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Introduction

Neutrinos are at the moment the most unknown among the elementary particles up
to now discovered. We do not know if they are massive or not and if, due to the possibil-
ity of mixing, they give rise to neutrino oscillations. We do not know if the right-handed
partner exists and if neutrinos are Dirac or Majorana fermions. On the other hand, this
elusive particle is able to dominate events of cosmological and astrophysical domain.
These considerations strongly motivate physicists, both experimentalists and theoreti-
cians, to better understand neutrino physics from the theoretical and phenomenological

point of view.

For a long time people believed in a zero mass left-handed neutrino, but some years
ago this idea has been reconsidered. In fact there is no reason, from the theoretical point
of view, to have an exact conservation of the lepton number, a global symmetry of the
Standard Model. In general extensi'ons of the Standard Model this symmetry is broken
and Majorana neutrino mass terms appear. This opens the possibility of mixing in the
leptonic sector giving rise to the phenomena of generational neutrino oscillations. On
the other hand, the hypothesis of the existence of right-handed neutrinos, restoring a
sort of parity symmetry on the fermionic states, is also reasonable. In such a case it
is possible to have Dirac mass terms and in general, except for the case of exact Dirac
neutrinos, we have to expect mixings, and then oscillations, between left- and right-

handed neutrinos, giving rise to an unitarity violation in the Z° neutrino couplings.

On the other hand, the values of the neutrino physics parameters are greatly rele-
vant in cosmology and astrophysics. Stable light neutrinos affect both the *He nucle-
osynthesis and the total density of the Universe, giving rise to interesting cosmological
bounds on their number of flavours and masses. They also could be good Dark Matter
candidates. Moreover, neutrinos are relevant in a lot of astrophysical phenomena, such
as the supernova explosions. From SN1987A it is possible to derive interesting and use-

ful informations on their physics. Finally, the Solar neutrino puzzle is a possible signal
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of a non-standard physics in the neutrino sector. Different kinds of theoretical hypoth-
esis have been elaborated, based on vacuum or matter resonant oscillations, or on the
effects of a non-negligible neutrino magnetic moment. It will be particularly interesting
in the near future to compare Davis and Kamiokande data, to better understand if a
problem is really present, with particular attention to the anticorrelation between the
detected neutrino flux and the cyclic variation of the sunspot number which Davis data

seem to display.

Neutrino physics is very complex, a lot of different possibilities are opened, and
at the moment almost completely unknown. However, neutrinos are able to play a
fundamental role in a lot of relevant physical phenomena. We are then motivated to
look for the phenomenological consequences that different theoretical hypothesis can
induce. This kind of analyses partially enlights the neutrino nature being able to give
us useful limits on some relevant neutrino properties, and interesting consequences also
in physical sectors different from neutrino physics. In particular we have pointed out
our attention on the effects of a sizeable mixing between the left-handed neutrino and
some heavy sterile neutral lepton (we have in mind its right-handed partner) [1]. We
derive that consistently with the present bounds the 7-system is the best place to look
for a violation of lepton universality. The mixing of v,; with a sterile neutrino with
a mass in the range of tens of GeV gives rise to an interesting phenomenology at the
Z° resonance. We discuss how SLC and LEP will be able to test such a mixing. Our
results are illustrated in Fig.s 4, 5 and 6.

Another way to derive informations on a possible universality violation in the lep-
tonic sector is to examiné the physics of the supernova SN1987A explosion [2]. In such a
case from the total amount of the energy emitted we derive new stringent limits for the
Ve, — Ve g mixing, taking into account the effects of matter resonant neutrino oscillations
[3]. In particular if the v.p mass is less than 10 M eV, right-handed neutrinos can be
produced inside the supernova. From the requirement that the cooling of the star does
not become too fast (less than 1 sec in contrast with the experimental observations), we
derive an excluded interval 2.3 x 1071° < sin® 26 < 1.1 x 1073 for the v, , — Ve g mixing

2 2

angle, if Am? = m%; — m2 (N ~ v, and v ~ v, are the mass eigenstates) is placed

outside the small window 2 x 105eV? < Am? < 4 x 107 eV2. The effects of matter
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resonant oscillations reduce the excluded interval to 1.6 x 107% < sin®26 < 1.1 x 1073

for 2 x 105 eV? < Am? < 4 x 107 eV2. These results are illustrated in Fig.s 8 and 9.

On the other hand, as previously discussed, it is also possible that the vr exists as
the right-handed component of a Dirac neutrino. In particular we consider that one of
the possible solutions to the Solar neutrino puzzle assumes that the electron neutrino is
a Dirac fermion with a magnetic moment of the order (10711 +1071%). up [4]. If the time
variation of Davis data would be confirmed by the last measurements, this hypothesis
would receive a great phenomenological input. A minimal extension of the Standard
Model, based on the gauge group SU(3) x U(1)x, which naturally gives rise to a large
electron neutrino magnetic moment, has been recently proposed by R. Barbieri and R. N.
Mohapatra (BM) [5]. Then we explore the phenomenological conseque;:lces of this model
with particular attention to the predicted extra Z' boson [6]. Motivated by the previous
considerations we will study the consequences of the SU(3)r x U(1l)x neutral sector,
comparing them first with the experimental determination of p = My /Mg, cosb,,
where Mz, (the lowest eigenvalue of the Z — Z' mass matrix) is the mass of the Z°
boson, and secondly with the present neutral current data. Concerning the future
prospects we will examine the effects of the Z — Z' mixing at the Z° peak at LEP, and
the direct Z' production at the hadron colliders SPS+Acol, TEVATRON, LHC and
SSC.

From the present p measurements and the neutral current data we derive Mz, >
170 GeV and —0.03 < tgy < 0.08, where Mz, is the highest eigenvalue of the Z—Z' mass
matrix and ¥ is the relative mixing angle. In general we find an allowed window depicted
by the solid contour of Fig. 12 inside which the BM model lies, except only for extreme
values of its parameters. The analysis at the Z° peak at LEP is performed in terms of
a particular set of ezperimental variables, which depend on the lepton and hadron Z°
decay rates, among which the model predicts an interesting sum rule illustrated with a
straight line in Fig. 13 (a similar prediction is working for the Fs superstring inspired
models). Finally, in Fig.s 14 and 15, we report the results of the analyses of the Z'
mediated eTe™ production respectively at SPS+Acol and TEVATRON (both with an
integrated luminosity of 10pb~!), LHC and SSC (both with integrated luminosity of
10* pb~1). The number of the ete™ expected events at the Z' peak is plotted in terms
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of Mz,. Choosing 5 events as a minimum significant number for a discovery claim,
we derive the following sensitivity limits for the previous machines and luminosities:
Mgz, > 190 GeV at SPS+Acol, Mz, > 350GeV at TEVATRON, Mz, > 3.5 TeV at
LHC and Mz, > 6TeV at SSC.

The plan of the thesis is as follows. In chapter 1 we discuss the general aspects of
neutrino physics; in section 1.1 its fundamental theoretical properties and the present
experimental bounds. After a very brief review of neutrinos in cosmology in section
1.2, in 1.3 we point out our attention on the connections with astrophysics. That is
particularly interesting for the succesive developments for the Solar neutrino puzzle and
SN1987A.

In chapter 2 we discuss the phenomenology of a possible v;, — vr mixing. After a
review of the present limits in section 2.1, we discuss the effects of a sizeable v, — v, p
mixing in 2.2. In section 2.3 an example of a theoretical model is indicated.

In chapter 3 we study the problem of a vz, — vg mixing in the electron sector with
the help of the supernova SN1987A event. After some general arguments about the
supernova physics in section 3.1 and 3.2, we extract limits on the v, — v.p mixing
in absence of matter resonant oscillations in section 3.3. In 3.4 and 3.5 we take into
account the effects of the MSW mechanism and, after having studied in section 3.6 also
the antineutrino sector, we are able in section 3.7 to ge>t limits in the presence of matter
resonant oscillations.

In chapter 4 the magnetic moment solution to the Solar neutrino puzzle and its
theoretical and phenomenological consequences are discussed. In section 4.1 the phe-
nomenological motivations for a large electron neutrino magnetic moment are explained,
and in section 4.2 the corresponding theoretical problems and their solutions are studied.
The BM model is introduced in section 4.3 , in 4.4 and 4.5 we extract the consequences
of the predicted extra Z' boson. In section 4.6 the effects of the Z — 7' mixing at the Z°
peak at LEP are derived. Finally, prospects at the future hadron colliders are discussed
in section 4.7.

After having reported our conclusions, at the pages 66, 67 and 68, we have inserted
the five Tables mentioned in chapter 4. Figure captions with the corresponding Figures

follow and finally, from page 80 on References are enlisted.



1. General considerations on neutrino physics

Before going to discuss the research topics previously illustrated, let us briefly re-
cover the general neutrino theoretical aspects and their more relevant pheﬁomenological
consequences. We also give the present experimental, cosmological and astrophysical

bounds on the various neutrino parameters.

1.1 Neutrino particle physics

e Neuirino masses. There is no strong theoretical argument that forbids neutrino
to get a mass. The situation is different with respect to the photon case, where an
unbroken gauge symmetry implies an exactly zero photon mass. However, if neutrino
mass terms are present, they must be very small with respect to the other typical

charged fermion masses, as indicated by the present laboratory limits [7]:

my, <1leV, m,, <250KeV, m, <35MeV. (1.1.1)

The Zurich bound m,, < 18eV has been recently improved up to 11eV at the 95%
C.L.. Also the Los Alamos experiment gives a more stringent bound: m,,6 < 13.4€V.
These last experiments are in conflict with the ITEP result 17eV < m,, < 40V [8],
about which some doubts had been formulated due to the possibility that 3SH decays
into an excited state of ® He rather than to the ground state, with an effect similar to
that of a finite neutrino mass, and for the complexity of the valine molecule used in the
Lyubimov experiment.

The neutrino so far discovered is a left-handed fermion corresponding to the vy ~
(1/2,0) representation of the Lorentz group. If its right-handed partner vg ~ (0,1/2)
exists, then Dirac mass terms mprrv§ (in Weyl notation v§ = (vr)° = —o3vf) would
be possible, similarly to the charged fermion case. On the other hand, since neutrino
has zero electric charge, no gauge symmetry forbids Majorana mass terms mpyvpvy,

to appear, violating in such a case the lepton number conservation. One of the most
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spectacular consequences of Majorana masses is the occuring of neutrinoless double beta
decay: (4,7Z) — (A,Z + 2) + 2e~. The current best limit is derived from UCSB-LBL
[9], which is searching for "®*Ge — "®Se + 2¢~. From Tl/z(mGe,Ou) > 5 x 102 yr (10)

it is extracted:

<m,, >< 0.7+18€V, ’ (1.1.2)

where < m,, > =3 £ UZ my-F(mgy, A). m, are the mass eigenvalues, U the mixing
matrix and £, = +£1 is the CP parity of the neutrino mass eigenstate xo. F(meq, 4) is a
nuclear factor such that F ~ 1if my, K 10 MeV,and F < 1if my > 10 MeV. If all m,
are small enough, then < m,, >= M,,, the (11) element of the general neutrino mass
matrix in the current eigenstate basis defined in eq. (1.1.5). However, this limit suffers
from uncertainties of nuclear matrix element calculations. It is in any case interesting to
observe that if UCSB-LBL and ITEP limits had been both confirmed, then we should
have excluded a Majorana mass for the electron neutrino, unless to take into account
an ad hoc cancellation between U 31 my and the other terms of < m,, >.

From the theoretical point of view, one of the most interesting aspects of neutrino
physics is that, if they have non zero masses, the mass terms must be hierarchically
suppressed with respect to the corresponding typical charged fermion masses. A pos-
sible solution to this kind of hierarchical problem is based on the so called Gell-Mann-
Ramond-Slansky (GRS) or see-saw mechanism [10]. We suppose that the neutrino mass
matrix on the basis (vz,vf ) is the following (we ignore for semplicity the generational

mixing):

(T:D ZZ) , (1.1.3)

where the Dirac term is of the typical order of magnitude of a charged fermion mass,
while Mg > mp because vg is a singlet under SU(2); x U(1)y, and then it is natural
to expect that it acquires a mass bigger than the Fermi scale in agreement with the

survival hypothesis . In such a case the low mass eigenstate (mostly the v1) has mass

! On the basis of this hypothesis it is in general expected that if a gauge group G is
broken to a residual subgroup H, the H singlets acquire masses whose typical order is

the G — H breaking scale.
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m

my, ~ (——ﬁ) .mp. | (1.1.4)

It is suppressed with respect to the typical charged fermion mass by the mixing factor
mp/Mg. For example if mp ~ 1 MeV and Mg ~ 1Te€V, it follows my ~ 1eV. This
scheme is completely natural in left-right extensions of the Standard Model and in the
S0(10) grand unification group (in Eg the situation is richer due to the presence of other
heavy neutral leptons). Mpg is related to the scale of the B — L and SU(2)g symmetry
breaking. Then the see-saw mechanism connects the smallness of the neutrino mass
to the high energy physics beyond the Fermi scale. A stringent naturality requirement
should remove the zero in the first entrance of (1.1.3). However, it has been shown that
the fundamental result of the GRS mechanism does not change [11]. Finally, people
studied the radiative effects on light fermions of the presence of heavy fermions [12],
with special attention to the radiative corrections on the up quark masses that the GRS
mechanism can induce if Mg is next to the grand unification scale [13].

This is not the only possible solution to the problem of neutrino mass suppression.
Another suggestive idea, more complicated to realize in detail, is the radiative'generation
of neutrino masses. A suitable symmetry, succesively spontaneously broken, could be
useful in the protection of the neutrino mass, which in such a case may be of the Dirac
type. An example of this mechanism will be discussed in the last section, in the context
of the large neutrino magnetic moment problem.

e Neutrino mizings. If neutrino masses are not zero, then in general we have to
expect non trivial mixings in the leptonic sector. For pure Dirac or pure Majorana
neutrinos (without vy — v§ mixing terms) the situation is completely similar to the
quark sector. The diagonalization of the charged lepton and neutrino mass matrices
will give unitary redefinitions of the leptonic and neutrino states producing an unitary
interaction matrix in the charged lepton currents and the flavour conservation in the
neutral lepton current.

The situation in which Dirac and Majorana mass terms are present produces sub-
stantial differences with respect to the hadron sector. The general case, due to vy, —v§
mixings, allows universality violation and flavour changing in the leptonic neutral cur-

rent sector, due to the fact that the Z° boson does not interact with right-handed
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neutrinos. The most general mass matrix in the basis (var,v$), with e = e, p, 7, 1s [1):

_(Mp MpT
o= (1 7). a1

My, and My are respectively left- and right-handed Majorana neutrino mass matrices
in the generational space and Mp is the Dirac mass matrix. The diagonalization of

My, by a suitable congruent transformation, yields six Majorana mass eigenstates xo

a=1,...,6). In terms of the x,’s the standard current eigenstates are:
g
6
Va =Y UsaXas (1.1.6)
a=1

U is a 3 x 6 matrix such that UU' = 1, but U'U # 1. The diagonalization of the

charged-lepton mass matrix gives:

3
lo=> Qaes, (1.1.7)
b=1

where e, are the mass eigenstates. Then the charged-current weak interactions read

Lee = -7 Wp,_ Z eraY* Koo XLa + h.c., (1'17 8)

\/—i a,
where K = QU is a 3 x 6 matrix and KK =1, but in general K1K 5 1. Another new

feature, with respect to the quark case, is the existence of non-diagonal neutral-current

interactions:

6
g _
Lpe=——2 7 P (1 —s) Ps 1.1.9
ToosO pagﬁ_lxv( ¥s) Pap X8, (1.1.9)

where P = UtU = K1K is not unitary, but has the properties of a projector: P? = P
and Pt = P. We will study in detail the experimental consequences at the Z° peak
of such a case in chapter 2 [1]. In chapter 3, using the SN1987A data, we will able
to put very stringent limits on the v,; — v, mixing, if the v.p mass is enough light
(< 10MeV) [3].

Mixings in the leptonic sector give rise to the phenomena of neutrino oscillations.
For a simple two neutrino system v, — vx, with vx = v,,vr,v4 or some sterile neutral

lepton, the non oscillation v, — v, probability after a time % is
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A 2
| < ve(t)|re(0) > P =1~ —%sin2 26 - (1 — cos 27;: t) , (1.1.10)

with k the neutrino momentum, 4 the mixing angle and Am? =m?2 —m?2_ . We need

Am? # 0 and 0 # 0 for the oscillation to be present. In such a case the oscillation

length is:

4k . k/MeV
L= gy =25x 101 om.

The reactor experiment which gives the most stringent limits on the parameters

(1.1.11)

sin 24 and Am? has been performed at Gosgen in Switzerland [14]. A big value for the

2, similarly a big value for Am?

mixing angle is compatible only for Am? < 4 x 1072V
requires a small mixing angle: sin® 24 < 0.1. The initial evidence at the Bugey reactor
[15] for Am? = 0.2eV? and sin® 26 = 0.25, is inconsistent with the Gosgen results and
has recently been withdrawn. At the moment also the accelerator experiments have no
evidence of neutrino oscillations. As an example we report in Fig. 1 the FNAL (E531
Collaboration, 1986) results [16]. The phenomenon of neutrino oscillations acquires a
particular interest in the context of the matter resonant amplifications and the Solar
neutrino puzzle, which we will discuss in section 1.3.

e The neutrino magnetic moment. If neutrino has a Dirac nature we have to

expect in general a non zero neutrino magnetic moment. However, it is very small in

the Standard Model with the addition of the vg [17]:

- 36GF
Ho = 8+/272

In left-right symmetric models it is possible to gain some orders of magnitude because

. _ -19 My
my, =3 x1071% . up (1eV) . (1.1.12)

the radiative contribution becomes proportional to the ! lepton exchanged mass [18],

Gr
y = ———memsin 2§ - 1.1.13
© \/571‘2 l 6 EB ( )

with ¢ the left-right mixing angle (|¢| < 0.05). Then we can obtain p,, <107 .4p in
absence of generational mixings (m; = m.). In the general case m; can be the p or 7
mass, but then the (1.1.13) becomes suppressed by the leptonic mixing angles and no

significant improvement is expected. With an opportune charged scalar particle 7 it is
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possible to get a larger value: p,, ~ 107% . up [19]. The possibility of a large electron
neutrino magnetic moment is very appealing from the phenomenological point of view,
and from the theoretical point of view it produces some naturality problems which can
be solved in a very interesting way with the help of a suitable symmetry acting on the
neutrino system. We will treat in detail this kind of problems in the last chapter.

A single Majorana neutrino cannot have a magnetic moment. However, it is not
excluded a non diagonal magnetic moment between generational different Majorana
neutrinos (for example v, —v,) [20], although in such a case one has to expect problems
because we have to require a strong degeneracy between the electron and p-neutrino
masses for an efficient working of the magnetic moment mechanism. Then does not
seem simple and natural to accomodate the well known big ratio m,/m. ~ 200 with
the strong degeneracy m,, =~ m,,, since (ve,e) and (v,,p) are both weak doublets.
Moreover in general we have also to expect problems for flavour changing.

The present experimental limits from reactor data are [21]:

”Ve < 1.5 X 10—10 ¢ ‘u/B )
(1.1.14)
py, <9.5x 10710 pp.

The astrophysical and cosmological bounds are of comparable level. From the absence
of additional stellar cooling through magnetic moment induced neutrino emissions, ex-
pecially for helium burning stars in open clusters, we get u,, < 1071 . up [22]. The
cosmological bound is based on the nucleosynthesis constraint. In fact the induced
magnetic moment scattering vy, + e~ — v + e, before the neutrino decoupling, would
double the effective number of neutrino species in the early Universe, causing an excess
abundance of *He. Then it follows p, < 1.5 x 10711« ug, which should not be violated
by more than one of the neutrino species [23]. These limits do not forbid the magnetic
moment solution of the Solar neutrino puzzle, which requires p,, ~ (107 +1071%). up
for Bo =1+ 10 KG.

Very recently a stronger limit has been obtained from SN1987A [24]. It is u,, <
(0.3+1)x 10711 . up, depending on the core temperature, and becomes even stronger,
py, < (1071 2+ 1071%) . pp, if the number of high energy neutrino events (E, >
100 MeV), deriving from the rotation vg — v in the galactic magﬁetic field, are

taken into account. However, as we will see in the details in chapter 4, the theoretical
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production of a large magnetic moment requires the existence of some new physics not
too much beyond the Fermi scale. Then in such a case the vg’s are affected by new
interactions with strength not completely negligible (the vy is not sterile now) and the
supernova limit does not apply in such a case. In fact now the vp may be trapped in a

similar way as the vy, with no dramatic change in the supernova evolution [25].

1.2 Neutrinos in cosmology

Before going to discuss some astrophysical aspects of neutrino physics, in particular
the Solar neutrino puzzle and the SN1987A explosion, about which in the following we
will point the attention for our research purposes, let us briéaﬁy recover some relevant
connections between neutrinos and the physics of the early Universe [26].

o The nucleosynthesis constraint. The cosmological evolution of the neutrino num-

ber density n, is described by the Boltzmann equation

_ R
7, (1) + 3—é nyu(t) = Yint 5 (1.2.1)

where R is the scale factor of the Universe and ~in: = (nﬁ‘i’2 —n2) < ov > takes
into account the neutrino interactions. n¢? is the neutrino number density at the ther-
mal equilibrium, o is the neutrino cross section for the interactions with the thermal
background and v is the relative velocity in the interactions. A thermical mean value
has been considered. For ¢ < 10° yr the Universe was radiation dominated (RD) and
R ~ #1/2, while succesively the matter dominated era (MD) is realized and R ~ ¢*/3.
The temperature scales as T' ~ R~ and the time scales for the two eras are roughly
given by t ~ 1sec/(T/1 MeV)? in the RD era, and ¢ ~ 13 Gyr(T/2.7°K)™%/% in the
MD era. At high temperatures the rate of the reaction et +e~ & v+ 7, of order GLT°,
dominates over the expansion rate

R 12 T?
—=H=1. T —_—
7 = H =1.66 (gers(T)) e

where Mp = 1.2 x 10'® GeV is the Planck mass and gesf(T") is the number of degrees of

(1.2.2)

freedom for relativistic particles at the temperature 7'. Neutrinos are in equilibrium up
to T ~ 3 MeV. Then the expansion rate becomes bigger than the collision rate, giving

rise to the neutrino decoupling from the radiation.
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However, neutrinos still remain in equilibrium with nucleons (8-equilibrium) up to

T, ~1MeV, at which temperature the neutrons over protons ratio is frozen to be

" exp (_m_:i) . (1.2.3)
p T,

The following evolution is controlled by the factor e ¥/, with 7 = 898 sec, up to the
time of the nuclei formation 5 =~ 3.5min, which crucially depends on the value of the

barion abundance [27]:

N5 = %fi = (3+10) x 10710, (1.2.4)
The derived primordial helium abundance is ¥, ~ 0.24.

From the nucleosynthesis process we can obtain an important bound on the number
species of light stable neutrinos [28]. If N, increses then also g.ss(T) increases, leading
to an increasing of T, and then to an earlier decoupling. Now if T, increases also n/p
and Y, increase. In particular the relation §Y, = 0.0126N, has been calculated, and
from the observational upper limit ¥, < 0.25, together with the lower limit on 7, it

follows the constraint

N, <4 (1.2.5)

for the number of neutrino species.

e The cosmological density constraint. If neutrinos decouple while they are rel-
ativistic (m, < 3 MeV), the effective temperature of the relic neutrinos to day is
T, = (4/11)/® x 2.74°K = 1.96°K, and their number density is n,45 = 110cm™°
per one Majorana neutrino species.

If they are massive their contribution to the mass density of the Universe is

pyip = Z (22-) (%) 110 e, (1.2.6)

1

where g; = 2 if Majorana and g; = 4 if Dirac, is the number of degrees of freedom. Let

us define Q = p/p., where

_3H?

pe=g05= 10.5 k% KeV em™3, (1.2.7)
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H, = (R/R), is the Hubble constant ‘

H, = 100 h, km sec™ Mpc (1.2.8)

and h, is a parameter observationally 0.5 < h, < 1. If now we require, as indicated by
different kinds of observations, 2 < 1, we derive an upper limit on the neutrino masses

[29]:

3 (%) m; < 100h2 eV . (1.2.9)
We also remember that the inflationary scenario [30] predicts = 1. Then from Cos-
mology we derive interesting indications for a non zero neutrino mass, whose typical
value is placed around the eV scale. That is also in agreement with some possible
solutions of the Dark Matter problem, which however seem to show some difficulties.

o Neutrinos and Dark Maiter. Diflerent arguments exist in favour of the Dark
Matter, in particular: the existence of the galactic halo deduced from the rotation
curve [31]; the large M/L ~ 100 = 500, mass to luminosity, ratio for the clusters [32].
If >.(g9i/2)m; > 5eV, the neutrino contribution to the cosmological mass density
is Q, > 0.05k72, and exceeds that from barions: Qp < 0.04h;%. Then neutrinos
gravitationally dominate the Universe and a massive neutrino could be a good candidate

for Dark Matter.

Such a neutrino could give rise to structures whose typical size is given by the Jeans

mass [33]

M13> 15 my \?2
~ ~ M ( . 1.2.10
My~ ~ 107 Mo 30eV> ( )

v

Therefore a neutrino with a 30eV mass may trigger the formation of superclusters,
which should be the first collapsed astrophysical object. A difficulty of this scenario
is that galaxies form too late. However, very recently, large structures at the scale of
superclusters have been observed, large voids, with galaxies in walls and filaments [26].
Thus neutrinos are reconsidered as Dark Matter candidates, and other mechanisms,

such as the cosmic strings, could be active in a faster formation of the galaxies.
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e Unstable neutrinos. The constraint (1.2.6) is a quite strong condition on the
neutrino masses. However, a neutrino could escape this condition if it were unstable

with a lifetime shorter than the age of the Universe. The constraint in this case is [34]

mf,‘r,, < 3.8h% x 10%! sec eV?, (1.2.11)

instead of (1.2.6). However, if neutrino emits radiation within the lifetime of the Uni-
verse, the number of photons becomes extremely large. If the neutrino lifetime is
1033 yr > 7, > 10% yr, the emitted photon should be observed as a diffuse UV- or
X-ray background radiation [34]. If 10% sec < 7, < 10° yr, the emitted photons should
have distorted the spectrum of cosmic microwave radiation [35]. Therefore these ranges
are excluded. Additional constraints may also be derived from the nucleosynthesis ar-
gument, X-ray emission from the Sun, white dwarfs, supernova and also others [36].
These strong constraints are evaded if the decay does not involve the photon. An
interesting possibility is that a neutrino with a 1 KeV mass could trigger the formation
of galaxies with M ~ 10’2 Mg, and then it decays so that the mass density constraint is
satisfied [37]. This would be an example of the neutrino as a cold Dark Matter particle.
e Heavy neutrinos. Finally, If neutrinos are heavy, they decouple after becoming
non relativistic (T' < m,). In such a case the number density is suppressed by the

—m/T and it decreases as n, ~ 1/m3. Now the cosmological density

Boltzmann factor e
constraint requires [38] m, > 2 + 3 GeV, much larger than the upper bound on the 7
neutrino mass. Therefore this argument is meaningful only for a fourth generation, or
some neutral lepton similar to the neutrino. This argument usually applies to weakly
interacting massive particles (WIMP’s), which are thought to be good candidates for

cold Dark Matter.

1.3 Astrophysical neutrinos

e Solar neutrinos. What is known as the Solar neutrino puzzle consists in a strong
discrepancy between the Davis measurements [39] of the solar neutrino flux and the
Bahcall-Ulrich theoretical predictions [40] based on the Standard Solar Model. This
discrepancy has been recently confirmed by the Kamiokande data [41]. The Davis
detector is based on the neutrino capture 37Cl + v, — 37TAr + e~. The reaction is

identified by the subsequent decay of 37 Ar (t1/2 = 35d). The experiment has detected
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from 1970.3 up to 1988.3 an average value of 2.33 £ 0.25 SNU (1 v-capture per sec per
10%® target nuclei), where 7.84£0.9 SNU are expected by Bahcall and Ulrich. Moreover,
as we can see from Fig.s 2 and 3, Davis data seem to display an anticorrelation between
the detected neutrino flux and the cyclic variation of the sunspot number, which follows

an 11 years period.

The dominant part of Davis neutrinos is due to the 8B — 2 Be* +‘e+ + v, reaction,
since the threshold of Davis detector is 0.81 MeV and then the p+p — d+ et + v,
which would give a 10 bigger contribution to the flux, are cutted away because their
maximum energy is 0.42 MeV. This sensibility to the ® B neutrinos is very important.
In fact the 8 B neutrino flux is expecially sensitive to the temperature at the centre of
the Sun. One of the initial motivations of Davis experiment was to check this central
temperature. It is easy to understand that a small change in the temperature may
substantially modify the predicted B neutrino flux. However, this possibility would

not enlight the phenomena, if confirmed, of the time oscillation of Davis data.

This deficiency of the ®B neutrino flux with respect to the Standard Model pre-
dictions has been recently confirmed by Kamiokande, whose detector is based on the
electron neutrino scattering, which takes into account only ® B neutrinos since its thresh-
old is around 10 MeV. These measurements give us a reduction factor of 0.461015 with
respect to the Standard Solar Model prediction. In particular it is interesting to ob-
serve that if we accept the Bahcall prediction for the non-® B neutrinos (essentially "Be
and °0), we can deduce that Davis observes 0.53 & 0.32 SNU from 8B. Then, for
Kamiokande, we have to expect a reduction factor with respect to the Standard Solar
Model of 0.09 +0.05, which is inconsistent with the Kamiokande measurement unless to
choose a 3o level. So, the Standard Solar Model theoretical predictions for the " Be and
150 neutrinos, seem to give rise to a real problem independently from any theoretical

assumption on the 8 B neutrinos.

One explanation of the Solar puzzle is the existence of mixings in the leptonic
sector which produce vacuum oscillations v, — vx. These could be relevant if Am? =
mi —m2 > (1071 = 10~1%) eV? and if the mixing angles are very large. In such a

case the neutrino vacuum oscillation length is smaller than 1.5 x 10'* ¢, the distance

between the Sun and Earth. Then if the mixing is maximal the average neutrino flux
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turns out to be reduced in a considerable way. Another interesting possibility is the
presence of a large magnetic moment p,, ~ (10721 +1071%).4p for a Dirac v. In such a
case the transition, in the solar magnetic field, into a sterile right-handed v, on one hand
would reduce the expected neutrino flux, on the other could explain the anticorrelation
with the sunspot number, since this number is correlated with the intensity of the Solar
magnetic field. Another interesting effect which such a solution is able to produce is
seasonal oscillation of the flux, due to the inclination of the Earth axis, which seems to
be confirmed by the Davis measurements in the period of maximum solar activity. We
will treat in detail this topic and its theoretical and phenomenological implications in
the last chapter.

e Matter resonant oscillations. Recently S. P. Mikheyev and A. Yu. Smirnov have
proposed an elegant solution (MSW) [42] in which, even in presence of small mixing
angles, we can have a resonant amplification of the neutrino oscillations due to the

matter interactions of v.. Let us consider for simplicity a v — v, system with mixing

Vel [ cosf sinf 1
(v) - (—sino cose) ' (,,2> ) (1.3.1)

vy and v, are the vacuum mass eigenstates. The time evolution of the state ¢ =

angle 6:

a(t) - ve + b(t) - v, in the presence of matter is given by the Schrodinger equation

. d :

where

Am? —~cos28 sin26 V2Grn. 0
i = 4k ( sin20  cos 29) + ( 0 0/ (1.3.3)
2

k is the neutrino momentum and Am? = m% —m?. The second matrix, where n. is the
electron number density in the matter, takes into account the effects of the coherent
forward scattering v, + e~ — v, + e~ via the charged current. The effects of neutral
current scattering have been dropped because they are the same for v, and v,, and so
they only contribute to an overall phase. The situation would be different for v, — N
oscillations, with NV a sterile neutrino, in such a case also the neutral current interactions

would be relevant [43]. In terms of the matter eigenstates v{* and vJ*, we have
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ve) [ cos@™  sinf™ v
(V#> B (—Sinﬁm cosem) (Vgn> J (1.3.4)

sin? 20™ = — sin” 29 (1.3.5)
T a2 A 27 e
sin” 260 + (Am2 — COS 26’)

where

and A = 2v/2kGgn.. For Am?® > 0 (my; < my), there is a critical density nt =
Am? cos20/(2/2G pk) for which the diagonal elements of H are equal, the mixing is
maximum, and then a resonance occours. In such a case we do not have a resonance
effect in the antineutrino sector, where viceversa it is present if Am? < 0. If in the
center of the Sun, where v, are produced, n. > n¢, neutrinos cross the resonance point
going out of the Sun. 6™ is minimum outside (6™ = 6 ~ 0) but it is maximum in the
center of the Sun (™ = 7/2), so v, = v3* in the center becomes v, = v, outside the

Sun if the propagation is adiabatic:

L dn. < Am? sin? 26
ne dr k cos26

(1.3.6)

In such a case the resonant convertion probability P(ve — v,) is unity. In general a
violation of the adiabatic condition is taken into account [44] by the Landau-Zenner

term P, in P(ve — v,) = 1 — P,, where:

r Am?sin?20 n. )

P = exp <_Z k cos26 |dn./dr| (1.3.7)

The so called Bethe solution [45] is adiabatic and corresponds to Am? ~ 5 x
107%eV? and sin®20 > 4 x 10~%. In such a case only high energy ®B neutrinos are
converted. The measured Kamiokande reduction factor 0.4673°13 seems to exclude this
. solution. In fact in such a case if the high energy ® B neutrinos oscillate into a sequential
neutrino (v, or v, ), we should find a reduction factor of 0.14, due to the neutral current
scattering in the Kamiokande detector. On the other hand if the oscillation is into a
stertle neutrino, the reduction factor must be 0, since no relevant interaction is expected.

Also anon adiabatic solution [46] corresponding to Am? sin® 20 ~ 1077-5 eV ? is possible.

Here all neutrino energies are affected but the conversion probability is less than one.
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o Neutrinos from SN1987A. A new very relevant connection between astrophysics
and neutrino properties has been established for the first time on February 23, 1987.
On that date light and neutrinos from the explosion of the supernova SN1987A, sited
in the Large Magellanic Cloud 50 kpc away, reached Earth. Neutrino signals have been
detected by Kamiokande and IMB principally, and also by Mt.Blanc and Baksan: ex-
trasolar neutrino astronomy was born [47]. There is no doubt that Kamiokande [48]
and IMB [49] have observed burst signals from SN1987A, on the other hand maybe
the Mt.Blanc [50] and Baksan [51] candidates are background fluctuations, and an ab-
sence in the Davis detector is consistent with our expectations. This phenomenon has
confirmed on one hand the theoretical expectations on the stellar core collapse, on the
other hand it is of significant importance in deriving new relevant limits on the various
aspects of neutrino physics.

Kamiokande has detected 11 events, where the first 2 point back to the direction
of the star, while the others are almost isotropic. IMB has reported 8 events. The first
2 Kamiokande events may be identified with v, + e~ — v, + e~ and it could be possible
to identify them as produced by the initial deleptonization burst, whose characteristic
duration is about 10 msec. However, if this the case, these events seem to be too much,
in fact the predicted deleptonization events are about 0.2, ten times smaller. The other
9 events are isotropically distributed and so are interpreted as 7. +p — e +n reactions,
with a duration of a few sec. The recoil energy is consistent with a Fermi distribution
with temperature T' = 2 + 3 M eV and zero chemical potential. From this data we can
extract the total energy liberated by neutrino emission, which corresponds almost to
the total binding energy of the core. In fact, from the theoretical point of view, the
fraction liberated as kinetic energy of the explosion, optical energy and gravitational

wave, is only some small percentage. Then we derive the binding energy to be:

Ep = (2.5+3)x10°%erg, (1.3.8)

where we have assumed equipartition between the various neutrino species. The ob-
servations of Kamiokande and IMB confirm very well the theoretical predictions, in
particular for the duration of the burst, the mean energy of the neutrinos and the de-

rived binding energy of the core, which corresponds to a mass of about 1.4 Mg. Two
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kinds of limits on non standard physics can be extracted from SN1987A.
a) First of all we consider the limits on neutrino physics derived from the direct
observation of the neutrino flux.

i) Since all the expected 7, are observed, the 7, lifetime must satisfy

y15, > 1.6 x 10° yr. { (1.3.9)

This excludes that v, decay could be a good solution of the Solar neutrino puzzle, since
as we know ysun ~ 1071 ysn.
i) We cannot extract the value of the neutrino mass, since we do not know the delay

time at the emission. However, we can put interesting bounds on this value, obtaining

my, < 23+30eV. (1.3.10)

If a reasonable supernova model is invoked, this limit is reduced to m;, < 10€eV, next
to the more recent laboratory bounds.

i11) From the equipartition of the emitted energy between the various neutrino species,
it is possible to extract a limit on the number of neutrino flavours (if m, < 10 MeV).

We obtain

N, <6, (1.3.11)

not as good as the cosmological and the more recent accelerator bounds.

iv) If a neutrino mizing exists, with an oscillation length smaller than 50 kpc, the only
effect of the corresponding vacuum oscillations v, < v,,v, is an increasing of the v,
mean energy. In fact the v, and v, only interact via the neutral, rather than the
charged, current weak interactions. Then their trapping is weaker with respect to the
v. and they can be emitted from deeper and hotter regions of the core. However, it is
difficult to resolve this energy enhancement, thus no definite statements on mixing can
occur. Let us now consider the MSW effect. If this is the solution to the Solar neutrino
puzzle, then only v « v,, v, resonant oscillations are possﬂ,)le, without transitions in
the antineutrino sector, and the possibility of seeing a neutronization scattering should
be significantly reduced. On the contrary, if we take into account a resonant effect in

the antineutrino sector, as in the case of vacuum oscillations, no definite statement can
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be done. Similarly not much can be extracted for the mixing with sterile neutrinos

from the direct observation. However, we will see in chapter 3 how, using an energetic

argument introduced in the following, we are able to obtain extremely stringent limits.
b) We can also deduce bounds on the couplings of non standard particles using a

powerful energetic argument. ,,

i) This argument, as we will see in the detail in chapter 3, is based on the fact that a

sufficiently light new. particle which couples to the standard elementary particles, opens

a new channel for the energy emission from the supernova. In particular for the azions,

where the coupling is connected with the mass, we derive [52]

me <0.75x107% eV or  my > 3.TeV. (1.3.12)

i) If v.g has a mass m,_, < 10 MeV, and it couples through right-handed currents
to the standard fermions, we can derive bounds on the strength of the right-handed

interactions [53]

Mw, < (3.7+6.7) - Mw, or Mw, > 200 Mw, , (1.3.13)

and so on the value of the right-handed vector boson mass.

i) Also a bound on the neutrino magnetic moment can be extracted [24],

pr. <(0.3+1)x107 . pup, (1.3.14)

since it controls the strength of the magnetic transition v.;, — v.p. As already dis-
cussed, this bound is valid for a vz with no other relevant interactions than that induced
by the magnetic moment itself.

In the following we will study the general energetic argument mentioned at the

point b), and it will be applied in the concrete case of the v, — 1S, mixing [3].
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2. Phenomenological implications of vy — vz mixings

As already explained in section 1.1, if Dirac and Majorana mass terms are present,
then the induced vy, — v§ mixings give rise to universality violation and flavour chang-
ing in the leptonic neutral currents. This phenomenon arises in general extensions
of SU(2)r x U(1l)y. In the Standard Model, as well as in Grand Unification models
(GUT’s) based on the gauge group SU(5), B — L is an exact global symmetry and neu-
trinos turn out to be massless, unless one introduces non standard Higgs fields and/or
extends the fermionic sector of the theory. However, in left-right symmetric models, or
in GUT’s based on gauge groups with rank larger than four as SO(10) and Eg, B — L
is a local gauge symmetry spontaneously broken at some large mass scale. Therefore
neutrinos turn out to be massive in a natural way, leading to phenomena as the neu-
trino oscillations, rare decays such as u~ — e+, neutrinoless double-beta decay, and
to important consequences both for the elementary particle physics and for cosmology

and astrophysics.

In this chapter we will focus on the phenomenological consequences of a sizeable
mixing between the usual left-handed neutrino and its right-handed partner (more gen-
erally a heavy sterile neutral lepton) [1]. In particular we will concentrate on the effects
in eTe™ experiments at the Z° peak. In the following chapter we will study the same
problem for the electron sector with the help of SN1987A. Here we compare our results
with the present limits and we analyse the predictions of a SO(10) based model [54]

which naturally admits a large v, — v, g mixing.

1

2.1 Present limits on vy — vg mixings

First of all let us discuss the experimental constraints on the parameters describing

the mixing between the standard light neutrinos and a heavy neutral state V.

i) If v, has a small contamination of a heavy mass eigenstate NV, then:
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1
v, ~ (1 -3 |UuN}2> X2 + Uun - N, (2.1.1)

where x; is the light mass eigenstate along which v, is mostly directed. From y— and —
decays, using the unitarity constraint for three generations, we obtain an upper bound on
U, Ni2 of order 10™*. This limit is more stringent than the actual error on the unitarity
constraint, because its central value is smaller than one: IVudlz + |Vm|2 + IVub]2 =
0.9979 =+ 0.0021 [55], and the effect of the |U“N|2 term is to increase the experimentally
measured quantity |Vaa|® + |Vus|” + |Vus|” with respect to 1.

ii) Using for v, a parametrization similar to eq. (2.1.1), and taking into account the
experimental data on the branching ratios for 7 — ev and v — pv decays, together

with the bound on U, previously derived, we get:

Unl> < 6-1072. (2.1.2)

ii7) Another constraint on the mixing parameter between the light neutrinos and
a heavy state N with mass in the range of tens of GeV, comes from the absence of
anomalous monojet events at PETRA and PEP [56]. The process ete™ — N7, will be
observed as an electron-positron collision which results in an event with missing energy
and momentum (due to the 7, ) on one side, and a jet of decay products of N on the
other side (monojet event). The corresponding limit on |U,.N|2 is shown in Fig. 4, as a
function of the N mass. The same constraint also holds for IU,,,N|2, although it is not
better than the unitarity bound. Due to the extra contribution of W-exchange, |U. le
is about 4.5 times more severely constrained than |U,n|* and |U, nP.

iv) A bound on ]U,.N|2 can be derived from the T — e ¥, v, decay [57]. By taking

the world average on the experimental 7-lifetime

< 7 >=(3.04 & 0.09) - 107" sec, (2.1.3)

together with the standard model prediction for I'(7 — e, 1), we get:

BRup(T — ebevy) = Tin(r — eber,): < 70 > = (19.0 £ 0.6)%. (2.1.4)
This has to be compared with the result of the direct measurement:
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BReap(r — eTevy) = (17.5 £ 0.4) %. (2.1.5)

Thus, we find:

Lin(t — eDevy) — Degp(T — €D vy)

= 0.08 + 0.04. (2.1.6)

Lin(T — ebevy)
The indication of a possible discrepancy, suggested by previous data in Ref. [58], does
not seem so evident now if we require at least a 20 level for a clear signal. In any case
there is still the interesting possibility for a sizeable violation of lepton universality in

the T-system. With a parametrization of v, — v, p mixing analogous to eq. (2.1.1):

vy =x3-cosf + N -sinf, (2.1.7)
where sin? § = IUTN|2 , we find
I'(r s evevy) =Ty cos2 8, (2.1.8)

where I'y; is the theoretical width-decay as calculated in the Standard Model in absence
of mixing. Hence, using eq. (2.1.8), we get the upper limit

Tw -1 |U-~|> <0.16, (2.1.9)
Tin

at the 20 level.
The experimental constraints on the 7-neutrino mixing turn out to be not so strin-
gent as for v. and v,. Therefore, we will study the possible signatures of a sizeable
vy — V- g mixing at the future et e~ colliders. We are also motivated by a particular

model, based on SO(10), recently proposed by R. Johnson, S. Ranfone and J. Schechter
(JRS) [54], which naturally allows the possibility of such a large mixing.

2.2 Effects of a sizeable v, — v, p mixing
A sizeable |U, N]Z could give an important effect in the neutrino counting exper-
iments in et e~ collisions at /s somewhat above the Z° peak [59]. The experiments

will look for single photons of a few GeV, recoiling against an undetected system with
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invariant mass equal to Mz. Due to the non-vanishing mixing, the measured effective

number of neutrinos is not an integer, but it is given by

3
No= > |Pal*, (2.1.10)

a,b=1
where P,; is the upper-left 3 x 3 block of the mixing matrix defined in section 1.1. In

the case of a mixing only between v, and v, g eq. (2.1.7) gives:

10 0 0 0 0

0 1 0 0 0 0

_trr |0 O cos® 6 sinf cos§ 0 0
P=UU= 0 0 sinf cosé sin? @ 0 0 (2.1.11)

0 0 0 0 0 0

0 0 0 0 0 0

Therefore, we get:

N, = 3—2sin?8 + sin*4. (2.1.12)

Since the expected LEP sensibility to A, is roughly 15 %, the neutrino counting ex-
periments can probe ]U,.N\z up to 0.08. The corresponding region is shown in Fig. 4,
compatibly with the bounds previously derived from 7- decay and monojet events.
The non-diagonal couplings of Z° to the neutrino mass eigenstates, eq. (1.1.9), lead
to one-sided events, with unbalanced transverse energy, due to the process Z° — N,

, with IV decaying into observable particles !. The corresponding branching ratio is:

2 .
BR(Z°® — Nv,) = % sin® 20 - BR(Z° — vew.) - I (%) ) (2.1.13)
Z

I(z) = (1—z) <1 - -;i —~ —“f;—) : (2.1.14)
The mass of v, being much smaller than Mz and My, has been neglected in eq.
(2.1.13). The region of parameters giving a branching ratio for Z° — N v, larger than
1073 is shown in Fig. 4. Due to the clear events characteristic of such a process, this

limit is well within the reach of LEP.

1 The decay N — vv v gives a contribution to N, as measured in neutrino counting

experiments, which however we have estimated to be less than 1074,
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It is worth mentioning that no standard model background for this decay is ex-
pected. A non diagonal Z° coupling to a possible heavy fourth generation neutrino
can occur only at one-loop level. Actually, for reasonable values of inter-generational
mixings and masses of the extra charged lepton, the coupling turns out to be too small
to be visible at SLC or LEP [60]. A non-conventional source of background is supersym-
metry. The relevant exotic neutral fermions (generally called neutralinos) can reproduce
the above-mentioned one-sided events. The missing energy is, in this case, carried by

2, Nevertheless,

the lightest neutralino, which is stable due to R-parity conservation
the comparison with other experimental results will help to understand the origin of a
possible discrepancy with the Standard Model. In particular, supersymmetry predicts a
result for AV, in neutrino counting experiments larger than 3 [62]. On the contrary, the
neutrino mixing always gives a N, less than 3, although visible effects are possible only
in a small region of parameters (see Fig. 4). Moreover, supersymmetry provides a rate
for heavy neutralino pair production, which, if allowed by phase space, is of the same
order of the rate for one-sided events [62]. On the other hand, the heavy neutrino pair

production is suppressed by an extra power of |U, N|2 with réspect to the non-diagonal

process (eq. (2.1.13)). If My < Mz/2, the branching ratio for Z° — N N decay is:

M2 3/2 '
BR(Z° — NN) = sin* 6. (l - 4——N> - BR(Z° — ve ) . (2.1.15)

M3
In Fig. 4 we show the region corresponding to a branching ratio (eq. (2.1.15)) larger
than 1075,

2.3 A large v, — v, p mixing from a theoretical model

Now we examine how the JRS model relates the mixing |U1'NI2 and the v, -mass
to M. We anticipate our results, showing in Fig. 4 the prediction of the model. The
astrophysical, cosmological and experimental constraints on the v.-mass single out a
special region of parameters, defined by the dashed-line. Spectacular events at the Z°

peak are predicted, although no visible deviations in 7-decays and neutrino counting

Z Even some supersymmetric models with R-parity breaking can lead to the same

events, due e.g. to the exchange of a scalar electron neutrino in the s-channel [61].
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experiments are expected. Absence of Z° — NN events can provide a distinguishable
feature from supersymmetry. Let us turn to discuss in more detail this model.

The JRS model, essentially an extension to leptons of the Fritzsch-Stech quark
model [63], has the nice feature to be particularly predictive for the lepton sector.
Neutrino mass ratios and the lepton mixing matrix can be computed, taking as in-
put parameters the masses of the charged fermions and the phenomenologically known
entries of the K-M mixing matrix (|Uys| = 0.225, |Ucs| = 0.055).

In the neutrino mass matrix, M, of eq. (1.1.5), Mp has entries of order of the
charged fermion mass scale (mp), while My is of order of the large B — L breaking scale
(Mp-r). In the conventional approach to the neutrino masses in theories like SO(10),
if Mg is non-singular, the diagonalization of M, gives an effective 3 x 3 light Majorana

neutrino mass matrix [10]:

M~ My — ME Mg Mp. (2.1.16)

The second term of this equation, the well known see-saw }term, is usually assumed
to dominate over My. In such a case, one gets three light. neutrinos (mostly weak-
isodoublet) with masses m, ~ O(mp®/Mp_L), and three super-heavy (mostly isos-
inglet and sterile) neutrinos with masses My ~ Mp_y. This is known as the ordinary
see-saw mechanism [10]. In this case, it is difficult to get a sizeable mixing between left-
and right-handed neutrinos, essentially because of the very large gap of masses.
However, as it has been shown in Ref. [54], under specific, but plausible assumptions
on the form of the fermion mass matrices in the framework of SO(10), the Majorana
mass matrix Mg seems to be close to the singularity defined by det Mg ~ 0. In such
a situation, of course, the approximated eq. (2.1.16) is no longer valid, and one needs
to diagonalize the full 6 x 6 mass matrix M,. At the exact singularity (singular see-
saw), this diagonalization yields two super-light neutrinos (mostly ve, and v,,), two
super-heavy (sterile) neutrinos, and {wo maximally mixed states, giving rise to a single
Dirac v, with a mass O(100MeV). Because of the present experimental upper bound
of 35 MeV on m,,_ [7], one must deviate from the exact singularity. Nevertheless, in a
narrow region of parameters (corresponding to the so called magic canyon of Ref. [54]),

one gets two splitted intermediate-mass states substantially mixed.
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In this condition of quasi-singularity, we have diagonalized the neutrino mass matrix
through numerical methods. Then, the mixing parameter |U,x|> and m,_ have been
computed in terms of the mass of the heavy state N mixed with the 7 neutrino.

Once a phenomenologically plausible set of values for the input parameters of the
model is chosen, we have observed that the results around the singularity do not crucially
depend on the top quark mass, in the range 70 to 100 GeV. In our calculations, we have
assumed my,, = 80 GeV.

Fig. 5, giving m,_ as a function of My, shows how these two mass eigenvalues
split, as one moves away from the singularity. In order to avoid an overproduction of
primordial *He and an excess of X-ray flux from decays of the neutrinos emitted in
supernovae and white dwarfs, one excludes a neutrino mass between 1 and 10 MeV,
because in such a case the v, lifetime is too big with respect to the cosmological and
astrophysical constraints (see e.g. [64]). These constraints, together with the experi-
mental upper bound m,_ < 35 MeV, single out an allowed range for My, as shown in
Fig. 5.

Given |U7'N|2) we can now compute the expected rate for the process Z2° — Nv.,
discussed in section 2.2. For the allowed values of My, interesting Z° branching ratios
between 1072 and 10™° are achieved, as shown in Fig. 6.

e Conclusions. Consistently with the present bounds, the r-system is certainly
the best place to look for violation of lepton universality. The mixing of v, with a
stertle neutrino with a mass in the range of tens of GeV gives rise to an interesting
phenomenology at the Z° resonance. We have shown how SLC and LEP will be able to
test such a mixing in an efficient way. Finally, we have also studied the consequences of

a predictive model, based on SO(10), which admits a large v, — v, p mixing.
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3. Limits on the v.;, —v.z mixing from SN1987A

In the previous chapter, taking into account only the present experimental data
from laboratories, we have seen how the violation of lepton universality in the electron
sector can be bounded at a level of 1072, In this chapter, if the v, 5 mass is less than
10 M eV, we will derive a drastically more stringent bound on the v, — v, p mixing, by
analysing the physics of the supernova SN1987A explosion [3].

The analyses of this kind of limit is complicated, with respect to the other typical
bounds extracted from the supernova, because neutrino mixing not only generates a
coupling between the v.p and the standard elementary particles, but also induces the
phenomenon of matter resonant oscillations [42] in the supernova. We will take into

account these effects in the derivation of the limit on the v.; — v.p mixing.

3.1 General aspects of the supernova physics

e Supernova characteristics. The collapse of the iron core of a massive evolved
star, at the end of its thermal life, gives rise to a type II supernova [65]. Successively
heavier elements, following the chain H, He, C, Ne,O and 51, are ignited to compensate
the gravitational pressure. A star with a mass bigger than 5 + 8 Mg, can ignite also
silicon for a few days. The iron core grows and when it exceeds the Chandrasekhar limit
(Mcp ~58Y2Mg ~ 1.4 Mg if Y, ~ 0.4), at which the pressure of degenerate electrons
is still able to contrast the gravitational pressure, the collapse of the star starts. It is
generally supposed that a neutron star, or a black hole if the core is massive enough,
remains at the end of the process.

The energy released during this process is simply the binding energy of the inner

core:

3 M? s M N\ ( R\
~ = — £ = . 1.1
ABxBp =5 G g~ =3x10 (1.4M@> (10 km> erg (3.1.1)
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Almost all this energy is released via neutrino emisston. In fact the photodisintegration
$Fe — 13*He + 4n — 124 M eV, the kinetic energy of the ejected mass, the optical
energy and the gravitational wave emission, are responsible for not more than some
small percentage of Fg.

e Neutrinos and the supernova. Let us describe very briefly the dynamics of the
collapse. When the core density increases, the electron capture reduces Y., the number
of electrons per nucleon, then reducing the Chandrasekhar mass. Neutrinos produced
by e + p — n + v. have a mean free path smaller than the core radius. Then they
are trapped in the so called neutrino-sphere with radius R, ~ 70 km. When the core
density exceeds the nuclear density p. = 10* + 10'® gcm ™3, the collapse is stopped
and a reaction shock wave propagating outward is produced. When this wave reaches
the neutrino-sphere, neutrinos leave the star, carrying away in 1 + 10 msec the lepton
number of the star and a small fraction of the core binding energy (1 + 10 %).

After this initial v, burst, all kinds of neutrinos are produced via the reaction !

et +e” =y 1, (3.1.2)

in a characteristic time interval of a few seconds they are emitted as blackbody radiation.
Almost all the binding energy of the system is carried away by these thermal neutrinos.
Detailed theoretical models seem to find an equipartition of the energy between the
different neutrino species. Since the average energy of v, and v, is about 2 times
higher than the v, energy, because the v, and v, only interact via Z° then producing
neutrino-spheres with smaller radius, their flux is expected to be smaller with respect

to the electron neutrino flux.

3.2 SN1987A and the elementary particle physics

e The general argument. As already discussed in section 1.3, there is a general
argument, based on the energetic balance of the supernova, which allows us to extract
interesting bounds on the possible extensions of the Standard Model. In fact, since we

know that almost the total binding energy of the system, Eg ~ 3 x 10°3 erg, is carried

! Also 2n — 2n 4+ v; + ; may give a relevant contribution, expecially for p- and

T-neutrinos.
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away by neutrinos in a time interval of a few seconds, if some new particle X exists, the
corresponding luminosity Lx, emitted via the X channel, must be bounded by

Lx <Qp~3x103erg/s, (3.2.1)

otherwise the X particle would cool the core of the star in less than one second, in
contrast with the Kamiokande [48] and IMB [49] observations.

Depending on the strength gx of the X coupling two cases are possible.

i) No-trapping. In such a case the coupling is small enough to have that the mean free
path Ax exceeds the core radius R., then the X particles are free to leave the star. We
are in the presence of a volume emission and Lx ~ g%, the luminosity increases as gx
increases.

i) Trappiﬁg. Now the coupling is strong enough to give Ax < R.. The X particles are
trapped inside the star and only a black body emission is possible, analogously to the
v, case. If Rx and T'x are respectively the radius and the temperature of the X -sphere,
Ly ~ R?X T% decreases as gx increases.

This completely general situation is well described in Fig. 7. From this figure it is
evident how the condition Lx < @Qp gives rise to a forbidden interval for the coupling
constant gx. All the limits reported in section 1.3 have been derived by this general
argument.

e The v,; — Veg case. Let us take into account a vy — Vep mixing

Ver, = v-cosf + N -sinf ,
(3.2.2)

vi, =N-cos — v-sinb ,
where N and v are the mass eigenstates. We will consider the v, as a sterile particle
(a singlet in the context of the Standard Model). In such a case the interaction of the
mass eigenstate N only depends on sinf, allowing us to adopt the general argument'
previously exposed to obtain a forbidden interval for sin§. The case of a vep interacting
in a sensible way via right-handed currents have been recently explored by R. Barbieri
and R. N. Mohapatra [53], giving rise to the bounds on the mass of the right-handed
vector bosons reported in section 1.3. Finally, the v, and v, cases are very similar, but

the production reactions, mediated only via neutral currents, are weaker than the v,
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reactions, therefore leading in general to less stringent limits.
As already stressed, the standard procedure applied to the case of a sterile veg
interacting via mixing, is complicated and modified by the matter resonant oscillation

effects, induced by the mixing itself.

3.3 Limits in absence of resonant oscillations

First of all let us study the no-resonant oscillation case. If Am? = my?—m,% <0,
resonant oscillations in the ¥ — N system are not possible [42] and we can follow the
standard treatment. In fact in such a case resonant oscillations could be present only
in the # — N sector.

If the right-handed neutrinos are enough light (my < 10MeV), they can be pro-
duced in the core of the supernova via the dominant reaction e +p — n+ N. The
reaction 2n — 2n + ¥ 4+ N is less important, except for - and r-neutrinos. Then the

production cross section is

Gr? 6G

s

(gv? + 3ga4®) sin®d E.* ~

sin’d En?, (3.3.1)

g ===

En being the energy of N (En ~ E.).

As already explained, if the mixing is small enough the N particies are not-trapped,
on the contrary if it is big enough they becomes trapped . Let us examine in the detail
these two cases. In the following we will use: p. = 8 x 10 gem™3, T, = 50 MeV and

R, = 10% ¢m for the core parameters, and

e (%)3 ’ (3.3.2)
T=T. (%),

outside the core (R > R.).

e No-trapping case. For sin?26 < 2.7x 1075 the N particles are not trapped into the
star, their mean free path exceeds the core radius and a N-sphere does not exist. We can
also assume that NV does not decay during its travel to Earth, since for my < 10 M€V,
a mixing sin® 26 > 0.8 should be needed for N to decay into three light neutrinos before

arriving to Earth.
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Let us consider that the overall number of protons of the star is not fixed at the
initial value n, =~ 1.4 Mg /2m, ~ 10°7, but it is decreasing in time via the neutronization

process. Then the total energy carried away at the time ¢ is [53]:
¢ dn
En(t) = _Vc./o <Ey> 22t (3.3.3)
where V. ~ 4 X 108 cm?® is the core volume. From < Eny >;~< Fe > po(t) =~
pe(0) (np(t)/np(0))*/® and

d% = —6sin’ 4 —C—?l ni < E. >7, (3.3.4)
we derive
4\ /5
En(t) = En(o0) - [1 - (1 + ;) :I ) (3.3.5)
where

3
Biy(00) = SV, (0)ue(0), (3:3.6)
T
T= .
10sin’0 Gp?u.2(0)n,(0)
n,(0) and p.(0) are respectively the number density of protons and the electron chemical

potential at ¢ = 0. For our calculations we have used p.(0) ~ 300 MeV and n,(0) ~

(3.3.7)

2.5 x 10%8e¢m™3. Now we must require that the right-handed neutrino emission does not
saturate the core binding energy in less than 1 sec; so, using for greater convenience the

mean luminosity Ly = En(lsec)/1sec, we have to impose the condition

Ly < Qp=3x103%erg/sec. (3.3.8)

This leads to a bound for the Ve — Ver mixing angle. In fact from (3.3.5) and (3.3.6)

T > 0.15 sec. (3.3.9)

Finally, from (3.3.7) we can derive

sin?26 < 2.3 x 1071°, (3.3.10)
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which is the bound for the no-trapping case and for Am? = % — m?2 < 0 (absence of
matter resonant oscillations).

e Trapping case. If sin*26 > 2.7 x 107%, the sterile neutrinos are trapped into the
star through the reactions N+n —p+e ", N+n — v.+n, N +p — v, +p. The first

one gives the most stringent limit. Given the N mean free path [53]

1
= 3.11
with n(R) = n.(R) - (R./R)*® and the cross section
o(B) = X a2 sn?6TXR), (3.3.12)
- ‘

we can calculate the N-sphere defined as the value of R at which the optical depth
* dR
R) = — 3.3.13
is about unity (2/3). Then we derive

15 o\
Ry =R.- (— G% sin® anRcTC2> , (3.3.14)
m

from which Ry ~ 19.TR, (sin2 0)1/4, with By > R, for the trapping case. What is
relevant is the dependence Ry o (sin® §)1/%, from which we derive Ty o (sin? 8)1/%,

and then adopting the Stefan-Boltzmann law

4 2 ‘
F- () () - o

where the subscript v refers to the v-sphere parameters. From the observed v-luminosity,

@, ~ 5 x 10°%erg/sec, we derive that the luminosity condition Qn < Qp implies

sin?26 > 1.1 x 1073 (3.3.16)

for the trapping case, in absence of matter resonant oscillations.
The two limits (3.3.10) and (3.3.16), exclude an interval of possible values for
sin? 26, and since the condition (3.3.16) is next to be excluded by laboratory limits, we

have to take seriously the (3.3.10) as the more relevant limit. By using the supernova

|
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in the case of an extremely light sterile right-handed neutrino, my < m, < 18V, we
have been able to put a limit of the order 107 on the violation of lepton universality
in the electron sector, extremely more stringent than the 10~2 obtained with laboratory
analyses.

If Am? > 0 We have to take into account the v — N resonant oscillations inside
the supernova, which in general modify the energy released through the N-channel,
for example due to the flipping of the trapped v’s into the sterile N’s or vice versa.
Therefore, in such a case a careful analysis of the energy emitted must be carried out

in the relevant regions of the Am? — sin?26 plane.

3.4 The N — v resonant transition

We will consider only the matter resonant oscillations (the N oscillation length is
much less than the interaction length at the resonance) because the vacuum oscillations
are suppressed by the factor sin®28 which is known to be small [1] [58]. The resonance

condition corresponding to the N — v transition in the supernova is:

A :Am2_ GFp
"T 2E  2m,

where E is the particle energy, p is the star density, m, is the proton mass, and Y.,

(3Y, + 4Y, — 1) =V (p) , (3.4.1)

Y,, are the relative abundances of electrons and neutrinos respectively; V defines the
potential. The presence of the Y, term is due to the neutrino-neutrino scattering and
in the derivation of eq. (3.4.1) [66] we have used that in the supernova Y, + Y, =1
and ¥, =Y, [67].

a) If the N’s are trapped, the condition for crossing the resonance for the particles
emitted from the N-sphere is Ay < Vy, Vn being the potential at the surface of the
N-sphere. For our calculations we have assumed (3Y, + 4Y, — 1) ~ 0.18, and a small
variation of the e and v abundances up to R ~ 10R, [67]. Then from Ay < Vy we

obtain:

Am? sin?20 < 4.3 x 10%eV?, (3.4.2)

where we have assumed the energy distribution of the N’s to be enough peaked on the

statistical expectation value < E >~ 3.15Tn = 11.3 (sin?26)~/* MeV. The limit on
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Am? depends on the mixing, since the surface of the N-sphere depends on the strength
of the N interactions, which is proportional to sin?d. On the other hand, for the values of
the mixing angle for which the N’s are not trapped inside the star but are emitted from
the entire core, the neutrino energy is of the order of the electron chemical potential
during the time of emission, so we can choose < F >~< pe >~ 150MeV. As a
consequence, now the condition for the resonance crossing is independent on the mixing
similarly to the solar case. Then the condition that we find from Ay < V., V. being the

potential in the core, reads:

Am? < 1.6 x 10° eV? . (3.4.3)

b) If N crosses the resonance, the non-adiabatic solution for the N — v oscillation
gives, for sinf < 1, a probability of flipping P(N — v) = 1 — P,, where P, is the

Landau-Zenner term [44]:

iy

A P

-2 0 Fx

— -4-
Pz exXp ( 2 sin“26 I /dR|*) ) (3 4)

the subscript * indicates the resonance point. Therefore, in order to have P(N —
v) > 50%, we must have 2 Am? (sin?26)7/* > 1.3 x 107° eV? in case of trapping, and
Am? (sin®20)%/2 > 1.7 x 1078 eV? for no-trapping.

¢) Finally, if we require that the resonance point lies inside the v-sphere, we must
have Ag >V, = 6.7 x107% eV , where V, is the potential at the surface of the v-sphere

itself. This condition becomes:

Am? (sin?20)1/* > 1.5 x 10% eV? | (3.4.5)

for trapping, and:

Am? > 2 x 10° eV? (3.4.6)

for no-trapping.

2 For large mixing angles an exact calculation gives the constraint sin®28 < 0.5,

independent of Am? inside the region where the oscillations occur.
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The constraints (3.4.2), (3.4.3), (3.4.5) and (3.4.6) describe a particular region as
one can see in Fig. 8. Above this region the N particles do not cross the resonance,
so that the limits are those found in the absence of oscillations. Below this region the
resonance point is outside the v-sphere, so the limits given in section 3.3 are not modified
by N — v flipping, since the energy released through the N-channel still leaves the star.
On the contrary, inside this region the N’s oscillate into v, with P larger or less than
50% depending on the conditions illustrated at the point b). In this case the limits of
section 3.3 do not hold because we have to take into account the reduction in the energy

released through the N-channel due to the N — v flipping inside the v-sphere.

3.5 Effects of the v — N resonant transition

The only effect produced by v — N transitions outside the v-sphere is the modifi-
cation of the energy spectrum of the neutrinos, experimentally not observable due to the
poor statistics. On the contrary, we must be careful if the resonance point lies between
the v~ and the N-sphere (or the core surface if the N’s are not trapped), because in
such a case a new channel for energy emission is available.

The resonance condition corresponding to this situation reads:

Am? R, 3

where now the subsecript * indicates the resonance point for the v — N transition.

Since the v’s are trapped, the mean energy of the ones that can cross the resonance is

E, ~3.15T, = 3.15T. (R./R.). Then, we find:

(3.5.2)

for the radius at the resonance point. From eq. (3.5.2), and adopting a Stefan-
Boltzmann law for the luminosity é ~ emitted through the sterile neutrinos generated

by the flipping of ordinary v’s inside the v-sphere, we derive the ratio:

éN 'RV 2 -3 Am2

=|—1] =09. 10 . 5.3
Q. R, 9.5 x leV? (3:5.3)
The region of interest is described by R, > Ry if the N’s are trapped, or R, > R,

in the no-trapping case, and R, < R,. More precisely, this region, indicated as 4 in
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Fig. 8, is defined by the conditions (3.4.2), (3.4.3), and Am? > 1.1 x 10* eV'?; as we see
it contains the region discussed in section 3.4. However, not all the points of this region
give actually a v — N resonant oscillation; in fact, for Am? > 9.2 x 1028 sin?26 eV?2, the
resonant oscillation length turns out to be larger than the interaction length, making
meaningless the resonance itself.

Outside the region A the relevant limits are given by the results found in absence
of oscillations, namely eq. (3.3.10) for no-trapping and eq. (3.3.16) for trapping. Inside,

a deeper analysis of the energy flux is needed.

3.6 Limits from N

The first limits on the mixing angle that we can get in the region A are derived by
looking at the energy released through the N-channel.

The sterile antineutrinos are produced, essentially, via the reaction 2n — 2n+v+

N, and the luminosity emitted in the case of no-trapping turns out to be [68]

Vv 2 T5
Qn ~ 7:;" m, <p> g4 G% cos* 8, sin? 24 m_‘}r ~ 1.8 x 10°° sin*260 erg/sec. (3.6.1)

Thus from Qx5 < Qp we derive:

sin®26 < 1.6 x 107°. (3.6.2)

If the N’s are trapped through the reactions Nn — m.n and Np — v,p, the limit

we get for the mixing is:

sin?20 > 5.6 x 10™*, (3.6.3)

very close to the limit (3.3.16). As a consequence, as illustrated in Fig. 8, a first part

of the region A can be ruled out.

3.7 Limits in presence of resonant oscillations

We can now analyze in detail the constraints on the energy released in the different
parts (a,b,...,e) of the region A. As we have already shown in section 3.3, the vertical
line corresponding to sin®26 = 2.7 x 10~° in Fig. 8 distinguishes the regions of trapping

and no-trapping.
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a) In the sub-region a, above the line Am? = 2 x 10% eV?, the oscillation length of
the v’s is less than the interaction length, so that only N — v transitions are present.

Therefore, the condition for the emitted luminosity is

P(N — N)-Ly < Qs, (3.7.1)

where P(N — N) ~ P, if sinf < 1. This condition is trivially satisfied in a, since
P(N — N) < 1. Below the horizontal line corresponding to Am? = 2 x 10°eV? no
kind of oscillation is present inside the v-sphere. Therefore, we can conclude that the
entire sub-region a is allowed.

b) Let us now consider the sub-region b. Here both the transitions N — v and

v — N are present. Then the condition to impose is

P, -Ln + Qn < Q3. (3.7.2)

From eq. (3.5.3) we find that all the points for which Am? > 4 x 107 eV'? are excluded,
because in such a case Qn > @ B; on the other hand, a numerical analysis shows that
the region below this line is allowed as illustrated in Fig. 9.

¢) In the sub-region ¢ we have to take into account only the » — N transitions

(here the N — v resonance occurs outside the v-sphere), so that we must require

Ly + Qn < Q5. (3.7.3)

But from eq. (3.5.3) we can check that in such a region Qn < 7.5 x 10~%-Qg, so that
it is sufficient to require Ly < @Qp. As a consequence, it turns out that the bound on
the mixing angle corresponding to the sub-region ¢ is given by eq. (3.3.10).

d) Both the transitions v — N and N — v are present in d, therefore the luminosity

condition reads

P(N—N)-Qn + Qn < @5, (3.7.4)

where now we must use the exact formula P(N — N) = sin?26 4+ P, - cos?24, valid

for any angle 8. Since Q ~ < @p is satisfied everywhere in d and the exponential factor
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P, turns out to be negligible, from eq. (3.3.15) it is trivial to see that our condition is
satisfled everywhere in this region.

e) Here, only the v’s cross the resonance inside the v-sphere; then we must require

Qv + Qn < Q5. ‘ (3.7.5)

Since @ is again much smaller than @p, in the sub-region e we find the limit (3.3.16)
derived in section 3.3.

e Conclusions. From the total amount of the energy emitted in the explosion
of the supernova SN19874, we have derived new stringent limits for the v.; — vep
mixing angle. In particular, if Am? < 0 we find the bounds sin®28 < 2.3 x 1071° and
sin?26 > 1.1 x 10~2. For Am? > 0 neutrino oscillations modify these limits in a certain
range of values of Am?, as depicted in Fig. 9. In particular we find that the bound
for the trapping region is essentially not modified, while the upper limit in the case of
no-trapping becomes sin®28 < 1.6 x 107° in the small window 2 x 10% eV? < Am? <
4 x 107 eV%, but it remains sin®20 < 2.3 x 1071°, or also better, for all the other values

of Am?, as one can see from Fig. 9.
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4. Consequences of a large neutrino magnetic moment

In the previous sections we have analysed the case of Majorana neutrinos with non
trivial v, — vg mixings. If the right-handed neutrino exists, this is the more general
case from the theoretical point of view, as already explained in section 1.1. However,
the more specific case of a v as the right-handed component of a Dirac neutrino, is
at the same time extremely interesting. As already anticipated in section 1.3, a Dirac
neutrino with a large magnetic moment could explain a possible anticorrelation between
the detected solar neutrino flux and the cyclic variation of the sunspot number, which
recent analyses of the data seem to display (see Fig.s 2 and 3) [4] [69]. This suggestive
hypothesis opens very interesting problems from the theoretical point of view.

In this chapter, after having exposed the phenomenological motivations for a Dirac
neutrino with a large magnetic moment, we will study the theoretical implications of
such an hypothesis. In particular we will derive the phenomenological consequences
[6] of a model, recently proposed by R. Barbieri and R. N. Mohapatra (BM), which

gives rise to a large electron neutrino magnetic moment with a minimal extension of the

Standard Model [5].

4.1 Phenomenological motivations
A suggestive explanation of the Solar neutrino puzzle is based on the hypothesis of

a Dirac electron neutrino with a large magnetic moment [4] [69]:

p = (107 +10710) - g (4.1.1)

In such a case, since the solar magnetic field Bg in the convective zone is estimated
to be Bg ~ 1 + 10 KG, the neutrino helicity rotation v.; — v.g in the convective
zone (between 2 X 10'° ¢ and 1 x 101° ¢ from the solar surface) would be responsible
of the reduction in the expected flux observed by Davis. Moreover, this explanation,

differently with respect to the typical MSW mechanism, gives rise to an 11 years cyclic
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variation of the neutrino flux, anticorrelated with the sunspot cycle. That is because
the solar magnetic field follows the 11 years period of the Solar cycle. Fig. 2 and Fig. 3
seem to display a time oscillation in the Davis data, and its connection with the Solar
cycle. In any case, in the near future, a more clear and definite situation will be realized.
In fact the 1988 and 1989 data correspond to a maximum of solar activity, and then, on
the basis of the previous ideas, we should expect a second clear minimum in the Davis
data.

At the present we can find another very interesting information in favour of the
magnetic moment hypothesis. Due to the inclination of the Earth axis with respect
to the Solar equator, the v.; — v.p transition would give rise to a minimum of the
flux around March 5 and September 5. Now, the data from 1979 to 1982 (the previous
maximum for the solar activity) were 0.03 4 0.04 Argon atoms per day in the 7 runs
nearest to March 5 and September 5. On the contrary, they were 0.37 & 0.05 Argon
atoms per day in the 12 remaining runs. That seems to be another phenomenological

indication for a magnetic moment mechanism.

4.2 Theoretical consequences

The hypothesis of a Dirac electron neutrino with a large magnetic moment is ex-
tremely interesting from the theoretical point of view. In fact it is not difficult to
understand that a p,, as large as in eq. (4.1.1) is in general difficult to realise in a well
founded model. First of all, as already discussed in section 1.1, if we look at the simple
extension of the Standard Model with the addition of the singlet v, g, the natural value

of p,,_ turns out to be very small:

_ 3eGp
I‘L’Vc 8\/—2'71'2

But the difficulty to obtain p,, ~ (1071 +1071°%) . up is completely general and con-

vy, ~3x 1070 . up (%) . (4.2.1)

nected with the naturality requirement that any well founded theoretical model has to
satisfy.

The argument is general [70]. The magnetic moment interaction has to be related
to some new physics occuring at a scale A greater than the Fermi scale. Then it can be

described by effective SU(2)r, x U(1)y invariant interaction operators of dimension six:
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= Lo, TdW,,. (4.2.2)

Where L is the left-handed lepton doublet, ¢ is the Higgs doublet and B,,, W,,
are respectively the U(1)y and SU(2)y, field strengths. These interactions give rise to a
neutrino magnetic moment p, ~ A < ¢o > /A?, after the symmetry breaking. However,

both these interactions also produce a neutrino mass term

ém, ~ gp, A%, (4.2.3)

where g is the typical electro-weak coupling, through the diagram of Fig. 10, where a
Z or W bosons are exchanged. Now, since m,, < 20eV, a.magnetic moment p, ~
(10~ + 1071%) . up is compatible only with an unacceptable low value of the scale
A (A ~ 1GeV), or with an unpleasant cancellation between ém,, and other possible
contributions to the neutrino mass.

A possible elegant solution to the problem of the natural suppression of the neutrino
mass with respect to a large magnetic moment, has been recently proposed by M. B.
Voloshin [71]. The idea is that the natural smallness of m, can be a consequence of
a SU(2), symmetry, under which (vz,v§) transforms as a doublet. In fact, since the
mass term Dgryy, is a scalar under the Lorentz group, due to Fermi statistics it must be a
triplet under SU(2),. Viceversa, the magnetic moment term Do, vy, is a vector under
the Lorentz group, and then it must be a singlet under SU(2),. Then the SU(2),
symmetry, under which (vr,v{) is a doublet, forbids the mass term, but allows the
magnetic moment term. This symmetry must be broken, and its breaking could be
mild enough to solve in a natural way the smallness of the ratio §m, /u,.

It is now very appealing to find a realistic model which put together the Standard
Model and this new symmetry SU(2),. Different solutions have been elaborated, but the
more natural seems to be the BM model [5]. It joins in a minimal way SU(2)r xU(1)y
and SU(2), in the larger group SU(3)r x U(1)x, in such a way that SU(2); and
SU(2), are both non commuting subgroups of SU(3)r. Another possibility [20] is to
treat SU(2), as an horizontal group, connecting the electron and muon doublets. In
such a case the SU(2), doublet is the horizontal doublet (v.y,v,;), instead of the

vertical one (vg,v§) reported in the SU(3)r x U(1)x solution.
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We consider the vertical solution more realistic than the horizontal one. In fact
in the second case, as already stressed in section 1.1, we expect difficulties due to the
constraints on the horizontal e — y interactions, and on the strong degeneracy that one
has to require for the Majorana electron and p-neutrino masses, against the well known
ratio m, 2~ 200 m.. Then in the following we will study the SU(3)r x U(1) x model and
its phenomenological consequences. In particular we will discuss the presence of a new Z'
vector boson, which comes out from the enlargement of the rank of the gauge group. In
some sense peculiar characteristics of neutrino physics may induce relevant consequences
also for other physical sectors. The direct couplings of Z' with the standard fermions
and the Z — Z' mixing give rise to a richer phenomenology which will be interesting to

explore [6].

4.3 A realistic theoretical model

e General aspects. In the BM model,A as already anticipated, the standard gauge
group SU(2)r x U(1)y is extended to SU(3)r x U(1)x, in such a way that SU(2)z
and SU(2), are both non commuting subgroups of SU(3)r. The rank of the standard
gauge group is enlarged and then we have to expect a new Z' vector boson. The known
leptons, with the adding of the right-handed neutrinos, transform as
47
v
er

L,

-~

~(3,-1/3), ez ~(1,1). (4.3.1)
The first boldfaced number indicates the SU(3); representation and the second one is
the value of the U(1)x generator. a = 1,2,3 is a family indei.

To include quarks, two different ways can be choosen. In both ones we have to add
a new heavy quark per generation (a sort of hadron companion of v§ with respect to
the SU(2), symmetry), either of charge +2/3 (g) or of charge —1/3 (D). In the first

case the representation is

gL
Qo= | ur ~ (3) 1/3) )
dr, a
Jar ~ Uar ~ (1,—2/3), dap, ~(1,1/3). (4.3.2)
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In the second case we have to use a 3* representation:

Dy,
Qa = dL ~ (3*’0)9
ur, a
Dip~diy ~(L,1/3),  uy~(1,-2/3). (4.3.3)

A tri\}al way to meke the theory anomaly free is to add mirror fermions to the
previous representations. However, in the case of the (4.3.3) assignement, a more ap-
pealing way to take care of gauge anomalies is to complete the fermion content (4.3.1)
and (4.3.3) to form a 27 of E¢. In fact Fg contains SU(3). x SU(3) x U(1) as a sub-
group, and the 27 contains three lepton-like SU(3) triplets: (e,v,v¢), (E,N,N¢) and
(L, E¢,e°), with X = —1/3,—1/3 and 2/3 respectively. E, N and L are the usual Es
heavy leptons. In such a case €5 is not a SU(2), singlet and the corresponding lepton
mass is proportional to the SU(2), breaking. That gives rise to some complications for
the generation mechanism, which we will discuss in the following, of a large neutrino
magnetic moment. In fact u,, is in general proportional to the one-loop exchanged
lepton mass and then, in the Eg-like case, to the same SU(2), breaking scale. This
difficulty can be solved by further adding two SU(3) singlet right-handed leptons with
charges +1 and —1. In such a case € can be chosen as a SU(2), singlet, and y,, is not
more proportional to the SU(2), breaking.

From now on we will choose the first assignement (4.3.2), for which €5 is a SU(2),
singlet and then the natural generation of a large electron neutrino magnetic moment
is more direct and simple. The main results of the model and its phenomenological
consequences are essentially independent of the details of thc; mirror sector.

In the (3,z) representation it is useful to choose the following basis for the group
generators, written in terms of the usual Gell-Mann matrices, in which the physical
content of the model is particularly clear:

1

. ge_ 1 o .
ps P tida) V0= oo (A —ide), (4.3.4)

the corresponding Vi V: bosons couple vy, and vy, in the lepton sector, and g7, uz in

Ve =

the quark sector;
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1 . _ 1 .
vVt = Wi (As+ids), V7= W (As —1iAs), (4.3.5)

the V:’, V., bosons couple vy, and ey, or gz, and d;

1 1 1
Ty, = —=(Xe¢ +iX7), T_;=—=(Xg—i) Ts; = —= (A3 —V3Xs), (4.5.6
Yz 2\/§(s+@ 7) L 2ﬁ(6 idr), Tp 4(3 8), (4.5.6)

are the generators of the standard SU(2)r subgroup and finally

Ve = —% (V3 +2Xs), X=z-I, (4.3.7)

are the last diagonal generators. The electric charge @ is a linear combination of the
neutral generators: Q = Ts; + X —(1/v/3)V?. The Standard Model U(1)y is generated
by ¥ = 2X — (2//3)VE.

e The scalar content. The particle content of the theory is completed with the
introduction of the scalars. The first triplet

4
©2 ~ (3*, _2/3) y (4"3'8)

7

¥

whose only neutral component is the third one, gives masses to the charged leptons and

to the down quarks with the non vanishing v.e.v. < ¢° >= a. Other two triplets

o P .
o=\ o3 | ~(3%1/3), p= | p3 | ~(3%,1/3), (4.3.9)
ot ot

give masses to the up and g quarks. The quark Yukawa Lagrangian is

Ly =% Qaufo + 2, Qagi p+ 35 Qadi o + hec, (4.3.10)

and with the v.e.v.s < o3 >= b and < p; >= ¢, we can avoid unwanted flavour changing
neutral current effects in the charged +2/3 sector. This breaking pattern is determined
by un unbroken residual global symmetry K., which we will discuss in the following.

The last triplet
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N :
ny | ~(3%,-2/3), (4.3.11)

[+]

Ui

3
il

does not acquire a non vanishing v.e.v. and it is responsible of the radiative generation
of the electron neutrino magnetic moment and mass, which are produced at one-loop

level by the n exchange. Finally, there are two sextets

Ty ~ (6%,2/3), T~ (6%,2/3), (4.3.12)

c
L

The standard subgroup SU(2); x U(1)y is broken only by ¢ and o, the other scalars
are responsible for the SU(2), breaking.

whose v.e.v.s < Ty, >= hy and < T3,, >= h3 give Majorana masses to v and v¢;.

The Yukawa Lagrangian in the leptonic sector is

Ey=/\aLaeggo—i—leL;;T]T—{—f'Llegn—{—

+g2 Lo Ly T5 4 g3 LsL3Ts 4+ h.c.. (4313)

Ly has two global U(1) symmetries, K; and K3 as enlisted in Table 1, associated
respectively to the second and third leptonic generations. They prevent any other
coupling from appearing in Ly.

K, and K3 are spontaneously broken, but the linear combination

KeEK2+K3 +4T3L+3X—4Q——B, (4314)

where B is the barionic number, remains as a global unbroken symmetry of the model.
It is easy to understand that K. is a sort of electron leptonic number. In fact the K,
quantum numbers are K(ver,er) = K.(vep) = K.(er) = 1, while K (v, ,p1) =
Ke(v:1,71) = Ke(pr) = Ke(tr) = 2 and Kc.(vug) = Ke(vrg) = 0. On the quark
sector it is zero: K.(ug,dr) = Ke(ur) = Kc(dr) = 0; except for the g quark where
K.(91) = K.(g9r) = —2.

It is now easy to understand how the unbroken symmetry K. fixes the breaking

pattern previously discussed. Moreover, it is clear how the only possible mass term
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for the electron neutrino is a Dirac term, while the p- and 7-neutrinos can have only
Majorana masses for their right-handed components. In principle, K, does not forbid
a mixing in the g — 7 sector. However, an unbroken discrete symmetry D, acting as
Ly — —Ls, e§ — —e§ and as the identity in all the other cases, forbids this generational
mixing.

o The electron neutrino magnetic moment. To understand how p,_ and m,, arise
in this model, let us write down the Yukawa interactions of v, 1, and v, with the scalars

m and 72:

Ly=f(—vipmeng +vermony) + f (VL 0T +VeL TL n; ) + h.c. (4.3.15)

The one-loop 1 exchange, as depicted in Fig. 11, gives rise both to a Dirac mass,

i m
my, = 1671‘2 111 'ﬂ"‘g ) (4316)

and, with the adding of a photon line, to a magnetic moment for the electron neutrino:

t 2 2
if M, ———l + — ! lnm2

1672 m m2 m2 m2

My, =€ (4.3.17)

In the previous formulas m; and ms are respectively the 7; and 7, masses, and in

general we expect mq,my 3> m,. In the limit in which SU(2), is unbroken, m; = m,

since n; and 7, are components of a SU(2), doublet. Then in this limit m,, = 0, while

Py, # 0, and the smallness of the ratio m,, /p,, depends on the SU(2), breaking. For
quasi degenerate 7 fields

Zm,,c m%

e e 555 2, (4.3.18)

2 2

where m2 ~ m] ~ m}, and Am = |m? —mi| <« m?

o
demanding m,, < 20eV and p,, > 10711 . up, we obtain the following condition:

Now, choosing m, ~ 1TeV,

Am} < 60GeV?. (4.3.19)

That is the condition, in the BM model, for the natural suppression of m,, in the

presence of a large p,,_.
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Since 7; and 7, are degenerate in the limit of SU(2), unbroken, we must expect
Am? o« MZ, with M, the SU(2), breaking scale. Even if the 7 triplet is not directly
coupled to the scalars which break down SU(2),, the 7; — 172 degeneracy is removed at
the one-loop level. Then adopting again a naturality requirement it follows

Am? > %}r M2, : (4.3.20)

From (4.3.19) and (4.3.20) we derive a naturalness bound

M, < O(150) GeV, (4.3.21)

for the SU(2), breaking scale in the BM model, which then results very close to the
Fermiscale. We are then motivated to analyse the phenomenological consequences of the
model, which we expect to be rich. In particular we will study if there are inconsistencies
with the present experimental data, and the possible experimental signatures for the
enlarged standard gauge group proposed by the BM model.

e General phenomenological aspects. We easily understand that the more interesting
sector to analyse is the neutral current sector. In fact all the non-diagonal new gauge
vector bosons connect standard fermions with non-standard ones, which, except for
the electron right-handed neutrino, are heavy enough and little mixed with the light
fermions. In particular the gauge bosons Vf, V; and V: cannot at present be produced
in hadronic collisions, or mediate i and 7 decay, even if their masses are not far from the
Fermi scale, due to the heaviness of the g quarks, v ; and 7. On the other hand, not
much can be concluded either from flavour changing neutral current effects induced by
V;b and g quarks, since the corresponding mixing angles are unknown, or from neutrino
counting experiments, as the additional contribution from et + e~ — v< 4 ¢ gives a
very low bound: Myz+ > 35GeV [5).

More interesting is the phenomenology of the extra Z' boson and of the corre-
sponding Z — Z' mixing, which we will analyse in the successive sections. It is useful

to this end to derive the masses of the non-diagonal gauge bosons. In particular for the
standard Wf we find

1
M. = 5 g% (a* + b%). (4.3.22)
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The V boson masses depend also on the SU(2), breaking:

My =3 9° [2(h] +h]) + ¢ + o],

_, (4.3.23)
ME, = M2, =1 g%[2(h3 + h}) + & +b7].

The mass difference M7, — M., is proportional only to the SU(2)r x U(1)y breaking

since (V,[, V) as like as (V:,V;), is an SU(2)r doublet *.

4.4 The Z — Z' mixing in the BM model

Let us go to study the diagonal gauge boson sector of the model. We will see that
not all the points of the Mz, — tgx plane (x is the Z — Z' mixing angle and Mz, the
heaviest mass eigenvalue) are theoretically allowed and we will derive a relation between
Mz, and the SU(2), breaking scale which gives a connection between the value of the
Z' mass and the naturality of the model.

The neutral gauge boson mass terms can be written as:

1 1 o A
Ly = §M°2 : (Z}HZIIL) ) (al ﬁ’) ' (ZZ>’ (4'4‘1)

where we have defined M2 = M3%,/c% and o' = a/fw, 8 = B/f%, with f, = (8 —

452)1/2, o and B are adimensional parameters functions of v.e.v.s ratios:

2 b2
o=1=2e, V= (4.4.2)
2 2 2 "
p=1-ticy+idr, r=20atR+E

and it is trivially true that 0 <y < 1,7 > 0. In eq. (4.4.1) we have used that the SU(3)r
and U(1)x gauge couplings, respectively g and g, can be written in terms of the electric
charge e and the sinus of the Weinberg angle s, as g = €/s, and § = V3e/fw. 7, is
the Standard Model neutral boson while Z), is a new neutralfboson, mass eigenstate in

the limit in which SU(2) x U(1)y is unbroken,

1

\/gcw

1 If @ = b in a natural way, which however in general is unexpected, then MZ, —

z, = (fuV) + suX,). (4.4.3)

—M3., = 0, and this mass difference becomes non zero only at highest loops.
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After the SU(3)r x U(1)x — U(1)e.m. breaking, the neutral gauge interactions can
be written as £; = ¥17,K %1, where ¥, indicates any of the fermion representations,

and

e [ fu k]
K,u. = GQ 'A# - gwew (T3L —_ Squ) . ZIJ' + m (%Vs + ?;X> . ZL, (4.4.4)

with A, the photon field. Now the presence of a Z — Z' mixing modify the Standard
Model relation M%Z = M%,/c2, since, as it is easy to see from eq. (4.4.1), the mass

eigenstates Z;, and Z;, are in general linear combinations of Z, and Z,';,- With the

(Z:) - (—Zx Z,’j ) ' @Z)’ | (4.4.5)

which defines x as the mixing angle, we diagonalize the Z — Z " system. If M; and M,

following transformation

are respectively the Z, and the Z, masses, introducing the ratios P12 = M12’2 /M2, we

obtain the conditions
Cipl + 3;?2 =1,
exsx (p1 —p2) = &, (4.4.6)
3;P1 + CiPz =g
Since B' — a'? > 0 for any value of the y and r parameters in their respective domains,
then p12 > 0 and if ' > 1 and —7/4 < x < 7/4, as it is natural to assume, then
P2 > 1 and p; < 1. Then in general we have to expect a lowering of the value of the
Z° mass with respect to the Standard Model case. The first one of eq.s (4.4.6) is a

relation between the physical quantities x, M; and M, which can be used to obtain
the deviation with respect to the Standard Model prediction p = 1:

M3 M2
p= sz:z ~14 (Mzz ——1) -tg%x. (4.4.7)

1w

Eliminating p; in the last two eq.s of (4.4.6) we find

(1—-p2)tgx =o',
(4.4.8)

p2+ (1 —p2)tgix =4,
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and from the constraints 0 < y < 1, » > 0, we derive that not all the points of the
M, —tgx plane are allowed in the model. In particular in the region of physical interest,
M; > 100GeV and —0.1 < tgx < 0.1, the following conditions are always satisfied:

1—2s2\'?
M2<M°-(1+ wtgx) , 0<tgx <0.1,
A (4.4.9)
M2<Mo-(1—-ﬁj@) . —0.1<tgx <O0.

Using s2, = 0.23 and Mw = 81 GeV, we have represented these limits in Fig. 12 by the
two dot-dashed lines and then any point above these lines is not allowed in the model.
We can now express a functional relation between M, and y parametrized in terms of

the v.e.v.s ratios y or r. Directly from the first one of eq.s (4.4.8):

2., 1 1/2
My=M,- (1 + ~—-————2?”ng ) ; (4.4.10)

and from p; > 1 follows that tgx > 0(< 0) if 2c2y > 1(< 1). The limiting values
y = 0,1 are obviously coincident with the limiting conditions (4.4.9), and their physical
meaning is respectively b < a or b > a. Only for y = 1/2¢%, which however in general
is not expected to be a natural relation of the model, @' = 0 and so no mixing is present.

An interesting parametrization of the M, — x relation is given in terms of the

SU(2), breaking scale with respect to the Fermi scale,

R=[4(hl+h2) + | Gp =1/2v2. (4.4.11)

Now from (4.4.8) we obtain

(4.4.12)

1/2
2¢2 — 8v/2c4 R ) /
)

fate*x — 283, futex — f2
in the range —0.1 < tgx < 0.1. We have plotted this relation in Fig. 12 with three
dashed lines for the values R = 2,4, 9, taking into account the limiting conditions (4.4.9).

MZZMO'(1+

M, is essentially constant as a function of y, and it is increasing with R. However R
cannot become too large, otherwise the SU(2), breaking scale would become too big
with respect to the Fermi scale, putting in trouble the naturality of the model. This
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is natural for R of order unity. We consider R less than 10 as an upper bound of the
naturelity region, so that, from Fig. 12, it follows M, < 500 <+ 600 GeV.

That concludes the theoretical analysis of the Z — Z' mixing in the SU(3) xU(1)x
model. In the next section we will compare the theoretical predictions with the present
bounds that we can derive from the measurements of p and from the Neutral Current

(NC) experimental data.

4.5 Bounds on Z' from the present data
First of all let us discuss the deviation with respect to p = 1 induced by the Z'

vector boson. From eq. (4.4.7) the deviation

2

M.
bp=p—1= (Mzz —1) -tgZx > 0, (4.5.1)

is also the same in other models such as Eg [72], in such a way that the limits we
will derive from the measurements of p are essentially model independent. Using the

measured values of My, Mz, and collecting all the experimental data [73]:

pesp = 0.998 =+ 0.0086. (4.5.2)

Allowing now a 20 level, we extract the limit

§p <1.5x 1072, | (4.5.3)

which gives the experimental constraint

1/2
0'015) . (4.5.4)

tg®x
This constraint is plotted, in the range —0.1 < tgy < 0.1, in Fig. 12 by the solid lines,

M2SM0'<1+

which turns out to be symmetric with respect to tgx = 0. It follows that the model is
well inside the limits (4.5.4) apart from extreme values of the parameters: ¥ next to 0
or 1 together with a small value of R, as it is clear by looking at Fig. 12.

Next we will compare the model predictions with the present NC data [73]. This
kind of analyses has been previously performed for other models, in particular for the

Eg [74] superstring inspired models. It is obvious however that, in contrast to the p case,
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the results are model dependent since they depend on the different Z' gauge couplings.

Let us write eq. (2.10) in terms of the mass eigenstates Zy, and Zy,;:

Yg ey + (T3L 52Q) sx} Z3 4,
(4.5.5)

where we have not taken into account the photon term and we adopt the parametrization

]Cﬂz ci— -—(T3L—-83DQ)CX YESX:I Z1P+_ [

Fu fuw

Yp=-2V8 42X, (4.5.6)

Now the neutrino-hadron scattering is mediated by Z; and Z;, in such a way that the

effective Lagrangian is:

v Gr _ _ -
—L% = \/g 7Yu(l = 75)v - [ex @vu(l — 715)g + €r T1u(l + ¥5)4], (4.5.7)

where ¢ is an » or d field, and

1 1 o LR
€L, = 1-—10.37¢ € —0.69Y;" tgx)+
Lrl9) = Ty T (7 — 1)ig’x 8x) (e1,r(9) 5" (9) tex)
1 L,R
—— 037+t t 0.69Y ;" 4.5.8
1Tty p ( + tgx) (ez,r(9) tgx + 0.69Y5"(q)), (4.5.8)
where we have used s2, = 0.23; ¢} = T3y, — s2,Q and €5 = —s2 @ are the Standard

Model € coefficients of the neutrino-hadron scattering. The first term of eq. (4.5.8)
is due to the Z; exchange, while the second one to the Z; and it goes to zero in the
limit M; — co. The Z; exchange term coincides with the Standard Model case only if
tgx — 0. Let us now parametrize the deviation with respect to the Standard Model by

er,r(q) - EE,R(‘J) = G(pa,x) + 0.69 E (9)

G2 G X (459

z(qr,r)

where
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_ 1 037+ (1 —ps)tex |
P2 14 (1-p2)tg’x (4.5.10)
G =(1-p2)tgx- H.

The measurements of ef, g(g) [73] are listed in Table 2, together with the theoretical
Standard Model 2 and SU(3)r x U(1)x values. From these data we obtain the experi-
mental determination of the parameters z(gr,r) which characterize the BM model. In
Table 3 we list the theoretical, in terms of p, and x, and experimental values of these
parameters. The last three z theoretical values are essentially equal because the BM
model predicts Yé”R(q) = ¢3, r(q) for qr,r = dr,r,ur. With a linear fit we obtain for
the G and H parameters: G = 0.002 £ 0.028, H = —0.023 £ 0.038. From these data
it follows that the simple function G/H = (1 — p;)tgx is experimentally determined
to be: G/H = —0.087 & 1.226. Now neglecting (p2 — 1) tg®x in the denominator of H,
because this term is less than 1.5% as derived from the p analyses, and allowing a 20
level, it follows from the determination of H that M, and x must satisfy the following

experimental bounds:

0.37 4+ tgx

1/2
—0.053 < tgx < 0.1. 4.5.11
0.053+th> ’ < 8X < (4.5.11)

MZZMO‘(

On the other hand the limits in the region 100 GeV < M2 < 1000GeV and —0.1 <
tgx < 0.1 deduced from the numerical value of G/H are less stringent than the bounds
(4.5.4) derived from the p analyses, so taking into account the (4.5.4) and the (4.5.11)
we individuate a 20 allowed window for the BM model, indicated by solid lines in
Fig. 12. As already explained, the two symmetric upper solid lines represent the
experimental limits from the p analyses, while the lower solid line reproduces the limit
(4.5.11) extracted from the NC data. The lowest allowed value of the Z; mass is
M; = 170 GeV for tgy = 0.08, and the mixing angle x must satisfy the bounds —0.03 <
tgx < 0.08. At present the model is well inside the experimental window apart from
extreme values of its parameters, and an SU(2), breaking scale not far from the Fermi

scale is in agreement with the present experimental bounds.

2 The values of €1, r(q) listed in Table 2 take into account one-loop orders, this modify
eq. (4.5.9) only for very small O(«) terms.
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4.6 Limits on the mixing by looking at the Z° peak

Another useful way to study the phenomenological effects of a Z — Z' mixing is to
look directly at the Z° peak at LEP, in consideration of the fact that a lot of Z° will
be produced in the near future at this machine. Due to the mixing, the mass eigenstate
corresponding to the Z° boson is Z;, whose couplings to fermions are now modified
with respect to the standard ones by order O(s,), as it is clear from eq. (4.5.5). Then
we have to expect modifications of O(s,) in the various Z° Ciecay rates. To isolate the
pure Z — Z' mixing eflects with respect to the ones coming at one loop level from heavy
top and Higgs, or at tree level from new exotic particles, it is useful to follow a general
strategy recently proposed [75].

The relevant variables to use are essentially the Z; mass, the Z; — et

e , or
pTp~, and the Z; — hadrons decay rates. Let us now calculate, in agreement with the
standard treatment of Ref. [75], suitable combinations of these variables in terms of the

parameter

2\ 1/2
Vo =2 ( - %) ~1, (4.6.1)
1

where p? = ar/+/2GFr and v, is a small quantity such that we can neglect O(v?) terms

at the 1% order. Now straightforward calculations give us:

M3 2
t=-X% 7 = [1 + §Vp] + 8€%, (4.6.2)
My
9 T(Zy — ete) 2 «
v = S YA ~ 114 31}0 + p| + &%, (4.6.3)

—?L I‘(Zl - ’LL,d,S,C, b) ~ {1 + _g_gvo + %VP:I -+ 6R§’ (4:.6.4:)

7 59 I(Z, — ete™)

where the square bracket terms are the sum of the tree order Standard Model con-

tributions at O(v,) and p, which includes all the possible exotic non-mixing effects.
The 8%, é4X and §RY terms take into account only the pure mixing effects (they are
proportional to s,). Since the combinations R, — %7 and R, — %—ﬁ are \/p free, their
possible deviations with respect to the Standard Model predictions will be a clear signal

of a Z — Z' mixing. It is then useful to introduce the variables:

59



n=[R, - %7] ~[R; — %7]07
(4.6.5)

p=[R. — 3¢ - [R: — 3¢E]°
where the o superindex indicates the theoretical Standard quel values. From the eq.s

(4.5.5) and (4.5.6) it is easy to derive in the BM model §£X - 0, 7% = (V3/ fwcw) 85
and §RYX = —(36/59) 64X, and then

n = 6R¥ — L6y% = —1216+%,

(4.6.6)
p=§RX = — 6%,
from which we derive the sum rule
P 72 6
£ 1= _ 2 . 4.6.7
n 131 11 +O0(1%) (4.6.7)

Then = % p rule is a powerful prediction of the BM model. The situation is similar
to other theoretical models such as Eg where the prediction is n = £p [75] making the
E¢ and BM lines very close to one another as we can see frci)m Fig. 13, although the
SU(3)r x U(1)x line is shorter than the Eq4 one since —0.0355 sy < 0.08, as we know
from Fig. 12, which together with (4.6.6) imply —0.067 < p < 0.025. So only for
p > 0.025 we can have a clear Eg signal, otherwise the two models give essentially the
same prediction. The dot-dashed square in the centre of Fig. 13 indicates the expected
experimental sensibility, so if the measurements fall inside this square no Z — Z' mixing
is revealed at the 1% sensibility level. In such a case the present allowed window of Fig.
12 would be sensibly reduced.

4.7 Prospects at future hadron colliders

An attractive possibility to detect the neutral boson Z; is to look for it via eTe™
Drell-Yan [76] production in proton-(anti)proton colliders. More precisely, if the number
of leptonic events is plotted versus their center of mass energy, the presence of Z; is
revealed when this plot displays a Breit-Wigner peak, the mass M; of the new boson
being the value of the invariant mass of the leptonic pair at the position of the peak.

Neglecting the background contribution, the total cross section is

4r? T(Z4 — 1)
3M} Tg

g =

> Uy(r)T(Z2 — 93), (4.7.1)

2
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where 7 = M3/+/s, /s being the energy of the colliding hadrons in their center of mass
frame, I'z, is the total Z, decay width, ¢ runs over all quark and antiquark species of
one of the two colliding hadrons and U,(7) is a function which gives a measure of the
probability of finding a couple of partons g§ being able to contribute to the Drell-Yan

process,

1—72
U,(r) = / dy fd(3y + 3V 2+%y+ 1 /y2 +47‘2) (47.2)

fq,7 being the parton distribution functions. In eq. (4.7.1) we have approximated the

—1472

Breit-Wigner with a delta function in the limit in which I'z, is small enough and worked
in the tree approximation. Within this assumption the partla.l width of Z; decaying

into fermions ¥ is

D(Zy — ¢9) = A¢C'¢ ¥ +af’), (4.7.3)

where Ay = 1(2) for Dirac (Majorana) ferl:mons, Cy = 1(3) if 4 is a singlet (triplet)
of SU(3). and v (a ) are the vector (axial) couplings of quarks and leptons to the
gauge boson Z, which are defined by

L=P7u(vf +af75)% - Doy, (4.74)
where ¥ = ¢,l. These coeflicients can be deduced from eq. (4.4.4) and they are enlisted
in Table 4 (A,,» and x, - indicate the Majorana spinors corresponding respectively to
the right- and left-handed p- and r-neutrinos).

To compute the total width I'z, in eq. (4.7.1) the decay of Z; into charged gauge
bosons must be taken into account. In general Z, will have an open channel to WTW—
but not either to VTV~ or to V°V°. Indeed, the fact that R > 1, as understood
from Fig. 12, and the approximation p; ~ f', true up to 1.5% (see eq. (4.4.8)), with
eq.s (4.3.23) straightforwardly yield M; < 2My+ and My < 2My.. The corresponding
decay rate for WHW ™~ is

2.2
M2 e‘ci,s

2
[(Z; » WTW™) = o1 anw )2 (1 + 200w + 1217W) n;‘ : (4.7.5)
w

2
w
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where nw = M3, /M2 = c% /p,. A remarkable fact displayed by this expression is that
although I'(Z; — WTW ™) is suppressed by the mixing angle s;, it is also enhanced by
the term nﬁ,z. Actually both effects compensate each other leading to a branching ratio
B(Z2 — WHW ™) of the same order of magnitude than B(Z; — ete™) [77]. Therefore,
in contrast to other O(s2) terms appearing in the evaluation of I'z,, eq. (4.7.5) gives
non negligible contributions. In the actual computation of I'z, we have assumed that
Z, can decay freely into all conventional fermions (including the top quark), the new

heavy g quarks, the Majorana neutrinos v}, 7, and W=*. In the latter we have put

L,
s2 /13y ~ 1. This altogether gives Iz, /M; =~ 3%, and a branching ratio

1
B(Zy — e+e_) ~ o (4.7.6)

Now with eq.s (4.7.1) and (4.7.6) we can extract predictions on the expected num-
bers of ete~ events for the future hadron machines SPS+Acol, TEVATRON, LHC
and SSC, whose characteristics are listed in Table 5. A 10pb~?! integrated luminos-
ity is assumed for SPS+Acol and TEVATRON, 10% pb~?! for LHC and SSC. The type
1 Duke & Owens parton distribution functions [78] have been used together with the
numerical values e /4r = 1/127 and s = 0.23. The resulting number of events for
the previous machines are plotted in Fig.s 14 and 15. We have not displayed the num-
ber of background events, mediated by Z° and «, because it is negligible. If less than 5
events, which we assume to be the minimum significant Z' signal, are seen at SPS+Acol
(TEVATRON, LHC, SSC), then M, > 190GeV (350GeV, 3.5TeV, 6 TeV).

e Conclusions. We have analysed the neutral current sector of the SU(3)r x U(1)x
model [5] which predicts an extra Z' boson. The bounds on the mass and mixing of

the new boson extracted from the present measurements of p and from the NC data are

illustrated in Fig. 12 by solid contour lines. The model lies inside the experimentally
allowed window except only for extreme values of its parameters. The minimal allowed
mass value is My = 170 GeV and the Z — Z' mixing angle is delimited by —0.03 <
tgx < 0.08 at a 20 level.

Concerning the future prospects, we have first studied the effects of the Z — Z'
mixing on the top of the Z° peak at LEP in terms of a suitable set of measurable

variables, n and p defined by eq. (4.6.5), proportional to the mixing angle s,. The BM
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model lies on the straight line n = lél—p, close to the Eg prediction, as depicted in Fig. 13.
If the n and p measurements fall inside the dot-dashed square of Fig. 13 then no Z — Z'
mixing is revealed at the 1% sensibility level, and the bounds on s, are sensibly reduced.
Secondly we have analysed the possibility of a direct Z' production at future hadron
colliders deriving that less than 5 Z, events are expected at SPS+Acol, TEVATRON,
LHC and SSC if M, is respectively bigger than 190 GeV, 350 GeV, 3.5TeV and 6 TeV,
as can be seen in Fig.s 14 and 15. If no acceptable Z, signal ;vere seen at TEVATRON
(we have assumed more than 5 ete™ events for a clear signal), the explanation of the
smallness of m,,/u,, would still be natural in the BM model although closer to the
naturality boundary M, < 500 + 600 GeV. However if no Z, signal were detected at
LHC or SSC then the naturality of the model would become problematic.
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Conclusion

One of the more relevant aspects of neutrino physics consists in the nature of the
mass, Majorana or Dirac, if it is different from zero. We have explored the conse-
quences that the two hypothesis can produce both from the theoretical both from the

phenomenological point of view.

If the right-handed partner exists, and neutrinos are of Majorana type, in general
we have to expect a v, —v§ mixing which give rise to a violation of lepton universality.
We have derived that the 7-system is the best place to look for such an effect. We have
shown how LEP and SLC can probe the mixing between the v, ; and a sterile neutrino

with a mass of order 10 GeV.

The experimental bounds on the violation of universality in the electron sector
can be improved by looking at the SN1987A event. In fact the supernova luminosity
constraints the v.;, — v, p mixing angle 6 to be extremely small. Taking into account
the matter resonant oscillation effects we have derived sin?.26 < 2.3 x 1071%, except for

a value of the v, g mass around 1 KeV, where sin? 26 < 1.6 x 107¢.

On the other hand, the more specific case of a v, as the right-handed component
of a Dirac neutrino can give rise to extremely relevant physical consequences. In such
a case a large neutrino magnetic moment can solve the Solar neutrino puzzle, moreover
explaining a possible anticorrelation between the Davis data and the 11 year sunspot
cycle. The requirement of a large u,, opens a naturality problem which can be solved by
a minimal extension of the standard gauge group to SU(3)r, x U(1)x. The enlargement
of the gauge group gives rise to relevant phenomenological consequences, in particular
in what concern the prediction of an extra Z' boson. A very interesting connection

between neutrino physics and the neutral current sector of the theory is established.

We have then explored the effects of this new vector boson. From the present p
measurements and from the NC data we are able to put the bounds M, > 170 GeV and
—0.03 < tgx < 0.08 for the Z' mass and the Z — Z' mixing. Also prospects at LEP and
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at the future hadron colliders have been explored. The naturality of a large neutrino
magnetic moment in the BM model would become problematic only if no Z' signal were
detected at LHC or SSC.

Neutrino physics is a physics of very small numbers, the same large p,, we have
discussed above is hierarchically smaller than the electron neutrino magnetic moment.
On the other hand, neutrinos could dominate events of cosmological and astrophysical
size, and they could be a sort of key to partially enlight the elementary particle physics
beyond the Fermi scale. Up to now a lot of theoretical work has been developed.
However, an experimental determination of some neutrino parameters, difficult due to
their smallness, would be needed. In this sense it is useful to look at the sky. SN1987A
has been a lucky event, but a better understanding of the Solar neutrino puzzle would be
necessary. Future prospects are very interesting and promising. In particular we expect
that in the near future a comparison between Davis and Kamiokande experiments could

enlight some relevant aspects of neutrino physics.
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Table 1

¥ K, K,
L, 0 0
L, 1 0
Ls 1
el 0 0
es -1 0

e 0 -1
® ‘0 0
n 0 1
T, -2 0

T3 0 -2
Q 0 0

p 0 -1
0 1
€ 0 1

€ 0 -1
de 0 0

¢ The K; and K3 quantum numbers of the fermion and scalar representations of the

BM model are enlisted.
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Table 2

parameter SU2)L x ULy SUB)L xU()x experiment
er(u) +0.345 +0.345(1 + z(uvg)) +0.3394+0.017
er(u) —0.152 —0.152(1 + z(ug)) —0.172 & 0.014
er.(d) —0.427 —0.427(1 + z(dp))  —0.429 + 0.014
er(d) +0.076 +0.076(1 + z(dr))  —0.011+ 0.057

e The experimental measurements, together with the theoretical Standard Model and

SU(3)L x U(1)x values, of the ez, r(q) coefficients of the neutrino-hadron scattering are

shown.
Table 3
parameter th. value exp. value
z(ur) G(p2,x) + 0.85H (p2, %) —0.017 £ 0.049
2(up) Glp2x) —O.T0H(pz,x)  +0.1320.092
z(dyg) G(pz2,x) — 0.68H(p2,x) +0.005 £ 0.033
z(dR) G(p2,x) — 0.70H (p2,%) —1.145 4+ 0.750

e The experimental and theoretical BM values of the e r,r(g) deviations with respect to

the Standard Model determinations are reported.
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Table 4

4 ¥
(U v, a;
€ 1 _ .2 1. e A .
€ Hy T P (4 3w) (fw Cx 3x) Toucw (f,,, Cx sx)
e € .
Ve 434 Cu (fwcx + SX) 43yCow (— .fw Cx + SX)
€C
A Ar 0 " Zewfa OX
e 1—'232
Xpy Xr 0 T (--—“’-fw cy + 3x>
34252 9 e 1—2s2
€ S ESw k4 bt R
U, C, & Troes [ 37, Cx + (1 3sw) Sy Touco 7. + sy
e T 4.2 e I
d, s, b Tsycy [ 3 Cx t (33w 1) sx] Tsucy (fw Cx 3x)
e 732 -3 4 2 . ec
91, 92, 93 Tswew \fa Cx T 4S5uSx 28w fu X

e The vector and axial Z, fermion couplings are enlisted.

Table 5
experiment Vs (TeV) JL£dt (pb~1)
SPS+Acol (pp) 0.63 10
TEVATRON (pp) 2 10
LHC (pp) 17 10*
SSC (pp) 40 10%

e The center of mass energy and the integrated luminosity of the future hadron colliders

are given.
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Figure captions

Fig. 1. The FNAL (E531 Collaboration) results on the v, — v, and vy — Vr mixings

are illustrated.

Fig. 2. The time dependence of Davis measurements is shown. The minimum at

1979-1980 corresponds to a maximum of Solar activity.
Fig. 3. The 11 year sunspot cycle is shown.

Fig. 4. The region of the plane |U,y|* — My which can be probed at SLC and LEP is
illustrated. [U,n|* > 0.16 is excluded from = — e, vr decay. The constraint derived
from the absence of anomalous monojet events in ete™ collision experiments is also
shown (as the solid line in the upper-left corner of the figure). The dot-dashed line
gives the sensitivity limit on |U,n|* from neutrino counting experiments. The other
two solid lines define the regions where BR(Z° — Nv.) and BR(Z° — NN) are larger
than 107°. Finally, the dashed line represents the prediction of the JRS model, with

the constraints on m,_ (see Fig. 5).

Fig. 5. The 7-neutrino mass versus the heavy (mostly sterile) neutrino mass, as
predicted by the JRS model is reported. The region allowed by experimental and
cosmological constraints (10 MeV < m,, < 35 MeV) is also shown.

Fig. 6. The branching ratio for the exotic Z° — Nv, decay, plotted against My is
illustrated. The allowed range of values of My derived from Fig. 5 is also indicated.

Fig. 7. The luminosity emitted by the supernova through the X channel, as a function
of the X coupling gx, is illustrated. On the left side of the Lx maximum is placed the
no-trapping region, the trapping one is on the right. From the requirement Ly < Qg =

3 x 10%® erg/s an excluded interval for gx follows.
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Fig. 8. The trapping and no-trapping regions are separated by the vertical dot-dashed
line. Outside the region A, delimited by the diagonal and horizontal solid lines, egs.
(3.3.10) and (3.3.16) exclude the region between the vertical solid lines. Inside A matter
resonant oscillations are relevant. The two vertical dashed lines inside A give us the
limits derived from N. The diagonal dashed line on the left side indicates the points
where the oscillation length for v — N flipping becomes equal to the interaction length.
Finally, the horizontal dashed line and the diagonal dashed line on the right side give
the lower limit for which NV flips into v inside the v-sphere. The sub-regions a, b, ¢, d, ¢,

discussed in the text are also indicated.

Fig. 9. The limits for sin’26 are shown. The central region between the solid lines is
excluded. It is represented how matter resonant oscillations reduce the excluded values

of sin®20 in the window 2 x 10° eV2 < Am? <4 x 107 V2,

Fig. 10. The effective one-loop diagram (two-loop in reality) which gives a contribution
to the neutrino mass is shown. The cross indicates the effective neutrino magnetic

coupling.

Fig. 11. The one-loop diagrams of the BM model which contribute to the neutrino
mass are depicted. They cancel in the limit of SU(2), unbroken. The insertion of a
photon line on the same diagrams gives rise to the magnetic moment contributions. In
such a case the two diagrams do not cancel in the limit of S U(2), unbroken, since the
electric charge flows in opposite directions and the adding of a photon line has reversed

the sign of one of the diagrams.

Fig. 12. Present experimental bounds on Z' are illustrated in the M, — tgx plane.
The BM model lies between the two dot-dashed lines. The dashed lines correspond to
model predictions for different values of the parameter R defined in the text. The two
symmetric upper solid lines represent the experimental limits (at 20 level) from the

present p measurements and the lower solid line is the constraint from NC data.

Fig. 13. Predictions of the SU(3)r x U(1)x and Eg models on the n — p plane at the
Z° peak at LEP are illustrated. These variables are proportional to the Z — Z' mixing.

The dot-dashed square indicates the expected 1% experimental resolution.
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Fig. 14. Expected number of eTe™ events versus the Z, mass M, at SPS+Acol (full
line) and TEVATRON (dashed line) are indicated. A 10pb~? integrated luminosity is

assumed.

Fig. 15. Expected number of ete™ events versus the Z, mass M, at LHC (full line)
and SSC (dashed line) are illustrated. A 10* pb~?! integrated luminosity is assumed.
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