PHYSICAL REVIEW D, VOLUME 59, 115006

Phase effect of a general two-Higgs-doublet model ih—sy

David Bowser-Chao
Physics Department, University of lllinois at Chicago, Illinois 60607-7059

Kingman Cheung
Department of Physics, University of California, Davis, California 95616
and Center for Particle Physics, University of Texas, Austin, Texas 78712

Wai-Yee Keung
Physics Department, University of lllinois at Chicago, Chicago, Illinois 60607-7059
(Received 4 November 1998; published 30 April 1999

In a general two-Higgs-doublet mod@HDM), without thead hocdiscrete symmetries to prevent tree-level
flavor-changing-neutral currents, an extra phase angle in the charged-Higgs-fermion coupling is allowed. We
show that the charged-Higgs amplitude interferes destructively or constructively with the standard model
amplitude forb— sy depending crucially on this phase angle. The popular models | and Il are special cases of
our analysis. As a result of this phase angle the severe constraint on the charged-Higgs-boson mass imposed by
the inclusive rate ob— sy from CLEO can be relaxed. We also examine the effects of this phase angle on the
neutron electric dipole moment. Furthermore, we also discuss other constraints on the charged-Higgs-fermion
couplings coming from measurementsBff—B° mixing, po, andR,,. [S0556-282(99)02911-7

PACS numbgs): 12.60.Fr, 11.30.Er, 12.15.Ff

[. INTRODUCTION enhanced substantially for large regions in the parameter
space of the masM,+ of the charged-Higgs boson and
One of the most popular extensions of the standard modeanB=v,/v,, wherev, andv, are the vacuum expectation
(SM) is the two-Higgs-doublet modéPHDM) [1], which  values of the two Higgs doublets. CLEO published a result
has two complex Higgs doublets instead of only one in theof b—sy inclusive rate of (2.320.57+0.35)x10 * in
SM. The 2HDM allows flavor-changing neutral currents 1995 [5], which is recently updated tp3.15+0.35 (stat)
(FCNO), which can be avoided by imposing ad hocdis-  +0.32 (syst)*=0.26 (mod) x 10~ * in 1998[6]. ALEPH also
crete symmetry2]. One possibility to avoid the FCNC is to published a result of [3.11+0.80 (stat)+ 0.72 (sys}k]
couple the fermions only to one of the two Higgs doublets,x 10~# [7]. The 95% C.L. limit published by CLEO is also
which is often known as model I. Another possibility is to updated to X 10 *<B(b—sy)<4.5x10 4 [6]. The data
couple the first Higgs doublet to the down-type quarks whileare now more consistent with the SM prediction than before.
the second Higgs doublet is coupled to the up-type quarkience, the experimental result puts a rather stringent con-
which is known as model Il. Model Il has been very popularstraint on the charged-Higgs-boson masg= and tan3. In
because it is the building block of the minimal supersymmetmodel II, the constraint i ,==350 GeV for tarB larger
ric standard model. The physical content of the Higgs sectothan 1, and even stronger for smaller &f8]. However, in
includes a pair o P-even neutral Higgs bosom$® andh®,  model | the constraint is weaker because of possible destruc-
a CP-odd neutral bosorA, and a pair of charged Higgs tive or constructive interferences with the SM amplitude, de-
bosonsH ™. pending on tagg and charged-Higgs mass.
Models | and Il have been extensively studied in literature  Recently, there have been some stud@®40] on a more
and tested experimentally. One of the most stringent tests igeneral 2HDM without the discrete symmetries as in models
the radiative decay oB mesons, specifically, the inclusive | and Il. It is often referred as model Ill. FCNC's in general
decay rate ob— s+, which has the least hadronic uncertain- exist in model Ill. However, the FCNC's involving the first
ties. The SM rate ob— sy including the improved leading- two generations are highly suppressed from low-energy ex-
order logarithmic QCD corrections is predict¢d] to be  periments, and those involving the third generation are not as
(2.8+0.8)x 10 4, of which the uncertainty mainly comes severely suppressed as the first two generations. It implies
from the factorization scale and from the next-to-leading orthat model Il should be parametrized in a way to suppress
der corrections. In the 2HDM, the rate ob—sy can be the tree-level FCNC couplings of the first two generations
while the tree-level FCNC couplings involving the third gen-
eration can be made nonzero as long as they do not violate

The next leading ordeNLO) calculations for the SM and @ny existing experimental data, e.B5—B® mixing.
2HDM | and Il are available very recentfd]. The SM result is In this work, we simply assume all tree-level FCNC cou-
(3.29+0.33)x 10~#, which is consistent with the LO calculation. Plings to be negligible, even though in such a simple model
However, the NLO calculation is not available for 2HDM 11l and, the couplings involving Higgs bosons and fermions can have
therefore, we will use the LO result consistently throughout thecomplex phaseg'’. The effects of such extra phaseskin
paper. — sy have been noticed in Refl1]. In this paper, we shall
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study carefully the constraint on the phase angle in the prodwherev is related to theW mass byM,=(g/2)v. In this
uct, AN pp, Of Higgs-fermion couplinggsee belowversus  basis, the first double$, is the same as the SM doublet,
the mass of the charged Higgs boson from the CLEO datwhile all the new Higgs fields come from the second doublet
of b—sy. We shall show that in the calculation bf-svy ¢,. They are written as
the charged-Higgs amplitude interferes destructively or
constructively with the SM amplitude depending crucially J26+
on this phase angle and less on the charged-Higgs mass. b _i(

1 0,:n0

vt+x;+iG

V2H*

, 2
Xg-i—iAO @

1
The usual models | and Il are special cases in our study. J2 : P2 J2
We shall also show that the previous constraints on

the charged-Higgs mass and gaof model Il imposed by whereG°® and G* are the Goldstone bosons that would be
the CLEO data can be relaxed in model Ill because ofaten away in the Higgs mechanism to become the longitu-
the presence of this extra phase angle. There are othéinal components of the weak gauge bosons. Hfeare the
processes in which the effects of the phase angle can be se@hysical charged-Higgs bosons amf is the physical
One of these that we study in this paper is the neutron eleds P-odd neutral Higgs boson. The andx3 are not physical
tric dipole moment. In addition, we also discuss the con-imass eigenstates but linear combinations of @R-even

straints from experimental measurement®8f B® mixing, ~ neutral Higgs bosons:

Po, andRy,.
The organization is as follows. In the next section we x2=HCcosa—h’sina, ©))
describe the content of the general 2HDM and write down
the Feynman rules for model Ill. In Sec. lll, we describe 0110 0
briefly the effective Hamiltonian formulation for the decay xz=H"sina:+h"cosa, )
of b—sy and derive the Wilson coefficients in model lll. \yhereq is the mixing angle. In this basis, there are no cou-

We present our numerical results for-sy and study the plings of y9ZZ and yoW*W~. We can write dowrj10] the
case of neutron electric dipole moment in Sec. IV. In Sec Viy kawa Légrangianzfor model Il as

we discuss other experimental constraints from measure-

ments ofB°— B mixing, po, andR,. Finally, we conclude — ~ —
in Sec. VI. ° —Ly= 5 QiL$1Ujr+ 7, Qi #1Djr

+E1Qi $oUjr+E0Qi poDjr+H.c., (5

. . . . . -~ - U’D
In a general two-Higgs-doublet model, both the doublets}NJ‘gre"J are generation indicespy =101, 7 and
can couple to the up-type and down-type quarks. Withouéij  are, in general, nondiagonal coupling matrices, @d
loss of generosity, we work in a basis such that the firstS the left-handed fermion doublet antjr andDr are the

doublet generates all the gauge-boson and fermion massesight-handed singlets. Note that theQg , Ujr, andDjr
are weak eigenstates, which can be rotated into mass eigen-

states. As we have mentioned above, generates all the

Il. THE GENERAL TWO-HIGGS-DOUBLET MODEL

0 fermion masses and, therefore/ (/2) »":° will become the
_ —0 1) up- and down-type quark-mass matrices after a bi-unitary
(b1)= L) (#2)=0. transformation. After the transformation the Yukawa La-
V2 grangian becomes
Ul DI 9 0 0 g Ul 5Y 9 Lo 5()—DlI 5
£Y=—UMUU—DMDD—W(H cosa—h"sina)(UMyU+DMpD)+ WG (UMyy’U—-DMpy°D)
w W
9 el Val 1 5 1 5 9 +1 1 1 5 1 5
+ G DbV Mys(1+9°)—Mp3z(1—°)JU— G"uUVv Mp3(1+v°)—My3(1—v°)]D
\/EMW ckmlMuz Y p2( Y] \/EI\/IW ckm[Mp3( Y uz( Y]
HOsina+h° cosa

{U[8Y4(1+9°) + 8UT5(1— 9%)]JU+D[&P4(1+ 9% + &1 (1— »%)]D}

2

¢
+ %{W“%m y%)—EYT3(1— 1) JU—D[EP3(1+ y%) - EPT1(1- +%)ID}

V2

—H U[Verm€P3(1+ 9% = E¥Vem3 (1— v2)ID—H D[ 2TV i3 (1— °) — VEEU 3 (1+ )1V, (6)
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whereU represents the mass eigenstates,oft quarks and short-distance parts correspond to the Wilson coeffici€nts

D represents the mass eigenstated,sfb quarks. The trans- and are calculable by perturbation while the long-distance
formations are defined byM p=diag(m, q,Mcs,M; p) parts correspond to the operator matrix elements. The physi-
= (IN2)(Ly o) 7YP(Ryb), EVP=(Ly o) EYP(Ry b). cal qu_antjties based on E(B) should be indeper!der?t of the
The Cabibbo-Kobayashi-Maskawa matrpd2] is Ve  factorization scale.. The natural scale for factorization is of
=(Ly)(Lp). order my, for the decayB— Xy y. The calculation of the
Ci(u)’s divides into two separate steps. First, at the elec-
troweak scale, sai,y, the full theory is matched onto the
effective theory and the coefficien®(M,,) at theW-mass
scale are extracted in the matching process. In a while, we

The FCNC couplings are contained in the matri¢g<.
A simple ansatz fog":° would be[9]

gu D_ =\ gvmm; 7) shall present these coefficie@g M,,) in model lll. Second,
2Myy the coefficientsC;(M,) at the W-mass scale are evolved

down to the bottom-mass scale using renormalization group
by which the quark-mass hierarchy ensures that the FCN@quations. Since the operato@'s are all mixed under
within the first two generations are naturally suppressed byenormalization, the renormalization group equations for
the small quark masses, while a larger freedom is allowed fo€;'s are a set of coupled equations:
the FCNC involving the third generations. Hexg'’s are of . _
order O(1) and unlike previous studig®,10] they can be C(u)=U(u,My)C(My), 9
complex, which give nontrivial consequences different from
previous analyses based on models | and Il. An interestingshere U(u,My) is the evolution matrix and:(,u) is the
example would be the inclusive rate lof>sy that we shall  vector consisting ofZ;(w«)’s. The calculation of the entries
study next. Such complex;;’s allow the charged-Higgs am- of the evolution matrix is nontrivial but it has been written
plitude to interfere destructively or constructively with the down completely in the leading ordé8]. The coefficients
SM amplitude. As we have mentioned, models | and Il areC;(«) at the scaléD(my,) are given by[3]
special cases in our study and so the previous constf@hts
imposed on the charged-Higgs-boson mass ang tay the a
CLEO data can be relaxed by the presence of the extra phase Cj(:““):izl kiz* (j=1,....6), (10
angle. Other interesting phenomenology of the complg’s
includes the electric dipole moments of electrons and quarks _ 1612 8, 14123 1612
[13] as a consequence of the expli€CiP violation due to the Crlw)=n 3C77(MW) s 7 Ceo(Mw)
complex phase in the charged-Higgs sector. For simplicity

8

8

we chooseZVP to be diagonal to suppress all tree-level +CZ(MW)§1 hin®, (1D
FCNC couplings and, consequently, thg’'s are also diag-

onal but remain complex. Such a simple scenario is sufficient 8

to demonstrate our claims. Caa(p)= 7714/23Cse(|\/|w)+02(|\/|w)i§1 h; 7%, (12)

lll. INCLUSIVE B—X . —
TS with 7=as(Mw)/as(x). Thea's, k;'s, hi's, andh;’s can

The detailed description of the effective Hamiltonian ap-be found in Ref[3].
proach can be found in Ref§3,14]. Here we present the Once we have all the Wilson coefficients at the scale
highlights that are relevant to our discussions. The effectivéd(m,) we can then compute the decay rateBoef Xsy. The
Hamiltonian for B— Xgy at a factorization scale of order decay amplitude foB— X,y is given by
O(m,) is given by

G
G, 6 A(Bﬂxsw:—TgV?svtbc7y<u><Q77>, (13
Hetr= fvtsvtbg Ci(#)Qi(p)

in which we use the spectator approximation to evaluate the
matrix element(Q-,) and mg=m,. The decay rate oB

+C7,(r)Q7, (1) + Coa(1)Qga(i) |- (8 X,y is given by
2|\ /* 2 5
The operator®); can be found in Ref.3], of which theQ I'(B—Xgy)= Gl VieVinl “@erimp IC,(mp)|2, (14)
and Q, are the current-current operators a@d— Qg are * 32m* R

QCD penguin operator€);, and Qg are, respectively, the

magnetic penguin operators specific for:sy andb—sg. where C7,(my,) is given in Eq.(11). Since this decay rate

Here we also neglect the mass of the external strange quatlepends on the fifth power ofi,, a small uncertainty in the

compared to the external bottom-quark mass. choice ofmy, will create a large uncertainty in the decay rate,
The factorization in Eq(8) facilitates the separation of therefore, the decay rate &— Xgy is often normalized to

the short-distance and long-distance parts, of which thé¢he experimental semileptonic decay rate as
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wheref(z)=1—8z%+82°
The remaining task is the calculation of the Wilson coef-
ficients C;(Myy) at theW-mass scale. The necessary Feyn-

I'(B—Xsy)

|V th| 6aem

F(B—>Xceve)

(19

Vo2 mf(mc/mp)

—28-247%Inz

man rules can be obtained from the Lagrangian in(Bg.As

we have mentioned, we assume all tree-level FCNC cou-
plings negligible and, therefore, the neutral-Higgs bosons dbVep|°=0.95,

PHYSICAL REVIEW D59 115006

Ayg— cotB and A,,— cotB (for model ), (24)

and
Nit— cotB and \pp— —

tang (for model 1). (25

IV. RESULTS

We use the following input$3,16,17 for our calcula-
tion: m,=173.8 GeV, M,,=80.388 GeV, |ViV|%

m./m,=0.3, and B(b—ce »)=10.45

not contribute at tree level or at one-loop level. The only*0.21%, aen(My)=1/133, and ay(Mz)=0.119 and a
contributions at one-loop level come from the charged-Higgst-l00p s is employed. The branching rati®(B— Xsy) is
bosonsH =, the charged Goldstone bosoBs, and the SM

Wt

bosons.

The coefficientsC;(My,) at the leading order in model Ill

are

wherex;=m

given by

C;(My)=0

Ca(Mw)=1,

Cry(Mw)=—

Cec(My)=—

(j=1,3,45.8, (16)
17

A(Xy)
2

Aly)
- Tl)\tt|2+ B(Y)Nihpp, (18

D(Xt)

(y)
2 —— Nl *+ E(Y)N b,

19

2IMZ,, andy= mt/M + . The Inami-Lim func-

tions[15] are given by

calculated using Eq15). The free parameters are thihy-,
Nit, andAy,p, as in Eqs(18) and(19).

Since the term proport|0nal ¥\ pp IS, iIn general, com-
plex we let\ A pp=|NiApb/ €. We show the contours of the
branching ratio in the plane of and M= for |\y\py|
=3,1,0.5in Figs. (@), 1(b), and Xc), respectively. The con-
tours are symmetric about=180°. The contours ar®
=(2,2.8,4.5x 10 *, which correspond to 95% C.L. lower
limit, the SM value, and the 95% C.L. upper limit. The value
of |\ is set at 50 as preferred in tiRg constraint that will
be shown in the next section. The corresponding values of
I\i{| are 0.06, 0.02, and 0.01, which satisfy the constraint

from theB®— B® mixing, as will also be discussed in the next
section. Here the term proportional fa|? is not crucial
because the coefficient ¢k|? is small compared with the
other two terms in Eq918) and(19).

The results of the conventional model (Which can be
obtained from our general results by the substituting:
— cotB, \y,—— tanpB) can be read off from Fig.(b) at ¢
=180°. Theb— sy data severely constrai + =350 GeV
at 95% C.L. level, because @&=180° the SM amplitude

[8x2+5x—7 (3x2—2X) Inx interferes entirely constructively with the charged Higgs-
A(X)=Xx T T | (20 boson amplitude. It is obvious that at other angles the mass
| 12Ax—1) 2(x—1) of the charged Higgs-boson mass is less constrained; espe-
cially, in the range#=50°-90° the entire range of charged
5y—3 (3y—2)Iny Higgs-boson mass is allowed by tle—sy constraint as
B(y)=y 5~ 3| (21)  long as |[\ghpp|<1. However, when|\ \pp is getting
[120y—1) 6(y—1) larger, say Jsee Fig. 1a)], the allowed range of charged
Higgs-boson mass becomes narrow. This is because the
[x2—5x—2  3xInx charged Higgs-boson amplitude becomes too large compared
D(x)=x T+ il (220 with the SM amplitude. On the other hand, wheq\ |
L 4(x=1) 2(x=1) becomes small the allowed range charged Higgs-boson mass
is enlarged, as shown in Fig(d. The significance of the
y—3 Iny phase anglé@ is that the constraints previously &h,+ and
E(y)=y 5 3l (23)  tang are evolved int®d, My=, Ay, and\y,, where we do
L4(y—1)7 2(y-1) not need to impose\ | =1/|\,|, as in model 1. The previ-

The SM results for the Wilson coefficient;(Myy) for i

=1,...

,6 are thesame as in Egs(16) and (17), while
C7,(My) andCgg(My) only have the first term as in Egs.

ous tight constraint oM+ of model Il is now relaxed in
model Il down to virtually the direct search limit of almost
60 GeV at the CERN:* e~ collider LEPII[18].

The phase of A\, Can give rise to the neutron electric

(18) and (19), respectively. Thus, we already have all the dipole momentNEDM). The physics involved can be un-
necessary pieces to compute the decay rae-efXyy.

derstood as follows. First, at the electroweak scale the phase

Before we leave this section we would like to emphasized induces theC P violating color dipole momentCDM) of
that the expressions f@;(My,) in Egs.(16)—(19) obtained theb quark. Second, the CDM df quark evolves by renor-
for model Il can be reduced to the results of models | and limalization to the scale an, and turns into the Weinberg
by the following substitutions: operator{19] (i.e., the gluonic CDM 20]) when theb-quark

115006-4
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FIG. 1. Contour plot of the branching ratib—sy versusM
and the phase of;\,, for various values of\ App|=3,1,0.5. The
shaded areas are excluded by the NEDM constiaigit<102°
e-cm.

field is integrated away. Finally, this gives NEDM at the
nucleon mass scale:

d9=g3(1)Cy(u)(Oy(n)),

where

PHYSICAL REVIEW %8 115006

Og=§120%*AG2 G} ,Gy,,. (26)
Weinberg suggested the hadronic scalgo be set at the
value such thai(u)=4//6. Instead we choosg at the
nucleon mass. The hadronic matrix elem@Ag(u)) is very
uncertain. A typical estimate from the naive dimension
analysis(NDA) [21] relates the matrix element to the chiral
symmetry breaking scal®l, =27F,=1.19 GeV,

e

MX
Og: 4 gg(#)

(27)

The parameteg, is set to be 1 in NDA, but other calcula-
tions result in different{;. QCD sum rule performed by
Chemtobf22] gives £4=0.07. Scaling argument by Bigi and
Uraltsev[23] yields a valuey=0.03. We choosé,=0.1 for

our analysis. The Wilson coefficient of the Weinberg opera-
tor C4 evolves according to the renormalization grdi®)
equation[24] and matche§25,26| that induced by the CDM
Cy, of theb quark at the scalen,. Our definitions of Wilson
coefficients follow the notation in Ref26],

N

The CDM of theb quark comes from the CP violation of the
charged Higgs coupling at the electroweak scale and at the
scalem, it is given by

ag(mc)
ag(pm)

ag(mg)
ag(mg)

1 54/27
Cy(pm)= ch(mb)( )
(28)

\/EG 2 m2 Ct’(m ) 14/23
Co(My) = ~— IM (\hpp) s H| —5— ( > W) :
16m 3 My )\ as(my)
(29)
where the functiorH is
3y 2 loggy
H(y)—iw(y—3— -y (30
Note thatH(1)=1 whenMy+=m,. Numerically,
a(my) | Y4 ¢ m;
9—10 2%. —~n =29 _t
dp=10"“ cmlm()\n)\bb)( a(,u)) 01 H Mar
(3D
The experimental limit,
d,<10 ?%-cm, (32

places an upper bounfm (A ;App)|=1 on the coupling
product for our choice of parametegg,=0.1, u=m, when
My+=m;. The bound is sensitive to uncertaintiesiinand
&y, but not much inMy=. The function valueH decreases
only by a factor of 1.6 as the charged Higgs mass varies from
50 GeV to 200 GeV.

In Fig. 1, the constraint on thil,+ versusé is given by
the shaded areas which are excluded by the NEDM measure-
ment.

For the case of rather large\p,/>1, the phase be-
comes restricted to the forward regién-0 or the backward
regions. However, the backward regiom{ ) is not pref-
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erable for My+=<500 GeV due to the constraint frofn
—sy. If the charged Higgs boson is this light with large
couplings to théb andt quarks, the NEDM analysis requires

a small phase in the forward region. On the other hand, when_

[NitApp| <0.7, the NEDM constraint becomes ineffective and
the constraint fronb— sy remains useful.

Other places to look for the effects of this anglinclude
other b—s,d decays,CP violation effects inb—sy [11],
b—sll, and the electric dipole moments of fermions via a
2-loop mechanisnl3].

On the other hand, this phase angl&ill not show up in
other existing constraints like,, R,, and flavor-mixing.

Charged Higgs mass (GeV

1000

800

600

400

200

PHYSICAL REVIEW D59 115006

Allowed

X4=0.734 + 0.035

The previous argument that the 2HDM only has a very nar-
row window left to accommodate all the constraints from
B(b—svy), pg, Rp, and flavor-mixing is now not true be-
cause of the possible phase angle in model Il that we are
considering. The narrow window oM ,- opens up. We
shall summarize the other constraints\ap, A, and Higgs
masses in the next section.

0.1
[l

FIG. 2. Contour plot of tha°— B mixing parametex, in the
plane of|\| and the charged Higgs boson mass. The experimental
value isxy=0.734+0.035.

The quantity that parametrizes tB8—B° mixing is
V. OTHER CONSTRAINTS

Am
Direct searches for Higgs bosons in 2HDM at LEPI8] Xg= T ?
place the following limits on Higgs boson masses: B
2
F
=— Vi 2| Vyp|*F5BemMe 75 7eM &l ww ™ Twint Tn)
Mpo>77 GeV, M,>78 GeV, M,->56—59 GeV, 6
(33 (34)
where[27]
where theM 0 andM 4 mass limits are obtained by combin- ’
ing the four LEP experiments but no combined limit M, - L= X 1+ 39X +6X logx
is available[18]. We shall then discuss other constraints 4 (x—1)2  (x—1)3]
from precision measurements.
(4z—1) logy
lwe=XYAy|?| ———————
wh=XY[ Ayl 2(1-y)2(1-2)

A. K°—K° D°-D° and B°-B°
3 logx N x—4
2(1-x)3(1-2) 2(1=x)(1-y)|’

TheseF°—FY (F=K,D,B) flavor-mixing processes can
occur via tree-level, penguin, and box diagrams in model 11l
[10]. One particular argument against model Ill is that it
allows FCNC at the tree level, but with a lot of freedom in
picking the parametens;; it certainly survives all the present
FCNC constraints. The tree-level diagrams for théde
=2 processes can be eliminated by choosingAgj very — where x=mZ/M%,, y=m/M’., z=M3/MZ., and the
small. Actually, in our study we have sef;=0 (i#]);  running top massn,=m,(m,) =166 GeV. We use these in-
therefore, all tree-level FCNC diagrams are eliminated anguts [17,16,3: |V,,|=1, f3Bg=(0.175 GeV§(1.4), mg
so are the penguin diagrams. However, there are important5.2798 GeV, 7;=0.55, and x4=0.734+0.035, 75
contributions coming from the box diagrams with the =1.56 ps. Since the allowable range|f,| is from 0.004 to
charged Higgs boson. Naively, to suppress the charged.013[17], we use a central value foW,4| obtained using
Higgs contribution we need to increase the charged Higgthe central value oky and it gives|V,y4|=0.0084(which is
boson mass or decreasg. We shall obtain a set of bounds the central value given in the Particle Data Group book 98
using the experimental measuremeqtof B°—B° in the  [17]). We then obtain bounds ok, and My- by the 27
following [KO—KO and D°— D° mixings are small in our limit of x4 assuming the only error comes frorg measure-

- ment(see Fig.
model because of the mass hierarchy choic@#)'? in Eq. (s 9. 2
(N]. My==77 (60) GeV for |[\y|=0.3 (0.28),

1+y 2y logy
(1-y)? (1-y)?

_ XY Nl !
HH™ 4

’

(39
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which means virtually no limit on the charged Higgs bosonSincep is constrained to be around 1 we have to minimize
mass if|\ ;| =0.28, because the present direct search limit orthe contributions ofA p,.py . Without loss of generosity we
charged Higgs boson is about 56-59 GE&f]. (33)]. We  set =0, which means that the heavier neutral Higdg$
have improved the results in Ref28,10 because we are decouples and the first Higgs doublet can be identified as the
using an updated value &f;. In the context of models I and SM Higgs doublet, while the second Higgs doublet is the
Il the bound isM - =77(60) GeV for tapB=3.3(3.6). For  source of new physics. The leading behavior X o
tang gets close to IM=>1 TeV. scale aM . and, therefore, the constraint pf in Eq. (38)
B. po puts an upper bound avi ,=. Actually, if the charged Higgs

p was introduced to measure the relation between th&assMy- is betweernM , andMpo the Apaypy is negative.
masses ofW and Z bosons. In the SNp= M\ZNIM§ cosé, However, this is pot the favorite scenario because in the case
—1 at the tree level. However, the parameter receives ©f Rp the experimental result prefefd ,=Mo~80-120
contributions from the SM corrections and from new phys-GeV, that will be discussed in the next subsection. In this
ics. The deviation from the SM predictions is usually de-CaseMa=Myo, Ap,py is positive and, therefore, we want

scribed by the parametgy, defined by[16] to keep it small. Using Eq(40) for May=M0=80-120
GeV, the charged Higgs mass is constrained to be

My

__ w 36
pM2cog 6, (36

Po
My==180—-220 GeV. (41

where thep in the denominator absorbs all the SM correc-
tions, among which the most important SM correction at
1-loop level comes from the heavy top-quark: C.Ry
R, was about+3.70 above the SM value a few years
3G¢ ago, but now the deviation is reduced tdlo after almost
921+Aptop=1+mmf, (37 all LEP data have been analyzgtis]. RS still places a
™ constraint on the 2HDM, though it is much less severe than

in which A pyop is about 0.0095 fom,=173.8 GeV. By defi- before. This is because only a narrow window exists in the

nition p=1 in the SM. The reported value gf, is [16] neutral Higgs bosons that does not decrelagewhile_ t_he
charged-Higgs boson always decreaRgs We shall divide

the discussion into two parts: neutral-Higgs contribution and
charged-Higgs contribution.

According to Ref[29] the contribution from the neutral
Higgs boson is positive in a narrow window of 20 GeV
<M =M 0<120 GeV and is negative otherwise. Since the
charged Higgs boson contribution always decred®gs it
—0.001K Apypy<0.0013. (39  makes more sense to require the neutral Higgs contribution
to be positive. Here we adapt the formulas in ReB] to
model Ill. First, the contribution from the neutral Higgs
bosons only depends di,,,| and the masses of the neutral
Higgs bosons. Again without loss of generosity, we set the
) scalar Higgs-boson mixing angte=0 in order to decouple
APZHDM:W[S'”Z aF(My=,Ma,Mpo) the heavieH®. We show the resultam®, due to the presence

of the neutral Higgs bosons in Fig(& for |\, =30,50,70,
+ cog aF(My=,MA,M0)], (400 whereRgM=0.2158,R$**=0.21656+0.00074[16], and the
1o is taken to be the standard deviation of the experimental
result. In Fig. 8a) the horizontal lines represent tIﬁEM,
+ 10, and+ 20 values. TheRp™is almost at thet 1o line.
m2ms (mf) If we allow only 1o value belowRZ™®, we needMo~M A

po=0.9996 30515 (20). (38)

In terms of new physic§2HDM here the constraint be-
comes

In 2HDM p, receives contribution from the Higgs bosons
given by, in the context of model 1(128,29,14Q,

Ge
71_2

where

— 2
F(my,mz,mg)=m;— ——— 2 ~80-120 GeV with a fairly largé\,,|. For |\, as large as

m m

v 2 70 the enhancement can be as largetdlss at M==80

m2m3 m3 GeV. On the other hand, if we allows2belowR{™®, then we
can have all the range ™, 0~M ,>80 GeV, as can be seen

2

2
M~ Ms M3 in Fig. 3@. At any rate, the preferred scenario 8o
m2m2 m2 ~M,=80-120 GeV with a fairly largex,,|. How large
+———log| — |- should|\,,| be? It depends on the charged Higgs contribu-
mz— Mz m3 tion as well.
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VI. CONCLUSIONS

We have demonstrated that in model Ill of the general
two-Higgs-doublet model the charged-Higgs-fermion
couplings can be complex, even in the simplified case of
no tree-level FCNC couplings. The phase angle in the
complex charged-Higgs-fermion coupling determines the
interference between the standard model amplitude and
the charged-Higgs amplitude in the process b sy.

We found that forl]\ppht|=1 there is a large range of the
phase angled~50°-90° and 270°—-310°) such that the rate
of b—svy is within the experimental value for all range
of My=+. In other words, the previous tight constraints on
My+ of model Il from the CLEOb— sy rate is relaxed in
model Ill, depending on this phase angle. In addition, we
also examined the effect of this phase angle on the neutron
electric dipole moment and discussed other experimental
constraints on model Ill. The necessary constraints are
already listed at the end of the last section. Here we offer the
following comments.

(1) The phase angle inducesCP-violating chromoelec-
tric dipole moment of thé-quark, which leads to a substan-
tial enhancement in neutron electric dipole moment. The ex-

ac - e . .. . .
s 7 perimental upper limit on neutron electric dipole moment
0218 | LT thus places an upper bound on the couplings\py|siné
P =0.8 forM=~100 GeV. This bound has large uncertainties
g - due to the hadronic matrix element of the neutron and the
—— hyl=50 factorization scale.
T el =30 (2) The phase angle will also cause oth@P-violating
effects in other processes, e.g., the decay rate difference be-
tweenb—sy andb— sy [11], and in lepton asymmetries of
b—slI™I~. These processes will soon be measured at the
future B factories.
(3) Other experimental measurements, Ik&—F° mix-
ing, po, and Ry, constrain only the magnitude of the cou-

Since the charged Higgs-boson contribution is alwaydlings and the Higgs-boson masses but not the phase angle.
negative, we want to make it as small as possible. This con- (4) The B°— B mixing measurement can only constrain
tribution depends of\y|, |App|, andM,=. The effect orR,  the charged-Higgs mass aj)d,| loosely because the mixing
due to the presence of the charged Higgs boson is shown parameteixy depends onV,4|, which is not yet well mea-
Fig. 3(b) for |\, =30,50,70 and\ |/ =0.05. In Fig. 3b) the  sured. Other uncertainties come from the hadronic factors:
horizontal lines represent the;™ and +10. The R®Pis  fg, Bg, andzg. Actually, the mixing parameteqy is often
very close to+ 1o line. It is clear from the graph that be- used to determingV|.
cause we do not want the charged Higgs contribution to re- (5) As we have mentioned, Ry" gets closer to the SM

duceRSM by more than #r, we requireM ;= =60 (220 GeV value the constraint on the neutral Higgs-boson mabsgs
for |\ =50 (70). and M,0=80-120 GeV will go away completely. On the

SRCoR i ny 1 vy TomE st rcos. 2% Pt e charoedgge b e il e
sary to keep the narrow window M , andM o if we allow bb

20 below the experimental data. In this casé,o and M, decreas®, significantly.
can be widened to much larger masses, and s@gheon-
straint on the ceiling of the charged Higgs mass will also be
relaxed. HoweverMy= cannot be too small, otherwidg,
will be decreased to an unacceptable value.

Summarizing this section the constraints B3~ B® mix-
ing, po, andR,, give the following preferred scenarigl)
Ma=M0=80-120 GeV;(2) |\pp|=50; (3) |\y|=0.3; (4)
80 GeV sMy==<200 GeV.

214 . : ' .
02144 100 200 300 400 500
M, (GeV)

FIG. 3. TheR,=TI'(Z—bb)/I',qdue to the presence ¢) the
neutral Higgs bosonsvl ,.=M 0 and(b) the charged Higgs boson.
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