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Preface

The last decade has seen a revolution in neutrino physics. The establishment of
a non-vanishing neutrino mass in neutrino oscillation experiments is one of the
major new achievements. In this context the problem of missing solar neutrinos
could be solved. In addition, limits on the absolute neutrino mass could be
improved by more than an order of magnitude by beta decay and double beta
decay experiments. Massive neutrinos have a wide impact on particle physics,
astrophysics and cosmology. Their properties might guide us to theories Beyond
the Standard Model of Particle Physics in form of grand unified theories (GUTs).
The precise determination of the mixing matrix like the one in the quark sector
lies ahead of us with new machines, opening the exciting possibility to search for
CP-violation in the lepton sector. Improved absolute mass measurements are on
their way. Astrophysical neutrino sources like the Sun and supernovae still offer a
unique tool to investigate neutrino properties. A completely new window in high
astrophysics using neutrino telescopes has just opened and very exciting results
can be expected soon. Major new important observations in cosmology sharpen
our view of the universe and its evolution, where neutrinos take their part as well.

The aim of this book is to give an outline of the essential ideas and basic
lines of developments. It tries to cover the full range of neutrino physics, being
as comprehensive and self-contained as possible. In contrast to some recent,
excellent books containing a collection of articles by experts, this book tries to
address a larger circle of readers. This monograph developed out of lectures given
at the University of Dortmund, and is therefore well suited as an introduction for
students and a valuable source of information for people working in the field. The
book contains extensive references for additional reading. In order to be as up-to-
date as possible many preprints have been included, which can be easily accessed
electronically via preprint servers on the World Wide Web.

It is a pleasure to thank my students M Althaus, H Kiel, M Mass and
D Miinstermann for critical reading of the manuscript and suggestions for
improvement. I am indebted to my colleagues S M Bilenky, C P Burgess,
L diLella, K Eitel, T K Gaisser, F Halzen, D H Perkins, L. Okun, G G Raffelt,
W Rhodejohann, J Silk, P J F Soler, C Weinheimer and P Vogel for valuable
comments and discussions.

Many thanks to Mrs S Helbich for the excellent translation of the manuscript

Xiii



X1V Preface

and to J Revill, S Plenty and J Navas of Institute of Physics Publishing for their
faithful and efficient collaboration in getting the manuscript published. Last, but
not least, I want to thank my wife for her patience and support.

K Zuber Oxford, August 2003



Notation

Covering the scales from particle physics to cosmology, various units are used. A
system quite often used is that of natural units (¢ = h = kg = 1) which is used
throughout this book. Deviations are used if they aid understanding. The table
overleaf gives useful conversion factors in natural units.

In addition, here are some useful relations:

hc = 197.33 MeV fm
lerg=10"7J
1 Mg =1.988 x 10°° kg
1 pc = 3.262 light years = 3.0857 x 10'® m.

Among the infinite amount of Web pages from which to obtain useful
information, the following URLs should be mentioned:

http://xxx.lanl.gov (Los Alamos preprint server)
http://adsabs.harvard.edu (Search for astrophysical papers)
http://www.slac.stanford.edu/spires/hep (SLAC Spires—Search for High
Energy Physics papers)

e  http://neutrinooscillation.org (The Neutrino Oscillation Industry)
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Chapter 1

Important historical experiments

With the discovery of the electron in 1897 by J J Thomson a new era of physics—
today called elementary particle physics—started. By destroying the atom as the
fundamental building block of matter the question arose as to what other particles
could be inside the atom. Probing smaller and smaller length scales equivalent to
going to higher and higher energies by using high-energy accelerators a complete
‘zoo’ of new particles was discovered, which finally led to the currently accepted
standard model (SM) of particle physics (see chapter 3). Here, the building blocks
of matter consist of six quarks and six leptons shown in table 1.1, all of them being
spin—% fermions. They interact with each other through four fundamental forces:
gravitation, electromagnetism and the strong and weak interactions.

In quantum field theory these forces are described by the exchange of
the bosons shown in table 1.2. Among the fermions there is one species—
neutrinos—where our knowledge today is still very limited. Being leptons
(they do not participate in strong interactions) and having zero charge (hence
no electromagnetic interactions) they interact only via weak interactions (unless
they have a non-vanishing mass, in which case electromagnetic and gravitational
interactions might be possible), making experimental investigations extremely
difficult. However, neutrinos are the obvious tool with which to explore weak
processes and the history of neutrino physics and weak interactions is strongly
connected.

The following chapters will depict some of the historic milestones. For more
detailed discussions on the history, see [Sie68, Pau77].

1.1 ‘The birth of the neutrino’

Ever since its discovery the neutrino’s behaviour has been out of the ordinary. In
contrast to the common way of discovering new particles, i.e. in experiments, the
neutrino was first postulated theoretically. The history of the neutrino began with
the investigation of S-decay (see chapter 6).



2 Important historical experiments

Table 1.1. (a) Properties of the quarks: 7, isospin; S, strangeness; C, charm; Q, charge: B,
baryon number; B*, bottom; T, top. (b) Properties of leptons: L;, flavour-related lepton

number, L =37, , . L;.
(a) Flavour Spin B I I3 S C B* T Qle]
u 12 13 12 12 0 0 0 0 2/3
d 12 1/3 12 —-12 0 0 0 0 ~—1/3
c 12 1/3 0 0 01 0 0 2/3
s 12 1/3 0 O -1.0 0 0 -1/3
b 12 1/3 0 0 00 -1 0 —1/3
¢ 12 1/3 0 0 00 0 1 2/3

(b) Lepton  Qle] L. L, Ly L

e -1 1 0 0 1
Ve o 1 0 o0 1
w -1 0 1 0 1
v o o 1 0 1
T -1 0 0 1 1
Ve o 0 0 1 1

Table 1.2. Phenomenology of the four fundamental forces and the hypothetical GUT
interaction. Natural units & = ¢ = 1 are used.

Interaction  Strength Range R Exchange Example
particle
Gravitation Gn ~5.9 x 10739 o0 Graviton?  Mass attraction
Weak Gp 2 1.02x 107%m,2  ~my) wE,70  B-decay
~ 1073 fm
Electro- o~ 1/137 00 y Force between
magnetic electric charges
Strong g% /A ~ 14 X my 1 Gluons Nuclear forces
(nuclear) ~ 1.5 fm
Strong as >~ 1 confinement ~ Gluons Forces between
(colour) the quarks
GUT My ~10730m),? ~ My X, Y p-decay
My ~ 1010 GeV ~ 10716 fm

After the observation of discrete lines in the ¢-and y-decay of atomic nuclei,
it came as a surprise when J Chadwick discovered a continuous energy spectrum
of electrons emitted in B-decay [Chal4]. The interpretation followed two lines;
one assumed primary electrons with a continuous energy distribution (followed



“The birth of the neutrino’ 3

mainly by C D Ellis) and the other assumed secondary processes, which broaden
an initially discrete electron energy (followed mainly by L Meitner). To resolve
the question, a calorimetric measurement which should result in either the average
electron energy (if C D Ellis was right) or the maximal energy (if L Meitner was
correct) was done. This can be understood in the following way: S-decay is
nowadays described by the three-body decay

M(A, Z) - D(A, Z+ 1) +e™ + b, (1.1)

where M(A, Z) describes the mother nucleus and D(A, Z + 1) its daughter. The
actual decay is that of a neutron into a proton, electron and antineutrino. For
decay at rest of M(A, Z) the electron energy should be between

Emin = m, (1.2)
and using energy conservation
Emax =mpy —mp. (1.3)

In (1.3) the small kinetic recoil energy Tp of the daughter nucleus was neglected
and my —mp = Tp + E, + E, = 0 (assumption: m,, = 0). Hence, if there
are only electrons in the final state the calorimetric measurement should always
result in Eqax = my — mp.

The experiment was done using the S-decay (see chapter 6) of the isotope
RaE (today known as 21OBi) with a nuclear transition Q-value of 1161 keV. The
measurement resulted in a value of 344 000 eV =+ 10% (=344 £ 10% keV) [ElI27]
clearly supporting the first explanation. L Meitner, still not convinced, repeated
the experiment ending up with 337 000 eV £ 6% confirming the primary origin of
the continuous electron spectrum [Mei30]. To explain this observation only two
solutions seemed to be possible: either the energy conservation law is only valid
statistically in such a process (preferred by N Bohr) or an additional undetectable
new particle (later called the neutrino by E Fermi) carrying away the additional
energy and spin (preferred by W Pauli) is emitted. There was a second reason for
Pauli’s proposal of a further particle, namely angular momentum conservation. It
was observed in f-decay that if the mother atom carries integer/fractional spin
then the daughter also does, which cannot be explained by the emission of only
one spin—% electron. In a famous letter dated 4 December 1930 W Pauli proposed
his solution to the problem; a new spin—% particle (which we nowadays call the
neutrino) produced together with the electron but escaping detection. In this way
the continous spectrum can be understood: both electron and neutrino share the
transition energy in a way that the sum of both always corresponds to the full
transition energy. Shortly afterwards the neutron was discovered [Cha32], the
understanding of B-decay changed rapidly and this led E Fermi to develop his
successful theory of B-decay [Fer34]. The first experiments to support the notion
of the neutrino were to come about 20 years later.



4 Important historical experiments
1.2 Nuclear recoil experiment by Rodeback and Allen

The first experimental evidence for neutrinos was found in the electron capture
(EC) of 37 Ar:
Aar+e — Cl+v.+ 0 (1.4)

with a Q-value of 816 keV. Because the process has only two particles in the
final state the recoil energy of the nucleus is fixed. Using energy and momentum
conservation, the recoil energy T¢; is given by
E2 2
O (1.5)
2mce; 2mcy

Tci

because the rest mass of the 3’Cl atom is much larger than Q ~ E,. This energy
corresponds to a velocity for the 37CI nucleus of 0.71 cm us~'. Therefore, the
recoil velocity could be measured by a delayed coincidence measurement. It
is started by the Auger electrons emitted after electron capture and stopped by
detecting the recoiling nucleus. In using a variable time delay line a signal should
be observed if the delay time coincides with the time of flight of the recoil ions.
With a flight length of 6 cm, a time delay of 8.5 us was expected. Indeed, the
expected recoil signal could be observed at about 7 us. After several necessary
experimental corrections (e.g. thermal motion caused a 7% effect in the velocity
distribution), both numbers were in good agreement [Rod52].

Soon afterwards the measurement was repeated with an improved
spectrometer and a recoil energy of T¢; = (9.6340.03) eV was measured [SneS5]
in good agreement with (1.5).

1.3 Discovery of the neutrino by Cowan and Reines

The discovery finally took place at nuclear reactors, which were the strongest
neutrino sources available. The basic detection reaction was

ﬁe+p—>e++n. (1.6)

The detection principle was a coincident measurement of the 511 keV photons
associated with positron annihilation and a neutron capture reaction a few us
later. Cowan and Reines used a water tank with dissolved CdCl; surrounded
by two liquid scintillators (figure 1.1). The liquid scintillators detect the photons
from positron annihilation as well as the ones from the 1 13Cd(n, y) 14¢( reaction
after neutron capture. The detector is shown in figure 1.2. The experiment was
performed in different configurations and at different reactors and finally resulted
in the discovery of the neutrino.

In 1953, at the Hanford reactor (USA) using about 300 I of a liquid
scintillator and rather poor shielding against background, a vague signal was
observed. The experiment was repeated in 1956 at the Savannah River reactor
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Figure 1.1. Schematic illustration of the experimental set-up for neutrino detections used
by Cowan and Reines. A CdCl; loaded water tank is surrounded by liquid scintillators.
They are used for a coincidence measurement of the 511 keV annihilation photons and the
y-rays emitted by the neutron capture on Cd (from [Rei58]).

(USA) with 4200 1 of scintillator, finally proving the existence of neutrinos. For
more historical information on this experiment see [Los97]. The obtained energy
averaged cross section for reaction (1.6) was [Rei53, Rei56]

& =(11+2.6) x 107* cm? (1.7)

which, when fully revised, agreed with the V-A theory.

1.4 Difference between v, and v, and solar neutrino detection

The aim of the experiment was to find out whether neutrinos and antineutrinos are
identical particles. If so, the reactions

Ve+p—>¢€ +n (1.8)
Ve+p—>¢€ +n (1.9)
should occur with the same cross section. In the real experiment Davis was

looking for
ve + 37Cl > e + 37Ar (1.10)

by using the Brookhaven reactor (USA). He was using 4000 I of liquid CCls. The
produced Ar atoms were extracted by flooding He through the liquid and then
freezing out the Ar atoms in a cooled charcoal trap. By not observing the process
(1.9) he could set an upper limit of

5@+ 37Cl > e~ + 37Ar) < 0.9 x 107* cm? (1.11)

where the theoretical prediction was ¢ ~ 2.6 x 1045 ¢m? [Dav55].



6 Important historical experiments

(b)

Figure 1.2. (a) The experimental group of Clyde Cowan (left) and Fred Reines (right) of
‘Unternehmen Poltergeist’ (Project ‘Poltergeist’) to search for neutrinos. (b) The detector
called ‘Herr Auge’ (Mr Eye) (with kind permission of Los Alamos Science).
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This detection principle was used years later in a larger scale version in the
successful detection of solar neutrinos. This showed that v, do indeed cause the
reaction (1.8). This pioneering effort marks the birth of neutrino astrophysics and
will be discussed in detail in section 10.4.2.

Later it was found at CERN that the same applies to muon neutrinos because
in v, interactions only u~s in the final state were ever detected but never a
ut [Bie64].

1.5 Discovery of parity violation in weak interactions

Parity is defined as a symmetry transformation by an inversion at the origin
resulting in x — —x. It was assumed that parity is conserved in all interactions.
At the beginning of the 1950s, however, people were irritated by observations
in kaon decays (the so called ‘t—6’ puzzle). Lee and Yang [Lee56], when
investigating this problem, found that parity conservation had never been tested
for weak interactions and this would provide a solution to this problem.

Parity conservation implies that any process and its mirrored one run with the
same probability. Therefore, to establish parity violation, an observable quantity
which is different for both processes must be found. This is exactly what pseudo-
scalars do. Pseudoscalars are defined in such a way that they change sign under
parity transformations. They are a product of a polar and an axial vector e.g.
Do Inuc, P - Se with I as the spin of the nucleus and p, and s, as momentum
and spin of the electron. Any expectation value for a pseudo-scalar different from
zero would show parity violation. Another example of a pseudo-scalar is provided
by possible angular distributions like

AB = A(0) — A(180° — 6) (1.12)

where A is the probability for an electron to be emitted under an angle 6 with
respect to the spin direction of the nucleus. Under parity transformation the
emission angle changes according to & — m — 6 which leads to A6 — —A6. In
the classical experiment of Wu et al , polarized 80Co atoms were used [Wu57]. To
get a significant polarization, the ®°Co was implemented in a paramagnetic salt
and kept at 0.01 K. The polarization was measured via the angular anisotropy of
the emitted y -rays from °*Ni using two Nal detectors. The decay of ®°Co is given
by

0Co — OONi* + e~ + 1. (1.13)

The emitted electrons were detected by an anthracene detector producing
scintillation light. The mirror configuration was created by reversing the applied
magnetic field. A schematic view of the experiment is shown in figure 1.3, the
obtained data in figure 1.4. It shows that electrons are preferably emitted in the
opposite spin direction to that of the mother nucleus. This could be described by
an angular distribution

W(cosh) x 1+ acosb (1.14)
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Figure 1.3. Schematic diagram showing the demagnetisation cryostat used in the
measurement of the angular distribution of the electrons from the S-decay of 60Co nuclei
(from [Wu57)).

with a measured o« =~ —0.4. This was clear evidence that A8 # 0 and S-decay
does indeed violate parity. The reason is that « is given by o = —PCO@
where Pc, is the polarisation of the %°Co nuclei and (v.) the electron velocity
averaged over the electron spectrum. With the given parameters of Pc, 2~ 0.6 and
(ve)/c = 0.6 a value of o« = 0.4 results showing that parity is not only violated
but is maximally violated in weak interactions. Another example is pion decay at
rest [Gar57]. The positive pion decays via

n+—>u++vu. (1.15)

Considering the fact that the pion carries spin-0 and decays at rest, this implies
that the spins of the muon and neutrino are opposed to each other (figure 1.5).
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Figure 1.5. Schematic illustration of 7T decay at rest. The spin and momentum alignment
is also shown after applying parity transformation P(a’), change conjugation C(b’) and the
CP operation (b) (long thin arrows: flight directions, short thick arrows: spin directions).

Defining the helicity H as
y=2r (1.16)
|p|

this results in H(u*) = H(v,) = —1. Applying a parity transformation, H(u™)
and H(v,) both become +1. Parity invariance would imply that both helicities
should have the same probability and no longitudinal polarization of the muon
should be observed. Parity violation would already be established if there were
some polarization. By measuring only H (™) = +1 it turned out that parity is
maximally violated. These observations finally led to the V-A theory of weak
interaction (see chapter 6).



10 Important historical experiments

K-Capture v— Emission  Resonance-Scattering
- - — —
- - * * —m @ L
v. Eu Sm* Sm ¥ Sm Sm* Sm ¥
By = Esm * = Py = Sm* = PT

Figure 1.6. Neutrino helicity in the Goldhaber experiment. Long thin arrows are the
momenta and short thick arrows are the spin directions in the three processes.
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Figure 1.7. Experimental set-up of the Goldhaber experiment to observe the longitudinal
polarization of neutrinos in EC reactions. For details see text (from [Gol58]).

1.6 Direct measurement of the helicity of the neutrino

The principle idea of this experiment was that the neutrino helicity could be
measured under special circumstances by a measurement of the polarization of
photons in electron capture reactions. In the classical experiment by Goldhaber et
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al the electron capture of '3>Eu was used [Gol58]. The decay is given by
2By +e™ — v, + 2Sm* — 2Sm + y. (1.17)

The experimental set-up is shown in figure 1.7. The decay at rest of '>?Eu results
from momentum conservation in pis2g+ = —p,. The emission of forward
photons (961 keV) will stop the Sm nucleus implying p,, = —p, (figure 1.6).
Such photons also carry the small recoil energy of the 2Sm* essential for
resonant absorption (to account for the Doppler effect) which is used for detection.
The resonant absorption is done in a ring of Sm>O3 and the re-emitted photons
are detected under large angles by a well-shielded Nal detector. The momentum
of these photons is still antiparallel to the neutrino momentum. Concerning the
spin, the initial state is characterized by the spin of the electron J, = £1/2
(defining the emission direction of the photon as the z-axis, using the fact that
J(P2Eu) = 0 and that the K-shell electron has angular momentum/ = 0) the final
state can be described by two combinations J, = J;(v)+ J;(y) = (+1/2, —1) or
(=1/2,+1). Only these resultin J, = £ % This implies, however, that the spins
of the neutrino and photon are opposed to each other. Combining this with the
momentum arrangement implies that the helicity of the neutrino and photon are
the same: H(v) = H(y). Therefore, the measurement of 7{(v) is equivalent to a
measurement of H(y). The helicity of the photon is nothing else than its circular
polarization, which was measured by Compton scattering in a magnetized iron
block before the absorption process. After several measurements a polarization
of 674+10% was observed in agreement with the assumed 84% [Gol58]. Applying
several experimental corrections the outcome of the experiment was that neutrinos
do indeed have a helicity of H(v) = —1.

1.7 Experimental proof that v, is different from v,

In 1959, Pontecorvo investigated whether the neutrino emitted together with an
electron in f-decay is the same as the one emitted in pion decay [Pon60]. The
idea was that if v, and v, are identical particles, then the reactions

vy+n—pu +p (1.18)

by+p—>ut+n (1.19)
and

vy+n—>e +p (1.20)

Du+p—>e++n (1.21)

should result in the same rate, because the latter could be done by v, and v,
otherwise the last two should not be observed at all. At the same time, the use of
high-energy accelerators as neutrino sources was discussed by Schwarz [Sch60].



12 Important historical experiments

proton I
beam target proton accelerator i | e
_.—:I —_ —
S S T | _.Ju=b o) =2 —_—E == -
BEmEI . . E steel shield spark cl!::niler

beam -
:'- -

The accelerator, the neutring "
beam and the detector o
Part of the circular acceleratorin
Erookhawen, in which the protons
were accelerated, The pi-mesons (1),
which were produced in the proton
collisions with the target, dcﬂ!_rhmtn concrete
muons (ji) aml nzulnnns [ e 15 i
m thick steel shi I
particles r_"m::pt th: p:n:l
neutrinos. A very small fraction nfnlgz
neutrings react in the detector and

give rise to muons, which are then
ohserved in the spark chamber.

Figure 1.8. Plan view of the AGS neutrino experiment (with kind permission of the Royal
Swedish Academy of Sciences).

Thus, the experiment was done at the Brookhaven AGS using a 15 GeV proton
beam hitting a beryllium-target (figure 1.8) [Dan62]. The created secondary pions
and kaons produced an almost pure v, beam. Behind a shielding of 13.5 m iron
to absorb all the hadrons and most of the muons, 10 modules of spark chambers
with a mass of 1 t each were installed. Muons and electrons were discriminated by
their tracking properties, meaning muons produce straight lines, while electrons
form an electromagnetic shower. In total, 29 muon-like and six electron-like
events were observed clearly showing that v, # v.. Some electron events were
expected from v, beam contaminations due to K-decays (e.g. Kt — etv.70).
The experiment was repeated shortly afterwards at CERN with higher statistics
and the result confirmed [Bie64].

1.8 Discovery of weak neutral currents

The development of the electroweak theory by Glashow, Weinberg and Salam,
which will be discussed in more detail in chapter 3, predicted the existence of
new gauge bosons called W and Z. Associated with the proposed existence of the
Z-boson, weak neutral currents (NC) should exist in nature. They were discovered
in a bubble chamber experiment (Gargamelle using the proton synchrotron (PS)
v, /v, beam at CERN [Has73,Has74]. The bubble chamber was filled with high-
density fluid freon (CF3Br, p = 15¢g cm’3) and it had a volume of 14 m3, with
a fiducial volume of 6.2 m>. The search relied on pure hadronic events without
a charged lepton (neutral current events, NC) in the final state which is described
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(b)

Figure 1.9. (a) A hadronic NC event with charged hadrons in the final state as observed
by the Gargamelle bubble chamber. (b) A leptonic NC event v, e — vye as obtained by
Gargamelle (with kind permission of CERN).
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Figure 1.10. Lowest-order Feynman diagrams for WE- and Z-boson production in pp
collisions and their leptonic decays.

by
vy +N—=v, +X (1.22)
Vy+N—v, +X (1.23)

where X denotes the hadronic final state (see chapter 4). In addition, the charged
current (CC) interactions

vy +N—u” +X (1.24)
by +N—ut+X (1.25)

were detected. In total, 102 NC and 428 CC events were observed in the v, beam
and 64 NC and 148 CC events in the v, run (figure 1.9). The total number of
pictures taken was of the order 83 000 in the v, beam and 207 000 in the v, run.
After background subtraction, due to the produced neutrons and K% which could
mimic NC events, the ratios for NC/CC turned out to be (see also chapter 4)

o (NC)

= =0.2140.03 1.26

v = 5CO) (1.26)
a(NC)

5= =0.454+0.09. 1.27

"= 5O (L.27)

Purely leptonic NC events resulting from v, +e — v, + e were also discovered
[Has73a] (figure 1.9). Soon afterwards, these observations were confirmed by
several other experiments [Cno78, Fai78, Hei80].

1.9 Discovery of the weak gauge bosons W and Z

The weak gauge bosons predicted by the Glashow—Weinberg—Salam (GWS)
model were finally discovered at CERN in 1983 by the two experiments UA1 and
UA2 [Arn83,Bag83, Ban83]. They used the SPS as a pp-collider with a centre-
of-mass energy of /s = 540 GeV. The production processes were weak charged
and neutral currents given at the quark level by (figure 1.10)

(_1+u—>W+—>e++vg(pL++vu)
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Figure 1.11. Number of struck photomultipliers in Kamiokandell on 23 February 1987.
The zero on the time axis marks 7:35 UT. The increase in count rate is clearly visible and
attributed to SN 1987A (from [Sut92]).

u+d—> W —e +b.(u” +1y)
d+d—7° > et +e (ut +pu)
i+u—>2Z"set+e (ut+u). (1.28)

These were difficult experiments because the cross sections for W and Z
production at that energy are rather small. They are including the branching ratio
(BR)

o(pp — WEX) x BR(WW — Iv) ~ 1nb=10"2cm?  (1.29)
o(p— Z°X) x BRZ" > 1717) ~0.1nb=10"*cm?>  (1.30)

while the total cross section o (pp) is 40 mb!! The signature was for W detection
an isolated lepton ¢ with high transverse momentum p7 balanced by a large
missing transverse momentum and for Z detection two high pr leptons with an
invariant mass around the Z-boson mass. With regard to the latter, the Z-boson
mass could be determined to be (neglecting the lepton mass)

m% =2ETE~(1 — cos0) (1.31)

with cos6 being the angle between the two leptons £* of energy E1 and E~.
Both experiments came up with a total of about 25 W or Z events which were
later increased. With the start of the ete™-collider LEP at CERN in 1989 and
the SLC at SLAC the number of produced Z-bosons is now several million and
its properties are well determined. The W properties are investigated at LEP and
at the Tevatron at Fermilab. Both gauge bosons are discussed in more detail in
chapter 3.

1 1 barn = 10724 cm?2.
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1.10 Observation of neutrinos from SN 1987A

The observation of neutrinos from a supernova type-II explosion by large
underground neutrino detectors was one of the great observations in last century’s
astrophysics (figure 1.11). About 25 neutrino events were observed within a
time interval of 12 s. This was the first neutrino detection originating from
an astrophysical source beside the Sun. The supernova SN1987A occurred in
the Large Magellanic Cloud at a distance of about 50 kpc. This event will be
discussed in greater detail in chapter 11.

1.11 Number of neutrino flavours from the width of the Z°

The number N, of light (m, < mz/2) neutrinos was determined at LEP by
measuring the total decay width I'z of the Z° resonance. Calling the hadronic
decay width g (consisting of Z° — qq) and assuming lepton universality
(implying that there is a common partial width I'; for the decay into charged
lepton pairs £7¢7), the invisible width I,y is given by

Ciny = 'z — T'hag — 317, (1.32)
As the invisible width corresponds to
Cinv = N, - Ty (1.33)

the number of neutrino flavours N, can be determined. The partial widths of
decays in fermions Z — ff are given in electroweak theory (see chapter 3) by

Gpm3
Ir=- @TZ crl(gv)® + (ga)?*1 = Tocrl(gv)* + (g4)°] (1.34)
with
Gpm%
[y = =0.332 GeV. (1.35)
6«/§7r

In this equation ¢y corresponds to a colour factor (cy = 1 for leptons, cy = 3
for quarks) and gy and g4 are the vector and axial vector coupling constants
respectively. They are closely related to the Weinberg angle sin? Oy and the third
component of weak isospin /3 (see chapter 3) via

gv = I3 —20sin’ Oy (1.36)
ga=1n (1.37)

with Q being the charge of the particle. Therefore, the different branching ratios
are

['(Z° — uil, c8) = (3 — 4sin? Oy + £ sin* Oy)Ty = 0.286 GeV
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Figure 1.12. Cross section as a function of /s for the reaction e"e~ — hadrons as
obtained by the ALEPH detector at LEP. The different curves show the standard model
predictions for two, three and four light neutrino flavours (with kind permission of the
ALEPH collaboration).

['(Z° — dd, ss,bb) = (3 — 2sin” Oy + 3 sin* Oy)Iy = 0.369 GeV
N2’ —ete”, utu, t7t7) = (4 — 2sin* Oy + 4sin Oy)To = 0.084 GeV
I'(Z° — vi) = 1Ty = 0.166 GeV. (1.38)

Summing all decay channels into quarks results in a total hadronic width I'hag =
1.678 GeV. The different decay widths are determined from the reaction ete™ —
ff for f # e whose cross section as a function of the centre-of-mass energy /s is
measured (/s ~ mz) and is dominated by the Z° pole. The cross section at the
resonance is described in the Born approximation by a Breit—Wigner formula:

sT2 127 T.T
22 Zz 2, 2 with00=—2 ezf
(s —m%)* +s°I'7/m7 my T3

o(s) = o'O (1.39)

with o being the maximum of the resonance. I'z can be determined from the
width and I, I" y from the maximum of the observed resonance (figure 1.12).
Experimentally, the Z° resonance is fitted with four different parameters
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which have small correlations with each other:

127 Telhad Ihad

0 el ha a
myz, Lz, 00, 1= — and R = 1.40
had % F% T ( )

ol?ad is determined from the maximum of the resonance in ete™ — hadrons.
Assuming again lepton-universality, which is justified by the equality of
the measured leptonic decay width, the number of neutrino flavours can be
determined as

Finv (T 12w Ry I
N, = — = 5o —R-3|| = . (1.41)
Fl Fv SM mZGhad FV SM
This form is chosen because in this way radiative corrections are already included

in the Standard Model (SM) prediction. Using the most recent fit to the data of
the four LEP experiments a number of

N, =2.9841 £ 0.0083 (1.42)

can be deduced [PDGO2], in excellent agreement with the theoretical expectation
of three.



Chapter 2

Properties of neutrinos

In quantum field theory spin-% particles are described by four-component
wavefunctions v (x) (spinors) which obey the Dirac equation. The four
independent components of 1/ (x) correspond to particles and antiparticles with
the two possible spin projections Jz = +1/2 equivalent to the two helicities H =
+1. Neutrinos as fundamental leptons are spin—% particles like other fermions;
however, it is an experimental fact that only left-handed neutrinos (X = —1) and
right-handed antineutrinos (H{ = +1) are observed. Therefore, a two-component
spinor description should, in principle, be sufficient (Weyl spinors). In a four-
component theory they are obtained by projecting out of a general spinor ¥ (x)
the components with H = +1 for particles and H = —1 for antiparticles with
the help of the operators P g = %(1 F y5). The two-component theory of the
neutrinos will be discussed in detail later. Our discussion will be quite general,
for a more extensive discussion see [Bjo64, Bil87, Kay89, Kim93, Sch97].

2.1 Helicity and chirality

The Dirac equation is the relativistic wave equation for spin-% particles and given
by (using Einstein conventions)

0
(iy“——m)lﬁ:O. 2.1
X
Here i denotes a four-component spinor and the 4 x 4 y-matrices are given in

the form!
1 0 0 o
w=(o %) »=(2 7) 22)

' Other conventions of the y-matrices are also commonly used in the literature, which leads to slightly
different forms for the following expressions.

19
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where o; correspond to the 2 x 2 Pauli matrices. Detailed introductions and
treatments can be found in [Bjo64]. The matrix ys is given by

. 0 1
Ys =1iyoy1y2y3 = ( 10 ) (2.3)
and the following anticommutator relations hold:

v, vPY = 280p 2.4
{y*. vs}=0 (2.5)

with gug as the metric (+1, —1, —1, —1). Multiplying the Dirac equation from
the left with yp and using y; = ypyso; results in

o, 0 ) 0 .
(1)/02@_11/0)/501'5—"1)/0)%0:0 i=1....3 (2.6)
L

Another multiplication of (2.6) from the left with y5 and using yso; = o;ys
(which follows from (2.5)) leads to (y§ = 1, y2 = 1)

.0 .0
(l@VS - wia_x,- - mVOVS) ¥ =0. (2.7)

Subtraction and addition of the last two equations results in the following system
of coupled equations:

0 d
(iﬁa +y5) — o —— (1 + y5) — myo(1 — m) y=0 (28

! 0x;
0

9
<iﬁ(1 —y5) —ioj — (1 — ys5) —myo(1 + ys)> ¥ =0. 2.9)
X 0x;

Now let us introduce left- and right-handed components by defining two
projection operators P and Pg given by

PL=30—-ys) and  Prp=3(1+s) (2.10)
Because they are projectors, the following relations hold:
PLPr=0 P+ Pr=1 P} =P, P} = Pg. (2.11)
With the definition
Yr="Py and  Yr = PRy (2.12)

it is obviously valid that
Pryr = Pryp =0. (2.13)
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Then the following eigenequation holds:
YsYL,R = FYLR- (2.14)

The eigenvalues & 1 to ys are called chirality and v g are called chiral
projections of {. Any spinor ¥ can be rewritten in chiral projections as

Y = (PL+ PR)Y = PLy + PrY =Y + YR, (2.15)

The equations (2.8) and (2.9) can now be expressed in these projections as

.0 .0
(1m - 10ia—xi> YR = myo¥L (2.16)
i 9 +1 9 v W (2.17)
— 410, — =m . .
ox0 gy ) VE T YOVR

Both equations decouple in the case of a vanishing mass m = 0 and can then be
depicted as

a 0
i—=Yp =i0; — 2.18
i oVr =0 ox; VR (2.18)

0 0
i— Y = —ioi — Y. 2.19
i o¥L = —ioi ox; VL (2.19)

But this is identical to the Schrodinger equation (xo = ¢, h = 1)

a

d
i— = Fio; 2.20
8tlﬂL,R F o VLR (2.20)
or in momentum space (i% =E, —ia% = pi)
EY1.r = x0ipiVL,R- (2.21)

The latter implies that the 7 g are also eigenfunctions to the helicity operator H
given by (see chapter 1)

=22 (2.22)

|p|

Y is an eigenspinor with helicity eigenvalues H = +1 for particles and
‘H = —1 for antiparticles. Correspondingly vz is the eigenspinor to the helicity
eigenvalues H = —1 for particles and H = +1 for antiparticles. Therefore, in
the case of massless particles, chirality and helicity are identical.> For m > 0
the decoupling of (2.16) and (2.17) is no longer possible. This means that the
chirality eigenspinors ¥ and ¥ g no longer describe particles with fixed helicity
and helicity is no longer a good conserved quantum number.

2 May be of opposite sign depending on the representation used for the y-matrices.
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Figure 2.1. Schematic drawing of the difference between massive Dirac and Majorana
neutrinos. (a) The Dirac case: vy, is converted via C PT into a vg and via a Lorentz boost
into a vg. An application of C PT on the latter results in v which is different from the one
obtained by applying C PT on vy. The result is four different states. (b) The Majorana
case: Both operations CPT and a Lorentz boost result in the same state vg, there is no
difference between particle and antiparticle. Only two states emerge.

The two-component theory now states that the neutrino spinor v, in weak
interactions always reads as

Yo = 31— ys) =y (2.23)

meaning that the interacting neutrino is always left-handed and the antineutrino
always right-handed. For m = 0, this further implies that v always has H = +1
and v always H = —1. The proof that indeed the Dirac spinors ¥ and ¥/r can be
written as the sum of two independent 2-component Weyl spinors can be found
in [Sch97].

2.2 Charge conjugation

While for all fundamental fermions of the Standard Model (see chapter 3) a
clear discrimination between particle and antiparticle can be made by their
electric charge, for neutrinos it is not so obvious. If particle and antiparticle
are not identical, we call such a fermion a Dirac particle which has four
independent components. If particle and antiparticle are identical, they are called
Majorana particles (figure 2.1). The latter requires that all additive quantum
numbers (charge, strangeness, baryon number, lepton number etc) have to vanish.
Consequently, the lepton number is violated if neutrinos are Majorana particles.
The operator connecting particle f(x, 7) and antiparticle f(x, ) is charge
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conjugation C: )
Clf(x.0) = nel f(x,0). (2.24)

If ¥(x) is a spinor field of a free neutrino then the corresponding charge
conjugated field ¢ is defined by

v Sy =cyct =g.cy7 (2.25)

with n. as a phase factor with || = 1. The 4x4 unitary charge conjugation
matrix C obeys the following general transformations:

Cl'yC=—yl  ClysC=y! Cc'=cl'=c"=-C. (226

A possible representation is given as C = iypy2. Using the projection operators
Py R, it follows that

PLRY = VLR > PLRYS = (W) Lr = (YR 2.27)

It is easy to show that if i is an eigenstate of chirality, ¢ is an eigenstate too
but it has an eigenvalue of opposite sign. Furthermore, from (2.27) it follows that
the charge conjugation C transforms a right(left)-handed particle into a right(left)-
handed antiparticle, leaving the helicity (chirality) untouched. Only the additional
application of a parity transformation changes the helicity as well. However, the
operation of (2.25) converts a right(left)-handed particle into a left(right)-handed
antiparticle. Here helicity and chirality are converted as well.

To include the fact that vy, g and WE, z have opposite helicity, one avoids
calling WZ, » the charge conjugate of ¥, g. Instead it is more frequently called
the CP (or CPT) conjugate with respect to ¥y g [Lan88]. In the following
sections we refer to ¢ as the CP or CPT conjugate of the spinor v, assuming
CP or CPT conservation correspondingly.

2.3 Parity transformation
A parity transformation P operation is defined as

Y. 1) > Py, )P~ = 0w (—x. 1). (2.28)

The phase factor np with |n,| = 1 corresponds for real n, = &1 with the inner
parity. Using (2.25) for the charge conjugated field, it follows that

— P —
v =ncCy’ > nenhCyd ' = —nhnye. (2.29)

This implies that a fermion and its corresponding antifermion have opposite inner
parity, i.e. for a Majorana particle ¢ = 4y holds which results in np = —n}.
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Therefore, an interesting point with respect to the inner parity occurs for
Majorana neutrinos. A Majorana field can be written as

1 . . ;
Um = ﬁ(xzf +ncy©)  with ne = Ace®?, rc = £1 (2.30)

where Ac is sometimes called creation phase. By applying a phase transformation
1
V2

it can be achieved that the field ), is an eigenstate with respect to charge
conjugation C

. 1 . . .
Yy — Yme ¥ = E(W‘d’ +rc¥e?) = — W + Acy¥) =vu (2.31)

ve = 1
M \/E
with eigenvalues Ac = =£1. This means the Majorana particle is identical to its

antiparticle, i.e. ¥y and vj, cannot be distinguished. With respect to C P, one
obtains

W+ rc¥) = Ac¥m (2.32)

Cc . P AC .
Ym(x, 1) = Y5 = rcym — —2(171))/010 — Acnpyov©)

¥

= Acnpyo¥m = ivoym(—x,t) (2.33)

because n}, = —np. This means that the inner parity of a Majorana particle is
imaginary, np = =i if Ac = 1. Finally, from (2.31) it follows that

(rs¥m) = ncCysvy = —ncCyd Yiy = —ys¥y = —Acys¥m  (2.34)

because sy = (ys¥m)Tvo = Wi ysvo = —dmys. Using this together
with (2.27) one concludes that an eigenstate to C cannot be at the same time
an eigenstate to chirality. A Majorana neutrino, therefore, has no fixed chirality.
However, because v and ¢ obey the Dirac equation, s will also do so.

For a discussion of 7' transformation and C, CP and C PT properties, see
[Kay89, Kim93].

2.4 Dirac and Majorana mass terms

Consider the case of free fields without interactions and start with the Dirac mass.
The Dirac equation can then be deduced with the help of the Euler-Lagrange
equation from a Lagrangian [Bjo64]:

L=1 (iy“% — mD> v (2.35)

where the first term corresponds to the kinetic energy and the second is the mass
term. The Dirac mass term is, therefore,

L=mpyy (2.36)
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where the combination 1/ has to be Lorentz invariant and Hermitian. Requiring
L to be Hermitian as well, m p must be real (m*D = mp). Using the following
relations valid for two arbitrary spinors i and ¢ (which follow from (2.10) and
2.11))

Vi =Y PrPLp =0  Yrepr =0 (2.37)

it follows that

Vv = (VL + VR)(PL + Pr) = VLdr + YROL. (2.38)

In this way the Dirac mass term can be written in its chiral components (Weyl
spinors) as

L=mpWLyr + YrYL) with YrvyL = (YryR)'. (2.39)

Applying this to neutrinos, it requires both a left- and a right-handed Dirac
neutrino to produce such a mass term. In the Standard Model of particle physics
only left-handed neutrinos exist, that is the reason why neutrinos remain massless
as will be discussed in chapter 3.

In a more general treatment including ¥¢ one might ask which other
combinations of spinors behaving like Lorentz scalars can be produced. Three
more are possible: Yy¥¢, Y€ and <. YEyC is also hermitian and equivalent
to Y r; ¥ ¢ and Y€ are hermitian conjugates, which can be shown for arbitrary
spinors

W) =W o) ="y = oy (2.40)

With this we have an additional hermitian mass term, called the Majorana mass
term and given by

1 _ _ 1 -
L= E("”“WC +mi YY) = EmefC +h.el (2.41)

my is called the Majorana mass. Now using again the chiral projections with the
notation

Vig=WIrL =R (2.42)
one gets two hermitian mass terms:
1 - - 1 -
ch = ML LYy + VL) = smLyrg +hec. (2.43)
1 _ . |
R = SmRrOIL YR + URYE) = SmRUT VR + huc. (2.44)

with m, g as real Majorana masses because of (2.40). Let us define two Majorana
fields (see (2.30) with Ac = 1)

dr=vL+¥r G2=Yr+Y] (2.45)

3 he. throughout the book signifies Hermitian conjugate.
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Figure 2.2. Coupling schemes for fermion fields via Dirac and Majorana masses: (a)
general scheme for left- and right-handed fields and the charge conjugate fields; (b) the
case for electrons (because of its electric charge only Dirac-mass terms are possible) and (¢)
coupling scheme for neutrinos. It is the only fundamental fermion that allows all possible
couplings (after [Mut88]).

which allows (2.43) to be rewritten as

1 —_ 1 _
£l = SmLdign LR = SmR$202. (2.46)

While v g are interaction eigenstates, ¢ 2 are mass eigenstates to my, g.
The most general mass term (the Dirac—Majorana mass term) is a
combination of (2.39) and (2.43) (figure 2.2):

2L =mp(WLYR + Yi¥g) + mpyryy +mpyivr + h.c.
= (IﬁL,xI_fz‘)( Zf,ﬁ zi ) (:Zi) + h.c. (2.47)
=W MYG + UMY,

where, in the last step, the following was used:

() e ()-() e
“\mp mg T \we ) T \we)e '

e _ (W _ w;)_ c
w=(5)) = () =

In the case of CP conservation the elements of the mass matrix M are real.
Coming back to neutrinos, in the known neutrino interactions only ¥, and v are
present (active neutrinos) and not the fields ¥ and y; (called sterile neutrinos),
it is quite common to distinguish between both types in the notation: ¥; = vy,
Vp = V%, Wr = Ng, ¥j = Nj. With this notation, (2.47) becomes

implying

2L =mp(WyNg + ch;'e) —}-le_)Lv;'e —i—mR]\;ZNR + h.c.

= (s, Ni)( e ﬁ;’ ) (;’;) +he. (2.49)



Dirac and Majorana mass terms 27

The mass eigenstates are obtained by diagonalizing M and are given as

V1L = cosOy, —sinOyf Vi = cosOy, — sinfyg (2.50)
VoL = sin@y, + cosOyf VSp = sin Oy + cos O (2.51)

while the mixing angle 0 is given by

2mp
tan20 = ———. (2.52)
mpr—my,
The corresponding mass eigenvalues are
- 1 \/ 5 2
m1’2=§ (mp +mpg) £,/ (mp —mpg) +4mD . (2.53)

To get positive masses,* we use [Lan88, Gro90]
My = €xmy with my = |my| and ¢, = 1 (k =1, 2). (2.54)

To get a similar expression as (2.45), two independent Majorana fields with
masses m1 and my (with m; > 0) are introduced via ¢ = Yy + eklﬁ,fR or,
explicitly,

$1 = V1L +e1Yig =cosOWL + e1Yg) —sin@(Y; +e1yr)  (2.55)
¢ = VoL + VY5 =sinb(Y + e¥g) +cosO(Y; +er)  (2.56)

and, as required for Majorana fields,

O = (k) + exVir = ex(exVip + YkL) = €xdr (2.57)

€ is the CP eigenvalue of the Majorana neutrino ¢x. So we finally get the
analogous expression to (2.45):

2L = mid1¢1 + magagn. (2.58)
From this general discussion one can take some interesting special aspects:

(1) mp = mgp = 0 (6 = 45°), resulting in m1 = mp and €12 = F1. As
Majorana eigenstates, two degenerated states emerge:

1 . . 1 .
¢ = —Z(WL—W%—%H#R): —=W —v°) (2.59)

V2 V2

1 1
pr=—WL+VYr+¥r+Vr) = —=W +9¥°). (2.60)
V2 V2
4 An equivalent procedure for /iy < 0 would be a phase transformation ¥ — iy resulting in a
change of sign of the ¥ ¢y terms in (2.43). With my = —my > 0, positive my terms in (2.43) result.
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These can be used to construct a Dirac field y:
1
V2
The corresponding mass term (2.58) is (because (;5_1 ¢ + ¢;2¢>1 =0)

(1 +¢2) =VL+Yr=1. (2.61)

1 _ _ _
L= EmD(ti)] + ¢2) (1 + ¢2) = mpyrip. (2.62)

We are left with a pure Dirac field. As a result, a Dirac field can be seen,
using (2.61), to be composed of two degenerated Majorana fields, i.e. a
Dirac v can be seen as a pair of degenerated Majorana v. The Dirac case is,
therefore, a special solution of the more general Majorana case.

mp > mp,mgp (0 =~ 45°): In this case the states ¢ are, almost
degenerated with m1 2 ~ mp and such an object is called a pseudo-Dirac
neutrino.

mp =0(0 =0): Inthiscasem;, =mp gande;p = 1. So¢; = ¢L+1p;é
and ¢ = ¥ + ¥ . This is the pure Majorana case.

mr > mp,mp = 0 (@ = (mp/mgr) < 1): One obtains two mass
eigenvalues:
m m
m, =m| = —— my = mpy = mpg 1+—2 MR (2.63)
mg mp
and
€12 =FL
The corresponding Majorana fields are
YLV ™YL+ YRk (2.64)

The last scenario is especially popular within the seesaw model of neutrino mass
generation and will be discussed in more detail in chapter 5.

2.4.1 Generalization to n flavours

The discussion so far has only related to one neutrino flavour. The generalization
to n flavours will not be discussed in greater detail, only some general statements
are made—see [Bil87, Kim93] for a more complete discussion. A Weyl spinor is
now an n-component vector in flavour space, given, for example, as

ViL Nir

I
S
!

VL (2.65)

VnL Nur
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where every v;; and N;g are normal Weyl spinors with flavour i.
Correspondingly, the masses m p, my, mg are now n x n matrices Mp, My and
Mg with complex elements and M) = M LT, Mr =M g. The general symmetric
2n x 2n matrix is then, in analogy to (2.48),

(M, Mp
M= ( ML ) (2.66)

The most general mass term (2.47) is now

2L =V MYS + USMT, (2.67)
= U MpNg + N MBS + oy Mpvs + NEMRNR +hc. (2.68)

C
W, = (”L> and WS = <VR>. (2.69)
N{ Ng

Diagonalization of M results in 2n Majorana mass eigenstates with associated
mass eigenvalues €;m;(¢; = £1,m; > 0). In the previous discussion, an equal
number of active and sterile flavours (n, = ny = n) is assumed. In the most
general case with n, # ng, Mp is an n, X ng, My an n, x n, and M an
ng X ng matrix. So the full matrix M is an (n, 4+ ng) x (n, + ny) matrix whose
diagonalization results in (n, + ns) mass eigenstates and eigenvalues.

In seesaw models light neutrinos are given by the mass matrix (still to be
diagonalized)

where

M, = MpMz' M} (2.70)

in analogy to m, in (2.63).
Having discussed the formal description of neutrinos in some detail, we now
take a look at the concept of lepton number.

2.5 Lepton number

Conserved quantum numbers arise from the invariance of the equation of
motion under certain symmetry transformations. Continuous symmetries (e.g.
translation) can be described by real numbers and lead to additive quantum
numbers, while discrete symmetries (e.g. spatial reflections through the origin) are
described by integers and lead to multiplicative quantum numbers. For some of
them the underlying symmetry operations are known, as discussed in more detail
in chapter 3. Some quantum numbers, however, have not yet been associated
with a fundamental symmetry such as baryon number B or lepton number L
and their conservation is only motivated by experimental observation. The
quantum numbers conserved in the individual interactions are shown in table 2.1.
Lepton number was introduced to characterize experimental observations of weak
interactions. Each lepton is defined as having a lepton number L = +1, each
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Table 2.1. Summary of conservation laws. B corresponds to baryon number and L to total
lepton number.

Conservation law Strong  Electromagnetic =~ Weak
Energy yes yes yes
Momentum yes yes yes
Angular momentum  yes yes yes
B, L yes yes yes
P yes yes no
C yes yes no
cP yes yes no
T yes yes no
CPT yes yes yes
antilepton L = —1. Moreover, each generation of leptons has its own lepton

number L., L, Ly with L = L, + L, + L;. Individual lepton number is not
conserved, as has been established with the observation of neutrino oscillations
(see chapter 8).

Consider the four Lorentz scalars discussed under a global phase
transformation e'®:

v e Y —>e ™y sothat Yy — Yy (2.71)
Yo — @Y =neCeley’ =e Myt PC > YL (2.72)
As can be seen, ¥y and ¥ y¢ are invariant under this transformation and are
connected to a conserved quantum number, namely lepton number: i annihilates
a lepton or creates an antilepton, ¥ acts oppositely. ¥y and ¥y result in
transitions £ — £ or £ — £ with AL = 0. This does not relate to the other
two Lorentz scalars ¥ ¢ and ¥y which force transitions of the form ¢ — ¢
or £ — ¢ corresponding to AL = +2 according to the assignment made earlier.
For charged leptons such lepton-number-violating transitions are forbidden (i.e.
e~ — e') and they have to be Dirac particles. But if one associates a mass to
neutrinos both types of transitions are, in principle, possible.
If the lepton number is related to a global symmetry which has to be broken
spontaneously, a Goldstone boson is associated with the symmetry breaking. In
this case it is called a majoron (see [Moh86, 92, Kim93] for more details).

2.5.1 Experimental status of lepton number violation

As no underlying fundamental symmetry is known to conserve lepton number,
one might think about observing lepton flavour violation (LFV) at some level.
Several searches for LFV are associated with muons. A classic test for the
conservation of individual lepton numbers is the muon conversion on nuclei:
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Figure 2.3. Time evolution of experimental limits of branching ratios on some rare LFV
muon and kaon decays (from [KunO1]).

wo +éX —>fZ‘X +e~
L. O +0 -0 +1
L, 1 +0 -0 +0

This would violate both L, and L, conservation but would leave the total lepton
number unchanged. It has not yet been observed and the current experimental
limit for this decay is [Win98]

BR(pn +Ti—>e +Ti) <6.1x1073  (90% CL). (2.73)

New proposals exist (MECO and PRISM) to go down to 1076 or even 10~'3
[KunO1]. Other processes studied intensively with muons are the radiative
decay u — ey, u — 3e, muon—positron conversion on nuclei (= (A, Z) —
et (A, Z — 2)) and muonium—-antimuonium conversion (ute~ — p~et). The
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Table 2.2. Some selected experimental limits on lepton-number-violating processes. The

Properties of neutrinos

values are taken from [PDGO00] and [KunO1].

Process Exp. limiton BR
w— ey <12x 10711
uw — 3e <1.0x 10712
w(A,Z) > e (A,Z) <6.1x10713
w(A,Z) >et(A,Z2) <17x10712
T — Qy <1.1x107
T —> ey <27 %1076
T — 3e <29x107°
T — 3u <19x10°°
Kt —> n—etet < 6.4 x 10710
Kt > a-etp® <5.0x 10710
Kt > natety™ <52x10710

evolution over time of experimental progress of some of the searches is shown
in figure 2.3. Searches involving t-leptons e.g. T — uy are also performed but
are not as sensitive. A compilation of obtained limits on some selected searches
is given in table 2.2. Another LFV process is neutrino oscillation, discussed in
chapter 8. For a comprehensive list see [PDGO00].

The ‘gold-plated’ reaction to distinguish between Majorana and Dirac
neutrino and therefore establish total lepton number violation is the process of
neutrinoless double S-decay

(A, Z) > (A, Z +2) +2e. (2.74)

This process is only possible if neutrinos are massive Majorana particles and it is
discussed in detail in chapter 7. A compilation of searches for AL = 2 processes
is given in table 7



Chapter 3

The standard model of particle physics

In this chapter the basic features of the current standard model of elementary
particle physics are discussed. As the main interest lies in neutrinos, the focus is
on the weak or the more general electroweak interaction. For a more extensive
introduction, see [Hal84, Nac86, Kan87, Ait89, Don92, Mar92,.ea96, Per00].

3.1 The V-A theory of the weak interaction

Historically, the first theoretical description of the weak interaction as an
explanation for f-decay (see chapter 6) was given in the classical paper by Fermi
[Fer34]. Nowadays, we rate this as a low-energy limit of the Glashow—Weinberg—
Salam (GWS) model (see section 3.3) but it is still valid to describe most of the
weak processes. Fermi chose a local coupling of four spin-% fields (a four-point
interaction) and took an ansatz quite similar to that in quantum electrodynamics
(QED). In QED, the interaction of a proton with an electromagnetic field A, is
described by a Hamiltonian

Heopw=e f Exp)ypx)Au(x) (3.1)

where p(x) is the Dirac field-operator of the proton. In analogy, Fermi introduced
an interaction Hamiltonian for 8-decay:

V2

The new fundamental constant G is called the Fermi constant. It was soon
realized that a generalization of (3.2) is necessary to describe all observed S-
decays [Gam36].

If we stay with a four-fermion interaction, the following question arises:
How many Lorentz-invariant combinations of the two currents involved can be

Hg Ex PV n(x)) @) yuv(x)) + h.c. (3.2)

33
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Table 3.1. Possible operators and their transformation properties as well as their
representation.

Operator  Transformation Representation
properties (W fOW;)  with y matrices

Os (S) scalar 1

Oy (V) vector Yu
Or (T) tensor YuYv
04 (A) axial vector iyuys
Op (P) pseudo-scalar Y5

built. The weak Hamiltonian Hg can be deduced from a Lagrangian £ by

Hg = —/d3x L(x). (3.3)

The most general Lagrangian for 8-decay, which transforms as a scalar under a
Lorentz transformation, is given by

5
L@) =Y [gj () 0jn()e(x) 0}v(x) + g} 5(x) 0n(x)e(x) 0} ysv(x)] + h.c.
j=1

(3.4)
with g, g; as arbitrary complex coupling constants and O}, O’; as operators. The
possible invariants for the operators O are listed in table 3.1. The kind of coupling
realized in nature was revealed by investigating allowed B-decay transitions (see
chapter 6). From the absence of Fierz interference terms (for more details see
[Sch66, Wu66] and chapter 6) it could be concluded that Fermi transitions are
either of S or V type, while Gamow—Teller transitions could only be due to T- or
A-type operators. P-type operators do not permit allowed transitions at all. After
the discovery of parity violation, the measurements of electron—neutrino angular
correlations in S-decay and the Goldhaber experiment (see chapter 1), it became
clear that the combination y,, (1 — y5) represented all the data accurately. This
is the (V=A) structure of weak interactions. After losing its leading role as a
tool for probing weak interactions, current investigations of nuclear g-decay are
used for searches S- and T-type contributions motivated by theories beyond the
standard model and searches for a non-vanishing rest mass of the neutrino (see
chapter 6). Models with charged Higgs particles, leptoquarks and supersymmetry
(see chapter 5) might lead to such S,T contributions [Her95]. A compilation of
current limits on S-type contributions is shown in figure 3.1. In summary, classical
B-decay can be written in the form of two currents J (current—current coupling):

G
L(x) = TZJL I (3.5)
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where the leptonic current is given by (e, v as spinor fields)
JL=e@)yu(l — ys)r(x) (3.6)

as proposed by [Lan56, Sal57, Lee57] and the hadronic current by (using u, d
quarks instead of proton and neutron)

T = u(x)y"(1 = ys)d(x) (3.7

as first discussed by [Fey58, The58]. As we go from the quark level to
nucleons, equation (3.7) must be rewritten due to renormalization effects in strong
interactions as

Ju = px)y*(gv — gays)n(x). (3.8)

The coupling constants G r, gy and g4 have to be determined experimentally (see
section 3.4.1). Measurements of G in muon decay are in good agreement with
those in nuclear B-decay and lead to the concept of common current couplings
(e—pu—t universality, see figure 3.2), also justified in measurements of t-decays.
The total leptonic current is then given by

Jo=Je+ Ju+ J (3.9)

each of them having the form of (3.6). Analogous arguments hold for the quark
currents which can be extended to three families as well. Furthermore, the
existence of a universal Fermi constant leads to the hypothesis of conserved vector
currents (CVC) [Ger56, Fey58] showing that there are no renormalization effects
in the vector current. Also the observation that gy and g4 are not too different (see
section 3.4.2) shows that renormalization effects in the axial vector current are
also small, leading to the concept of partially conserved axial currents (PCAC).
For more details see [Gro90]. The formalism allows most of the observed
weak interactions to be described. It contains maximal parity violation, lepton
universality and describes charged current interactions (see chapter 4). How this
picture is modified and embedded in the current understanding of gauge theories
will be discussed next.

3.2 Gauge theories

All modern theories of elementary particles are gauge theories. We will, therefore,
attempt to indicate the fundamental characteristics of such theories without
going into the details of a complete presentation. Theoretical aspects such as
renormalization, the derivation of Feynman graphs or the triangle anomalies will
not be discussed here and we refer to standard textbooks such as [Qui83, Hal84,
Ait89, Don92, Lea96]. However, it is important to realize that such topics do
form part of the fundamentals of any such theory. One absolutely necessary
requirement for such a theory is its renormalizability. Renormalization of the
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Figure 3.1. Comparison of constraints on scalar couplings in weak interactions. Limits
included are from neutron decay alone (light shaded) and in combination with results from
the polarization of electrons in 140 and 19C decay. The constraints obtained on Fierz
terms coming from 22Na and on the quantity a (see chapter 6) from He the dark grey
region results (see also chapter 6 for more explanations) are also added. The black circle
corresponds to positron—neutrino correlation measurements in 3233 Ar. The narrow area
along the line at —45 degrees results from constraints on Fierz terms from 0t — 01
transitions (from [Adl99]).

fundamental parameters is necessary to produce a relation between calculable and
experimentally measurable quantities. The fact that it can be shown that gauge
theories are always renormalizable, as long as the gauge bosons are massless,
is of fundamental importance [t'Ho72,Lee72]. Only after this proof, did gauge
theories become serious candidates for modelling interactions. One well-known
non-renormalizable theory is the general theory of relativity.

A further aspect of the theory is its freedom from anomalies. The meaning of
anomaly in this context is that the classical invariance of the equations of motion
or, equivalently, the Lagrangian no longer exists in quantum field theoretical
perturbation theory. The reason for this arises from the fact that in such a case
a consistent renormalization procedure cannot be found.

3.2.1 The gauge principle

The gauge principle can be explained by the example of -classical
electrodynamics. It is based on the Maxwell equations and the electric
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Figure 3.2. Lepton universality as probed in eTe™ colliders at CERN and SLAC. The
measured coupling constants gy, g4 as obtained in the different flavours as well as the
combined value are shown. The flat band shows the pull for varying the higgs and top
mass. This precision measurement indicates a universal coupling of the charged leptons
to the weak vector bosons, whose value favours a relatively light Higgs boson (with kind
permission of the LEP EW working group).

and magnetic fields—measurable quantities which can be represented as the
components of the field-strength tensor F,, = 9,A, — 0,A,. Here the four-
potential A, is given by A, = (¢, A), and the field strengths are derived from it
as E=—-V¢ —0,Aand B =V x A. If p(¢, x) is a well-behaved, differentiable
real function, it can be seen that under a transformation of the potential such as

¢ (t,x) = ¢p(t,x) + dip(t, x) (3.10)
Al(t,x) = A(t,x) + Vp(t, x) 3.11)

all observable quantities remain invariant. The fixing of ¢ and A to particular
values in order to, for example, simplify the equations of motion, is called fixing
the gauge.

In gauge theories, this gauge freedom for certain quantities is raised to a
fundamental principle. The existence and structure of interactions is determined
by the demand for such gauge-fixable but physically undetermined quantities.
The inner structure of the gauge transformation is specified through a symmetry
group.

As mentioned before, symmetries and behaviour under symmetry operations
play a crucial role and will be considered next.
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3.2.2 Global symmetries

Internal symmetries can be subdivided into discrete and continuous symmetries.
We will concentrate on continuous symmetries. In quantum mechanics a physical
state is described by a wavefunction v (x, ¢t). However, only the modulus squared
appears as a measurable quantity. This means that as well as ¥ (x, ¢) the functions

vV (x, 1) =e Y (x, 1) (3.12)

are also solutions of the Schrodinger equation, where « is a real (space and time
independent) function. This is called a global symmetry and relates to the space
and time independence of «. Consider the wavefunction of a charged particle
such as the electron. The relativistic equation of motion is the Dirac equation:

iy 8 e (x. 1) — myre(x, 1) = 0. (3.13)
The invariance under the global transformation
Volx. 1) = U (x, 1) (3.14)

where e is a constant (for example, the electric charge), is clear:

iy, e (x, 1) = e mi.(x, 1)
= iy"9,e % Yo (x, 1) = me® Y, (x, 1)
iy 8,0l (x, 1) = myl(x,1). (3.15)

Instead of discussing symmetries of the equations of motion, the Lagrangian £
is often used. The equations of motion of a theory can be derived from the
Lagrangian L(¢, 9,¢) with the help of the principle of least action (see e.g.
[Gol80]). For example, consider a real scalar field ¢ (x). Its free Lagrangian
is

L, 0u) = 5(3upd"d — m>¢?). (3.16)
From the requirement that the action integral § is stationary
86S[x]1=0 with S[x] = /,C(qb, o) dx 3.17)
the equations of motion can be obtained:
oL oL _ 0 (3.18)
T0ag) 09 '

The Lagrangian clearly displays certain symmetries of the theory. In general,
it can be shown that the invariance of the field ¢ (x) under certain symmetry
transformations results in the conservation of a four-current, given by

L
9 | =—=38¢ ) =0. 3.19
(8(8a¢) ¢) G
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This is generally known as Noether’s theorem [Noel8]. Using this expression,
time, translation and rotation invariance imply the conservation of energy,
momentum and angular momentum respectively. We now proceed to consider
the differences introduced by local symmetries, in which « in equation (3.12) is
no longer a constant function but shows a space and time dependence.

3.2.3 Local (= gauge) symmetries

If the requirement for space and time independence of « is dropped, the symmetry
becomes a local symmetry. It is obvious that under transformations such as

Yo (x) = Dy (x) (3.20)
the Dirac equation (3.13) does not remain invariant:

(iy" 8, — m)yl(x) = Oy 8, — m)Ye(x) + e(d0(x)y" Yo (x)]
= e(Bua(x)y yl(x) #0. (3.21)

The field ¥, (x) is, therefore, not a solution of the free Dirac equation. If it
were possible to compensate the additional term, the original invariance could be
restored. This can be achieved by introducing a gauge field A, which transforms
itself in such a way that it compensates for the extra term. In order to achieve this,
it is necessary to introduce a covariant derivative D,,, where

Dy, =0, —ieA,. (3.22)

The invariance can be restored if all partial derivatives d,, are replaced by the
covariant derivative D,. The Dirac equation then becomes

iy Duye(x) = iy" (9 — ieA ) e (x) = mipe (x). (3.23)

If one now uses the transformed field v/ (x), it is easy to see that the original
invariance of the Dirac equation can be restored if the gauge field transforms
itself according to

Ay — Ay + 0 a(x). (3.24)

The equations (3.20) and (3.24) describe the transformation of the wavefunction
and the gauge field. They are, therefore, called gauge transformations. The
whole of electrodynamics can be described in this way as a consequence of the
invariance of the Lagrangian L or, equivalently, the equations of motion, under
phase transformations ¢*™). The resulting conserved quantity is the electric
charge, e. The corresponding theory is called quantum electrodynamics (QED)
and, as a result of its enormous success, it has become a paradigm of a gauge
theory. In the transition to classical physics, the gauge field A, becomes the
classical vector potential of electrodynamics. The gauge field can be associated
with the photon, which takes over the role of an exchange particle. It is found
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that generally in all gauge theories the gauge fields have to be massless. This
is logical because a photon mass term would be proportional to m}z,A,lA",
which is obviously not invariant. Any required masses have to be built in
subsequently. The case discussed here corresponds to the gauge theoretical
treatment of electrodynamics. Group-theoretically the multiplication with a phase
factor can be described by a unitary transformation, in this case the U(1) group. It
has the unity operator as generator. The gauge principle can easily be generalized
for Abelian gauge groups, i.e. groups whose generators commute with each other.
It becomes somewhat more complex in the case of non-Abelian groups, as we
will see in the next section.

3.2.4 Non-Abelian gauge theories (= Yang—Mills theories)

Non-Abelian means that the generators of the groups no longer commute, but
are subject to certain commutator relations and the resulting non-Abelian gauge
theories (Yang—Mills theories) [Yan54]. One example for commutator relations
are the Pauli spin matrices o;,

[oi, 0] = ihok (3.25)

which act as generators for the SU(2) group. Generally SU(N) groups possess
N? — 1 generators. A representation of the SU(2) group is all unitary 2 x
2 matrices with determinant +1. Consider the electron and neutrino as an
example. Apart from their electric charge and their mass these two particles
behave identically with respect to the weak interaction, and one can imagine
transformations such as

ve®) \ _ Ve ()
( 1p_v(x) - U(.X) 1p_v(x) (326)
where the transformation can be written as
U(ai,ar,a3) = ei%(“101+“2"2+“3"3) = ei%“(")". (3.27)

The particles are generally arranged in multiplets of the corresponding group
(in (3.26) they are arranged as doublets). Considering the Dirac equation and
substituting a covariant derivative for the normal derivative by introducing a gauge
field W, (x) and a quantum number g in analogy to (3.22):

i
Dy =, + ngﬂ(x) o (3.28)
does not lead to gauge invariance. Rather, because of the non-commutation of

the generators, an additional term results, an effect which did not appear in the
electromagnetic interaction. Only transformations of the gauge fields such as

1
W, =W, + gaua(x) — W, x a(x) (3.29)
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Table 3.2. (a) Properties of the quarks ordered with increasing mass: I, isospin and its
third component I3, S, strangeness; C, charm; Q, charge; B, baryon number; B*, bottom;
T, top. (b) Properties of leptons. L; flavour-related lepton number, L = Zi:e’ wr Li-

(a) Flavour  Spin B I I3 S C B* T Qlel
u 12 13 12 12 0 0 0 0 2/3
d 12 13 12 —1)2 0 0 0 0 —1/3
s 12 1/3 0 0 -1 0 0 0 —1/3
c 12 1/3 0 0 01 0 0 23
b 1/2 1/3 0 0 0 O -1 0 —-1/3
¢ 12 1/3 0 0 00 0 1 23

(b) Lepton Q[e] L, Ly, Ly L

e -1 1 0 0 1
Ve o 1 0 o0 1
w -1 0 1 0 1
v o 0 1 o0 1
T -1 0 0 1 1
Ve o 0 0 1 1

supply the desired invariance. (Note the difference compared with (3.24).) The
non-commutation of the generators causes the exchange particles to carry ‘charge’
themselves (contrary to the case of the photon, which does not carry electric
charge) because of this additional term. Among other consequences, this results in
a self-coupling of the exchange fields. We now proceed to discuss in more detail
the non-Abelian gauge theories of the electroweak and strong interaction, which
are unified in the standard model of elementary particle physics. The main interest
of this book lies in neutrinos. Therefore, we concentrate on the electroweak part
of the standard model.

3.3 The Glashow—Weinberg—Salam model

We now consider a treatment of electroweak interactions in the framework of
gauge theories. The exposition will be restricted to an outline, for a more detailed
discussion see the standard textbooks, for example [Hal84, Nac86, Ait89, Gre86a,
Don92, Mar92, Lea96, Per00].

Theoretically, the standard model group corresponds to a direct product of
three groups, SU(3)®SU(2)®U(1), where SU(3) belongs to the colour group
of quantum chromodynamics (QCD), SU(2) to the weak isospin and U(1)
belongs to the hypercharge. The particle content with its corresponding quantum
numbers is given in table 3.2. The electroweak SU(2) ® U(1) section, called
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the Glashow—Weinberg—Salam (GWS) model [Gla61, Wei67, Sal68] or quantum
flavour dynamics (QFD) consists of the weak isospin SU(2) and the hypercharge
group U(1). The concept of weak isospin is in analogy to isospin in strong
interactions (see, e.g., [Gro90]). The elementary particles are arranged as doublets
for chiral left-handed fields and singlets for right-handed fields in the form

W, GG GG Q)

UR dgr SR CR br IR eR UR TR. (3.30)

We want to discuss the theory along the line taken in [Nac86] taking the
first generation of the three known chiral lepton fields eg, e; and v,z as an
example. An extension to all three generations and quarks is straightforward.
Neglecting any mass and switching off weak interactions and electromagnetism
the Lagrangian for the free Dirac fields can be written as

VeL (X)
er(x)

L(x) = (Ve (x), éL(x))(iVMau)< ) + er(x)iy"ouer (x). (3.31)
This Lagrangian is invariant with respect to global SU(2) transformations on the
fields v.1 and e;. Going to a local SU(2) transformation, the Lagrangian clearly
is not invariant but we can compensate for that by introducing a corresponding
number of gauge vector fields. In the case of SU(2) we have three generators and,
therefore, we need three vector fields called W/i, Wﬁ, Wi (see section 3.2.4). The
Lagrangian including the W-fields can then be written as

L) = 3Te(Wyup (Y WH (x)) + (er, (x), 2L(x))iy" By + igWy) (‘2)
+ er(x)iy d er (x). (3.32)

The introduced gauge group SU(2) is called the weak isospin. Introducing the
fields Wlf as

1
Wi = —
I3 ﬁ

from (3.32) the v—e—W coupling term can be obtained as

(W) FiW2) (3.33)

— _ O [ Vel
L= —g(veL,eL)VMWu§<; )
L

o 1 w3 2wt Vel
_ , n_ u 2 3.34
gWer,eL)y ) < «/EW; _Wﬁ ) <€L> ( )

- g{Wi(DeLVMVeL —ery"er) + N2W by er +V2W, eLy veL)

with o as the Pauli matrices. This looks quite promising because the last two
terms already have the y*(1 — ys5) structure as discussed in section 3.1. Hence,
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by finding a method to make the W-boson very massive, at low energy the theory
reduces to the Fermi four-point interaction (see chapter 6). Before discussing
masses we want to add electromagnetism. The easiest assumption for associating
the remaining field Wﬁ with the photon field does not work, because Wg couples
to neutrinos and not to eg in contrast to the photon. Going back to (3.31) beside
the SU(2) invariance one can recognize an additional invariance under two further
U(1) transformations with quantum numbers yr, yg:

(VeL(x)> s etivex (VeL(x)> (3.35)
er(x) er(x) '
er(x) = eTVRX e (x). (3.36)

However, this would result in two ‘photon-like’ gauge bosons in contrast to nature
from which we know there is only one. Therefore, we can restrict ourselves
to one special combination of these phase transitions resulting in one U(1)
transformation by choosing

yL=—1. (3.37)
yr is fixed in (3.46). This U(1) group is called the weak hypercharge Y. We can
make this U(1) into a gauge group as in QED, where the charge Q is replaced by
the weak hypercharge Y. Between charge, hypercharge and the third component
of the weak isospin, the following relation holds

Y
0=1+7. (3.38)

The necessary real vector field is called B, and the corresponding gauge coupling
constant g’. Now we are left with two massless neutral vector fields W?3, By, and
the question arises as to whether we can combine them in a way to account for
weak neutral currents (see chapter 4) and electromagnetism. Let us define two
orthogonal linear combinations resulting in normalized fields Z,, and A;:

1 3 /
Z, = ————(gW> —¢'B,) (3.39)
w g2+g/2 M n
1
A, = ———(g'W> +gB,). (3.40)
w g2+g/2 H® H
By writing
!/
sinfy = ——2 (3.41)
g2 +g/2
cos Oy = —2 (3.42)
g2 +g/2

we can simplify the expressions to
Z, = cosOy W, —sinfy B, (3.43)
Ay = sinfy W, + cos Oy By. (3.44)
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The angle sin Oy is called the Weinberg angle and is one of the fundamental
parameters of the standard model. Replacing the fields W3, By, in (3.34) by
Z,, A, results in

L= — %(W:f)eu/“q + W eryver)

5

—V&+ 82 Zu(3VeL Y ver — eV eL

— sin® Oy (—epyPer + yréry"er))
/

— 88 A (—éLyter + yrery"en). (3.45)

/gz + g/2
One can note that the Z;, coupling results in neutral currents. However, A, no
longer couples neutrinos and is, therefore, a good candidate to be associated with
the photon field. To reproduce electromagnetism we have to choose the following

/
yr=—1 5 _, (3.46)

/g2+g/2 B

which immediately yields another important relation by using (3.41)
sinfy = <. (3.47)
8

This finally allows us to write the Lagrangian using electromagnetic, charged and
neutral currents:

L= — e{AuJem + (W;‘_)eLVMeL + W;éLVMVeL)

V2 sin Oy

1
S I 3.48
sin Oy cos Oy " Nc} ( )

with the currents
Ty = —eLyter —éryter = —eyle (3.49)

The = AVeLy™ver, — eLy'er — sin® Oy JL,. (3.50)

3.3.1 Spontaneous symmetry breaking and the Higgs mechanism

In the formulation of the theory all particles have to be massless to guarantee
gauge invariance. The concept of spontaneous symmetry breaking is then used for
particles to receive mass through the so-called Higgs mechanism [Higo4, Kib67].
Spontaneous symmetry breaking results in the ground state of a system having no
longer the full symmetry corresponding to the underlying Lagrangian. Consider
the following classical Lagrangian

L=3,D) ") — >oTd — A(dTD)? (3.51)
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Figure 3.3. Schematic view of the Higgs potential (‘Mexican hat’) and its minimum for
2
ue < 0.

where @ (x) is a complex scalar field. £ is invariant under the group U(1) of global
transformations equivalent to (3.14). The kinetic energy term is positive and can
vanish only if & = constant. The ground state of the system will be obtained
when the value of the constant corresponds to the minimum of the potential

V(®) = >0 ® + A(DT D)2, (3.52)

If u> > 0 and A > 0, a mimimum configuration occurs at the origin and we have
a symmetric ground-state configuration. If, however, ,u2 < 0, the minimum is at

p=od" = —pu?/2x (3.53)

which means that there is a whole ring of radius

v
dl=— =./—u2/2xr 3.54
|P| NG V—He/ (3.54)

in the complex plane (see figure 3.3). There are infinitely many ground
states, degenerate with each other but none shows the original symmetry of
the Lagrangian any longer. The symmetry is broken spontaneously. Generally,
it can be shown that spontaneous symmetry breaking is connected with the
degeneracy of the ground state. Now we impose invariance under a local gauge
transformation, as it is implemented in the standard model. In the electroweak
model the simplest way of spontaneous symmetry breaking is achieved by
introducing a doublet of complex scalar fields, one charged, one neutral:

;
¢ = C;O) (3.55)

where the complex fields are given by

o1+ i

YT
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_ P3+igy
==

Adding a kinetic term to the potential (3.52) leads to the following expression for
the Lagrangian:

#° (3.56)

Lhiges = (9,9)"(0"¢) — 1’ — 1(97¢). (3.57)
Proceeding as before, the potential V (¢) has a minimimum for u? <0at
2 2
fo_ M _ VT 3.58
¢'¢ 2 7 (3.58)

Here again the minima, corresponding to the vacuum expectation values of ¢ lie
on a circle with (¢) = v/v/2 = /—u2/2x. This ground state is degenerate
and its orientation in two-dimensional isospin space is not defined. It can choose
any value between [0, 277 ]. From this infinite number of possible orientations we
choose a particular field configuration which is defined as the vacuum state as

1 (0
b= (v) (3.59)

which is no longer invariant under SU(2) transformations. The upper component
is motivated by the fact that a vacuum is electrically neutral. The field ¢ (x) can
now be expanded around the vacuum

1 0
=5 (v + H(x)) (3:60)

where a perturbation theory for H (x) can be formulated as usual. Now consider
the coupling of this field to fermions first. Fermions get their masses through
coupling to the vacuum expectation value (vev) of the Higgs field. To conserve
isospin invariance of the coupling, the Higgs doublet has to be combined with a
fermion doublet and singlet. The resulting coupling is called Yukawa coupling
and has the typical form (given here for the case of electrons)

_ %
£Yuk = — CeequT( eL) + h.c.
€L

— e |:ER¢§ (Zj) + (Ve, éL)¢0€R]

21 _ 1
— Ce [eRﬁveL +eL7§veR]

1
= —c.v—=(ereL +eLeR)
e «/E

— ce%ée. (3.61)



The Glashow—Weinberg—Salam model 47

Here ¢, is an arbitrary coupling constant. This corresponds exactly to a mass term
for the electron with an electron mass of

Mo = ce%. (3.62)

The same strategy holds for the other charged leptons and quarks with their
corresponding coupling constant ¢;. In this way fermions obtain their masses
within the GWS model.

Neutrinos remain massless because with the currently accepted particle
content there are no right-handed vy singlet states and one cannot write down
couplings like (3.61). With the evidence for massive neutrinos described later,
one is forced to generate the masses in another way such as using Higgs triplets
or adding right-handed neutrino singlets (see chapter 5).

Substituting the covariant derivative for the normal derivative in £ as in
(3.22) leads directly to the coupling of the Higgs field with the gauge fields. For
details see [Nac86, Gun90]. The gauge bosons then acquire masses of

2.2 2.2
my =40 = 7 (3.63)
4 4 sin~ Oy
) (g2+g/2)v2 ezvz
my = =— 5 (3.64)
4 4 sin” Oy cos? Oy
resulting in
mwy
—— = cosOy. (3.65)
mz

An interesting quantity deduced from this relation is the p-parameter defined as

- mw (3.66)
mz cos Ow

Any experimental signature for a deviation from p = 1 would be a hint for new
physics. An estimate for v can be given by (3.63) resulting in

v=(2Gr)"Y? ~ 246 GeV. (3.67)

The inclusion of spontaneous symmetry breaking with the help of a complex
scalar field doublet has another consequence, namely the existence of a new scalar
particle called the Higgs boson, with a mass of m y, such that

m3, = 220, (3.68)

This is the only unobserved particle of the standard model and many efforts
are made to prove its existence (see section 3.4.5). To obtain invariance under
hypercharge transformations, we have to assign a hypercharge of yg = 1/2 to
the Higgs.
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3.3.2 The CKM mass matrix

It has been experimentally proved that the mass eigenstates for quarks are not
identical to flavour eigenstates. This is shown by the fact that transitions between
the various generations are observed. Thus, the mass eigenstates of the d and s
quark are not identical to the flavour eigenstates d” and s’, which take part in the
weak interaction. They are connected via

d’ cosfc  sinfc d
(s/) - ( —sinf¢c  cosfc ) (s) (3.69)

The Cabibbo angle ¢ is about 13° (sin 8¢ = 0.222 + 0.003). The extension
to three generations leads to the so-called Cabibbo—Kobayashi—-Maskawa matrix
(CKM) [Kob73]

d Vud Vus Vub d
s’ = Vea Ves  Veb X s =U x s (3.70)
b Via Vis Vi b b

which can be parametrized with three mixing angles and a single phase:

ié

C12€13 $12€13 s13e

U= —sics —cias23s13e’®  cracas — s1as3s13¢”® sa3¢13 (3.71)
512523 — c12823513€0  —c12803 — s12c23s13€ c3c13

where s;; = sin6;,c;j = cos6;; (i,j = 1,2,3). The individual matrix

elements describe transitions between the different quark flavours and have to
be determined experimentally. The present experimental results in combination
with the constraint of unitarity of U give the values (90% CL) [PDGO00]:

0.9745...0.9757 0.219...0.224 0.002...0.005
|U| = 0.218...0.224  0.9736...0.9750 0.036...0.046 . (3.72)
0.004...0.014 0.034...0.046  0.9989...0.9993

However, some deviation might be seen using neutron decay [Abe02]. The
Wolfenstein parametrization of U [Wol83], an expansion with respect to A =
sin 017 accurate up to third order in A

1— 322 A AN (p —in)
U= —A 1—122 AX? (3.73)
AVA —p—in) —AN? 1

is useful. Such a parametrization might not be useful in the leptonic sector,
because it assumes hierarchical matrix elements, with the diagonal ones being the
strongest. This case is probably not realized in the leptonic sector as we will see
later. A useful concept are geometrical presentations in the complex (7, p) plane
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Figure 3.4. Left: Schematic picture of the unitarity triangle in the complex plane using the
Wolfenstein parameters 1, p. Right: Existing experimental limits constraining the apex of
the triangle (from [MelO1]).

called unitarity triangles (figure 3.4). The unitarity of the CKM matrix leads to
various relations among the matrix elements where, in particular,

Vaa Vi + Vea Vi + ViaVi = 0 (3.74)

is usually quoted as ‘the unitarity triangle’. The relations form triangles in the
complex plane, with the feature that all triangles have the same area. A rescaled
triangle is obtained by making V.4V, real (one side is then aligned to the real
axis) and dividing the lengths of all sides by V.4V (given the side along the real
axis length 1). Two vertices are then fixed at (0,0) and (1,0). The third vertex is
then given by the Wolfenstein parameters (o, ). With all the available data, one
finds [NirO1] that

A=0.8274+0.05  A=0.2221+0.0021 (3.75)
p=023+0.11 n=0.37%0.08 (3.76)

sin28 =0.774+0.08  sin2a¢ = —0214£0.56  0.43 <sin®y < 0.91
(3.77)

3.3.3 CP violation

The phase e'® in (3.71) can be linked to C P violation. The necessary condition
for CP invariance of the Lagrangian is that the CKM matrix and its complex
conjugate are identical, i.e. its elements are real. While this is always true for
two families, for three families it is only true in the previous parametrization
if 8 = 0 or § = m. This means that if § does not equal one of those values,
then the CKM matrix is a source of C P violation (see, e.g., [Nac86]). The first
observation of C P violation has been observed in the kaon system [Chr64]. The
experimentally observed particles Kg and K;, are only approximately identical to
the C P eigenstates K and K», so that it is necessary to define the observed states
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Ky (=~ K7) and K (>~ Kj) as (see, e.g., [Com83]):

Ks) = (1+1e»)72(Ky) — €[Ka)) (3.78)
Kz) = (1+ €))7 (1K2) + €lKp)). (3.79)

C P violation caused by this mixing can be characterized by the parameter €. The
ratio of the amplitudes for the decay into charged pions may be used as a measure
of C P violation [Per00, PDGO0O0]:

AKy, — 7tn7)

e T T —(2.2854+0.019) x 1073, 3.80
AKs > atno) ) x (-80)

n+—| =

A similar relation is obtained for the decay into two neutral pions, characterized
in analogy as 1gg. The € appearing in equations (3.78) and (3.79), together with a
further parameter €’ can be connected with 7 via the relation

Mo —e+é (3.81)
noo = € — 2€’ (3.82)

from which it can be deduced (see e.g. [Com83]) that

7700

N+—

€/
~1—-3Re (—) . (3.83)

€

Evidence for a non-zero €’ would show that C P is violated directly in the decay,
i.e. in processes with AS = 1, and does not only depend on the existence of
mixing [Com83]. The experimental status is shown in table 3.3, establishing that
¢’ is indeed different from zero.

Other important decays that will shed some light on CP violation are the
decays K — 7t v and K; — 70 which have small theoretical uncertainties.
Two events of the first reaction have been observed by the E787 experiment at
BNL [AdI00, Che02].

C P violation in combination with C PT invariance requires also 7" violation.
T violation was directly observed for the first time in the kaon system by the
CPLEAR experiment at CERN [Ang98].

C P violation might also show up in B-meson decays. The gold-plated
channel for investigation is B; — J/ W + Kg because of the combination of the
experimentally clean signature and exceedingly small theoretical uncertainties. It
allows a measurement of sin 28. The current experimental status is shown in
table 3.3. The B factories at SLAC at Stanford (BaBar experiment [Bab95]) and
at KEK in Japan (Belle experiment [Bel95b]) have already observed C P violation
in the B system and provide important results [Aub01, AbaO1].

In the leptonic sector the issue could be similar: massive neutrinos will lead
to a CKM-like matrix in the leptonic sector often called the Maki—Nakagawa—
Sakata (MNS) matrix [Mak62] and, therefore, to C P violation. Furthermore,
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Table 3.3. Current (spring 2003) status of C P violation in kaon decay (expressed as the
ratio €’/¢) and in B-meson decays (expressed as the angle sin 28). Here the first error is
statistical and the second systematic.

Experiment ¢€’/e

NA 31 (23+£7) x 1074

E 731 (7.4+£8.1) x 107
KTeV (20.7 £2.8) x 1074
NA 48 (14.7 +£2.2) x 1074

Experiment  sin 28

BaBar 0.741 £ 0.067 4 0.034

Belle 0.719 £0.074 £ 0.035
+0.41

CDF 0.79%

OPAL 3208 +05
+0.6440.36

Aleph 0.937583 024

if neutrinos are Majorana particles, there would already be the possibility of
CP violation with two families and in three flavours three phases will show
up [Wol81] (see section 5.5). A chance to probe one phase of C P violation in
the leptonic sector exists with the planned neutrino factories (see chapter 4). The
Majorana phases have direct impact on the observables in neutrinoless double
B-decay (see chapter 7).

3.4 Experimental determination of fundamental parameters

Although it has been extraordinarily successful, not everything can be predicted
by the standard model. In fact it has 18 free parameters as input all of which have
to be measured (see chapter 5). A few selected measurements are discussed now
in a little more detail.

3.4.1 Measurement of the Fermi constant G g

The Fermi constant G has been of fundamental importance in the history of
weak interaction. Within the context of the current GWS model, it can be

expressed as
2

Gr_ 8
= —2.
V2 8m7yy,
In the past the agreement of measurements of G in B-decay (now called Gg) and
in p-decay (now called G,,) lead to the hypothesis of conserved vector currents

(3.84)
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(CVC hypothesis, see section 3.1); nowadays, the measurements can be used to

test the universality of weak interactions. A small deviation between the two is
expected anyway because of the Cabibbo-mixing, which results in

Gp

I

~ cosfc ~ 0.98. (3.85)

In general, precision measurements of the fundamental constants including the
Fermi constant, allow us to restrict the physics beyond the standard model
[Her95, Mar99].
The best way to determine G ¢ which can also be seen as a definition of G ¢
(GF := Gy,) is the measurement of the muon lifetime 7:
e
19273
where Ap describe radiative corrections. Equation (3.86) can be expressed as

[Rit00]
Gim’ m2 3 m?
-1 _ _ F''u e 1
T e =gt <m—> (‘ t5,

T =T (u = evuve) = (14 Ap) (3.86)

a(my) (25 2

1 -~ _ 3.87
x ( T (4 d G587

with (x = mg/m/a)
F(x)=1—8x — 12x?Inx + 8x* — x* (3.88)

and
wm) =o' — 2 (™) + L~ 136 (3.89)
e 37\ my 67 . .

The second term in (3.87) is an effect of the W propagator and the last term is the
leading contribution of the radiative corrections. Unfortunately, the experimental
value of [Bar84, Gio84]

Gr =1.16637(1) x 107 GeV 2 (3.90)

still has an error of 18 ppm. Therefore, at PSI a new experiment has been approved
to improve the value of the muon lifetime by a factor of about 20 [Car99, Kir99a].
This will finally result in a total experimental uncertainty of 0.5 ppm on G r and
will have much more sensitivity on new physics effects.

3.4.2 Neutrino—electron scattering and the coupling constants gy and g 4

A fundamental electroweak process to study is ve scattering, which can be of the
form

Ve = ve Ve — ve 3.91)

Ve€ —> V€ De€ — Ve€. (3.92)
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Figure 3.5. Feynman diagrams for neutrino—electron NC and CC reactions: vye NC (a),
vye NC (b), vee NC + CC (c) and vpe NC + CC scattering (d).

While the first reaction can only happen via neutral current (NC) interactions, for
the second both neutral current and charged current (CC) are possible (figure 3.5),
see also [Pan95].

3.4.2.1 Theoretical considerations

The Lagrangian for the first reaction (3.91) is

G
—Tgmy“(l — ys)vulleva(gy — gays)e] (3.93)

L=
with the prediction from the GWS model of
gy =—1+2sin’0y  ga=—%. (3.94)

A similar term can be written for the second type of interaction. In addition, the
CC contribution can be written as

L= - %[Ey (1 = y)velliera(l — ys)el (3.95)
G
= — ZL0y* (1 — ys)velleva(l — ys)e] (3.96)

V2
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where in the second step a Fierz transformation was applied (see [Bil94] for
technical information on this). The predictions of the GWS model for the chiral
couplings g;, and gp are:

gL =3(gv +g4) = —5 +si’ 0w gr = 3(gv —ga) =sin’Oy. (3.97)

A detailed calculation [Sch97] leads to the expected cross sections which are
given by (see also chapter 4)

do (- Gim, m
@w e) = ZFn E, [(gv +ga)? + (gv Fga) (1 —y)* + E—j(g% - g%)y}
(3.98)
and
do (o) Gim
—(ve ) = 12 E,[(Gy £ G2)* + (Gy T Ga)*(1 —y)?
dy 2w
Me 2
+ E_(GA - Gv)y] (3.99)
v

with Gy = gy + 1 and G4 = g4 + 1. The upper(lower) sign corresponds to
ve(ve) scattering. The quantity y is called the inelasticity or the Bjorken y and is
given by

Te E,

— (3.100)
E, E,

where T, is the kinetic energy of the electron. Therefore, the value of y is
restricted to 0 < y < 1. The cross sections are proportional to E,,. An integration
with respect to y leads to total cross sections of

y:

)
o (v ©) = 00(gy + g4 + gvea) (3.101)
oV €) = 00(G + G4 £ Gy Ga) (3.102)
with
2G> E
00 = " o) 2By = 5744 x 10~ 2mpy em? —2-. (3.103)
GeV

(3.101) can be reformulated into
gy + g5 = [o(vue) + o (e)l/200 (3.104)
gvga =lo(vue) —o(vue)l/200. (3.105)

By measuring the four cross sections (3.101) the constants gy and g4 and
additionally using (3.94), sin? Ow can also be determined. For each fixed
measured value of o (ve)/op one obtains an ellipsoid in the gy, g4 plane with the
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Figure 3.6. Schematic drawing of the four ellipses for fixed o(ve)/og values in
the (gv,ga) plane for the various ve scattering processes. The directions of the
gr and gg axis under 45° are shown as dashed lines and the GWS prediction
—% <gy < %, gA = —% for 0 < sin? Ow < 1 are also shown (after [Shu97]).

main axis orientated in the direction of 45 degrees, i.e. along the gg, g, directions
(figure 3.6).

In vee scattering there is interference because of the presence of both
amplitudes (NC and CC) in the interactions. The cross sections are given by

o(vee) = (g + &5 + 8vga)oo + 300 + 3(gv + ga)o0 (3.106)
o (ee) = (g + g4 — §v44)00 + 00 + (8v + §4)00 (3.107)

where the interference term is given by
I(vee) = 31(b.e) = 3(gy + ga)oo = 3(2sin’ Oy — 1)oy. (3.108)

The small cross section requires experiments with a large mass and a high
intensity neutrino beam. The signature of this type of event is a single electron in
the final state. At high energies the electron is boosted in the forward direction
and, besides a good energy resolution, a good angular resolution is required for
efficient background discrimination (see [Pan95] for details).

3.4.2.2 vye scattering

The same experimental difficulties also occur in measuring v,e scattering cross
sections. Accelerators provide neutrino beams with energies in the MeV-
several GeV range (see chapter 4). Experiments done in the 1980s consisted of
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calorimeters of more than 100 t mass (CHARM, E734 and CHARM-II), of which
CHARM-II has, by far, the largest dataset [Gei93, Vil94]. With good spatial and
energy resolution, good background discrimation was possible. The dominant
background stems basically from v, CC reactions due to beam contamination
with v, and NC 79 production, with 7% — yy which could mimic electrons.
The latter can be discriminated either by having a different shower profile in the
calorimeter or by having a wider angular distribution. The results are shown in
figure 3.7. However, there is still an ambiguity which fortunately can be solved
by using data from forward—backward asymmetry measurements in elastic e™e™~
scattering (yZ interference) measured at LEP and SLC. The resulting solution is
then [Sch97] (figure 3.7)

gy =—0.035+0.017 g4 = —0.503 £ 0.017. (3.109)

This is in good agreement with GWS predictions (3.94) assuming sin” 8y = 0.23.

3.4.2.3 ve.e and v.e scattering

Results on v.e scattering rely on much smaller datasets. Using nuclear power
plants as strong v, sources cross sections of [Rei76]

o(vee) = (0.87 £ 0.25) x og 1.5 < E, <3.0MeV (3.110)
o(vee) = (1.70+ 0.44) x a9 30< E, <4.5MeV (3.111)

were obtained, where oy is the predicted integrated V-A cross section (3.103)
folded with the corresponding antineutrino flux.

Elastic v.e(v.e) scattering was investigated by E225 at LAMPF [All193].
Using muon-decay at rest, resulting in an average neutrino energy of (E,) =
31.7 MeV, 236 events were observed giving a cross section of

o (vee) = (3.18 £ 0.56) x 107* cm?. (3.112)

By using (E,) = 31.7 MeV and the GWS prediction

E
o (vee) = 09(3 + 3sin® Oy + 4sin* Oy) = 9.49 x 107+ csz—”V (3.113)
c

and gy, ga = 0 in (3.106) these are in good agreement. The interference term
was determined to be

I (vee) = (=2.91£0.57) x 107*cm? = (—1.60 £ 0.32)0y. (3.114)
A new measurement was performed by LSND (see chapter 8) resulting in [Aue01]

E
o (vee) = [10.1 + 1.1(stat.) & 1.0(sys.)] x 1074 —— (3.115)
MeV

also in good agreement with E225 and the GWS prediction.
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Figure 3.7. (a) Allowed regions (90% CL) of combinations in the (gy, g4) plane obtained
with the CHARM-II data. Only statistical errors are considered. The small straight areas
are the regions allowed by forward—backward asymmetry measurements in elastic eTe™
scattering. Together they select a single solution consistent with g4 = — % (b) Solution of
the ambiguities. Together with the four LEP experiments a unique solution can be found.
They are shown together with the CHARM-II result (from [Vil94]).
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3.4.2.4 Neutrino tridents

A chance to observe interference for the second generation is given by neutrino
trident production (using v, beams), the generation of a lepton pair in the
Coulomb field of a nucleus

v N — v, T¢N. (3.116)

A reduction in the cross section of about 40% is predicted in the case of
interference with respect to pure (V-A) interactions. Searches are done with high-
energy neutrino beams (see chapter 4) for events with low hadronic energy Epaq
and small invariant masses of the £7¢~ pair. Trident events were observed in
several experiments [Gei90, Mis91]. Here also an interference effect could be
observed.

3.4.3 Measurement of the Weinberg angle

One fundamental parameter of the GWS model is the Weinberg angle sin” 8. In
the language of higher-order terms, the definition for sin® fy has to be done very
carefully [PDGO00] because radiative corrections modify the mass and charge on
different energy scales (see chapter 5). The most popular ones are the on-shell
and MS definitions (see [PDGO00]). The on-shell definition relies on the tree level
formula

m
sin 0y =1— X (3.117)

obtained by dividing (3.63) and (3.64) so that it is also valid for the renormalized
inz Ow in all orders of perturbation theory. The modified minimal subtraction
MS scheme (see [Lea96] for details) uses (see (3.41))

g2 ()

g2 () + 8% (1) G119

sin® Oy (1) =
where the coupling constants are defined by modified minimal subtraction and the
scale chosen, umz, is convenient for electroweak processes.

The Weinberg angle can be measured in various ways. The determinations
of the coupling constants gy and g4 mentioned in (3.94) provide a way of
determining sin” @y . Another possibility is VN scattering (for more details, see
chapter 4). Here are measured the NC versus CC ratios (see (4.121) and (4.122)),
given by

onc (vN) 1 .9 20 4
R =——F=—-— 0 — 0 3.119
v occON) > sin”“ Oy + 77 sin” Oy ( )
onc (VN) 1 .9 20 . 4
= — == — 0 — Ow. 3.120
5 o (N) > sin” Ow + 9 sin” Ow ( )
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A low-energy measurement is the observation of atomic parity violation in heavy
atoms [Mas95, Blu95]. Their measuring quantity is the weak charge given by

Ow ~ Z(1 — 4sin®0y) — N (3.121)

with Z being the number of protons and N the number of nucleons in the
atom. However, the most precise measurements come from observables using
the Z-pole, especially asymmetry measurements. These include the left—right
asymmetry

Apg=-L—"R (3.122)

with o7 (or) being the cross section for left(right)-handed incident electrons. This
has been measured precisely by SLD at SLAC. The left-right forward—backward
asymmetry is defined as

f f f f
07 —0;p—0Opr+0 3
Affi(f) _JLF LB RF RB _ 2 4.

f 7 f 7 f
Orp t0pp T 0rp T 0rp 4

(3.123)

where, e.g., o LfF is the cross section for a left-handed incident electron to produce
a fermion f in the forward hemisphere. The Weinberg angle enters because A ¢
depends only on the couplings gy and g4:

28vga
A = 7 5
8v8a

(3.124)

A compilation of sin” @y measurements is shown in table 3.4.

3.4.4 Measurement of the gauge boson masses mw and mz

The accurate determination of the mass of the Z-boson was one of the major goals
of LEP and SLC. The Z° shows up as a resonance in the cross section in eTe™~
scattering (figure 3.8). With an accumulation of several million Z°-bosons, the
current world average is given by [PDGO00]

mz = 91.1874 £ 0.0021 GeV. (3.125)

Until 1996 the determination of the W-boson mass was the domain of pp machines
like the SppS at CERN (/s = 630 GeV) and the Tevatron at Fermilab (/s =
1.8 TeV). The combined limit of the results is given by

my = 80.452 £ 0.091 GeV. (3.126)

With the start of LEP2, independent measurements at ete™ colliders became
possible by W-pair production. Two effects could be used for an my
measurement: the cross sections near the threshold of W-pair production
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Table 3.4. Compilation of measurements of the Weinberg angle sin? Ow (on-shell and in
the MS scheme from various observables assuming global best-fit values (for mp = m )
my =173 £4 GeV and ag = 0.1214 £ 0.0031 (after [PDGO00]).

Figure 3.8. Cross sections (eTe™

Reaction sin? Ow (on-shell) sin? Ow (MS)

my 0.2231 + 0.0005 0.2313 4+ 0.0002
my 0.2228 + 0.0006 0.2310 4 0.0005
Arp 0.2225 + 0.0007 0.2307 £ 0.0006

LEP asymmetries

0.2235 £ 0.0004

0.2317 £ 0.0003

ALR 0.2220 £+ 0.0005 0.2302 £+ 0.0004
DIS (isoscalar) 0.226 + 0.004 0.234 4 0.004

vy (U)p = vu(W)p 0203 £0.032 0.211 4 0.032

v (e = vy (Dp)e 0.221 & 0.008 0.229 + 0.008
Atomic parity violation  0.220 % 0.003 0.228 + 0.003
SLAC eD 0.213 +£0.019 0.222 +£0.018

All data 0.2230 £ 0.0004 0.23124 +0.000 17
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Figure 3.9. Measurements of the cross section (eTe~ — WTW™) as a function of the
centre-of-mass energy obtained while LEP2 was running. The threshold behaviour can be
used to determine the W-mass and the behaviour shows the effect of self-coupling of the
gauge bosons. Scenarios with no ZWW vertex and pure ve exchange are clearly excluded.
Predictions of Monte Carlo simulations are shown as lines (with kind permission of LEP
EW working group).

(figure 3.9) and the shape of the invariant mass distribution of the W-pair. The
combined LEP value is [Gle00]:

mw = 80.350 £ 0.056 GeV (3.127)
resulting in a world average of
mwy = 80.398 £ 0.041 GeV. (3.128)

For a detailed discussion see [Gle00].

3.4.5 Search for the Higgs boson

The only particle of the standard model not yet discovered is the Higgs
boson.  However, information on the Higgs mass can be obtained by
electroweak precision measurements due to its contribution to radiative
corrections (figure 3.10). A best-fit value of 90:513 GeV could be determined
as shown in figure 3.11 or an upper limit of 200 GeV with 95% CL. In the late
phase of LEP2 alimitof my > 114.4 GeV could be obtained. Here, the dominant
production mechanism at LEP is ‘Higgs-strahlung’:

et +e” >Z"—>Z+H (3.129)



62 The standard model of particle physics

80-6 ¥ L] ' | T T T T T T T T T T T
— LEP1, SLD, vN Data //
8051 68%CL / 74
7
s
3 L / /
<. 80.4- "/ 7
= / /T
80.3 1 / il
/ ]
80.2 113/1) 1000

130 1 50 1 70 1 éO 210
m, [GeV]

Figure 3.10. Combination of experimental data in the my and m; plane from precision
measurements. The Higgs boson mass enters through radiative corrections, whose
contributions are shown for three representative masses as straight lines. As can be seen the

experiments prefer a rather light Higgs (w1th kind permlssmn of LEP EW working group).
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Figure 3.11. x2 distribution of global fits on electroweak data as a function of the Higgs
mass. A best-fit value of mpy = 90 GeV results, already in contradiction with the direct
experimental lower limit (with kind permission of LEP EW working group).

resulting in a Higgs and a Z-boson [Gun90]. The dominant signatures are two
b-jets coming from the Higgs decay and two jets from the Z (60% of total
decays) or missing energy because of a Z — vv decay (18% of total decays).
Further investigations will be made at the Tevatron Runll started recently at
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Fermilab and at the LHC at CERN starting in 2007. Again for light Higgses
(mpg < 160 GeV) the H — bb decay will be dominant, which for heavier
Higgses changes into gauge boson decays H — WW, ZZ. From experimental
considerations, at LHC the light Higgs search might be conducted in the decay
channel H — yy because of the large background in other channels. The
Higgs sector gets more complicated as more Higgs doublets are involved as in
the minimal supersymmetric standard model discussed in chapter 5.



Chapter 4

Neutrinos as a probe of nuclear structure

Before exploring the intrinsic properties of neutrinos, we want to discuss how
neutrinos can be used for measuring other important physical quantities. They
allow a precise determination of various electroweak parameters and can be used
to probe the structure of the nucleon via neutrino—nucleon scattering, as they are
a special case of lepton—nucleon scattering. To perform systematic studies with
enough statistics, artificial neutrino beams have to be created. Such sources are
basically high-energy particle accelerators. Further information on this subject
can be found in [Com83, Bil94,1.ea96, Sch97, Con98, Per00].

4.1 Neutrino beams

Because of the small cross section of neutrino interactions, to gain a reasonable
event rate R (events per second), the target mass of the detector (expressed in
numbers of nucleons in the target N7) has to be quite large and the intensity /
(v per cm~2s 1) of the beam should be as high as possible. An estimate of the
expected event rate is then given by

R = Nrol 4.1)

with o being the appropriate cross section (cm?). Let us focus on the beams first.

4.1.1 Conventional beams

Neutrino beams have to be produced as secondary beams, because no direct,
strongly focused, high-energy neutrino source is available. A schematic layout of
a typical neutrino beam-line is shown in figure 4.1. A proton synchrotron delivers
bunches of high-energy protons (of the order 10'® protons per bunch) on a fixed
target (therefore the commonly used luminosity unit is protons on target—pot),
resulting in a high yield of secondary mesons, predominantly pions and kaons.
By using beam optical devices (dipole or quadrupole magnets or magnetic horns)
secondaries of a certain charge sign are focused into a long decay tunnel. There,

64
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Figure 4.1. Schematic arrangements of neutrino beams: top, narrow-band beams; bottom,
wide-band beams (from [Eis86]).

the secondaries decay mostly via the reaction (assuming focusing of positive
secondaries)
Mt — ut +v, M = 7, K) 4.2)

with a branching ratio of 100% for pions and 63.5% for kaons. As can be seen, a
beam dominantly of v, is produced (or, accordingly, a v, beam if the oppositely
signed charged mesons are focused). Only a fraction of the produced mesons
decay in the tunnel with length L. The probability P for decay is given as

P =1—exp(—Lp/Ly) 4.3)
with
_ _ Pm ) 359m x  pp/GeV
Lo=pexym = " xctu = { 751m x px/Gev. 4P

For pys = 200 GeV and Lp = 300 m this implies: Lo = 11.2 km, P = 0.026
(pions) and Ly = 1.50 km, P = 0.181 (kaons). These probabilities have to
be multiplied with the muonic branching ratios given earlier to get the number
of neutrinos. To get a certain fraction of meson decays, Lp must increase
proportional to momentum (energy) because of relativistic time dilation. At the
end of the decay tunnel there is a long muon shield, to absorb the remaining
mrs and Ks via nuclear reactions and stop the muons by ionization and radiation
losses. The experiments are located after this shielding. The neutrino spectrum
can be determined from the kinematics of the two-body decay of the mesons.
Energy (E,) and angle (cos,) in the laboratory frame are related to the same
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quantities in the rest frame (marked with ) by

- cosO* + B
E,=7yE}(1+ BcosO; cosfy, = ——— 4.5
v y v( ﬂ 1)) v 1 + ﬂCOSO: ( )
with
- pM _ EM mlzl/l - mlz»b
== y=— and Ejy=——. (4.6)
Eu muy 2my
The two extreme values are given for cos§;' = £1 and result in
2 2 2
. my, —m my —m
Emin = M By —p) L~ 0 4.7
v o, (Em — pm) AEy, 4.7
and
2 2 2
max _ v — My o T ] 0427 x E;
B = Bt e =T ) XEM =1 0054« Ex
M M
(4.8)

using Ep > my. With a meson energy spectrum ¢ (Epr) between EA“,}in and

E* the resulting neutrino spectrum and flux is given by

Ey™ 1 m%w — mi
v (Ev) 0</ dEy¢mM(Em)— | —5—Em —Ev ). (4.9)
EAn/}m pM mM
Using (4.5) the following relation in the laboratory frame holds:
2 2 2 2
My —my, My — My max 1
E,6,) = XNEy——F—= ~*E———. (4.10)
YT 2Ewm — pucos6y) my + E302 147302

As can be seen for typical configurations (the radius R of the detector much
smaller than distance L to the source, meaning 6,, < R/L) only the high-energy
part of the neutrino spectrum hits the detector (E,(0) = Eymax). Two types of
beams can be produced—different physics goals require the corresponding beam
optical system. One is a narrow-band beam (NBB) using momentum-selected
secondaries, the other one is a wide-band beam (WBB) having a much higher
intensity.

A realization of a different type of beam with lower neutrino energies and,
therefore, lower proton beam energies is based on meson decay at rest within the
proton target leading to isotropic neutrino emission. This will be discussed in
chapter 8.

4.1.1.1 Narrow-band beams (NBB)

An NBB collects the secondaries of interest coming from the target via
quadrupole magnets. By using additional dipoles, it selects and focuses particles



Neutrino beams 67

_ Detector
Event —
Decay ________:_'.-.
_— R
.___.,- @F I| | |
Ly (Decay—tunnel) L, (n —Absorber)
= L -

Figure 4.2. Geometric relation in a NBB between the position of meson decay (distance
from the detector), decay angle 0, and radial position of the event in the detector.

of a certain charge and momentum range (typically Apy/py =~ 5%) that are
leaving this area into the decay tunnel as a parallel secondary beam. Because of
these two features (parallel and momentum selected), there is a unique relation
between the radial distance with respect to the beam axis of a neutrino event
in a detector and the neutrino energy for a given decay length (figure 4.2).
There is only an ambiguity because two mesons (7,K) are present in the beam.
Furthermore, the decay length is distributed along the decay tunnel, which results
in a smearing into two bands. This is shown in figure 4.3 for data obtained with
the CDHSW experiment [Ber87]. For this reason NBBs are sometimes called
dichromatic beams.

The main advantages of such a beam are a rather flat neutrino flux spectrum,
the possibility of estimating E, from the radial position in the detector and a rather
small contamination from other neutrino species. However, the intensity is orders
of magnitude smaller than the one obtained in wide-band beams. A schematic
energy spectrum from a NBB is shown in figure 4.4.

4.1.1.2 Wide-band beams (WBB)

In a WBB the dipoles and quadrupoles are replaced by a system of so called
magnetic horns. They consist of two horn-like conductors which are pulsed
with high currents synchronously with the accelerator pulse. This generates a
magnetic field in the form of concentric circles around the beam axis, which
focuses particles with the appropriate charge towards the beam axis. To increase
this effect, a second horn, called the reflector, is often installed behind. Here,
the prediction of the absolute neutrino energy spectrum and composition is a
difficult task. Detailed Monte Carlo simulations are required to simulate the
whole chain from meson production at the target towards the neutrino flux at a
detector. Instrumentation along the beam-line helps to determine accurate input
parameters for the simulation. Particularly in the case of West Area Neutrino
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Figure 4.3. Scatter plot of E, with respect to radial event position for CC events as
obtained with the CDHS detector at the CERN SPS. The dichromatic structure of the
narrow-band beam (NBB) with Ej; = 160 GeV is clearly visible and shows the neutrino
events coming from pion and kaon decay (from [Ber87]).
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Figure 4.4. Schematic energy spectrum of neutrinos in a NBB hitting a detector. The
contributions from pions and kaons are clearly separated.

Facility (WANF) at CERN, the SPY experiment was performed to measure
the secondary particle yield [Amb99], due to insufficient data from previous
experiments [Ath80]. While in the NBB, because of the correlation of radial
distance and neutrino energy, a reasonable estimation of E), can be performed, in
a WBB this is more difficult. In addition to beam-line simulations the observed
event rates and distributions can be used to extract the neutrino flux by using
known cross sections (‘empirical parametrization’, see [Con98]). Furthermore,
the beam can be polluted by other neutrino flavours like v, coming from decays,
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e.g. the K, 3-decay
KE = 70t ) @.11)

with a branching ratio of 4.8%, muon decays and decays from mesons produced
in the absorber.

4.1.2 v, beams

A completely different beam was necessary for the DONUT (E872) experiment
at Fermilab (FNAL) [Kod01]. Their goal was to detect v, CC reactions

v +N—->717 +X 4.12)

and, therefore, they needed a v; beam. This was achieved by placing the detector
only 36 m behind the 1 m long tungsten target, hit by a 800 GeV proton beam.
The v; beam results from the decay of the produced Dg-mesons via

Ds — tv;(BR =64+ 1.5%) and T — v+ X. (4.13)

They observed five event candidates for the process (4.13). New beam concepts
might be realized in the future.

4.1.3 Neutrino beams from muon decay

Currently three new neutrino beams are considered for future accelerators (see
also chapter 8). Among them is a high intensity beam as just described but with a
lower energy of only about 500 MeV (‘Superbeam’) significantly reducing the v,
component. In addition a pure beam of v, is proposed by accelerating S-unstable
isotopes (‘beta beam’) to a few hundred MeV [Zuc01]. A third concept considers
muon decay as a source for well-defined neutrino beams in the form of a muon
storage ring (‘neutrino factory’) [Gee98]. Instead of using the neutrinos from the
decay of secondaries, the idea is to collect the associated muons and put them,
after some acceleration, into a storage ring. The decay

put et

Ve (4.14)
is theoretically and experimentally well understood and, therefore, the energy
spectrum as well as the composition of the beam is accurately known. The
neutrino spectrum from p* decay is given in the muon rest frame by

N _ L(2x2(3 —2x) — P,2x*(1 —2x)cosf)  (for v, and e) (4.15)
dxdQ = 4x ’ " '
EN L(12x2(1 —x) — P,12x%(1 — x) cosf) (for v,) (4.16)
dxdQ =~ 4x ’ ¢ '

with x = 2E,/m,, P, the average muon polarization along the muon beam
direction and € the angle between the neutrino momentum vector and the muon
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spin direction. The spectrum for unpolarized muons is shown in figure 4.27. For
a detector at a large distance, the spectrum looks identical but the energy scale
is multiplied by a Lorentz boost factor 2E, /m,. The v, plays a special role
because it is always emitted in the opposite direction to the muon polarization.
Therefore 100% polarized muons with the right sign could produce a beam free
of v.. Opposite-flavour beams are produced if the £~ decay is used for the beam,
resulting in a change of sign in (4.15) and (4.16).

4.2 Neutrino detectors

A second important component is the detector. The small cross sections involved
in neutrino physics require detectors of large size and mass to get a reasonable
event rate. Several requirements should be fulfilled by such a detector:

identification of a charged lepton to distinguish CC and NC events,
measurement of energy and the scattering angle of the charged lepton to
determine the Kinematic variables of the event,

measurement of the total hadronic energy, e.g. to reconstruct E,,,
identification of single secondary hadrons and their momenta to investigate
in detail the hadronic final state,

detection of short living particles and

use of different target materials.

Some of these requirements are exclusive of each other and there is no single
detector to fulfil all of them. The actual design depends on the physics questions
under study. In the following three examples of the most common detector
concepts are discussed. Information about other types of experiments can be
found for the bubble chamber BEBC in [Bar83], and the fine-grained calorimeters
CHARM and CHARM-II in [Jon82, Gei93, Pan95].

4.2.1 CDHS

The CERN-Dortmund-Heidelberg—Saclay (CDHS) experiment (figure 4.5) was a
heavy (1150 t) and about 22 m long sampling calorimeter, serving as detector and
target [Hol78]. It consisted of 21 modules, made of iron plates (3.75 m diameter)
and planes of plastic scintillators (3.6 m by 3.6 m). The iron served as the target
as well as initiating a hadronic shower (the typical size of a shower is about 1 m
in length and 25 cm in radius). Part of the shower energy is converted into light
within the scintillators which is then read out by photomultipliers. This allows
the hadronic energy Epnaq to be reconstructed. In between were hexagonal drift
chambers for measuring muon tracks. The iron plates were toroidally magnetized
by a field of 1.6 T, which allowed the muon momenta to be measured via their
radius of curvature. Having measured the muon and hadronic energy, the visible
or neutrino energy could be determined by

E, ~ Evis = E;, + Ehad. (4.17)
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Figure 4.5. Photograph of the CDHS detector at CERN (with kind permission of CERN).

The CCFR [Sak90] and, later on, the NuTeV [Bol90] experiment worked in a
similar fashion, with the exception that the complete muon spectrometer followed
after the calorimeter. The result was a smaller acceptance for muons but a better
angular resolution. The MINOS experiment will work in a similar way (see
chapter 8).

4.2.2 NOMAD

NOMAD (Neutrino Oscillation MAgnetic Detector) [Alt98] at the WANF at
CERN used drift chambers as the target and tracking medium, with the chamber
walls as interaction targets and the chambers for precise particle tracking. They
were optimized to fulfil the two contradictory requirements of being as heavy as
possible to obtain a large number of neutrino interactions and being as light as
possible to reduce multiple scattering. In total there were 44 chambers with a
fiducial mass of 2.7 t and an active area of 2.6 m x 2.6 m. They were followed
by a transition radiation detector (TRD) for e/mr separation (a m-rejection of more
than 10 for 90% electron efficiency was achieved). Further electron identification
was done with a preshower detector and an electromagnetic calorimeter consisting
of 875 lead-glass Cerenkov counters. Behind that, a hadronic calorimeter in the
form of an iron-scintillator sampling calorimeter and a set of 10 drift chambers for
muon identification followed. The detector was located within a magnetic field of
0.4 T, perpendicular to the beam axis (figure 4.6) for momentum determination.
In front of the drift chambers another iron-scintillator calorimeter of about 20 t
target mass was installed, working as the detectors described in section 4.2.1.

The idea of having a very light target follows the detection principle for
taking data as in bubble chamber experiments like Gargamelle (see chapter 1) and
BEBC, namely to measure all tracks precisely. The planned ICARUS experiment
is going to work in the same spirit (see chapter 8).
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Figure 4.7. Schematic view of the CHORUS detector at CERN.

4.2.3 CHORUS

A second detector just in front of NOMAD was CHORUS (CERN Hybrid
Oscillation Search Apparatus) (figure 4.7) [Esk97]. Here, the main active target
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consisted of four blocks of nuclear emulsions (in total a mass of 770 kg), with a
surface area of 1.42 m x 1.44 m and a thickness of 2.8 cm each. The thickness
of a single emulsion sheet was 350 um. The main advantage of emulsions is
the excellent spatial resolution of a few wum (necesssary to fulfil the idea of
detecting t-leptons created via reaction (4.12)), but they also make very short
tracks visible and show possible decays as kinks in the track. For timing purposes
and for extrapolating the tracks back into the emulsions, a scintillating fibre
tracker was interleaved, consisting of 500 um diameter fibres 2.3 m in length.
Behind the target complex followed a hexagonal spectrometer magnet (0.12 T) for
momentum measurement, a high-resolution spaghetti calorimeter for measuring
hadronic showers and a muon spectrometer in the form of toroidal modules made
of magnetized iron which are interleaved with drift chambers, limited streamer
tubes and scintillators. After the run period the emulsions are scanned with high-
speed CCD microscopes. Emulsions are also used in the DONUT and OPERA
experiments.

Having discussed neutrino beams and detectors, we now proceed to
experimental results.

4.3 Total cross section for neutrino—nucleon scattering

The total neutrino and antineutrino cross sections for vN scattering have been
measured in a large number of experiments [Mac84, Ber87, All88]. They can
proceed (assuming v, beams) via charged currents (CC) involving W-exchange
and neutral current (NC) processes with Z-exchange

wN—=u X  5,N->putX (CC) (4.18)
vN—> X  5,N—5,X (NC) (4.19)

with N = p, n or an isoscalar target (average of neutrons and protons) and X as
the hadronic final state. The total CC neutrino—nucleon cross section on isoscalar
targets! as a function of E, was determined dominantly by CCFR and CDHSW.
Both were using NBB and an iron target. Except for small deviations at low
energies (E, < 30 GeV) a linear rise in the cross section with E, was observed
(figure 4.8). If we include the data from the CHARM experiment, the current
world averages are given as [Con98]

o (WN) = (0.677 £0.014) x 10738 cm? x E, /(GeV) (4.20)
o (IN) = (0.334 £ 0.008) x 1078 cm? x E, /(GeV). 4.21)

The study of CC events at the HERA collider allowed a measurement equivalent
to a fixed target beam energy of 50 TeV, where even the propagator effect becomes
visible (figure 4.9). The linear rise of the cross section with E, as observed in

1A correction factor has to be applied for heavy nuclei because of a neutron excess there. For Fe it
was determined to be —2.5% for o (vN) and +2.3% for o (VN).
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Figure 4.8. Compilation of o/E, in vN and vN scattering as a function of E, obtained by
several experiments (from [PDGO02]).

hard vN scattering is direct evidence for scattering on point-like objects within
the nucleon. This assumption is the basis of the quark—parton—-model (QPM,
see section 4.8), which predicts that deep-inelastic vN scattering can be seen as
an incoherent superposition of quasi-elastic neutrino—(anti)quark scattering. At
low energies (E, < 30 GeV), the ratio R = o(vN)/o (VN) & 3 agrees with
the simple QPM prediction without sea-quark contributions. That R is about 2
at higher energies and is a direct hint for their contribution (see section 4.9 for
more details). The total cross section for CC reactions on protons and neutrons
was measured, for example, with bubble chambers like BEBC, filled with liquid
hydrogen (WA21) and deuterium (WA25). The results are [All84, Ade86]:

o (vp) = (0.474 £ 0.030) ¥ cm? x E, /(GeV) (4.22)
o (bp) = (0.500 £ 0.032) x 1078 cm? x E, /(GeV) (4.23)
o(vn) = (0.84 £ 0.07) x 107 cm? x E, /(GeV) (4.24)
o(hn) = (0.22 +0.02) x 1078 cm? x E, /(GeV) (4.25)

Averaging the protons and neutrons results in good agreement with (4.20) and
(4.21). To obtain more information about the structure of the nucleon, we have to
look at deep inelastic scattering(DIS).
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Figure 4.10. Kinematics of the CC reaction vyN — uX via W-exchange: left, the
underlying Feynman graph; right, variables in the laboratory system.

4.4 Kinematics of deep inelastic scattering

In deep inelastic lepton—nucleon scattering, leptons are used as point-like probes
of nucleon structure. Reactions, especially those focusing on weak interaction
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properties, are done with neutrinos according to (4.18) and (4.19). In a similar
fashion the electromagnetic structure is explored via deep inelastic scattering with
charged leptons

eF+N->et+X  puF+N- putf+X (4.26)

Let us discuss the kinematics of CC interactions (4.18) on fixed targets as shown
in figure 4.10. The 4-momenta, p, p’, g = p—p’, pn, px and p;, of the incoming
v, the outgoing 1, the exchanged W, the incoming nucleon N, outgoing hadronic
final state X and of an outgoing hadron h are given in the laboratory frame as

p=(E,np) P =Eunp) qg=W0q) (4.27)
pN = (M, 0) px = (Ex, px) ph = (Ep, pr) (4.28)

with M being the nucleon mass. Measured observables in the laboratory frame
are typically the energy E’ = E,, and the scattering angle 6 = 6,, of the outgoing
muon (in analogy with the outgoing lepton in eN/uN scattering) for a given
neutrino energy E = E,. These two quantities can be used to measure several
important kinematic event variables.

e  The total centre-of-mass energy +/s:
s=(p+ pN)> =2ME + M?> ~ 2ME. (4.29)
e  The (negative) 4-momentum transfer:

0’= —¢*=-(p-p)P=—(E-EV+(p-p)*
=4EE'sin? 16 > 0 (4.30)

e  The energy transfer in the laboratory frame:

v=2XPN g B —Ey—M. 431)
M
e The Bjorken scaling variable x:
_2 2
x a Q with 0 < x < 1. (4.32)

=2qxpN=2Mv

e The relative energy transfer (inelasticity) y (often called the Bjorken y)

_axpy _v_,_E_ @

Y= o xpn E E  2MEx

(4.33)

e The total energy of the outgoing hadrons in their centre-of-mass frame

W2 = E%—p2 = (E—E'+M)*—(p—p)? = —Q>+2Mv+M>. (4.34)
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various experiments.

Equations (4.29) and (4.33) can be combined to give the useful relation

0? 0?
TOME  s— M2

Xy (4.35)
At a fixed energy E, inelastic reactions can, therefore, be characterized by two
variables such as (E’, 9), (Q2, v), (x, Q2) or (x,y). For quasi-elastic reactions
(x = 1), one variable (E’, 6, Q2 or v) is sufficient. Figure 4.11 shows the
parameter space covered by current experiments. As can be seen, the ep collider
HERA at DESY (4/s &~ 320 GeV) is able to probe a unique region in parameter
space, because its centre-of-mass energy would correspond to 50 TeV beam
energy in fixed-target experiments.

4.5 Quasi-elastic neutrino—nucleon scattering

Quasi-elastic (QEL) reactions are characterized by the fact that the nucleon does
not break up and, therefore, x =~ 1. Reactions of the form v+n— ¢~ +p
are quasi-elastic or, being more specific, in QEL v,N scattering the following
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reactions have to be considered:

vy+n—>pu +p Ethr = 110 MeV (4.36)
byt p—ut+n EThr = 113 MeV 4.37)
Ve p— Vi 4p. (4.38)

Corresponding reactions also hold for v,. The quasi-elastic NC scattering on
neutrons is, in practice, not measurable.

4.5.1 Quasi-elastic CC reactions

The most general matrix element in V-A theory for (4.36) is given by [Lle72,
Com83, Str03]

G
ME = —L x ii,,(p)ya(l = ys)uy(p) x (p(PJECIn(P)) (4.39)

V2

with u,, u, as the leptonic spinors and the hadronic current given as
(P(P1Jy CIn(P)) = cosbcit, (P < (Q%)un(P). (4.40)

p, p/, P and P’ are the 4-momenta of v, u, n, p and the term FSC contains
six a priori unknown complex form factors Fs(Q?), Fp(Q?), Fy(Q?), FA(Q?),
Fr(Q?), Fy (Q?) for the different couplings:

io0pqp qu i00pqp qu
rec =y, Fy + X% p g Fpd+ XV g 12F
P Yalv + M M+Ms+ Yafa + M T+M P|Y5

1
g=P —-P=p—p  0'=-¢* op= 5 (Va¥s = VpYe)- (441)

The terms associated with Fr and Fg are called second class currents and Fj
corresponds to weak magnetism. Assuming 7 -invariance and charge symmetry,
the scalar and tensor form factors Fr and Fg have to vanish. Furthermore, terms
in cross sections containing pseudo-scalar interactions are always multiplied by
mﬁ [Lle72] and can be neglected for high energies (E, > m,). Under these
assumptions, (4.41) is shortened to

i(iaﬂqlg
2M

rg¢ = va(Fv — Fays) + Fu (4.42)
containing vector and axial vector contributions as well as weak magnetism.
Using the CVC hypothesis (see section 3.1), Fy and F) can be related
to the electromagnetic form factors (Gg, Gy) of the nucleons, appearing
in the Rosenbluth formula for the differential cross section of elastic
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eN — eN (N = p, n) scattering via [Lea96]

GY +1G)
Fy— £ "M 4.43
v 1+7 ( )
GV, — GV
Fy=-M ""E 4.44
M 1+7 ( )

with 7 4+ Q% /4M?. They have an experimentally determined dipole form given as

GEg,m(0)

G H=—22"7  with My = 0.84 GeV 4.45
E.M(Q7) 1 Qz/M‘Z/)z 1% (4.45)

with the normalization at Q% = 0:
GL(0) =1 G (0) =1 (4.46)
GrO) =1 Gy(0)=p,— p, =4.706 (4.47)

with (., (1, as magnetic moments in units of the nuclear magneton. Assuming the
same dipole structure for F4 and taking F4(0) = ga/gv = —1.2670 £ 0.0030
from neutron decay [PDGO02], the only free parameter is M4. It is measured
in quasi-elastic vV scattering and has the average value of M4 = (1.026 £+
0.020) GeV [Ber02a] (figure 4.12). Recently new data from ep and eD scattering
showed that (4.45) is only accurate to 10-20% and more sophisticated functions
have to be used [Bos95, Bra02, Bud03]. An accurate understanding of the
quasi-elastic regime is essential for newly planned neutrino superbeams (see
section 8.10.4).
Taking it all together, the quasi-elastic cross sections are given by [Sch97]

dogg (vun — pu™p\ _ MPGHeos e (\ o) 25—
dQ? \byp — ptn) — 87E} 1 i M
S —u 2
+ 430" M4) ) (4.48)

where s —u =4ME, — Q2 and M is the mass of the nucleon. The functions Aq,
Aj and A3 depend on the form factors Fa, Fy, Fj and Q2. The most generalized
expressions are given in [Mar69]. Equation (4.48) is analogous to the Rosenbluth
formula describing elastic eN scattering.

4.5.2 (Quasi-)elastic NC reactions

The matrix element for the NC nucleon current is analogous to (4.39) neglecting
again S, P and T terms. For do/dQ? (4.48) holds but the form factors have to be
replaced by the corresponding NC form factors (figure 4.13). Several experiments
have measured the cross section for this process (see [Man95]). Sin?0y and M4
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Figure 4.13. GWS prediction of the cross sections o (v,p — vup) and o (Vyp — Vyup)
as a function of E, with the parameters m4 = 1.00 GeV and sin? Ow = 0.232 (from
[Hor82]).

serve as fit parameters. Values obtained with the BNL experiment E734 result
in [Ahr87]

My = (1.06 £ 0.05) GeV sin Oy = 0.21870039. (4.49)
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4.6 Coherent, resonant and diffractive production

Beside quasi-elastic and deep inelastic scattering, there are other mechanisms
which can contribute to the neutrino cross section. Among them are diffractive,
resonance and coherent particle production. Typical resonance reactions, in which
intermediate resonance states like A(1232) are produced, are

vup — w prt (4.50)
vn — wnmx™T (4.51)
vun — w pr’ (4.52)
or NC reactions
vup —> vﬂpno vup — v,mn“L (4.53)
vun — vunm® Vun — Yy pmw (4.54)

will not be discussed in more detail here (see [Pas00]). As an example we briefly
mention coherent 7% production which directly probes the Lorentz structure of
NC interactions. Helicity conserving V, A interactions will result in a different
angular distribution of the produced 7° than the ones from helicity changing S, P,
T interactions. For more extensive details see [Win00]. Coherent 7 production

v+ (A, Z) > v+72+ (A, 2) (4.55)

leaves the nucleus intact. Because of helicity conservation in NC events, the
70 is emitted at small angles in contrast to incoherent and resonant production.
Several experiments have measured this process [Ama87, Cos88] and the results
are compiled in figure 4.14. The ratio of v and v induced production is deduced
to be

oc(W(A, Z) — vr%(A, 2))

oc(W(A, Z) - %A, 2))
still with a rather large error but they are in agreement with theoretical
expectations which predict a ratio of one [Rei81]. Improved measurements will be
done by the K2K experiment (see chapter 9). This process is the main background
to experiments studying elastic v, e scattering (see section 3.4.2.2). However, it
serves as an important tool for measuring total NC rates in atmospheric neutrino
experiments (see chapter 9).

Diffractive processes are characterized by leaving the nucleus intact

implying low momentum transfer. This can be described by a new kinematic
variable #, being the square of the 4-momentum transferred to the target

= 1224033 (4.56)

t=(p—p) (4.57)

At low Q? and large v, a virtual hadronic fluctuation of the gauge bosons, in
the case of neutrinos the weak bosons W and Z, may interact with matter before
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being reabsorbed. Diffractive production of mesons on a target might produce
real mesons in the final state, e.g.

v N — w pTN. 4.58)

In an analogous way the NC diffractive production of neutral vector mesons
(VO) such as ,00, w, P, J/V... can also be considered (figure 4.15). The
elementary nature of the interaction is still unknown. It can be described by the
exchange of a colour singlet system, called Pomeron. In vN scattering diffractive
production of 7, ,oi, a; and D§ mesons have been observed, while in lepto- and
photoproduction also p°, w, ¢ and J/¥ have been seen due to the higher statistics.
A revival of interest in diffractive phenomena took place with the observation of
‘rapidity gap’ events at the ep collider HERA.

After discusssing quasi-elastic and a short review of resonance and
diffractive production, which dominate the cross section at low energies, we now
want to focus on deep inelastic scattering which leads to the concept of structure
functions.



Structure function of nucleons 83

Figure 4.15. Feynman graph for diffractive vector meson production via the exchange of
a pomeron P.

4.7 Structure function of nucleons

The double differential cross section for CC reactions is given (using protons as
nucleons) by

do¥?  G%E' 5o 50 - L0
—szdv = EE<2W]V’U(Q , V) X sin E+W2V’U(Q , V) X COS 3

. E+E .60
+ W3 (0% v) + sin2—)

M 2
= kM e+ (1= 5 = ) e,y
= LGy = Wi,y v ) Waley
y
+ xy (1 — Wi, y)) . (4.59)

Equation (4.59) can be deduced from more general arguments (see [Clo79,
Lea96]). With the formulae given for the kinematic variables (4.29)—(4.33), this
can be translated into other quantities as well:

do do Mv do

=OMEVX —— = X ———
dx dy do?dv ~ E' ~ dE’dcosf

—aMEx x —37 . (4.60)
dx dQ?

The three structure functions W; describe the internal structure of the proton as
seen in neutrino—proton scattering. At very high energies, the W-propagator term
can no longer be neglected and in (4.59) the replacement

2
G% — G2/ 1+Q—2 (4.61)
F F m%v

has to be made. The description for ep/up scattering is similar with the exception
that there are only two structure functions. The term containing W3 is missing
because it is parity violating. By investigating inelastic ep scattering at SLAC
in the late 1960s [Bre69], it was found that at values of Q2 and v not too small
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(0? > 2 GeVZ, v > 2 GeV), the structure functions did not depend on two
variables independently but only on the dimensionless combination in form of the
Bjorken scaling variable x = Q2/2Mv (4.32). This behaviour was predicted by
Bjorken [Bjo67] for deep inelastic scattering and is called scaling invariance (or
Bjorken scaling). A physical interpretation was given by Feynman as discussed in
the next section. The same scaling behaviour is observed in high-energy neutrino
scattering, leading to the replacements

MW (0% v) = Fi (x) (4.62)
vWa (0%, v) = B (x) (4.63)
vW3(0%,v) = F3(x). (4.64)

4.8 The quark—parton model, parton distribution functions

The basic idea behind the parton model is the following [Fey69, Lea96, Sch97]:
in elastic electromagnetic scattering of a point-like particle on an extended target,
the spatial extension can be described by a form factor F(Q?). This form factor
can be seen as the Fourier transform of the spatial charge or magnetic moment
distribution of the target. Form factors independent of Q2 imply hard elastic
scattering on point-like target objects. The SLAC results can then be interpreted,
since the scaling invariance implies that deep inelastic ep scattering can be seen
as an incoherent superposition of hard elastic electron-parton scattering. The
parton is kicked out of the proton, while the remaining partons (the proton
remnant) act as spectators and are not involved in the interaction (figure 4.16).
After that the processes of fragmentation and hadronization follow, producing
the particles observable in high-energy experiments. In this model, the variable
x can be given an intuitive interpretation: assuming a proton with 4-momentum
pp = (Ep, Pp), then the parton has the 4-momentum xp, = (xE, x P,) before
its interaction. This means the variable x(0 < x < 1) describes the fraction of
the proton momentum and energy of the interacting parton (figure 4.17). After
several experiments on deep inelastic lepton—nucleon scattering, the result was
that the partons are identical to the quarks proposed by Gell-Mann and Zweig in
their SU(3) classification of hadrons [Gel64, Zwe64]. In addition to the valence
quarks (a proton can be seen as a combination of uud-quarks, a neutron as of
udd-quarks), the gluons also contribute, because, according to the Heisenberg
uncertainty principle, they can fluctuate into quark—antiquark pairs for short times.
These are known as the sea-(anti)quarks.

The picture described, called the quark—parton model (QPM), is today the
basis for the description of deep inelastic lepton—nucleon scattering. For high 0
and the scattering on spin-% particles, the Callan—Gross relation [Cal69]

2xF1(x) = Fa(x) (4.65)

holds between the first two structure functions. For a derivation see [Lea96].
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Figure 4.16. Graphs for the dominant processes in DIS in ep/up scattering (a, b), vp
scattering (c) and vp scattering (d).
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Figure 4.17. Deep inelastic ep scattering as described in the quark—parton model via
photon and 70 exchange (neutral currents) and W exchange (charged currents).
4.8.1 Deep inelastic neutrino proton scattering

First, let us define the parton distribution functions (PDF) within a proton. As an
example, take u(x):

u(x) dx = Number of u-quarks in the proton with momentum

fraction between x and x + dx (4.66)
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and corresponding definitions for the other quarks and antiquarks. They can be
split into a valence- and a sea-quark contribution

ux) =uy(x)+usx)  dx)=dvx)+dsl). (4.67)
Symmetry of the qq sea requires

us(x) =u(x)  sx)=5(x)
ds(x) =d(x)  c(x) =¢éx). (4.68)

Because of the valence quark structure of the proton (uud), it follows that
1 1
/ uy(x)dx = / [u(x) —u(x)]dx =2 (4.69)
0 0

1 1
f dy(x)dx = f [d(x) —d(x)]dx = 1. (4.70)
0 0

The QPM predicts deep inelastic scattering as an incoherent sum of (quasi)-elastic
1q or 1q scattering on partons. The double differential cross section can be written
as
do do do
—(Ip—=>1I'X) = —(Iq—1'q g(x)—(1g — 1I'y). @4.71
&gy P ) Zq(x)dy<q q>+;q<x>dy<q ). @71
99 9.9

Using fundamental Feynman rules, one gets the following relations:

da( ) da( _ 3 8o’ a2 (1 + y2 4.72)
—(eq—>eq) = —(fq—eq) = — — — .
gy (€4~ e = go(ed = ed) = —rmEqg 1=y + 5

o w26

@(Vq—’ﬂ Q)Z@(Vq—’ll Q)ZquE (4.73)
do  _ - do _ + 26%«‘ 2
@(Vq—’ﬂ Q)Z@(Vq—’ll q):quE(l—y) (4.74)

where y = 1 — E'/E = 1/2(1 — cos6™) and ¢, is the charge of the quark.
Equation (4.72) describes electromagnetic interactions via photon exchange,
while (4.73) and (4.74) follow from V-A theory ignoring the W-propagator. The
additional term (1 — y)? follows from angular momentum conservation because
scattering with 6* = 180° (y = 1) is not allowed. The corresponding cross
sections can then be written using the QPM formulae as

do

dx dy
do

dx dy

(vp) = 09 x 2x[[d(x) + 5(X)] + [(x) + E)I(1 — y)*]  (4.75)

(Ip) = 00 x 2x[[u(x) + c()1(1 — Y+ [d(x) +5()]]  (4.76)
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with (using (4.29))

2 2
_ GyME _ Ges

=1.583x 108 cm? x E/GeV. (4.77)
T 2

00

Equation (4.75) together with scaling invariance and the Callan—Cross relation
(4.65) allows the derivation of the following relations:

Fy" (x) = 2x[d(x) + ii(x) + 5(x) + &(x)]

xFyP(x) = 2x[d(x) — il (x) + s(x) — ¢(x)]

FyP (x) = 2x[u(x) + c(x) + d(x) + 5(x)]

xF;p(x) = 2x[u(x) 4+ c(x) —d(x) — 5(x)]. (4.78)

In a similar way, neutron structure functions can be written in terms of the proton
PDFs by invoking isospin invariance:

un(x) =dp(x) = d(x)

dn(x) = up(x) = u(x)

$p(x) = 5p(x) = s(x)

cn(x) =cp(x) =c(x). 4.79)

The corresponding structure functions are then

FY™ (x) = 2x[u(x) + d(x) + s(x) + ¢(x)]
xF3"(x) = 2x[u(x) — d(x) + s(x) — ¢(x)]. (4.80)

Finally the cross section for lepton scattering on an isoscalar target N is obtained
by averaging

do 1 do
(N) = < (
dx dy 2 \dxdy

do 1 1
] —q FIN — _(F? + FI"y, (4.81
p)+dxdy(n)) ; 2( 4+ F. (4.81)

Combining (4.78), (4.79) and (4.81) and assuming s = 5, ¢ = ¢ results in

FUN = Sxu+d+ia+d) + sx(s +5) + txc+0)

BV =FN =xlu+d+s+c+i+d+5+¢l=xlg+q]
xF3”N=x[u+d+2s—ﬁ—J—25]=x[q—c_1+2(s—c)]
xF;N=x[u+d+20—ﬁ—tz—2§]=x[q—c_1—2(s—c)] (4.82)

withg =u+d+s+c, g=u+d+s+c.
As can be seen, the structure function Fz" N measures the density distribution of all

quarks and antiquarks within the proton, while the v/v averaged structure function
Fy N measures the valence-quark distribution. Reordering (4.81) shows that F>
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Figure 4.18. Compilation of the structure functions F2” N and xF3U N from v/V scattering

as well as of 5/1 8F2“ N from [ scattering on isoscalar targets and the distribution function
g" = x(qg — 5 — ¢) (from [PDGO02]).

and F3 can be basically determined by the sum and difference of the differential
Ccross sections.

Experimentally the procedure is as follows (for details see [Die91, Con98]).
Using the equations given earlier the structure functions are determined from the
differential cross sections. From these, the single-quark distribution functions
as well as the gluon structure function xg(x) can be extracted. Figure 4.18
shows a compilation of such an analysis. As can be seen, the sea quarks are
concentrated at low x (x < 0.4) values, while the valence quarks extend to higher
values. It should be noted that the numbers are given for a fixed Q?. Extensive
measurements over a wide range of x and Q2, increasing the explored parameter
space by two orders of magnitude, are performed at HERA. Recently CCFR,
published a new low x, low Q2 analysis based on neutrino scattering data [Fle01].
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4.8.1.1 QCD effects

As already mentioned, measurements of structure functions over a wide range of
Q? show a deviation from scaling invariance for fixed x:

Fi(x) > Fi(x, 0?). (4.83)

For higher 02, F(x, Q2) rises at small x and gets smaller at high x (figure 4.19).
This can be understood by QCD. Higher Q2 implies a better time and spatial
resolution. Therefore, more and more partons from the sea with smaller and
smaller momentum fractions can be observed, leading to a rise at small x.
Quantitatively, this 02 evolution of the structure functions can be described
by the DGLAP (named after Dokshitzer, Gribov, Lipatov, Altarelli and Parisi)
equations [Alt77,Dok77, Gri72]. They are given by

d i (x, 2 2 ld
qi(x, 7 _ oesz(Q ) / —y[qz'(y, 0%) x Pyq (i)
43 x Y y

dln Q2
+8(y. 0%) x Py (%)] (4.84)
dgi (x, 01 as(0?) [ldy[ & . x
din 02 = 1 ~/x 7 ;[Qj(y»Q)+Qj(y’Q)]Xqu ;
+8(y, 0%) x Pyg (;) } (4.85)

The splitting functions P;; (x/y) (withi, j = g, g) give the probability that parton
J with momentum y will be resolved as parton i with momentum x < y. They
can be calculated within QCD. Therefore, from measuring the structure function
at a fixed reference value Q%, their behaviour with Q2 can be predicted with the
DGLAP equations. H compilation of structure functions is shown in figure 4.20.

Non-perturbative QCD processes that contribute to the structure function
measurements are collectively termed higher-twist effects. These effects occur
at small Q2 where the impulse approximation (treating the interacting parton as a
free particle) of scattering from massless non-interacting quarks is no longer valid.
Examples include target mass effects, diquark scattering and other multiparton
effects. Because neutrino experiments use heavy targets in order to obtain high
interaction rates, nuclear effects (like Fermi motion) must also be considered. For
more detailed treatments see [Con98].
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Figure 4.19. Schematic drawing of the 02 dependence of structure functions as predicted
by QCD: left, F(x, Q2) as a function of x for small and large Q2; right, In F(x, Q2) asa
function of Q2 for fixed x (from [PDGO02]).

4.9 y distributions and quark content from total cross
sections

Corresponding to (4.69) the fraction of the proton momentum carried by u-quarks
is defined by

1
U =f xu(x)dx (4.86)
0

and in a similar way for the other quarks. Using this notation, the y distributions
are then given by

%(”N) =00 x [[Q+ S1+[Q — SI(1 — »)* 1~ 09 x [Q + O(1 — y)]
(4.87)

%(DN) =00 x [[Q — SI(1 = »)* + [0 + ST ~ 09 x [Q(1 — y)* + O]
(4.88)

Neglecting the s and c¢ contributions, the ratio of both y distributions is
approximately about one for y = 0. Figure 4.21 shows the measured
y distributions from the CDHS experiment resulting in (taking into account
radiative corrections) [Gro79]

L_ =0.15+0.03 L_ =0.00+0.03 Q +€ =0.16+0.01.
Q 0+0 0+0

0+
(4.89)
A further integration with respect to y results in the following values for the total
cross sections:

oo - oo -
U(UN)=?X[3Q+Q+2S]%?X[3Q+Q] (4.90)
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E,=30-200 GeV

<l <

Figure 4.21. The differential cross sections versus y as obtained by CDHS for vN and
VN CC scattering. The dominant flat distribution for neutrinos and (1 — )2 behaviour for
antineutrinos show that left- and right-handed couplings are different. The distributions
are explained by dominant scattering from valence quarks with left-handed couplings
(from [Eis86]).

_ o - o -
ﬂmﬁrgx@+3Q+me£x@+3@. 4.91)
Using the ratio R = o (vN) /o (VN), this can be written as

Q 3—R

0 3R—-1

(4.92)

A measurement of R < 3 is a direct hint of the momentum contribution Q of
the sea quarks (see section 4.11). Using the measured values (4.89) resulting in
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R = 2.02, it follows that Q ~ 0.41 and Q ~ 0.08. Therefore,

1
/ FyN(x)dx = Q0+ Q0 ~ 0.49
0

Qv=0-0%033  QOs= Os = 0 ~0.08
~ 0.19. (4.93)

Q

0+0 Q

This shows that quarks and antiquarks carry about 49% of the proton momentum,
whereas valence quarks contribute about 33% and sea quarks about 16%. Half of
the proton spin has to be carried by the gluons. For more extensive reviews on
nucleon structure see [Con98, Lam00].

The QPM formulae allow predictions to be made about the different structure
functions, which can serve as important tests for the model. As an example, the
electromagnetic and weak structure functions for an isoscalar nucleon are related
by

FINN — SN L5 —c—alm BN - Lils+51~ SRV (4.94)

neglecting c(x) and s(x), which is small at large x. This means

NN s 3 s+5—c—¢\ 5
A G AL il PO (4.95)
F) 18 5 q+q 18

This is an important test for QPM especially for the fractional charge of quarks,
because the factor 5/18 is the average of the squared quark charges (1/9 and 4/9).

4.9.1 Sum rules

Using the QPM relations important sum rules (integrations of structure functions
with respect to x) are obtained, which can be tested experimentally. The total
number of quarks and antiquarks in a nucleon are given by

1 [t , 1
E/ —(Fz”(x)+F2”(x))dx=/ [g(x) + g (x)] dx. (4.96)
0o X 0

The Gross—Llewellyn Smith (GLS) [Gro69] sum rule gives the QCD expectation
for the integral of the valence quark densities. To leading order in perturbative
QCD, the integral [ de (x F3) is the number of valence quarks in the proton and
should equal three. QCD corrections to this integral result in a dependence on o

1

1 a 1
Srs = 1 fo (FY(x) + F}(x)) dx = fo Fy(x) dx = /0 [¢(x) — G(x)] dx

=3 [1 _ % —a(ny) (%)2 — b(ny) (%)z] . (4.97)
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Figure 4.22. Test of Adler sum rule. The estimated uncertainties (dashed lines) are shown
separately (from [All85a]).

In this equation, a and b are known functions of the number of quark flavours n ¢
which contribute to scattering at a given x and Q2. This is one of the few QCD
predictions that are available to order af. The world average is [Con98]

1
/ F3(x)dx =2.64 £0.06 (4.98)
0

which is consistent with the next-to-next-to-leading order evaluation of (4.97)
with the QCD parameter Agcp = 250 4= 50 MeV.

A further important sum rule is the Adler sum rule [Adl66]. This predicts the
difference between the quark densities of the neutron and the proton, integrated
over x (figure 4.22). It is given at high energies (in all orders of QCD) by

1 1 1
&:%A;wyupwyumn=ﬁmmﬂ—WQHM=L (4.99)

Common to the determination of sum rules is the experimental difficulty of
measuring them at very small x, the part dominating the integral.

For completeness, two more sum rules should be mentioned. The analogue to
the Adler sum rule for charged-lepton scattering is the Gottfried sum rule [Got67]:

1 1 1 1 B
So= [ 00— e ar = 5 [ et + 00 - o) - dwas
0 0

1
=%O+2/[mﬂ—3unm):% (4.100)
0

The experimental value is S¢ = 0.235 + 0.026 [Arn94]. This is significantly
different from expectation and might be explained by an isospin asymmetry of the
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Figure 4.23. Feynman Graph for dimuon production due to charm production in charged
current v, N interactions.

sea, i.e. i (x) # d(x), strongly supported by recent measurements [Ack98a]. Note
that this assumption # = d was not required in the Adler sum rule. Furthermore,
there is the Bjorken sum rule [Bjo67]

1 _ 2
Sg = f [(F"(x) = FP(x)]dx=1— M. (4.101)
0 3

We now continue to discuss a few more topics investigated in neutrino nucleon
scattering. Because of the richness of possible observable quantities we restrict
ourselves to a few examples. For more details see [Sch97, Con98].

4.10 Charm physics

An interesting topic to investigate is charm production which allows us to measure
the mass of the charm quark. In the case of neutrino scattering, the underlying
process is a neutrino interacting with an s or d quark, producing a charm quark that
fragments into a charmed hadron. The charmed hadrons decay semi-leptonically
(BR =~ 10%) and produce a second muon of opposite sign (the so called OSDM
events) (figure 4.23)

vy +N—pu~ +c+X (4.102)
(—>s+,u++vu.

However, the large mass m, of the charm quark gives rise to a threshold behaviour
in the dimuon production rate at low energies. This is effectively described by the
slow rescaling model [Bar76,Geo76] in which x is replaced by the slow rescaling
variable & given by

2
szx(1+ﬂ>. (4.103)
Q2
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Table 4.1. Compilation of the mass of the charm quark and the strange sea parameter «
obtained by leading order fits in various experiments. The experiments are ordered with
respect to increasing average neutrino energy.

Experiment  m, (GeV) K

CDHS — 0.47 +0.08 + 0.05

NOMAD  13£03+03 04870051017

CHARMII  1.8£03+03 0397007007
+0.09+0.07

CCFR 1.34+02+0.1 0'4418'8518%3

FMMF - 0-41 75080069

The differential cross section for dimuon production is then expressed generally
as

o (N —> p utX)  d?o (N — cX)

+
de dydz dz dy D(z)B.(c —> utX)  (4.104)

where the function D(z) describes the hadronization of charmed quarks and B,
is the weighted average of the semi-leptonic branching ratios of the charmed
hadrons produced in neutrino interactions. As mentioned before, in leading
order charm is produced by direct scattering of the strange and down quarks in
the nucleon. The leading order differential cross section for an isoscalar target,
neglecting target mass effects, is

d3a(vMN —cX) G%MEvé

2 2 2
d& dy dz (&, Q%) +d(E. Q)] Ved|

+25(&, 0%)|Ves |2 (1 —-y+ xé—y) D(Z)Be.  (4.105)

Therefore, by measuring the ratio of dimuon production versus single muon
production as a function of neutrino energy, m. can be determined from the
threshold behaviour (figure 4.24). The production of opposite-sign dimuons is
also governed by the proportion of strange to non-strange quarks in the nucleon
sea, k = 2s5/(u + a_l), the CKM matrix elements V,.; and V., and B.. Table 4.1
shows a compilation of such measurements.

The study of open charm production in the form of D-meson production
is another important topic, especially to get some insight into the fragmentation
process. Recently CHORUS performed a search for D° production [Kay02].
In total 283 candidates are observed, with an expected background of 9.2
events coming from K- and A-decay. The ratio (T(DO) /o (v, CC) is found to
be (1.99 £ 0.13(stat.) & 0.17(syst.)) x 1072 at 27 GeV average v, energy
(figure 4.24). NOMAD performed a search for D**-production using the decay
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Figure 4.24. Compilation of observed dimuon versus single muon rates as a function of
the visible energy E;s obtained by CDHS, CCFR and NOMAD. The threshold behaviour
due to the charm quark mass is clearly visible (from [Ast00]).

chain D** — D° 4 7+ followed by D° — K~ + 7+, In total 35 £ 7.2 events
could be observed resulting in a D** yield in v, CC interactions of (0.79 =+
0.17(stat.) =0.10(syst.))% [Ast02]. Another measurement related to charm is the
production of bound charm—anticharm states like the J/W. Due to the small cross
section, the expected number of events in current experiments is rather small. It
can be produced via NC reations by boson—gluon fusion as shown in figure 4.25.
They were investigated by three experiments (CDHS [Abr82], CHORUS [Esk00]
and NuTeV [Ada00]) with rather inconclusive results. Their production in vN
scattering can shed some light on the theoretical description of heavy quarkonium
systems, which is not available in other processes [Pet99, Kni02].

The charm quark can be produced from strange quarks in the sea. This
allows s(x) to be measured by investigating dimuon production. It is not only
possible to measure the strange sea of the nucleon but also to get information
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Figure 4.25. Feynman graph of boson gluon fusion. Left: Photon gluon fusion as obtained
in e, uN scattering producing J/W¥ mesons. This is a direct way to measure the gluon
structure function xg(x). Right: Z0 gluon fusion responsible for neutral current J/ W
production in vN scattering.

about its polarization. This is done by measurements of the A-polarization. The
polarization is measured by the asymmetry in the angular distributions of the
protons in the parity-violating decay process A — pm~. In the A rest frame
the decay protons are distributed as follows

1dN 1
_Y Pk 4.106
Nag  an L teaPl (4.106)

where P is the A polarization vector, g = 0.642+0.013 is the decay asymmetry
parameter and k is the unit vector along the proton decay direction. Since
NOMAD is unable to distinguish protons from pions in the range relevant for this
search, any search for neutral strange particles (V) should rely on the kinematics
of the V0-decay. The definition of the kinematic variables and the so called
Armenteros plot are shown in figure 4.26. Their recent results on A and A
polarization can be found in [Ast00, AstO1].

4.11 Neutral current reactions

Inelastic NC reactions YN — vN are described by the QPM as elastic NC events
such as

vg — vq vg — vq (4.107)
Vg — vq vg — vq. (4.108)
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Figure 4.26. Left: Definition of kinematic variables. Right: Armenteros plot for neutral
decaying particles VO as observed by the NOMAD experiment, showing clearly the
distribution of kaons (big parabola), As (small parabola left-hand corner) and As (small
parabola right-hand corner) (from [Ast00]).

The differential cross sections are given by

2
Gymy
2

do do __ 2 2 2
d—(vq) =—@Qq = E,| (gv +ga) +(gv —ga) (1 —y)
y dy

Mg o2 2
EU(gA gv)y}

2G>
FMq E, [
T

+

"q

2 2 2
1 — _
81+ 8x( y) E,

ngR)’:| (4.109)
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d—(vq) =—0Qq = E,| (gv —ga) +(gv +ga) (1 —y)
y dy

Mg o2 2
EU(gA gv)y}

2G>
FMq E, [
T

+

"q

2 2 2
1 — _
grt 81 y) E,

ngRy:| . (4.110)

For the following, the last term will be neglected because of E,, > m,. The GWS
predictions for the coupling constants are:

gvz%—%siHZQW gAz% forg=u,c
gy =—1+3sin0y gi=-% forg=d.s (4.111)

and

ngf—gsinZQW gR:—%sinZHW forg =u,c
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1

r_ / 1
8L =72

+Lsin?0y  gp=1sin’6y  forg=d,s. (4.112)

According to the QPM a similar relation holds as in CC events (4.71)

do (-) _ do (-) _
(v p—"'x) = qu%((v q>+;q<x>£<v Q. (@.113)

The corresponding proton structure functions are then obtained:

PP = 2x[(g + g u+c+ i+l + (87 + gD)ld + s +d +51]
=x[(A+ e u+c+ia+cl+ @7+ gDld+s+d+35]] (4.114)

xFPP = 2x[(g7 — gr)u+c—ii — &1+ (gf —gR)[d+s —d -3
=2x[gng[u+c—u—c]—i—ngA[d—}—s— —s]]. 4.115)

The neutron structure functions are obtained with the replacements given in (4.79)
which leads to the structure functions for an isoscalar target:

BN = x[(g7 + g3)u+d +2¢ + i +d + 2¢]
+ (g7 + g@)u+d+2s +ii +d +25]]
xF;NjN = x(g7 —gp)lu+d+2c—i—d—2]
+ (g —glu+d+2s—ii—d—25]].  (4.116)

Neglecting the s and c sea quarks the corresponding cross sections can be written
as

do

ardy (WN) = 00 x x[(g7 + gD + (1 — )*1+ (g% + DG +q(1 — »)?1]
(4.117)

do

ardy (IN) = 00 x x[(g% + g@)lg + 31 — )1+ (g7 + DG +q(1 — »)?1]

(4.118)

with g = u +d and § = i + d and oy given by (4.77). Comparing these
cross sections with the CC ones, integrating with respect to x and y and using the
measureable ratios

N onc (VN) RY = UNC(?N) . occ(VN) 4.119)
occ(vN) occ(VN) occ(vN)

leads to the following interesting relations for the couplings

N 2pN
Rv —rR‘—} 2 2 _

r(RY — RY)
- 8rt8k=—"7_7

- (4.120)

2 2
—+ =
8L 8L 1—r
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Figure 4.27. Energy spectrum of neutrinos coming from 7+ decay at rest. Beside a
monoenergetic line of vy, at 29.8 MeV coming from pion decay there are the continous
spectra of v, and v, with equal intensity and energies up to 52.8 MeV from muon decay.

Using the GWS predictions for the couplings the precise measurements of RLV or
Rév allows a measurement of the Weinberg angle (r = 0.5 and using (4.112))

R) = (g1 +gD) +r(gh+gk) =4 —sin? Oy + (L +r)dsinoy (4121
1 1. 1\ 5 .
RY = (] +87)+ - (gh + 8B = 5 — sin® O + (1 n ;) > sin oy (4122)

These ratios were measured by several experiments, the most accurate ones being
CHARM, CDHSW and CCFR [All87,Hai88,B1090, Arr94]. The values obtained
by CDHSW are:

RY =0.3072 4 0.0033 RY =0.382+0.016. (4.123)

For a precision measurement of sin” @y several correction factors have to be
taken into account. The analyses for the three experiments result in values for
sin? Oy of 0.236 & 0.006 (m, = 1.5 GeV), 0.228 + 0.006 (m. = 1.5 GeV) and
0.2218 £ 0.0059 (m, = 1.3 GeV). A recent measurement of NuTeV came up
with a value 30 away from the standard model expectation [Zel02] and awaits
future confirmation. For a compilation of measurements of the Weinberg angle
see section 3.4.3.

As a general summary of all the observed results it can be concluded that the
GWS predictions are in good agreement with the experimental results.

4.12 Neutrino cross section on nuclei

After extensively discussing neutrino—nucleon scattering, it is worthwhile taking
a short look at neutrino reactions with nuclei. This is quite important not only
for low-energy tests of electroweak physics but also for neutrino astrophysics,
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Figure 4.28. The A = 12 isobaric analogue triplet together with various possible
transitions involving the 12¢ ground state.

either in the astrophysical process itself or in the detection of such neutrinos.
This kind of neutrino spectroscopy has to be done with lower energy (a few
MeV) neutrinos, typically coming from pion decay at rest (DAR) and subsequent
muon decay (see figure 4.27), giving rise to equal numbers of v, v, and v,.
The study of such reactions allows important low-energy tests of NC and CC
couplings and measurements of nuclear form factors. Consider, as an example,
transitions between the ground state of '>C and the isobaric analogue triplet
states of the A = 12 system, i.e. 12B, 2¢* 12N shown in figure 4.28. It has
well-defined quantum numbers and contains simultaneous spin and isospin flips
Al = 1, AS = 1. Such neutrino reactions on carbon might be important for
all experiments based on organic scintillators. The most stringent signature is the
inverse B-reaction 12C(ve, e) 12Ngx, where lzNgs refers to the ground state of
I2N. A coincidence signal can be formed by the prompt electron together with the
positron from the lzNgS BT -decay with a lifetime of 15.9 ms. With appropriate
spatial and time cuts, KARMEN (see chapter 8) observed 536 such v.-induced
CC events. The cross section is dominated by the form factor F4 (see (4.41)),
which is given using a dipole parametrization, the CVC hypothesis and scaling
between Fy; and F4 (see [Fuk88] for more details) by

2
O ! (4.124)

F4(0) (1-— %Ri 02)2’

The radius of the weak axial charge distribution R4 has been determined by a fit
as [Bod94]
Ry = (3819 fm (4.125)

and the form factor at zero momentum transfer as

FA(0) =0.73£0.11 (4.126)
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Figure 4.29. Energy spectrum of single prong events within the u-decay time
window (0.5-3.5 us as obtained by KARMEN. The peak corresponds to the reaction
12C(v, V) 12C*(1+, 1; 15.1 MeV). The bump for energies larger than 16 MeV comes
from a variety of v.-induced CC reactions on carbon and iron. The largest contribution is
the CC contributions into excited states of 12N.

in good agreement with values obtained from the ft values (see chapter 6) of 1B
and !°N B-decay. For comparison, muon capture on >C is only able to measure
the form factor at a fixed or zero momentum transfer.

Another reaction of interest is the NC inelastic scattering process
2C(v, v) 12C*(17, 1; 15.1 MeV). The signal is a 15.1 MeV gamma ray. This
peak is clearly visible in the data of KARMEN (figure 4.29). CC and NC
reactions differ only by a Clebsch—Gordan coefficient of 1/2 and the fact that
the v, and v, spectra are almost identical allows the p.—e universality of the p-7°
coupling at low energies to be tested. This can be done by looking at the ratio
R = (onc (Ve + Vy))/{occ(ve)) which should be close to one. The measured
value of KARMEN is

R=1.17£0.11£0.12. (4.127)

Using the NC inelastic scattering process, a test on the Lorentz structure of the
weak interactions could also be performed. In the same way, the electron energy
spectrum from muon decay is governed by the Michel parameter p, the v, energy
spectrum depends on an analogous quantity w;. KARMEN measured

wp =2.735 £3.1 x 1072 (4.128)
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Table 4.2. Compilation of various nuclear cross sections obtained by KARMEN and
LSND in the A = 12 system averaged over the corresponding neutrino energies.

Reaction o (cm?) KARMEN o (cm?) LSND

(0 (12C(ve, e7)12Ngs)) 93+04+08x 1074  9.14+0.4+09 x 10742
(0 (12Cw, V) 2C*) (v = ve, By) 10.9+0.740.8 x 10742 —

(0 (12C(ve, ) 12N%)) 51+06+05x%x 10742 57+£0.6+0.6x 10742
(0 (12C oy, 1)1 2Ngyg)) — 6.6+ 1.0+ 1.0x 1074

in good agreement with the GWS prediction of w;, = 0 [Arm98]. A compilation
of results from KARMEN and LSND (for both see chapter 8) is shown in
table 4.2. Other examples will be discussed in the corresponding context.

After discussing neutrinos as probes of nuclear structure we now want to
proceed to investigate neutrino properties especially in the case of non-vanishing
neutrino masses. For that reason we start with a look at the physics beyond the
standard model and the possibility of implementing neutrino masses.



Chapter 5

Neutrino masses and physics beyond the
standard model

In spite of its enormous success in describing the available experimental data with
high accuracy, the standard model discussed in chapter 3 is generally not believed
to be the last step in unification. In particular, there are several parameters which
are not predicted as you would expect from theory. For example the standard
model contains 18 free parameters which have to be determined experimentally:

the coupling constants e, o, sin? Ow,

the boson masses my, mpy,

the lepton masses m., m, mz,

the quark masses m,,, mq, mg, m, mp, m; and

the CKM matrix parameters: three angles and a phase §.

Including massive neutrinos would add further parameters. In addition, the mass
hierarchy remains unexplained, left-handed and right-handed particles are treated
very differently and the quantization of the electric charge and the equality of the
absolute values of proton and electron charge to a level better than 107! is not
predicted.

However, what has undoubtedly succeeded has been the unification of two
of the fundamental forces at higher energies, namely weak interactions and
electromagnetism. The question arises as to whether there is another more
fundamental theory which will explain all these quantities and whether a further
unification of forces at still higher energies can be achieved. The aim is now
to derive all interactions from the gauge transformations of one simple group G
and, therefore, one coupling constant o (we will refrain here from discussing
other, more specific solutions). Such theories are known as grand unified theories
(GUTs). The grand unified group must contain the SU(3) ® SU(2) ® U(1) group
as a subgroup, i.e.

G D> SUB) ® SUR) ® U(1). (5.1)

105
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The gauge transformations of a simple group, which act on the particle multiplets
characteristic for this group, result in an interaction between the elements within a
multiplet which is mediated by a similarly characteristic number of gauge bosons.
The three well-known and completely different coupling constants can be derived
in the end from a single one only if the symmetry associated with the group G is
broken in nature. The hope of achieving this goal is given by the experimental
fact that it is known that the coupling constants are not really constants. For more
extensive reviews on GUTSs see [Fuk03, Lan81,Moh86, 92, Ros84].

5.1 Running coupling constants

In quantum field theories like QED and QCD, dimensionless physical quantities
‘P are expressed by a perturbation series in powers of the coupling constant «.
Assume the dependence of P on a single coupling constant and energy scale
0. Renormalization introduces another scale u where the subtraction of the UV
divergences is actually performed and, therefore, both P and o become functions
of u. Since P is dimensionless, it only depends on the ratio Q?/u? and on the
renormalized coupling constant a(1?). Because the choice of y is arbitrary, any
explicit dependence of P on p must be cancelled by an appropriate p.-dependence
of «. It is natural to identify the renormalization scale with the physical energy
scale of the process, u> = Q2. In this case, « transforms into a running coupling
constant (Q?) and the energy dependence of P enters only through the energy
dependence of a(Q?).

In general, there are equations in gauge theories which describe the
behaviour of coupling constants «; as a function of Q%. These so-called
‘renormalization group equations’ have the general form

dai (0%) 2

—= = ; . 5.2

31 02 Blai(Q7) (5.2)
The perturbative expansion of the beta function 8 depends on the group and the
particle content of the theory. In lowest order the coupling constants are given by

ai (1?)
@i (Q%) = : (5.3)
l 1+ a; (12)fo In(Q?/112)
As an example in QCD, the lowest term is given by
33 - 2Ny
Bo=—5—"" (5.4)
127

with Ny as the number of active quark flavours. Alternatively, quite often another
parametrization is used in form of

1

(N2 —
(@) = g 07D

(5.5)
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which is equivaltent to (5.3) if
2 _ s
exp(1/Boci (1?))

In the standard model (see chapter 3) strong and weak interactions are described
by non-Abelian groups and, as a consequence, there is a decrease in the coupling
constant with increasing energy, the so called asymptotic freedom (figure 5.1).
This is due to the fact that the force-exchanging bosons like gluons and W, Z are
carriers of the corresponding charge of the group itself, in contrast to QED, where
photons have no electric charge. The starting points for the extrapolation are the
values obtained at the Z° resonance given by

(5.6)

as(m?%) = 0.1184 +0.0031 (5.7)
a,l(m%) =127.940.1 (5.8)

and sin? Ow as given in table 3.4. These values are taken from [PDGO0O0, BetOO].
After the extrapolation is carried out, all three coupling constants should meet at
a point roughly on a scale of 10'® GeV (see, however, section 5.4.3) and from
that point on an unbroken symmetry with a single coupling constant should exist.
As previously mentioned the particle contents also influence the details of the
extrapolation and any new particles introduced as, e.g., in supersymmetry would
modify the Q2 dependence of the coupling constants.

The simplest group with which to realize unification is SU(5). We will,
therefore, first discuss the minimal SU(5) model (Georgi—Glashow model)
[Geo74], even if it is no longer experimentally preferred.

5.2 The minimal SU(5) model

For massless fermions the gauge transformations fall into two independent classes
for left- and right-handed fields, respectively. Let us assume the left-handed
fields are the elementary fields (the right-handed transformations are equivalent
and act on the corresponding charge conjugated fields). We simplify matters by
considering only the first family, consisting of u, d, e and v,, giving 15 elementary
fields, with ¢ indicating antiparticles:

Up,Ug, Up, Ve
uf,ug,uz,df,dg,dg et (5.9)
dra dga dba e_

with r, g, b as the colour index of QCD. The obvious step would be to arrange
the particles in three five-dimensional representations, which is the fundamental
SU(5) representation. However, only particles within a multiplet can be
transformed into each other and it is known that six of them, u,, ug, up, dr, dg, dp,
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Figure 5.1. Top: Qualitative evolution with 072 of the three running coupling constants
within the grand unification scale SU(5). Bottom: The clearest effect of running coupling
with achievable energies is observed in the strong coupling og. Various experimental
quantities can be used for its determination (from [Bet00]).

are transformed into each other via SU(2) and SU(3) transformations. Therefore,
the fields have to be arranged in higher representations as a 10- and a 5-
dimensional representation (the representation complementary to the fundamental
representation 5, although this is not significant for our current purposes). The
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actual arrangement of fields into the multiplets results from the just mentioned
quark transformations and the condition that the sum of the charges in every
multiplet has to be zero:

dg 0 —uj  Huy  tug  +dg

3 df 1 tuy, 0 —uy Hur +dr

5= dy 10 = E —uy Fug 0 tup +dp |. (5.10)
e —Uug —Uy —Uup 0 +et
—Ve —d, —dr —dp —et 0

The minus signs in these representations are conventional. SU(5) has 24
generators 7; (SU(N) groups have N 2 — 1 generators), with a corresponding 24
gauge fields B}, which can be written in matrix form as

Gn — % G G3 X{ Yy
_ 28 c ¢
Gai Gn - 75 G23 . X% Yz‘
G3i G3 G33 = 755 X3 Yy
w3 3B +
X1 X2 X3 72 + 7% w

Y % Y w- o W 3B

I 2 3 NI

(5.11)
Here the 3x3 submatrix G characterizes the gluon fields of QCD and the 2x2
submatrix W, B contains the gauge fields of the electroweak theory. In addition
to the gauge bosons known to us, there are, however, a further 12 gauge bosons X,
Y, which mediate transitions between baryons and leptons. The SU(5) symmetry
has, however, to be broken in order to result in the standard model. Here also
the break occurs through the coupling to the Higgs fields which also has to be an
SU(5) multiplet. SU(5) can be broken through a 24-dimensional Higgs multiplet
with a vacuum expectation value (vev) of about 1015-10'® GeV. This means
that all particles receiving mass via this breaking (e.g. the X, Y bosons) have
a mass which is of the order of magnitude of the unification scale. By suitable
SU(5) transformations we can ensure that only the X and Y bosons couple to
the vacuum expectation value of the Higgs, while the other gauge bosons remain
massless. An SU(5)-invariant mass term of the 24-dimensional Higgs field with
the 5 and 10 representations of the fermions is not possible, so that the latter also
remain massless. To break SU(2) ® U(1) at about 100 GeV a further, independent
five-dimensional Higgs field is necessary, which gives the W, Z bosons and the
fermions their mass.
‘We now leave this simplest unifying theory and consider its predictions. For
a more detailed description see, e.g., [Lan81]. A few predictions can be drawn
from (5.10):

(1) Since the sum of charges has to vanish in a multiplet, the quarks have to
have 1/3 multiples of the electric charge. For the first time the appearance
of non-integer charges is required.
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(i) From this immediately follows the equality of the absolute value of the
electron and proton charge also.

(iii) The relation between the couplings of the B-field to a SU(2) doublet (see
equation (3.30)) and that of the W3-field is, according to equation (5.11),
given by (3/+4/15) : 1. This gives a prediction for the value of the Weinberg
angle sin® Ow [Lan81]:

) g’z 3

sin“ Oy = PR (5.12)
This value is only valid for energies above the symmetry breaking. If
renormalization effects are taken into consideration, at lower energies a
slightly smaller value of

(5.13)

100 MeV
sin? By = (0.218 + 0.006) In (J)

QCD

results. This value is in agreement with the experimentally determined value
(see section 3.4.3).

(iv) Probably the most dramatic prediction is the transformation of baryons into
leptons due to X, Y exchange. This would, among other things, permit the
decay of the proton and with it ultimately the instability of all matter.

Because of the importance of the last process it will be discussed in a little more
detail.

5.2.1 Proton decay

As baryons and leptons are in the same multiplet, it is possible that protons and
bound neutrons can decay. The main decay channels in accordance with the SU(5)
model are [Lan81]:

p—et+n° (5.14)

and
n— v+ o. (5.15)

Here the baryon number is violated by one unit. We specifically consider proton

decay. The process p — e + ¥ should amount to about 30-50% of all decays.

The proton decay can be calculated analogously to the muon decay, resulting in a
lifetime [Lan81]

4

My

2,5
asmy,

T, ~ (5.16)

with a5 = g% /4 as the SU(5) coupling constant. Using the renormalization
group equations (5.2) with standard model particle contents, the two quantities
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My and a5 can be estimated as [Lan81]

AQcp
My ~ 1.3 x 10" GeV—2P_
X x “¥700 Mev

as(M%) = 0.0244 4 0.0002.

£ (50%) (5.17)

The minimal SU(5) model thus leads to the following prediction for the dominant
decay channel [Lan86]:

M 4
+_0y _ 28-0.7 X
TP = ety = 6610 [W] r
or
0 28+1.4 | _AQcp +
r,,(p—>e+7r )266)( 10 : [m} yr. (518)

With Agcp = 200 MeV the lifetime becomes 7, = 1.0 x 103014 yr. For
reasonable assumptions on the value of Agcp, the lifetime should, therefore, be
smaller than 1032 yr. Besides the uncertainty in Agcp, additional sources of
error in the form of the quark wavefunctions in the proton must be considered.
These are contained in the error on the exponent and a conservative upper limit of
7, = 1.0 x 1032 yr can be assumed.

The experimental search for this decay channel is dominated by Super-
Kamiokande, a giant water Cerenkov detector installed in the Kamioka mine in
Japan (see chapter 8). The decay should show the signature schematically shown
in figure 5.2. By not observing this decay a lower limit of 7, /BR(p — etn0) >
5.4 x 10%3 yr (90% CL) for the decay p — et 7” [Nak03] could be deduced. The
disagreement with (5.18) rules out the minimal SU(5) model and other groups
must be considered.

5.3 The SO(10) model

One such alternative is the SO(10) model [Fri75,Geo75] which contains the SU(5)
group as a subgroup. The spinor representation is, in this case, 16-dimensional
(see figure 5.3):

1650(10) = 10su(s) ® Ssus) D 1sues)- (5.19)

The SU(5) singlet cannot take part in any renormalizable, i.e. gauge SU(5)
interaction. This new particle is, therefore, interpreted as the right-handed partner
vg of the normal neutrino (more accurately, the field vg is incorporated into the
multiplet). vg does not take part in any SU(S) interaction and, in particular, does
not participate in the normal weak interaction of the GWS model. However, vg
does participate in interactions mediated by the new SO(10) gauge bosons. Since
the SO(10) symmetry contains the SU(5) symmetry, the possibility now exists
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Figure 5.2. Top: Schematic picture of a proton decay p — eT70 and the corresponding
Cerenkov cones. Bottom: Monte Carlo simulation of such a proton decay for a water
Cerenkov detector like Super-Kamiokande from [Vir99].

that somewhere above My the SO(10) symmetry is broken down into the SU(S)
symmetry and that it then breaks down further as already discussed:

SO(10) — SU(5) — SU3) ® SU(2), ® U(1). (5.20)

Other breaking schemes for SO(10) do, however, exist. For example, it can be
broken down without any SU(5) phase and even below the breaking scale left—
right symmetry remains. Thus, the SO(10) model does represent the simplest
left-right symmetrical theory.
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Figure 5.3. (a) All fermions of one family can be accommodated in one SO(10) multiplet.
The 16th element is the as yet unseen right-handed neutrino vg or, equivalently, its C P
conjugate vf. The illustrations correspond to different SO(10) breaking schemes. (b) The
breaking of the SO(10) multiplet according to the SU(4) gc ® SU(2); ® SU(2) g structure
(from [Gro90]).

5.3.1 Left-right symmetric models

In this Pati—-Salam model [Pat74] the symmetry breaking happens as follows:
SO(10) - SU@#ec ® SUR2)L @ SU2)r (5.21)

where the index EC stands for extended colour, an extension of the strong
interaction with the leptons as the fourth colour charge. The SU(2)r factor can
be seen as the right-handed equivalent of the left-handed SU(2),. It describes
a completely analogous right-handed weak interaction mediated by right-handed
W bosons. Figure 5.3 shows the splitting of the multiplet according to the two
symmetry-breaking schemes. The weak Hamiltonian in such a theory has to be
extended by the corresponding terms involving right-handed currents:

H~ Gp(jJL +«jrIL +njLJr +AjrJR) (5.22)

with the leptonic currents j; and hadronic currents J; defined as in chapter 3 and
k,n, A < 1. The mass eigenstates of the vector bosons Wli2 can be expressed as
a mixture of the gauge bosons:

WE = Wi cos6 + Wi sind (5.23)
W = — Wsing + Wi cosd (5.24)

with & <« 1 and m> > m. This can be used to rewrite the parameters in (5.22):
n=k=~tanh A= (m/m)*+tan’6 (5.25)
Lower bounds on the mass of right-handed bosons exist [PDGO00]:

mw, > 720 GeV (5.26)
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In contrast to the SU(5) model, which does not conserve B and L but does
conserve (B — L), (B — L) does not necessarily have to be conserved in the
SO(10) model. A baryon number as well as a lepton number violation of two
units is possible and with that the possibility of not only neutrinoless double 8-
decay (see chapter 7) but also of neutron—antineutron oscillations opens up. In
the first case,

AL =2 AB =0 (5.27)

and, in the second,
AB =2 AL =0. (5.28)

For more details on the process of neutron—antineutron oscillations see [Kla95,
Moh96a]. The SO(10) model can also solve the problem of SU(5) regarding the
predictions of the lifetime of the proton. Their predictions lie in the region of
10322108 yr [Lee95] and prefer other decay channels such as p — vK*+ where
the experimental limit is weaker and given by 7,/ BR(p — vK¥) > 2.2x 103 yr
(90% CL) [NakO3]. It is convenient now to explore another extension of the
standard model, which is given by supersymmetry (SUSY). This will also end
with a short discussion of SUSY GUT theories.

5.4 Supersymmetry

A theoretical treatment of supersymmetry in all aspects is far beyond the scope of
this book. We restrict ourselves to some basic results and applications in particle
physics. Several excellent textbooks and reviews exist on this topic for further
reading [Dra87, Wes86, 90, Moh86, 92,Nil84,Hab85,Lop96, Tat97, Mar97, E1198,
01199, Wei00, Kaz00].

Supersymmetry is a complete symmetry between fermions and bosons
[Wes74]. This is a new symmetry and one as fundamental as that between
particles and antiparticles. It expands the normal Poincaré algebra for the
description of spacetime with extra generators, which changes fermions into
bosons and vice versa. Let Q be a generator of supersymmetry such that

Q| (Fermion)) = |Boson) and Q|(Boson)) = |Fermion).

In order to achieve this, Q itself has to have a fermionic character. In principle,
there could be several supersymmetric generators  but we restrict ourselve to
one (N = 1 supersymmetry). The algebra of the supersymmetry is determined
by the following relationships:

{Qu: Qp) =2v0ppy (5.29)
[Qy. P, 1=0 (5.30)

Here p,, is the 4-momentum operator. Note that due to the anticommutator
relation equation (5.29), internal particle degrees of freedom are connected to
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the external spacetime degrees of freedom. This has the consequence that a local
supersymmetry has to contain gravitation (supergravity theories, SUGRAs). A
further generic feature of any supersymmetric theory is that the number of bosons
equals that of fermions. A consequence for particle physics is then that the
numbers of particles of the standard model are doubled. For every known fermion
there is a boson and to each boson a fermion reduced by spin-% exists.

One of the most attractive features of supersymmetry with respect to particle
physics is an elegant solution to the hierarchy problem. The problem here is to
protect the electroweak scale (3.67) from the Planck scale (13.54) which arises
from higher order corrections. This is especially dramatic for scalar particles
like the Higgs. The Higgs mass receives a correction émpy via higher orders
where [El191b, Nil95]

2 o [N d% 22 531
dmy ~ g / oz "8 (5.31)
If the cut-off scale A is set at the GUT scale or even the Planck scale, the
lighter Higgs particle would experience corrections of the order My or even
Mp;. In order to achieve a well-defined theory, it is then necessary to fine tune
the parameters in all orders of perturbation theory. With supersymmetry the
problem is circumvented by postulating new particles with similar mass and equal
couplings. Now corresponding to any boson with mass m g in the loop there is a
fermionic loop with a fermion mass m g with a relative minus sign. So the total
contribution to the 1-loop corrected Higgs mass is
o o o
sm? ~ 0 (E) (A2 4+ m3)— 0 (E) (A24m2)=0 (E) (m3, — m2).
(5.32)
‘When all bosons and fermions have the same mass, the radiative corrections
vanish identically. The stability of the hierarchy only requires that the weak scale
is preserved, meaning
|(m% —m3)| < 1 TeV2., (5.33)

Two remarks should be made. If this solution is correct, supersymmetric particles
should be observed within the next generation of accelerators, especially the
LHC. However, supersymmetry predicts that the masses of particles and their
supersymmetric partners are identical. Because no supersymmetric particle
has yet been observed, supersymmetry must be a broken symmetry. In the
following we restrict our discussion to the minimal supersymmetric standard
model (MSSM).

5.4.1 The minimal supersymmetric standard model (MSSM)

As already stated, even in the minimal model we have to double the number of
particles (introducing a superpartner to each particle) and we have to add another
Higgs doublet (and its superpartner). The reason for the second Higgs doublet
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is given by the fact that there is no way to account for the up and down Yukawa
couplings with only one Higgs field. The nomenclature of the supersymmetric
partners is as follows: the scalar partners of normal fermions are designated with
a preceding ‘s’, so that, for example, the supersymmetric partner of the quark
becomes the squark g. The super-partners of normal bosons receive the ending
‘-ino’. The partner of the photon, therefore, becomes the photino y.

In the Higgs sector both doublets obtain a vacuum of expectation value (vev):

V] 0
(Hi) = (0> (Hy) = ( ) (5.34)
v2

Their ratio is often expressed as a parameter of the model:

tan B = 2. (5.35)
V]

Furthermore, in contrast to the SM here one has eight degrees of freedom, three
of which can be gauged away as in the SM. The net result is that there are
five physical Higgs bosons: two C P-even (scalar) neutrals (h, H), one C P-odd
(pseudo-scalar) neutral (A) and two charged Higgses (HY).

There are four neutral fermions in the MSSM which receive mass but can
mix as well. They are the gauge fermion partners of the B and W? gauge bosons
(see chapter 3), as well as the partners of the Higgs. They are, in general, called

neutralinos or, more specifically, the bino B, the wino W3 and the Higgsinos HO

and HO The neutralino mass matrix can be written in the (B W2 H(l), Hg) basis
as

M 0 —Mzsg,, cos B Mzsgy, sin B
0 M, Mzcey cos B —Mzcpy, sin B
—Mzsgy, cos B Mzcgy, cosf 0 —u
Mzsey sinp —Mzcyy, sin B - 0
(5.36)
where sg, = sinfw and ¢y, = cosfw. The eigenstates are determined by

diagonalizing the mass matrix. As can be seen, they depend on three parameters
M (coming from the bino mass s term), M (from the wino mass term) and 4 (from
the Higgsino mixing term l,LH] H>). We also have four charginos coming from
W= and H*. The chargino mass matrix is composed similar to the neutralino
mass matrix.

Using the universality hypothesis that, on the GUT scale, all the gaugino
masses (spln-— particles) are identical to a common mass m1,> and that all the
spin-0 particle masses at this scale are identical to mg, we end up with w, tan g,
mo, m12 and A as free parameters. Here A is a soft supersymmetry-breaking
parameter (for details see [O1i99]). In total five parameters remain which have to
be explored experimentally.
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5.4.2 R-parity

The MSSM is a model containing the minimal extension of the field contents
of the standard model as well as minimal extensions of interactions. Only
those required by the standard model and its supersymmetric generalization are
considered. It is assumed that R-parity is conserved to guarantee the absence of
lepton- and baryon-number-violating terms. R-parity is assigned as follows:

Rp =1 for normal particles

Rp= —1 for supersymmetric particles.

R p is a multiplicative quantum number and is connected to the baryon number B,
the lepton number L and the spin S of the particle by

Conservation of R-parity has two major consequences:

(i) Supersymmetric particles can only be produced in pairs.
(i) The lightest supersymmetric particle (LSP) has to be stable.

However, even staying with the minimal particle content and being consistent
with all symmetries of the theory, more terms can be written in the superpotential
W which violate R-parity given as

WRP = AjjkLiLj Ek + )‘;'jkLi Q(,’Dk + )»;}kU,'Dj Dk (5.38)

where the indices i, j and k denote generations. L, Q denote lepton and quark
doublet superfields and E, U and D denote lepton and up, down quark singlet
superfields respectively. Terms proportional to A, A’ violate lepton number, those
proportional to A” violate baryon number. A compilation of existing bounds on
the various coupling constants can be found in [Bed99].

After discussing the MSSM as an extension of the standard model and
the possibility of Rp violation, it is obvious that one can also construct
supersymmetric GUT theories, like SUSY SU(5), SUSY SO(10) and so on, with
new experimental consequences. As schematic illustration of unification is shown
in figure 5.4. We now want to discuss briefly a few topics of the experimental
search.

5.4.3 Experimental search for supersymmetry

Consider, first, the running coupling constants. As already mentioned, new
particles change the parameters in the renormalization group equations (5.2). As
can be seen in figure 5.5, in contrast to the standard model extrapolation the
coupling constants including MSSM now unify and the unified value and scale
are given by

Mgyt = 10"8203%01 Gev (5.39)
agyr =263+ 1.9+ 10. (5.40)
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Figure 5.4. Schematic picture of the different steps in grand unification from the Fermi
scale to the Planck scale. The numbers indicate the number of new parameters required to

describe the corresponding model (from [Lop96]).

Even though this is not a proof that SUSY is correct, it at least gives a hint of
its existence. The prediction of the Weinberg angle in supersymmetric models
also corresponds better to the experimentally observed value (chapter 3) than
those of GUT theories without supersymmetry The predictions of these theories
are [Lan93b]:

sin? Oy (mz) = 0.2334 £ 0.0050 (MSSM) (5.41)
sin? Oy (mz) = 0.2100 & 0.0032 (SM). (5.42)
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Figure 5.5. Running of the coupling constants. Left: Evolution assuming the SM particle
content. Evidently the coupling constants do not meet at the unification scale. Right:
Unification is achieved by including the MSSM (from [Ama91]).

The experimental strategies to search for SUSY can be separated into four groups:

direct production of supersymmetric particles in high-energy accelerators,
precision measurements,

search for rare decays and

dark matter searches.

For the accelerator searches another constraint is applied to work with four
free parameters (constrained MSSM, CMSSM). This requires gauge coupling
unification at the GUT scale leading to the relation M| = %Z—;Mz and one can
only work with the parameters w, tan 8, mg, m1,2. Beside that, as long as R-
parity is conserved, the LSP remains stable and acts as a good candidate for dark
matter (see chapter 13).

A good example for the second method is a search for an electric dipole
moment of the neutron or processes where supersymmetry enters via loop
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corrections. The third one either uses existing stringent experimental bounds
to restrict parameters like those coming from b — s + y decay or investigates
processes which might be enhanced or modified with respect to the standard
model like u — 3e [AysOl]. For more comprehensive reviews on the
experimental status of SUSY searches see [Kaz00].

5.4.3.1 SUSY signatures ate™e™ colliders

SUSY particles can be produced in pairs at eTe™ colliders. The obvious machine
to look at is LEPII, which was running at the end of its data-taking with a centre-
of-mass energy of /s = 208 GeV. A common feature of all possible signals as
long as we are working in the MSSM or CMSSM is a significant missing energy
(£7) and transverse momenta ( p7)- The reason is that the produced stable LSPs
escape detection. This signature is accompanied by either jets or leptons. So far
all searches have resulted in no evidence and figure 5.6 shows as an example the
LSP neutralino mass as a function of tan 8. Any mass lighter than about 30 GeV
can be excluded. Typical limits for charginos and sleptons are of the order of
100 GeV. In addition, SUSY searches can be performed using other production
mechanisms in pp (pp)-colliders like Fermilab Run II and the LHC. The reason is
that another prediction of the MSSM is that, at tree level, the mass of the lightest
supersymmetric Higgs should be smaller than the Z° mass (mj, < mz). Taking
into account first- and second-order corrections, a conservative upper limit of
my < 130 GeV is predicted which is well within the reach of these machines. If
SUSY is realized in nature a next generation of ete™ linear colliders with higher
centre-of-mass energies like the proposed TESLA, NLC and CLIC will have a
rich programme in SUSY particle spectroscopy.

5.4.3.2 SUSY GUTs and proton decay

Predictions for proton decay are changed within SUSY GUTs. The increased
unification scale with respect to the minimal SU(5) results in a bigger Mx mass.
This results in a substantially increased lifetime for the proton of about 1033 yr,
which is compatible with experiment. However, the dominant decay channel (see,
e.g., [Moh86, 92]) changes in such models, such that the decays p — Kt + Vy
and n - K% 4 v, should dominate. The experimentally determined lower
limit [Vir99] of the proton lifetime of 7, > 1.9 x 1033 yr for this channel
is less restrictive than the p — 7 4+ et mode. Recent calculations within
SUSY SU(5) and SUSY SO(10) seem to indicate that the upper bound on the
theoretical expectation is 7, < 5 x 1033 yr which should be well within the
reach of longer running Super-K and next-generation experiments like Hyper-
Kamiokande, ICARUS, UNO and AQUA-RICH discussed later. Other dominant
decay modes might reveal in some left-right symmetric models, which prefer
p — KO The experimental bound here is T, > 1.2 x 1032 yr [Vir99]. For a
bound on R-violating constants coming from proton decay see [Smi96]. After
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Figure 5.6. Neutralino mass limits as a function of tan § as obtained by the DELPHI and
L3 experiments at LEP (from [Kaz00]).

discussing the standard model and its possible extensions we now want to take a
look at what type of neutrino mass generation can be realized.

5.5 Neutrino masses

As already stated in chapter 3, neutrino masses are set to zero in the standard
model. Therefore, any evidence of a non-vanishing neutrino mass would
indicate physics ‘beyond the standard model’.! A lot of model building has
been performed to include neutrino masses in physics, for recent reviews see
[Val03, Kin03].

5.5.1 Neutrino masses in the electroweak theory

Neutrino masses can be created in the standard model by extending the particle
content of the theory. Dirac mass terms of the form (2.36) and the corresponding
Yukawa couplings (3.61) can be written for neutrinos if singlet vg are included in
the theory as for all other fermions. This would result in (see (3.61))

Lyuk = —cyirep’ (';:) +h.c. (5.43)

I 1t is a matter of taste what exactly ‘beyond the standard model’ means. Neutrino masses can be
generated within the gauge structure of SU(3) ® SU(2) x U(1) by enlarging the particle content or
adding non-renormalizable interactions. Even by adding new particles this sometimes is nevertheless
still called ‘standard model’ because the gauge structure is unchanged.
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resulting in terms like (3.61)
= —cyvbv. (5.44)

The smallness of the neutrino mass must then be explained by a correspondingly
smaller Yukawa coupling c,.

If no additional fermions are included the only possible mass terms are
of Majorana type and, therefore, violate lepton number (equivalent to violating
B — L, which is the only gauge-anomaly-free combination of these quantum
numbers). Thus we might introduce new Higgs bosons which can violate B — L in
their interactions. Furthermore, the neutrino mass has to be included in a Yukawa
coupling. The corresponding fermionic bilinears having a net B — L number
and the further requirement of gauge-invariant Yukawa couplings determine the
possible Higgs multiplets, which can couple directly to the fermions:

e atriplet A and
e asingly charged singlet A~

The Higgs triplet is given by
AO
A~ (5.45)
A

and its Yukawa coupling gives neutrinos their mass. The component A requires
a vacuum expectation value of v3, which has to be much smaller than the one
obtained by the standard Higgs doublet. Because the Higgs potential now contains
both multiplets ¢ (3.56) and A, both contribute to the mass of the gauge bosons.
From that an upper bound on v3 can already be given:

2 2.2
m 14 2v5/v
p=—H - ;/ B 007 (5.46)
m7cosOw 14 4v5/v? v

The second model introducing an SU(2) singlet Higgs 4~ has been proposed by
Zee [Zee80]. As h™ carries electric charge its vev must vanish and some other
sources of B — L violation must be found.

An independent possibility introducing neutrino masses in the standard
model would be non-renormalizable operators, also leading to non-standard
neutrino interactions. After discussing how by enlarging the particle content of
the standard model neutrino masses can be generated, we now want to see what
possibilities GUT and SUSY offer.

5.5.2 Neutrino masses in the minimal SU(5) model

In the multiplets given in (5.15) only v;, with its known two degrees of freedom
shows up, allowing only Majorana mass terms for neutrinos. The coupling to
the Higgs field ® has to be of the form (v ® vf)cb. However, 5 ® 5 results in
combinations of 10 & 15 which does not allow us to write SU(5)-invariant mass
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terms, because with the Higgs, only couplings of 25 and 5 representations are
possible. Therefore, in the minimal SU(5) neutrinos remain massless. But, as in
the standard model, enlarging the Higgs sector allows us to introduce Majorana
mass terms.

5.5.3 Neutrino masses in the SO(10) model and the seesaw mechanism

In the SO(10) model the free singlet can be identified with a right-handed
neutrino (see figure 5.3). It is, therefore, possible to produce Dirac mass terms.
The corresponding Yukawa couplings have to be made with 10, 120 or 126
dimensional representations of the Higgs. However, as the neutrinos belong
to the same multiplet as the remaining fermions, their mass generation is not
independent from that of the other fermions and one finds, e.g. by using the 10-
dimensional Higgs, that all Dirac mass terms are more or less identical, in strong
contradiction to experiments where limits for neutrino masses are much smaller
than the corresponding ones on charged leptons and quarks (see chapter 6). This
problem can be solved by adding the 126-dimensional representation of the Higgs
field and assigning a vev to the SU(5) singlet component. This gives rise to
Majorana mass of the right-handed neutrino. This mass term can take on very
large values up to Mx. Under these assumptions it is possible to obtain no
Majorana mass term for v, and a very large term for vg. In this case the mass
matrix (2.48) has the following form:

M:( 0 mD) (5.47)

mp mg

where m p is of the order of MeV-GeV, while mr > mp. But this is exactly the
requirement for a seesaw mechanism as discussed in chapter 2. This means that
it is possible for a suitably large Majorana mass mg in equation (5.47) to reduce
the observable masses so far that they are compatible with experiment. This is the
seesaw mechanism for the production of small neutrino masses [Gel78, Moh80].
If this is taken seriously, a quadratic scaling behaviour of the neutrino masses with
the quark masses or charged lepton masses follows (2.63), i.e.

Dhy, iy, m2 :mg : m,2 or ~ mz cm? s m?. (5.48)

my, T u " T

However, several remarks should be made. This relation holds on the GUT scale.
By extrapolating down to the electroweak scale using the renormalization group
equations, significant factors could disturb the relation. As an example the ratio
of the three neutrino masses for two different models is given by [Blu92]

my :my :m3 =0.05m>:0.09m?:0.38m>  SUSY-GUT  (5.49)
my :my :m3 =0.05m>:0.07m?:0.18m>  SO(10). (5.50)

Furthermore, it is assumed that the heavy Majorana mass shows no correlation
with the Dirac masses. However, if this is the case, a linear seesaw mechanism
arises.
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5.5.3.1 Almost degenerated neutrino masses

If the upper left entry in (5.47) does not vanish exactly, the common seesaw
formula might change. The common general seesaw term

my ~ —mgmglmD (5.51)

is modified to

v2

my ~X f— — mgm;]m[) (5.52)

VR
where the first term includes the vev of the Higgs fields. Clearly if the first term
dominates, there will be no hierarchical seesaw but the neutrinos will be more or

less degenerated in mass (sometimes called type II seesaw).

5.5.4 Neutrino masses in SUSY and beyond

Including SUSY in various forms like the MSSM, allowing R, violation and
SUSY GUT opens a variety of new possible neutrino mass generations. This
can even be extended by including superstring-inspired models or those with
extra dimensions. The neutrino mass schemes are driven here mainly by current
experimental results such as those described in the following chapters. In the
MSSM, neutrinos remain massless as in the standard model, because of lepton
and baryon number conservation. For some current models and reviews, see
[Die00, MohO1, Alt02, Hir02, Kin03].

5.6 Neutrino mixing

In the following chapters, it will be found that neutrinos have a non-vanishing
mass. Then, the weak eigenstates v, need not to be identical to the mass
eigenstates v;. As in the quark sector they could be connected by a unitary matrix
U like the CKM matrix (see chapter 3) called the MNS-matrix (Maki—Nakagava—
Sakata)? [Mak62]:

[Ve) = Umns|vi) a=e, u,T; i =1...3. (5.53)

For three Dirac neutrinos U is given, in analogy to (3.71), as

€12€13 _ 512€13 _ 13”10
U=| —sncs3— 612S23S13?“S C12¢23 — S12S23S13e’5_ 523€13 (5.54)
512523 — C12823513€°  —c12823 — s12c23513€ cazens

where s;; = sin6;;, ¢;j = cos6;; (i, j = 1,2,3). A graphical illustration of
the mixing matrix elements ignoring the C P-phase is shown in figure 5.7. In the
Majorana case, the requirement of particle and antiparticle to be identical, restricts

2 Tt is also often quoted as the Pontecorvo—-Maki—Nakagava—Sakata (PMNS) matrix.
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Figure 5.7. Graphical representation of the mixing matrix elements between flavour and

mass eigenstates.
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Figure 5.9. Various neutrino mass schemes which can be built on the existence of four
different neutrino states to describe current neutrino oscillation evidences. The first four
patterns are known as ‘3 + 1’ schemes, because of the one isolated state m4, while the
remaining two are called ‘2 4 2’ schemes.
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the freedom to redefine the fundamental fields. The net effect is the appearance
of a C P-violating phase already in two flavours. For three flavours two additional
phases have to be introduced resulting in a mixing matrix of the form

U = Upns diag(1, e, e#). (5.55)

In the three-flavour scenario several possible mass schemes can still be discussed
which will become obvious in chapters 8—10. In addition to normal and inverted
mass schemes (figure 5.8), almost degenerated neutrino masses m| = my ~ m3
are possible.

Further common scenarios include a possible fourth neutrino as shown in
figure 5.9. Such a neutrino does not take part in weak interactions and is called
a sterile neutrino. Having discussed the theoretical motivations and foundations
for a possible neutrino mass in the following we want to focus on experimental
searches and evidence.



Chapter 6

Direct neutrino mass searches

In this chapter direct methods for neutrino mass determinations are discussed.
The classical way to perform such searches for v, is to investigate -decay. From
the historical point of view this process played a major role (see chapter 1),
because it was the motivation for W Pauli to introduce the neutrino. Many
fundamental properties of weak interactions were discovered by investigating
B-decay. For an extensive discussion on weak interactions and B-decay see
[Sch66, Sie68, Wu66, Kon66, Mor73, Gro90, Wil01, Wei02].

6.1 Fundamentals of §-decay

Beta-decay is a nuclear transition, where the atomic number Z of the nucleus
changes by one unit, while the atomic mass A remains the same.
This results in three possible decay modes:

(Z,A) - (Z+1,A) +e + D, (B~ -decay) (6.1)
(Z,A) = (Z—=1,A) +e" + 1, (BT -decay) (6.2)
e +(Z,A)—>(Z—-1,A)+v, (Electron capture). (6.3)

The basic underlying mechanism for (6.1) is given by
n—>p+e + Ve or d—>u+e +ve (6.4)

on the quark level respectively. The other decay modes can be understood in an
analogous way. The corresponding decay energies are given by the following
relations, where m(Z, A) denotes the mass of the neutral atom (not the nucleus):
B~ -decay:
Qp- = [m(Z, A) = Zm* = [(m(Z + 1, A) = (Z + Dyme) + mele?
=[m(Z,A) —m(Z + 1, A)]c> (6.5)

127
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The Q-value corresponds exactly to the mass difference between the mother and
daughter atom.
BT -decay:

Qg+ = [m(Z, A) — Zm,]c* — [(m(Z — 1, A) — (Z — Dme) + m]c*
=[m(Z,A) —m(Z — 1, A) — 2m,]c>. (6.6)

Because all masses are given for atoms, this decay requires the rest mass of two
electrons. Therefore, the mass difference between both has to be larger than
2m.c? for B+ -decay to occur.

Electron capture:

Qrc = [m(Z, A) — Zm.lc* + mec* — [m(Z — 1, A) — (Z — Dm,]c?
=[m(Z, A) —m(Z — 1, A)]c>. 6.7)

As can be expected the Q-values of the last two reactions are related by
Qp+ = Qpc — 2mec™. (6.8)

If Q is larger than 2m.c?, both electron capture and ST-decay are competitive
processes, because they lead to the same daughter nucleus. For smaller Q-values
only electron capture will occur. Obviously, for any of the modes to occur the
corresponding Q-value has to be larger than zero.

The way to determine the neutrino mass is related to 8~ -decay, hence, this
mode will be discussed in more detail. More accurately, this method measures the
mass of v, but C PT -conservation ensures that m;, = m,,.

The important point is to understand the shape of the observed electron
spectrum (see chapter 1) and the impact of a non-vanishing neutrino mass which,
for small neutrino masses, shows up only in the endpoint region of the electron
spectrum. The following discussion is related to allowed and super-allowed
transitions, meaning that the leptons do not carry away any angular momentum
(! = 0). The transition rate of B-decay to produce an electron in the energy
interval between E and E + AE is given by Fermi’s Golden Rule:

&N
dtdE

2 2
5 | Higl)1p(E) (6.9)

where |(f|H;r|i)| describes the transition matrix element including the weak
Hamilton operator H;r, p(E) denotes the density of final states and Ej
corresponds to the Q-value of the nuclear transition. Neglecting nuclear recoil,
the following relation is valid:

Eo = E, + E.. (6.10)
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6.1.1 Matrix elements

Consider first the matrix element given by

I(f [ Hifli)] = dexlf}’?Hifxlfi. (6.11)

The wavefunction ; of the initial state is determined by the nucleons in the
mother atom, while the final-state wavefunction ¥ ¢ has to be built by the
wavefunction of the daughter as well as the wavefunction of the electron-neutrino
field. The interaction between the nucleus and the leptons is weak, thus, in a first
approximation wavefunctions normalized to a volume V can be treated as plane
waves:

be(r) = %Ve”‘“ 6.12)

Bo(r) = ——clheT (6.13)
v = . .
VvV

These wavefunctions can be expanded in a Taylor series around the origin in the
form

1
VvV
A comparison of the typical nuclear diameter and the Compton wavelength of the
electron and neutrino shows that k;r < 1. Therefore, in good approximation, the
wavefunctions are

oi(r) = (I+ik;-r+--) withl = e, v. (6.14)

di(r) = % with] = e, v. (6.15)

The electron wavefunction has to be modified taking into account the
electromagnetic interaction of the emitted electron with the Coulomb field of the
daughter nucleus (A, Z + 1). For an electron the effect produces an attraction,
while for positrons it results in a repulsion (figure 6.4). The correction factor is
called the Fermi function F(Z + 1, E) and it is defined as

0 2
F(Z—}—I,E):M. (6.16)
|9 (0)]
In the non-relativistic approach it can be approximated by [Pri68]
F(Z+1,E) = (6.17)
I —e*
with (7 41
x= i% for fF-decay (6.18)

and « as the fine structure constant and § = v/c. An accurate treatment has
to take relativistic effects into account and a numerical compilation of Fermi
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Figure 6.1. Neutron beta decay (a) and spin balance (b) for Fermi and Gamow-Teller
transitions.

functions can be found in [Lan69]. The lepton wavefunctions are practically
constant all over the nuclear volume. As a consequence, the term |{f|H; f|i)|2
will contain a factor |¢(0)|?|¢,(0)|> ~ 1/ V2. Introducing a coupling constant g
to account for the strength of the interaction the matrix element can be written as

(FIHipli)? = g*F(E, Z + D]ge(0)*6u (0)|*| Mif |*

2
g
~ 5 F(E, Z+ 1)|M;s|? (6.19)

where the so called nuclear matrix element M, is given by

M = f v ¢50¢;. (6.20)

This expression now describes the transition between the two nuclear states,
where O is the corresponding operator and, therefore, it is determined by the
nuclear structure. Consider again only allowed transitions. In this case two kinds
of nuclear transitions can be distinguished depending on whether the emitted
leptons form a spin-singlet or spin-triplet state. Assume that the spins of electron
and v, are antiparallel with a total spin zero. Such transitions are called Fermi
transitions (figure 6.1). The transition operator corresponds
to the isospin ladder operator T~ and is given by

A
Op=1 = Zr*(i) 6.21)

i=1

summing over all nucleons. Because the transition neither changes spin J, parity
7 nor isospin / the following selection rules hold:

AI=0 AJ=0 Ax=0. 6.22)
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The second kind of transition is characterized by the fact that both leptons have
parallel spins resulting in a total spin 1. Such transitions are called Gamow-Teller
transitions and are described by

A
Ocr =Y o) (i) (6.23)
i=1

where o (i) are the Pauli spin matrices, which account for the spin flip of the
involved nucleons. Also here selection rules are valid:

Al =0,1
AJ =0,1 no0— 0
Amr = 0. (6.24)

In sum the nuclear matrix element for allowed transitions has the form
& IMis|* = g3 |Mr | + g3 Mcr|* (6.25)

already taking into account the different coupling strength of both transitions by
using the vector- and axial vector coupling constants gy = Gg = G cos ¢ and
g4 (see chapter 3). The corresponding matrix elements have to be theoretically
calculated. Under the assumptions made, M,y does not depend on energy.
The overlap between the initial and final wavefunction is especially large for
mirror nuclei (the number of protons of one nucleus equals the number of
neutrons from the other); therefore, they have a large M;r. For super-allowed
0t — 07T transitions M;y = V2 which results in a single ft value (see
section 6.1.3) for such nuclei of about 3100 s (figure 6.2). However, there are
nuclei where electrons and neutrinos are emitted with / # 0 which means that
the higher order terms of (6.14) have to be taken into account. The corresponding
matrix elements are orders of magnitude smaller and the transitions are called
forbidden. For a more extensive discussion on the classification of B-decays
see [Sie68, Wu66]. Focusing on allowed transitions, thus the shape of the electron
spectrum is determined completely by the density of final states p (E), which will
be calculated next.

6.1.2 Phase space calculation

The number of different states dn with momentum between p and p + dp in a

volume V is 5
4nVp-dp 4nVpEdE
dn = 3 = 13 . (6.26)

This translates into a density of states per energy interval of

dn  4nVpE  VpE
dE  n3 2@

(6.27)
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Figure 6.2. Experimental ft values observed in various superallow transitions. As can be
seen, they cluster around 3100 s.

Dealing with a three-body decay and a heavy nucleus, the nucleus takes no energy
but balances all momenta so the electron and neutrino momenta are not directly
correlated and can be treated independently. Thus

VzpeEer E,
44 ho
Using (6.10) and including a massive neutrino, the density of states can be

expressed in terms of the kinetic energy of the electron E as

p(E) = (6.28)

V2pe(E +m)y/(Eo — E)? — m?(ve)(Eo — E)

44 ho '
Combining this together with (6.9) and (6.25) we get for the B-spectrum of
electrons of allowed or super-allowed decays (with € = Eg — E):

p(E) = (6.29)

&N gy IMre|? + g3 IMor|?
dtdE 273K
x \/(Eo — E)? — m2(v.)(Eo — E)0(Eg — E — m(v,))

=AF(E,Z 4+ 1)p(E +m)ey/e2 —m?2(v.)0(e — m(v.)). (6.30)

As can be seen, the neutrino mass influences the spectral shape only at the
upper end below Eg leading far below the endpoint to a small constant offset

F(E,Z 4+ 1)p.(E 4+ m)
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proportional to —m?(v,). Two important modifications might be necessary. First
of all, (6.30) only holds for the decay of a bare and infinitely heavy nucleus. In
reality, in dealing with atoms or molecules the possible excitation of the electron
shell due to a sudden change in the nuclear charge has to be taken into account.
The atom or molecule will end in a specific state of excitation energy E; with a
probability P;. (6.30) will thus be modified into a superposition of B-spectra of
amplitude P; with different endpoint energies €; = Eg — E:

d*N

GrdE = AP ZHDPEm) Y Pies 6] = m200(ej—m(u). (631)

J

In addition, in case of neutrino mixing (see chapter 5) the spectrum is a sum of
the components of decays into mass eigenstates v;:
d’N
dtdE

= AF(E.Z+ 1)p.(E+m))_ Pje,
j

x (Z |Ueil*\/ €7 = m> (b (e; — m(w))). (6.32)

As long as the experimental resolution is wider than the mass difference of
two neutrino states, the resulting spectrum can be analysed in terms of a single
observable—the electron neutrino mass:

m*(ve) = Y |Ueil*m*(vy) (6.33)
by using (6.31).

6.1.3 Kaurie plot and ft values

The decay constant A for 8-decay can be calculated from (6.30) by integration

In2 po
A= —= N(pe) dpe. (6.34)
T2 0
This results in
Po
A= [ Npo)dpe = (g4 IMrp|* + g3IMar|) f(Z + 1, €0) (6.35)
0

with
f(Z+1,e) = f ’ F(Z+1,€)eve? — 1(eg — €)* de (6.36)
1

as the so called Fermi integral. €, €j are given by

E, +mecz 0
€=——— @=
MeC

(6.37)
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Table 6.1. Characterization of S-transitions according to their ft values. Selection rules
concern spin / and parity 7: (4) means no parity change while (—) implies parity change.

Transition Selection rule Log ft Example Half-life
Superallowed Al =0,+1,(+) 35+02 'n 11.7 min
Allowed Al =0,£1,(+) 57411 s 87d

First forbidden Al =0,£1,(-) 75415 198Au 2.7d
Unique first forbidden AT = £2, (—) 85+0.7 °ly 58d
Second forbidden Al =42, (4) 12110 Pcs 30 yr

Third forbidden Al = £3,(—) 182406 8&Rb 6 x 1010 yr
Fourth forbidden Al = +4, (4) 227405 1 5x 101 yr

The product f 772, given by

K

[T =
g2 IMp |2 + g% |Mgr |2

(6.38)

is called the ft value and can be used to characterize B-transitions (the more
accurate log ft is used) as shown in table 6.1. A compilation of ft values of all
known B-emitters is shown in figure 6.3. The constant K is given by

2307
K=—7F7—. 6.39
m3c*In2 (6.9
It is common in B-decay to plot the spectrum in the form of a so called Kurie plot
which is given by

1/4

2
N(pe) . mvCZ

Following from this, three important conclusions can be drawn:

(1) For massless neutrinos, the Kurie plot simplifies to

N(pe) _ _

which is just a straight line intersecting the x-axis at the Q-value.

(2) A light neutrino disturbs the Kurie plot in the region close to the Q-value.
This results in an endpoint at Q — m,c? and the electron spectrum ends
perpendicular to the x-axis.
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Figure 6.3. Compilation of all known log ft values.

A B~

Figure 6.4. Schematic form of an electron beta spectrum. The phase space factor from
(6.29) produces a spectrum with a parabolic fall at both ends for m, — 0 (dotted line). This
is modified by the interaction of the electron/positron with the Coulomb field of the final
state nucleus (continuous lines). Taken from [Gro90].

(3) Assuming that there is a difference between the neutrino mass eigenstates
and weak eigenstates as mentioned in chapter 5 and discussed in more detail
in chapter 8, the Kurie plot is modified to

2
% — 2 _ _ I’I’l,'c2
m— A;Ue,-(Q E) |1 (—Q — Ee) . (6.42)
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Figure 6.5. Endpoint region of a beta spectrum. The effect of a finite neutrino mass is a
reduced endpoint at Q — myc? (from [Wei03]).

The result are kinks in the Kurie plot as discussed in section 6.2.4.

6.2 Searches for m;,

6.2.1 General considerations

As already mentioned, a non-vanishing neutrino mass will reduce the phase space
and leads to a change in the shape of the electron spectra, which for small
masses can be investigated best near the Q-value of the transition (figure 6.5).
First measurements in search of neutrino masses had already been obtained in
1947 resulting in an upper bound of 100 keV. A measurement done in 1952
resulting in a limit of less than 250 eV led to the general assumption of a massless
neutrinos [Lan52] which was the motivation to implement massless neutrinos in
the standard model (see chapter 3). Several aspects have to be considered before
extracting a neutrino mass from a 8-decay experiment [Hol92, Ott95, WilO1]:

e the statistics of electrons with an energy close to the endpoint region is small
(a small Q-value for the isotope under study is advantageous);

good energy resolution;

energy loss within the source;

atomic and nuclear final state effects, excited state transitions; and

a theoretical description of the involved wavefunctions.

From all isotopes tritium is the most favoured one. But even in this case with
the relatively low endpoint energy of about 18.6 keV only a fraction of 10~° of
all electrons lies in a region of 20 eV below the endpoint. A further advantage
of tritium is Z = 1, making the distortion of the B-spectrum due to Coulomb
interactions small and allowing a sufficiently accurate quantum mechanical
treatment. Furthermore, the half-life is relatively short (77,2, = 12.3 yr) and
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the involved matrix element is energy independent (the decay is a superallowed
1/2 — 1/2 transition between mirror nuclei). The underlying decay is

H - *He +e™ + ve. (6.43)

The 3H — 3He mass difference has been determined to be Am = (18.5901 =+
0.0017) keV [Dyc93] and the difference of the atomic binding energies of the
shell electrons is B(CH) — B(*He) = 65.3 eV [Ohs94]. In general, 3H is not used
in atomic form but rather in its molecular form H;. In this case the molecular
binding energies have to be considered and for an accurate determination, the
small nuclear recoil Eg also has to be included. The result is a Q-value of
18.574 keV. Furthermore, only about 58% of the decays near the endpoint lead to
the ground state of the H3He™ ion, making a detailed treatment of final states
necessary. However, in the last 27 eV below the endpoint, there are no molecular
excitations.

6.2.2 Searches using spectrometers

While until 1990 magnetic spectrometers were mostly used for the measurements
[Hol92, Ott95], the currently running experiments in Mainz and Troitsk use
electrostatic retarding spectrometers [Lob85,Pic92]. As an example the Mainz
experiment is described in a little more detail. The principal setup is shown in
figure 6.6. The tritium source and the detector are located within two solenoids
of a Bg = 2.4 T maximal magnetic field. This reduces to a minimal field of
Buin ~ 8 x 107* T in the middle plane of the spectrometer (the analysing
plane). The ratio Bs/Bmin is 3000. Electrons emitted from the source spiral
around the magnetic field lines and will be guided into the spectrometer. By
a set of electrodes around the spectrometer a retarding electrostatic potential is
created which has its maximum value (a barrier of eUy with Uy < 0) in the
analysing plane. The emitted electrons will be decelerated by this potential: only
those with sufficient energy can pass the potential barrier and will be accelerated
and focused on the detector. The main advantage of such a spectrometer is the
following: emitted electrons have a longitudinal kinetic energy 7}, along the field
lines, which is analysed by the spectrometer, and a transverse kinetic energy 77
in the cyclotron motion given by

Tr=—un-B with u = L. (6.44)

ne
Because of angular momentum conservation, L and, therefore,  are constants of
motion, showing that in an inhomogenous magnetic field 77 changes proportional
to B. Thus, the energy in a decreasing field is transformed from 77 — T and
vice versa in an increasing field. In the analysing plane all cyclotron energy has
been converted into analysable longitudinal energy 77, except for a small rest
between zero (emission under 8 = 0°, e.g. Tr = 0) and maximal (6 = 90°, e.g.
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Figure 6.6. Layout of the Mainz electrostatic retarding spectrometer for measuring tritium
B-decay.
Tr = T). The transmission function has a width of

. Bmin

AT = =
Bs 3000

T =6¢eV Gf T ~ 18 keV). (6.45)

The Mainz filter has a width of only 4.8 eV and guarantees good energy
resolution. Figure 6.7 shows the electron spectrum near the endpoint as obtained
with the Mainz spectrometer. The main difference between the Mainz and the
Troitsk spectrometer is the tritium source. While the Mainz experiment froze a
thin film of T, onto a substrate, the Troitsk experiment uses a gaseous tritium
source. The obtained limits are [Wei03]:

m? = —1.2+22(stat.) £ 2.1(sys.) eV> — mj,

v
<22eV(95%CL)  Mainz (6.46)
m? = —2.3+2.5(stat.) £ 2.0(sys.) eVZ — mj,
< 2.2eV(95% CL) Troitsk. (6.47)
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Figure 6.7. Mainz electron spectrum near the endpoint of tritium decay. The
signal/background ratio is increased by a factor of 10 in comparison with the 1994
data. The Q-value of 18.574 keV marks to the centre-of-mass of the rotation-vibration
excitations of the molecular ground state of the daughter ion 3HeT™.

The longstanding problem of negative m2 values (m? is a fit parameter to the
spectrum and, therefore, can be negative) has finally disappeared (figure 6.8).
The Troitsk number is obtained by including an observed anomaly in the analysis.
Excess counts have been observed in the region of interest, which can be described
by a monoenergetic line just below the endpoint. Even more, a semi-annual
modulation of the line position is observed [Lob99]. However, this effect has
not been seen by the Mainz experiment, even when measured at the same time as
Troitsk [Wei03]. This indicates, most likely, an unknown experimental artefact.

6.2.2.1 Future spectrometers—KATRIN

For various physics arguments which become clearer throughout the book, it
will be important to improve the sensitivity of neutrino mass searches into a
region below 1 eV. However, this requires a new very large spectrometer. The
new KATRIN experiment is designed to fulfil this need and probe neutrino
masses down to 0.2 eV [BadO1, OsiO1, Wei03, WeiO3a]. For such a resolution
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Figure 6.8. Evolution of the fit value m?in B -decay as a function of time. With the Troitsk
and Mainz experiment the longstanding problem of negative m? caused by unknown

systematic effects finally disappeared.
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Figure 6.9. Schematic layout of the new proposed KATRIN spectrometer (from [Wei03]).

a transmission window of only 1 eV is neccessary which corresponds to a ratio of
Bmin/Bs = 5 x 107>, A sketch of the layout is shown in figure 6.9. The main
features of the experiment are a windowless gaseous tritium source, minimizing
the systematic uncertainties from the source itself, a pre-spectrometer, acting as
an energy pre-filter to reject all S-electrons, except the ones in the region of
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interest close to the endpoint and the main spectrometer. To obtain the required
resolution the analysing plane has to have a spectrometer of diameter 10 m. The
full spectrometer is 20 m long kept at an ultra-high vacuum below 10~'! mbar.
One difficulty is the fact that only about 1013 of all electrons from B-decay fall
into a region 1 eV below the endpoint. Therefore, the detector has to be shielded,
allowing only a background rate of 1072 events s~! and the detectors must have
a good energy resolution (less than 600 eV at 18.6 keV).

6.2.3 Cryogenic searches

A complementary strategy to be followed is the use of cryogenic microcalorime-
ters [GatO1, FioOl]. The idea behind this new detector development is that the
released energy is converted, within an absorber, into phonons which leads to a
temperature rise. This will be detected by a sensitive thermometer. For this to
work, the device has to be cooled down into the mK region. The measurement of

the electron energy is related to a temperature rise via the specific heat by
AE
AT = — (6.48)
Cy

where the specific heat is given in practical units as [Smi90]

T\’ T
> Jem3 KA~ 1x 10" (—
oD 2D

3
Cy ~ 160( ) keVem P K™ (6.49)
with ®p as material-dependent Debye temperature. Because these experiments
measure the total energy released, the final-state effects are not important. This
method allows the investigation of the S-decay of '8’Re

187Re — 705 +e™ + 1, (6.50)

which has the lowest tabulated Q-value of all S-emitters (Q = 2.67 keV)
[ToI98]. The associated half-life measurement of the order of 1010 yr will be
quite important because the '3"Re—!870s pair is a well-known cosmochronometer
and a more precise half-life measurement would sharpen the dating of events
in the early universe such as the formation of the solar system. Cryogenic
bolometers have been built from metallic Re as well as AgReOy4 crystals with
neutron transmutation doped-germanium thermistor readout (figure 6.10). The
B-spectra (figure 6.11) were measured successfully [Gat99, Ale99]. The actual
measured Q-values of 2481 4+ 6 eV and 2460 + 5(stat.) & 10(sys.) eV are in
agreement with each other but lower than the expected one. A first half-life for
187Re of T} 2 = 43 £ 4(stat.) £ 3(sys.) x 10° yr is obtained in agreement with
measurements using mass spectrometers resulting in 77, = 42.3 £ 1.3 x 10° yr.
Due to the good energy resolution of the devices, for the first time environmental
fine structure effects on §-decay could be observed recently [Gat99]. Last but not
least the first limits on my, of <22(26) eV are given [GatO1, Arn03]. An upgrade
to build large arrays of these detectors to go down to a 1 eV mass sensitivity is
forseen.
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Figure 6.10. Sketch of the rhenium microcalorimeter with an absorbing mass of metallic
Re, a neutron-transmutation-doped (NTD) Ge thermistor on top and two aluminium wires
for thermal and mechanical connections (from [Meu98]).
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Figure 6.11. !87Re spectrum obtained with a cryogenic bolometer. The big spikes
correspond to calibration peaks (from [Meu98]).

6.2.4 Kinks in 8-decay
As already stated in chapter 5, the existence of several neutrino mass eigenstates

and their mixing might lead to kinks in the Kurie plot of a S-spectrum. This is
shown schematically in figure 6.12. The energy range where the Kurie plot shows
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Figure 6.12. Schematic Kurie plot for two massive neutrinos.
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Figure 6.13. Best fit (points) of the mixing probability as a function of assumed neutrino
mass in 3Ni decay. The error bars combine statistical and systematic errors. The full line
is an upper limit at 95% CL (from [Hol99]).

a kink is small and depends on the mass m and the mixing angle 6:

AK N tan? 0

2.4
ms5c

K 2

(1

 (Eo — E.)?

172
) for Eg — E, > mzc2. (6.51)
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The position of the kink is, therefore, determined by the mass eigenstate m, and
the size of the kink is related to the mixing angle 8 between the neutrino states
(see chapter 8). The searches are performed especially for heavier neutrino mass
eigenstates. A search for admixtures of keV neutrinos using the decay

BNi > SBCu+e + v, (6.52)

with a Q-value of 67 keV was performed recently [Hol99] and the limits on the
admixture are shown in figure 6.13.

6.3 Searches for m,,

CPT invariance ensures that my, = m,,. However, some theories beyond
the standard model offer the possibility of CPT violation, which makes it
worthwhile considering measuring m,, directly. Such a measurement of m,, has
been proposed by [Der81] using the internal bremsstrahlung spectrum in electron
capture processes:

(A, Z)+e — (A, Z—1)+ve + 7. (6.53)

The bremsstrahlung spectrum of photons with energy k for K-shell capture can be
given in a form similar to the B-spectrum:

N(k) dk o k(ko — k)/ (ko — k)2 — m2 = kE, p,. (6.54)

As in the Kurie plot, the endpoint depends on m,. Two major problems are
associated with this:

e Every state from which electron capture can happen is characterized by
its quantum numbers n, [, j and has its own spectrum N (k). Therefore,
the measured spectrum is a superposition of these spectra which leads to
a smearing in the endpoint region.

e  The capture rate is very small. An electron from an / # 0 state transforms
virtually into an intermediate / = O state via emission of a photon. This
state has a non-vanishing wavefunction at the nucleus allowing capture. This
effect can be enhanced if the energy of the transition is close to an x-ray
transition, which leads to a resonance-like effect.

The most convenient isotope is '*Ho. It has a very low Q-value of about 2.5 ke V;
therefore, only M-capture and capture from higher shells are possible. Using
a source of '3 HoF3 and a Si(Li) detector the atomic transition between the
5p — 3s levels was investigated. Assuming a Q-value of 2.56 keV a limit of

my, <225eV (95% CL) (6.55)

was obtained [Spr87]. A Q-value of 2.9 keV would worsen this bound to 500 eV.
A new attempt using cryogenic microcalorimeters, which measures the total
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energy and is free of some uncertainties related with the pure x-ray measurements
described earlier, has been started. If several lines can be observed, a combined
fit for Q and m, can be done. First prototypes have been constructed and the
obtained Q-value is 2.80 &£ 0.05 keV, higher than previously assumed. This
method might be useful in the future [Meu98]. Currently, the bounds discussed
here are rather weak in comparison with B-decay. Astrophysical limits on m,,
will be discussed in chapter 13.

6.4 m,, determination from pion-decay

The easiest way to obtain limits on m,,, is given by the two-body decay of the
7 7. For pion decay at rest the neutrino mass is determined by

m%ﬂ = mi+ + miJr — 2mﬂ+‘/pi+ + miJr. (6.56)

Therefore, a precise measurement of m,,, depends on an accurate knowledge of
the muon momentum p,, as well as m,, and m,. The pion mass is determined by
X-ray measurements in pionic atoms. The measurements lead to two values:

my = 139.567 82+ 0.000 37 MeV
my = 139.56995 %+ 0.000 35 MeV (6.57)

respectively [Jec95] (=2.5 ppm) but a recent independent measurement supports
the higher value by measuring m, = 139.57071 4+ 0.000 53 MeV [Len98]. The
muon mass is determined by measuring the ratio of the magnetic moments of
muons and protons. This results in [PDGO02]

m,, = (105.658 357 £ 0.000 005) MeV (~0.05 ppm). (6.58)

Latest w-decay measurements were performed at the Paul-Scherrer Institute (PST)
resulting in a muon momentum of [Ass96]

pu = (29.79200+0.000 11) MeV (x4 ppm). (6.59)
Combining all numbers, a limit of
m%u = (—0.016 £ 0.023) MeV* — m,, < 190keV  (90% CL)  (6.60)

could be achieved.

A new experiment (E952) looking for pion decay in flight using the g-2
storage ring at BNL is planned [Car00]. The g-2 ring could act as a high resolution
spectrometer and an exploration of m,,, down to 8 keV seems feasible.
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6.5 Mass of the v, from tau-decay

Before discussing the mass of v; it should be mentioned that the direct detection
of v; via CC reactions has been observed only very recently [Kod01]. It was the
goal of E872 (DONUT) at Fermilab to detect exactly this reaction (see chapter 4)
and they came up with four candidate events.

The present knowledge of the mass of v; stems from measurements with
ARGUS (DORIS 1I) [AIb92], CLEO(CESR) [Cin98], OPAL [Ack98], DELPHI
[Pas97] and ALEPH [Bar98] (LEP) all using the reaction efe” — tT77. The
energy E; is given by the different collider centre-of-mass energies E; = 4/s/2.
Practically all experiments use the r-decay into five charged pions:

T — v + 57 (7%) (6.61)

with a branching ratio of BR = (9.7 £ 0.7) x 10™*. To increase the statistics,
CLEO, OPAL, DELPHI and ALEPH extended their search by including the
three-prong decay mode 7 — v, + 3h* with h =7, K. But even with the
disfavoured statistics, the five-prong decay is more sensitive, because the mass
of the hadronic system mp,q peaks at about 1.6 GeV, while the effective mass
of the three w-system is shaped by the a; (1260) resonance. While ARGUS and
DELPHI obtained their limit by investigating only the invariant mass of the five
mw-system, ALEPH, CLEO and OPAL performed a two-dimensional analysis by
including the energy of the hadronic system Epag. In the one dimensional analysis,
the maximum energy of the hadronic system is given by

Mhad = My — Ny (6.62)

and, therefore, results in an upper bound on m,. A bound can also be obtained
from the hadronic energy coming from

my, < E, = E; — Enaq (6.63)
where Epq is given in the rest frame of the t by

2
(m2 4 mp,q —my) (6.64)

E =

had 2m,

which will be boosted in the laboratory frame. A finite neutrino mass leads to a

distortion of the edge of the triangle of a plot of the Epaq—mnpaq plane as shown

in figure 6.14. A compilation of the resulting limits is given in table 6.2 with the
most stringent one given by ALEPH [Bar98]:

m,, <182MeV  (95%CL) (6.65)

A combined limit for all four LEP experiments improves this limit only slightly
to 15.5 MeV. A chance for improvement might be offered by an investigation of
leptonic D;r—decays [Pak03].
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Figure 6.14. Two-dimensional plot of the hadronic energy versus the invariant mass of the
5(6)z-system. The error ellipses are positively correlated, because both the hadronic mass
and the hadronic energy are determined from the momenta of the particles composing the
hadronic system (from [Bar98]).

Table 6.2. Comparision of vy mass limits (95% CL) as measured by various experiments.
Numbers with * include also events from 37-decay. In this case the limit is obtained by
the combination of both modes.

Experiment  Number of fitted events ~ Combined m,, limit (MeV)

ARGUS 20 31
CLEO 60+53 30
CLEO 29058 (4m) 28
OPAL 2514*% + 22 27.6
DELPHI 6534* 27
ALEPH 2939* + 55 18.2

6.6 Electromagnetic properties of neutrinos

Another experimental aspect where a non-vanishing neutrino mass could show
up is the search for electromagnetic properties of neutrinos such as their
magnetic moments. Even with charge neutrality, neutrinos can participate in
electromagnetic interactions by coupling with photons via loop diagrams. As for
other particles the electromagnetic properties can be described by form factors
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(see chapter 4). The hermiticity of the electromagnetic current j, allows four
independent form factors for Dirac neutrinos, the charge and axial charge form
factors F (Qz) and G(Qz) and the electric and magnetic dipole moment form
factors D(Q?) and M(Q?%). F(Q?) and G(Q?) have to vanish for 0> — 0
because of electric charge neutrality. The values of D(Q?) and M (Q?) for Q? =
0 are the electric D(0) = d, /e and magnetic dipole moment M (0) = u,/up of
the Dirac neutrinos. CPT and C P invariance make the electric dipole moment
vanish. The previously mentioned static moments correspond to the diagonal
elements of a matrix. The off-diagonal elements, if the initial and final neutrino
flavours are not identical, are called transition moments.

For Majorana neutrinos F(0?%), D(0?) and M(Q2) vanish, because of their
self-conjugate properties. Only G(Q?) and transition moments are possible.

6.6.1 Electric dipole moments

The Fourier transform of the previously mentioned form factors can be interpreted
as spatial distributions of charges and dipole moments. This allows a possible
spatial extension of neutrinos to be defined via an effective mean charge radius
(r2y (‘effective size of the neutrino’) given by

df(Q?

102 with £(0) = F(Q) +G(Q%).  (6.66)
Q 02=0

(r?) =6

It can be measured in the elastic ve scattering processes discussed in chapter 4
(replacing gv, Gy — gv, Gy + 26), with § given as

5 _ \/ET[O[
" 3Gy

(r?) =2.38 x 10 cm™2(r%). (6.67)

The current limits are:

r’)(ve) <5.4x107%2cm®>  (LAMPF [A1193])

(r?)(v) < 1.0x 10732 ecm®>  (CHARM [Dor89])

(r?)(v,) <24 x 10732 ecm®  (E734 [Ahr90]) (6.68)
(r?)(vy) < 6.0 x 10732 ecm?>  (CHARM-II [Vil95])

Electric dipole moments have not been observed for any fundamental particle.
They always vanish as long as C P or, equivalently, T is conserved as this implies
d, = 0. However, nothing is known about C P violation in the leptonic sector.
This might change with the realization of a neutrino factory. Until then we can use
the limits on magnetic dipole moments from ve scattering as bounds, because for
not-too-small energies their contribution to the cross section is the same. Bounds
of the order of d, < 10729 ¢ cm (v, V) and dy, < 10~ ¢ cm (v;) result. For
Majorana neutrinos, C PT invariance ensures that d,, = 0.
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6.6.2 Magnetic dipole moments

Another possibility probing a non-vanishing mass and the neutrino character is
the search for its magnetic moment. In the standard model neutrinos have no
magnetic moment because they are massless and a magnetic moment would
require a coupling of a left-handed state with a right-handed one—the latter
does not exist. A simple extension by including right-handed singlets allows for
Dirac masses. In this case, it can be shown that due to loop diagrams neutrinos
can obtain a magnetic moment which is proportional to their mass and is given
by [Lee77,Mar77]

_ 3Gre
My = 8\/_7'[

For neutrino masses in the eV range, this is far too small to be observed and
to have any significant effect in astrophysics. Nevertheless, there exist models,
which are able to increase the expected magnetic moment [Fuk87,Bab87,Pal92].
However, Majorana neutrinos still have a vanishing static moment because of
CPT invariance. This can be seen from the following argument (a more
theoretical treatment can be found in [Kim93]). The electromagnetic energy of a
neutrino with spin direction o in an electromagnetic field is given by

e =32 %107 (eV) (5. (6.69)

Eem = —pyo - B—d,o - E. (6.70)

Applying CPT results in B — B, E — E and 0 — —o which results
in Eey, = —Eem. However, CPT transforms a Majorana neutrino into itself
(v = v) which allows no change in E¢y. Therefore, Ec, = 0 which is only
possible if u, = d, = 0.

Limits on magnetic moments arise from v, e scattering experiments and
astrophysical considerations. The differential cross section for v, e scattering
in the presence of a magnetic moment is given by

tr _ G
dTr 2

T 2
[(gv+x+gA) +(gv +x —ga) (1—E—>
v
T na’u?1—-T/E,
2 v
+(gA (x+gV)) Ez}—‘r mz T

e

6.71)

where T is the kinetic energy of the recoiling electron and x is related to the
charge radius (r?y:

2
. 2my,

x = r*ysinf0y  x —> —x  forv,. (6.72)

The contribution associated with the charge radius can be neglected in the case
wy > 107 g, As can be seen, the largest effect of a magnetic moment can be
observed in the low-energy region and because of destructive interference with the
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Figure 6.15. Layout of the MUNU TPC to search for magnetic moments at the Bugey
reactor (from [Ams97]).

electroweak terms, searches with antineutrinos would be preferred. The obvious
sources are, therefore, nuclear reactors.

To improve the experimental situation and, in particular, to check the region
relevant for the solar neutrino problem (see chapter 11) new experiments have
been performed and planned. The most recent one is the MUNU experiment
[Ams97] performed at the Bugey reactor. It consists of a 1 m? time projection
chamber (TPC) loaded with CF4 under a pressure of 5 bar (figure 6.15). The use
of a TPC allows not only the electron energy to be measured but also, for the first
time in such experiments, the scattering angle, making the reconstruction of the
neutrino energy possible. The neutrino energy spectrum in reactors in the energy
region 1.5 < E, < 8 MeV is known at the 3% level. To suppress background,
the TPC is surrounded by 50 cm anti-Compton scintillation detectors as well as
a passive shield of lead and polyethylene. If there is no magnetic moment the
expected count rate is 9.5 events per day increasing to 13.4 events per day if
wy = 10719 for an energy threshold of 500 keV. The estimated background is
six events per day. The expected sensitivity level is down to 1, = 3 x 10~ .
A first limit is given as [Dar03]

ws, <1.0x 10705 (90% CL). (6.73)
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Another reactor experiment which recently started is TEXONO [Won(2], using
a 1 kg Ge-detector in combination with 46 kg of CsI(T1) scintillators. The use of
a low background Ge-Nal spectrometer in a shallow depth near a reactor has
also been considered [Ded98]. Replacing the nuclear reactor by a strong -
source, low-energy threshold experiments in underground laboratories are also
under investigation. Calculations for a scenario of an MCi '4’Pm source (an
endpoint energy of 234.7 keV) in combination with a 100 kg low-level Nal(TI)
detector with a threshold of about 2 keV can be found in [Bar96].

Astrophysical limits exist and are somewhat more stringent but also more
model dependent. Bounds from supernovae will be discussed in section 11. The
major constraint on magnetic moments arises from stellar energy-loss arguments.
Transverse and longitudinal excitations in a stellar plasma (‘plasmons’) are both
kinematically able to decay into neutrino pairs of sufficiently small mass, namely
2m, < K 2, where K is the plasmon 4-momentum. In addition, an effective
v—y coupling is introduced. For w, > 107'2up this process can compete
with standard energy-loss mechanisms if the plasma frequency is around 10 keV.
The cooling of the hottest white dwarfs will be faster if plasmon decay into
neutrinos occurs and, therefore, a suppression of the hottest white dwarfs in
the luminosity function might occur. From observations, bounds of the order
ny < IO’HpL g could be obtained [Raf99]. More reliable are globular cluster
stars. Here horizontal branch stars and low mass red giants before the He flash
would be affected if there is an additional energy loss in form of neutrinos. To
prevent the core mass at He ignition from exceeding its standard value by less
than 5%, a bound of 11, < 3 x 107211 has been obtained [Raf90, Raf99].

Measurements based on v,e — v.e and v,e — vye scattering were
done at LAMPF and BNL yielding bounds for v, and v, of [Kra90] (see also
[Dor89, Ahr90, Vil95])

[y, <10.8x 10705 (if py, = 0) (6.74)
o, <74 x 107 %up  (f py, = 0). (6.75)

Combining these scattering results and Super-Kamiokande observations
(see chapter 9), a limit for the magnetic moment of v; was obtained [Gni00]:

o, < 1.9 x 10 up. (6.76)

As can be seen, the experimental limits are still orders of magnitude away from
the predictions (6.69).

6.7 Neutrino decay

Another physical process which is possible if neutrinos have a non-vanishing rest
mass is neutrino decay. Depending on the mass of the heavy neutrino vy various
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Figure 6.16. Feynman diagrams describing radiative neutrino decay vy — vy + y.

decay modes into a light neutrino vy, can be considered, the most common are:

Vg —> VL + Y
vy = v+ LT+ 0 (L=e,pn) (6.77)
vg > v, +v+v

Vg — VL + X

The first mode is called radiative neutrino decay and the fourth process is a decay
with the emission of a majoron x, the Goldstone boson of lepton symmetry
breaking. Because of the non-detectable majoron the last two modes are often
called invisible decays. Note that it is always a mass eigenstate, that decays
meaning, e.g., the decay v, — v, + y is in a two-neutrino mixing scheme caused
by the decay vo — vy + y.

6.7.1 Radiative decay vy — vi + ¥y

The two simplest Feynman graphs for radiative neutrino decay are shown in
figure 6.16. The decay rate is given as [Fei88]

2

3
1 m m2
vy — v +y) = - [M] (al> + 6% (6.78)

my

where for Dirac neutrinos the amplitudes a, b are

ap = ——=—(my +mp) Z Ui Ufy, F (1) (6.79)

8f2

bp = mpg —mp) Y _ U U F(rr) (6.80)

8f2 p

with U as the corresponding mixing matrix elements and F(r;) as a smooth
function of r; = (ml/mw)2 : F(r)) =~ 3r/4 if r « 1. For Majorana neutrinos
ay = 0,by = 2bp oray = 2ap, by = 0 depending on the relative C P-phase
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of the neutrinos vy and vy . Taking only tau-leptons which dominate the sum in
(6.79), one obtains for m; < mpy a decay rate of

5

m
I~ 0 g’V|UTHU;"L|2 x 10722 yr= 1, (6.81)

This implies very long lifetimes against radiative decays of the order t > 10°C yr.
However, in certain models, like the left-right symmetric models, this can be
reduced drastically.

Experimentally the following searches have been performed:

e Search for photons at nuclear reactors by using liquid scintillators. This
probes the admixture of vy to v,, therefore it is proportional to |U.y |2. At
the Goesgen reactor no difference was observed in the on/off phases of the
reactor resulting in [Obe87]

T 2259 fora=—1(+1)  (68% CL). (6.82)
mpy eV
e At LAMPF, using pion and muon decays at rest (therefore looking for
|Upn 12). No signal was observed and a limit of [Kra91]
TH

9542 (90% CL) (6.83)
mpgyg eV

was obtained.
e From the experimental solar x-ray and y-flux a lower bound was derived

as [Raf85]
751092 (6.84)
mpgyg eV
Observations performed during a solar eclipse to measure only decays
between the moon and the Earth have also been performed [Bir97].

e Maybe the most stringent limits come from supernova SN1987A (see
chapter 11). There was no excess of the y-flux measured by the gamma-ray
spectrometer (GRS) on the solar maximum mission (SMM) satellite during
the time when the neutrino events were detected, which can be converted in
lower bounds of [Blu92a, Obe93]

15, MH
Ty >28x10°B,— my < 50eV
eV
th > 14x107B,  50eV <my <250eV (6.85)
18, €V
Ty > 6.0x10°B, — my > 250eV
mgy

where B, is the radiative branching ratio.
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Figure 6.18. Limits on U,z and U, g as a function of a heavy neutrino mass mg. Left:
Curves A and B correspond to measurements at TRIUMF [Bri92], curves C and D to earlier
experiments from [Bri92]. Right: From [Boe92].

6.7.2 The decay vy — vi + et +e”

The Feynman graphs for this decay are shown in figure 6.17. Clearly this decay
is only possible if my > 2m, =~ 1 MeV. The decay rate is given by

2 .5

Grm
Ty — v +et+e) = 19an§1 UZy. (6.86)

Here Dirac and Majorana neutrinos result in the same decay rate. Searches
are performed with nuclear reactors and high-energy accelerators. The obtained
limits on the mixing UZH as well as such on Uﬁ  are shown in figure 6.18.

6.7.3 Thedecay vy — v +

To avoid several astrophysical and cosmological problems associated with
radiative decays, the invisible decay into a majoron is often considered. Its decay
rate is given for highly relativistic neutrinos as [Kim93]

2
mrm X
F(VH_)VL‘FX):M(

2 2
x4 o — 6.87
167Eg \2 et s 2x3) (6.87)
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with g being an effective coupling constant and x = mpy/my. Little is known
experimentally about this invisible decay.

Matter can enhance the decay rates as discussed in [Kim93]. However, still
no neutrino decay has yet been observed.

We now proceed to a further process where neutrino masses can show up
and which is generally considered as the gold-plated channel for probing the
fundamental character of neutrinos, discussed in chapter 2.



Chapter 7

Double B-decay

A further nuclear decay which is extremely important for neutrino physics is
neutrinoless double B-decay. This lepton-number-violating process requires,
in addition to a non-vanishing neutrino mass, that neutrinos are Majorana
particles. It is, therefore, often regarded as the gold-plated process for probing the
fundamental character of neutrinos. For additional literature see [Doi83, Hax84,
Doi85, Gro90, Boe92, Moe94, Kla95, Kla95a, Fae99, Eji00, Vog00, Kla01a, E1102].

7.1 Introduction

Double B-decay is characterized by a nuclear process changing the nuclear charge
Z by two units while leaving the atomic mass A unchanged. It is a transition
among isobaric isotopes. Using the Weizsacker mass formula [Wei35] these can
be described as

m(Z, A = constant) & constant + «Z + ,622 +ép (7.1)

with § p as the pairing energy, empirically parametrized as [Boh75]

—apA~Y?  even—even nuclei

dp=10 even—odd and odd—even nuclei (7.2)
+apA~'?  odd-odd nuclei

with ap &~ 12 MeV. For odd A the pairing energy vanishes resulting in one
parabola with one stable isobar, while for even A two parabola separated by 26 p
exist (figure 7.1). The second case allows for double B-decay and, therefore,
all double B-decay emitters are even—even nuclei. It can be understood as
two subsequent B-decays via a virtual intermediate state. Thus, a neccessary
requirement for double 8-decay to occur is

m(Z,A) > m(Z +2, A) (7.3)

156
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Figure 7.1. Dependence of energy on Z for nuclei with the same mass number A: stable
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Figure 7.2. Schematic view of double B-decay.

and, for practical purposes, S-decay has to be forbidden:
m(Z,A) <m(Z+1, A) (7.4)

or at least strongly suppressed. Such a strong suppression of B-transitions
between the involved nuclear states is caused by a large difference AL in angular
momentum, as in the case of *®Ca (AL equal to 5 or 6). Because ground states
of even—even nuclei have spin-0 and parity (4), the ground state transitions are
characterized as (0™ — 0T) transitions. Today we know 36 possible double 8-
decay emitters, the most important of them are listed in table 7.1. A full list can
be found in [Boe92].

In the following the two-nucleon mechanism (2n mechanism) is explored in
more detail. Discussions of other mechanisms (A, 7 ~) where the same nucleon
experiences two successive B-decays can be found in [Mut88]. For (0 — 0%)
transitions they are forbidden by angular momentum selection rules [Boe92].

Double B-decay was first discussed by M Goeppert-Mayer [Goe35] in the
form of

(Z,A) > (Z+2,A)+2e +2v, (2vBB-decay). (7.5)
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Table 7.1. Compilation of 8~ 8~ -emitters with a Q-value of at least 2 MeV. Q-values,
natural abundances and phase space factors (taken from [Boe92]) are given.

Transition Q-value (keV) Nat.ab. (%) [GY17 ! (yp) [G?']17! (yp)
38Ca — 38T 4271 0.187 4.10E24 2.52E16
15Ge — 8}2&: 2039 7.8 4.09E25 7.66E18
S‘Z‘SC i ggKr 2995 9.2 9.27E24 9.27E24
4§Zr—> SMo 3350 2.8 4.46E24 5.19E16
‘4221\/10 — 109Ru 3034 9.6 5.70E24 1.06E17
}1% Pd — j1%Cd 2013 11.8 1.86E25 251E18
118cd - ]%](?Sn 2802 7.5 5.28E24 5.28E24
%§4Sn - %24Te 2288 5.64 9.48E24 5.93E17
DTe — f3er 2533 345 5.80E24 2.08E17
196Xe — IS}SBa 2479 8.9 5.52E24 2.07E17
12UNd — 12DSm 3367 5.6 1.25E24 8.41EI5

This process can be seen as two simultaneous neutron decays (figure 7.2). This
decay mode conserves lepton number and is allowed within the standard model,
independently of the nature of the neutrino. This mode is of second-order Fermi
theory and, therefore, the lifetime is proportional to (G cosfc)~*. Within the
GWS model (see chapter 3), this corresponds to a fourth-order process. As double
B-decay is a higher-order effect, expected half-lives are long compared to §-
decay: rough estimates illustrated in [Wu66, Kla95] result in half-lives of the
order of 10?° yr and higher. Together with proton decay, this is among the rarest
processes envisaged and, therefore, special experimental care has to be taken to
observe this process. In contrast to proton decay, it is not easy to build detectors of
several kilotons by using water, because one is restricted to the isotope of interest
which currently implies typical sample sizes of g to several kg.

Shortly after the classical paper by Majorana [Maj37] discussing a two-
component neutrino, Furry discussed another decay mode in form of [Fur39]

(Z,A) > (Z+2,A) +2e" (OvBB-decay). (7.6)

Clearly, this process violates lepton number conservation by two units and is
forbidden in the standard model. It can be seen as two subsequent steps (‘Racah
sequence’) as shown in figure 7.2:

(Z,A) > (Z+1,A) +e +v
(Z+1L,A) 4+ve—> (Z+2,A)+e. (1.7

First a neutron decays under the emission of a right-handed v,. This has to be
absorbed at the second vertex as a left-handed v,. To fulfil these conditions,
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the neutrino and antineutrino have to be identical, i.e. the neutrinos have to be
Majorana particles (see chapter 2). Moreover, to allow for helicity matching, a
neutrino mass is required. The reason is that the wavefunction describing neutrino
mass eigenstates for m, > 0 has no fixed helicity and, therefore, besides the
dominant left-handed contribution, has an admixture of a right-handed one, which
is proportional to m,, / E.

In principle, V + A weak charged currents could also mediate neutrinoless
double B-decay. They could result from left-right symmetric theories like SO(10)
(see chapter 5). The left-right symmetry is broken at low energies because the
right-handed vector mesons W% and Z% have not yet been observed. Then, in
addition to the neutrino mass mechanism, right-handed leptonic and hadronic
currents can also contribute. The general Hamiltonian used for OvgB-decay rates
is then given by

Grcosfc . = . R .
H=———(0.J] —i-K]LJ]Te +njrJ} +)»]RJ;) (7.8)

V2

with the left- and right-handed leptonic currents as
jp=ey" (L —ysve  jp=ey" (1 +ys)ver. (7.9)

The hadronic currents J can be expressed in an analogous way by quark currents.
Often nucleon currents are used in a non-relativistic approximation treating
nucleons within the nucleus as free particles (impulse approximation). The
coupling constants «, n, A vanish in the GWS model. The mass eigenstates of
the vector bosons Wli are mixtures of the left- and right-handed gauge bosons

WE = Wi cos6 + Wi sin6 (7.10)
W = —Wj sin6 + W cosé (7.11)

with & < 1 and M> > M. Thus, the parameters can be expressed in left-right
symmetric GUT models as

n=k~tanh A=~ (M;/M)*+ tan’6. (7.12)

It can be shown that in gauge theories the mass and right-handed current
mechanisms are connected and a positive observation of Ov8S-decay would prove
a finite Majorana mass [Sch82, Tak84]. The reason is that, regardless of the
mechanism causing OvBS-decay, the two emitted electrons together with the two
u, d quarks that are involved in the n — p transition can be coupled to the two
V. in such a way that a neutrino—antineutrino transition as in the Majorana mass
term occurs (figure 7.3). For an illustrative deduction see [Kay89].

The phase space for neutrinoless double S-decay is about a factor 10° larger
than for 2vBf-decay because of a correspondingly larger number of final states.
The reason is that the virtual neutrino of process (7.6) is restricted to the volume of
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Figure 7.3. Graphical representation of the Schechter—Valle theorem. See text for details.

the nucleus which, according to Heisenberg’s uncertainty principle, necessitates
taking into account states up to about 100 MeV. In the 2v88-decay case, in which
real neutrinos are emitted, the number of final states is restricted by the Q-value,
which is below 5 MeV.

Of relevance is the alternative process of 8+ -decay, which is dominated
by right-handed weak currents. This can occur in three variants:

(Z,A) —» (Z =2, A) + 2eT (+2v,) BH (7.13)
e +(Z,A) = (Z—2,A) + et (+2v,) (BT /EC) (7.14)
2eg +(Z, A) — (Z — 2, A)(+2v.) (EC/EC) (7.15)

BTBT is always accompanied by EC/EC or BtT/EC-decay. The Coulomb
barrier reduces the Q-value by 4m.c?. The rate for 87 is, therefore, small
and energetically only possible for six nuclides (table 7.2). Predicted half-
lives for 2v8tB+ are of the order 10%° yr while for BT/EC (reduction by
Q — 2m,c?) this can be reduced by orders of magnitude down to 10>2723 yr
making an experimental detection more realistic. The lowest predicted half-
life has 2vEC/EC which is the hardest to detect experimentally. A possible
OvEC/EC needs additional particles in the final state because of energy—
momentum conservation. Double K-shell capture forbids the emission of a real
photon in 07 — 07T transitions because of angular momentum conservation
[D0i92, Doi93]. B+ BT -decay is currently of minor importance with respect to
neutrino physics; however, it might be very important to clarify the underlying
mechanism if OvgB-decay is ever observed.

To sum up, OvBB-decay is only possible if neutrinos are massive Majorana
particles and, therefore, the fundamental character of the neutrino can be probed
in this process.
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Table 7.2. Compilation of the six known g+ 1 emitters in nature. The Q-values after
subtracting 4m8c2, natural abundances and phase space factors (taken from [Boe92]) are

given.
Transition Q-value (keV) Nat.ab. (%) [G?17! () [G?']17! (yp)
BKr — 783e 838 0.35 1.8E29 2.56E24
9Ru — %Mo 676 5.5 8.8E29 3.34E25
106cqg — 106pg 738 1.25 7.4E29 1.69E25
124xe 5 1247¢ 822 0.10 5.9E29 7.57E24
130gy — 130xe 534 0.11 6.4E30 6.92E26
136Ce — 13%Ba 362 0.19 6.1E31 5.15E28

Figure 7.4. Principle of a transition via an intermediate state for 2v8S-decay. Shown is
the transition 7Ge — 76 Se, which can occur via 1¢ states in 7®As.

7.2 Decay rates

Decay rates can be described analogously to f-decay starting from Fermi’s
Golden Rule but now the processes under discussion are of second-order
perturbation theory. The details of the calculations are rather complex. We refer to
the existing literature [Kon66,D0i83,Hax84,D0i85,Mut88, Tom88,Gro90,Boe92,
Kla95, Suh98,Fae99, Vog00] and will give only a brief discussion.

7.2.1 The 2vBf decay rates

Because ground-state transitions are of the type (0T — 0T), they can be seen
as two subsequent Gamow—Teller transitions and selection rules then require the
intermediate states to be 1. Fermi transitions are forbidden or at least strongly
suppressed by isospin selection rules [Hax84] (figure 7.4).

Using time-dependent perturbation theory, the transition probability W per
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time from an initial state i to a final state f can be written as (see chapter 6)

dw 2 2

Tl 7|(f|Hif|l)| S(Ef — Ei) (7.16)
where the §-function illustrates the fact that we are dealing with discrete energy
levels instead of a density of final states. The corresponding matrix element for
double S-decay is one order higher in the pertubation series than single B-decay
and is, therefore, given by

My = Z (f1Hif|m)(m|Hif|i) (7.17)

Ei_Em

m

where m characterizes the set of virtual intermediate states and H;y is the weak
Hamilton operator. As we cannot distinguish the combinations in which the
electron—neutrino system appears in the intermediate steps, we have to sum all
configurations in (7.17). The energies E,, of the intermediate states are given as

Em = ENm + Eel + Eul Em = ENm + EeZ + Euz (718)
Em = ENm + Eel + Ev2 Em = ENm + EeZ + Ev1 (719)

where Epy,, is the energy of the intermediate nucleus. Without an explicit
derivation (see [Kon66,Gro90,Boe92] for details), the obtained decay rate is given
by

G‘}? costOc [QHme
Ay = e F(Z, Ec1)pe1Ec1 dE)
8 e

O+2m.—E,
X / F(Z,En)perEer dEe
me

Q+2me—Eel_Ee2
x / E2 E% dE,, § A (7.20)
0
m,m

with Q as the nuclear transition energy available to the leptons
O=Ea+Ean+Ey+Epn—2m (7.21)

and F(Z, E) the Fermi function (see chapter 6). The quantity A,,,, contains the
Gamow-Teller nuclear matrix elements and the typical energy denominators from
the perturbative calculations

A = (OF lto ITTIT e |07/OF o N AT 120 1077)  (7.22)
X Y(KnKu + LinLyy + YKLy + S LK) (7.23)
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with 7_ as the isospin ladder operator converting a neutron into a proton, o as spin
operator, as already introduced in chapter 6, and

1 1
Ky = + (7.24)
Enm +Ean+Eyi —E;  Enmw+Eo+En—E;
1 1
Ly = + . (1.25)
Enm +Ea+Epn—E;  Enmw+Eo+Ey —E;

Two more assumptions are good approximations in the case of 0t — 0%
transitions. First of all, the lepton energies can be replaced by their corresponding
average value, E, + E, =~ Q/2 + m, in the denominator of (7.24) and (7.25).
This implies that

1 1
Ew—Ei+Q/2 Eny— M +Mp)/2

Kn~ Ly~ (7.26)
With this approximation the nuclear physics and kinematical parts separate. The
second approach is a simplified Fermi function, often called the Primakoff—-Rosen
approximation [Pri68], given in (6.17). The single-electron spectrum can then
be obtained by integrating over dE,; and dE., in equation (7.20). Then the
Primakoff—Rosen approximation allows us to do the integration analytically and
this results in a single electron spectrum [Boe92]:

N 2 6 2
a7 ~ (T, + D(Q —-T)’[(Q —To)” +8(0 — T,,) + 28] (7.27)

where T, is the electron kinetic energy in units of the electron mass. Most
experiments measure the sum energy K (also in units of m,) of both electrons.
Here, the spectral form can be obtained by changing to the variables E,; + E.»
and E.; — E.» in (7.20) and performing an integration with respect to the latter,
resulting in

WV k- k7 (142k 4 K KK (7.28)
dK 3 73 30 '
which shows a maximum at about 0.32 x Q. A compilation of expected shapes
for all kinds of decay mechanisms is given in [Tre95]. The total rate is obtained
by integrating over equations (7.28) and (7.20)

o 0 0 0

ayr 0 [1+ =2+ =2+ = 4+ =_|. 7.29
2v Q(+2+9+90+1980) (7.29)

The total rate scales with Q'!. The decay rate can then be transformed in a half-
life which, in its commonly used form, is written as

) 2

2 8v .2
Mgr + = Mj

haw/In2 = (T~ = G*(Q. 2) .
A

(7.30)
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with G?" as the phase space and the matrix elements given by

+ +yi1+ +
2y Z (OFlle-o 11717 2o [|07)
GT ; Ej+ Q/2+m,— E

(7.31)

+ +y 1+ +
M= Y (OF N1 7107
F ; Ei+0Q/2+m,—E;

(7.32)

As already mentioned, Fermi transitions are strongly suppressed.

In earlier times the virtual energies of the intermediate states E,, were
replaced by an average energy (E,,) and the sum of the intermediate states was
taken using ) . |1;,L1)(1;ﬁ‘1| = 1 (closure approximation). The advantage was that
only the wavefunctions of the initial and final state were required and the complex
calculations of the intermediate states could be avoided. However, interference
between the different individual terms of the matrix element (7.22) is important
and must be considered. Thus, the amplitudes have to be weighted with the
correct energy E,, and the closure approximation is not appropriate for estimating
2vBB-decay rates.

7.2.2 The OvBf decay rates

Now let us consider the neutrinoless case. As stated, beside requiring neutrinos to
be Majorana particles, we further have to assume a non-vanishing mass or right-
handed (V + A) currents to account for the helicity mismatch. Both mechanisms
are associated with different nuclear matrix elements [Doi85, Mut88, Tom91]. A
recent formulation of the general problem can be found in [Pae99]. Consider
the mass case and no V + A interactions first, a generalization including V 4+ A
currents will be given later. The decay rate is then given by [Boe92]

oy =21 Y [RoI*8(Ee1 + Ey + Ef — My) & per & pea (7.33)

spin

where Ry, is the transition amplitude containing leptonic and hadronic parts.
Because of the complexity, we concentrate on the leptonic part (for details see
[Doi85, Gro90, Boe92]). The two electron phase space integral is

Q-+me
GY f F(Z,Eq)F(Z, Ec2)pe1 Pe2Ec1 Ec28(Q — Ee1 — Ep2) dE1 dE
me

(7.34)
with Q = E.1 + E.» — 2m,. Using the Primakoff-Rosen approximation (6.18),
the decay rate is
Q> 207 2
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Here, the total rate scales with Q° compared to the Q!! dependence of
2vBB-decay. The total decay rate is then

_ (mu) \?
rov/In2 = (TP~ = G™(Q, 2)|Mgy — MY (m—” (7.36)
e
with the matrix elements
M =Y (05|t ant o H ()00, [10]) (7.37)
m,n
8v .
M =Y (0Flltomt o H (r)]0]) (—) (7.38)
m,n 84
with r = |r;,;, — ry|. Beside the transition operator there is now also a neutrino

potential H (r) acting on the nuclear wavefunctions describing the exchange of
the virtual neutrino. Because of this propagator Fermi-transitions can also occur
as explained in [Mut88]. The dependence of the lifetime on the neutrino mass
arises from the leptonic part of |Ro,]|.

The measuring quantity (m,,), called the effective Majorana neutrino mass,
which can be deduced from the half-life measurement, is of course the one of
great interest for neutrino physics. It is given by

(my,) = ‘Z Ugm
i

with U,; as the mixing matrix elements, m; as the corresponding mass eigenvalues
and the C P phases «; /2. If CP is conserved then «; = k. A Dirac neutrino is a
pair of degenerate Majorana neutrinos with o; = %1, whose contributions exactly
cancel. In addition, C P-violating phases can already occur for two generations
because transformations of the form v; — vlf = €%y, cannot be performed,
because they would violate the self-conjugation property. Note the fact of possible
interference among the different terms contributing to the sum in (7.39) in contrast
to single B-decay. A general direct comparison with -decay results can only be
made under certain assumptions. Both results should be treated complementarily.
Anyhow, limits on (m,,) are only valid for Majorana neutrinos.

If right-handed currents are included, expression (7.36) can be generalized

> Ve |232iaimi’ (7.39)
i

to
Ovy—1 _ (mo,) ’ 2 2
(Ty) " = Cum + Cyp{m)™ + Cinlr) (7.40)
(mve> (mve>
+ Gy ( Y1) + Cun (A) + Con(m)(x) (7.41)
Me M

where the coefficients C contain the phase space factors and the matrix elements
and the effective quantities are

M=n) UjVej (W) =2 UejVej (7.42)
J J
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with V,; as the mixing matrix elements among the right-handed neutrino states.
Equation (7.40) reduces to (7.36) when (1), (A) = 0. For example the element
Cyum 1s given by

Com = IMY — MY 12G™(Q, 2). (7.43)

The ratio R = (A)/(n), being independent of V;, is, under certain assumptions,
a simple function of K = (m, /mw,)?* and of the mixing angle 6 introduced in
(7.10) [Suh93].

The signature for the sum energy spectrum of both electrons in OvB8-decay
is outstanding, namely a peak at the Q-value of the transition. The single electron
spectrum is given in the used approximation by

Noc(T + D20 +1-T,)? (7.44)
dT, ¢ e :

7.2.3 Majoron accompanied double $-decay

A completely new class of decays emerges in connection with the emission of a
majoron x [Doi88]

(Z,A) — (Z+2,A)+2 + x. (7.45)

Majorana mass terms violate lepton number by two units and, therefore, also
(B — L) symmetry, which is the only anomaly-free combination of both quantum
numbers. A breaking can be achieved in basically three ways:

e  explicit (B — L) breaking, meaning the Lagrangian contains (B — L) breaking
terms,
spontaneous breaking of a local (B — L) symmetry and
spontaneous breaking of a global (B — L) symmetry.

Associated with the last method is the existence of a Goldstone boson, which is
called the majoron x. Depending on its transformation properties under weak
isospin, singlet [Chi80], doublet [San88] and triplet [Gel81] models exist. The
triplet and pure doublet model are excluded by the measurements of the Z-width
at LEP because such majorons would contribute the analogue of 2 (triplet) or 0.5
(doublet) neutrino flavours. Several new majoron models have evolved in recent
years [Bur94, Hir96c].

A consequence for experiments is a different sum electron spectrum. The
predicted spectral shapes are analogous to (7.28) as

v ©Q—-K)"[1+2K + 4K + K + K (7.46)
— X — —t — 4+ — .
dK 3 330

where the spectral index n is now 1 for the triplet majoron, 3 for lepton-number-
carrying majorons and 7 for various other majoron models. The different shape
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allows discrimination with respect to 2vgf-decay, where n = 5. It should be
noted that supersymmetric Zino-exchange allows the emission of two majorons,
which also results in a n = 3 type spectrum, but a possible bound on a Zino-mass
is less stringent than the one from direct accelerator experiments [Moh88]. In the
n = 1 model, the effective neutrino—majoron coupling (g, ) can be deduced from

0 _
(157" = Mg — MEPG™ (g, (7.47)

where (g,,) is given by

(gvy) = ZgueriUej~ (7.48)
iJ

7.3 Nuclear structure effects on matrix elements

A main uncertainty in extracting a bound or a value on (m,,) from experimental
half-life limits is the nuclear matrix element involved. Different questions are
associated with the various decay modes. 2vBf-decay is basically a study
of Gamow-Teller (GT) amplitudes. OvBp-decay with the exchange of light
Majorana neutrinos does not have selection rules on multipoles but the role of
nucleon correlations and the sensitivity to nuclear models is important. The
exchange of heavy neutrinos is basically dominated by the physics of nucleon—
nucleon states at short distances. Two basic strategies are followed in the
calculations: either the nuclear shell model approach or the quasi random phase
approximation (QRPA). All calculations are quite complex and beyond the scope
of this book. Detailed treatmeants can be found in [Hax84, Doi85, Sta90, Boe92,
Mut88, Gro90, Suh98, Fae99].

2vBB-decay is a standard weak process and does not involve any uncertainty
from particle physics aspects. Its rate is governed by (7.17). The first factor in the
numerator is identical to the 87 or (n,p) amplitude for the final state nucleus, the
second factor is equivalent to the 8~ or (p,n) amplitude of the initial nucleus. In
principle, all GT amplitudes including their signs have to be used. The difficulty
is that the 2v matrix elements only exhaust a small fraction (107-10~7) of the
double GT sum rule [Vog88, Mut92] and, hence, it is sensitive to details of the
nuclear structure. Various approaches have been done, with QRPA being the
most common. A compilation is given in [Suh98]. The main ingredients are
a repulsive particle—hole spin—isospin interaction and an attractive pp interaction.
They play a decisive role in concentrating the 8~ strength in the GT resonance and
for the relative suppression of 87 strength and its concentration at low excitation
energies. The calculations typically show a strong dependence on the strength of a
particle—particle force g p p, which for realistic values is often close to its critical
value (‘collapse’). This indicates a rearrangement of the nuclear ground state
but QRPA is meant to describe small deviations from the unperturbed ground
state and, thus, is not fully applicable near the point of collapse. QRPA and



168 Double B-decay

10’

T TTTT

Ovpp
Paris potential

)

%s
T

(

ov
/2

oIy e 1] Trnees

e ——————————
hecm e —————

Ov, =
T2 (gpptbgnp)/rl
rece e ——————————————— ]

- - —— e ———————————————— ]

76 82 94 98 101‘ HL 122 128 134 142 148 151. 170 186 158 232 244

70 80 86 96 lOO IIO 116 121. 130 \36 146 150 IGO 176 192 ZOA 238
A

Figure 7.5. The uncertainty of OvBp-decay half-lives calculated using QRPA, resulting
from limited knowledge of the particle—particle force (gpp) for potential double-f emitters
(from [Sta90]).

its various extensions are typically able to explain the experimental values by
adjusting only one parameter. It could also be shown [Eri94] that a few low-
lying states account for the whole matrix element, i.e. it is sufficient to describe
correctly the 8+ and B~ amplitudes of low-lying states and include everything
else in the overall renormalization (quenching) of the GT strength. In recent
years nuclear shell model methods have become capable of handling much larger
configuration spaces than before and can be used for descriptions as well. They
avoid the above difficulties of QRPA and can also be tested with other data from
nuclear spectroscopy.

In OvBB-decay mediated by light virtual Majorana neutrinos several new
features arise. According to Heisenberg’s uncertainty relation the virtual neutrino
can have a momentum up to ¢ =~ 1/r,, =~ 50-100 MeV where r, is the distance
between the decaying nucleons. Therefore, the dependence on the energy of
the intermediate state is small and the closure approximation can be applied.
Also, because gR > 1 (R being the radius of the nucleus), the expansion
in multipoles does not converge and all multipoles contribute by comparable
amounts (figure 7.6). Finally the neutrino propagator results in a long-range
neutrino potential. A half-life calculation for all isotopes and the involved
uncertainties is shown in figure 7.5. For a more detailed discussion and the
treatment of heavy Majorana neutrinos, see [Mut88,Boe92,Suh98,Fae99, Vog00].
A compilation of representative calculations is shown in figure 7.7.
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Figure 7.6. Decomposition of the nuclear matrix element MG — M into contributions of
the intermediate states with spin and parity I for the OvBB-decay of 76Ge. Open and filled
histograms describe the contributions of —M and Mg respectively (from [Mut89]).
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Figure 7.8. Different spectral shapes of observable sum energy spectra of emitted electrons
in double S-decay. The n = 1, 3, A forms (dashed lines) correspond to different majoron
accompanied modes, n = 5 (solid line) is the 2vBB-decay and the OvpBp-decay results in a
peak.

7.4 Experiments

Typical energies for double B-decay are in the region of a few MeV distributed
among the four leptons which are emitted as s-waves. The signal for neutrinoless
double B-decay is a peak in the sum energy spectrum of both electrons at the
Q-value of the transition, while for the 2v88-decay a continous spectrum with
the form given (7.28) can be expected (figure 7.8). In tracking experiments
where both electrons can be measured separately angular distributions can be
used to distinguish among the various transitions and underlying processes. In
the 2n mechanism, the main transitions can be described by the following angular
distributions:

P(012) o 1 — B1 B2 cos b1 0t = 0" (7.49)
P(612) o< 1+ 1B1B2cosbr2 0t — 21 (7.50)

with 612 the angle between both electrons and 812 = pi,2/E1.2 their velocity.
For a compilation of angular distributions of additional decay modes, see [Tre95].
Being a nuclear decay, the actual measured quantity is a half-life, whose value can
be determined from the radioactive decay law assuming 77,2 >> ¢:

T{} = In2maNa/Ngg (7.51)
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Figure 7.9. Muon intensity versus depth of some of the most important underground
laboratories. Their shielding depth is given in metres of water equivalent (mwe) together
with the attenuation of the atmospheric muon flux.

with m the used mass, a the isotopical abundance, N4 the Avogadro constant
and Ngg the number of events, which has to be taken from the experiment. If no
peak is observed and the constant background scales linearly with time, Ngg is
often estimated at the 1o level as a possible fluctuation of the background events
Ngg = +/Ng. The OvBg half-life limit can then be estimated from experimental

quantities to be
T oca |- XX (7.52)
172 B x AE '

where AFE is the energy resolution at the peak position and B the background
index normally given in counts/year/kg/keV. In addition, (m,,) scales with the
square root of the half-life (7.36). With zero background the (m,,) sensitivity
itself already scales with Mt [Moe91a, E1102, Cre03].
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7.4.1 Practical considerations in low-level counting

For a fair chance of detection, isotopes with large phase space factors (high Q-
value) and large nuclear matrix elements should be considered. A significant
amount of source material should be available, which is acquired in second-
generation double B-decay experiments by using isotopical enriched materials.
Being an extremely rare process the use of low-level counting techniques is
necessary. The main concern is, therefore, background. Some of the most
common background sources follow:

e Atmospheric muons and their interactions in the surrounding producing
neutrons. They can be avoided by going underground (figure 7.9). The
shielding depth is usually given in metre water equivalent (mwe). Neutron
shielding might be required.

e Natural radioactive decay chains (U, Th). With the most energetic natural
y-line at 2.614 MeV (from 298TI decay) it is beyond most of the Q-values
of double B-decay and, hence, disturb these experiments. Other prominent
background components coming from these chains are 2!°Pb producing
electrons with energies up to 1.1 MeV, 214Bi f-decay up to 3 MeV and >*’Rn
being parent to 214Bi and 293Tl.

e Man-made activities. In particular, '3’Cs (prominent y-line at 662 keV)
should be mentioned.

e  Cosmogenic activation. Production of radionuclides by cosmic ray spallation
in the materials during their stay on the Earth’s surface.

e “OK (y-line at 1.461 MeV)

These background components not only influence double 8-decay experiments
but underground neutrino experiments in general. —However, there might
be additional background components which are more specific to a certain
experiment. For more details on low-level counting techniques see [Heu95].

All direct experiments focus on electron detection and can be either active
or passive. The advantage of active detectors are that the source and detector are
identical but often only measure the sum energy of both electrons. However,
passive detectors allow us to get more information (e.g. they measure energy
and tracks of both electrons separately) but they usually have a smaller source
strength. Some experiments will now be described in a little more detail.

7.4.2 Direct counting experiments
7.4.2.1 Semiconductor experiments

In this type of experiment, first done by a group from Milan [Fio67], Ge diodes
are used. The source and detector are identical, the isotope under investigation
is 7%Ge with a Q-value of 2039 keV. The big advantage is the excellent energy
resolution of Ge semiconductors (typically about 3—4 keV at 2 MeV). However,
the technique only allows the measurement of the sum energy of the two
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Figure 7.10. Photograph of the installation of enriched detectors in the
Heidelberg—Moscow experiment (with kind permission of H V Klapdor-Kleingrothaus).

electrons. A big step forward was taken by using enriched germanium (the natural
abundance of "°Ge is 7.8%).

The Heidelberg—Moscow experiment. The Heidelberg—Moscow experiment
[Gue97] in the Gran Sasso Laboratory uses 11 kg of Ge enriched to about 86%
in 7°Ge in the form of five HP Ge detectors (figure 7.10). After 53.9 kg x y of
data-taking the peak region reveals no signal (figure 7.11). A background as low
as 0.2 counts/yr/kg/keV at the peak position has been achieved. The obtained
half-life limit after 53.9 kg x yr is [KlaO1]

T > 1.9x 10¥ yr ~ (90% CL) (7.53)

which can be converted using (7.36) and the matrix elements given in [Sta90] to
an upper bound of
(my,) < 0.35eV. (7.54)

This is currently the best available bound coming from double S-decay. Quite
controversial is the discussion of a recently claimed evidence for OvBS-decay, for
details see [K1a01, Aal02, Fer02, Kla02, Har02, Zde02].

A 2vBB-decay half-life was obtained by carefully subtracting all identified
background sources. The resulting spectrum is shown in figure 7.12. The obtained
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Figure 7.11. Observed spectrum around the expected OvBpB-decay peak of the
Heidelberg—-Moscow collaboration. ~ No signal can be seen. The two different
spectra correspond to measuring periods with (black) and without (grey) pulse shape
discrimination (from [Kla01]).

half-life is [Kla01]
TPh = 1.55+0.017013 x 107! yr. (7.55)

The total amount of 2vSS-decay events corresponds to more than 50 000 events.
Comparing this number with the 36 events of the discovery in 1987 [EII87]
demonstrates the progress in the field.

A second experiment using Ge in the form of enriched detectors is the IGEX
collaboration. After 5.7kg x y the obtained half-life limit is [Aal99, Aal02]

Tl% >1.6x10®yr  (90% CL). (7.56)

Moreover, there is always the possibility of depositing a double S-decay emitter
near a semiconductor detector to study its decay but then only transitions to
excited states can be observed by detecting the corresponding gamma rays.
Searches for 87 BT -decay and B+ /EC-decay were also done in this way searching
for the 511 keV photons. This has been widely used in the past.

COBRA. A new approach to take advantage of the good energy resolution of
semiconductors is COBRA [Zub01]. The idea here is to use CdTe or CdZnTe
detectors, mainly to explore '1°Cd and '3°Te decays. In total, there are seven
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Figure 7.12. Measured spectrum from the Heidelberg—-Moscow experiment and the
contribution from 2vBB-decay(from [KlaO1]).

(nine in case of CdZnTe) double B-emitters within the detector including those of
BT BT -decay. In pixelized detectors this might even offer tracking possibilities.
First results can be found in [Kie03].

7.4.2.2 Scintillator experiments

Some double S-decay isotopes can be used in scintillators and also follow the
idea that source and detector are identical. However, the energy resolution in
scintillation counters is worse than in semiconductors. The first of this type
of experiment was done with *8Ca using CaF, crystals. The latest of these
approaches used 37.4 kg of CaF, (containing 43 g of *8Ca) in a coal mine near
Beijing and obtained a limit for the neutrinoless double 8-decay of [You91]

Th(*¥Ca) > 9.5 x 10° yr  (76% CL). (7.57)

Another isotope used is 116Cq in form of CAWO4 [Geo95]. Four detectors of this
kind, enriched in '1°Cd, are installed in the Solotvino salt mine in the Ukraine.
They obtained a limit of [Dan00]

T (16Cd) > 2.9 x 102 yr  (90% CL). (7.58)
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A cerium-doped Gd silicate crystal (GdxSiOs:Ce) has also been used giving a
half-life of '%°Gd of [Dan01]:

T5(1°Gd) > 1.3 x 102 yr  (90% CL). (7.59)

7.4.2.3 Cryogenic detectors

A new technique which might become more important in the future are
bolometers running at very low temperature (mK) (see chapter 6). In dielectric
materials the specific heat C(T') at such temperatures scales according to (6.50).
Therefore, the energy deposition, AE, of double f-decay would lead to a
temperature rise AT of

AE

T = .
C(TYM

(7.60)

Such detectors normally have a very good energy resolution of a few keV at
2 MeV. Currently, only one such experiment (MIBETA) is running using twenty
334 g TeO;, crystals at 8 mK to search for the 139Te decay [Ale97]. As detectors
NTD Ge thermistors are used. The obtained half-life limit corresponds to [Cre03]

75 (130Te) > 2.1 x 10% yr  (90% CL). (7.61)

A larger version consisting of 62 crystals (CUORICINO) has recently started
data-taking.

7.4.2.4  Ionization experiments

These passive experiments are mostly built in the form of time projection
chambers (TPCs) where the emitter is either the filling gas (e.g. '3°Xe) or is
included in thin foils. The advantage is that energy measurements as well as
tracking of the two electrons is possible. The disadvantages are the worse energy
resolution and, in the case of thin foils, the limited source strength. It was a
device such as this which first gave evidence for 2v88-decay in a direct counting
experiment using 32Se [EII87]. The experiment used a 14 g selenium source,
enriched to 97% in $2Se, in the form of a thin foil installed in the centre of a
TPC (figure 7.13). The TPC was shielded against cosmic rays by a veto system.
After 7960 hr of measuring time and background subtraction, 36 events remained
which, if attributed to 2vB8-decay, resulted in a half-life of

Tﬁ/g(gzse) = (1.175%) x 100 yr. (7.62)

The TPC at UC Irvine was further used to study the decays of ¥2Se, '""Mo and
150Nd [Des97]. A limit of

Tl%(lsoNd) >1.22x 10%! yr (7.63)
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Figure 7.13. Schematic view of the setup of the TPC at UC Irvine, showing the wires,
direction of the fields and the 32Se source. A sample electron trajectory is shown on the
left-hand side.

has been achieved. An experiment using a TPC with an active volume of 180 1
filled with Xe (enriched to 62.5% in '36Xe which corresponds to 3.3 kg) under a
pressure of 5 atm was run at the Gotthard tunnel [Lue98]. They obtained a lower
bound of

| /2(13°Xe) >44x102%yr  (90% CL). (7.64)

Another recently started experiment is NEMOIII in the Frejus Underground
Laboratory. It is a passive source detector using thin foils made out of double
beta elements. It consists of a tracking (wire chambers) and a calometric (plastic
scintillators) device put into a 30 G magnetic field. The total source strength is
about 10 kg which, in a first run, is dominated by using enriched '*°Mo foils.

A combination of drift chambers, plastic scintillators and Nal detectors was
used in the ELEGANT V detector to investigate samples of the order of 100 g
enriched in Mo [Eji01] and ''®Cd [Eji97].

A compilation of some obtained double g results is shown in table 7.3.

7.4.3 Geochemical experiments

The geochemical approach is to use old ores, which could have accumulated a
significant amount of nuclei due to double B-decay over geological time scales.
This would lead to an isotopic anomaly which could be measured by mass
spectrometry. Clearly the advantage of such experiments is the long exposure
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Table 7.3. Compilation of obtained limits for OvSS-decay.

‘Z‘ECa — 81 >95x 1021(76%) <83 (76%)
15Ge — égSe > 1.9 x 102(90%) <035  (90%)
82Se — 32Kr > 2.7 x 102(68%) <50  (68%)
li:gMo - lfé?Ru > 5.5 x 1022(90%) < 2.1 (90%)
10cd — 0sn > 7x102 (90%) <2.6  (90%)

123Te — 15%48Xe

> 7.7 x 10%4(68%)
> 2.1 x 10%3(90%)

<11 (68%)
< 0.85-2.1 (90%)

B0, , B
136 136
54 Xe — Ba

5 > 4.4 x 1023(90%) <23 (90%)
]65(?Nd — 62°Sm

>2.1x1021(90%) < 4.1 (90%)

time of up to billions of years. Using the age T of the ore, and measuring the
abundance of the mother N(Z, A) and daughter N(Z + 2, A) isotopes, the decay
rate can be determined from the exponential decay law (1 < T1,2)

N(Z=£2,A) 1
~ X —. (7.65)
N(Z, A) T
As only the total amount of the daughter is observed, this type of measurement
does not allow us to differentiate between the production mechanisms; therefore,
the measured decay rate is

A= X2 + Aoy (7.66)

To be useful, several requirements and uncertainties have to be taken into
account if applying this method. The isotope of interest should be present in
a high concentration within the ore. In addition, a high initial concentration
of the daughter should be avoided if possible. Other external effects which
could influence the daughter concentration should be excluded. Last but not
least, an accurate age determination of the ore is necessary. From all these
considerations, only Se and Te ores are usable in practice. 828e, 128Te and
130Te decay to inert noble gases (32Kr, 1?8:139Xe). The noble gas concentration
during crystallization and ore formation will be small. The detection of the small
expected isotopical anomaly is made possible due to the large sensitivity of noble
gas mass spectrometry [Kir86]. Although experiments of this type were initially
performed in 1949, real convincing evidence for double S-decay was observed
later in experiments using selenium and tellurium ores [Kir67, Kir68, Kir86].
More recent measurements can be found in [Kir86, Lin88, Ber92]. Comparing
the decay rates of the two Te isotopes, phase space arguments (2vBf-decay
scales with Q'!, while OvBB-decay scales with Q°) and the assumption of
almost identical matrix elements show that the observed half-life for '39Te can
be attributed to 2vBB-decay [Mut88]. However, the obtained 2vfB-decay half-
life of '?8Te and the corresponding OvBB-decay limit is still the best beside "°Ge.
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A different approach using thermal ionization mass spectrometry allowed
the determination of the 2vBB-decay half-life of %°Zr to be about 10! yr
[Kaw93, WieO1], a measurement also performed by NEMO II [Arn99].

7.4.4 Radiochemical experiments

This method takes advantage of the radioactive decay of the daughter nuclei,
allowing a shorter ‘measuring’ time than geochemical experiments (‘milking
experiments’). It is also independent of some uncertainties in the latter, e.g. the
geological age of the sample, original concentration of the daughter and possible
diffusion effects of noble gases in geochemical samples. No information on the
decay mode can be obtained—only the total concentration of daughter nuclei is
measured.

Two possible candidates are the decays 232Th — 232U and 233U — 238py
with Q-values of 850 keV (332Th) and 1.15 MeV (*33U) respectively. Both
daughters are unstable against a-decay with half-lives of 70 yr (>3*Th) and 87.7 yr
(338U). For the detection of the 233U — 238py decay, the emission of a 5.5 MeV
a-particle from the 238Pu decay is used as a signal. The first such experiment
was originally performed in 1950 using a six-year-old UO3; sample. From the
non-observation of the 5.51 MeV «-particles, a lower limit of

T10/”2(238U) >6x 108 yr (7.67)

was deduced. Recently, a sample of 8.47 kg of uranium nitrate, which was purified
in 1956 and analysed in 1989, was investigated, and a half-life of

T25(P0) = (2.0 +0.6) x 10°! yr (7.68)

was obtained [Tur92]. Both geo- and radio-chemical methods measure only
the total decay rate by examining the concentration of the daughter nuclei.
Because they are not able to distinguish between the different decay modes, their
sensitivity is finally limited by 2vgB-decay. This makes it almost impossible to
establish real positive evidence for the neutrinoless mode by these methods.
Observation of 2vBB-decay has been quoted now for nine isotopes. A
compilation of measured half-lives is given in table 7.4. A complete list of all
experimental results obtained until end of 2001 can be found in [Tre02].

7.5 Interpretation of the obtained results

As already stated, the best limit for OvBB-decay has been obtained with °Ge by
the Heidelberg—Moscow experiment giving an upper bound of 0.35 eV for (m,,).
If right-handed currents are included, (m,, ) is fixed by an ellipsoid which is shown
in figure 7.14. The weakest mass limit allowed occurs for (1), (n) # 0. In this
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Table 7.4. Compilation of obtained half-lives for 2v88-decay and the deduced matrix

element.

Isotope  Experiment T /2 (1020 yr) Mé"T (MeVﬁl)
48Ca Calt-KIAE 0.431024 £0.14 0.05
7%Ge  MPIK-KIAE 155 20.17]20.15
76Ge IGEX 11+15 0.15
82ge NEMO 2 0.89 £ 0.10 +0.10 0.10
0Mo  ELEGANTV  0.1157003
100Mo  NEMO 2 0.095 + 0.004 = 0.009
100 +0.0038

Mo UCI 0068270023 0.0068  0.22
6cqg  NEMO?2 0.375 £0.035+0.021  0.12
116c4  ELEGANTV  0.267502
116c4  ELEGANTV  0.267007
128Te*  Wash. Uni-Tata 77000 = 4000 0.025
150Nd  ITEP/INR 0.18870-09% +0.019
150 +0.0037

Nd UCI 0067510 0045 &£ 0.0068  0.07
238y 2046 0.05

case the half-life of (7.53) corresponds to limits of

(my,) < 0.56 eV (7.69)
(n) <6.5x107° (7.70)
(A <82x107". (7.71)

The obtained half-life limit also sets bounds on other physical quantities because
the intermediate transition can be realized by other mechanisms. Among these
are double charged Higgs bosons, right-handed weak currents, R-parity-violating
SUSY and leptoquarks (see [K1a99]).

7.5.1 Effects of MeV neutrinos

Equation (7.39) has to be modified for heavy neutrinos (m, > 1 MeV). Now
the neutrino mass in the propagator can no longer be neglected with respect to
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the neutrino momentum. This results in a change in the radial shape of the used
neutrino potential H (r) from

1. . exp(—mpr) .
H(r) o« — light neutrinos — H (r) « ——— heavy neutrinos.  (7.72)
r r

The change in H(r) can be accommodated by introducing an additional factor
F(mp, A) into (7.36) resulting in an atomic mass A dependent contribution:

N M
N Uimi+ Y Flmp AURmy|.  (173)
i:l,light h:l’heavy

(mve> =

By comparing the (m,,) obtained for different isotopes, interesting limits on the
mixing angles for an MeV neutrino can be deduced [Hal83,Zub97].

7.5.2 Transitions to excited states

From the point of view of right-handed currents, investigating transitions to the
first excited 21 state is important, because here the contribution of the mass term
vanishes in first order. The phase space for this transition is smaller (the Q-
value is correspondingly lower) but the de-excitation photon might allow a good
experimental signal. For a compilation of existing bounds on transitions to excited
states see [Bar96a, Tre02]. Typical half-life limits obtained are in the order of
10'9-10%' yr. As long as no signal is seen, bounds on (5) and (1) from ground-
state transitions are much more stringent.

7.5.3 Majoron accompanied decays

Present half-life limits for the decay mode (n = 1) are of the order 1021-10?? yr
resulting in a deduced upper limit on the coupling constant of

(gvy) S 107 (7.74)

Recent compilations of available limits can be found in [Zub98, ElI02]. A first
half-life limit for the n = 3 mode was obtained with 7°Ge [Zub92]. Ninety
percent CL limits of additional modes obtained by the Heidelberg—Moscow
experiment with a statistical significance of 4.84 kg x yr are

T,O/VZX >585x 102 yr  (n=23) (7.75)
TIO/VZX >6.64x 103 yr  (n=7). (7.76)

7.5.4 Decay rates for SUSY-induced 0v33-decay

Double B-decay can also proceed via R p-violating SUSY graphs [Moh86, Hir95,
Hir96]: the dominant ones are shown in figure 7.15. The obtainable half-life is
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Figure 7.15. Dominant Feynman graphs from R-parity-violating SUSY contributing to
double B-decay (from [Moh86]).

C

given by

2
(TH0 - 07) ' o« G (&M) (7.77)
Mg Mg x

with G and M the corresponding phase space factor and nuclear matrix element,

A1, the strength of the R-parity violation and mj ; ; , as the mass of the involved

squarks, selectrons, gluinos and neutralinos (see chapter 5). The bound on A7, is
shown in figure 7.16.

Other mechanisms for Ov8g-decay such as double charged Higgs bosons and

Ieptoquarks have been discussed. They will not be discussed here and the reader
is referred to [K1a99].

7.6 The future

Several upgrades are planned or proposed to improve some of the existing
half-life limits. The best way of improving sensitivity can be achieved by
isotopical enrichment, which is expensive, and by trying to make the experiment
background free. Using the neutrino oscillation results described in the next
chapters, it is a common goal to reach a mass region of around 50 meV or
below. This offers the potential for a discovery or at least putting stringent
bounds on the various neutrino mass models currently available. However, a
factor of at least an order of magnitude in mass sensitivity implies more than
two orders of magnitude improvement in half-life. This implies large scale
(several hundred kgs of material) experiments and the 2v88-decay now becomes
prominent as an irreducible background component. The projects can basically be
separated into two groups: first, experiments which explore and improve already
existing technologies (like GENIUS, MAJORANA, CUORE); and, second, really
new experimental ideas (like COBRA, EXO, XMASS, MOON). The variety
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Figure 7.16. Bounds on the Yukawa coupling }‘/111 as a function of the assumed squark
mass in R-parity violating supersymmetric theories. Parts on the left of the curves are
excluded. The dashed-dotted lines represent the limits from double beta decay, the upper
(lower) line corresponding to a mass of the gluino of 1 TeV (100 GeV) respectively
(from [Hir95]).

of experimental proposals is compiled in table 7.5. For recent overviews see
[EN02, Cre03].

7.7 B*BT-decay

The interest in this process is dominated by the fact that it is driven by right-
handed currents. The experimental signatures of the decay modes involving
positrons, (7.13) and (7.14), in the final state are promising because of two or
four 511 keV photons. Experimentally more challenging is the EC/EC mode.
In an excited state transition a characteristic gamma can be used in association
with x-ray emission. In the Ov mode, because of energy and momentum
conservation, additional particles must be emitted such as an e*e™ pair or internal
bremsstrahlung photons [Do0i93]. Current half-life limits are of the order of
10%° yr obtained with '°°Cd and 7®Kr for the modes involving positrons [Tre02].
The proposed COBRA experiment has the chance of simultaneously measuring
five different isotopes for this decay channel [ZubO1]. As the decay is intrinsic to
the CdTe detectors there is a good chance of observing the 2vEC/EC and for the
positron-emitting modes coincidences among the crystals can be used. Improved
results have already been obtained [Kie03].
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Table 7.5. Experiments that are planned, proposed or in construction and their proposed
half-lives (after [Cre03]). NEMO3 and CUORICINO have recently started data taking.

Experiment Isotope Detector Prop. half-life (yr)

COBRA 116¢cq, 130Te 10 kg CdTe semiconductor 1 x 10%

CUORICINO  130Te 40 kg TeO, bolometers 1.5 x 108

NEMO3 1000 10 kg foils with TPC 4 x 10%

CUORE 130Te 760 kg TeO, bolometers 7 x 1026

EXO 136xe 1 t enriched Xe TPC 8 x 1020

GEM 76Ge 1 t enriched Ge in LN, 7 x 10%7

GENIUS 76Ge 1 t enriched Ge in LN, 1 x 10%8

MAJORANA  70Ge 0.5 t enriched Ge segmented 4 x 10%7
diodes

CAMEO 16y 1 t CAWOy crystals in liquid > 10%6
scintillator

CANDLES BCa several tons of CaF, in liquid 1 x 1026
scintillator

GSO 160Gg 2 t GdySiOs:Ce crystal scintillator 2 x 1026
in liquid scintillator

MOON 1001 34 t nat. Mo sheets between 1 x 107
plastic scintillators

Xe 136xe 1.56 t enriched Xe in liquid 5 x 10%6
scintillator

XMASS 136xe 10 t of liquid Xe 3 x 1026

7.8 C P phases and double f-decay

As already mentioned, additional phases exist in the case of Majorana neutrinos.
The neutrino mixing matrix (5.54) for three flavours can be written in the form

U = Upns diag(1, ¢, &) (7.78)

where Uyns is given in chapter 5 and «, 8 are the new phases associated with
Majorana neutrinos. Neutrino oscillations (see chapter 8) can only probe &
because it violates flavour lepton number but conserves total lepton number.
Double B-decay is unique in a sense for probing the additional Majorana phases.
The effective Majorana mass can be written in the three flavour scenario as

(my,) = U1 1?m1 + |Ue2|?ema + Uz |*ePm3). (7.79)

C P conserved cases are given for o, B = kmr withk =0, 1,2, .... Investigations
on the effect of Majorana phases can be found in [Rod01a, Pas02]. They might
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Figure 7.17. General Feynman diagram for AL = 2 processes mediated by a virtual
Majorana neutrino.

play a crucial role in creating a baryon asymmetry in the early Universe via
leptogenesis (see chapter 13).

7.9 Generalization to three flavours

In general, there is a 3 x 3 matrix of effective Majorana masses, the elements
being

(mep) = ’ mengPUamUﬂm witha, B =e, u, t. (7.80)

Double B-decay measures the element (m,,) = (m..). In contrast to OvBB-decay,
little is known about the other matrix elements.

7.9.1 General considerations

The underlying Feynman graph for all these AL = 2 processes mediated by a
virtual massive Majorana neutrino is shown in figure 7.17. The general behaviour
can be described by
m? m?  form? < q°
s 1, S, an
(g? —my7) m;~ formj; > q°.
As long as an experimental bound does not intersect the cross section prediction
a limit on (mgyg) can, in principle, be obtained by linearly extrapolating the low-
energy part. However, such a limit is unphysical and should only give a rough
estimate of how far away from actually becoming meaningful the result still
is. What physical processes can explore the remaining eight terms? It should
already be mentioned here that all following bounds are unphysical, because the
experimental limits are currently not strong enough.

7.9.1.1 Muon—positron conversion on nuclei

W+ (A, Z) > et +(A,Z2-2) (7.82)
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is a process closely related to double B-decay and, within the context discussed
here, measures (m,,). The current best bound comes from SINDRUMII and is
given by [Kau98]

[(Ti+ p~ — Ca% +e')
I'(Ti+ p~ — Sc+vy)

<17x107"2  (90% CL) (7.83)

which can be converted into a new limit of (m,,) < 17(82) MeV depending
on whether the proton pairs in the final state are in a spin singlet or triplet
state [Doi85]. A recent calculation [SimO1] comes to a cross section ten orders of
magnitude smaller, which will worsen the bound by five orders of magnitude.
Clearly this has to be better understood. Note that a process like u — ey
does not give direct bounds on the quantities discussed here, because it measures

Mey = /2 UeiU, mm%. Therefore, without specifying a neutrino-mixing and
mass scheme, the quantities are rather difficult to compare. However, if this can
be done, these indirect bounds are more stringent.

7.9.1.2  Processes investigating (m ;)

Three different kind of searches can be considered. One process under study
is muon lepton-number-violating (AL, = 2) trimuon production in neutrino—
nucleon scattering via charged current (CC) reactions

v N — wututx (7.84)

where X denotes the hadronic final state. Detailed calculations can be found
in [Fla00]. Taking the fact that, in past experiments, no excess events of this type
were observed on the level of 107 of CC events, a limit of (m ) S 10* GeV
can be deduced.
A further possibility for probing (m ) is to explore rare meson decays such
as the rare kaon decay
Kt - 7 utut. (7.85)

A new upper limit on the branching ratio of
FrKt -z utut)
'K+ — all)

<3x107°  (90% CL) (7.86)

could be deduced [App00] resulting in a bound of () < 500 MeV [Zub00a].
Other rare meson decays can be envisaged, the current status of some decays is
shown in table 7.6. A full compilation is given in [Zub02].

A realistic chance to bring (m,,) at least into the physical region by
improving both methods and especially using trimuon production will be given
by a neutrino factory [Rod01]. However, this would require a muon beam energy
of at least 500 GeV, currently not a favoured option.
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Table 7.6. Branching ratios of AL = 2 decays of rare mesons, which can be described by
the same Feynman graph as double B-decay.

Decay mode Limit on branching ratio

Kt - 77etet 64x10710
Kt >z ptut 3.0x107°
Kt -z etut  50x10710

Dt - n7etet  9.6x 1073
Dt > n putut 48x107°
Dt - n7etut 50x 1075
Df > netet  69x107*
D;’ g uTut 29x 10—
D » 7w etut 73x107%

Bt — metet 1.0 x 1079
Bt - n utut 18x 10~0
Bt > zx~etut 2.0x107°

Probably the closest analogy for performing a measurement on nuclear scales
would be 1~ capture by nuclei with a 4T in the final state as discussed in [Mis94].
No such experiment has yet been performed, probably because of the requirement
to use radioactive targets due to energy conservation arguments. The ratio with
respect to standard muon capture can be given in the case of the favoured “4Ti and
a light neutrino exchange (m,, < ¢2) as

(7.87)

D +Ti— p"+Ca) 5 102 (mu) Y
- I(w= +Ti— v, +Sc) 250 keV

many orders of magnitude smaller than current (e conversion experiments.

7.9.1.3 Limits on (m..) from CC events at HERA

Limits for mass terms involving the t-sector were obtained by using HERA
data [Fla00a]. The process studied is

etp >0 FIEX with (1) = (e7), (1), (up) and (v7).  (7.88)

Such a process has a spectacular signature with large missing transverse
momentum (p,) and two like-sign leptons, isolated from the hadronic remnants.
In addition, the fact that one of the leptons escapes in the beam pipe, which
would look like the excess events recently observed with H1 [Ad198], are explored
[Rod00].



Generalization to three flavours 189

Unfortunately, all the bounds given except for (m,.) are still without physical
meaning and currently only the advent of a neutrino factory might change the
situation. Nevertheless, it is worthwhile considering these additional processes
because, as in the case of Ovgp-decay, they might provide stringent bounds on
other quantities such as those coming from R-parity-violating SUSY.

After discussing only the limits for a possible neutrino mass, we now come
to neutrino oscillations where evidence for a non-vanishing rest mass are found.



Chapter 8

Neutrino oscillations

In the case of a non-vanishing rest mass of the neutrino the weak and mass
eigenstates are not necessarily identical, a fact well known in the quark sector
where both types of states are connected by the CKM matrix (see section 3.3.2).
This allows for the phenomenon of neutrino oscillations, a kind of flavour
oscillation which is already known in other particle systems. It can be described
by pure quantum mechanics. They are observable as long as the neutrino wave
packets form a coherent superposition of states. Such oscillations among the
different neutrino flavours do not conserve individual lepton numbers only total
lepton number. We start with the most general case first, before turning to
the more common two- and three-flavour scenarios. For additional literature
see [Bil78, Bil87, Kay81, Kay89,Boe92, Kim93, Gro97, Sch97, Bil99, Lip99].

8.1 General formalism
Let us assume that there is an arbitrary number of n orthonormal eigenstates.

The n flavour eigenstates |vy) with (vg|vy) = 84p are connected to the n mass
eigenstates |v;) with (v;|v;) = §;; via a unitary mixing matrix U:

ve) =Y Usilvi)  [vi) =Y _(UNialve) ZU*Iva (8.1)

with
UTU =1 ) UaiUj; = bup Z UaiUg; = (8.2)
i

In the case of antineutrinos, i.e. Uy; has to be replaced by U},

= Uslvi). (83)

The number of parameters in an n x n unitary matrix is n>. The 2n — 1
relative phases of the 2 neutrino states can be fixed in such a way that (n — 1)?

190
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independent parameters remain. It is convenient to write them as %n(n — 1) weak
mixing angles of an n-dimensional rotational matrix together with %(n —1)(n-2)
C P-violating phases.
The mass eigenstates |v;) are stationary states and show a time dependence
according to '
vi(x, 1)) = e [vi (x, 0)) (8.4)

assuming neutrinos with momentum p emitted by a source positioned at x = 0
(t =0) |
vi (x, 0)) = e'P*|v;) 8.5)

and being relativistic
2 2

Ei = Jm}+ p?~ pi+ o~ E 4 L 8.6)
i = i TP = Di T E (8.

1

for p > m; and E =~ p as neutrino energy. Assume that the difference in
mass between two neutrino states with different mass Am%l. = ml2 - m% cannot
be resolved. Then the flavour neutrino is a coherent superposition of neutrino
states with definite mass.! Neutrinos are produced and detected as flavour states.
Therefore, neutrinos with flavour |vy) emitted by a source at t = 0 develop with

time into a state

Ve 0) =Y Unie Bl |v)) = Y UniUpieP e E ug). (8.7)
i i.B

Different neutrino masses imply that the phase factor in (8.7) is different. This
means that the flavour content of the final state differs from the initial one.
At macroscopic distances this effect can be large in spite of small differences
in neutrino masses. The time-dependent transition amplitude for a flavour
conversion v, — Vg is then given by

Al = B)(1) = (vglv(x, ) = Y UjUnieP e Fil. (8.8)

Using (8.6) this can be written as

2
Ala — B)(1) = (vg|v(x, 1)) = Z U Uai exp (-J%%) = A(a — B)(L)

l
(8.9)
with L = x = ct being the distance between source and detector. In an analogous
way, the amplitude for antineutrino transitions is obtained:

A@— B =) UpUe Eit, (8.10)

1 This is identical to the kaon system. The states KO and K9 are states of definite strangeness which
are related to Kg and K(L) as states with definite masses and widths.
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The transition probability P can be obtained from the transition amplitude A:

Pa— B)0) = |A(a — B> =) Y UniUf;UjUpje  FimE!
i

Am*\ L
_Z|UalUﬁ,| +2Re Y UniU; UﬁlUﬁ]exp< 5 )E

Jj>i

(8.11)

with
2 2 2
Aml-j =m; —mj. (8.12)
The second term in (8.11) describes the time- (or spatial-) dependent neutrino
oscillations. The first one is an average transition probability, which also can be
written as

Pysp) Zwa,uﬁ,ﬁ ZWMU,S, (Ppsar)- (8.13)

Using C P invariance (Uy; real), this can be simplified to

Am?2 L
Pla—=p@) = ZUo%iUéi + ZZUaanjUﬁiUﬁj COs( 2’-’ f)
i

Jj>i

Am?, L
=8up —4 Y UiUujUpi Up; sin® ( n Y E) . (8.14)

j>i
Evidently, the probability of finding the original flavour is given by

Pla—a)=1 —ZP(a—)ﬂ). (8.15)
a#p

As can be seen from (8.11) there will be oscillatory behaviour as long as at
least one neutrino mass eigenstate is different from zero and if there is a mixing
(non-diagonal terms in U) among the flavours. In addition, the observation of
oscillations allows no absolute mass measurement, oscillations are only sensitive
to Am?2. Last but not least neutrino masses should not be exactly degenerated.
Another important feature is the dependence of the oscillation probability on
L/E. Majorana phases as described in chapter 7 are unobservable in oscillations
because the form given in (7.28) and implemented in (8.11) shows that the
diagonal matrix containing the phases always results in the identity matrix
[Bil80]. The same results for oscillation probabilities are also obtained by
performing a more sophisticated wavepacket treatment [Kay81].

The result can also be obtained from very general arguments [Gro97,
Lip99], which show that such flavour oscillations are completely determined
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by the propagation dynamics and the boundary condition that the probability of
observing the wrong flavour at the position of the source at any time must vanish.
The propagation in free space for each state is given in (8.4). The expansion of
the neutrino wavefunction in energy eigenstates is

3
" :fg(E)dEe_iE[Zciei’”wi) (8.16)
i=1

with the energy-independent coefficients ¢;. The function g(E) describing the
exact form of the energy wavepacket is irrelevant at this stage. Each energy
eigenstate has three terms, one for each mass eigenstate, if three generations are
assumed. The boundary condition for creating a v, and only a v, at the source (or
at r = 0) then requires

ci(vilvu) = ) cifvilve) =0, (8.17)

i=1 i=1

The momentum of each of the three components is determined by the energy
and the neutrino masses. The propagation of this energy eigenstate, the relative
phases of its three mass components and its flavour mixture at the detector are
completely determined by the energy—momentum kinematics of the three mass
eigenstates and lead to the same oscillation formula as described before.

8.2 CP and T violation in neutrino oscillations

Comparison of (8.8) with (8.10) yields a relation between neutrinos and
antineutrinos transitions:

A@— B0 = Al@ — B)(1) # A(B — 0)(1). (8.18)

This relation is a direct consequence of the CPT theorem. CP violation
manifests itself if the oscillation probabilities of v, — vg is different from its
C P conjugate process vy — Vg. So an observable would be

APL = P(vg —> vg) — P(hy > 1p) #0 o # B. (8.19)
This has to be done with the proposed neutrino superbeams and neutrino factories
(see section 8.10). Similarly, 7 violation can be tested if the probabilities of
vy — vg are different from the T conjugate process vg — vy,. Here, the

observable is

APoZB =Pvg > vg) — P(vp > ve) #0  a # B. (8.20)
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If CPT conservation holds, which is the case for neutrino oscillations in vacuum,
violation of T is equivalent to that of C P. Using Upns it can be shown explicitly

that in vacuum APO%P and APCZQ are equal and given by

Am? Am3 Am?
cpP T : 12 : 23 : 13
APaﬂ = APaﬁ = —16Jyp sin < 15 L) sin ( 1E L) sin ( 1E L

where

J2p = Im[Uq U;ZUEI Ugrl = :|:C]2S12C23S236‘123S13 sin§ (8.22)

with +(—) sign denoting cyclic (anticyclic) permutation of (o, 8) =
(e, ), (u, 1), (r,e). Note that for CP or T violation effects to be present, all
the angles must be non-zero and, therefore, three-flavour mixing is essential. To
be a bit more specific we now consider the case of two flavour oscillations.

8.3 Oscillations with two neutrino flavours

This is still by far the most common case used in data analysis. In this case the
relation between the neutrino states is described by one mixing angle 6 and one
mass difference Am? = m% — m% The unitary transformation (8.1) is analogous

to the Cabibbo matrix given by (taking v, and v,):

(Ve) _ ( co.s9 sin @ ) (Vl). (8.23)
vy —sinf cosf vy

Using the formulae from the previous section, the corresponding transition
probability is

Pwe —vy) =Py — ve) = P(Ve = vy) = P(Vy — V)
, Am? L

X z =1—Pl. —> v,). (8.24)

= sin%26 x sin

This formula explicitly shows that oscillations only occur if both @ and Am? are
non-vanishing. All two-flavour oscillations probabilities can be characterized by
these two quantities because P(vy — vy) = P(vg — vg). The phase factor can
be rewritten as
E —E- 1 L Am?. L
= = —Am} = = 2.534—”£

= — = 8.25
h 2hc YE eVZ E/MeV (8.25)

where in the last step some practical units were used. The oscillatory term can
then be expressed as

L (AmiL\ ., L . E E/MeV
sin — | =sin“7T— with Lo = 4w he =248——m.
4 E Lo Am? Am?/eV?

(8.26)
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Figure 8.1. Example of neutrino oscillations in the two-flavour scheme: upper curve,
P(vqg — vo) (disappearance); lower curve, P(vgy —> vg) (appearance) as a function of
L/Ly = Amz/k = 47 for sin? 20 = 0.4. The dashed lines show the average oscillation
probabilities.

In the last step the oscillation length L¢, describing the period of one full
oscillation cycle, is introduced (figure 8.1). It becomes larger with higher
energies and smaller Am?. The mixing angle sin? 26 determines the amplitude
of the oscillation while Am? influences the oscillation length. Both unknown
parameters are typically drawn in a double logarithmic plot as shown in figure 8.2.
The time average over many oscillations results in ((sin2 AT”'Z) = %) according to
(8.13). The relative phase of the two neutrino states at a position x is (see (8.16))

(p7 — p%)x _ Am?

- x. (8.27)
(p1+ p2) (p1+ p2)

8¢ (x) = (p1 — p2)x +
Since the neutrino mass difference is small compared to all momenta |1 —m3| K
p = (1/2)(p1 + p2), this can be rewritten in first order in Am? as

2

5(x) = 2
X) = X
2p

(8.28)

identical to (8.24) withx = L and p = E.

8.4 The case for three flavours

A probably more realistic scenario to consider is that of three known neutrino
flavours. The mixing matrix Uyns is given in chapter 5. Note that now more Am?
quantities are involved both in magnitude and sign: although in a two-flavour
oscillation in vacuum the sign does not enter, in three-flavour oscillation, which
includes both matter effects (see section 8.9) and C P violation, the signs of the
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Figure 8.2. Standard double logarithmic plot of Am? versus sin®20. The excluded
parameter ranges of hypothetical appearance and disappearance experiments are shown. At
low Am? the experiment loses sensitivity being too close to the source, so the oscillation
barely develops. This implies a slope of —2 until one reaches maximal sensitivity in
the first oscillation maximum. At very high Am? the oscillation itself can no longer be
observed, only an average transition probability (after [PDGO00]).

Am? quantities enter and can, in principle, be measured. In the absence of any
matter effect, the probability is given by

3 2
Am:: L
Py > vp) =8up—4 Y Re(Kaﬁ,ij)si#( 4;;’ )

i>j=1

3 2 2
Am?s. L Am=. L
+4 )" Im(Ka,g,,-,)sin< 4; )cos( 41’5 ) (8.29)

i>j=1

where
Kop.ij = UaiUp;Ug;Ug;.- (8.30)

The general formulae in the three-flavour scenario are quite complex; therefore,
the following assumption is made: in most cases only one mass scale is relevant,
i.e. Am2,, ~ few x 1073 eV2, which is discussed in more detail in chapter 9.
Furthermore, one possible neutrino mass spectrum such as the hierarchical one is
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taken:
Am%l = AmfOl < Am%l ~ Am%2 = Am? (8.31)

atm*

Then the expressions for the specific oscillation transitions are:

Ama, L
P(vy = ve) = 4|Us3 | Uns P sin’ (%)

Am?_ L
— sin?(2623) cos2(613) sin® (%) (8.32)

Am2, L
P(ve = vu) = 4Uns2|Unsf? sin? (%)

4E

Am2 L
4|U33|%|Uy3/* sin? <A>

Am? L
sin?(26,3) sin?(623) sin’ <M> (8.33)

P(ve — vy) 4E

Am?, L
— §in?(26;3) cos?(623) sin? (%) . (8.34)

8.5 Experimental considerations

The search for neutrino oscillations can be performed in two different ways—
an appearance or disappearance mode. In the latter case one explores whether
less than the expected number of neutrinos of a produced flavour arrive at a
detector or whether the spectral shape changes if observed at various distances
from a source. This method is not able to determine the new neutrino flavour. An
appearance experiment searches for possible new flavours, which do not exist in
the original beam or produce an enhancement of an existing neutrino flavour. The
identification of the various flavours relies on the detection of the corresponding
charged lepton produced in their charged current interactions

v+N—->[I"+X withl=e, u, 1 (8.35)

where X denotes the hadronic final state.

Several neutrino sources can be used to search for oscillations which will be
discussed in this and the following chapters more extensively. The most important
are:

nuclear power plants (v,),
accelerators (ve, vy, Ve, V),

the atmosphere (v, vy, Ve, V) and
the Sun (v,).
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Figure 8.3. Logarithmic plot of the oscillation probability P(vy — vy) as a function of
L/E for sin?260 = 0.83. The brackets denote three possible cases: (a) no oscillations
(L/JE K I/Amz); (b) oscillation L/E = 1/Am2; and (c) average oscillations for
L/E > 1/Am?.

Which part of the Am2—sin® 26 parameter space is explored depends on the ratio
L/E. The relation
Am? x E/L (8.36)

shows that the various mentioned sources sometimes cannot probe each other, i.e.
high-energy accelerators (E = 1-100 GeV, L ~ 1 km) are not able to check the
solar neutrino data (E ~ 1 MeV, L &~ 108 km). Equation (8.36) also defines the
minimal Am? which can be explored. Three cases have to be considered with
respect to a possible observation of oscillations (figure 8.3):

e L/EK Aimz, i.e. L < Lg. Here, the experiment is too close to the source
and the oscillations have no time to develop.

e L/E > ﬁ, ie. L/E 2, ﬁ. This is a necessary condition to observe
oscillations and it is the most sensitive region.

e L/E > ﬁ, i.e. L > Lg. Several oscillations have happened between
the source and the detector. Normally, experiments do then measure L/E
not precisely enough to resolve the oscillation pattern but measure only an

average transition probability.

Two more points which influence the experimental sensitivity to and the
observation of oscillations have to be considered. First of all, L is often not well
defined. This is the case when dealing with an extended source (Sun, atmosphere,
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decay tunnels). Alternatively, £ might not be known exactly. This might be
the case if the neutrino source has an energy spectrum N(E) and E will not be
measured in a detector. Last but not least, for some experiments there is no chance
to vary L and/or E because it is fixed (e.g. in the case of the Sun); therefore, the
explorable Am? region is constrained by nature.

8.6 Nuclear reactor experiments

Nuclear reactors are the strongest terrestrial neutrino source, coming from the §-
decays of unstable neutron-rich products of 23U, 238U, 23°Pu and ?*!'Pu fission.
The average yield is about 6v,/fission. The flux density is given by
P/MW  _, _|
———cm s

L?/m?

where P is the thermal power (in MW) of the reactor and L (in m) is the distance
from the reactor core. The total isotropic flux of emitted v, is then (F = 4x L%

@, =1.5x 10"? (8.37)

Fd, =109 x 1017% sl (8.38)

Reactor experiments are disappearance experiments looking for v, — vy,
because the energy is far below the threshold for u, t production. The spectrum
peaks around 2-3 MeV and extends up to about 8 MeV. Experiments typically try
to measure the positron spectrum which can be deduced from the v, spectrum
and either compare it directly to the theoretical predictions or measure it at
several distances from the reactor and search for spectral changes. Both types
of experiments have been performed in the past. However, the first approach
requires a detailed theoretical understanding of the fission processes as well as a
good knowledge of the operational parameters of the reactor during a duty cycle
which changes the relative contributions of the fission products.
The detection reaction used mostly is

Ve+p—>et+n (8.39)

with an energy threshold of 1.804 MeV. The v, energy can be obtained by
measuring the positron energy spectrum as

Es, = E,+ +my —mp = Eet +1.293MeV = T,+ + 1.804 MeV  (8.40)

neglecting the small neutron recoil energy (20 keV). The cross section for (8.39)
is given by

U(De+p—>e++n)=0(ve+n—>e_+p)

GmE 2
r2 ”2|0089c|2(1+3(g—A>>
T 8v

E 2
=923 x 1074 (101\; V) cm?. (8.41)
€
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Table 8.1. List of finished ‘short-baseline’ (< 300 m) reactor experiments. The power of
the reactors and the distance of the experiments with respect to the reactor are given.

Reactor Thermal power [MW]  Distance [m]
ILL-Grenoble (F) 57 8.75

Bugey (F) 2800 13.6, 18.3
Rovno (USSR) 1400 18.0, 25.0
Savannah River (USA) 2300 18.5,23.8
Gosgen (CH) 2800 37.9,45.9, 64.7
Krasnojarsk (Russia) ? 57.0, 57.6,231.4
Bugey III (F) 2800 15.0, 40.0, 95.0

Normally, coincidence techniques are used for detection between the annihilation
photons and the neutrons which diffuse and thermalize within 10-100 us.
Sometimes the reactions

be+D—et+n+n  (Em=40MeV) (CC) (8.42)
be+D—bo+p+n  (Emn=22MeV) (NC) (8.43)

were used.

The main backgrounds in reactor neutrino experiments originate from
uncorrelated cosmic-ray hits in coincidence with natural radioactivity and
correlated events from cosmic-ray muons and induced neutrons [Boe00, Bem02].

8.6.1 Experimental status

Several reactor experiments have been performed in the past (see table 8.1). All
these experiments had a fiducial mass of less than 0.5 t and the distance to the
reactor was never more than 250 m. Two new reactor experiments performed
recently were CHOOZ and Palo Verde, which will be discussed in a little more
detail. Both were motivated by the fact that the v, might participate in the
atmospheric neutrino anomaly, discussed in more detail in chapter 9. The fact
that the testable Am? region is between 1072-1073 eV? requires a distance of
about 1 km to the reactors.

8.6.1.1 CHOOZ

The CHOOZ experiment in France [Apo98, Apo99] was performed between April
1997 and July 1998. It had some advantages with respect to previous experiments.
The detector was located 1115 m and 998 m away from two 4.2 GW reactors,
more than a factor four in comparison to previous experiments. In addition,
the detector was located underground with a shielding of 300 mwe, reducing
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Figure 8.4. Schematic drawing of the CHOOZ detector.

the background due to atmospheric muons by a factor of 300. This allowed the
construction of a homogeneous detector (figure 8.4). The main target was about
4.8 t and was, therefore, much larger than those used before. It consisted of a
specially developed scintillator loaded with 0.1% Gd within an acrylic vessel.
This inner detector was surrounded by an additional detector containing 17 t of
scintillator without Gd and 90 t of scintillator as an outer veto. The signal is the
detection of the annihilation photons in coincidence with n-capture on Gd, the
latter producing gammas with a total sum of 8 MeV. The typical neutron capture
time was about 30.5 us. The published positron spectrum [Apo98] is shown in
figure 8.5 and shows no hints for oscillation. The measured energy averaged ratio
between expected and observed events is

R = 1.01 £ 2.8%(stat.) £ 2.7%(sys.). (8.44)
This result is in perfect agreement with the absence of any oscillations, leading to
the exclusion plot shown in figure 8.6. This limits any mixing angle with electrons

(also 613) to

sin®26 < 0.12(90% CL)  at Am*> ~ 3 x 1072 eV2, (8.45)
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Figure 8.5. Background subtracted positron energy spectrum CHOOZ data. Error bars
represents statistical errors only. The filled histogram represents the expectations for the
case of no oscillations (from [Apo98]).

8.6.1.2 Palo Verde

The Palo Verde experiment [BoeO1, Bem02] was performed near Phoenix, AZ
(USA) and took data from October 1998 to July 2000. The total thermal power
of the three reactors used was 11.6 GW and two of them were located 890 m
and one 750 m away from the detector. The detector consisted of 12 t of a
liquid scintillator also loaded with 0.1% Gd. Because of its rather shallow depth,
with a shielding of only about 32 mwe, the detector had to be designed in a
modular way. The scintillator was filled in 66 modules each 9 m long and with
12.7 cm x 25.4 cm cross section, which were arranged in an 11 x 6 array. The
detector was surrounded by a 1m water shield to moderate background neutrons
and an additional veto system against cosmic muons using 32 large scintillation
counters. The space and time coincidence of three modules coming from two 511
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Figure 8.6. Exclusion plot of ve.—v;, oscillations for various reactor experiments. Also
shown are the parameter ranges which describe the atmospheric neutrino anomaly (see
chapter 9). As can be seen CHOOZ excludes the v.—v,, oscillation channel as a possible
explanation (from [Apo98]).

keV photons together with the neutron capture served as a signal.

Also in Palo Verde no evidence for oscillation was seen and a ratio of
R =1.01 £2.4%(stat.) & 5.3%(sys.) (8.46)

is given. The resulting exclusion plot is shown in figure 8.7. Therefore, it can
be concluded that v, —v, oscillations play only a minor role in the atmospheric
neutrino anomaly.
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Figure 8.7. Same as figure 8.6 but showing the Palo Verde exlcusion region. The two
curves correspond to two different analyses using different background subtraction. The
main result here disfavours the v,—v,, oscillation channel as a possible explanation (from
[BoeO1]).

8.6.1.3 KamLAND

Future activities are motivated by the current solar neutrino data (chapter 10)
implying going to even larger baselines. As discussed in chapter 10 the preferred
solar solution suggests a region of Am? ~ 107> eV? with a large mixing angle
sin” 26. Using (8.24) and the fact that reactor and solar neutrino energies are about
the same, this requires a baseline for searches of at least 100 km, two orders of
magnitude larger than ever before.

An experiment designed for this goal is KamLAND in Japan installed in
the Kamioka mine [PieO1]. Close to the mine, 16 commercial nuclear power
plants are delivering a total of 130 GW. Taking also reactors from South Korea
into account there is a total flux of v, at Kamioka of about 4 x 10 cm—2 7!
(or 1.3 x 10 cm™? s~! for E; > 1.8 MeV). Of this flux 80% derives from
reactors in a distance between 140 and 210 km. The detector itself consists of
1000 t of liquid scintillator contained within a sphere. The scintillator is based on
mineral oil and pseudocumene, designed to achieve a sufficiently light yield and
n—y discrimination by pulse shape analysis. This inner balloon is surrounded by
2.5 m of non-scintillating fluid as shielding. Both are contained and mechanically
supported by a spherical stainless steel vessel. On this vessel 1280 phototubes
for readout of the fiducial volume are also mounted. The signal is obtained by
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Figure 8.8. First results from KamLAND. Top: The measured positron spectrum. The
deviation from the expected spectral shape can be clearly seen. Bottom: Ratio as a function
of L/E. A clear reduction with respect to short baseline reactor experiments is seen. For

comparison a theoretical oscillation curve is incl

uded (from [Egu03]).

a delayed coincidence of the prompt photons from positron annihilation and the

2.2 MeV photons from p(n, y)d capture.
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First results based on a measuring time of 145.1 days [Egu03] have been
recently obtained. A cut on the energy of the prompt photon to be larger than
2.6 MeV has been applied for the analysis. Fifty-four v, events were observed
while the expectation had been 86.8 £ 5.6 events (figure 8.8). The obtained ratio
is

Nobs = NG

Nexp

The implications of this result with respect to the solar neutrino problem will be
discussed in chapter 10.

= 0.611£0.085+0.041. (8.47)

8.6.2 Future
8.6.2.1 Borexino

Another experiment might be the solar neutrino experiment Borexino in the Gran
Sasso Laboratory described in more detail in chapter 10. Because of the absence
of nuclear power plants in Italy the baseline is even larger than for KamLAND,
typically more than 600 km. However, this implies a lower v, flux and taking the
fact of having only 300 t fiducial volume, a smaller signal is expected.

8.6.2.2 Measuring 013 at reactors

An important quantity for future neutrino activities especially within the context
of C P violation is the mixing angle 6;3. Its value has to be non-zero to allow a
search for C P violation and sin® 013 should be larger than about 0.01, because
otherwise there is a drastic change in the C P sensitivity. Reactor experiments
perform disappearance searches, where the probability is given by

2
2 Am13L

PV, = o) = 1 —sin® 63 sin 5

(8.48)
This complements planned accelerator searches, which are appearance searches
for v, in a v, beam. To be sensitive enough, a number of nuclear power plants
producing a high flux combined with a near and far detector to observe spectral
distortions have to be used. Current ideas can be found in [Mik02, Sue03, Sha03].

8.7 Accelerator-based oscillation experiments

High-energy accelerators offer the chance for both appearance and disappearance
searches. Both were and are still commonly used. Having typically much higher
beam energies than reactors they probe normally higher Am? regions. However,
because of the intensity of the beam, the event rate can be much higher allowing
smaller mixing angles sin” 26 to be probed. Future long-baseline (L >> 100 km)
experiments will be able to extend the accelerator searches down to Am? regions
relevant for atmospheric neutrino studies and will be discussed in chapter 9.
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Figure 8.9. Photograph of the interior of the LSND detector (with kind permission of the
LSND collaboration).

A large number of searches have been performed in the past. Therefore, we
will focus on the more recent ones and start with medium-energy experiments,
namely LSND and KARMEN.

8.7.1 LSND

The LSND experiment [Ath97] at LANL was a 167 t mineral-oil-based liquid
scintillation detector using scintillation and Cerenkov light for detection. It
consisted of an approximately cylindrical tank 8.3 m long and 5.7 m in diameter
(figure 8.9). The neutrino beam was produced by a proton beam with 800 MeV
kinetic energy hitting a 30 cm long water target located about 1 m upstream of
a copper beam stop. The experiment was about 30 m away from the beam stop
under an angle of 12° with respect to the proton beam direction and can be called a
short-baseline experiment. Most of the 7w+ are stopped in the target and decay into
muons which come to rest and decay in the target as well. The expected neutrino
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Figure 8.10. The L/E distribution for events with 20 < E, < 60 MeV. The data (points)
as well as two background components and a fit accounting for the oscillation (hatched
area) are shown (from [Agu01]).

spectrum has already been shown in figure 4.27. The decay at rest (DAR) of the
positively charged muons allows v, — V. oscillation to be investigated. A small
fraction of the positively charged pions (about 3%) decays in flight in the 1 m
long space between target and beam stop and was used for the study of v, — v,
oscillations. Note that the beam contamination of 7, is only of the order 1074,
because negative pions are captured by nuclei before decay. LSND took data
from 1993 to 1998.
For the DAR analysis in the channel v, — V., the signal reaction was

De +p— et +n. (8.49)

As experimental signature, a positron within the energy range 20 < E, <
60 MeV together with a time and spatial correlated delayed 2.2 MeV photon from
p(n, y)d are required. LSND is not able to distinguish between positron and
electron. After background subtraction an excess of 87.9 +22.4 £ 6.0 events was
indeed observed (figure 8.10) [AguO1]. Interpreting these as oscillations would
correspond to a transition probability of P (v, — v,) = 2.6430.67£0.45x 1073,
The analysis, therefore, ends up as evidence for oscillations in the region shown
in figure 8.11.

The DIF analysis is looking for isolated electrons in the region 60 < E, <
200 MeV coming from 12C(ve, e’) 12Ng s reactions. The lower bound of 60 MeV
is well above 52.8 MeV, the endpoint of the electron spectrum from muon decay
at rest. Here, a total excess of 8.1 £ 12.2 £ 1.7 events was observed showing no
clear effect of oscillations [Ath98].
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8.7.2 KARMEN

The KARMEN experiment [Dre94] was operated at the neutron spallation source
ISIS at Rutherford Appleton Laboratory from 1990 to 2001. KARMEN also used
a 800 MeV proton beam but took advantage of the time structure of the beam.
It was a pulsed beam having a repetition rate of 50 Hz and consisted of two
pulses of 100 ns each with a separation of 325 ns. This time structure of the
neutrino beam was important for identifying of neutrino-induced reactions and
an effective suppression of the cosmic-ray background. The spectral shape of
the neutrino beam is identical to the one described for LSND DAR. The detector
was installed 18 m away from the target. In order to improve the sensitivity to
oscillations by reducing the neutron background, an additional veto shield against
atmospheric muons was constructed in 1996 which has been in operation since
February 1997 (KARMEN?2) and which surrounded the whole detector. The total
shielding consisted out of 7000 t steel and a system of two layers of active veto
counters. The detector itself consisted out of 56 t of liquid scintillator. The central
scintillation calorimeter was segmented into 512 optically individual modules.
The neutron capture detection was done with GdyO3-coated paper within the
module walls.

The v, — V. analysis again used reaction (8.48). Because of the pulsed
beam, positrons were expected within a few us after beam on target. The
signature for detection is a spatially correlated delayed coincidence of a positron
with energy up to 51 MeV together with y-emission from either p(n, y)d or
Gd(n, y)Gd reactions. The first one results in 2.2 MeV photons while the latter
results in photons with a total energy of 8 MeV. The time difference between
annihilation and neutron capture is given by thermalization, diffusion and capture
of neutrons and is about 110 us. After analysis of the 1997-2001 dataset 15
candidates remain with a total expected background of 15.8 events [Arm02].
There is no visible evidence for oscillation and the excluded region is shown in
figure 8.11 with limits given as sin”20 < 1.7 x 1073 for Am?> > 100 eV?.
Obviously, in the large Am? region (Am> > 10 eV?) both experiments are
not in agreement; however, in the low-energy region there is still some allowed
parameter space for LSND which is not covered by KARMEN. To what extent
both experiment are in agreement or not is a severe statistical problem of handling
both datasets. Such a combined analysis has been performed [Chu02]. The result
is shown in figure 8.12.

8.7.3 Future test of the LSND evidence—MiniBooNE

The next step to test the full LSND evidence will be the MiniBooNE experiment
at Fermilab looking for v, — v, oscillation [Baz01, Tay03]. The neutrino beam
will be produced by the Fermilab Booster, sending a high-intensity pulsed proton
beam of 8 GeV to a Be target. The positively charged secondaries, mostly pions,
will be focused by a magnetic horn and brought into a decay tunnel. This results



210 Neutrino oscillations

—
o
N

V’;-‘ : T ISR S LLL Ll Tr I'I L] L) Illlll Ll LI | IIIIE
> F LSND :
N‘-—‘ r T
» C ]
<q I 4
10 < -3
I N2 ]
3 E
r NOMADYN]
- MiniBooNE .
-1

10 & E
i Bugey 1

10' 1 1 Illllll 1 L IIIIII‘ 1 1 lllllll 1 I EEE
10 107 107 107 1
sin220

Figure 8.11. Am? versus sin® 20 plot for ve—v,, oscillations. The parameter ranges
describing the LSND evidence as well as the exclusion curves of KARMEN, NOMAD,
CCEFR and the Bugey reactor experiment are shown (from [Ast03]).

in an almost pure v, beam (v, contamination less than 0.3%). The detector itself
is installed about 500 m away from the end of the decay tunnel. It consists of
800 t of pure mineral oil, contained in a 12.2 m diameter spherical tank. A support
structure carries about 1550 phototubes for detection of Cerenkov and scintillation
light. Data-taking started in August 2002.

8.8 Searches at higher neutrino energy

Short-baseline oscillation searches were recently performed at higher energies.
The main motivation was the search for v,—v; oscillations assuming that v; might
have a mass in the eV range and would be a good candidate for hot dark matter
(see chapter 13). The two experiments at CERN performing this search were
NOMAD and CHORUS, both described in more detail in chapter 4. Therefore,
here only the complementary search strategies are discussed.
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Figure 8.12. Same as figure 8.12 but showing the region of parameters (grey area) from
a combined analysis assuming statistical compatibility of KARMEN2 and LSND. Also
shown is the envisaged sensitivity of the MiniBooNE experiment (from [Chu02]).

8.8.1 CHORUS and NOMAD

CHORUS took advantage of the excellent spatial resolution of a few um of
emulsions. The dominant v, beam produced v, CC interactions. An oscillation
event would result in a v, CC interaction. Using the average beam energy of
about 25 GeV, a produced t travels about 1 mm before it decays. Such a track is
clearly visible in the emulsion and, furthermore, the corresponding kink from
the decay can be seen as well (figure 8.13). After data-taking the emulsions
were scanned with automated microscopes equipped with CCD cameras and fast
processors. Data were collected from 1994 to 1997 and all Ou and 1-prong
events were analysed. No signal was found and an upper limit of 2.4 t-decays
is given [LudO1]. This can be converted to an oscillation probability of

P(v, — vp) <34 x 1074 (8.50)

NOMAD, in contrast, uses kinematical criteria to search for v;. The kinematic
situation is shown in figure 8.15. As can be seen for v, CC, the outgoing lepton
is in the plane transverse to the beam more or less back to back to the hadronic
final state (momentum conservation) and the missing momentum is rather small.
In v, NC events there is large missing momentum and no lepton at about 180
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Figure 8.13. v; detection principle used by the CHORUS experiment at CERN. A 7-lepton
produced in a CC interaction produces a track of a few hundred um before its decay.
Focusing on the decay into muons the signature results in a kink. The short 7 track and the
kink are clearly visible because of the excellent spatial resolution of nuclear emulsions.

degrees is expected. The signal, namely a v, CC interaction, is somewhere in
between. The t lepton, unlike in CHORUS, is invisible in NOMAD and can only
be detected via some of its decay products. They follow the original T direction
resulting in a more back-to-back-like signature. However, in the t-decay at least
one neutrino is produced resulting in significant missing momentum. The analysis
now proceeds in a way to find optimal experimental variables for the momentum
imbalance and lepton isolation to discriminate between these backgrounds and
the signal. This is done on the basis of likelihood functions performed as a
‘blind box’ analysis. Also NOMAD did not observe any oscillation signal (55
candidates observed, 58 background events expected) and gives an upper limit for
the oscillation probability of [AstO1, Esk00]

P(v, — v;) <2x 1074 (8.51)

The exclusion plots of both experiments together with former experiments are
shown in figure 8.15. Using the beam contamination of v,, both could also
produce limits on v, — v, oscillations [AstOl1]. They are of the order of
Pve — vy) < 1072 and are also shown in figure 8.15. Recently, NOMAD
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Figure 8.15. Top: v, —vr exclusion plot with the final result of NOMAD and the current
result of CHORUS. Both experiments lead to an improvement to about one order of
magnitude with respect to the former ES31 and CCFR experiments at Fermilab. Bottom:
ve—vr exclusion plot showing the NOMAD and CHORUS result. This is based on the
impurity of the used beam containing about 1% v,. Also shown is the CHOOZ limit. Note
the different Am? region in comparison with figure 8.6 (from [Ast01]).

published their results on v.—v, oscillations [Ast03]. Like KARMEN they did
not see any evidence and their exclusion curve is also shown in figure 8.11.

Currently, no further short-baseline experiment is planned. One of the
reasons is that the atmospheric neutrino anomaly (see chapter 9) points towards a
parameter region of Am? ~ 3 x 1073 ¢V? and large mixing sin? 26 ~ 1. Taking
a 1 GeV beam this would correspond to an oscillation length of about 500 km,
which requires long-baseline experiments. These will be discussed in chapter 9.
Such beams have to cross a significant amount of matter on their way through the
Earth and now we want to discuss how matter, in general, might affect neutrino
oscillations. This is not only of importance for long-baseline experiments, which
will be discussed in the next chapter, but also for solar and supernova neutrinos
as well.
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Table 8.2. The list of matter densities relevant for two-neutrino oscillations.

Ve = Yyt Ve —> Vg Vy = Vr Vit —> Vg

A 1 1
m Ng Ne — an 0 —an

8.9 Neutrino oscillations in matter

Matter effects can occur if the neutrinos under consideration experience different
interactions by passing through matter. In the Sun and the Earth v, can have
NC and CC interactions with leptons because of the existence of electrons, while
for v, and v, only NC reactions are possible. In addition, for a v, beam
traversing the Earth, in the case of the existence of sterile neutrinos vg, there
is a difference between weak reactions (v, ) and no weak interactions at all (vs),
see also [Kuo89, Kim93, Sch97, Bil99].

Starting from the weak interaction Lagrangian (3.48) one gets for low-energy
neutrino interactions of flavour £ with the background matter

GFr .
—Fl)é (1 — ]/5)1)[ Z Nf((ng + T3fL -2 Sln2 9W Qf) (8.52)
V2 f

where Gr is the Fermi coupling constant, 6y the Weinberg angle, T3f, the
eigenvalue of the fermion field f7 of the third component of the weak isospin
and Qy is the charge of f. In the matter Lagrangian (8.52), the CC interaction
is represented by the Kronecker symbol §¢¢ which states that for neutrinos of
flavour £ the charged current only contributes if background matter containing
charged leptons of the same flavour is present. For real matter with electrons,
protons and neutrons which is electrically neutral, i.e. N, = N,, we have
T3¢, = —T3p;, = T3, = —1/2and Q, = —Q) = —1, O, = O for electrons,
protons and neutrons, respectively. To discuss two-neutrino oscillations in matter
two useful definitions are:

—L,, =

N(v) =8qeNe — 5N, (@=e,,7)  N(vy) =0 (8.53)
following directly from (8.52) and
A =2V2GrE(N(vy) — N(vg)). (8.54)

The list of all possible matter densities which determine A and occur in the
different oscillation channels is given in table 8.2. We start with the vacuum case
again. The time dependence of mass eigenstates is given by (8.4). Neglecting the
common phase by differentiation, we obtain the equation of motion (Schrodinger
equation)

dvi(t)  m?

= apui (8.55)
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which can be written in matrix notation as follows:

.dv (@) ;
= H'v(
= V(1)
with
V1
V= . (8.56)
Vn
and 5
iij = ﬂ31'/'-
: 2E -

H' is the Hamilton matrix (‘mass matrix’) in the v; representation and it is
diagonal meaning that the mass eigenstates in vacuum are eigenstates of H. By
applying the unitary transformation

v=U"Y  withv' =] (8.57)

and the mixing matrix U, the equation of motion and the Hamilton matrix H“ can
be written in the representation of flavour eigenstates vy :

idv/(t)
dt

Consider the case of two neutrinos (v., v,): the Hamilton matrix can be written
in both representations as

2E 0 m%

HO( — L mZe mgﬂ
Y m2 m2

=H%'()  with H* =UH'U". (8.58)

ew Mup
_ b m% cos?6 + m% sin 0 (m% - m%) sin @ cos 6
T 2E\ (m}—m?)sin@cos® m?sin?6 +m?cos? 6

1 1 0 1 5[ —cos20 sin26
= EE( 01 >+ aE " ( §in20  cos20 ) (8.59)
with ¥ = m% + m% and Am? = m% — m% How does the behaviour change in

matter? As already stated, the v, mass is modified in matter according to (using
ve and v, as examples)

m2, —m2, =m2, +A  with A =2v2GrEN, (8.60)

eem
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the latter following directly from (8.54). The Hamilton matrix H, in matter is,
therefore, given in the flavour representation as

1 A O 1 mi + A m?
o _ go - ee e
i, =H +2E<0 0) 2E< m?2 m>

ep o
1 1 0
(L)

1 ( A — Am?cos 20 Am? sin 20

"I Am?*sin20  —A + Am?*cos26 ) (8.61)

The same relations hold for antineutrinos with the exchange A — —A.
Transforming this matrix back into the (v1, v2) representation results in

. . 1
H,L:UTH,;ZU:U'H‘*UJFEUT(g 8)U

; 1 (A O
T A 24|
=H +2EU (0 0>U
l(m%—}—Acosz@ A cosfsind

— . .62
2FE A cosf sin6 m%+Asin29 ) (8.62)

The matrix now contains non-diagonal terms, meaning that the mass eigenstates
of the vacuum are no longer eigenstates in matter. To obtain the mass eigenstates
(Wim, Vo) In matter_ and the corresponding mass eigenvalues (m% e m%m)
(effective masses) H,, must be diagonalized. This results in mass eigenstates

of

. .
m%m’m =3 [(2 +AF \/(A — Am?c0s20)2 + (Am?2)? sin® 29J . (8.63)

For A — 0, it follows that m%m om = m% ,. Considering now a mixing matrix
U,, connecting the mass eigenstates in matter m1,, 2, With the flavour eigenstates
(ve, vy,) the corresponding mixing angle 6y, is given by

sin 260 sin 260

tan20, = —— sin 26,, = .
_ 2
c0s20 — A/Am \/(A/Am2 — c0s20)2 + sin? 20
(8.64)
Here again, for A — 0, it follows that 6,, — 6. Using the relation
A 2
Amﬁl = m%m — m%m = Am? (W — cos 29) + sin” 26 (8.65)

the oscillation probabilities in matter can be written analogously to those of the
vacuum:
Am? L
2 m
— 8.66
1 TE (8.66)
Pun(ve = ve) =1— Pp(ve = vy) (8.67)

Pp(ve = vy) = sin® 260, X sin
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with a corresponding oscillation length in matter:

47 E L in 20
_ AnE _ 0 _ Sm (8.68)

 Am2 2 sin 26
" \/<Aimz — cos 29) + sin? 26

Ly

Note already here that (8.64) allows the possibility of maximal mixing in matter,
sin 26, =~ 1, even for small sin 6 because of the resonance type form. This will be
of importance when discussing the MSW effect on solar neutrinos in chapter 10.

A further scenario where the matter effect can be prominent is in very-long-
baseline experiments like the planned neutrino factory.

8.10 CP and T violation in matter

In matter, the measurement of C P violation can become more complicated,
because of the fact that the oscillation probabilities for neutrinos and antineutrinos
are, in general, different in matter, even if 6 = 0. Indeed, the matter effect
can either contaminate or enhance the effect of an intrinsic C P violation effect
coming from § [Ara97,Min98, Min00,Min(02]. For the case of T violation,
the situation is different. If APOZ8 # 0 for « # B would be established,
then this implies § # O even in the presence of matter. The reason is that
the oscillation probability is invariant under time reversal even in the presence
of matter. Similar to the case of CP violation, T violation effects can either
be enhanced or suppressed in matter [ParO1]. However, a measurement of T
violation is experimentally more difficult to perform because there is a need for a
non-muon neutrino beam, like a beta beam.

An additional problem arises in the form of parameter degeneracy. Assuming
that all mixing parameters except 613 and § are known, and a precise measurement
of P(v, — v.) and P(v, — Vv,) has been performed, there is still a situation
where you find four different solutions (two for C P-even, two for C P-odd)
[BurO1,Bar02]. The only chance to remove the ambiguities is to perform either
an experiment at two different energies or baselines or to combine two different
experiments. A compilation of expected matter effects and C P violation is shown
in figure 8.16.

8.11 Possible future beams

Driven by the recent evidences for oscillations and facing the three angles and one
phase in the MNS matrix, the idea of building new beams with very high intensity
has been pushed forward. One of the main goals besides the matter effects is the
observation of C P violation in the leptonic sector. However, this requires a non-
vanishing 613 which might be measured at reactors or in ‘off-axis’ experiments.



Possible future beams 219

y A possible H linae 2 GeV, 4 MW Accumulator T
ring + bunch
layout of a compreseor 5
neutrino factory Magnetic

horn capture ,
i Tu rget

lonization
coohn

Dirift

Phase rotation

Linac 2 2 GeV

Recireulating
Linacs 2 < 50 GeV

Decay ring — 50 GeV
= 2000 m circumlerence

HAv

s .
S vbeam to far detector

Figure 8.16. Possibilities for observing C P violation and matter effects using beams from
a neutrino factory by using wrong sign muons. Matter effect start to significantly split
in two bands if a detector is at least 1000 km away from the source. The two bands
correspond to normal and inverted mass hierarchies. The width of the band gives the size
of the possible C P violation using the parameters stated. It will only be observable if the
LMA solution of the solar neutrino problem is correct (see chapter 10) and if the angle 013
in the MNS matrix is different from zero.

8.11.1 Off-axis beams and experiments

A search for 613 in a parasitic mode of already existing beam-lines such as NuMI
is possible due to the pion decay kinematics. The goal is to obtain a high-intensity
NBB. The v, momentum in the laboratory frame is given by

pL =y (p*cosf* + Bp*) (8.69)
pr = p*sinf* (8.70)

with p* = 0.03 GeV/c as the neutrino momentum and 6* as the polar angle of
neutrino emission with respect to the pion direction of flight, both given in the
pion rest frame. In the laboratory frame, 6 is given by

R 1 sin6*

o==

= 8.71
L y1l+4coso* ( )

with L as the baseline and R as the distance of the detector from the beam centre.
If the neutrino emission in the pion rest frame is perpendicular to the pion flight
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direction (6* = 90°), then

0=—. (8.72)
%

The neutrino energy E, as a function is given by

*

2yp

B =T RD?

(8.73)
which is half of the energy at beam centre for 6 = 1/y. However, the most
important kinematic property is that, at this angle, the neutrino energy is, in first
order, independent of the energy of the parent pion

IE
Y =0. (8.74)
ay

This opens a way for an NBB with a high intensity. The idea is to measure v,
appearance in a v, beam. The oscillation probability is directly proportional
to sin’#;3. Various experiments try to use this advantage for a measurement
[Ito01, Ayr02, Dyd03].

8.11.2 Beta beams

The idea is to accelerate f-unstable isotopes [Zuc02] to energies of a few
100 MeV using ion accelerators like ISOLDE at CERN. This would give a clearly
defined beam of v, or V.. Among the favoured isotopes discussed are ®He in the
case of a 7, beam and '®Ne in the case of a v, beam.

8.11.3 Superbeams

Conventional neutrino beams in the GeV range run into systematics when
investigating oscillations involving v, and v, because of the beam contaminations
of v, from K,3 decays (see chapter 4). To reduce this component, lower energy
beams with high intensity are proposed. Here, quasi-elastic interactions are
dominant. A first realization could be from the Japanese Hadron Facility (JHF) in
Tohai, in its first phase producing a 0.77 MW beam of protons with 50 GeV on
a target and using Super-Kamiokande as the far detector [Aok03]. The baseline
corresponds to 225 km.This could be updated in a second phase to 4 MW and also
a 1 Mt detector (Hyper-K). A similar idea exists at CERN to use the proposed
SPL making a high-intensity beam to Modane (130 km away). Such experiments
would allow sin? 26»3, Am§3 to be measured and might discover sin? 2013.

8.11.4 Muon storage rings—neutrino factories

In recent years the idea to use muon storage rings to obtain high-intensity neutrino
beams has become very popular [Gee98, Aut99, Alb00, Als02, Apo02]. The two
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Figure 8.17. Proposed layout for a neutrino factory. The main ingredients are: a high
intensity proton linac, a target able to survive the deposited energy and giving a good yield
of pions, a cooling device for the decay muons, an accelerator for the muons and a storage
ring allowing for muon decay and therefore neutrino beams.

main advantages are the precisely known neutrino beam composition and the
high intensity (about 10>! muons/yr should be filled in the storage ring). A
conceptional design is shown in figure 8.17. Even if many technical challenges
have to be solved, it offers a unique source for future accelerator-based neutrino
physics. First experimental steps towards its realization are on thier way, among
them are the HARP experiment at CERN, which determines the target for optimal
production of secondaries, the study of muon scattering (MUSCAT experiment)
and muon cooling (MICE experiment). For additional information see also
[NufO1, Nuf02, Hub02].



Chapter 9

Atmospheric neutrinos

In recent years the study of atmospheric neutrinos has become one of the
most important fields in neutrino physics. Atmospheric neutrinos are produced
in meson and muon decays, created by interactions of cosmic rays within
the atmosphere. The study of these neutrinos revealed evidence for neutrino
oscillations. With energies in the GeV range and baselines from about 10 km
to as long as the Earth diameter (L =~ 10* km) mass differences in the
order of Am?> > 10 eV? or equivalent values in the L/E ratio from 10—
10° km GeV~! are probed. Most measurements are based on relative quantities
because absolute neutrino flux calculations are still affected by large uncertainties.
The obtained results depend basically on four factors: the primary cosmic-ray flux
and its modulations, the production cross sections of secondaries in atmospheric
interactions, the neutrino interaction cross section in the detector and the detector
acceptance and efficiency. More quantitatively the observed number of events is
given by

dN; (6, doE(E,, 0) do*(E,,
i pl)_toszth ¢y, (Ev, 0) do=(Ey, p1)
+

= F(¢*>) dE 9.1
a9 dp; 49 dE, dp; (@)dE, O

where [ stands for e+ or ,ui, pi the lepton momentum, E, the neutrino energy,
0 the zenith angle, 7,ps the observation time, N; the number of target particles,
¢31E(EU, 0) the neutrino flux and o (E,, p;) the cross section. F(qz) takes into
account the nuclear effects such as the Fermi momenta of target nucleons, Pauli
blocking of recoil nucleons etc. The summation (%) is done for v; and vy, since
current observations do not distinguish the lepton charge. For further literature
see [Sok89, Ber90b, Gai90, Lon92, 94, Gri01,Jun01,Kaj01,Lea01, Lip01, Gai02].
We want to discuss the first two steps now in a little more detail.

9.1 Cosmic rays

The primary cosmic rays hitting the atmosphere consist of about 98% hadrons
and 2% electrons. The hadronic component itself is dominated by protons

222
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Figure 9.1. Compilation of balloon measurement of the flux of low-energy cosmic rays
impinging on the Earth’s atmosphere. For comparison two flux calculations by Bartol
[Agr96] and HKKM [Hon95] are shown.

(~87%) mixed with «-particles (*11%) and heavier nuclei (*2%). The chemical
composition can be determined directly by satellite and balloon experiments in an
energy range up to 1 TeV (figure 9.1). For higher energies only indirect methods
like air showers can be used. Because the neutrino flux depends on the number
of nucleons rather than on the number of nuclei, a significant fraction of the flux
is produced by He and CNO (4 heavier nuclei). The differential energy spectrum
follows a power law of the form

N(E)dE o E™Y dE (9.2)

with y ~ 2.7 for E < 10" eV. From this point the spectrum steepens (the
‘knee’) to y =~ 3. The exact position of the knee depends on the atomic number
A as was shown recently by KASCADE, with lighter nuclei showing the knee
at lower energies [Swo02]. At about 10'® eV the spectrum flattens again (the
‘ankle’) and datasets well above are still limited by statistics. This ultra-high-
energy part of cosmic rays will be discussed in more detail in chapter 12. The part
of the cosmic-ray spectrum dominantly responsible for the current atmospheric
neutrino investigations is in the energy range below 1 TeV. The intensity of
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primary nucleons in that energy range can be approximated by
In(E) ~ 1.8E7>7 nucleonscm™2 s7! sr=! GeV~! 9.3)

with E as the energy per nucleon. In the low-energy range several effects can
occur. First of all, there is the modulation of the primary cosmic-ray spectrum
with solar activity. A measurement of the latter is the sunspot number. The solar
wind prohibits low-energy galactic cosmic rays from reaching the Earth, resulting
in an 11 yr anticorrelation of cosmic-ray intensity with solar activity. This effect
is most prominent for energies below 10 GeV. Such particles have, in contrast,
a rather small effect on atmospheric neutrino fluxes, because the geomagnetic
field prevents these low-energy particles from entering the atmosphere anyway.
The geomagnetic field bends the trajectories of cosmic rays and determines the
minimum rigidity called the cutoff rigidity (for an extensive discussion on this
quantity see [Hil72]) for particles to arrive at the Earth [LipOOa]. The dynamics
of any high energy particle in a magnetic field configuration B depends on the
rigidity R given by
rR=2—, xB (9.4)
ze
with p as the relativistic 3-momentum, z as the electric charge and r; as the
gyroradius. Particles with different masses and charge but identical R show the
same dynamics in a magnetic field. The cutoff rigidity depends on the position at
the Earth surface and the arrival direction of the cosmic ray. Figure 9.2 shows a
contour map of the calculated cutoff rigidity at Kamioka (Japan) [Hon95], where
Super-Kamiokande is located. The geomagnetic field, therefore, produces two
prominent effects: the latitude (the cosmic-ray flux is larger near the geomagnetic
poles) and the east—west (the cosmic-ray flux is larger for east-going particles)
effect. The last one is an azimuthal effect not depending on any new physics and
can be used to check the shower simulations [LipOOb]. Such a measurement was
performed recently by Super-Kamiokande [Fut99]. With a statistics of 45 kt x yr
and cuts on the lepton momentum (400 < p; < 3000 MeV/c and zenith angle
| cos 8] < 0.5) to gain sensitivity, an east—west effect is clearly visible (figure 9.3).
For higher energetic neutrinos up to 100 GeV, the primary energy is up to
1 TeV, where the details of the flux are not well measured.

9.2 Interactions within the atmosphere

The atmospheric neutrinos stem from the decay of secondaries produced in
interactions of primary cosmic rays with the atmosphere. The dominant part is
the decay chain

zt — /,L+VM ;ﬁ' — e+ve1')ﬂ 9.5)

7T = pu vy W — € Vevy. (9.6)
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Figure 9.2. Contour map of the cutoff rigidity (in GeV) relevant for Kamioka (from
[Kajo1]).

Depending on the investigated neutrino energy additional contributions come
from kaon decay, especially the modes

K* = uFv,(@,) 9.7)
K. — mretv. (Be). (9.8)

The latter, so called K,3 decay, is the dominant source for v, above E, =~ 1 GeV.
In the low energy range (E, = 1 GeV) there is the previously mentioned
contribution from muon-decay. However, for larger energies the Lorentz boost
for muons is high enough in a way that they reach the Earth surface. For
example, most muons are produced in the atmosphere at about 15 km. This length
corresponds to the decay length of a 2.4 GeV muon, which is shortened to 8.7 km
by energy loss (a vertical muon loses about 2 GeV in the atmosphere by ionization
according to the Bethe—Bloch formula). Therefore, at E\, larger than several GeV
this component can be neglected. At higher energies the contribution of kaons
becomes more and more important.

Several groups have performed simulations to calculate the atmospheric
neutrino flux [Bar89, Per94, Hon95, Agr96, Hon01, WenO1, TseO1, Bat03]. The
general consensus of all these studies is that the ratio of fluxes

Ve + Ve

R=—— 9.9
o 9.9)

can be predicted with an accuracy of about 5% because several uncertainties
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Figure 9.3. Top: Schematic explanation for the occurrence of the east—west effect.
Bottom: The east—west effect as observed with Super-Kamiokande (from [Fut99]).

cancel. However, in the absolute flux predictions there is some disagreement on
the level of 20-30% in the spectra and overall normalization of the neutrino flux.
Let us investigate the differences in more detail. The fluxes for ‘contained events’
(see section 9.3) are basically produced by cosmic primaries with energies below
about 20 GeV. As already described this energy range is affected by geomagnetic
effects and solar activities. The next step and source of main uncertainty is the
production of secondaries, especially pions and kaons in proton-air collisions.
Various Monte Carlo generators are used to describe this process; however, the
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Figure 9.4. Z-factors for pions as a function of proton energy taken from two different
calculations (from [Agr96]).

experimental datasets are rather poor. A useful way to compare the various
interaction models used in the event generators is to evaluate the spectrum-
weighted moments (Z-factors) of the inclusive cross section. The most important
range of interaction energies for production of neutrinos with energies between
300 MeV and 3 GeV is a primary energy between 5 < Eny < 50 GeV. In
general, the primary energy is typically an order of magnitude higher than the
corresponding neutrino energy. The Z-factors are given as (for more details
see [Gai90])

1
d ,E
Zpt =/ dxxy—lm (9.10)
0 dx
where x = E;/Ey, En is the total energy of the incident nucleon in the

laboratory system, E is the energy of the produced pion and y as given
in (9.2). Analogous factors can be derived for other secondaries like Z,x+.
The Z-factors used for two simulations as a function of proton energy are
shown in figure 9.4. There is a clear discrepancy between the calculations.
Furthermore, past accelerator experiments have only measured pion production in
pp collisions and p—Be collisions. They have to be corrected to p—air collisions.
The transformation to heavier nuclei with the use of an energy-independent
enhancement factor is a further source of severe uncertainty. Recently two new
experimental approaches have arrived which might help to improve the situation
considerably. First of all, there are measurements of muons in the atmosphere.
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Strongly connected with neutrino production from meson decay is the production
of muons. Assume the two-body decay M — m + m,. The magnitude of the
momenta of secondaries in the rest frame of M are then given by

M4 — 2M2(m% + m%) + (m% — m%)2

pi=p=p"= ] ©.11)
In the laboratory frame the energy of the decay product is
E; = yE! 4+ Byp*cos6* 9.12)

where 8 and y are the velocity and Lorentz factor of the parent in the laboratory
system. Therefore, the limits on the laboratory energy of the secondary i are

y(Ef — Bp*) < E; < y(E] + Bp"). 9.13)
In the absence of polarization there is, in addition,

dn dn dn
=
dQ* 2mwdcosf*  dE;

= constant 9.14)

meaning that, in such cases, a flat distribution for a product of a two-body decay
between the limits of (9.13) results. For example, for process (9.7) this results in

dn dn 0.635

dE, — dEy 11— (m%/m%)pk

(9.15)

with pg as the laboratory momentum of the kaon and the factor 0.635 stems
from the branching ratio of decay (9.7). Often we deal with decays of relativistic
particles, resulting in 8 — 1, which would imply for decays M — uv kinematic
limits on the laboratory energies of the secondaries of

2
E— <E,<E (9.16)
My
and
m2
0<E, <|1-—L£)E 9.17)
my

with E as the laboratory energy of the decay meson. Average values are:

(E,)/Ex =079 and  (E,)/E; =021  form — puv (9.18)
(E,)/Exk =052 and  (E,)/Ex =048  forK — uv (9.19)

It is a consequence of the kinematics that if one of the decay products has a mass
close to the parent meson, it will carry most of the energy.

There are several recent ground-level measurements of atmospheric muon
fluxes, i.e. those by CAPRICE [Boe99], AMS [Alc00] and BESS [San00],
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Figure 9.5. Comparison of atmospheric neutrino flux calculations for the location of
Kamioka averaged over all directions (from [Gai02]).

which are in agreement with each other at a level of £5%. Other important
measurements have been obtained at high altitude (10-30 km) during the ascent
of stratospheric balloons by the MASS, CAPRICE, HEAT and BESS detectors.
Since low-energy muons are absorbed in the atmosphere and decay with a high
probability (¢t ~ 6.3 p, [GeV]km) only these high altitude measurements allow
a precise measurement of muons that are most strictly associated with sub-GeV
neutrino events.

A second important step is the HARP experiment at CERN [Har99]. This
fixed-target experiment uses a proton beam between 2—-15 GeV to investigate
secondary particle production in various materials. Among them are nitrogen
and oxygen targets. For the first time, pion production in proton—nitrogen and
proton—oxygen collisions will be directly measured with high accuracy.
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A compilation of various atmospheric neutrino flux calculations is shown
in figure 9.5. As can be seen it consists basically of v, and v, neutrinos. At
very high energies (E, > TeV) neutrinos from charm production become an
additional source [Thu96]. A possible atmospheric v; flux is orders of magnitude
less than the v, flux. Now we have the flux at hand, let us discuss the experimental
observation.

9.3 Experimental status

Relevant neutrino interaction cross sections for detection have already been
discussed in chapter 4. The observed neutrino events can be divided by their
experimental separation into contained (fully and partially), stopping, through-
going and upward-going events. Basically two types of experiments have been
done using either Cerenkov detection or calorimetric tracking devices. Because
of its outstanding role in the field, we want to describe the Super-Kamiokande
detector in a little bit more detail. For a discussion of former experiments
see [Fuk94] (Kamiokande), [Bec92] (IMB), [Kaf94] (Soudan), [Ber90] (Frejus)
and [Agl89] (Nusex).

9.3.1 Super-Kamiokande

Super-Kamiokande is a water Cerenkov detector containing 50 kt of ultra-pure
water in a cylindrical stainless steel tank [FukO3a] (figure 9.6). The tank is
41.4 m high and 39.3 m in diameter and separated into two regions: a primary
inner volume viewed by 11 146 50 inch diameter photomultipliers (PMTs) and a
veto region, surrounding the inner volume and viewed by 1885 20 inch PMTs.
For analysis an inner fiducial volume of 22.5 kt is used. Neutrino interactions
occurring inside the fiducial volume are called contained events. Fully-contained
(FC) events are those which have no existing signature in the outer veto detector
and comprise the bulk of the contained event sample. In addition, a partially-
contained (PC) sample is identified in which at least one particle (typically an
energetic muon) exits the inner detector. The FC sample is further divided into
sub-GeV (Evis < 1.33 GeV) and multi-GeV (Evis > 1.33 GeV), where Evjg is
the total visible energy in the detector (figure 9.7). The events are characterized
as either showering (e-like) or non-showering (u-like) based on the observed
Cerenkov light pattern. Two examples are shown in figure 9.8. Criteria have
been developed to distinguish between both and were confirmed by accelerator
beams.
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Figure 9.6. Photograph of the Super-Kamiokande detector during filling (with permission
of the Kamioka Observatory, ICRR, Tokyo).

9.3.1.1 The v,/v, ratio

Historically important for any hint of neutrino oscillation was the R-ratio defined
as
_ [N(u-like) /N (e-like)Jobs

h [N (u-like) /N (e-like) Jexp .

Here the absolute flux predictions cancel and if the observed flavour composition
agrees with expectation then R = 1. Therefore, any deviation of R from 1 is
a hint for possible oscillation, even if it cannot be judged without additional
information whether v, or v, are responsible. A compilation of R-values is
given in table 9.1. As can be seen, besides Frejus and Nusex all other datasets
prefer an R-value different from 1 and centre around R = 0.6. More detailed and
convincing evidence can be found by investigating the zenith-angle dependence
of the observed events separately.

(9.20)

9.3.1.2  Zenith-angle distributions

Neutrinos are produced everywhere in the atmosphere and can, therefore, reach
a detector from all directions. Those produced directly above the detector,
characterized by a zenith angle cos@ = 1, have a typical flight path of about
10 km, while those coming from the other side of the Earth (cos6 = —1)
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Figure 9.7. Distributions of neutrino energies that give rise to four classes of events
at Super-Kamiokande. The contained events are split in sub-GeV and multi-GeV, while
stopping and through-going muons refer to neutrino-induced muons produced outside the
detector (from [Gai02]).

Table 9.1. Compilation of existing R measurements. The statistics are now clearly
dominated by Super-Kamiokande. The no oscillation case corresponds to R = 1.

Experiment R Stat. significance (kT x y)

Super-Kamiokande (sub-GeV) 0.638 £0.017 £0.050 79
Super-Kamiokande (multi-GeV) ~ 0.675 £9034 +0.080 79

0.032
Soudan2 0.69 = 0.10 £ 0.06 5.9
IMB 0.54 % 0.05 £0.11 7.7
Kamiokande (sub-GeV) 0.6079:9¢ +0.05 7.7
Kamiokande (multi-GeV) 0577998 +0.07 7.7
Frejus 1.00 = 0.15 £ 0.08 2.0
Nusex 0.9679-32 0.74

have to travel more than 12000 km before interacting. Since the production
in the atmosphere is isotropic we can expect the neutrino flux to be up/down
symmetric. Slight modifications at low energies are possible because of the
previously mentioned geomagnetic effects. Such an analysis can be performed
as long as the created charged lepton (e,u) follows the neutrino direction, which
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Figure 9.8. Two characteristic events as observed in Super-Kamiokande: top, sharp
Cerenkov ring image produced by an muon; bottom, Diffuse Cerenkov ring image
produced by an electron (with kind permission of the Super-Kamiokande collaboration).
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Figure 9.9. Super-Kamiokande zenith-angle distribution for e-like (left) and pu-like events
(right), also divided into sub-GeV (upper row) and multi-GeV samples (lower row). A
clear deficit is seen in the upward-going muons. The full curves are the Monte Carlo
expectations together with an oscillation fit of Am? = 2.4 x 1073 and sin? 26 = 1.0.

is reasonable for momenta larger than about 400 MeV. In 1289 days of real data-
taking Super-Kamiokande observed 2864 (624) e-like events and 2788 (558) u-
like in their sub-GeV (multi-GeV) data samples, which are shown in figure 9.9. It
is obvious that, in contrast to e-like data which follow the Monte Carlo prediction,
there is a clear deficit in the data becoming more and more profound for zenith
angles smaller than horizontal, meaning less v, are coming from below.

An independent check of the results from contained events can be done with
upward-going muons. Upward-going events are classified as cos§ < 0. They
are produced by neutrinos interacting in the rock below the detector producing
muons which traverse the complete detector from below. Here about 1268 days
of data-taking can be used [FukO0]. The typical neutrino energy is about 100 GeV.
Lower energetic neutrinos produce upward going stopping muons (1247 days of
data-taking) and their energy is comparable to the PC events. This contains two
implications. First, the overall expected suppression is larger in this case, since the
L/ E argument of the oscillation probability is larger. Second, even neutrinos from
the horizon will experience significant oscillation. The ratio stopping/through-
going events can also be used to remove the normalization because of uncertain
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Figure 9.10. Allowed Am? versus sin® 20 regions of the various Super-Kamiokande
atmospheric neutrino signals by v, —vr oscillations.

absolute fluxes. Upward-through-going muons have to be compared directly
with absolute flux predictions. Now let us take a closer look into the oscillation
analysis.

9.3.1.3 Oscillation analysis

All datasets—FC, PC, stopping upward muons and through-going upward
muons—are divided into angular bins and their distributions are analysed.
Furthermore, the FC events are also binned in energy. In the common fit the
absolute normalization is allowed to vary freely and other systematic uncertainties
are taken into account by additional terms, which can vary in the estimated ranges.
The best-fit value obtained is Am?> = 2.5 x 10° eV? and maximal mixing, having
a x? = 159.2/175 degrees of freedom. A fit without any oscillations results in a
x* = 315/154 degrees of freedom. The allowed regions for certain confidence
levels are shown in figure 9.10 if interpreted as v,—v, oscillations.

A very important check of the oscillation scenario can be done by plotting the
L/E ratio. The L/ E ratio for atmospheric neutrinos varies over a large range from
about 1-10° km GeV~!. Plotting the event rate as a function of L/E results in
a characteristic two-bump structure, corresponding to down-going and up-going
particles as shown in figure 9.11. The valley in between is populated mostly
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Figure 9.11. L/E double-bump structure. The bump at low values corresponds to
downward-going events, the one at high L/E is due to upward-going events (from
[LipO1]).

by particles with directions close to horizontal, the event rate per unit L/E is
lower here because the pathlength L changes rapidly with the neutrino zenith
angle 6. However, this structure is smeared out because of the imperfect energy
measurement and the uncertainty in the real production point of the neutrino.
According to (8.24) the probability P (v, — v,) should show an oscillatory
behaviour with minima for L/E ratios and n as an integer number of

2 1236
L/IE=nX —=nX ——
Am? Am%3

km GeV™! 9.21)

with Amzf3 as the value of Am? in units of 1073 eV2. Obviously, the first
minimum occurs for n = 1.

The energy of the neutrino is determined by a correction to the final-state
lepton momentum. At p = 1 GeV/c the lepton carries about 85% of the neutrino
energy, while at 100 MeV/c it typically carries 65%. The flight distance L
is determined following [Gai98] using the estimated neutrino energy and the
reconstructed lepton direction and flavour. Figure 9.12 shows the data/Monte
Carlo ratio for FC data as a function of L/E and momenta larger than 400 MeV/c.
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Figure 9.13. Super-Kamiokande upward-going muons flux versus absolute prediction.
Left: Flux of through-going muons from horizontal (cos® = 0) to vertical upward
(cos® = —1). Right: Upward-going muons which stop in the detector. Also shown are
Monte Carlo expectations without oscillations and best-fit values assuming oscillations.

A clear decrease in pu-like events can be seen; however, the oscillation pattern
cannot be resolved because of the previously mentioned uncertainties in energy
measurements. So for large L/E v, has undergone numerous oscillations and
averages these out to roughly 50% of the initial rate.

There is an additional check on the oscillation scenario by looking at the
zenith-angle distribution of upward-going muons and compare it with absolute
flux predictions. As can be seen in figure 9.13, a deficit is also visible here and an
oscillation scenario describes the data reasonably well.

Having established a v, disappearance the question concerning the reason
for the deficit arises. Scenarios other than oscillations such as neutrino
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decay [Bar99], flavour-changing neutral currents [Gon99] or violation of the
equivalence principle [Hal96] have been proposed. They all show a different
L/ E behaviour and only neutrino decay still remains as an alternative. Assuming
the oscillation scenario to be correct we have to ask ourselves which one is the
oscillation channel. There are three options: v, — v, v, — v and v, — vg.
A strong argument against v, comes from the non-observation of any effect in
CHOQOZ and Palo Verde (see chapter 8). However, subdominant contributions
might still be there. How to distinguish the other two solutions? There are
basically three ways. First of all, there is the NC production of 7°:

v+ N> v+ + X 9.22)

This rate will be reduced for vg because it does not participate in NC interactions.
The ratio of the current value of (%/e)-like events with respect to Monte Carlo
expectation is

_ @0/€)obs
(no/e)exp

also containing, however, a large theoretical error because of the badly known
70-production cross section. This might improve with K2K which should be able
to measure it more precisely.

Another option would be to search directly for v; appearance in Super-
Kamiokande. Taking their statistics and oscillation parameters they should expect
approximately 74 v; events. A first analysis of this kind was performed using
higher ring multiplicities and resulted in a possible 20 effect [VenO1]. Last but
not least there could be matter effects, because vg does not interact at all, resulting
in a different effective potential from that of v, as described in chapter 7. Density
profiles of the Earth, relevant for the prediction, can be calculated using the Earth
model. Basically, the Earth can be described as a 2-component system: the crust
and the core. The crust has an average density of p = 3 gcm ™3 and an ¥, = 0.5
(see chapter 8). However, for large distances p = p(¢#) must be used. For the
core the density increases up to p = 13 g cm™> and we can use a step function
to describe the two subsystems [Lis97, Giu98]. Furthermore, N,, = N, /2 is valid
everywhere. Thus, we can write

2v2GFEN, ~ 2.3 x 10* eV?2 (3 gcpm3> (va) . (9.24)
The main effect is such, that matter effects suppress oscillation at high energy.
Super-Kamiokande performed a search and excludes v, —vg at 99%CL if Am? >
0. Also for Am? < 0 most regions are excluded by 99% but a small region
remains which is only excluded by 90% [SobO1]. Note, that matter effects
between v, and v, could also be important.
To sum up, Super-Kamiokande has convincingly proven a v;, disappearance
effect with a preferred explanation via v, — v, oscillation as shown in
figure 9.10. Now we want to take a look at other experiments.

= 1.11 = 0.08(stat.) = 0.26(sys.) (9.23)
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9.3.2 Soudan-2

The Soudan-2 experiment is a 963 t iron-tracking calorimeter located in the
Soudan mine in Northern Minnesota at a depth of 2100 mwe [ManO1]. The
tracking is performed with long plastic drift tubes (0.6 cm us~! drift time)
placed into steel sheets. The sheets are stacked to form a tracking lattice with
a honeycomb geometry. Topologies of events include single-track events with a
dE /dx compatible with a muon from v,, CC interactions, single-shower events
as v, CC events (both types mostly from quasi-elastic scattering) and multi-prong
events. Proton recoils larger than about 350 MeV/c can also be imaged and allow
an improved neutrino energy measurement.

The dataset obtained after 5.9 kt x yr results after background subtraction
in 101.9 £ 12.7 track events and 146.7 & 12.5 shower events. Two datasets are
prepared, a High Resolution (HiRes) event sample, with shower or track events
with a measured recoil proton and lepton momentum larger than 150 MeV/c
(if no recoiling nucleon then pep > 600 MeV) and multiprong events with
Eyis > 700 MeV and a vector sum of pyis > 450 MeV/c. In addition, lepton
momenta larger than 250 MeV/c are required for the latter. A fit to describe the
zenith angle distribution assuming that v, is not affected by oscillations results in
a best fit value of Am? = 5.2 x 1073 eV? and sin® 26 = 0.97. The corresponding
exclusion plot is shown in figure 9.16. A second sample of PC events having
on average a higher energy (E, about 3.1 GeV, while the HiRes sample has
(Ey) ~ 1.3 GeV) has been prepared, containing 52.7 &= 7.3 u-like and 5.0 £ 2.2
e-like events.

9.3.3 MACRO

The MACRO detector [Amb0O1, Amb02] was installed in the Gran Sasso
Underground Laboratory (LNGS) and took data in full version from 1994 to
2000 (data were also taken in the construction phase from 1989-94). It consisted
of streamer tubes and scintillators in the form of six super-modules covering a
total of 76.6 m x 12 m x 9.3 m. The observed muons coming from neutrino
events were characterized as upward-through-going, upward-stopping, downward
internal and upward internal (figure 9.14). Upward-through-going events from
neutrino interactions in the rock below the detector require muon energies of at
least 1 GeV; therefore, (E,) ~ 100 GeV. Also the internal upward-going events
can be isolated by time of flight measurements, here (E,) = 4 GeV. The other
two samples cannot be distinguished because of the absence of a time of flight
measurement and so these are analysed together. Upward-going muon events can
be identified by time of flight Az, resultingina 1/ closeto —1, with 8 = cAt/L.
However, the background of downward-going muons (1/8 close to +1) is more
than a factor 10° higher and tails produce some background. Therefore, upward-
going muons were selected with the requirement —1.25 < 1/8 < —0.75. After
subtracting the background, a total of 809 events in the upward-through-going
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Figure 9.14. Schematic picture of the MACRO event classification.
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Figure 9.15. MACRO number of events as a function of 1/8. Beside the background spike
of down-going muons (about 33.8 x 10° events) a clear peak centred around 1/8 = —1
caused by upward-going muons is seen.
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Figure 9.16. Region of combined evidence from Super-Kamiokande, Soudan2 and
MACRO, together with the parameter space allowed by the K2K long-baseline experiment
(from [Kea02]).

sample was observed (figure 9.15). Using the flux of the Bartol group [Agro6]
and the parton distributions of GRV94 [Glu95] a total number of 1122 events were
expected. The angular distribution can be best described by assuming v, — v;
oscillations, the best fit results in Am? = 2.5 x 1073 eV?2 and maximal mixing
with a x> = 9.7/9 degrees of freedom. The oscillation scenario into vg is
disfavoured at a 99% CL at this best-fit value [BarO1]. The analysis for internal
upward events is analogous to the one just mentioned; however, now a vertex
within the detector is required. Thus, after background subtraction 135 4= 12(stat.)
events are observed while expecting 247 4 25(sys.) & 62(theo.). Also the third
data sample results in a difference between data and Monte Carlo, observing 229
events and expecting 329 £ 33(sys.) & 92(theo.). The corresponding MACRO
parameter regions are shown in figure 9.16.

As can be seen, at least three experiments seem to show a deficit in
atmospheric v,. To investigate the possible solutions in more detail, a large
programme of new experiments has been launched to confirm this deficit by
accelerator-based experiments.
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Figure 9.17. Neutrino energy spectrum of the K2K neutrino beam. Because of the
relatively low beam energy no v; appearance searches can be performed.

9.4 Future activities—long-baseline experiments

Two strategies are followed using accelerator neutrino beams. First of all,
experiment should confirm a v, disappearance and, second, perform a v,
appearance search. The last one has to deal with smaller statistics because of the
T production threshold of 3.5 GeV and, therefore, a reduced cross section as well
as the involved efficiency for r-detection. Three projects are on their way in Japan
(KEK-Super-Kamiokande), the US (Fermilab-Soudan) and Europe (CERN-Gran
Sasso). We now discuss the experiments in chronological order.

94.1 K2K

The first of the accelerator-based long-baseline experiments is the KEK-E362
experiment (K2K) [Oya98] in Japan sending a neutrino beam from KEK to Super-
Kamiokande. It uses two detectors: one about 300 m away from the target
and Super-Kamiokande at a distance of about 250 km. Super-Kamiokande is
described in more detail in section 10.2.2. The neutrino beam is produced by
12 GeV protons from the KEK-PS hitting an Al-target of 2 cm diameter x 65 cm
length. Using a decay tunnel of 200 m and a magnetic horn system for focusing
7" an almost pure v, -beam is produced. The contamination of v, from p and
K-decay is of the order 1%. The protons are extracted in a fast extraction mode
allowing spills of a time width of 1.1 us every 2.2 s. With 6x 10'? pots (protons on
target) per spill about 1 x 10%° pots can be accumulated in three years. The average
neutrino beam energy is 1.4 GeV, with a peak at about 1 GeV (figure 9.17). In
this energy range quasi-elastic interactions are dominant. Kinematics allows to
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reconstruct E), even if only the muon is measured via

2
muy
myEy — =5

E, = (9.25)

my — E, + Py cosf,

with my as the mass of the neutron and 6,, as the angle of the muon with respect
to the beam. The near detector consists of two parts: a 1 kt water-Cerenkov
detector and a fine-grained detector. The water detector is implemented with
820 20 inch PMTs and its main goal is to allow a direct comparison with Super-
Kamiokande events and to study systematic effects of this detection technique.
The fine-grained detector basically consists of four parts and should provide
information on the neutrino beam profile as well as the energy distribution.
First of all, there are 20 layers of scintillating fibre trackers intersected with
water. The position resolution of the fibre sheets is about 280 pum and allows
track reconstruction of charged particles and, therefore, the determination of the
kinematics in the neutrino interaction. In addition, to trigger counters there is
a lead-glass counter and a muon detector. The 600 lead-glass counters are used
for measuring electrons and, therefore, to determine the v.-beam contamination.
The energy resolution is about 8%/+/E. The muon chambers consist of 900 drift
tubes and 12 iron plates. Muons generated in the water target via CC reactions
can be reconstructed with a position resolution of 2.2 mm. The energy resolution
is about 8—10%. The detection method within Super-Kamiokande is identical to
that of their atmospheric neutrino detection.

Because of the low beam energy K2K is able to search for v, — v,
appearance and a general v, disappearance. The main background for the search
in the electron channel might be quasi-elastic 7% production in NC reactions,
which can be significantly reduced by a cut on the electromagnetic energy.
However, the near detector will allow a good measurement of the cross section
of 79 production in NC. The proposed sensitivity regions are given by Am? >
1 x 1073 eV2(3 x 1073 eV?) and sin*20 > 0.1(0.4) for v, — v, (v, — V)
oscillations.

In the first year of data-taking K2K accumulated 2.29 x 10'° pot
(figure 9.18). K2K observes 56 events but expected 80.11‘2:42‘ from the near
detector measurement, a clear deficit [NakO1, Nis03, Ahn03]. The best-fit values
are sin” 20 = 1 and Am? = 2.8 x 1073 eV2. This number is in good agreement
with the oscillation parameters deduced from the atmospheric data. If this deficit
becomes statistically more significant, this would be an outstanding result. In
connection with the Japanese Hadron Facility (JHF), an upgrade of KEK is
planned to a 50 GeV proton beam, which could start producing data around 2007.
The energy of a possible neutrino beam could then be high enough to search for
vz appearance.
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Figure 9.18. The first long-baseline event ever observed by the K2K experiment (with
kind permission of the Super-Kamiokande and K2K collaboration).

9.4.2 MINOS

A neutrino program (NuMI) is also associated with the new Main Injector at
Fermilab. This long-baseline project will send a neutrino beam to the Soudan
mine about 730 km away from Fermilab. Here the MINOS experiment [Mic03] is
installed. Using a detection principle similar to CDHS (see chapter 4), it consists
of a 980 t near detector located at Fermilab about 900 m away from a graphite
target and a far detector at Soudan. The far detector is made of 486 magnetized
iron plates, producing an average toroidal magnetic field of 1.3 T. They have a
thickness of 2.54 cm and an octagonal shape measuring 8 m across. They are
interrupted by about 25800 m? active detector planes in the form of 4.1 cm
wide solid scintillator strips with x and y readout to get the necessary tracking
informations. Muons are identified as tracks transversing at least five steel plates,
with a small number of hits per plane. The total mass of the detector is 5.4 kt.

Several strategies are at hand to discriminate among the various oscillation
scenarios. The proof of v,—v; oscillations will be the measurement of the NC/CC
ratio in the far detector. The oscillated v; will not contribute to the CC reactions
but to the NC reactions. In the case of positive evidence a 10% measurement of
the oscillation parameters can be done by comparing the rate and spectrum of CC
events in the near and far detector. Also the channel v,—vs can be explored again
by looking at the NC/CC ratio, which should be compared to what is expected for
a v final state. Three beam options are discussed which are shown in figure 9.19,
where the low option was recently chosen. With an average neutrino energy of
3 GeV, this implies a pure v, -disappearance search. A 10 kt x yr exposure will
cover the full atmospheric evidence region. The MINOS project is currently under
construction and data-taking should start by 2005.
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Figure 9.19. Three different options for the neutrino beam (NuMI) used by MINOS at
Fermilab. The low-energy version has been chosen. Also shown is the spectrum for perfect
focusing of secondary particles.

9.4.3 CERN-Gran Sasso

Another programme under preparation in Europe is the long-baseline programme
using a neutrino beam (CNGS) from CERN to the Gran Sasso Laboratory [EIs98].
The distance is 732 km. In contrast to K2K and MINOS, the idea here is to search
directly for v; appearance. The beam protons from the SPS at CERN will be
extracted with energies up to 450 GeV hitting a graphite target at a distance of
830 m from the SPS. After a magnetic horn system for focusing the pions, a
decay pipe of 1000 m will follow. The neutrino beam is optimized in such a way
to allow the best possible v;-appearance search.

Two experiments are under consideration for the Gran Sasso Laboratory to
perform an oscillation search. The first one is the ICARUS experiment [Rub96].
This liquid Ar TPC with a modular design offers excellent energy and position
resolution. In addition, very good imaging quality is possible, hence allowing
good particle identification. A prototype of 600 t has been built and is approved
for installation. An update to three or four modules is planned, which would
correspond to about 3 kt. Beside a v, deep inelastic scattering search by looking
for a distortion in the energy spectra, an appearance search can also be done
because of the good electron identification capabilities (figure 9.20). A v,-
appearance search can be obtained by using kinematical criteria as in NOMAD
(see section 8.8.1). For ICARUS, a detailed analysis has been done for the
T — evv channel (figure 9.21) and is under investigation for other decay channels
as well [Rub01].

The second proposal is a v;-appearance search with a 2 kt lead-emulsion
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Figure 9.20. A broad electromagnetic shower as observed with the ICARUS T600 test
module on the surface. This impressively shows the data quality obtainable with LAr
TPCs (with kind permission of the ICARUS collaboration).

sandwich detector (OPERA) [Gul00]. The principle is to use lead as a massive
target for neutrino interactions and thin (50 pwm) emulsion sheets working
conceptually as emulsion cloud chambers (ECC) (figure 9.22). The detector has a
modular design, with a brick as the basic building block, containing 58 emulsion
films. Some 3264 bricks together with electronic trackers form a module. Twenty-
four modules will form a supermodule of about 652 t mass. Three supermodules
interleaved with a muon spectrometer finally form the full detector. In total about
235000 bricks have to be built. The scanning of the emulsions is done by high
speed automatic CCD microscopes. The t, produced by CC reactions in the lead,
decays in the gap region, and the emulsion sheets are used to verify the kink in the
decay, a principle also used in CHORUS. For decays within the lead an impact
parameter analysis can be done to show that the required track does not come
from the primary vertex. In addition to the T — e, u, m decay modes three pion
decays can also be examined. The analysis here uses an event by event basis and
the experiment is, in general, considered background free. In five years of data-
taking, correspoding to 2.25 x 10?° pot a total of 18.3 events are expected for
Am* =3.2x 1073 eV2.

Upgrades towards 600 kt—1 Mt water Cerenkov detectors are considered
(Hyper-K, UNO) as well as a 80 kt LA-TPC (LANNDD) are discussed in context
of the neutrino factory described in chapter 8. These are multipurpose detectors,
which can also be used for atmospheric and supernova neutrino studies and
proton decay. Two more experiments, AQUA-RICH and MONOLITH, can also,
in principle, be used for artificial neutrino beams. However, they are mainly
designed for atmospheric neutrinos.
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Figure 9.21. Expected v; appearance signal in ICARUS using the T — e decay channel.
The number of events are shown as a function of visible energy due to ve CC interactions
intrinisic to the beam (hatched), the additional events due to the oscillation contribution
(hatched line) as well as the sum spectrum (points).

9.4.4 MONOLITH

MONOLITH [Mon00] is a proposed 34 kt magnetized iron tracking calorimeter.
It consists of two modules, each 14.5 m x 15 m x 13 m, made out of 125
horizontal iron plates each 8 cm thick, which are interleaved by active tracking
devices in the form of glass resistive plate chambers (RPCs) The magnetized iron
produces a field of 1.3 T. This allows the muon charge to be measured; therefore,
discriminating between v, and v,. This can be important in studying matter
effects. Measuring the hadronic energy and the momentum of the semi-contained
muons will allow a reasonably good reconstruction of the neutrino energy. The
neutrino angular distribution, which determines the resolution of L, is sufficient
to allow a good L/ E resolution.
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Figure 9.22. The emulsion cloud chamber (ECC) principle which will be used by OPERA.
A t-lepton produced in a charged current interaction can be detected via two mechanisms.
If the T-decay happens after the t has traversed several emulsion sheets, there will be a kink
between the various track segments (upper curve). In a early decay an impact parameter
analysis can be done, because the interesting track is not pointing to the primary vertex
(lower two curves). For simplicity the additional tracks from the primary vertex are not
shown.

9.4.5 Very large water Cerenkov detectors

To gain statistics and rely on well-known techniques there is also the possibility to
build even larger water detectors. Two such proposals are made. One is the UNO
detector using 650 kt of water consisting of three cubic compartments, the second
is Hyper-Kamiokande, a 1 Mt device made out of eight cubes 50 m x 50 m x 50 m?
each.

9.4.6 AQUA-RICH

The basic principle and ideas of AQUA-RICH are summarized in [Ant99]. By
using the RICH technique, particle velocities can be measured by the ring radius
and direction by the ring centre. An improvement over existing Cerenkov
detectors is the measurement of higher ring multiplicities and, therefore, more
complicated events can be investigated. However, the main new idea is to measure
momenta via multiple scattering. Multiple scattering causes a displacement and
an angular change as a particle moves through a medium. The projected angular
distribution 6., of a particle with velocity 8, momentum p and charge Z after
traversing the path L in a medium of absorption length X¢ is Gaussian with the
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with kps = 13.6 MeV as the multiple scattering constant. Momentum resolution
better than 10% for 10 GeV muons could be obtained in simulations, sufficient to
see the oscillation pattern in atmospheric neutrinos. A 1 Mt detector is proposed.

width




Chapter 10

Solar neutrinos

Solar neutrinos are one of the longest standing and most interesting problems in
particle astrophysics. From the astrophysical point of view, solar neutrinos are
the only objects beside the study of solar oscillations (helioseismology) which
allow us a direct view into the solar interior. The study of the fusion processes
going on in the Sun offers a unique perspective. From the particle physics point
of view, the baseline Sun—Earth with an average of 1.496 x 10% km and neutrino
energies of about 1 MeV offers a chance to probe neutrino oscillation parameters
of Am? ~ 10719 V2, which is not possible by terrestrial means. The Sun is a
pure source of v, resulting from fusion chains. During recent decades it has been
established that significantly fewer solar v.s are observed than would be expected
from theoretical modelling. It is extremely important to find out to what extent this
discrepancy points to ‘new physics’ like neutrino oscillations, rather than to an
astrophysical problem such as a lack of knowledge of the structure of the Sun or of
reactions in its interior or a ‘terrestrial’ problem of limited knowledge of capture
cross sections in neutrino detectors. Nowadays the amount of data especially
those from the Sudbury Neutrino Observatory experiment indeed strongly favour
the neutrino oscillation hypothesis, and this is the third piece of evidence for a
non-vanishing neutrino mass. In the following chapter the situation is discussed
in more detail.

10.1 The standard solar model

10.1.1 Energy production processes in the Sun

According to our understanding, the Sun, like all stars, creates its energy via
nuclear fusion [Gam38]. For a general discussion of the structure of stars and
stellar energy generation see, e.g., [Cox68, Cla68, Sti02]. Hydrogen fusion to
helium proceeds according to

4p — “He + 2et + 2v, (10.1)

250
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Figure 