PHYSICAL REVIEW D 85, 075008 (2012)

Two-Higgs-doublet model and double-lepton polarization asymmetries
in B — K;;(1430)¢* €~ decay

F. Falahati"* and R. Khosravi>'

]Physics Department, Shiraz University, Shiraz 71454, Iran
2Department of Physics, Isfahan University of Technology, Isfahan 84156-83111, Iran
(Received 11 October 2011; published 6 April 2012)

In this paper, the dependency of P;;’s on the dilepton invariant mass, g?, and the model III two-Higgs-
doublets model (2HDM) parameters for B — K;(1430)¢* ¢~ decay were investigated, and the results
were compared to those of the standard model (SM) and Appelquist, Cheng and Dobrescu model. Also,
for this decay, the effects of model III 2HDM parameters on the averages of double-lepton polarization
asymmetries, (P; j>’s, were studied, and by taking into account the corresponding theoretical and
experimental errors in the SM, the results of the SM and 2HDM were compared to each other. In
addition, by comparing the averages of double-lepton polarization asymmetries in 2HDM to those of SM4
and obtaining the required number of events for detecting each asymmetry at the LHC or the Super Large
Hadron Collider, we present a comprehensive discussion regarding the lepton polarizations of B —
K€€~ decay. We discovered that the study of the double-lepton polarization asymmetries and the
corresponding averages in the B — K;(1430)¢* €~ decay can provide good signals for probing new

physics beyond the SM in the future B-physics experiments.
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L. INTRODUCTION

The decays induced by lepton-flavor violating tran-
sitions or caused by flavor-changing neutral current
(FCNC) transitions provide an excellent testing ground
for the standard model (SM). These decays which are
suppressed in the SM at tree level arise at loop level and
are very sensitive to the gauge structure of the SM.
Moreover, these decays are also quite sensitive to the
existence of new physics beyond the SM, since either
loop processes with new particles [1-7] or allowed new
diagrams at tree level [8—10] can give considerable con-
tribution to rare decays. Among these, the rare B-meson
decays, which take place via the FCNC, including b —
s(d) transition, play a distinctive role in both experimental
measurements and theoretical studies for the precision test
of the SM and for searching new physics beyond the SM.

Although most experiments are in agreement with the
SM predictions, it is widely believed that the SM cannot be
the final theory of particle physics and merely could be an
effective theory at the electroweak scale, in particular,
because the Higgs sector of the SM is not well-understood
yet, and the cause of neutrino oscillations, matter-
antimatter asymmetry, and the nature of dark matter are
not explicitly explained in the SM. As a result, for under-
standing these phenomena, new physics beyond the SM
should be included. Some possible extensions of the SM
are the little Higgs model [11,12], extra dimensions
[13,14], and multi-Higgs models like the minimal super-
symmetric standard model [15], which are extensively
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explored by many reseachers. One of the most popular
extensions of the SM is two-Higgs-doublets model
(2HDM) in which two complex Higgs doublets are con-
sidered, contrary to the SM which contains only one. In
general, in 2HDM, the FCNCs that happen at tree level are
eliminated by imposing an ad hoc discrete symmetry [16].
One possible approach to keeping neutral flavor conserva-
tion at tree level is to couple all fermions to only one of the
aforementioned Higgs doublets (model I). Another possi-
bility is the coupling of the up-type quarks to the first Higgs
doublet and down-type quarks to the second Higgs doublet
(model II). Model II is more popular because its Higgs
sector coincides with the ones in the supersymmetric
model. The physical content of the Higgs sector, which is
model independent, includes five physical Higgs fields:
neutral scalars H°, h°; neutral pseudoscalar A°; and
charged Higgs bosons H*. The interaction vertex of fer-
mions with Higgs fields depend on tan8 = v,/v,, where
v, and v, are the vacuum expectation values of the two
Higgs doublets. The constraints on the charged Higgs
boson mass and tan3 are usually obtained by using experi-
mental results for the branching ratio of b — sy and B —
D7 decays as well as B — B and K — K mixing in the
literature[17]. Without considering discrete symmetry, a
more general form of 2HDM, namely, model III has been
obtained, which allows for the presence of FCNC at tree
level. Consistent with the low energy constraints, the
FCNC:s involving the first two generations are highly sup-
pressed, and those involving the third generation are not as
severely suppressed as the first two generations. Also, in
such a model, there exists rich induced CP-violating
sources from a single CP phase of vacuum that is absent
in the SM, model I, and model II.
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One efficient way for discovering new physics is the
measurement of lepton polarization in the semileptonic
decays of B which has been widely discussed in the
literature [1-7,18-20]. Based on this, the aim of the
present work is to derive quantitative predictions for
the double-lepton polarization asymmetries in the exclu-
sive B — K;;(1430)¢" €~ decay, in the context of the gen-
eral two-Higgs-doublet model with spontaneous CP
violation (model IIT). We also suppose that all tree level
FCNC couplings are negligible. The constraints on the
phase angle @ in the product A, A, of Higgs-fermion
coupling and the magnitudes of A, and A,, come from
the experimental results of the electric dipole moments of
electron and neutron, B® — B® mixing, py, R,, ['(b — s7),
and I'(b — c¢7p,) [21-24]. It is also worth noting that the
effects of two other new physics models beyond the SM,
SM4 [6] and Appelquist, Cheng and Dobrescu model
(ACDM) [25], have recently been investigated on the
same asymmetries of B — K{j(1430)¢ ¢~ decay, which
have been discussed in this work; we have also compared
the results of this paper to the results of Refs. [6,25].

This paper is organized as follows. In Sec. II, we first
present the expressions for the matrix elements of B to
a scalar meson, here B — K;(1430)¢*¢~, in SM and
2HDM. Then, the general expressions for the double-
lepton polarization asymmetries have been extracted
out. The sensitivity of these polarizations and the
corresponding averages to the model III 2HDM para-
meters have been numerically analyzed in Sec. III. In
the final section, a summery of concluding remarks is
presented.

II. THE MATRIX ELEMENT AND
DOUBLE-LEPTON POLARIZATIONS OF
B — K;¢*¢~ IN SM AND 2HDM

The QCD-corrected effective Hamiltonian for the decay
B— Kj€"€~, which is described by the b — s€" €~
transition at quark level in the general 2HDM, can be
written as [26]

4Gk

Ho= v,bv:;{ZC (1)0,() + ch,<mQ wh

(D

where the first set of operators in the curly brackets
is related to the effective Hamiltonian in the SM, and
the corresponding Wilson coefficients are modified by
considering the contributions of charged Higgs dia-
grams. The explicit forms of these operators and the
corresponding Wilson coefficients C; can be found in
Ref. [27]. The second set of operators in the brackets,
whose explicit forms are presented in Ref. [26], origi-
nate from the neutral Higgs bosons exchange diagrams.
The corresponding Wilson coefficients at scale w = my
are
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The QCD correction to the Wilson coefficients C;(myy)
and Cgp (my) can be taken into account using the renor-
malization group equations. As it is discussed in Ref. [26],
the operators Oy and O;, do not mix with Q;(i =
1,..., 10), so that the evolution of Wilson coefficients Cy
and C,y remain unchanged compared to their SM values.

In addition, the operators O;(i = 1,...,10) and Q;(i =
3,...,10) do not mix into Q; and Q,, and also there is no
mixing between Q; and Q,. Therefore, the evolution of the
coefficients Cy, and Cy, are performed by the anomalous
dimensions of Q; and Q,, respectively:

CQ,.(mb) = n*VQ/BOCQ,.(mw), i=12

where y, = —4 is the anomalous dimension of the opera-
tor 5§, bg.

Now, using the aforementioned effective Hamiltonian,
the one-loop matrix elements of b — s€ €~ can be given
in terms of the tree-level matrix elements of the effective
operators as
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Gra . [ Fe e v
- fz Vi VidCs5y,(1 = y5)blyn € + Crosy,(1 — y5)blyryst — 2057 7 3 5i0,,4" (1 + y35)bly*e
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where ¢ is the invariant dileptonic mass, and the Wilson coefficients Ceff Ceff, Clo, Cy,, and Cy, are calculated at the
scale my,. In order to obtain the effective coefficients Csf, CSf and C) at the scale m,,, the values of coefficients C;, Co,
and Cy, at the scale my, are needed[1,26]. These coefficients, which are yielded from their SM values by adding the
contributions due to the charged Higgs bosons exchange diagrams, are given by

7-5y—8y%) y*(By—2) y3—=5y)  yBy—2)
C — M +A2<y( + 1 )+AA( + 1 ) 8
7(mW) 7 (mW) | ftl 72( ) 12(y _ 1)4 ny tt’*bb 12(y _ 1)2 6(y _ 1)3 ny ( )
- - 1 — 4sin’0y, xy [ 1 1 47y* — 79y + 38 3y? — 6y’ + 4
R =)
olmw) = G5 m) + Il — = =1 oo ™ 108(y — 1)° 18y —F Y
)
~ ~ I xy 1 1
Cralmy) = Eomy) + 10 HE it oy Iny), (10)

It is observed from Egs. (2), (3), and (8)—(10) that the SM results for the Wilson coefficients can be obtained from the
corresponding coefficients in 2HDM by making the following replacements:

Co, —0, Cop, — 0, CM(my) = C7(y — 0), CiM(my) = Coly — 0), CiN(my) = C1o(y — 0).

Note that the coefficient 5 (u, g*) = Co(u) + Y(u, ¢%), where function ¥ contains the short-distance contributions from

the one-loop matrix elements of the four quark operators, Yper(qz), as well as the long-distance effects associated with real

c€ in the intermediate states, Y; 5(g?). Therefore, Y(g?) =

Yper(q%) + Y1 p(g?). The function

Yper(¢?) is given by

1 1
Yu(g?) = g(ﬁ, s)(3c, + Gy +3C, % €y 3C5 + Co) = 81 AC, +4C, + 3Cs + Cg) = 58(0,9)(C; +3C,)
m

b

2
+ 506G+ Cy+3Cs + Co),

where the explicit expressions for the g functions can be
found in Ref. [28]. Y is usually parameterized by using
Breit-Wigner ansatz [29],

Yip ——c<0) > k&
a’ o, .

TV, — €€ )my,

mv -q - lmvrv

where « is the fine structure constant, and C©) = (3C; +
C, +3C; + C4y +3C5 + Cg). The phenomenological
parameters k; for the B — K*(1430)€" ¢~ decay can be
fixed from B(B— J/{K*(1430) — K*(1430)(1€7) =
B(B — J/yK*(1430))B(J/ — € €~). However, since
the branching ratio of B — J/¢K*(1430) decay has not
been measured yet, we assume that the values of k; are in
the order of 1. Therefore, we use k; = 1 and k, = 1 in the
following numerical calculations.

From Eq. (7), it is obvious that, in order to calcu-
late the decay width and other observables for the
exclusive B — K;;(1430)¢" €~ channel, the matrix ele-
ments (K;(1430)[5y, (1 — ys)b|B), (K;(1430)|5i0,, X
g”(1 + y5)b|B), and (K;;(1430)|5(1 + y5)b|B) have to be

(11

calculated. These matrix elements can be parametrized in
terms of the form factors f*, f~, and f; in the following
way:

(K5(1430) [ 5y, (1 = ¥5)b | B)

= [+ (@) ps + px:)u + f-(g7)g,)  (12)
(K3(1430) | 5io,,,q"(1 = ys5)b | B)
S (k)= mia) (13)
mB"‘ng P T Pk;)nd B K; qul

where ¢ = pp — p K; is the momentum transfer. To calcu-
late the matrix element (K;(1430)[5(1 + y5)b|B), we
multiply both sides of Eq. (12) by g, and use the equation
of motion. Finally, we get

—f 0(6] )

(K5(1430) | 5(1 + ys5)b | B) = ,

14
my + m, (14)

where
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folg®) = f(q®)(my — mi) + ¢°f(q°). (15)

Using Egs. (12)—(14), we obtain for the matrix element of
the B — Kj¢* ¢~ decay [30]
M(B—Kjt€)

GF *
= “alon thVts{eyﬂg[A(pB+pK*) +Bq,]

+lyryst[C(py + PK;;),L +Dgq,]+ €00 + LystNY.

(16)
The functions entering Eq. (16) are defined as
A= —(Cpp + Crp)f+ +2(Cpgr — Csp) {_
mp mK
B B B Sr
= —(Cp + Crp)f- —2(Cpg — Cs) ————
(mp + mg:)q
X (m% — m%(;),
C=—(Cr— Cr)f +, B —(Crp— Cprp)f-,
my — mx.
Q= —fo————(Crrir + Crrrr + Crrrr T Crrrr):
my, + my
my — mx.
N = —fo——"(Crrer + Crrrr — Crrrr — Crire):
my, + mg
(17)
where
_ (peff _ A~ __ (poeff ~
Cr = (C5" — Cy), Crr = (C5" + Cyp),
Cop = —2mCs",  Cpg = —2m, 5",
(18)

CLRLR = CQI + CQZ’ CLRRL CQI CQZ’
Crrir = Crere = 0.

In the present work, we use the three-point QCD-sum-rules
predictions for the relevant form factors of the B — Kj
transition, in which the form factors

F(q?) € {f+(g*). f-(g?), fr(g™)}

are fitted to the following functions [31]:

F(q*) = (19)

where the parameters F(0), ar, and by are listed in Table I.
From the expression of the matrix element given in
Eq. (16), we get the following result for the differential
decay with:

2C¥2mB

A(B K*€+€ ) lethv;ilz)\l/z(l,?‘KS,:S'\)UA(&\),

(20)
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TABLE I. Parameters entering the fit parametrization of the
form factors for the B — K;(1430) transition [31].

F(0) ar b
f??f 0.31 +0.08 0.81 ~0.21
fB_'K —0.31 + 0.07 0.80 —0.36
fr ° —0.26 = 0.07 0.41 -0.32

where (L, g, §) = 1 + rK* + 8% = 2fg — 28 — 278,

§= qz/mB’ rK; = mK(*;/mB’ g =m¢/mg, and v =
‘/1 — 4/ /3 is the final lepton velocity. Also, A(8) is

A= 43BRe[+24m (1~ ) (CD")

+ 12mpiing(1— 7. )(CN¥) + 12mp g8 D|?

+ 38N>+ 12mpi §(DN*) + Am% (3 — v?)|AJ?

+350°| 017 + mp{2A — (1= v?)[2A = 3(1 — 7. THCPP]
(21

We now proceed by calculating the double-polarization
asymmetries, i.e., when polarizations of both leptons are
simultaneously measured. We introduce a spin projection
operator defined by

Ay =30+ ys87), =11 + ys87)
for lepton €~ and antilepton € *. wherei = L, N, T are the
abbreviations of longitudinal, normal, and transversal po-
larizations, respectively. Firstly, we define the following
orthogonal unit vectors s —* in the rest frame of €~ and s #
in the rest frame of €:

spt =1(0,é7) = (0, ey X &;),

- P+
= Oy e+ = (0}—)_)}
0.0 =015
T
—(0,&f) = (0,7”0 b )

|_)K* X P+|
=(0,é7) = (0, ey X ¢é;),

(22)

where p+ and p k; are the three-momenta of the leptons ¢ *

and Kj meson in the center-of-mass frame (CM) of the

€€ system, respectively. By using Lorentz transforma-

tion, we boost the unit vectors from the rest frame of

leptons to the CM frame of leptons. While the vector
* changes as
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_ D_ Ep_ D_ Ep_
(s.%)em = (M p» ) (s, ")em = (m - pﬁ ) (23)

mg " melp-| my melp_|

the other two unit vectors sy* and s;* remain unchanged.
We can now define the double-lepton polarization asymmetries as [30]:

(4G, 5F —ff,—f *;,7))—( (57, — **)—d—r =57, —57))

GG ) + (=50, 50) + (G Gr, —35)) + (=57, =5))

P;(3) = (24)

where i, j = L, N, T; the first subindex i corresponds to the lepton while the second subindex j corresponds to the
antilepton, respectively. After doing calculations, we get the following results for the double-polarization asymmetries:

4m
P, = 3—A B Re[+24mZm2(1 — Px:)(C*D) + 12mpiig(1 — 7g:)(C*N) — Amy(1 + v?)|A]> + 12m3m2§| D) + 33|N|?

+ 12mpriS(DN) + 3507101 = m3{24 — (1 = v2)[24 + 3(1 = #)*TICP], (25)
2
Py = ”mir Im[2myiig§ IM(A”D) + S(A*N) = §02(C*Q) + 2mpi(1 — #:)(A*C)] (26)
2
Py = WmA\/_ Im[—2mpri§(A*D) — $5(A*N) + 5v*(C*Q) — 2mprn (1 — rK*)(A 0)], (27)
2
Py = 77’"2*/_ Re[2mpritg(1 = Py )ulCP + 2m it 30(C*D) + $u(C°N) = $u(A* Q)] (28)
27Tm% AS R . 5 A " ~ * o *
Py = A Re[2mpii (1 — "K(*))U|C| + 2mpinSv(C*D) + Sv(C*N) + §v(A*Q)], (29)
S
Sm%v Aoa * a * 2 * A ~ s
Pyr = 3A Im[+6mpr$(D*Q) + 38(N*Q) — 2Amg(A*C) + 6mprig(1 — "K;;)(C Q)l, (30)
Sm%v A A « ~ % 2 « A A £
Pry == Im[+6m i §(D* Q) + 3§(N*Q) + 2Am3(A*C) + 6myiy(1 — . )(C*Q)], €2))
4m> . R , . R , .
Prp = 3AB Re[ —24mprig(1 = #g:)(C*D) — 12mpie(1 — P )(C*N) = Amp(1 + v?)|AI* = 12mpmz3| DI
— 38INI> = 12mpie8(D*N) + 350|101 + mp{2A4 — (1 — v)[2A + 3(1 — 7)) *HCI?], (32)
4m%g

Pyy = 3A Re[—35v%|QI* + 12m3m28|DI* + 33IN|*> + 12mpi$(D*N) — Am%(3 — v?)|Al?

+ mp24 — (1 = v)[2A4 = 3(1 = 7 )*BICI> + 24mprg(1 — 7x:)(C*D) + 12mpring(1 — 7x:)(C*N)]. - (33)

III. RESULTS AND DISCUSSIONS

In this section, the g dependence of the double-lepton polarization asymmetries as well as the average of these
quantities over g2, which is defined by

f4m ‘\/TS) P dBdA

ij d§

(1— [Fe)? ’
.[4rf1%\/70 %‘ﬁ

(Pyj) = (34)
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on the parameters of model IIT 2HDM are studied. The
full kinematical interval of the dilepton invariant mass
q* is 4m} = ¢*> = (mp — mg:)?, for which the long-
distance effects (the charmonium resonances) can give
significant contribution by including the first and second
resonances J/¢ and ¢/, in the interval of 8 GeV? =
g*> = 14 GeV?. In order to reduce the hadronic uncer-
tainties, we divide the kinematical region of ¢> for
muon as

1 4m% = q2 = (mjl/, —0.02 GeV)z,
I (myy, +0.02 GeV) = ¢° = (m, — 0.02 GeV),
M (my +0.02 GeV) = g2 = (my — mg:)?,

and for tau as

| 4m% =q*= (my —0.02 GeV)?,
II (mw/ + 002 GeV)2 = q2 = (mB - mKﬁ)z.

Since in model IIT 2HDM A,; and A,, can be complex
parameters, we can rewrite the following product as

A Apy = |/\n)‘bb|ei0’ (35)

where |A,l, [A,,], and the phase angle 6 are restricted by
the experimental results of the electric dipole moments
of neutron, B — B® mixing, p,, Rj, and Br(b — s7y)
[21-24]. The experimental limits on the electric dipole
moments of neutron and Br(b — s7), plus My, which is
obtained at LEPII, put constraints on A, A, to be nearly
1 and the phase angle # to be in the interval between
60°-90°. The experimental value of the x,; parameter,
relating to B® — B® mixing, imposes the following con-
dition on |A,|, which is |A,] = 0.3. Also, the parameter
Ry, which is defined as R, = %, keeps [Apl
approximately fixed, |A,,| = 50. Using these restrictions
and taking § = 7/2, we consider the following three
typical parameter spaces throughout the numerical
analysis:

Case A: [A,| = 0.03; [ Ayl = 100,
Case B: |A,| = 0.15; [ Ay = 50, (36)
Case C: |A,] = 0.3; [ Ay = 30.

In addition, in our numerical analysis, we have used two
sets of masses of Higgs bosons, which are displayed in
Table II. For form factors, as pointed out in Sec. II, we
have chosen the predictions of three-point QCD sum rules
method [31], and for the other input parameters, we have
used the following values [32]:

PHYSICAL REVIEW D 85, 075008 (2012)

TABLE II. List of the values for the masses of the Higgs
particles.

m 40 mo mppo M=
mass set 1 120 GeV 115 GeV 160 GeV 200 GeV
mass set 2 95 GeV 100 GeV 125 GeV 160 GeV

mg = 5.279 = 0.03 GeV,
my, = 4.197218 GeV,
my = 0.1017092 GeV,  m, = 0.105 GeV,
m, =177 GeV,  a ' =129, (37)
75 = (1.525 = 0.009) X 10712 5,

A =0.2253 £0.0007, A= 0.808709%

p = 0.13279922 7 = 0.341 = 0.013,

myg: = 1.425 = 0.05 GeV,
0

m. = 1.277307 GeV,

where A, A, p, ) are the Wolfenstein parameters in the
Cabibbo-Kobayashi-Maskawa matrix.

We have presented our analysis for the dependency of
P;; on the dilepton invariant mass, g%, and the model III
2HDM parameters in a series of figures (see Figs. 1-7). In
addition, by considering the theoretical and experimental
uncertainties for the average of double-lepton polarization
asymmetries in B — Kj¢* €~ decay in the SM, the effects
of model III 2HDM parameters for both mass sets of Higgs
bosons were studied on the mentioned asymmetries in
Tables IIT and IV. Besides, as it was stated in the introduc-
tion, for each asymmetry, we have compared our results
with those of SM4 [6] and ACDM [25]. It should be
mentioned finally that the theoretical uncertainties come
from the hadronic uncertainties related to the form factors,
and the experimental uncertainties originate from the mass
of quarks, hadrons, and Wolfenstein parameters.

(1) Figure 1 and Tables IIT and IV: As it is seen from this
figure, the dependency of P;; on g> for the u
channel in the SM and 2HDM, to a large extent, is
the same, such that the tree plots of 2HDM concern-
ing each mass set of Higgs bosons coincide with the
SM plot. In the 7 channel, the dependency of this
asymmetry on the mass sets of Higgs bosons is more
observed, such that the maximum deviation from the
SM value, which is about 20% SM, happens in the
case C of mass set 2 at g> = 4m2. It is also obvious
from Tables III and I'V that the magnitude of (P;; ) in
2HDM for the p channel and 7 channel is in
the range of SM prediction. The comparison of the
results of this article for P;; and its averages in the
m channel and 7 channel with those of Ref. [6,25]
indicate that this asymmetry for all these models lies
in the range of SM anticipation, and the results of
these models show no significant differences from
each other.
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The dependence of the P, ; polarization on g> for both mass sets of Higgs bosons (mass set 1 and mass set 2) and three

typical cases of 2HDM, i.e. cases A, B, and C, and the SM for the u and 7 channels. Case A refers to § = 7/2, |A,] = 0.03, and
|Aps| = 100. Case B refers to § = 7/2, |A,| = 0.15, and |A,,| = 50. Case C refers to § = 7/2, |A,| = 0.3, and |A,,| = 30.

(i) Figure 2 and Tables IIl and IV: It is seen from
Egs. (26) and (27) that, in both SM and 2HDM,
P;y 1is an antisymmetric quantity under the
exchange of L and N, ie.
Therefore, we only investigate the dependency
of P,y on ¢g*> and 2HDM parameters in the SM
and 2HDM. From these plots, it is apparent that,
although for both mass sets of Higgs bosons and
both ranges 4mj, = ¢*> < 4mj, and 4m} < q¢* =
(mg — mK3)2 for the w channel and both ranges
dm? = ¢* = 4m§,, and 4m§,, <q* = (mp —mg:)?
for the 7 channel, as |A,,A,,| and |A,,|? increase, the

Py = —Pnr.
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differences between the predictions of the SM and
2HDM get larger, the deviation from the SM value
for the range 4mj, = g* < 4mj, for the u channel
in the mass set 2 and for the range 4m?2 < ¢> =
4m%p, for the 7 channel in the same mass set is more
than the other considered cases. For example, while
the magnitude of P;y in the SM for the w channel
in 4m? = ¢* = 4m?, is about 0.01 and for the 7
channel in 4m? < g*> < 4m%/j, is about 0.05, it
reaches, at most, 0.35 (3400% SM) at ¢*> = 4m?

for u channel and 0.28 (460% SM) at g*> = 4m? for
the 7 channel in case C of the model III 2HDM in
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FIG. 2. The dependence of the P;, polarization on g> for both mass sets of Higgs bosons (mass set 1 and mass set 2) and three
typical cases of 2HDM, i.e. cases A, B, and C, and the SM for the u and 7 channels. Case A refers to § = 7/2, |A,] = 0.03, and
[A,,] = 100. Case B refers to 8 = 7/2, |A,| = 0.15, and |A,;,| = 50. Case C refers to § = 7/2, |A,,] = 0.3, and |A,,,| = 30.

mass set 2. Also, from these plots, it is found out
that, whereas P;y around the mass of resonances
¢ and ¢’ in the u channel and around the mass of
resonance ' in the 7 channel shows sensitivity to
the parameters of cases A, B, and C, it does not
show such sensitivity to the changes of masses of
Higgs bosons in mass set 1 and mass set 2. It is
also obvious from Tables III and IV that, except in
case A of mass set 1 for the u channel, the SM
value of (P, ), which is in the intervals 0.014 <
(P y) =0.016 for the u case and 0.050
(Ppy) = 0.085 for the 7 case, does not overlap
with the predictions of 2HDM for these channels.
By comparing the data of (P;y) of Table III and
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IV with the data points of (P;y) plots in Ref. [6]
for SM4, it is understood that (P;y) indicates
more sensitivity to the fourth-generation para-
meters relative to the parameters of 2HDM, such
that while there is a deviation of around 3350%
SM for the p case and a deviation of around
333% SM for the 7 case in SM4, there exists a
deviation of around 300% SM for the w channel
and a deviation around 243% SM for the 7 chan-
nel in 2HDM. Also, it is clear from this article and
Ref. [25] that the deviation of P,y from SM in
2HDM is much more than that in ACDM. The
estimation of the ACDM for P;y in the 7 case is
at most —14% SM.
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[A,,] = 100. Case B refers to 8 = 7/2, |A,| = 0.15, and |A,;,| = 50. Case C refers to § = 7/2, |A,,] = 0.3, and |A,,,| = 30.

(iii) Figures 3 and 4 and Tables III and IV: By compar-
ing Eqgs. (28) and (29), it is found out that P; 7 is
symmetric under the exchange of subscripts L and
T in the SM for both the u channel and 7 channel,
but it is neither symmetric nor antisymmetric
under the exchange of those subscripts in 2HDM.
Moreover, it is clear from Figs. 3 and 4 that for the
M channel in case C of model III 2HDM and for the
7 channel in case A of model III 2HDM, a consid-
erable discrepancy between the SM and 2HDM
predictions occurs that reaches to, at most, 48%
SM for the u case of Py and Py and —100% SM
and 100% SM for the 7 case of P;y and Py,
respectively. Furthermore, as it is seen from these
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figures, both of these asymmetries show no strong
dependency on the mass sets of Higgs bosons. It is
also obvious from Table III that in the p channel,
the 2HDM values of (P, ;) and (P7;) for cases A
and C relating both mass sets of Higgs bosons
cannot interfere with the SM expectations, which
are 0.123 = (P;7) = 0.152 and 0.123 = (Py) =
0.152. In addition, for the 7 channel, it is under-
stood from Table I'V that the 2HDM values of (P, ;)
and (Py; ) for case A cannot lie in the range of SM
prediction, which is 0.093 = (P;;) = 0.187 and
0.093 = (Py;) = 0.187. From comparison of the
results of this article for the averages of P,y and
Pr; in the w channel with those in Ref. [6], it is
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FIG. 4. The dependence of the Py, polarization on g for both mass sets of Higgs bosons (mass set 1 and mass set 2) and three
typical cases of 2HDM, i.e. cases A, B, and C, and the SM for the u and 7 channels. Case A refers to § = 7/2, |A,] = 0.03, and
[A,,] = 100. Case B refers to 8 = 7/2, |A,| = 0.15, and |A,,| = 50. Case C refers to § = 7/2, |A,,] = 0.3, and |A,;,| = 30.

inferred that in the u channel, the fourth generation
of quarks operates more impressively than the new
Higgs bosons added to the SM so that, while the
deviation of (P, ;) and (Py;) from the SM in SM4
is almost 60% SM, it reaches to 42% SM in 2HDM.
In contrast, from the similar comparison in the 7
channel, it is understood that 2HDM shows consid-
erable effects on these asymmetries, such that,
while this model reduces (P, ;) around 69% SM
and enhances (Py;) around 69% SM, SM4 makes
an increase of about 18% SM in the aforemen-
tioned asymmetries. It is also apparent from the
plots regarding P;; in Ref. [25] for the u channel
and 7 channel, compared to those for 2HDM, the
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(iv)

ACDM cannot cause an important difference be-
tween its predictions with that of the SM.

Figure 5 and Tables III and IV: Since only the
parameters A and B, appearing in Eq. (17), have
imaginary parts due to C§, it is understood that
Eqgs. (28) and (29) are antisymmetric under the
exchange of N and T in both the SM and 2HDM,
i.e. Pyy = —Pry. Based on this, we only study the
variations of Pyy in the SM and 2HDM with
respect to g> and 2HDM parameters. From the u
channel of Fig. 5, it is easily seen that, first, for the
whole range of 4m2, < ¢* < (mp — mKS)2 in both
mass sets of Higgs bosons, as |A,A,,| and |A,]?
increase, the difference between the magnitudes of
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FIG. 5. The dependence of the Py; polarization on g> for both mass sets of Higgs bosons (mass set 1 and mass set 2) and three
typical cases of 2HDM, i.e. cases A, B, and C, and the SM for the u and 7 channels. Case A refers to § = 7/2, |A,,] = 0.03, and
[Ayy| = 100. Case B refers to 8 = 7/2, |A,| = 0.15, and |A,,| = 50. Case C refers to 6 = 7/2, |A,| = 0.3, and |A,,| = 30.

predictions in the SM and 2HDM enhances, and,
second, this difference is more significant in the
second mass set of Higgs bosons. For example,
for the interval 4m3, < g* <4mZ, the magnitude
of Pyr in the SM is approximately zero, but it
becomes a nonzero value with a negative sign in
the three cases of 2HDM (A, B and C), where
the largest variation from the SM prediction
(Py7 = —0.4) happens in case C of mass set 2. In
addition, in the range 4mg < ¢* < (mp — my:)?,
the most variations of Pz occur around the mass
of resonances ¢ and ¢ in case C of mass set 2, in
which the magnitudes of the off-resonance peaks
decrease to, at most, 225% SM and 156% SM,
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respectively. It is also obvious from Fig. 5 for the
7 channel that, for the whole range of 4m2 < ¢*> <
(mg —m Kg)z, similar to the u channel, first, in both
mass sets of Higgs bosons when |A,A,,| and |A,,|?
increase the discrepancy between the predictions of
the SM and 2HDM enhances, and, second, this
discrepancy gets larger in mass set 2. For instance,
around the mass of resonance ¢’ in case C of mass
set 2, the magnitude of the off-resonance peak
reduces to, at most, 164% SM, which is the highest
deviation of this asymmetry from the SM prediction
for the 7 channel. Moreover, it is evident from
Tables III and IV that, for both mass sets of Higgs
bosons, the averages of (Pyr) in the u channel for
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[ Ayl = 100. Case B refers to 8 = 7/2, |A,| = 0.15, and |A,;,| = 50. Case C refers to 6 = 7/2, |A,| = 0.3, and |A,;,| = 30.

the three cases, A, B, and C, and in the 7 channel
for cases B and C cannot overlap with the predic-
tions of the SM by considering the lower limits of
the corresponding SM uncertainties. From com-
parison of the results of this article for the aver-
ages of Pyr in the u and 7 channels with those in
Ref. [6], it is found out that, in both channels, the
fourth generation of quarks affects more inten-
sively than the new Higgs bosons added to the
SM, such that while the SM4 lowers (Py7) by
approximately 2100% SM in the u case and
335% SM in the 7 case, it gets down around
1315% SM for the w channel and 257% SM for
the 7 channel in 2HDM. Besides, it is clear from
the plots relating Pyr in Ref. [25] for the u

)

075008-12

channel and 7 channel that, in comparison with
the similar plots in 2HDM, the ACDM cannot
make an intensive difference between its predic-
tions with those of the SM. This model causes an
increase of around 8% SM for the w channel and
an increase around 50% SM for the 7 channel.

Figure 6 and Tables I and IV: As it is apparent from
these curves, though, for the second mass set of
Higgs bosons (mass set 2) and both intervals,
4my, = ¢* = 4mj, and 4mj < q* = (mg — my:)*
for the w channel and both intervals 4m?2 < ¢*> <
4m?p, and 4m%p, <¢* = (mp —mg:)* for the 7
channel, when |A,A,,| and |A,|* increase, the dif-
ferences between the predictions of the SM and
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2HDM enhance; the deviation from the SM value in
the interval 4my, = ¢*> < 4mj, for the w channel

and in the interval 4m; < ¢*> < 4m7, for the 7

variations from the SM prediction in the on-
resonance peaks, a reduction of around 20% SM
for the p channel and a reduction of nearly 10%
SM for the 7 channel. It is also obvious from
Tables III and IV that the magnitudes of (Pyy) in
2HDM, except for cases B and C of mass set 2 for u
channel, lie in the range of the corresponding SM
predictions. For instance, case C of mass set 2 in the
p channel can flip the sign of this asymmetry
compared to that of the SM, which is negative.
By comparing the data of (Pyy) of Table III with

channel is more than the other investigated intervals.
For example, for the magnitude of Py in case C of
model III, there exists an increase of about 400%
SM for the w channel at g*> = 4m?, and a decrease
of around 200% SM for the 7 channel at g> = 4m2.
Also, from these plots, it is evident that, although the
prediction of the SM for the range of 4m3, < ¢* =

4m%/1 is negative, that of the model III 2HDM can be

positive in case C. Moreover, it is apparent from this
Figure that case C of mass set 2 causes the largest
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the corresponding data points of the (Pyy) plots in
Ref. [6] for the w channel in SM4, it is understood
that (Pyy) shows more dependency on the
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The averaged double-lepton polarization asymmetries for B — K;j(1430)u™ u~ in the SM and 2HDM for both mass sets

of Higgs bosons (mass set 1 and mass set 2) and the three cases, A (6 = 7/2, |A,,] = 0.03 and |A,,| = 100), B (8 = 7/2,|A,,| = 0.15,
and |A,,| = 50), and C (8 = 7/2, |A,] = 0.3, and |A,,| = 30). The errors shown for each asymmetry are due to the theoretical and
experimental uncertainties. The first ones are related to the theoretical uncertainties, and the second ones are due to experimental
uncertainties. The theoretical uncertainties come from the hadronic uncertainties related to the form factors, and the experimental
uncertainties originate from the mass of quarks, hadrons, and Wolfenstein parameters.

Case A Case B Case C Case A Case B Case C

SM (Set 1) (Set 1) (Set 1) (Set 2) (Set 2) (Set 2)

(Prr) —0.9507 5903+ 0001 —0.949 —0.950 —0.950 —0.948 —0.948 —0.939
(Pry) 0.0165:909+0:000 0.016 0.033 0.038 0.018 0.042 0.064
(Prr) 0.1367 599+ 0.004 0.116 0.132 0.132 0.111 0.146 0.194
(Pr1) 0.1367 00970004 0.159 0.134 0.132 0.165 0.148 0.194
(Pyr) =0.027-5901 10004 -0.097 —-0.197 —0.226 —0.109 —0.250 —0.382
(Pyn) —0.13410020+0.018 -0.139 —0.154 —0.161 —0.137 —0.068 0.234
(Prr) —0.156 03840017 —0.161 —0.175 —-0.182 —0.159 —0.094 0.191

fourth-generation parameters relative to the para-
meters of 2HDM; a sensitivity of around 371%
SM in SM4 and around 275% SM in 2HDM is
seen. On the other hand, it is clear from the same
comparison for the 7 channel that SM4 and 2HDM
affect similarly the average of Pyy by raising the
SM expectations to around 45%. In addition, it is
evident from this article and Ref. [25] that the
deviation of Pyy from the SM in 2HDM, which is
400% SM for the p channel and 100% SM for the 7
channel, is approximately twice that in ACDM,
which is 167% SM for the w channel and 45%
SM for the 7 channel.

(vi) Figure 7 and Tables III and IV: It is obvious from

this figure that the dependency of Py on g? in the
SM and 2HDM are very similar to that of Pyy in
the SM and 2HDM. However, there are also some
differences. For example, for the wu channel, the
maximum deviation from the SM anticipation,
which is around 400% SM, occurs at g> ~ 1 GeV.
In addition, it is seen for the 7 channel that Py is
sensitive to the 2HDM parameters in both mass sets
of Higgs bosons and both ranges 4m? < ¢> =

4m?/j, and 4m?//, <¢* = (mp — mg:)?, such that,
in the first interval, case C shows the largest devia-
tions compared to the SM prediction of around 12%
SM, and, in the second interval, case A indicates the
most deviations from the SM expectation of around
—15% SM. It is also evident from Tables III and IV
that, similar to the u channel, the amounts of (P7)
in 2HDM, except for cases B and C of mass set 2 for
the w channel, lie in the range of the corresponding
SM predictions. For instance, case C of mass set 2
in the p channel can change the sign of this asym-
metry in comparison with that of the SM, which is
negative. From comparison of the results of this
article for the averages of Py in the p and 7
channels with those in Ref. [6], it is deduced that,
in the u channel, the fourth generation of quarks
operates more effectively than the new Higgs
bosons added to the SM, such that, while the SM4
raises (Prr) by approximately 375% SM in the u
case, the 2HDM enhances this value by 222% SM
in this channel; but in the 7 channel, both models
behave identically and bring down (P;7) to 10%
SM. As a result, these models cannot make

TABLE IV. Same as Table III, except for B — K;(1430)7" 7~

Case A Case B Case C Case A Case B Case C

SM (Set 1) (Set 1) (Set 1) (Set 2) (Set 2) (Set 2)

(Prr) 0.61570452+ 0023 0.649 0.603 0.600 0.655 0.638 0.741
(PL) 0.0687 511 +0.006 0.104 0.166 0.183 0.109 0.191 0.233
(Prr) 0.14310007+0.027 0.063 0.138 0.140 0.045 0.142 0.161
(Prr) 0.143 7003170030 0.209 0.144 0.142 0.224 0.150 0.162
(Pyr) —0.007 30080003 —0.010 -0.018 —0.020 —0.011 —0.020 —0.025
(Pyn) 0.455+0.841 40028 0471 0.438 0.433 0.463 0.490 0.645
(Prr) —0.808* 058510012 —0.794 —0.803 —0.802 —0.780 —0.819 —0.867
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intensive differences between their predictions
with those of the SM in the 7 channel for the
averages of Prr. Besides, it is clear from the plots
relating P77 in Ref. [25] for the p channel and 7
channel that, in comparison with the analogous
plots in 2HDM, the ACDM operates less effec-
tively than 2HDM in the u case so that the
ACDM prediction (180% SM) is approximately
one half that of 2HDM (400% SM), and, in the 7
case, the predictions of both models are almost
the same (15% SM).

Finally, let us discuss briefly whether the lepton polar-
ization asymmetries are measurable in experiments or not.
Experimentally, for measuring an asymmetry (P;;) of the
decay with branching ratio B at no level, the required
number of events (i.e., the number of BB) is given by the
formula

n2

N = 7’
BS152<PU>2

where s; and s, are the efficiencies of the leptons. The
values of the efficiencies of the 7 leptons differ from 50%
to 90% for their various decay modes [33], and the error in
7-lepton polarization is approximately 10-15% [34]. So,
the error in measurements of the 7-lepton asymmetries is
estimated to be about 20-30%, and the error in obtaining
the number of events is about 50%.

Based on the above expression for N, in order to detect
the lepton-polarization asymmetries in the p and 7 chan-
nels at 3o level, the minimum number of required events
are given by (the efficiency of 7 lepton is considered 0.5),

(i) for B— Kyu™ u™ decay,

(107D for (P;,),

1059 for ((Pyp), (Pry)),
v 1059 for (Pry),
10°®  for (Pyy),

10°9  for ((Prr), (P7L)),

L 101000 for ((Ppy), (Pyi)),

(ii) for B— Kj7+7~ decay,

10100 for ((P.), (Pyn) (Prr)),
N~ 1 10"0D for (P APNL) PL1), {PrL)),
108303 for ((Pyz), (Pry))-

In the above expressions, the first power refers to the
first choice of mass sets of Higgs bosons, and the second
power denotes the second choice of mass sets of Higgs
bosons. Comparison of the above values for N with the
number of produced BB pairs at the LHC experiments,
including ATLAS, CMS, and LHCb ( ~ 10'? per year) as
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well as that number of the Super-LHC experiments
(supposed to be ~10'3 per year), shows that, for the u
channel, all double-lepton polarizations plus the corre-
sponding averaged asymmetries and for the 7 channel,
probably P;;, Pyy, Prrs Py, Pni, Prrp, and Ppp as
well as the corresponding averaged polarizations, can be
detected at the LHC and the Super Large Hadron
Collider (SLHC). However, such comparison for the
asymmetries Pyr and Pzy and their averages for the 7
channel indicates that these asymmetries could be mea-
sured just at the SLHC experiments. It is worth mention-
ing that, although the muon polarization is measured for
stationary muons, such experiments will be very hard to
perform in the near future. The 7 polarization can be
studied by investigating the decay products of 7. The
measurement of 7 polarization in this respect is easier
than the polarization of the muon.

IV. SUMMARY

In this paper, the sensitivity of P;;’s on the dilepton
invariant mass, g2, and the model 1II 2HDM parameters
for B— Ky¢*¢~ decay were investigated, and the
results were compared to those of the SM and ACDM.
Also, for this decay, the effects of model III 2HDM
parameters on the averages of double-lepton polarization
asymmetries, (P;;)’s, were studied, and, by taking into
account the corresponding theoretical and experimental
errors in the SM, the results of the SM and 2HDM were
compared to each other. In addition, by comparing the
averages of double-lepton polarization asymmetries in
2HDM to those of SM4, after obtaining the required
number of events for detecting each asymmetry at the
LHC or the SLHC, we presented a comprehensive
discussion regarding the lepton polarizations of B —
K€ ¢~ decay. In summary, the following conclusions
were obtained:

(1) According to the above discussions regarding the
P;; and P77, the relevant averages, and the required
number of events at the LHC for detecting each
asymmetry, it is found that only P77 in the w channel
has a chance to show a sign of the model III 2HDM.

(i) From the preceding parts concerning P;r, Prp,

P;n, Py, Pyy, the corresponding averages for
the w channel and 7 channel, and the constraints
on the number of BB pairs produced at the LHC, it is
obvious that all of these asymmetries can be suitable
for searching the model IIT 2HDM.

(iii)) From the previous explanations, it is clear that,

although measuring the magnitude of Pyz, Pry,
(Py7), and (Ppy) in both the w channel and 7
channel can be significant for discovering new
physics, due to the required number of BB pairs
at the LHC for sighting these asymmetries in the
p channel and 7 channel, only the mentioned
asymmetries in the w case are suitable for such
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(iv)

achievement. However, if the SLHC starts to oper-
ate, the aforementioned asymmetries in the 7 case
can be helpful for such a discovery.

It is apparent from the figures that, although, in
general, all these asymmetries show more sensitiv-
ity to the masses of Higgs bosons in mass set 2 than
in those of mass set 1, in the asymmetry P in the
M case, compared to the others, such a discrepancy
is more evident.

(v) Our analyses regarding the asymmetries show that,

in the u case, the effects of SM4, 2HDM, and
ACDM on all asymmetries except P;; and in the 7
case, only on Py, Pr7, and Py, obey the following
arrangement: ACDM < 2HDM < SM4. For the 7
case, such a relation for Pr; appears as ACDM<
SM4 < 2HDM; for Py, appears as ACDM<
2HDM ~ SM4; and for Pyp, appears as

PHYSICAL REVIEW D 85, 075008 (2012)

ACDM ~ 2HDM ~ SM4, which lies in the range
of the SM prediction. This arrangement for P;; in
the u and 7 cases is obtained as ACDM ~ 2HDM ~
SM4 ~ SM.

In conclusion, we have shown that the new Higgs bosons
in the general model III 2HDM with spontaneous CP
violation can show some significant effects in the double-
lepton polarization asymmetries of B — Kj€* €~ decay,
which can be useful in the B factory experiments to test
the SM and search for new physics with more precise
measurements.
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