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Preface

My research interests are mainly in the general area of the phenomenology
of clementary particle physics. When speaking of this field the first thing
to notice is that the so-called standard model of elementary particle physics
(SM) bhas celebrated an enormous success during the past few years. On
the other hand many theoretical models and ideas imply that this success
{hopefully) cannot prevail forever. If there is new physics lurking around the
corner, it is of utmost importance and interest to investigate where and how
it may show up in present day experiments.

In the past few years I have therefore concentrated on phenomenologi-
cal implications of new physies beyond the standard model. I have worked
mainly in two areas, namely the wide field of neutrino physics and the area

of electroweak precision measurements.

The present thesis draws upon work that has been done in both areas
and I have found it thercfore difficult to invent a title for it. A title should
be reasonably short and draw attention to a specific topic. Since the two
research areas mentioned above are (almost) completely unrelated it appears
impossible to conceive a title that satisfies both requirements and I finally
wound up applying a short, simple and necessarily more general one.

For most of the work presented lhere I have benefitted from fabulous
collaborations with Cliff Burgess and Rabi Mohapatra.

The thesis is split into three chapters. Each chapter is preceded by a short
abstract intended for insiders and smmmarizing the most nnportant results.



vi Preface

This abstract is then followed by a more general introduction to the subject
presented later on.

Chapter 1 contains the part on clectroweak precision measurements and
is mainly based on publication [1]. We focus in this chapter on a specific
type of new physics, called 'oblique’, which affccts the values of the various
observables measured in high-energy precision experiments through nonstan-
dard contributions to the gauge boson self energies. This new physics can
be conveniently parametrized in terms of the Peskin-Takcuchi parameters S
and T (and U). We investigate how different types of new physics contribute
to these parameters. This is facilitated by two basic observations: First the
contributions of new particle types to S and T are entirely determined by
their electroweak quantum numbers and by their masses, and second, differ-
ent such new types of particles contribute additively to the Peskin-Takeuchi
parameters so that simple cases can easily be generalized to more compli-
cated new physics scenarios. In our analysis we also generalize the definition
of S and T to include light new physics i.e. physics with masses of the order
of the Z-boson mass.

Chapter two is on neutrinoless double beta decay and is mainly based on
publications [2] and [3].

The question whether neutrinos are massive has been addressed exper-
imentally, among others, in searches for lepton number violation. Oune im-
portant class of such experiments looks for neutrinoless double beta decay
(BBa.) of heavy elements. It is generally believed that observation of such
rare events would imply an electron neutrino mass in the eV range. We have
provided a countercxample in terms of a model in which 35, proceeds en-
tirely through heavy sterile states, with masses in the GeV region, that mix
with the (massless) electron neutrino, and examined this model in the light
of experimental and astrophysical hounds (2.

The problem of the origin of neutrino mass has led to models which
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produce an electron neutrino mass via Yukawa interactions. The new scalars
that appear in these so-called Majoron models can also be emitted in double
beta decay. However high-energy measurements at LEP have excluded many
of the original models of this type. In the light of this experimental fact,
the various different types of majoron models that are in principle possible
have been classified. In publication [3] we have provided explicit examples
of models belonging to certain subclasses of this classification that have not
been looked at before and discuss their phenomnenology.

In an attempt to present the contributions to this field in the right context,
old, well-known results have been convoluted with newer ones in the overview
given in sections 2.2 and 2.3. These two sections represent therefore some
kind of 'extended’ introduction that also contains new results. The ’essence’
of publications {2] and [3] is therefore concentrated in (sub-)sections 2.3.4,
2.3.6-2.38and 24 - 2.6.

Chapter 3 finally, based on publication [4], addresses the following issue:
In the field of neutrino physics, it is specifically the apparent clash of obser-
vations such as the observed solar and atmosphenc neutrino fluxes with the
minimal SM that has stimulated active research recently. Neutrinos are also
of astrophysical importance as a possible candidate for hot dark matter. All
these discrepancies can be resolved if the three known ueutrinos are almost
degenerate in mass. We have given an existence proof of such a kind of mass
pattern by providing a minimal extension of the SM which solves simultane-
ously the solar and the atinospheric neutrino problem and at the same time
accounts for the cosmologically preferred amount of hot dark matter.



Light oblique new physics on
the Z°%pole

This chapter is about implications on new physics of high precision tests
of the standard model (SM), as undertaken at LEP [5] and SLC [6]. 1t
focuses thereby on a subclass of new physics called obligue [7]. The original
motivation for the work displayed here was a statistical hint for a deviation
of these precision data from the standard model, hence a hint for oblique
new physics. Specifically the Peskin-Takeuchi parameter S [8] appeared to
be negative and about two standard deviations fromn zero, its SM value. This
has led us to investigate how differcnt types of oblique new physics affect the
Peskin-Takeuchi parameters [1]. Meanwhile the experimental situation has
changed and there is no longer this hint for a negative 5.



2 1. LIGHT OBLIQUE NEW PHYSICS ON THE Z°-POLE

1.1 Introduction

As present day experiments enter new hitherto unprobed domains of physics
and render more and more precise results, they not only test the SM of
electroweak interactions to new orders of magnitude but they also provide
an efficient basis for scarches for new physics. This is because there has been
no direct evidence for physics beyond the SM as yet and its possible presence
can only manifest itself indircctly.

Such indirect cffects on observables can in principle be computed directly
in terms of any given model (such as e.g. the minimal supersymmetric stan-
dard model (MSSM)). However this is an awkward procedure in general and
the effort is justified only in very few cases (such as the MSSM). As a con-
sequence it seems highly desirable to parametrize these effects in a model
independent way. Once a parametrization is given, bounds on the various
parameters can be inferred from experimental data. In order to see whether
a mode] of new physics is phenomenologically viable or not, one then only
has to compute its contributions to these parameters!.

To see how such a parametrization can be found, the first thing to notice
is that almost all precisely measured ohservables can be described in terms
of light fermion scattering. This is because present day experiments involve
usually either scattering of light leptons or quartks, or they investigate the
decay of a light fermion to three fermions. New physics can affect light
fermion scattering in three different ways, as illustrated in fig. 1.1, namely
by giving non standard contributions to gauge boson propagation, 3-point
fermion-boson couplings and 4-point fermion-fermion interactions.

1.1.1 Oblique new physics

Significant simplification can be achieved by requiring new physics to be
subject to the following constraints:

'For a gencral review of the use of such parametrizations see ¢.g. [9).
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(a) (&) {c)

Figure 1.1: Indirect new physics contributions to fermion scattering. (a) Gauge
boson propagation, (b) 3-point fermion-boson couplings and (c) 4-point fermion-

fermion couplings. Oblique new physics only affects gauge boson propagation (a).

¢ (1) The electroweak gauge group SU(2);, ® U(1)y remains unchanged
and there are no new gauge bosons.

¢ (2) The new physics couples dominantly to the SM gauge bosons and
its couplings to the light fermions are suppressed.

¢ (3) The intrinsic mass scale of new physics 1s much heavier than the
electroweak scale (i.e. Myp > My).

The first two items in this list ensure that the only relevant contribution to
observables is via modification of gauge boson propagation, i.e. contributions
of type (a) in fig. 1.1. This kind of new physies is called obligue [7].

Actually condition (2) above can be relaxed if contributions to fermion-
boson and fermion-fermion couplings (type (b) and {c) in fig. 1.1) appear
only as linear combinations of SM ewrrents. In this case one can redefine
fields in such a way that any dependence of these couplings on new physics
is removed and reappears in gauge boson propagation terms.

The advantage of selection eriteria (1) and (2} (i.e. oblique new physics)
is that they contain a large class of well motivated models allowing at the
same time for a parametrization in terms of only very few parameters. By
fitting those parameters to electroweak precision data one can simultaneously
constrain all these models in an efficient way.
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Notice also that this kind of new physics acts in a universal way, :.e. a way
that depends only on the fermion quantum numbers, couplings and masses,
but not on the family number. This is again because it can be phrased
entirely in terms of self-energy contributions to gauge boson propagation.

The fact that only few parameters are needed to parametrize oblique new
plysics can most easily be seen when condition (3), which is not a necessity
for the qualification obliquc, of the above list also applies. In this case things
are simplified even further and the new physics can be parametrized in terms
of a simple effective lagrangian. Now the effective lagrangian approach is
very general and can be applied to virtually all sorts of new physics as soon
as it is heavy enoungh (i.e. Myp 2 1 TeV) to be integrated out?. However this
approach is particularly simple in the oblique case and it seems appropriate
to sketch the way it works (this goes very much along the lines of {10]).

Effective lagrangian approach

The heavy oblique new physics will, once integrated out, change the gauge
boson part of the lagrangian. Since it is heavy it will dominantly contribute to
lower dimensional (i.e. dimension 4 or lower) operators because any operators
with dimension 5 or higher will be suppressed by at least 1 power of the heavy
scaled. In other words it will change gauge boson kinetic and mass terms and
it could possibly contribute to new anomalous gauge boson self interactions.
However, we do not consider the latter here since they cannot yet be probed
at tree level, which makes them interesting in their own right. So the SM
lagrangian is changed to:

Lt = Lsu (éi-. ﬁ]i) + Loew
A~ - B_.. . C

— [ 74 B 7 74 U e

Enew - _IF}IVF“ 2 ‘l/;“,IV’ 4

G

Bz =SB (L)

—wing, WIW* — _-;-r‘n?z ZZ"

See e.g. Ref. [10] for a general treatment including operators up to dimension 5.

3This is discussed in greater detail in [10].
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Here F,, and Z,, are the usual abelian field strengths whereas W,,, is elec-
tromagnetically gauge covariant.

The tilde on coupling constants (&;) and masses (1;) denote parameters
as they appear in the SM part of the effective lagrangian. Their values differ
from those inferred from measurements in that the latter are altered by the
presence of the new physics.

The first thing to notice about lagrangian eq.(1.1) is that there are 6 pa-
rameters (A, B, C, G, w and z) which would be zero in the absence of oblique
new physics and thus serve to parametrize its effects. Only three independent
combinations of those ever appear in physical observables however. This is
because there is a three parameter family of field redefinitions which do not
alter the form of the SM lagrangian in eq.{1.1). These consist of rescalings
of the clectroweak gauge fields W,, Z, and the higgs field ®.

The second point about lagrangian eq.(1.1) is that due to the new physics
terms the electroweak gauge fields are no longer canonically normalized,
which is indicated by the caret on the fields.

Now suppose for a moment that there is no new physics, then the theo-
retical expressions for the electroweak observables are given in terms of the
coupling constants and masses as they appear in the SM lagrangian. In other
words they are given in terms of §,, Mz, & the CKM mixing elements 17,-1-
and the fermion and higgs masses m;.

To see now how parameters A through z enter into observables one first
uses the freedom to perform field redefinitions one has to canonieally nor-
malize and diagonalize the gauge fields. Upon having done this the gauge
boson part of the effective lagrangian takes the form

1 1 1
11 R AVA SR 7 V4 X
= (EuF =W - 22,2
1 ;
~ {1+ w— By, Whre — 5(1 +2-C)m%Z,2". (1.2)

Also the currents, z.e. the fermion-gauge boson interaction terms, are
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altered. The electromagnetic current e.g. becomes:
- A =
Lon = =2 (1= 5) S Fon@uifis, (13

where the @; denote the fermion charges.

This allows one to reexpress three of the 'pure’ SM parameters, namely
3, Tz and €, in terms of the new physics contributions and the 'real’ three
parameters s, mz, € as inferred from the three best measured ohservables,
which at preseut are Mz, o and Gp. For example rhz can be expressed as

Mm% = m5(1 — 2+ C). (1.4)

In other words 3 degrees of freedom out of the original set of six pa-
rameters (A through z) have been used to reexpress $,,Mz and € in terms
of s,, mz and e. Observables can now be computed using the 'real’ pa-
rameters s,, ™z, € and three independent combinations of parameters A
through z *. These three combinations are conventionally given by the three
Peskin-Takeuchi parameters S,T and U [8].

One now sees the power of the method: The possible indirect effects of a
large class of unknown heavy new physiecs have been parametrized in a model
independent way in terms of only three parameters.

This approach, as beautiful as it appears, is however only valid in the
limit where the new physics is heavy and can be integrated out so that only
operators of dimension 4 or lower play a role. To implement lighter new
physies the following approach seems to be more appropriate.

1.1.2 Light oblique new physics
Vacuum polarization approach

This approach [11] parametrizes oblique new physics directly in terms of
its contributions to the gauge boson vacuum polarizations. This has the

4What has been said above becomes niow clear from anotlhier point of view namely that

three degrees of freedom are used up in the renormalizations of the input paranicters.
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advantage that one can also cousider new physics that is comparatively light
(i.e. of the order of the weak scale M7 or even lighter) in a convenient way.
To do so one splits up the gauge boson self-energies

M5 (¢°) = Mas(q®)g™ + (¢*¢" terms) (1.5)
in a SM and a new physics part®
Hap(6?) = 5 (¢°) + 611w (¢%) (1.6)

where indices e and b stand for the gauge bosons and take on values W, Z
and ~.

All new physics dependences are now residing in the 8Il,,(g*), whereas
the TI5M(¢?) contain all the desired SM radiative corrections.

The link to the case of heavy new physics discussed before can be made
by Taylor expanding 6I1,(q%) around ¢ = 0 and truncating this series after
the second term

8Tlan(®) = Aas + Bas - (1.7)

All other terms can be neglected because they are suppressed by at least one
power of (A—fi—P) where Myp is the heavy mass scale.

Upon first inspection of this equation one might think that there are 8 new
physics degrees of freedom, namely Awiy, Azz, Ayy, Azy, Bww, Bzz, By, and
Bz,. However 40I1,,(0) and 411z, (0) (and hence A,, and Az,) vanish due to
gauge invariance and one is left with only six degrees of freedom as before®.

Here, on the other hand, we do not assume any specific form I1,,(¢?)
might take. lnstead we make now use of the fact that precisely measured
observables have presently only been probed at two energy scales, namely at
¢> ~ 0 and at g2 = M2(M2).

SNotice that the ¢#g” termns in eq.(1.5) are not relevant within the framework of light

fermion scattering since the electroweak currents are approximately conserved.
8 At this level the effective lagrangian approach presented before and the method dis-

played here are actually equivalent.
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In other words, a small number of new physics degrees of freedom is
realized here not by assuming a specific analytic structure of the self-energies
but rather by simply referring to the fact that the available experimental data
does not facilitate a more complex parametrization.

The counting of degrees of freedom now proceeds as follows: Essentially
all anomalous self energies can contribute at low-and high energy. As men-
tioned before however 4I1,,(0) = éI1;,(0) = 0 due to gauge invariance. It is

therefore convenient to define the quantities
£ fsnnb(q.z)
Sas(¢?) —Z

which in the vy and Z7 cases are well defined at ¢ = 0. So the self-energies
611,,(0, M2), 6115,(0, M3), 6Tlyww (0, AM2,) and 8T122(0, A13) represent inde-
pendent degrees of freedom. In addition to those, two more are probed by 1¥*

|

(1.8)

and Z° decays. This is because the decay amplitudes of these gauge bosons
are proportional to their wave function renormalizations. Cousequently we
have to add o8I}y, (M) and 8I1%,(A{2) to our list”. Here the prime (')
denotes the derivative with respect to ¢°.

Out of these 10 degrees of freedom one, namely 6ﬁ,7(ﬁf 2} corresponds to
a new physics contribution to the photon propagator on the Z-peak. Since
photon exchange on the Z-pole is already ~ O(I"z /M z) suppressed compared
to Z exchange, 6il,,(M2) constitutes a correction to a correction and can
be ignored. Three of the remaining 9 degrees of freedom enter into the
renormalizations of the input parameters leaving us with a net number of
six oblique new physics parameters that appear in the expressions for the
observables.

1.1.3 Extended oblique parameters

What follows can be derived in a rigorous way using an effective lagrangian
that invotves also higher dimensional operators [12]. This is done essen-

"The anomalous wavefunction renortnalizations are e.9. 2w = 1 + 811{, . (M3 ).
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tially by including the anomalous self-energies directly in the effective la-
grangian through an 'oblique’ operator %G#(SHGG( —0)G*, where G, denotes
a gauge boson and dllge is the anomalous contribution to its self-energy.
This ’oblique’ operator can be recast into a sum of operators of arbitrarily
high dimensions, corresponding to the Taylor series of éIlgg. One then uses
the equation of motion of the gauge field G, to transform the effective la-
grangian into a more convenient form which allows one to read off easily the
oblique contributions to masses and vertices®. The use of the lowest order
equations of motion to simplify the effective lagrangian is justified because
it can be shown to correspond to a set of field redefinitions and so has no
physical meaning.

Let us turn our attention first to the input observables. As mentioned
before we have those chosen to be the three currently best nieasured ones,

namely
¢ a as determined from low energy electron scattering (¢ =~ 0)

¢ G Fermi constant as inferred from muon decay (¢ = 0)

e My The pole mass as measured at LEP (¢*> = M2).

In the absence of new physics they are linked to the SM lagrangian parameters
e, S, and myz through

dmale) = €1+ O(e?)

62

Grle,sy,mz) = ————(1+0{? 1.
rle, sw,mz) 4\/§s?ucﬁ,m%( + O{e?)) {1.9)

MZ(e,5,,mz) = m%(1+ 0(e?))

where O(e?) denote the renormalization scheme dependent radiative correc-
tions. As soon as new pliysics is present liowever, parameters e, s, and my
as defined above are no longer the 'pure’ SM lagrangian parameters &, 3,

8This whole procedure has been presented in a pedagogical way in [12).
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and 7z as in eq.(1.1), because they have been derived from o, Gp and M
assuming only SM plhysics.

SM expressions of general observables on the other hand are given in
terms of &, §,,, Mz which cannot dircctly be obtained from the measured
values of a, Gr and Mz. In the presence of new physics observables would
thus have to be computed as a sum of their 'pure’ SM part and the total new
physics contribution:

0= OSM(C, w17n7) +9 tot. (110)

1t is clear that a much more convenient way would be to first compute
the shift SM parameters experience due to new physics, %.e. to reexpress the
‘pure’ parameters é, §,, My in terms of e, s, and mz and then to compute
observables as

O = Osm(e sw,m?) + 60""‘ (1.11)

i.e. as the sum of the value the observable would have when inferred from
measurements assuming only SM physics and the net new physics contribu-
tion.

To compute this shift we now write the input parameters also in the way
of eq.(1.10)'0:

drale) = %1+ O(e?) [1 + 5Hﬁ(0)]
& . 8Ty (0)
Grle,s4,mz) = W EE 'mz(l + 0(&%)) [1 - _:\}?‘é;—] (1.12)

MZ(e,sy,mz) = m(1+0(e%) 1+ 6Mlz2(M3)]

Upon comparison with eq.(1.9) we can extract ¢, §,, and . Since we work
only in lowest order of the new physics contributions the radiative corrections

® All other SM parameters, such as Yukawa eouplings and CIXM mixiug elements, are
not affected by oblique new pliysies and do not concern us here.

®Notice that eq.(1.9) corresponds to eq.(1.11) in the case of the input parameters.
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drop out of the equations and we end up with
| P

e[l — 561'[7.,(0)

2= s [1 _

my = m3 [1 - dﬁzz(M%)]

[¢°]]
|

w (aﬁw(m — 8l (ME) + M)] (1.13)
My,

The absence of SM radiative corrections in these equations means that this
way of parametrizing new physics 1s independent of the renormalization
scheme.

So once this has been done we can write observables in the form of
eq.(1.11}) where the net contribution 6O of new physics can be expressed
in terms of the remaining 6 degrees of freedom which we paranieterize as
S, T,U,V,W and X [11, 13, 12]:

4—5%% = [51‘122(1\45)—5“;;%(0)]—(c?‘;;:?")aﬁza,(o)—aﬁﬂ(o)
e anj%(m B an;;%m)
- [5ﬁl-vw(Mﬁ/)—il%%m]—3121,5ﬁw(0)
- [51‘122(_1\45) - @%] ~ 26,011 7,(0) (1.14)

R oI, (0
oV = Ol ,(M2) — lcSsz(Mg:) - "“‘;;_%( )]
_ Oy (0
oW = 8N, (M3) - [Jﬂww(Mﬁf) - ‘“‘_X«fé,( )]

aX = =sycy [llz,(M}) — 6Tiz,(0)]

The first important remark about eq.(1.14) is that V,W and X vanish
in the limit of heavy new physics when anomalous vacuum polarizations are
written as quadratic functions in ¢ (see eq.(1.7)). In this case we are left
with the three conventional Peskin-Takeuchi parameters S, T and U.



12 1. LIGHT OBLIQUE NEW PHYSICS ON THE Z°-POLE

Also, as long as only low energy observables are considered, V, W and X
do not play a role since compared to ¢ = 0 all new physics is heavy.

1.1.4 Some observables

The W-mass

As a simple example we first compute the W-inass. At lowest order it receives
a renormalization contribution from the new physics vacuum polarization
8l ww(MZ,) so that we can write it in the form of eq.(1.10) as

M'.?V = A'Iaf(gwa ﬁ%z)(l + 5ﬁww(M;2y)) - ﬁlééi(l + éﬁl-vw(!\d{a,-)) (1.15)

upon taking into account the shifts of the SM parameters eq.(1.13) i.e. reex-
pressing My, &, in terms of mz and ¢, one obtains (as in eq.(1.11)

2 .
M2 = M (s, mz) [1 - e ofl}) (1.16)
s2, - 6Tlw v (0) o
+-c€—-:s—tzu (‘SHTT(O) + W + JHWW(Mﬁ,)

which is, reexpressed in the basis eq.(1.14)

(1.17)

2 .
M3, = M3 (54, m7) [1 S cwol QU]

. . +
2c, — k) sy ds]

The invisible width

In a similar way one proceeds to compute ['(Z — v&) = [, the invisible
Z-width. Here the tree-level SM expression reccives a contribution from an
anomalous wave function renormalization term Zz = (1 + 6I1%,,(M2)), so

that
EMy

I_‘in\.v = A0 =
—-.2 -.-2
32m3zc?

(1 + 611, (M3)) . (1.18)
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Here Mz rather than ritz has been used since it enters the expression through
a phase space factor. With the help of eq.(1.13) and the use of

s5ch - N 2y _ 0lww(0)
22 = 1-5H1¢(0)+5H22(Mz)—w (1.19)
this can be rewritten as
~ ST (0
Cine = Tinde,sw M) (1= f12083) + o 4 13, 03
w
= Dinv(e, 50, Mz) (1 + T +aV) (1.20)

Clearly V enters only because the wave function rencrmalization factor Zy
has been used. Similarly the oblique parameter W cnters into the expression
for the total decay width of the W boson. Actually among all of the relevant
precisely measured observables the parameters U/ and W enter only into the
expressions for the W-mass and -width.

The effective weak mixing angle

Finally we derive the expression for the effective weak mixing angle as ob-
served in parity violation measurements like the left-right (A, z) and forward-
backward (Arp) asymmetries in electron-electron scattering. Since these ob-
servables are essentially proportional to the vectorlike coupling gy (as well
as the axial coupling ga4) they receive, beyond SM tree level, a contribution
from Z —+ mixing terms. For the effective weak mixing angle extracted from
those observables this means, in the presence of new physics, that

Sw?}ﬁ'(q2) = §fu - chwéﬁz-f(qz)- (121)

Upon applying eq.(1.13) again this can be written as

Swer(q?) = [1 + ( a$ aT ) Cuo

452(c2 —s2) 2 —s2 ] 5, (6712, (%) - 5112.,(0))]
(1.29)
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where the last term vanishes for ¢ = 0 so that s,%; only depends on S and

T as it should. For ¢* = M% the last term above is proportional to X and

Swep Can be expressed as

SwelM3z) = 8., (1 + BZ-s) a-ata) (1.23)

1.2 Oblique new physics on the Z°-pole

1.2.1 Using only high energy data

High energy measurements, most notably those at LEP and SLC, have now
reached a level of precision that justifies analysing high energy data all on
its own.

When doing so, all low energy observables, except for the input param-
eters @ and Gp, are being neglected and consequently one can no longer
independently constrain the 6 oblique parameters eq.(1.14). To see how
many parameters still can be constrained we count the remaining degrees of
freedom: Out of the original 9 degrees of freedom (remember that 6ﬁ.,.,(M 2)
was neglected) the four low-energy contributions drop out. These four con-
tained the two degrees of freedom that renormalized the low energy input
parameters @ and Gp. One more is used up by the third input parameter
M. This leaves us with a total of four degrees of freedom. Finally in what
follows we do not consider measurements of the W width aud so the oblique
parameter W, which only appears in this observahle, no longer concerns us.
Thercfore we are ultimately left with threc degrees of freedom, which in the
limit of hieavy new physies are precisely tlie conventional Peskin-Takeuchi
parameters S, T and U as can be seen from eqs.(1.17-1.23).

If light new physics is present however they also receive contributions
from V and X. It therefore seems appropriate to define a 'high energy’ set
of oblique parameters. |
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The primed parameters

This "high energy’ set of parameters should be defined in a way such that the
various analyses of high energy data, that have been undertaken using only
the conventional Peskin-Takeuchi parameters, can conveniently be applied
to this modified set and so to the more general case of light new plysics.
This is achieved by letting the main observables that are measured in those
experiments, namely the W-mass My eq.(1.17), the overall normalization of
the weak neutral current as measured in ',y eq.(1.20) and the effective weak
mixing angle as determined by parity asymmetry measureiments eq.(1.23),
having the same analytical dependence on the new parameters, which we
take to be S’, T' and U’, as they would have on the conventional S, T and
U in the limit of heavy new physics. In other words we define §’, T’ and U’

through
Cine = Dinv(e, s, Mz) (1 + aT")
realM) = o (1+4sa(:é,,g— )‘csz) (1.24)
iy = Mhtouma) (1= 5 25+ 5

This assures that e.g. fits of S and T to high energy data can be directly read
as fits to the primed parameters S’ and T”. The original parameters S and T
are themselves only constrained independently from S’ and T’ by additional
data at g2 ~ Q.

Notice that the primed parameters are closely related to the epsilon pa-
rameters of [14]. This relation has been described in detail in [12, 15, 9.

Comparison of eq.(1.24) with eqs.(1.17-1.23) then yields the primed pa-
rameters in terms of tlie extended oblique parameters eq.{1.14):

S’ S+4s22V + 4(2 - s2)X
T = T4V (1.25)

U = U-4823V + 852X

l
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Notice that S',T' and U’ as defined above are indeed identical to the con-
ventional parameters S, T and U in the limit of heavy new physies when V
and X vanish.

1.2.2 Using only Z°%pole data

A further simplification is achieved by restricting oneself to using only Z-pole
data and neglecting measurements of the 1¥-mass. The influence of oblique
new physics on the remaining observables can then be parametrized using
only the 2 parameters S’ and T".

1.2.3 The experimental situation

Z-pole measurements of various observables are currently done at the four
experiments of CERN's Large Electron Positron ring (LEP). They are sup-
plemented by a single, very accurate measurement of the left-right asymme-
try Apg at the Stanford Linear Collider (SLC). ALp, probing essentially the
same quantity as the 7-polarization asymmetry A.(P,) at LEP, differs from
the latter by about 2.5¢ [5, 6). This discrepancy alone is hard to account for
by means of new physics because the two quantities measure in principle the
same thing'!. Keeping this in mind one can, and should, still include A,z
in fits to the data. For the case of oblique new physics this means that the
SLD result tends to push S’ and T towards negative values, away from their
SM numbers §' =77 = 0.

About a year ago this tendency for negative S’ (about 2¢) was significant
enough to provoke the work deseribed here. Upon analyzing more recent data
one notices however that the discrepancy has since diminished. A recent fit
yields 8" = —0.18 £ 0.19 and 77 = —0.09 £ 0.18 with a correlation of 0.85

1! This essentially means that all fits (to new physics and/or to SM parameters
{mg,my,as)) that are doue using simultancously LEP and SLC data are much worse

than *LEP only’ fits, hinting at the possibility of an experimental problem.
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Figure 1.2: A fit of the oblique parameters S’ and T” to the combined data from
LEP and SLC (ALr). The data has been taken from the second ref. in [5} and
the following fiducial values have heen used for the top mass m,, the Higgs mass
my and the strong coupling constant a,: my; = 179 GeV, my = 300 GeV and
a, = 0.125. The inner curve denotes the 1 — & error ellipsoid, whereas the outer
curve (corresponding to a 2.15 — ¢ error ellipsoid) bounds an area within which the
true values of both S and T lie simultaneously with a probability of 90% (90% CL
ellipsoid). Clearly the data is consistent with the SM (§ =T = 0) in the oblique

new physics case.
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between the two parameters and is displayed in fig.1.2. So one sees that
the oblique parameters as inferred from high energy measurements are now
clearly consistent with zero, i.e. with no new physics. However the results
of our analysis are still valid and can be immediately taken at hand should
there be onee again a hint for new physics in the oblique sector.

1.3 Contributions of different types of ob-
lique new physics to S’ and T’

In this section we construet several types of models which contribute to pre-
cision electroweak observables dominantly (or, for some models, exclusively)
through oblique corrections. As we will see many of them actually can give
significant negative contributions to S’ (and also to T"), and therefore point
in the direction suggested (albeit only marginally} by the data.

Notice that the difference between the primed eq.(1.25) and unprimed
parameters discussed before is not merely an academic point. We find in
our search for models that it frequently happens that S’ and T take their
most negative values when the new physics is light enough to permit posi-
tive, or slightly negative, values for § and T to be compensated in S’ and
T’ by negative contributions to ¥V and X. Since the models to which we are
led therefore typically involve comparatively light particles, they. can be ex-
pected to have more direct experimental implications in experiments in the
comparatively near future.

Finding new physies that contributes negatively to S is particularly in-
teresting when contrasted with technicolor models. This is because an ad-
ditional strongly interacting technifamily generally yields large positive con-
tributions to S {16]. Due to the nonperturbative nature of the involved
calculations it is however reasonably difficult to obtain reliable estimates for
the oblique parameters. The best predictions have been obtained assuming
a custodial isospin symmetry. Extrapolations away from the isospin preserv-
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ing limit point to a possible loopliole where technicolor models could be in
agreement with experiments provided there are light technifermions in the
model [17]. Below we will examine the case of a weakly interacting 4" family
“which also exhibits these features.
In order to see how different types of new physics contribute to S’ and
T' we take a conservative approach and simply supplement the SM by a
few additional spin-zero or spin-half particle types, and explore the one-loop
oblique parameters they generate as a function of the assumed guantum
numbers and masses of the new particles. Of particular interest among our
results are some particular cases of new particles, since these arise quite nat-
urally among the low-energy spectrum of more complicated, but theoretically
better motivated, models (such as the supersymmetric standard model etc.).

1.3.1 Scalars

The first class of models we investigate simply consists of complicating the
_1
-2
doublet. Since, at one loop, each new multiplet contributes additively to the

SM Higgs sector by adding various scalar multiplets to the standard Y

oblique parameters, we may consider the contributions of such new particles
one multiplet at a time.

The contributions of scalar multiplets to parameters S through X have
been computed in [18]. This is done in the following way: First one computes
the vacuum polarizations 411, according to the diagrams in fig.1.3. Upon
doing so one has to regularize (dimensional regularization) and renormal-
ize (MS) them. The anomalous self-energies then depend on the associated
renormalization scale y : 6T1.4(142). For the cases considered below all these
dependences on p? cancel once one proceeds to compute the scalar contri-
butions to 5,7, U,V,W and X through eqs.{1.14) and finally to S' and T’
via eqs.(1.25). This is because we choose representations and masses such
that the scalar fields do not contribute to S and T" at tree level and so these
parameters do not need to be renormalized.
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Figure 1.3: The lowest order (1-loop) contributions of new scalar isospin multi-
plets to gauge boson vacuum polarizations. Vg stand for the gauge bosons v, W

and Z.

We have surveyed the parameter space of couplings and masses for vari-
ous scalar multiplets. The results of this survey are summarized in figs. 1.4
through 1.7, which illustrate the dependence of the oblique parameters on
scalar masscs, by displaying the vegion of the S’ — T" plane which can be
reached by varying the scalar masses from 50 to 200 GeV. Scalar masses
below 50 GeV have not been considered to avoid bounds coming from direct
production at LEP. We were also interested to see how large the contribu-
tions of the different scalar representations can be in the general 'negative’
direction of the S’ — T’ plane. To do so we created a table in which we dis-
play for which sets of scalar masses the negative contributions to the oblique
parameters have been maximized. In order to perform this maximization we
subjected the ratio of S’/7” to the constraint $'/T" = (0.58/0.38) the value
that was suggested by the contemporary fit results. The idea was mcrely to
get a general 'feeling’ as to what one might expect should the experimental
trends towards negative values ever be reinforced. This table, table 1.1, also
illustrates the difference between the primed and the unprimed parameters
in this limit of light ncw physics.

Specifically we have considered the following types of scalar multiplets:

Isosinglet scalars

The simplest possible scalar multiplet to add is an SU(2); singlet. Such
particles arise in several intercsting theorctical scenarios. They arise: (i) as
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scalar partners to the right-handed leptons and quarks in supersymmetric
models, (i¢) in the class of models proposed by Zee [19] some years ago,
and (ziz) in leptoquark models where they can couple leptons to quarks in
unorthodox, but baryon- and lepton-number preserving, ways. The contri-
bution of a singlet scalar to S’ and T' has been depicted in fig.1.4(b).

Isodoublet scalars

SU(2), doublets constitute particularly well explored additions to the mini-
mal standard model, since a second Y = % scalar doublet appears naturally
in many of its alternatives. Among the models which naturally incorporate
doublet scalars are: (z) supersymmetric models, for which the extra scalars
arise as an additional Higgs doublet (with ¥ = 1), as well as the scalar
superpartners of the left-handed quarks and leptons (having ¥ = % and %
respectively), and (i) models of (spontaneous or explicit) C P-violation at
the electroweak scale, such as might be required for electroweak baryogene-
sis. The area in the 5’ — T plane that can be covered by various isodoublet
scalars is displayed in figs.1.4 through 1.6. Fig.1.5 shows the oblique contri-
butions due to light sleptons and squarks. Since the latter oues are subject
to stringent CDF bounds [20] they cannot contribute significantly to nega-
tive (S’,T"), as can be seen from this very figure. For this reason they are
omitted from table 1.1.

Isotriplet scalars

Isotriplet scalars arise in many situations, such as in left-right symmetric
models. Typically, if these fields are permitted to acquire vacuum expec-
tation values (vev's), they can spell trouble for low-energy weak-interaction
measurements, through their tree level contributions to the rho parameter

(i.e. T). We sidestep these bounds by assuming all vev's to be zero'2. In

ZNotice that it is possible to avoid thiese hounds by artificially imposing a custodial

syminetty on the scalar sector that ensures that rho attains its SM value at tree level,
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Figure 1.4: The contribution of various scalar multiplets to the oblique elec-
troweak parameters S’ and 7'. In Figure (a) the dotted line represents a colour-
singlet ¥ = 0 doublet with masses (m%,m_%)l wlereas the solid line depicts a
colour-singlet, ¥ = 0 real doublet plotted against its mass, m L The grid spacing
is 30 (resp. 10) GeV for dotted (resp. solid) plots. Figure (b): Here the lower
(solid) line reproduces the colour-singlet, ¥ = 0, real doublet as in Figure (da) ,
while the upper (dotted) line corresponds to a colour-singlet, Y = 1 singlet having

mass (m)). The Grid spacing in both cases is 10 GeV.
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Figure 1.5: More scalar-generated oblique paraineters. Solid line: a colour-triplet,
Y = _(l; doublet (squarks) with masses (mg,m J). Dotted line: a colour-singlet,
Y = _1§ doublet (a new Higgs or slepton etc.) with masses {(mj,my). The grid

indicates steps of 25 (resp. 30) GeV for the solid (resp. dotted) plots.
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Figure 1.6: More scalar representations that affect the oblique parameters. Solid
line: a colour-singlet, ¥ =1 triplet with masses (m%,m%, m3) = (a?, %(a2+b2), b?),
where a and b take the values given in brackets: (a,b). Dotted line: A colour-
singlet, ¥ = % doublet with masses (mg,m1) as indicated in brackets. The grid in

both cases represents steps of 30 GeV.
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Figure 1.7: The ablique corrections due to a colour-singlet ¥ = 0 real triplet

scalar with masses (mg, ) given in brackets. The grid spacing is 30 GeV.

order to do so we have also to make sure that the scalar masses we use do
not require such a nonzero vev. For the triplet depicted in fig. 1.6 e.g. an
equal splitting of the squarcd masses can be obtained using gauge invariant
interactions with the SM doublet and require only the SM vev to be nonzero.
Oblique contributions to various triplet representations can be found in fig-
ures 1.6 and 1.7.

even for nonvanishing vev’s [21]. However this comes at a price: Keeping rho close to
its SM value once radiative corrections are included requires fine-tuning of the scalar self

interactions, thus renderiug any such model highly unnatural.
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Scalar contribntions: general points

When inspecting figures 1.4 through 1.7 and table 1.1 one notices several
features scalar generated oblique corrections to the SM exhibit.

First of all, all of the allowed regions in these figures include the origin,
S’ =T = 0, with the corollary that it is always possible to produce negative
values for 8’ and 7'. There is a simple explanation why this is always so for
scalars, even though, as we shall see, the same is not true for fermions. The
main point is that all of the oblique electroweak parameters must vanish in
the limit that the new physics becomes heavy in an SU(2); x U(1)y-invariant
way. And, unlike for fermions, gauge-invariant masses are always possible for
scalar multiplets.

Notice also that the largest values of S’ and T” generally arise from the
smallest values for the scalar masses. As a result, the most important regions
of parameter space are precisely those for which the difference between S and
5" and T and T' is the most important.

Another point is that their oblique contributions to S’ and T” can serve to
bound the masses of exotic scalar particles. Those bounds are quite robust,
since the 1-loop vacuum polarizations depend solely on the electroweak trans-
formations properties of the involved multiplet (in the absence of significant
mixing amongst various electroweak multiplets). The same is generally not
true for other bounds, since these can depend on such things as the existence
and strength of their Yukawa couplings to fermions, as well as on whether
they exhibit nonzero vew's or not. In fact, it is quite simple to arrange for
scalars to contribute to experiments predominantly through their oblique
corrections, just by forbidding (or suppressing) their non-gauge couplings by
a (possibly approximate) symmetry.

Finally there are several points conceruing the potential size of such scalar
based oblique corrections to the SM. Typically, larger values for §’ and T are
possible given larger values for Y, or given a larger SU(2), representation.
This can be most clearly seen from Table I, for whicli S’ increases both with

increasing weak isospin, and with increasing Y for fixed weak isospin. The
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Multiplet Optimal Masses S’ T U ) T U
(3x2x1) (GeV)

(1,1, Y =1) m = 50 -0.01 -0.006 0.002 -0.003 0 0.003
m, 62
(1,2)Y = %) = -0.04 -0.03 003 -0.03 0.003  0.003
my 50
myy 50
(1,2, =0) = -0.02  -0.01 0.02 -0.01 0.009 0.003
m_y 72.5
mo 51
(1.2, = %) = -0.09 -0.06 0.04 -0.03 0.00002 0.01
my 50
m 50
(1,3,Y = 0)? g ) = (78 006 -004 01 -0.03 0.03 0.07
Moy 50
mz 63
(1,3, Y =1) m | = (57 -0.2 -0.1 0.1 -0.1 0.003 0.01
my 50

t Self-conjugate multiplet.

Table 1.1: Exotic Scalars

One-loop oblique clectroweak parameters due to exotic scalar multiplets. This

table displays the masses which ‘optimnize’ the oblique electroweak parameters in

the sense described in the text, together with the resulting optimal values. Masses

have not been allowed to be smaller than 50 GeV in order to avoid direct detection

at LEP. (r1.r2,Y = y) denotes the representation of SU¢(3) x SUL(2) x Uy (1) in

which the scalars transform, and m, represents the mass of a state having electric

charge q.
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variation with Y is simplest to see for SU(2), singlets, for which all of the
oblique parameters are simply proportional to ¥2.

A similar enhancement of the oblique parameters can be achieved by cou-
pling the scalar multiplets to the strong gauge group, SU(3).. In this case
all oblique parameters must be multiplied by the dimension, d., of the ap-
propriate SU(3), representation. (These factors, together with the factors
of hypercharge mentioned earlier, can be quite large. For instance, a colonr-
sextet SU(2),-singlet scalar having ¥ = %, as would be required for a Yukawa
coupling to two right-handed up-type quarks, has d.Y? = % = 10 %) Us-
ing colour to amplify the oblique corrections does not come without its price,
however, since the masses of colored particles are often subject to more strin-
gent bounds than are those for colour singlets, due to their non-observation
in p— P (22} and e — p [23] collisions. These bounds can be sensitive to the
nature of the new particle’s dominant decay mode, however, and so can be
more model dependent than are those furnished by LEP.

As we will sce in the next section, scalar contributions to oblique pa-
rameters are generally smaller than those generated by fermions. To get
sizeable scalar contributions away from the SM one therefore often has to
invoke several new scalars, all contributing together to produce the desired
sizc effect.

1.3.2 Fermions

We turn now our attention to the addition of exotic fermions of various types
to the Standard Model. As we found for scalars, at one loop we may con-
sider separately the coutribution to the oblique paramecters of cach additional
multiplet. A calculation of the six oblique parameters as functions of general
fermion masses and couplings is given in {11]. Again one proceeds by com-
puting the x? dependent vacuun polarizations according to fig.1.8, and again
the 12 dependence cancels when S’ and 7' are extracted from eqs.(1.14) and
(1.25). An exception to this is the case of a non-degencrate mirror fermion
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Y A

Figure 1.8: One loop contributions of exotic fermions to gauge boson vacuum

polarizations. As befare V,;, stands for a either v, Z or W.

multiplet which is discussed in detail later on.

The survey of the parameter space of couplings and masses for the various
fermion multiplets is organized in the same way as it was for the exotic
scalars: Figs.1.9 and 1.10 plot the dependence of the oblique parameters on
the fermion masses, which we take to range from 50 to 200 GeV. Table 1.2
displays the values for these masses which are ‘optimal’ in the same sense
as was used for the scalars. While optimizing we forbid masses which are
smaller than 50 GeV, due to the bounds from direct production at LEP.

The following two types of fermions are of particular interest:

Sequential quarks and leptons

These constitute one out of two kinds of isodoublet fermions that have been
widely considered in the literature (the other one is described below), and
could describe an extra family for exaniple.

Figure 1.9 displays the effect such an extra family could have on oblique
parameters. Here as well as in table 1.2 Tevatron bounds [22] to the 4'" gen-
eration guarks have been applied. Due to the higher energies at this collider
these bounds are much stronger than are those from LEP. It is possible
though, should the 4 generation quarks not mix with the usual ones, that
the Tevatron bounds would be somewhat weaker. For completeness we there-
fore include the optimized values for an extra quark doublet, subject only to
the LEP bounds, in table 1.2.

Other points emerge from an inspection of figure 1.9: First, unlike the
scalar case, it is not necessarily true that the origin, ' = 7' = 0, needs
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Figure 1.9: The contribution of an extra SM family o the oblique parameters.
Solid line: a colour-triplet, ¥ = 313- quark doublet with masses (my,my) as indi-
cated in brackets. Datted line: a colour-singlet, ¥ = % lepton doublet with masses
{(my,my). The grid spacing represents steps of 25 (resp. 30) GeV for the solid
(resp. dotted) plats.
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lie in the parameter space of an exotic fermion multiplet, provided that this
multiplet lies in a chiral representation of SU(2), x U(1)y (as does an addi-
tional sequential lepton or quark). A quark multiplet, in particular, definitely
favours positive S', making a real trend to negative S” strongly disfavor such
particles. (This is essentially the observation which was originally used to
disfavor technicolor models [8] and has also been used to argue against an
additional very heavy fermion generation [24].) As may also be seen from ta-
ble 1.2, for a complete additional generation the contribution of extra quarks
can be compensated by the additional leptons, but only if the additional
leptons are reasonably light.

Also we reproduce in figure 1.9 the growth of 7", and hence the low-energy
rho parameter, in the limit that the mass splitting in a standard multiplet
becomes large.

Mirror fermions

Mirror fermions, fermions for which both the left and right-handed parts
are multiplets with identical dimension under SU(2); and identical hyper-
charge, are an alternative way of supplementing the SM with additional
fermions. Due to their specific chirally symmetric structure they can have
an SU(2), x U(1)y invariant degenerate mass term. Arbitrary masses are
therefore possible for a mirror singlet, the simplest possible way of supple-
menting the SM with additional fermions. Another possibility is to add a
mirror doublet.

Figure 1.10 and table 1.2 display the values for S’ and T” that are obtained
for a mirror singlet as well as mirror doublets with various hypercharges.
Only the case of a degenerate multiplet is shown here because it is only
in this case that all of the parameters S through X are independent of the
renorimalization scale, . (This is iu contrast with all of the previous examples
we consider, which are p-independent for any choices for the masses.) For
a non-degenerate mirror fermion multiplet the parameter T develops a p-
dependence which is proportional to the square of the mass splittings within
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Multiplet Optimal Masses s T v N T U
{(3x2x1) (GeV)
m,. 50
(1,2)Y = —3)* = 02 <01 01 -006 003 004
meg 92
My 104
(3,2Y =) =" 01 -008 03 001 02 01
my 50
N, 50
me 100
(extra SM family) = -0.06 -0.04 02 004 01 005
My 130
my 95
(1,1,Y = 1)t m = 50 -0.2  -0.09 003 -003 O 0.03
(1,2,Y = 0)t m =50 04 05 04 -02 0  0.009
(1,2,Y = 4 m = 50 0.5 05 04 -0.2 0  0.005

! Plus a mirror multiplet with conjugate quantum numbers.
* Plus right-handed isosinglets with identical electric charges.

Table 1.2: Exotic Fermions
One-loop oblique electroweak paramecters due to exotic fermions. This table dis-
plays the masses which ‘optimize’ the oblique electroweak parameters in the sense
described in the text, together with the resulting optimal values. (ry,rz,Y = y)
denotes the transformation properties of the left-handed fermions. The second
line displays the values obtained for a 4'" generation quark doublet subject only

to LEP bounds and so represents a 'most optimistic’ case as explained in the text.
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Figure 1.10: Oblique parameters due to colour-singlet mirror fermions. Solid
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with (degenerate) mass (m%). Dash-dotted line: a, ¥ = % mirror doublet with
(degenerate) mass m = my. The grid spacing represents steps of 10 GeV for all

three plots.
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the multiplet.

There is a simple reason for the appearance of the p dependence for a
non-degenerate multiplet. The main point is that although a mirror doublet
call acquire a common degenerate mass in an gauge invariant way, renor-
malizable interactions can split the masses within a multiplet only if new,
non-doublet, scalars are introduced and acquire a vev. As a result these
scalars contribute to the parameter T at the tree level, and so this parameter
must be renormalized — thereby developing a dependence on g — just as
must any other classical parameter!3,

Fermionic contributions: general points

Not much remains to be said. As already observed for the scalar case the
largest values for S’ and 7" arise from the smallest values for the fermion
masses, again emphasizing the difference between the primed and unprimed
parameters. And again, as in the scalar case, the magnitude of the oblique pa-
rameters grows with the hypercharge and the size of the color representation
of the multiplet concerned. Notice, however, that the overall contribution of
a given fermion representation is significantly larger than that of additional
scalars which transform in the same representation.

1.3.3 Conclusions

In conclusion of this section and of this chapter [ would like to emphasize a
few important points.

First we have explored in a systematic way the kinds of oblique new
physics which can produce sizeable deviations from the SM predictions for
Z°-pole physics. We have thereby found that the presence of light oblique
new physics, i.e. exotic particles with masses not much above their threshold

13The saine happens for scalars if the desired mass pattern requires such vacuum expec-

tation values.
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of direct detection (Mz/2 for most cases), can significantly alter conventional
analyses in terms of the original three Peskin-Takeuchi parameters S,T and
U. This is so because light new pliysics can give non-zero contributions to the
extended oblique parameters V and X [11, 13], which would be approximately
2ero in the presence of heavy new physics (Mnp 2 1 TeV), and which in turn
alter the values of §',T" and U’. We emphasize the necessity for interpreting
the data on the Z°-pole (and the W mass) in terms of the variables 5/, T’
and U’, which are linear combinations of the usual variables, S,T, U with the
new ones, V and X.

Also we were interested in obtaining negative contributions to the oblique
parameters S’ and 7", since this is the direction preferred by the data, and
found that for somc models it is possible to obtain a correction which pre-
dicts S’ and 7" as large as —0.1 to —0.6. New fermions are preferable to
new scalars in this regard, since they generate vacuum polarizations which
are systematically larger than the scalars, given similar couplings and masses.
In all cases we find that requiring relatively large contributions to the oblique
parameters points to new particles whose masses are not very large compared
to my, or mz. Should the tendency of the data towards negative values of S’
ever become statistically significant this preference for comparatively light
particles should have happy consequences since they stand a good chance
of being seen in other experiments once higher energies become directly ob-
servable. In particular, since it is the coupling of these particles to the W
and the Z which is responsibie for their contributions to the oblique vacuum
polarizations, they should be directly pair-produced at LEP-200 if they are
light. enough for this to be kinematically allowed.

Interestingly our analysis tends to disfavor an additional SM family of
fermions, provided that it mixes with the usual threc families, and that the
lepton masses (especially the neutrino mass) are not too close to their present
LEP lower limits ~ Mz/2. This reasoning goes along the same lines as those
used to disfavor technicolor madels (8].

At last it should be emphasized that the present experimental situation
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does not allow to distinguish between different models. The intention has
merely been to classify the effects oblique new physics can have on Z°-pole
observables, hence facilitating a basis for more detailed investigations should
there once again be a hint for new physics in the ohlique sector.



2

Neutrinoless double beta decay

This chapter is mainly based on publications [2, 3] and addresses the following
two issues:

First we investigate the possibility of producing observable neutrinoless
double beta decay (30y,) without having an electron neutrino with a mass in
the vicinity of 1 eV. The basic idea belind this is that the electron nentrino
could mix with a much heavier (m 2 1 GeV) sterile neutrino, which in turn
dominantly contributes to the 85;, decay rate.

Second two new Majoron emitting modes for neutrinoless double beta
decay are presented. These new modes have electron spectra which differ
from the decays that are usually considered. One of them even predicts an
electron spectrum which is softer than the usual two-neutrino spectrum of
the standard model and has not been considered before.

Finally we construct illustrative models in both cases to show how other
phenomenological bounds can be accommodated. In the first case this leads
us to a simple model which satisfies all existing laboratory, astrophysical and
cosmological information. For the case of models for Majoron emission it
is exactly this phenomenological viability that constraius the rates to be at
best large enough to be detectable in current experiments.
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2.1 Introduction

The aim of this introduction is not to give a lesson in the basics of neutrino
physics, which to my eyes is made obsolete by the rich existing literature on
the subject, but rather to give a short overview and some motivation of the
work presented later on in this chapter.

Out of the large number of reviews on neutrino physics and double beta
decay there are many that could be recommended. To keep things simple
however the reader is referred to an excellent and recent general review by
Gelmini and Roulet [25]. Among summarizing some general issues related
to double beta decay and neutrino oscillations in a concise way, this review
also gives a very good introductory account on the subject of spinors as they
appear in neutrino physics. Specifically it explains the differences between
Weyl, Dirac and Majorana spinors and soime subtleties of their definitions
some people might be unaware of.

Why double beta decay? There have been several indications for devia-
tions from the SM in the neutrino sector in recent years. Those have mainly
been direct or indirect hints for neutrino mass. Since neutrinos, as described
by the minimal version of the standard model {SM), have no mass, any such
experimental observation necessitates physics beyond the SM. From the theo-
retical point of view on the other hand there are many well motivated models
that incorporate nonzero neutrino masses in a natural way. For instance, it is
by now well known that if neutrinos have a mass, the smallness of this mass
is easily understood if there is an additional heavy, isosinglet Majorana neu-
trino which mixes with the known ones wvia the so-called see-saw mechanism
[26].

The three main signatures for neutrino mass are

¢ (1) Mixing (high energy experiments, universality, lepton and meson
decays) and oscillation (reactor-, accelerator-, atmospheric neutrino-
and solar neutrino experiments, c.f. chapter 3)
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e (2) Kinematic detection in 8 decays (Tritium, lepton and meson decays)

e (3) Neutrinoless double beta decay (8, (Germanium, Xenon and Tel-
lurium decays)

Each of these signatures is able to provide different information on neutrino
masses. Experiments that are sensitive to flavor oscillations (1) only con-
strain mass-squared differences and for mixing angles and are thus in general
not able to give explicit values or upper bounds on single mass eigenvalues.
Kinematic analyses of beta decay spectra (2) on the other hand yield upper
bounds of the total Dirac and/or Majorana mass of the electron neutrino.
5. (3) finally is sensitive to the effective Majorana mass of the electron
neutrino.

This unique capability of 58, to measure directly the amount of involved
electron-number (L.) violation has stimulated experimental research. Also
there are several other types of non-standard decay modes to which these
experiments are sensitive, such as the decay (33,) into two electrons plus a
neutral scalar, ¢, which has been predicted by a number of plausible alter-
natives to the SM, starting with the simple Gelmini-Roncadelli (GR) model
of spontaneous lepton-number breaking [27, 28]. In other words 3§ decay
experiments are very sensitive to physics beyond the SM.

On the other hand, these very same experiments have provided a new
confirmation of the SM in the recent years with the unambiguous observation
of the SM two-neutrino double beta decay 83,,'. This decay, which occurs
at the second order in electroweak charged-current interactions, emits two
antineutrinos in addition to the two electrons due to the conservation of
iepton-number.

Over the years there has been a large variety of non-standard 88 decay
modes proposed in the literature. This 'F3-decay zoo’ often leads to a con-
siderable amount of confusion and it seems therefore reasonable to devote the

'The experimental situation has recently been thoroughly reviewed in [29] and [30].
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next section to a classification of the different possible non-standard double
beta decays.

2.2 Classification of double beta decays

The aim of this section is to give a comprehensive and clear overview of
the different classes of neutrinoless double beta decay modes that have been
considered in the literature. It therefore necessarily mixes old results that
have been obtained elsewhere (see e.g. [31] - [36]) with new ones [3].

To do so we use a simple classification in terms of available experimental
signatures that has first been proposed in [31] aiid is summarized in table 2.1.
This classification is then supplemented, in the following section, with a list
of the decay rates for most of these classes. The expressions for these rates
are obtained via some very general model of the underlying interactions.

More specific models are then needed to see how other phenomenological
bounds can be accommodated and whether an observable $8,, decay rate
is feasible or not. This is done in sections 2.4 and 2.5 where new hitherto
unconsidered decay modes [2, 3} are examined in detail.

2.2.1 Naive classification

A straightforward naive classification of different 3 decays is given in terms
of the involved decay products. Although it is of no practical value it serves
to fix the notation:

BBy, + N N 42 +27;
BB © N—o N +2e

B Bo. BB, : N N +2+p (2.1)
BBy N N 42 +2¢



2.2. CLASSIFICATION OF DOUBLE BETA DECAYS 41

here N(Z, A) and N'(Z + 2, A) denote the parent and the daughter nucleus
respectively. The first line in equation (2.1) is the noymal two neutrino
double beta decay as it occurs in the SM, The other three lines represent
decays which do not have neutrinos among their decay products and which
I therefore commonly call 38q, in what follows. To distinguish the symbol
B30, from the 'pure’ neutrinoless double beta decay, where neither neutrinos
nor Majorons are emitted, the latter has been called 845,. Dccays where
one scalar is emitted (84,) comprise most of the carly models {(including GR)
as well as some newer models [33]. Two Majoron cmission (48,,,) finally is a
more recent notion ([3, 34]) and will be discussed in detail in sections 2.3.6,
2.3.8 and 2.5. In these decays two Majorons rather than one are emitted
because the one Majoron mode is eitlier strongly suppressed or completely
forbidden by the approximate or exact conservation of an additive quantum
number (e.g. L.).

The classification presented ahove 1s however not very practical. This is
because decays of the same type (e.g. §8,) can have very different experi-
mental signatures according to the underlying model and similarly different
modes (e.g. 483, and B5,,) can turn out to be almost indistinguishable ex-
perimentally.

A more practical classification in terms of available experimental signa-
tures is asked for. Such a classification has first been presented in [31] and
is largely reproduced here,

2.2.2 Classification in terms of experimental signa-

tures

The theoretical evolution [32, 33, 34, 35, 36, 3] that has ultimately led to this
classification has been stimulated by two recent experimental observations:

First of all several of the original models for AMajoron emission in 3
decays, such as the Gelmini-Roncadelli model, have been excluded by elec-
troweak precision measurenents on the Z-pole [5]. And second therc have



42 2. NEUTRINOLESS DOUBLE BETA DECAY

been some indications for an excess numbers of electrons in the decay spectra
of B decay which could be explained - if taken seriously - by means of non-
standard (i.e. Majoron emitting) S decays [37]. Although these statistical
hints have since diminished (sec e.g. [29]) the conclusions of the theoretical
investigations still stand: Models that can produce observable §3 decay rates
and satisfy all phenomenological bounds at the same time are possible, the
new physics they describe, however, typically has properties that are rather
different from what one would expect based on experience with the older
models (GR etc.).

One of these differences is based on the simple observation that many of
the bounds coming from LEP can be avoided if the scalars emitted in 883,, are
SU(2)p x U(1)y singlets, contrary to e.g. the GR model where the Majoron
was part of a SU(2), triplet representation. In fact many of the new models
that so have been proposed are actually variations of the old singlet Majoron
model [38]. Another difference is due to 38 experiments themselves, which,
through the non-observation of 88f,", continuously lowered the upper limit
on electron-number violation. Whereas older models, 1n whicl lepton-number
was broken (GR), were sensitive to this bound, many of the newer theories
were devised such that they conserve L,.

One of the main experimental signatures to discriminate different models
of 87 decay is therefore the observation of A05." and hence of L, violation.
In BB, the total energy of the outgoing electrous € = €, + € is equal to
the energy Q@ = M — M’ liberated in the decay. Here €, and ¢; denote the
two electron energies and A (M’) are the masses of the parent (daughter)

nucleus respectively.

As soon as other relativistic decay products are present however (33,
B88,, BB.y), events are distributed over the whole range of the total electron
encrgy 2m, < ¢ € @ and it is the shape of this distribution #.e¢. the rate
as a function of the electron energies that provides the second important
signature. Luckily it turns out that this rate has, quite generally, a very
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simple form:

dr
df]dt’z

x (Q — (&1 + &))"pe1 Fler)paeaF(eg) (2.2)

where 'n’, the so-called spectral index, is an integer (typically n = 1,3,5,7),
p: are the absolute values of the three momenta of the electrons and the F(e;}
are the Fermi functions (see next subsection).

It is ultimately the small size of the energy, @ ~ 2 MeV, in comparison
with the typical momenta, pp ~ 60 MeV, of the nucleons in the decaying
nucleus that ensures that the electron spectrum takes such a simple form - i.e.
one that is characterized simply by the integer n. This is because the small
ratio of these two scales justifies, for the precision required here, keeping only
the lowest tenn in an expansion of the decay rate in powers of the momenta
of the decay products (¢7,,7). The index, n, that is appropriate for any
particular kind of decay is determined hy the leading term in this expansion
of the relevant decay rate.

Models can now be distinguished from onec another by the value they
predict for n. This value is determined first by the phase space element of
the invisible decay products and second by the scalar-fermion couplings. For
instance the phase space contribution of the two neutrinos in the SM decay
B0, implies a spectral index of n = 5. The phase space volume element
of the single scalar in a model of class IIB of table 2.1 on the other hand
yields n = 1. If the scalar is a Goldstone boson as e.g. in class IID it couples
derivatively to the neutrinos and one more power of the scalar momentum
can enter into the amplitude leading to an index n = 3. The shape of
the different electron spectra is shown in figure 2.1 and the classification of
different models for 33, decay is summarized in table 2.1.

Upon inspecting table 2.1 one notices that the models have been divided
into two types (I and II) according to whether electron-number is broken
or not. Any typc Il models that predict the emission of scalars nccessar-
ily incorporate Majorons that carry Iepton-number (z.e. HIB-IIE). They have
therefore also been called ‘charged Majoron models’ [32]. A further experi-
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L. A New Scalar: 305, Dominant  Spectral

Scalar Decay  Index
IA  Broken Does Not Exist Yes None N.A.
IB  DBroken Is Not a Goldstone Boson Yes BB, n=1
IC Broken Is a Goldstone Boson Yes 8o, n=1
ID Broken  Is Not a Goldstone Boson  Yes BB n=3
{E Broken Is a Goldstone Boson Yes B8z, n=3
1A Unbroken Does Not Exist No None N.A.
1IB Unbroken Is Not a Gol;lsE)ne Boson No BB, n=1
1IC Unbroken Is Not a G:)l;lsE)ne Boson No B8 n=3
IID Unbroken Isa GOldS_t._? n_e Boson No 88, n=3
HE Unbroken Isa Goldsimle Boson No BB, n=7

e —

Table 2.1: Classification of 88y, decay modes

Alternatives for modelling double beta decay are classified in this table based on

whether they break electron-nuinber (type I) or not (type I}, the spectral index

'n’ they predict and on whether the emitted boson is a Goldstone boson or not.



46 2. NEUTRINOLESS DOUBLE BETA DECAY

mental distinction is then facilitated by the spectral index n given in the last
column. Models which are of the same type and which have the same spec-
tral index only differ in the nature of the emitted boson(s). A massive boson
will be experimentally distinguishable from a Nambu-Goldstone boson only
when its mass is large enough to alter the shape of the electron spectrum in
an observable way?. Given that it’s practically impossible to see the effects
of a very light Majoron, the models (IB&IC), (ID&IE) and (IIC& 1ID) can
often not be told from one anather.

We are therefore left with the following seven basic categories of double
beta decay:

e 1IA: This class contains the SM and represents the *boring’ case when
no new physics is seen in 87 decay experiments.

¢ JA: Any model of an effective Majorana mass for the electron neutrino
and no scalar emission belongs to this class (z.e. any model that pre-
dicts 85, as the only exotic decay made, such as the hasic Sce-Saw
scenario). A variant model of this type [2] will be discussed in detail
n section 2.4.

¢ [B,IC: Most of the older models (including GR) as well as many of the
newer proposals fall into this category. [t is at first sight surprising to
see that the spectral index predicted by the GR model (1IC) s n =1
since ane would naively expect a softer (n = 3) spectrum due to the
derivative coupling of the Goldstone scalar. The reason for this is that
since the GR model does not conserve lepton-number the Goldstone
boson also develops a nonzero coupling to electrons, ouce thie inter-
actions are written in the derivative form. It can then be emitted as
bremsstrahlung fron: the outgoing electron line. As the scatar momen-
tum ¢ goes to zero the intermediate clectron propagator diverges and
compensates for the factor of ¢ coming from the vertex.

2Take e.g. the case when a boson of mass m is emitted. Then the factor (Q — (e, +€2))

of eq.(2.2) should be replaced by ((Q — (€ + €2))? — m?)1/2,
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¢ 1IB: A new type of 83y, which has been discovered and studied in [33].

¢ ID IE: These two classes predict an electron spectrum which is interme-
diate to the GR and the SM ones. Class IE contains a supersymmetric
model [34] which unfortunately has been ruled out by LEP.

¢ IIC MID: Similar to the category above only this time lepton-number is
conserved. Ref[33] considers the case of a Goldstone scalar carrying
two units of lepton charge (11D) whereas ref.[3] investigates a model of
two scalar emission each carrying one unit of lepton number (I1C). This
latter case, as well as category I1E below, will be discussed in greater
detail in section 2.5.

o IIE: This is an entirely new class of models which predict, due to
the emission of two derivatively coupled Goldstone bosons, an elec-
tron spectrum that is softer than the two-neutrino spectrum {3]. If the
electron spectrum that is currently ohserved in 33 decays contained
such a component it could have hidden hehind the very large back-
ground of low-energy electrons and remained undetected. The same
background as well as the smallness of the rate due to the soft spec-
trum will however most likely prevent an observation of this n = 7
mode in the foreseeable future.

As long as #3§," is not observed it cannot be decided wltether a spectrum
of index n belongs to type 1 or to type Il models. It is thercfore possible that
models which have entirely different theoretical features, such as e.g. IC in
which L, is broken and the emitted boson is a Nambu-Goldstone boson and
IIB which conserves electron-number and in which the emitted boson is not
a Goldstone boson, could explain the same exotic component of the electron
spectra. In other words as long as the question of L, violation is not settled
models of classes IB,IC and IIB as well as those of ID,IE,IIC and IID remain
indistinguishable from the point of view of 33 decay experiments.
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2.3 Decay rates

After the classification of different types of new physics in the context of
double beta decays presented above we now focus on the decay rates that
are predicted by some of the classes in table 2.1. To do so we assume some
general underlying model for each class and compute the rate within the
context of this model. This then allows us to see liow the individual rates
depend on the masses and couplings of the underlying theory and also points
to possible generic features the rates of different classes could have.

2.3.1 General expression

Double beta decay rates can be cast in the following general form
(Gpcosb,)!
4l

which separates the kinctic part dQ{88) from the part which contains the nu-

dl'{Bp) = |A(BB) 20 B1) (2.3)

clear physics and the details of the underlying theory A(83). The prefactor
represents, apart from a normalization, the overall strength of the low-energy
charged current weak interaction: Gp is Fermi’s coustant and 8, is the Cab-
bibo mixing angle.

The phase space volume element dQ(3/3) describes the distribution of the
electron encrgies and is of the form (c.f. ¢q.{(2.2))

1

dQ (ﬁﬁpuru) _ @

A — (€1 + €) H prenF (e )dey, (2.4)

for the case of pure neutrinoless double beta decay, and

2
(Q ~ (&) + &))" T pvewF(ex)dex (2.5)

k=1

dBs:) =

64w

for all the decays which involve also other decay products besides the elec-
trons (88; = BB, 38,.80;:.). The index n; is either 1,3,5 or 7 depending
on the decay.
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The Coulomb field of the nucleus enhances thie probability of e~ emission
at low electron energies - the electrons get slowed down by the attractive force
exerted by the positively charged nucleus. This correction is represented by
the Fermi factors F(¢;) in the above equatious. To a good approximation
(Primakov-Rosen [39]) they can be written as

-1
F(Z,&) = (gmzf) [1 —exp (—-Qm:rZEH (2.6)
p P

for nonrelativistic electrons (for electron energies much larger than the elec-
tron mass the effect of the Coulomb force becomes negligible and the Fermi
factors approach unity). Here Z represents the total clectric charge of the
daughter nucleus in units of the electron charge e and a is the fine struc-
ture constant (@ = 1/137). In the limit of vanishing nucleon charge this
expression approaches 1.

2.3.2 Nuclear form factors

Before computing the decay amplitudes A(53) for various classes of table
2.1, we briefly pause to discuss the involved nuclear form factors. As long
as the decay process proceeds through second order clectroweak interactions,
and the leptonic part of the diagram couples to the weak charged currents
of the nucleus, only a small number of independent form factors can con-
tribute to the amplitude. Tt is then the following tensor that enters into the
computation of the amplitudes [33]:

EE |
W,.(P, P, q) = (21)/ T / d*z (N'|T* [L(2) L (0)] | N) €% (2.7)

In this expression P and P’ denote the four momenta of the parent (0t)
and the daughter (0%) nuclei which themselves arc deuoted by N and N’
as before. ¢, is the four momentum exchanged between the two hadrouic
charged currents which arc given by J, = Wv.(1 — 75)ue and which cause
the transition between nuclecons. The energy to mass ratios in the prefactor
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are needed to ensure that I, transforms as a tensor. This is because the
nuclear states have not been covariantly normalized - which is a common
convention in the literature. The proportionality factor of (27)? finally is
purely conventional.

To see how many independent quantitics 'dwell’” within 1V, we first ob-
serve that the exchanged four-momentum ¢, is typically of the order of the
nuclear fermi momentum pr ~ 60 MeV and is thereforc large compared to
the difference between the initial and final nuclei momenta (P — P’) which is
around a few MeV. One can therefore neglect (P — P’} to a good approxima-
tion and replace P and P’ by the common four velocity u,, of the two nuclet.
Since W, (x, ¢) now depends only ou two four vectors it can be generally
expressed as [33):

I'Vpu (’U,, Q) = wl?];w + w'Zu;luu + w:}(h:(]u + Wy ((fyuu + ‘}'uu;:)

+ws{q,t, — Q) + W€ pt ¢ (2.8)

The six Lorentz invariant matrix elements w; — wg defined in this equation
depend on the two Lorentz invariant combinations that can e fornied using
u and ¢ so that w; = w;(u - q,4%). The Bose statistics of the weak currents
implies that W, (u, ) = W, (%, —¢) so that all of these form factors are even
under the transformation ¢ - —¢. The sole exception is w4 which is odd.

As we will see it turns out that many 37 decay rates depend only on the
trace W,* which is independent of ws and wg:

W = 4w + wy + w3 + 2walu - q) (2.9)

In the rest frame of the decaying nucleus (x? = 1, @ = 0) these form factors
become independent functions of the time (¢°) and spacelike {§) parts of the
4-momentum ¢ so that w; = w;(¢% 7°). In this frame we can link the trace
defined above to the better known Fermi wy and Gamow-Teller wep nuclear
form factors by:

wp = Wog(l®, ) = w1 + w0y + wsgf + 2wago
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3
wer = Y Wilg®, ) = —3wn + wsd® (2.10)
i=1
so that
I’V#'u = Wgp — War. (2] ].)

Using the closure and the non-relativistic impulse approximation one can
now compute these form factors in a model of independent nucleons inside
the nucleus. For wr and wgr one obtains [32]:

2ipgy ' —if'F,
wF — —_-— N e iy """‘ m 1 N
(‘?3—#2'*'35)(( l% 1))
2ipg%
e - Wa— YV E ~iGFima 4 A A 1\ 2.12
wgr (qg _ ’JQ + lc (( |m" € Tm 0' | )) ( )

here the indexes n, m mark the nucleons in the nucleus and 7, = fp — Ty 18
the internucleon separation with 7, denoting the position of the individual
nucleons. Furthermore 7} and ,, are isospin and spin matrices for the mth
nucleon, gy and g4 denote the vector and the axial charged current couplings
of the nucleons and p is the average excitation energy of the intermediate
nuclear state. The double bracket means that in thesc matrix elements the
overall centre of mass motion of the nucleus has been separated out so that
the positions of the individual nucleons satisfy the constraint 3,7, = 0.
Equation (2.12) provides the connection to the various estimates for the
nuclear matrix elements in the context of a specific model of the nucleus that
can be found in the literature [40, 41, 42, 43]. It is the estimation of these
matrix elements that gives 11se to the largest uncertainty in the computation
of the decay rates.

Approximating the nuclear matrix elements

In order to obtain rough quantitative estimates of the rates it is useful to ap-
proximate the nuclear matrix elements wp and wey in a way which allows us
to compute the invelved integrals analytically. Following ref.[44] we therefore
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write wr and wer as step functions in energy (¢°) and momentum (§):
wi(¢®, ) = W}O(Er — )0 (pr — |1) (2.13)

where pp and Ep are the nuclear Ferini momentum and energy respectively
and the index ¢ stands for either 'F’ or 'GT’. This approximation not
only simplifies the computation of the involved integrals, it also allows us
to sidestep any explicit model-dependent computation of the nuclear matrix
elements by parametrizing its results through the values of w? and pp. Fur-
thermore, given the fact that estimates of the nuclear matrix elements involve

themselves already large uncertainties, this approximation is sufficiently pre-
0

cise for our purposes. The unknown parameters w; as well as pp can now be
fixed by comparing the rates obtained with this approximation {see below)

to the real calculations. One gets:
|wh — wdy| =4 MeV™!: pp o 60 MeV (2.14)

Where the value for |w$% — wd;| has becu obtained by comparing to the
observed two neutrino decay rate 303, (eq.(2.15) below). Cuirent lower limits
on the lifetimes for pure neutrinoless double beta decay B85 (sce eq.(2.19)
below) fix then pp to the above value. With pp ~ 60 MeV the Fermi encrgy
then becomes Ep = p%/2my ~ 2 MeV where my is the mass of a nucleon.

2.3.3 The standard model 35 decay

We are now ready to compute the missiug clement of the rates - the leptounic
part of the interaction. We can easily do this by computing the Feynman
diagrams of figure 2.2 and expressing thie result in terms of the tensor 1,
of eq.(2.7). This way we can explicitly see on which matrix clements (w,-
weg,wr and wer) the individual rates depend. Upon haviug done this we
can then obtain quantitative estimates for the rates by approximating the
nuclear matrix elements as described above. Below follow the expressions for
the amplitudes A(83), of equation (2.3), that so result for a variety of cases.
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If not explicitly mentioned otherwise we consider fermion mediated decays
in what follows. Alternatively §3 decays could also be mediated through
the exchange of exotic scalars. Such models are however often subject to
more stringent experimental bounds and we will therefore only consider one
example to demonstrate some nonstandard features one can expect in this
case.

We first start with the 'classic’ SM two neutrino decay as represented
by the Feynman diagram (a) in figure 2.2. The first thing to notice about
this diagram is that there is no intermediate fermion line connecting the two
nucleon currents. The four momentum ¢ is therefore itself only of the order
of magnitude of the total energy released in the decay and can be neglected
to a similar approximation that (P — P') was ncglected. The nuclear form
factors simplify considerably in this case. Also it turns out that the amplitude
A(B0,.) is directly proportional to the trace W,* so that it can be written
in the following simple form:

2
A(8B) = \/ﬁﬂwp”(ﬂ,ﬂ) (2.15)

which is, expressed in terms of the Fermi- and Gamow-Teller matrix elements:
A(f30s,) = 712—5; (wr(0,0) — wer(0,0)). The spectral index one obtains in
this case is n = 3 and is purely due to the phase space factor of the two
outgoing neutrinos (see eq.(2.3)). Notice that since ¢ ~ 0 one can relate
the form factors wn,ws to wp, wer v a simple way: w, = —wgr/3 and
Wy = Wr + 11!(:7‘/3.

2.3.4 Pure neutrinoless double beta decay (385,")

The nextmost well known case is the case of pure neutrinoless double beta
decay. As can be seen from figure 2.2 this decay proceeds through the ex-
change of Majorana necutrinos between the two nucleon currents. The rate
then depends on the mass pattern of the neutrinos in the underlying theory.
The neutrino mass term can be written in a basis of Majorana ncutrinos y;
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Figure 2.2: The lowest order contributions to various 88 decays. Diagram (a)
represents the SM two neutrino double beta decay 33,5, (b) is the 'pure’ neutrino-
less process B85, a variant of which is investigated in scction 2.4, (c) depicts the
single Majoron cmission mode (GR or type IIB,IID} and diagram (d) corresponds
to double Majoran emission (the casc of type IIC,IIE is discussed in greater de-
tail in section 2.5), The processes shown here rely ou scalar-neutrino interactions
as opposed to e.g. purcly scalar mediated decays. For clarity of preseutation the
virtual W line has been omitted in all diagrams - which is justified because for
the energics involved the cffective weak charged current interaction is given by a

contact term of the strength of the Fermi coupling constaut Gp.
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Linass = ——;—D?AJ,-J-VJ- (2.16)
where Af;; the (symmetric) nentrino mass matrix has been taken to be real
for simplicity. Notice that our use of Majorana spinors implies that for any
Majorana spinor v the following condition holds: 7 = vTC~!. Where C is
the charge conjugation matrix. The physical masses m; are then given by
the absolute eigenvalues of Af. The relative sign of these eigenvalues reflects
the different C' P assignments the mass cigenstates ltave. Upon diagonalizing
eq.{2.16) one can then express the flavor eigenstates v; in terms of the mass
eigenstates ¢/ through a CIXM type mixing matrix U. Relevant for 88§," ar
the mixings of the electroweak eigenstate of the electron neutrino with the
mass eigenstates which are denoted by the corresponding elements of U: U,;.
With these definitions we can now readily compute the amplitude associated
with diagram (b) of figure 2.2:

d'¢ W {q)
geUe) = Z “
=82r m,f 2m)4 (g% — m? + ie) (2.17)

Since, by means of energy conservation, the energy of the two outgoing elec-
trons equals exactly the total energy @ released in the decay the electron
spectrum is described by eq.(2.4) in this case. Notice that the integral takes
on a value whiclh is in general independent of m; in the limit of light neutri-
nos. In other words, as soon as the neutrino masses are significantly smaller
than any involved energy scale (m; < Ey, pr) the amplitude is directly pro-

portional to the so-called effective electron neutrino mass merf

A(B8E ) o meT ZUﬁrn; (mi < MeV) (2.18)

2

and so the rate goes in this case as mj*. Experimentalists often quote their

results from £33y, decay experiments in terms of upper bounds on m . The

current state of the art is summarized in ref.[45]. The most stlmgent upper

eﬂ'

bounds on m" come from direct searches for 330, decay in *Ge decays
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and have recently becn lowered to [40)
me <068 eV (90%C.L) (2.19)

This bound uses nuclear matrix elements as computed e.g. in [42]. The limit
can be relaxed considerably to m"fr < 1.7 eV when estimates of other authors
are used [43], reflecting the 11wo]ved theoretical uncertainty. Experiments
based on other nuclei yield less stringent bounds, such as e.g. '*°Xe which
leads to an upper limit of -m.jjf < 2.3 eV [45] (same matrix elements as in
eq.(2.19)).

Notice that the factor UZ in eq(2.18) is not an absolute square of the
mixing elements. This allows for cancellations (if the U,; are complex) as
was first remarked by Wolfenstein [47] in 1981 3. This cancellation has to be
exact in all models that conserve lepton number. As an example take the
case of a Dirac spinor that is described by two Majorana spinors of opposite
C P eigenvalues in eq.(2.16).

Returning now to the expression for the amplitude (eq.(2.17)) and apply-
ing the approximation of the nuclear matrix elements discusscd before (eqs.
(2.13) and (2.14)) we can obtain the following simplification [2):

A(ﬂﬁgure Z U'Zm,/ du [IJF — ,/u-z + m;; tan_l ( 2}JF 2)}
yus+mny

(2.20)
where C = ig—;,@(w% — wlr). When the neutrinos are light (m; < Er < pr)
this simplifies to

z 2F ]
geue) CZ Uez'.m,- {Eppp - 1§_ - ﬂ [1og (sz) + _]} Ao

4 4 2
(2.21)
whereas in the other limit (Ey « pr « m;) one obtains
UZEppk.
B35 2.22
~C Z Im; ( )

3Alternatively one could write eq.(2.18) in the form m“'r = ¥, cilU%|m; where the

prefactors ¢; represent the CP cigenvalues of the Majorana neutrinos v,
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From equation {2.21) we recover the expression for m,‘f in the case of light
neutrinos as in eq.(2.18). The amplitude is then A(805,") > CEpprmel.

As can be seen from eq.(2.22) 885,™ need however not necessarily pro-
ceed through the exchange of light neutrinos, since heavy (m, 2 100 MeV)
neutrinos can also give appreciable contributions to mfff. This idea is pur-
sued more in detail and in the context of an explicit model in section 2.4.
Such heavy neutrinos would then yield the following contribution to me:

2

me¥ o ZU,;{-%‘:— (m; 2 100 MeV) (2.23)

which depends not only on masses and mixing angles but also on pg and hence

on the type of the involved nucleus. Notice that this equation means that
pure

the contribution of neutrinos to 835, decouples like 1/m; as they become
heavy.

2.3.5 Single Majoron emission in neutrinoless double

beta decay (88,)

This is the class that contains the Gelmini-Roncadelli [27] model. Single
Majoron emission Las recently been closely reexamined in [32, 33] and results
obtained there are displayed here mainly for the purpose of completeness.

n =1 single Majoron emission (IB,IC,IIB)

The spectral index of n = 1 is obtained in any mode! of one scalar emission
where the emitted scalar is either not a Nambu-Goldstone boson or is the
Goldstone boson of spontanconsly broken lepton number such as in the GRR
model. To obtain a general expression for the 33, rate in such models we
assume generic interactions of Majorana neutrinos v; with a complex scalar
@ )

Lyuk = —5?5'?(‘4;;’}’1. + Biyr)vie™ + e (2.24)
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where A;; and B;; are arbitrary Yukawa ecoupling matrices and vy and vp
denote the usual projections onto left- and right-handed spinors. Upon eval-
uating diagram (c) in figure 2.2 one obtains the following expression for the
rate {33];

_ W (g )(A, mm; qQB, )
(n= l) - J J J
A(BBL=Y) = 4v/2 z UaUe; ] T e e Sl

The case of the GR model is then readily obtained from this expression. One
simply has to observe that the scalar emitted in this maodel is in fact real, so
that B;; = A,
the effective interaction eq.(2.24) reduces to

furthermore there is ouly one neutrino v, in this case so that

e Ve (2.26)

Lop =
GR 2

where B, ,, = ig.r. Also the only involved neutrino mass, m,,, is muech
lighter than pp in this model so that the terms quadratic in m; 1 the nu-
merator of eq.(2.25) can be neglected. This then leads to

A(GR) = i4V20u / (H) T Wt (2.27)

q° — 1)

The effective coupling g.r defined above is conventionally used hy experi-
mentalists to indicate the bounds on the n = 1 decay speectrum obtained n
BBy, experiments. The best limit currently comes from '¥Xe decay [45, 48]

ger S 1.4-107 | (2.28)

corresponding to a half-life of Tl(:,‘g V>11- 1022y

n = 3 single Goldstone emission (IID)

As soon as the emitted boson is a Nambu-Goldstone boson and lepton number
1s conserved one abtains a different spectral index. This additional softening
of the electron speetrum (from n = 1 to n = 3) is due to the derivative nature
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of the coupling of the Goldstone boson so that the amplitude contains one
more factor of the scalar momentum. This is not evident when starting from
the generic interaction of eq.(2.24). What happens is that the broken sym-
metry of whicli the scalar is the Goldstone boson imposes a specific structure
on the coupling matrices A;; and B;;. Once inserted into the amplitude that
has been obtained for the n = 1 case ¢q.(2.25) one then finds that this ex-
pression vanishes ideatically [33]. This is because in deriving (2.25) all final
momenta of the decay products have been neglected. Once the amplitude
is expanded to the next order in the relevant momenta one obtains [33] a
spectral index of n = 3 and

d'q (105 + wg )¢
(2m)3 (g2 — m? +ic)(q? — m? + ie)
(2.29)
Notice that one does not obtain such a softening of the electron spectrum in

A(BAS) = 823 Unille; B
i

the case of the GR model although tle emitted boson is a Nambu-Goldstone
boson. This has to do with the fact that Lepton number is broken in these
models so that the scalar can couple to the outgoing clectron lines. This part
of the diagram then dominates over the diagram shown in figure 2.2 (c) for
small scalar momenta and causes a harder spectral index of n = 1. All this
is explained more in detail in ref. [33).

The new electron spectrum of n = 3, which is intermediate to the GR
and the SM (0, spectrum, has recently also been looked for in 88 decays.
The bound on the lifetime that Lias been so obtained is for Ge [46]:

Th5 " 2 7.0 10%yr (2.30)

Analog analyses for 136X e yicld Tf?;m > 1.5- 10%yr [48].
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2.3.6 Double Majoron emission in neutrinoless dou-
ble beta decay (88,,)

We now focus on a class of models whicl: predict the emission of two Majorons
in B0, rather than one {3, 34]. Two Majorous are emitted in these models
because of an exact (or approximate) global symmetry which forbids (or
strongly suppresses) the one Majoron emission inode. In the models discussed
below (classes 11C and 1IE) this global symmetry is electron number which
is assumed 1o be exactly conserved. The emitted scalars then each carry one
unit of lepton number. Notice that this is similar to the model of n = 3
shown above where L. is also conserved only that there the emitted boson
carries two units of lepton number rather than one. What is presented below
closely follows ref. [3].

n =3 two Majoron emission (IIC)

To be as general as possible we we assume a theory of Majorana neutrinos
v; and N, which are coupled to a scalar ¢ in the following generic way:

Cyuk =~ (Aia'YL + Bia'YR) Naqb + ll.C., (231)

where the matrices A;, and B;, are again arbitrary Yukawa coupling matrices.
Here the scalar ¢ as well as the neutrinos v; carry one unit of lepton number
whereas the Majorana necutrinos N, are neutral under this symmetry i.e.
L.(N,) = 0. Furthermore one assumes that the neutrinos v; and N, receive
masses m,, and my, i1 a lepton number invariant way. For the charged
neutrinos v; this essentially means that they have to pair up with opposite
chirality eigenstates to form L, invariant Dirac masses.

As long as some of the v;'s participate in the charged-current weak in-
teractions (¢.e. mix with the electron neutrino), the couplings of eq.(2.31)
generically produce 88, decay due to the Feynman graph of figure 2.2 (d).
The phase space factor of the two emitted scalars leads in this case to the
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spectral index n = 3 and one obtains the following amplitude:

i} 2 \:
A(ﬁﬁé’;‘s’) = - (3?) Z (2.32)
ija
f d"q Ueu.- Ucuijal'lf,l:“
(2m)* (@ ~ m, —ie) (@2 —mI, ~ie){q® —m}, —ie)

where the Kobayashi-Maskawa type matrix elements are as always denoted
by the U,;. The factor M, in the numerator of this expression is given by

Nija = e [A;,,Bjam,,,. + AjeBiam,; + B,-,,BjamNu]
+AiaAjaﬂlu,- my,my, (233)

As we will see in section 2.5 this expression for the amplitude A can usually
be simplified considerably given an explicit underlying model.

Notice that since lepton nmumber is conserved in this type of models, so
that 885" is completely forbidden, they are not subject to the more and
more stringent bounds on lepton number violation coming from 353y, decay
experiments. This was in fact the original motivation that led to the de-
velopment of L. conserving models {32]. The scalars emitted in the model
described here are however generic scalars which can have arbitrary masses
in principle. Tn order to be emitted in 38 decays they nced however to be
lighter than ~ 1 MeV. This requirement then forces these models to enter-
tain another hierarchy - the light scalar mass compared to the electroweak
scale - which can in general only be realized by a finetuning of the scalar
couplings. The most straightforward way to overcome this problem is to as-
sume that the emitted scalars are the Nambu-Goldstone bosons of a broken
global theory? as in models of type 11D and I1E. If lepton number is conserved
simultaneously then the broken symmetry has to be another one. This usu-
ally leads to scalar sectors that involve several different scalars rather than
only one as will become clear from the explicit model described below and
in section 2.5.

4 Another way to accomplish this would be to invoke supersymmetry. However the

associated models are more complicated and less straighforward to construct.
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n =7 two Goldstone emission (IIE)

The spectral index (n = 7) in this type of models is softer than the SM two
neutrino spectrum. This is due to the fact that both emitted scalars are
Goldstone bosons and so are coupled derivatively. As in the case 11D where
only one Goldstone is emitted one observes that the amplitude eq.(2.32)
vanishes when compute in terins of the interactions (2.31). In faet it turns
out that the same amplitude also vanishes to linear order in the external
momenta so that the first nonzero contribution to the amplitude is actually
quadratic in the scalar momenta. This leads to the softening of the spectral
index from n = 3 to n = 7. The involved calculation in terms of couplings
eq.(2.31) is guite cumbersome,

Luckily there is a simpler and more straightforward way of computing
the amplitude in this type of models. 1t consists of performing a change of
variables which makes the derivative coupling nature of the Goldstone hosons
manifest from the outset. This redefinition of fields proceeds in the following
way: use exponential parametrization of the scalar fields that have non-zero
vev so that the Goldstone field appears in the exponential. Then redefine
the fermion fields so that the new fermion field is given by F' = Fe'#/¥ {in
our case F’ is a heavy neutral lepton). After this redefinition, the Yukawa
interaction becomes completely independent of the Goldstone field, which
reappears with a derivative coupling in the fermion kinetic energy terns.

Once this has been done the generic couplings of neutrinos v; and N, to
a Goldstone scalar carrying one unit of electron number can be written as:

Lo = =i (Xia7e + Yia7a) NaBu + hoc. (2.34)

Notice that the coupling matrices X;, and ¥, have encrgy-dimension —1.
The contribution of this interaction to 883, arises from the same Feynman
graph as in the n = 3 case before (fig. 2.2 (d)). The resulting expression
for the rate is fairly complicated. It simplifies however considerably iu the
special case of purely left-handed couplings, for which Y;, = 0. Since this case
is sufficient to analyze the model in section 2.5 we just quote the amplitude
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in the limit ¥, = 0:

AL = - (1057r2) 2 (239
ija
/ dq UeiUe; f(ﬂjaT‘Vy“
(27)% (¢ — m2, — ie)(q2 — m2, — ie)(g® — m}, — ie)

This expression is very similar to the one obtained in the n = 3 case eq.(2.32).
Only the normalization and the factor Af.-jﬂ in the nominator differ. J\f,-,-a is
given by

J\T,-ja = ¢*Xi, Xiamn, (2.36)

2.3.7 General features of fermion mediated decays
Nuclear matrix elements

Most of the decays considered above are governed by the same combination
of nuclear form factors:

“}pp = wp— Wgr

These have been well studied in the literature since they also appear in the
rates of the SM two-neutrino decay 38, as well as in the originally proposed
880, models (885, and GR). The uncertainty involved in estimating exotic
decays that depend ou this combination is thercfore relatively small. The
exception to the rule are models of class 11D wliere the rates depend on the
nonstandard form factors ws and wg {e.f. cqs.(2.8) and (2.29)).

Angular electron distribution

The differential decay distribution of the outgoing electrons in terms of the
angle 8 between the two electron momenta is exactly the same in all fermion
mediated decays considered above. 1t does therefore not provide an addi-
tional experimental signature to distinguish between different decays of the
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same spectral index n. This angular distribution is explicitly given by

1 dr 1
chosa = E (1 — U2 COSG) (23?)

where the v; = p;/e; denote the speed of the corresponding electrons in the

nuclear rest frame.

2.3.8 Scalar mediated double Majoron emission

Double beta decay can also proceed through scalars entirely, without invoking
neutrinos at all. This is interesting hecause it offers the possibility that 35,
is independent of neutrino physics altogether. Various models of such scalar
mediated decays have been considered in the literature. However we describe
here only one case [3]: class (IIC) of table 2.1. This is mainly because this
case suffices to demonstrate some interesting properties such scalar mediated
decays can have. Also one should keep in mind that since this type of decay
necessitates scalars that are not electroweak singlets it is difficult to obtain
observable rates in this type of models. This is because, again, compatibility
with current LEP bounds requires these scalars to be very heavy (2 AMz/2)
and the rate will then be suppressed by powers of the heavy masses.

n = 3 two Majoron emission (IIC)

Two Majoron enussion mediated entirely by scalars asks for a more compli-
cated scalar sector than in the models considered previously. For the sake of
geuerality we thercfore supplement the SM with a collection of new scalars,
which we classify using their lepton and electric-charge quantum numbers, L,
and . Besides the very light (Q, L.) = (0, +1) particle, ¢, which is emitted
in the decay, we imagine also adding two other new classes of ficlds, y; and
A, which respectively have the (Q, L.) assignments: (+1,—1) and (-2, +2).
These quantum numbers permit the following types of L.-invariant couplings:

1 ..
£“.'| = —-é#tJX,XJA + li.c.
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Figure 2.3: The Feynman graph contributing to 38, decay purely due to the

self-interactions of the Higgs sector.

1
Ly = —EE(thyL + hgyr)efA + e (2.38)
Lo = —i)\iy‘[*‘["" (,\’;3;199 - aﬂ/\'ip) + h.c.

in addition to the trilinear Higgs self-interaction £, there is the Yukawa cou-
pling L,k that facilitates the emission of the two electrons. In this expression
e denotes the Dirac conjugate of the electron field. Finally there is the part
of the lagrangian which describes the charged-current coupling of the scalars
Lee. The parameter A; gives the strength of this interaction relative to the
usual SU(2), gauge coupling g. In lagrangian (2.38) we have assumed the
existence of only one (-2,42) scalar A. Generalization to several scalars A, is
straightforward but only unnecessarily complicates the following expressions.
We denote the masses of y; and A by Af; and A4 respectively.

The amplitude can then be computed according to the diagram of fig-
ure 2.3.

A (ﬁﬁ(n:'&)) - _ ( )2 hR Z-/‘ d1q ,\f',\jﬂf'j[wpqg + %wGT'fz]
T 3n2) MR 5 (42 — M? —ie)(q® — M} — de)

(2.39)
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where h = /|hL|? + |hg]?, and

2 \1
R= (1 + i) , (2.40)

(h)%e e,

with £ = 2Re[h,h}] and m, denoting the electron mass.

Again one obtains a spectral index of n = 3 as was the case for the
fermion mediated decay of the same class (IIC) and which is determined by
the phase space contribution of the two scalars.

Features of the scalar mediated rate

The amplitude (2.39) depends on the well known Fermi and Gamow-Teller
form factors wr and wgr as do most of the fermion mediated decays discussed
before. However this time they enter through a different linear combination
than the usual trace W,*. The situation is entirely different though should
the W-boson in fig.2.3 be replaced by yet ancther scalar which couples di-
rectly to the quarks. The nuclear matrix elements that so arise need then
not originate form the electroweak quark currents and can thus be totally
unrelated to the ones introduced in eq.(2.8).

An interesting new feature of scalar mediated n = 3 decays is the non-
standard angular distribution of the outgoing electrons:

1 dI _ 1 (SR
Tdcosf 2 (1 B -RTCOSB) (2.41)

The deviation of this decay distribution from that of eq.(2.37) is controlled
by the difference between R and unity. Having a nonstandard distribution,
R # 1, then requires that the A-electron coupling has a right-handed com-
ponent hp # 0. This provides a new experimental signature which can be
used to differentiate between fermion and scalar mediated n = 3 decays.
However these points are more or less academical since the main feature
of the rate seems to be that the decay is undetectable. This is due to the
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strong limits put on the masses of electro-weakly interacting scalars by high-
energy experinments. Further details can be found in section 2.5.2 where this
is quantified in the context of a simple model.

2.4 Pure neutrinoless double beta decay and

heavy sterile neutrinos

2.4.1 Motivation

If pure neutrinoless double beta decay was observed today then the most
straightforward and possibly also the simplest explanation would be that
it proceeds via the exchange of a light (m,, ~ 1 e¢V) Majorana (electron)
neutrino®. The aim of this section, whicli follows largely ref.[2], is to demon-
strate that this is not generally the case and that quite simple models exist
which contradict this maxim. To do so we provide an existence proof for such
models by investigating a simple extension of the SM which has the required
properties and is phenomenologically viable. In this model all neutrinos are
either much lighter or much heavier than the eV mass region and in fact
BBE proceeds through the exchange of heavy (m 2 100 MeV) Majorana
neutrinos which mix with the electron nentrino®.

Examining the plhenomenoclogical bounds this model has to satisfy then
not only allows us to reduce the allowed parameter space of the model and
thereby to gain indications on the properties of the involved new physics, but
also poinuts to other experiments that could further differentiate between the

SFor an excellent discussion of Majorana neutrinos and tlieir conuection to 85, decay
see [49].

8 Alternative scenarios have also been explored for having 83, decay without requiring
m,, to bein the eV range [50). The approach here is more similar to, and updates, the

framework of ref.[51).
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different mechanisms for 83§,™ should it ever be observed.

2.4.2 The model

We restrict ourselves for simplicity to supplementing the SM with sterile
(gauge singlet) neutrinos that mix only with the first generation.

Adding only one sterile neutrino (the 'right-handed partner’ of the elec-
tron neutrino) does not realize the goal mentioned above however’. This is
because the electron neutrino v, gets a see-saw induced mass that contributes
to me¥ and the heavy mass eigenstate can never be made to dominate the
B85, decay rate in the range allowed by phenomenological bounds. If one
tries to reduce the v, contribution by letting m,_ approach zero the sterile
neutrino completely decouples and becomes invisible. The situation changes
however when more than oue sterile neutrino are added since then the elec-
tron neutrino can in principle be completely massless and still mix with the
heavier mass eigenstates.

In the simplest scenario we therefore add two sterile neutrinos Ny to the
SM particle content. From lere on the subscript {+,— or 0) of Majorana
fields will always denote the lepton number of the corresponding left-handed
state so that L.(y.Ns) = £1. The interaction lagrangian can then be split
into two parts:

L = Leons + Lureak (2.42)

where Lons conserves lepton number
Leons = ~MNiYpN_ — X(LygN_)H + h.c. (2.43)
and Lyreax breaks it:

Ebrcak = —'!-”2—+N_+'YRAT+ - %—N-_-’YR.N_ - ie(z'](RN-[-]H + he. (244)

7Such a model falls in a sub-class of models that use the see-saw mechanism and have

been discussed widely in the literature (see e.g. [52, 53]).
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Here H 1s the usual SM Higgs doublet and L = (";) is the first-generation
lepton doublet. For simplicity we assume the prefactors m, Ae, Ae, py and po
to be real. Keep also iu mind that for Majorana spinors N = NTC~! where
C is the charge conjugation matrix. This lagrangian then leads, after SM
gauge symmetry has been broken, to a mass term of the form of eq.(2.16) on
page 55 for the fields v, Ny and N_:

T -~
Ve 0 Awv Av Ve
1| — .
Ln= ~3 N, AU fy ™M N, (2.45)
N_ Al ML pi_ N_

where v ~ 174 GeV is the SM Higgs vacuum expectation value (vev).

The mass matrix (2.45), having rank three in general, lcads to three
nonzero eigenvalues, one of which is the physical electron neutrino /. Since
the direct laboratory limits on the mass of a dominantly electron uneutrino
are quite low we must ask under what circumstances a massless neutrino can
emerge from this mass matrix. There are two possible regimes:

(1) Ae =p4+ =0
In this case the rank of the mass matrix reduces to two and we have a zero
eigenvalue. The mass eigenstates can then be written as:

v, Q -5 0 Ve
NU =1 si;e cicp —s9 N, (2.46)
Nf_ ‘3.6‘152 iClsg iC-z N_

where ¢; (s;) denotes cosd; (sind;) and the angles §; are given by

m? 4+ A2y?
tan 26y = 24—, (2.47)

Al
tanf;, = —; and
m p

Finally, the factors of ‘I’ in the last row of eq.(2.47) come from the chiral
rotation that is required to ensure that all of the cntries in the final mass
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matrix are positive. This also means that the mass eigenstates N} and N’
have opposite C P properties. The corresponding masses are:

1
M, =0, and My, = 5 [\/,ur‘i +4(m?+ A2 F p,_] (2.48)

Notice that in the limit u_ — 0, lepton number is exactly conserved, and
N, forms a degenerate Dirac pair. In this case all lepton-number violating
processes, such as 84§, decay, are forbidden.

(2) Ae=p-=0

This alternative is identical to case (1) above, but with the two sterile states
Ny interchanged. The physical implications of this case are therefore iden-
tical to case (1), and we need not further pursue this alternative separately.
We henceforth exclusively focus on mass-matrix parameters that arc in the
vicinity of case (1).

For later purposes it is useful to define a dimensionless parameter, €, which
measures the strength of the lepton-number viclation in the mass matrix:

€= b (2.49)
ym? + A2y?

The ratio of the nonzero mass eigenvalues has a simple expression in terms
of this parameter:

My J1+4/241

My, B \/1 +4/e2 -1

= cot? 8, (2.50)

so that N’ is always heavier than Nj_. In the lepton-number conserving
hmit, e K 1, My ~ MN; as would be expected for pseudo-Dirac particles.
In this case the opposite CP properties of the mass eigenstates, Ni, lead
to a cancellation of their contributions to m. For € > 1 we instead have
My [AIN; ~ €2, 50 that in this limit N is much heavier than N/,
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We could now turn on small non-vanishing values for Ao and {4, o that
the electron neutrino acquires a small nonzero mass. However, we are in-
terested in the situation for which M,, « 1 eV and yet for which there are
nevertheless potentially observable contributions to 85y, decay. We therefore
keep A, and (4 negligibly small in what follows, although we return to the
naturalness of tliis choice later on.

To see how this model can contribute to neutrinoless double beta decay we
ignore for the moment all other phenomenological bounds and envision the
possibility that the two sterile states V. and N can have any masses from
below the MeV to the GeV region. From the mixing matrix U of eq.(2.46)

pure,

we extract the mixing angles that are relevant for 34;,
Vet = ¢y, Uen, = 5103, Uente = —15152 (2.51)

Since we assume M, to be zero only the two Lieavy mass cigenstates will
contribute to the effective mass m&". Depending on their masses there are
three limiting cases to consider:

(1) My < pr

In this case both eigeustates are light and one would expect from eq.(2.18) a
contribution of m§| = s{(My: c§ — My s3) to the effective mass. However,
in the model considered here this quantity vanishes, as may be seen from
equation (2.50). This is because in a model where all the involved neutrino
mass eigenstates m; are much sinaller than pp the expression for the effective
mass as given in eq.(2.18) equals the electron neutrino element of the mass
matrix eq.(2.16)% : ¥;U%m; = M,. As can be seen from eq.(2.45) this
element 1s zero in our model. However lepton number is broken and so
there is no fundamental reason why there shouldn’t be neuntrinoless double
beta decay in this case. In fact the expression for m}f as given in eq.(2.18)

8Notice that this is not the case in models where some of the neutrinos are significantly
heavier than pg such as any models in which the light electron mass is generated via the

see-saw mechanism.
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represents only the leading contribution when approximating the integral
(2.20) in this limit. Working to sub-leading order in the sterile neutrino
masses we then obtain from eq.(2.21) the following contribution to meT in

this model:
2
off TS 3 1 2Er
~ M3 E|=+log | —
v = YEppr| NG [2 +1og (MN;”

2E
— My s [:1—2 + log (MNT ) ” (2.52)

(2) My, > pr

In this case, which is opposite to the above, both neutrinos are heavy com-
pared to the scale set by the fermi momentum pp. We then obtain their
contribution to m&¥ from eq.(2.23):

2
Cg 53

effl ., S%p%' _
My,  Mn

my, & g

(2.53)

(3) My € prand My > pr
In this last case we can still rely on eq.(2.18) for the light neutrino contribu-
tion to the effective mass and so obtain:

eff o, .2 2 SiPF
my, = sy (Mne ¢y ~ ﬁd—N‘_ (2.54)

With these estimates one can determine the masses and couplings of the
sterile neutrinos which are consistent with the present non-observation of
BGE. The constraints that are obtained in this way are plotted in figure 2.4.
The solid lines correspond to the cases (for different values of the lepton
number breaking parameter €) where mg' ~ 1 eV and the model produces
a BP5.™ rate that is close to present experimental sensitivity. Consequently
the area below these lines is allowed by (3, decay experiments.
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Figure 2.4: This figure plots the region in the U2 — m; plane (Fig. a, (b) for

4 (NL respectively)) that is allowed by current 38, experiments for various
different values of the parameter ¢ as defined in ¢q.(2.49) . The area below the
correspouding lines is the allowed region. The limiting case of very large € appears
as the solid line labelled “e = 00", which also corresponds to the contribution
of a single sterile neutrino that wnixes with .. In the other limit, as € becomes
small, the mixing angles required for an observable rate have to be larger - the
corresponding lines start to move upwards in the figure - which is due to the two
mass eigenstates approaching the lepton number conserving limit of a pseudo Dirac
spinor.
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By comparing the values of masses and mixing angles that lie close to the
solid lines in figure 2.4 with other experimental, astrophysical and cosmolog-
ical constraints we can then infer the allowed regions of parameter space in
which the model presented here yields a 85, rate close to observability.
The relevant phenomenological bounds will be discussed in section 2.6 and
have been, for the present case, summarized in figure 2.5, Also inecluded in
this figure is the naturalness bound discussed below. Upon comparing the
two figures one then extracts the allowed region in the € — Afy: plane as
shown in figure 2.6.

As can be seen from figure 2.6 one finds that the masses of N, that can be
naturally obtained within the model presented here and that are consistent
with all phenomenological limits as well as with an 88].™ signal close to
experimental sensitivity, lie in the range of 2 — 10 GeV. For these masses,
the couplings that are required to produce observable neutrinoless double
beta decay are roughly |UZ%| ~ 1075,

As will be described in section 2.6 such parameters place our model close
to the current limits of detection at LEP, where the heavy sterile neutrinos
can be searched for through the decay Z° — Ny, with the subsequent
charged-current decay of the sterile neutrino, N, into quarks and leptons.
This shows how LEP results can be used to help distinguish between different
models for 55, should this decay ever be observed, and illustrates the rich

interplay that is possible between low- and high-energy experiments.

2.4.3 Naturalness

The one thing that remains to be done is to investigate as to how natural it
was to choose parameters A, and p; to be approximately zero. This choice
allowed us to obtain a S8, decay rate which receives a negligible contribu-
tion from the exchange of the very light electron neutrino mass eigenstate v/,
and requires some justification in parts of the parameter space we consider

here.
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Figure 2.5: This figure smnmarizes the phenomenological constraints on heavy
singlet neutrinos as relevant for section 2.4. The region above the solid line is ruled
out by the various laboratory bounds. The region below and to the left of the
dashed linc labelled SN is excluded by the observatious of SN1987a. The dashed
line labelled NN depicts the naturalness bound as discussed in the text {eq.(2.55))
for € = 0.1. In the region to the right and above this line fine tuning is required.
Finally the dash-dotted curves labelled a, b and ¢ represent the nucleosynthesis
bounds. The lifetime of a sterile neutrino is less than 0.1 scc to the right of curve
a. A particle decouples after having become non relativistic in the region to the
right of line b, but it will nevertheless decouple at or above a temperature of
~ 100 MeV to the right and below line ¢. Line e thus represents the only relevant
nuclecosynthesis bound in our case, and the region to the right of line @ and below

the solid line is allowed.
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Figure 2.6: We plot here the region of the parameter space in the e — M w;, plane
which is obtained by requiring masses and mixing angles which yield a 88y, signal
close to observability, as depicted by the various lines in fig. 2.4, together with
the various phenomenological bounds displayed in fig. 2.5. The allowed area is
marked by shading, and extends upwards beyond the region depicted in the figure
towards higher values of ¢ without changing the mass range. The darker area
represents the part of the parameter space in which the smallness of the v/ mass
is explained in a way whicli is technically natural in the sense explain in the text.
In the lightly-shaded region a finetuning of A, and sz, is required in order to keep
the v, mass below 1 ¢V. Notice that, since My > M NG the analogous figurc in

the € — My plane would be shifted to the right according to eq.(2.50).
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Ve : Ve

Figure 2.7: The Feynman graph which dominates the renormalization-group mix-

ing of u_ with A, and e

The neglect of the light neutrino contribution to 83, relies on our de-
cision to choose this mass to be much lighter than 1 eV. At tree level this
can always be acconiplished by choosing the parameters A and {4 to be
sufficiently small. A naturalness problem can arise, however, if m,; is chosen
to be too small in comparison with the parameter g_, which provides the
lepton-number violating contribution to the heavy-neutrino masses. This is
because a nonzero ji_ generates, through loops, nounzero contributions to Xe
and g4, and if these loop-induced contributions are large enough, then the
v/, exchange graph can only be neglected in 88§, if the loop-induced mass is
cancelled by the tree-level term. A naturalness problem arises if the required
cancellation becomes implausibly precise.

More quantitatively, we imagine our model to be an effective theory which
is obtained after some unknown physics above some scale A has been inte-
grated out. We then use the renormalization group to run the couplings in
this effective theory down from the scale A to the much lower energies that
are relevant for 88 decay. In this way we can compute the contribution to
the v/ mass which is produced by the mixing between the parameters A. and
iy, and p_ as they are run down from the scale A. We regard the theory
to be natural if these contributions to the ¢/ mass are not larger than, say,
O(1 eV}, and so do not need to be carefully cancelled by a ‘bare’ contribution
to m,, at the scale A.

The dominant graph to consider is that of figure 2.7, in which a SM Higgs
scalar is emitted and absorbed by the light neutrino state. lts contribution
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to the light-neutrino mass is, in order of magnitude:

A\’ A?
51\’[,,:([.&) ~ (E) H— ]Og (E) . (255)

For numerical purposes we take the logarithm in this expression to be unity.
Requiring the rest of the result to be smaller than O(1 eV} then produces the
bound labelled NN in figure 2.5. Notice that the heavier the sterile neutrinos
N are, the more precise the tuning has to be, so that the requirement of
naturalness can be used to exclude the mass range 10 GeV < MN;r < 3 TeV
and a lepton violation parameter € larger than € 2 3 as can be seen from
figure 2.6.

2.5 Models for double Majoron emission

In this scction explicit models are provided for the emission of two scalars
in neutrinoless double beta decay [3]. Having explicit models rather than
generic underlying couplings allows us to subject the new pliysics associated
with these models to phenomenological bounds. This enables us to see how
large the 30, rate can be expected to get in the corresponding class (11C,I1E)
of models. Also we can in this way get indications on what other experiments
could further differentiate the new physics should such an exotic decay mode
ever be observed. The relevant phenomenological bounds are summarized in
section 2.6. To get a rough estimate of the decay rates we apply the formulas
of sections 2.3.6 and 2.3.8.

2.5.1 A fermion based model for class IIC (n = 3)

Inspired by the generic scalar-neutrino interaction term given in cquation
(2.31) on page 60 we supplement the SM model with a scalar ¢ that car-
ries one unit of lepton number, L.(¢} = 1, as well as with threc Majorana
ficlds v; an Ng, which have lepton number assignments L.(y,v.) = £1 and
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L.(Ng) = 0 respectively. It should be kept in mind that all these particles
are taken to be gauge singlets in order to avoid bounds coming from direct
detection at LEP. With this particle content the SM lagrangian is supple-
mented with the following lepton number conserving mass terins and Yukawa
couplings®:

- ?;—1(1\_{0712.‘\&)) + h.c. (256)

Ly = —MIyvpv)H — g (T27aNo)¢™ — 94 (F5vrNo)d + hi.c.

Linass = ——J‘I(W’YRV_)

where the couplings have again been taken to be real. The neutrino mass
spectrum is fully determined by L. and by the Yukawa term involving the
SM Higgs in Ly,. One finds one L, = 0 mass eigenstate, Ny with mass
m, one massless state, 1, = v.cy — v45g, and one massive Dirac spinor v,
formed by v_ and the combination orthogonal to v v, = vV}, +vav_, with
V| = vycp+ VeSg, which has a mass M, = VMZ + X202, Here v denotes as
usual the vev of the SM Higgs and ¢y and s, are the cosine and sine of the
mixing angle, 8, which is defined by tané = Av/A.

The Yukawa couplings of these mass eigenstates take the form of eq.(2.31),
with

Au:l\r’o = 0’ Au.Ng = g-, Bu:No = —44+ 59, BV-NO =040 (257)

Applying these values to the general result for the amplitude as given in
egs.(2.32) and (2.33) then yiclds:

?Notice that the scalar ¢ could in principle develop a vacuuin expectation value (@) = u
and so break electron number spontaneonsly. In practice it is however a good approxima-
tion to work in the limit u = 0. This is becanse the absence of a 38]," signal constrains
the combination g;u to be small, while the couplings g; themselves cannot be too small if
one desires an appreciable 38, rate. We therefore take u = 0 and lepton number strictly

conserved in what follows.
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_ 2 \i
ABBET) = = (55) M} (2.58)
d*q (92mq® + 2949_coM,q* — gAGMIm)W, *

(2x)*  (q® — 1€)(q* — M? —ie){q? — m? — {e)

This expression implies that the 3., decay rate is maximized for large cou-
plings and mixing angles, and for sterile-neutrino masses in the vicinity of the
nuclear-physics scale, prp ~ 60 MeV, which defines the important integration
region in eq.(2.58). In order to see how big this rate can get we therefore have
to see how close we can get to this optimal range using phenomenologically
acceptable values for the various parameters. The relevant constraints are
summarized in section 2.6, and they suggest that the amplitude can be made
biggest for the following values of masses and mixing angles:

M, ~350 MeV; m~1MeV; §~75%x107% g, ~0.2 (2.59)

or, provided we relax the bound on m coming from nucleosynthesis (as ex-
plained in section 2.6)

My~m~350 MeV; 8~75x107% g, ~1 (2.60)

Interestingly, the coupling constant g_ need not be large. Notice also that
the smallness of § implies Av « Af; = A and that +/ is dominantly the
electron neutrino.

Using these values, and recalling that the integration momentum satisfies
g < pr < M,, we find eq.(2.58) to be given approximately by

' 2 \% , d*q W p
A(BBI=3) = — (-———) : 82c2mf e 2.61
(86,57 32 9+50% (2m)4 (g2 — de){q® — m? — ie) (2.61)
To obtain a rough estimate of the sensitivity of the current experiments to
the 80,,, signal predicted by this model, we compare the total rate obtained
within this model with the Gelmini-Roncadellirate {sce eq.{2.27) on page 58).
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This comparison can then be translated into an effective GR coupling g
(eq.(2.26)) which we find to be!®

0erlBBE=Y) ~ 000823 ( 2) w108 (107 (2.62)
oL + PF

With eq.(2.59) (respectively (2.60)) in mind we take g, ~ 0.2 (respectively
gy ~ 1), 5 ~ 0.1, Q@ ~ 2 MeV, m ~ 2 MeV (respectively m ~ 350 MeV)
and pr ~ 60 MeV in obtaining this number. Given the current experimental
sensitivity of ger 2 107* (eq.(2.28)) a coupling of 1078 is probably hopeless
to be observed, one at the level of 1078 on the other hand is close enough
to observability to warrant a more detailed comparison of this type of model
with the data.

2.5.2 A scalar based model for class IIC (n = 3)

We now turn to 80, decays that are entirely due to an exotic Higgs sector
and are independent of neutrino physics altogether. One of the goals we pur-
sue in doing so is to show that the rates obtained in this type of models are
generically too small to have any chance of being observed by (38;, experi-
ments. This is because any such models necessarily involves scalars that are
not electroweak gauge singlets and which can therefore be pair-produced at
LEP as long as their masses are below ~ 45 GeV. Taking them to be heavier
than this bound however suppresses the rate by several powers of pp/M,
with M standing for the scalar masses, destroying any hope of getting an
observable signal.

We take a simple model of the type presented in section 2.3.8. To obtain
the couplings required by eq.(2.38) we have to supplement the SM with: (i)
a sccond SM Higgs doublet, ), which has non-zero lepton number L = —1;
(1) a singlet Higgs boson field, ¢, with lepton number L = +1, and (i) a

0T obtaining this value for gur we have made use of the approximnation {2.13) of the
|24 g Pl

nuclear matrix claments.
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weak isotriplet scalar field, A, with L = —2. With this particle content the
interactions of eq.(2.38) can be written in the following form:

Lii = mH '\ + %XTAU( + h.c. (2.63)

The A electron coupling has the same form as in eq.(2.38). To simplify
the expression for the amplitude eq.{(2.39) that has been obtained for the
more general case we apply the approximation of the nuclear matrix clements
discussed earlier (see eq.(2.13)) and obtain

As(.@ﬁ‘,(mp ))N(Qw)3§ E_r_gsoh-ﬂﬂwc'r _J,M—g“ f(PF,A{,\') (2.64)

where factor of EZw has been neglected in comparison with p%wd, in the
nominator of eq.(2.39). In this equation sp & g is the mixing angle which
controls the strength of the mixing between the light mass eigenstate, ¢, and
the singlet field, ¢. F(pp, M, ) finally is a function obtained by performing the
q integration, which takes the values F ~ 1 for M, £ pr and F ~ (pp/A,)*
for My > pr. Comparing the total rate so obtained with the rate of the GR
model can, as before, be summarized in the effective GR coupling that so
results:

D -
gem (B85 ) = (0.02) Iz hs} (MQ

ol — ] ]Tg) Flor My)  (2.65)

As usual, the rate is largest if all of the exotic scalars have couplings that
are as large as possible, and masses that are in the range of {10 —100) MeV.
This is impossible however since the new scalars are subject to the hcavy
mass bounds from LEP. The effective coupling ger, is therefore suppressed by
factors of (Q/Ma)(pr/M}* ~ 10710 and so is far to small to be detectable.
This suppression factor is so huge that not even implementing direct new
Yukawa couplings to the quarks can solve the problem.
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2.5.3 A fermion based model for class IIE (n =7)

To build a model of this type, in which lepton number is unbroken and which
contains a Goldstone scalar, ¢, that carries lepton number Le(0) = 1, we have
to invoke a global nonabelian flavour symmetry. This symmetry should act
on leptons and should contain ordinary lepton number as a generator.

The simplest case is to take the lepton-number symmetry group to be
G = SU(2) x Up/(1), with G braken down to the Ug(1) of leptan number, so
that the Goldstone bosons of the broken generators can carry the unbroken
quantum number similar to the case of the 'would-be’ Goldstone bosons in
the spontaneously broken electroweak gauge symmetry. This can be done
by working with a variation of a model presented in refs. [32, 33] for the
case of single Goldstone emission {type I1D). We therefore add the following
electroweak-singlet, left-handed fermions to the standard model: N = (?&;),
so and s_, which transform under the flavour symmetry, G, as: N ~ (2, 31,_-),
so ~ (1,0) and s_ ~ (1,—1). If the unbroken lepton number is chosen to
be L, =Ty + L', where L' is the gencrator of U;,(1), then the subscripts of
N,, Ny, s¢ and s_ give the corresponding particle’s lepton charge. In order
to implement the symmetry breaking pattern G — U (1}, we also introduce

the electroweak-singlet scalar field, ¢ = (ff’,‘:), which transforms under G as:
&~ (2,1).

For this model the most general renormalizable G-invariant mass and
Yukawa interactions involving the new fields are

M
Linass = — ?(50'7350) + h.c. (2.66)
Lok = —MLvps_)H + 9-(Nvrs_)® + go (Nyrsa)® + h.c.

If the scalar fields acquire the vev's (H®) = v and {¢y} = u (which we
take, for simplicity, to be real), then G breaks to Up(1) as required. As
always, mixings with v, and v, are neglected and the couplings A, g_ and go
are taken to be real.

The following mass spectrum emerges in this model: First, there is one
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massless L, = +1 state, v, = v,¢p— N, 34, where the mixing angle, 8, satisfies:
tan@ = Av/g_u. Then, there is a massive L, = +1 Dirac state, v, = v N| +
RS-, with Ni = Nyep + vesp, and with mass M, = /A%? + g2u?, There
are also two Majorana L, = 0 states, vy, which respectively have masses
My = ;—, [\/M 2+ 492u2 & M]. These mass eigenstates are related to Ny and

sp by: . ‘
(796 e
Vi —8, C, S0 '

with tan(2¢p) = 2gou/M. The factors of ¢ in this mixing matrix are needed
to ensure that both mass eigenvalues, Af., are positive.
The connection to the generic interactions given for models of this type

in eq.(2.34) is then made by identifying
_ Se%e

S59C
. w - _ .
Xv;u_ = ZT‘ l\u:v.;. = u Xu.u.. = _?"_u—q ‘Xu,xq. - =

CoSy

u

(2.68)
Notice that Y;, = 0 in this model so that we can directly obtain the amplitude
from eq.(2.35):

2 $232M1
A (n=7) — otoitis
(ﬁﬂw ) V1057  u? .
/ d'q WA SIM, M.
(2m)% (@ —ie) (@ — M2 —i€)? | (2 — M2 —ie) (g% — M2 — ie)

(2.69)

We quantify the size of this rate in a similar way as already done for the
models shown above, namely by means of estimating the magnitude of gef.
We therefore choose values for masses and mixing angles that are compatible
with the phenomenological bounds of section 2.6, but which also yield a
nraximal rate. Specifically we take

M, 2 350MeV; M, M_ ~ afew MeV; 8~ 75x107% g_ ~ 0.2 (2.70)

The amplitude then simplifies to
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e 2 sicagi M M.
ABBLTT) = - = P (M ~ M) (2.71)
/ ! W
X
(27)* (g% — ie)(q? — M} — ie)(¢? — M2 —ie)

To see this keep in mind that in the limit of small 8 we have u ~ %’_‘.

After applying the approximation eq. (2.13) for the nuclear matrix ele-
ments we can compare the above expression with the amplitude of the GR
model. This yields an equivalent g.q of

3
gerr ~ (0.0006)s2c2g2 ( ,Q ) ~ 1071 (2.72)

where the values of eq.(2.70) have been applied and we take the mixing angle
to satisfy tan (@) ~ 1/v/2 to maximize the rate (i.e. equivalently M, ~
2M_). Specifically we take M, ~ Ep ~ Q@ ~2 MeV, g_ ~ 0.2, 5y ~ 0.1 and
M, ~ 6pp ~ 360 MeV.

In the above we have chosen 0.2 as the maximal value for g_, as is naively
required by kaon decay measurements (see section 2.6). 1t is probable that
values as large as g_ ~ 1 would actually prove to be consistent with these
measurements in a more careful treatment, however. This is because the
scalar’s derivative coupling provides an additional suppression to its contri-
bution to kaon decays. If so, then the upper bound on g.q can be relaxed to
around g.g < 10712,

It is clear that this rate is far too small to have any chance of being
detected, largely due to the suppression by powers of (0 that originate with
the extremely soft electron spectrum. We cousider this model therefore only
as an example that such au exotic decay spectrum, with spectral indexn =7,
can in principle exist.

Notice that this type of models, where the energy spectrum of the out-
going electrons is softer than the SM 38,, spectrum, is hard to detect ex-
perimentally, not only because it secins to he difficult to create models that
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predict appreciably strong decay rates, but also because the background is
strongest for small electron energies. In fact the background is so strong
that an n = 7 decay spectrum could have hidden behind it and so remained
undetected up to now.

2.6 Phenomenological constraints

Here we will discuss the various plienomenological constraints tlie models
discussed in the previous sections (2.4 and 2.5) have to satisfy. Since the SM
1s in these models supplemented by additional sterile neutrinos and scalars
we focus primarily on the constraints on these.

2.6.1 Laboratory limits

There is a wide variety of experimental constraints on models involving elec-
troweak singlet neutrinos and scalars. For lieavy sterile neutrinos it is essen-
tially their mixing with the (active) electron neutrino that is bounded. The
bounds obtained on this coupling can be subdivided into different classes
according to whether they stem from high-energy precision electroweak mea-
surements rather than from low-energy data, or according to whether the
sterile neutrino decays dominantly via the SM charged current weak process
or not. The coupling of gauge singlet scalars to neutrinos on the otlier hand
can be bounded through the non-observation of exotic meson decays. Most
of these experimental bounds are explained more in detail in an exccllent
review by Gilman [52].

Decays of pions and kaons

At low energies we have those experiments which examine the decays of pions
[54] and kaons [55] at rest, and seareh for nonstandard contributions to the
decay rate and the outgoing clectron spectrnm. These experiments constrain
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the masses of sterile neutrinos in a model-independent way from a few up to
~ 350 MeV. For example, for neutrinos in the mass range between 1 and 100
MeV, the measured I'(m — ev)/I'(m — uv) rate provides a mass-dependent
bound on |U,;|. For a 1 MeV neutrino the bound is |U[? < 1073 at the 90%
C.L., whereas the respective bounds for a 10 MeV and a 50 MeV neutrino
are 1073 and 5 x 10”7 [54]. Similar searches for a nonstandard component
to K — ev [55] extend this limit up to sterile-neutrino masses of 350 MeV.
These bounds do not malke any assumptions on the decay modes of the sterile
neutrino and can thus be applied to all models discussed before. This is not
generally the case for sterile lepton masses above 350 MeV however as we
will see below.

Thesc same experiments, as well as measurements of the muon lifetime,
also provide the only relevant experimental limits on the couplings of light
scalars as present in the models for Majoron emission of section 2.5. They
do so through the non-observation of weak decays into very light scalars
in addition to neutrinos [56]. Specifically these limits come from precision
measurements of the Micliel parameter, p, in muon decay, and from using the
measured decay spectra of the outgoing leptons to constrain decays such as
K = INyp or 1 = INy. The failure to observe such decays can be expressed
as an upper bound on a hypothetical dimensionless Yukawa coupling, gesr, of
an effective v, — N — ¢ interaction. In terms of this coupling, the current
bounds are respectively for < 5.7 x 1072 (Muon decay), < 1.6 x 10~2 (pion
decay) and < 1.3 x 1072 (kaon decay) [56]'!. Of course, these bounds assume
that the kinematics permit the emission of Ny in these decays.

Decay mode dependent limits

The experiments described here do rely crucially on the assumption that
the isosinglet leptons decay dominantly via their charged current weak in-

1 These bounds can be even more stringent if additional model-dependent assumptions

for the couplings involved are made.



88 2. NEUTRINQLESS DOUBLE BETA DECAY

teractions. They therefore do not apply to the models of Majoron emission
discussed in section 2.5 since in these models the relevant sterile neutrinos
decay dominantly into the light scalars and neutrinos. They are relevant
however for the model of 885, of section 2.4.

The mass threshold of kaons and pions can be circnmvented by investi-
gating the decays of charmed mesons such as observed in beam-dump exper-
iments. These can constrain sterile lepton masses up to ~ 2 GeV, with a
sensitivity of |U|* < 10~7. For masses below ~ 0.5 GeV the bound becomes
as good as |U.|? ~ 0.5 x 1072 [57]. (For a detailed discussion of the involved
detection mechanisms see e.g. [52]).

For neutrinos with masses that are more than a few GeV, measurements
at the Z pole provide the strongest limits. For My < Mz, the best bounds
come from the nonobservation of the decay of a Z into a sterile and a stan-
dard neutrino, Z = N# — W*ei, with the subsequent decay of the sterile
neutrino through a virtual boson, 117*, The bound obtained in this way is
[Uail? < 7 x 1075 [53, 58, 59].

Universality bounds

The best decay mode independent limits for sterile nentrinos with masses
above ~ 350 MeV come from the reduction of the effective charged-current
coupling of the electron, which is suppressed by the cosine of the mixing angle
between v, and the heavy sterile state. This reduction potentially affects elee-
troweak precision experiments by influencing the measured value of Fermi’s
constant, Gr, that is inferred from muon decay. It also sliows up as a failure
of lepton universality in low-energy weak decays. This leads to the bound
|Uei| < 7.5 % 1072 (20) for masses above ~ 350 MeV [10, 60]. Anotlier bound
comes from the reduction of the neutral current coupling of the electroun-
neutrino, leading to a deecreased number of light neutrino species as deduced
from Z's invisible width., However this bound is somewhat weaker than the
aforementioned universality bound, and applies only to sterile neutrinos that
are lieavier than about 90 GeV, lience it is of no particular importance in
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our case.

Connection to the models presented before

u

In the case of the model for 88§, discussed in section 2.4 all of the bounds
mentioned above apply. They have been summarized in figure 2.5 on page 75.
The region so constrained in the mass-mixing angle plane is the area below
the solid line in this figure.

For the models of Majoron emission in section 2.5 there is only one sterile
state, the heavy Dirac neutrino v,, that mixes with v, and we need only
constrain the masses and mixings of this one particle. Since in this case the
bounds coming from beam-dump experiments and the search for exotic Z
decays do not apply the strongest limit for M, 2 350 MeV is the universality
bound presented above. To maximize the 33, rate we prefer a mixing angle,
#, that is as large as possible, and so we choose v, to be heavy enough to
evade the bounds from pion and kaon decay — A, 2 350 MeV — and we
take @ to saturate the universality bound — 8 < 7.5 x 102,

The bounds on scalar-neutrino couplings applies in these models if the
L, = O sterile fermions, N, are sufficiently light compared to the w, K andfor
i, as is certainly the case for my, ~ 1 MeV. For my, in this mass range,
the effective coupling that is then bounded in this analysis tnrns out to be
Get & SgCog+ (g4 for the 'n = 3" and g_ for the 'n = 7" model). As a result,
keeping in mind the bound on & above, the couplings g+ must be smaller
than 0.18.

1t 1s clear however that provided N, is too hieavy to be produced in these
kinds of decays (i.e. my, 2 350 MeV) then the bound described above
no longer applies, and g: can be of order unity. Ve are led to cousider
mp, ~ 1 MeV because of the specific way we choose to avoid conflict with
nucleosynthesis (see subsection 2.6.2 below). If another way to evade this
bound should be found, or if we simply accept the comparatively large num-
ber of effective degrees of freedom contributed at this epoch, then g4 can
indeed be as large as g3 ~ 1.
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2.6.2 Nucleosynthesis

Standard big-bang cosmology very successfully explains the abundances of
light elements produced during the nucleosynthesis (BBN) cpoch [61]. In
fact, this success leaves little room for the existence of new species of parti-
cles at this critical time. Specifically if there were new particles present at
a temperature of ~ 0.1 — 2 MeV their additional degrees of freedom would
increase the expansion rate of the universe leading to an earlier freeze-out of
neutron-proton converting interactions and thus to a larger amount of neu-
trons that eventually would be coolked into * He 12. The bound on the number
of additional degrees of freedom is conventionally stated in terms of the max-
imal number of additional Jight neutrino species allowed at nucleosynthesis

§N, [63):
8N, <04 (95%C.L.) (2.73)

This bound, being based on observed abundances of light elements such as
iHe,"Li,2H and 3He, has to be interpreted with caution. First it is not
straightforward to extrapolate from the observed to the primordial abun-
dances (especially in the case of "Li) and second there is currently a contro-
versy going on ([63], [64]). Hata et.al. [64] have very recently pointed out
that the total number of light neutrino degrees of {freedom actually preferred
by nucleosynthesis seems to be incompatible with 3 so that the bound (2.73)
can only be obtained by imposing the constraint 6N, > 0 to the data, and
therefore corresponds to a very bad fit. According to them the preferred
number of light neutrino species at nucleosynthesis actually is

N,=20+03 (lo) (2.74)

which seems to be in conflict with what one would normally expect for the
SM of electroweak interactions. As we will see below one of the ways we

try to accommodate micleosyntliesis in the models of Majoron emission can

12For a well written introduction to BBN sce [62].
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actually lead to an effective number of light neutrinos that is smaller than 3,
well in agreement with equation {2.74).

The basic condition to satisfy the bound (2.73) is to ensure that the en-
ergy density at the nucleosynthesis temperature, Tppy ~ 1MeV, due to
additional particles is much less than that of an ordinary neutrino species.
For sterile particles that are still relativistic during BBN (i.e. with masses
below ~ 1 MeV) this can be realized by haviug them decouple before the
QCD phase transition at Tgep ~ 200 MeV. In this case they become suf-
ficiently diluted compared to ordinary particles due to the reheating of the
photon bath during the phase transition {sce e.g. [62]).

If the particles are heavier than ~ 1 MeV on the other hand the most
straightforward way is to not having them being present at all during nucle-
osynthesis. This can most easily be achieved by letting them decouple and
subsequently decay sufficiently early, In fact this is the bound relevant for
the model of B85, of section 2.4, since the heavy sterile neutrinos in this
model dominantly decay through charged current weak interactions and thus
liave much longer lifetimes than the sterile neutrinos of comparable mass in
the Majoron models of section 2.5.

Unfortunately these methods are not of any help as soon as there is a
light (m < 1 MeV) particle which is still in thermal equilibrium with either
the SM neutrinos or the photon bath at BBN and so has an unsuppressed
contribution to the energy deusity. This is ¢.g. the case for the very light
scalars of the Majoron models of section 2.5, since these couple through
dimensionless couplings to ordinary neutrinos, such as v, and are so kept in
thermal equilibrium down to the relevant temperatures. In fact this makes a
conflict with nucleosynthesis generic for models which can produce 843, and
B8, decays.

Luckily there is a loophole in the above reasoning, provided there are
sterile neutrinos with suitable masses and conplings present in the theory,
as was first observed in {65] and applied to a case similar to the present one
in [44]: Suppose that a heavy neutrino state cither decays [65] or annihi-
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lates [44] into particles that are in equilibrium with ordinary neutrinos, right
after these neutrinos freeze out of chemical equilibrium with the photon bath
(i.e. T, ~ 2.3 MeV.) Provided this happens before the neutron-proton ratio
freezes out (at T,;, ~ 0.7 MeV), then the abundance of neutrinos will be in-
creased relative to the standard cosmological scenario. This overabundance
of neutrinos will act to suppress the neutron abundance at freezeout, and
so decreases the predicted production of *He. As a result it contributes to
nucleosynthesis as a negative contribution to N, [65).

Consider, therefore, a single Majorana neutrino with a mass in the critical
region (i.e. ~ 1 —2 MeV) whicl is still in equilibrium with ng species of real
scalars in addition to the np = 3.species of ordinary neutrinos, when it
becomes nonrelativistic. Such a particle will annihilate out right during the
critical epoch, thereby heating the neutrino-scalar bath above that of the
photon bath. Then the magnitude of 6NV, that results due to the above

mechanism turns out to be [65, 44] 6N, = —4.66n, where
E\? 1) + 4ng\*?
= (2)(2) 1= (Bt Ty ey
e/ \FE, ng+7ns

Here n/n, and E/E, denote the ratios of the electron-neutrino number den-
sities and energies after and before anmhilation. The second expression is
obtained from the first one using entropy conservation.

Connection to the models discussed before

According to the Supernovae bound discussed below the heavy sterile neutri-
nos N} of the 88§,™ model of section 2.4 have to be heavier than ~ 50 MeV,
To avoid conflict with nucleosynthesis they therefore have to decay with life-
times shorter than ~ 0.1 sec. This excludes any values for masses and mixing
angles that do not satisfy tlie following condition:

My 5 ) "
il L oOX i
Ge\if IU | 2 36x10" (2 76)
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This limit is depicted by the line labelled (a) in figure 2.5 on page 75. Values
that lie to the left and below this curve are excluded. Upon closer inspection
one sees however that the sterile neutrinos NV} do only decouple after having
become nourelativistic i.e. when they lie to the right or above line (b) in the
same figure. This is because the region where the neutrinos decay sufficiently
fast and decouple while being relativistic, i.e. the region between lines (a)
and (b), drives one into a regime which is excluded by the laboratory bounds
provided one asks for a 835, rate close to observability at the same time.
So for the present case of interest particles N} will decouple while being
nonrelativistic, Tp < Afn . In this case their number density is exponentially
suppressed by the Boltzmann factor. This dilution makes them decouple
earlier than one would otherwise expect without Boltzmann suppression.
This is shown by line (c) in figure 2.5: The sterile neutrinos will always
decouple at or above a temperature of ~ 100 McV provided they lie to the
right or below this curve. This in turn means that they have again to decay
fast enough, eq.(2.76), in order not to contribute excessively to the energy
density at nucleosynthesis.

For the models of Majoron emission in section 2.5 the loophole described
before has to be applied in order to avoid conflict with nucleosynthesis. Apart
from a heavy Dirac state v, that has to be heavier than ~ 350 MeV to avoid
the various laboratory limits, these models contain very light complex scalars
as well as massive Majorana neutrinos N,

The sterile neutrinos in these models are kept in thermal equilibrium
with the photon bath by neutrino scattering via scalar exchange. They re-
main therefore in equilibrium long after the temperature has dropped below
their mass. Provided they are sufficiently licavy they will therefore never
contribute to the cnergy density at BBN. However the scalars do cantribute
and so we have to require the Majorana neutrinos to have a mass around
1 MeV, since in this case they annihilate right in time to reheat the neutrino
sector. For the 'n = 3’ model of section 2.5.1 this mecans that the Majorana
state Ny should have a mass m ~ 1 MeV so that we can employ eq.(2.75)
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with Np = 3 and ng = 2 {complex scalar) yielding a shift dn = 0.43 and so
a total number of additional neutrino species 4N, = % ~4.6 x 043 = —-0.86
which jives actually very well with what is required by BBN [64]. As the
mass of N, raises above T, ~ 2.3 MeV, §N, raises to % so that a Ny slightly
lieavier than T, is still allowed. In the 'n = 7' model of section 2.5.3 the large
number of light scalar degrees of freedom necessitates that both Majorana
neutrinos v4 have a mass in the critical vicinity of a few MeV. This then
leads in the 'best’ case to a 8N, = —1.

2.6.3 Other constraints from astrophysics and cos-

mology

As we will see shortly there arise only very few constraints relevant for the
models considered here from the many potential possibilities there are for
such bounds.

Stellar evolution

Sterile particles produced in the core of stars can disrupt our understanding
of stellar evolution since they can provide an extremely efficient additional
cooling mechanism for a star. The sterile neutrinos in the models considered
here are however simply too heavy to be produced in significant numbers
inside the core of a star. They are therefore not constrained by stellar evo-
lution. The same conclusion also liolds for the light scalars in these models,
although for different reasons. In this case the scalars are light enough to be
produced, but they only couple appreciably to neutrinos. But since tempera-
tures and densities insice a star are not sufficiently high to produce a tliermal
or degenerate population of neutrinos, scalars are not produced in significant
quantities from the interior of the star. Direct couplings with other particles,
such as eleetrons, can arise due to loop effects, but these are too small to be
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significant!3,

Supernovae

Populations of neutrinos are maintained, however, within the cores of super-
novae, due to the much higher temperatures (~ 50 — 100 MeV) and densities
that are found there. Here the light scalars as well as the MeV Majorana
neutrinos N can be produced in significant numbers. However since both of
them are also in thermal equilibrium with the ordinary SM neutrinos, they
are trapped in the core of the supernova and so do not lead to premature
cooling.

The situation is completely different however for the G485, model of
section 2.4 since there are no scalars present in this model which keep the
sterile neutrinos in thermal equilibrium with the SM neuntrinos. Yet the ster-
ile states Vi of this model can be produced in significant numbers through
their charged current weak interactions. The strength of these interactions
depends on the size of the mixing angle with the electron neutrino. The
analysis we require is very similar to the case of right-handed neutrines dis-
cussed in ref.[66]. As was shown there one has to consider two cases. First
if the mixing is sufficiently strong the sterile neutrinos will again be in ther-
mal equilibrium so that there arises no bound. If the mixing angle is too
small on the other hand they will not be produced in large enough num-
bers to contribute significantly to a premature cooling of the SN core. Such
a nonstandard cooling mechanism would then lead to a shortened cooling
pulse of SM neutrinos coming from the supernovae and contradict SN 1987A
observations. The bounds that so arisec are:

3 x 1072 < |Uyl, or else |U,| < 1075 (2.77)

they are depicted by the line labelled SN in figure 2.5. Notice that this
bound does not apply for sterile neutrinos that are heavier than the core
temperature of the supernovae (~ 50 MeV).

B3 This is treated more in detail in [33].
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"Present-day’ cosmology

Finally one might worry about the influence the light scalars entertained
in models of section 2.5 might have on structure formatiou and the energy
density of the universe observed today. Since ¢ would remain in thermal
equilibrium with the electron neutrinos (through exchange of virtual Majo-
rana states N) until a temperature in the region of 1 eV if it was light, it
inevitably annihilates out to the neutrino sector once it becomes nonrela-
tivistic. It will therefore never dominate the energy density of the universe
and hence also not affect structure formation nor the age of tlie universe in

any significant way. This in turn means that ¢ can have any mass below
1 MeV. '



Naturally degenerate

Neutrinos

As has been pointed out by refs.[67] the solar neutrino problem, the atmo-
spheric neutrino anomaly and the presently required amount of hot dark
matter (HDM) can be simultaneously deseribed only by the known three
neutrinos, provided they are almost degenerate in mass. This chapter dis-
cusses this scenario and presents an explicit model that produces the required
mixings and squared-mass splittings in a natural way [4]. The model is set in
a see-saw scenario in which the light neutrino masses are primarily generated
by a family of heavy singlet neutrinos. It assumes the existence of an ap-
proximate family symmetry which mixes the light neutrinos as well as their
right-handed partners among themselves. This symmetry is then explicitly
broken by tlie interactions of a heavy sterile neutrino leading to the required
departure from complete degeneracy.

97
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3.1 Introduction

The main signature for neutrino mass is, apart from neutrinoless double-beta
decay discussed in the previous chapter and ’direct’ observation in electron
endpoint spectra in single beta decays, the observation of flavor oscillations.

Since massless neutrinos (and massive but strictly degenerate neutrinos
for that matter) are necessarily flavor diagonal, they preserve this quantum
number during propagation and no oscillations are observed. As soon as neu-
trinos have a non-degenerate mass pattern however, a nontrivial CKM-type
mixing in lepton-flavor space becomes possible, and consequently flavor eigen-
states are then linear combinations of different mass eigenstates. These mass
eigenstates propagate differently with a time dependence exp (—it(p + %))
(ultra-relativistic case) that lcads to an evolution of tle flavor content as the
neutrino propagates through space. The ])robabiliity that a neutrino flavor
s’ has transformed to another flavor ’;' after it has travelled a distance L
through space then depends on the mixing angles 8 (i.e. the linear combi-
nation of mass eigenstates that makes up the neutrino), the mass-squared
differences Am?2, = m2 — m} of the mass eigenstates and the neutrino energy
and can be written as (2 neutrino case):

.5 . o { Am?
P(vi = v;) = sin®(26) sin L (3.1)

. 4E
Such oscillations of one lepton-flavor into another can be observed because
charged current interactions are directly sensitive to the flavor content of the
neutrino!. To summarize, neutrino oscillation phenomena require non-zero
mass and lepton-flavor number violation both of which are absent in the

minimal standard model.

Out of the varicus, more or less significant, hints for deviations from the

!Even detection mechanisms based on v — & scattering rely on this fact in that the
'v, — €' scattering cross section is about 7 times bigger that those for 'y, ; — e’ due to the

additional charged current S-channel countribution.
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SM in the neutrino sector only three have survived up to now?. These are the
solar neutrino deficit, tlie atmospheric neutrino anomaly and the possibility
that neutrinos may constitute the bulk part of hot dark matter as required
by Galaxy formation. They are described in some detail below. For a more
thorougl review the reader is again referred to ref.[25] as well as a very recent
account on tlie subject by Paul Langacker [69] and references therein.

3.1.1 The solar neutrino problem

Because of their weak couplings neutrinos penetrate matter much more easily
than other particles. They provide therefore a natural means of probing the
intertor of tlie sun. Carrying to us otherwise unobtainable information about
nuclear reactions in the suns core, solar necutrinos give rise to an itnportant
additional experimental test of astrophysical solar models.

The value of neutrinos as messengers from suns interior is also underlined
by their rich energy spectrum, which coutains independent information about
different nuclear processes. The five most important of which, with respect
to observable neutrino production, are

e The (pp) cycle: E, £ 0.42 MeV
¢ Electron capture by 'Be : E, ~ 0.86 MeV (90%)3

¢ The (pep) reaction : E, ~ 1.44 NMeV

The (CNO) cycle : E, £ 1.8 MeV

Decay of 5B: F, < 14 MeV

INotice that there is a recent, though still very tentative indication for new physics,
coming from the possible observation of neutrino oscillations at LSND [68], which is ignored

bere.
3There is another line at 0.38 McV (10%) which is less important for present day

experinents.
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where the energy of the neutrinos produced is indicated. The (pp) cycle, the
main source of energy in the sun, is a reaction chain that converts 4 protons
to “*He 4 2et + 2v,. Among its side products one also finds small amounts
of the heavicr elements "Be and ®B. The B decay produces a continuous
neutrino spectrum whereas the neutrinos produced by electron capture of
"Be have distinct energies. A monochromatic peak is also produced by the
(pep) reaction 2p+ ¢ = d + v’. Finally there is the (CNO) cycle where the
fusion of four protons to *He is catalyzed by a 12C. The decays of the Leavier
elements F;, N and O produced in the intermcdiate steps of this cycle give
rise o a continuous neutrino spectrum.

How 1is this rich energy spectrum being probed on earth? There are
currently four experiments based on three different detection mechanisms
running. All these experiments hiave a lower encrgy threshold below which
they are no longer sensitive to neutrinos and so as this threshold becomes
smaller they detect neutrinos stemming from a larger set of nuclear reactions.
The different experiments, tleir used detection mechanism, energy threshold
and measured neutrino fluxes are summarized in table 3.1.

Upon inspection of table 3.1 one notices that the measured neutrino fluxes
are significantly smaller than what one would expect within the standard
solar model (SSM). This is what people originally referred to as the solar
neutrino problem.

A second aspect arises when one compares the Homestake with the Ka-
miokande result. Homestake reports a stronger suppression but is at the same
time also sensitive to "Be neutrinos. This discrepancy can only be resolved if
the "Be neutrino flux is almost completely suppressed compared to its SSM
prediction®.

This experimental situation makes it very hard to cxplain the solar neu-

4 Actually the central value of the “Be flux as obtained from a combined fit of the four
experiments turns out to be slightly negative. Upon excluding the unphysical region in
the fit one obtains an upper bound of 0.07 (95%CL) in units of the SSM flux (sce e.g.

ref.[69] and references therein).
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Experiment{s) | Detection mechanism Energy threshold Measured
and sensitivity neutrino finx

Hc;—mesta.ke YCl+v, 23 Ar+e™ - E, > O.S_I-E‘ICV 0.32 % 0.05
{Chilorine) pep, CNO, "Be and *B

SAGE, "Ga+v, +" Gete™ E, > 0.23 MeV 0.59 +0.08
GALLEX (Gallium) incﬁﬂli‘:li.gtlt?lfeagg?\cr:c)'cle

Kamiokande |  ‘vatgr Cerenkov E,>7MeV 0.50 £ 0.10

o | gy

Table 3.1:

The four solar neutrino experiments. The third column gives the lower energy

threshold below which experiments are no longer sensitive to neutrinos. It also

indicates the nuclear processes to which the corresponding experiment is sensitive.

The last column gives tlie solar neutrino flux as measured by those experiments (a

combined value is given for the two Gallinm experiments) in units of the Balicall

and Pinsonneault (BP) standard solar model expectation. The errors indicated

arc the combined experimental and theoretical errors.
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trino problem in terms of astrophysical solutions. Nonstandard solar models®
can explain for an overall suppression of the "Be and ®B fluxes because they
often lead to a smaller core temperature of the sun and these fluxes depend
strongly on this temperature ("Be-flux ~ TS, 8B-flux ~ T8 ). However
reducing the core temperature should suppress the ®B flux much mnore than
the "Be flux. In other words since 3B is made from ?Be it seems impossible to
get the "Be flux smaller than the #B flux by means of astrophysical solutions
alone. Also (pp) cycle neutrinos, direct witnesses of the main energy pro-
duction mechanism inside the sun, are subject to the total solar luminosity
constraint and hence vary only weakly with T,,... Nonstandard solar models
are therefore not suited to explain the (pp) neutrino suppression.

What has been said above makes clear that an astrophysical solution of
the solar neutrino problem is unlikely, and an explanation in terins of particle
physics is asked for®. ' '

In fact vacuum neutrino oscillations as described bhefore constitute a sim-
ple solution to the solar neutrino problem on their own. An clectron neu-
trino produced in the suns core could have converted to another flavor on
its journey to earth and be invisible to our detectors, leading to an apparent
depletion of the neutrino flux. This ’just-so’ solution has a long oscillation
length and would require mass-squared differences around Am? ~ 10710 V2
and )arge mixing angles sin® 26 2 0.75.

Another, very popular and probably also more 'natural’, explanation is
the so-called Mikheyev-Smirnov-Wolfenstein (MSW) mechanism[70].

This mechanism places neutrino oscillations in the interior of the sun
where the matter background, cssentially the electron density, affects the
flavor oscillation. In fact the mass éigenstates depend on the electron den-

5There is a large variety of nonstandard solar inodels that are obtained by e.g. exploit-
ing uncertainties in nuclear cross sections or by departing from the miuimmal version and

including new ingredients such as e.g. large magnetic fields in the core.
50f course there is the third possibility that some of the experiments do not give correct

results.
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sity and evolve to their vacuum values as one leaves the sun. In addition
transitions between the different mass eigenstates become possible as saon
as off-diagonal elements (of the mass matrix) are introduced by a strongly
varying electron density. This mechanism allows for a complex energy depen-
dent suppression of electron neutrinos on earth. It jives very well together
with the standard solar model in fits to the data.

The MSW solution requires that the electron neutrino oscillates to an-
other species’ (v, — v, or v, — ;) with the following squared-mass splittings
and mixing angles:

Am? ~107° eV?, sin?20 ~ 1072 or sin?20 ~ 0.5 (3.2)

i.e. there is a small angle non-adiabatic’ and a large angle 'vacuum’ solution.
Furthermore, if v, — v, conversion provides the MSVV solution and the at-
mospheric neutrino deficit described below is due to v, — v, oscillations then
the latter also depletes the solar neutrino flux and the allowed squared-mass
difference for the v, — v, oscillations is enlarged to include Am2, ~ 10-* eV?
[71].

3.1.2 The atmospheric neutrino anomaly

As cosmiic rays hit the outer layers of the atmosphere highly energetic mesons
and hadrous are produced. They in turn give rise to the so-called atmospheric
neutrinos via their subsequent decays. The main production mechanisim of

these neutrinos is the pion decay chain:
+ +
T = 1A M
ut = et + 7 + v (3.3)
Neutrinos proditced in such a way have in general much higher energies

(~ GeV) than the solarones (~ MeV) and so constitute an entirely different
part of the overall neutrine spectrum ohserved on earth.

"The oscillation to a sterile species is also possible (v, — v,) but is not considered here.
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It is difficult to predict the absolute atmospheric v, and v, fluxes on
earth however, mainly because of the incomplete knowledge of the cosmic
ray spectrum and theoretical estimates typically involve errors as large as
30%. This obstacle can be avoided by considering only the ratio

®(v, + Z)

R
(I)(Ve + V_e)

n

(3.4)

of absolute 1, versus v, fluxes. Theoretical estimates of R then typically
yield errors around 5%.

Naively one would expect R ~ 2 from the main production chain eq.(3.3).
However not all of the muons decay before they reach earth and so R is
generally larger than 2 and depends on neutrino energies. This effect starts
to be important for neutrino energies above ~ 1 GeV 8,

Experiments often state their results in terms of the 'ratio of ratios’

R exp
Rth

i

(3.5)

where Ry, is usually determined by Monte-Carlo simnlations taking detector
specifications into account.

The atmospheric nentrino anomaly consists of the fact that some exper-
iments observe a value of # which is smaller than one.

The collaborations which do so are the two Cerenkov detectors IKamio-
kande and IMB as well as the tracking calorimeter Soudan 11 (they all observe
an r value aronnd r ~ 0.6) although the latter one has significantly larger
errors - as do the two remaining experiments of the same type, NUSEX and
Fréjus, both of which report central values of r close to 1 but with very large
errors?. The exact experimental results as well as references to the various
experimental groups can be found in [25].

8For sub-GeV neutrinos It is only a few percent larger than 2.
?Notice that the anomaly was also obscrved for multi-GeV events by Kamiokande.

This excludes a possible explanation in terms of proton decay, and in fact atmospheric

ncutrinos constitute a major background for proton decay searches.
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If these values of r were to be taken at face value they would represent
either a v, deficit and/or a v, surplus and could be explained by means of
large angle neutrino oscillations v, — v, or v, — v, in vacuum'®. The required
squared-mass splittings and mixing angles are

Am? >~ 1072 eV2 s®20~0.5 (3.6)

This oscillation solution is also supported by an observed, although statisti-
cally not yet completely convineing, dependence of multi-GeV events on the
azimuthal angle (Kamiokande).

The atmospheric neutrino anomaly is however much Jess credible than
the solar neutrino deficit. This is mainly due to the fact that the dcficit has
not been observed by the Fréjus and NUSEX collaborations {although the
involved errors are so large that their results are still compatible with a low r
value). Also IMB has excluded some parts of the parameter space of v, — v
oscillations by looking at upward-going muons. Specifically they analyzed the
numbers of stopping to through-going muous and compared the upward- with
the downward-going muon fluxes (although here the background presents an
important problem). Morc recently the negative results of Fréjus as well as
the final results of the Bugey reactor experiment have added their part by
excluding a large portion of the available parameter space for the v, — 2,
oscillation salution, leaving only little room for this option.

3.1.3 Hot dark matter

There is now compelling evidence that the bulk of the mafter of the universe
1s invisible, and reasonably persuasive arguments that much or most of this
dark matter is not baryous (Sece e.g. ref.[72]). Furthermore, the obsecrved
distribution of matter on the largest scales, together with the recently mea-
sured pattern of fluctuations in the cosmic microwave background, appear
to indicate that roughly 30% of this particle dark matter should Lhave been

1 Qscillations to a sterile species v, — vy are excluded by nucleosynthesis constraints.
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relativistic during the crucial epach for galaxy formation. If this hot, dark
matter (HDM) should consist of the known neutrinas, certainly the most
conservative assnmption, then their masses should satisfy

Y m, ~7-30 eV, (3.7)

This equation is more commonly known under the form Q,h% = %‘%L which
describes the neutrino contribution to the total energy density ! (normalized
to the critical density) of the universe (see e.g. [62]. The large range allowed
by eq.(3.7) is due to the uncertainty in the value of the Hubble constant
(0.5 < h < 1, where h is the Hnbble constant in nnits of 100 K{m sec™!

Mpc~!).

3.2 Degenerate neutrinos

Several peaple have recently pointed out a solution to all three problems
described above [67]. This solution is particularly simple since it involves
only the known three nentriuo species.

First it is clear that one needs at least three neutrino flavors to solve
the solar and the atmospheric neutrino problem both by means of an oscil-
lation solution. Furthermore the required squared-mass splittings are tiny
compared to the mass scale requested by hot dark matter. The only way to
solve all three points, without having to refer to a light sterile neutrino that
also mixes, is to assuimne that all three neutrinos are almost degenerate with
a mass in the eV range.

Furthermore the so required mass pattern would have to exhibit a hierar-
chy in the splittings. In other words, pairs of oscillating states will differ in
mass by only 1072 eV (and 10~% — 107% eV) out of a total mass which is of
order 1 eV. As was remarked in some of refs.[67], such a degenerate pattern
is difficult to come by in a natural way in rerormalizable gauge theories and,
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in particular, at first sight appears not to be what is expected of a ‘see-saw’
mechanism for generating neutrino masses.

Since the involved neutrino masses are of the Majorana type the overall
degenerate mass value is subject to an upper bound coming from L, violation
measuremeilts in neutrinoless double beta decay. Recently this upper bound
has been significantly improved to m& < 0.68 eV (90%CL) (46]. Although
in the sub-eV range, it can be rclaxed a bit once the uncertainty of the
involved nuclear matrix elements is taken into account. For the degenerate
neutrino scenario this essentially means two things: First, the overall mass
of the neutrinos can at best reach the lower value asked for by HDM eq.(3.7)
- should the required amount of HDM ever increase (or alternatively should
the value of the Hubble constant increase) then degenerate SM neutrinos
could only contribute partially to the HDM - and second, going close to the
B 8,, detection limit means that a non-zero 8y, rate should be observed in
the near future when these limits are further lowered. In the absence of such
an observation the degenerate neutrinos again could not explain HDM on
their own. !!

The following section investigates the structure tlie light neutrino mass
matrix should have in order to produce the right mass splittings and mixing
angles. Section 3.4 then presents a model which generates such a mass pat-
tern in a technically natural way. The model is set in a see-saw scenario and
applies an approximate family symmetry among the light neutrinos which
is eventually broken by the interactions of a heavy sterile neutrino. The re-
quired hierarchy of small mass splittings is then obtained in terms of heavy
mass ratios, and does not require the introduction of new dimensionless cou-
plings that are much smaller than unity. Sections 3.3 and 3.4 follow very
closely publication [4].

1 As a possible way out there has been recently a mass matrix proposed which is able
to accommodate all the three requirements despite the low limit on the electron mass {73].
However there is as yet no model that explains this 'maximally mixing' mass matrix

naturally.
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To solve the solar as well as the atmospheric neutrino deficit the model
of section 3.4 will use either one of the following two mixing scenarios:

ATM SOLAR
CASEl: v, —ve Ve — Uy (3.8)
CASEIl: vy, —v, Ve — Uy

furthermore it will apply the small angle (non-adiabatic) solution to the
solar neutrino problem. To summarize, it will generate the following mass
splittings and mixing angles {c.f. eqs.(3.2 and 3.6)) :

Am|[ eV] sin® 28

ATM 1072 0.5 (3.9)
SOLAR : 107%—10"* 10-2

3.3 A mass matrix that works

The main observation for the purposes of model building is that the light-
neutrino mass matrix should be a sum of successively smaller contributions:

m = mg+m, + my (3.10}

with mgy = mp I proportional to the 3 x 3 unit matrix, m, a rank-one matrix
with elements which are O(1072my) in magnitude, and my a generic matrix
whose clements are O(10~*my).

A representative example of a matrix of this type, which is of the form
that is actually generated by the model of the next section, is:

m:mg[l-}-eeeT—d (efT+feT)+{ffT]. (3.11)

In this expression, mp =~ 1 — 2 eV sets the scale of the common over-
all mass, e and f are arbitrary unit vectors in neutrino flavor-space, i.e.
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efe = ¥7_,e? =1 etc. The three quantities ¢, § and ¢ are all taken to be
much smaller than unity.
Upon diagonalization of matrix (3.11) one obtains the following eigen-

values:

mg = my

My = My {(1 + f"-';'“é - (500) (312)

+ % (€ + €2 + 462 — 45(e + E)ca — 2¢€(1 — 20§)]1/2}

where ¢, = e f. ¢, denotes thus the cosine of the angle o between the
vectors e and f. The corresponding eigenvectors are:

o S
(e+) =7 7 (e’), and e;=exe (3.13)
e_ —sp ¢/ \e

here the mixing angle # is given through

2(Eco — 8) 54

tan 26 =
a € —28c, —&(1 —2c2)

(3.14)

and the vector € is defined to be the unit vector which is orthogonal to e
and coplanar with e and f. It is given explicitly through

¢ = 1 (f —coe). (3.15)

o

Using the eigenvectors eq.(3.13) we can now readily write down the mixing
matrix V which relates the weak-interaction to the propagation eigenstates:

Ve eiCo+ 5t (fi—eica) —eise+L{fi—eica) -(cafsi—esfo)\ vy
vy |=| 2ot 2 (fa—eaca) —easp+ L (fo—eaca) =(eafi—eifs) [ v
vy eaco+2 (fy—esca) —exsg+2(fy—esca) -(erfo—erfi)/ \vg

(3.16)
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Given this mixing matrix and the mass eigenvalues eq.(3.12) we would now
like to see what choices for the various parameters can reproduce equations
(3.8) and (3.9). In fact the two cases of eq.(3.8) are reproduced by the
following choice for €,4 and £:

CASEI : e~e2> b~ >t~
CASEIl : ¢~ b~ e~ (3.17)

where ¢ is a smallish parameter of the theory and is about ¢ ~ 0.1 for the
case of interest. As we will see in the following section, these values for ¢, 8
and £ can be naturally obtained within the speccific model presented there.
Using relations (3.17) the mass eigenvalues of eq.(3.12) simplify to {(CASE I):

6252
my = my [1 +e— 2.0 +cEE+ T“ + 0(65)]
6252

€

m- = my l:l + 53¢ - + 0(65)] (3.18)
These expressions imply the mass splittings: Am?_ ~ Am}, ~ O(¢?) and
Am?2_ ~ O(e*). Notice that the smaller splitting here is O(e?) even though
the parameter § is itself of order £3. Given that eq.(3.12) is symmetric under
the exchange ¢ & £ one obtains similar mass splittings as in eq.(3.18) also
for the CASE II where the hierarchy of € and £ is reversed.

The expression for the mixing angle § also simplifies to become:

CASE ] tan26 = _Q:SSO ~ Ofe)
2Ca8, _
CASE 11 tan 26 = T2 = tan 2a ~ O(1) (3.19)

The mixing matrix V of eq.(3.16) can now be further simplified by making
the following choices:

CASE1 : e=(sg,¢3.0); f=(0,0,1)

CASE Il : e=(sp,¢3,0); f = (caSp,Cals Sa) (3.20)
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where sg and ¢g denote the sine and cosine of an up-to-now arbitrary angle
B. The choice of e and f in CASE I implies that ¢, = 0 so that both cases
lead to the following simplified mixing matrix:

SpCy —383Sg Ca
V = CaCp —Cg8p —S8g |- (321)
Sa Cp 0

The conditions of equations (3.8) and (3.9) can now be satisfied in the fol-
lowing way:

For CASE 1 eq.(3.19) implies that sin?26 =~ 102 so that we can solve
the solar neutrino problem through v, — v,’ oscillations. By choosing then
B to be large so that sin? 28 ~ 0.5 the atmospheric ncutrino oscillations are
governed by ‘v, — 1’ oscillations.

In CASE Il on the other hand § =~ a need not be small so that by choosing
sin? 20 = 0.5 we satisfy the atmospheric neutrino observations through 'v, —
v,' conversion. The MSW v, — 1’ solution can then be obtained by taking
sin? 28 =~ 1072

3.4 A model of naturally degenerate neutri-

nos

3.4.1 Masses and Yukawa couplings

We now would like to build a model which naturally produces a mass matrix
of the type of eq.(3.11). In order to do so we must ensure, as a first approxi-
mation, a degenerate set of eV neutrinos. We can easily do so by demanding
an approximate symmetry under which the light neutrinos rotate into one
another in a real representation. We therefore require an approximate 0(3)
symmetry under which the usual standard-model (SM) neutrinos, v;, trans-
form according to v; = O;; vj, with O;; areal, 3 x 3, orthogonal matrix. An
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eV-size mass for these nentrinos is then obtained via the see-saw mechanism
[26] throngh introducing three electroweak-singlet nentrinos, s;, which also
transform as triplets under the approximate O(3) symmetry.

With this particle content the most general renormalizable lagrangian
beyond the SM that respects this O(3) symmetry is

Liny = —-1\2—4 (sisi} —A(Lis;) H+he (3.22)
here H = (ﬁ:) and L; = (:_f') denote respectively the SM Higgs and lepton
donblets. As long as M > Av, where v ~ 174 GeV is the SM Higgs vev,
the see-saw mechanism applies and the light nentrinos receive a mass mg =
A2y /M upon diagonalization of lagrangian (3.22). Choosing my ~ 2 eV
then requires A{/A? =~ 2 x 10'? GeV.

It is clear that the O(3) symmetry is not an exact symmetry at this
level since it is explicitly broken in the SM by the charged lepten masses.
Radiative corrections then introduce small O(3) violating terms into the light
neutrino mass matrix. At one loop the induced splittings are proportional
to the corresponding charged lepton masses, although this needs not be so
at higher loops [74]. These radiative corrections are nunfortunately not large
enough to cause the wanted splittings between mass eigenstates and so we
are led to introduce a further source of O(3) breaking.

In order to produce the desired mass matrix of eq.(3.11), we require
O(3)-breaking order parameters, e; and f;, which transform as triplets. We
therefore supplement the model with one more singlet neutrino, N, which is
also nentral nnder Q(3). We permit the couplings of N to the other fields
to explicitly break the O(3) symmetry. The most general renormalizable
couplings for the &V field are then

Ly = —-’;3- (NN) = i (s: N} — g; (Li N) H +hec. (3.23)

The mass matrix that is induced at tree level by lagrangians (3.22) and
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(3.23) then has the following form in a basis of flavor eigenstates:

851 S9 83 N

A
{0 B Ve {Av geV
v .

M= E(BT C) with B = v, Ay gyl
7 Av gpv

5 59 S3 N

s1 (M i

So M H2

and C = s M (3.24)

Nim p2 py m

where 0 is a 3 x 3 zero matrix and the vectors 7 and & are given by 7T =
(Vey vy, v7) and hT = (s, 89, 83, N) respectively.

3.4.2 A desired set of model parameters

Provided that Av, g;v &« M, m, g; we can now partially diagonalize matrix M
above. This is essentially similar to diagonalizing a 2 x 2 see-saw matrix. Af-
ter the rotation, whicli leaves the light neutrino flavor basis (#) undisturbed,
the off diagonal submatrices (what was B in eq.(3.24)) will be zero with the
diagonal submatrices having themselves nonzero entries that exhibit the typ-
ical see-saw hicrarchy. In other words the light neutrino mass matrix m will
be nondiagonal with eV size entries. It is given explicitly through

m=-BC!B? (3.25)

m as obtained by this equation is actually exactly of the form of equation
(3.11) with the vectors e and f being the vectors i and § respectively nor-
malized to unity. In components one finds:

)\21}2 'u2 _ _ﬂi B g2M W

) €= —0, - ) - 3 € =—, g
M mM mA AZm U

i == (3.26
f g( )

mg =
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where g and g are the absolute length of vectors § and f.

Given the connection eq.(3.26) between the model parameters and the
quantities we used earlier it is now straightforward to find representative sets
of values for y;, M, m, g; and A that reproduce the solutions of eqs.(3.8,3.9).
Three possibilities for each of the two cases are:

la) p~eM ~em ; g~e?)
) p~M  ~e'm o g~ed

I ~Mfe ~&m ; g~ A
) e~ M/ g (3.27)

(

(

(

Ma) p~eM ~e&m ; g~
(IIb) p~e*M ~e*m ; g~el
(

He) p~M ~e'm ; g~ Ae

3.4.3 Naturalness

There are two issues that have to be considered:

First we are interested to see how the demanded hierarchy in the squared-
mass differences (1072,107%) (3.11) is realized in this model. In fact the re-
quired small splittings amongst the light-neutrino masses are ultimately due
to the relative size of the symmetry breaking terms, y; and g;, in comparison
with the O(3)-invariant couplings, M, m and A. However, as can be seen
from eq.(3.27), the ratios of these couplings need not always be small. In
fact one can choose model parameters such that any ratios are not smaller
than 1072 (c.f. examples (Ia),(Ib) and (IIb) above) and still the wanted mass
hierarchy is reproduced.

The second issue concerns loop corrections. How do O(3) violating ra-
diative corrections affect the mass pattern that has arisen at tree level in the
above model? SM electroweak interactions, as has already been mentioned
before, do not give rise to sizeable contributions that could compete with
the tree level inferred ones above. But how is it about the O(3) violating
terms of eq.(3.23)7 Is it consistent to choose the O(3)-breaking interactions
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\ .
7
P T I /’)“-""
Ve \\ Vg \\
/ A / A
vV N \ v Vi N \ v
(a) (b)

Figure 3.1: Examples of radiative corrections that give rise to O(3) violating
operators. Graph (a) shows a contribution to a neutrino kinetic term. Diagram

(b) yields a large-logarithm enhanced contribution to the (L;L;)H H operator.

as large as we have and yet not to include any N-independent O(3)-breaking
terms, such as (s;s;), (Lis;)H or (L;L;)HH? The answer to this question
is 'yes’ although it gives rise to some additional constraints for the values of
the involved couplings.

It is clear that loops involving the symmetry-breaking N-interactions
must inevitably induce all possible O(3)-breaking couplings amongst the
other neutrinos. But the point is that unless g;, A and ¢i/ A should be larger
than ~ 0.1, these induced terms only perturb the above mass eigenvalues by
amounts that are smaller than a part in 10* — 10°, and so they are negligible
in comparison to the effects which we have considered.

This is particularly clear for the induced contributions to symmetry-
breaking operators like (s; s;), since the one-loop contributions to these are
strongly suppressed by small mnass insertions or loop factors. (These sup-
pressions arise because any symmetry-breaking loop must necessarily involve
a virtual N field, and this only becomes possible, given only two external
s; lines, at two loops and beyond, or at one loop with a number of mass
insertions.) .

Notice that the constraint g;/A £ 0.1 - quoted above and explained below
- rules out the examples (Ic), (ITa) and (1Ic} of equation (3.27) leaving us only
with those cases that were anyhow favoured by the hierarchy considerations
above.
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Loop-induced corrections to the remairing symmetry breaking operators
(Lis;)H and (L;L;)H H can arise at 1-loop however - two examples are shown
in figure 3.1 - they are for example generated by flavor changing contributions
to the various neutrino kinetic terms (see graph (a) in fig. 3.1).

Their generic size is respectively of order Ag;g;/(167%) and g;g;/{(167?%),
which is innocuous provided that g; and X are smaller than 0(0.1). One of
the most dangerous contributions comes from corrections that are enhanced
by large logarithms. An example is the second graph of figure 3.1. 1t con-
tributes to the operator (Z;L;) HH and is induced by the Higgs self-coupling
¢ (HH)2. This graph contributes an amount to £ which is (-dependent, but
of order ((g/4n\)? In(m% /M?). For a small Higgs mass my ~ 80 GeV and
a large Higgs self interaction ¢ ~ 0.1 this can be numerically as large as
~ 0.03(g/A)%. Such an enhancement can strengthen the bound on g/ by
factors of 5 or so.

To close this chapter it should be said that the model presented above
represents an existence proof for the degenerate neutrino solution to the at-
mospheric and the solar neutrino problem as well as HDM. The same problem
has also been approached - at about the same time - by several other authors
from the point of view of SO(10)} grand unified theories {75).
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