fourth generation quarks [20,44—47]. In
the SM, the relevant effective Hamiltonian describing the
decay modes B — 7K is given by

G . L

HSt]\t/[ = —FI:VubVl:ts(CIOI + C202) - thVt:v Z C,O,]
VE i=3

(111)

V2A(B™ — 1K) = A (Aqr(ay + Bo) + Agray) + >

p=u,c

PHYSICAL REVIEW D 82, 033009 (2010)

With a sequential fourth generation, the Wilson coeffi-
cients C;’s will be modified due to the new contributions
from ¢ quark in the loop. Furthermore, due to the presence
of the # quark the unitarity condition becomes A, + A, +
A+ Ay =0, where A, =V, V.

Thus, including the fourth generation and replacing

A, = —(A, + A, + Ay), the modified Hamiltonian be-
comes
Gr
H oy = NG A(C 0 + C,0,)

10 10
— LD CO =AY c;’oi]
i=3 i=3

G 10
= \/g[m(clol + C,0, + ; C,-o,-)

10 10
+A D CO; =AY AC,-O,.],
i=3

i=3

(112)

where AC;’s
contributions.

Thus, one can obtain the transition amplitudes in the
QCD factorization approach as [39,40]

are the effective (¢ subtracted) ¢

3
p(A,,K(ag Tl gy + B+ Blew) + —A,gwang)

2

3
- /\,/(Aw,e(Acu + Aagpw + ABs + ABspw) + EAI?ﬂ-Aa&EW)’

) ) 1
A(BO — 7K ) = /\Lt(A’JTKal) + Z )\pAWK(aZ + aé’:,EW + Bg B EB?,EW)

p=u,c

1
_'AHAWR<ACL1+'AOMEW7+ZAB3__szﬁaEW)y

_ _ 1
V2A(B° — 7°K%) = M Agzarn + D Ap[Aﬂ,g(—af{ +35

p=u,c

1 1 3
- /\,/I:Awk<—Aa4 + EAOM,EW —AB; + EAB&EW) + —ARWAO%,EW]:

where

G
A,T,g=i\/—gM§FgﬂfK and
G
Ajy = i—=M3FE~Kf .

= =
RN
These amplitudes can be symbolically represented as

Amp = A A, + A A, — AAy. (115)

(114)

A’s contain the weak phase information and A;’s are asso-
ciated with the strong phases. Thus one can explicitly

3

1
afl),EW - ﬁg + §B§,EW) + EAkarag,Ew]

5 (113)

separate the strong and weak phases and write the ampli-
tudes as

Amp = A Al + rae’® =Y — ppei®+¢)]  (116)

where a = |A, /A, b = |As/A.|, —7 is the weak phase of
V., and ¢, is the weak phase of A,. r = |A,/A.|, ¥ =
|A;/A.|, and 8, (8,) is the relative strong phases between
A, and A. (A, and A,). From these amplitudes one can
obtain the direct and mixing induced CP asymmetry pa-
rameters as
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2[rasind, siny + r'bsind, sing; + rr'absin(d, — 8,) sin(y + ¢,)]

A7TK

a [R + 2racosd, cosy — 2r'b cosd, cos¢p, — 2rr'ab cos(5, — 8;) cos(y + ¢,)]

M (117)

S77'K

where R = 1 + (ra)* + (+'b)? and

X = sin2B + 2racosd; sin(2B + 7y)
— 2r'bcosd, sin(23 — ¢,) + (ra)?sin(28 + 27y)
+ (r'b)?sin(2B — 2¢p) — 2rr'ab cos(8, — §,)

X sin(2B +y — ). (118)

To find out the new contributions due to the fourth
generation effect, first we have to evaluate the new
Wilson coefficients C?. The values of these coefficients
at the My, scale can be obtained from the corresponding
contributions from the ¢ quark by replacing the mass of ¢
quark in the Inami-Lim functions [125] by # mass. These
values can then be evolved to the m, scale using the
renormalization group equation [67]

C(my) = Us(my, My, @)C(My), (119)

where C is the 10 X 1 column vector of the Wilson coef-
ficients and Us is the five flavor 10 X 10 evolution matrix.
The explicit forms of C(My,) and Us(m,, My, @) are given
in [67]. The values of AC;—,_;y(m;) in the NLO approxi-
mation and the coefficients of the dipole operators C%fyf and
Cgif in the LO for different m, values are presented in
Table VI.

For numerical evaluation, we use input parameters as
follows. For the form factors and decay constants we use
FE=K(0) = 0.34 = 0.05, F§~™(0) = 0.28 =0.05, f, =
0.131 GeV, fx = 0.16 GeV and for Gegenbauer moments
we use Az = 350 = 150 MeV [40]. We varied the hard
spectator and annihilation phases ¢,  in the entire range
i.e., between [—r, 77], imposing the constraint that the
corresponding branching ratios should be within the three

TABLE VI. Values of the Wilson coefficients AC;’s at differ-
ent b-mass scale.

my (in GeV) 400 600
ACz(my) 0.628 1.471
AC4(my) —0.274 —0.578
ACs(my) 0.042 0.086
ACg(my) —0.206 —0.362
AC;(my) 0.443 1.072
ACg(my) 0.168 0.407
ACy(my) —1.926 —4.465
ACy(my) 0.433 1.005
AC(m,) —5.667 —7.239
AC§gf(mh) —1.452 —1.728

" R+ 2ra cosd; cosy — 2r'b cosd, cosp, — 2rr’ab cos(d, — &) cos(y + ¢,)’

sigma experimental range. Also we have included 20%
uncertainty in Agcp ie., we varied Agep = 225 MeV
from its nominal value in SM3 [40] by *=45 MeV, which
enters in the hard spectator contribution.® Since Az and
Aqcp were previously fixed to 200 MeV and 225 MeV,
respectively, to fit the data interpreted in SM3, it may not
be unreasonable to assume small changes for SM4. For the
CKM matrix elements we use values as given in the
Table III. We have also used the range of A, and ¢, as
obtained from the fit for different m,.

Using these values we show the allowed regions in the
AAcp — A, plane for different values of m, in Fig. 11 and
we note that an enhancement in AAcp upto the current 1o
experimental upper bound (= 17.6%) is possible for
largeish strong phases, ¢4y ~ (=45 — —90)°. The cor-
relation plots between mixing induced and direct CP
asymmetry parameters in B — 7°K° modes are shown
in Fig. 12.

K. CP violation in B® — #%7% modes

As discussed earlier there exists several hints for the
possible existence of new physics in the b — s sector. So
the next obvious question is: Do the b — d penguin am-
plitudes also have significant new physics contribution?
The present data does not provide any conclusive answer to
it. The obvious example is the B — 77 processes, which
receive dominant contribution from b — u tree and from
b — d penguin diagrams. The present data [60] are pre-
sented in Table VII. Thus, it can be seen that the measured
value of Br(B® — 7°7°) is nearly 2 times larger than the
corresponding theoretical predictions [40,126]. Also the
measured values of direct CP asymmetry parameters
A, +,- and A_o_o are higher than the corresponding SM
predictions [40]. Thus, the discrepancy between the theo-
retical and the measured quantities imply that there may
also be some new physics effect in the b — d penguins as
speculated in b — s penguins.

Let us first write down the most general topological
amplitudes for B — 77 modes as

V2ABY — 7wt 7% = —(T + C + P,,),
AB’ - 7wtm™) = —(T + P),
V2(B® = 7070) = —(C = (P — Pqy)).

(120)

8The corres onding choices in the scenario S4 of [40] are
given by Fg* (0) = 0.31, Fg“”(O) =0.25, f=0.131 GeV,
fx =0.16 GeV, Ag =200 MeV, ¢,y = —55°, and Agep =
225 MeV
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FIG. 11 (color online). The allowed range of the CP asymme-
try difference (AAcp) in the (AAcp — A}) plane, where the red
and blue regions correspond to m, = 400 and 600 GeV; grey
shaded regions correspond to the uncertainties due to hadronic
parameters.

From the above relations it can be seen that if there will be
additional new contribution to the penguin sector with
other amplitudes as expected in SM4 then that may explain
B — mm observations.

As discussed earlier, due to the presence of the addi-
tional generation of quarks the unitarity condition becomes
|

PHYSICAL REVIEW D 82, 033009 (2010)

TABLE VII. Experimental results for B — 777 processes.

Decay mode HFAG average

10° X Br(B® — 7t 7 7) 5.16 £0.22
10° X Br(B~ — 7~ #°) 5.59 +0.41
10% X Br(B® — #%79) 1.55 +0.19
- —0.65 = 0.07
A - 0.38 = 0.06
A~ o 0.06 = 0.05
A0 0.431023

A, + A, + A, + Ay = 0. Thus, including the new contri-
butions one can symbolically represent these amplitudes as

Amp = MAZ + AL — MA,,
= MA1 = ria, et — plb P2t ¢d] (121)

where by = |A9/Ad], ¢, is the weak phase of A[. r} =
|Apew/A%], and 84 is the relative strong phases between
Apew and A?. Thus from the above amplitude one can
obtain the CP averaged branching ratio, direct and mixing
induced CP asymmetry parameters as

(122)

Br = |:;_%[TRI — 2ra; cosdY cosy — 2r| by cosd4 cos(¢py + y) + 2riria by cos(8§ — 89) cosy],
B
A _ 2[ria; sind¢ siny + ¥\ by sind4 sin(p, + y) + rirja,b; sin(8¢ — 89) sing 4]
T [R, = 2r1a; cosd¢ cosy — 2ri by cosdd cos(p, + y) + 2r 7haby cos(84 — 8¢) cosdp,]’
X,
S7T7T =
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FIG. 12 (color online).
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Correlation plots between the mixing induced CP asymmetry S o, and the direct CP asymmetry A ox in

the SM (left panel) and in the fourth generation model (right panel) where the red and blue regions correspond to m, = 400 and
600 GeV. The horizontal and vertical lines represent 1o experimental allowed ranges.
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BrX 108

FIG. 13 (color online). The correlation plot between the direct
CP asymmetry and the CP-averaged branching ratio for the
B? — 71977% process where the grey region corresponds to the
SM result and the red and blue regions correspond to m, = 400
and 600 GeV, respectively. The horizontal and vertical lines
represent the 1-o experimental range of the corresponding
observables.

where

X, = —[sin(2B + 2y) — 2rja, cos8?sin(23 + )
+ 2r b, cos8dsin(p, — (2B + v))
+ (rya;)?*sin2B) + (r|b)?*sin2p, — 23)

— 2rrja by cos(8¢ — 89) sin(py — 28)]. (123)

and R, =1+ (rja;)* + (r}b;)*>. Now varying A;f be-
tween 0 and 1.5 X 10™* and ¢, between (0-360)° we
present the correlation plot between the direct CP asym-
metry parameter and branching ratio in Fig. 13. From the
figure one can see that the observed data could be accom-
modated in the SM with four generations.

IV. SUMMARY AND OUTLOOK

Standard model with four generations should be consid-
ered seriously. We do not have a good understanding of
fermion generations. We have already seen three; why not
the fourth? Electroweak precision tests do not rule out the
existence of a fourth family, though they do require that the
mass difference between the ¢ and the b’ be less than about
75 GeV. This degeneracy amounting to O(10%) for =
500 GeV masses does not seem so serious. Of course,
the electroweak precision tests suggest then a possible
heavy Higgs particle but this actually may be hinting at a
very interesting resolution to the hierarchy puzzle. This is
because heavier quarks of the 4th generation can play a
significant role in dynamical electroweak-symmetry break-
ing, i.e. a composite Higgs particle.

Another extremely interesting implication of a 4th fam-
ily is the gigantic improvement over the three generation
case in the context of baryogenesis, as, in particular, em-
phasized by Hou [17].
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These two implications of a 4th family are in themselves
so interesting, if not profound, that even though at this time
the repercussions for dark matter and/or unification are not
quite clear, the idea should be given a serious
consideration.

Although one of us (A. S.) had gotten already interested
and involved in the physics of the 4th generation over 20
years ago, our recent interest was instigated by the fact that
this obvious extension of the standard model offers a
simple solution to many of the anomalies that have been
seen in B, B, decays. For one thing the predicted value of
sin2 3 in the SM is coming out to be too high from the one
directly measured via the gold-plated ¢ K; mode. Besides,
the value of sin23 measured via many of the penguin-
dominated modes is systematically coming out to be
smaller than the predicted value. Then there is the very
large difference in the direct CP asymmetry between
K*7~ and K* 7° decays of the B® and B*. Finally, there
is the fact that both CDF and DO find that B, — ¢ ¢» decays
are exhibiting O(20) nonvanishing CP asymmetries
whereas SM predicts vanishing small asymmetry.

The effect seen in By — ¢ at Fermilab is doubly
significant. First of all two of the anomalies discussed
above that were seen at B-factories taken seriously suggest
a nonstandard CP-odd phase in b — s transitions. That
then makes it extremely difficult, if not impossible, for
new physics not to show up as well in B mixing; thus the
B-factory anomalies basically imply nonstandard CP ef-
fects in mixing induced CP-asymmetry in B; —  ¢. The
second crucial aspect of the CP asymmetry in B, — ¢ ¢ is
that it is a gold-plated effect; that is, the fact that in the SM
CP asymmetry in that mode should be vanishingly small is
a very clean prediction with no serious hadronic uncer-
tainty. Therefore, it is extremely important that Fermilab
gives very high priority to confirming or refuting this
effect. In fact very soon the LHCb experiment at CERN
should also be able to study this mode and clarify this issue.

In an earlier paper we had focused on studying the CP
anomalies seen in B, B, decays in SM4 mentioned above;
we found that the SM4 offers a simple explanation for most
of the anomalies with the heavy quarks of mass around
400-600 GeV. This paper is a follow up wherein we further
explore the implications of SM4 for K and B, B, decays.
By using a host of measurements in K, B, B, decays such
as indirect CP violation parameter €x, K™ — 7t v, mix-
ing induced CP asymmetry in B — K, Br(B — X,7y),
semileptonic decays of B etc. along with oblique parame-
ters and Br(Z — bb), we first constrained the enlarged 4 X
4 CKM-matrix. We then explored the implications of the
SM4 for a variety of processes such as acp(B — X,7v),
Br(B.\' - M+Iu‘7)7 aCP(B - Xsl+li)s ASL(BS - XS€V)7
Apg(B— X,I*17), Apg(B— K*I*17), Br(B— X,vv),
CP asymmetries in B — 7K, and in B — 7%z, etc.
We identified many processes wherein SM4 predicts sig-
nificant differences from SM3, e.g. S(B, — ¥ o),
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acp(B— Xyy), acp(B— XJI"17), A (B — X lv),
Br(B — X,vv), Br(B, —» utu™), Br(K, — 7vp), etc.;
thus studies therein should especially provide further
understanding of the parameter space of SM4.

One of the most interesting aspects of the 4th generation
hypothesis is that it is testable relatively easily in the LHC
experiments where in fact it has distinctive signatures [17].
In the coming few years not only should we be able to learn
about the existence or lack thereof of quarks and leptons of
the 4th family, the heavier Higgs that is also favored in the
SM4 scenario should be easier to search for in the LHC
experiments via the gold-plated mode: H — ZZ. Also the
heavy Higgs has interesting implications for flavor-
diagonal and flavor-changing final states involving ¢’ and/
or b’ [127]. Therefore, LHC should shed significant light
on the question of SM4 in the next few years.
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Note added in proof.—After our paper was submitted,
the DO experiment at Fermilab [128,129] announced the
observation of a CP violating dimuon asymmetry, Afl =
—0.00957 = 0.00251 = 0.001 46, which apparently devi-
ates from the expectation of the standard model,
Ab(SM) = (=2.3%32) X 1074, by about 3.20. The mea-
sured asymmetry is a linear combination of the asymmetry
in B, and in B. Using then the measured asymmetry in B,
from the B factories [130], the DO Collaboration shows the
asymmetry in B; mixing is aj, = —0.0146 = 0.0075,
where the stated error is obtained by adding in quadrature
statistical and systematic errors. This measurement differs
from the SM prediction of af,(SM) = (2.1 * 0.6) X 107>
by about 1.9¢. We want to draw attention to the fact that
Fig. 3 in our paper shows that a}; in SM4 can reach around
—0.003 and thus can be a lot bigger than in SM3 but still
seems to be somewhat smaller than the central value of the
DO result.
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