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We study constraints on type-ll two-Higgs-doublet models at larg@tmom CERN LEP and SLI¥-pole
data and from lepton universality violation W decay. We perform a global fit and find that, in the context of
Z decay, the LEP—SLD experimental values for lepton universality violatiyn, and A, 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 &nl100 we obtain the & classical (Bayesian bounds of my-
=670 GeV (370GeV) and 2myo/Mao| ,— g=Myo/Myo|,_o=0.68 (0.64). The @ bounds are weak. Cur-
rently, the Fermilab Tevatron experimental limits on lepton universality violatiohVinlecay provide no
significant constraint on the Higgs sector.

PACS numbgs): 12.60.Fr, 12.15.Lk, 13.38.Be, 13.38.Dg

[. INTRODUCTION ons couple to one Higgs doublet and the= — 3 fermions
couple to the other. We also focus on the large@aagion®
Perhaps the most important unanswered question in pam which the Higgs couplings to the down-type quarks and
ticle physics today is “What is the nature of electroweakthe charged leptons are enhanéekhis can potentially lead
symmetry breaking?” The standard mod@M) incorpo-  to observabldor constrainableflavor-dependent corrections
rates the simplest mechanism: a Higgs sector consisting ofia Z andW decay, especially for the third generatitimand
single self-interacting scalar $2) doublet of hypercharge 7). Additional strong constraints on the charged-Higgs boson
Y=1. Upon breaking of electroweak symmetry, the physicalmass(=380 Ge\} are available fronbh—sy (see, for ex-
spectrum of the SM Higgs sector consists of dbie-even  ample, Refs[3,4]).
neutral Higgs particle. Current experimental data do not de- One-loop corrections to flavor-conservidglecays in the
finitively contradict the SM, but persistent deviations in pre-2HDM have been considered previously in Rgf-9], in-
cision electroweak data from SM predictions on the edge otluding as a possible explanation for the now-defuni,
statistical significance tantalize us with the possibility of newanomaly.” TheZ-pole runs at the CERN* e~ collider LEP
physics. This, together with various theoretical prejudicesand SLAC Large DetectofSLD) are complete and essen-
which suggest that the SM cannot be a complete theoryjally all of the data have been analyzed. Thg,‘anomaly”
motivates the detailed study of alternative scenarios ohas disappeared only to be replaced by ttfg, ‘anomaly”
eletroweak symmetry breakingWSB). [10,11); thus, it is timely to revisit the model. We perform,
The two-Higgs-doublet mode2HDM) [1] is the most  for the first time, a global fit to all LEP—SLB-pole observ-
straightforward extension of the EWSB mechanism of theables, and we examine the competing constraints from lepton
SM. The theory proposes a pair of scalar(3Jdoublets, universality,R,, andA, on the charged and neutral sectors
both with hyperchargeé/=1. Depending on the version of of the model. In addition, we study constraints on the model
the 2HDM, these scalars may couple in various ways to thérom lepton universality violation inW decays, which have
quarks and leptons. After electroweak symmetry is brokennot been previously considered.
the spectrum of the Higgs sector consists of five physical
Higgs bosons: two neutrdlP-even scalarghy, and Hg), a
neutral CP-odd scalar A;), and a pair of charged scalars Il. LEPTONIC W DECAYS
(H*). These particles could be detected via direct produc- . , .
tion at colliders, but their effects may also be visible indi- N this section we calculate the constraints on the large-
rectly, through their contributions as intermediate states if" /8 2HDM from lepton universality violation iW decays.
decay processes. We use the Feynman rules and conventions _of Re. Qur _
In this paper we consider the indirect signatures of thdhotation for the scalar and tensor integrals is established in
2HDM in flavor-conservingVV andZ decays through its con- Ref. [13].
tribution to decay amplitudes via loop corrections. We con-
sider only type-Il 2HDM models, in which thig=3 fermi-
IPerturbativity of theb and t Yukawa couplings requires 0.3
<tanB<120 (see, for exampl¢l]).

*Email address: lebedev@quasar.phys.vt.edu 2This model is often studied embedded in the minimal supersym-
TEmail address: loinaz@alumni.princeton.edu metric extension of the standard mod®MSSM) [2], although we
*Email address: takeuchi@vt.edu do not consider it in this context here.
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FIG. 1. One-loop corrections &/~ — 7 v,.

The leading(in tanB) one-loop corrections to the decay
W~ — 7 v, are shown in Fig. 1. The corresponding contri-
butions to the amplitude ate

Z[

X (1a/h%):sir? & 2C,4(0,0Q%0,my0,My =)

g2

4

m, tang
My

.9 —
—i ‘EW“(Q)T(IO)V,LPLVT(Q)

X (1a/H%):cog a 2C,,(0,0Q%;0,my0, My~ )
X (1a/A%):2C,4(0,0Q%;0,Mp0, M=)

X (1b/h%):sir? a B1(0;0myo)

X (1b/H%):cog a B1(0;0myo)

X (1b/A%):B1(0;0muo)

X (1c):2B4(0;0my+) (2.1

with Q%= m\z,\,. The tree level amplitude is the expression in
the square brackets. For the diagrams involvidgand H®,

we have dropped terms subleading in gthin the above we
have made the large tghapproximations:

cogB—a)=sina,
sin(8— a)~cos«,
(2.2

sinB~1,

cospB~0.

Combining the above corrections, with factors of 1/2 for

the wave-function renormalization diagrari) and (1c),
leads to a shift in th&V7v_ coupling given by

3In computing the one-loop vertex corrections in bathand Z

decays, it is a good approximation to neglect light fermion masses

in loops.
“The subleading contributions of thd andH® diagrams combine
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2

2 (m, tan .
9 i [sir? a{C,4(0,mp0,my =)

2

W

+7B1(0myo) + 7B1(0my+)}

+ CO§ Of{624(0,mH0,mHi) + %Bl(o,mHO)

+ %Bl(O,er)}+{624(0,mA0,mHt) + %Bl(o,m/_\o)
+ %Bl(o,mHi)}], (23)

where we have suppressed the external momentum depen-
dence of the integrals for notational simplicity. Similar shifts
to the Wuv, and Wev, vertices exist but they are sup-
pressed by factors thM/mT)2 and (m./m,)? so we neglect
them.

The complete expression for the finite combination of in-
tegrals seen in the curly brackets of E@.3), namely,

£(Q%my,my)=C,4(0,0Q%0,m;,my)+ 5B4(0;0m;)
+1B,(0;0m,), (2.9

can be found in the appendix of R¢L3]. However, for our
purposes it will suffice to expand it in powers Qf2=m\"}\,:

) B 1 1G m3
Z(my;my,my) = @m2 3%\ m
1 ma, .
mZ+m
(4m)% 12mi—m3)? | "t 7
2m’m2  m?
5N |+, 2.5
mi—m; m;
where
1
G(X)El‘f'z 1« Inx. (2.6

Observe that the functio®(x) is negative semidefinite so
that the leading term is non-negative for all massgsand

m,. This term dominates the subleading term unless the
splitting betweerm; andm, is less than abouny/2. In the

limit that the masses are degenerate, the leading term van-
ishes and the expansion reduces to

) 1 mg
g(mw;m,m)=—wm+---. (27)

In the limit m;—oe (the full expression is symmetric im;
andm,) the expression becomes

1 ll ™z
+_ J—
2" m?

2.
Z(mi;my,my)=— tee

(4m)? 4
(2.9

Thus, Eq.(2.3) appears to lead to nondecoupling of heavy

with the diagrams involving the Goldstone bosons to give finiteparticles. That is, whemyo andmy= are taken to be large

results.

independently, the amplitude does not vanish. However, in
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the general 2HDM the mass eigenvalues and mixing anglé we assign a common mass),, to the neutral Higgs

are related in such a way thatrif,o— while the couplings

bosons.

and theW mass are held fixed, the Higgs boson masses and The current bound on lepton universality violation in lep-

mixing angle approach the limftL]:

Myo=My==Muo, Mpo/Muo—0, coga—pB)—0

2.9

In this limit the amplitude vanishes and decoupling is ob-

tonic W decays from the D@ collaboration [i$4]

S—T =1.004+0.019 stap = 0.026 sys}.

e

(2.13

The central value obg, is positive, which is not allowed
when the leadings(x) term dominates. However, this fact is

tained. This decoupling behavior can be understood as fol.,ncjusive since the experimental error is large. Using

lows: In the large ta@ limit, sina—0 and the two Higgs
doublets do not mix. Since large t@nimpliesv,;—0, elec-
troweak symmetry is unbroken in tide; sector. The leading

tar? B diagrams are then due to tMi!YDl’*CD(l’ vertex and
corresponding wave-function renormalization diagrdines,

with ®¢ and ®; in the loop. The sum of these diagrams
vanishes ap?=0 as a consequence of the Ward identity, and

thus the heavy Higgs bosons decouple.

Settingmao=myo=my-=m and neglecting then,o con-
tribution, the shift in the coupling, Eq2.3), is small and
positive:

89, g°(m.tang|?

_g 2.
g 2 mW zg(mWImym)
g% (m_tang\? 1 mg
2 my ~ (4m)% 18m?
gm, tang)?
—(W &0

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

59, 1 g% /m,tang)\? 2 My«
— = = si
g (“4m?s8l my Pl m,
m|2_|1» mai
+cog aG| —|+G| ——| [=<0. (2.1
mHo on

So, the model predicts a negativg,, except in the limit
that the Higgs mass splittings are smadif,/2). The mag-

m_(my)=1.777 GeV and &, /g=v=246 GeV, and add-
ing systematic and statistical errors in quadrature, we obtain
from Egs.(2.12 and(2.13:

2

mg; .+
o)

Mo

Since G(x) negative semidefinite and invariant under
x> 1/x, at tanB=100 this leads to ad bound of

2
[1.2+9.7].

tang

(2.19

>-8.5

G| —
Mg

which translates to

mo mHt
or —<1.3x10"%
mHi mo

For smaller tar8 the bound is even weaker.
Similarly, if we assume the limit of Eq2.10), the best-fit
value of the common mass (g GeV)

100 Ge 2_ 100
m ~\tanp

At 1o and tanB=100, this translates into

2
[17+132].

(2.1

m>8 GeV

so, the bound is extremely weak in this mass-degenerate
limit as well. Thus, even for taf=100 the current data
gives no significant & constraint on the Higgs boson
masses.

nitude of the shift is maximal for an extreme nondecoupling
case in which the charged Higgs boson is much heavier than !l CONSTRAINTS FROM LEP —SLD OBSERVABLES

the neutral Higgs bosons. In this case it reduces to

2 2
(mH+

2
Mg

59, 1 ¢
g9 (4m? 4

m, tang
My

) (2.12

5The leading tarB contribution of theh® boson does not exhibit
decoupling by itself: it is proportional to tAgsir alnmy,
—lIn m;‘;o since sina~—cos,8+(’)(m22/mi0) in the decoupling limit
[1]. As the result is independent of t@nsubleading tag diagrams
must be included to obtain the decoupling behavior.

In this section we perform a global analysis of LEP—SLD
precision electroweak data in the context of the largestan
HDM. We calculate the linearized shifts in tdd¢ f couplings
from SM predictions, fit these shifts to the data, and use the
results of the fit to constrain model parameters.

A. Corrections to the couplings

As in theW decay case, large tghenhances the coupling
of the Higgs sector to charged leptons and down-type quarks,
but even then one only needs to consider the third generation

fermions. Below we list corrections 69— bb,77,v, v, .
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The leading taB corrections to thQHbRHR are shown in Figs. 2 and 3. The amplitudes of these diagrams are

2

COwWZ“(@bR(|0)~yMbR(0|)

X (2a+2b/h°):sir? a 2C,,(0,0Q2;0,mp0, Ma0)

X (2a+2b/H%):cof a 2C,4(0,0Q%0,my0,Mao)

x (2¢/h):hy_sin? af(d—2)C,4(0,0Q% M;0,0,0) — Q*C24(0,0Q% My0,0,0)}

m, tangB
My

g2

4

X (2¢/HO):hy, cog a{(d—2)C;4(0,0Q%My0,0,0)— Q°Co3(0,0Q% myy0,0,0)}

X (ZC/AO):th{(d_ 2)624(0,092; Ma0,0,0) — QZCZB(O!OQZ;mAOuO!O)}

X (2d+2e/h%):2hy,_sir? @ B;(0;0mpo0)

X (2d+ 2e/H°):2th cos a B4(0;0myo)

X (2d+2e/A%:2h;, B1(0;0mxo)

X (3a): —4hy+ Cpy(0,0Q% M, , My =, my=)

X (3b):2hy {(d—2)C54(0,0Q% My, m;,m) — Q?Cp3(0,0Q% My, my,my)}

X (3¢): —2h,_ mZCo(0,0Q% My, m;,my)(3d+3e):4hy By(0;m;,myy=), (3.0

where
he=14¢— Qs Sir? 6y (3.2

andQ2=m§. The tree-level amplitude is the expression in the square bracketshi,;QeAs before, we have dropped terms

subleading in tag. Combining these corrections, with factors of 1/2 for the wave-function renormalizations, leads to a shift
in the right-handed coupling of theto the Z given by

Shp,= hy + ohy_, (3.3

where

2

5hER: - [sin? a{2C4(0,mho,Mpo) + 3B1(0,mpo) + 3B1(0,mp0)}

g% (mytanp
n

+c08 af2C4(0,Myy0,Ma0) + 3B1(0,My0) + 3B1(0,Ma0)} + iy Sir? arf (d—2)Cpq(Myo,0,0)

W

—m5C,3(Myo,0,0) + By (0,mpo)} +hy, oS af(d—2)Coy(Miy0,0,0) — M5Cog(My0,0,0) + B (0,my0) }
+hp {(d—2)C24(Mp0,0,0) ~ M3C,4(My0,0,0) + B1(0,mp0)}],

2

m, tangs A A
[ —hp+{2Co4 (M, my=, My=) + By (Mg, my=) -+ he {(d—2) Cop(myy=,mg,my)

2
c__9
5hR— >

—m5Cos(Myy=, Mg, my) + By (Mg, my =)} — hy mZCo(my=,my,myp)]. (3.4

My

As in theW decay case, these expressions can be well approximated by their leading terms in an expau%iam long as
the mass splittings among the Higgs bosons are not $n#ging the formulas from the preceding section and from the
Appendix, we find

0blique corrections in the 2HDM with kght Higgs boson, i.e., large mass splittings, were recently considergt]n
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1 g?/mytang)? mZo mZo
s~ = 9 [ Pl siva o — | +cofa G| —| |,
R (4m)- 8 My Mo Mo
1 g?/mytang\2 [ m?
C - Z
sy vy 4( - F 2 (3.5
where the functiorG(x) was defined in Eq(2.6) and

F(x)= X 1+ ! I 3.6
(X)—m m nxj. ( . )

See the Appendix for detalils. B
The diagrams which correct the decay-b, b, is the same as those shown in Figs. 2 and 3 with the replaceimgntb,
andt, —tg. The amplitudes of the neutral-Higgs diagrams are

m, tan g 2

My

| g
COSbyy

o
4

zwmﬁmmbm)}

X (2a+2b/h%):sir? a 2C€,,(0,0Q2;0,mp0,Ma0)

X (2a+2b/H):cog a 2C,4(0,0Q7;0,my0,Mu0)

X (2¢/h%): = hy_sin? a{(d—2)C24(0,0Q% Mp0,0,0) —~ Q°C24(0,0Q% mMp,0,0)}

X (2¢/HO): —hy,_cos a{(d—2)Cp4(0,0Q% my;0,0,0)— Q*C24(0,0Q% mM;0,0,0)}

X (2¢/A%): —hy, {(d—2)Cp4(0,0Q%M40,0,0)— Q*C55(0,0Q% Mx0,0,0)}

X (2d+2e/h®%): —2hy sir® & B;(0;0mpo)

X (2d+2e/H°): —2h, oS « B1(0;0mo)

X (2d+2e/A%: —2h, B1(0;0mpo) (3.7
with Q%= m%. The charged-Higgs diagrams lead to corrections proportional to

( m; cot3

My

2

and are suppressed compared to the neutral-Higgs diagrams by a faatqr/ of, tar? 8)*>~(7.6/tang)* so will be neglected.
The shift in the left-handed coupling of theto the Z is then

Shy, = hpy + Sh (3.9

with

2

2 (mytan R
2 btanp Sin? a{2C,4(0,Myo,Ma0) + 5B1(0,Mpo) + 3B1(0,ma0)}

6h§L=+—(

4

W

+c08 af2C,,(0,Myo,Ma0) + 3B1(0,my0) + 3B1(0,ma0)} — hy sir? f(d—2)Cpy(My0,0,0)
—m5Coq(My0,0,0) +B1(0,myo)} — hy €08 af(d—2) Cs(Myy0,0,0) — MZC5(Myy0,0,0) + B1(0,mpyo)}

—hp, {(d=2)C24(Mao,0,0) ~ m3Cy3(Ma0,0,0,) + B1(0,mpo)},

(3.9
shg =0.
L
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Vr Vr
g+
r—'—’
Z "M TR
Tw.

FIG. 2. One-loop neutral-Higgs correctionsleabRFR. Dia-

grams which correcZ — bLHL can be obtained by the interchange
b, < bg. (c) (d)

o ] ] . FIG. 4. Charged-Higgs corrections Io— v, v..
Again, in the approximatio®2— 0, we find

m; ,my,—0m,_,

2
1 g?/mytang)? Mpo
N _~ — — 1 —
5hb|-~ (477)2 8 My Sir? & G mf\o htL’htR_)hVL'O’ (3.11
mzo
+cofa G HHT = —shjl . (3.10 ho, p —ho he
A0

which lead to
So in this approximation, the shift in the left-handed cou-

pling of theb quark due to neutral-Higgs bosons is equal in 1 g?(m.tang)\> m2,

magnitude but opposite in sign to the shift in the right- sh =—shN ~+ 5 —| — {sinza G —2

handed coupling. R Lo (4m)T 81 my Mo
To estimate the corrections @—uu, cc, we note that m2

the Higgs couplings ta andc quarks are suppressed either +cofa G _H2_°

by tang or by smalld ands quark masses. Thus, we neglect Myo

these corrections. (3.12
The corrections to the couplings to theZ can be ob-
. - - . shE =sh¢ =0

tained from those of the couplings by the simple substitu- R L

tions

Note that the charged-Higgs contribution is zero singéas
replaced bym,=0 andF(m2/m,.)=F(0)=0.

The decayZ— v,v, is corrected by the diagrams shown
in Fig. 4. The amplitude of these diagrams is

m, tang)\?

My

7

2

| g
cosfy

ZMQ) v, (P) Y, (a)

X (4a):h, {(d—2)C,(0,0Q%my-,0,0

—Q?C240,0Q%my=,0,0)}

X (4b):hy+2C04(0,0Q%;,0,my=, M=)

(d) (e
o ><(4c+4d):2h,,LBl(O;O,mH:) (3.13
FIG. 3. One-loop charged-Higgs correctionszte- bgrbg . Dia-
grams which correcE—b b, can be obtained by the substitution
br—b t, —tg. with Q2= mg, resulting in a shift of the neutrino coupling by
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c g2 [m_tanp\? . shift in sir? 6,y which we will denotess?.” We will not uti-
oh,=—% My [N={2C24(0myy=,my=) lize 8s? to extract information on the 2HDM because oblique
A corrections are generically sensitive to other sorts of new
+B(0my=)}+ hTR{(d— 2)Cyy(my+,0,0) physics as well. B
R The shifts to thezff couplings in the large tag 2HDM
—m3Cog(my=,0,0)+ B (0my=)}]. (3.14  can then be expressed as
As a consequence &f(0)=0 we find oh, =éh, =éh, =0,
C _ — — 2
sh; =0. (3.15 ohe =oh, =065,
To summarize, we have found that the nonzero shifts in sh, =685+ sh}
the fermion couplings in our approximatio@f=0) are
sh, = 6s*—shl
1 g?/mytang)? ho 3.17)
N _ _ ouN g .
5th— 5th + (47T)2 8 mW S|n2 o G mAO 5h#L'R= 5th’R= _%552,
2 — — 2
+cog a G( mHO) , 5hdL,R_ 5hSL,R_ 3057,
mAO m2
1 oo (M N
Shy, = = 6%+ = sh
2 2 2 L 3
ShC == 9 [Mutang| | m (3.16
bR (4m)% 4\ my ms- )’ '

5hN +5h

1 m?
SNo= 3 552—(—2

2
m
N _ N _T
Oy =—dh, = ( g) ahy The dependence of various observablesﬁbﬂR, 5hCR, and
8s? can be calculated in a straightforward manner. For ex-
Since G(x) is negative semidefinite, the shifts in the left- ample,
handed couplings of thie and ther due to the neutral-Higgs

sector are both alwaysositivewhile the shifts in the right- A, 4he he(he ohe —hg She )
handed couplings are alwayggative and they are all pro- A (h4 —h? )
portional to the same linear combination &f functions. ¢
Also, since —1<F(x)=<0, the charged-Higgs sector pro- 4h, hy (he.—hg )
duces only anegativeshift in th of magnitude at most - L h4R hR“ L 5s2= —53.5552,
e er
1 g?[mytanB)\?

where the coefficient has been calculated assumingagin

2
(4) =0.2315. Similarly,

My

B. Fit to the data

AT 2 N
A = —53.56s +3.965hTL,
We have identified the relevant vertex correctionsZto T

decay in the large ta@ 2HDM. Using the LEP—SLD data to SAes(€)  SArs( 1)

constrain their sizes will let us constrain the ratios = = —1075s?,
. , Ars(€) Ars(u)
th mHO m;
and OArg(7)
mho’ M’ me - = —1075s*+3.965h") |
A0 A H= Ars(T7) L
All the neutral-Higgs corrections are proportional to each SR. SR
other, so we will usesh) as the fit parameter. For the Re= R“=—0.84552—2.895h'T“L+0.1845h§R
charged-Higgs correction we will u&ﬁwaR. ¢ a
In addition to the proper vertex corrections, the 2HDM +0.30%as,

correctsZ decay through oblique corrections which can be

expressed as corrections to fi@arameter and the effective

value of sirf 4. Since we will consider only ratios of partial ~ Similar techniques for isolating oblique corrections into one or
widths and asymmetry parameters in our fit, thearameter just a few phenomenological parameters to extract constraints on
drops out from our analysis and we need only consider th@roper vertex corrections were used in R¢s3],[16-18.
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TABLE I. LEP—-SLD observables and their standard model pre-for sir? 4,=0.2315, m,(m;)=1.777 GeV, andm,(m,)
dictions. The standard model predictions were calculated using=2.77 GeV® We have introduced the parameiu, to ac-
ZFITTER v.6.21[21] with m=174.3 GeV[22], my=300GeV, and  count for the deviation ofxy(m;) from its nominal value
as(mz) =0.120 as input. which we chose to be 0.120:

Observable Reference Measured value zFITTER prediction ag(m,)=0.120+ Sas.

Z line-shape variables We fit the expressions in Eq3.18 to the differences be-

mz [19] 91.1872-0.0021 Gev input tween the LEP-SLD measurements and SM predictions
1"02 [19] 24944+ 0.0024 GeVv unused shown in Table I. The corresponding correlation matrices of
Thad [19] 41.544+0.037 nb unused the data are given in Tables Il and Ill. The SM predictions
Re [19] 20.803£0.049 20.739 listed are for a SM Higgs boson mass of 300 GeV. Changing
Ry [19] 20.786£0.033 20.739 the SM Higgs boson mass has a negligible effect on all fit
R, [19] 20.764+0.045 20.786 parameters exce@s? which, as discussed above, we do not
Arg(€) [19] 0.0145-0.0024 0.0152 utilize except as a fit parameter.
Arg(n) [19] 0.0167-0.0013 0.0152 The result of the fit was
Arg(7) [19] 0.0188+0.0017 0.0152 y
T polarization at LEP 6hTL_ 0.00021-0.000 23,
A [19] 0.1483-0.0051 0.1423 c
A, [19] 0.1424+0.0044 0.1424 shp,_=0.0049+0.0060,
- - (3.19
SLD left-right asymmetries 2
AR [20] 0.151 08-0.002 18 0.1423 65°=-0.00069-0.00019,
Ae [20] 0.1558+0.0064 0.1423 .
A, [20] 0.137+0.016 0.1424 das=—0.0007-0.0051
As [20] 0.142£0.016 0.1424 with the correlation matrix for the fit parameters shown in
Heavy quark flavor Table IV. The quallty of the fit Wa$(2= 184/(18‘ 4) The
Ry [19] 0.216 42-0.000 73 0.215 83 largest contributions to thg? come fromAgg(b) (3.5 and
R. [19] 0.1674+0.0038 0.1722 AR (2.5 which means that the 2HDM corrections do not
Arg(b) [19] 0.0988- 0.0020 0.0997 improve the agreement between the theoretical and experi-
Ars(C) [19] 0.0692+ 0.0037 0.0711 mental values of these observables. .
Ay [19] 0.911+0.025 0.934 In Figs. 5-7 wNe shovcv how d|ff§ren_t obsewa_bles constrain
A, [19] 0.630+0.026 0.666 the parametersh; , ohy , andés®. Sincesh; is the only
parameter which breaks lepton universality, it is most
strongly constrained by the ratid®, (I=e,u,7). This is
SR, ) N c evident from Figs. 5 and 6. This places a tight constraint on
R~ 0.8465°+5.075h; +0.184h, +0.30%as, the size of the neutral-Higgs correction to tihe quark
7 observable$? The charged-Higgs contributionﬁ,hCR, must
SRy, then fit all the heavy flavor observables, but due to the small
R—b:O.182§sz—10.36h'7“L+O.6525hCR, (3.189  experimental error oR,, it is also constrained to be small.

In Fig. 7, one sees that the overlap of thg; and Agg(b)
bands prefers a value 6th of about 0.04, far from the SM

Re_ —0.351552+ 2.89%h"N — 0.1845hC point at the origin'' However, theR,, band does not allow
g R’

R this deviation, leading to the large®’s for A g and Agg(b)
mentioned above. Note also that the large ga22HDM pre-
SAes(b) _ 541554 3.435hN — 1.735hC dicts 5hCR$O so it cannot account for theA,, anomaly”
Arg(b) ' ' oo R’ even if the constraint frorR,, were absent. In fact, since the
6Arg(C) 5
Agg(C) =~ 58.755%, 8 etting m,(m,) change by 10% in either direction will only
change the final central value 6h§L by about a fifth of ao.
SA, N c ®The value ofag(my) from LEP is determined by fitting the SM
A 0.6815s%+ 3.436h " 1.736h . toR,, (I=e,u,7). Since we are considering extra corrections to the
b R/’s, we must letag(m;) float in our fit.
1%This was pointed out by Hisaret al.in Ref.[7].
¢~ _5.19552 HThis is the A, anomaly” mentioned in the Introduction. See,
Ac for instance, Refd.10] and[11].
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TABLE Il. The correlation of theZ line-shape variables at LEP.

mz r; O'ﬂad Re R, R, Arg(e) Apg(u) Agg(7)
my 1.000 —-0.008 —0.050 0.073 0.001 0.002 —-0.015 0.046 0.034
r, 1.000 —-0.284 —0.006 0.008 0.000 -0.002 0.002 —0.003
ol 1.000 0.109 0.137 0.100 0.008 0.001 0.007
had
Re 1.000 0.070 0.044 -0.356 0.023 0.016
R, 1.000 0.072 0.005 0.006 0.004
R, 1.000 0.003 —0.003 0.010
Arg(€) 1.000 —0.026 —0.020
AFB(T) 1.000
best fit value ofshg_is still small but positive, the 2HDM is 1 g?/mytang)?
. . : 0=6h5 =— 5 — (3.20
slightly disfavored by the data. R (4m)° 4 My
The same can be said @h) : Since the experimental
. L . [Recall that
value ofR. is smaller than those fdR,, andRg, it is easy to
see from Eq(3.18 that the data prefer a negative value of . 1 ¢?[mytang\2 [ m?
N H N = =
sh)y . However, the large tap 2HDM predictssh) =0. ohy, @mZ 4|\ " my F( ma+)
. and—1<F(x)<0.]
C. Constraints on model parameters The corresponding68% and[95%)] confidence limits on
Sincesh)y =0 andshg <0 for the large tang 2HDM in the fit parameters are
PR ; N c
our approximation, the best fit values 8fi; andshy,_ con- classical: 5th2{_0_001]}[_0_007]L
sistent with the model aréh'T“L= 5thR= 0, corresponding to
the standard model case. Thus, the large&2HDM does 5h§Ls{0.000 08[0.000 37,
not mitigate theA, problem, nor does it even improve agree- (3.21)
ment between the theoretical predictions Ry andR, and Bayesian: shS ={—0.002%[ —0.0050, '
the experimental dat4. R
In order to extract the limits on the Higgs mass ratios 5h7’\"LS{0'000 14[0.000 2.

from Eq.(3.19, we have performed both classical and Baye-

sian statistical analyses, in the latter assuming a uniform . _ _ _
prior probability for the parameter regionﬂ;\t‘L;O and Using 2my/9=246 GeV andmy(mz)=2.77 GeV, the

bounds onéhbcR translate into the bounds df(x), wherex

=mZ/m’ .
2Similar behavior in the context of the MSSM wiBparity vio- 37 \2 94 \2
lation was observed in Reff16]. There, the preferred values of the classical: F(x);[ o o H - = }
fit parameters were again the opposite sign of what the model pre- tans tans
dicted, and moreover, more than one to twaway from zero. This 52 2 (3.22
was a manifestation of th&, anomaly. In the model considered Bayesian: F(x)?( _ 5_ H_ 7_9 .
here, theA, anomaly is not as manifest in the fit results, since there tang tang

are fewer new physics parameters.
For tanB<94, the entire range df(x) is contained in the

TABLE lIl. The correlation of the heavy flavor variables from classical 95% confidence regigsince —1<F(x)<0]. It is

LEP-SLD.
TABLE IV. The correlation matrix of the fit parameters.

Ry, Re Agg(b)  Agg(C) Ap Ac
shY shs 52 Sasg
R, 1.00 -0.14 —0.03 001 -0.03  0.02 L R
R. 1.00 005 -0.05  0.02 -0.02 sh 1.00 0.62 -0.12 ~0.30
Acs(b) 1.00 009 002 0.0 c
Agg(C) 1.00 -0.01  0.03 M 1.00 ~0.22 ~0.63
A, 1.00  0.15 5s? 1.00 0.25
A, 1.00 Sag 1.00
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0.04 0.04
0.02 0.02
thn 0.00 — JthR 0.00
] i N Ry ]
i I [ ]
-0.02 7] -0.02 — Lot / ]
4 L R, . 4
—0.04 4 - -0.04 <t —
'1". 1 1 1 1 | 1 1 1 1 l 1 1 ¥ 1 1 I 1 I 1 1 CL 1 I 1 11 1 I 1 I. 1 | 1 1 1 I'o 1 1 1 1 I 1 Ii
-0.004  —0.002 0 0.002  0.004 -0.004 —0.002 0 0.002  0.004
Y5 §s?
FIG. 5. The b constraints orsh" and shS_ from various ob- FIG. 7. The 1 constraints onshg_ and ds” from various ob-
L R . N _ _
servables in thés?= Sa,=0 plane. The shaded contours representServables in thesh; = da,=0 plane. The shaded contours repre-
the 68% and 90% confidence limits. sent the 68% and 90% confidence limits.

therefore difficult to significantly bound the charged-HiggsHiggs bounds, sincéh';'L involves the masses of all of the
mass using this method unless ais quite large. Choosing neutral Higgs bosons and the mixing angte Generally,
tans=100 for definiteness, we translate the bound$=¢x)  requiring the magnitude oﬁh’;'L to be small constrains the

into bounds oMy, scalar—pseudoscalar mass splittings to be small. To give a

Al = concrete exampléas in Refs.[7],[9]), let us consider the
classical: my=={670 Ge\} [40 GeV], 03 limit a= B~ /2,
Bayesian: m,+={370 Ge\} [120 GeV], . 1 gz(mrtanﬁ ZG mﬁo 524
Bounds onmy, - are plotted as a function of tg8in Fig. 8. T (4m)? 8\ my Mho/ '

Bounds on the neutral-Higgs sector masses from con-
straints on(ShD‘L are more model dependent than chargeddn this approximation th¢68%; and[95%)] lower limits on
G(mﬁo/mio) (which is negative semidefinitare

_' T I T T T L} I L} P- T I :: T T I T T T T I T l: 2 2 2
ol AREE; ] classical: G Mo} ] _ 22 il
i ALr [ e A-(LEP) ] mio tang tang) |’
. : ] (3.2
0.002 e S e 600 : LR 71711 [ LU | L ) | :
I : X E - 3]
R, : . 500 — / —
3 . — E ys ]
N - : A . § % C - E
6h?, 0.000 g & 400 - —
..... AR <) g . _z
= w7 - - - -
---- : z 300 — - - —
X ¥ E E P d .- - E
-0.002 |~ : D 007 -7 ~
- 3 B 100 e
- i | feie{Ars(b) 1 R " h
-0.004 — : & — 0 C1 11 [ 111 ] [ 1 L1t | L1 '(
- i 1 50 60 70 80 90 100
L | [T l L N 'I PR | PR T I . tanﬁ
-0.004 -0.002 0 0.002 0.004
8s? FIG. 8. Lower bounds on the charged-Higgs mass vg3tarhe

) N ) ) dotted—dashed and dotted lines correspond to the Bayesian 68%

FIG. 6. The Ir constraints onsh; and &s” from various ob- a4 9504 confidence levels, respectively. The dashed and solid lines
servables in th@hCR: das=0 plane. The shaded contours repre- correspond to the classical 68% and 95% confidence levels, respec-
sent the 68% and 90% confidence limits. tively.
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08 pror T T ] except thamyo/muo replacesm;o/muo in the above expres-
C 3 sions.
0.6 — e T
< - - -7 ’ p IV. SUMMARY AND CONCLUSIONS
% 04 =7 —7] We have analyzed the implications of the large fan
£ C ] 2HDM for Z decays and for lepton universality violation in
C ] W decays. FoZ decays we find that the generic predictions
02 = =] of the model do not improve agreement between theory and
C ] experiment. Further, the LEP—SLD experimental uncertainty
NP S I I S B in the measurement of lepton universality is sufficiently
50 60 70 80 90 100 small to place significant constraints on mass splittings in the

tang neutral-Higgs sector for large tgg Constraints from thé
decay parameters are sufficient to place bounds on the

FIG. 9. Lower bounds on the scalar—pseudoscalar mass ratio v, T . . . i
tan B. The dotted—dashed and dotted lines correspond to the Baye(fnarged Higgs mass that are increasingly strong for increas

sian 68% and 95% confidence levels, respectively. The dashed aﬁ@?&i%’% E:g;iﬁgﬁg;fgfr tag=100 we obtain the & clas-
solid lines correspond to the classical 68% and 95% confidencd y

levels, respectively. my==670 GeV (370 GeVj
Mo { 25 ZH 39 2} and
Bayesian: G| —|={ —| — - =] |
Y Mao tanB tang Mo Myo
=— =— =0.68 (0.64).
With the choice tafg=100 we find that our bounds o0& MA0| =g MA0 g
translate into bounds on th€ — A° mass splittingchoosing 4.9

the branch of solutions withyo/mao<1): For W decays, the experimental central value from DQJ

Mpo slightly disfavors the generic prediction of the model, but
classical: =——={0.68[0.43, experimental uncertainties are too large to usefully constrain
Mao (3.26 the charged—neutral-Higgs mass splittings.

Mmpo
Bayesian: m—:>{0.64}[0.51]. ACKNOWLEDGMENTS
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APPENDIX: FEYNMAN INTEGRALS
The integrals we use here are defined explicitly4i8]. In the approximatiorp?=0, the one-loop diagrams which appear
in this work are proportional to the following expressions:

/ OC[(d_ 2)624(0,0,172;’”5 ’mf ,mf) _m§623(0,0,p2;m5 ,mf ,mf)]

‘AM( ! [I(A lmf%+f()
! ~N— — | e n— X)|,
N 5 1 1 mjzc
DA x2C24(0,0,p ;mf’ms’ms)m_w o) Ae_lnﬁ —g(x) (A2)
or
1 3 mi lmi —m; Inm;
A 2 1 1 2 2
*2C54(0,0,p ;O,msl,msz)m—m Act 35— P R—) , (A3)
S1 S2
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1
Ocmj%CO(O’O’pz;ms ’mf’mf)N_W[f(x)+g(x)]’ (A4)

A 1 1 m?
“Bl(O;mf,ms)Nw 3 AE_IHF —g(x)

) (A5)
where
f(x)=— —12(x2— 1-2Inx), g(x)=— }In X+ %[—(1—x)(1—3x)+2x2 Inx] (AB)
4(1—x) 2 4(1—x)
for x:mlemﬁ. Note that the functiorr(x) appearing in Eq(3.6) is defined as
F(x)=f(x)+g(x).
For x—1 (degenerate scalar and fermion magses
f(x)m—EwLEer, g(x)%—EwLm. (A7)
2 6 3
For x—0 (the decoupling limit of heavy scalar masges
fX)~3Inx+3+-, gxX)=—3Inx—5+--~—"F(x). (A8)
The functionG(x) defined in Eq.(2.6) is symmetric under« 1/x. For x—0, o,
G(x)~—‘m7x +1+---. (A9)
For x—1 (the decoupling limit of degenerate scalar masses
G(X)~—5(x—1)2+:---. (A10)
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