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Abstract. The Higgs boson mass spectrum and couplings of the neutral Higgs bosons to the fermions are
worked out in a C'P spontaneously broken two-Higgs doublet model in the large tan 8 case. The differential
branching ratio, forward-backward asymmetry, CP asymmetry and lepton polarization for B — X IT1~
are computed. It is shown that the effects of neutral Higgs bosons are quite significant when tan 3 is large.
Especially, the C'P violating normal polarization Py can be as large as several percents.

1 Introduction

The recent results on C'P violation in By B, mixing have
been reported by the BaBar and Belle Collaborations [1],
which can be explained in the standard model (SM) within
theoretical and experimental uncertainties. As is well
known, the direct C'P violation measurement, Re(e’/e),
in the kaon system [2] can also be accommodated by the
CKM phase in the SM within the theoretical uncertain-
ties. However, the CKM phase is not enough to explain the
matter—antimatter asymmetry in the universe and gives a
contribution to electric dipole moments (EDMs) of elec-
tron and neutron much smaller than the experimental lim-
its of EDMs of electron and neutron. Therefore, one needs
new sources of C'P violation, which has been one of the
motivations to search new theoretical models beyond the
SM.

The minimal extension of the SM is to enlarge the
Higgs sector [3]. It has been shown that if one adheres to
the natural flavor conservation (NFC) in the Higgs sector,
then a minimum of three Higgs doublets are necessary in
order to have spontaneous C'P violation [4]. However, the
constraint can be evaded if one gives up NFC. If NFC is
broken, one can obtain a so-called general or model ITII
two-Higgs doublet model (2HDM) in which the CP sym-
metry is explicitly broken. In this paper, however, we will
discuss a simpler 2HDM in which the Higgs potential is
CP invariant and Zs symmetry softly broken. Compar-
ing with model I or model IT 2HDM, the Higgs potential
of this model has an additional linear term of Re(¢] ¢2)
and different self-couplings for the real and image parts of
#7 ¢2 [5-7]. In this model (we call it model IV 2HDM here-
after) C'P symmetry can be spontaneously broken [5-7].

So model IV is minimal among the extensions of the SM
that provide a new source of C'P violation. It should be
noted that, in addition to the above terms, if one adds a
linear term of Im (4} ¢2), then one will obtain a C' P softly
broken 2HDM [7].

Flavor changing neutral current (FCNC) transitions
B — X,y and B — X,ITI™ provide testing grounds for
the SM at the loop level and sensitivity to new physics.
Rare decays B — XTI~ (Il = e, 1) have been extensively
investigated in both SM and beyond [8,9]. In these pro-
cesses contributions from exchanging neutral Higgs bosons
(NHB) can be safely neglected because of the smallness of
my/mw (I = e, u) if tan B is smaller than about 25. The
inclusive decay B — X, 777~ has also been investigated
in the SM, the model IT 2HDM and SUSY models with
and without including the contributions of NHB [10-19],
in a C'P softly broken 2HDM [5], as well as in the techni-
color model with scalars [20]. In this paper we investigate
B — X "1~ (I = e, p,7) with emphasis on C'P violation
effects in model IV. Although there is little difference be-
tween the C'P softly and spontaneously broken models [7],
the mass spectrum and consequently some phenomenolog-
ical effects are different.

This paper is organized as follows. In Sect. 2, we de-
scribe the details of the model IV and work out the Higgs
mass spectrum and couplings of Higgs bosons to fermions.
Section 3 is devoted to the effective Hamiltonian respon-
sible for B — X ITI~. We calculate Wilson coefficients
and give all the leading terms. In Sect.4 the formula for
C P violating observables and lepton polarizations in B —
X,ITI™ are given. We give the numerical results in Sect. 5.
Finally, in Sect.6 we draw conclusions and give a discus-
sion.
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2 The CP spontaneously broken 2HDM

For two complex y = 1, SU(2),, doublet scalar fields, ¢,
and ¢, the simplest Higgs potential, which is NFC softly
broken, can be written as [7]

V(gr,¢2) = Y [mio) éi+ Ni(o) 6:)°]
i=1,2
+ miRe(¢7 ¢2) + miTm(¢f ¢2)
+ Asl(67 61)(¢3 62)] + Na[Re(of ¢2)]?
+ A5 [Tm (& )], (1)
Hermiticity requires that all parameters are real. It should
be noted that the potential is C'P softly broken due to the

presence of the term m3Im(¢] ¢). We assume that the
minimum of the potential is at

(1) = <0) (62) = (%) @

which breaks SU(2) x U(1) down to U(1)gm and simul-
taneously the C'P invariance. The requirement that the
vacuum is at least a stationary point of the potential re-
sults in the following three constraints:

sin 26v1va(\g — As) + siném3 — cos&m3 = 0,
vy cos €[2Cs + vf()\4 —X5)] + vlmg =0,
siné(v2C) — v2Cy) —vivem? =0,  (3)

where

A+ A
Cl :m%+2)\1v%—|— ()\3+ 4 5 5)1}%,

)\4+)\5> 2
1.

(4)

Oy = mg + 2)\2’05 + ()\3 + 5

For the C'P classically invariant case (model IV), m3 = 0,
(3) reduces to

m% = —[2)\11)% + ()\3 + /\5)@%},
m3 = —[2X0v3 + (A3 + As)vi],
2 = —201vp(M\g — A5) cos €. (5)

&
|

From (5), one can see that the necessary condition to have
spontaneously broken CP is Ay # A5 and m3 # 0, i.e., the
real and image parts of ¢} ¢ have different self-couplings
and there exists a linear term of Re(¢] ¢2) in the potential.

We can write the potential at the stationary point as

V = m20? + m2v2 + Mot + Xvs + (A3 + A5)viv?
+ (A4 = As)vis [(cos€ — 4)? — A%, (6)
with
_ m;
o _21111)2()\4 —Xs5)
One can see that in order for the spontaneous C'P breaking

to occur with siné # 0, the following inequalities must
hold:

A=A >0, -1<A<I,
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and the potential minimum is at cos§ = A, which is au-
tomatically satisfied due to (5).

In the following we will work out the mass spectrum of
the Higgs bosons in model IV. For charged components,
the mass-squared matrix for negative states is

2 - i¢
v V1V2€
—-A Lo . 7
° (—vlvge ig v% ) (™

Diagonalizing the mass-squared matrix results in one zero-
mass Goldstone state, we have

G~ = €elsin By + cos foy, (8)

and one massive charged Higgs boson state, we have
H™ = ¢ cos B, — sin By, 9)
my- = |As|0?, (10)

where tan 3 = vy /v; and v? = v} 402, which is determined
by 2m%,V /g?. Correspondingly, we could also get the posi-
tive states Gt and H™.

For neutral Higgs components, because C'P conserva-
tion is broken, the mass-squared matrix is 4 x 4, which can
not be simply separated into two 2 x 2 matrices as usual.
After rotating the would-be Goldstone boson (v1Img9 +
volm@Y) /v away, the elements of the mass matrix of the
three physical neutral Higgs bosons p;;, in the basis of
{Reg?, Reg?, (valme) — v1Im¢Y)/v}, can be written as

Hi1 = 4/\11]% =+ ()\4 — )\5)1}%0%,
H12 = V10U2 [2)\3 + )\462 + A5(1 + S?)],
1

H13 = 50\4 — A5)02082¢,

H22 = 4)\211% + ()\4 - )\5)@%6?,

1
Ho3 = 5()\4 — X5)S2¢ 10,

pss = (A4 — As)v’sZ,

(11)

where s, ¢ represent sin, cos. In (11), the constraints in (5)
have been used. In the case of large tan 3 which is what
we are interested in', if we neglect all terms proportional
to vy, i.e., if the parameters \; are of the same order, one
can see from the above mass matrix that one of the Higgs
boson masses is zero, which is obviously in conflict with
current experiments. Therefore, instead we shall discuss
the cases in which there is a hierarchy of order of mag-
nitude between the parameters, Ay > the other \’s, and
other terms proportional to vy in (11) are negligible. For
simplicity, we define A\ = Ay — A5 and A = 4\;v?. Diago-
nalizing the Higgs boson mass-squared matrix results in

HY Co 8 0 Img?
HY) | =vV2| =saca 0| | Reg? |, (12)
HY 0 01/ \Regd

! In model IV, the fermions obtain masses in the same way
as in model IT 2HDM. The contributions to the B — X I11~
from exchanging neutral Higgs bosons are enhanced roughly
by a factor of tg?f
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with masses

1
mz?ﬂg =5 (,u11 + p33 F \/(Mll — p33)? + 4/@3) (13)

and the mixing angle

2413

tan(2a) = ———.
H33 — p11

(14)

In model IV, it is assumed that the fermions obtain
masses in the same way as in model IT 2HDM. That is,
the up-type quarks get masses from Yukawa couplings to
the Higgs doublet ¢o and down-type quarks and leptons
get masses from Yukawa couplings to the Higgs doublet
¢1. Then it is straightforward to obtain the couplings of
neutral Higgs bosons to fermions:

- igm .
H?ffi ~om £5(8a+1ca75)7
w
- igm .
HYFf: = o5 (ca —isa7s), (15)

2mycg

where f represents down-type quarks and leptons. The
coupling of HY to f is not enhanced by tan 3 and will
not be given here explicitly. The couplings of the charged
Higgs bosons to fermions are the same as those in the
CP conservative 2HDM (model II, see [22]). This is in
contrast with model IIT [23] in which the couplings of
the charged Higgs to fermions can be quite different from
model II. Tt is easy to see from (15) that the contribu-
tions coming from exchanging NHB are proportional to
21/2Gpsacamfc/ cos? f3, so that the constraint due to EDM
translate into the constraint on sin2atan? 3 (1/cos3 ~
tan 8 in the large tan 8 limit). According to the analysis
in [24], we have the constraint

v/ |sin 2] tan 8 < 50

from the neutron EDM. And the constraint from the elec-
tron EDM is not stronger than (16). It is obvious from
(16) that there is a constraint on « only if tan 8 > 50.

(16)

3 The effective Hamiltonian for B — X, I 11~

As is well known, inclusive decay rates of heavy hadrons
can be calculated in heavy quark effective theory (HQET)
[25] and it has been shown that the leading terms in the
1/mg expansion turn out to be the decay of a free (heavy)
quark and corrections are of the order 1/m2 [26]. In what
follows we shall calculate the leading term. The effective
Hamiltonian describing the flavor changing processes b —
slTI™ can be defined as

4G = -
Hog = T;thvt; <Z Ci()Oi(p) + Z Ca; (M)Qi(ﬂ)) ;

i=1

(17)
where O;(i = 1,---,10) is the same as that given in [8];
the @; come from exchanging the neutral Higgs bosons
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and are defined in [12]. The explicit expressions of the
operators governing B — X, I11™ are given as follows:

O = (.9/167r2)mg,(ELQU“”bRQ)FW7
6/16ﬂ2)(§La7“bLa)fvul,
%)

Os = (

Oy = (e/167)(8La"bra)VuYsl,

Q1 = (€*/167°) (Srabra) (1),

Q2 = (€%/167°) (8L.abra) (1751). (18)

For the large tan (8 case, we can generally write the
couplings as follows:

HH*GT:  +4igCyp+c-,
HH*WT:  i¢Cyy+iw-,
Hbb:  igmytan B(Cy + Cyys),
HIl:  igmgtan 3(Cy + Cpys). (19)

In model VI, we obtain

CH1H+G* = —\f?lieiE

X [ca()\435 +idsce) + Sa(Aace —idsse + 5\)} ,
Cu,n+a- = —v/2ve'¢ [ — Sa(Aasg +1iXsce)
+ca(Aace —iAsse + 5\)},
Cu,grw- = —¥7
Cryow- = —2=2% (20)

and Cy, C;, Cy, C; can be extracted from (15).

At the renormalization point g = myy the coefficients
C; in the effective Hamiltonian have been given in [8] and
the Cg, are (neglecting the O(tg8) term)

tg? 1 _
Con (myy) = Tomute" 0t { [ (Cy + o) o

sin? Oy ms;

+Cup+a-fo—mwCrprw- f2] Cr — 47{;} ;

mpmyt 2/31‘ 1 2 ~
0TS Pt & L {2 [—mW(Cb + Cb)f1

CQz (mW) = m
H

sin? Oy

+ Cru+a-fo — mwCru+w- f2] Ci +4r{; } ;

w
2
mpe
Coy(mw) = ——(Cq, (mw) + Cq, (mw)),
migg
2
mpe
CQ4 (mW) = WQE(CQl (mW) - CQz (mW))7
Cq,(mw) =0, i=5,---,10, (21)
where
rylnzy xg+rlnxgs —axInax
fl = - )
e — 1 T+ — Tt
xyInxy cy+lnxrgs
fa=

(.I?t — 1)(.Z'Hi —l‘t) B (xHi —l‘t)(xHi — 1)7

1 In x; Inxpg+
f3 = - )
T+ — Tt Itfl IH:tfl

(22)
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with z; = m?/m2. It would be instructive to note that
in addition to the diagrams of exchanging neutral Higgs
bosons, the box diagram with a charged Higgs and a W
in the loop also gives a leading contribution proportional
to tan? 3 [27,28].

Neglecting the strange quark mass, the effective Hamil-
tonian (17) leads to the following matrix element for b —
sl

GFOé
\/»

+ 2C7mb§LiUMVq7bRZ7Hl
q

M= —Vu V% CS sL'yprlv’ [+ CgvaubLl'y 7ol

+ CQI §LbRZl + CQQSLle’ysl‘| s (23)
where [8,10,29]
Cs™ = Cs + Me o) 4 2k >
8 — U8 g mb, Oé2
VieJJ b .
My, I'(V; = 1T17)
. 3C, 4+ C 24
with § = q2/ml2), q= (plﬁ —|—p‘u7)2. In (24) g (mc/my, 8)

arises from the one-loop matrix element of the four-quark
operators and can be found in [8,30]. The second term in
the braces in (24) estimates the long-distance contribution
from the intermediates, J/4, ', ¢"... [8,29]. For | = 7, the
lowest resonance J/1 in the ¢ system does not contribute
because the invariant mass square of the lepton pair is
s > 4m2. In our numerical calculations, we choose k(3C1 +
Cy) = —0.875 [31].

The QCD corrections to coefficients C; and Cg, can
be incorporated in the standard way by using the renor-
malization group equations. Although the C; at the scale
@ = O(my) have been given in the next-to-leading order
approximation (NLO) without including mixing with Q;
[32], we use the values of C; only in the leading order ap-
proximation (LO) since no Cg, have been calculated in
NLO. The C; and Cg, with LO QCD corrections at the
scale = O(my) have been given in [12]:

Cr(mp) = 012 [Cr (mw)

{ 58 (1710/23 1)+ ﬁ(nzs/z?) _ 1)} Co(myy)

135 189
— 0.012Cq, (mw)] , (25)
4
— - 2
Cs(my) = Cs(mw) + () (26)
% 7i(1 _ 77711/23) + é(l _ 77729/23) C (m )
33 87 2w
Cy(my) = Cy(mw ), (27)
Cq,(ms) =029/ Cq (mw), =12, (28)
where vg = —4 [33] is the anomalous dimension of 51,bg,

Bo =11 —2n;/3, and n = as(my)/as(mw ).

in a C'P spontaneously broken two-Higgs doublet model

After a straightforward calculation, we obtain the in-
variant dilepton mass distribution [12]

dI(B = X,I717)

ds
= B(B — X,p)— o (1-s)?
v 472 f (me/my) 5
4t2 1/2 |‘/tb‘/;5 |2
— _D(s
<(1-%) Moo

2

D(s) = |C$T? (1 + 2) (1+2s)

2
+ 4|Cq? (1 + 2t> (1 + 2)
S S

+ |Co? [(1 +25) + 2%2(1 = 43)}

eff x 2t2
+ 12Re(CrCS™) (14— (29)

+ ;\CQl *(s —4t%) + ;|CQ2 *s + 6Re(CoCoy, )t

where s = ¢*/m2, t = my/my, B(B — X.Iv) is the
branching ratio of B — X_.lv, f is the phase-space fac-
tor and f(z) =1 — 8z2 + 825 — 2% — 242% Inx.
We also give the forward—backward asymmetry
d2r d2r

1 0
/0 dzdsdz B /_1 dzdsdz
I 2r 0 2p
/0 dz dsdz + /_1 dz c?sdz
_ \/W E(s)
s D(s)’
where z = cos 0 and 0 is the angle between the momentum

of the B-meson and that of [* in the center of mass frame
of the dileptons {*{~. Here,

A(s) =

(30)

E(s) = Re(C§TCy s 4+ 207C5 + CFCh t + 2C7CHt).
(31)

4 C P-violating observables
and lepton polarizations in B — X, IT1~

The formulas for C'P violating observables and lepton po-
larizations in B — X IT1~ have been given in our previous
paper [5]. We give the formula below in order to make the
present paper self-contained. The CP asymmetry for the
B — X, 0717 and B — X "1~ is commonly defined as

dI'/ds — dI’/ds

dr/ds +dT'/ds’ (32)

Acp(s) =

The C'P asymmetry in the forward-backward asymmetry
for B — X, 71~ and B — XTI~ is defined as

Bep(s) = A(s) — A(s). (33)
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It is easy to see from (29) that the C'P asymmetry Acp,
in general, is very small because the weak phase difference
in C;Cg! arises from the small mixing of O with Q3 (see
(25)). In contrast to Acp, Bop can reach a large value
when tan § is large, as can be seen from (31) and (21).
Therefore, we propose to measure B p in order to search
for new C'P violation sources.

Let us now discuss the lepton polarization effects. We
define three orthogonal unit vectors:

. 7
€L = =
|P1|
- ﬁs Xﬁl
EN = "> — =7
|ps Xpl‘

€T = gN X gL;
where p; and ps are the three momenta of the £~ lepton
and the s quark, respectively, in the center of mass of the
0T ¢~ system. The differential decay rate for any given spin

direction 77 of the £~ lepton, where 7 is a unit vector in
the ¢~ lepton rest frame, can be written as

dr@@ 1 (dF

ds 2 \ds

) [1 + (PéL + Puéx + Prér) - ﬁ},
0

(34)

where the subscript “0” corresponds to the unpolarized
case, and Pp,, Pr, and Py, which correspond to the longi-
tudinal, transverse and normal projections of the lepton
spin, respectively, are functions of s. From (34), one has

ar

(il = &) — — (it = &)
PAs) = g ar 5)
@(ﬁ fi)+$(ﬁ:*€z)

The calculations for the P; (i = L,T,N) lead to the
following results:

2\ 1/2
po=(1-4) T Dy
s D(s)
po_ 3T 442\ '/? Dy(s)
N7 4512 s D(s)’
3wt Dr(s)
Pr=—
T 281/2 D(S) ) (36)
where
Dy,(s) = Re (2(1 + 25)CgTCy + 12C7C5 — 6tCqo, C3
— 350@1052) s

Dx(s) = Im (25Cq, C% + sCqo, O™ + sCq,Cy + 4tCyCs
+ 2tsC§™*Cy)

4
Dr(s) = Re< — 20705 + 4080 + g|O7|2 -5 Cy

s — 4t?
2t

e * S *
+ s|CgT)? — Cq,Cy — ;CQ207

S ~eff fvx
- 2.0 0Q2>. (37)
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Fig. 1. C7 as a function of £ with my+ = 250GeV, and solid
and dashed lines represent tan 8 = 50 and 10, dot-dashed line
represents the case of switching off Cq, contributions. The re-
gion between two straight solid lines is permitted by the b — s+
experiment

P, (i = L, T,N) have been given in [15], where there are
some errors in Pr and these authors gave only two terms
in Dy, the numerator of Py. We recall that Py is the CP
violating projection of the lepton spin onto the normal of
the decay plane. Because Py in B — X I~ comes from
both the quark and lepton sectors, purely hadronic and
leptonic C'P violating observables, such as d,, or d., do
not necessarily strongly constrain Py [34]. So it is advan-
tageous to use Py to investigate C'P violation effects in
some extensions of SM [35]. In model IV, as pointed out
above, d,, and d, constrain (|sin2a|)'/? tan 8 and conse-
quently Py through Cg, (i = 1,2) (see (37)).

5 Numerical results

The following parameters have been used in the numerical
calculations:

Mt pole = 175GeV,  mp pole = 5.0 GeV,

Me pole = 1.3 GeV,
my, = 0.105GeV, m, =1.7T7GeV, n=1.67.

Without losing generality, we assume 0 < £ < 2m. For the
Higgs masses, as an example, we choose mpy+ = 250 GeV
(see discussions below), the lightest neutral Higgs mass be-
ing fixed to 100 GeV, and the heavier neutral Higgs mass
being 500 GeV. It should be pointed out that the region
of £ will be constrained due to this specific choice of neu-
tral Higgs boson masses (see (13)), which is the reason
why there are gaps in Fig.1 and Figs.4-10. For [ = e,
the contributions of the neutral Higgs bosons are negligi-
ble due to the smallness of the electron mass so that the
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Fig. 2. Differential branching ratio as function of s for B —
X777, where ¢ = 7/3, solid and dashed lines represent
tan8 = 50 and 10, dot-dashed line represents the case of
switching off Cq, contributions

results are almost the same as those in SM. So we only
give numerical results for | = p, 7. We shall analyze the
constraint from b — s7v in the first subsection and give
the numerical results for [ = 7, u in the second and third
subsections respectively.

5.1 The constraint from b — s~

Because the couplings of the charged Higgs to fermions in
model IV are the same as those in model II, the constraint
on tan 3 due to effects arising from the charged Higgs are
the same as those in the model II. The constraint on tgg
from K-K and B-B mixing, I'(b — sv), I'(b — c7,)
and Ry, has been given in [36]:

0.7 < tgf < 0.52 ( i )

1GeV (38)

(and the lower limit my+ > 200 GeV has also been given
in [36]). In [37], it is pointed out that the lower bound
of the charged Higgs is about 250 GeV if one adopts a
conservative approach to evaluate the theoretical uncer-
tainty; on the other hand, adding different theoretical er-
rors in quadrature leads to my+ > 370 GeV. Indeed, these
bounds are quite sensitive to the errors of the theoretical
predictions and to the details of the calculations.

Due to the mixing of O7 with @3, C7(u) is dependent
of Cg, (see (37)). So we have to see if the experimental
results of b — sy impose a constraint on our model param-
eters (see [38] for a detailed discussion of the constraint
on C7). From the equation [39,40]

B(B = Xyy) _ |ViVyl* 6a

eff 2
B(B = Xeete)  |Val? 7rf(z)|c7 (ko)

(39)
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Fig. 3. Forward-backward asymmetry as function of s, other
captions are same as Fig. 2

and the experimental results for b — sy [41]

2.0x107* < B(b— s7) < 4.5 x 1074, (40)
we can get the constraint on |Cy|. In Fig. 1, we show the
Cr as a function of £. One can see from the figure that even
for tan 8 = 50, the model can still escape the experimental
constraint.

52 B — X7t~

Numerical results for B — X, 717~ are shown in Figs. 2—
7. From Figs.2 and 3, we can see that the contributions
of the NHBs to the differential branching ratio dI'/ds
and forward—backward asymmetry A, are significant when
tan 8 is 50 and the masses of NHBs are in a reasonable
region, which is similar to the case of model II 2HDM
without C'P violation [12].

Figures4 and 5 are devoted to Bcp and Py as a func-
tion of £. From Fig.4, one can see that Bop can reach
about 1.5% for the favorable parameters, and depends
strongly on &. Figureb shows that Py depends also
strongly on ¢ and can be as large as 8%. It should be
noted that experimentally the observables after integrat-
ing s are more accessible than those for specific s; therefore
we present also the integrated Py (the integration range
of s is 0.6-1 which is apart from the resonance region) in
Figs. 5 and 8. Our numerical results (Fig. 5b) show that the
shape of the integrated Py, which can also reach several
percent, is similar to that for specific s. For illumination
purposes, we shall present the results for specific s in most
of the figures.

Figures6 and 7 show the longitudinal and transverse
polarizations respectively. It is obvious that the contribu-
tions of the NHBs can change the polarizations greatly,
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Fig. 4. Bop as function of £, for B — X777, where s = 0.8,
solid and dashed lines represent tan 8 = 50 and 10
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Fig. 5a,b. Py a and integrated-Px b as functions of £ for
B — X,7777, where s = 0.8 for a, solid and dashed lines
represent tan 3 = 50 and 10, dot-dashed line represents the
case of switching off Cg, contributions

especially when tan § is large. The longitudinal polariza-
tion of B — X,lT1~ has been calculated in SM and several
new physics scenarios [10]. Switching off the NHB contri-
butions, our results are in agreement with those in [10].

53 B = X utpu~

Because the contributions of the NHBs to the differential
branching ratio, forward-backward asymmetry and Bcp
for the process B — X,utTp~ are so small if even tan 3

Fig. 6. Pr, as function of &, other captions are same as Fig. 5a
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is as large as 100, which is due to the strong suppres-
sion (o< m?/m2), that we do not show the results here.
However, for the lepton polarizations, the suppression is
proportional to m;/m,,, which is not so strong, and conse-
quently the NHBs can make relatively significant contribu-
tions. We show the numerical result of Py and integrated
Py in Fig. 8, and P, and Pt in Figs.9 and 10.

Figure 8 shows that Py is sensitive to £ and can reach
several percent when tan 8 = 50. For tan( = 10, Py is
unobservably small. From Figs. 9 and 10, one can see that
the contributions of the NHBs can change the longitudinal
and transverse polarizations greatly, especially when tan 3
is large.
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6 Conclusions and discussions

In summary, we have calculated the differential branch-
ing ratio, backward—forward asymmetry, lepton polariza-
tions and some CP violated observables for B — X [T~
in model IV 2HDM. As main features of the model, the
NHBs play an important role in inducing C'P violation,
in particular, for large tan 3. We propose to measure B¢ p
(defined in Sect.4) instead of the usual CP asymmetry
Acp, because the former could be observed for [ = 7 if
tan § is large enough and the latter is too small to be
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observed. The C'P violating normal polarization Py can
reach several percent for [ = 7 and p when tan 3 is large
and Higgs boson masses are in a reasonable range, which
could be observed in future B factories with 103-10'? B
hadrons per year [42]. It should be noted that the results
are sensitive to the mass of the charged Higgs boson. If the
charged Higgs boson is heavy (say > 400 GeV), the effects
arising from new physics would disappear. If we take the
mass of the charged Higgs boson to be 200 GeV, which is
the lowest limit allowed by B — X7, the C'P violation
effects will be more significant than those given in the pa-
per. Comparing the results in this paper with those in the
CP softly broken 2HDM, the main difference is the differ-
ent &-dependence. Therefore, it is possible to discriminate
model IV from the other 2HDMs by measuring the C'P
violated observables such as Bop, Py if nature chooses a
large tan 8 and a light charged Higgs boson. Otherwise, it
is difficult to discriminate them.
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