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K,(1270) — K,(1400) mixing and the fourth generation standard model
effects in B — K;l"1~ decays
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The implications of the fourth-generation quarks in the B — K (1270, 1400)¢* €~ with € = u, 7
decays are studied, where the mass eigenstates K(1270) and K,(1400) are the mixture of ! P, and *P,
states with the mixing angle 0. In this context, we have studied various observables like branching ratio
(BR), forward-backward asymmetry (A pp) and longitudinal and transverse helicity fractions (f 7) of
K, meson in B — K€€~ decays. To study these observables, we have used the light-cone QCD sum
rules form factors and set the mixing angle 6 = —34°. It is noticed that the BR is suppressed for
K(1400) as a final state meson compared to that of K;(1270). Same is the case when the final state leptons
are tauons rather than muons. In both the situations, all the above mentioned observables are quite
sensitive to the fourth-generation effects. Hence the measurements of these observables at LHC, for the
above mentioned processes can serve as a good tool to investigate the indirect searches for the existence of

fourth-generation quarks.
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L. INTRODUCTION

The standard model (SM) with one Higgs boson is the
simplest and has been tested with great precision. But with
all of its successes, it has some theoretical shortcomings
which impede its status as a fundamental theory. One such
shortcoming is the so-called hierarchy problem, the various
extensions and the SM differ in the solutions of this prob-
lem. These extensions are: the two Higgs doublet models
(2HDM), minimal supersymmetric SM (MSSM)), universal
extra dimension (UED) model, and SM4. SM4, implying a
fourth family of quarks and leptons seems to be the most
economical in number of additional particles and simpler
in the sense that it does not introduce any new operators. It
thus provides a natural extension of the SM which has been
searched for previously by the LEP and Tevatron and now
will be investigated at the LHC [1]. If a fourth family is
discovered, it is likely to have consequences at least as
profound as those that have emerged from the discovery of
the third family. The fourth-generation SM is not only
provide a simple explanation of the experimental results
which are difficult to reconcile with SM including CP
violation anomaly [2,3] but also give enough CP asymme-
tries to facilitate baryogenesis [4]. By the addition of
fourth-generation Cabibbo-Kobayashi-Maskawa (CKM)
matrix become 4 X 4 unitary matrix which requires six
real parameters and three phases. These two extra phases
imply the possibility of extra sources of CP violation. In
addition, the fact that the heavier quarks (#, b") and leptons
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(', €') of the fourth generation can play a crucial role in
dynamical electroweak symmetry breaking (DEWSB) [5]
as an economical way to address the hierarchy puzzle
which renders this extension of SM. Furthermore, the
LHC will provide a suitable amount of data which en-
lighten these puzzles more clearly as well as decide the
faith of the extra generation to undimmed the smog from
theoretical picture and help us to enhance our theoretical
understanding.

In the past few years, a number of analyses showed:
(a) SM with fourth generation is consistent with the elec-
troweak precision test (EWPT) [6-8] and it is pointed out
in [7-9] that in the presence of fourth generation a heavy
Higgs boson does not contradict with EWPT, (b) SU(5)
gauge coupling unification could be achieved without su-
persymmetry [10], (c) Electroweak baryogenesis can be
accommodated [11] and (d) As mentioned earlier that the
DEWSB might be actuated by the presence of extra gen-
eration [5]. Moreover, the fourth-generation SM, in prin-
ciple, could resolve the certain anomalies present in flavor
changing processes [12]. Also the mismatch in the CP
asymmetry in B — K7 data [13] with the SM [14] as
well as CP violation in B — ¢ K decay may also provide
some hint of new physics (NP) [15]. Henceforth the mea-
surement of different observables in the rare B decays can
also be very helpful to put or check the constraints on the
4th generation parameters.

In general, there are two ways to search the NP: one is
the direct search where we can produce the new particles
by raising the energy of colliders and the other one is
indirect search, i.e. to increase the experimental precision
on the data of different SM processes where the NP effects
can manifest themselves. The processes that are suitable
for indirect searches of NP are those which are forbidden or
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very rare in the SM and can be measured precisely. In this
context, the rare B decays mediated through the flavor
changing neutral current (FCNC) processes provide a po-
tentially effective testing ground to look for the physics in
and beyond the SM. In the SM, these FCNC transitions are
not allowed at tree level but are allowed at loop level
through Glashow-Iliopoulos-Maiani (GIM) mechanism
[16]. In the context of SM, the rare B decays are quite
interesting because they provide a quantitative determina-
tion of the quark flavor rotation matrix, in particular, the
matrix elements V,,, V,, and V,; [17].

The exploration of Physics beyond the SM through
various inclusive B meson decays like B — X, 7€~
and their corresponding exclusive processes, B —
ME* ¢~ with M = K, K*, K|, p etc., have already been
done [18,19]. These studies showed that the above men-
tioned inclusive and exclusive decays of B meson are very
sensitive to the flavor structure of the SM and provide a
windowpane for any NP including the fourth-generation
SM. Therefore, the direct searches like the study of pro-
duction, decay channels and the signals of the existence of
fourth-generation quarks and leptons in the present col-
liders are being performed. Since it is expected that
my > m, thus the fourth-generation quark can be manifest
their indirect existence in the loop diagrams. Because of
this reason, FCNC transitions are at the forefront and one
of the main research direction of all operating B factories
including CLEO, Belle, Tevatron, and LHCb [1]. However,
the studies that involve the direct searches of the fourth-
generation quarks or their indirect searches via FCNC
processes require the values of the quark masses and mix-
ing elements which are not free parameters but rather they
are constrained by experiments [20].

There are two different ways to incorporate the NP
effects in the rare decays, one through the Wilson coeffi-
cients and the other through new operators which are
absent in the SM. In the fourth-generation SM the NP
arises due to the modified Wilson coefficients CSff, Cgif
and Cf as the fourth-generation quark (') contributes in
b — s(d) transition at the loop level along with other
quarks u, ¢ and ¢ of SM. It is necessary to mention here
the FCNC decay modes like B— X, {t¢~.B— K*{"{~
[21] and B — K€" €~ are also very useful in the determi-
nation of precise values of CSff, C§ and C$H Wilson
coefficients [22] as well as sign information on Cf.
Moreover, the measured branching ratio b — sy by
CLEO [23] has been used to constraint the Wilson coeffi-
cient C<ff [24].

With our motivation stated above, the complementary
information from the rare B decays is necessary for the
indirect searches of NP including fourth generation. This
complementary investigation improve the precession of
SM parameters which are helpful in discovery of the NP.
In this connection, like the rare semileptonic decays involv-
ing B— (X, K", K){*¢~, the B—K;(1270,1400)¢" €~
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decays are also rich in phenomenology for the NP [25]. In
some sense they are more interesting and more sophisti-
cated to NP since they are mixture of K4 and Kz, where
K4 and Kp are 3P, and 'P, states, respectively. The
physical states K;(1270) and K,(1400) can be obtained by
the mixing of K, and K3 as

|K1(1270)> = |K1A>Sin0[( + |K]B> COSGK, (la)
|K,(1400)) = |K 4 )cosOg — |K,p)sinfg,  (1b)

where the magnitude of mixing angel 6 has been estimated
to be 34° = |0x| = 58° in Ref. [26]. Recently, from the
study of B — K;(1270)y and 7 — K;(1270)v,, the value of
0k has been estimated to be 0 = —(34 = 13)°, where the
minus sign of 6 is related to the chosen phase of |K4) and
|K,5) [27]. Getting an independent conformation of this
value of mixing angle 0 is by itself interesting. As we shall
see that this particular choice suppresses the BR for
K(1400) in the final state compared to K,;(1270), which
can be tested.

Many studies have already shown [25] that the observ-
ables like branching ratio (BZR), forward-backward
asymmetry (App) and helicity fractions f; r for semi-
leptonic B decays are greatly influenced under different
scenarios beyond the SM. Therefore, the precise measure-
ment of these observables will play an important role in the
indirect searches of NP. In this respect, it is natural to
ask how these observables are influenced by the fourth-
generation parameters. The purpose of present study
addresses this question i.e. investigate the possibility
of searching NP due to the fourth-generation SM in
B — K (1270, 1400)¢* €~ decays with € = u, 7 using
the above mentioned observables.

The plan of the manuscript is as follows. In Sec. II, we
fill our toolbox with the theoretical framework needed to
study the said process in the fourth-generation SM. In
Sec. , we present the mixing of K;(1270) and K,;(1400)
and the form factors used in this study. In Sec. III, we
discuss the observables of B— K;€*€~ in detail. In
Sec. IV, we give the numerical analysis of our observables
and discuss the sensitivity of these observables with the
fourth-generation SM scenario. We conclude our findings
in Sec. V.

II. THEORETICAL FRAMEWORK

At the quark level B — K,(1270, 1400)¢* €~ decays are
induced by the transition b — s€*€~, which in the SM, is
described by the following effective Hamiltonian

LTIV & G
v V,hvm[i_zl C,(mo,(m], ®)

H eff =
where O;(u) (i = 1,..., 10) are the four-quark operators
and C;(u) are the corresponding Wilson coefficients at the
energy scale p [28]. Using renormalization group equa-
tions to resum the QCD corrections, Wilson coefficients
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are evaluated at the energy scale u = m,,. The theoretical
uncertainties associated with the renormalization scale
can be considerably reduced when the next-to-leading-
logarithm corrections are included.

The explicit expressions of the operators responsible for
exclusive B — K (1270, 1400)¢* €~ decays are given by

2

¢ R v
07 = me(SO'#VRb)F’U' , (3)
09 167 Q(S?’MLb)wV“{)) (4)
2
O10 = 16 —— (5y,Lb)({Ly*ys0), )

with- R L= (1=*1vys)/2. In terms of the above
Hamiltonian, the free quark decay amplitude for
b — s€* €~ can be written as:

j\/l SM(b - S€+€_)

Gra
- v,hv;;{ce*fSM<syﬂLb>(eyﬂe>

+ Co(5y , Lb)(Ey* ys0)

—ZmbC$ffSM<§i(rw,%Rb)(f)f”{f)} (6)
where ¢ is the momentum transfer. The operator O, can
not be induced by the insertion of four-quark operators
because of the absence of the neutral Z boson in the
effective theory. Hence, the Wilson coefficient C is not
renormalized under QCD corrections and therefore it is
independent of the energy scale. In addition to this, the
above quark level decay amplitude can take contributions
from the matrix elements of four-quark operators,

(€€ s0;|b), which are usually absorbed into the
effective Wilson coefficient C§i' SM(u), which can be de-
composed into the following three parts [18,19]

CSH‘SM(M) = C9(/*L) + YSD(Z) S/) + YLD(Z’ S/))

where the parameters z and s’ are defined as z =
m./my, s' = q*/m3. Ysp(z, s') describe the short-distance
contributions from four-quark operators far away from the
cc resonance regions, which can be calculated reliably in
the perturbative theory. The long-distance contributions
Y; p(z, ') from four-quark operators near the ¢¢ resonance
cannot be calculated from first principles of QCD and are
usually parameterized in the form of a phenomenological
Breit-Wigner formula, by making use of the vacuum satu-
ration approximation and quark-hadron duality. The ex-
plicit expressions for Yy (z, s') and Y; p(z, ') are
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Ysp(z,s") =h(z, s {3C1 () + Co(u) +3C5(u)
+ Cy(u) +3Cs(u) + Col)}

= (L SAC (1) +4C, (1) + 3Cs(w)}
= ShO0.CH () +3C, )}

+2BC () + Culw) +3Cs(w) + o, ()

with
8 8§ 4
h(z, s') = —§lnz+ﬁ+9x——(2+x)|l — x|1/2
In|YI=xt1| — iz for x = 472/s' <1
X :;l—x—l i (8)
2arctan\/f—1 forx =472/s' > 1
8 8 my, 4 4
0, 5') = — — = In"2 — 2 ng’ + ~ i, 9
0, s") > 9H,U« g Ins' +gim 9
and
rwv,—1t1-
Yip(z s C<°) S kit ( ) (10)
v, mv - smb —imyl'y
where C© = 3C, + C, +3C; + C, + 3Cs + Cs.

Irrespective to this, the nonfactorizable effects [29] from
the charm loop can bring about further corrections to the
radiative b — s7y transition, which can be absorbed into
the effective Wilson coefficient CS"SM. Specifically, the
Wilson coefficient C5TSM takes the form [30]

() = () + Cpyy (),

with
2
Coray ()= 577G (x) ~ 0.1687) ~ 0.03Ca() |

an

x(x2 —=5x—2) 3x%n%x

8(x — 1) 4(x — 1)*

where 1 = a,(my)/ay(n), x =mi/m},. C,_, is the
absorptive part for the b — sc¢ — sy rescattering and
we have dropped out the small contributions proportional
to CKM sector V,,;,V,,. Furthermore, in the SM, the zero
position of the forward-backward asymmetry depends only
on the Wilson coefficients [31] which correspond to the
short-distance physics. In the present study, our focus is to
determine the effects of the fourth family of quarks on
different observables. As we will see, the NP effects mod-
ify only the Wilson coefficients. Therefore, we will ignore
the long-distance charmonium cc¢ contributions in our
numerical calculation.

Gl(x)=

12)
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As noted in Sec. I, the NP scenario provided by the
fourth-generation quarks is introduced on the same pattern
as the three generations in the SM. Therefore, the operator
basis are exactly the same as that of the SM, while the
values of Wilson coefficients in Eq. (6) alter according to

Ay
Cgff — Cgff SM + /\_tcgew’
1

Ay
Cgff — Cgff SM 4 /\tt Cr91ew’ (13)
Ceff =Cn+ )\f/ (Chew
10 10 /\t 10 »

where A, = V;, V,; and A, can be parameterized as:
Ao = V5, Viglet, (14)

where ¢ is the phase factor corresponding to the b — s
transition in the fourth-generation SM, which we set 90°
[32] in the forthcoming numerical analysis of different
physical observables. Here V,;, and V, are the elements
of 4 X 4 CKM extended matrix. The new contributions of
the fourth-generation up quark # at loop level in C§™, C§'f
and C$I in Eq. (13) can be obtained from the correspond-
ing SM counterparts by trading, m, — m,. The unitarity
condition of 4 X 4 CKM matrix now takes the form

Vt/bvj;s = _(Vubvzs + Vcbvjs + Vrbv;iv) (15)

If we define Ay = V, V7 then the unitarity relation can be
written in more elegant form

Ae ==X, + A+ A) (16)

Notice that this unitarity relation relates the unknown
parameters in terms of the known parameters. Current
theoretical bound on A, value is A, = 1.5 X 1072 [33].

There are different limits on the lower bound of the
fourth-generation quark masses. The direct searches at
the Tevatron constrained the # mass, m, > 256 GeV at
90% C. L. [34] and by the decay of b’ quark to t and W™,
they set a limit on &’ mass, m;, > 338 GeV at 95% C. L.
[35]. Present searches by CDF(DO0) of fourth-generation ¢/
in their decays to Wq, have excluded ¢’ quark with a mass
below 335(296) GeV at 95% C. L. [36]. In near future, we
will see that these bounds could be considerably improved
at LHC. Moreover, the fourth-generation quark masses are
constrained by the perturbative unitarity of heavy-fermion
scattering amplitudes [37] to be m, = 500 ~ 600 GeV.
However, in our numerical calculations, we set the bounds
300 = m, = 600 GeV.

A. Form Factors and Mixing of K;(1270) — K,(1400)

The exclusive B — K (1270, 1400)¢* €~ decays involve
the hadronic matrix elements of quark operators given in
Eq. (6) which can be parameterized in terms of the form
factors as:
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(K (k, &)|V,|B(p)) = €}, (Mp + Mg )V,(q%)

Va(q?)

—(pth, (e q——
(p+ k(e Q)MB+M,(1

2My,
q2

[Vi(g?) = Vo(g?)]

7)

—qu(e-q)

2i€,,q
_“t€uvap e pekPA(?)  (18)

(K, (k, &)|A,|B(p)) = My + My

where V,, = 5y, b and A, = 5y, ysb are the vectors and
axial vector currents, involved in the transition matrix,
respectively. Also p(k) are the momenta of the B(K))
mesons and g, correspond to the polarization of the final
state axial vector K; meson. In Eq. (17) we have

M, + M My —M
—L_"Ry(¢r) - —L_"Kv,¢» 19

Vi(g?) =
3(¢%) My, My

|
with
V3(0) = V;(0)
In addition, there is also a contribution from the Penguin
form factors which can be written as
(K, (k &)l5io,,,q"b|B(p))
= [(M} — My )e, — (e~ @)(p + k), IF2(q%)

q2

M(P + k)M:IF3(512) (20)

+ (8$ : Q)[CI/J. -

(K(k, &)l5ic,,,q"ysbIB(p)) = —i€,,ape™ P kPF (%)

(21)

As the physical states K{(1270) and K, (1400) are mixed

states of the K, and K,z with mixing angle 6 as defined

in Egs. (1a) and (1b). The B — K, form factors can be
parameterized as

<<K1(1270)|§7,L(1 - 75)b|3>)
(K1(1400)[57y,,(1 — v5)b|B)
_ M( Kial5y,,(1 - 75)b|B>)

22
(Kypl5y,,(1 — y5)bIB) (22)

<<K1(127O)|§0'W4“(1 + 75)b|3>)
(K(1400)|50,,4*(1 + ys5)b|B)
(<K1A|50'MVQ“(1 + 75)b|3>>
= _ , (23)
(Kygl50,,q"(1 + ys5)b|B)

where the mixing matrix M is
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[ sinfg  cosfg
M= (cos@K — sinfg ) 24

So the form factors A1, Vf 1o and F(If 1o satisfy the
following relation

AK1(1270) AK1A
mpg+ g, (1270) mptmg, ,

AK1(1400) =M AK1z ’ (25)
mp+mg, (1400 mp+mg,

270
((mB + mg, a0V )> _ M((mB + mK,A)Vf('A)

K, (1400) Kip
(mg + mg, (1400) V) (mp + mg, )V,
(26)
k10270 vEA
2 @ 2
mp+mg, (1270 mgt+mg,
K (1400) =M K ’ 27)
\% 1 VZ 1B
2
mpg+ g, (1400) mg+ng,

K,(1270
mg, (1270) Vo 1(1270) iy
yKi(1400) o

Mg (1400) Vo

Ff1(1270) F{(]A
=M , 29
F{(‘(MOO) F{<IB (29)
K, (1270
((m%; - m%(,(1270))F21 )> B M((m% + mﬁ(M)Ff‘A )

K, (1400 K
(m%? + mﬁ(}(MOO))FZ ! ) (m% + m%(m)F2 v

(30)

F§1(1270) Fg(m
=M , (31)
Fg(,(1400) Fg(”*
where we have supposed that ki ;570) ¢ (1400 = Kk, K1y
For the numerical analysis we have used the light-cone
QCD sum rules form factors [38], summarized in

Table I, where the momentum dependence dipole parame-
trization is:
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TX(0)
1 = af(¢*/m3) + b} (g*/m3)*

T = (32)
where T is A, V or F form factors and the subscript i can
take a value O, 1, 2 or 3 the superscript X belongs to K, or
K,y state.

III. PHYSICAL OBSERVABLES

In this section, we calculate some interesting observ-
ables like the branching ratio (BR), forward-backward
asymmetry (App) as well as the helicity fractions of
the final state K| meson and their sensitivity for the NP
due to fourth-generation SM,. From Eq. (6), one can get
the decay amplitudes for B — K,(1270)¢" ¢~ and B —
K,(1400)¢* €~ as

M(B—’ K1€+€7)

GFa = =
= ———V,ViTyty, L+ T €] (33
2\/577 th t‘[V Yu A 7/1.75] ( )
where the functions 7% and T, can be written in terms of
matrix elements and then in auxiliary functions, as

Ty = C{(K, (k e)lsy*(1 — ¥ )bIB(p))  (34)

Ty = C5(K,(k, €)l5y*(1 — v*)b|B(p))
2imb

— Clot 7 (K, (k, €)|50#"(1 + v3)q,b|B(p)) (35)

Ty = f1e""°7e,p,k, = if26"* = f3(q - &)(p* + k*)
(36)

Ty ={fse""*7e,p k, +ifse™ —ifs(q - e)(ph + k*)
+ifolq - £)g"} (37)

One can notice that by using the following Dirac equations
of motion, the last term in the expression of T",‘ will vanish,

g (v, ) = (my —m) g s (38)

g“(Pryuysn) = —(my + ma)dysh,  (39)

TABLE I. B — K, p form factors [38], where a and b are the parameters of the form factors in dipole parametrization.
T (4% 7(0) a b T¥(4?) T(0) a b
v 034 0.635 0211 v —0.29 0.729 0.074
vy 041 1.51 1.18 v —0.17 0919 0.855
Vi 0.22 2.40 1.78 v —0.45 1.34 0.690
AKs 045 1.60 0.974 AKis —0.37 1.72 0912
Flu 0.31 2.01 1.50 Fkie —0.25 1.59 0.790
Fim 031 0.629 0387 FAw -0.25 0378 —0.755
Fim 0.28 1.36 0.720 FAw —0.11 1.61 10.2
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The auxiliary functions appearing in Egs. (36) and (37)
are defined as:

Ceff
f1=4(my + ms)—72{Ff‘A sinfy + Ff“" cosf}
q
Af"‘ sinf g

mpg + n’lKlA

Kip
+A1‘ cosHK} (40)

eff
e { e
1B

Ceff )
fr=2(m, + ms)q—é{(m% — m%(M)Ff‘A sinfg

KIB

+ (mg — my, )F " cosf}

+ Cgff{(mB + mKlA)V]K]A SinHK

+ (mg + my,, )V cosfx} (41)

Ceff K qZFKlA
f3=2(my + ms)—72 {(F2 "t e _3 3
q mp — M,

) sinfg

qZFé(]B

——— | cosf
mg — mg,

K
Vi cosHK>
neg + mKlB

+ (Ff“f +

KlA 3
V5 " sinfg

+ cgff< (42)

nme + mKlA

K .
A% sinf g

mpg + mKlA

K]B
n A COSOK) 3)

fa= 20}%(
mpg + mK]B

f5 = Csi{(mg + mg, VI sing

+ (mp + mg,, )V costg | (44)

KIA 1
eff<V2 sinfg n (45)

Vf”* costg
fe = Cio T
mp mK]A

mp + mKlB

Ceff K P
fo=2 q12° {m,(m(v3 YK singy

+ my, (Vi1 = V") costg | (46)

A. Branching Ratio

The double differential decay rate for B — K€" €~ can
be written as [27,39]

dr’ _ Gia?
dg*dcos® 2Mmm

AV ViPu(g?) X 1M (47)
B

with
|M|? = A(g?)cos?8 + B(q?) cosh + C(q?) (48)

and
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4m?
u(?) = A(l - —;), (49)
q
where
A= A(m3, m%l, q%)
= m% + m‘1‘<1 + q4 — 2m%(1 m% — Zqzm% - 2q2m%<1. (50)

One can get the differential decay rate by performing the
integration on cosé in Eq. (47), so

dr Gra? il
i W|V,,,V,S|2§[2ﬂl(q2) +6B(g*)] (5D

where

AP =32 =4I+ 1P

1

) 2[|f2|2+|f5|2]_

my q

Z(m%—m%(l—qz)
m, q°

A PN
q

2
my

{ARLLA1H RS/ (52)

B(q*) = 4Nf 15 + fufiWa* (> — 4mP)A  (53)

Cla) = 5 (¢* — 4mALLL P + 5P + 81751)

A
+4lH1PCm? + ¢?) + ——[1f2 + Ifs]?
Mg, q

+ Af317 + 1 f6lD] = 20(f2f3) + | fol?4m?q?
+ 20(fsf)lmy — My, — (4m> — ¢*)]
= 8m*N(fsfe) — N(fofe(my + mi,))

1

o P2y + i, =) (59
The kinematical variables used in above equations
are defined as wu=(p—p-)Y—(p—pr)? u=
—u(g?) cosf. Here A is defined in Eq. (50) and 6 is the
angle between the moving direction of €* and B meson in

the center of mass frame of €€~ pair.
It is also very useful to define the branching fractions

R, as:
_ BR(B— K;(1400)¢*¢7)

Re= BR(B— K,(1270)0¢€")

(55)
where € = u, 7.

B. Forward-Backward Asymmetries

In this section we investigate the forward-backward
asymmetry (A pp) of leptons. The measurement of the
A rp at LHC is significant due to the minimal form factors
[31] hence this observable has great importance to
check the more clear signals of any NP than the other
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observables such as branching ratio etc. In the context of
fourth-generation, the A 5 can also play a crucial role
because it is driven by the loop top quark so it is sensitive to
the fourth-generation up type quark ¢ [19].

The differential A 5 of final state lepton for the said
decays can be written as

dArp(q*) _ jl d°T
dq? o0 dg*dcosf

0o 4T
- f ——————dcost (56)
—1dg~dcosf
From experimental point of view the normalized

forward-backward asymmetry is more useful, which is
defined as

dcosé

dcost — [° dcosf

j() dqzdcmﬂ 1 dg?d cos6 dcos&

A
B dcost

flldqdcoé’

The differential Az for B— K;£7€¢~ decays can be
obtained from Eq. (47), as

dA rp(q*) _ _ G

dqz 211 |thVIs| u(‘] )

33(612)
2A(qg%) + 6C(q?)

(57)

where A (q?),
Eqgs. (52)-(54).

B(g?>) and C(g?>) are defined in

C. Helicity Fractions of K; meson

We now discuss helicity fractions of K;(1270, 1400)
meson in B — K€€~ which are interesting observables
and are insensitive to the uncertainties arising due to form
factors and other input parameters. Thus the helicity frac-
tions can be a good tool to test the NP beyond the SM. The
final state meson helicity fractions were already discussed
in the literature for B — K*(K )€€~ decays [39,40].

The explicit expression of the longitudinal (f;) and the
transverse (f7) helicity fractions for B — K€€~ decay
can be obtained by trading |M| to |M,| and | M|,
respectively, in Eq. (47). Here

|ML|2 = DLC0520 + EL (58)
|‘Mi|2 = DiCOSZH + Si (59)
By performing the integration on cos# in Eq. (47), we get

dl,  Gpa? |V, Vil
g’ Tl m, u

() 2IDL) + 36D (©60)

dU'. _ Gpa? |V, Vil
dg? 275 m}

W) STD- () + 36-(g] 6

PHYSICAL REVIEW D 84, 033010 (2011)

where Dy (¢?), D-(¢*), E.(¢*) and E.(g*) can be
parameterized in terms of the auxiliary functions [c.f.
Egs. (40)-(46)] as

DL(QQ) =

Zm% {|f5|2[(m%; - m%(l —g%)? — 16m? mKl]
1

+1A1PCmE, ¢* + ) + Xf51° = 8m?Alfs)?
+4m> @ Al fol> = 2R(fsf5)mp — mg — ¢*)A
— AAR(F2f5) Y — mk, — ¢)

+ Al felP[8(mp + mg, — 4g7)m*> + AT (62)

D () = (@ + 4m2 AL + 4P

+ 4\/X(A~9(fff2) + 3(f4f5))]
+(g* = 4mH)Alf1 1 + 41219 (63)

D (¢2) = (@ + 4mdAIAL P + 1)
+ (g% = AmA[Alf4l? + AV 1 f3)
AN (64)
ELlg®) = {(4m = @Ifs1P(my — (mk, + q*)m3)
|f2|2(m3 - mK] — g»)* + 222 £ + 1 f6l?)
— AN — i — PIRGS)]
F PARES O — ) + dm? — 7]
— 4m? AI(f515)(m3 — m%(l)
+ (mg, + PNfsPla*(@m® — mg, — ¢%)
+ 4m2(m%(I + A1 (65)
£4(q%) = 3@ = 4m)AUALP + 1£) + (5l + 15P)
FAREE ) + SFifs)) (66)
£q) = (@~ AmIAUAE + 1) + (72 + 175P)

+ AVNS(f1f3) + SFafo)} (67)

Finally the longitudinal and transverse helicity fractions
become

er(qz)/dqz

fL(q2) = dF(qZ)/dcf

(68)
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TABLE II.  The Wilson coefficients C#* at the scale p ~ m;, in the SM.
G &) G C, Ce G, Gy Cio
1.107 —0.248 —-0.011 —0.026 —0.007 —0.031 —0.313 4.344 —4.669
5 dl'.(q?)/dq? important. To study the above mentioned physical observ-
f=(q°) = dr(¢g?)/dq (69)  ables we use the i ght-cone QCD sum rules (LCQCD) form
factors which are given in Table I. In our numerical calcu-
" 5 5 lations, we set the mixing angle 6 = —(34 + 13)° [27]
fr(q®) = flg) + (%) (70) " \here we have taken the central value 8 = —34° and the

so that the sum of the longitudinal and transverse helicity
amplitudes is equal to one i.e. f;(¢%) + fr(g?) =1 for
each value of ¢> [39].

IV. NUMERICAL RESULTS AND DISCUSSION

We present here our numerical results of the branching
ratio (BR), the forward-backward asymmetry (A y5) and
the helicity fractions (f; 7) of K;(1270, 1400) meson for
the B — K, (1270, 1400)¢* €~ decays with £ = u, 7. Here
we have taken the central values of all the input parame-
ters. We first give the numerical values of input parameters
which are used in our numerical calculations [41]:

mp =5.28 GeV, my, = 4.28 GeV,

m, =0.105GeV, m, =177 GeV,
f5=025GeV, |V, Vi|=45%x1073,

a '=137, Gp=117X107°GeV?,

Tp — 1.54 X 10_12 sec, mK1(1270) =1.270 GCV,
mK1(1400) = 1.403 GCV, mKlA =1.31 GCV,
my,, = 1.34 GeV.

Besides these input parameters, the form factors (the
scalar functions of the square of the momentum transfer),
the nonperturbative quantities, which are also very

2.5%1077

2x1077

1.5%x1077

1x1077

Br(B—~K;(1270)u* ~)

5x107%

0

0 2.5 5 7.5 10 12.5 15
¢*(GeV?)

values of the SM Wilson Coefficients at . ~ m,, are given
in Table II.

First, we  discuss  the BRs of B—
K,(1270,1400) ™ = (77 77) decays which we have plot-
ted as a function of ¢*>(GeV?), shown in Figs. 1-4, both in
the SM and in the fourth-generation scenario. Figs. 1 and 2
show the BR of B— K;(1270) with utu~ and 777~
respectively and Figs. 3 and 4 show the same for B —
K,(1400). These figures depict that the values of BR
strongly depend on the fourth-generation effects which
come through the new parameters (i.e the Wilson coeffi-
cients with m, instead of m, as well as from the V.,V are
encapsulated in Eq. (13)). One can see clearly from these
graphs that the increment in the values of the fourth-
generation parameters, increase the value of the branching
ratio accordingly, i.e. the BR is an increasing function of
both m, and V., V,,. Moreover, this constructive charac-
teristic of the fourth-generation effects to the BR manifest
throughout the g> region irrespective to the mass of the
final particles. In addition, one can also extract the con-
structive behavior of the fourth-generation to the BR from
Table III. However, the quantitative analysis of the BR
shows that the NP effects due to the fourth-generation
are comparatively more sensitive to the case of B —
K,(1270)€* €~ than the case of B — K,;(1400)¢"¢".

Moreover, Table III shows that the maximum deviation
(when we set m, = 600 GeV, V,,Vy, = 1.5 X 1073) from

o[
1x10 f o (b)
| -
D 8x1077
3
|
S
= 6x1077
a
f 4x1077
2
&
2x1077 ¢
0 L
0 2.5 5 7.5 10 12.5 15
¢*(GeV?)

FIG. 1. The dependence of branching ratio of B — K;(1270)u™ i~ on ¢? for different values of m, and |Vt*, WV ;| In all the graphs,
the solid line corresponds to the SM, small dashed, medium dashed, long dashed correspond, m, = 300 GeV, 500 GeV and 600 GeV,

respectively. IV;ith/A_l has the value 0.003 and 0.015 in (a) and (b), respectively.

033010-8



K,(1270) — K,(1400) MIXING AND THE FOURTH ...

2%x1078

1.5%x1078

1x1078

Br(B-K;(1270)r*7")

5%107°

12.5 13 13.5 14 14.5 15 15.5 16
*(GeV?)
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_— —

7x1078 | _— —~

- ~ (b)

6x1078 |

wm
X
—
<
&

4x1078 |

=
&

3x1

Br(B—K;(1270)r+77)

=)
&

2x1

1x1078 |
/

12.5 13 13.5 14 14.5 15 15.5 16
¢*(GeV?)

FIG. 2. The dependence of branching ratio of B — K,(1270)7* 7~ on ¢? for different values of m, and |V; bV,/S|. The legends and

the values of fourth-generation parameters are same as in Fig. 1.

8x10~° |

6x107° |

4%107° |

Br(B—K,;(1400)x* ™)

2%x107°

0 2 4 6 8 10 12 14
*(GeV?)

7x10° (b)

6x107%

8

wm
X
=
<

4%1078

3x1078

Br(B—K;(1400)u* pi™)

2x1078

1x1078

*(GeV?)

FIG. 3. The dependence of branching ratio of B — K, (1400)u™ u~ on ¢ for different values of m, and |Vt*/ WV s|. The legends and

the values of fourth-generation parameters are same as in Fig. 1.

the SM value due to the fourth-generation: for the case
of B— K;(1270)u™ ™ is approximately 6 times, for
the case of B— K,(1270)7% 7~ is about 3.3 times, for
B — K, (1400)u™* u~ is approximately 5.9 time and
for B— K,(1400)7" 7~ is about 2.9 times than that of
SM values.

5%10710 ¢

4%x10710 ¢

3x10710 ¢

2x10710 ¢

Br(B-K;((1400)t*7")

1x10710

12.5 13 13.5 14 14.5 15
*(GeV?)

This is important to emphasis here that the increment
in the branching ratio due to the fourth-generation effect
is optimally well separated than that of SM value.
Furthermore the change in branching ratios due to the
hadronic uncertainties as well as the uncertainty of the
mixing angle # are negligible in comparison of the NP

14x107 | ' / — ~ ' (b)
1.2x107°

1x10~°

Br(B-K; ((1400)r*77)
- = [
X X X
bt [ [
S S S
= = =

12.5 13 13.5 14 14.5 15
*(GeV?)

FIG. 4. The dependence of branching ratio of B — K;(1400)7" 7~ on ¢ for different values of m, and |V;§ WV s|. The legends and

the values of fourth-generation parameters are same as in Fig. 1.
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TABLE III.  The values of branching ratio of B — K, (1270, 1400)¢ ¢~ with £ = u, 7 for different values of m, and |V}, V, .
BR(B — K,(1270)* ™), SM value: 1.97 X 10~ BR(B — K,(1400)* ™), SM value: 5.76 X 1078
IVﬂbVﬂsl my = 300 my = 500 my = 600 my = 300 my = 500 my = 600
3x1073 2.01 X 107° 2.18 X 1076 2.38 X 107° 5.88 X 1078 6.36 X 1078 6.90 X 1078
1.5x 1072 3.04 X 1076 7.43 X 107° 1.22 X 107 8.78 X 1078 2.09 X 1077 3.44 x 1077
BR(B— K,(1270)7" 77), SM value: 6.06 X 1078 BR(B — K,(1400)7" 77), SM value: 9.39 X 10710
IV[//,V[/Sl my = 300 my = 500 my = 600 my = 300 my = 500 my = 600
3%x1073 6.14 X 1078 6.38 X 1078 6.62 X 1078 9.51 X 10710 9.80 X 10710 1.01 X 107°
1.5 %X 1072 8.12x 1078 1.39 X 1077 2.01 X 1077 1.24 X 107° 1.98 X 107° 2.74 X 1079

effects. Therefore, any dramatically increment in the mea- R ,=BR(B—K;(1400)¢*¢~)/BR(B—K,(1270)¢{*€"),
surement of the branching ratio at present experiments will ~ with € = u, 7, we draw the graph of R, and R, as a
be a clear indication of NP. So the precise measurement of  function of ¢ in Figs. 5 and 6. We have also summarized
branching ratio is very handy tool to extract the informa- the numerical values of the branching fractions corre-
tion about the fourth-generation parameters. sponding to the values of m, and |V,,V,| in Table IV.

To observe the variation which comes through the  These numerical analysis shows that the branching fraction
fourth-generation parameters in the branching fractions  are insensitive to the NP. So this analysis support the

0.06
0.06

0.055
0.055

0.05
0.05
- 0.045 o3 0.045
0.04 0.04
0.035 0.035
0.03 0.03

0.025 0.025 . . . . . . .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
*(GeV?) ¢*(GeV?)

FIG. 5. The dependence of branching fraction R, = BR(B — K;(1400)u* u~)/BR(B — K,(1270)u* ™) on ¢* for different
values of m, and IV[*;b Vyusl. The legends and the values of fourth-generation parameters are same as in Fig. 1.

12.5 13 13.5 14 14.5 15 12.5 13 13.5 14 14.5 15
*(GeV?) ¢*(GeV?)

FIG. 6. The dependence of branching fraction R, = BR(B — K,(1400)7"77)/BR(B — K,(1270)7*77) on ¢* for different
values of m, and IV;I; Vy,|. The legends and the values of fourth-generation parameters are same as in Fig. 1.
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TABLE IV. The values of branching fractions R, with € = u, 7, for different values of m, and |V}, V.

_ BR(B—K(1400) " ) . — BR(B—K, (1400)7" 77)
:RM = Wmﬁﬁb, SM value: 2.92 X 10 2 RT W SM value: 1.54 X 10~ 2
IVﬂbVﬂsl my = 300 my = 500 my = 600 my = 300 my = 500 my = 600
3X 1073 2,92 X 1072 291 X 1072 2.90 X 1072 1.54 X 1072 1.53 X 1072 1.52 X 1072
1.5 X 1072 2.88 X 1072 2.81 X 1072 2.81 X 1072 1.52 X 1072 1.42 X 1072 1.36 X 1072

argument that this observable is suitable to fix the value of
Ok [27].

To illustrate the generic effects due to the fourth-
generation quarks on the forward-backward asymmetry

d<AFB’)

A, we plot as a function of ¢> in Figs. 7-10.

As it is shown in Ref. [27] that the zero position of the
A rp depends weakly on the value of #g but can be
changed due to the variation of the NP scenarios. For the
zero position of A ;5 it is also argued that the uncertainty
in the zero position of the A is due to the hadronic
uncertainties (form factors) is negligible [31]. Therefore,
the zero position of the A 5 could also provide a stringent
test for the NP effects.

In the present study Figs. 7 and 9 show the case of muons
as final state leptons, the increment in the |V, V,| and m,
values shift the zero position of the ‘A ;5 towards the low
g? region, this behavior is compatible with B — K*u ™ ™~
decay [42]. Moreover, the maximum values of |V, V|
and m,, shift the SM value (2.8 GeV?) of zero position
of the App for the case of B— K,(1270)ut u~ [see
Fig. 7(b)] to the value 2.1 GeV?2. For the case of B —
K,(1400)u* = [see Fig. 9(b)] the zero position of the
A - is shifted from its SM value (3.4 GeV?) to the value
2.4 GeV>.

Besides the zero position of A g, the magnitude of
A rp is also important tool (particularly, when the tauons
are the final state leptons where the zero of the Ay is
absent) to investigate the NP. A closer look on the pattern
of Figs. 7-10 tells us that the fourth-generation parameters
decrease the magnitude of A g from its SM value. The

03

0.2 ¢

0.1

Arp(B-K(1270)p* p17)

0 2.5 5 7.5 10 12.5 15
*(GeV?)

analysis of A p also demonstrate that in contrast to the
BR, the magnitude of the Ay is decreasing function of
the fourth-generation parameters. It is clear from these
graphs that decreasing behavior of the magnitude of
A g is irrespective of the final state particles. It is suitable
to comment here that just like the zero position of the
A rp, the magnitude of Ay depends on the values of
the Wilson coefficient C, Cy and C,. Thus the effects on
the magnitude of Az are almost insensitive due to the
uncertainties in the form factors. We noticed that the
uncertainty due to the mixing angle 6, magnitude of
A p is mildly affected. On the other hand, the change in
the magnitude of ‘Az due to the fourth generation are
very prominent and easy to measure at the experiment. In
the last, precise measurement of the zero position and the
magnitude of A 5 are very good observables to yield any
indirect imprints of NP including fourth generation.

We now discuss another interesting observable to get
the complementary information about NP in B —
K (1270, 1400)€* €~ transitions i.e. the helicity fractions
of K,(1270, 1400) produced in the final state. The mea-
surement of longitudinally K* helicity fractions (f; ) in the
decay modes B — K*¢"{~ by BABAR collaboration with
experimental error [43] put enormous interest in this ob-
servable. Additionally, this is also shown that the helicity
fractions of final state meson, just like BR and A yp, are
also very good observables to dig out the NP [39,40].
Current and future B factories will accumulate more data
on this observable which will be helpful not only to reduce
the experimental errors but also to get any possible hint of

0.3

0.2

0.1

Aps(B-K(1270)u* 1)

0 2.5 5 7.5 10 12.5 15
q2 (GeVz)

FIG. 7. The dependence of forward-backward asymmetry of B — K,(1270)u* ™ on ¢ for different values of m, and IV;th/sl.
The legends and the values of fourth-generation parameters are same as in Fig. 1.
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FIG. 8. The dependence of forward-backward asymmetry of B — K,(1270)7" 7~ on g? for different values of m, and |V?, V,|. The
legends and the values of fourth-generation parameters are same as in Fig. 1.
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FIG. 9. The dependence of forward-backward asymmetry of B — K,(1400)u™ s~ on ¢ for different values of m, and |V;5,,V;'s|-
The legends and the values of fourth-generation parameters are same as in Fig. 1.
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FIG. 10. The dependence of forward-backward asymmetry of B — K,(1400)7" 7~ on ¢ for different values of m, and IV;'fth/sl.
The legends and the values of fourth-generation parameters are same as in Fig. 1.
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The dependence the probabilities of the longitudinal (a, b) and transverse (c, d) helicity fractions, f; 7, of K,

in B— K,(1270)u™ u~ decays on g? for different values of m, and IV;*/ hV,/sl. In all the graphs, the solid line corresponds to the SM,
small dashed, medium dashed, long dashed correspond, m, = 300 GeV, 500 GeV and 600 GeV, respectively. IVI*; b V| has the value

0.003 and 0.015 in (a, ¢) and (b, d), respectively.

NP from this observable. In this regard, it is natural to study
the helicity fractions for the complementary FCNC pro-
cesses like B — K;(1270, 1400)€* €~ in and beyond the
SM. For this purpose, we have plotted the longitudinal (f;)
and transverse (f7) helicity fractions of K, (1270, 1400) for
SM and with different values of fourth-generation parame-
ters in Figs. 11-14. In these graphs the values of the
longitudinal (f;) and transverse (f7) helicity fractions of
K (1270, 1400) are plotted against g> and one can see
clearly that at each value of g* the sum of f; and fr is
equal to one.

Figures 11 and 13 show the case of muons as final state
leptons, while the effects of the fourth generation on the
longitudinal (transverse) helicity fractions of K;(1270) are
marked up in the 0 < ¢> = 12 GeV? region. On the other
hand, for K;(1400) the affected region is 0 < g’ =<
6 GeV?. Here one can notice that the g> region of
K,(1400) is smaller than that of K;(1270) but the fourth-
generation effects are more prominent. It is clear from
these figures that although the influence of the

fourth-generation parameters on the maximum (minimum)
values of the K (1270, 1400) helicity fractions are not very
much affected (One can see from Figs. 11 and 13 that for
the case of B— K;(1270)u™ u~, the difference in the
extremum values of helicity fractions, even at the maxi-
mum values of fourth-generation parameters, is negligible
to the SM value and for B — K;(1400)u™ u™ the differ-
ence to the SM value is 0.09) but there is a reasonable shift
in the position of these values which lies roughly at
g*> =~ 1.8 GeV? for SM. Figures 13 and 14 also show that
how the position of the maximum (minimum) values of
f1 (fr) varies with the change in m, and |V, V| values.
Furthermore, the position of these extremum values are
shifted towards the low g? region and on setting the maxi-
mum values of the fourth-generation parameters this shift
in the position is approximately 0.9 GeV2. One more com-
ment is necessary to mention here that like the zero posi-
tion of the ‘A -5, the position of the extremum values of the
helicity fractions are not affected due to the uncertainty of
the mixing angle 0.
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The dependence the probabilities of the longitudinal (a, b) and transverse (c, d) helicity fractions, f; 7, of K;

in B— K;(1270)7" 7~ decays on ¢* for different values of m, and |V, V,,|. The legends and the values of fourth-generation

parameters are same as in Fig. 11.

Now we turn our attention to the case, where tauns are
the final state leptons and for this case the helicity fractions
of K,(1270, 1400) are plotted in Figs. 12 and 14. One can
easily see that in contrast to the case of muons, there is no
shift in the position of the extremum values of the helicity
fractions, and are fixed at g> = 12.5 GeV?. However, the
change in the maximum (minimum) value of longitudinal
(transverse) is more prominent as compare to the previous
case where the muons are the final state leptons. These
figures have also enlightened the variation in the extremum
values of helicity fractions from the SM due to the change
in the fourth-generation parameters. The change in extre-
mum values are very well marked up as compare to the
uncertainties due to the mixing angle 6 and the hadronic
matrix element. For B — K(1270)7" 7~, the maximum
setting of the fourth-generation parameters the maximum
(minimum) value of longitudinal (transverse) helicity frac-
tion is changed from its SM value 0.51(0.49) to 0.72(0.28)
and for B — K,(1400)7" 7~ is changed from 0.76(0.24) to
0.92(0.06) which is suitable amount of change to measure.

The numerical analysis of helicity fractions shows that
the measurement of the maximum (minimum) values of

fr and fr and its position in the case of B —
K (1270, 1400)7" 7~ and B — K,(1270, 1400) " p~ re-
spectively can be used as a good tool in studying the NP
beyond the SM and the existence of the fourth-generation
quarks.

V. CONCLUSION

In our study on the rare B — K;(1270, 1400)¢* €~ de-
cays with € = u, 7, we have calculated branching ratio
(BR), the forward-backward asymmetry A pp and helic-
ity fractions f; ; of the final state mesons and analyzed the
implications of the fourth-generation effects on these ob-
servable for the said decays.

We have found a strong dependency of the BR on the
fourth-generation parameters V,,V,, and m,. The study
has shown that the BR is an increasing function of these
parameters. At maximum values of these parameters, i.e.
|V, V| = 0.015 and m, = 600 GeV, the values of BR
increases approximately 6 to 7 times larger than that of SM
values when the final leptons are muons and for the case of
of tauns these values are enhanced 3 to 4 times to the SM
value. Hence the accurate measurement of the BRs value
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for these decays is very important tool to say something
about the physics beyond the three generation of SM.

Besides the BR, our analysis has shown that A 5 is
also a very good observable to check the existence of the
fourth-generation quarks, especially the zero position of
the Apz. We have found that the value of the App
decreases with increases in the values of V,,V,, and m,.
Moreover, the decrement in the values of the A 5 from the
SM values are important imprints of NP and also the shift
in the zero position of A gz (which is towards low g?
region) provides a prominent signature of the NP fourth-
generation quarks.

To comprehend the fourth-generation effects on these
decays, we have calculated the helicity fractions f; ; of
final state mesons. We have first calculated these helicity
fractions of final state mesons in the SM and then analyzed
their extension to the fourth-generation scenario. The study
has shown that the deviation from the SM values of the
helicity fractions are quite large when we set tauons as a
final state of leptons. It is also shown that there is a
noticeable change due to fourth-generation in the position

of the extremum values of the longitudinal and transverse
helicity fractions of K| meson for the case of muons as a
final state leptons. Therefore, the helicity fraction of K
meson can be a stringent test in finding the status of the
fourth-generation quarks.

Another attraction to consider the decay channel B —
K,€* € is to get the complimentary information about the
parameters of fourth-generation SM to that of the informa-
tion obtained from other experiments such as the inclusive
B — X, 7€~ and the exclusive B — M(K, K*){" €~ de-
cays. It is also worth mentioning here that the information
obtained about the fourth-generation parameters from the
other experiments can be used to fix the mixing angle 0
between the K states in our process. Therefore, the fourth-
generation SM information obtained from the other experi-
ments will not only compliment our results but can be
useful to understand the mixing nature of K;(1270) and
K (1400) mesons.

To sum up, the more data to be available from Tevatron
and LHCb will provide a powerful testing ground for the
SM and the possible existence of the fourth-generation
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quarks and also put some constraints on the fourth-
generation parameters such as V,, V,; and m,. Our analy-

sis

of the fourth-generation on the observables for

B — K £"€~ decays are useful for probing or refuting
the existence of fourth family of quarks.
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