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The differential branching ratio, forward-backward asymme@f?, asymmetry and lepton polarization for a
B meson to decay to strange hadronic final states, anlra pair in aCP spontaneously broken two Higgs
doublet model are computed. It is shown that contributions of neutral Higgs bosons to the decay are quite
significant when ta is large. And it is proposed to measure the dir€® asymmetry in back-forward
asymmetry.

PACS numbe(s): 12.60.Fr, 13.20-v

[. INTRODUCTION emphasis oI€ P violation effect in aCP spontaneously bro-

ken 2HDM, which we shall call model IV hereafter. We

The origin of CP violation has been one of the main consider the model IV in which the up-type quarks get
issues in high energy physics since the discoveryC#  masses from Yukawa couplings to the one Higgs douBlet

violation in the Ko-K, system in 19641]. The measure- and down-type quarks and leptons get masses from Yukawa
ments of electric dipole moments of the neutron and electrofouplings to the another Higgs doubkét. The Higgs boson
and the matter-antimatter asymmetry in the Universe indicatéouplings to down-type quarks and leptons depend on only
that one needs new sources®P violation in addition to the  the CP violated phas& which comes from the expectation
CP violaton coming from the Cabibbo-Koboyashi- value of Higgs field and the ratitgB=v,/v, in the large
Maskawa(CKM) matrix, which has been one of the motiva- tgB limit (see next sect|dnwh|c_h are the free paramet_ers in
tions to search for new theoretical models beyond the stari’®@ model. Because the couplings of the charged Higgs bo-
dard modekSM). son to ferm|on§ in model IV are the same a's'those in model
The minimal extension of the SM is to enlarge the Higgs!l: the constraints on taf due to effects arising from the
sectors of the SM2]. It has been shown that if one adherescharged Higgs bosons are the same as those in model II.
to natural flavor conservatiofNFC) in the Higgs sector, Constraints on tag from K-K and B-B mixing, I'(b
then a minimum of three Higgs doublets are necessary inﬁsy),r(b_)m-jr) andR, have been givefl1]
order to have spontaneo@P violation [3]. However, the
constraint can be avoided if one allows the real and imagi-
nary parts ofp; ¢, to have different self-couplingsee be- My =
low, Eq. (2)]. Then, one can construct@P spontaneously 0.7<tang= 0-52( 1 Gev) (1)
broken two Higgs doublet modgPHDM), which is the
minimal and the most “economical” ol@mong the exten-
sions of the SM that provide new sources@P violation.
Flavor changing neutral curredfCNQC) transitions B
— Xy andB— X "1~ provide testing grounds for the SM
at the loop level and sensitivity to new physics. Rare decay
B—Xd I (I=e,u) have been extensively investigated in
both SM and the beyonfb,6]. In these processes contribu-
tions from exchanging neutral Higgs bosamHB) can be
safely neglected because of smallnessnpfmy, (I=e,u).
The inclusive deca— X.7* 7~ has also been investigated
in the SM, the model Il 2HDM and SUSY models with and
without including the contributions of NHB7-10]. In this
note we investigate the inclusive decBy—X,r 7~ with

(and the lower limitmy+=200 GeV has also been given in
Ref.[11]). It is obvious that the contributions from exchang-
ing neutral Higgs bosons now is enhanced roughly by a fac-
tor of tarfB and can compete with those from exchanging
v, Z when tang is large enough. Because tlid° violation
effects inB— X" 7~ come from the couplings of NHB to
leptons and quarks, we shall be interested in the largé tan
limit in this note. The constraints ofican be obtained from
the electric dipole momen{&€DM) of the neutron and elec-
tron, which will be analyzed in the next section.

Il. MODEL DESCRIPTION

‘Comparing the model 1ll 2HDM4], in which CP is explicitly Consider two complexy=1, SU(2), doublet scalar
violated, theCP spontaneously broken 2HDM has only two new fields, ¢, and ¢,. The Higgs potential which spontaneously
parameters besides the masses of the Higgs bosons in the larBeeaks SU(2X U(1) down to U(1}y can be written in the
tang limit (see belowy: In this sense it is the most “economical.” following form [12]:
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Diagonalizing the mass-squared matrix results in one zero-

V(¢1u¢2):i2212[mi2¢i+ i+ Ni(d; #1)?] mass Goldstone state:
+N3[ (1 D1)(d; d2)] G =¢€'‘sinB¢, +cospe; (5)
+ N4l (&1 H2) (b5 b1)]

+N\s[Re( 7 #2) 12+ Ng[IMm(b) )12 (2)  and one massive charged Higgs boson state:

Hermiticity requires that all parameters are real so that the
potential iISCP conservative. It is easy to see that the mini- H™ =e'¢cosBe, —sinBe; , (6)
mum of the potential is at

0 0
<¢1>:(V1): <¢2>:<v2ei§)' (3 My-= |\ gl (Vi+V3), (7)

thus breaking SU(2xU(1) down to U(1}, and simulta-
neously breakindCP, as desired. It should be noticed that
only for A5# = \g, the phase cannot be rotated away as
usual, which breaks th€ P conservation.

In the following we will work out the mass spectrum of .
the Higgs boson. For charged components, the mass-squared

where tarB=v,/v,. Correspondingly we could also get the
positive statesG* andH™ with the same masses zero and
INal(vZ+Vv3), respectively.

For neutral Higgs components, beca@s@ conservation
breaking, the mass-squared matrix s 4, which could

matrix for negative states is not be simply separated into twox2 matrices as usual.

‘ However, in the case of large t@hwhich is what we are

Vf —Vyvye't interested in, the neutral parts can be written separately as
4\ _yoyae it 2 | (4 two 2x 2 matrices and one of them is
1Vo€ Vs
|
A5+ Ng+ (Ng—As5)C0g28) (M= Ag)sin(2§)
2 2
V5 : . €)
(A= Ag)sin(28) As+Agt (As—Ag)COY28)
2 2

Diagonalizing the Higgs boson mass-squared matrix resulthe weak states to the mass states, the couplings of neutral

in two eigenstates: Higgs to fermions which are relevant to our analysis are
H(l’) ce —s\[Ima? -
= \/E( ) 9) 07%. 1gmg r
(Hg s¢ C; )| Reg? HAff: 2mwcosﬁ(S§ IC¢7s),
with masses .
1gmy :
-
2 i ————(c+
mH‘l’:A5V§’ Haff 2mWCOSﬁ(C‘f iS¢ys), (11)
mao=>\6V§, (100  wheref represents down-type quarks and leptons. And the
2

couplings of the charged Higgs bosons to fermions are the

same as those in theéP-conservative 2HDMmodel I, for
xamples see Ref14]). This is in contrast with the model

Il in which the couplings of the charged Higgs bosons to

fermions are quite different from model Il. It is easy to see

from Eqgs.(11) that the contribution coming from exchanging

JNHB is proportional toy2Ggs,c:mf/cos’3, so that the con-

where c.=cos¢ and s;=siné. The diagonalizing of the 4

X 4 neutral Higgs mass-squared matrix has been analyticall

carried out under some assumptions in Héf3] and the

results reduce to Eq$9) and(10) in the case of large tgh.
The other 22 matrix can be similarly dealt with. Be-

cause the third physical neutral Higgs boson and neutr - . )

Goldstone do not couple to down-type quarks and leptons iﬁFramts due to EDM translate into the constraints on

the large tag8 limit in which we are interested, we do not sin2tarf3 (1/cosp~tanp in the large tag limit). Ac-
show the explicit results. cording to the analysis in Ref15], we have the constraint

Now, we turn to the discussion of the Higgs-fermion-
fermion couplings. After completing the transformation from V|sin 2¢[tanB< 50 (12
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from the neutron EDM. And the constraint from the electron
EDM is not stronger than Eq12). It is obvious from Eq.
(12) that there is a constraint dghonly if tan3>50 and the
stringent constraint on tg® comes out and is tgf<<50
when é= 7/4.

lll. FORMULA FOR B—Xgrt7~

Inclusive decay rates of heavy hadrons can be calculated
in heavy quark effective theo§HQET) [16] and it has been
shown that the leading terms inni$ expansion turn out to
be the decay of a freéheavy quark and corrections stem
from the order ]nh(zg [17]. In what follows we shall calculate
the leading term. The transition rate for-s7* 7~ can be
computed in the framework of the QCD corrected effective
weak Hamiltonian, obtained by integrating out the top quark,
Higgs bosons, antv=,Z bosons

4G 10 10
F
Her=—= VisVis| 2 Ciw)Oi()+ 2, Co(1)Qilp) |,
\/E i=1 i=1 !
(13
whereO;(i=1, .. .,10) is the same as that given in Rg],
Q;’'s come from exchanging the neutral Higgs bosons and are

defined in Ref[9]. The explicit expressions of the operators
governingB— X7 7~ are given as follows:

O7=(e/16m%)My(S_ 00" bra)F 0,

Og=(e/16m2)(SLa¥*bLa) TV, T,

with x;=m

PHYSICAL REVIEW D 61 015011

AHl——sg, DHl—IC§,

Ay =cCq, Dy, =isg,
iC,—s; cstis;
Hl_ 2 ’ H2_ 2 ’

XeInXy  Xpg= InXy= =X Inx;
1 Xt_l

X+ — X
. X In % B Xp= InXpy=
(%=1 (Xy=—1)  (Xp=—X)(Xy=—1)
(16)
2/mZ. In Egs.(15), E; are given by
En,= 3 (=51 +CiCy),
En,= 3 (CeC1+5:C),
C]_:_XHt+C§XH1(C§+iS§)+S§XH2
X(sg—icy),
c2=i[—xH¢+s§le(s§—ic§)
+TCeXp,(Cetisy)]. (17)

Og=(€/16m2)(SL o ¥*DLa) TV, V5T,
Q1= (%/16m2)(S_ 4bra) (77),

Qo= (€/167%)(SLubRra) (T757). (14

At the renormalization point.=m,, the coefficientC;’'s
in the effective Hamiltonian have been given in & and
Cq,'s are[neglecting theO(tgB) term|

mym,tg°BX A
Coy (M) = L (fBi+E)
oM 2sin%6yy [i—Hl,Hz miz( 15T T2 J]
mbm"tgzﬂx'[ Di
QZ( W) ZSinzﬂw [i=%'|-|2 m|2( 1Pi 2 |)

my,e?
Co,(Mmw)= m—92 [Cq,(mw)+Cq,(Mmw)],

T7IS

mye?
Co,(Mmy) = m_gz[CQl( Mw) — Cq,(Mw) ],

T7IS

Co(mw)=0, i=5,...,10, (15)

where

Neglecting the strange quark mass, the effective Hamil-
tonian (13) leads to the following matrix element fdp
—s7hr

Ge

o
M= \/5’77 thviks

Cg's y,bL Ty 7+ Cosy, b TY* Y57

14

— qQ’ — -
+2C;myS;i a"“’? brry* T+ CleLbRTT

+Cq,SLbr™Y°7|, (19

where[5,7,18

me - 3
—,s|+—Kk
my 2

Cg''=Cq+ [ g

TMy I'(Vi— T77)

X X : (3C;+Cy),
Vi=y' M\Z/i_qz_'Mvirvi]

(19

with  s=g?mZ, q=(p,++p,-)> In Eq. (19
g(me/my ,%) arises from the one-loop matrix element of the

four-quark operators and can be found in R¢f19]. The
second term in braces in E@.9) estimates the long-distance
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contribution from the intermediate)’, ¢”, ... [5,18]. In
our numerical calculations, we choosk(3C;+C,)=
—0.875[20].

The QCD corrections to coefficient; and CQ can be

PHYSICAL REVIEW D61 015011

where yqzlmﬁ, t=m_/my, B(B—>XCI7) is the branching
ratio, f is the phase-space factor and &g —8x%+ 8x°
—x8—24x* Inx.

The CP asymmetry for theB— X “1~ andB—Xd I~

incorporated in the standard way by using the renormalizais defined as

tion group equations. Although th€; at the scaleu

=0(m,) have been given in the next-to-leading order
(NLO) approximation and without including mixing with
Q;, we use the values d; only in the leading order ap-
proximation (LO) since no CQ have been calculated in

AL (S)_dr/ds—dﬁds 25
P dr/ds+dT/ds’

NLO. The C; andCq, with LO QCD corrections have been We also give the forward-backward asymmetry

given in Ref.[9]:
C (m ): —16/23) C (m ) 58( 10/23_ 1)
7UMp) =7 7T 135

29
189( 28/23 1)} 2(mW)—0.Olz:Q3(mw)),

(20)
4 4
Cg(my)=Cg(my)+ as(—rzw)[ — E%(1_ p 1)
8
+ 8_7(1_ n29/2%}cz(mw)’ (21)
Co(mp)=Cy(my), (22)
Cq,(mp)=n~7'MCq (my), =12, (23

where yo=—4 [21] is the anomalous dimension &fbg,
Bo=11-2n/3, and n= ag(mp)/ as(my).

sz(dZF/dsdj—f dz(d?I'/dsd2
0 -1

E(s)
A(s)= 5 ~D(s)’
fdz(dzrldsdznf dz(d°T'/dsd2
0 -1

(26)

wherez=cosf and§ is the angle between the momentum of
the B meson and that df* in the center of mass frame of the
dileptons7* r~. Here,

E(s)=Re(C§"Cy s+2C,Ch + CS"Cyt+2C,Ch,t).
(27)

The CP asymmetry in the forward-backward asymmetry for
B—X.r" 7 andB— Xt 7 is defined as

) :A(s)—K(s)
Ace(s) A(s)+A(s) (29

After a straightforward calculation, we obtain the invari- It is easy to see from Eq24) that theCP asymmetryACP |s

ant dilepton mass distributig®]

dl'(B—Xm777) — a? )
s - B(B—XdJv) (1—s)
ds 47%f(m./my)
4t2 1/2|V bV |2
Y —2D<5)
| cb|

2t2
D(s)=|Cg"? (1+ -

(1+2s)+4|C|?

2t2
x| 14+ —
S

2
1+ =
S

+|Cyl?

t2
X|(1+2s)+ ?(1—45)

2

off. 2t
+12ReC,Cg™)| 1+ -

3 3
+ E|ch|2(s—4t2)+ E|(:Qz|zs

+6 Re(CyCH )t (24)

very small because the weak phase dlfferenca:l;m:
arises from the small mixing dd with Q5 [see Eq(20)]. In
contrast with it,AéP can reach a large value when fans
large, as can be seen from E¢®7) and(15). Therefore, we
propose to measun@%p in order to search for neW P vio-
lation sources.

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

> pl
eL=
|p1|
- PsX Ps
en= - - ]
|psX P4

eT:eNX e|_,

wherep; andp; are the three momenta of the lepton and
the s quark, respectively, in the center of mass of thé~
system. The differential decay rate for any given spin direc-
tion n of the |~ lepton, wheren is a unit vector in thd ~
lepton rest frame, can be written as
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FIG. 1. Differential branching ratio as function sf where ¢ ¢

=m/4, solid and dashed lines represent g&n10 and 30 and the FIG. 3. A, as function ofé¢, wheres=0.8. Solid and dashed
dot-dashed line represents the case of switchingCeff contribu-  lines represent tad= 10 and 30.

tions.

tudinal, transverse, and normal projections of the lepton spin,
respectively, are functions a&f From Eq.(29), one has

dr'(n) 1(drC
ds 2\ds

[1+(PL e +Pyey+Prer)-n],

(29 5 _ (dI'/ds)(n=g)—(dI'/ds)(n=—e)
where the subscript “0” corresponds to the unpolarized ' (dT/ds)(n=¢,)+(dT/ds)(n=—¢,)
case, and® , Pt, andPy, which correspond to the longi-

(30

The calculations for thé;,'s (i=L, T, N) lead to the fol-

w 04 ! ) j j ) j ) i T j I H | .
< i 1 owing results:
035 - o _ _471:2 1/2D|_(S)
L s D(s) '’
03 |-
o _ 3w [ 4t2)1/2DN(s)
N4t s| D(s)’
‘ ¥ 37t D(s)
02 I ’ ’ T 292 D(s) ! 30
015 |} where
i D\ (s)=Rg2(1+2s)C§"C§ +12C,C§ —6tCq C§
o LA oL
055 06 065 07 075 08 085 09 095 1 _ *
. 35CQ1CQ2],

FIG. 2. Backward-forward asymmetry as function fwhere . off x .
&=m/4. Solid and dashed lines representgan10 and 30 and the Dn(s)=1Im(2sCq,C7 +sCq, Cg" ™ +5Cq Cq
dot-dashed line represents the case of switchingCeff contribu- i
tions. ' +4tCoC% +2tsCE" *Cy),
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FIG. 4. A%, as function of¢, wheres=0.8. Solid and dashed FIG. 6. Py as function ofs, where{=m/4. Solid and dashed
lines represent tafi=10 and 30. lines represent tagA=10 and 30 and the dot-dashed line represents

the case of switching of€q, contributions.

Dy, the numerator ofPy. We remind thatPy is the
C P-violating projection of the lepton spin onto the normal of

4
D1(s)= Re( —2C,C% +4cgfcs + g|c7|2— cefcy

+S|Ceff|2_ S’4tzc C*—§C c* the decay plane. Becaus®y in B—XJ "1~ comes from
8 2t Q79 ¢ T both the quark and lepton sectors, purely hadronic and lep-
tonic CP-violating observables, such ak, or d., do not

S

Cgﬁca ) (32) necessarily strongly constrai®y [22]. So it is advantageous
2t 2]’

to usePy to investigateC P violation effects in some exten-

sions of SM[23]. In the model IV 2HDM, as pointed out
P, (i=L, T, N) have been given in the Reff9], where (23] P

there are some errors Py and they gave only two terms in

o [T ]
W8 0 — T T T B ]
< | 0.08 [ 7
RH C ]
-0.05 E' | 0.06 - -
L E H o ::" ] 0.04 L n
e H Y ' 7 002 [ T ]
i ' i of ]
-045 ]| i Vo — i ]
| i o[ -
I :: ? i ;'. ! i E/“.(' e —— 4
-0z | P i -0.04 4
+ ::: g -0.06 o e . ]
025 - i ] -0.08 [ -
i i ]
! _M‘.".|‘...|....|.‘..|....|.‘.‘l.'

o3 Ll o 0 08 1 1.5 2 25 3
055 06 065 07 075 08 08 09 095 1 4

FIG. 7. Py as function of§, wheres=0.8. Solid and dashed
FIG. 5. Aép as function ofs, whereé= /4. Solid and dashed lines represent tagd=10 and 30 and dot-dashed line represents the
lines represent tag=10 and 30. case of switching oﬂ::Qi contributions.
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FIG. 8. P, as function of¢, wheres=0.8. Solid and dashed FIG. 9. P as function of¢, wheres=0.8. Solid and dashed
lines represent taA= 10 and 30 and the dot-dashed line representdines represent tagd= 10 and 30 and the dot-dashed line represents
the case of switching of€q contributions. the case of switching of€q, contributions.

above,d,, andd, constrainy/|sin 24tang and consequently comingB factories, and comes mainly from NHB contribu-
Py throughCq, (i=1,2) [see Eq(32)]. tions in most of rangé€.

Figures 8 and 9 show the longitudinal and transverse po-
larizations, respectively. It is obvious that the contributions
of NHB can change the polarization greatly, especially when

The following parameters have been used in the numeritang is large, and the dependence Bf on CP violation
cal calculations: phaseg is not significant in most of rangé The longitudi-

nal polarization ofB—X,7" 7~ has been calculated in SM
and several new physics scenarid§. Switching off the

IV. NUMERICAL RESULTS

m=175 GeV, m,=5.0 GeV, m=16 GeV, NHB contributions, our results are in agreement with those
in Ref.[7].
In summary, we have calculated the differential branching
m,=1.77 GeV, n=1.724, ratio, back-forward asymmetry, lepton polarizations and
someC P-violated observables f&— X7 7~ in model IV
my, =100 GeV, my, =my==200 GeV. 2HDM. As the main features of the model, NHB play an

important role in inducingCP violations, in particular, for
. N , large tan3. We propose to measurdZ,, the directCP
Numerical results are shown in Figs. 1-9. From Figs. 1 g B prop cP

and 2, we can see that the contributions of NHB to the dif_asymmgtry n bac_k-forwar_d asymmgtry, ms_teadﬁéf , the
usual directCP violation in branching ratio, because the

ferential branching ratiaI'/ds are significant when taf is . .
not smaller than 30 and the masses of NHB are in the rea{‘_ormer could be observed if tais large enougltsay, = 30)

. and the latter is too small to be observed. It is possible to
sonable region, and the forward-backward asymmégs) distinguish model IV from the other 2HDMs by measurin
is more sensitive to ta@ thandI'/ds, which is similar to the g y 9

case of the normal 2HDM witho P violation [9]. the CP-violated observables such &&,, Py if nature

The directCP violation A‘CP (i=1,2) andCP-violating chooses large taf.
polarizationPy of B—Xsr" 7~ are presented in Figs. 3-7,
respectively. As expected\:p is about 0.1% and hard to be
measured. HoweverAZ, can reach about 10%AZ%p is
strongly dependent on theP-violation phase and comes This research was supported in part by the National Na-
mainly from exchanging NHBs as expected. From Figs. Gure Science Foundation Post Doctoral Foundation of China.
and 7, one can see thBj, is also strongly dependent on the S.H. Zhu gratefully acknowledges useful discussions with
CP-violation phase¢ and can be as large as 5% for someWei Liao, Qi-su Yan and the support of K.C. Wong Educa-
values ofé, which should be within the luminosity reach of tion Foundation, Hong Kong.
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