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Constraints on two-Higgs-doublet models at large tanb from W and Z decays

Oleg Lebedev,* Will Loinaz,† and Tatsu Takeuchi‡
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~Received 10 February 2000; published 11 August 2000!

We study constraints on type-II two-Higgs-doublet models at large tanb from CERN LEP and SLDZ-pole
data and from lepton universality violation inW decay. We perform a global fit and find that, in the context of
Z decay, the LEP–SLD experimental values for lepton universality violation,Rb , and Ab all somewhat
disfavor the model. Contributions from the neutral-Higgs sector can be used to constrain the scalar–
pseudoscalar Higgs mass splittings. Contributions from the charged-Higgs sector allow us to constrain the
charged-Higgs boson mass. For tanb5100 we obtain the 1s classical ~Bayesian! bounds of mH6

>670 GeV (370 GeV) and 1>mh0 /mA0ua5b5mH0 /mA0ua50>0.68 (0.64). The 2s bounds are weak. Cur-
rently, the Fermilab Tevatron experimental limits on lepton universality violation inW decay provide no
significant constraint on the Higgs sector.

PACS number~s!: 12.60.Fr, 12.15.Lk, 13.38.Be, 13.38.Dg
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I. INTRODUCTION

Perhaps the most important unanswered question in
ticle physics today is ‘‘What is the nature of electrowe
symmetry breaking?’’ The standard model~SM! incorpo-
rates the simplest mechanism: a Higgs sector consisting
single self-interacting scalar SU~2! doublet of hypercharge
Y51. Upon breaking of electroweak symmetry, the physi
spectrum of the SM Higgs sector consists of oneCP-even
neutral Higgs particle. Current experimental data do not
finitively contradict the SM, but persistent deviations in pr
cision electroweak data from SM predictions on the edge
statistical significance tantalize us with the possibility of n
physics. This, together with various theoretical prejudic
which suggest that the SM cannot be a complete the
motivates the detailed study of alternative scenarios
eletroweak symmetry breaking~EWSB!.

The two-Higgs-doublet model~2HDM! @1# is the most
straightforward extension of the EWSB mechanism of
SM. The theory proposes a pair of scalar SU~2! doublets,
both with hyperchargeY51. Depending on the version o
the 2HDM, these scalars may couple in various ways to
quarks and leptons. After electroweak symmetry is brok
the spectrum of the Higgs sector consists of five phys
Higgs bosons: two neutralCP-even scalars~h0 and H0!, a
neutral CP-odd scalar (A0), and a pair of charged scala
(H6). These particles could be detected via direct prod
tion at colliders, but their effects may also be visible ind
rectly, through their contributions as intermediate states
decay processes.

In this paper we consider the indirect signatures of
2HDM in flavor-conservingW andZ decays through its con
tribution to decay amplitudes via loop corrections. We co
sider only type-II 2HDM models, in which theI 35 1

2 fermi-
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ons couple to one Higgs doublet and theI 352 1
2 fermions

couple to the other. We also focus on the large tanb region,1

in which the Higgs couplings to the down-type quarks a
the charged leptons are enhanced.2 This can potentially lead
to observable~or constrainable! flavor-dependent correction
in Z andW decay, especially for the third generation~b and
t!. Additional strong constraints on the charged-Higgs bos
mass~>380 GeV! are available fromb→sg ~see, for ex-
ample, Refs.@3,4#!.

One-loop corrections to flavor-conservingZ decays in the
2HDM have been considered previously in Refs.@5–9#, in-
cluding as a possible explanation for the now-defunct ‘‘Rb
anomaly.’’ TheZ-pole runs at the CERNe1e2 collider LEP
and SLAC Large Detector~SLD! are complete and essen
tially all of the data have been analyzed. The ‘‘Rb anomaly’’
has disappeared only to be replaced by the ‘‘Ab anomaly’’
@10,11#; thus, it is timely to revisit the model. We perform
for the first time, a global fit to all LEP–SLDZ-pole observ-
ables, and we examine the competing constraints from lep
universality,Rb , andAb on the charged and neutral secto
of the model. In addition, we study constraints on the mo
from lepton universality violation inW decays, which have
not been previously considered.

II. LEPTONIC W DECAYS

In this section we calculate the constraints on the lar
tanb 2HDM from lepton universality violation inW decays.
We use the Feynman rules and conventions of Ref.@12#. Our
notation for the scalar and tensor integrals is establishe
Ref. @13#.

1Perturbativity of theb and t Yukawa couplings requires 0.3
<tanb<120 ~see, for example@1#!.

2This model is often studied embedded in the minimal supers
metric extension of the standard model~MSSM! @2#, although we
do not consider it in this context here.
©2000 The American Physical Society14-1
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The leading~in tanb! one-loop corrections to the deca
W2→t2v̄t are shown in Fig. 1. The corresponding cont
butions to the amplitude are3

2
g2

4 S mt tanb

mW
D 2F2 i

g

&
Wm~Q!t̄~p!gmPLnt~q!G

3~1a/h0!:sin2 a 2Ĉ24~0,0,Q2;0,mh0,mH6!

3~1a/H0!:cos2 a 2Ĉ24~0,0,Q2;0,mH0,mH6!

3~1a/A0!:2Ĉ24~0,0,Q2;0,mA0,mH6!

3~1b/h0!:sin2 a B1~0;0,mh0!

3~1b/H0!:cos2 a B1~0;0,mH0!

3~1b/A0!:B1~0;0,mA0!

3~1c!:2B1~0;0,mH6! ~2.1!

with Q25mW
2 . The tree level amplitude is the expression

the square brackets. For the diagrams involvingh0 andH0,
we have dropped terms subleading in tanb.4 In the above we
have made the large tanb approximations:

cos~b2a!'sina,

sin~b2a!'cosa,
~2.2!

sinb'1,

cosb'0.

Combining the above corrections, with factors of 1/2 f
the wave-function renormalization diagrams~1b! and ~1c!,
leads to a shift in theWtn̄t coupling given by

3In computing the one-loop vertex corrections in bothW and Z
decays, it is a good approximation to neglect light fermion mas
in loops.

4The subleading contributions of theh0 andH0 diagrams combine
with the diagrams involving the Goldstone bosons to give fin
results.

FIG. 1. One-loop corrections toW2→tLn̄t .
05501
r

dgt

g
52

g2

2 S mt tanb

mW
D 2

@sin2 a$Ĉ24~0,mh0,mH6!

1 1
4 B1~0,mh0!1 1

4 B1~0,mH6!%

1cos2 a$Ĉ24~0,mH0,mH6!1 1
4 B1~0,mH0!

1 1
4 B1~0,mH6!%1$Ĉ24~0,mA0,mH6!1 1

4 B1~0,mA0!

1 1
4 B1~0,mH6!%#, ~2.3!

where we have suppressed the external momentum de
dence of the integrals for notational simplicity. Similar shif
to the Wmn̄m and Wen̄e vertices exist but they are sup
pressed by factors of (mm /mt)

2 and (me /mt)
2 so we neglect

them.
The complete expression for the finite combination of

tegrals seen in the curly brackets of Eq.~2.3!, namely,

z~Q2;m1 ,m2![Ĉ24~0,0,Q2;0,m1 ,m2!1 1
4 B1~0;0,m1!

1 1
4 B1~0;0,m2!, ~2.4!

can be found in the appendix of Ref.@13#. However, for our
purposes it will suffice to expand it in powers ofQ25mW

2 :

z~mW
2 ;m1 ,m2!52

1

~4p!2

1

4
GS m1

2

m2
2D

2
1

~4p!2

mW
2

12~m1
22m2

2!2 Fm1
21m2

2

2
2m1

2m2
2

m1
22m2

2 ln
m1

2

m2
2G1¯ , ~2.5!

where

G~x![11
1

2 S 11x

12xD ln x. ~2.6!

Observe that the functionG(x) is negative semidefinite so
that the leading term is non-negative for all massesm1 and
m2 . This term dominates the subleading term unless
splitting betweenm1 andm2 is less than aboutmW/2. In the
limit that the masses are degenerate, the leading term
ishes and the expansion reduces to

z~mW
2 ;m,m!52

1

~4p!2

mW
2

36m2 1¯ . ~2.7!

In the limit m1→` ~the full expression is symmetric inm1
andm2! the expression becomes

z~mW
2 ;m1 ,m2!⇒2

1

~4p!2

1

4 S 11
1

2
ln

m2
2

m1
2D 1¯ .

~2.8!

Thus, Eq.~2.3! appears to lead to nondecoupling of hea
particles. That is, whenmA0 andmH6 are taken to be large
independently, the amplitude does not vanish. However

s
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CONSTRAINTS ON TWO-HIGGS-DOUBLET MODELS AT . . . PHYSICAL REVIEW D 62 055014
the general 2HDM the mass eigenvalues and mixing an
are related in such a way that ifmA0→` while the couplings
and theW mass are held fixed, the Higgs boson masses
mixing angle approach the limit@1#:

mH0.mH6.mA0, mh0 /mA0→0, cos~a2b!→0.
~2.9!

In this limit the amplitude vanishes and decoupling is o
tained. This decoupling behavior can be understood as
lows: In the large tanb limit, sin a→0 and the two Higgs
doublets do not mix. Since large tanb implies v1→0, elec-
troweak symmetry is unbroken in theF1 sector. The leading

tan2 b diagrams are then due to theW2F1
2* F1

0 vertex and
corresponding wave-function renormalization diagrams~i.e.,
with F1

0 and F1
2 in the loop!. The sum of these diagram

vanishes atp250 as a consequence of the Ward identity, a
thus the heavy Higgs bosons decouple.5

SettingmA05mH05mH6[m and neglecting themh0 con-
tribution, the shift in the coupling, Eq.~2.3!, is small and
positive:

dgt

g
52

g2

2 S mt tanb

mW
D 2

2z~mW
2 ;m,m!

'2
g2

2 S mt tanb

mW
D 2H 2

1

~4p!2

mW
2

18m2J
5S gmt tanb

24pm D 2

. ~2.10!

Away from this limit, the shift in the coupling is negative:

dgt

g
5

1

~4p!2

g2

8 S mt tanb

mW
D 2Fsin2 aGS mH6

2

mh0
2 D

1cos2 aGS mH6
2

mH0
2 D 1GS mH6

2

mA0
2 D G<0. ~2.11!

So, the model predicts a negativedgt , except in the limit
that the Higgs mass splittings are small (<mW/2). The mag-
nitude of the shift is maximal for an extreme nondecoupl
case in which the charged Higgs boson is much heavier
the neutral Higgs bosons. In this case it reduces to

dgt

g
5

1

~4p!2

g2

4 S mt tanb

mW
D 2

GS mH6
2

m0
2 D ~2.12!

5The leading tanb contribution of theh0 boson does not exhibi
decoupling by itself: it is proportional to tan2 b sin2 a ln mA0

2

→ln mA0
2 since sina;2cosb1O(mZ

2/mA0
2 ) in the decoupling limit

@1#. As the result is independent of tanb, subleading tanb diagrams
must be included to obtain the decoupling behavior.
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if we assign a common mass,m0 , to the neutral Higgs
bosons.

The current bound on lepton universality violation in le
tonic W decays from the DØ collaboration is@14#

gt

ge
51.00460.019~stat!60.026~syst!. ~2.13!

The central value ofdgt is positive, which is not allowed
when the leadingG(x) term dominates. However, this fact
inconclusive since the experimental error is large. Us
m̄t(mW)51.777 GeV and 2mW /g5v5246 GeV, and add-
ing systematic and statistical errors in quadrature, we ob
from Eqs.~2.12! and ~2.13!:

GS mH6
2

m0
2 D 5S 100

tanb D 2

@1.269.7#. ~2.14!

Since G(x) negative semidefinite and invariant und
x↔1/x, at tanb5100 this leads to a 1s bound of

GS mH6
2

m0
2 D .28.5

which translates to

m0

mH6
or

mH6

m0
,1.33104.

For smaller tanb the bound is even weaker.
Similarly, if we assume the limit of Eq.~2.10!, the best-fit

value of the common mass is~in GeV!

S 100 GeV

m D 2

5S 100

tanb D 2

@176132#. ~2.15!

At 1s and tanb5100, this translates into

m.8 GeV

so, the bound is extremely weak in this mass-degene
limit as well. Thus, even for tanb5100 the current data
gives no significant 1s constraint on the Higgs boso
masses.

III. CONSTRAINTS FROM LEP –SLD OBSERVABLES

In this section we perform a global analysis of LEP–SL
precision electroweak data in the context of the large tanb 2
HDM. We calculate the linearized shifts in theZ f f̄ couplings
from SM predictions, fit these shifts to the data, and use
results of the fit to constrain model parameters.

A. Corrections to the couplings

As in theW decay case, large tanb enhances the coupling
of the Higgs sector to charged leptons and down-type qua
but even then one only needs to consider the third genera
fermions. Below we list corrections toZ→bb̄,tt̄,ntn̄t .
4-3
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The leading tanb corrections to theZ→bRb̄R are shown in Figs. 2 and 3. The amplitudes of these diagrams are

2
g2

4 S mb tanb

mW
D 2F2 i

g

cosuW
Zm~Q!b̄R~p!gmbR~q!G

3~2a12b/h0!:sin2 a 2Ĉ24~0,0,Q2;0,mh0,mA0!

3~2a12b/H0!:cos2 a 2Ĉ24~0,0,Q2;0,mH0,mA0!

3~2c/h0!:hbL
sin2 a$~d22!Ĉ24~0,0,Q2;mh0,0,0!2Q2Ĉ23~0,0,Q2;mh0,0,0!%

3~2c/H0!:hbL
cos2 a$~d22!Ĉ24~0,0,Q2;mH0,0,0!2Q2Ĉ23~0,0,Q2;mH0,0,0!%

3~2c/A0!:hbL
$~d22!Ĉ24~0,0,Q2;mA0,0,0!2Q2Ĉ23~0,0,Q2;mA0,0,0!%

3~2d12e/h0!:2hbR
sin2 a B1~0;0,mh0!

3~2d12e/H0!:2hbR
cos2 a B1~0;0,mH0!

3~2d12e/A0!:2hbR
B1~0;0,mA0!

3~3a!:24hH1Ĉ24~0,0,Q2;mt ,mH6,mH6!

3~3b!:2htL
$~d22!Ĉ24~0,0,Q2;mH6,mt ,mt!2Q2Ĉ23~0,0,Q2;mH6,mt ,mt!%

3~3c!:22htR
mt

2Ĉ0~0,0,Q2;mH6,mt ,mt!~3d13e!:4hbR
B1~0;mt ,mH6!, ~3.1!

where

hf5I 3 f2Qf sin2 uW ~3.2!

andQ25mZ
2. The tree-level amplitude is the expression in the square brackets timeshbR

. As before, we have dropped term

subleading in tanb. Combining these corrections, with factors of 1/2 for the wave-function renormalizations, leads to
in the right-handed coupling of theb to theZ given by

dhbR
5dhbR

N 1dhbR

C , ~3.3!

where

dhbR

N 52
g2

4 S mb tanb

mW
D 2

@sin2 a$2Ĉ24~0,mh0,mA0!1 1
2 B1~0,mh0!1 1

2 B1~0,mA0!%

1cos2 a$2Ĉ24~0,mH0,mA0!1 1
2 B1~0,mH0!1 1

2 B1~0,mA0!%1hbL
sin2 a$~d22!Ĉ24~mh0,0,0!

2mZ
2Ĉ23~mh0,0,0!1B1~0,mh0!%1hbL

cos2 a$~d22!Ĉ24~mH0,0,0!2mZ
2Ĉ23~mH0,0,0!1B1~0,mH0!%

1hbL
$~d22!Ĉ24~mA0,0,0!2mZ

2Ĉ23~mH0,0,0!1B1~0,mA0!%#,

dhbR

C 52
g2

2 S mb tanb

mW
D 2

@2hH1$2Ĉ24~mt ,mH6,mH6!1B1~mt ,mH6!%1htL
$~d22!Ĉ24~mH6,mt ,mt!

2mZ
2Ĉ23~mH6,mt ,mt!1B1~mt ,mH6!%2htR

mt
2Ĉ0~mH6,mt ,mt!#. ~3.4!

As in theW decay case, these expressions can be well approximated by their leading terms in an expansion inmZ
2 as long as

the mass splittings among the Higgs bosons are not small.6 Using the formulas from the preceding section and from
Appendix, we find

6Oblique corrections in the 2HDM with alight Higgs boson, i.e., large mass splittings, were recently considered in@15#.
055014-4
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dhbR

N '1
1

~4p!2

g2

8 S mb tanb

mW
D 2Fsin2 a GS mh0

2

mA0
2 D 1cos2 a GS mH0

2

mA0
2 D G ,

dhbR

C '1
1

~4p!2

g2

4 S mb tanb

mW
D 2

FS mt
2

mH6
2 D , ~3.5!

where the functionG(x) was defined in Eq.~2.6! and

F~x!5
x

12x S 11
1

12x
ln xD . ~3.6!

See the Appendix for details.
The diagrams which correct the decayZ→bLb̄L is the same as those shown in Figs. 2 and 3 with the replacementsbR↔bL

and tL↔tR . The amplitudes of the neutral-Higgs diagrams are

1
g2

4 S mb tanb

mW
D 2F2 i

g

cosuW
Zm~Q!b̄L~p!gmbL~q!G

3~2a12b/h0!:sin2 a 2Ĉ24~0,0,Q2;0,mh0,mA0!

3~2a12b/H0!:cos2 a 2Ĉ24~0,0,Q2;0,mH0,mA0!

3~2c/h0!:2hbR
sin2 a$~d22!Ĉ24~0,0,Q2;mh0,0,0!2Q2Ĉ23~0,0,Q2;mh0,0,0!%

3~2c/H0!:2hbR
cos2 a$~d22!Ĉ24~0,0,Q2;mH0,0,0!2Q2Ĉ23~0,0,Q2;mH0,0,0!%

3~2c/A0!:2hbR
$~d22!Ĉ24~0,0,Q2,mA0,0,0!2Q2Ĉ23~0,0,Q2;mA0,0,0!%

3~2d12e/h0!:22hbL
sin2 a B1~0;0,mh0!

3~2d12e/H0!:22hbL
cos2 a B1~0;0,mH0!

3~2d12e/A0!:22hbL
B1~0;0,mA0! ~3.7!

with Q25mZ
2. The charged-Higgs diagrams lead to corrections proportional to

S mt cotb

mW
D 2

and are suppressed compared to the neutral-Higgs diagrams by a factor of (mt /mb tan2 b)2;(7.6/tanb)4 so will be neglected.
The shift in the left-handed coupling of theb to theZ is then

dhbL
5dhbL

N 1dhbL

C ~3.8!

with

dhbL

N 51
g2

4 S mb tanb

mW
D 2

sin2 a$2Ĉ24~0,mh0,mA0!1 1
2 B1~0,mh0!1 1

2 B1~0,mA0!%

1cos2 a$2Ĉ24~0,mH0,mA0!1 1
2 B1~0,mH0!1 1

2 B1~0,mA0!%2hbR
sin2 a$~d22!Ĉ24~mh0,0,0!

2mZ
2Ĉ23~mh0,0,0!1B1~0,mh0!%2hbR

cos2 a$~d22!Ĉ24~mH0,0,0!2mZ
2Ĉ23~mH0,0,0!1B1~0,mH0!%

2hbR
$~d22!Ĉ24~mA0,0,0!2mZ

2Ĉ23~mA0,0,0,!1B1~0,mA0!%,

~3.9!
dhbL

C 50.
055014-5
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Again, in the approximationQ2→0, we find

dhbL

N '2
1

~4p!2

g2

8 S mb tanb

mW
D 2Fsin2 a GS mh0

2

mA0
2 D

1cos2 a GS mH0
2

mA0
2 D G52dhbR

N . ~3.10!

So in this approximation, the shift in the left-handed co
pling of theb quark due to neutral-Higgs bosons is equal
magnitude but opposite in sign to the shift in the righ
handed coupling.

To estimate the corrections toZ→uū, cc̄, we note that
the Higgs couplings tou andc quarks are suppressed eith
by tanb or by smalld ands quark masses. Thus, we negle
these corrections.

The corrections to thet couplings to theZ can be ob-
tained from those of theb couplings by the simple substitu
tions

FIG. 2. One-loop neutral-Higgs corrections toZ→bRb̄R . Dia-

grams which correctZ→bLb̄L can be obtained by the interchang
bL↔bR .

FIG. 3. One-loop charged-Higgs corrections toZ→bRb̄R . Dia-

grams which correctZ→bLb̄L can be obtained by the substitutio
bR→bL ,tL→tR .
05501
-

mt ,mb→0,mt ,

htL
,htR

→hnL
,0, ~3.11!

hbL
,hbR

→htL
,htR

which lead to

dhtR

N 52dhtL

N '1
1

~4p!2

g2

8 S mt tanb

mW
D 2Fsin2 a GS mh0

2

mA0
2 D

1cos2 a GS mH0
2

mA0
2 D G

~3.12!

dhtR

C 5dhtL

C 50.

Note that the charged-Higgs contribution is zero sincemt is
replaced bymn50 andF(mn

2/mH6
2 )5F(0)50.

The decayZ→ntn̄t is corrected by the diagrams show
in Fig. 4. The amplitude of these diagrams is

2
g2

2 S mt tanb

mW
D 2F2 i

g

cosuW
Zm~Q!n̄tL~p!gmntL~q!G

3~4a!:htR
$~d22!Ĉ24~0,0,Q2;mH6,0,0!

2Q2Ĉ23~0,0,Q2;mH6,0,0!%

3~4b!:hH12Ĉ24~0,0,Q2;0,mH6,mH6!

3~4c14d!:2hnL
B1~0;0,mH6! ~3.13!

with Q25mZ
2, resulting in a shift of the neutrino coupling b

FIG. 4. Charged-Higgs corrections toZ→ntn̄t.
4-6
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dhnL

C 52
g2

2 S mt tanb

mW
D 2

@hH6$2Ĉ24~0,mH6,mH6!

1B1~0,mH6!%1htR
$~d22!Ĉ24~mH6,0,0!

2mZ
2Ĉ23~mH6,0,0!1B1~0,mH6!%#. ~3.14!

As a consequence ofF(0)50 we find

dhnL

C 50. ~3.15!

To summarize, we have found that the nonzero shifts
the fermion couplings in our approximation (Q250) are

dhbR

N 52dhbL

N 51
1

~4p!2

g2

8 S mb tanb

mW
D 2Fsin2 a GS mh0

2

mA0
2 D

1cos2 a GS mH0
2

mA0
2 D G ,

dhbR

C 51
1

~4p!2

g2

4 S mb tanb

mW
D 2

FS mt
2

mH6
2 D , ~3.16!

dhtR

N 52dhtL

N 5S mt
2

mb
2D dhbR

N .

Since G(x) is negative semidefinite, the shifts in the le
handed couplings of theb and thet due to the neutral-Higgs
sector are both alwayspositivewhile the shifts in the right-
handed couplings are alwaysnegative, and they are all pro-
portional to the same linear combination ofG functions.
Also, since 21<F(x)<0, the charged-Higgs sector pro
duces only anegativeshift in hbR

of magnitude at most

1

~4p!2

g2

4 S mb tanb

mW
D 2

.

B. Fit to the data

We have identified the relevant vertex corrections toZ
decay in the large tanb 2HDM. Using the LEP–SLD data to
constrain their sizes will let us constrain the ratios

mh0
2

mA0
2 ,

mH0
2

mA0
2 , and

mt
2

mH6
2 .

All the neutral-Higgs corrections are proportional to ea
other, so we will usedhtL

N as the fit parameter. For th

charged-Higgs correction we will usedhbR

C .

In addition to the proper vertex corrections, the 2HD
correctsZ decay through oblique corrections which can
expressed as corrections to ther parameter and the effectiv
value of sin2 uW. Since we will consider only ratios of partia
widths and asymmetry parameters in our fit, ther parameter
drops out from our analysis and we need only consider
05501
n

e

shift in sin2 uW which we will denoteds2.7 We will not uti-
lize ds2 to extract information on the 2HDM because obliq
corrections are generically sensitive to other sorts of n
physics as well.

The shifts to theZ f f̄ couplings in the large tanb 2HDM
can then be expressed as

dhneL
5dhnmL

5dhntL
50,

dheL,R
5dhmL,R

5ds2,

dhtL
5ds21dhtL

N ,

dhtR
5ds22dhtL

N ,

~3.17!
dhmL,R

5dhcL,R
52 2

3 ds2,

dhdL,R
5dhsL,R

5 1
3 ds2,

dhbL
5

1

3
ds21S mb

2

mt
2D dhtL

N ,

dhbR
5

1

3
ds22S mb

2

mt
2D dhtL

N 1dhbR

C .

The dependence of various observables ondhbR

N , dhbR

C , and

ds2 can be calculated in a straightforward manner. For
ample,

dAe

Ae
5

4heL
heR

~heR
dheL

2heL
dheR

!

~heL

4 2heR

4 !

5
4heL

heR
~heR

2heL
!

heL

4 2heR

4 ds25253.5ds2,

where the coefficient has been calculated assuming sin2 uW
50.2315. Similarly,

dAt

At
5253.5ds213.96dhtL

N ,

dAFB~e!

AFB~e!
5

dAFB~m!

AFB~m!
52107ds2,

dAFB~t!

AFB~t!
52107ds213.96dhtL

N ,

dRe

Re
5

dRm

Rm
520.84ds222.89dhtL

N 10.184dhbR

C

10.307das ,

7Similar techniques for isolating oblique corrections into one
just a few phenomenological parameters to extract constraints
proper vertex corrections were used in Refs.@13#,@16–18#.
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dRt

Rt
520.84ds215.07dhtL

N 10.184dhbR

C 10.307das ,

dRb

Rb
50.182ds2210.3dhtL

N 10.652dhbR

C , ~3.18!

dRc

Rc
520.351ds212.89dhtL

N 20.184dhbR

C ,

dAFB~b!

AFB~b!
5254.1ds213.43dhtL

N 21.73dhbR

C ,

dAFB~c!

AFB~c!
5258.7ds2,

dAb

Ab
520.681ds213.43dhtL

N 21.73dhbR

C ,

dAc

Ac
525.19ds2

TABLE I. LEP–SLD observables and their standard model p
dictions. The standard model predictions were calculated u
ZFITTER v.6.21 @21# with mt5174.3 GeV@22#, mH5300 GeV, and
as(mZ)50.120 as input.

Observable Reference Measured value ZFITTER prediction

Z line-shape variables
mZ @19# 91.187260.0021 GeV input
GZ @19# 2.494460.0024 GeV unused

shad
0 @19# 41.54460.037 nb unused

Re @19# 20.80360.049 20.739
Rm @19# 20.78660.033 20.739
Rt @19# 20.76460.045 20.786

AFB(e) @19# 0.014560.0024 0.0152
AFB(m) @19# 0.016760.0013 0.0152
AFB(t) @19# 0.018860.0017 0.0152

t polarization at LEP
Ae @19# 0.148360.0051 0.1423
At @19# 0.142460.0044 0.1424

SLD left–right asymmetries
ALR @20# 0.151 0860.002 18 0.1423
Ae @20# 0.155860.0064 0.1423
Am @20# 0.13760.016 0.1424
At @20# 0.14260.016 0.1424

Heavy quark flavor
Rb @19# 0.216 4260.000 73 0.215 83
Rc @19# 0.167460.0038 0.1722

AFB(b) @19# 0.098860.0020 0.0997
AFB(c) @19# 0.069260.0037 0.0711

Ab @19# 0.91160.025 0.934
Ac @19# 0.63060.026 0.666
05501
for sin2 uW50.2315, m̄t(mZ)51.777 GeV, andm̄b(mZ)
52.77 GeV.8 We have introduced the parameterdas to ac-
count for the deviation ofas(mZ) from its nominal value
which we chose to be 0.120:9

as~mz!50.1201das .

We fit the expressions in Eq.~3.18! to the differences be-
tween the LEP–SLD measurements and SM predicti
shown in Table I. The corresponding correlation matrices
the data are given in Tables II and III. The SM predictio
listed are for a SM Higgs boson mass of 300 GeV. Chang
the SM Higgs boson mass has a negligible effect on al
parameters exceptds2 which, as discussed above, we do n
utilize except as a fit parameter.

The result of the fit was

dhtL

N 520.000 2160.000 29,

dhbR

C 50.004960.0060,

~3.19!
ds2520.000 6960.000 19,

das520.000760.0051

with the correlation matrix for the fit parameters shown
Table IV. The quality of the fit wasx2518.4/(1824). The
largest contributions to thex2 come fromAFB(b) ~3.5! and
ALR ~2.5! which means that the 2HDM corrections do n
improve the agreement between the theoretical and exp
mental values of these observables.

In Figs. 5–7 we show how different observables constr
the parametersdhtL

N , dhbR

C , andds2. SincedhtL

N is the only

parameter which breaks lepton universality, it is mo
strongly constrained by the ratiosRl ( l 5e,m,t). This is
evident from Figs. 5 and 6. This places a tight constraint
the size of the neutral-Higgs correction to theb quark
observables.10 The charged-Higgs contribution,dhbR

C , must

then fit all the heavy flavor observables, but due to the sm
experimental error onRb , it is also constrained to be smal
In Fig. 7, one sees that the overlap of theALR and AFB(b)
bands prefers a value ofdhbR

of about 0.04, far from the SM

point at the origin.11 However, theRb band does not allow
this deviation, leading to the largex2’s for ALR andAFB(b)
mentioned above. Note also that the large tanb 2HDM pre-
dicts dhbR

C <0 so it cannot account for the ‘‘Ab anomaly’’

even if the constraint fromRb were absent. In fact, since th

8Letting m̄b(mZ) change by 10% in either direction will only
change the final central value ofdhtL

N by about a fifth of as.
9The value ofas(mZ) from LEP is determined by fitting the SM

to Rl , (l 5e,m,t). Since we are considering extra corrections to t
Rl ’s, we must letas(mZ) float in our fit.

10This was pointed out by Hisanoet al. in Ref. @7#.
11This is the ‘‘Ab anomaly’’ mentioned in the Introduction. See

for instance, Refs.@10# and @11#.

-
g
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TABLE II. The correlation of theZ line-shape variables at LEP.

mZ GZ shad
0 Re Rm Rt AFB(e) AFB(m) AFB(t)

mZ 1.000 20.008 20.050 0.073 0.001 0.002 20.015 0.046 0.034
GZ 1.000 20.284 20.006 0.008 0.000 20.002 0.002 20.003

shad
0 1.000 0.109 0.137 0.100 0.008 0.001 0.0

Re 1.000 0.070 0.044 20.356 0.023 0.016
Rm 1.000 0.072 0.005 0.006 0.00
Rt 1.000 0.003 20.003 0.010

AFB(e) 1.000 20.026 20.020
AFB(m) 1.000 0.045
AFB(t) 1.000
l

of

e-

ios
e
r

e
pr

d
er
best fit value ofdhbR

C is still small but positive, the 2HDM is

slightly disfavored by the data.
The same can be said ofdhtL

N : Since the experimenta

value ofRt is smaller than those forRm andRe , it is easy to
see from Eq.~3.18! that the data prefer a negative value
dhtL

N . However, the large tanb 2HDM predictsdhtL

N >0.

C. Constraints on model parameters

SincedhtL

N >0 anddhbR

C <0 for the large tanb 2HDM in

our approximation, the best fit values ofdhtL

N anddhbR

C con-

sistent with the model aredhtL

N 5dhbR

C 50, corresponding to

the standard model case. Thus, the large tanb 2HDM does
not mitigate theAb problem, nor does it even improve agre
ment between the theoretical predictions forRb andRt and
the experimental data.12

In order to extract the limits on the Higgs mass rat
from Eq.~3.19!, we have performed both classical and Bay
sian statistical analyses, in the latter assuming a unifo
prior probability for the parameter regionsdhtL

N >0 and

12Similar behavior in the context of the MSSM withR-parity vio-
lation was observed in Ref.@16#. There, the preferred values of th
fit parameters were again the opposite sign of what the model
dicted, and moreover, more than one to twos away from zero. This
was a manifestation of theAb anomaly. In the model considere
here, theAb anomaly is not as manifest in the fit results, since th
are fewer new physics parameters.

TABLE III. The correlation of the heavy flavor variables from
LEP–SLD.

Rb Rc AFB(b) AFB(c) Ab Ac

Rb 1.00 20.14 20.03 0.01 20.03 0.02
Rc 1.00 0.05 20.05 0.02 20.02

AFB(b) 1.00 0.09 0.02 0.00
AFB(c) 1.00 20.01 0.03

Ab 1.00 0.15
Ac 1.00
05501
-
m

0>dhbR

C >2
1

~4p!2

g2

4 S mb tanb

mW
D 2

. ~3.20!

@Recall that

dhbR

C 5
1

~4p!2

g2

4 S mb tanb

mW
D 2

FS mt
2

mH6
2 D

and21<F(x)<0.#
The corresponding$68%% and@95%# confidence limits on

the fit parameters are

classical: dhbR

C >$20.0011%@20.0071#,

dhtL

N <$0.000 08%@0.000 37#,

~3.21!
Bayesian: dhbR

C >$20.0021%@20.0050#,

dhtL

N <$0.000 11%@0.000 25#.

Using 2mW /g5246 GeV and m̄b(mZ)52.77 GeV, the
bounds ondhbR

C translate into the bounds onF(x), wherex

5mt
2/mH6

2 :

classical: F~x!>H 2S 37

tanb D 2J F2S 94

tanb D 2G ,
~3.22!

Bayesian: F~x!>H 2S 52

tanb D 2J F2S 79

tanb D 2G .
For tanb,94, the entire range ofF(x) is contained in the
classical 95% confidence region@since21<F(x)<0#. It is

e-

e

TABLE IV. The correlation matrix of the fit parameters.

dhtL

N dhbR

C ds2 das

dhtL

N 1.00 0.62 20.12 20.30

dhbR

C 1.00 20.22 20.63

ds2 1.00 0.25
das 1.00
4-9
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therefore difficult to significantly bound the charged-Hig
mass using this method unless tanb is quite large. Choosing
tanb5100 for definiteness, we translate the bounds onF(x)
into bounds onmH6:

classical: mH6>$670 GeV% @40 GeV#,
~3.23!

Bayesian: mH6>$370 GeV% @120 GeV#,

Bounds onmH6 are plotted as a function of tanb in Fig. 8.
Bounds on the neutral-Higgs sector masses from c

straints ondhtL

N are more model dependent than charg

FIG. 5. The 1s constraints ondhtL

N anddhbR

C from various ob-
servables in theds25das50 plane. The shaded contours repres
the 68% and 90% confidence limits.

FIG. 6. The 1s constraints ondhtL

N and ds2 from various ob-

servables in thedhbR

C 5das50 plane. The shaded contours repr
sent the 68% and 90% confidence limits.
05501
n-
-

Higgs bounds, sincedhtL

N involves the masses of all of th

neutral Higgs bosons and the mixing anglea. Generally,
requiring the magnitude ofdhtL

N to be small constrains the

scalar–pseudoscalar mass splittings to be small. To giv
concrete example~as in Refs.@7#,@9#!, let us consider the
limit a5b'p/2,

dhtL

N 52
1

~4p!2

g2

8 S mt tanb

mW
D 2

GS mh0
2

mA0
2 D . ~3.24!

In this approximation the$68%% and @95%# lower limits on
G(mh0

2 /mA0
2 ) ~which is negative semidefinite! are

classical: GS mh0
2

mA0
2 D >H 2S 22

tanb D 2J F2S 47

tanb D 2G ,
~3.25!

t

FIG. 7. The 1s constraints ondhbR

C and ds2 from various ob-

servables in thedhtL

N 5das50 plane. The shaded contours repr
sent the 68% and 90% confidence limits.

FIG. 8. Lower bounds on the charged-Higgs mass vs tanb. The
dotted–dashed and dotted lines correspond to the Bayesian
and 95% confidence levels, respectively. The dashed and solid
correspond to the classical 68% and 95% confidence levels, res
tively.
4-10
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Bayesian: GS mh0
2

mA0
2 D >H 2S 25

tanb D 2J F2S 39

tanb D 2G .
With the choice tanb5100 we find that our bounds onG
translate into bounds on theh02A0 mass splitting~choosing
the branch of solutions withmh0 /mA0,1!:

classical: 1>
mh0

mA0
>$0.68%@0.43#,

~3.26!

Bayesian: 1>
mh0

mA0
>$0.64%@0.51#.

More generally, bounds onmh0 /mA0 are plotted as a function
of tanb in Fig. 9. In the limit sina;0, the result is the same

FIG. 9. Lower bounds on the scalar–pseudoscalar mass rat
tan b. The dotted–dashed and dotted lines correspond to the B
sian 68% and 95% confidence levels, respectively. The dashed
solid lines correspond to the classical 68% and 95% confide
levels, respectively.
05501
except thatmH0 /mA0 replacesmh0 /mA0 in the above expres
sions.

IV. SUMMARY AND CONCLUSIONS

We have analyzed the implications of the large tanb
2HDM for Z decays and for lepton universality violation i
W decays. ForZ decays we find that the generic predictio
of the model do not improve agreement between theory
experiment. Further, the LEP–SLD experimental uncertai
in the measurement of lepton universality is sufficien
small to place significant constraints on mass splittings in
neutral-Higgs sector for large tanb. Constraints from theb
decay parameters are sufficient to place bounds on
charged-Higgs mass that are increasingly strong for incre
ing tanb. For instance, for tanb5100 we obtain the 1s clas-
sical ~Bayesian! bounds of

mH6>670 GeV ~370 GeV!

and

1>
mh0

mA0
U

a5b

5
mH0

mA0
U

a50

>0.68 ~0.64!.

~4.1!

For W decays, the experimental central value from D
slightly disfavors the generic prediction of the model, b
experimental uncertainties are too large to usefully const
the charged–neutral-Higgs mass splittings.
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APPENDIX: FEYNMAN INTEGRALS

The integrals we use here are defined explicitly in@13#. In the approximationp250, the one-loop diagrams which appe
in this work are proportional to the following expressions:

~A1!

~A2!

~A3!
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~A4!

~A5!

where

f ~x!52
1

4~12x!2 ~x22122 lnx!, g~x!52
1

2
ln x1

1

4~12x!2 @2~12x!~123x!12x2 ln x# ~A6!

for x5mf
2/ms

2. Note that the functionF(x) appearing in Eq.~3.6! is defined as

F~x!5 f ~x!1g~x!.

For x→1 ~degenerate scalar and fermion masses!,

f ~x!'2
1

2
1

x21

6
1¯ , g~x!'2

x21

3
1¯ . ~A7!

For x→0 ~the decoupling limit of heavy scalar masses!,

f ~x!' 1
2 ln x1 1

4 1¯ , g~x!'2 1
2 ln x2 1

4 1¯;2 f ~x!. ~A8!

The functionG(x) defined in Eq.~2.6! is symmetric underx↔1/x. For x→0, `,

G~x!;2U ln x

2 U111¯ . ~A9!

For x→1 ~the decoupling limit of degenerate scalar masses!,

G~x!;2 1
12 ~x21!21¯ . ~A10!
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