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NEUTRINOLOGY

P. Ramond

Institute for Fundamental Theory

Physics Department, University of Florida, Gainesville FloI_da 32611

ABSTRACT

We present various topics of theoretical and experimental interest in the search for sig-

nals of massive neutrinos. We discuss implications of massive neutrinos for model building

beyond the Standard Model. We emphasize one example where the scale of lepton number

breaking is linked to that of the breaking of the axion symmetry.

I. INTRODUCTION

We briefly describe neutrinos, their masses and electromagnetic moments in general

terms, and review arguments for their apparent masslessness, with emphasis on the role

of the various lepton numbers. We discuss the ways in which neutrino masses can be

incorporated in the Standard Model, distinguishing between models with new fermions

and models with new lepton number carrying Higgs.

Vacuum oscillations, one of the consequences of massive neutrinos, are then discussed,

followed by a presentation on solar neutrinos, their expected detection, and a summary

of the present status of experimental searches. Oscillations in the Sun, and their experi-

mental signatures are reviewed. Next we present as an illustrative example the theoretical

implication of the existence of a 17 keV neutrino reported by some experiments. While not

experimentally convincing, its existence ties together aspects of microphysics with cosmol-

ogy and astrophysics, thus illustrating the pervasive role of neutrino,_ in determining the

fabric of the universe. Then we contrast baryogenesis with leptogenesis, and emphasize the

possible role the latter might play in explaining the observed baryon asymmetry, provided



one can cancel dimension five operators which dilute lepton number in La Premidre Soupe.

Finally we discuss models where the scale of lepton number violation is tied to that of the

breaking of the Peccei-Quinn symmetry in the invisible axion extension of the Standard

Model. This results in models where the Axion and Majoron are one and the same particle,

the Azimoron.

II. Neutrinos in the Standard Model

Neutrinos produced in 3 decay appear as left-handed particles or right-handed antipar-

ticles. No right handed neutrinos have been observed. Accordingly, their mathematical

description is the simplest. Neutrinos are defined by local fields which transform as spinor

representations of the Lorentz group, generated by the three rotations Ji and the three

boosts Ki, is S0(3, 1). The non-unitary combinations Ji + iKi and Ji- iKi generate

two commuting SU2's, which are related either by conjugation C(i -_ -i) or by parity

P(di _ Ji, Ki _ -Ki), so that both sustain the combined operation of CP. The left-

handed neutrino fields, u_(x), where a denotes their flavor, transform non-unitarily as

the (2,1) representation. Conversely, a right handed field NR(X), transforms as the (1,2)

representation. The fields _(x) = _r2u_*(x ) , transform as right-handed spinors (* means

complex conjugation), which enables us to make a bilinear that transforms as a current,

i.e. like (2,2)

where a_ = (a O - 0, _) denote the 2 x 2 unit and Pauli matrices, respectively. The current

we have just written abo_'c is the neutrino part of the neutral current when summed over

the flavors. In the following, we will dispense with the L and R subscripts: a spinor field

without a bar over it is understood to transform as (2,1), one with a bar over it as (1,2).

One can construct other bilinears in neutrino fields. From the SU(2) property that
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2 ® 2 = 1 A G 3S, it is easy to arrive at the following combinations

uaT(z)o'2_b(x) and uaT(x)o'2_ub(x),

the first corresponds to the Lorentz scalar (1,1), the second to part of the antisymmetric

tensor (3,1). They have different flavor symmetry properties. Since the ua(x) obey Fermi

statistics, the scalar combination is symmetric in the flavor indices a, b because of antisym-

metrization on the Lorentz indices. This combination is of course the Lorentz invariant

Majorana mass[l]; it can appear in the Lagrange density as

/2Maj --m(ab)_aTcr2_ ,b nt- conjugate _

where we have indicated the flavor symmetrization by round brackets. If each field v a is
i

assigned a global lepton number La, this mass term violates it b? two units. For a charged

particle such as the electron, described by both left and right handed fields eL(X ) and

eR(x), the usual mass term is written as

/:Dirac --=rn e_LeR -t- conjugate ;

and it is seen to conserve lepton number. We call this type of mass a Dirac mass to distin-

guish it from the Majorana mass which violates lepton number by two units. To describe

both types of masses in the same formalism, we need two left-handed fields N_(z) a = 1,2.

,._lr mass terms can be written as

IT2T (ml m)( N1 )=(NL NL )ct2 m m2 N_ + conjugate.

The different entries in the 2 x 2 matrix are labeled in terms of N-number: ml,2 violate

N1,2-number by two units, while preserving N2,1-number, and the off-diagonal term m

violates both N1- and N2-number while preserving their difference. The off-diagonal term

of the (Majorana) mass matrix, if we identify N 2 - _r2N_ and N I - N L, simply becomes

a Dirac mass. For charged particles, this formalism is not really necessary, but for neutral
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fermions, there is no locM quantum number which forbids the diagonal elements, and this.

formalism is necessary, with the general mass matrix as a complex, symmetric matrix, of

the form

(Maj Dirac)
Maj

Dirac Maj

Massive neutrinos can be of two types. Either the mass is Majorana and violates lepton

number, and there need not be extra fermion degrees of freedom, or it is Dirac and preserves

lepton number at the price of introducing for each massive neutrino a right-handed partner

with the same lepton number.

Let us now turn to the second bilinear construct, with the Lorentz quantum numbers

of electromagnetic moments. Recall that an antisymmetric tensor F_v can be decomposed

into two three vector Ei = F0i and Bi = ½eijkFjk, and these two vectors can be arranged

as a complex (Hertz) vector E 4-iB, corresponding to (a,1) and (1,a) respectively. Al-

ternatively one can view the (3,1) as a complex antisymmetric tensor which obeys the

complex self-duality condition
i

Fermi statistics then demands that the flavor indices be antisymmetrized: there is no

electromagnetic moment for only one left-handed field - just as for dancing the tango, it

takes two. For charged particles, this is well understood since the magnetic moment makes

a transition between left- and right-chiralities. The constructs of interest are of the form

vaT a2_v b, _aT o.2_b .

4 One can form one particular linear combination even under CP, the other odd, correspond-

ing to the magnetic and electric moments, respectively. In the Lagrange density, these will

be multiplied by the field strengths and thus have dimension five, and be, if allowed at

all, generated by loop diagraias. These terms also violate the total lepton number by two

units.
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IntheStandardModel,theleft-handedneutrinosappearastheupper componentsof

thethreeflavorisodoubletsLa,

La = ea _ (2,1; 2,1c)-1, a= 1,2,3.

while the left-handed antielectron transforms as ea _ (2, 1; 1, lC)2 . The notation denotes

the representations under (SU2 ® SU2; SU W N SUaC)y, the first two SU(2) refer to the

Lorentz group, Y is the hypercharge, SU2w is the weak isospin, SU C the color group. The

charged fermions get a mass through the Yukawa couplings

Y(abl)LTo'2_b H* ,

where Ya(b1) is a complex 3 x 3 matrix of Yukawa coupling constants, and H is the Higgs

doublet H _ (1, 1;2, lC)_l . Upon vacuum breakdown, these translate into Dirac masses

for the charged leptons. One can always write the 3 x 3 flavor matrix in the form

Z (-1) =uTDeVe,

where De is a diagonal matrix, and Ue and Ve are unitary matrices. In the Standard model,

these unitary matrices can always be absorbed in a redefinition of the fields, and therefore

there are only three couplings in this sector, each proportional to the Dirac masses of the

charged leptons.

The Majorana masses, if they were to appear at all would be generated by Lorentz

invariant constructs of the form LT ... a2L b, where the dots stand for the relevant Clebsch-

Gordan coeffici.ents. Such bilinears in the lepton doublets have the quantum numbers

(1,1;3,1c)_2(ab) and (1,1;1,1c)_2[ab].

The first combination corresponds to symmetrized family indices, the second to antisym-

metrized. Of these, only the first contains an electrically neutral combination, capable of

generating a Majorana mass for the neutrinos. This channel has the quantum numbers ef
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a weak isotriplet.There isindependent evidencefrom the p parameter measurement of

the relativestrengthbetween neutraland charged currentsthat electroweakbreaking in

the isotripletsectorisvery small,which iscertainlyconsistentwith the factthatneutrino

masses, ifthey existat all,are very tiny.

The absence ofHiggs tripletsin the Standard Model means that thereareno tree-level

masses for the neutrinos.But one can make a tripletout of doublets,and we can expect

an effectivecontributionof dimension fiveto the Lagrangean which satisfiesallthe local

symmetries of the Standard Model,

mabLT cr2r2.TLb . HTr2.TH
v 2

where the v-matrices are the weak isospin generators, and v = 245 GeV is GF 1/2. It

will never be generated in perturbation theory because of lepton number: in the Standard

Model, where the Higgs field carries no lepton.number, this operator violates lepton number

by two units. It is a globM conservation law that forbids neutrino masses.

Can this be circumvented? It is well known that because of the weak SU(2) W non-

Abelian anomaly, the electroweak theory violates the left handed part of L, but preserves

B-L [2]. This does not affect our conclusions about this operator since it still violates B-L

by two units as weil. However a term of the form

LTa2r2"-TLb • HTr2"TH 0,

where O is a weak isosinglet with two units of B, could appear in the Lagrangean. If it

exists, and acquires a non-zero value in the electroweak vacuum, the tiniest of tiny neutrino

masses would be generated. But this is still forbidden by the relative lepton numbers[3]. In

other models, for instance in SU(5), the relative lepton numbers are violated and neutrino

masses are thought to be zero, this could be interesting if such an O existed at all. An

example of such operator is a combination of six antiquarks 0 = qqqqqq . Unfortunately,
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there is a theorem [4] which states that QCD does not break vectorial symmetries. It is

based on the reality of the quark determinant in QCD and is of very general import,

although tt{e theorem may be weakened when electroweak Yukawa couplinga of the quarks

are included.

The discussion of Electromagnetic Moments in the Standard Model parallels the pre-

vious one. In terms of the combination

¢ 1" "4

for the weak isospin and
1

B i = BOi + _eijkBjk

for the weak hypercharge, these invariant operators are of two types - those which are in

the weak isotriplet mode and thus antisymmetric in family indices, and those in the weak

isosinglet mode which are symmetric in family indices. They are

{ HTr2_'HBiL. cr2cri_Lb].T (HTT'2 _H × I_i)

and

L_aa2O'iz'2Lb) HT v2"TH . D_'ri.

With two Higgs doublets, the latter can contribute to the hypercharge moment through

L_aa2ai 7"2Lb) HT'r'2 H IBi .

Only the family antisymmetric combinations give rise to electromagnetic moments; none

of tb.ese operators can be generated in perturbation theory because of lepton number

violation.

In the Standard Model, ne, xtrinos cannot get masses. If experiments were to reveal

that neutrinos are massive, it would constitute the first evidence of Physics beyond the

Standard Model.
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Iii. Standard Model Extensions with Massive Neutrinos

Massive neutrinos would force two types of extensions of the Standard Model. In the

first, the neutrino masses are of the Dirac type with preserwtion of some lepton number;

in the second the neutrino masses are of Majorana type with a concomitant breakdown

of lepton number. In the first alternative, new fermion degrees of freedom are necessarily

introduced to serve as the Dirac partners of the usual neutrinos. In the second, extra

fermions need not be introduced.

a-) Lepton Number Conserving Extensions

In this case the idea is to provide Dirac partners to the neutrinos produced in the

weak interactions. After electroweak breaking these Dirac masses will take the generic

form mvtN . At the electroweak level we need to specify the classification of the new

field(s) ._ - a2u*Runder weak isospin. The easiest case is that of weak isosinglets with no

hypercharge; because of their lack of weak interactions they are called "sterile" neutrinos.

In general these new fields Nra(x) are labeled by their own flavor index m, m = 1, ...M;

it need not be the same as the usual flavor, although in many GUT-like extension, and

in the following it is taken to be the same. These isosinglet fermions couple to the lepton

doublets via the Yukawa interactions

Y(a:)LTo'2NbT"2H + conjugate,

where Y(:)is an unknown matrix. At least one global lepton number is preserved, with

L--1 for the Nrn'S. After the Higgs takes on its vacuum value of 245 GeV, the left hazlded

neutrinos acquire a Dirac mass of the order of 245 × y(0) GeV, Yet, (,he experimental

limits [5]on neutrino masses are very tiny,

mu_ _ 9 eV; mu, <_0.27 MeV; mu_ <_35 MeV ,

which means th_6 the y(0) coupling constants must themselves be very small, in the range

F (0) _, (10 -10- 10-4) . If one is willing to accept the presence of such tiny couplings (after
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all, we already have me = 10-6 MW!), this represents a viable extension of the Standard

Model.

b-) Lepton Number Violating Extensions

Majorana mass extensions of the Standard Model imply breakdown of the total lepton

number. This means that new degrees of freedom with lepton number must be added, so

that breakdown of lepton number may be achieved either by their interactions or masses.

Generically, these new fields can either be spinless, i.e, Higgs-like, or fermions. We have

just seen how to add to the Standard Model fermionic degrees of freedom with lepton

number; we now generalize this discussion.

i-) Majorana Masses

Let us take up our previous case. Sterile Dirac partners can have a Majorana mass

without violating local electroweak symmetries. The only obstacle is the global total lepton

number, which we have agreed to break it anyhow. The electroweak quantum numbers of

the Majorana mass matrix, after electroweak breaking, appear as

AI_=½ ZXI_=0 hr '

where the entries of the mass matrix break weak isospin as shown. In the absence of a Higgs

triplet, the AIw = 1 entry will be zero at tree level. The AIw = ½ off-diagonal entries

originate in the Dirac-type of Yukawa coupling, and are of the order of the electroweak

scale. On the other hand, the AIw = 0 entry is not constrained by any known physics

(except perhaps that it should be smaller than Planck mass!). Here, we take this entry to

stem from a bare mass term in the Lagrangean. We write the Majorana mass matrix in

the form

Ai=( 0 vy(O))vY(°) M '

where M is a symmetric matrix, which can be diagonalized by a unitary transformation,

M = UTDoUo (Schur/s theorem) ,
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and the Yukawa couplings y(0) matrix can be decomposed as before

y(O) = UtuDuVu , Uu, Vu unitary, Du diagonal,

Since the AIw = 0 scale is not constrained by present experiments, motivated by theoretical

prejudices, let us assume it is much larger than the AIw = ½ electroweak breaking scale,

Let e << 1 denote the ratio of the electroweak to AIw = 0 scales

1
AIw =
AIw = 0

In this approximation[6], we can write the full matrix in the form

( UrrlTT1GuT)(e2Du 0 )(UI1 egl2)= UT_U= ec'12 U_2 0 D O eU2I U'22 '
M

where/d is unitary, so that

Ull UT + e2U12UT = 1 ,

u22 + u21uT = 1,

U llU_I + U21U_2 --0.

The charged current density is now written as

d_ -- et o.l_v = _t Ue(U_I D+ eU_12V),

where the hat denotes mass eigenstates. In this case, the M mixing matrix is just

UM = UeU'_I ,

and since Ull is almost unitary, it can be decomposed a la Iwasawa yielding

UeU']I = PU_,IP',

where P and P' are diagonal phase matrices The phase matrix P can be absorbed in _t' L

and then transferred into eR, but the P' phase matrix cannot be absorbed into b, since it

would reappear in the mass "erm e2bTa2Dvb . There are more CP-violaeing phases in the
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leptonsector:herewe have3 phasesintotal,but theonlythingthatforbidsthetwo extra

phases from being absorbed is the Majorana mass matrix, which is O(_ 2) - so we expect

their experimental consequences to be very tiny.

The mixing matrix Ull and the Majorana masses of the light neutrinos my = e2Dv

are determined from

v2

y(O) M y(O)T = _U T e2D_U11 '

This formula is applicable provided that M, the 2_Iw = 0 entry in the Majorana mass,

has no zero eigenvalue. This brings us to the advantage of this mechanism; if e << 1, we

see that the Majorana masses of the normal neutrinos appears depressed by (2(e2), so that

the smallness of the _ masses would be explained by the ratio of the 2_fw = ½ to 2_/w = 0

scales[6]. We should note that this scenario occurs naturally in the context of GUTS and

other popular extensions of the Standard Model. It. is therefore a favorite of many theorists

- it is very pleasing because the tiny limits on' the neutrino masses are linked to the ratio of

scales, just llke the tiny limits on the proton width in GUTs is linked to the appearance of

another scale. This affords the theorists with a uniform view of these different phenomena.

For right thinking theorists, the only natural scale is that given by Newton's constant.

The mysteries of the Standard Model are the smallness of the electroweak breaking scale

in Planck units (24.6 Atto'Plancks!), its near equality (in the astrophysical sense) with

the QCD confinement scale, and then the appearance of yet smaller numbers such as the

electron mass, and of course the neutrino masses, if any. This mechanism, named by some

after a children's playground device, relates smallness to the ratio of scales. The only

interesting question is the origin of the 2_/w = 0 scale.

ii) Spinless Extensions

Without new neutral fermions, the mass matrix for neutrinos is of Majorana type, and

violates lepton number. The only freedom therefore is to add Higgs fields which, unlike the
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Higgs of the Standard Model, carry lepton number, which the new Higgs acquire through

the}r Yukawa couplings to the leptons. If the new Higgs have no color, they can couple to

the following combinations

L_(ao'2v2f'Lb) .-_(1, 1; 3, lC)_2,

L_o'2r2Lb] -., (1, 1; 1, lC)_2 ,

_(a_r2eb)~ (1, 1; 1, lc)4.

This: yields new Higgs with two units of lepton number, an isotriplet, and two isosinglets,

one singly charged, the other dc_,lbly charged. These couplings do not violate lepton

n_ber, they serve to define the Higgs lepton number. The new Higgs in turn are now free

to interact in such a way that lepton number is broken, either explicitly by some term in the

potential[ sI, or spontaneously, which can happen for the triplet. Then we know that lepton

number violation by these new terms opens the way for the dimension five operators to

give a radiative Majorana mass to the neutrinos, providing an automatic suppression of the

mass. Of ali the Higgs which acquire lepton number by YukaWa coupling to the Standard

Model, only the weak isotriplet has a neutral component. If the potential is such that

this component gets a vacuum value, one of two things can happen: either the potential

preserves lepton number, or it breaks it explicitly. In the former case, _he vacuum value

breaks spontaneously lepton number. In this minimal extension, there results a Nambu-

Goldstone boson, called the (triplet) Majoron['9]. This triplet Majoron model is already

ruled out by experiment through its coupling to the Z boson. In the latter case, there is no

Nambu-Goldstone boson, and the only puzzle is the smallness of the neutrino masses; one

has to devise a model where the vev of the triplet is naturally much smaller than those of

the doublets.

In the other cases with no extra Higgs other than those just listed, and where there

are no tree level Majorana masses, one has to rely on explicit breaking of lepton number

to generate Majorana masses. This is problematic for lepton number, because it severely
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limitspossiblemechanisms for generatingbaryon asymmetry. The culpritis the I(RS

effect[I0]which linksbaryon number to leptonnumber in the earlyuniverse.If£ isnot a

symmetry ofthe Lagrangean, thereisno piaceforbaryon number toescape the sphaleron,

and we areleftat the mercy ofmechanisms which generatebaryon asymmetry at yetlower

temperatures.Thus itwould be preferableto avoid explicitbreakingof leptonnumber.

IfL isto be broken explicitly,we can distinguishbetween models by the electroweak

quantum numbers ofthe leptonnumber carryingfieldthat get avev. Itisnot the purpose

of these lecturesto go in depth in the buildingof IVlajoronmodels, ltsufficesto mention

that the simplestdoublet Majoron models alsoconflictwith the Z- width. The simplest

model which stillsurvivesexperiment isthe singletIVlajoronmodel [1i]where the fieldwith

avev carriesonly lepton number. In general,a Nambu-Goldstone boson couplesthrough

the divergenceof the currentthat generatesthe spontaneouslybroken symmetry. The

couplingstrengthinverselyproportionalto the vev. The limitson thisvev areobtained

by the usual stabilityargument ofold sta__s.

In GUT models beyond the simplestSU(5), leptonnumber ispart of a gauged sym-

metry, and the Majoron iseaten by a massivevector.

IV Neutrino Oscillations

Back in 1957 [12], motivated by rumors of evidence that neutrinos were sometimes

produced in beta decay, Pontecorvo[ 13] proposed that one should consider, in analogy with

the If 0 -/(0 system, that antineutrinos produced in normal beta decay might oscillate into

neutrinos. The rumors turned out to be just that[ 14], but the idea of neutrino oscillations

remained. This suggestion was made before it was known that there were several kinds of

neutrinos [15]. That year, the group at Nagoya[16], proposed the idea of oscillations with

an arbitrary mixing angle between neutrinos species, which we now call flavor oscillations.
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We now discuss flavor oscillations among two neutrinos, which preserve total lepton

number. The case of neutrino-ar_tineutrino oscillations which breaks lepton number is

much more difficult to track since its effects would necessarily be suppressed by the ratio

of the small Majorana mass to a large momentum. In vacuum, the (hatted) neutrino mass

eigenstates satisfy the equation

d le- o
where the energies axe given by

The mass eigenstates be(t) and hp(t) are related to the unhatted weak eigenstates through

_.(0) = -sin0 0 cos0 0 vu '

where 00 is the vacuum mixing angle.

We can then rewrite the evolution equation in the form

i_ i. = _(E_ + E_) _. + 0Z-g° 0 i_0 _ '

The parameter LO with dimension of length is given by

4rtp

Lo= (Am2)

The unit diagonal component of the mass matrix will play no role in oscillations which

depend only on differences between the two states.

At t=0 an electron neutrino state is created in a weak interaction; it is given by a

linear combination of mass eigenstates
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At a later time t, that neutrino state will look like

= coseo - EtlPb>+ sin 80e-iE"tli#> .

Suppose that we use a detector which triggers on the weak eigenstates up. The (appear-

ance) probability of triggering that detector at the time t will be

,

= 1_.sin2,200 sin2 2wt .
2 LO

The probability peaks whenever the neutrino has travelled a distance equal to one quarter

of LO. In this case we have computed the appearance probability; it is proportional to the

square of the mixing angle. The distance between peaks is LO, the oscillation length. A

convenient way to remember the size of the oscillation length is

E(GeV)

LO = 2.47_km2(eV2) meters.

Many types of experiments have searched for maxlifestations of neutrino masses[ 17].

One type is kinematic searches, which has yielded the remarkable bound of 9.2 eV for the

electron neutrino. Another has been oscillations. So far the result of laboratory oscillations

have been negative, ruling out certain regions of parameter space in the _m 2 - sin 2 200

plane. These experiments fall into several categories. In the first one monitors the an-

tineutrinos coming from reactors. Life is made difficult by the fact that the antineutrinos

are not directional. Thus the flux falls sharply with distance. In the second class one

monitors neutrino and antineutrino beams at High Energy Accelerators. Recently, how-

ever, some hope has been offered in the monitoring of solar neutrinos, where there is an

apparent deficit. At the time of this writing, it is not known whether the reasons behind

this effect is to be found in our imperfect understanding of solar models, in our ignorance

of the detector efficiencies, or else in the manifestation of fundamental physics: neutrino

oscillations. Two new detectors capable of deciding the solar model issue are coming on

line; alas neither is calibrated, but one has produced some intriguing preliminary data.
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V. Solar Neutrinos: Production and Detection

According to the theory of the solar engine[16], electron neutrinos are produced during

the so-called p-p chain which starts with protons and ends up with a particles. Neutrinos

are edso produced during the CNO cycle as well, but in such reduced rates that we do not
J

discuss the CNO neutrinos. In fact the p- p chain is responsible for 98.5% of the energy

generated by the Sun. The iv -p chain reactions are as follows:

p + p _ 2H + e+ + V'e, 0 < Ev < 0.420 MeV ,

p+e-+p---+2H+ue Ev= 1.44MEV,

2H + p.--, 3He + 7 ,

3He + 3He _ 4He +iv+p ,

3He+4He_7Be+iv,

7Be + e- 7Li + (7) + Ue, Eu = { 0.861 MEV(90%)0.383 MeV(IO%) '

7Be+p_8B+3',

8B _ 8Be + e+ + Ue , 0.81 < Eu < 14.06 MeV ,

7Li + p ---,4He + 4He ,

8Be .-., 4He + 4He .

The reason for the two lines in 7Be capture is that 10% of the time the 7Li is produced

in a metastable state which then radiatively decays. Thus we see that we have three

neutrino lines, and two continuous bands, one at low energy coming from the original

fusion reaction, the other _,_higher energies coming from the decay of Boron. The flux
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of the lower energy neutrinos depends on the proton density while the flux of the higher

energy neutrinos depends on the abundance of 8B. Clearly the amount of Boron is much

more environmentally sensitive than that of the primeval protons. This translates into

the dependence of the neutrino flux on the Sun's temperature. The flux of neutrinos from

Boron decay depend on the 1Sth power of the Sun's temperature, to be compared with

those from the fusion reaction which depend only on the (-1.2)th power of temperature.

Thus particle physicists may be excused if they do not attribute a deficiency in the neutrino

flux from Boron decay to a small deviation of the temperature from its accepted value.

However, a similar deviation from the expected solar model from the fusion neutrinos

would point at causes other than the solar model. The detection of these neutrinos on this

planet proceeds in three types of experiments.

• The first experiment, performed deep underground in the Homestake mine[ 17], relies

on the reaction

_e + 37CI --'+e- + 37Ar .

Energetics is such that only neutrinos with at least .814 MeV energy are capable of pro-

ducing Argon. Only neutrinos coming from the p - e - p capture, Beryllium capture and

the Boron decay can trigger this detector. This experiment has been performed for over

twenty years albeit with funding interruptions.

• The second experiment[ 18] is of the same type, but uses cleverly chosen elements to

be triggered by much lower energy neutrinos. The reaction is in this case

lie + 71Ga --_ e- + 71Ge .

It can be triggered by neutrinos with as little energy as .23 MeV. Thus it is sensitive to

the neutrinos that come from the primeval fusion reaction, as well of course as those that

come from all the other sources. However, the flux of the p - p neutrinos is many orders of

magnitude higher than the flux emanating from Boron decay. This type of experiment is
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now being conducted at two underground detectc,rs, SAGE [18]near Baksan in the Caucasus

mountain range, the other GALLEX in the Grun Sasso tunnel near Rome.

• The third experiment is conducted in Japan at the Kamiokande [19] (proton decay)

detector. There a neutrino entering the detector can scatter with an electron

/_e+e- --_ re+e- .

The electron recoils in the direction it was h_t. By detecting the recoil electron, one should

find an excess of electrons opposite the direct{on of the Sun at the time of impact. This

detector can only detect recoil electrons if they .have been hit sufficiently hard, limiting the

detection to neutrinos with an energy greater than 7.3 MeV, at the upper end of the Boron

decay. At this time, the results from these detectors are as follows, in the convenient Solar

Neutrino Unit (SNU), which equal 10-36 captures per target atom per second.

EXPERIMENT PREDICTED OBSERVED

(SNU) (SNU)

37Cl 6- 9 2.1 =i:.3

SAGE 71Ga 132 < S0

GALLEX 71Ga 66 NO RESULT

KAMIOKANDE 1" .39 =t=.13

* Arbitrary Normalization

At face value, there seems to be a deficit by a factor of two in the two oldest experi-

ments. The preliminary data from the Gallium experiment is to be viewed as preliminary.

A sage person should wait before beating the drums and getting all excited. Still in this
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time of novel data drought, one should be forgiven some excitement[22]. The interesting

thing is that both Homestake and Kamiokande see a deficit. As of this writing, the Gal-

lium experiments are running, so that we may expect in a years's time some results, which

could settle the uncertainty associated with solar models. However one must remember

that neither detector is calibrated, although efforts are being made in that direction', neu-

trino sources do not come easily', they have to be manufactured, and then transported

to the site before they decay completely. The future of solar neutrino detection is bright.

New experiments are being planned in the Gran Sasso tunnel, BOREX, BOREXINO. Also

a deuterium detector called SNO will come on line within the decade and it will have the

capacity of detecting flavor independent neutral current effects.

VI. SOLAR NEUTRINO OSCILLATIONS

The most outrageous possibility, considered long ago[23], is that the Earth isat the right

distance from the Sun to be in a trough in the variation of the probability with distance

(even massive neutrinos would travel at nearly the speed of light). The Eal rb-Sun distance

is 1.5 × 1011 meters. This would happen if Am 2 _ 10-11 eV2! With precise data on pp

neutrinos, which have a much smaller oscillation length than the Chlorine neutrinos, it

will be possible to decide on this hypothesis.

Solar neutrinos are emitted at or near the core of the Sun' in order to get to us they

must traverse the Sun. _vVolfenstein[24] noted that because of coherent forward scattering,

the Sun's interior acts as a refl'active medium to neutrinos, and that different species will

have different indices of refraction. The combination of these two effects, oscillations due

to vacuum mixiing and the different indices of refraction, can lead[ 25] to the vanishing of

the diagonal element of the effective mixing matrix, and thus produce maxinmm mixing

for a large range of the fundamentM parameters. This is the MSW effect, which we now
i

describe.
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Cunsider [24] a wave traversing a slab of matter of length R with N scattering centers

per unit area, The wave function will be the sum of the incoming and scattered waves,

_(_) = ¢_(x)+ ¢_(z),

which in lowest order of scattering yields

27riNR .]• (_)_ expip__ _ f_(0)],
i

where lp(O) is the forward scatoering amplitude. We then rewrite the total wave function

as what it would have been without the slab multiplied by a modulating factor

_(x) _ eiv(x-R) eipRn(p) ,

whe,:e n(p) is the index of refraction

n(p) = 1 + _N fv(O ) .

The imaginary, part of fv(O) parametrizes the extinction (optical theorem), and the real

part of lp(0) just changes the propagation properties of the plane wave. An electron

neutrino will interact with the electrons in the Sun through elastic forward scattering,

through W and Z mediated processes, as well as with neutrons and protons through Z

exchange. Thus we have for the electron neutrino weak eigenstate an index 'he given by

p(ne- 1)= 2-_[NefW(O) + E Nif#(O)] ,
1 J i

where the W and Z contributions have been singled out. A muon neutrino weak eigenstate,

on the other hand, will not have any W mediated interactions since there are no muons in

the Sun. However its neutral current interactions will be the same, leading to its index of

refrr ction hp,

p(_ -1)= 2_[0 +_ N_F(0)].
P i
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For a sterile neutrino which has no interactions with matter, the index of refraction ns will

just be one,

p(n_- I)=o,

These three types of neutrinos propagate through matter quite differently, For the weak

eigenstates, 0

I"_(_)>= PP"'_I_'o>,

The real part of the index of refraction leads to a change in potential energy proportional

to p(n - 1); it contributes to the mixing matrix in the mass eigenstate basis

( cos00 sin00] [p(ne-1) 0 ) {cos00 -sin00]- sin 00 cos 00 0 p(n2 - 1) sin 00 cos 00 '

which is to be added to the already diagonal energy matrix, We discard all the irrelevant

elements proportional to the unit matrix, define another length Lm by the relation

27r
-- p(nl - n2) ,

Zm

as well as the ratio

LO

X-Lm,

and rewrite the mixing matrix in the mass eigenstate basis

/Lo - si 200 0 '
or in the weak eigensta_e basis as

l+  os00 /Lm '2_ sin 200 0 '

We proceed to diagonalize this matrix by means of an orthogonal rotation with angle Ota,

where elementary algebra gives us

_ sin 2 200
sin 2 20m - (1 + 2_ cos 200 + X:2) '
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Tile variable of interest, X, depends on the species of neutrinos considered, For the case

of ve - vp flavor oscillations, the contributions to Lm from the neutral current cancel out

and we are left with the contribution from charged current interactions with electrons,

in the Standard Model, the ratio _: is given by

X = 2v/2_GFP NeAm 2'

where GF is the Fermi constant, Ne is the local electron density, and Am 2 is the square

of the differences of mas_s, It is negative if the first species is lighter than the second,

Outside a central core region, the electron density inside the Sun decreases exponentially

rr_

Ne( r ) = Nece ,o ,

where Nec is the density at the core region, roughly one hundred Avogadro's number at

one tenth the radius, and rOis itself about one tenth the Sun's radius ro _ 7 x 107 meters,

From the formula for the matter mixing angle, or the mixing matrix, we see that the MSW

resonance occurs whenever "

1

cos 280

at which point the diagonal element vanishes and the off-diagonal elements, no matter how

small, produce maximum mixing, It corresponds to a critical electron density

Am 2 cos 280Ncrit _ _
e m

2 v/'_GFEv '

t f _,Let us define the region of resonance as that over which sm 2 20m > Over that region

varies according to A x = sin 200 , corresponding to a variation of the density

Am 2 sin 200

ANe = 2V/'2GF Ev '

In that region, the mixing matrix looks like

i( 0 sin200 )Lo sin 280 0 '
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so that the oscillation length at enhancement is given by

47rEu

Lenh = Am 2 sin 200 '

Physically, we can envisage two extreme possibilities. In the first "adiabatic"[ 27] ap-

proximation, the region over which the enhancement takes place is much larger than the

oscillation length. The other is the "slab ''[2sI, or "non-adiabatic" regime where the oscil-

lation length is much longer than the resonance region, At.

Lenh, << At: Adiabatic Regime,

Lenh, _ /Xr,, Non- Adiabatic Regime.

Which of these obtains depends of course on the value of the fundamental parameters.

Qualitatively, we expect the size of the enhancement region to depend on where it lies

inside the Sun. If it is in the core region where the electron density does not change

appreciably, the size /Xr can be expected t.o be large. On the other hand, if it occurs

outside the core region, we expect the size to be much smaller, namely

Ar = 2r0 tan 200 ,

We therefore expect the slab regime to apply at the periphery, if at all, and the "adiabatic" .
t

case to apply for enhancement near the Sun's center. Note that if the MSW effect is to to

occur at all, the electron density must be such that the condition for the critical density

is met. Since Ne is always less than its value NeC at the core, this gives a critical value

for the neutrino energy

Emin = /X?_2 cos 20 c
2aFNc '

= 4 x 104 /xm21(eV 2) ,:os 200 in, MeV .

Neutrinos with energy less than Er_ in do not encounter the resonance layer. Since the

detectable solar neutrinos range in energy from .23 MeV to 14 MeV, this limits the range

of fundamental parameters for which this effect is measurable.
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Let us first consider the adiabatic case, In this case, neutrinos with go through many

oscillations before they leave the resonance region; those with enough energy will be totally

converted into other neutrinos, undetectable by present detectors, If the energy threshold

for the effect lies in the range of the solar neutrino detectors, one expects a more significant

reduction in the experiment with the highest threshold,

In the non.adiabatic "slab" case, the resonance region is much smaller than the oscil-

lation length. This means that only part of the wave gets lost through oscillation. One

can compute the probability that an electron neutrino makes it through the slab without

a personality change. In the slab, the probability undergoes oscillatory behavior since the

diagonal element of the mixing matrix vanishes there. This is the same as for the adiabatic

case, but here only a fraction of an oscillation t_kes place before the neutrino leaves the

slab, so that the probability amplitude will keep its oscillatory character. The survival

probability is

( )Pu_--,u_ = cos2 Am2 sm2 200
2roEu ;

it is dependent on the energy of the neutrino. In the non-adiabatic case, even if it has energy

above threshold, a neutrino will not convert if its energy is large enough. Hence a possible

scenario emerges: the pp neutrinos which have lower energy will be depleted, and by the

time the energy has risen to the Homestake and Kamiot_.'_nde thresholds, the probability

of detection has gone through its cycle and is rising. We expect from this possibility much

more depletion at SAGE than is seen at I-Iomestake and Kamiokande. One can check that

this case obtains when the slab is at the Sun's periphery, For enhancement outside the

core, the adiabaticity ratio is given by

e = 1,79 x 10-s Eu(MeV) cos200
Am2(eV 2) sin 2 200 '

which tells us the relevant value of the parameters, We also note that it can occur for

much lower energy neutrinos since the critical electron density is much lower, by several

orders of magnitude over its value at the core.
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Which of these regimes is favored by experiment? This depends very much on which

experiment one wishes to take seriously. At present the Homestake and Kamiokande

results are more credible, one because of its longevity and consistency, the or,her because

of the simplicity of the detector, The qualitative difference between the two detectors is

that Kamiokande triggers on higher energy neutrinos, while the Homestake experiment

triggers on pep, Be capture a,nd CNO cycle neutrinos. Yet the observed suppression from

Solar theory is the same for both so that there does not seem to be much of an energy

dependence for the higher energy neutrinos, Suppose the MSW region is at the Sun's

center, The threshold for escaping detection is

Ev(MeV) > Am2(eV _) 4 x 104 cos280 .
i

Since both Homestake and Kamiokande do detect Solar neutrinos, this would imply that

this critical threshold should be above Kamiokande's threshold of 7.3 MeV, say around ten

MeV's, so that

Am 2cos280_2x 10-4 eV 2.

As long as the vacuum angle is not close to {, a very specific prediction emerges. However,

for this picture to be consistent, _11the neutrinos coming from the pep, Be capture, CNO

cycle, and Boron decay with energy less than ten MeV's would be detected by Homestake,

accounting for twice as many as observed, ruling out the effect. This analysis[ 27] relies

on almost religious belief in both the Standard Solar Model, and the data from these two

detectors. In addition, in this approximation, the SAGE and GALLEX detectors should

observe the predicted number of neutrinos, since none of the i)p neutrinos would convert.

On the other hand, if the MSW region is at the Sun's periphery, we can expect a

depletion from the pp neutrinos. The MSW effect can occur for much lower values of

the mass difference, since the electron density is so much smaller. In fact., the domain

of applicability of the effect, assuming that the Homestake and Kamiokande values are
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correct, is given by[2_]

' [Am2[ sin 2200 _ 10-7.5 eV 2 .

It is exciting that this range of vMues fMIs in one of the theoretical prejudice bins. However

one must beware of sociological fixed points: mere belief does not make it true. That is

the reason we must eagerly wait for the results from the Gallium detectors.

VII. Case Study: Cornering the Slippery 17 keV Neutrino

Over the last six years, there have been reports of a neutrino at 17 keV. Many ex-

periments have confirmed its existence; many have refuted it. As of this writing, the

experimental situation is quite confused[ 28]. However, if such a neutrino were to exist, it

would force a di_cult re-evaluation of Standard Cosmology and Astrophysics. Although

it is not very hard to incorporate this Simpson neutrino in particle physics, its presence is

very unwelcome in the standard cosmology scenario, if nothing else for the reason that it

would close the universe much too soon for us to exist to notice it!

The story begins with a Tritium/3 decay experiment. According to theory, the number

of electrons in a given energy range is supposed to vary according to

[

d--gpE (e - E) ! - (Q_ •

Here ._" is a factor to account for the nuclear part. Q is the available energy to the

electron, and 'mu is the mass of the neutrino, should it exist. This is the Kurie plot, linear

for massless neutrino, but curvy at its upper end if the neutrino has a mass. It provides

a neat way to hunt for the kinematical.effect of neutrino masses, a possibility noted by

Fermi in his original paper. In .Tritium, the Q-value is 18.6 keV. The surprise was that

the observed spectrum was not linear, but rather like the superposition of two curves, one

linear_ and terminating at the Q-value, the other linear, but terminating sharply at a much

lower value.
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This result was interpreted as follows: the neutrino that is the weak partner of the

electron is a linear superposition of two mass eigenstates, the normal electron neutrino,

and another neutrino, call it the Simpson neutrino,

ve = cos c_ie + sin c_is •

Then the probability of observing an emerging electron with a given energy is the incoherent

sum of two effects, one which produces the electron neutrino mass eigenstate, the other

the Simpson neutrino. The two effects add incoherently as neither neutrino is observed,

dN dN dN

dE = c°s2 C_-d--_(ie)+ sin 2 a_-_(_)s) •

Since the electron neutrino is extremely light (less than 9.3 eV), the first part yields a

nearly linear plot ending at the naive Q-value; the second yields a sharply dipping plot at

a much lower Q-value, which is the naive one minus the mass of the Simpson neutrino.

Thus the location of the dip yields the value of the mass of this new neutrino, and the

relative strength of the two effects, the height of the glitch, measures the mixing angle.

The amazing thing was that this experiment indicated a very large mass, and a mixing

at the 3% level, although more recent experiments put that mixing at the 1% level, namely

mi, _ 17 keV; sin2 c__ 0.01 .

Since then, new experiments seem to corroborate this amazing result while others contra-

dict it. The plain fact is that it is extremely difficult to measure the electron distribution at

the one per cent level. Until new rounds of experiments can credibly break that barrier, a

wise person should conclude that there is no real evidence for the effect. However theorists

can always "make it fit".

The first big surprise is the value of the mass. It is enough to close the universe un-

less it decays or annihilates quickly, or an infusion of entropy occurs at the right time[29].
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Producing such theories prove to be difficult especially when care has to be taken that the

decay products do not affect adversely Nucleosynthesis. On the other hand, the ingenuity

of theorists is such that it is always possible to produce a model, no matter how epicyclic,

where this effect can be "explained". Still, the formulation of such models turns out to be

extremely interesting, as it makes one appreciate the importance of certain experimental

limits and the role of neutrinos in making the Universe hang together. There are ba-

sically three types of experimental bounds which must be satisfied: laboratory bounds,

cosmological bounds, and astrophysical bounds.

o- The laboratory bounds come from limits on vacuum neutrino oscillations, and from

the absence of neutrinoless double 3 decay.

.-The Cosmological bounds come from premature closure of the Universe, as well as

from the number of neutrino species at the onset of Nucleosynthesis which is limited by

4He abundance.

.-The Astrophysical bounds come from the effect an extra neutrino that mixes so

strongly with the electron neutrino would have on various cooling rates, thereby reducing

some time scales. There it is remarkable that the restrictive data is the supernova SN1987A!

To make life more difficult, these are intermingled. One cannot easily fix one without

running in trouble with the other[29].

From the theoretical standpoint, the first question of interest is to ask about the nature

of the Simpson neutrino. There are several possibilities; if it is not there, then the reader

is asked to skip the next few pages; if it is real, then it can either be one of the known

neutrinos, or else a new type of neutrino. Let us assume it is real, and play the neutrino

game[30 29].

First of all, we learn that it cannot be the muon neutrino. Laboratory oscillations

of an electron into a muon neutrino would have been seen. For this mass difference,
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Arn 2 = (17keV) 2, we already know that the mixing angle has to be much smaller

sin 2 2c_ < 3.4 × 10 -3 .

We conclude that it is either the left handed r-neutrino, or else another neutrino hitherto

unknown, or a combination thereof.

Secondly, we note that there is another bound obtained in an experiment on the dis-

appearance of an electron neutrino into anything; it is only seven times larger than the

one indicated by the mixing of the Simpson neutrino.

The lepton number violating neutrinoless double/3 decay of 76Ge into 76Se has never

been seen. This results on a bound on the lifetime r > 5 x 1023yrs , or on the mixing and

mass parameters which is

_(4)i(Uei)2mui <_ 1 - 2 eV
Q

i

Here the sign depends on the CP property of the neutrino state, Uei is the element of

the M mixing matrix between the electron and ith species neutrino, and rrzi is its mass.

One way to remember the sign is to note that in the event of lepton number conservation

there is no effect. Thus a Dirac neutrino enters this formula as two degenerate states, one

helicity state with a + sign, the other with a - sign.

The particular helicity state that appears in the Simpson experiment contribute a

whopping 170 eV to this formula, two orders of magnitude over the experimental limit.

There must therefore be a delicate cancellation mechanism at work. One can view result

as either indicating that we have a Dirac neutrino, which seems to be the most natural

possibility, or that there is a numerical conspiracy. In this case where there is another

Majorana neutrino whose contribution cancels that of the Simpson neutrino. It can happen

that the fortuitous cancellation occurs as a result of the details of the mixing mechanism[31].

In either case, we need another helicity state to cancel this contribution.
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Thus, not only do we have to cope with the Simpson neutrino, but we also have to

identify its right handed partner! So far, we know that the Simpson neutrino cannot be

the muon neutrino, and that it must be accompanied by another helicity state.

• -One possibility is that it is Dirac-like, and that its helicity partner is the muon

antineutrino. This means that the muon neutrino also has a mass of 17 keV, and it leaves

us without an explanation for the deficit in solar neutrinos unless one invents a new species

of neutrino.

• -A second possibility is that it is Dirac-like, and that its helicity partner is a new

hitherto unknown degree of freedom. This puts no demand on the muon neutrino, which

can be used in the MSW effect.

• -A third possibility is that there is a fortuitous cancellation in the neutrinoless double

/3 decay formula. Although there have been ingenious cancellation mechanisms in the

recent literature[ 33], I put them in the category of the miraculous.

Let us now turn to the bounds coming from Cosmology. With its mixing and mass

parameters, the Simpson neutrino would, according to Standard Cosmology, freeze out

when the temperature of La Premiere Soupe was around a few MeV's. Then if nothing

happens to it, it would soon dominate the radiation, and overclose the Universe. What can

happen to it? lt can decay, annihilate, or be diluted by a timely infusion of entropy, which,

if it happens at a temperature around 4 MeV's, would do the job, but theorists are short

of models where this effect would happen at such a low temperature. For annihilation to

do the job, the cross section would have to be huge. No model exists for this to happen.

This leaves with the decaying of this embarassing particle. Here things are delicate. The

decay products must not affect La Premiere Soupe, nor the background radiation. One

attractive possibility is that of Majoron decay, about which we know very little.

Let us suppose that a scenario has been found for going around the closure bound.
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We still have to make sure that at the onset of Nucleosynthesis we do not have too many

neutrinos around.

If it is Majoron decay that takes place, one has to worry because if it is still in equi-

librium at the time of Nucleosynthesis, it, will count 4/7 as much as a neutrino, in near

contradiction with the standard picture. This depends on the Majoron being exactly

massless, which need not be the case if it is an aximoron.

Another worry is that if the Simpson neutrino is the tau neutrino, although it need

not decay before Nucleosynthesis, it must not decay at the delicate time where the seeds

of large scale structures are formed.

If the Simpson neutrino is not the tau neutrino, then it has to decay before tile onset

of Nucleosynthesis, otherwise we would have four neutrino species around, in contradiction

with He abundance.

Another subtelty emerges [32]. Suppose the Simpson neutrino is tile tau neutrino, with

a pseudo-Dirac partner. By this we mean the following mass matrix

+ + +

where 8, 81 << roD. Then there will be oscillations between the two helicity states, of the

6rn2 is faster thantype originally envisaged by Pontecorvo. If the oscillation time rose = 2-T

the expansion time, this process will keep the extra helicity in equilibrium, and it will

contribute one extra species at Nucleosynthesis. One needs 6rn,2 < 10-3-4eV 2 .

We can now turn to the bounds of Astrophysics. Let us first suppose that the Dirac

partner of the Simpson neutrino is "sterile". Then whenever this neutrino is produced,

it will through propagation include the sterile partner. This sterile partner has no weak

interactions; it will therefore be free to leave the place of its birth and take away with

it its energy and mass. This leads to a loss of temperature in the plasma left behind.
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For instance, in supernova formation, 'there are neutrinos at the core (T _ 70 MEV), and

neutrinos radiated from the periphery (T _ 5 MEV). The core would cool faster than

anticipated, and the neutrino burst would be shortened. This translates to a limit of

mu < 14 keV [33]. This is so close to the advertised value, that it is tantamount to ruling

it out. There is of course a way out of this quandary: invent new interactions which

keep the culprit from escaping the plasma, but then such interactions would be in force

in La Premiere Soupe, keeping it in equilibrium, and allowing it to upset Nucleosynthesisl

Another way out is to ask that the culprit decays so fast that it is still in the core, and

that its decay products would then be normal weak interactors.

So far we have not presented any models capable of reproducing this phenomenon. Let

us present two models which have a certain elegance to them.

In the following, we do not take into account the charged lepton mixing matrix Ue for

it can always be absorbed into the Majora.na mass matrix for the neutrals. This means

that the matrices we will discuss are in the basis where Ue = 1. In this basis, we can

imagine the following M mixing matrix,

(0 m 0)0 m I 0

which preserves only one lepton number, L1 + L3 - L2. This mass matrix is easily diago-

nalized, leading to one Dirac neutrino of mass

M D = ,v/7-n2+ m t2 .

The massless neutrino eigenstate is taken to be the electron neutrino; it is given by the

linear combination

= - sin a'u 1 + cos c_u3 ,

where

tano_ -- _ .
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We identify The Dirac neutrino with the r neutrino; its left handed and right handed

components are respectively given by

VL = cos ctvl + sin ctv,3 and i R=cr2v _ ,

The diagonalizing matrix is

Uo= 0 1 0 ,
0 c

so that the charged current becomes

This particular matrix was proposed[ a4] as a possible parametrlzation for the Simpson

neutrino. All the laboratory constraints are met, but it leaves one without an explanation

for the MSW effect, if one is needed. Also, it must be implemented by a decay mechanism

to escape the closure argument.

The other type of favored mixing matrix go parametrize this effect is one where the

Dirac partner of the Simpson neutrino identified with the r lepton, is a "sterile" neutrino.

This leaves room for the MSW effect. The smallness of the electron and muon neutrino

masses is still explained by the favored fermion mechanism, but with one important dif-

ference: the A/w = 0 matrix entry is postulated[ a_'a6] to have one zero eigenvalue. In that

case, for a 6 x 6 matrix, one gets two heavy Majorana neutrinos, one Dirac neutrino of in-

termediate mass, in this case the 17 keV neutrino, and two very light Majorana neutrinos,

to be identified with the electron and muon neutrinos.

The weakness of this approach is that it is not easy to ma,:afacture models where

there is a zero eigenvalue, although it is almost natural in the sense that lt has one nearly

conserved quantum number. To conclude this discussion, on the experimental side, we

need to await experiments which can measure the spectrum to better than 1%. On the

theoretical side, we have to devise models where the inchlsion of this effect has testable
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consequences other than the effect itself, At, the moment, it has ali the earmarks of a

premature prediction,

VIII. Leptogenesis and Baryogenesis

If neutrinos have masses, it is likely that the reason is a breakdown of lepton number,

This has implications in formulating scenarios for baryogenesis. The l'eason is the KRS

effect according to which, physical processes which violate a combination of B and L,

come in equilibrium in La Premiere Soupe. These processes do not violate the difference

between B and L, and are at equilibrium around the electroweak temperature. This would

mean that if the Premiere Soup¢ had in it an excess of quarks over antiquarks at higher

temperature, it could be put in jeopardy. Several cases must be discussed separately. If the

excess is in B-L, then there is no problem, and we should have today matching excesses,

the baryon asymmetry being equivalent to an asymmetry in neutrinos over antineutrinos

in the Universe. If the excess is in B+L, only, it will be homogenized, and we will have

to turn to other reasons for the baryon asymmetry, which occur at lower temperatures[37].

Thus this effect forces us to consider the question of the amount of lepton number present

in La Premiere Soupe [38'39]just above electroweak temperature.

Suppose that in the very early Universe, a lepton asymmetry is produced, as well as

a baryon asymmetry, and let us compare their fates. We do not worry so much about

the production mechanism; say it hai)pens through the usual "Drift & Decay" scenario.

These asymmetries will stay in the heat bath provided there are no interactions in thermal

equilibrium with Za Premiere Soupe that break these quantum numbers. What are these

interactions? In the case of quark number, there are interactions capable of washing out

the asymmetry; they are of the form qqql, and appear in the efi_ctive Hamiltonian with

dimension 6. It remains to determine if they are fast enough to be in equilibrium. If we
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label their strength by -_ their interaction rate is

_'Ilt,_'_7g_4x4T 5 ,

to be compared with the exptulsion rate of theUniverse

I T 2
H ' , 21,66g, -

mPl,

It is easy to see thai, for GUT-like values of mx, these reactions drop out of equilibrium

below GUT-like temperatures, One has to wait, for the sphaleron-aided processes of KP_S

to affect quark asymmetry at much lower temperature,

Let us contrast this with the case of leptogenesis, Suppose that a lepton asymmetry

has been produced at early times, This opens the way for the process discussed earlier,

of the form llhh, where h stands for the Higgs, This process is of dimension five, If we

label its strength by _ where me is the value of the neutrino mass after electroweakm_v_

breakdown, it will have an interaction rate

mu T3l"int .._

With a lower dependence on the temperature, it can stay in equilibrimu at lower tem-

peratures. For a neutrino mass of 1 'eV, this process decouples only at around 106 GeV.

So, unless mu is very small, there will be plenty of time for the lepton asymmetry to be

washed out. In order to bypass this effect, one has to invent new symmetries which forbic1

such processes, and thus more complicated models.

One could envisage the scenario of pure leptogenesis whereby only lepton number is

generated, and assuming that the neutrino masses are small enough, La Premiare Soupe

enters the electroweak era with lepton asymmetry only. Then the KRS effect will homog-

enize it into equal and opposite amounts of baryon and lepton number. This could be the

origin of baryon asymmetry.
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IX, Aximorons

In this section, we present a particular model of neutrino masses which has the virtue

of being a bit more speciflc_ although just as speculative as others. We have seen that in

one scenario small neutrino masses depend on a new AIw = 0 lepton number breaking

scale. A prioli this scale can be anything from electroweak scale to Planck scale. There are

many intermediate scales of theoretical interest; the supersymmetry scale of _ 1 TeV, the

left-right symmetric scale a bit higher, the geometrical mean of the two extremes which

appears in some SUSYGUTS, the AXION scale, the GUT scale, the SUPERGUT scale,

the SUPERSTRING INSPIRED GUT scale, and finally the Planck scale. There have been

models[ 40] where the (axion) Peccei-Quinn breaking scale and the lepton number breaking

scales have been correlated. In some, the Lagrangean has both symmetries which happen

to be broken at the same scale; here we want to focus on the possibility that there is only

one symmetry, a combination of the Peccei-Quinn and the Lepton numbers[41]. Then,

upon spontaneous breakdown, the Majoron and the Axion are one and the same particle

which we call the aximoron; just as the axion it has a mass coming from QCD effects.

This possibility has been considered before, but we feel. that it has not received sufficient

notice.

The interesting fact is the simplicity of the implementation of this idea. First we know

that in order to build a Lagrangean with the chiral PQ symmetry, two Higgs fields are

needed, H, and H d, Further, in order to make the axion invisible to most experiments,

one cim add another Higgs field which is an electroweak singlet, call it ¢. We _dso know

that its vacuum value is limited to be in the range109-12 GeV, bounded on the one side

by Astrophysics (Arcturus), on the other by Cosmology (dominance).

Let us add to this picture the favored fermion mechanism. Schematically, the Yukawa

part of the Lagrangean reads

_y = L[Hd + Q_Hu + QclHd + LNHu H-NN¢ + c.c..
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We have assumed that it is Hu that couples to the leptons, This corresponds to wh_t would

happen in 50(10) or in SUSY extensions, This Lagrangean has three global symmetries

(neglecting symmetries between different families): quark nttmber, lepton number, and PQ

symmetries, Their assignments are

L [ N Q fi J Hu H d ¢

1 1 1
B 0 0 0 _ -_ -_ 0 0 0

L 1 -I -I 0 0 0 0 0 2

I I 1 1 I

Thus we see that the inclusion of two Higgs in the Standard Model, and the fermion

Yukawa couplings for the GMRSY mechanism leave us with three global quantum numbers,

one of which is clfiral: the PQ symmetry, and the other two vec_ori_l, lepton and quark

numbers.

The model has to be completed by including the potential for the interactions between

the Higgs. If that potential preserves both L and PQ, the model is not viable. The reason

is that when ¢ gets a vacuum value, it breaks a linear combination of PQ and L, leaving

behind the unbroken combination L + 2PQ. When electroweak breaking takes place that

chiral symmetry is broken, leaving a visible axion, in contradiction with experiment. Thus

we conclude that at least a linear combination of L and PQ must be explicitly broken.

One possibility, inspired by one invisible axion model[ 42] is to break through a term of

dimension 3, of the form

#HTT2Hd¢ + c.c. ;

It leaves the linear combination 2PQ- 3L unbroken. When ¢ gets a vev, it spontaneously

breaks the remaining chiral symmetry, leaving behind a Majoron-Axion particle, the Ax-

imoron; it gets a mass just like the axion, and except for its couplings to leptons, looks

exactly like an axion.
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A second possibility is to do it through dimension four terms in the potential, such as

that in the DFS model[ 45]

HuHd¢¢ + e,c, ,

It conserves the linear combination PQ + L, When @ gets a vev, that combination is

spontaneously broken, yielding one pseudo Nambu-Ooldstone boson, the Aximoron,

In the supersymmetric extension, both cl'fira,1fermion and Higgs fields are replaced by

chiral superfields, and the potential by the superpotential which can be cubic at most,

With the same field content, and their sui)erpartners, there are many more couplings with

interesting physical consequences, We indicate ali chiral superfields by _a where a denotes

the particles in the chiral multiplet that has already been identified,

We can group the possible terms in several categories:

.-The terms _N_Nff_N, _N_4_¢, _¢_¢_¢, and _Lff_lfu ali individually break both

L and PQ, but leave the chiral combination L I = L + 2PQ invariant. Under L I, both ¢ and

N are neutral, but the standard Higgs doublets are not. This signifies that these terms

lead to a visible axion model, already ruled out by experiment.

O-_Hu_gd_g, _Lff_L_, _Q_L_d all leave the combination 3L / = 3L-2PQ invari-

ant. Both ¢ aald N have non vanishing L I, Hence when these fields take on a vacuum value,

we have an invisible aximoron model. Ali of these couplings break matter parity, It is in-

teresting to speculate on the role of these couplings in this type of model. It is known that

couplings odd under matter parity cannot be too large; yet in this model, their presence

correlates L and PQ symmetries, so that we end up with only one pseudo Nambu-Goldstone

boson. Otherwise we would end up wit,h one pseudo and one real Nambu-Goldstone boson.

However if these couplings are truly small, we end up with two very light particles, the

aximoron, and another one which is more like the Majoron. It would be nice to see what

role this other particle could play in structure formation.
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,-The coupling II,H,(I ,f1,0)¢ in the superpotenfial also leads to an axlmoron, and does

not break matter parity,

There are many possibilities of physical interest in the supersymmetric extension, As

of this writing, their consequences have not been fully explored,
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