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We explore charged-Higg€ P-violating effects in a specific type lll two-Higgs-doublet model which is
theoretically attractive as it accommodates the large mass of the top quark in a natural fashion. Two new
CP-violating phases arise from the right-handed up quark sector. We co@sRieiolation in both neutral and
chargedB decays. Some of the important findings are as folloMsLarge direct€ P asymmetry is found to
be possible foB*— ¢/JK*. (2) A sizable DD mixing effect at the percent level is found to be admissible
despite the stringent constraints from the dataKan mixing, b—sy and B‘arjdecays.@) A simple but
distinctive CP asymmetry pattern emerges in decay8gfand B, mesons, includin®,— ¢/J Kg, D*D ",
andBs—D:D; , ¢ 7/5', ¥/1J Ks. (4) The effect of DD mixing on theC P asymmetry irB*—D/DK* and
on the extraction of the angte of the unitarity triangle from such decays can be significant.

PACS numbe(s): 11.30.Er, 12.60.Fr, 13.25.Hw, 14.80.Cp

[. INTRODUCTION top quark as at the moment there is no experimental data that
require it. Relaxing the assumption of NFC leads to many
One of the main programs at the upcomiBdactories is  interesting phenomenological implicatiofé]. As a result,
to measure the size d@ P violation in as manyB decay three distinctive features arise in this T2HDM which are ab-
modes as possible so as to establish the patte@Poiio-  sent in models with NFC. First, there are n&AP-violating
lation among variou® decaydq 1]. This then may allow for phasegin the charged Higgs sec)an addition to the CKM
an experimental test not only of the standard ma@&W)  phase. These new phases come from the unitary diagonaliza-
Cabibbo-Kobayashi-Maskaw&KM) paradigm forCP vio-  tion matrix acting on the right-handd&H) up-type quarks.
lation, but also many extensions of the SM that often contairSecondly, some charged Higgs Yukawa couplings are
new sources o€ P violation. greatly enhanced by the large ratio of the two Higgs VEVs

In this paper, we continue to stu@g] the distinctive phe-  denoted by ta. This is the case, for example, i cgq,
nomenological implications of a two Higgs doublet model q=d,s,b) andH*ugb, , whereas these couplings are sup-

for the top quark that is designed to take into account theffressed by 1/tal in models with NFC. These two features
large mass of the top quark in a natural fashion. This mode

contains flavor violation and new sources@P violation in Ve important implications f&KK andDD mixing, as well
the charged Higgs sector. In this top-quark two-Higgs-8S forCP_ violation in B depays. F!nally, flavor changing
doublet modelT2HDM) first introduced in Ref[3], the top  neutral Higgs(FCNH) couplings exist among the up-type
quark is assigned a special status by coupling it to one Higgguarks but not the down-type quarks, and could contribute,
doublet that gets a large vacuum expectation véWigV), for example, toDD mixing at the tree level3].
whereas all the other quarks are coupled only to the other It is the first two aspects of the model that we wish to
Higgs doublet whose VEV is much smaller. This arrange-concentrate on in this work. An immediate consequence of
ment of Yukawa interactions is motivated by the mass hierthese two features is the resulting complex tree-ldvelc
archy between the top and the other quarks, and the T2HDMecay amplitudes. This distinguishes it from many popular
can be considered as a special case of the general 2HDmWodels with new physics at the loop level, and it has impor-
(type lIl) [4]. The unique predictions of the model for the tant implications both for neutrd decays taC P eigenstates
CP asymmetries in both neutral and chargBddecays and for directCP violation in charged decays. In a previ-
should allow for many experimental tests at Bdactories.  ous note[2], we have highlighted the implications of the
One notable feature about type Ill 2HDMs is the fact thatmodel for theCP asymmetry in the “gold-plated” mod8
natural flavor conservatioNFC) [5] is not imposed on the — #/JKg and found that the asymmetry could take very dif-
Yukawa interactions as is done in models | and 1l of 2HDM ferent values from the SM expectation. In this work, we
[6]. However, the assumption of NFC is more of a conve-would like to extend our previous analysis in two ways.
nience than a necessit¢], and this is especially true for the First, we will perform a systematic analysis of tisP
asymmetries in the variouBy and B decay channels, in-
cluding, for exampleBy— /J Kg, D*D~, orw, and B
*Email address: wu@dirac.uoregon.edu —DJIDg, ¥ nln', ¥1J Ks. A simple and distinctive pat-
"Email address: soni@bnl.gov tern of CP asymmetry emerges from our study. As a result,

0556-2821/2000/68)/05600%13)/$15.00 62 056005-1 ©2000 The American Physical Society



GUO-HONG WU AND AMARJIT SONI PHYSICAL REVIEW D62 056005

studies of theC P asymmetries in a fel8 decay modes may models, and the Yukawa interactions could be the residual
be utilized to extract information on both the arlgly, of effect of some higher energy four-Fermi operators. Indeed,

the CKM unitarity triangle(UT) and one newCP-violating ~ SOMe similaritieg can be not¢dQ] in _the effective low en-
phase of this model. With more measurements, one can co/9Y flavor physics between dynamical top models and cer-

firm or rule out the model via consistency checks. tain model Ill 2HDMs including the T2HDM. _
Second, on account of the neBP phase in the Higgs- The Yukawa interaction of the T2HDM can be simply

mediated decay amplitudes, we investigate in the T2HDMWritten as follows:
direct CP-violating effects in charge® decays, including

B*— y/JK* andB*—D/DK™*. The former mode could ex- o= —L bEloO & Fdo-0. $.G10y
hibit a sizable partial rate asymmet(iPRA) if the strong v LP1ElR— QuérFdr—Qués R
phase difference is not small. This mode is of special in- _6L?,'52(31(2)UR+ H.c., )

terest due to its experimental cleanliness and high branching

ratio. TheB*—D/DK* mode is of interest for the mea- _
surement of the angle of the unitarity trianglg 7] within ~ where the two Higgs doublets are denoted ¢y with ¢,

the SM where thdD mixing effect is negligible. One in-  =i0?¢]" (i=1,2), and where the:33 Yukawa matrices,
teresting implication of the T2HDM is that tHeD mixing F andG give masses respectlve(lly)/ to _the charged Iepto(r;)s, the
can be significantly enhanced so thap=Amp/Tp dOV_V“ and up type quarksy Edla_g(l_,l,O) and 1
=0(10"2). Improvements in the existing bound o, Ed|gg(0,0,1) are two .Orthqunal projection operators onto
may therefore be very worthwhile. This possible enhanceIhe first two and the third families respectively, a@d and
ment arises because (B mass difference is quite sensi- L, are the usual left-handed quark and lepton doublets. The

. . . . heaviness of the top quark arises as a result of the much
tive to the poorly constrainedg—tg mixing of the right- larger VEV of ¢, to which no other quark couples. As a

handed sector, and a Iarge_mass splitting due to charger sult, one notable feature about this model is that the ratio
Higgs can occur. This largeD mixing can in turn strongly  of the two Higgs VEVs, ta=v,/v; , is required to be
modify the directCP asymmetry inBB*—D/DK™. The im-  large so that the Yukawa couplings of the top and bottom
plication for the extraction ofy within the T2HDM will be  quarks are similar in magnitude. We will take t8r 10 in
discussed. the following analysis.

The outline of the paper is as follows: the model is intro-  This assignment of Yukawa couplings is not in line with
duced in Sec. Il. The most stringent experimental constraintthe notion of NFC, and this leads to two tree level FCNH
from KK mixing, b— sy andB— rv decays are presented in interactionshtc andhtu, both of which are not constrained
Sec. lll. In Sec. IV, we explore the pattern 6P asymme- by present data. Some phenomenological studies of the neu-
tries in neutraBd and BS decayS. Section V is devoted to the tral H|ggs sector, inc]uding the effect ﬁD mixing, can be
study of directCP violation in charged meson decays in  found in[3]. On the other hand, only little attention has been
the T2HDM, first inB*— ¢/JK*, then inB*—D/DK™*.  paid to the charged Higgs secf@], and it is this aspect of
We conclude with some discussion in Sec. VI. the model on which we would like to focus.

The charged Higgs Yukawa couplings can be obtained as

Il. THE MODEL
The fact that the top quark mass is of order the weak scale g _
and is much larger than the other five quarks is suggestive of £$:\/§—m{_ U VMpdg[G*—tanpH "]
W

a different origin for its mass than the other five. Many at-
tempts have been made along this direction, including the — +_ n
dynamical top-condensation modf8] and the top-color FURMyVA[GT —tangH 7]

model[9]. As an alternative to the dynamlcal. models of the +UuRS TVd, [tanB+ cotBJH * +H.cl, )

top mass and electroweak symmetry breaking, a top-quark

2HDM (T2HDM) was proposedi3] to accommodate the top

mass and the weak scale through a separate Higgs doublghereG* andH™* represent the would-be Goldstone bosons

than the one that is responsible for the masses of the otheihd the physical charged Higgs bosons, respectively, and

quarks and all the charged leptons. The T2HDM can bevi; andM, are the diagonal up- and down-type mass ma-
viewed as an effective low energy parametrization throughyices. Heres =M UL1?Ug, whereUg denotes the unitary
the Yukawa interactions of some high energy dynamicsotation of the RH up-type quarks from gauge to mass eigen-
which generates both the top quark mass and the weak scalggtes.

The two scalar doublets could be composite, as in top-color one feature that distinguishes the T2HDM from 2HDM’s
with NFC (models | and I is the presence of the unitarity
matrix U contained in th& matrix. This gives rise to two

To avoid confusion with thg=tan v, /v, associated with the new CP-violating phases as well as non-standard Yukawa
ratio of Higgs VEVs in the 2HDM, we usBcky to denote one of ~ couplings. The unitary matri¥lg can, in general, be param-
the angles of the the CKM unitarity triangle. etrized as
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cos¢ —sing 0\ /1 0 0 Vi—|eqé']? 0 —equ'*
Ug=| sing cos¢p O[O0 Vi—|e.é]® —ex* 0 1 0 (3)

0 0 1/\0 et VI [ed? e’ 0 JI-Jeqd'?

wheree,,=m./m, and where and&’ are complex numbers - G2 mttarf B _

with |€'|<|&=O(1). Note that the form ot is indepen- Hﬁ?’zz 2)\3771 ) (dLy,s)?+He., 4
dent of the 1-2 rotation and depends only on the two un- 16m
known complex parametegs=|&le "% and &' =|¢'|e 17",

_ The phenomenologically important Yukawa couplings areyhere 5! is the short-distance QCD correction factor, and
listed in Table I. Several remarks can now be made concer (o= VoV e — EVEVe— 5V Vi + €2V, VE.  The  last

. . Cc
ing Table I. In comparison to the popular 2HDivhodel Il) o tarms in\, are suppressed by? (\=|V,J=0.22)

which is realized, e.g. in the supersymmetric extension of theg|a4ive to the first term and can be neglected in the mass
SM, the T2HDM contains rather largesb H™, crb H",  differenceAmy . By way of contrast, these terms are essen-
cgs H™, andcgrd H* couplings, all enhanced by the large tial for the CP-violation parametek, .

tang. In particular, the anomalously larggb, H* coupling The charged Higgs contribution thmy can be easily

is directly proportional tan,V,tang and to theug—tg mix-  obtained from Eq(4) by settingh .— V{V¢4. The total short

ing parametere.,&'*, whereas in model Il it depends on distance contribution tamy is given by[2]

m,VpcotB which is completely negligible. The unknown
mixing parameteg’ can be constrained from the experimen- 4
tal data onB~— 7» decay andDD mixing. Similarly, the mctarf 8
potentially large charm quark Yukawa interactions can be 4mﬁ n
expected to affect in a significant way tH& system and the 5)
CP asymmetries ifB decays. By contrast, the charged Higgs
contribution toBB mixing is negligible due to the 1/tah
suppression of the top quark Yukawa coupling.

We now turn to a detailed analysis of the most stringen
experimental constraints frotKK, b—sy, and B~ — 7v.
For the numerical estimates, we will assuhgé=1 unless
otherwise stated.

2
my

2

F
(AmK)SD:FfiBKmK)\gX mg 7+
aa

where the first term is from the SM and the second from
Higgs exchangefx =160 MeV is the kaon decay constant,
IBK=0.87i0.14 [11,17 is the bag factor, andy;=1.38
+0.53[13] and »; are the QCD corrections to the two box
diagrams. The SM top quark contribution is a few percent of
the charm quark contribution and is not included in the
above equation. Similarly the contribution frodiHcc and
other box diagrams is negligible in the large @atimit and
Ill. EXPERIMENTAL CONSTRAINTS is not considered.

Because of the large uncertaintiesBp, 7, m. and in
the long distance contribution, we have used the method de-

The AS=2 effective Hamiltonian receives contributions scribed in[11] to derive the constraints on the model. The
from box diagrams with virtuaW’ andH bosons and up-type  QCD correction factor] is unknown, and we simply assign
quarks. The short distance contribution to #g-Ks mass  jt the value of »; and allow them to vary independently
differenceAmy in the standard model mainly comes from wjithin their 1 ranges in our error analysis. Assuming the

the ¢ quark. In the 2HDM that we are considering, the New|ong distance effect to be 30944] of Amy , we get
contribution is dominated by thélHcc box diagram for

tanB>10. The leading term in thAS=2 effective Hamil-
tonian from charged Higgs exchange can be expressed as my /tarf 8>0.48 GeV (6)

A. Constraints from KK mixing

TABLE |. Comparison of the magnitudes of charged Higgs Yukawa couplings in the T2HDM and models
I and 1l 2HDM for large tan3.

Vertices T2HDM Models | and Il 2HDM
crb H? ~me£* VyptanB > MeVpCOt B
crULHT (g=d.s) =mctanB(—Veq+ Vigé*) > McVeqcot B
ugb H* =mc£"* Viptans > m,V,Cot B8
tralH" (9=d,s,b) ~mVygcotB ~ MVyqCot 3
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for tang>10 and at the 95% C.L. Note that the tghen- 600 ' ' ' ' ' '
hancement ilPAmy leads to a severe lower bound on the 6=0, w/4, n/2, 3n/4, ®
Higgs boson mass for large t@n This is a unique feature of 5004 ¢-10 R<0.0046 /,/' L
the T2HDM.
Similar to Amy , the CP-violating parametegy also re- L
. N oo . 400 -
ceives a significant contribution from charged Higgs ex- - e _
change, which is again dominated by thelcc box diagram = e 7
due to its tah B dependence. However, the physics ef 3007 e T B
differs from that ofAmy in three important aspects. First, e
unlike Amy , ek is short-distance dominated and is theoreti- 200 —J,i,-_»:jl'_':_:: e =
cally under better control. Second, as the leading, first term T
of A is real, the sub-leading, 2nd and 3rd terms now become 100 : : : | | |
important forCP violation. In fact, the charged Higgs con- 5 10 15 2Otan,325 30 35 40

tribution to ey is directly proportional to theg—tg mixing

parameter¢, whereasAmy is independent of to a good FIG. 1. The constraint from thb— sy rate on them,—tanj
approximation. Third, within the SMe, depends to a large pjane of the T2HDM forl¢g/=1.0 and with different values of the

extent on the top quark box diagram, and also oncthand  phases. The value of increases from the bottom curve to the top
cc box diagrams to a lesser extent. In contrast, the shorityrve. The area below each curve is excluded.

distance contribution tdAmy is predominantly due to the

charm quark. _ _ As in Model Il 2HDM, a strong constraint is imposed
The SM expression foe is well understood and can be from sy on the allowed parameter space of the T2HDM.
found, for example, i{13]. The dominant Higgs contribu- o \ever, the form of the constraint differs significantly. In
tion can be obtained from E¢4), model II, a lower bound of about 370 GeV can be placed on
the charged Higgs boson mass, independent oBtev]. A
similar situation does not occur for the T2HDM due to the
nonstandard Higgs Yukawa couplings and the presence of
the newC P-violating phases. In the T2HDM, the charged
Higgs amplitude could interfere either constructively or de-
structively with the SM amplitude depending on the new
phases. Consequently, the lower limit on the charged Higgs
of the angles of the unitarity triangle, andC, Poson mass shows a strong _dependence on b_oma_md the
=GZf2mame/6y2m?Am=3.78x 10", phases, and a much lower Higgs boson mass is still allowed.
As y is basically a free parameter in this model, we _NegIEctlng the charged-Higgs induced scalar operator
can obtain bounds on the paramete¥=sin(y  (Crb.)(S.Cr), we can derive a bound on the rafo=B(b
+9)|¢(tanB/20)*(200 GeVimy)? for any given value ofy  —X.y)/B(b—X.ev) by combining the theoretical and ex-
by allowing vp?+ 72 to vary within its 1o uncertainties de- perimental uncertaintief®]:
rived from b—uevr, which receives negligible contribution
from Higgs exchange. It is interesting to note that charged
Higgs exchange can be solely responsibledgif the CKM
matrix is real(i.e. y=0°). Using the method df11] for error
analysis, we obtain at the 95% C.L. 008 <0.39 for the
case of a real CKM matrix. If we assume thatakes its SM
central value of 68911], the constraint becomes 0.085
<Y<0.08. And for y=—45°, we get the bourfd0.14<Y
<0.65. Note that unlikeAmy , the ex constraint in them,,
—tang plane depends ofg and &, and it could be more
stringent than th\my bound of Eq.(6) [2].

‘ , _ (mtanB)*
el =e'("C B AN 1 p?+ P sin(y+ 5>|§|4°mz—mz
WHTH

()

whereA=0.82=0.04, p, and n are the CKM parameters in
the Wolfenstein parametrizatidl5], y=tan * 5/p is one

0.0012<R!"®°Y<0,00486, (8)

where RM"®°Y denotes the SM plus charged Higgs contribu-

tion. The constraint on thmy —tanB plane depends on both
|& and its phase$, and is shown in Fig. 1.

C.B >mv
As noted in Sec. Il, the deca&*—chould receive its
dominant contribution from charge Higgs exchange on ac-
count of the anomalously Iarge+URbL coupling. Although
the current experimental limit oBR(B*—w;) is about one
We now turn to the constraints fromdecays. The inclu- order of magnitude above the SM prediction, it already starts

sive radiative decap— sy has been studied in detail j2].  to constrain the T2HDM in a nontrivial way.
The main result of that analysis can be summarized as fol- The leading term of the effective Hamiltonian from

B. The b—sy decay rate

lows.

charged Higgs exchange that mediates this decay is given by

2As will be discussed later, the Collider Detector at Fermilab
(CDPF) result onay [16] tends to disfavor a large, negatiye
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Assuming that the charged-Higgs-exchange contribution 2 4

) ; rc—2  OF mgtart" 5 —
dominates over the SMA-exchange, one can obtain the HSS = (£€'%)? (ury,Cr)2+H.cC.
. . H 2 2 R’Y,u R ’
branching ratio as 16 H
(14)
. 2
BR(B™— 7v) = 75 o f2m?mg where we have take¥,=1. By use of the vacuum satura-
87 tion approximation, one has
2\ 2/ 2 2
m mgmc| &' |tar?
x(l—_;) (M) § :G_E|§§,* 220 m? tarf' 8
mB mH(mb+mU) D 6772 DD 4m|2_|l"D
f 2/ 10 GeV \*
—4.6x10 2 —— |&'|2 1 Gev |?
200 MeV/ | my/tanp =7.5%X | *|?| ————
my /tar? B
(10)
. i 2 my 2
where 7y is the B lifetime, and we have usefy=200 MeV <7.5%X || 900 Gav (15)

[12] for the B~ decay constantn.=1.3 GeV, andm,=4.5

GeV. The present experimental limjtl8] BR(B™— 7v) where we have takefip=0.2 GeV[12], and theB— rv
<5.7x 10 * then translates into an upper bound on the  bound[Eq. (11)] has been imposed in the last step. Numeri-
—tg mMixing parameteg’, cally, one hasxp=<2%]|&|? for my=450 GeV and tap
=30, andxp<6%)&|? for my=800 GeV and tap=40.
Both are consistent with thAmyg and b— sy constraints.
The ex constraint can also be satisfied by choosing the
phases ofy and 8, whereasc, is independent of the phases.
Thus, in this modekp can be of order a few percent. Con-
tinual experimental improvements over the existing bound of

The SM effect onDD mixing is vanishingly small, esti- 0.1[18] are therefore strongly encouraged.
mated to beAmp~ O(10~ ) GeV[19]. This is three orders ~ The neutral-meson mixing parametpfq [18] is also
of magnitude below the current experimental limit/ofn, ~ modified in the T2HDM. To a good approximation, it is
<1.6x10 3 GeV [18], which translates into an upper given by
bound on the mixing parametgp=Amp /I'p<0.1. As will
be shown below, one loop charged Higgs exchange in the @:e—izeo (16)
T2HDM could contribute tokp at the few percent level. S5} ’

We note first that there exists in the T2ZHDMC =2 four- N .
qguark operators from tree level neutral Higgs exchange. Thigvherea_D=arg(§)—_arg(§ ) is the mixing phase. Recall that
effect, however, is greatly suppressed by the RH mixing§he mixing phase is zero in the SM.'FlnaIIy, we note that the
|ezt§§’|2ocm§/mf 3], pargmete|yD=AF/FD is very small in the T2HDM, as the

¢ D/D decay amplitudes are unaffected by the Higgs ex-

Amp|po* Ge(tanB)?ms/mimz. (12)  change.

my /GeV,?
1€ 11

30tans

D.DD mixing

In comparison, the one-loop box diagram with internal IV. CP ASYMMETRY IN NEUTRAL B DECAYS
charged Higgs and quarks is enhanced by the anomalously TO CP EIGENSTATES

large Yukawa couplingsH *cgb, and H"ugb, , both of
which suffer no CKM suppression and grow as ganThis
feature differs significantly from the SM box diagram where  The non-standard Higgs interactions which we have been
the virtualb quark effect, being highly Cabibbo-suppressed,discussing could have significant effects on the time-
is negligible compared to that of trssandd quarks. Simple dependenC P-asymmetry

power counting then gives for tHéHbb box diagram,

A. General framework

_ TB%t)—f)-TB%t)—f)
AmD|H+0<G,%(tan,8)4m‘c‘/mE|. (13) a( )_ F(Bo(t)ﬂf)+1‘(§°(t)af_)’ (17)

This effect could be three orders of magnitude above the . .. I[BO(t)—f] [I(BY(t)—T)] represents the time-
tree-level neutral Higgs contribution for the same choice ofd dent bability f 4 BO4BO) at ti
the mixing parameters, and can generate a sizaplaear J€PeNdent probability for a state tagge 4B") attime

the threshold of experimental discovery. t=0 to decay into the final stafg(f) at timet. We will first
The calculation of the one-loop box diagram can beconsider the case when the final state GReigenstate, and

greatly simplified by setting the external momenta of the thusf=f.

and u quarks to zero. Neglecting the short-distance QCD It is convenient to introduce the re-phasing invariant

correction, the effective Hamiltonian can be obtained as  quantity[18],
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X

Y

q
D (18)
where A=(f|B) and A=(f|B) denote theB and B decay
amplitudes. Neglecting the smd&lP-violating effect in BB
mixing, the neutraB meson mixing parameter can be written
as a pure phasa@/p=e 2 with ¢, the mixing phase.
The time-depender@ P asymmetry can now be expressed in
terms ofX,

(1—|X|?)cog AMt)—2 Im(X)sin(AMt)

a(t)= =
® 1+|N|?

(19

For certain channels without direc€P violation, i.e.
|A/A|=1, we can write A/ A=fcpe %0, with ¢p the
phase of the decay amplitude ahgb=*1 the CP eigen-

value of the final staté The CP asymmetry then takes the
simple form

a(t)=—Im(\)sin(AMt) = fepSin2(¢p+ dpy)SI(AML).
(20)

As we have noted3B mixing receives a very small con-

tribution from charged Higgs exchange for moderate values

of ¢ after imposing theKK constraints. We therefore only

need to consider the charged Higgs effect on the decay an)-

plitudes. The tree-level Hamiltonian for the transitidn

—ccq (g=s,d) has a simple form in the large tghlimit
[2],

Her=212G FVcbV:q[EL nb@ yhc,+24e"crb, g, CR]

+H.c., (22

where

2

Ve -

2 Vg

m¢ tang
my

e'? (22

PHYSICAL REVIEW D62 056005

with the new phase angle given by
(29

The allowed range fo# could be of order ten degrees fér
of order ong2].

Therefore, in the T2HDM, th€ P asymmetries for neu-
tral B decays tadC P eigenstates can be expressed in the gen-
eral form

a(t)=fcpsin2(pa+ doV+ 0)sin AMt),  (26)
where directCP-violating effect has been neglected. The
task forCP asymmetry study in the T2HDM is thus reduced
to the evaluation o). Using Eq.(26), we now examine the
CP asymmetry pattern B4 and B decays.

B. b—ccs

In the SM, the quark transitioh— ccs proceeds mainly
through tree-levelW exchange. Even including the penguin
contribution, the amplitude fob— ccs is proportional to a
single CKM phase ar§(.,Vs<) to a very good approxima-
tion. Direct CP violation is therefore absent in this process
and | A|=|A| in the SM. The inclusion of charged Higgs
does not alter this equality on account of EB4). Further-
ore, being suppressed by 1/g) the charged Higgs effect
on BB mixing is negligible if| £ <1. Equation(26) is there-
fore applicable to theCP study of this quark transition in
both By andBg decays taCP eigenstates.

1. By decays: B— ¢Kg

In the SM, one of the most studied and cleanest observ-
ables is theC P asymmetry irBy— /K. As the final state is
CP-odd (fcp=—1), one has from Eq.26)

a(t)sm= —sin 2Bcxm SINCAMU), (27

where Bexm=arg(—VegVey ViaVip). The current SM it

with { taken to be real and positive. The charged Higgsgives sin ZBcxy=0.75+0.10[11]. Recently, the CDF Col-
contribution, though suppressed by small Yukawa couplingslaboration has reported a preliminary measurement of the

is enhanced by the CKM factdfr,, /V.,=25 relative to the
W-exchange amplitude. As a resudt,as large as 0.2 is al-
lowed by datg[2]. This could significantly modify the SM
predictions for theCP asymmetries in a variety @ decay
channels.

The evaluation of the Higgs amplitude can be greatly sim

plified by assuming factorization, which in this instance may
be qualitatively reasonable due to the presence of a heavy
quark in the initial and in the final state. The total amplitude

can then be written as

A= AB—f)=Ag[1— e '7]. (23
The ratio of theB andgdecay amplitudes is
A Agy .
Z—A—SMGXK—ZIQ), (24)

CP asymmetry inBy— ¢/Ks: @, ,=0.79' 5’43 [16]. Within

the SM, this simply implies sin@exy="0.79"345. Though

not precise, this measurement can already be used to put
constraints on some models of new phygi28].

In the presence of charged Higgs interactions, @ie
asymmetry no longer measures the CKM anfluy - In-
stead, it is given by

a(t)=—sin2(Bckmt O)SiN(AML), (28
and the coefficient sin Bexy+ 0) could take values quite
different from the SM predictiofi2]. This can lead to a dis-
tinct signature for new physics. As CDF and other experi-
ments improve the measurement aq;KS, they would put
important constraints on the parameters of the T2HDM. In-
deed, the current CDF measuremgbé] disfavors a large,
negativey for the T2HDM, as can be seen from Fig. 2.
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FIG. 2. Allowed regiongshaded of the CP asymmetries sin@and sin 2Bcxy+ 6) in the T2HDM (taking é&=e~'%) for three repre-
sentative choices of: (a) y=68° is a best fit valugll] of the SM,(b) y=0° corresponds to a real CKM matrix, afg} y=—45°. The top
horizontal line in(a) is for the SM assuming a best fit siay=0.75[11]. The most stringent constraints frakmy , ex , andb—sy have
been imposed. Note that if the CDF central valueafg(S [16] persists with improved measurements, the scenario with a large and negative
v [scenario(c)] will be ruled out.

2. B; decays: B—DJ Dy and Byl 5’ The size of theC P asymmetry depends on the CKM phagse
and the Higgs phasé, and could be of order tens of per-

One of the notable features of tBgBg system is that the cents, as shown in Figs. 2.

AM mixing rate is much larger than that of i&; counter-
part. In the SM, this is mostly due to th¥,,/V,q|> enhance-
ment factor. Present experimental data give a lower limit of
[18]

C. b—ccd

Compared tob—ccs, the b—ccd transition is not as
clean. This is due to the fact that the penguin contribution,
though loop-suppressed, suffers no CKM suppression rela-
tive to the tree amplitude. As a first approximation, we will

neglect the pure penguin amplitude and také=|.A|. As
for b— ccs transition, this relation remains valid in the pres-

ence of charged Higgs exchange in the factorization ap-
proach.

AMg>9.1 ps?t (xs>14). (29)
Time-integratedC P asymmetry will be strongly suppressed
by a factor ofxsl(l+x§) and will be extremely difficult to
measure in the near future. Time-depend@it asymmetry
will, on the other hand, require excellent time resolution of
the detector, and is also likely to be very difficult. For defi-
niteness, we will consider time-dependent asymmetry only.

Among the exclusive channels available Bg (§S) de-

cays throughb—ccs (b—ccs), Bc— ¢ has a relatively
large branching ratio. Its final state, however, is na€ B

1. B4 decays: B—D*D~

The final state of the deca§,—D "D~ consists of both
I=0 andl=1 amplitudes. However, to the extent that the

eigenstate an@€ P asymmetry analysis requires information pure penguin cc_)ntnbunon can be neglefted, the decay am-
about the angular distribution of its final state. On the othePlitude has a single weak phase a_fgévcd)’ and we can
hand,Bs— ¢n/7' andBs—D_ D; decays are quite simple take|A|=|.A| and use Eq(26) to obtain theCP asymmetry,
to analyze. As foBy— /Kg, EQ.(26) is applicable in these
cases.

It is easily seen that in the Wolfenstein parametrization
¢p= =0 in the SM. Therefore, the SM does not give rise
to any CP asymmetry,

a(t)gy=sin 28ckm SIN(AM1), (32

where we have usefl-p=1.

The inclusion of charged Higgs interactions introduces a
new weak phase in the decay amplitude, and one generally
expects direcCP violation to occur from interference be-
. , tween the two isospin amplitudes. However, if the direct
This singles ouBs decays as unique probes for new sources: p_yjolating effect is small, theCP asymmetry then takes

of CP violation. the simple form
As noted before, in the T2HDM withé|~1, charged ’

Higgs contribution tdB4B¢ mixing is negligible compared to
the SM contribution. The decay phase is simply givendby
Sincefcp=1 for bothB,—D_ D, andBs— ¢/ 7', one has
from Eq. (26),

a(t)su=0. (30

a(t)=sin2(Bckm+ B)SIN(AML), (33

similar to the decap,— #/Ks. The amplitude of the asym-
metry sin 2Bcxvt ) can take a wide range of values, dis-
tinctive from the SM expectatiofsee Fig. 2.

a(t)=sin(20)sinlAMt). (31
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TABLE Il. CP asymmetries for neutrd decays toCP eigenstates in the SM and in the T2HDM. For
Bs—pKg, the pure-penguin contribution may be importg®g]. As a result, the tree- and pure-penguin
amplitudes of different weakand possibly strongphases are competitive, and B¢ asymmetry may not
be simply related to the CKM phase. The overall sign of the asymmetByinDpp depends on th€ P
properties oD¢p.

Quark B4 decays B, decays
transitions  Final states SM T2HDM Final states SM T2HDM
b—ccs ¥Ks —sin28ckm —SiN2Bckmt 0) Do Dg , ¢l ' 0 sin29
b—ccd DD~ Sin 2Bckm sin 2(Bexm+ 6) YKg 0 —sin 20
b— cud Dcpp = sin 28ckwm = sin 2Bckm DceKs 0 0
b—uud T —sin 2o —sin 2o pKg competing competing
2. Bs decays: B— K¢ Higgs-mediated penguin contributions could become appre-

Compared to theBy—~D*D~ decay, B, yKs is a ciable. Cogsequently, the procedure to extrac't' the angle
cleaner mode folCP study for the following reason. The from theB™— =K, 7w decayg23] may be modified.
final state is a puré=1/2 state with orbital angular momen-  b—cud andb—ucd: Both decays are free from penguin
tum =1, and the penguin contribution is expected to becontributions. In the SM, the latter amplitude is Cabibbo-
small due to both loop and color suppressions. As a resulsuppressed by)(\?) with respect to the former, an@P
direct CP violation is suppressed in the SM. As f@; asymmetry measurements in the hadronic dec®s
— ¢l n', the SM prediction for theCP asymmetry in the D7 andBy— D¢pp provide a clean way to extract the
inter_ference between decays with and without mixing is apangle By . On the other hand, the dec®— DcpKs is
proximately zero, expected in the SM to have an approximately Ze@®asym-

_ metry. Charged-Higgs exchange in the T2HDM has a negli-
a(t)gu=0. (34 a

gible effect onb—cud, whereas its contribution to the

In the T2HDM with |[£[~1, charged Higgs affects only capibbo-suppressed dechy-ucd can be sizable but still

the decay but not the mixing amplitude. Similar to the casemgajier than the SM one. As a result. (G asymmetries
Bs— ¢l 7', the CP asymmetry is simply given by remain the same as the SM prediction.

a(t)=—sin 20 sinAM ), (35) b—ucs andb—cus: These transitions can mediate the

chargedB~—K*D/D decays, which may provide a clean
where we have usetcp=—1. The amplitude sin2could  \yay within the SM to extract the anglg [7]. Charged-
bg (_)f order tens of percent, in sharp contrast to the SM PreéRiggs-exchange contribution in the T2HDM will be dis-
diction. cussed in detail in the next section on dir€® violation.
Some main results of our analysis concernBygandBg
D. Other B decays decays are summarized in Table II.

In this subsection, we discuss neutBatiecays involving

the u quark Yukawa coupling$! "ugq, (q=d,s,b). These V. DIRECT CP VIOLATION IN B DECAYS
couplings depend og’, the mixing parameter between the A. Direct CP violation in B*— g/ JK*
first and the third families ilJr. The size of¢’ is con- ) )
strained by theB— rv rate as given by Eqi11). There are In this subsection, we address the use of chakyédcays
Six Charged-current four-quark Operators Mecays involv- ItO search for direc€EP V|0|at'|0n. ThlS requires a dlffe.rence
ing the u quark, b—cud, b—ucd, b—cus, b—ucs, b in the strong phases a§SOC|ated with Weand l_—|—med|ated

— — — — decay amplitudes leading to the exclusive final g&atef
—uud, b—uus. In the T2HDM, onlyb—ucs, b—ucd,  jterest As an illustration, we will focus our attention on the
and b—uus could receive sizable charged-Higgs contribu-decay B*— y/JK*. There are several features about this
tions compared to their corresponding SM amplitudes. Thenode which make it interesting to study both experimentally
phenomenological implications can be summarized as folgng theoretically. Th8 — ¢/JK* decays proceed through

lows. _ _ the quark decayp—ccs and its conjugate process. In the
b—uud andb—ddd: The charged Higgs effect is small SMm, the weak phase associated with the decay amplitude is
after imposing the’ constraint. The decay— 77 remains  vanishingly small; therefore, the SM predicts a zero rate
as in the SM, and one may use isospin analf2ld to ex-  asymmetry. Second, it is clean to measure experimentally.
tract the UT angler. Third, it has a large branching ratio 6102 [18]. These
b—uus andb—dds: Here, the SM amplitudes are domi- features make the experimental measurement very worth-
nated by penguin contributiod®2]. In the T2HDM, even while in the search for new sources GfP violation. How-
though tree-level Higgs-change effect is negligible, chargedever, as we can not reliably compute the hadronic matrix
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elements of either the SM current-current four-Fermi opera- Recall that in the SM, the PRA has to come from the
tor or the charged-Higgs-induced scalar operator, the relativinterference between the tree diagram and a loop diagram
strong phase between th'¢ andH-mediated amplitudes re- with internal u-quark which gives the required weak phase
mains largely unknown. Therefore, no reliable predictionsgifference, ArgV pVidVeVE]. Consequently, the rate

can be made about the size 0f+the asymmetry. _ asymmetry in the SM is both loop- and Cabibbo-suppressed
Formally, the amplitude foB™ — ¢/JK™ can be written 414 is expected to be vanishingly small. In the T2HDM, on
as the other hand, th€ P asymmetry arises from the interfer-
A= Agy[1— Lo~ 1P 14s], (36) ence between two tree diagrams, and may only be suppressed

by the relative strength of the two amplitudés As a result,
where § and ¢, are the weak and strong phase differencerate asymmetry at the 10% level can be naturally expected

respectively. It then follows that the amplitude f&~ with {~0.1, at least in those exclusive channels where the
—lJK™ is given as strong phase difference is not too suppressed.
_ S We remark, in passing, that the CPT theorem does not
A= Asy[1-e™ %%, (37)  impose any particular restriction on a specific char(seth

as ¢/JK), materializing fromccs as there are many other
channels originating from the same quark transition. Indeed,
in the next subsection, we will discuss a similar case where
large directCP asymmetry is expected, based purely on the
= SM, in exclusive channels emerging from quark-level inter-
I(B"—K"§)+TI'(B"—K™¢) ference between two tree graphs.
2¢sinssin To estimate the number &'s needed in order to measure
= S ) (38 @ 10% asymmetry at theo2level, we assume the detector
1+ {?—2{ c0SS COShs efficiency to be 25%. Then for the needed numbeBafwe
o . . ~ find 22/10 X 0.12x0.12X 0.25=1.3x 10'. In deducing this
As acp Is d|rectly proportional tol when ¢ |s.small., itis  humber, we have USEIR(y/I—et e, u* u)=12%. This
crucial to determine how large can be after imposing the ggiimate suggests that such an analysis may be doable at
expenmgntal constramts. From Sec. Ill, we know that the g iousB facilities. Indeed, the existing data sample 107
most stringent constraints aficome from theb—sy rate,  gg) 5t CLEO can already be used for this important search
the K -Kg mass differenceAmy, and ex . For|£=1, the [24].
combined constraints frommy [see Eq.(6)] and b—sy It is worth pointing out that the possibility of sizable di-
(see Fig. 1imply an upper bound of rectCP violating effect inB*— ¢/JK* in the T2HDM does
(<02 (39 not arise in 2HDM'’s With_NFO(modeIs | and Il where the
e W and H exchange amplitudes have the same weak phase.
As can be seen from Fig. 1, this limit is saturated derase, ~ Note also that larg€P asymmetries may also be expected

and becomes more stringent as the phagereases all the in chargedB decays througih—ccd and its conjugate pro-
way to 180°. Imposing they constraint may generally make Cess, for example, iB~— y/J7* (the SM expectation for

£ even smaller, depending on the CKM phase artsee Fig. the CP asymmetry in this mode is smallHowever, the

1 of Ref.[2] for an illustration. Suffice it to say that after branching ratio for this decay is Cabibbo-suppressed by a
taking all the data into accourdcp could be of order 10% factor of 20 compared to that & — y/JK*.

in the T2HDM unless the strong phasg is much sup- Before leaving this subsection, we want to emphasiz_e that
pressed, as is illustrated in Fig. 3. there are many exclusive channels available throughbthe

The CP-violating partial rate asymmetr{PRA) can be
expressed as

I'(B"—K"§)-T(B" =K ¢)

acp
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onDD mixing and on the relevar® andD decays is small,

DDK™, t, that may offer ample opportunities for sizable and the ADS methodl7] to extracty remains unmodified.

strong phase differenceg() for certain modes. It is thus
important that experimental searches for dil€& violation

in chargedB decays include as many of these modes as pos-

sible and not be restricted to " — /JK* channel only.

B. CP violation in B*—D/DK® and the extraction of y

The decaysB* —~K*D andB*—K*D proceed respec-

tively through the transitions— ucs andb— cus. Although
the decay amplitude foB*—K*D is both color- and

Cabibbo-suppressed relative B —K*'D, the amplitudes
for decays to certain common final states @3 —K*D

[—f] and B+—)K+5[—>f] can be expected to be compa-
rable. This is due to the fact thBxdecays intd through the

Cabibbo-allowed channel—sdu andD decays through the
doubly-Cabibbo-suppressed chaneebkdsu into the same

We now analyze in the T2HDM this new effect dueR®
mixing.
Recall that in the absence &D mixing, as in the SM,
the total decay amplitude f@* can be written a§7]
Apps=Ag+_k+pAp_i+ A+ _k+pAp_i. (4D
In the SM, we can parametrizedg+ +p/Ag+ k+p
=rge'?e'®s, and Ay ¢/ Ap ;= —rpe'®p, with Az andAp
denoting the strong phase differences in Brand D decay
amplitudes respectively. The amplitude ratios can be esti-
mated up to uncertainties in the hadronic matrix elements,
ro~|(VeaVid/(ViVyug)| ~0.05 for D decays, andrg
~|(ViVeo ! (VEVus||as/a;|~0.08, where we have used

|Vup/Vep|~0.08 and|a,/a;|~0.21 [25] accounts for the
color suppression factor. As we will include the effect due to

final statef. Examples of such common final states of thepp mixing, we cannot use th® and D decay branching

D/D decay includef=K~ 7", K- 7" 7% K p*, K~ a;,
K* ~a*, etc. Atwood, Dunietz, and Sor(ADS) [7] ob-

ratios to extractp . The partial rate asymmetry can be easily
obtained as

served that within the SM the large interference effect be-

tween the two decay chains may give ris€x() partial rate
asymmetriesPRA) between theB™ andB~ decays,

I'(B*"—K'[flp)-T(B"—K [flp)
[(B*—=K [flp)+T(B"—=K [flp)

ak (40

Furthermore, Ref.7] suggests that the angjeof the unitar-

ity triangle can be extracted from a study involving a mini-

mum of two different final statek In this section, we exam-
ine the charged Higgs effect on the diré€P asymmetry

and on the extraction of using theB*—D/DK™* decays.

2rgrpsinysin(Ag—Ap)

akf,smM= (42)

r3+r3—2rgrpcosycogAg—Ap)

Note that a non-zero strong phase difference is required for
the asymmetry and for the extraction pf and the asymme-
try need not be small.

Current data set an upper limit on tBe mixing param-

eterxp<<0.1, and this allows us to approximate DO mix-
ing effect by keeping terms up to the quadratic ordexdn

DD mixing thus leads to one additional contribution to e

In the T2HDM, due to the small Yukawa couplings, decay amplitudeB™ decays through the color-allowed chan-
H"u(1*y5)q (g=d,s), the charged Higgs amplitudes for nel B*—K*D, followed by the subsequent oscillatidd

c—sdu and c—dsu are negligible compared to the corre- — D with D decaying to the Cabibbo-allowed final state, e.g.

sponding SM amplitudes. The hadronic decdy&D)— f f=K~#". Neglecting the otheD D-mixing-induced decay
thus remain as in the SM. Because of the same suppressigpath which involves both the color-suppressedecay and
the Higgs contribution t®* —K *D is at most a few percent the doubly-Cabibbo-suppresseddecay, this new contribu-
of the SM amplitude and can also be safely neglected. On théon can be written af26]

other hand, the charged Higgs amplitude for the color- and

Cabibbo-suppressed decBy —K*D could in principle be
sizable as it involves the potentially large Yukawa's
H*ugb, andH"cgs . However, the present experimental
limit on theB™* — 7" v rate already places an upper bound of
about 25% on the decay-amplitude raftidy; /. Ay,|. For sim-

licity of the analysis, we will first ignore the charged-Higgs 0
Eontr);bution to th)elz decaB*—>K+D9 ’ 99 phasedn=arg(e) - arg(¢’) in the T2HDM,

In the SM,DD mixing is vanishingly small. As discussed . The time-integrate® decay width including th&D mix-

) —_— 7 ing effect is then given by
in Sec. Il D, however, theDD mixing parameter,xp

=Amp /Ty, could be as large as a few percent in the
T2HDM. This will in turn affect the direcCP asymmetry in
B —K*[f]p andB~ —K [f]p decays, as well as the stan-
dard procedure to extragt from these decays. Note that in
2HDM’s with NFC (models | and I, charged Higgs effect

p
AD5=AB+HK+5£9_0>AM . (43)

Here up to quadratic order Xy, g_(t)=(i/2)xpmpe ™’
with 75=T"pt, and pp/qp=e"'2% with the DD mixing

(BT K™ [f]p)~rg+r3—2rgrpcog y+Ag—Ap)
+XDI’BSin('y+20D+AB)—XDrD Slrl(20D+AD)

+x3/2, (44)
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120 metry ax; as given by Eq.47), assuming the
= 0.2 strong phase differencesg and Ap to be zero.
~= 90 We have takerrg=0.08, rp=0.05, andy=60°
© -0.2 for the numerical analysis. Shown i@ is the
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respectively the maximum and the minimum val-
0 -10 ot ues whichay; can take as a function oy .
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(b)
F(B—_)K—[f_]D)NréJr r%— 2r gl p oS Ag—Ap— ) where thexprg andxprp terms come from the interfer.ences
betweenApp and the color-suppressegtdecay amplitude
+XprgSiN(Ag—y—26p) and the doubly-Cabibbo-suppressbedecay amplitude re-
. spectively. TheCP asymmetry can then be obtained as
—XplpSiNAp—26p)+x3/2, (45 P y y y
|
2rgrp Sinysin(Ag—Ap)+Xprgsin(y+26p)cosAg—Xplp Sin 26 COSA
agf= 2 2 (46)
rg+rp—2rgrpCcosy cos{AB—AD)-ﬁ-FXD
|
where  I'y =Xprg COS(y+26p)SinAg—Xprp COS P SinAp Figures 4 and 5 illustrate the effect DD mixing on two
+x%/2. classes of decays with respectively small and large strong

It is interesting to note that whereas a sizable strong phagghase differences. Fo, of order a few percent, one arrives
difference is essential for a large rate asymmetry in the SMat a no-lose theorem that largeP asymmetries are expected
this is no longer necessary with a non-zes9. While in  for both cases. However, it seems that the angtannot be
general there is no reason for both strong phaggs gnd  extracted in a simple manner from such decays in the pres-
Ap) to be small, for illustration, let us consider th&P ence of a sizeablBD mixing.
asymmetry in the limit that they are, i.e., for simplicity, we
set Ag=Ap=0, which may be a good approximation for

certain decay channels. Then VI. CONCLUSION
. . As has been shown in this work, the phenomenology of
- Xplg SIN(y+260p)—Xprp Sin 26, 47 the T2HDM differs from that of models | and Il 2HDNand
Kf :

the SM in many interesting ways. These include their dif-
ferent effects orKK, DD, and BB mixings, on charged-

This is the asymmetry due D mixing. Forxp of a few ~ current decays, and o@ P-violation in both neutral and
percentay; could be of order tens of percent, comparable tocharged decays. We have examined tGé-violating phe-
the expected asymmetry within the SM. In other words, thd’omenology associated with the anomalous charged-Higgs
presence oDD mixing could affect the ADS method to Yukawa couplings in the T2HDM. The effects of the two

. N = new C P-violation parameters of the model,and¢’, nicely
extract y in a significant way. ThisDD mixing-induced  geparate, with the latter mainly affecting processes that in-
asymmetryay; is shown in Fig. 4.

. . volve DD mixing. As a result, some clean predictions for
— Given the many decay channels available for Hotand neutral B decayéJ can be made within the TgHDM as pre-
D, it is highly unlikely thatAp should be small for all the  genteq in Table II. Thé-relatedCP angled can be directly
modes. For illustrative purpose, we also consider the case of aasured from theB.—D D- ynly', or yKs decay
o o — .. A X S S S 1 y
Ag=0° andAp=30°, and evaluate the effect BfD mixing  without SM pollution. On the other hand, the and Bcxy
on the PRAa; . The numerical results are presented in Fig.angles of the unitarity triangle may be extracted fra®

5. One again observes a sizable effect dub mixing. asymmetry measurements in the dec®ys—mm and By

r2+r3—2rgrp cosy+xa/2
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FIG. 5. The effect oDD mixing on the PRA
120 . ays for Ag=0° andAp=30°. We have usedy
= - =0.08, rp=0.05, andy=60° for the numerical
~ 90 -0.8 1 =& analysis. Shown iria) is the contour plot foag¢
D with contour levels—0.8, —0.5, —0.2, and 0.3.
60 - 5 The two solid lines in(b) represent respectively
the maximum and the minimum values which
30 aks can take as a function af, . The broken line
in (b) shows the value o#; in the absence of
000 DD mixing as expected in the SM.

—Dcpp/7 respectively without charged-Higgs contamina- process. On the other hand, as in most charged-Higgs models

tion. Based on the information ahandBckm , a cross check of CP violation, the directCP-asymmetry in the radiative

on the model can then be made by taking into account thdecayb—svy is found to be tiny[27].

CP asymmetry measurement in the decBys- /K and/or Note added in proofSince this manuscript was sent for

By,—D'D". publication, the CLEO Collaboration has published results
BesidesCP asymmetries in neutrd® decays, the model on their first search for direcEP violation in B*— K= ¢/J

also gives rise to generically largeP-violating effects in  (see[28]).

charged decays. For example, the partial rate asymmetry in

B*—K™*¢ can be of order ten percent if the strong phase

difference is not too much suppressed. The model can also ACKNOWLEDGMENTS
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