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SM, albeit only at the 2.4 σ level when the results are
combined [25]. Measurements of other time-dependent
CP asymmetries give qualitatively similar results.

Overall the experimental situation is not conclusive
and in flux, and so is the optimal parameter choice. For
recent accounts of flavor physics in view of a fourth fam-
ily, see Refs. [26, 27]. For more details on both the the-
oretical and experimental situation and for statements
about physics beyond the SM with four families, see
Ref. [28].

The main purpose of this letter is to address the ques-
tion whether the EW data add to the hints that are per-
haps implied by the flavor sector. We employ the oblique
parameters, S, T , and U [29], which parametrize effects
of heavy new physics, i.e., Mnew ! MZ , contributing to
the W and Z self-energies without coupling directly to
the ordinary fermions. For what follows, it is important
to recall that new physics models usually come with ad-
ditional free parameters, Nnew

par , relative to those in the
SM, NSM

par , and this decreases the number of effective de-
grees of freedom used in a fit, Neff = Nobs−NSM

par −Nnew
par ,

where Nobs is the number of observables.

We start our discussion with a case for which Nnew
par =

0, so the χ2 minimum, χ2
min, for three and four fami-

lies can be compared directly. This occurs when the new
quarks and leptons form degenerate doublets and corre-
sponds to S = 2/3π = 0.2122, T = U = 0. For the Higgs
boson mass, MH = 112 GeV (we fix MH at its 95% CL
lower limit [30] from LEP 2 whenever otherwise it would
be driven below it), we obtain χ2

min = 75.54 compared to
χ2
min(SM) = 43.84 in the SM (S = T = U = 0 by our

definition), so this case is excluded at the 5.6 σ level (we
have Neff = 44). Equivalently, one can interpret a fit to
S as a fit to the number of degenerate generations and
one obtains NF = 2.86± 0.20. This agrees with a fit to
the number of active neutrinos, Nν = 2.995± 0.007 (for
the same MH) when interpreted as the generation num-
ber. One concludes from Nν that mν′ >∼ MZ/2, and from
the S parameter fit (which is applicable to the heavy ν′

case) that the good agreement of NF with the SM value
NF = 3 would be coincidental if a fourth family existed.

This restriction can be relaxed drastically by allowing
T to vary, since T > 0 is predicted by nondegenerate
extra doublets. Fixing S = 2/3π, the global fit favors a
contribution to T of 0.21±0.04 (forMH = 112 GeV) with
χ2
min/Neff = 46.90/43. This is due to the strong corre-

lation (87%) of S = 0.03 ± 0.09 and T = 0.07 ± 0.08.
The central values move to S = −0.03 (−0.10) and
T = 0.14 (0.29) when MH is increased to 246 (800) GeV.
Thus generically, the data favor small or negative val-
ues of S and T > 0. For example, this is the case for
nonchiral (vector-like) extra doublets (S = 0) which are
most consistent with a moderate T = O(0.1). The good-
ness of the fit, χ2

min/Neff = 42.66/43, is very similar to
that of the SM. If, moreover, the nonchiral matter is also

degenerate as predicted in many grand unified theories
and other extensions of the SM, it does not contribute to
any of the oblique parameters and does not require large
coupling constants. Such multiplets may occur in par-
tial families, as in E6 models, or as complete vector-like
families [31].
But for chiral fermions, S cannot be made that small.

To elucidate the parameter space we define the 90% C.L.
by the 90% C.L. allowed region in (S, T ) [cf. Fig. 1], and
assume in what follows that mν′ = 101 GeV [32] and
mb′ = 338 GeV are fixed at their lower limits. Then we
find S > 0.107, where the smallest S occurs in a corner
of parameter space simultaneously saturating the limits,
MH < 475 GeV and T < 0.38. In addition, this case
has the new charged lepton, l′, strongly split from the
ν′, ml′ − mν′ = 140 GeV, while we find for the quarks,
mt′ − mb′ = 28 GeV. Our MH bound is at best only
marginally consistent with extra family models which
have a strongly interacting Higgs boson (assuming the
absence of other contributions to S, T , and U). There is
a larger allowed parameter space for a light Higgs boson
mass, MH = 112 GeV. It is bounded by T < 0.24 (satu-
rated for S = 0.19) and S < 0.216 (for T = 0.218), and
contains the smallest possible T = 0.099 which is reached
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FIG. 1. Individual 1 σ constraints (39.35%) on S and T . The
contours assume U = 0 and MH = 117 GeV except for the
central and upper 90% C.L. filled contours (∆χ2 = 4.605) al-
lowed by all data, which are for the indicated values. αs is ad-
ditionally constrained by the τ lifetime. Since the theory has
changed, the strongly αs-dependent solid (dark green) con-
tour from Z line shape and cross section measurements [45]
has moved significantly towards negative S and T compared
to our previous analysis [22]. The long-dashed (magenta) con-
tour from ν scattering has moved closer towards the global av-
erages. The long-dash-dotted (indigo) contour from polarized
e scattering [46, 47] is near the upper tip of an elongated
ellipse centered at (S, T ) = (−15,−21). The dash-dotted
(black) contour from APV now agrees perfectly with the SM
after the completion of a state-of-the-art atomic theory cal-
culation [37]. The shaded (light green) 1 σ ellipse shows the
combined low energy data (APV and lepton scattering).


