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We explore the radiative corrections to the procEsstin models with extended Higgs sectors. The
observable®R,=T'(Z—bb)/T'(Z—hadrons) and th&bb coupling asymmetryA,=(g>—g3)/(g>+g?3), are
sensitive to these corrections. We present general formulas for the one-loop correctiypandA, in an
arbitrary extended Higgs sector, and derive explicit results for a number of specific models. We find that in
models containing only doublets, singlets, or larger multiplets constrained by a custodial. SWit#yetry, so
thatM,y=M cosé,, at tree level, the one-loop corrections due to virtual charged Higgs bosons always worsen
agreement with experiment. TiRy measurement can be used to set lower bounds on the charged Higgs boson
masses. Constraints on models due to the one-loop contributions of neutral Higgs bosons are also examined.

PACS numbs(s): 11.80.Cr, 11.10.Gh, 12.15.Lk, 13.38.Dg

[. INTRODUCTION straints on the Higgs sector. Virtual Higgs exchange does
contribute to the deca¥— bb; however, the coupling afl°
The standard model of electroweak interactions has beet b quarks is too small to make an observable contribution.
tested to unprecedented precision during the past decade ffe coupling of the charged Goldstone bos@&s to tb is
the CERNe"e™ collider (LEP) and SLAC Linear Collider |arge enough to make an observable contribution to
(SL(_:) [1-3]. Global fits of electrqweak Qbservables haveZ*)bE but this contribution is fixed by electroweak symme-
confirmed that the electroweak interactions are well de’[ry; it depends only on th& andt-quark masses, the elec-
scribed by a spontaneously broken (8lXU(1) gauge tromagnetic coupling and €, [6—10].
theory. However, these measurements have not yet revealed Many extensions to the minimal SM Higgs sector are pos-
the underlying dynamics responsible for electroweak symsiple. (For a comprehensive review, see Réfl].) As in the
metry breakingEWSB). SM, extended models typically must contain at least one
In the standard modéBM), the electroweak symmetry is complexY=1 SU2) doublet in order to give mass to the
broken by the dynamics of a weakly coupled scalar Higgsermions. Additional S(2) doublets, singlets, and/or larger
sector consisting of one complex &) doublet of scalar multiplets may also be present. Such extended Higgs sectors
fields with hypercharge'=1. After EWSB, three scalar de- contain charged Higgs bosons and/or additional neutral
grees of freedoniGoldstone bosonsare absorbed by th&/  Higgs bosons in the physical spectrum. Some constraints on
andZ, leaving oneCP-even neutral Higgs bosoH® in the  the model exist due to the observpe:1; this can restrict
physical spectrum. The SM Higgs sector possesses an unbrgre choices of Higgs multiplets or require a fine tuning of the
ken global SW2) symmetry of the EWSB sector, often called vacuum expectation values of the neutral Higgs fields. In
“custodial SU2) symmetry” [4]. This symmetry leads to addition, the experimentally observed suppression of flavor
the tree-level relatiorp=M3/M2 co 6,=1, a relation that changing neutral current$FCNC’s) implies that Higgs-
is satisfied experimentally to better than a fews parts in anediated tree-level FCNC’s are either absémhich con-
thousand5]. strains the Higgs-fermion couplings of the mofE2,13), or
Precision electroweak data is now accurate enough to prasuppressed 14]. In the latter case, the suppression of
vide nontrivial tests of the one-loop structure of the SM. INFCNC'’s can be achieved if the nonminimal Higgs states are
particular, one can begin to test the EWSB sector of thesufficiently heavy(thereby approximately decoupling from
theory by probing the one-loop virtual effects of the Higgsthe sector of SM particlegl5]).
sector. The couplings of Higgs bosons to fermions and gauge Extended Higgs sectors also contribute virtually to one-
bosons are proportional to the fermion and gauge bosolwop processes involving SM particles. In this paper our pri-
masses, respectively. As a result, one-loop corrections imary focus concerns the electroweak observables associated
volving Higgs bosons coupled t&/, Z or third-generation  with Z—bb. In this case, the Higgs sector can yield observ-
quarks can be significant. In the SM, loop corrections involv-gple corrections at one-loop through charged Higgs cou-

i?]g Hg coupling t]? gau%e bcl)sons depker:jd logarithmically Onlplings totb and the neutral Higgs couplings tth. These
the H" mass. A fit to the electroweak data gives an uppe can then provide new constraints on the possible structure of
bound on the SM Higgs boson mass\dfo=220 GeV at the b P

, , . the nonminimal Higgs sector.
95% confidence levdll,3]. In the SM, the Higgs couplings = .
i ; ; - The procesZ—bb yields two observable quantitieBy,
to third-generation quarks do not provide additional con- , ; : i
g q P andA, . Ry is the hadronic branching ratio @to b quarks,

*Present address: Theoretical Physics Department, Fermilab, P.O. R.= I'(Z—bb) (1.1)
. b= T o A .
Box 500, Batavia, IL 60510. I'(Z—hadron$
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and A, is theb-quark asymmetry, tors containing only doublets and singlets, and then extend
the analysis to Higgs sectors containing larger multiplets in
o(e . —bg)—o(e  —bg)+o(eg—bg)—o(eg—bg) addition to doublets. Finally, we summarize our conclusions
b:O-(elj*)bF)+U(eEHbB)_}—O-(elgg)bB)_l_o-(e};*)bF), in Sec. VII. Additional details can be found in R¢R4].
(1.2

Il. CONSTRAINTS FROM THE DATA
wheree,  are left- and right-handed initial-state electrons _ —
andbg g are final-statéb quarks moving in the forward and ~ The radiative corrections t8—bb modify theZbb cou-
backward directions with respect to the direction of theplings from their tree-level values. In this section we show
initial-state electrons. In terms of tequark couplings t@, ~ how the experimental constraints By andA;, constrain the
possible values of the effectiv@bb couplings. We employ

L R —
A (9769)°~(9759)° 13 the following notation for the effectiv&bb interaction:
b™ L R . .
(gaE)2+(gaE)2 —e o
. _ . Lab= 5o~ Z0V*[G5(1= v5) +Q5(1+ ¥5)]b

In this paper we introduce a parametrization for a general Swlw

extended Higgs sector and calculate the contribution to _ o

Z—bb from one-loop radiative corrections involving singly = Hz#bw(v_b—ays)b, (2.1

W-W

charged and neutral Higgs bosons. We obtain general expres-

sions for the corrections to the left- and right-hand&tb  \wheres,,=sin &, and c,y=cosé,. The effective couplings
couplings, and then use the measurement®pandA, to  gre then written as

constrain specific models. This approach has the advantage

of yielding general formulas for the corrections in terms of %'Rzg;b% S5g-R, (2.2)
the couplings and masses of the Higgs bosons. The formulas

can tthe” tl%e spemahz_e? to a”yl_ extenlijeddnggsd ml\ﬁdlfrll BY/heregh® are the radiatively corrected effective couplings,
inserting the appropriate couplings. Kundu an ukho- i . . Lo
padhyayd 16| have taken the same approach and calculategnd the tree-level couplings are given g;;=—1/2+ %/3

- R__
the charged Higgs boson contributionszte>bb in a general andgy ;= i‘/IS'
extended Higgs sector. However, the neutral Higgs boson -
contributions in a general extended Higgs sector do not ap- A. Extracting the effective Zbb couplings from Ry, and A,
pear in the literature. Specific results for the one-loop correc- Following the discussion by Fieli5] and using his no-

tions toZ—bb in a two-Higgs-doublet modgPHDM) can  tation, the effective couplinggs® are related tdR, and A,
be found in Refs[17-21]. as follows:

One-loop corrections td—bb can also arise from other

sources of new physics. Thus, any derivation of constraints R—|1+ S -t

on the Higgs sector based on the effects of Higgs virtual b $,CRCPCRRP|

corrections must assume that these are the domifmmt

only) source of corrections beyond the standard model. For 2rp(1—4pup) 2

example, in theories of low-energy supersymmetry, it is easy A, 2.3

S _,
to find ranges of parameter space in which the effects of 1=4pup+(1+2up)r

ometimes parally cancel quhe effects of it Higgs WereCE*> and CG=> are QCD and QED radiative correc
tion factors. Usingr(M;)=0.12 anda (M) =128.9, the

exchange. However, in the limit of large superpartner ) e
masses, the supersymmetric contributions decol32e23, numerical values of these factors a@“°=0.9953 and

ED_ oy
and the formulas obtained in this paper are once again applf:'bQ =0.99975. In addition,
cable.

This paper is organized as follows. In Sec. Il we discuss r—bzg
the measurements &, andA, and the constraints that they ap’
put on theZbb couplings. In Sec. Il we introduce the two — —
Higgs doublet model and then generalize to an arbitrary ex- Sp=(p) (1= 6up)+(vp)*,
tended Higgs sector. We then compute the radiative correc-
tions to theZbb coupling due to the virtual exchange of S,= E [(@g)2+ (09)?],
charged Higgs boson&ec. IV) and neutral Higgs bosons qzbt 0 q

(Sec. V), respectively. In Sec. VI we apply the general for-

mulas for loop corrections to a number of specific models. wo=[My(Mz)/M]2. (2.9
Based on the current experimental measuremeni, agind

A,, we exhibit the constraints on the parameters of the ex- In the definition ofS,, the sum is taken only over first
tended Higgs sector. We first consider extended Higgs se@nd second generation quarks. To a good approximation, we
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can neglect the contributions of new physicsSp, and fix 0.06

this quantity to its SM predicted value. Using the corre- 0.05 |

sponding SM predicted values:,=0.1916, a,=0.5012, 0.04
P 1 — . : \ I W
vq=—0.3464, anday=—0.5012 for the vector and axial 003 | Ay —

couplings of the first and second generation up-type and 3
down-type quarks taken from Ref25], we obtain S, 002 \
=1.3184. Theb-quark contribution is separated out in the *° ¢y
quantity's, ; hereuy is a correction factor coming from the {
nonzerob-quark mass. This correction factor is roughly i
~1.0x10 3, where we have taken the runnibgjuark mass 001 | Ro Jf [/
in theM S scheme evaluated &t , my,(M)=3.0 GeV[26]. -0.02 - ‘ i
We can solve the above equations randgf in terms 004 -0.03 -002 001 0
of the experimentally measured values Ry andA, . Using 8 0 new
the predicted SM values given in RéR5],

0

001 0.02 0.03 0.04

FIG. 1. The constraints frorR, and A, on the right- and left-

(95)sw=—0.4208, (gF)su=0.0774, (2.5 handedZbb couplings. Plotted are the allowed deviatiofgi.., of
the couplings from their SM values. TherZrrors are shown as
we obtain the SM predictions fdR, and Ay : solid lines and the @ errors as dashed lines. The central value, at
8ghe,=0.0037 andsgR,,=0.0219, is marked by the cross.
REM=0.2158, (2.6)
L __ —
AgM:0_935_ 2.7) 0Ypen— — 1.2433R,— 0.107DA,,
Th Its should b d with th d val
[z]ese results should be compared wi e measured values 59§ew: 0.22865R, — 0.5962A, . 212
R, =0.21642-0.00073, 28 In practice, these first-order results provide a fairly good es-
A,=0.893+0.016. (2.9 timate of 69, and a less reliable estimate &,. This

is easily understood; because the data suggest a rather large

R, is measured directly at LEP and SLAC Large Detectorrelative shift of gi; from its SM predicted value, second-
(SLD). A, is measured directly at SLD from the left-right order effects cannot be neglected. In this paper, the more
forward-backward asymmetry, and indirectly at LEP fromprecise analysis based on Fig. 1 is used in our analysis of
the measured value &, and the forward-backward asym- new physics contributions &, andA,, from extended Higgs
metry A22=3AA/4. The R, measurement is OuBabove sectors:
the SM prediction, and thé, measurement is 206below
the SM prediction.

Allowing for a deviation of the experimentally measured
values ofgh™® from their predicted values in the SM, we
write

B. Tree-leveIZchoupIings: The effect of oblique corrections

In the SM, all electroweak observables are fixed by the
measurement of three quantities, commonly chosen to be the
electromagnetic fine-structure constantthe muon decay
constantG,,, and theZ mass. In particular, by measuring
these quantities, one can predict the value of Qﬁﬁt. In
The experimental constraints froR, and A, on g2y are  practice, many more electroweak observables are measured
shown in Fig. 1. The central value is 8g5.,~0.0037 and and a fit is made to the SM parametésse e.g., Ref27)).
5g§ew= 0.0219. Comparing these to the SM predictions, we However, the dependence of %H‘ff?t on other elec-
see that&g,ﬁew is roughly a 1% correction, whileSgﬁeW is  troweak observables can be modified in models of physics
close to a 30% correction. beyond the SM. The dominant effect of the new physins

It is also useful to expandR, and A, about their SM  most casegsenters via the virtual loop corrections to gauge
values, to first order imghésv_ Using the SM parameters boson self-energies; these are the oblique corrections. These
given above, we find modifications are parametrized by the Peskin-Takeuchi pa-
rametersS, T, andU [28]. In particular[29],

(2.10

(%’R)expt: (gtﬁ’R)SM'I' 5ghé§/'

L

SRy=—0.778%g,+ 0.140%gR,,,,

SAp=—0.29845g5,,~ 1.62345gR,,.  (2.11)

The bounds on Higgs sector parameters obtained in Sec. VI are
based on a slightly older analysis of electroweak data presented in

ays L .
Note that a positivedg,,,, decreases botR, andAy, while  Rret [1], which reported a slightly higher value B, andA, . The

a positive 6g%,,, increasesR,, and decreases,,. Inverting
the above results yields

effect of the updated numbers on our plots is not significant and
does not alter our general conclusions.
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sentation under S(2)<U(1).2 A real representatiofi.e., a
real multiplet of fields with integer weak isospin and hyper-
chargeY=0) is denoted byz;. For simplicity, we assume
=3.40x 107 3S—2.42x 10 3T, that the Higgs sector i€P conserving, so that the neutral
(2.13 Higgs mass eigenstates are eith@P-even ﬁ?) or
CP-odd (AJQ). The Higgs potential is chosen to break
where we have usesf,=[sir? ¢5"]sy=0.231. Nonzero val- SU(2).XU(1)y down to Ul)gy. That is, we assume that

ues of theSandT parameters therefore modify the prediction only the neutral member of each Higgs multiplet can acquire
for the tree—leveIZbEcoupIingsgL’Fi a nonzero vacuum expectation val(¥EeV). For the neutral
Zbb*

The S T, andU parameters are defined relative to a ref_scalar component of a complex representation, the VEV is

erence SM, with a fixed Higgs mass. Rdio=M, a fit of normalized such that
the electroweak data givé¢80]

1 _
0_— _ or ;40
S=-0.16+0.14, ¢k_\/;(vk+ P i), 3.9

T=-0.21+0.16,

a 1
Sin? O [Sin? O Isn= 055,= "y {Z S—sHchT

where ($)=v,/v2. For real representations, we take
<77i0>:Ui .

Given the Higgs representations and the VEV'’s, the Gold-
atone boson eigenstates are determined. The neutral Gold-
stone boson is given by

U=0.25+0.24. (2.14

This analysis has not yet been updated to account for th

latest available precision electroweak data. However, for ou

purposes, it is sufficient to note that the fitted absolute values

of SandT are significantly less tha®(1). GO=
In order to understand the significance of oblique correc-

tions of this size, we compute the corrections to the predic-

tions for R, and A, due toSand T (there is noU depen-  and the positively charged Goldstone boson is given by
dence. To first order inas\z,\,, Eqg. (2.10 is modified to

—1/2 '
Ek vEYEgu, (3.2

S i

12

1
1 G+=Nl[ T(Te+ D= =YY —2)| vy
(O P @ o 055+ 3055 (219 ([T =g o
o 1 1/2
The last term is simply a consequence of the form ofzbé - [Tk(Tk"' D=7 Yu(Yt+2) vk((ﬁk_)*J

tree-level couplings. Sincd, depends only O@E'R, one
may simply combine the results of Eq2.11), (2.13, and

(2.15 to obtain + 2 [2T(T+ D) |, (33

6A,=—0.6415s5,= —2.18x 107 3S+1.55< 10" °T. o -
(2.16 where the normalization factor is given by

To obtain 6R,,, one must also account for the effect of the . 5 1, 5
oblique corrections og}"® and g} " which enter in the ex- N =§k: 20i{ T T+ 1) = 7Y +§i: 207 Ti(Ti+1).
pression forl'(Z— hadrons). Following Ref.29], we find (3.4)

_ 2 _ —4c_ — 4
0Rp=0.03885,,=1.32<107"5-0.94x10°"T. In the above equations, we have separated out the sums

(2.1 into contributions from the complex Higgs representatikns
and the real Higgs representationsNote that for a Higgs

. : - g
in the predicted value dR, andA,, due to nonzero values of boson in a complex representationpq)* is a state with

. ; — ' -Q i
SandT is less than a few percent of the present expenmentaﬁharge Q butis noF the same ag" *. For a Higgs bqson
error on bothR, andA,. We can, therefore, safely neglect In a real representation, we adopt the phase convention such
these corrections ’ ’ that (")*=—%". Thus, in our phase convention, the

negatively charged Goldstone boson is given by
G =—(G)*.

For values ofSandT significantly less thar¥(1), theshift

IlIl. MODELS WITH EXTENDED HIGGS SECTORS

A wide variety of extensions to the minimal SM Higgs
sector are possiblgl1l]. We assume that the Higgs sector 2Gjven a complex Higgs multipletp, with Y0, one can always
contains at least one complex SU(2ZJoublet withY=1 to  construct the complex conjugated multiplét* , with hypercharge
give mass to the SM fermions. In our notatiaf), denotes a - Y. Henceforth, without loss of generality, we shall focus only on
multiplet of scalar fields that transforms as a complex repreHiggs multiplets withY=0.
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Since we wish to preserve(Ugy, we assume that only models, all the quarks couple to only one doubfkt,. In
neutral Higgs fields acquire VEV’s. These Higgs VEV’s are type-ll models, the down-type quarks only coupledig and
constrained by th&V mass, which for a general extended the up-type quarks only couple to a secoviet1 doublet,

Higgs sector is given by ®,.* If the general extended Higgs sector contains only one
Y=1 doublet, then its Yukawa couplings are necessarily
Mzzl 2N2=E 2 2 (3.5) type I.
w59 29 Vsw ' In a type-l model, the Higgs-quark Yukawa couplings are
where N? is given by Eq.(3.4). Thus, we can identify v2m, v2m,
N=vgy=246 GeV. A= oy Ap= 0y (3.10

The VEV’s and/or the Higgs representation content are
also constrained by thp parameter, which at tree level is Note that in a type-1 modeh,/\;=my/m,, SO\ <\, for
given by[11] all values ofv; .
In a type-1l model, the Higgs-quark Yukawa couplings

mg, N? are
P= M2, ™ S wive 36
v2m, v2m,
The observed electroweak data imply that the tree-level = vy, Ap= vy (3.1
value ofp must be very close t@r perhaps exactly equal)to
unity. Note that in a type-Il model\,/N;=(my/m)(v,/v4), SO
In a Higgs sector that contains only multiplets which sat-\, can be enhanced relative ¥ by choosingy;<v,.
isfy the relation When the Higgs mass-squared matrix is diagonalized, the
) 5 electroweak eigenstates mix to form mass eigenstates. The
(2T+1)°=3Y°=1, (3.7 couplings of the Higgs mass eigenstates to quarks take the
form

one findsp=1 at tree level for any combination of VEV’s.
Equation(3.7) is satisfied, for example, by the familiar Higgs
doublet withY =1, and by a series of larger multipld®1].3
In such a Higgs sector, the formulas fGr* and M\ZN sim-

i(OhigaPL+ OhiggPR) =1 (Ot + Ohigg7s), (312

wherePg | = (1= y5)/2. Theindividual couplings tdob and

lify t
plify to bt in a type-Il model are given by
—-1/2 1
G =2 viYE| 2 /5 vl (Yit+ Y2, N
S Ohenn=— (7193, (3.13
— (Y= Yo A )™ ], (3.9
and Thogs= - 2b<A?|¢%‘>, (3.14
1
2_" .2 2v/2
My=79 g v2YZ. (3.9 gﬁi+t—b=—>\b<Hi+|¢f>, (3.15

In the SM, the diagonalization of the quark mass matrix L -
automatically diagonalizes the Yukawa couplings of the neu- gHi*ﬁ): FA(H | ¢2), (3.18
tral Higgs boson to quarks. Thus in the SM, there are no
FCNC’s mediated by tree-level Higgs exchange. Howeverwhere the bracket notation is used to indicate the overlap
in a multidoublet Higgs sector with the most general Higgs-between the corresponding mass eigenstate and interaction
fermion Yukawa couplings, tree-level Higgs-mediatedeigenstate. The type-l model couplings are obtained by re-
FCNC's can arise. These can be automatically eliminated iplacing ¢2+ with ¢1+ in Eq. (3.16); the other couplings re-
any Higgs model in which fermions of a given electric main the same.
charge receive their mass from coupllngs to exactly one neu- The Feynman rule for the- H|ggs H|ggs Couphngs is

tral nggS fleld[12 1?2' This pattern of nggs -fermion cou- g|ven byngH H (pl pz)l" Wherepl [pz] isthe i |ncom|ng
plings can be implemented by a judicious choice of discrete

symmetries. There are two possible configurations for the———
Higgs-quark Yukawa couplings in an extended Higgs sector

that contains at least one scalar doublet With 1. In type-I “The type I/ll nomenclature was first introduced in the context of

the two-Higgs-doublet model in Reff32]. In our notation, the role
of @, and®, in the type-ll model is reversed as compared to the
notation of Ref[32]. We follow the convention that is more com-

30f course, one can always add gauge neutral singlet scalars witmonly employed in low-energy supersymmetric models, in which
arbitrary VEV's, without affecting the value of the parameter. @, couples to down-type quarks.
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momentum ofH; [H,]. The Z-Higgs-Higgs couplings in-
volving neutral and singly charged Higgs bosons are

N

_ e 0| 40, 0] 10\ T3
9za= 5o 2 (HTA(ATI 6 T, (317
e N
_ 3 2
QZHi*Hj—_SWCW[gl <Hi+|¢|:r><Hj+|¢;>T¢;_5W5ij]1

(3.18

whereT‘Z’5 is the third component of the weak isospin of
For completeness, we also give thi¢"W~H? and ZZH?
couplings, which take the forn’ngvlvzHg“”. The VVHi0

(V=W=*,2) couplings are

1 2
T(T+1)— ZY ,
(3.19 FIG. 2. Feynman diagrams for the leading contributions to
the electroweak corrections —bb in the SM.

wrw-HI= QZEK <Hi0| ¢E’r>vk

g2
9zzH0= 2¢2, Ek: (HYI$RDviYE. (820 s5gR the right-handed Higgs-quark couplings are proportional
to m2tar? 3, so the leading term idgR does not grow with
A complete list of Higgs-vector boson couplings in a generalincreasingm,. This approximation has been used in calcu-
extended Higgs sector can be found in Re#]. lating the leadingm? corrections toR, in the SM in the
Although theZ-Higgs-Higgs couplings are diagonal in the classic paper§7—10], and in calculating the corrections in
interaction basis, they are not necessarily diagonal in thextended Higgs sectors in Ref46—21.
mass-eigenstate basis. In addition, ®E"H™ couplings The two diagrams in Fig.(8) involving aZW*"H; vertex

can differ from the SMZG" G~ coupling. This can happen can be nonzero in models containing Higgs multiplets larger
in a general model iH" has some admixture of a multiplet

larger than a doublet. In the SM, t#&G" G~ coupling is b b
e (1
== —_—| 2 Hi_
9zcte SWCW(Z Sw)- (3.21 7
(a) ~~An~n~L t (b)
_ Z X
IV. CHARGED HIGGS CORRECTIONS TO Z—bb H,Jr

In the SM, theZbb couplings receive a correction from 5
the exchange of the longitudinal components of e and
Z bosons. The Feynman diagrams for these corrections are
shown in Fig. 2. We work in the 't Hooft—Feynman gauge,
in which the longitudinal components &~ andZ are just
the Goldstone bosons® and G°. The diagrams in Fig. 2
yield the leadingm? contribution to §g-R in the SM. A
detailed review of the calculation of these diagrams is given
in Ref. [33]. Six additional diagrams, where one or two of
the G™ lines in Fig. 2 is replaced by a correspondig
line, also contribute tasg-'R. However, the latter contribu-
tions are suppressed by a factorMﬁ/mf compared to the
diagrams of Fig. 2.

In an extended Higgs sector which contains singly
charged Higgs states;” , the corrections tég- R arise from
the diagrams of Fig. 3, wherd;" runs over all the singly
charged states in the Higgs sector, includi@®g.

In calculating the corrections shown in Fig. 3 we keep
only the leading term in powers afiZ/M2. In 8g" this lead-
ing term is proportional tanf, where the two powers ofy FIG. 3. Feynman diagrams for the electroweak corrections to
come from the left-handed Higgs-quark couplir@f;f%t—b. In Z—bb in a model with an extended Higgs sector.

Eadl

b b
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than doublets. However, their contribution Ry and Ay, is LR R M2
suppressed by a factor bf2/m? compared to diagramg, og-r(c)= 2 QH',+Tb) Qbe WBu(mim? MP). (4.1)
3(b), and 3c), and we will neglect them. Diagramg&3, ! '

3(b), and 3c) yield

For the two- and three-point integral,, Co, andB,, we
follow the definitions and conventions of Ref34]. The

sg-R(a)= 872 E gH tbgH tngH H sums ovei andj run over all the singly charged Higgs mass
eigenstatesd;” as well as the Goldstone bos@i". Where
xC24(mb,MZ,m§;mf,Mi2,Mj2), no ambiguity is involved, we have given the arguments of

groups of three-point integrals that depend on the same vari-
ables only once at the end of the group. These expressions
8g-R(b)= = 75— 22 (gH R [ O+ [—2g5::Cos for 59" agree with those of Ref16]. o
Collecting the results, and expressing the corrections in
terms of the quark Yukawa couplings, we obtain, for a
+g5o m 2CO](mb,MZ,mb,MI,mt,mt)] type-1l model,

)\fe

L:
°g 1672 SwCw

N
E <H+|¢2><H+|¢2 [kZl <H|+|¢;><H;r|¢k+>-r Sw5u 2C24(mt-M M )

22< ) 2{2921#[ Zg;t{24+g;tﬂntzco](Mizamtz’mtz)}
2

)\t L
+ﬁgz@§i: (H{"|#3)?B1(mi;m?,M?), 4.2

2 N 3
5gR=—1&TZS o2 (HTTDHT 1011 2 (HITAOH] 14Ty~ Sudi [ 2C24mi,ME M)

)\2
1622 (Hi'160)H 2 gprt [~ 2054Caet 0ZamiCol(MF,mE,m)}

A
+ Ten2 9z (Hi'161)?Ba(mi;mf, M), 4.3

For compactness we have dropped the first three argumenits enhanced andg" is suppresseds, and\,, are the same
of the three-point integralsn(Z,M3,m3), because these ar- size when tag=m/m,=50. However, because of their dif-
guments are the same in all the expressions. The first thrderent dependence on ttjq couplings,sg- and 5g® are
arguments of the three-point integrals depend only on thé&he same size when tg##=10.

masses of the on-shell external particles. The formulas in Eqs(4.2), (4.3 can be simplified. Elec-

The corrections for a type-1 model are obtained by rep|aciromagnet|c gauge invariance requwes that the terms propor-
ing ¢ with ¢; in 5g-. We see thadg" is proportional to  tional to sf (from the Zgq andZH*H ™ couplings add to
)\tZ and 5gR is proportional to)\f,. Clearly, 5gR is negligible ~ zero in the I|m|thH0 This provides a check of our cal-
compared tasg", except in a type-ll model whek, is en- ~ culations. In our approximation we neglect terms of order
hanced for smalb . In this situation there is also a signifi- M2/m¢. Using the expansions for the two- and three-point
cant contribution tasg-'R coming from loops involving the integrals given in Ref[35] and neglecting terms of order
neutral Higgs bosons, as described in the next section. M%/mt2 in the three-point integrals, we find that the terms

In the type-1l 2HDM, 8gR is proportional to tn,tanB)?,  proportional tos3, cancel. The corrections can then be writ-
while 8g" is proportional to (n, cotB)?. At large tang, &g®  ten as
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1
25 mZCo(M?,mZ,m?)

1

L.R 3
Hi*tib)2§k: <Hi+|¢|?>2(T¢: 2>2C24(mt2=Mi21Mi2)

1 e LR LR gt T3 2 M2 £p2
T Tor? syen 2 2 (9w @) 2 (I TAO(H] 16T, 2Cme. MF M), 4.4
|
The third'term in Eq(4.4) is' the sum of+the diag+ra.ms(8 SR A2 e R RlogR e
for two different charged Higgs bosom$™ andH;" in the g = 1672 2syCy|R—1  (R—1)2)" (4.6

loop. It is only nonzero when there are nonzero off-diagonal

ZHi+Hj_ couplings (#j). The second term describes the

contribution to diagrams (8) from diagonalZH;"H;  cou-

plings whenTZ+ is different from 1/2. This term is only
k

nonzero when the Higgs sector contains multiplets larger

than doublets. The first term comes from the sum of dia
grams 3b) and 3c), plus the remaining part of diagranta3
with TZ;: 1/2. This part of diagram(3) is what we would
get if we replaced all of th& H"H™ couplings with the SM
ZG" G coupling. Note that fom>M, Co(MZ,m2 m?) is
negative. Therefore the first term d&ig-(5gR) is always

with R=m?/M3,. This formula includes the SM correction
5g5ix. As above, the non-SM piece 6g" [ 59~ is positive
[negative definite, both of which decreass, .

In a Higgs sector that contains only multiplets for which
p=1 automaticallyfEq. (3.7)], the Goldstone boson does not
contribute to the second and third terms of E§4) because
there are no off-diagonaZ G*H; couplings, and the
ZG*G™ coupling is the same as in the SM. Thus in such a
model, if all theH;" (excluding G™) are degenerate with
massM, we can again sum over the complete sets of states in
the second and third terms of E@l.4). These terms again

positive (negative definite, which decreases the prediction .5ncel and we are left with
for Ry .
From Eq.(4.4), one can deduce a number of results. First,

2 2

e R  RlogR]
if the Higgs sector contains only doublets and singlets, 5g'-=59§M+ th(l—%)z R—1 R—?L 2|
TZ+= 1/2 and there are no off-diagonaH*H~ couplings. g Usm/ <Swlw ( )4
k
Then the second and third terms of E4.4) are zero. We are S
left with the first term . o z vs e R RlogR ]|
% =598M‘W(1‘@) 2swew|R-1 (R-17/'
1 e
LR_ — LR (2 2 2 2 2 4.8
59"~ ¥ 152 Too > (9w ‘M Co(ME,mf,m) “8
with Rsz/MZ, for a type-1l model. The correction in a
— SoLR € LR .o type-1 model is obtained by replacing with v, in Eq. (4.7).
- gSM_16772 ZSWCW (gH+tb)

I
Ri Ri |Og Ri
X[ﬁ_ (Ri—lﬁ}'
where R=m#/MZ. The correction in the SM due t6™
exchange is denoted bygs)y. The non-SM piece of
59'[ 5gR] is positive[negativé definite, both of which de-
creaseR,,. Therefore, in order for it to be possible to in-

(4.9

As above, the non-SM piece @[ 5gR] is positive[nega-
tive] definite, both of which decreass, .

V. NEUTRAL HIGGS CORRECTIONS TO Z—bb

The corrections toZ—bb from neutral Higgs boson
loops, shown in Fig. 4, are proportional lscﬁ In a type-l
model,\,<<\;, so the one-loop radiative corrections medi-
ated by neutral Higgs bosons are negligible compared to

creaseR, through charged Higgs boson loops, we must haveharged Higgs mediated correctiofvghich are proportional

a Higgs sector that contains multiplets larger than doublets
Second, if all theH," are degenerate wits*, we can
sum over the complete sets of states in the second and thi

terms of Eq.(4.4). These terms cancel and again we are left

with

A e
16’772 ZSWCW

R RlogR

L_ _
%9 R-1 (R—1)2

to )\f). However, in a type-ll modely, increases as; de-
creases. In the limit of smadl,, the corrections mediated by
pgeutral Higgs bosons are significant.

In calculating the corrections due to the diagrams in Fig.
4, we neglect terms proportional to, that are not enhanced
by smallv,. The diagrams of Fig. () are suppressed by a
factor of m,/M, compared to diagrams@, 4(b) and 4c),
and so we neglect them as well. The contributions$g6'-
from diagrams #), 4(b), and 4c) are
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b
HY A°
4 4
(a) ~~AA~AAnK b A~~~ b
20NN 2N
b

=t

FIG. 4. Feynman diagrams for the correction<te- bEinvoIving neutral Higgs bosons in the loop.

1 VoA
sgRt(a)= a2 > QZH?A?QH?bggA?bb{:zzt(mﬁ,Milejz)

HAJ0

A\ e o s
=To oo 2 (HIGYNAY D) 2 (HYI SR AT 4R T yoCad mi, M7 MP),
WWHiO,A? k=1 k

R

RL 1 2
89" (b) =~ Te—2 Uz 5 (9055 {1/2-[2Co4+ M3(Cop= Co0) (M7, mi,mp)}
HI

-2 (gﬁ?bg>2{1/2—[2024+ M2(Cgy— Cy9)1(MZ,mZ,m2)}
A
]

A2
T 30,2 ZbB{E (HY| 2" )2{1/2—[2C 4+ MZ(Co— Co9) [(M7,mg, md)}

+E (A% $31)2{1/2—[2C 4+ MZ(Cyp— Cpp (M7, mp md)} |,
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1 R,L \% A
09(0) = 172 Oznil 2 (Grione) BaMEimE, M) = 25 (G0,p)°Ba(mimG, M)

)\ﬁ R,L i
= 522 9zbn] 25 (HIIGL)Ba(mgim MP) + 2y (A 62')*Ba(mgim, M) | (5.1
i i

For compactness of notation, we again drop the first thre@ the measurement &, , and thus cannot be used to further
arguments, 1Hz,M3,m2), of the three-point integrals. Note constrain the models.

that 0,0 andg’o.— are imaginary, whileg'o.—is real. In
gZHiAj gAJbe g Y, EgHiObb :

the sums over scalar statét) runs over aliCP-even neutral
Higgs bosons, and\? runs over allCP-odd neutral Higgs 1. Charged Higgs boson contributions

bosons(including GOJ)- However, the corrections involving | 3 model containing only Higgs doublets and singlets,
G° can be neglected because B8 coupling tobb is not  the radiative corrections due to the charged Higgs bosons are
enhanced by largg,,. In particular,ggobE: my/vsy, inde-  described by Eq4.5). These corrections have definite signs;
pendent of the value af; . in particular, 5g->0 and 6gR<0. Both of these give

As in Sec. IV, we can use electromagnetic gauge invariARp<0, in worse agreement with experiment than the SM.
ance to check our calculations. Electromagnetic gauge inIhe corrections due to neutral Higgs boson exchange will
variance requires that terms proportionas§psum to zero in ~ @lS0 contribute when, is enhanced. They must be taken
the limit M,—0. Note thatdg®(a) is independent 02, into account as well in this regime when deriving constraints
whereas in the limiM,—0, 5gRt(b)+ sg®L(c)=0, inde- oM theR, measurement.

pendent of the Higgs masses. The terms proportionaﬁ,to Two Higgs dogblet model In the 2HDM, the ratio of_the .
indeed vanish in this limit. vacuum expectation values of the two neutral Higgs fields is

A. Models with Higgs doublets and singlets

Finally, we briefly examine the special case in which aIIdEfInEd as
the Hi0 are degenerate with mass,, and all theAJQ (ex- vy
cluding G°) are degenerate with mass, . In this case, we tang= —. (6.9
can sum over complete sets of states and(&q) simplifies U1
to The 2HDM contains a single charged Higgs boson,
H*=—sinB¢; +cosBe, . (6.2

A2 e
RLg)=+—2 [~ 2 \12 \2
59 (a) _16772(ch\/\/) C24(mb1MH!MA)1 ) ) LR )

Its contribution tosg-" is found from Eq.(4.5 with only

2 oneH™ in the sum. For the type-Il 2HDM,
saRL(p)= — b LR
9 (0) =" 5529200 gt b [ am tﬁ)z e [ R RIlogR
g-= 2 co ,
X{1-[2Co4+ M3(Coz~ Ca) (M, 3, m3) $2m\vaMy, ) swew[R—1(R=1) 63
~[2C4+ M3(Coo— C29 I(MZ, mE, mp)}, ,
5aF 1 gmy tang e R RlogR
NG 97" 3202 an R-1 (R-1)72’
RL; ) — RL 2,2 np2 T\ V2M SwCw ( )
6g™-(c)= ngbﬁ[Bl(mb:mb:MH) w 6.4
+By(mg;mp,M3)]. (5.2 whereR=mZ/M?.. This correction is in addition to the cor-
rection due to Goldstone boson exchange, which is the same
VI. CORRECTIONS TO Z—»bb IN SPECIFIC EXTENDED as in the SM. This agrees with the results of Rgf€i—21.
HIGGS MODELS In the type-Il model,5g- is significant at small tag and is

suppressed at large tg8) while 5gR is negligible at small
In this section we calculate the radiative corrections totang but is significant at large tap.

Z—bb in a variety of extended Higgs models, and ascertain In a type-1 model the result is the same except that got
the constraints on the parameter space of each model due iforeplaced with tahg in 8g*. In this casesg® is negligible
the experimental data. We find that the correctionRjare ~ compared tosg" at any value of tarB. Both 6g- and 5g®
large enough that the measured valueRgfcan be used to grow with increasing targ.
constrain the parameter space of specific models. However, For small tang, the neutral Higgs couplings to quarks
the corrections t&\, are small compared to the uncertainty are small, and contributions @—bb due to neutral Higgs
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1 e
32772 SWCW

> (Hl¢1)?

i#G"

S5gR=

9 Usm
\/EMW U1

R; logR; } 6.6

R,
“IR=1" (R-1)

where Risz/Mﬁ+. This contribution is in addition to the
i

contribution due to charged Goldstone boson exchange,
which is the same as in the SM. In a type-l model, the con-
tribution is the same except thas is replaced withv, and
¢, is replaced withe; in the formula forsgt.

These corrections tég-R from charged Higgs boson ex-
change have the same dependence on the charged Higgs

FIG. 5. Constraints fronR, on the charged Higgs mass and masses as the corrections in the 2HDM. The contribution
tang in the type-ll 2HDM. The area below the solid line is ex- from eachH." is weighted by the overlap of eadt’ with
cluded at 95% confidence level. Also shown are the 99% and 99.90@]e electrov:/eak eigenstate that couples to thel quarks in-

confidence levelsdashed lines We also show the 95% confidence

level lower bound oM+ from theb— s+ branching ratid 35,36

(dot-dashe The vertical dotted line is the direct search bound on

the charged Higgs mashk|+>77.3 GeV[37].

volved.

Note that the Yukawa couplings depend on the ratios
vsm/v, andvgy/v,. This is the same dependence as in the
2HDM. Recall that in the 2HDMp, and v, were con-

boson exchange can be neglected. In this regime the correstrained by theW mass to satisfy the relationy5+uv3
tions due to charged Higgs boson exchange can be used 0,3, Thus in the 2HDMp, andv, cannot both be small
constrain the 2HDM. In Fig. 5 we plot the constraints from gt the same time. However, in a model with more than two

R, on M+ as a function of targ, for a type-lIl 2HDM. We

also show the constraints on the charged Higgs mass fro
the processh—sy [36,37 and the charged Higgs boson
search at LEA38]. The constraint on the charged Higgs

boson mass from the Tevatron/BR@periment39] is signifi-

cantly weaker than the constraint frado—sy, and are not

doublets, th&V mass constraint involves the VEV’s of all the

Houblets(labeled byk), giving 3,v2=v2,,. In this model,
YK), QIVING 20 =UVgm

both v, andv, can be small at the same time, leading to
significant contributions to botAg- and 5g~.

The corrections t&@— bb in this model can be understood

shown in F|g 5Rb provides the Strongest constraint on by examining their behavior in certain limits. FirSt, let us
M+ for tanB<1.5. For larger tarns, the constraint from examine the limit in which all but one of thHi+ are very

b— sy is stronger.

heavy. The contributions of the heaW;" to 6g-R go to

For large tang, neutral Higgs boson exchange contributeszero as the masses go to infinity. The remaining contribution

to Z—bb in addition to charged Higgs boson exchange. The® 9" is due to the single light charged Higgs boson, and
neutral Higgs boson contributions are discussed in Sec. it is of the same form as in the 2HDM. Comparing with Egs.

A2.
In the case of a type-I 2HDM, the bound bh,+ from R,

is the same as in Fig. 5, but with ¢Btreplacing tans on the

(6.3 and (6.4), we see that indg", tan 3 is replaced by
vollvgw(H{|#5 )], and in g%, tan B is replaced by
[vsw(H"|¢7)]/v,. The charged Higgs sector can be con-

vertical axis. In this class of models there is no constraint astrained byR, when there are no significant contributions to

present on the charged Higgs boson mass fiersy.

Multiple-doublet models and models with singlet®Ve

Z—>bEcoming from neutral Higgs boson exchange. This is
ensured when, is not too small. In this regimeig" can be

now consider the effects of charged Higgs boson exchange igignificant, whilesgR is negligible. The constraint frorR,,

a model containing multiple Higgs doublets, denotkd,

with Y=1. We can add to this model any number of Higgsthe same as

on the mass of the remaining light charged Higgs boson is
in Fig. 5, with tan8 replaced by

singlets with zero hypercharge. These contain only neutra,;z/[vSM<Hi+|¢;>].
degrees of freedom, and so they have no effect on the v, and(H.| ) are held constant while the masses of

charged Higgs sector. We consider both type-I and type-I}

he heavy charged Higgs bosons are reduced, the bound

models; the corresponding Higgs-quark Yukawa coupling§pown in Fig. 5 becomes stronger. This happens because the

are defined in Eq93.10 and(3.11).

In a type-ll model, the contributions tZ—bb from
charged Higgs boson exchange are

2
1 e gm; vsm
S5 L_ oM H+ +\2
g 32772 Swew ﬁMW vy ) ing < i |¢2>
% R, _ Ri |OgRi (65)
R—-1 (R—=1)°) '

heavy charged Higgs bosons begin to contributestp,
forcing the contribution of the light charged Higgs boson to
be smaller in order to be consistent with the measured value
of R, . This is done by raising the mass of the light charged
Higgs boson.

Finally, if all the charged Higgs bosons are degenerate,
with a common masM , then we can sum over a complete
set of states and the corrections in a type-1l model simplify to
the following:
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1 e gm, 2 vi,—vi[ R RlogR proportional tong. They are negligible compared to the con-
5gL=32 5 > R-1 (R-12/’ tributions from charged Higgs boson exchange which are
T Swew | V2ZMy v2 ( ) proportional to)\f, except when\, is enhanced relative to
6.7 N\¢. This happens in a type-ll model when<<v,. In what
follows we consider only t)épe-ll models. Whey, is en-
2 9 2 hanced, the corrections 9"~ due to charged Higgs boson
P 1 . e gm USM;Ul R Rlog R4 exchange will also contribute. These must be taken into ac-
327" swCw \ v2ZM v |R-1 (R-1) count when deriving constraints on Higgs sector parameters

(6.8  from theR, measurement.

2 o ) ) - Two Higgs doublet model The 2HDM contains three
whereR=m;/My. These corrections are in addition to the peytral Higgs bosons,

corrections due to charged Goldstone boson exchange in the
SM. In a type-l modely, is replaced by, in 8g-.

These corrections are the same as the corrections in the
2HDM, with tan B replaced by, /(v3,,—v3)Y?in &g*, and

A%= —sinB¢% +cosBed

tan A replaced by ¢3,—v3)“¥v, in 6gR. As before, the hO= —sina ¢ +cosa >,
charged Higgs sector can be constrained_Rgywhen there
are no significant contributions @—bb coming from neu- HO=cosa¢{" +sinagd’ . (6.9

tral Higgs boson exchange. This is ensured whens not
too small. In this regime, the constraint frdRy on the com-
mon charged Higgs madd,, is the same as in Fig. 5, with
tan 3 replaced by, /(v3,—v3)Y2

The corrections due to neutral Higgs boson exchange in the
2HDM depend on the masses of the three neutral Higgs
bosons, the mixing angle, and tar3=v,/v,. The Higgs
couplings are easily found from these parameters using the
formulas of Sec. lli(see, e.g., Ref[11]). Inserting these

As we showed in Sec. V, the radiative corrections to thegouplings into Eq.(5.1) for the corrections from neutral
processZ—bb due to neutral Higgs boson exchange areHiggs boson exchange

2. Neutral Higgs boson contributions

e
1 67T2 SWCW

gm
V2ZM

2
sgRt(a)== tar? B

X

S Con M2 M2 M20) + - si Coy(m2,MZ0, M2
gcoiﬁ_a) 24(Mg, Mo, A0)+S_Bs'n(ﬂ_“) 24(Mp, M 0,M%0) |,

LR[ 9My

2
5272 9200| oy | A

597 (b)=

X

Sa|? 2 2 o 5
% 11/2—[2C 4+ M5(Cp— C23) [(M; 0, mp,mg) }

2
{1/2-[2C 4+ M3(Cpp— Cp9) (M7 0,m2, m2)}

CCY
+ —_
Sg

1 2 2 2 2
+ E_[Zczzﬁ' MZ(Ca— Ca3) (Mo, mg,mp) |,

2
1 gyl gmy
5gRYL(C):327ngbe ‘/EMW) tanZ,B

2
2
Bl(mgimg,MHo)

2
s

2
_a) Bl(mﬁimﬁtho)+
Sp

X

Ca
S

+By(mZ;m2,M%o)

; (6.10
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FIG. 6. Ry in the 2HDM with tan3=50, cod(8—a)=1/2, FIG. 7. R, in the type-Il 2HDM with tan3=50, cos3—a)=1,
Mpo=200GeV, andMy+=165GeV. AR,<0 for all allowed andM,:=165GeV. The solid lines are the 95% confidence level
masses, so this model is in worse agreement with experiment thagwer bounds onM 0 and Mo from R,. The 99% and 99.9%
the SM. The solid line is the 95% confidence level lower bound onconfidence level bounds from, are also indicated by the appro-
M o from R,, . Also shown are the 99% and 99.9% confidence levelpriately labeled dashed lines. THeoughly) semicircular dashed
contours(dashed lings The dot-dashed line is the lower bound on |ine labeled “SM” is where the predicted value B, is the same as
Mo from direct searchetsee Appendix B in the SM. The region below this line, in whickR,>0, is entirely

) ) excluded by direct searchésee Appendix B The latter region
WhereSaESIUa, C,=CO0Sa, SBESIH,B,_ andcg=cosg. _ corresponds to the area below the dot-dashed line in the direction
The contribution of these corrections Ry can be either indicated by the arrow.

positive or negative, depending on the neutral Higgs boson
masses and the mixing angie We compute the corrections ~ Since the corrections t&;, from both the charged and
for various sets of parameters and plot the resulting conbeutral Higgs bosons are proportional to’tgnwe can vary
straints on the Higgs sector parameter space. tang within the large tag regime andAR, will still be

In Fig. 6, we plot the constraints on the neutral Higgsnegative. In particular, the region ruled out By gets larger
sector fromR,. The parameters in this plot are @50,  as tans increases. In Fig. 6, the range of massefband
co(B—a)=1/2, andM 0=200 GeV. With co$(B—a)=3, A% in which AR,>0 is already excluded by direct searches.
the Zh°A% andZHPA° couplings are equal, art, H°, and ~ For all remaining allowech® and A° massesAR,<0, in
A all contribute to the corrections. The contribution of the Worse agreement with experiment than the SM. The corre-
charged Higgs bosotwhich depends oM,+) to R, must ~ sponding corrections t@, are negligible [AA,[<0.003)
also be considered. Note that for large t@nthe charged compared to the experimental uncertainty in fgemeasure-
Higgs boson contributions tég"- are negligible, whereas ment.
contributions tosgR are negative which reducé, . In Fig. In Fig. 7, we exhibit the constraints on the neutral Higgs
6, we have takeM ,+ =165 GeV, which is the lower bound sector fromRy, for cos(3B—a)=1, with all other parameters
on the charged Higgs mass in the general 2HDM based othie same as in Fig. 6. For cgist a)=1, theZH°A® coupling
constraints from the observed rate for-sy [36,37. We s zero and théd®bb coupling is not enhanced over the SM

can also consider a second case whdig:>M;z. In this K%} coupling, so the contribution df° to the corrections
limit, the contribution ofH* to Ry vanishes, and we need is neg||g|b|e The region whera Rb>0 (due to the positive
only consider the effects of the neutral Higgs seCtblow-  contribution of the neutral Higgs bosons R, which over-
ever, given a fixed value d#,0, one cannot arbitrarily in-  comes the negative contribution frarh* exchangglies be-
creaseMy+ without violating the constraints due to the  |ow the (roughly) semicircular dashed contour. However,
parameter. In Appendix A, the shift in tgparameter due to  thjs region of parameter space is already ruled out by the
one-loop radiative corrections mediated by the nonminimaljirect search limits from LERsee Appendix B Note that
Higgs sector of the 2HDM is given by EGAL). As an ex-  the corrections t&®, are negative for large splittings between
ample, consider the case of &(@-a)=3 and My, Mo andM s. Thus areas of lowl o and highM o, and of
Mao<Mpo=200GeV as in Fig. 6. If we take |ow M,o and highMo, are ruled out by th&R, measure-
Ap=3x10"3 we find that the charged Higgs boson mustment. Again, the corresponding correctionsAtp are negli-
be lighter than about 270 GeV. FiM+=270GeV, the gible (|AA,|<0.004) compared to the experimental uncer-
contour lines in Fig. 6 change by an insignificant amount, sQajnty in theA, measurement.
there is no need to show a separate graph. Both the charged and neutral Higgs boson corrections at

large tanB are proportional to t&h3. Hence, varying taj

will not change the combinations &0 andM 5o for which

5Since AR,<0 from virtual H* exchange, in the case of AR,=0. It follows that the line wher&,, is equal to its SM

M,+—o, the R, exclusion contours in Fig. 6 would move down- value stays the same as we vary gamas long as we remain
ward (i.e., less parameter space would be excluded in the large tarB regime. Since the corrections grow with
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1000

b—sy [36,37. The R, measurement rules out areas of pa-

dow/ 95%, ' tan p =50 nt O
; 605%(B - o) = 0 rameter space where the mass splitting betvé®andA? is
80 b drciuded ] large. For example, if thel® (A%) mass is 1000 GeV, then
by Ry A% (H% must be heavier than about 300 GeV.
= 600 / ] Two Higgs doublet model in the decoupling limitn the
3 / decoupling limit of the 2HDMh® remains light and its cou-
<, plings to the SM particles approach those of the SM Higgs
= 4007 boson, while all the other Higgs bosons become heavy and
% nearly degenerate in mass. In particular, in the decoupling
200 t excluded by Ry-gg, | limit [40]: (i) Mo~ O(My); (i) Myo=M po=My+>My;
e T G5 6% (i) [Mfo—Mjol~[M{. =Mz ~O(M2); and (iv)
0 200 " : 200 1000 cos(B—a)~O(M3/ Mio). We can expand the corrections to

0 600 .
My [GeV] Z—bb from neutral Higgs boson exchange in the 2HDM in

FIG. 8. R, in the 2HDM with tan8=50 and cos§— a)=0. For m's i;ml\;lt' '(EXpand'”g éhe égr)ee'po”;)tt'r.‘tetgrf"sén the gm't. of
M 0> 165 GeV, we takeM -+ =M a0, while for M o< 165 GeV, a0>M (see, e.g., Re{35]), we obtain to leading order in

2052
we takeM+=165GeV. The solid lines are the 95% confidence MZ/MAO

level lower bounds oM o andM o from R, . The labeled dashed 9

lines are the 99% and 99.9% confidence level bounds RgmThe St~ 1 ( € ) gmy tarf 8 z

. inei i i = 2 2
dot-dashed line is the bound from direct seardiseg Appendix B 167°\ sycw V2Myy M 20
tanp, the regions ruled out bRy, in Fig. 7 get larger as taf 1 1 Mio
increases. X1 -3t 55\2,\, 3 logl — 4z | | [

As previously noted, the corrections from charged Higgs z
boson exchange give a negative contributiorRfp If the 2 2

- S i : i ibution i 1 (e \[ gm 7

charged Higgs mass is increased, its negative contribution is SgR= 89" — , 7 B—s
reduced, and hence the excluded regions of Fig. 6 shrink. In 1677\ swew/ \ v2My 6M o

particular, the semicircular contour wheteR,=0 moves

outward, and eventually crosses the dot-dashed (lvfech Mio
indicates the boundary of the region excluded by direct x| log| — MZ? (6.11)

searches That is, for large enougH™ mass, there exists an
unexcluded region of theMpo vs Mo plane for which ~As an example, for ta=50 andM ,o=200 GeV, the above
ARy,>0, resulting in a slightly better fit to the measured corrections giveAR,= —3.7x 10", which is only half the
value of R,. However, as noted above, the charged Higgssize of the experimental error of tif®, measurement. The
mass cannot be taken too large without violating thecorrections vanish in the limit of largé o as expected from
p-parameter constraint. If this constraint is also imposedgecoupling. This limit is approached in Fig. 8 whighyo and
then even withM -+ taken at its maximally allowed value M »o are both largécompared tdV;) and similar in size.
(with the parameters as given in Fig, he viable region of Multiple-doublet models We now consider neutral
parameter space whe®R,>0 is quite small. Moreover, Higgs boson exchange in a model containing multiple Higgs
this region is on the verge of being ruled out by the directdoublets, denoted,, with hyperchargey=1. As always,
Higgs searches at LEP. the contributions taZ—bb from neutral Higgs boson ex-
Finally, we can consider the case of @s{@)=0 by in-  change are only significant in a type-1l model, whep is
terchanging the roles ¢f° andH® in Fig. 7; the results for  enhanced by small;.
Ry andA;, will remain the same. For cg8(-a)=0, the cou- The contributions from neutral Higgs boson exchange in
plings of h® are equal to their SM values, so the SM Higgsthe multidoublet model are more complicated than in the
search limit applies. That is, the experimental lower limit of 2HDM, simply because there are more neutral Higgs states.
Mpo is equivalent to the SM Higgs mass bound from LEP,Only the states which have a nonzero overlap with can
M0>95.2 GeV[38]. H? is, by definition, the heavieEP-  couple tob quarks, so only these states contribute. The cor-
even neutral Higgs boson, 9d,0>M;0>95.2GeV. The rections depend on the overlap of each neutral state djth
mass ofH? is also constrained by the LEP search RA°  and the mass of each state. As in the 2HDM, the region of
production. When cog— a)=0, theZhPA° coupling is zero parameter space in which the correctionRgis positive is
and theh®bb coupling is not enhanced over the SM cou- @lmost entirely ruled out by direct searches.
pling. Henceh® does not contribute significantly to the cor-  Multiple-doublet models with Higgs singletsWe can
rections and we will neglect it. also consider adding a number of Higgs singlets, with hyper-
The constraints on the Higgs parameters fr&pn for charge zero, to the multidoublet model. The singlets do not
cos(3—a)=0 are shown in Fig. 8. To ensure that the couple toZ or to quarks. Their VEV’s are also unconstrained
parameter is satisfied, we have s&y+=Muo for by the W mass. In general, the singlets will mix with the
Ma0>165GeV. For M,0<165GeV, we have taken neutral components of the doublets to form mass eigenstates.

My+=165GeV, to be consistent with the constraint from The couplings of the physical stateshib still depend only

015011-14



RADIATIVE CORRECTIONS TO THEZbb VERTEX AND . .. PHYSICAL REVIEW D 62 015011

onv,, which fixes\,, and on the overlap of each state with These sums over the couplings are related to certain cou-
@, . The couplings of physical states foare no longer the plings in the 2HDM, as follows. On the left-hand side are the

same as in a model containing only doublets. Instead, thegouplings in the general model with degenerate neutral
are equal to th& coupling for doublet states weighted by the Higgs bosons, and on the right-hand side are the couplings in

overlap of each state with doublets. Explicitly, the 2HDM with cosf—a)=1. That is,
—ie .
_ 0y 40, 0y 40, \% A
gZHiOA?_ ZSWCWEk (H; |¢kr><Aj [#¢'),  (6.12 HOEO QZH?A?gHiOngAJQbE: gZhOAOQXOngﬁobHv (6.16

A
wherek runs only over the Higgs doublets.
In order to understand the effects of singlets on the cor- 20 <9X9b5>2=(9¥0b3>2, 6.17

rections toZ—bb, let us imagine replacing each Higgs sin- H
glet with the neutral component of a doublet, with the appro-

priate CP quantum number, while holding the masses and

mixings of the physical states fixed. Then, the couplings of > (gﬁobE)Z:(gﬁobE)z, (6.18
each state tbdb remain the same. However, the couplings of A? .

the states t& are now equal to

Therefore, when all th€P-even neutral Higgs bosons are
e degenerate with madd,,, and all theCP-odd neutral Higgs
9zZHAT= 25 cw’ (6.13  posons are degenerate with madg, the contributions to

Z—Dbb are the same as the contributions from the 2HDM
which is the coupling in a model containing only Higgs dou-with Mjo=M, Ma=M,, and cosg—a)=1. The param-
blets. Comparing this to E46.12, we see thasg®t(a) in eter corresponding to tafl in the extended model is
the model with singlets must be smaller in magnitude than in
the model in which the singlets are replaced by doublets. viy—v?

Degenerate neutral Higgs bosons in a general extended T=tan2 B. (6.19

Higgs sector The corrections taZz—bb due to neutral !
Higgs boson exchange in a general model are quite compli-

cated. They depend on the couplings and masses of all t p_Sémélr?rgét;Ze ;O(;ﬁc“t?%;ggg st?tzt;mglrglzde ";r?ggtéh?f
neutral Higgs bosons in the model. However, the correction v ' y ’ 9 )

can be simplified if some of the neutral Higgs bosons ardn€ CP-even states are degenerate, we can sum ovetifhe
degenerate in mass. coupllngs_. We then get th_e same res_ult as if ﬂ:iée\_/en
Consider a general extended Higgs sector, which can coffiéutral Higgs sectoro(r;on5|sted of a sgr:g_le steife which
tain Higgs singlets, doublets, and larger multiplets. We reCONSists entirely of¢;” . Recall that¢;” is the CP-even
quire that the model be type II, and thaj be enhanced neutral component of the doublet which couples to down-
relative to\, . Only the neutral Higgs bosons with large cou- tyPe quarks. If, msgead, theP-odd states are degenerate, we
plings tobb give significant contributions to the corrections. can sum over thi, cqupllngs. We get .the same “?5““ as if
In what follows we will only consider these. States without the CP-odd neutral Higgs sector consisted of a single state

enhancedb couplings, such a&® do not contribute sig- A, Which consists entirely ab;” (up to the small mixing of

nificantly. We will ignore them, and, therefore, it does not "1 with G°, which is negligible in the small, regime.
matter what their masses are.

If all the CP-even neutral Higgs bosons are degenerate  B. Models with Higgs multiplets larger than doublets
with massMy, and all theCP-odd neutral Higgs bosons are
degenerate with magdl ,, then we can take the two- and
three-point integrals outside of the sums in Eg.1). Then

We next consider Higgs sectors that contain one or more
multiplets larger than doublets. Two types of models that use
. different approaches to satisp~=1 are examined. We first
"bnsider models in which the VEV's of the multiplets larger
than doublets are fine tuned to be very small, so that their
contribution to thep parameter is negligible. Second, we
consider models that preserve @) symmetry (in the

the couplings in a general model from E@8.13, (3.14),
and(3.17), we find

2

z o0 ogvO TJAO ¢ gmy Usm Higgs sector, ensuring thap=1 at tree level.
HEa0 T TATSHIBEATED 2500y | vaM,| | v | | |
(N 6.14 1. Models with one Higgs doublet and one triplet
The minimal extension of the Higgs sector that includes
gm, 2 a2 multiplets larger than doublets consists of the complex
> (gprg)zz — (gﬁgbg)zz —_— (—) Y=1 doublet of the SM, denoted b, plus a triplet Higgs
HY ' A I VZMy/ |\ V1 field. The VEV of the triplet field must be fine tuned very

(6.195 small in order to be consistent with the measured value of the
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p parameterp=1. The triplet field can either be a real triplet ~ We denote the singly charged triplet stagither & or
with Y=0, or a complex triplet withy =2. Here we investi- x*) by t*. This state mixes withp* to form the charged

gate both possibilities. Goldstone boson and a charged physical scalar state,
These two models contain only one Higgs doublet, which L . .
couples to both up- and down-type quarks, so they are nec- G =sinf¢" +cosot™,

essarily type-l models. Thud,<\,, and the only non-
negligible contributions t&Z—bb come from the contribu-
tions to 8g- from charged Higgs boson exchange.

We first consider the Y=0 model” with one doublet

H*=cosf¢™ —sin6t™. (6.29

The couplings of the physical charged Higgs states to quarks

and one real triplet field withy=0. The triplet field is are
£=(&%,€9, 7). We define the doublet and triplet VEV’s by gm,
(#%)=04/v2 and(£%)=v,. The VEV's are constrained by ch;+_b: , (6.29
the W mass to satisfy P VIMy
2 _ .2 2
USM_U¢+4U§' (62@ L L ng‘t cotd (6 3@
It is convenient to parametrize the ratio of the VEV's by HYD My '
tan00:;—¢. 6.21) and theZHfH]-_ couplings are
v
¢ e (1 , €
In this model, the tree-level parameter is 9z6te =g |z Swt 50052 6/, (6.3D
Vordve M 1ia 6.22 e e
p= 7 =1l+t—5= p- - =— _si
U U OzgtH-= S 2 sin @ cosé, (6.32
In terms of targ,, we find
e (1 , €
1 gZH+H—:__ ——SW+—SI['12 0). (6.33
Ap=— . 6.23 Swlw | 2 2
tar? 6,

_ _ Contributions to Z-bb. In both theY=0 and the

We next consider the Y=2 model” with one doublet y_5 models, there is an off-diagoraG*H~ coupling, and
and one complex triplet field witly=2. The triplet field is  the diagonalzH*H~ and ZG*G~ couplings differ from
X:()(X++1X+vXO)- We d,efme the VEV of this triplet field by  thejr values in models containing only Higgs doublets and
(X")=v,/v2. The VEV's are constrained by tl¢ mass to  ginglets. These couplings contribute to the second and third
satisfy terms of 5g* in Eq. (4.4).
02 =p2 42,2 (6.24) In addition to the SM contribution tégs,, from G* ex-

SMTTe T S0 change, the charged Higgs contributiondg* is given by

It is convenient to parametrize the ratio of the doublet and

. , 1
triplet VEV’s by 5g'—=32772 ‘/glr\? - co 9
w/ SwCw
tan@,= =~ (6.29 1 R  RlogR
X “|Sife|R-1 (R-1)°

In this model, the tree-levgd parameter is )

_25[024(mt2aM\Zl\lvM\zl\/)+CZ4(mt2'Ma+’MH+)
vf/ﬂ— 20)2( 20)2( 1+ A 6.26
= =1- =1+Ap. .
S A —2C (M MEMZ) ]|, (634
In terms of tary,, we find S
whereR=mg/M ;..
1 Note thatsg" is proportional to cos6, which goes to zero
AP= Gt o, 42 (6-27 i the large tam limit. This is due to the fact that in either of

these models, the overlap Bf* with the doublet is propor-
It is convenient to introduce the following notation. We tional to cosf. As a result, in the large tahlimit, H* is
let 6 denoted, in theY =0 model and), in theY=2 model.  almost entirely triplet and so its couplings to quarks are very
Note that in order to have=1, the triplet VEV must be very small. Also in the large ta# limit, the off-diagonalZG"H ™~
small, implying that tard is large. We also definesuch that  coupling goes to zero, and tZ&G" G~ coupling approaches
e=+1 in theY=0 model ande=—1 in theY=2 model. its SM value.
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Constraints from the parameter We must also take 2. Models with two doublets and one triplet

into account the constr_aint on tarfrom thep parameter in We next consider a Higgs sector consisting of two dou-
each of the models. Sinakp depends differently on tafy et and one triplet. As in Sec. VIB 1, the triplet can be real
than on tard,, the constraint on ta@will be differentinthe  \vith y=0 or complex withY=2. The couplings for these
Y=0 model than in the/=2 model. models are given in Ref24]. With two doublets, we can
The experimental constraints atp are taken from Ref.  construct either a type-I model or a type-1l model. In this
[5]. Writing the tree-level value ap=1+Appew, the 2r  gection we consider a type-Il model, but we also note the

level limits are changes in the formulas that must be made to recover a
type-l1 model.
—1.7X10 3<Appen<2.7X10 %, (6.35 We will consider both the corrections due to charged

Higgs boson exchange and the corrections due to neutral

. . Higgs boson exchange. The corrections from neutral Higgs
We now qseApnewto_ constrain tar, and _ta_rﬂz. W? IgNoOre  hoson exchange can be significant in a type-ll model with
the radiative corrections from the nonminimal Higgs sector.|arge tanB. We define targ in this model exactly as in the

g‘ the Y=0hmodel,|§ApneW?O,. while in the\ézz model, 2HDM, tanB=wv,/v,, where the VEV's of the doublets are
Prew<0. The resulting & limits on tané, and tang, are <¢‘1’>=v1/\0 and<¢>2)=v2/\/2.
Charged Higgs boson contributionsWe again consider
tanfy,>19, tand,>24. (6.3  two triplet models. In the 'Y =0 model” consisting of two
doublets and one real triplet field with Y=0, we param-

Results The contribution tosg" in both theY=0 model etrize the VEV's by

and theY=2 model is proportional to cé% [Eq. (6.34)]. (v2+p2)12
When the constraints on ta#from the p parameter are im- taneozi.
posed, the corrections B, and A, are very small. Even
allowing for the largest possible values&fandd,, we find
that over the relevant Higgs parameter spéegth M+
varying between 10 and 1000 GEVAR,|<7x107° and

20, (6.37

In the “Y=2 model” consisting of two doublets and one
complex triplet fieldy with Y=2, we parametrize the VEV’s

|AA,|<3x1078. These corrections are tiny compared to theby

experimental error on th&®, and A, measurement§Egs. (Uiﬂ)g)l/z

(2.8) and(2.9)]. tanf,=———. (6.38
In general, the contribution tég- vanishes in the large V2u,

tand limit in any model in which the charged Goldstone . . _ '
boson is made up almost entirely of the doublet that couple +_As+|n Sei‘ VIBL, in _the Y=0 model we d(ﬂ‘me

to quarks. As a result, the overlap of the other charged Higgi =& taneftarleo, fnd e=+1. Likewise, in theY=2
states with the doublet is very small, so the other charge{'0d€! we defind“=x", tang=tanf,, ande=—1.

Higgs states couple very weakly to quarks. This occurs ir} "The chﬁrgedldnggs %tates In either model are given as
any model that contains only one scalar doublet, plus an)f) ows. The Goldstone boson is

number of singlets and multiplets larger than doublets, as o T + +

long as the VEV'’s of the multiplets larger than doublets are G =sinf(cosp¢, +sinf¢;)+cosit”.  (6.39
forced to be small.

oo . In addition, we define two orthogonal states:
The contributions of multiplets larger than doublets to

Z—bb can be large only if the larger multiplets mix signifi- H,'=cosf(cosB¢; +sinBe¢p,)—sindt™,
cantly with doublets, so that the resulting Higgs states have
non-negligible couplings to quarks. This can happen in two H,'=—sinB¢; +cospd; , (6.40

ways. First, if the model contains more than one doublet,

then each singly charged scalar field of the doublets thawhich will mix by an angles to form the mass eigenstates.
couple to quarks will contain physical scalar componentBefore mixing them, we shall take the limit of large t&m
that can mix with charged scalar states from higher multip-order to satisfy the experimental constraint on ghearam-
lets. The resulting physical charged scalar mass eigenstateser. We make the approximation g1 and co$~0 (the
can thus possess a non-negligible coupling to quarks. Ayeneral case of arbitrary t#nis considered in Ref[24]).
model of this type is discussed in Sec. VIB 2. Second, if theThen the positively charged scalar states are

multiplets larger than doublets have sizeable VEV'’s, then the

charged Goldstone boson must contain some admixture of G*=cosB¢; +sinBe, ,

the larger multiplets, leaving part of the doublet free to mix

into the physical charged Higgs states. However, in order for Hy'=-t",

the multiplets larger than doublets to have sizeable VEV’s

without violating the constraint from thg parameter, the Hz+'= —sinﬂ¢f+cos,8¢§. (6.4
model must preserve 3P). symmetry. Models of this type

are discussed in Sec. VIB 3. These states mix by an anghto form the mass eigenstates:
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H{ =sind(—sinB¢; +cosBep, ) —cosst™,
H, =cosd (—sinB¢, +cosB¢p,)+sinstt. (6.42

We now calculate the corrections Zo—bb from charged Higgs boson exchange in the typ¥+#0 andY=2 models. In
addition to the SM correction due to charged Goldstone boson exchange, the charged Higgs contribégbmseayiven by

2
1 e gmy ) R, R;logR; R, R, logR,
Sgt= cot? B{ sir? 5{ +cog 8§
9= 3207 syew | vamy, 'B( Ri—1 (R—1)2 R,—1 (Ry—1)2
2
€ e gm . 2 442 2 2342 2 2 32 2
o M cot Bsir? 5cog 8[ Cou(m; ,MHI,MHI)+C24(mt ,MHz+,|\/|HZ+)—2c24(mt ,MHI,MH;)],
(6.43
|
whereRiEmf/Mﬁ+. In the type-1 modelsgg" is the same . 1 e gmy, 2 2
. : ogh=— t

as above with céiB replaced by tahg. 9 327 swew | v2M art

The first term of Eq(6.43 is the same as the correction in
a three Higgs doublet mod€BHDM), given in Eq.(6.5). It « | sir? Ry Ry logR, R>
. e S : N . Sir? 8| 5|+ cog )
is positive, which gives a negative contributionRg, taking Ri—1 (R—1) R,—1
it farther from the measured value. The second term comes R. lodR
from the effects of the triplet. This second term is propor- — i;”
tional to sirf §co< 6, so it is only significant fors near /4, (Ry—1)
which corresponds to maximal mixing between the charged . e / 2
doublet and triplet states i, andH, . The second term is — 5 9y tarf B sir? 6 cos 8
zero ifHf andH; have the same mass. 167" swew| vaM

The sign of the second term depends on the hypercharge 2042 2 2442 2

X +

of the Higgs triplet. In ther=0 model, the second term is [Cod i My oMy )+ Codmie, My M)
negative. However, the second term is smaller in magnitude 5 2 2
than the first term, so the overall contributiondg" is posi- —2Cy4(mg,M H1+,|V| H2+)], (6.49

tive in theY=0 model. In Fig. 9, we plot the constraints on

My; and My from the R, measurement in th&=0 o _ 1 in theY=0 model ande=—1 in the Y=2

model, for maximal doublet-triplet mixing &= =/4) and
tanB=1. In order for theyY =0 model with maximal doublet- 1000 . . . .
triplet mixing to be consistent with the, measurement, one : Two0 gg%%ts{r%l%st
or both of the charged Higgs bosons must be very heavy.

In the Y=2 model, the second term of E@.43 is posi-
tive, resulting in a positive’g- which is larger than in the
Y=0 model. As a result, a larger area of parameter space isp 6% |
excluded by thér, measurement in th€=2 model than in
the Y=0 model. In Fig. 10, we plot the constraints M"HI

and MH2+ from the R, measurement in th¥=2 model, for

maximal doublet-triplet mixing §==/4) and tarB=1.
From theR, constraint with these parameters, we find that
both of the charged Higgs bosons must be heavier than 41C 0 200 200 600 300 1000
GeV. If §is varied or tarB is increased, this bound becomes My [GeV]

lower. Note that we do not plot a direct search bound on the
H* mass. In this model, the LEP bound on the chargeq_”
Higgs boson mass does not apply, as explained in Append%
B.

800

S,
= excluded by Ry,
=

400

200
99.9%". 99%.

FIG. 9. Constraints fronRR, on the masses of the two charged
ggs statedH; andH; in the model with two doublets and one
al Y=0 triplet, with tang=1 and 6= w/4. The area below the

. o solid line is excluded at 95% confidence level. Also shown are the
For completeness, we also write the contributionsd8, 9996 and 99.9% confidence levéttashedl The dotted lines corre-
which are only significant at large tgh For both the type-I  spond to the LEP lower limit for théi* mass,My+>77.3 GeV
and type-1l models [37].
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1000 —— let statesy®" and ' replaced by the neutral states of the
Two doublets plus . L . RL
one Y=2 triplet third doublet. This piece is denoted I6g;;py . The second
800 | piece contains the additional contribution due to the effects
of the isospin and hypercharge of the triplet, and is denoted
R,L H
= sl Otipiet- That is,
(]
e RL_ sRL RL
o 09"~ = 6931pmt+ iripiet - (6.51)
s 400
Explicit formulas can be found in Rgf24]. One finds that
200 L 1 S T ngf;g',et is only significant near maximal doublet-triplet mix-
S ] ing in both theCP-odd andCP-even sectors, which occurs
ol when o and y are both neart /4. In addition, 5ggie, is
0 100 200 300 400 500 600 700 800 900 1000 zero if Myo=Myo or M o=M po. Its sign depends on the
MH1+ [GeV] 1 2 1 2

mixing angles and the Higgs masses. For all the neutral
FIG. 10. Constraints fronR, on the masses of the two charged Higgs bosons lighter than about 200 GeV and maximal

Higgs stateH; andH; in the model with two doublets and one doublet-triplet mixing, the contribution t&;, from 595{;;(;1 is

complexY=2 triplet, with tand=1 and 6= /4. The area below smaller than the contribution &, from g5\, over most

the solid line is excluded at 95% confidence level. For these valuesf the parameter space. The contributiorRipfrom 5g§HLDM

of tang and §, H" masses below 410 GeV are ruled out. Also js of the same order of magnitude as the contributioR4o

shown are the 99% and 99.9% confidence levééshegl from the neutral sector of the 2HDM.
model. The first term of Eq6.44) is the same as the correc- 3. Georgi-Machacek model with SU(2symmetry
tion in a 3HDM. The second term comes from the effects of

In order to obtairp=1 at tree level the electroweak sym-

metry breaking must preserve a “custodial” &Y symme-

try, called SU(2), that ensures equal masses are given to
the W= and W3. We refer to models with this property as
%eneralized Georgi-MachacegksM) models, after the ex-
tended model of this type with Higgs triplets first introduced
in Ref.[41].

The triplet GM model contains a complé&=1 doublet

a realY=0 triplet £ and a complexy=2 triplet x. The
ggs fields take the form

the triplet.
Neutral Higgs boson contributions Consider the contri-

butions toZ—bb from neutral Higgs boson exchange in
these models. The corrections can only be significant in th
type-lIl models when tapg is large. For this reason, we dis-
regard the type-l1 models here.

In the Y=0 model, there is n@£°A° coupling[24]. As a
result, &% has the same couplings as a Higgs singlet. Thusq)
the corrections from neutral Higgs boson exchange have thﬁi'
same form as in a model containing two doublets and a real

singlet withY=0. Models of this type were discussed in Sec. Xo* & oyt
VIA2. ' P .
In the Y=2 model, there are nonzey® x*' couplings d= s o x=| —x7 € x|,

[24]. The neutral Higgs states can be written in the large —¢ ¢ par e 0

tané, limit as X X (6.52
Hi=cosy(cosad}’ +sinagy)+sinyx™, (649  \where ¢ =—(¢*)*, which transform under SU(2)

o _ or . or o X SU(2)g as (3, 3) and (1, 1) representations, respectively.

Hz=—siny(cosa¢;” +sinad;”) +cosyx™, The electroweak symmetry breaking preserves Sp¢@en

(646  the VEV's of the fields are diagonal{x)=v,l and
<¢°)=(v¢/ﬁ)l, wherel is the unit matrix. The VEV’s are

0_ _ i or or

H3=—sina¢; +cosag;’, (647 constrained by thaV mass to satisfy

GO=cosB¢Y +sinBed, (6.48 viy=v3+8v (6.53

A= —sinw sinB¢Y' + sinw cosB¢S' — coswx®, It is convenient to parametrize the ratio of VEV's by
6.49
o tanf,= 2V20, 6.5

A= — cosw sin B¢Y' + cosw cosB Y +sinwy®, anfn= vy 6.59
(6.50

Under the electroweak symmetry breaking, the SY(2)
where, for simplicity, onlyH} andH) contain triplet admix- X SU(2)g symmetry is broken down to SU(2) A represen-
tures. We find that the contributions of the neutral Higgstation (T,T) of SU(2)_ X SU(2);z decomposes into a set of
bosons in this model can be split into two pieces. The firstepresentations of SU(R) in particular, I @ 2T—-1& ---
piece is the same as the contribution in a 3HDM, in which® 1 @ 0. In the triplet GM model$p breaks down to a triplet
the neutral Higgs states are given as above but with the tripand a singlet of SU(2), andy breaks down to a five-plet, a
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triplet, and a singlet of SU(2) The W= andZ bosons are L gm,

given mass by absorbing the SU(2friplet of Goldstone O6+tb= oo (6.60
bosonsG;O" . The remaining physical states are a five-plet VZMw

Hs * 7077~ a triplet H;*~, and two singletsH? and

Hf/. If the Higgs potential is chosen to preserve SU(2) ghﬁ;: ﬂtan 04 (6.6
then states transforming in different representations of 8 V2My

SU(2), cannot mix, and the states in each representation are .
degenerate. This model contains only one doufewhich 9,+=0- (6.62
gives mass to both the top- and bottom-type quarks. There- °

fore, itis a type-I model and,<\. Thus the only sizeable These couplings also hold in a general GM model containing

correction to thezZbb vertex in this model will come from ®=(1/2,1/2) andX=(T,T), if tan 4, is defined as
the left-handed charged Higgs boson loops.

The two singly charged Higgs bosons a@d can be \/4
written in terms of the combinations of triplet fields vx\ 3 T(T+1)(2T+1)
tan g, = , (6.63
1 Ve
Ypr=—(K"-¢&, (6.59 , . .
) where the VEV'’s are constrained by thié mass to satisfy

which transforms in a triplet of SU(2) and ) , 4 5
VM= Uyt §T(T+1)(2T+1)ux. (6.69

1
+— (Lt +
4 _\/Q(X &, (6.5 The loop corrections tdr,, will only involve the charged

Higgs states that appear in the triplet representations of
which transforms in a five-plet of SU(2) Then, the singly = SU(2).; namely,H; andG™.

charged Higgs bosons are The relevantZH"H™ couplings for charged Higgs
N N N bosons in a triplet of SU(2)for any model which preserves
Gz =Che" +suy, (657 sy(2). are given below:
H;:_SH¢++CH§[I+, (658) —e (1 2
Ozgte-= ;(5_ 5w> ,
Hi=¢", (6.59 W

. =0,
wheres,=sin 6, andcy=cosfy. 9zc+h;

If the Higgs potential is chosen to preserve SU(#)en

Hi and H{ are mass eigenstates because they transform _ ¢ ( 1 2)
. . OzHiH Sw| (6.69

under different representations of SU(Z%2]. Such a po- 373 SuCw\2
tential is desirable because it preserves Si(apdp=1) to . ) . )
all orders in the Higgs self-couplings. However, renormaliza-2s shown in Refl24]. The loop corrections t&,; involving
tion of the parameters in the Higgs potential at one loopH ~ are particularly simple because tA&“H; coupling is
introduces quadratically divergent terms that break SU(2)Z€ro.
[43]. These terms lead to quadratically divergent contribu- In any model that preserves SUE2and contains only
tions to thep parameter and to the mixing of some of the two multiplets® andX, the correction tasg" is (not includ-
Higgs states, includingd; andH; . In order to cancel the ing the SM correction due to the charged Goldstone Ipops
divergent corrections, SU(gpreaking counterterms must

2
be introduced in the bare Lagrangian and fine tuned tore- _, 1 SIS N R RlogR
storep=1. These SU(2}violating corrections arise at the 9" 3202 VZMyy, Hspwew|R—1 (R—-1)2)
two-loop level inR,, so they will be neglected here. (6.66

The couplings in this model have been given in Refs.
[11,44). They are also derived in RgR4] for a general GM  from loops involvingH3 , whereR= mf/Mﬁ+. This correc-
model containing one multipleb=(1/2,1/2) and one larger 3
multiplet X=(T,T). The doublet field® is the only field
with quark Yukawa couplings. Under SU(2}he doublet
decomposes into a singlet and a triplet. Thus only SU(2)
singlets and triplets can contain a doublet admixture an
couple to quarks. This is a general feature of any model

tion is positive definite and has the same form as the correc-
tion in the 2HDM[Eg. (6.3)].

In general for a model with custodial SU@&nd more
éhan one exotic multipleX, the correction becomes

; . 1 L e R R logR;
whose Higgs sector obeys a custodial SU(&mmetry. In 5t = >, (95 7)° - >,
the triplet GM model the charged Higgs couplings to quarks 32m H3; ' swew|Ri—1 (Ri—1)
are (6.67
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which is positive definite. Thus when the Higgs potential is 2 T T eodb% o 89%
invariant under SU(2), the corrections always decred?g. P

As in the 2HDM, theR,, measurement can be used to set 95%
a lower bound on the mass of the SU{2iplet H, which 181 - ] 1

e e ; D A A exdiudedby R
varies with targy. This bound is independent of the isospin oxcudeddy

of the exotic SU(2) X SU(2)g multiplet X (or y in the triplet
GM mode). In Fig. 11 we plot the bound oMy, as a

function of tand, .
For Hy lighter than about 1 TeV, th&®, measurement 0.5}

implies that targy<<2. In the triplet GM model, this corre-

sponds to an upper limit on the triplet VEV of, /v ,<0.7.

As in the type-l1 2HDM, the charged Higgs boson contribu- 0 s s

tion to b—sy is small compared to the contribution in the 0 100 200 300 40?VIH35?((3)eV600 700 800900 1000

type-Il 2HDM [45], and theb— sy measurement does not

provide additional bounds on the parameter space. In con- FIG. 11. Bounds fronR, for the GM model with Higgs triplets

trast, for the parameter regions considered above, the correand SU2). symmetry. The area above the solid line is ruled out at

tion to A, is negligible (AA,| <0.002) compared to the ex- 95% confidence level bR, . Also shown(top to bottom are the

perimental uncertainty in th&, measurement. 99.9% and 99% confidence level co_nto(dasheai The dot-dashed
Higgs potential withoutSU(2), invariance If the re- line corresponds to the LEP lower limit),+>77.3 GeV[37].

quirement of SU(2) symmetry is relaxed, it is no longer

meaningful to write the Higgs fields with SU(2X% SU(2)g

matrices. In the triplet model we must define the VEV'’s of _—el

the two SU(2) triplets separately, (x°)=v,, and 9267H, = g 0 2 1 COS®

<§0)=v§. Then SU(2) symmetry corresponds ©,=v;.

The triplet model can still satisfy=1 if the Higgs potential

is fine tuned so that,=v,. In this situation the two physi- e 1

cally charged Higgs bosortd; andHZ can mix with each Uscih-= —— =Sy Sina,

other. If we parametrize this mixing with an angtethe new 2 SwCw 2

mass eigenstates are

&
= 1r
a
s

Hi =sinaH +cosaH; gZH+H—=_—e 1—sz—cH sina cosa
1 3 5 1M spepl2 W ’
H} =cosaHZ —sinaH: . (6.689 -e 1 .
2 8 5 gZH1+H2—=W§cH(sm2a—cos?a),
The charged Higgs couplings to tEeand quark pairs are W
o —e (1 N .
. grnt ' gZH;Hg_m E_SW CH SINa COS« | .
gHIHJ: mtanﬁH Sina, (669)
Both of the singly charged Higgs bosons couple to quarks
gm, instead of just one. There are now off-diagoza{i*Hj’ cou-
h*ﬁ): ———tanéy cosa, plings withi # j and non-SM-like terms in the diagonal cou-
27 V2My plings which contribute ta’g-. We find

R; R; logR;
R,—1 (R;—1)?

gm,
VIM,,

89y, = 895+ (SM) + +cof a

2
tar? HH[sin2 @

R, R, logR,
3272 syCw R,—1 (R,—1)?
2

I ) O(2cy sina cosa){Coy(mZ, M3, M3) — Coy(mZ,M&,M?)

s
167 | swew/ \ vaMy,

+ir? af Co(mZ, M2, M%) — Coi(mZ,MZ,M3) ]+ co& af Coy(mZ,M3,M3) — Coy(mZ,M3,M3) 1}, (6.70
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whereR;=m#/M?. The first term is the SM correction due  The contributions toR,, from charged Higgs boson ex-
to G*. The second term is positive definite and has the samehange are negative in models that contain only doublets and
mass dependence as the charged Higgs boson correctiondimglets, and in any model whose Higgs sector preserves
the 2HDM. The third term arises from the off-diagonal SU(2), symmetry. If the contributions from neutral Higgs
ZH"H™ couplings and the non-SM parts of the diagonalboson exchange in these models are not signifiéaugt, if
ZH'H™ couplings. This third term can be positive or nega-\, is smal), thenR,, sets a lower bound on the masses of the
tive, depending on the mixing angke. It is negative for charged Higgs states. The lower bound depends oand
MH2+>MH1+ where sinkcosa is positive, and grows with the charged Higgs mixing angles.
increasing splitting betweeM,+ and M+ and between The contribution toR_b_fro_m charged nggs_ boson ex-
M d the ch d Hi 1 2 change can only be positive if the model contains one of two

Vll’_r?lg mo((ajefl gr%ﬁe tulggz r;)as:ses.to ive p=1° when features. It must either contain off-diagor@Hi*Hj’ cou-

. X~ Ve 10 gVEp=21, W .glings in which both of the charged Higgs bosons couple to

the parameters of the Higgs potential are renormalized thi . : L
. X i . : guarks and have different masses, or it must contain diagonal
fine tuning will be lost. In order to satisfy the experimental

ZH;"H. couplings which differ from the couplings in dou-
bounds oM pney, [EQ. (6.35], we must have blet models, or both. This can only happen in models that

A(v2—v2) contain Higgs multiplets larger than doublets and are not
—1.7% 10*3<Apnew=25—8’§<2.7><10*3 constrained by SU(2) symmetry. In such a model, the
Uyt 8y VEV’s of the multiplets larger than doublets must be very

(6.7 small in order for the model to be consistent with the mea-

2_ .2 sured value of the parameter. With this constraint, the con-
or — (5.1 GeV)2<v_§—vX<(6.4GeV)2. For the model to be bution foR @pl b " hen th del contai
“natural” we require the parameters to be of the same ordef®u '(?[E ORp cag onb?/ te pgs;r:ve when ('af'mote con a'gs
as their fine tuning, ov,~v,.~6 GeV. Then the correction more fhan one doubiet and there 1s signiicant mixing be-

; ; tween the doublets and the larger multiplets.
to the SM It in Eq(6.7 d by a factor of . . :
tgnz 0i~0 Oroe5su In Eq(6.70 is suppressed by a factor o The precision of th&®, andA, measurements is not likely

to improve significantly in the near future. Most of the LEP
and SLCZ pole data has been analyzed, and no further run-
ning of these machines afs=M; is anticipated. Thus, fu-
ture constraints on extended Higgs sectors must come from
g|ther sources. New virtual constraints on extended Higgs
ectors will come from measurementstofjuark decays at
the high-luminosityB factories which will soon be sensitive
iga variety of rareB-decay modes. For example, the pro-
ssesb—sl*l~ and b—sy are sensitive to the virtual

VII. CONCLUSIONS

Radiative corrections to the proce&s-bb arise in ex-
tended Higgs sectors due to the exchange of the addition
singly charged and neutral Higgs bosons. Because the radi
tive corrections affect the predictions fét, and A,, the
measurements of these quantities can, in principle, be used

constrain the parameter space of the models. The radiati 4-Hi handéhe latt h readv b
corrections toR,, from extended Higgs sectors are typically charged-Higgs exchandéne latter process has already been

of the same order of magnitude as the experimental error iHsed_ to constrain the ex’Eren_ded nggs paramete_r Spirce
the R, measurement. Thug, can be used to constrain the 2ddition, the process—s7" 7 receives a contribution from
models. However, the radiative correctionsAg from ex- a neutral Higgs boson coupled to th€ 7" pair, whereas

tended Higgs sectors are much smaller than the experimentlé’tl_—)c”b receivesha corétritiutio:. fr:om iree-level clharg?d
error in theA, measurement. They are also much smaller 199 Poson exchangei6-48. High statistics samples o

than the deviation of thé, measurement from the SM pre- these decay modes will yield interesting new constraints on

diction. We conclude that if,# A5, the deviation does the structure of the extended Higgs sector.
. L . Ultimately, one will need to directly probe the extended
not arise from the contributions of an extended Higgs sector.,. - .
Higgs sector by explicitly producing the scalar statbs-

In this paper we obtained general formulas for the correcyOnd hO which may resemble the SM Higgs bosa future

tions to theZbb vertex, and then used the general formulasgyjigers, If some signal is seen, it will be a demanding task
to calculate the contributions #&, and Ay in specific mod- {5 jnterpret the signal and deduce the structure of the under-
els. Here we summarize our conclusions for the various moq—ying scalar sector. The constraints on the Higgs sector pa-

els. _— ) rameter space fronR, and other rareB-decay modes can
The contributions from neutral Higgs boson exchange a'¥lay an important role in helping to unravel the physics of

only significant in a type-Il model with enhanced. The  he Higgs sector and probe the origin of electroweak sym-
regions of parameter space in which the contributioiR{o  metry breaking.

from neutral Higgs boson exchange can be positive is nearly
ruled out by direct Higgs boson searches. Otherwise, the
contribution toRy, is negative, giving a worse agreement
with experiment than the SM. A pair of neutral Higgs states,
H® and A°, with a significantZH®A® coupling and a large We gratefully acknowledge valuable discussions with Pi-
mass splitting, gives a large negative contributioRto The  otr Chankowski, JoAnne Hewett, and Maria Krawczyk. This
R, measurement can then be used to exclude these regionsresearch was supported in part by the U.S. Department of
parameter space. Energy.
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APPENDIX A: CONTRIBUTION TO THE p PARAMETER IN THE 2HDM
In this appendix we give the one-loop contribution of the Higgs bosons in the 2HDM to plaeameter, from Ref49]:®

Ap 16 M2 Z{F(MH+ MAO)—'—S'nZ(ﬂ a)[F(MH+ ao)_F(Mio,Mao)]'FCOSZ(B—a)[F(Mai,Mﬁo)

—F(M20,MZ0)+F(M3,M?Z0) — F(M&,MZ) —F(M2,MZ0) + F(M2,MZ) + 4MZ[Bo(0;M2,M%0)

~Bo(0;M7,M 7)1~ 4M{[ Bo(0; M, M{i0) — Bo(0;MG, M 20) 111, (A1)
|
wheresy=sin &, and e (1
gZH*H’__SWCW 57 Sw/ (B1)
Aog(m?)— Ag(m3)
Bo(O;mi,m§)=W, (A2) _ _ o .
1~ My This coupling, and hence the resultihty" H™ production

cross section, is the same as the one that arises in models
N 0 5 containing multiple doublets and singlets, and in the GM
Ao(m?)=mTA+1-log(mu)], (A3) " models forH3 . The LEP charged Higgs mass bound is used
for these models in Figs. 5, 9, and 11. However, @&{) is
5 5 5 not the same as thBH"H ™~ coupling that occurs in models
mlmz Iog( m;) (Ad) containing doublets and triplets without SU{29ymmetry.
2

N| =

F(m2,m3)==(mi+m3)—

m2 In models with one or two doublets and one reé&k 0 trip-

let, theZH*H™ coupling is larger than in the 2HDM, and
We have definedp relative to the SM where the SM Higgs hence the production cross _section is larger. Therefore in
mass is taken equal thl,o. With this definition,Ap is a  these models, the charged Higgs mass bound from[Be&f.
finite quantity and is independent of the scale,and the IS @ conservative bound. This bound is used in Fig. 9 for the

divergenceA = 1/e— y+ log(4m), of dimensional regulariza- m_odel with two doublets and on€=0 triplet. |n models
tion. with one or two doublets and one compléks 2 triplet, the

coupling is smaller than in the 2HDM. Hence the charged
Higgs boson production cross section is smaller, and the LEP

APPENDIX B: CONSTRAINTS FROM DIRECT HIGGS charged Higgs mass bound is no longer valid. This is the
SEARCHES case in Fig. 10, for the model with two doublets and one
=2 triplet.

In this appendix, we briefly summarize the constraints on
extended Higgs sectors resulting from the direct Higgs

searches at LEP. 2. Neutral Higgs searches in the 2HDM

The search for neutral Higgs bosons at LEP focuses pri-
marily on the SM Higgs boson and Higgs bosons of the
At LEP, charged Higgs bosons are produced eiae™ minimal supersymmetric modé@WNSSM). The SM Higgs bo-
—9*, Z*H'H™. The LEP analysis then assumes thatson is produced vi@"e™ —Z*—Zh° In the MSSM,
BR(H+—>C_)+BR(H+—>T v.)=1. The resulting limit ob- addition to Zh® production, one can produce @P-even
tained in Ref.[38] is My+>77.3GeV. This mass limit Higgs boson in association with@P-odd Higgs boson via
would be relaxed if other charged Higgs decay modes are e —Z* —hPA% The MSSM Higgs sector is a 2HDM
significant. In extended Higgs models with two or more sin-with particular relations among Higgs sector parameters.
gly charged Higgs bosons, we shall apply the LEP bound'hus, the MSSM Higgs mass bounds do not immediately
only to the lightest charged Higgs state. apply to the general 2HDM.

The LEP bound also depends on the production cross sec- From the combined LEP data taken &= 189 GeV, the
tion of the charged Higgs boson pair. In the analysis of Reflower limit on the SM Higgs mass obtained in RE38] is
[38] it is assumed that thEH"H ™~ coupling is that of the thM>95.2 GeV. This bound depends primarily on the cross

2HDM: section fore"e” —Z* —Zh° (under the assumption that the
decay branching fractions of thé follow roughly the pat-
tern expected in the SMIn the 2HDM, theZZh° coupling
8A typographical error in the formula fokp in Ref.[49] is cor-  is reduced from its SM value by a factor of st «), result-
rected in Eq(AL). ing in

1. Charged Higgs searches
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olete —zZh) =g (ete —Zh%)si?(B—a). Higgs sector parameters are correldtelor example, at
(B2) large tang and values of Mjo<M;, one finds that

Mo~ M o and cosf—a)=1. This implies that in this region

of lV(I)S%M parameter space, the LEP search is sensitive only

. . . to h”A" production.

The LEP bound orM h°+'n7the S(')V' is determined by the 1 egtract general 2HDM constraints, we proceed as
mass value at whictrsy(e”e” —Zh") crosses the measured tg|lows. From the LEP search foete —h°A° the
upper bound ofr(e*e”—Zh°%). Using Eq.(B2), this can | Ep MSSM analysis[38] yields M0>80.7GeV and
then be translated into a bound on%p-«) as a function of M ,0>80.9 GeV. These lower bounds correspond roughly to
Mpo. The resulting bound can be found in Fig. 4 of H&8].  pureh®A° production at large taf. We can convert this into
For sirf(8—a)=1, the bound orM o is the same as in the an upper limit for theh®A% cross section for Higgs mass
SM, M 0>95.2GeV. This bound is used in Fig. 8. For values at the respective lower bounds. To get results that
Sid(8—a)=1/2, the bound oM 0 is M;,0=90 GeV.’ apply more generally to the 2HDMNhertho, MA.O and

In the above discussion, only tih® mode was consid- COS{B—«a) are not correlatell we make the simplifying as-
ered. For a complete determination of the 2HDM parameteptMPtion that the Higgs boson detection efficiency and back-
constraints, it is necessary to include the LEP limitsh8A° groutrrlld Is fairly flat 35 ag{urlctlon %f thg H||ggs ng)ass%s. We
(andH°A®) associated production via virtugichannelz ex- S Q€N varnM o and coS(— ) and find a lower bound on

o ) M0.° The resulting “direct search” bounds have been
0AO 0pAO A
change. TheZh"ATZH"A™] coupling is proportional 10y niemented in Figs. 6 and 7. Further details of this analysis

cos(3—a)[sin(B—a)], so for fixed sinB—a) one can deduce .5 pe found in Ref24].
a region in theM 5o vs M0 plane that is excluded by LEP

data. Unfortunately, the LEP neutral Higgs boson search data———
are typically presented in the context of the MSSM, where 8A more general 2HDM analysis has recently been presented by
the OPAL Collaboratiofi50]. The results of this work came too late
to be included in the analysis of this paper, although we expect only
’In Fig. 6, a bound oM ,0>87 GeV is used, corresponding to our minor changes to our results.
best estimate based on LEP data prior to the availability of Fig. 4 of °For |cos(8—a)|<1, the production oH°A° rather tharh®A° is
Ref.[38]. relevant.
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