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Abstract

The present status of several aspects of neutrino physics are summarized, including
the weak interactions of neutrinos, neutrino counting, and the theoretical expectations
for and experimental constraints on neutrino mass.

1 Introduction

Neutrinos have long been amongst the most impo—rtant probes of the fundamental interac-
tions. In the last fifteen years, in particular, neutrinos have helped establish the standard
SU; x Uy electroweak model as correct to first approximation, have been important probes
of the structure of the nucleon and of the strong interactions, and have set stringent limits
on new physics beyond the standard model. Furthermore, the question of whether the
neutrino has a nonzero mass is one of the most important issues in both particle physics
and astrophysics: most extensions of the standard model predict a nonzero mass at some
level, Masses in the 10 eV range could account for the dark maiter of the universe, while
masses < 107 %¢V could resolve the Solar neutrino problem.

In this talk 1 will describe several aspects of neutrino physics starting with the weak in-
teractions of neutrinos, It will be seen that both the charged and neutral current processes
are very well described by the standard model. 1 will then turn to the question of neutrine
counting: indirect evidence leaves little doubt as to the existence of the r-neutrino, while
a number of laboratory and cosmological constraints strongly suggest that the number
of neutrinos (with mass << -M-f is less than 0(3-5)). Finally, I will consider the compli-
cated subject neutrino mass; the principle theoretical models and their implications will
be described, and the experimental situation will be briefly summarized.

*To be published in Neutrino Physics, (Springer, Berlin), H. ¥, Klapdor, editor.
{Permanent address: Department of Physics, University of Pennsylvania, Philadelphia, PA 19104.
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Figure 1: Charged current, QED, and neutral current interactions.  The ver.
tex factors are (a) —2%y(1 + 1)V, (b) sl + %), (¢} —ieqiv,., and {d)
"ic—‘:fa_w')'ﬂ [tsL(i)(l + 5} ~ 2sin? ﬂwq,-]. Via is an element of the quark mixing matrix,
g; is the electric charge of fermion i (in units of e}, and t3(i), the eigenvalue of the third
generator of §U,, is +1 for (v,») and —3 for {d,e7).

2 The Weak Interactions of Neutrinos

The Glashow-Weinberg-Salam standard electroweak model [1] is based on the gauge group
SU; x Uy, with gauge couplings g and g’ for the two factors and gauge bosons {W*,1F% B}
It incorporates the Ferrmi theory of the charged current weak interactions |2] and quantum
electrodynamics (QED), and successfully predicted the existence and properties of a new
neutral current interaction (Fig. 1). The charged and neutral current interactions are
mediated by the massive gauge bosons W* and Z, respectively, while QED is mediated -
by the massless photon 4, where

A cos b B + sin 8y W°

= - sin 8wB + cos ﬂw“ro (1)

Il

In (1), 6w = tan"'(g'/g)} is the weak angle. e, the positron electron charge, is related
by
e = gsinfy (2)
The W and Z masses are predicted in terms of sin? 8y, which can be determined indepen-
dently from deep inelastic neutrino scattering. One has

As
My = —e
sinfy (1 — Ar)z
My
Mz =
2 cos By (3)



Table 1: The measured W and Z masses (in GeV), compared with the theoretical ex-
pectations [5} from deep inelastic scattering with and without radiative corrections. (The
radiative corrections include Ar from (3} as well as to the value of sin® &y extracted from

experiment ).
My Mz
UA1l + UAZ 80.9+1.4 91.9+1.8
prediction 80.2+1.1 91.6 £ 0.9
{with radiative corrections)
prediction 75.91+ 1.0 871107

{without radiative corrections)

where A, = (ra/V2GF)V* = 37.281 GeV. Ar is 2 higher order correction, mainly due to
A, W, and Z self-energy diagrams. It is predicted to be 0.0713 £ 0.0013 for top quark and
'Higgs boson masses of 45 GeV and 100 GeV, respectively, while Ar — 0 for m, ~ 245 Gel".
The predictions of (3) are in striking agreement with the data from the UA1 [3] and UA2
[4] groups at CERN, and even provide a rough confirmation of the radiative corrections 3|
{Table 1). The production cross sections, couplings, and angular distributions (= spin)
are also in agreement with expectations.

2.1 The Charged Current

A
The weak charged current interaction is described by the coupling

g i
L= _ﬁ(mwy +JIEwWhH - 4)

between the massive W bosons and the charged fermion current JY,, given {for massless
neutrinos), by

d e
I =aeD Y1 +2W | s [+ (@ mam) 1+ ] w0 |- (3)
b T~

The weak charged current is purely ¥V — A, which means that it involves only the left-chiral
{1+ 7°) projections of the quark and lepton fields [6]. Iu (5),

"’ud Vu: Vuh
V=i Va V, WV (6)
Ve Vi, Va

is the unitary Cabibbo-Kobayashi-Maskawa [7] (CKM) quark mixing matrix, which is due
to the mismatch between the weak interactions and the quark mass matrix. 13; describes
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Figure 2: The effective four-fermion interactions for v,n — e”p and vug — g

the relative amplitude for the transition d; — w;. Experimentally,

cos#, sind, 0
Vi —sind. cosd, 0 | +0(6), (&3]
1] 0 1

where sin #. =~ 0.23 is the sine of the Cabibbo angle. For massless neutrinos there is no
analogue of V in the leptonic current. Since there are no mass terms to define the neutrino
flavours one can simply define 1, as the state produced in weak transitions invelving the
electron, etc. For momenta small compared to My, weak charged current processes can
be described by an effective four-fermion interaction (Fig. 2) —LEf} = Gﬁfﬁ!‘fwu. where
the fermi constant Gr is given (o lowest order} by

V2g*

-5 -2
= ShL, = 1.16637x107°GeV % (8

Gy

The numerical value is determined from muon decay.

The standard model predictions for the weak charged current have been extensively
tested in a variety of processes [8]. In particular, there have been many precise tests in the
purely leptonic sector (which is free from any uncertainties from the strong interactions),
including g and 7 decay and v,e — u”v, scattering. In a recent model-independent analysis
of muon decay and inverse decay data, Fetscher, Gerber, and Johnson[9] have considered
the most general local derivative-free four-fermion interaction for muon decay, assuming
only Lorentz invariance, separately conserved electron and muon leptor: numbers [10], and
massless neutrinos. They found that the data uniquely require ¥V — A couplings for the
leptonic interactions (Fig. 3 and Table 2). The other invariants, involving ¥V + A as well
as scalar, pseudoscalar, and tensor operators are all required to be small, with stringen:
limits on the coefficients of all operators except the scalar interaction involving left-chiral
¢ and p.
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Figure 3: Values of scalar, vector, and tenser interactions in muon decay, as determined
by Fetscher et al [9]. The subscripts refer to the chiralities of the e and g, respectively.
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Table 2: Limits on the branching ratios @7, for muon decay via scalar (y = 5], vector
{+ = V), and tensor (¥ = T} interactions, from Fetscher et al.[9] ¢ and p are the chiralities
of the e and g, respectively. The Q7 are related to the couplingsin Fig. 3by @7, = Mgl
where As = §, Ay =1, and Ay = 3.

Quantity Limit (90% c.l)
Q%n + Qn <0002
Qir+QLa+Qlp <0.008
Qhp + Qrr + QR < 0.04
Qi+ QL > 0.95
Qi <021

YL > 0.79

2]

———m = N =

— —

One way of seeing to what extent pure 17 — A is required is provided by a series of
measurements of polarized p* decay asymmetries at TRIUMF [11]. They find that the
mass of Wg, a hypothetical gauge boson coupling to right-chiral (V + A) current {12} in g
decay, must exceed 400 GeV, in conirast to the ordinary W {coupling to V — A) mass of
80.9 + 1.4 GeV. The same resulis can be used [# {o infer that 1 — |h,, | < 0.0032, where
h,, is the helicity of v, produced in m,; decays. This is in striking agreement with the
V — A prediction [13] of h,, = —1.

Similarly, Lff’} has been extensively tested in a variety of semi-leptonic decay processes,
such as 3, hyperon, m, K, ¢, and b decays. The results are in impressive agreement with
the predictions of the standard model. In particular, the ¥V — A nature of the charged
current interaction and the relative strength of the various weak processes, as predicted in
(5), are quantitatively confirmed. For example, from p, 8, K, hyperon, and b decays one
can extract the CKM matrix elements |V.4l, |Vi.|, and [Vas|. One finds [14]

VL] + IVE}+ |VA] = 0.9979 £ 0.0021, {9)

in remarkable agreement with the expectation of unity from universality {15] (i.e. from the
unitarity of V).

The leptonic and semi-leptonic data combined leave little room for any deviation from
the standard model in charged current processes. In particular, we can be certain that
neutrinos are produced by (almost) canonical ¥V — A interactions in weak decays.

The semi-leptonic charged current interaction has also been extensively tested [16] in
neutrino scattering processes such as quasi-elastic v,n — e p and deep inelastic v, N —
4~ X. These processes are more useful as probes of the hadron than of the neutrino. They
have been very useful in testing the QCD-imnproved proton model and in measuring the
relative amount of u and d quarks, antiquarks, and strange quarks in the proton, as well
as in determining the CKM elements V4 and V,,. Lfﬁ. has also been qualitatively tested
in [AS| = 1 nonleptonic decays and AS = 0 parity violating interference effects, but in
these cases hadronic uncertainties obscure the interpretation of the experiments. Higher
order weak effects have been semi-quantitatively tested in the K, — K mass difference,
the CP-violating parameters ¢ and ¢ observed in K decays [17,18], and, recently, in the
BY — BY oscillations observed by the ARGUS collaboration {19] at DESY.

2.2 The Neutral Current

The weak neutral current interaction is
g
=~ JEZ 10
Zeosby 0 F (10)

where

Iy Lay*(1 4+ v e — by (1 + °)d
P+ 7 = e (L4 e
— 2sin® e Jhay (11)

(+ heavy fermion terms), and

- 2 1-
Tewm = EQ-' Py = Eﬁ'r"u - gd'y‘"d —EMe e (12}
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-Figure 4: Experimental values of the W and Z masses and the neutral current couplings.

relative to the standard model predictions for the global best fit value sin?fy = 0.230
{the value of gr should be regarded as the major determinant of sin’ #y rather than a
prediction} Criyt = u,d are the coefficients in —Lg” of the parity- violating eq interaction
:fejru‘y €q;7"qi. The other quantities are defined in the text. The error bars on gf are
large only because the predicted value (-0.045) is so small.

is: the {pureiy vector) electromagnetic current. Z couples to both left and right-chiral
fermions, but with different strength. For low momenta compared to Mz, (10) implies the
effective four-fermion interaction

o -
- LN = V;JZJZ,,, 113

The neutral current interaction has been observed and quantitatively tested in a wide

. . . . L= . .
variety of weak processes, including deep inelastic v ,N scattering from isoscalar and

proton targets, elastic {;),,p scattering, coherent v N — vw"N scattering. elastic T .,c =
e, ;) scattering, and ete™ — hadrons. In addition, weak-electromagnetic interference has
been studied in polarized ¢} and pC scattering, atomic parity violation. and forward-
backward asymmetries in ete” — ete”, ptuT, v, ¢, and bb. All processes are in
excellent agreement with the standard model predictions, as can be seenin Fig. 4 and Table
3. Combined with the W and Z masses the standard model is quantitatively confirmed
over an enormous momentumn range, 107° GeV? < |G < 10* GeV?. It is almost certainly
correct to first approximation.

Let us now examine the neutral current interactions of neutrinos in more detail. It is

convenient to write the terms in — LT relevant ta v-hadren processes in a form thas is

Table 3: Values of the model independent neutral current parameters, compared with
the standard model prediction for sin’#y = 0.230. Correlations are not given for the
neutrino-hadron couplings because of the non-Gaussian x? distributions. However. the
neutrino-hadron constraints are accurately represented by the ranges of the variable gf
and 8;, i = L, R, which are very weakly correlated.

Quantity Experimental Standard Model Correlation

Value Prediction
e(u)  0.339 +.017 ' 0.345
er{d) —0.429 4 014 —0.427
en(e) 01724 014 —0.152
er(d) ~0.01140% 0.076
g 0.2996 1 0.0044 0.301
g% 0,0298 + 0.0038 0.029
8 247 £ 0.04 2.46
8 ©4.6570% 5.18
g5  —0.498 1 027 ~0.503 -0.08
gp  —0.044 + 036 —0.045
€y, —0.249+0.071 -0.191 -0.98 -0.88
Ci¢  0.381 £ 0.064 0.340 0.88
Cay — 10w 0.19 £+ 0.37 —0.039




valid in an arbiteary gauge theory (assuming massless left-handed neutrinos}. One has
Luu _ Gr_ “(1 s = 5 = 5
- BT = s (UlelDdml 7N 4 erli @l - athedp, (04)

where in the standard model [20]

(3]

en) = % - Esin"e thy

er(d) = —% + %sin2 Ow

eplu) = - §Si1:12 Ow

eaf{d) = +%sin2 Bw {15)

{t is also convenient to define the variables

0l = e(w) +e(d) > 1 ~sintly + gsin' O
= en(v) +ex(d) ~ gsin* b, (16)
and
8; = tan~Y(e;(u)/e(d)}, i = L or R (1)

At present the most precise determinations of sin® @y are from deep inelastic neutrino
scattering from (approximately) isoscalar targets. The ratio R, = o8F /0SS of neutral to
charged current cross sections has been measured to 1% accuracy by the CDHS [21} and
CHARM (22} collaborations, so it is important to obtain theoretical expressions for R, and
R; = oli¢ /oS5 (as functions of sin’ fw) to comparable accuracy. Fortunately, most of the
uncertainties concerning the strong interactions {as well as neutrino spectra) cancel in the
ratio. For neutral current parameters in the vicinity of the standard model ~ 90% of R,
can be predicted from isospin alone [23]. The remaining 10% (from such effects as quark
mixing and the s sea) is strongly constrained by independent measurenents involving deep
inelastic e, u, and charged-current v scattering, including dimuon production, and can be
estimated to the necessary {10%) accuracy.

A simple zeroth order approximation (ignoring quark mixing, the s and c sea, and
certain tiny higher twist effects) is

R, = gf,Jrg;?‘
yz
R, = gl+ TR' {18}

where r = 055 /0S5 is the ratio of & and » charged current cross sections, which can
be measured directly. (In the simple parton model, ignoring hadron energy cuts. r >
(% +e}/{1 + %e), where € ~ 0.125 is the ratio of the fraction of the nucleon’s s momentum
carried by antiquarks to that carried by quarks. ie. € = (U + D)/(U + D), where
U = [} zu(x)dz is the first moment of the u quark distribution.) In practice, (18) must
be corrected for quark mixing, the s and ¢ seas, ¢ quark threshold effects (which mainly
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Figure 5: Allowed regions at YU% c.l. tor the |weak) moael 1naependent vg parameters

&(n) and ¢(d), 1 = L or R and the predictions of the standard model as a function of
sin? By .

affect 0CC - these turn out to be the largest theoretical uncertainty), non-isoscalar target
effects, W — Z propagator differences, and radiative corrections {which lower the extracted
value of sin® fw by ~ 0.009.). Details of the neutrino spectra, experimental cuts. z and @Q?
dependence of structure functions, and longitudinal structure functions enter only at the
level of these corrections and therefore lead to very small uncertainties. Altogether, the
theoretical uncertainty is Asin® 8y ~ +0.005, which would be very hard to improve in the
future.

There are also a number of measurements [24] of deep inelastic (t;},, scattering from
non-isoscalar targets, which are useful for determining the isospin structure of the neutral
current interaction. {25] The most recent result {from BEBC [26]} determines the ratio of
neutral to charged current cross sections to around 7% accuracy for both v, and 7,.

The differential cross sections for elastic [;)‘,;p — (;}MP scattering have been precisely
measured in the BNL E734 experiment [27]. Four groups {24] have measured the cross
section for coherent v N —+ 71° N, for which the hadronic matrix elements can be estimated
fairly reliably (28] using PCAC.

From these results [26] the neutrino-hadron couplings can be determined uniquely and
(for the left-handed couplings) precisely. The extracted couplings, shown in Fig. 5 and
Table 3, are in impressive agreement with the standard model predictions.

10



Similarly. for an arbitrary gauge theory with massless left-handed neutrinos. the four-

L . -1 Lo
ferwion interaction for ¥ ¢ scattering is

ve _ GF 5 (ot gt
- L= E a4 I el + gl e (19)

(for (:;], ¢ the charged current contribution must be included). In the standard model

gy = —142sin?ly

1
2
93 — {20}

up to radiative corrections.

: . -} (-} . o
The laboratory cross section for v ,e —+ v ¢ elastic scattering is

doy,c, Gim.E,

3 3 € e 3 & yme
dy o [(Qv ign)z + gy ?94)2(1 - y)z - (9\2 e 932)4“‘} . (21)

E

where the upper (lower} sign refers to »,(%,), y = T,/ £, {which runs from 0 to {1 + 5’%‘: -4

is the ratio of the kinetic energy of the recoil electron to the incident {;) energy. and
Gim, /25 = 4.31 x 107** em?/GeV. For E, > m, this yields a total cross section

Gim E, [, , 1
o = TR [gh kg + 6% T 03]
N G?_-m,E,{1—4sin“’9w+%sin"9w, u.e (27
A ~ 22

4.2 is 4
3~ 3%in G + 2 sin Gw, T.e

Y
=T 3

.
The most accurate leptonic measurements [30,31} of sin? @y are from the ratio R =
oyl 0o,e, in which many of the systematic uncertainties cancel. Radiative corrections,
which are small compared to the precision of present experiments, increase the extracted
sin 8y by ~ 0.002.

The e cross section was measured a decade ago at the Savannah River reacior 37,
while 1. — i,& has been measured recently at Los Alamos {33}. These are not nearly so

. (-} . . .
precise as the ¥, e measurements, but are interesting because they involve both neutral

and charged current contributions. (The cross sections for {;]Er may be obtained from (21)
by replacing gi. 4 by v s = gi-; + 1, where the 1 is due to the charged current.]

In fact, the Los Alamos result strongly supports destructive interference (g% < 0)
between the two amplitudes and rules out constructive interference (g5 > 0).

The results of the various reactions [5] for the ve couplings are shown in Fig. 6. The
7,c data alone allow four solutions (which differ by ¢f «~ —g¢7 and g, « g5). The reactor
7.¢ results eliminate C, while the Los Alamos v ¢ experiment eliminates solutions € and D.
The remaimng two solutions {axial dominant {A) and vector dominant (B}) are consistent
with all e data. However, solution {B) is eliminated by the e*e” — p*u~ forward-
backward asymmetry under the (now very reasonable) assumption that the neutral current
is dominated by the exchange of a single Z, The remaining solution {A} is in excellent
agreement with the standard model prediction, as can be seen in Table 3.

11

41T

Figure 6: Allowed regions {$0% c.l.) for the ve parameters g§ and g5, for e (solid lines),
reactor P.e (dot-dash), and v.e (dash).

The v - hadron and ve interactions are therefore uniquely determined and are consistent
with the standard model within uncertainties. Similar statements hold for the e-hadron
and e*e” couplings [5]. Having established the standard model couplings as correct to
first approximation, the neutral current and boson mass results can be used to test the
standard model more stringently and to set limits on possible new physics.

The values of sin’ fwand, equivalently, Mz (using (3)) determined from various pro-
cesses are shown in Table 4 and Fig. 7. They are in impressive agreement with each other,
reconfirming the quantitative success of the standard model. The best fit to all data yields
{34] sin® 8w = 0.230 L 0.0048 and My = 92.0 + 0.7 GeV, where the errors include full
statistical, systematic, and theoretical uncertainties.

As can be seen in Fig. 7 consistency of the various sin’ f values (especially those
obtained from deep inelastic v and the W, Z masses) depends sensitively on the top
quark mass, which enters the radiative corrections. In fact, one can use these results to set
an upper limit [5] m, < 200 GeV (90% c.l.), with similar limits applying to the splitting
between the masses of possible fourth generation fermions. Similarly, the deep inelastic
neutrino data can be combined with the W and Z masses to determine Ar in (3). One
finds [5] Ar = 0.07710.037, in exceilent agreement with the value 0.0713+0.0013 predicted
for m, = 45 GeV and My = 100 GeV, and providing a rough test of the theory at the
ievel of radiative corrections (see also Table 1).

The best fit value of sin® §yy = 1~ %:% corresponds to the modified minimal subtraction
value {35] ’

sin® fw (Mw) = 0,228 £ 0.0044 (23)

This is targer by =~ 2.5 ¢ than the prediction 0.214700: of minimal SU; (for A% =
150713 MeV) and other “great desert” models. Similar conclusions hold for all values
of m, and My, as can be seen in Fig. 8. Of course, the simplest grand unified theories

12



Table 4: Determination of sin’ #y and Mz (in GeV) from various reactions. The central
values of all fits assume m; = 45 GeV and Mg = 100 GeV in the radiative corrections.
Where two errors are shown the first is experimental and the second {in square brackets)
is theoretical, computed assuming 3 fermion families, m; < 100 GeV, and My < 1 Tel'.

(.;
o
Q\“

fff

°° “//r

In the other cases the theoretical and experimental uncertainties are combined.

Reaction

sin® O

Mz

Deep inelastic {isoscalar}

0.233 + .003 4 [.005]

91.6 £ 0.4+ [0.8]

v p— v D 8.210 1+ .033 95.0 + 5.2

2 i e 0.223 + 018 % [-002] 93.0 2.7

W,z 0.228 + .007 + [.002] 92.3 £ 1.1

Atomic pasity violation 0.209 + .018 + [.014] 95.1 £3.9
 SLAC D 0.221 + .015 % (.013] 933 £2.7

uC 0.25+ .08 89.6 £ 9.7

All data 0.230 4 0.0048 92.0 £0.7
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Figure 7: (a) sin? #y for various reactions as a function of the typical Q7. deternined
for m, = 45 GeV. The best fit line sin® fiy = 0.230 is also shown. (b-d) sin® éy values
deternuned for e, = 100, 200, and 400 GeV.
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Figure 8: Allowed regions (90% c.l.) in sin® éw{}-{w Jand m, for fixed values of My. Also
shown are the predictions of ordinary and supersymmetric GUTs. assuming no new thresh-
olds between My or Mgysy and the unification scale.

(GUTs) have been excluded for some time by the nonobservation of proton decay (36 . but
the additional evidence is welcome, especially since variations on the simplest GUTs can
yield much longer lifetimes.

The fact that the sin® fie-( My Jvalue in {23) is close to but not identical with the $I%
prediction can be taken as a hint that the basic ideas of GUTs may be roughly correct.
but that there is additional structure in the desert. For example, (23) is closer 1o (but
still somewhat below) the prediction of the simplest supersymmetric GUTs. (Typically
0.23740.9%% for Mspsy ~ My, decreasing by ~ 0.003 for Mspsy ~ 10 TeV). The agreement
is better for larger m, {Fig. 8). Similarly, $O0 modeis [36] with three stages of symme:ry
breaking can be compatible with {23).

The neutral current data can be used to place rather stringent constraints on certain
deviations from the standard model, such as the existence of Higgs triplets with significant
vacuum expectation values [5], or the mixing between ordinary and exotic fermions 10"
The ete™ — bb forward-backward asymmetry {37] excludes all topless models not involving
exofic quarks. Many extensions of the standard model predict the existence of additional
Z bosons (5], which could conceivably be light enough to be experimentally relevant. Scme
limits on the masses M; and mixing angle  between the new and ordinary Z are shown for
a class of Eg models in Fig. 9. These neutral current limits are somewhat wore stringent
[38] than limits from direct searches pp—2Z; + X, Z;—{*!" at the SppS except for a
small region in # near the Z,. Nevertheless, the Hmits (typically 120 — 300 GeV) are still
relatively weak. In constrast, there is a non-nigorous but plausible lower limit 39" from
the Ky — Kg mass difference of several TeV on the mass of the new charged bosons in
many SUzpx SUppx U] models, This situation will presumably change in the near future:
for example, the FNAL pp collider should be sensitive to bosons up to around 400 G 17

Table 5: Limits on the number N, of neutrino flavors and the mass ranges to which theyv

apply. The laboratory limits are at 90% c.l.

N, mass range source reference
N, z2 - direct
N, >3 - T properties
N, <4 m, < 1 MeV nucleosynthesis (40t
N, <8 m, < O{Mel7)  SNI9BTA energetics (41}

. 7.5 (ASP)  Ols Gt et d o
A 4.9 (combined) M (5 Ge¥l)  ete” Anuw 2]

5, my < 40 GeV .

I S L < O(40 GeV) R 43}

Nz 3, m, > 50 GeV " ( V) R 3

and the SS5C would be sensitive up to several TeV.

3 Neutrino Counting

Constraints on the number of neutrino Havors are listed in Table 5.

There is direct laboratory proof for the existence of only two neutrinos. v, and w,.
However, indirect evidence leaves little doubt as to the separate existence of the w.. If
there were no v, then. up to mixing effects, the 7 would have to be a singlet under 5L,
transformations. Including mixing, the two left-handed lepton doublets and one charged

1y 149 ) . - o
( ["115: )L( ".’.'C: )LL&‘EIL (--U

where {€1,€2.¢3)p = (e, ¢, 7). and U is a unitary matrix. However. cne knows that the u
and e weak interactions are canonical - there is little room for mixing with an 57 singler.

singlet would be

From g, 4, K. and hyperon decays and the W mass one can show 10
[Uy3], Va3l < 0.05 (251

{this is confirmed by the abseuce of 77 — g7 p u* decays). Ou the other hand, the -
hfetime [44] 7. = (3.07 £ 0.09) x 10~'? sec. which agrees at least roughly with the value
(2.87 £ 0.06) x 10" "3sec expected if v. exists, implies

Ly ~ [Uaa)? = 0,94 £0.04, (26)

in clear conflict with (25). An independent argument is that 47, the axial vector coupling
of 7 in the weak neutral current. is determined from the ¢ ¢~ {forward-backward asynunetrs
to be A7 = ~0.46 £ 0.05. This is in agreement with the value —% expected if the 7, is
in an §U; doublet with its own partner (11, ), and disagrees with the value (zero) expected
if 7, and 7 are in SU7 singlets. 45} Hence. the v, almost certainly exists, but it would
nevertheless be desirable to observe it directly.

There are several upper Hmits on the number of neutrinos with normal weak interac-
tions. An upper limit of ¥, 7~ 4 neutrino flavors with inasses = 1 Mel” 1s deternined by
nucleosynthesis {40} {the abundance primordial *He). Extra neutrino flavers 48] would
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Figure 9: Lower limits on M, and allowed # range (both at 90% c.l} for an E; bo-
son Z(B) = cosf Z, + sind Zs, where Z, and Z, refer to the breaking patterns
§0y0 — S5U; x Uy, and Eg — 50y % Uyy, respectively, and Z, = —Z(= —tan”' 9
occurs in many superstring models. Constrained and unconstrained refer to whether or
not it is assumed that SU, breaking is due to Higgs doublets only.
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Figure 10: The value of R (27) as a function of N, and m,, and the experimental results
formn UAL and UA2,

cause the universe to expand faster, causing the pn ++ ¢”p reactions to freeze out earlier
{when there are more neutrons), leading to too much ‘He.

Limits can also be set from the cross section for efe~ — v (with only the photon
observed), which effectively sums the number of neutrinos. The ASP experiment at PEP
obtained (42] N, < 7.5. Combined with cross section limits from MAC and CELLO this
implies N, < 4.9 {90% ¢.l.} sensitive to masses less than several GeV. Finally, the Z width
increases by 170 MeV for each new neutrino with mass < 40 GeV. Indirect limits on 'z
already exist from the ratio

TppwBw—n  Tpsw Twon Tz (

R= =

-z 27)
OspzBzapsi- Oz Pz—s-Tw

Using the measured R and theoretical valnes for the cross section ratio and leptonic widths
one determines U'z/Tw, which is sensitive to both N, and the ¢ quark mass, Recent
estimates [43] typically yield N, < 5 for m; £ 40 GeV and N, <3 for m, > 50 GeV,
(the larger m, range is favored by B — B oscillations {19] and the non-observation [47]
of the ¢ by UA1), and incidentally suggest the upper limit m, < 65 GeV. These limits
are suggestive but should be viewed with caution. As can be seen in Fig. 10 the bounds
essentially disappear if one increases the uncertainty in either R itself or the cross section
ratio.

Future direct measurements of 'z at SLC and LEP should ultimately yield a precision
of ATz = 35 MeV, which is equivalent to an uncertainty [48] of AN, ~ 0.2. Tt should
be possible to obtain an independent measurement of 'z ,p accurate to = 50 MeV by
measuring ete” —yZ —yv above the Z pole.
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4 Neutrino Mass

In the minimal SU; x U; model the neutrinos are predicied to be massless. However,
extensions of the standard model involving new SUp-singlet neutral fermions (the right-
handed neutrino partners needed for Dirac mass terms) or new Higgs representations (to
generate Majorana masses} allow non-zero masses. [49] In fact, most extensions of the
standard model (e.g. most grand unified theories other than SUs) involve one or both of
these mechanisms. Furthermore, non-zero masses could have important implications for
the missing Solar neutrinos and/or the missing (dark) matter of the universe.

4.1 Weyl, Majorana, and Dirac Neutrinos.

For the weak interactions it is convenient to deal with Weyl two-component spinors ¢ or
¥r, each of which represents two physical degrees of freedom. The field % can anuihilate
a lefi-handed (L} particle or create a right-handed (R) antiparticle, while u':}' annihilates
a L-particle or creates an R-antiparticle. For a 45 field the roles of L and R are reversed.
An ordinary four-component Dirac field ¢ can be written as the sum % = ¥, + yig of two
‘Weyl fields, where 1 and g are just the chiral projections

¥r.r = P g, (28}

with Prp = {11 7)/2.
Alternatively, one can consider Wey! fermions that do not have distinct partners of the
opposite chirality. We will see below that such spinors correspond to particles that are
either massless or carry no conserved quantum numbers.
" In the.free field limit a Weyl field v, can be written as

bu(x) = 3 [bel@us(Ble ™= + dp(poa(F)et ] (29)

F -

where Y ; represents [ d*5/\/(2x)22E. In{29), by and dg are annihilation operators for
L particles and R-antiparticles, respectively, and u; and vg are the corresponding (4-
component) spinors satisfying Prur = vz, Prug = va, Priy = Prup = 0. For a ¢y spinor
one simply interchanges L and R. Equation (28) differs from an ordinary {Dirac) free field
in that there is no sum over spin.

It is apparent from (29) that each left-handed (right-handed) particle is necessarily
associated with a right-handed (left-handed}) antiparticle. The right-handed antiparticle
{50] field % is not independent of v, but is closely related to ). One has

o5 = CPL, {30)

where € is the charge conjugation matrix, defined by Cv,C' = —73. Simitarly, for a
R-Weyl spinor, ¥} = C@E In the special case that 4y is the chiral projection Prv of a
Dirac field 4, +§ is just the R-projection Pry* of the antiparticle field ¥° = C47.

If g and ¢} both exist, they have the opposite values for all additive quanfuiz num-
bers. Since the quarks and charged leptons carry conserved quantum numbers (e.g. color
and electric charge), they must be Dirac fields - i.e. g and ¥§ must be distinct. The
only quantum number associated with the neutrinos is lepton number, however, and it is
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conceivable that that is violated in nature. As we will see, that will allow for two very
different possibilities for neutrino mass,

The known neutrinos of the first family are the left-handed electron neutrino v, and
its CP partner, the right-handed “antineutrino™ fy = €Y. These are associated with
the ef and e}, respectively, in ordinary charged current weak interactions.

Mass terms always take left- and right-handed fields into each other. If one introduces
a new fleld Np (distinct from ) and its CP conjugate N§f = CNJT into the theory, then
ane can write a Dirac (lepton number conserving) mass term

= Lpirac = mpbNp + hoc., (31}

which connects Ng and v, In this case vy, Ng, N and v§ form a four component Dirac
particle - i.e. one can define v = vy + Ny, v° = N§ + v§ = C57, so that

— Lpirac = mpBu. (32)

Clearly lepton number is conserved in this case, because there is no transition between v
and +°. In the free field limit the Dirac neutrino field v has the canonical expression

voirae(z) = 3 Y. [bslBustFle ™" + dy(plus(@let™ ], (33)

p S=L.R

Usually, the Ng is an SU; x U, singlet, with my generated by an ordirary Higgs doublet,
and L = L.+ L, + L. is conserved in the three family generalization. This possibility is
most similar to the way in which masses are generated for the other fermions (e, u. 4.
etc.) in the standard model, but it is difficult to understand why m,, is so small in this
case.

Another possibility [51] is that Npg is a known doublet neutrino, such as #¢;. This is
a variation on the Konopinski-Mahmoud model. [52] Then vz, 175, v and ¥z can be
combined to form a Dirac neutrino with L, — L, conserved.

For the generalization of (31) to F fermion families one has

— Lpirac = ﬁDLmD.l‘Vg + k.., {34)

where mp is an arbitrary [33] F x F mass matrix, and n} and N} are F-compenent vectors:
thus nf = (nd; n3;...n}, )7, where n¥ are the “weak eigenstate” neutrinos - i.e. n% is
associated with ¢;; in weak transitions. The weak eigenstate neutrinos are related to the
neutrinos n;r, N;p of definite mass by unitary transformations

ng = ‘VLTRL
Np = VipNe 135)

Vi and Vg are F x F unitary matrices, determined by
Vi6impVie = my = diag(m, my---mp) {36)

where my is the diagonal matrix of physical neutrino masses. ¥V, and Vg can be determined

by
V‘L'mgm}JVL = VAmLmDVR =m} 137)
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{mpmh, and mhmp are Hermitian). In general 17, and Vg are unrelated. If there are
no degeneracies then Vp and Vg are determiined uniquely by {(37) up to diagonal phase
matrices; i.e. if Vi g salisfy (37) then so do Vp pKr g, where Ky g are diagonal phase
matrices associated with the unobservable phases of the n;y and N;p fields. Usually one
chooses K to put Vi tato a simple conventional form. Then Ky is determined by the
requirement that my, be real.

V, modifies the leptonic weak charged current in (3) to [54)

e
TG = (P o o) ViU ) | (38)

T

so that VL is just the analogue of the CKM quark mixing matrix. It describes the relative
strengths [55] of the weak transition between the various charged leptons and neutrinos of
definite mass.

In a Majorana (lepton number violating) mass term one avoids the need for a new
fermion field by coupling the v, to its CP conjugate vg:

—Ly = %Tﬂl’-_’LVE + h.c.
= mpLOB] + hee. (39)

Las can be thought of as creating or annihilating two neutrinos, and violates lepton number
by AL = £2. v and v} can be combined to form a two component Majorana neutrino

v = vp + Vg, so that —Ly = -muv From {30} we see that v = €57, i.e. a Majorana
neutrine is its own antipa.rticie. In the free field limit v is just
Wz} =3 T [s(Prustie ™ + byos(Re ], (40)
7 S=L.R

i.e. it has the same form as for a free Dirac field {<f (33)) except that there is no distinction
between b and ¢ annihilation operators.

The Majorana mass m in (39} can be generated by the vacaum expectation value
{VEV) of a new Higgs triplet [56] or as a higher order effective operator. Majorana masses
are popular amongst theorists because they are so different from quark and lepton masses,
and there is therefore the possibility of explaining why m,, is so small (if it is non.zero).

For F fermion families, the Majorana mass term is

— Ly = i} M + h.c. (41)

where M is an F x # Majorana mass matrix and n} and n} are F' component vectors: i.e.
ne = {nd...n% )7, nf = (0l ... 7¥Fa )¥, where n? and nlj; are weak eigenstate neutrinos
and “antineutrinos”, related by )

nf = Ccall (42)

From (42} one can prove the identity

=@ _0c _ -0 Oe )
g = Ry Mg, {13)
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from which it follows that the Majorana mass matrix M must be symmetric: M = MT,
Proceeding in analogy to the Dirac case, one can relate the nf, and nj}; to mass eigenstate
neutrino fields by

n?‘ = Uwng

Upng, (44)

ny
where Uy, and Ug are F' x F unitary matrices chosen so that
UlMUp = My = diag(m, m; ...mp), {45)

where M; is a diagonal matrix of Majorana mass eigenvalues. Unlike the Dirac case (for
which mp was an arbitrary matrix and Vg and Vg unrelated), the symmetry of M implies
a relation between Up and Ug, viz

Uy = URK?', (46)

where K is unitary and symmetric. That is, just as in the Dirac case, Ug is determined
from

UtMMUL, = M {47)

to be of the form Uy = ULK[, where K1 is a matrix of phases that can be chosen for
convenience. Ug is then determined from {46), where K is chosen so that M, is real and
positive. If there are no degeneracies then X is just a matrix of phases. [57) One can
always pick Kz such that K =T, but it is not always convenient to do so.

In terms of the mass eigenstates, (41) reduces to

3 bt
[~

—Ly = m.-ﬁ,.-;,nfR + h.c.
=1
F
= 1% miun,, (48)
i=1
where n; = n; + niy is the i** Majorana mass cigenstate. [58] Written in terms of the

niL, the weak charged current assumes a form analogous to (38), with Ur., veplacing V;} to
describe the leptonic mixing. {59

There are several physical distinctions between Dirac and Majorana neutrinos. If the v,
is Majorana, for example, one could have the sequence x+ — etu, followed by vep — etn.
The combined process violates lepton number by twe units and is allowed for Majorana
but not Dirac neutrinos. Similarly, 2 hypothetical heavy neutrino N would undergo the
decays N — etq1§; and N — e~ fiq; wilh equal rates if it is Majorana, while for a Dirac
particle one would have N — €™ qiqe, N° — e*q,§; only [60]. There are differences due
to Fermi statistics in the production of vv {Majorana) or v2° (Dirac) pairs near threshold
[61], and finally Majorane neutrinos cannot have electromagnetic form factors, such as
magnetic moments [62].

It is important to keep in mind, however, that these distinctions must all disappear
in the limit that the neutrino mass can be neglecied. For m, — 0 the vy component
of a Dirac neutrino decouples, and both Majorana and Dirac neutrinos reduce to Weyl
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two-component neutrinos - there is no difference between them. [63] In particular, lepton
number conservation is reestablished smoothly as m, — 0 for a Majorana neutrino, because
in that limit helicity - which is conserved up to corrections of order m, / E, - plays the role
of an approximate lepton number. For example, the v, producedin 7t — et has b, = —1
up to corrections of order (m,/E,)* ( in rate), while the reaction 1,p — etn has a cross
section that is suppressed by (m,/E,)* for the wrong {negative) helicity.

In many models Dirac and Majorana mass terms are both present. For one doublet
peutrino ) (with /% = C5}T) and one new singlet N§ {with N = CNET), for example,
one could have the general mass term

_L=;(pg ﬁr)(m‘ ’“")(;’é)m.c., (49)

mB ms
where mp = m}, is a Dirac mass generated by a Higgs doublet (analogous to (31)), m, is 2
Majorana mass for v generated by a Higgs triplet or effective interaction {cf. (38}), and
mg is a Majorana mass for N3, generated by a Higgs singlet or bare mass. Similarly, for
F families (49) still holds provided one interprets vf , N , & , and N} as F component
vectors, and m,, mp, and mg as F x F matrices (with m, = mJ, ms = mI). Then, (49)
becomes simply

-L= :—,ﬁ.oLMn‘,’; + h.c., {50)
where n} = (v?, N¥)T and n¥ = (v, N3)T are 2F component vectors and
_ my mp
e o

is a symmietric 2F x 2F Majorana mass matrix. Equation (50) can be diagonalized in
exact analogy with (41-48), yielding finally

R i
—-L= z—, Zm;ﬁ;[,nf_;z + h.c. {52}

i=1

ie. there are in general 2F Majorana neutrinos, related to n}, n¥ by unitary transfor-
mations similar to (44). Unlike the pure Majorana case, however, there is now mixing
between particles with different weak interaction properties (e.g. nyp = (U},),-,-n_?L is & mix-
ture of SU; doublets and singlets), which can have important consequences for neutrino
oscillations {64] and decays.

It is instructive to see how the Dirac case {in, = ms = 0) emerges as a limiting case of
(49}. For a single family one has

M=T"—D(;} (1)) (53)

Since M is Hermitian (for mp real) one can diagonalize it by a unitary transformation Uy.
One finds

10
ULMUL = mp ( o 1 ) (54)
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. 1 [\] . .
with Uy = 7‘; ( . ) ; i.e. the mass eigenstates are

L s 0
n = —f{v, + N[°
1L \/i( L L )
1 oo o
nay = —=(v; — N;°
2L \/E( L L )
, 1
Win = (el + M)
1 .
mr = R - Na). (53)
The negative mass eigenvalue in {54) can be removed by redefining {65} the right-handed
fields n1r = n1g, n2r = —njp. This is nothing more than taking
UiMUR:m,;:mD(; ?), (56)

where Ug is given by (46) with K = ( 1 ) . Finally, the two Majorana states n; =

0 -1
ny + njp and ny = nyr + nig are degenerate. We can therefore reexpress L in the new
basis

1

v = —=(ng +ny) =)+ NS
\/i( 1 2) L R
1

Vo= (- n) = NE oy ST
\,fz( 1 2) L R l ]

yielding
-L = %mp{ﬁ,mniﬂ-i-ﬁz;,n;ﬂ)-i—h.c.

= mpip N} + h.c.

= mpir. (38)

This is just a standard Dirac mass term, with a conserved lepton number (i.e. no transition
between ¢ and v°). A Dirac neutrino is therefore nothing but a pair of degenerate two-
component Majorana neutrinos {n; and n,), combined to form a 4-component neutrino
with a conserved lepton number.

Similarly, the Dirac limit for F' families (m = ms = 0 in (51}), can be obtained by

choosing
1 Vi Ve .
R ( Vi Vi ) o
. I ¢ . . . .
and i = o ) where V; and Vg are the F x F unitary matrices that diagonalize
mp (in (36). One then obtains

0 m ™, 0
§ D _ d
UL(mE 0 )UR—( 0 md)’ (60)



so that one obtains F pairs of degenerate Majorana neutrinos, which can be combined into
F Dirac neutrinos.

One sometimes refers to a pseudo-Dirac neutrino, which is just a Dirac neutrino to
which is added as small lepton number-violating perturbation. For example, for F = 1
one coutd modify the Dirac mass in (53) to

€ mp
M=
( N ) . (61)
with € << mp. One then finds two Majorana mass eigenstates ny, with
€

nyL = napt U

€
AL = T + "Ly {62)

(ny1, and Ny, arve defined in (55)), with masses mp + 5.
Other important special cases of (51) are considered below.

4.2 Models of Neutrino Mass

There are many models for neutrino mass 49}, all of which have good and bad features.
The major classes of models are listed in Table 6, along with the most natural scales for the
neutrino masses and for {m, }, an effective mass relevant to neutrinoless double g decay.

Dirac neutrinos are exactly like other fermions. They involve a conserved total lepton
number (though the individual L., L,, and L, lepton aumbers are viclated by mixing in
general) and therefore do not lead to neutrinoless double beta decay. The problem with
Dirac neutrinos is that it is hard to understand why the neutrinos are so mmch lighter
than the other fermions. In the standard model Dirac mass are generated by the vacuum
expectation valne (VEV) v = V2{p®) = (V2Gp)"Y? =~ 246 GeV of the neutral component
of a doublet [72] of Higgs scalar fields. One has

mp = h.v, (63)

where b, is the Yukawa coupling

]

L = —V2h,(i &) ( ::- )Na +hee. (64)

of the neuirino to °.

A v, mass in the 20 eV range would require an anomalously small Yukawa coupling
h,, < 107'°, Moreover, k,, would have to be smaller by m,_/m. < 10 than the analogous
Yukawa coupling for the electron. Of course, we do not understand the masses of the other
fermions either (or why they range over at least five orders of magnitude), so it is hard
to totally exclude the possibility that A, is simply small. Nevertheless, the possibility
seems sufficiently ugly that it is hard to take seriously unless some mechanism (other than
fine-tuning) for the smallness is proposed.

One possibility is that h, is actually zero to lowest order {tree level) due to some new
symmetry, and that b, is only generated as a higher order correction (i.e. so that m,/m,
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Table 6: Models of neutrino mass, along with their mnost natural scales for the light neutrine
masses.

Model m,, {m,.) m,, m,,
Dirac 110 MeV 0 100 MeV — 1 GeV' 1 —-100 GeV
pure Majorana [56] arbitrary m,, arbitrary arbitrary
(Higgs triplet)

GUT scesaw [66,67] 1071 eV m,, 107 ¢V 1073 eV
(M ~ 10" GeV)
intermediate 1077 eV m,, 1072 eV 10 eV
secsaw {68
(M ~ 10° GeV')
SU;p x S x Uy 107! eV m,, 10 KeV 1 MeV
seesaw [69]
(M ~ 1 TeV)
light seesaw |70 1—10 MeV &« m,, - -
B .
(M < 1GeV)
charged Higgs [T1] <1eV &« my, - -
W .
Pl —‘p—o—Ov by —:FF—OV,
Ny . R
Dirac pure majorona
v v
VL v ’/90
A Ny
£ 1 v
i v W oy
induced seesaw
v
L
b N
z-——‘——:'#r—g—“.—“
VR [ A Y
OV
chorged Higgs
41178

Figure 11: Dirac, pure Majorana, induced, and charged Higgs generated neutrino masses.
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is some power of a.} This is a very attractive possibility, but no particularly compelling
models to implement it have emerged. The idea has recently been resurrected iu some
superstring inspired models [73}, which have difficulty incorporating the seesaw type ideas
deseribed below,

Majorana mass terms for the ordinary SUs-doublet neutrinos involve a transition from
vg (s = —3) into vy (t2 = +3), and therefore must be generated by an operator trans-
forming as a triplet under weak SU;.

The simplest possibility is the Gelmini- Roncadelli model {56}, in which one introduces
a triplet of Higgs fields % = (0}, ¢/, ¢, ") into the theory. The Yukawa coupling

L= %hz(DL EL)F'\Er( ef)
-~

= iz o VI R .
= h(or - - 165)
f‘rgl —¥t — Vg
then generates a Majorana mass
m, = h,y, {66)

for the v, where v, = V2(¢") is the VEV of the Higgs triplet. Since beth h, and v, are
unknown the neutrino mass is unrelated to the other fermions and can in principle be
arbitrarily small, at least at tree level.

However, small m,, is not explained in such models - it is merely parametrized and
in fact is almost as problematic as a Dirac mass. The weak neutral current (and W
and Z masses) require {5} v, < 0.08v ~ 20 GeV'. For v, close to this limit one requires
ke < 107% ie. almost as bad a fine-tuning as the Dirac case. For », < v one can tolerate
more reasonable values for h,, but then it is diffcult to understand the large hierarchy in
vacuum expectation values. One generally expects all non-zero VEV's to be comparable
in magnitude unless fine-tunings are performed on the parameters in the Higgs potential.
Even if one does this, higher order corrections are likely to upset the hierarchy. 74

The VEV {p?) 3 0 necessarily violates lepton number conservation by two units ithe
Yukawa coupling in (65) does not by itself violate L because 5, can be regarded as carrsing
two units of L). If the rest of the Lagraugian conserves L then leptor-number is spon-
taneousty broken, and there will be an associated massless Goldstone boson, the triplet-
Majoron. {This is the version of the model that is usuaily considered [56].) In this case
limits based on stellar energy loss (carried off by Majorons) require |75} v, < 2 — 10 R el’.
Implications of the Majoron for neutrine decay and annihilation, cosmology, and neutri-
noless double beta decay will be mentioned below.

It is also possible introduce other couplings into the Higgs triplet model which explicitly
break lepton number conservation, such as a cubic interaction between 5, and two Higgs
doublets. {This violates L since ¥, was assigned I = 2 to make (65) invariant}. In that
case all of the new scalar particles associated with ;, become massive - i.e, there is no
Majoron.

Another mechanism for introducing a Majorana mass is to consider the induced inter
action (Fig. 11).

¢ . © (+
Ly = %H(DL éL}T( _ef ) (o~ w(,:n)f"( ;9_ ) 167)

Ve

(3]
-1

between two leptons and two Higgs doublets. The Higgs fields in (67} are arranged to trans-
form as an SU; triplet, so L,y is SU; x U invariant; however, Leys is non-renormalizable,
as is evidenced by the dimensional coupling C/M, where M is a mass. L.ss cannot there.
fore be an elementary coupling, but it could be an effective four-particle interaction induced
[76] by new physics at some large mass scale M {just as the four-fermion weak interaction
is a nonrenormalizable effective interaction that is really generated by W and Z exchange).
When ° is replaced by its vacuum expectation value, (67) yields an effective Majorana
mass m ~ Cv?/M, which is naturally small for M 3 v, For example, if (67) were somehow
induced by quantum gravity one would expect M -- 10'® GeV {the Planck scale). Then
for C' ~ 1 one would have m, ~ 107% ¢V,

The most popular realisation of this idea is the seesaw model, {66] in which the un-
derlying physics is the exchange of a very heavy SU,-singlet Majorana neutrino N3, as
indicated in Fig. 11. The seesaw model for one family is a special case of the general mass
matrix in (49), in which mp is a typical Dirac mass (typically assumed to be comparable
to m, or m, for the first family) connecting v? to a new SU,-singlet N} and mg 3» mp is
a Majorana mass for Nj, presumably comparable to some new {large) physics scale. One
typically assumes that m, = 0 in the seesaw model, i.e. that there is not a Higgs triplet
as well. {77] In that case, (49) yields two Majorana mass eigenstates n, and ny with

ug = myzcosf + nypsind
NP = —nysinf + naycosf
v = —(nipcosd +niysind)
Ni = —nigsiné+ n3g cosf. {68)
The physical masses [78] are
2
™
my —£2 & mp
mg
mz; ™~ mg 169)
and the mixing angle is
my o om
tan @ = (—]) w2 g (¥0)
\mg ms

Hence, one naturally obtains one very light neutrino, which is mainly the ordinary SU,
doublet (v}, v¥), and one very heavy neutrino, which is mainly the singlet (N} N3]
[f one daes alﬁow my # 0 (but < mg) then there are still two Majorana neutrinos with

masses la — —AI and mg, respectively, while § ~ mp/ms < 1 still holds. {The minus

sign in pY is removed if a - % is positive}. Tu this case, however, one loses the zatural
explanation of why m; is so small, unless m, is itself induced by the underlying physics
and is of the same order as mi /ms.

The seesaw niodel is easily generalized to F families. One then has the general 2F x 0 F
Majorana mass matrix in (51). Assuming thai the eigenvalues of mg are all much larger
than any of the components of mp or m, (if it is non-zero) one can calculate the eigenvalues
and mixing matrices to leading order in mz'. One finds that there are F light Majorana
neutrinos {consisting of the F doublets (v, %), up to corrections of order mpmj* and F
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heavy Majorana neutrinos {consisting of the singlets (N{*, N3), to O{mpm;'}). That is,

one can write
o
g4 = U L
N AL

Oc «
VR _ LT -
(N}’,) B UR("'?R)’ Gy

where nyz, and nsp are F cornponent vectors of light and heavy Majorana mass eigenstates,
respectively, and similarly for njg,nfz. As usual, Uy and Ug are 2F x 2F unitary matrices
which diagonalize M in (51), viz

U}.(m';‘ mD)UR=md=(m’ 0 ), {(72)

my mg 0 g

where my and my, are diagonal F' x F matrices of the F light and F heavy eigenvalues,
respectively. To leading order in m3' one can write Ul and Ug in block diagonal form

i r_{K 0 AT —ATmDmE' -
Up = KUg = ( ¢ K; Drm;“m}) DT ' (73)

where AT and DT are unitary (to leading order) F x F matrices defined by

li

Ky AT (m, — mpm3'm5)A
my = K?DTmSD (74)

my

i.e. the mass matrix for the light neutrinos is m, —mpmz'm},, which is diagonalized by 4,
while that for the heavy neutrinos is ms, diagonalized by D. K, and K are diagonal phase
matrices which ensure that m; and m,, are real and positive. We see from {71-74) that
indeed there are F heavy states with masses of O(mg), and in the simplest case m, = 0
there are F states which are naturally very light (O(m}m3z')). (For m. # 0 one must
separately assume m, is small). Furthermaore, the mixing between the light and heavy
sectors is very small (of O{mpm3'}), while the matrices A and D, which describe mixings
within the two sectors, are in general arbitrary.

There are several classes of seesaw models [66], depending on the scale of ms. In
simple grand unified models one assumes that the scale is a typical GUT unification scale
of around 10" GeV. In many such models {e.5. $Oyo) one has that the neutrino Dirac
mass matrix mp is the same as m,/k where m,, is the u-quark mass matrix and ko=~ 4.7
represents the running of the Yukawa couplings between the GUT scale and low energes.
If one makes the somewhat ad-hoc assumption that the matrix my is just MyI. where
My ~ 10" GeV is the unification scale and I is the identity matrix, one has (for m; = 0)
the light eigenvalues

™, -
Wy, ~ Mx X ; (la)
~ 107! ¢V, 1078 £V, 1073 eV, i.e. the neutrino masses are naturally expected to be
extremely tiny, and to scale like the squares of the u, ¢, and 1 quark masses. (Equation (75)
was computed for my, ~ 50 GeV). Several caveats are in order: the assumption of
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ms ~ MxI was quite arbitrary. One could easily imagine that the eigenvalues of mg are
smaller than My due to small Yukawa coupling couplings (increasing m,,). Also, they need
not be the same. For example, if the mg eigenvalues followed the same family hierarchy as
the ordinary fermions (i.e. ms,  m,,) then one would have m,, scaling as m,, rather than
mﬁ'. (A similar linear hierarchy ensues in some variant GUTs in which ms is zera at tree
level but is generated at higher orders [79,36]. Of course, more complicated patterns for
ms and mp (in (74)) are also possible. Furthermore, in many cases loop corrections to the
{GUT) Higgs potential may induce [77] VEV's for Higgs representations that can yield a
non-zero triplet terms m, in (72). These are most likely to affect the smallest masses (e.g.
m,,). Bquation {75) should therefore be regarded only as a typical order of magnitude.

If one does assume that mg = Mx I, however, then m? /My is diagonalized by the same
transformations that diagonalize m,. Since one also has equal electron and d-quark mass
matrices {i.e. m, = my/k) in most simple GUTs the final result is that flavor mixing in
the lepton sector (analogous to (38)) is described by the same mixing matrix as the CKM
quark mixing matrix. This result continues to hold [67] approximately for a far wider class
of mg than does the simple mass prediction in (75).

Lower mass scales for mg imply larger values for the light neutrino masses (and gen-
erally less predictive power for mp). Several authors [68] have suggested that the heavy
Majorana scale could be the intermediate range 10° — 10'* GeV associated with invisi-
ble axions. For mp, ~ m,, and mg ~ 10° GeVI, for example, one obtains the values
~ 1077 eV, 10-? eV, 10 eV for m,, , ™., Mm.,, respectively.

If ms is in the several TeV range (as expected in some left-right symmetric {80} STz x
SU;a x Uy, models [69], for example) one typically expects (for mp, ~ m,,,mg x I}
My, My, M, 10 have relatively large values 107" ¢V, 10 KeV, and 1 MeV, respectively. As
we will see, such models run into severe cosmological difficulties unless the mass hierarchy
is somehow modified or a fast decay mechanism is found for the v, and v,. Of course,
one could also have mg much smaller than the $U;; x SU;p x Uy scale (e.g. in the
10 GeV —100 GeV range), with corresponding larger masses for the light neutrinos. Similar
statements apply to models with extra Z bosons in the 100 GeV — 10 TeV range, which
usually also have heavy Majorana neutrinos.

Finally, one can consider light seesaw models, in which typically ms < 1 GeV. Such
models are very artificial and abandon the principal advantages of the seesaw, because
both mp and mg must be taken unnaturally small to obtain an acceptable v, mass. Their
only virtue is that they yield strongly suppressed neutrinoless double beta decay rates,
even though the neutrinos are Majorana.

Seesaw models were first introduced in GUT type models in which lepton number is
explicitly violated by the gauge interactions. One can also consider non-gauge seesaw
models [81] in which lepton number is spontanccusly broken by the VEV of the Higgs
field which generates ms. Such models imply the existence of a massless Goldstone boson.
the singlet-Majoron. [82] Unlike the triplet-Majoron in the Gelmini-Roncadelli model,[56]
which can couple strongly to the ordinary neutrinos (coupling ~ h¢), the singlet-Majoron
effectively decouples from ordinary particies. That is, it couples strongly to the heavy
neutrino, with a coupling of order mpm;' to off-diagonal nyny, vertices, and with strength
(mam3')? to light neutrinos. )

It is difficult to implement the seesaw model in most superstring inspired models,
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because there is no Higgs field available to generale a large ms. It has been suggested [83)
that my could be generated by a higher order effective operator, but such model may run
into serious cosmological problems [84],

There have also heen variant seesaw models constructed {85} in which the light neutrinos
occur in degenerate pairs which ¢an be combined from Dirac neutrinos with a conserved
L.

Finally, I mention the charged Higgs models [71], in which small Majorana masses are
generated by loop diagrams involving new charged Higgs bosons with explicit L-violating
couplings (Fig. 11). Viable versions often lead to pseudo-Dirac neutrinos. The approx-
imately conserved lepton number is typically L, — L, 4 L., for example, rather than L.
The actual mass scale depends on unknown Yukawa couplings and masses.

4.3 Experimental Constraints

There are a number of excelient reviews [49] of the experimental status of neutrine rass.
My major purpose in this section is to comment on the implications of the various theo-
retical models for the different types of experiments.

4.4 Kinematic Tests

Direct kinematic limits on the masses of the w,, v,, and v, are given in Table 7. The
ITEF group [86] has long claimed evidence for a non-zero v, mass in the 20 eV range from
tritium # decay, but this has not been confirmed by other groups, and in fact the Zurich-SIN
measurement is on the verge of conflicting with the ITEP result. In addition the neutrinos
from supernova 1987A observed by the Kamickande [93] and IMB [94] experiments place
upper limits in the 20 eV range on the v, mass (otherwise the arrival times of the detected
neutrinos would be spread ouf more than is observed), but it is hard to make this limit
precise because it depends on the details of the neutrino emission [90). .

A 20 eV neutrino mass is just in the range that would be most interesting cosmolog-
ically, so clearly it is essentially to resolve the situation. Hopefully, the current and next
generation of tritium § decay experiments will be sensitive down to a few eV, but it is
doubtful whether experiments of this type will ever be able to probe to much lower scales.
As can be seen in Table 6, none of the models really predict m,, in the 20 ¢V range (the
S, x SUszp x Uy models come closest), but most can accomodate masses in this range
by fine-tuning parameters.

As can be seen in Table 7, the direct kinematic limits on m,, (from =, decay) and on
m,, (from 7-+u, + 5%} are relatively weak. The experiments are extremely difficult {the
mass scales being probed are very much smaller than the energies released in the decays),
50 it is unlikely that these measurements will improve by much more than a factor of two.

4.5 Heavy Neutrinos

There are many limits [49,95] on possitle small admixtures of heavy neutrino states in
the v, or v, including universality tests in nuclear 3 decay, searches for secondary peaks
or distortions of the lepton spectra in f,m, and K decay, searches for the decay products
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Table 7: Kinematic limits/values on neutrine masses.
17 eV < m,, < 40 ¢V ITEP [86]

m,, <18 eV Zurich [87]
m,, < 27 eV LANL [88]
m,, < 32 eV INS-Tokyo [89]
m,, < 020 eV} SN19874A {90]
m,, < 0.25 MeV SIN [91]

m,, < 50 MeV ARGUS [92]

of heavy neutrines (e.g. 24 — v.e*e”) produced in beam dunips, e*e~ annihilation, or
neutrino scattering [96]. The limits on the mass m; versus mixing angle Uy, @ = ¢ or g,
where

vl =5 U (76)

are shown in Fig. 12.

It is seen that the constraints on {U,[? are quite lmpressive, especially for m; in the
range 10 MeV — 10 GeV, where they are comparable to the expectations in (70) of a
seesaw model with m; ~ 10 eV and m; = m;. The lower part of this range corresponds
to the masses expected in the “light-seesaw™ model (Table 6}, while the 1 GeV — 1 TeV
range is consistent with SUz;p x $Uyg x U) models. [69]

Also, most models with extra Z bosons in the 100 GeV — 1 TeV range predict {ag]
the existence of heavy SU;-singlet Majorana or Dirac neutrinos [95,99,100]. The extra Z’s
typically couple to these new neutrinos and other exotic fermions much more strongly than
to the ordinary fermions. Future hadron colliders should therefore be able to extend the
search for heavy neutrinos via

(-]

I-’p - Z' - NN©

(-
P)p — Wp - NI o

into the several hundred GeV range. The subsequent decays of the N’s should be a superb
probe of undetlying physics. In models with just an extra Z, for example, the ¥ is expected
to decay due to mixing with the light neutrinos. The N can then decay [85,99] via virtual
W or Z exchange [101] into such modes as 3vy, ¥, 1,97, and viet ™. On the other
hand, in Sy x SU;p x Uy models the N will generally decay via virtual 1¥g exchange
{100], and for the lightest N the decay should usually be into {*g§. Moreover, the decay
modes should easily establish whether the heavy neutrino is Majorana or Dirac, because in
the former case the decays N — I*§g and N — =47 would be equally likely [60] (though
with different angular distributions).

It is of course also possible that a heavy neutrino could simply be a massive 4™ gener-
ation neutrino.

As has already been mentioned, heavy neutrinos in the GeV — TeV range are likely to
give too large m,, and m,, unless the typical seesaw hierarchy m,, mf, or my, n =1
or 2, for the light neutrinos is avoided or new physics is invoked to ensure fast decays or
annihilations for the v, and »,. On the other hand, if such new physics is present sowe
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Figure 12: Limits on the mass and mixing of heavy neutrinos, from [97}.
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of the limits in Fig. 12 (those based on decays) may no longer be valid, because in many
cases the heavy neutrinos will decay rapidly into unobservable channels {e.g. vy — 1+
Majoron) before reaching the detector.

4.6 Neutrino Oscillations

Neutrino oscillations are a beautiful example of a common quantum phenomenon: viz that
if one starts at time ¢ = 0 in a state that is not an energy eigenstate {102] then at later
times it can oscillate into another (orthogonal) state. For example, suppose that the v
and a second neutrino 2 {e.g. 10 = 3 or +?) are mixtures of two mass eigenstates 1y and
i with mixing angle &:

cos @ vy +sind 1y
—-siné 1y +cosf vy (78)

i

QQD "<°

If at time ¢ = 0 the weak eigenstate v? is produced (e.g. in the process xt — 7% u?) then
at time { it will have evolved into the state

-1Et —iEzt

+ sind e
—im¥t —im3¢

oime -
~ cosf e T +sinf e T . {79)

(i) = cosf e

In the second form 1 have assumed relativistic neutrinos E; = /p? + m} ~ p +mi‘2p
with definite momentum [103] p >> m;, and have neglected an irrelevant overall phase
exp{—ipt). The state v2(t) has a non-trivial overlap with v2. After traveling a distance
L ~ t, there will be a probability

Plro—wva) = (v |20
sin® 20 sin’ (

Il

AmzL)

2 20 sin? (1.27Am’(eV’)L(m))

p(MeV)

that the state will have evolved inte v? (as can be observed in the process v, ¥ — €N,
for example), and a probability

P(r.—r,) =1 - Plv.owv.) £81)

that the state will remain a v?. In (80), Am? = m? —m}, and the last form is valid for
Am? in V2, Lin m, and p in MeV. It is seen that the w —w, probability depends on
both the mixing angle § and on Am?L/p. For moderate values of the latter quantity the
probability oscillates as a function of L and p, while for very large values the oscillations
are averaged by a finite-sized detector or non-monochromatic source, (the second factor in
(80) averages to 1/2). It is easy to generalize {49] (80) to the case that the initial neutrino
is a mixture of more than two mass eigenstates, as in (76). One obtains

—itmi~mH)L
Plr.—v) =Y, UL ULP + Re Z VU U Unge™ 132}
i i#i
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Figure 13: 90% c.l. limits on neutrino oscillations, from [97). (a) w,—w, (BNL,
CHARM, BEBC, Los Alamos, PS-191), v, —uv, (E531), and 5.~y (Bugey, Gdsgen). (b}
vy =y, vx, v, The Bugey [106] and PS-191 [108] regions are allowed by positive results,
The other contours are exclusion plots (the regions to the right are excluded).

Neutrino oscillations can be scarched for in (a) appearance experiments, in which one
looks for the interactions of v, in a detector, and (b} disappearance experiments, in which
one looks for & reduced v, flux. In both cases one can compare the observed counting rate
with the expectation from known backgrounds (appearance) or from the expected flux
(disappearance} as determined, for example, by measuring the electron spectrum from
n — pe” D, in reactor ¥, oscillation experiments. A much cleaner technique is to search for
actual oscillations in the appearance or diszppearance probabilities as a function of L or
7, such as by using two detectors at different distances form the source.

There are many limits on neutrino oscillations from accelerator experiments [49} (e.g.
counter and emulsion experiments and beam dumps, searching for v, — v, v, — v, and
ve — vy, as well as v, disappearance), and reactors [49) (7, disappearance), as well as on the
oscillations of v, produced in cosmic ray interactions in the atmosphere [104]. (Implications
for the Solar neutrino problem are discussed below). The results of these searches {108
are summarized in Fig. 13. The Bugey reactor experiment {106] reports a positive signal
for #, disappearance, but their results are contradicted by the Gdsgen experiment [107].
Similarly, the CERN PS-181 counter experiment {108] reports an excess of v, eventsina v,
beam, but their sigual is in conflict with several other v, — v, experiments {97]. Clearly,
a clarification of the situation is essential .

From Fig. 13 it is clear that there are stringent limits on neuirino mixings for |Am?|
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above ~ 1 eV?. -This should be contrasted with the suggested value m,, ~ 17 ~ 40 1"
by the ITEP experiment [86]. If the ITEP result is correct then most likely the v, could
not have any significant mixing with other neutrinos {the alternative possibility, that the
v, is almost degenerate with another neutrino flavor so that |Am? <<« m? , seems rather
contrived but cannot be excluded). A comparison of Fig. 13 with the expectations of
various models (Table 6} suggests that v, — v, oscillations may be the most optimistic
possibility for the future. Many of the seesaw-type models predict that the lepton mixing
angles are roughly correlated with the corresponding quark mixing angles. This would
suggest sin® 26 ~ 1074, 1072, 10~} for v, — 1, v, — vy, and v, 4 v, respectively.

Oscillations between ordinary SU; doublet neutrinos (2?,25,1?, and possible fourth
family v's), known as first class or flavor oscillations, occur for pure Dirac and pure Ma-
Jjorana neutrinos, as well as in the multi-family seesaw models. In models involving both
Dirac and Majorana mass terms of comparable magnitude, however, there can be addi-
tional light neutrinos, and the mass eigenstates can have significant admixtures of both
SU,; doublets and singlets. In this case second class oscillations [64] can occur, in which the
ordinary neutrinos oscillate into SU; singlets with negligible interactions. These “sterile”
neutrinos are essentially undetectable, so second class oscillations can be observed [109]
only in disappearance experiments. Of course, first and second class oscillations can occur
simultaneously. For three families, for example, there could be oscillations between six
Majorana neutrinos (3 doublets and 3 singlets).

Yet another possibility [110} are models in which the ordinary neutrinos have small
mixings with heavy neutrinos. In that case the neutrinos actually produced in weak pro-
cesses are the projections of the weak eigenstates onto the subspace of light or massless
neutrinos. It can easily occur that the projections of the ¥ and uﬂ, for example, are not
orthogonal. The result is that a 1) could produce an ¢ in a subsequent reaction. Such a
non-orthogonality would mimic the effects of oscillation appearance experiments, even if
the masses of the light neutrinos are zero or negligible.

4.7 Cosmology

There are many limits on neutrino mass and decays from cosmology [111]. Ordinary light
or massless neutrinos would have been produced by such weak processes as ete™ — v in
the early universe. As long as the weak reaction rate [112]

mek i (av)nr ~ Gg;-T'5 (83)

({ov} ~ G}T? is the thermally averaged cross section times relative velocity, and ny ~ T
is the density of target particles, where T" is the temperature) was large compared to the
expansion rate H ~ T%fm, (where m, = G;VE”Z ~ 10" GeV is the Planck scale) the number
of neutrinos stayed in equilibriutn. However, as soon as T dropped below the temperature

Tp ~ (GLmp) ' ~ 3 MeV (54)

for which Tyear ~ H, the weak rate became negligible and the neutrinos decoupled, i.e.
effectively stopped interacting. According to most models these neutrinos should remain
in the present universe, undisturbed from the first second of the big bang except for a
redshifting of their momenta by the expansion of the universe. They are analogous to the
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2.7°K microwave radiation {which decoupled later}. If the neutrino masses are much less
than 1 eV there should be = 50 neutrinos/em? of each type (ver,vig, etc) with momenta
characterized by a thermal spectrum with temperature ~ 1.9°K (10~! ¢V}, Despite the
large number of neutrinos (= 10" per baryon) they are essentially impossible to detect
[113] - [115] because their cross section ~ G} EZ ~ 10~%%em? is so low. [116]

The major cosmological bound is based on the energy density of the present universe.
There are predicted to be so many relic neutrinos that even for 2 small mass in the 10 eV
range they would be important. Limits on the energy density imply

Somy, <40 eV (85)

where the sum extends over the light, stable (at least compared to the age of the universe)
doublet neutrinos. Conversely, a neutrino with mass in this range would dominate the
energy density and could account for the dark (missing) matter in galaxies and clusters
[117). In particular, for the ITEP value m,, ~ (17 — 40) eV, the v, would be an ideal
candidate for the dark matter, but one would probably then have to find a mechanism to
explain why the v, is the heaviest neutrino.

Similarly, the energy density associated with light or massless neutrinos for ' ~ Tp
aﬁects‘nucleosyuthesis and leads to the limit N, < 4 (section III).

There are also a variety of constraints on unstable neutrinos. An ordinary doublet mass
eigenstate neutrino ¥, (with m,, > m,, ) is expected to decay into

v; — vy, (M., < 2m,)

v, — meteT,  (2m. < m,, <m,+m). (86}

The fiest decay occurs at one loop, while the second occurs at tree level. Both decays
are very slow for small m,, and the decay products are detectable. There are a large
variety of cosmological and astrophysical constraints [118] on m,, and 7, from the present
energy density, the growth of galaxies, the distortion of the 2.7°K background radiation,
the non-observation of the decay photons, supernovae, and nucleesynthesis and breakup.
For reasonable mixing angles these Limits exclude the range 40 eV — (20 — 40) MeV for
ordinary neutrinos [118] decaying according to (86). Combined with laboratory limits this
implies [118,120] that the v, and v, (i.e. their dominant mass eigenstate components)}
should be lighter than 40 eV. In particular, this poses serious problemns for the TeV scale
seesaw model.

Most of the cosmological limits can be evaded if new physics is invoked to allow fast and
invisible (except for the relativistic energy of the decay products) decays or annihilation
for the heavy neutrinos. One possibility is the decay vz — 3u;. However, the rate for this
mode from off-diagonal Z couplings [121] is too slow, while models in which the couplings
of a Higgs triplet [122] (present in SUsy x $Uszg x Uh) are arranged to allow a fast decay
generally run into problems [123] with u — 3e.

More promising are models in which »» — 141G, where G is a Goldstone boson [124}-{127]
associated with a spontaneously broken global symmetry. Likely examples are the case that
G is a familon {124] (a Geldstone boson associated with a broken family symmetry) or a
triplet-Majoron [125]. In fact, for triplet-Majorons one expects the annihilation process
vr — MM (which begins when T drops below v,} to have removed any relic neutrinos from
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Figure 14: Diagrams for two neutrino (8f;,) and neutrinoless (880.) double beta decay.

the present universe [36], In familon models some care must be taken to avoid unacceptably
large flavor changing neutral current effects. The decay v; — 1M is too slow in the simpler
versions of the singlet-Majoron model [126] to avoid cosmological problerns.

The role of spontaneous L violation in Majoron models in reducing possible initial large
lepton asymmetries to cosmologically interesting values at the time of nucleosynthesis is
discussed in [128].

4.8 Double Beta Decay

Another important source of information on the 1. mass (if it is Majorana) is neutrinoless
double beta decay (805}

First consider the lepton-number conserving two-neutrino (8f,,) process (Z,N) —
{Z +2,N — 2)e” e 1{v, which can be thought of as two ordinary beta decays occurring
in the same nucleus (Fig. 14). In the context of neutrino mass this process is mainly of
interest as a calibration of the calculated nuclear matrix elements that are needed for the
neutrinoless case. There has long been a two order of magnitude discrepancy between the
predicted rates [128], e.g. for *Te — ' Xe, and indirect measurements by geochemical
techniques [130]. Within the last year, however, this discrepancy has gone away. The
geochemical measurements were confirmed by the first laboratory observation of double
beta decay (at Irvine [131].) In addition, several groups [129] have found that previously
neglected ground state correlation effects could suppress the matrix element by the required
order of magnitude. Furthermore, there is no analogous uncertainty in the B8,, case.

The neutrinoless double beta decay process (Z, N) — {Z+2, N—2)e” e, which violates
lepton number by two units, can proceed through the second diagram [132] in Fig. 14. In
the absence of mixing the quantity {m,,}, the effective Majorana neutrino mass, is

(m) 0, Dirac neutrino
m, )= . . -
e m,,, unmixed Majorana neutrino

(87)

Although the matrix element is proportional to (m,,}, which is necessarily very small,
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BB, has an enormous advantage in phase space over 33, and could be observable for
(m,,} in the eV range. Of course, the sum of the electron energies should be a sharp
peak in S8y, (and a continuum for 88}, so the principal difficulty is controlling the
background. [133,49] Currently, the most sensitive experiments are for ®Ge — ®See e
No evidence for §f. has been observed, [134] and the lower limit on the lifetime is [97]
T2 > 9 x 10% yr (68% cl.). According to several calculations of the nuclear matrix
elements [135] this implies {m,,} < 1 eV. However, a recent estimate by Engel et al. [136]
yielded a much weaker limit {m,,} <11 €V, so caution is advisable.

Even the largest value (m,, ) < 11 eV is smaller than the range m,, ~ (17 — 40) eV
suggested by the ITEP experiment. If the latter is correct the simplest possibility is that
the v, is Dirac. Another possibility [137] is that the ©? is a mixture of Majorana mass
eigenstate neutrinos, as in (44). Then, {m,,) becomes

{m,,) = z mU} & F{m;, A), (88)

where m; > 0 is the physical mass of the i** mass cigenstate, Uy, is the mixing matnx
element (vf; = ¥ Upovy) and §; = 1 is the CP parity of 1. & is just Ky in (46), and a
negative value £; = —1 means simply that the eigenvalue of M in (41) was negative before
choosing K to redefine vf. In (88), F(m;, A) is a nucleus dependent propagator correction,

{138] defined by
(e )

(afry -
It is ~ 1 for m; < 10 MeV. For m; 3 10 MeV, F(m;, 4) < 1 (it falls as m;?) and allows
the possibility [139] of A dependence of {rm.,}.

Because of the possibility of negative contributions to {m,,} it is conceivable that there
are cancellations so that {m, )} is much smaller than the mass of the dominant Majorana
component of v, (€.5. ™1 ~ (17—40) eV). Such a cancellation is actually not so contrived
as it might first appear. If all of the m; are small enough that F{m;, A} = 1 thex from
{45) {m,,} is just the M, component of the original Majorana mass matrix in {41). As we
have seen, M,, must be generated by a Higgs triplet and vanishes in many models. In fact,
the light seesaw model of Table 6 automatically leads to {m.,} = 0 for sufficiently small
m;. For two neutrinos, for example, (m, ) = m, cos?# — m sin® @, which vanishes by (69)
and (70). However, the light seesaw model was devised just in order to give {m,,} = 0.
For seesaw models with more natural scales my 3» 10 MeV one has that F{m;, 4) < 1
and U, ~ 1, so that {m, } ~ m,. In most Majorana models, therefore, one expects
(7, } ~ m,, unless fine-tuned deviations from the seesaw formula are invoked.

Whether or not the cancellation of the terms in (B8) is natural, one can consider
whether it is phenomenclogically viable. For two neutrinos, for example, the conditions
my ~ 20 eV, and {m,,} < m, imply

F(m;,A} = (89)

m;

fan?f= — 1
myF{m;, A)

(20}

where m, < m,, tan?§ < 1 since the ITEP experiment presumably measures the domi-
nant component of v,. However, the reactor oscillation limits in Fig. 13 allow only two
possibilities. One is that my ~ my, 0 ~ 45° In that case 14 and 1, can be combined
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to form a Dirac neutrino (or pseudo-Dirac if the degenefacy is not exact), possibly with
a non-canonical lepton number (such as L, — L, + L;) conserved. Alternatively, one can
have m; > 450 eV. However, the various laboratory and cosmological limits exciude [70]
almost all values of mz except for small windows around 40 MeV and 2 GeV. Hence, if
the ITEP results turn out to be correct they would almost certainly imply either (a) the
v, is Dirac, or (b} there is new physics (such as a Majoron) that evades the cosmological
bounds.

There are additional contributions to neutrinoless double beta decay in Uy x SUygx U,
models {140]. Typically, such models contain additional charged W3 bosons which couple
to right-handed currents g7y Np, where Ny is a heavy Majorana neutrino. The exchange
of a Np (rather than a vy in Fig. 14) yields a new contribution My F(My, A)( Mw, [Mw,)*
to (m,,}, which sets non-trivial constraints [69] on My and My,. Furthermore, mixed
contributions involving one ordinary left-handed current €,7*v; and one right-handed
current €py* Ng can yield contributions to to 0% — 2% decay amplitudes that are not
directly proportional to a neutrino mass [141] However, the relevant amplitudes are of

order [49,140]
My, \*
8, (8 91
() o <o (o)

where @ is a light-heavy neutrine mixing angle and ¢ is the W, — Wx mixing angle.
One typically expects (Mw, /Mw,)* and { to be less than 1073, Since we expect # ~
mp/Mw, <1079 ~107% in a typical TeV-seesaw, the expected values for the quantities in
{81) are smaller than the experimental limits (of ~ 10~°).

One typically has (m,_} < m,, for the charged Higgs models [71] because the antisym-
metry of the relevant Yukawa coupling forces M,, to vanish.

4.9 The Solar Neutrino Problem

For some years the event rate in the €1 —+ ¥ A4r Solar neutrino experiment [142] (2.0 +
0.3 SNU [143]) has been considerably below the prediction [144] 5.8 + 2.2 SNU of the
standard Solar model. The discrepancy has recently been confirmed by the Kamiokande
group which reports [145] an upper limit on the v. flux (from ,e elastic scattering) that is
less than half the expected event rate. One explanation for the discrepancy is the exisience
of vacuum oscillations of the v, into other neutrinos. These could be important for neutrine
mass-squared differences [146] Am? = m! — m? as small as Am? ~ (10~ - 1071%) £V?,
but only if the mixing angles are large.

Another possibility [147] is that the v, is a Dirac particle with a magnetic moment in
the range g1, ~ (0.6~ 10} x 10~®xp. The v, spin could then process in the Solar magnetic
field into a sterile right-handed v,, thus reducing the observed flux by a factor ~ 2. The
necessary value of u, is barely consistent with laboratory limits [148] but is probably
excluded by astrophysical constraints from nucleosynthesis and stellar cooling [149} {Table
8). The worst objection, however, is that the necessary p,, is unnaturally high. In the
standard model with a Dirac mass one expects [150]

_ 3Gpm,m,

o= SRy~ 3x107 () g (92)
472,/2

leV
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Table 8: Limits on the neutrino magnetic moments. A value g, ~ (0.6 — 10) x 107*%ug
would be needed to resolve the Solar v problem.
laboratory [148] fo, < 15107 Pup

f < 9.5%1070up

Stellar cooling [149] g, < 0.8x10 M pg
(y—vo)

Nucleosynthesis [149] g, < 0.5%207 %p
{va produced by

spin precession)

Standard model [150] g, ~ 3x107° (%) up
{Dirac mass)

which is many orders of magnitude too small. Non-standard models {151] can yield larger
v, but to obtain a sufficiently large value appears highly contrived.

Other canonical explanations involve non-standard Solar models. The existing experi-
ments are mainly sensitive to the relatively high energy (from 0.81 MeV up to 14 MeV)
neutrinos from ®B decay. The 8ux of these 8B neutrinos depends very sensitively on the
temperature of the Solar core and could be changed significantly by modifications of the
standard Solar model. Recently, there has been much attention to the possibility that
weakly interacting massive particles (WIMPs), which could form the dark matter, could
carry energy out of the Solar core and lower the central temperature slightly. [111] Less
exotic modifications of the standard model are also possible.

A "Ga — ™Ge experiment could distinguish the nonstandard Solar model from the
first two possibilities, Most of the expected ™ Ga event rate is from the low energy pp
neutrinos, the flux of which can be inferred from the over-all Solar luminosity and is
relatively insensitive to the temperature of the Solar core. The predicted ' Ga event rate
of ~ 107 SNU can be reduced at most to around 78 SNU in most non-standard Solar
models [144,152]. The traditional view has been that a flux lower than this would imply
large vacuum oscillations, which would reduce the " Ga rate by a factor comparable to the
371 event rate reduction for most oscillation parameters (e.g. to around 40 SNU).

Yet another possibility, i.e. that neutrinos decay between the Sun and the Earth,
is all but excluded by the survival of neutrinos from supernova 1987A, except in some
two-component models with large mixing angles. [153]

Recently, Mikheyev and Smirnov [154] have proposed an elegant new solution to the
Solar neutrino problem, in which even tiny vacuum mixing angles can be amplified by the
coherent interactions of ¥, with matier.

Considering v, + v, oscillations for definiteness, the vacuum oscillation equation in
{79) can be described in terms of the weak basis states v} and 1.} by

[(8)) = v + vl Diva, (93)

where the coefficients satisfy the Schrddinger-like equation

A wl) )y f nlt)
(i) =m0 o)
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Figure 15; The energy eigenvalues of M’ as a function of d, the distance from the center
of the Sun.

with
Am? 24 -Am® . 20
COs =i N
My = zp e g5
° (-——-3;"’ sin 24 0 ’ (95)

where an irrelevant term proportional to the identity (which only affects the overall phase)
has been dropped. Wolfenstein pointed out [155] that in the presence of matter, My is
replaced by the M', where

M' = M, + ( ﬁGﬂF”" g ) (96)

and n,. is the density of electrons. The new term (153} - [157] is the effect of the coherent
forward scattering amplitude for 6™ — v.e” via the charged current. The effects of
nentral current scattering from ¢, p, and n have been neglected because they are the
same for v, and v, and only contribute to the overall phase. For Am? < 0 (i.e. m,, < m,,
[157]) there is a critical density [158] n5™ = —Am? cos 20/(2+/2G pp) for which the diagonal
clements of M’ ave equal {l.e, zero). At that density a resonance occurs, i.e. even a tiny
off diagonal mixing term leads to large mixing effects.

In particular, if n, in the Sun varies slowly an adiabatic approximation applies [154,
159]. »ls produced in the core of the Sun {where n, > n&""y correspond to the larger mass
eigenstate vy of M' (Fig. 15}. Outside the Sun, on the other hand, the higher energy state
iy corresponds to 1, for Am? < 0. Hence, if the variation of n. with the distance from the
center of the Sun is suffieiently slow, the initial &, will be adiabatically converted to v, as
they pass through the resonance.

A number of authors {152],[154],}159] - [161] have analyzed the implications of the
Mikheyev-Smirnov-Wolfenstein (MSW) effect for the Solar neutrinos quantitatively. It is
found that there are three classes of parameters which can explain the reduction of *B
neutrinos observed in the 3Cl experiment. These roughly form the sides of a triangle,
as is illustrated schematically in Fig. 16. For solution {a) corresponding to [Am®| ~
5% 107% eV7, 5sin? 26 = 4 x 1071, the adiabatic hypothesis is valid and 2 100% conversion
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Figure 16: A schematic view of the regions in the Am? - sin? 20 plane which can explain
the Solar neutrino problem via the Mikheyev-Smirnov-Wolfenstein (MSW) effect.

occurs. However, only the high energy *B neutrinos actually encounter a resonance layer
{the central density is too low for the low energy neutrinos} and are converted. For this
parameter range one expects little reduction in the counting rate for the gallium experiment
(i.e. the effect is similar to non-standard Solar models in that respect).

For solution (b), extending down to |Am?| ~ 107% ¢V? one has [160] |Am?}sin® 28 ~
10775 ¢V2, Here the adiabatic approximation starts to break down. All neutrino energies
are affected, but the conversion probability is less than unity. For these solutions one
expects a significant reduction in the gallivmm counting rate, similar to large vacuum oscil-
lations or magnetic moments. Solution {c), corresponding to large vacuum mixing angles,
is an extension of the vacuum oscillation solution. In the middle of region (¢) one expects a
large day-night asymmetry in the v, counting rate due to MSW regeneration in the Earth
at night [152].

The MSW solution is very elegant, but it severely complicates the task of sorting out
which if any of the proposed solutions to the Solar » problem is correct. It will take an
ambitious program of experiments {152,162} to clarify the matter.

The first two events from SN1987A observed by the Kamiokande experiment [93] point
back towards the supernova. They are consistent with 1, from the initial neutronization
burst, scattering via ¢ — v.e”. However, they could also be &, from the subsequent
thermal burst, scattering via #,p — ¢*n, which has a much larger cross section (and which
produces an isotropic distribution of positrons). If they are indeed v, they are problemaiic
for the MSW mechanisin because oue expects ¥, — v, conversions on the way out of the
supernova. However, there are two parameter regions {shown in Fig. 16), which would still
be consistent {163], corresponding respectively {o incomplete conversion in the supernova
and reconversion in the Earth. Unfortunately there is no way to determine whether the
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two events are really v.’s.

The MSW mechanism is consistent with the expectation of GUT [67] and intermediate
scale |68] seesaws, As is illustrated in Fig. 16 the predictions of the GUT seesaw are
consistent with v, «+ 11, conversions in the Sun. In this case, the mass ranges are too small
to ever see any direct laboratory effects of neutrino mass. The intermediate scale seesaw
could account for the Solar v problem via v, & 1, conversions. In that case, v, — v,
oscillations could well be observable in the laboratory.

It is also pogsible that the Solar v problem could be explained by small neutrino masses,
but that neutrino appearance experiments might nevertheless yield positive signals due to
non-orthogonal neutrino states (induced by mixings between very light and very heavy
neutrinos. {110]}

5 Summary

s The predictions of the standard ST, x I7; model for the W and Z, the charged current,
and the neutral current interaction are qualitatively confirmed. In particular, the
charged and neutral current interactions of the neutrino are correctly described by
the standard model to excellent precision. Furthermore, neutrino interactions are
superb probes of the strong interactions and of possible new physics.

Indirect arguments indicate that the 1, must exist. Nucleosynthesis constraints im-
ply that there are no more than 4 neutrinos with masses < 1 MeV. e*e™ and pp
constraints imply < (3 — 5} neutrinos with masses up to ~ 40 GeV.

¢ The guestion of whether the neutrinos have mass is vital for both particle physics and
cosmology. However, there is at present no compelling evidence for neutrine mass.
The ITEP result m,, ~ (17 — 40) eV has not been confirmed by other experiments
and is on the verge of being excluded. Although there are two positive indications
of neutrizo oscillations (with different parameters), these are contradicted by other
experiments. The negative results suggest m,, ~ O(1 €V) unless there are very small
mixings or degeneracies. There are also stringent limits on incoherent mixing with
heavy neutrinos.

¢ The MSW solution to the Solar neutrino problem would work for v, or g, in the
1072 eV range, consistent with intermediate mass or GUT seesaws.

+ The nonobservation of neutrinoless double beta decay implies {m, } < 1 — 11 V.
If the ITEP result is correct this would most likely imply a Dirac neutrino or new
physics to evade cosmological bounds.

e A 1 mass in the 5 - 40 eV range would dominate the energy density of the universe
and would be an excellent candidate for the dark matter, though other mechanisms
would have te be invoked to explain the initial formation of galaxies. Conversely,
the light stable neutrinos must be lighter than ~ 40 V. A variety of astrophysical,
laboratory, and cosmological bounds exclude unstable neutrinos up to ~ 40 MeV
(unless new physics is invoked for fast, invisible decays or annihilations), implying
that m,,, m,, <40 V.
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