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Preface

In the past decades the major task faced by particle theorists was that of explaining
particles that where known to exists (as strange particles and the large number of
baryonic resonances) and predicting other particles whose existence was fairly well
established on the basis of indirect experimental and theoretical considerations (as

the charm quark and the W and Z gauge bosons).

Nowadays, even if we still lack a completely satisfactory explanation for
some important theoretical issues as fermion family replication, the origin of
masses and of mass scales, etc... high energy experiments are in striking agree-
ment with the predictions of the standard model, and all the known elementary

particles are indeed accounted for.

However a few experimental cosmological and astrophysical observations
exists that are challenging for theoretical physics and that could possibly be ex-
plained by invoking new particle physics models. Many efforts are in fact devoted
in analysing the properties of the countless candidates (that most often are new
unknown particles) for the dark matter of the galactic halos and for the miss-
ing mass of the universe, and several plausible explanation of the observed deficit

of solar neutrinos also invoke non—standard properties of the known elementary
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neutral states.

Besides the search for explanations for these few unresolved issues, quite
often the only motivation for studying the properties of new unknown particles is
just that they have no reasons not to exist, and similarly non-standard properties
of the known states are regarded as interesting as far as they do not conflict
with the existing experimental results. Still any time we are able to rule out
the existence of such new particles or to put tight constraints on non-standard
parameters, we can claim we have learned something new.

The main topics discussed in this thesis concern exotics fermions, that are
indeed particles whose existence lacks of any experimental evidence. Nevetheless,
as I will show, some of the properties of these hypothetical particles can be effec-
tively constrained. In addition, the presence of these new fermions is expected to
induce deviations in the behaviour of the known fermions from what is expected
in the frame of the standard model. These non—-standard effects are analysed in
some detail and constrained on the basis of the available experimental data.

The issues I will deal with in the different chapters of this thesis could
seem to some extent unrelated one with the other, but there is a unique guideline
throughout this research project (that is still far to be concluded) and it is worth
to sketch it here.

In the summer 1989 A. De Rujula, S. Glashow and U. Sarid published an
article in which they proposed a new and rather unconventional candidate to solve
the dark matter problem. It was a charged massive particle (CHAMP) that was

assumed to be absolutely stable and to survive annihilation in the early universe
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PREFACE

[1]. Their work gave rise to a number of analysis pursuing a twofold goal, the first
one was that of finding CHAMP’s candidates among the various particles predicted
by new physics models, the second one was that of ruling out this possibility. At
that time my friend and collaborator Esteban Roulet had already achieved a good
knowledge in the physics of the early universe and in the techniques for computing
cosmological relic densities, while I had developed some experiences in working in
the frame of Eg models. The fundamental representation of Eg, to which fermions
are assigned, contains 12 new degrees of freedom for each generation, among these
we chose as our CHAMP candidate a colour triplet exotic quark with electric
charge Q@ = —1/3 since, being a weak-singlet, this particle does not decay via
gauge interactions and thus it had some chances to be absolutely stable. We
started our analysis trying to figure out which could be the allowed window for
the mass of our candidate, but eventually we had to recognize that, owing to
the fact that our CHAMP’s, besides being electrically charged were also strong
interacting particles, there was no way to let enough of them survive primordial
annihilation without conflicting with astrophysics or with the existing limits from
searches for superheavy elements [2]. After an initial disappoint we realized that
this seemingly negative result could be turned in the rather general claim that on
cosmological grounds, absolutely stable ezotic quarks are not allowed to exist, and

this result was shown to hold beyond the frame of Eg models.

A straightforward consequence of this result was that any model that pre-
dicts new strong interacting particles should also provide some mechanisms to let

them decay. For our exotic weak singlet the most obvious way to insure its decay

5



into light states was indeed that of allowing for a mixing with the ordinary light
@ = —1/3 quarks. A mixing with exotic fermions induces non—universal modi-
fications in the couplings of the ordinary mass eigenstate fermions to the gauge
bosons. In the frame of Eg models new neutral gauge bosons are also predicted to
exist, and the fermion couplings to the (mass eigenstate) Z are also modified by a
possible mixing between the standard Z and one (or two) additional Z’ boson(s).
This latter modification is universal and we were aware of several analysis where
neutral current data were used to constrain the Z—Z' mixing angle, as well as the
Z' mass. However in all these analysis the effects of fermion mixing had so far

always been neglected.

The project of constraining Eg models by simultaneously taking into account
ordinary—exotic fermion mixings, the mixing between neutral gauge bosons and the
effects of Z' exchange in off-resonance experiments, immediately shown itself to
be a formidable one. In order to simultaneously bound the very large number
of parameters (six mixing angles where needed to describe the mixings of the
charged fermions and three parameters for the Z’ effects, not to mention the
rather complicated Eg neutrino sector) the analy‘sis had to be extended to include

charged currents data as well.

A very general analysis of the limits on fermion mixings already existed,
it was performed by Langacker and London in 1988 [3]. They had developed a
general formalism to describe ordinary—exotic fermion mixings, and by using a
very large set of experimental inputs they managed to constrain at the same time

more than 20 mixing angles. Bounds on Eg fermion mixings were derived as a
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particular case of the general analysis, however in doing so the effects of the new

neutral gauge bosons and of a possible Z—Z' mixing were not taken into account.

A complete analysis of these models was (and is) still missing, and we re-
alized that besides being an interesting research project, this could have been
indeed a very good opportunity for acquiring a good knowledge in particle physics

experimental procedures.

The analysis presented in [3] was carried out before the starting of the
operation of the SLC and LEP machines, and it was clear that already the very first
LEP results constituted at that moment a very important set of new experimental
inputs. As a warming up exercise we decided to study how much the preliminary
data from Z-peak experiments could improve the bounds on those mixings that
were most poorly constrained. In spite of the fact that we included also Z-Z'
mixing effects, the improvement in the constraints for the b and 7 mixing angles

that we could obtain with these new data was indeed quite a remarkable one [4].

In view of the fact that the analysis of the experimental data collected at
LEP during the 1989 and 1990 runs was expected to be completed by all the
four LEP collaborations by the end of the spring 1991, a few months in advance
we started collecting and organizing all the available charged current and neutral
current data. For this effort we asked our friend Daniele Tommasini to join us for
working on the project. We decided to use the large amount of very precise data
that we were collecting for a general analysis of fermion mixings, i.e. essentially for
updating the original results of Langacker and London, leaving the particular case

of E¢ models for a subsequent work. Our collaboration was rendered somewhat
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difficult by the fact that in the meanwhile Esteban left the SISSA and moved to
Fermilab, but with no doubt this work has been of a great satisfaction for all of us.
The area spanned by this research is a wide one, starting from theoretical topics
as radiative corrections, neutrino physics and right handed currents reaching more
experimental ones as cross section normalizations, detector acceptances and energy
cuts, we had to learn and understand many different issues to dealvproperly with
the experimental data. The large amount of CPU time required by the numerical
analysis (a few days on the VAX 6410 of the SISSA) is probably unusual for particle
physics theoreticians, and we had to develop a more than amateurish knowledge
of computer programming, in order to optimize our procedures. Eventually the
improvement that we obtained with respect to the existing limits was quite a
remarkable one, for most of the parameters the bounds were strengthen by about
one order of magnitude, and the fact that we could confirm an already existing
indication that non—standard physics is possibly at work in the 7 — v, sector (a
signal of a non-zero v, mixing at 90 % c.l was found ) added some thrill in the

final phase of the interpretation of the results [5].

The organization of the work is the following: in the first chapter after a
brief introduction to the techniques for computing cosmological relic densities, the
mechanism leading to quark—antiquark annihilation is described in some detail.
The present abundance of heavy exotic quarks is then computed as a function of
their mass and the possibility of having a stable exotic quark is finally rejected on
the light of the unsuccessful searches of anomalously heavy isotopes and for the

astrophysical implications they would have.
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PREFACE

A natural way to open decay channels for the exotic fermions is to allow
for their mixing with the ordinary ones, provided they have the same quantum
number assignments under the unbroken colour and electromagnetic gauge groups.
The consequences of this mixing in the frame of Eg models, where also new neutral
gauge bosons are generally present, is considered in chapter two. After a short
introduction to the formalism for describing Z—Z' mixing effects, the particular
case of Eg charged fermion mixing is analysed. It is shown that both these ef-
fects can induce similar modifications in the couplings of the ordinary fermions
to the Z boson, so that they should be simultaneously taken into account when
constraining these models. The Z partial decay widths into leptons and into b
quarks determined at LEP are then used to illustrate how these mixings can be

effectively bounded by measurements at the Z—peak.

The general formalism for describing fermion mixing with exotic states is
presented in chapter three. In this chapter is a comprehensive analysis of the con-
straints on a general class of fermion mixings that can appear in many different
extensions of the electroweak theory, such as models with mirror fermions or with
new vector singlets and/or doublets (as the Eg models) is carried out. In this
analysis the known fermions are allowed to mix with new heavy particles with
unconventional SU(2)xU(1) quantum numbers assignments (left-handed singlets
or right-handed doublets) and limits on deviations of the lepton and quark weak-
couplings from their standard values are obtained. As experimental constraints
the new results on Mz, I'z, on the Z partial decay—widths and on the asymmetries

measured at the Z resonance, as well as updated results on the W mass, on deep-
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inelastic v—¢ and v—e scattering and on atomic parity violation are used. Present
constraints on lepton universality, unitarity of the quark mixing matrix and in-
duced right-handed currents are also included. All these experimental inputs are
briefly discussed. A global analysis of all the data leads to tight upper limits on
the mixing factors s2 = sin®0,,;.. The interesting case when v, mixes mainly with
an ordinary heavy neutrino is discussed in more detail since in this situation a
signal of non-zero mixing at 90 % c.l. is found. The analysis is performed both in
the case when just one fermion is allowed to mix and in the more complicated situ-
ation when all the mixings are simultaneously present, thus allowing for accidental

cancellations among different contributions.

10



Chapter 1

Can Exotic Quarks be
Absolutely Stable 7

In this chapter we examine the possibility of the existence of new stable exotic
quarks, as for example the @ = —1/3 charged quarks predicted by E¢ models.
It is shown that their cosmological consequences combined with bounds from su-
perheavy element searches and the requirement that heavy particles captured by
neutron stars do not induce their collapse into a black hole exclude that possibility
[2]. Thus in these models some mechanism must exist to allow the exotic quark

decay.

1.1 Introduction

Several GUT extensions of the standard model enlarge considerably the particle
content of the three standard generations, and some of them include heavy ‘exotic’
quarks among the new particles. An interesting example are the Eg models [6] like

those arising from ten dimensional superstring theories after compactification to
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1.1 INTRODUCTION

the four physical dimensions [7]. In these models each generation of fermions is
assigned to a 27—-dimensional (fundamental) representation that, together with the
standard fifteen fermionic degrees of freedom, includes twelve additional new fields.
The electromagnetic charge and colour quantum numbers of the new particles are
univocally determined by the group structure. Besides the existence of new exotic
charged and neutral leptons, each generation contains a new colour triplet and
weak singlet quark that we will denote h of electric charge @ = —1/3. The mass
of this quark is in principle arbitrary, but a lower bound on it comes from present
accelerator experiments. Searches at LEP exclude the existence of new quarks

lighter than about Mz /2.

Since under the unbroken SU(3) x U(1l) gauge group the heavy quarks
transform with the same quantum numbers as the standard ‘down type’ quarks,
a mixing among them is allowed. If this mixing is present, the A mass eigenstate
should decay weakly into standard fermions. However, since the SU(2) x Uy (1)
quantum numbers are different, such a mixing induces deviations from the weak
interactions of the down-type mass eigenstates predicted by the Standard Model
(SM) and could also give rise. to flavor changing neutral currents. Present experi-
mental data restrict considerably the allowed values for the mixing angles, a quite
general analysis, valid also beyond the assumption of Eg fermion representations,
yields the 90% confidence level limits sin 8, < 0.02,0.04,0.07 [5] respectively for

the first second and third generation @ = —1/3 quarks.

In this chapter we want to analyse the consequences of assuming the exotic

quark to be stable (or nearly so, i.e. with lifetime larger than the age of the
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1. CaN ExoTic QUARKS BE ABSOLUTELY STABLE 7

universe). For some superstring-inspired Eg models, a stable exotic quark is a
natural consequence of the particular structure of the superpotential. In fact in
order to avoid low—energy baryon and lepton number violation, it is necessary to
require that some potentially dangerous couplings vanish, and this is most easily
done by introducing certain discrete symmetries. In turn, these symmetries often
imply that the mixing between the exotic quarks and the ordinary down type
quarks vanishes [8]. Although we have in mind the E¢ candidate, the analysis
can be extended with minor modifications to other coloured particles (charge 2/3

quarks, sextet quarks, etc ...).

If the heavy quark is stable, it can have important cosmological conse-
quences. Its present density can be computed by following the thermal evolution
of the universe. At very early stages its abundance is determined by the thermal
and chemical equilibrium. Subsequently, the cooling of the universe reduces the
annihilation rate of the heavy quarks until, at the freeze out temperature, the
chemical equilibrium can no longer be maintained. However, as we will show, the
heavy particles still remain in thermal equilibrium. In the confinement transition
the exotic quarks hadronize together with the ordinary quarks. At this stage the
relevant annihilation cross section associated with the disappearance of the heavy
quarks increases and can reach a typical hadromnic size, so that a significant re-
duction of the relic density of heavy hadrons takes place after confinement. (Our
results on the present abundance of heavy quarks differ from a previous analy-
sis that overestimated the annihilation cross section after confinement [9].) The

superheavy hadrons are subject subsequently to primordial and eventually stellar
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1.2 CosMOLOGICAL RELIC DENSITY

nucleosynthesis, where heavy nuclei are also produced. The stringent experimental
bounds from searches of superheavy elements are a powerful test for the existence
of these hypothetical stable exotic particles. We use also the bounds on very
massive charged particles contributing to the cosmic dark matter that have been
recently obtained from the study of their effects on the evolution of neutron stars
[10]. These bounds, together with the cosmological requirements that the universe
not be overclosed by these particles totally exclude the existence of a stable exotic
quark.

In the following we assume that no asymmetry between particles and an-
tiparticles is present. This assumption does not affect the generality of the conclu-
sions since an asymmetry can only increase the abundance of superheavies, giving

more strength to the bounds obtained.

1.2 Cosmological Relic Density

The equation that describes the evolution of the number density n of stable species
1s

d R

—(—5 = ——3-§ n — (ov)(n® — niq) (1.1)
where R is the scale factor of the universe, (ov) is the thermally averaged annihi-

lation cross section times the relative velocity and n.q is the value of the density

in chemical equilibrium. The integration of this equation yields, for the relic mass
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1. CaAN ExoTic QUARKS BE ABSOLUTELY STABLE 7

density at present time p, [11],

~ Vam S0 [/xo i_azs b (a'v):l (1.2)

Po
°T Mpi fo

where s = Zf;geffT‘q’ = (bT)® is the entropy density, gess(T") is the effective
number of degrees of freedom at temperature 7', ¢ = m/bT with m the mass of

the particle, and Mp; is the Planck mass. The freeze out value ¢, is given by

1 1 1
~ —Zin - .
T fo b(lnB 5im bln B) ‘o (1.3)
where
_ Mp;

with the numerical factor A, of order one, depending on the criterion used to define
the freeze out temperature. (A fit to the numerical integration of (1.1) leads to a
preferred value A ~ 1.5.)

At temperatures above the confinement temperature T, ~ 200 MeV, the
relevant annihilation cross section of two heavy quarks h involves the channels
hh — gg , qG, where g is a gluon and g an ordinary quark (we neglect the contri-
bution to the annihilation cross section coming from electroweak channels). For
a colour triplet quark in the non-relativistic limit (7' < m) annihilating into Ny

lighter flavors, we obtain

(ov)ns = 7;:5 (ng + -7—> (1.5).



1.2 CosMoLoGICAL RELIC DENSITY

2

In this expression, we take a;(Q?) renormalized to the scale Q? ~ m?2, since this

is the relevant momentum transfer involved in the annihilation. Assuming only
the standard physics at energies below m, we get for instance a,((10 TeV)?) =~
ay(M%-)/2. The appearance of new physics below the exotic quark mass could
affect the value of @y and could also open new channels for the annihilation. This
is the case, for instance, if supersymmetry is present at the weak scale, since

annihilations involving squarks and gluinos could contribute to (1.5).

When confinement occurs, due to the presence of a relatively large number
of ordinary quarks, the heavy quarks A will hadronize mainly forming a system of
‘superheavy kaons’ (hg and hg, with ¢ = u, d) and, due to the baryon asymmetry,
the hg mesons will finish as superheavy baryons hqg through annihilations with

ordinary nucleons.

In a previous study of the survival of heavy quarks [9], the annihilation cross
section below T, was estimated to be equal to the ordinary nucleon-antinucleon
cross section, opx ~ 30 mb/v. However, several reasons indicate that this is an
overestimate. In fact, in (1.1) only the exclusive cross section that does not contain
the two heavy quarks in the final state should be used. Since we are considering
energies below Agcp, the light quarks cannot be considered as spectators in the
process of hh annihilation, which for instance could proceed through the hadronic
process hq + hqg — hh + qqg, with the formation of a Ak bound state, which
consequently decays into light particles. Although the associated cross section
could be of hadronic size, since the Compton wavelength of TeV particles at MeV

energies is < fm, the total annihilation cross section cannot exceed the char-

16



1. CaN ExoTIC QUARKS BE ABSOLUTELY STABLE 7

acteristic geometrical cross section associated to the range of the interactions (~
fm), t.e. 0 S 47 fm? ~ 100 mb. Instead, with the previously mentioned estimate
of ¢ ~ o the very slow thermalized heavy hadrons (with v = \/W) would
have a cross section much larger than one barn. The heavy hadrons, unlike the
ordinary nucleons, enter the long wavelength regime where the annihilation cross
section can grow beyond the geometric one only at temperatures (< MeV) where
the densities have been too diluted for the annihilation to be efficient. Further-
more, the exchange of ordinary mesons (7, w, ...), that gives the main contribution
to the total low energy annihilation of hadrons but does not affect the number of
heavy quarks, should not be included in {ov). Also, since the baryon asymmetry
has washed out the ordinary antiquarks from the heavy hadrons, the vector ex-
change leads to repulsive interactions that further reduce the annihilation rate of
hh. In view of the previous discussion, we expect the relevant annihilation cross
section to be much less than the corresponding geometrical cross section, and we

will parametrize it as

o= f-100 mb (1.6)

with f < 1.

In figure 1 we show the resulting values of Qh? for the upper value f = 1 and
for f = 0.1. Here Q is the present relic mass density of heavy quarks in units of the
critical density, the Hubble constant h is given in units of 100 km/s Mpc and, from
observations, 0.4 < h < 1. Due to the large uncertainty in the estimation of f that
is related with the non-perturbative effects involved, we have also plotted the other

extreme case in which the annihilation rate after confinement is negligible. This
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1.2 CosMoLoGgIcAL RELIC DENSITY
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Fig. 1: Relic density of exotic stable quarks as a function of their mass for annihilation
cross sections into light species after confinement of 100 mb (f = 1), 10 mb (f = 0.1)
or negligible (f = 0).

would correspond to an annihilation process hq+ hqq — light hadrons proceeding
essentially through a partonic-like cross section. In this case, ) is determined
with good accuracy (since Tf, >> T.) by the free quark annihilation rate before

hadronization. Quantitatively, it is safe to neglect annihilations below T, as long

as
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1. CaAN ExXoTIC QUARKS BE ABSOLUTELY STABLE 7

Ts, m
7o) ~ oy (o) (17)

where we have used a typical freeze out temperature T, ~ m/30 —m/20.

(ov)r<T, S

Figure 1 clearly implies that masses larger than ~ 10° TeV are cosmologi-
cally excluded, since they would yield $h? 2 1, overclosing the universe. Moreover,
the observed lifetime of the universe suggests h? < 0.25, making this constraint
even stronger. For Eg models, in the absence of any kind of mixing, each of the
three flavours of exotic quarks contribute to {2, and then the cosmological bounds
should be applied to the sum of their contributions. This leads to an upper limit
of m ~ 3-10* TeV if the heavy quark masses are assumed to be similar.

If the heavy quark is not a triplet of colour (sextets of heavy quarks have
been considered e.g. in [9]), or if new physics is present at energies below m, the
annihilation cross section would differ (but in principle not drastically) from the
case previously discussed, and the value of the relic density 2, which is inversely

proportional to it, will be correspondingly modified.

1.3 Is Thermal Equilibrium Maintained ?

In the previous computation we have assumed that the heavy particles remain
in thermal equilibrium. An argument to justify this assumption goes as follows:
thermal equilibrium is maintained if the amount AE of energy exchanged through

collisions during an expansion time 7 ~ Mp;/T? is larger than the original energy
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1.3 Is THERMAL EQUILIBRIUM MAINTAINED 7

E ~ T of the heavy particle, i.e.:

nvoTrAE 2 E (1.8)

where n is the number density of the scatterers, v is their mean velocity, and o their
typical cross section. Before confinement, thermalization proceeds mainly through
scattering off thermalized quarks and gluons through ¢—channel gluon exchange.
Although the corresponding cross section has a Coulomb-like divergence associated
with the exchange of soft gluons in the forward scattering, the relevant quantity

for the thermalization is the energy transfer cross section

do
Ot = /d cos Tl (1 — cosf) (1.9)

where 6 is the center of mass scattering angle. Since inside the quark-gluon plasma
the color charges undergo an ‘electric’ screening with a typical length [12] m ;' with
m2, =~ (gT)*(N + N;/2)/3 playing the role of an effective gluon mass (N=3 is the

number of colors), after taking into account this effect we obtain a finite result:

m? 972
(o) ~ a® — In(—-) . (1.10)
T+ mgl

Since in this case the momentum transfer is Ap ~ T, v ~ 1 and n ~ T?, (1.8) is
always satisfied.

After confinement, taking into account only the scattering off nucleons, we
can derive from (1.8) an upper bound for the mass of a heavy hadron for it to be

in thermal equilibrium: the baryonic asymmetry yields ny ~ 107°7?, while for
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1. CanN ExoTic QUARKS BE ABSOLUTELY STABLE 7

non relativistic particles v ~ /T/mpn, and AE ~ T'+/my/m, with mx the mass

of the nucleon. We then obtain:

m[GeV] < 102 (o [mb]) (MZV> (1.11)

We see that for a typical hadronic elastic cross section, the assumption of thermal-
ization is correct in the whole range of masses that we have considered. Moreover,
for T ~ m, the large number of pions present will further contribute to the ther-
malization of the heavy hadrons, and for the charged ones also the scattering off
photons and electrons will contribute, leading in general to a bound higher than

(1.11).

1.4 Limits from Searches for Anomalous Elements

Now, in order to see what kind of superheavy elements we should expect to find at
the present time, and where we should look for them, we will follow the evolution
of the heavy quarks from the confinement transition until now.

From T, and up to T ~ 1 MeV, the electroweak interactions among the
different heavy hadrons (for instance hd + v <« hu + e) will determine, due to the
mass difference of some MeV’s between the up and down quarks, an excess of hu

over hd. Their abundances should have the ration
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1.4 LIMITS FROM SEARCHES FOR ANOMALOUS ELEMENTS

B o e mimm)/T (1.12)

n;j
and we expect their mass difference to be comparable to the ordinary K~meson or
B-meson mass splittings.

For the heavy baryon, we will assume that the neutral isosinglet particle
state (hud)?j)o is lighter than the positively charged member of the isotriplet
(huw)f2=!. This assumption is based on the same kind of analysis that explains
qualitatively the mass relationship myo < my+: for s—wave baryons, the antisym-
metry of the isosinglet (ud).4 state in the internal isotopic—spin space forces the
spins of the two light quarks to be antiparallel, and the energy of this configuration
is lower with respect to the energy of the symmetric (ud)s triplet diquark state,
that implies aligned spins [13].

At T ~ 1 MeV, electroweak interactions freeze out and primordial nucle-
osynthesis has begun. At these temperatures we expect that most of the heavy
mesons will be positively charged hu, while most of the heavy baryons should be
h(ud) 4 neutral isosinglets. The surviving neutral Ad mesons, if they do not bind
to any nucleus, will weakly decay with a typical meanlife of a few seconds. If
they bind to nuclei, their decay rate depends on the Coulomb barrier that they
feel inside the positively charged nuclei, but in all cases they finish as charged
elements. In contrast, due to the large mass splitting (O(100 MeV)), the few
surviving isotriplet baryons should decay electroweakly into the neutral isosinglet
even if they bind to nucleons. During nucleosynthesis, a fraction of these neutral

baryons may bind to protons (and neutrons) giving rise to superheavy positively
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1. CaN ExoTIC QUARKS BE ABSOLUTELY STABLE 7

charged elements.

This fact has an important consequence, because when galaxies form, after
the so called ‘violent relaxation’, all the atoms that have fallen into the potential
well of the galaxy become ionized and, as shown in [1], the charged elements
lighter than ~ 20 TeV fall into the disk together with the ordinary baryons. So
for m < 20 TeV we expect most of the charged heavy elements to be found in the
disk, while for larger masses they should originally remain mainly in the halos of
galaxies. However, larger concentrations of superheavy elements in the disk are to
be expected also for masses > 20 TeV, since these particles can be captured by
the disk during the following evolution of the galaxy. It was recently suggested
[14] that ‘this could happen efficiently for particle masses up to 10° TeV. Clearly
the heavy baryons that do not form charged nuclei during nucleosynthesis will
for the most part remain in the halo, leading to an asymmetry between k and h
concentrations in the disk. The heavy elements that had fallen into the disk will

be subject to stellar nucleosynthesis forming also superheavy nuclei of large Z.

For m < 20 TeV the proportion of heavy hadrons H with respect to ordinary
nucleons present in the stars (and in the earth) should be of the order of the ratio of
their cosmological densities: ng/npar = (Qm/m)/(Qsar/mp), with m, the proton
mass. The resulting concentrations are enormously large ( & 107°) and exceed
by several orders of magnitude the existing experimental bounds. For instance,
searches of superheavy water exclude concentrations of heavy hadrons with respect
to ordinary hydrogen in water larger than ~ 10728 for masses < 1 TeV [15],

larger than ~ 1072* for m < 10 TeV [16], and with less certainty > 10715 for
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1.5 ASTROPHYSICAL CONSTRAINTS

larger masses [15]. Actually, in the earth, we expect an even larger concentration
of elements containing H hadrons, since they did not evaporate away as most of

the ordinary light elements did during the earth lifetime.

1.5 Astrophysical Constraints

For m > 20 TeV the heavy elements remain as dark matter or are captured in
the disk, giving a contribution to the density of the galactic halo pj.i, in the
neighborhood of the disk of at least Qg - prat,. However, the existence of large
amounts of heavy CHArged Massive Particles (CHAMP’s) [1] has been recently
shown to be in contradiction with the observed long life of several neutron stars
[10]. This is due to the fact that CHAMP’s captured by the protostellar cloud
should collapse into the interior of the stars forming a black hole that would destroy
the star in a time scale ~ yr. For the black hole to form it is necessary that the
total mass of the captured heavy particles exceeds the Chandrasekhar mass, so
that degeneracy does not prevent the gravitational collapse. Since the capture by
the protostellar cloud depends on the electromagnetic cross section off hydrogen
[10], although the bounds were deduced for leptonic CHAMP'’s, they also hold for
the charged hadronic superheavies under consideration. In the range of masses
20 TeV < m < 10° TeV, which is less constrained by searches of superheavy
elements, contributions to the halo densities larger than 10~7 — 10~® are ruled out

by this argument. (This should be compared with our prediction of more than

24
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107 in this mass range.)

For Eg models, since nearly all the A’s form charged elements (e.g. hu),
while a sizeable fraction of the h’s give rise to neutral states that are not effi-
ciently captured by the protostellar cloud, we expect that a h — h asymmetry will
be present inside the neutron star. This should be a general feature of models for
which h and k belong to hadrons of different charge, or even both neutral, since in
these cases we expect that they should bind differently with nuclei [9]. As a conse-
quence, they should be captured by the protostellar cloud at different rates due to
their ‘chemical’ difference, and since even a tiny asymmetry ( < 1%) between the
concentrations of h and A would leave, after eventual A — h annihilation inside the
star, enough superheavies to produce a black hole, the same conclusions deduced
in [10] still hold in this case. In the case in which A — h were to form hadrons
of equal charge, the large Coulomb barrier will prevent them from annihilating at

the typical temperatures of neutron stars.

The previous analysis then leads to the conclusion that the existence of a

stable exotic heavy quark can be safely ruled out.

We also note that in the presence of a particle-antiparticle cosmic asym-
metry between the heavy quarks, all the bounds would be stronger: the relic
abundance would clearly result larger, and hence the maximum cosmologically al-
lowed mass would be smaller. For instance, an asymmetry ny — nj/n, ~ 1071,
which is comparable to the ordinary baryonic one, implies m < 250 GeV, and the
corresponding larger density of relic superheavies would enhance the contradiction

with the bounds previously discussed.
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The results obtained have been based on the very accurate determination of
the concentration of heavy hadrons in water, and on the observation of long lived
neutron stars, but it should be mentioned that several other experimental data
(e.g. concentrations of heavy isotopes of different elements, bounds from satel-
lite detectors, etc.) as well as other theoretical considerations (e. g. the possible
influence of heavy hadrons on stellar evolution) also constrain the exotic quark
mass. For instance, the stringent bounds on strongly interacting dark matter that
come both from detector searches near the top of the atmosphere [17] as well as
from underground experiments [18], will apply to the neutral superheavy baryons,
restricting thus their possible contribution to the local density of the halo (the
charged component is stopped before it can reach the detectors mentioned).

The conclusion is that a stable or very long lived quark would be present
with too large a density to be compatible with the cosmological requirement of
not overclosing the universe, with the bounds obtained from anomalous element
searches and with some astrophysical implications. Hence, models with exotic
quarks must include also a mechanism to allow for their decay. In the case of Eg
models this can be achieved by allowing for the presence of non—vanishing couplings
of h with other (scalar) particles that could mediate their decay or induce, through
a non zero vacuum expectation value, a sizeable mixing among exotic and ordinary
quarks. The consequences of this mixing on the fermion neutral-current couplings

as measured at the Z—peak will be the subject of the next chapter.

26



Chapter 2

Bounds on E, Ordinary—Exotic
Fermion Mixing from LEP

In this chapter the problem of constraining E¢ models while allowing for the most
general kind of effects that the presence of new fermions and new neutral gauge
bosons can induce is addressed. It is shown that in these kind of extensions of
the standard model the effects of a Z—Z' mixing (where the Z' boson corresponds
to an additional effective U(1) factor) can produce similar effects to those due to
fermion mixing. We conclude that to be fully consistent both these effects should

be taken simultaneously into account.

A first attempt to set bounds on some of the mixing parameters in this
general context was performed by using the very firsts LEP measurements of the
partial decay widths of the Z boson [4]. A remarkable improvement with respect
to the pre-LEP bounds on fermion mixings [3] was then achieved: about a factor

10 was obtained for the 7 lepton and a factor 5 for the b quark mixing parameters.

The numerical analysis presented in this chapter updates the original re-

sults with the most recent LEP data on the leptonic [19] and b—quark [20] partial
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widths. Thanks to the increased statistics collected during one year of LEP run,
the experimental errors on these quantities have been reduced by a factor between
2 and 4 with respect to the data originally used in [4].

It should be mentioned that an analysis similar to the present omne, that
leads to results that are in agreement with ours, has been also carried out quite
recently in [21] where the author, while following closely the approach outlined in
-[4], obtains a factor 2 improvement with respect to the original bounds.

Finally it is worth to stress that a complete study of Eg models in the frame
of the general formalism that is sketched here is, to our knowledge, still missing,
so that the spirit of the analysis that we are going to present here is indeed still

topical.

2.1 Introduction

One of the striking results of the first period of running of the LEP-1 and SLC
machines is that no new particles have been produced. The bounds on the masses
of many new particles that are predicted by a large class of models (SUSY, Com-
posites, GUTs,...) are already near the kinematic limit accessible with these two
machines and thus it seems that the search for direct evidence of new physics must
be delayed to the time when a larger centre—of-mass energy will be available.

On the other hand, the experimental data are in very good agreement with

the Standard Model (SM) and, even if for the moment there is no evidence for
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deviations from the theoretical predictions, it is still possible that measurements at
the Z-peak might reveal the existence of physics beyond the SM through indirect

effects.

The increase in statistics, together with a better understanding of the sys-
tematical errors, will provide us with a set of high precision measurements that
will be quite effective in the search for tiny new effects or, at least, for setting
stricter bounds on the relevant parameters that are generally introduced in any

extension of the electroweak theory.

For example, deviations from the SM predictions are expected if gauge
groups larger than Gsyr = SU(2)r x U(1)y [xSU(3)c]| underlay the standard
electroweak theory. In particular these deviations could be due to a mixing among
the standard fermions and new exotic ones (that often occur in models with en-
larged gauge groups), as well as to a mixing of the standard Z, with additional
neutral vector bosons. Both these effects will modify the fermion couplings to the
gauge bosons, and most of the quantities that are measurable at the Z—peak are
particularly effective for detecting possible deviations from the standard neutral

current couplings.

As far as the mixing among the gauge bosons is concerned, we will assume
that only one new neutral Z; mixes appreciably with the Z,, and then we are
led to investigate the phenomenological consequences of an effective gauge group
Gsar x U(1)'. Since the direct product structure leaves the U(1)" fermion quan-
tum numbers, as well as the g’ coupling constant completely arbitrary, a second

assumption has to be made in order to obtain predictions: namely that our effec-
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tive low energy gauge group originates from a simple group Gs, broken by some
mechanism at a higher energy scale. Then, since U(1)' belongs to the Cartan
subalgebra of G5, only a few choices for the quantum numbers of the particles
present in the model will be allowed, and the possible range for the value of the

coupling constant ¢’ will also be constrained.

For the sake of definiteness we will carry out our investigation in the frame
of a class of E¢ models. The consequences of the presence of a new Z; of Eg origin
on Z-resonance physics has been deeply investigated by many authors [22,23].
However, to consider the modifications of the Z-couplings due to a Z, — Z; mixing
alone, is not totally consistent in these models, since similar effects can arise also
from fermion mixing. In particular, since each fermion generation is assigned to
a 27 representation of Eg, besides the 15 standard fields 12 additional ‘exotic’
particles per generation are predicted to exist. These are: a weak doublet of
leptons (IV, E~) with its charged conjugate doublet (E*,N°) , a colour triplet
weak singlet quark A of charge —1/3 together with A°, and two neutral singlets v°
and S. In general a mixing among particles that have the same quantum numbers
under the unbroken U(1)g x SU(3)¢ group will be allowed, modifying the standard

couplings of the fermions.

Bounds on the mixing of a Z; of Eg origin with the standard neutral boson in
global analysis of the pre-LEP electroweak data have been derived in ref. [24,25].
The results of that analysis constrain the mixing to tane,,;, < 0.22 for a Z; almost
decoupled from neutrinos, and to a much lower value (tan e,,;, < 0.05) in the other

cases. However, the analyses in [24,25] do not take into account the possibility of
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fermion mixing, so that a combined analysis of these two effects should turn out
in slightly worse bounds than the ones quoted.

On the other hand, the implications of the fermion mixing alone in a very
large variety of observables have been used to constrain the mixing angles between
ordinary and exotic fermions in the frame of Eg models [3], resulting in s =
sin?f < 0.030 — 0.050 for the first generation and for vy, s2 < 0.055 while the
bounds for the fermions in the third generation and for the second generation
quarks are much worse. For instance, for the b — hj mixing the bound is s < 0.43
and for the 7 — F, mixing it is s2 < 0.22 (all at 90% c.L.).

Although these mixings can in principle vanish, there are good reasons to
believe that they are non—zero. In fact, it has recently been shown, using cos-
mological and astrophysical arguments, together with experimental bounds from
heavy isotope searches, that new charged leptons [1] and new coloured particles
[2] cannot be stable. Clearly, the mixing of the exotic particles with the ordinary
ones provides a natural channel for their decay.

It is our purpose here to show that the present LEP results on partial widths
of the Z boson already improve the previously mentioned bounds on s? by a factor
of 6, taking into account also the possible effects of a Z;, — Z; mixing, while for
52 the bound is improved almost by a factor 15 and this last result is essentially
model independent. |

In parti’cular, it is important to constrain the b and 7 mixings, not only
because they are poorly bounded at present, but also because they are theoretically

expected to be the largest ones since, if the masses arise from a seesaw mechanism,
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one has

sin? § ~ (m /M) linear — seesaw

(2.1)

sin® @ ~ (m/M)* quadratic — seesaw
where m and M are the light and heavy fermion masses respectively, and for a
large class of models one typically expects that the mixings will fall within the
range suggested in (2.1). This argument also leads us to expect tiny mixings in
the first two generations ( < 107?), since unsuccessful searches for exotic particles
that couple to the Z-boson suggest M > Mz/2. We will concentrate on the
consequences of the mixing between the ordinary and exotic charged leptons and
between h, and b quarks. A general analysis of the effects of Eg lepton and quark
mixings in the charged and neutral sectors, as well as of the Zy — Z; mixing in

several quantities measurable at LEP (partial widths and asymmetries) will appear

elsewhere [26].

2.2 7Z — 7' Mixing: Formalism

The exceptional group Eg [6] is one of the most interesting candidates as a unifying
group, and the reason for this is at least twofold: first, it contains as subgroups
the symmetry groups of the most popular grand unified and left-right symmetric
theories, like e.g. SO(10), SU(5), SU(2)r x SU(2)r x U(1)p-r and second, it is

the only phenomenologically acceptable group that can arise from ten—dimensional
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superstring theories after Calabi—Yau compactification down to the 4 physical
dimensions [7]. A nice feature of the Eg algebra is that the embedding of the
colour and weak isospin subgroup SU(2)r x SU(3)c is unique, but clearly in
going from rank 6 down to rank 3, three Cartan generators are left, and it follows
that the identification of the hypercharge axis is not unique. Here we will consider

the embedding of Gsyr in Eg through the maximal subalgebras chain:

Es — U(1)y x SO(10)

l_ﬁvukxswm (2.2)

L—> Gsm

The most general form for U(1)' compatible with (2.2) will then be a linear combi-
nation of the U(1)y and U(1)y generators that we will parametrize in terms of an
angle a. Correspondingly, the couplings of the fermions to the Z' boson will de-
pend on both the ¢ and x quantum numbers through the combination (¢, = cos a,
5o = sin a):

Ql = CaQ¢ + SaQX' (23)

For the left-handed fermions belonging to the 27 fundamental representation of

Es, the values of the Abelian @y and @, charges are listed in Tab. I.

The multiplicative factors have been chosen in order to have the same normal-
ization for the three Abelian axes: Tr pr = Tr Qi = Tr (%)2 , so that
at the unification scale the same coupling constant g, is associated to both Y

and Q' charges. Possible deviations that could arise at the 100 GeV scale, as a
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Table I Quantum numbers for the left—handed fermions of the fundamental
27 representation of Eg. Abelian charges are normalized to the hypercharge

axis according to: Z"Jf__l(Qf)z = Zj,;l(%f—)z = 5.

Scl (F0), ke | )y he | vi | (D), ds | et wg (),

61/2Qy | 4 -2 1

consequence of a different running of the couplings, can be taken into account by
writing:

g =Kk— (2.4)

where the SM relation e = g,-¢,, has been used.

We will denote with Z; the U’(1) vector boson gauge eigenstate that in
general has a non-diagonal mass matrix with the standard Z,. The mass eigen-
states Z and Z' are related to Z;, and Z; through an orthogonal transformation,

parametrized in terms of a mixing angle O,

Z\ cos©® sine Zy
(Z’>_(—sin® cos@) <Z1)' (2:5)
Then, the physical Z boson couples to fermions via the effective Lagrangian:
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2

1/
) S By — appsleg 24 (2.6)
f

G, cos’ o M%

brelf) == ( 2./2

where the superscript “o” reminds us that for the moment we are considering
unmixed fermions. In (2.6) the effective couplings 7y and ay correspond to the
SM couplings vs and ay shifted by a quantity proportional to the Zy — Z; mixing

and dependent on the @' fermion quantum numbers:

ﬁf=vf+sw5@ 'v'f &f:af—%—swf@ a,tf
(2.7)
with
vy =2Tf —4Q7 2 = 2T — Q7 (v + 1) ap =2T] (2.8)
v =250(Q) ~ QL) af = 4eaQ) +250(Q) + Q) (29)

where T3f is the left-handed fermion weak isospin, @f the electric charge, s%, =

sin? ¥, with ¥, the weak mixing angle and v = 452, —1is the charged lepton vector
coupling. Since v is a small quantity that can be used as an expansion parameter
for truncating expressions (v =~ —0.08), it is useful to express all the fermions
couplings as a function of v, as we have done in (2.8). In eq. (2.7), the ratio
g'/gy = r has been absorbed by rescaling the mixing angle: t, = x-tan ©. On
resonance, the shifts (2.9) of the standard couplings are by far the most important
effects of the Zy — Z; mixing. Z' exchange and interference diagrams are in fact

suppressed at least by a factor I'zI'z /Mz Mz and can then be safely neglected.
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We will discuss later the effects of the shift on the physical Z mass due to the

mixing.

2.3 Charged Fermion Mixing in Eg : Formalism

The next step is to allow for a mixing among the standard and exotic fermions that
will further modify the couplings in eq. (2.7). In this section we will briefly develop
only the formalism needed to describe the mixing between Eg charged fermions.
A more general formalism that describes also the mixing between neutral states
and that applies to a more general class of models will be developed in the next
chapter.

We note that since the electromagnetic (and colour) quantum numbers of
the exotic quarks and leptons are the same as those of the ordinary ones (as it
must be, since otherwise no mixing would be allowed), the electromagnetic current
is unchanged. Moreover, table I shows that the SU(2). transformation properties
of the right—-handed @ = —1/3 quarks and left~handed leptons also coincide with
the ordinary ones, so that only the couplings of left-handed down-type quarks
(weak isospin doublet) and right-handed ordinary leptons (weak singlets) will be
modified by the mixing since their heavy partners are respectively singlets and
doublets of weak isospin. Following [3] we introduce two vectors for the ordinary

and exotic left— and right-handed weak eigenstates ¢19,(R) = (1/131_4,1&31){(12), and
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two other vectors for the light (i.e., standard) and heavy mass eigenstates 1r(r) =
(%1, 'gbh)%(R) , where for example for the down-type light quarks 1; = (d,s,b)7. The

weak and mass eigenstates are related by unitary transformations

Yy =Urdr ; vy = UrYr (2.10)

with
A FE
Upip) = ( ) (2.11)
(R) F @G LR

and from the unitarity of U
ATVA+ FIF=ATA+ E'E=T (2.12)

The 3 x 3 matrices F and F describe the mixing between the light and heavy
states. The part of the weak neutral current that gets modified by the mixing can
be written:

1 -

5~ 2 B3 ILPe + taIfiPr — Qs I 45

! (2.13)
=>4 UL UL PL + 6 UL L U] PR — Q% 1) 45
7

where the sum involves only the @ = —1/3 quarks ¢ = d, h and the charged leptons

L= B,E, PL(R) = %(1 :F’)/5) and

I 0 y 0 0
I}j:(o 0)’ IR:(O I) (2.14)

while

It =0 and If =1. (2.15)



2.4 THEORETICAL EXPECTATIONS

Using (2.13) and the unitarity relations (2.12) it is easy to see how the couplings

of the light states d and £ are further modified with respect to eq. (2.7):

17d——>13d:6d—2t3(F£7Fg) &d—%&dzad—-Qt;;(FgTFg)
‘ (2.16)
By — bg = B + 23 (FL FE) G — bg = ag — 23 (F5 FE)

The matrices FTF are in principle 3x3 non—diagonal matrices that describe in-
tergenerational mixing too. However, the off-diagonal terms that would induce
flavour changing neutral currents at the tree level are severely constrained by
experiments [3]. We will assume that these terms are negligibly small so that
the light—heavy mixing occurs essentially between particles belonging to the same
generation. We will then parametrize:

diag(Fhyry Facy) = ((577)% (55°)7 (s3)7) (217)
with s? = sin? 6;.

Clearly, in our procedure to define the effective coupling of the fermions to
the Z-boson, second—order effects proportional to i, - sin” § have been neglected.
In the following we will consider as ‘first—order terms’ the following set of small
parameters: ¢, sin® § and v, and we will neglect terms involving products or higher

powers of them.

2.4 Theoretical Expectations

Before beginning the analysis of the bounds that can be derived from the mea-

surements of the partial widths Z — bb and Z — £7£~, we want to discuss an
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indirect effect of the fermion mixing that will enter as a theoretical uncertainty
in any prediction for electroweak quantities. The set of electroweak parameters
that is known with the best experimental accuracy is @, Mz and G, (the Fermi
constant measured in u decay). In particular, G, is introduced to replace the W
mass, whose experimental value is still affected by a large error. In order to do
this, one uses the relation:

Cu T2 (2.18)

V2 2M%. sin® Oy (1 — Ar)

where Ar [27] is a radiative correction that (taking into account only the leading
contributions) can be written as Ar ~ Aa — (c2/s%)Ap. Here, the effect of

Aa (=~ 0.06) is to renormalize the electromagnetic charge to the scale Mz

(0)

T Ag) (2.19)

a(M%) =

while Ap [28] contains potentially large corrections that in the SM are essentially
due to the top—bottom mass splitting, but that in general can arise from a mass
difference between the components of any additional isodoublet of fermion [28]
or scalar [29] particles that is present in the model. In a theory that allows
for a Zy — Z; mixing, it is possible to take into account this effect by replacing
M% — pmicM% since ppmi; enters any expression in the same way as a p, £ 1
generated by non-standard Higgses [22]. In such a theory, a possible (and useful)
definition of the Weinberg angle is c2, = M%-/(pmiz M%). Allowing now also for a

fermion mixing, eq. (2.18) will be modified into

2
Cu _ m(MZA)ﬂ (1—As), (2.20)
V2 2ME(1- o)
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with
p= Pmiz(l + Ap),
and where
1
1—As= cﬁu cfje ~1— 5(55#2 + .sf,ez) (2.21)

takes into account the effect of a possible neutrino mixing with additional exotic
E¢ neutral fermions (see Table I) in p—decay [3]. Two remarks are in order: first,
both a Zy — Z; mixing and a heavy top produce positive deviations of p from the
SM tree level value p = 1. Since the theoretical upper bound on m; comes from
measurements of the p parameter, in general allowing the top mass to vary in the
range 90 GeV< m; <200 GeV automatically takes into account the uncertainty
related to a Zy — Z; mixing. This is not the case for the partial decay width into b-
quarks, since this quantity receives an additional m;—dependent contribution from
the Zbb vertex correction that also involves the top mass and that almost cancels
against the Ap®™? correction [30]. As a result, I';; turns out to be nearly insensitive
to the value of the top mass. Thus, in this particular case the uncertainty coming
from Apmiz = Pmiz — 1 must be separately taken into account. A second point
that we need to discuss is the effect of v, and v, mixing in the measured Fermi
constant. We can include this effect simply by replacing G, — G,(1+As)in all the
expressions, but in so doing As will induce an additional theoretical uncertainty.
However, we expect this correction to be quite small since the mixings involved
in p—decay should be negligible (As < 1073 according to eq. (2.1) ). In the

forthcoming expressions we will keep trace of both these effects but, as we will
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see, they will not affect very much our numerical analysis since the overall error is
largely dominated by the experimental uncertainty.
From the Lagrangian (2.6), after the replacements o — ¢ and @ — 4, we

can write the tree-level expressions for the partial widths Z — f f as:

o _ V2minGu(l+ As) M}
11 48

(ﬁf, + &fc) (2.22)

Then, from the expression for the effective neutral couplings (2.7)—(2.9) and (2.16)

we obtain for the partial decay width into b—quarks:

19 3 . 2 30
(2.23)

with, at the tree level
V2G, M5 (13 — 4v)

TSM _
bd 487 3

(2.24)

Including the 1-loop electroweak and QCD corrections we have in the frame of

the SM!
ToM = 377 (1 £0.008)MeV (2.25)

where the theoretical uncertainty corresponds to the variation of the top mass,

Higgs mass and a,(M%) in the ranges

90 GeV < my < 200GeV; 45GeV < My < 1TeV; 0.11 < a (M%) < 0.13
(2.26)

1 We thank W. Hollik for providing us with the Fortran program WIDTH that has
been used to compute (2.25)

41



2.4 THEORETICAL EXPECTATIONS

The lower bounds on m; and My are from direct searches respectively at CDF [31]
and LEP while the upper bounds are rather conservative theoretical estimations
respectively from radiative effects and requirements of unitarity. The experimen-

tally allowed range for a,(M%) is determined from jet analysis [32].

According to our previous discussion we will neglect the effect of As in eq.
(2.23). To estimate the uncertainty due to Appiz, we use again eq. (2.20) with
the experimental value of the W — Z mass ratio averaged over the UA2 and CDF
experiments [33]: M3-/M% = 0.773 £ 0.006, and Mz = 91.175 + 0.021 from LEP
[19]. Neglecting again As, and subtracting the contribution of a 90 GeV top quark,
we obtain at 90% c.. Apmi; < 0.006. We note that although the experimental
value of p obtained in this way is slightly less precise than what could be obtained
from low energy neutral to charged current ratio [24,25], this estimation is safer

since it is insensitive to possible Z' exchange diagrams.

To estimate the uncertainty induced in I';; by the Z;, — Z; mixing we have
evaluated the values of the corresponding term 52) = %f@ <\/i5 Co — \/gsa) in
the range experimentally allowed for © as a function of a that is quoted in [24]. We
obtain for this effect —0.174 < §5 < 0.013. Although the bounds obtained in [24]
ignored the effects of fermion mixing, we think that they should be reliable since
they are derived from deep inelastic v scattering off nucleons and from ete™ —
pTp~ data that involve only fermions for which mixing effects are expected to be

small.

In conclusion, our numerical prediction for the partial decay width of the Z
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boson into b quarks is the following:

30
Ty = 377 - <1 4+.008 T90° 1913 E(sgf) MeV (2.27)

where the first error comes from SM uncertainties, the second from ppi, and the
third from Z, — Z; mixing. Since the effect of the b — hj mixing tends to decrease
the decay rate, we have to compare the experimental data with the maximum
allowed value of (2.27). Moreover, since also the effect of Zy — Z; mixing in this
quantity turns out to be negative for almost all values of «, and the possible
positive shift is bound to be quite small, the inclusion of this effect in our analysis
does not change the bounds from what one would obtain assuming © = 0. Clearly
if any non—zero Zy, — Z; mixing is experimentally found, this will generally result
in a better bound on (s¥)2.

As regards the partial width into 7 and u leptons, it looks convenient to

get rid of the overall multiplicative coefficient in (2.22) by defining a quantity

normalized with the electron width

T _ ~2 ~2
R, =t _ Vit (2.28)
| AP 02 4 a?
for which we obtain:
Re = R7M —2(s})® +2(sE)” (2.29)
and, neglecting the tiny effect of m,, RZSM = 1. Clearly the quantity Ry is exactly

one even in the presence of a Zy — Z; mixing, since the lepton couplings to the Z;
boson also obey universality. In fact, the bound on the quantity (sf)* —(sJ)* can

be effectively thought of as a bound on any source of violation of universality, of
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which the mixing among fermions that we are considering now is probably one of
the most obvious. In comparing (2.29) with the experimental data we will again

neglect (s2)2, obtaining thus an upper limit on the 7 — E; and p — E, mixing.

2.5 Experimental Limits from LEP

We now discuss the experimental data. To obtain the partial width Z2 — bb
the decay mode b — fvX (with £ = e,p) is most commonly used [20]. Then
what is really measured is the quantity Br(b — £) I'y3/Thed. Using the value
Br(b — £vX) = 0.119 4+ 0.006 [34] for the branching-ratio of the b—quark into
leptons, and I'pqq = 1739 £ 13 MeV for the value of the Z hadronic width averaged
over the four LEP experiments [19] (for consistency only the determinations that

do not assume lepton universality have been used) we finally obtain
T'y; =367 £19 MeV (2.30)

In eq. (2.30) the uncertainty in the branching ratios for the decay of the b quark
into e and p leptons dominates the overall error. The average of the different
determinations [19] of the flavor dependent leptonic Z — 777~ and Z — ptu~

partial decay widths gives
I'+.- =828+1.1MeV,

(2.31)
I+~ =83.4+0.9 MeV
while the weighted average yields for the partial width into electrons
Pete- =83.2£0.6 MeV (2.32)
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In the quoted averages (2.31) and (2.32) a 0.5% common systematic uncertainty
arising from the luminosity measurements has been taken into account and in the
case of I',+.- also the common error due to the procedure for subtracting the
t—channel Bhabha scattering froﬁl the data has been included.

With these figures, the experimental value of our quantities at the 90 % c.l

are found to be

T,; = 367 (1 = 0.085) MeV;
R, = 0.995 (1 % 0.025) (2.33)

R, =1.002 (1 +0.021)

We note that in R, and R, the error is probably overestimated since we expect that
the systematic uncertainty that originates from the measurement of the luminosity
should cancel in this two ratios.

From (2.27), (2.29) and (2.33) we get the following bounds for the b-hy,

7-E, and p—FE, mixing angles:

(s7)? < 0.060
(s¥)* < 0.015 (2.34)
(s5)? <0.010
It is interesting to note that the first two bounds in eq. (2.34) are already com-
parable with the maximum values for the mixings that can be derived from (2.1)
given the present lower limits on the mass M of exotic particles.
In conclusion, in this chapter the consequences of a mixing among the ordi-

nary fermions and new heavy exotic ones that are predicted to exist in Eg models
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have been analysed. The attention has been focused on quantities relevant for
experiments at the Z peak. Several effects that occur in this kind of theories,
such as a Zy—Z; mixing that will induce deviations from the SM couplings of the
fermions and will also influence the value of the p parameter have been properly
taken into account, and the theoretical expectations have been compared with the
most recent LEP data, obtaining new and improved bounds on the mixing angles

of the 7 and p leptons and of the b quark.
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Chapter 3

A Comprehensive Analysis of the
Constraints on Fermion Mixing

In this chapter we present a detailed analysis of the limits on deviations of the
lepton and quark weak—couplings from their standard values, for a general class
of models where the known fermions are allowed to mix with new heavy exotic
particles with unconventional SU(2)xU(1) quantum number assignments (left-
handed singlets or right-handed doublets). The formalism that was introduced in
the previous chapter in order to describe charged fermion mixing in the frame of Eg
models and that has been applied to Z-peak physics, is extended here (following
ref. [3]) to include the mixing among different kinds of neutral particles and to
the charged current sector. This formalism turns out to be powerful enough to
describe, beyond the case of Eg models, general extensions of the electroweak

theory such as models with mirror fermions, additional generations, etc.

A detailed and up-to-date analysis of the available experimental data is also
presented. The new results on Mz, Iz, on the Z partial decay—widths and on the

asymmetries measured at the Z resonance, as well as updated results on the W
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mass, on deep-inelastic v—q and v—e scattering and on atomic parity violation are
used to constrain the mixings. Present constraints on lepton universality, unitarity
of the quark mixing matrix and induced right-handed currents are also included. A
global analysis of all these data leads to upper limits that improve considerably the
existing bounds on the mixing factors s> = sin®f,;x. When only one mixing angle
is considered at a time, the limits for most of the mixing factors (s)? are below
the 1 % level, with the exception of the mixings of ug, dr,cr and v, that are of
the order of a few percent and those of sg and by that are still poorly constrained
to values < 1/3. Remarkably enough a signal of non-zero mixing at 90 % c.l.
is found in the case that the T neutrino mixes with an ordinary heavy neutral
state. The general situation when all the mixings are simultaneously present and
accidental cancellations among them are allowed to occur is also analysed, and it

is shown that these cancellations can weaken the constraints by a factor between

2 and 5.

3.1 Introduction

In the last few years the ever increasing accumulation of precise electroweak ex-
periments have been regularly employed to check the consistency of the standard
model (SM), to determine sin®y- and to make predictions for the still unknown
value of the top mass. Possible indirect signatures of physics beyond the SM, such

as the effects of additional gauge bosons or of mixings of the standard fermions
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with exotic ones, as well as the contributions of non—decoupled physics to radiative

corrections, have also been constrained by these measurements.

The first pre-LEP analyses [24,25,3] used the available information on gauge
boson masses from colliders, neutral current (NC) data on v scattering, parity vi-
olation, fermion asymmetries in e*e™ annihilation below the Z resonance, and in
some cases charged current (CC) constraints. By now the situation has improved
considerably. A remarkable improvement has been achieved in the determina-
tion of the W boson mass from UA2 and CDF [33]. In the NC sector, there are
new measurements on atomic parity violation in Cs [35] and new calculations of
the atomic matrix elements involved [36], there are new results on v,e scattering
[37,38,39] as well as new and updated analyses of the ¢ and b asymmetries in y-
Z interference processes at PEP and PETRA [40,41,42]. In the CC sector, new
constraints are available on the universality of the lepton couplings and on the
unitarity of the quark mixing matrix, and the problem of the charm quark thresh-
old [43], that affects the vq CC cross section used to normalize the deep-inelastic
NC experiments, has been studied in more detail. The really new input, however,
comes from the large set of accurate measurements carried out at the Z-peak at
LEP and SLC. Besides Mz, that is now very precisely known, the determination of
the total and of the partial Z—widths and of the on-resonance forward—backward
and 7 polarization asymmetries has provided very precise informations about the

fermion couplings to the Z.

Some of these data have been recently used to update the predictions on

m; [44] and to constrain extensions of the SM with extra U(1) gauge bosons [23],
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as well as technicolour models, strongly interacting Higgs—bosons and other kinds

of heavy physics that could manifest itself through radiative corrections [45].

It is our purpose here to update the bounds on possible mixings between the
known fermions and new exotic ones. There have been several earlier analyses of
the limits on fermion mixings [46], and the first (pre-LEP) global analysis of this
kind of new physics was done by Langacker and London [3]. Subsequently it was
shown that the very first LEP dat‘a, already improved some bounds significantly
[4] (see also chapter 2) and, more recently, Langacker, Luo and Mann [47] have
also discussed the sensitivity to some exotic mixings that will be attained with the

forseeable precision of the ongoing or planned precision electroweak experiments.

The existence of new fermions with exotic weak couplings is a quite common
feature in most of the extensions of the SM, being the ‘superstring inspired’ Eg
models well known and still popular examples [8] of these. A mixing between
ordinary and exotic fermions is allowed whenever their SU(3)c X U(1)em quantum
numbers are the same. If at the same time the new fermions have non canonical
SU(2)r assignments, the couplings of the light states with both the W and the Z
vector bosons will be modified, leading to deviations from the SM expectations.
This is the kind of effects we aim to constrain by means of a careful analysis of
the available experimental results.

The general formalism to describe fermion mixing that was introduced in
[3] will be briefly surveyed in section 2. Section 3 is devoted to a brief discussion
of the parameters needed to work out the numerical predictions. We then present

in following sections 4 to 7 the theoretical expressions for the different observables
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that have been used to work out the constraints. A description of each measure-
ment and a discussion of the experimental data are also given in these sections.
Section 8 is devoted to comment on the results of the global analysis. The results
are presented as 90 % c.l. upper limits on the ordinary—exotic mixing parameters,
both in the case in which only one fermion is allowed to mix at a time and in the
case were all mixings are simultaneously present so that accidental cancellations
may occur. Finally, in section 9 I will summarize the main topics presented in the

chapter and draw the conclusions.

3.2 Ordinary—Exotic Fermion Mixing:

a General Formalism

The lack of observation of new particles in the last accelerator runs indicates that if
possible new fermions exist, they will generally have large masses (> 50—100 GeV).
Even if these particles cannot be directly produced with the experimental facilities
available at present, it is still possible that their effects are indirectly detected as
small deviations of the observed fermion couplings from the standard ones. In
particular, this happens if the exotic fermions have non—canonical SU(2)z x U(1)
assignments and they mix with the ordinary ones. We consider a fermion to have
canonical SU(2)r quantum numbers if it is a left-handed SU(2)r doublet or a
right-handed SU(2)y singlet. These are called ordinary fermions while fermions
with non—canonical quantum numbers are classified as exotics. Exotic fermions

can appear in mirror models [48] in which generally whole mirror generations with

51
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R-doublets and L-singlets are introduced, in models with vector doublets (singlets)
where both left and right fermions have the same transformation properties under
weak—isospin, or as singlet Weyl neutrinos. Fermions with exotic charges or colour
assignments cannot mix with the known quarks and leptons and thus we will not
consider them.

In order to describe the mixing between ordinary and exotic charged
fermions, we introduce [3] two vectors for the left and right-handed ordinary and
exotic weak eigenstates \IJ}’;(R) = (¥, @%)E(R), and two different vectors for the
light and heavy mass eigenstates ¥pp) = (‘I’z,‘llh)g(m. The weak and mass

eigenstates are related by unitary transformations
¥ir) = UL ¥i(r)- (3.1)

It is convenient to decompose the matrix U as

A F :
ULry = <F G>L(R)’ (3.2)

where 4 and F' describe the overlap of the light eigenstates with the ordinary and
exotic fermions respectively. Since we have included fermions of sequential families
or canonical members of vector multiplets as ordinary states, the labels ‘light’ and

‘heavy’ should be taken as suggestive only. From the unitarity of U it follows that
ATA+ F'F = AA" + EET =T (3.3)

Hence, the matrix A describing the mixing with the ordinary fermions is non-
unitary by small terms quadratic in the ordinary—exotic fermion mixings present
n F.
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The fermion current coupling to the Z is
1 -
575 = > Uyt I P+t InPr — QF 5% 1) 0%, (3.4)
7

where Pp g = %(1 T 75) are the L and R chiral projectors, s} = sin® Oy, QF
and t; denote charge and third isospin component of f and Iy r project onto the

subspaces of the ordinary and exotic weak doublets of ¥°, i.e.

ILz(é 8) , IR:(S 3) (3.5)

Hence, (omitting the label [) the light fermions—Z vertex is given by the Lagrangian
1/2 _ .
Lz =— (\/§GF]\/[§7> Z‘I’f’)’u(LfPL —}-RfPR)‘Iff Zh, (3.6)
: f

with
L= tgAI{TAJI; - Qfs%v
’ (3.7)
R =t FITF) — QF .
Although the matrices A'4 and FTF are in principle quite general, non-vanishing
off diagonal terms would induce FCNC that are experimentally known to be very
suppressed [3]. Hence, we will assume that different light mass eigenstates do

not mix with the same exotic partner, in which case the absence of FCNC is

automatically guaranteed. With this assumption one gets
(FIF)i; = (s5)? 65, a=1L,R, (3.8)

where (53)% = 1 — (¢!)? = sin® 6%, and HE(R) is the mixing angle between L(R)

light and heavy partners.
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Then the neutral-current couplings for the light fermions can be written as

er(fi) = (L) = 1§ (¢f )’ — Q% sl

en(fi) = (R )i =t (sH)? — QT sk,

(3.9)

and we see that while the L-mixings reduce the strength of the isospin current, the
presence of R—mixings induces a right—handed current. Clearly the electromagnetic
current is left unchanged. The vector and axial-vector couplings in the presence

of mixing are (omitting the generation index 1)

vp = e (f) + er(f) =t [(cD)? + (s5)7] - 207 s}y
. (3.10)
L

ar = &u(f) — enlf) =t [(c])? - (s)°]

Henceforth vy and ay will always denote the true couplings of the light fermions
including mixing terms.

‘The charged current between light states is
1 -
EJ#Y = ‘Ifu’)/“(VLPL + VRPR)\I'd. (3.11)

The first 3 components of the vectors ¥,, ¥, represent the standard quarks, while
the remaining n — 3 ‘light’ fields correspond to possible extra sequential, or vector
doublet, quarks. Vp = A}‘JTAdL and Vg = FI’JLTFE generalize the SM Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing. In particular, the matrix V7 is non
unitary due to the mixing with the exotic quarks, however it can be decomposed

as
Ui d;
VLij =Cr CLJ KLij7 (3'12)

54



3. A COMPREHENSIVE ANALYSIS OF THE CONSTRAINTS ...

where K is unitary [3]. For the induced right-handed currents, it is convenient

to introduce the parameters

(3.13)

which are quadratic in the light-heavy mixings.

For the neutral fermions the situation is more complicated because in the
presence of Majorana mass terms three kinds of neutral fields with different isospin
assignments can mix at the same time, and also because due to the lack of ex-
perimental constraints the assumption on the absence of FONC must be released.
)T

Besides the ordinary neutrinos that appear in L-doublets (n}, ey )", we can have

exotic states that appear in the CP conjugates of SU(2) R-doublets (Eg’"noE)f,
(these can mix with n2 through AL = £2 Majorana mass terms) and also exotic
singlets n%; can be present.

In analogy with the charged fermion case, we write the weak and mass

eigenstates as

ng -
ng = | n% , np= (n ) . (3.14)
n? /L
S/ L
These states are related through ny = Urnr. The unitary matrix U can be
decomposed as
A FE
Up=| F G , (3.15)
H J],

with 4, F, H describing the overlap of the light neutrinos with ng), ng and ng

respectively.
Note that we do not distinguish between left handed neutrinos and an-

tineutrinos, they are all described by fields nz and the right handed fields will be
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denoted as n$ = Cnf. Clearly ny = Urn$ with U = Uj.

The LEP measurements of the number of light neutrino species implies that
if neutrinos with large exotic n% components exist, their masses must be heavier
than Mz /2. Light singlets, however, as in the case of Dirac neutrino masses, could
be present and a mixing with exotic doublets would allow them to couple to the
Z boson. For simplicity we will not consider this case, but our results are largely
independent of this restriction. In conclusion we will assume the light neutrinos
to be mainly ordinary states so that we will consider the elements of F' and H as
small light—heavy mixings.

We will chose the flavour basis such that the charged lepton flavour eigen-
states coincide with the charged mass eigenstates up to light—heavy mixing effects.

Hence, the charged current between light mass eigenstates reads
Jh = ALyt Ay cter + ﬁ%'y"Fys%eR. (3.16)

The first term in this equation is the usual left—handed current with the overall
strength reduced by the effect of light—heavy mixing, while the second term cor-
responds to an induced right-handed current that can produce neutrinos of the
wrong helicity in weak decays. This term is present when both the light neutrino
and charged lepton mix with the components of an exotic doublet.

It is convenient to write A*T = KV AT, where the matrix K” is unitary
and, being the leptonic analog of the CKM matrix, it is non-trivial if the light
neutrinos have masses and ordinary mixings. The exotic mixings appear only in

A, which deviates from the identity only by terms of O(s?). In the charged current
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processes that we will consider, a sum has to be taken over the unobserved final
neutrino mass eigenstates (the kinematical effects of v masses are negligible) and
thus the information in K is lost. In weak decays, for example, the mixings
induce a change in the decay rate with respect to the SM rate T', that, to O(s?)

and restricting ourself to the primary vertex, can be written as
1 v
o 7 T(eq = mi) = (c5)2 (A5 AL au + O(s), (3.17)

where (4¥A"1 oy = (A" A"T)4e = (c4*)? accounts for the neutrino light-heavy
mixing. As we see, the sum over the final undetected states allows us to take just
one mixing angle per neutrino flavour to describe the exotic mixings, although in
general the matrix A”T.A” is not diagonal.

The weak neutral current for the light neutrino states is
1 . .
Jyz = §ﬁL7“(A'f:TAZ — F/"F[)ng, (3.18)

where AZ?AZ and FETFE originate respectively from the ordinary nf, and exotic
n$ neutrinos that have opposite isospin assignments.

Up to mixing effects in the target, and summing again over the undetected
light n; neutrinos, the scattering process n, — n; is modified with respect to the

normal case as

1 1 . , .
. N = AV vi qv _ pvt v QAVT ua
7 Z o(na — ni) (CIVLG)Z( (4 ) )

i

=1-2 (K" (2F"TF" + H"TH")K")  + O(s%), (3.19)
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where the factor (c7*)? in the denominator comes from the normalization of the
ng produced in the weak decay of e,. In (3.19) we have used the unitarity of
Ur as well as the decomposition of the matrix A into the unitary K matrix,
and we have neglected terms O(s*). Defining now (KTFTFK),, = A%(s7*)? and

(KTHTHK )4 = A%(s%°)? we finally get

—G}; D o(na = mi) =1— Aa(s5)” + O(s*). (3.20)

i

Since the sum of the A%’ s is constrained to be < 1 from the unitarity of Uy, in
(3.15), the value of the effective parameter A, = 47% +2)% must lie between 0 and
4, depending on the mixing involved. If the light states are mixed with ordinary
states (that will be mainly heavy) then the couplings are not affected and A, = 0.
If only singlet states n% mix with the known neutrinos then A, = 2 while A, =4
describes mixings involving only exotic states n%.

The decay rate of the Z boson into undetected neutrinos is proportional to
the sum of the square of the neutrino neutral-current couplings. Using the same

approximations as in the previous case we find
Tr(A"T A" — FYIFY)? =3 - > Au(sy)? + O(s*), (3.21)

and we see that the effective parameter A, could largely influence the reduction

in the decay rate.
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3.3 Overview on the Experimental Constraints

In this section we discuss the input parameters that we have used to work out
the numerical predictions from the theoretical expressions, and we give a short
overview of the general strategy that we have adopted. The measurements that
have been used to constrain the fermion mixing angles will be discussed in detail
in the forthcoming sections. In comparing the experimental results with the corre-
sponding theoretical expressions some care is needed, since indirect effects of the
mixings that depend on the particular experimental procedure used to extract the
data could be present, and to match the precision reached by the ‘last—generation’
experiments, 1-loop effects should be taken into account in the evaluation of the
theoretical expressions. We have followed the general attitude of including only
the set of SM radiative corrections, which are nowadays completely known, ne-
glecting the effect of mixings in them as well as the contribution of the additional
states in the loops. We should stress however that the large number of exotic
fermions present in the models under investigation could give rise to non negligi-
ble higher order effects [45] especially in the case of non-degenerate doublets [28].
QCD corrections have also been included in all the relevant cases when hadronic

final states were involved.

Our set of fundamental input parameters consists of the QED coupling
constant o measured at ¢> = 0, the mass of the Z boson Mz and the Fermi

coupling constant Gg. The numerical values of a and Mz as extracted from
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experiments are not affected by the mixings. The position of the resonance-peak
does not depend on the exact form of the fermion couplings with the Z (the shape
and height of the peak, in contrast, are modified by the mixings) and the standard
set of QED corrections needed to reconstruct the exact peak—position can be safely
applied, since also the electromagnetic current is not modified.

Throughout this work we will fix the Z-mass at the value Mz = 91.175
GeV [19] since the theoretical uncertainties induced by the present experimental
error of £21 MeV are negligible.

In contrast with the previous two parameters, the Fermi coupling con-
stant extracted from the measured life-time of the p-lepton, G, = 1.16637(2) x
107°GeV ™2, is affected by fermion mixings. The relation between Gr and the
effective u-decay coupling constant (neglecting the O(s*) effect of induced right
handed currents (RHC)) is

G, = Grcpccsel. (3.22)
Clearly, this indirect dependence on the light lepton mixing angles is propagated
in all the expressions that contain Gr. This is the case for example for the W
boson mass, for which no other explicit dependence on mixings appears.

In addition, also the value of the top-quark m; and Higgs boson My masses
must be specified, since they enter the expressions via loop corrections. The de-
pendence on My is soft, and we keep its value fixed at 100 GeV. In contrast,
varying the value of m; can induce sizeable effects. We have chosen to fix the top
mass at the value m; = 120 GeV that corresponds approximately to the minimum

of our x? function when all the mixing parameters are set to zero.
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Whenever some other experimental parameter enters our theoretical expres-
sions, we have used those experimental determinations for which mixing effects are
absent or negligible. This will be the case e.g. of the strong coupling constant
as(M2), of the semileptonic branching ratio Br(b — £+ X) and of the B’ — BY
mixing parameter xp on which we will further comment in the following.

Experimental errors have been evaluated by adding statistical and system-
atic uncertainties in quadrature and correlations have been taken into account in

all the relevant cases.

3.4 Indirect Constraint from the W Mass

The standard way of computing the value of the W mass is to compare the am-
plitude for W exchange at ¢> ~ 0 in pu decay with the effective strength of the
Fermi interaction. Radiative corrections are large and must be included [27]. The

theoretical expression for the W mass reads

G, 4A 1
R Arem
1+\/ GFng(l-Aa+ " )

where A = ma/+/2G,. The 1/(1 — Aa) term renormalizes the QED low energy

M?2
]\/I%’ = p—Z'

. (3.23)

coupling to the Mz scale and resums to all orders the large logs contained in the
photon vacuum polarization function. The leading top effects, quadratic in m¢,
are included in the parameter p ~ 1 + 3G, m?/8+/2m? [28]. We have taken p = 1

at the tree level, that corresponds to the absence of non—-doublet Higgs VEV’s and
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of extra U(1) gauge bosons with non—zero mixing with the standard Z. The non-
leading top effects, Higgs and other small corrections are included in the Ar™e™
term. We refer to [49] for a detailed discussion of all these corrections.

The expression for My in (3.23) is affected by the mixings only indirectly
via the G, /GF ratio. We note that increasing values of both the mixing angles
and of the top mass tend to increase Myy. Since the same interdependence enters
also the expression for the effective weak-mixing angle that defines the neutral-
current couplings of the fermions, a sizeable anticorrelation between m; and the
light lepton mixings is to be expected, resulting into a stronger constrain for larger
values of m;.

Experimentally the value of the W mass, as measured by CDF, is My =
79.91 £ 0.39 GeV [33]. The UA2 collaboration has measured the ratio of the W
and Z masses, for which many systematic errors cancel, obtaining My /Mz =
0.8831 £ 0.0055 [33]. Using the LEP value for Mz and averaging the two results
yields

My = 80.13 + 0.31GeV. (3.24)

3.5 Charged Currents Constraints

In this section we present an updated review of the charged current experiments.
The experimental data are presented in a form that is well suited to derive bounds

on the fermion mixing parameters, and are organised in three subsections. Tests
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of lepton universality and on the unitarity of the CKM mixing matrix provide
very stringent limits. Limits on the hadronic right handed currents are analysed
in the third subsection, while the constraints on the leptonic right handed currents
have not been included here since they are essentially unchanged with respect to

a previous analysis [3].

i) Lepton universality

The ratios g,/g. and g-/ge of the leptonic couplings to the W boson, which
in the SM are predicted to be unity (universality), are modified by fermion mixings

according to

9 \" _ (hP(ep? + CRP(R)? | (020
<ge> T (e)2(ey)? + (s5)2(s%)F T (e )2 (e )] =[BT (3.25)

Experimentally these ratios can be determined by comparing two different

leptonic decay processes. In table IT we give the values of (gi/g.)? extracted from
different experiments:

1) from the ratios of the partial cross sections

o(pp — W)B(W — Livi)

o(pp — W)B(W — ev,) L= T (3.26)
as measured by UAl and UA2 [50];
2) from the ratios of the 7 and p decay rates
) N g oY (3.27)
(T — evi) T'(p — evi)

that can be evaluated using the experimental values of the 7 branching fractions

into e and p and the measured 7-lifetime [51]. Combining the averages of [51] with
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Table ITI Charged Current experimental constraints on lepton uni-
versality (gi/ge), unitarity of the quark mixing matrix V;;, and induced

hadronic RHC (&;;).

Quantity Experimental value Correlation Processes
(9u/ge)? 1.00 = 0.20
!

(9r/ge)? 1.00 +0.12 W=y

(9u/9e)? 1.016 4 0.026 0.40 T — lugnd

(9-/9¢)? 0.952 4 0.031 L= evy

(9u/ge)? 1.014 +0.011 -y

” 1.013 + 0.046 K —ly

S [ Vail? 0.9981 + 0.0021 hadrons decays
Z?zl |Veil? 1.08 4+ 0.37 v-d scatt. and D,

Re(xua) 04 0.0037

Re(fus) 0+ 0.0037 K — 3m,2m

two very recent measurement of the L3 and OPAL collaborations [52] we obtain

Br(t — pv,v.) = 0.175 4+ 0.003 and Br(T — ev.v,) = 0.178 & 0.003 from which

the values in table II are derived.

3) Finally, the ratios

computed from the values reported in [51], have been also used for constraining

I'(r — pv)

(Kt — utv)

I'(r — ev) ’

universality of the p and e couplings.

K+ — e‘*‘l/)’
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i) CKM unitarity

Fermion mixings lead to violations of the 3-generation unitarity of the ob-
servable CKM matrix Vij, (1,7 = 1,2,3), as is apparent from eq. (2.11-2.13).
Thus, a measurement of the deviation from unity of the sum of the |Vij|?, for each
matrix row, puts constraints on the mixings. V,q and Vy; are obtained by dividing
by G, the measured vector coupling in 8 decay and in K,.3 and hyperon decays,

respectively. Hence [3],

_CGr

Vui
G,

(Vowi + VRui)ehcr,  i=4d,s. (3.29)

The value of | V3|, obtained from the analysis of semileptonic B decays, is negligibly
small for our purposes. Using the unitarity of the matrix K introduced in (3.12),

and neglecting terms of O(s*) and O(s® 3.1, |Kru:l?),

3 2 n 2
> Wil = (G erer ) {(4{)2 S Rl + 3 [Vasl? [2Re() — (58)7] }
i=1 i=4 i=1 (3.30)
where we have approximated |K1,;|* with the experimental values |V.il? in the
coefficients of the O(s?) terms.
V.4 is determined from the di-muon production rate of charm off valence

d-quarks [53] while V; is extracted from D.3 decays [51]. Hence
Veal® 2 (c2)*| KLl [Ves|? 2 | KL osl?[(c7)?(c1)” + 2Re(res)]  (3.31)

where, due to the comparatively large uncertainty affecting these measurements,

those mixings that are more effectively constrained by other experiments have
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been neglected. Taking the sum, and neglecting also |V,|*> and O(s*) terms, we

obtain
3 n

}: Veil* = (c5,)? — Z |KLeil® + [2Re(kes) — (53)2][Veal. (3.32)

For the |V;;|’s we use the values given in ref. [51], and the experimental constraints

from unitarity are listed in table II. 2

i) Right handed currents

The RHC’s induced by mixings with exotic quarks allow to constrain the
k;; parameters of the hadronic sector.

Very stringent limits on the tgy#dg and wgy*sgp RHC’s were set [56] from
the observation that the X' — 37 amplitude and slope parameters are predicted,
within an accuracy of ~ 10%, by PCAC and by the measured K — 27 matrix

elements. The resulting limits

1 —d4
IRe k|, |Re ko] < ootD = 00037 (3.33)

Vual[Vus

will be treated as 1o experimental constraints [3] on Re(kyq) and Re(kys).
Limits on the cgry*dgr, cry*sr RHC’s were set by the CDHS collabora-

tion [53] from the analysis of the v distribution in the di-muon charm production

(vd,vs — p~c), from which the following 95% confidence level bound was obtained

2

|weal® + |5esl® | 72| D
— T2 < o.0m (3.34)

2 Recent analyses [54] have reduced the error on V,4. However, still unsettled
theoretical issues concerning atomic corrections affect these conclusions [55], so we used

the more conservative values of [51]. Similar considerations apply also for V,.
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Here U, D, S denote the quark content of the isoscalar target [53], and |Veq| and

|V.s| have been introduced to approximate |Kr 4| and |KfL.,|. Using the experi-

. 2
.‘Cﬂ
Vea

2S5

p We can derive from this bound an experimental

mental estimate [53] for

constraint on the parameters k.q¢ and x.s.

The leptonic RHC’s are limited by the measurements of the ¢ and 7 Michel
parameters, as well as by the electron polarization in § decays. The corresponding
e

bounds on parameters such as s%*s% have not improved with respect to those
P RSR p P

obtained in [3], so we will not repeat them here.

3.6 Neutral Currents Constraints

Neutral-current experimental results are conveniently given as fits to the cou-
plings appearing in the effective Lagrangians that describe the corresponding four—
fermion processes [51]. The form of these effective Lagrangians relies only on the
assumption of spin—one gauge boson exchange and of massless left—handed neu-
trinos, and thus the experimental values of the phenomenological parameters are

essentially model independent.

We will treat separately the v — ¢, v — e and the parity-violating e — ¢
sectors. For clarity we will only display the tree level expressions, but in our
numerical computations the SM radiative corrections [57,58] have been included

as well.
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i) Neutrino - quark sector

The effective Lagrangian for the neutral current interaction of the light

neutrinos with quarks is

—LY = Cu Yu(l —v5)v [en(9)qvu(l —7v5)q + er(9)qvu(l +s)g] . (3.35)

V2
The values of the quark couplings €1, r(q) are extracted from deep—inelastic scat-
tering experiments off isoscalar and proton targets, normalized to the charged

current cross sections, i.e. from the ratios

o(v,N - vX)
o(v,N - p~X) ’

o(v,N — 0X)
oD, N — ptX)

RI/ = Rl‘l - (3-36)

In comparing the experimental results with the theoretical expressions, the effect
of the mixings in the normalization factors has to be taken into account as well
(3], since the fermion charged—current couplings are modified according to (3.11)
and, as discussed in the previous subsection, also the value of the CKM element
Vud obtained from (3-decay experiments is affected.

Using now (3.6), (3.10) and (3.20) and taking the normalization effects prop-
erly into account, the values of the quark couplings as extracted from experiments

correspond to

crn() = 5 Fa(s% K)oy £ 0g), (3.37)

where
1- Au(szﬂ )2/2
1—(s7)? = (s7')? — Re(kua)

In this factor the numerator comes from the modified NC v-couplings while the

Fi(s%,8) = (3.38)

denominator comes from the experimental normalization.
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The experimental values [51] are given in table III in terms of

2 =e(u)? +ea(d)? , b, =tan™" {:—Eg—} a=L,R (3.39)

that have negligible correlations.

i1) Neutrino — electron sector

The effective Lagrangian for the v — e sector is
ve G# = 5, e e
—L = P7u(l = 75)v EYulg5- — g47s)e- (3.40)

The electron vector and axial-vector couplings are extracted from v, —e scattering
experiments that, as in the previous case, are normalized with the v,-hadron
charged—current cross sections. For high—energy neutrinos like those of CERN
and FERMILAB, the CC deep-inelastic process leads to the same normalization
factor as in the v — g sector, so that the relation between the couplings extracted

from experiments and the theoretical ones is
gy =Five , g% =Fia.. (3.41)

For the low-energy neutrinos of BNL, the CC scattering is a quasi-elastic process

so that the factor Fi(s%,«) in eq. (3.41) is replaced by [3]

oy L= Bu(sg")/2
Fy(s7) G (U (3.42)

In table III we list the values of 954 that we have used. The recent CHARM

IT [38] results, as well as the CHARM I [37] and BNL [39] data on both v, and
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Table ITI Neutral Current experimental constraints.

Deep-inelastic v-q

g2 0.2977 £ 0.0042
9% 0.0317 £ 0.0034
0r, 2.50 £ 0.03
Or 4.59 F 932
v-e scattering experiment
95-/95% 0.047 + 0.046 CHARM II
g5 -0.06 £+ 0.07 CHARM I
9% -0.57 4 0.07 ”
g5 -0.10 £ 0.05 BNL
9% —0.50 £ 0.04 ”
e-q parity violation correlation
Ciu -0.249 4+ 0.066 -0.99 -0.95
Ci4 0.391 + 0.059 0.95
Cau — 3Ca4 0.21 4 0.37

v, scattering off electrons have all been included. In particular, CHARM II has
measured g{-/g from the ratio between v and ¥ NC cross sections, leading to a

clean measurement of v./a. since the F; factor cancels.
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111) Electron — quark sector

ii1) The measurements of parity violation effects in atoms and the polarized
e — D scattering experiments are sensitive to weak—electromagnetic interference
effects and allow the determination of the e — g parity violating couplings C1 2.

These parameters appear in the effective Lagrangian

—L% = — LN (Crigyur’e G g + Caitrue T7"7°0), (3.43)

G,
V2
where ¢ = u,d. Their relation with the theoretical couplings is

G G
Cii =2 (-é-li) acv; , Ca=2 (*@E) Ve s (3.44)

For the determination of the coefficients C;, parity violating transitions in
Cs are quite effective since for heavy nuclei the vector couplings of the quarks
are coherently enhanced, in addition since C's has only a single electron outside
a completely filled shell, rather clean theoretical calculations for the atomic ef-
fects are available [36]. The results are expressed in terms of the weak charge
Qu = —2(C14(2Z + N) + C14(Z + 2N)) whose value is [35] Quw(i¥Cs) =
—71.04 & 1.58 + 0.88 (the second error comes from atomic theory). The par-
ticular combination Ca, — %Czd has been also measured in the SLAC polarized
e — D scattering experiment [59]. The values of the parity-violating coeflicients
listed in table III have been derived from the quoted value of @y, and from the

results given in table 1 of ref. [59].
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3.7 Constraints from Measurements at the Z—peak

The recent experiments performed at the LEP and SLC Z-factories have provided
us with a set of high precision measurements that are very sensitive to the values
of the fermion couplings to the Z—boson.

Besides the accurate determination of the value of the Z—mass, that together
with « and G completes the set of fundamental input parameters of the SM, also
the total Z width and the partial decay widths into hadronic final states and
into each of the three lepton flavours have been measured at LEP with very high
precision. Less accurate results have been obtained also for the b and c¢ partial
widths.

The measurements of the different I';’s are sensitive to the particular com-
bination of couplings v)% + afc, while the independent combination "ufaf/(v; - a?)
enters the expressions of the on-resonance forward-backward asymmetries AI;B,
that have been measured for f = e, pu, 7, ¢, b, and of the T polarization asymmetry
Apet, Already the first experimental results of LEP led to a drastic improvement
of the bounds on the mixings of the heavy quarks and the v-lepton [4], that were
otherwise poorly constrained [3]. The present accuracy leads to a general improve-

ment of the limits on all the mixing angles.

i) Z decay widths

All the four LEP collaborations have measured the total Z—width 'z as

well as the hadronic and the three flavour—dependent leptonic partial widths I';,
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Ie, Ty and T [19].
Due to the very high experimental accuracy, radiative corrections have to
be carefully taken into account in all the theoretical expressions. At 1-loop, the

partial decay width of the Z—boson to f—flavour fermions reads [49]

M
o N-f A
L'z £ €127

V2GrMEps(a® +v3)(1 + 6550)(1 + 8hcp), (3.45)
where Nf = 3(1) for quarks (leptons). 5éc p is the gluonic correction for hadronic
final states (5({;01) ~ a,(MZ%)/m in leading order). For the strong coupling constant
we have used the value o (M%) = 0.118 & 0.008 determined from jet analysis in
hadronic Z decays [32], and we have neglected the theoretical uncertainty related
to the error on this parameter. ‘%ED is a (small) additional photonic correction.

Electroweak corrections appear in the ps term as well as in the effective weak

mixing angle that renormalizes the vector-coupling vy :

ps=p+ApE™, (3.46)

) 1 G, 44 [ 1 .
S - AFmem | 47
serslf) =3 Gr pMZ \1=Aa =77 (347)

In these equations the p—term is universal and includes the potentially large heavy—
top effects. Ap%™ and A7EE™ contain, among others, non universal flavour—
dependent contributions arising from vertex form factors. These contributions are
generally small, except in the case of b~quarks final states for which loops involving
the top—quark appear in the correction to the Zbb vertex [30]. Finite mass effects
not displayed in eq. (3.45) have been also taken into account. Analytical formulae

for these corrections can be found in [49]. We note that, since G,/GF enters the
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definition of the effective weak—mixing angle, all the LEP measurements contribute
indirectly to bound the four mixings involved in the u—decay.

The experimental values of the five width 'z, I's, T's (£ = e, p, 7) as mea-
sured by the four LEP collaborations are affected by common systematic errors.
For the weighted averages listed in table IV we have assigned to I'z a common
systematic error of 5 MeV from point-to—point error in the LEP energy calibra-
tion, and to the partial widths a 0.5% error from luminosity [60]. Experimentally
the widths are determined by fitting simultaneously the data for the reactions
eTe™ — hadrons, ete”, ptu~, 7777, and thus they are expected to have cor-
relations that cannot be neglected, but that unfortunately are not always given.
To overcome this inconvenience, we have adopted the following procedure. A sec-
ond set of experimental quantities equivalent to { I'z, I'y, I'e, I'y, I's }, but with
much cleaner correlations, is provided by { Tz, o}, R, R,, R, } where o} is the
peak hadronic cross section corrected for the effect of initial state radiation, and
Ry = o}/o] =Ti/Ti (I = e,pn, 7). The correspondence between the two sets is
given by

12 T'e.I'y

0 _
U'f——

. (3.4
M7 TS (5.48)

A remarkable property of this second set of quantities is that their systematic
errors have in general different origins and that the correlation arising from their
functional relation to the measured observables is negligible, with the exception of
the one between I' 7 and 0'2. In order to make a definite ansatz we have assumed an
anticorrelation between these two quantities of —25%. The correlation matrix for

the set of widths, shown in table IV, has been worked out via an iterative procedure

74



3. A COMPREHENSIVE ANALYSIS OF THE CONSTRAINTS ...

by requiring that it reproduces this anticorrelation (together with vanishing small
off-diagonal coefficients for the other entries) when we transform to the second set
by means of eq. (3.48). We have explicitly checked that this procedure leads to
quite acceptable results when confronted with the available correlations [19].

A direct measurement of the Z invisible width by single photon counting

[61] Tiny = 500 & 76 MeV has also been included in our analysis.

1) Leptonic asymmetries.

Forward—backward asymmetries are defined as follows

FB . 9F — 9B

i

where o (op) is the cross section for events with the f- fermion scattered into
the forward (backward) hemisphere with respect to the electron beam direction.

On resonance this gives

Vele vray
2 2 ,,2 2
vE + a; v —I—af

AP =3 (3.50)

where again v, s should be expressed in te;rms of the effective weak mixing-angle
(3.47). For quarks, final state QCD corrections must also be included (see e.g.[62]).
We have taken into account the bulk of the effects of QED initial-state radiation,
that are known to yield large corrections, by convolving the ete™ — ff differential
cross sections with a suitable “radiator” kernel [63]. The convoluted complete s-

dependent formulae [63] (instead of just eq. (3.50)) have then been used to fit the

asymmetries.
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BEven if statistical errors are still large if compared with the uncertainties on
the leptonic partial widths, the leptonic FB asymmetries constitute an additional
important set of quantities for testing universality of the lepton couplings to the
Z. In fact, while the T';’s are mainly sensitive to the squared axial couplings,
the asymmetries are sensitive to the ratios v;/ay. The combined measurement
of these two sets of quantities allows for an independent determination of v, and
a¢, and turns out to be quite effective for constraining both the right and left
mixing angles even in the “joint fits” where all the mixings are allowed to be
present simultaneously. In table IV we give the values of the peak asymmetries
averaged over the results of the LEP collaborations, but for the leptonic asymme-
tries we have also included in our analysis the data at &1 GeV around resonance
in order to increase the statistics. Whenever available we have used the asym-
metries determined from a maximum likelihood fit to the angular distribution
dog/dcosf ~ 1+ cos? 8 + %AI;B cos § (where § is the scattering angle), otherwise
we have used the direct countings of the events and we have corrected for the
relevant angular range of detection in the theoretical expressions.

The 7 polarization asymmetry [64] has been also measured at LEP in 7 pair
production, using the distributions of its decay products [65]. At the Z resonance

this quantity reads

pol —2v,a,

T2 2
v+ a2

(3.51)

and it is very sensitive to the 7 vector coupling to the Z, having the advantage
with respect to the forward—backward asymmetry that it is not suppressed by the

small electron vector coupling. Experimentally, the T polarization is inferred from
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the slope of the energy distribution of the decay products under the assumption
of pure V — A coupling with the W bosons [64]. The presence of mixing-induced
RHC could then in principle affect the quoted experimental results, but this effect
is O(s*) and can thus be neglected. The weighted average of the ALEPH and
OPAL results [65] is given in table IV.

wi) Heavy flavours

For the measurement of the width of the Z decay into b quarks, different
methods have been used by different collaborations. ALEPH, L3 and OPAL at
LEP and MARK II at SLC [20] used high momentum and high—pr muons and/or
electrons to tag the b quark, thus they measure the quantity I'y/T's Br(b — £fvX)
for £ = e, . A value for the b-branching ratio into electrons and muons is
then needed for the determination of I'y. This branching has been measured by
the L3 collaboration [34] by analysing the ratio of the events where both b’s decay
semileptonically to the single lepton events. The L3 measurement can be combined
with the PEP and PETRA determination of Br(b — fvX) (quoted in [34]) to
obtain a value that is largely independent of assumptions on the b neutral-current
couplings since the first result is, in first order, independent of I'y, and at the c.m.
energies of the latter experiments weak effects contribute only a few percent to
b—production. We have used the resulting value Br(b — {vX) = 0.11940.006 [34]
for deriving T’y /T, from the average of the first four measurements. The strategy
adopted by DELPHI [20] in order to identify the b quarks is based on the fact

that, due to the larger B~hadrons mass, a greater “sphericity” is expected for the
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Table IV Results on Z-partial widths (in MeV) and on-Tesonance asym-
metries. The values displayed for the leptonic asymmetries correspond to the
peak—data and have been corrected only for angular acceptance. Also dis-
played are the values of the b and ¢ axial-vector couplings extracted from the
off-resonance AZ% asymmetries (used only in the single fits) and the charm
asymmetry measured through D*—tagging (used in the joint fits).

Quantity Experimental value Correlation
Tz 2487 + 10 0.52 052 029 0.25
T 1739 +13 -0.15 0.55 0.48
T, 83.2+ 0.6 -0.08 -0.07
T, 83.4 +0.9 0.26
I, 82.8+1.1
AFB (peak) —0.019 £+ 0.014
AIZB(peak) 0.0070 £ 0.0079
AEB (peak) 0.099 4 0.096
Apel —0.121 £ 0.040
Ty 367 +19
T, 299 + 45
ATB 0.123 £+ 0.024
AFB 0.064 + 0.049
a)”? —0.405 + 0.095 (for single fits)
a)? 0.515 & 0.085 of singie B
A7Z, (29 GeV) —0.101 £ 0.027 o
~Z (for joint fits)
A D+ (35 GeV) —0.161 £0.034
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corresponding jets. This measurement gives a further direct determination of the
T'y /Ty ratio.

From the overall average of these quantities and using the experimental
value of T'j, (table IV), we obtain I'y = 363+£19 MeV, where the overall uncertainty

is dominated by the error on the b—semileptonic branching ratio.

The Z partial decay width into charmed quarks has also been measured,
but due to the greater difficulties in the identification of the primary ¢ quarks
the accuracy achieved is worse. ALEPH [66] uses high p and pr electrons while
OPAL uses muons [66]. Averaging these two measurements and using the value
Br(c — £vX) = 0.096 £ 0.006 determined at PEP and PETRA and quoted by L3
in [34] a first value for I'; /T’y is obtained.

A second determination of the c¢ production rate has been performed by
OPAL (last paper in [66]) with a different method. The I'./T'; ratio is determined
from the analysis of the reconstructed D* momentum distribution produced in
Z decays. The same ratio has been determined by the DELPHI collaboration
[66] from the inclusive analysis of charged pions from D*t — 7t DY decay. In
combining these two measurements, the common systematic error coming from
the ¢ — D* hadronization probability has been taken into account. The result of

the average of the four measurement is given in table IV.

Three measurements of the b—quark forward-backward asymmetry have
been reported [67]. In each case the b channel is selected using electronic and

muonic b decays, with the requirement of high p and pr for the final leptons, the
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consequent reduction in the statistics leads to rather large experimental errors. In
addition the effect of B — B' mixing has to be taken into account. This effect
tends to reduce the asymmetry since the neutral B’ meson can transform into its
charge conjugate before it decays. The relation between AEB and the observed
asymmetry is [68]

= _—obs (3.52)

where xp is a measure of the probability of a B’ meson to oscillate into a B
meson. Several measurements of the B-mixing parameter have been performed
[69]. The method adopted, which is largely independent of the b—quark neutral
couplings, is to count the ratio between like—sign to opposite-sign b-originated
di-lepton events, since two leptons of the same charge are a signature that one B 0
meson has oscillated into its CP conjugate.

The result quoted in table IV for the b forward-backward asymmetry has
been obtained by adjusting all the measurements to xp = 0, and then correcting
the average with yp = 0.146 4 0.016 that was obtained by averaging the ALEPH,

L3 and UA1 measurements [69]. *

The forward-backward asymmetry for charmed quarks has been measured
only by the ALEPH collaboration [67] in a simultaneous fit with AL 2. Their result

is displayed in Tab. III.

We have included in our analysis also the FB b and ¢ asymmetries Agf,

3 We have not included the ARGUS and CLEO results [70] since these observations
stem from the analysis of T(45) decays were only By mesons are produced, while at

LEP the relative abundance of B; to B; mesons is estimated to be of 0.3-0.4.
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measured in the v—Z interference region at PEP and PETRA. These asymmetries
are essentially determined by the product of the axial-vector couplings acap(.),
that is a different combination from what is measured on top of the resonance.
High p and pr leptons have been used for tagging both the heavy quarks [40,42],
leading to non negligible correlations between the two asymmetries. For the c
quark also the D* tagging technique (largely independent of the b couplings) have

been used [41,42]

In our individual fits we have used the PEP/PETRA averages for a; and a.
quoted in ref. [40]. In the joint analysis it is no more consistent to include these
results since each axial coupling is determined while keeping the others fixed at
their SM value, so in this case we have restricted our set of data by including only

the ¢ FB asymmetry measured with the D*—tagging technique [41,42].

The measurements of the leptonic asymmetries in weak—electromagnetic in-
terference do not improve significantly the constraints, and have not been included

in our fit.

3.8 Results and Discussion

To obtain the constraints on the mixing par;a,meters 52 we have confronted the

theoretical expression X! for each observable with the corresponding experimental
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result X¢*? + o, by constructing a x? function

(3.53)

. h
2 (X;h - Affp) o1 (Xé B X;:Bp)
=) (C)ap————

T ag
a,B
where the C represents the matrix of correlations.

Some care must be paid in the interpretation of the confidence levels from
the x? since the variables s? are bounded in [0,1]. For each parameter we then

assume a probability distribution

P(s3) = N; e~ X (50)/2 (3.54)

12

with N7! = fol exp(—x2(s?)/2) ds?. For the joint fits, in which all mixing pa-

rameters are allowed to vary simultaneously, the x? function in the expression for

P(s?) is minimized with respect to all the remaining parameters for each value of
2

S

The 90% c.l. upper bounds 5? are computed by requiring
/ " P(s?) ds? = 0.90 (3.55)
0

under the additional condition x2(5%) > x?(0) that, if not satisfied, would be a
signature for non-zero mixing angles at 90% c.l..

Although there are more than 20 mixing parameters, the large number of
observables allows to constrain all of them. The inclusion of the recent results from
LEP, together with the updated NC and CC results, have considerably improved
almost all the previous limits [3,4]. Our results for the 90 % c.l. bounds obtained

in the individual and joint analyses are collected in table V.
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For simp]icity we have assumed A, = A, = A, (corresponding to ordinary-
exotic mixings of the same kind for the three neutrinos) but these parameters
could in principle differ. In the individual analysis, since only the bounds on the
neutrino mixings may depend on the value of A, we just show the results for A = 2.
Furthermore, since the electron and muon neutrino mixings are mainly constrained
by CC measurements, they are largely independent of the value of A. In contrast,
for the 7 neutrino different values of A led to different bounds, since in this case
the LEP measurement of I'z gives an important constraint. The upper bounds for
v, are respectively (s77)? < 0.098,0.032,0.015 for A, = 0,2,4 corresponding to
neutrino mixings with heavy ordinary doublets in sequential or vector doublets,
with heavy singlets and with exotic doublets respectively. For the joint bounds,

we present all the results for A =0, 2 and 4.

One possibility that we have not considered for simplicity is the presence of
light neutrinos that are mainly singlets. These could appear for instance in models
where the light neutrinos are Dirac particles. These light singlets could mix with
exotic doublets and hence couple to the Z, giving rise to a new invisible decay
channel. The additional parameters s% describing these mixings would then be
constrained by the measurement of I'z. This would affect mainly the bounds on
the 7 neutrino mixings in the joint analysis (for A, % 0), while the other bounds

would essentially remain unmodified.

In the last column of table V we list, for each mixing angle, the observables
that are more important for establishing the constraints. Often a tight constraint

set by some accurate measurements can be evaded in the joint analysis, since the
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deviations caused by the mixing under consideration may be canceled in these
observables by adjusting other mixings to non-zero values. Other observables,
for which the possibilities of cancellations are more restricted, can then become
important in the determination of the joint bounds even if they were not decisive
for the individual fits. In table V these observables are labeled with a (*). This
happens e.g. for I'z and I'j44, that are crucial for the single bounds but that should
be supplemented by other constraints in the joint analyses since they depend
on several mixing parameters. Hence, the large number of measurements at our
disposal plays a crucial réle for setting the limits.

A look at table V makes apparent that the measurements of the Z partial
and total widths contribute to the limits on all the exotic mixings. The bounds
on the leptons and b-quark mixings receive further contributions from the on-
resonance asymmetries, while PEP and PETRA off-resonance asymmetries help

to strengthen the bounds for the ¢ quark.

For the fermions of the first generation and for the pr and v} leptons,
both the ‘low-energy’ NC constraints (especially v—q scattering and to a smaller
extent the e—¢ sector) and the CC constraints on the unitarity of the CKM matrix
are also important. These last quantities also bound the mixings |Vy;| and |V.i]
with sequential or vector doublets, as well as the parameters &;;, that are further

constrained by direct searches of induced hadronic RHC’s.

Due to the fact that the presence of the mixings modify the fermion cou-
plings, the various determinations of the effective weak angle cannot be used as

direct measurements. However since the theoretical expression for s.;; depends
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on the ratio Gg/G,, besides the direct constraints, the combination of all the
LEP and NC experiments put also important indirect constraints to the mixings
that appear in u decay. These indirect bounds are quite effective for the electron
and muon neutrino mixings, and are of some relevance also for (s7)? in the joint
analyses. These two indirect sources of constraints have been denoted respectively

with .sff}P and sé\’fg in table V.

The W boson mass, that also constrains the ratio G,/GF, is not very im-
portant in the individual analysis due to its present experimental error. However,
it gains relevance in the joint fits since it does not allow for accidental cancellations

between different mixings, as usually happens for LEP measurements.

For the left handed charged leptons and neutrinos, the constraints on lepton
universality are also crucial. Some peculiarities arise in the 7 — v sector, since to
some extent the T-decay measurements are better accounted for with non-universal
CC lepton couplings (see e.g. ref. [71]). In particular, non-vanishing 7z and/or v}
mixings weaken the Wrv, coupling, allowing for a longer 7 lifetime, as is favoured
by experiments. The excellent agreement of the accurate LEP measurements with
the SM predictions forces the overall probability distribution to be consistent with
vanishing values for the 7 and v, mixings. However, if v, mainly mixes with an
ordinary sequential or vector doublet neutrino (A, =~ 0), the NC experiments are
ineffective for constraining this mixing. In this case, both in the individual and in
the joint analyses, we find that the value s7” = 0 falls out of the 90% confidence
regions, that are respectively 0.0075 < s7” < 0.098 and 0.0057 < s7m < 0.097.

However, within two standard deviations the data are consistent with zero mixing.
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Another complication in the analysis is due to a peculiarity in the behaviour
of the observables where the dgp-type quark mixings are involved. Indeed for
(s£)? ~ 0.3 (¢ = d, s, b), the s* terms cancel against the quadratic ones inside
both the combinations v,a, and 'ug +a3, that are the only combinations of couplings
that can be measured at the Z—peak. Since the constraints on s% and s} are
provided essentially by LEP experiments, the corresponding x* distributions are
characterized by two equivalent minima, one lying around vanishing value for the
mixing and a second one near 0.3, and as a consequence the confidence intervals
are split into two disjoint regions with the x? function steeply rising between
them. Actually, due to the low central value of the b-quark axial-vector coupling
as extracted from the asymmetries in the 4v—Z interference region [40], the value
(s5)? ~ 0.3 is even in slightly better agreement with the data. For the bounds
in table V we have conservatively integrated over both the regions, however a
restriction to the interval consistent with zero mixing gives (s§)? < 0.09 and

(s%)? < 0.10, i.e. about three times tighter limits.

We can add a final comment about the interplay between the mixings and
the bounds on the top mass that are obtained by allowing this parameter. free to
vary. When all the mixing parameters are left free, a fit to m; indicates that the
preferred value is shifted downwards by about 25 GeV with respect to the case
when all the mixings are kept fixed to zero. As we have already noted this is mainly
due to the anticorrelation with the mixings that appear inside the ratio between
the Fermi constant as measured in px decay, and the true Fermi coupling constant:

G,./GF. As a consequence of the very large number of free parameters the error

86



3. A COMPREHENSIVE ANALYSIS OF THE CONSTRAINTS ...

is larger, and eventually the upper bound on m; is slightly relaxed. However,
considering that also the loop effects of the new heavy fermions that are present
in the models under consideration are expected to lower the upper bound on m;
(and in particﬁlar in the case of a large mass splitting inside the members of the
same isodoublet) we can conclude that in these models a ‘light’ top is generally

preferred.
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Table V 90 % c.l. upper bounds on the ordinary-exotic fermion mixings for
the individual fits, where only one parameter is allowed to vary, and for the joint
fits where cancellations between different mixings can occur. The observables
that mainly contribute to determine the numerical values of the bounds are
listed in the last column (those labeled by an asterisk () are effective only in

EP
the joint analyses). s,,. an

NC
d s,;; refer to the effective weak mixing angle,

from Z-peak and NC experiments, which contribute indirectly to constrain the

mixings in Gr/G,,.

Individual Joint Source
A=2 A=0 A=4
(s¢)?  0.0047 0.015  0.0090 0.015 L., My, ARB* eq*, g}
(s4)? 0.0062 0.010  0.0082 0.010 ., ATB, AEB= ye
(s)2  0.0017 0.0094 0.0090 0.011  VZ,vq,9,,Tprsess, M
(s%)?  0.0086 0.014 0.014  0.013 Iy, AEB
(s7)*>  0.011 0.017  0.015  0.017 T,, AFB, g,, Apel
(sp)?  0.011 0.012  0.014  0.012 T, Apol AFB  gx
()2 0.0045 0.019  0.015  0.019 V2, Th, T'z,eq,vq
(s%)?  0.018 0.024  0.025  0.024 vg, T'n, 'z, eq
()2 0.0046 0.019  0.016  0.019 V2, Ty, Iz, vq
(s%)2  0.020 0.030  0.028  0.029 eq, T'n, Tz, vg
(s3)2  0.011 0.038  0.039  0.041 Ty, T'z, V2
(s3)2T 0.36 0.67  0.63  0.74 Ty, Tz
(85 )2 0.013 0.040  0.042  0.042 Iy, Tz, T2, 477+
(s4)? - 0.029 0.097  0.10 0.099 Ty, Tz, A7%* Tz, AEB~
(s4)? 0.011 0.070  0.072  0.069 Ty, Tz, Ty, AFB*
(st)2t 033 0.39 040  0.39 Ty, Tz,Th, A)%, AFB
(s%¢)2  0.0097 0.015  0.016  0.014 sutpGerSurp My
(s7*)2  0.0019 0.015  0.0087 0.011 V2, Gus V4, 80 1, My
(st 0.032 0.064  0.097  0.035 Tz, g-
S K2, 0.0048 0.014  0.010  0.018 V2
|l 0.0011 0.0059 0.0060 0.0058 V2, vg, RHC’s, ve*
|us] 0.0054 0.0061 0.0061 0.0061 V2, RHC’s
S K?% 053 0.76 0.76 0.76 |2
|%ed] 0.31 0.31 0.31 0.31 RHC’s
|Kes] 0.24 0.29 0.29 0.29 V2, RHC’s

T For some peculiarities that occur for s% and 511’3, and for a discussion of the

bounds on SET, see text.
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3.9 Concluding Remarks

As a summary, we have analysed the limits on the mixings of the known leptons
and quarks with possible heavy fermions with exotic SU(2)r assignments. We
have obtained significant constraints on a very large set of mixing parameters by

performing a detailed global analysis of the available electroweak data.

In order to guarantee the experimentally observed absence of FCNC, we
have assumed that each ordinary charged fermion mixes with a unique exotic
state, in which case just one mixing angle per degree of freedom is enough to
describe the effects of the mixing. For the neutrinos there is no experimental
evidence of FCNC suppression, but since one has to sum over the flavor of the
unobserved final v states, again just one mixing angle per neutrino flavor allows
to describe the mixings, with the addition of an effective parameter (A) that takes

into account the type of exotic neutrinos involved.

In order to constrain the mixing angles we have analyzed the effects that
they could induce in the couplings between the light fermions and the weak bosons.
Very accurate measurements of the fermion weak—couplings are provided by sev-
eral experiments, as for example tests on CC universality and on the unitarity of
the CKM matrix, limits on induced right-handed currents, collider measurements
of My, low-energy NC experiments (v-scattering, atomic parity violation and po-
larized e — D scattering) and in particular the huge amount of data obtained at

LEP and SLC from experiments at the Z-resonance. The results of our analysis
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are collected in table V.

When just one mixing is constrained at a time, we obtain for most of the
fermions the tight limits s2 < 0.002 = 0.01 at 90 % c.l.. For ug, cg and v, the
bounds are s? < 0.03, however if v, mixes with an ordinary heavy neutrino the
constraint is s2 < 0.1 and a signal of non—zero mixing at 90 % c.l. is found. For sg
and br we find the much weaker bounds s? < 0.35. Allowing for accidental can-
cellations among different mixings the constraints are relaxed by a factor between

2 and 5.
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