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If neutrinos have masses, why are they so tiny? Are these masses of the Dirac type or of the Majorana type?
We are already familiar with the mechanism of how to obtain a tiny Majorana neutrino mass by the famous
seesaw mechanism. The question is: Can one build a model in which Bitiay neutrino mass arises in a
more or less “natural” way? What would be thghenomenological consequenagssuch a scenario, other
than just merely reproducing the neutrino mass patterns for the oscillation data? In this article, a systematic and
detailed analysis of a model is presented, with, as key components, the introduction of a family symmetry as
well as a new S(2) symmetry for the right-handed neutrinos. In particular, in addition to the calculations of
light neutrino Dirac masses, interesting phenomenological implications of the model will be presented.

PACS numbgs): 12.15.Ff, 12.10.Dm, 14.60.Pq, 14.60.St

[. INTRODUCTION some other mechanism for obtaining tiny neutrino masses,
and if so, how it would fare compared with the see-saw
There are strong indications—the latest of which camemechanism. Would this new mechanism shed light on other
from the SuperKamiokande Collaboratiph]—that neutri-  important issues? What would be its scale of new physics?
nos do have a mass, albeit a very tiny one, and, as a resuttan one find an experimental distinction between the two
“oscillate.” The exact nature of the masses as well as thenechanisms? This was the topic discussed in F&f.
oscillation angles is an important subject which is under in- At the present time, it is not clear that, if neutrinos do
tense investigatioh2]. Consequently, there exists many in- have a mass, it would be of the Majorana or Dirac type. As
teresting models which, in one way or another, try to accomwe have mentioned above, with Majorana neutrinos and the
modate most of the known data. It is perhaps prudent tgeesaw mechanism, one could “easily” obtain small neu-
think that the subject of neutrino masses and oscillation igrino masses. Now if the mass were to be of the Dirac type,
still a very open one. one can straightforwardly write down a gauge-invariant
It is fair to say that the extreme smallness of neutrinoyukawa coupling in the SM itseliendowed with right-
masses suggests something very peculiar about these p@anded neutrinos, of counsdBut to obtain a small neutrino
ticles. This peculiarity could come from the way the neutri- mass, one has to put by handa Yukawa coupling which is
nos obtain their masses and/or from the very special natur@credibly small, of the order of 13", Such a fine tuning is
of the neutrinos themselves which distinguish them from allhighly unnatural and that might be the reason why little at-
other particles. For example, do right-handed neutrinosention is given to the construction of models based on Dirac
(present in most models of neutrino magsesTy quantum  neutrino masses. Did we leave something out by ignoring it?
numbers which are absent in some or all otfteft- or right-  \What if the mass is truly of the Dirac type? Until this ques-
handed fermions? After all, right-handed neutrinos, if tion is settled, it is worthwhile to investigate possible alter-
present, would be singlets under SUEJIU(2).®U(1)y  natives to the seesaw mechanism. This paper and a previous
anyway. one [5] propose one of such alternatives by constructing a
Most efforts on the problem of neutrino masses, at leasinodel ofDirac neutrino masses where the smallness of their
on the model-building front, are concentrated on the convalues arises dynamically. One of the criteria used in build-
struction of lepton mass matrices based on varidosdze ing such a model is the wish to go beyond the mere presen-
There is one common assumption present in many of suctation of a neutrino mass matrix. In particular, we would like
models: light neutrino masses arise from a seesaw mechg see if there might be othephenomenological conse-
nism[3]. The smallness of the neutrino masses would comeuencesvhich could be testable: New particles, new physics
from an expression that goes a%/M, wheremy, is the  signals, etc. This is the aim we had in mind in building our
Dirac mass and\ is the Majorana mass which typically is model.
very much larger thamp . In these models, the scale of new  The construction of the model presented in Rél. was
physicsM, as suggested by the lightness of neutrino massesased on the following questions. If neutrino masses were so
would be some kind of grand unified scale or even the breaksmall compared to all other known masses, would there be
ing scale of left-right symmetry mode]d]. (Lepton number an appearance of a special symmetry when one lets the mass
is not a conserved quantity in this class of modelEhe go to zero? Could this special symmetry, if it exists, be a
seesaw mechanism is a very elegant approach which jseculiar feature of the right-handed neutral leptons alone?
widely embraced. Could there be additional purposes for its existence other
However, one could not help but wonder if there might bethan providing a small mass for the neutrinos? In other
words, can one learn something more from it? It was found
in Ref.[5] that there is indeed an interesting symmetry which
*Email address: pgh@Uvirginia.edu acts only on the right-handed neutrinos and which, in addi-
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tion to providing a reason for the smallness of the neutrincseesaw mechanism. We will also see that the mass of the
masses, also constrains the nati@een or oddl of the num-  light neutrinos is intrinsically tied to the extra global sym-
ber of generations. Furthermore, the way in which neutringnetry present in the scalar sector of the model. In fact, the
masses are constructed can be used to build a model f§xtra Nambu-Goldston®G) bosons which are not absorbed
charged lepton and quark masses. In addition, this particuldy the [family and SU(2) ] gauge bosons acquire a mass
way of constructing masses might even have some bearirfgie to the presence of the gauge-invariant “cross-coupling”
on the strongCP problem. Last but not least, are there ad-térms in the potential which explicitely break the extra global

ditional tests of various neutrino models other than neutring®MMetry- . , .
oscillations? For the seesaw mechanism with Majorana neu-. The gbove brlef statement will .be r_nade _clearer in the
trinos, one already sees that one of such additional signals ig!scuss[on of heutrino masses. Notice, in partlc_:ular, that the
for example, the phenomenon of neutrinoless double betiFsult given for light neutrino Mmasses in RE8] is only a
decay. As it will be presented below, the addtional signals olery special case of the present d|scu35|o.n. .
the model presented here will involve a number of very con- The plan .Of the Paper 1S as follows. First, the model is
crete predictions: the absence of neutrinoless double beta garesented with a description of the gauge structure along

cay, the possible presence of “low mas&t couple of hun- with its particlg content. It is. ;hown how a new ;ymmetry
dreds of GeV, e.g.vectorlike fermions, among other things prevents neutrinos from obtaining a mass unless it is broken.

In particular, the detection of these vectorlike fermions doN_eXt' the _special properties_of this extr_a symmetry assqciated
not in any way involve neutrinos. ywth the rlght-ha_nded n_eutnnos are dlscusse(_j. In.partlcular,
One patrticularly important feature of our model is the"c that_ s_ymmetry IS achlrall Sl2) as is the case in th's.papef’
following predictions for neutrino oscillations, assuming hontrivial constraints coming from the nonperturbative Wit-
only the validity of the atmostpheric and solar neutrino datai€n @nomaly7] can be applied to the nature of the number of

(1) The three light neutrinos are nearly degeneréglf the families. This is the extra bonus mentioned above. The paper

light neutrinos have a mass large enough to form a Compot_hen proceeds to discuss the generation of light neutrino

nent of the hot dark mattefHDM) [6] then only the masses, principa}lly by radiative corrections of_ the type men-
Mikheyev-Smirnov-WolfensteiflMSW) solution to the solar t|9ned above. It_|s tlhen fo.”O\INed by a.ﬁlscussmnr:)f the n?u'
neutrino oscillation is favored3) If the vacuum solution to 1IN0 Mass matrix. In particular, we will present the correla-

the solar neutrino problem turns out to be the correct onellon between the values of the neutrino masses and.

. . 2 .
our model will only be able to accomodate tiny neutrino Most |mp0_rtantly, we will show hovam Increases or _de-_
masses, around I8 eV or less, ruling out near-degenerate C'€aS€s with the masses themselves, with two resulting im-

neutrinos as components of HDM. As a result, in our mode|plications: either one has HDMnd MSW or vacuum solu-
tion and no HDM. Either of these solutions will have an

one cannot have both vacuum solution and HDM. We will; ST h
show below the correlation between the masses and the dif- portant cosmological implication. We end the paper with a

ferences of mass squarefm?, which enter the neutrino rief discussion of the charged lepton mass matrix, the pri-
oscillation phenomena ’ mary purpose of which being the wish to complete the dis-

Assuming the existence of the aforementioned symmetr)fUSSion by presentipg some examples of Wh‘f“ the oscillation
how can one construct Dirac neutrino masses to be dynamiﬁJlngles _mlght look like. A follow-up paper will deal seper-
cally small? By “dynamically,” it is meant that the mass is ately with the charged lepton sector and, as a consequence,

zero at tree level and that any nonzero value would have tW'th a full d|sgu53|0n of the.angles. :
arise at the one-loofor more level. Now, the peculiatand We would like to emphas_|ze f(_)r the purpose O.f clarity that
' the charged lepton sectwhich will be dealt with in a sepa-

toughest thing about neutrinos is the fact that their mass is oo ) .
so small—at least eleven orders of magnitude smaller thaffte paperis different in structure from the neutrino sector,

the electroweak scale. In constructing our model for Dirac®S We shall see below, and does not have the same hierarchi-

neutrino masses, it is then reasonable to ask under what coﬁ‘:’lI s'Fructure. The fact that, in this mode], the thre.e light
ditions would the dynamical Dirac mass of the neutrinosh€utrinos are nearly degenerate does not imply that it would

obtained at the one loop level be “naturally” small, i.e., be the same in the charged lepton sector. In fact, it is not as

devoid of excessive fine-tuning. In this paper, we present thg\’eF\{V'“ ”show Ina subs_(lalqgené pape(rj. . h h
following interesting results. In the four-generation model, it '"ally, a section will be devoted to various other phe-

is found that the fourth neutrino can be naturally heavy Wh”enomenologlcal implications of the model. We shall assume

the other three obtain their masses at one loop, with th&roughout this paper the existence of right-handed neutri-
result that these masses can be tiny provided some ratios gpPs:

masses of particles which participate in the loop integratior}| Smc:e thlshmanuscrlptkljs rpganr': tohbe comgrehgnswe,faﬂd
are “large,” regardlessof their actual values. This is inter- ence lengthy, one could skip the three subsections of the
. ic|QEXt section, after first reading its introductighs reading is

nevertheless recommended because the physics motivations

which participate in the loop integration, in particular the .
P P b g P de discussed theje.

lightest ones, can have masses as low as a few hundred Ge
and which could provide a direct test of this model. We will
also see that, in order to obtain very small neutrino masses,

at least one of the particles needs to be much heavier than the It is well known that all that is needed to give neutrinos a
lightest one—a result which is somewhat reminescent of thenass is to simply add extra right-handed neutrinos to the

1. A MODEL
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standard model. One can then constru¢baac) mass term  stay solely within the SM if one wishes to deal with the mass
with an arbitrary Yukawa coupling,l, ¢vg+H.c., which  of the neutrinos. What it is that one needs when one goes
can be made to be as small as one wishes. This, of course,ligyond the SM is a matter of taste, modulo a very obvious
unsatisfactory because, if neutrinos have masses in the eéquirement: predictability of new phenomena or particles
range or less, this would require the Yukawa couplingo  Which can be tested.

be of O(10"1Y or less. Fine-tuning to such a precision is  We first describe the model, presenting its gauge structure
normally considered to be unnatural. At this point, one mightand representations. Next, explanations are provided for the
be tempted to try to explain this fact by simply invoking a "€asons behind the choices of the extended gauge group and

fourth generation with a democratic mass matrix, at least foltS Particle content. The crucial assumption here is the exis-
the neutrinos, as has been done by R&f. The diagonaliza- tence of two new symmetries, one of which will be particular
tion of the neutrino mass matrix would then give one heaV)}O right-handed neutrinos, as alluded to earlier, and the other

eigenstate and three massless states. By adding some arBfl IS @ family gauge symmetry. As we shall see below, itis
trary phases to the mass matrix, one can “provide” a smalthe breaking of these new symmetries that will give a mass

mass(depending on the values of those phaseshe three (O the neutrinos. . . .
neutrinos. This purely phenomenologioahsatz (Ref. [8]) In thls Wor_k, the SM is extended in the following way.
appears to “fit” the recent data on neutrino oscillations with Geénerically, it takes the form SU(3p SU(2).®U(1)y
the appropriatehoicesof the phases. However, the fourth © (family symmetry®(right-handed neutrino special sym-
generation lepton masses came out to be extremely heafjetry- Why a “family symmetry”? This is so for two rea-

and split, which practically seems to be ruled out by analyse§0ns:(@) We wish to investigate the family replication prob-
of precision experimentEd]. lem and the mixing among different generations épdthe

In Ref. [5], a model of Dirac neutrino masses was Ccm_special symmetry endpwed by the _right-handed.neutrinos
structed and based on a four generation scenario that w&&ight have some bearing on the family symmetry itself. Af-
very different from the democratiénsatzmade in Ref[8].  ter all, if one would like to investigate the family problem,
One of the reasons for using such a scenario is the fact thatome kind of family symmetry—Dbe it discrete or continuous,
as of the present time, a fourth generationdsruled out by g_lobal, or gauge—is needed. Why a special symmetry for the
experiment and, as a consequence, it is interesting to explofi@ht-handed neutrinos? The reasons were already ex-
its possible implications. A recent reviei&1] gave a com- pounded above: To prowde_a framework for an undergtand-
prehensive discussion of various topics concerning quark§d of the smallness of neutrino masses. Our next task is then
and leptons beyond the third generation, including thd© determlne_what this speC|_aI symmetry might be and what
present experimental status and future searches. form the family symmetry might take.

If a fourth generation were to be used in the investigation Our model is described by
of neutrino masses, one should keep in mind various phe-
nomenological constraints concerning not only Ieptonspbut SU(3)°®SU(2)L®U<1)Y®SO(Nf)®SU(2)”R’ @

also quarks. For instance, constraints on thearameter :
limit the mass splitting within each doublet of extra quarksWhere SONy) and SU(Z)’R are the family gauge group and

and leptons: the up and down members of a fourth generd® SPecial gauge group for the right-handed neutrinos, re-
tion should be very close in mass. They should be long-live@P€ctively. The particle content of the model is listed in
enough to escape present detection. This, in turns, tells uE2ble I. Notice that we have denoted the right-handed neu-
something about the mixing between the fourth generatiofrinos by ng=(vg,vg) because they are assumed to trans-
and the other three. All of these issues have been describdarm as doublets under SU(2) The two options listed for
in Ref. [11]. In the construction of the model presented inthe right-handed neutrinos as well as the meaning of the
Ref. [5], these phenomenological constraints were kept imonstandard particles will be discussed below. We would
mind. first like to explain the choices of the extra gauge groups.
As mentioned briefly in the Introduction, our approach, asHere, the extra symmetries are chosen toghage symme-
described in Ref[5], is based on a dynamical justification tries because, as it is well known, powerful constraints can
for the small value of the neutrino Yukawa couplings. Thepe obtained from models built on the gauge assumption.
guestion that was asked was: Could there be a scenario in
which a symmetry appears as one lets the Yukawa coupling A. Why SU(2),_?
go to zero? The tiny Yukawa coupling which would give the ] R
neutrino a very small mass would then arise dynamically Let us first look at Table I. In this model, all standard
when that symmetry is broken. These Yukawa Coup"nggleft-handed and rlght-han-d)sqbartlclgs are singlets urjder
then appear as effective couplings which could be small foSY(2),,. Hence the subscriptz . In this respect, SU(3), is
dynamical reasons and are not fundamental parameters thagry different from SU(2) of the popular left-right model
are put in by hand and which are needed to be fine-tuned4]. In that model, right-handed quarks and leptons form
What is the nature of that symmetry and how a dynamicalloublets under SU(%), for every family. Because of our
Yukawa coupling appears will be the subject of this sectiorassignment, all weak interactions among standard particles
and the following two. are pureV-A, in contrast with the left-right model. What is
It is obvious that an extension of the standard mag8&1) the motivation behind our choice that makes it so different
is needed in addressing the above issues. One simply canrfodbm the left-right model? To answer that question, let us
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TABLE |. Particle content and quantum numbers of SU(3) the special symmetry of the right-handed neutrinos. Let us
®SU(2).®U(1)y®SONy) ® SU(2),,. contrast the constraint coming from SU(2with that com-

Standard fermions = (3.2,1/6N; 1) ing from SU(2)% (left-right mode). For our model, with
L= (1.2~ 1/2N; 1) SU(2)VR, only 7y transforms as doublets. Absence from the

ug=(3,1,2/3N;,1)  Witten anomaly then requires the number of such doublets to
dr=(3,1-1/3N;,1)  beeven If 7z carries, in addition, family indices then the
ex=(1,1-1N,,1)  anomaly requirement restricts the number of generations to
be evensuch as in option 1 as indicated in Table I. If there
Right-handed’s Option 1: 7e=(1,1,0N;,2)  €Xists anng which is a family singlefdenoted byg), the
Option 2: 7r=(1,1,0N¢,2); number of generations would fweld such as in option 2 of
7k=(1,1,0,1,2)  Table I. With the left-right modeleach familycontains four
doublets of SU(23: (vg,er) and (@Ug,dg); with i
Vectorlike fermions FLp=(1,2-1211) =1,... ,3.Therefore, the Witten anomaly requirement is au-
My g=(1,1-1,1,1) tomatically satisfiecher family. This is one of the few dif-
M, r=(1,1,0,1,1) ferences between our model and the left-right model.
A final word of caution is in order here. Although the
Scalars Q°=(1,1,0N;,1)  Witten anomaly constraint allows us to make a statement on
p?=(1,1,0N;,2) the evenness or oddness of the number of generations—a
b=(1,2,1/2,1,1) subject to which we shall come back in the next
subsection—idoes notdetermine that number. This should
come from a deeper and as-yet-unknown theory. Our goal is
] ] ) much more modest: Given a fermion contémption 1 or 2
recall an interesting feature _of chiral §2): thepresence or  pelow), we can say whether or not the number of generations
absence of the so-called Witten global anomaly. is odd or even, and that is all. We shall, however, try to
If chiral fermions transform as doublets under (),  constraint that number from a different route which is more

there exists a nonperturbative anomaly—the so-called Witteghenomenological in nature, and point out the differences
anomaly[7]—associated with amdd number of doublets. petween options 1 and 2.

Briefly speaking, this is so because the fermionic determi-

nantydeti ¥ (A,) changes sign under a “large” gauge trans- B. Why SO(N/)?

formationA; =U"*A,U~iU"*9,U if the number of chiral _ L
doublets is odd. This would make the partition functin In the construction of any model, there is a time-honored
vanish and the theory would be ill defined. This nonpertur-réauirement: the absence of the perturbative triangle
bative anomaly would then require the number of Weyl dou-2nomaly. Even if the Witten anomaly were absent, this re-
blets to beevenin order for the theory to be consistefithis quirement Is & must for any gauge theo@'JUSt happens :
ambiguity in sign stems from the fact that the fourth homo_that, in the SM, both requirements are simultaneously satis-

topy groupIl,[SU(2)]=Z,.) Other groups that also have fied. In our case, if a family index is assigned to all standard

similar nontrivial constraints are Sdj for any N andO(N) fermionsandto 7g, t_he family gauge group that is chosen
for N<5. cannot be a vectorlike theory, which is anomaly-free, be-

It is amusing to recall a well-known but forgotten fact causerp posseses an additional quantum number, that of

about the SM. There the chiral gauge group is SY(Zach SU(Z)VR. This is unlike QCD or even the left-right model if
family contains one lepton and three quark doublets and, a€ft and right-handed fermions carry similar family quantum
such, is free from the global Witten anomalj.et us recall numbers. A safe group and representations have to be cho-
that the cancellation of thperturbativetriangle anomaly in ~ S€n.
the SM only relates the lepton charge to that of the quidiik. The choice made in this paper is 3Qf for the family
instead of three, the number of cold¥s were arbitrary, the ~gauge group, with chiralleft- and right-handedfermions
freedom from such an anomaly would require- i, to be  transforming agrea) vector representations with; compo-
even, and hencéy. to be odd, namelyN.=3,5, ... . Why hents each. As such, the model is also free of the perturbative
nature chooseN .= 3 instead of some other odd number is atriangle anomaly. Our model based on SU@HU(2).
question which can only be answered in the context of som& U(1)y® SO(Ny) ®SU(2),, with an even number of
deeper theory such as, e.g., (). Although the Witten SU(Z)VR doublets and chiral fermions transformingwestor
anomaly does not fix the size &, it is nevertheless a representation®f SO(N;) is free from both nonperturbative
powerful constraint in the sense thafice a fermion content  and perturbative anomalies.
is known[e.g., one color singlgteptong and one fundamen-
tal representatio{quarks in the SM, N. is constrained
(e.g., odd in the case of the SM

The above simple lesson taught us something about the As shown in Table I, there are two options fgg, each
powerful constraint that a chiral SU(2) exerts on the numbePf which should contain an even number of SU(2¥lou-
of chiral doublets. This is the reason why it is chosen to beblets.

C. Constraints on N
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(a) Option 1: ng carries the family indexa=1 ...N¢ cosp sinp
whereN;=2,4,6,8... . o)

(b) Option 2: Here we havey, (a family single} and 73 . s -
The constraint is now * N¢= even, which means tha\; . S
=3,5,7 ... (excluding the trivial case of 1 family /’ Y

Unlike the SM where one knows the fermion content for , ! '
each family, i.e., quarks and leptons, and hence the nature of ;
N.—it is odd—our scenario involves incomplete experimen- I
tal informations, and as such, the nat(oeld or evenof N
cannot be completely fixed. Each choice, however, repre- :
sents a distinct particle contefrto family singlets for the (1
even option and one family singlet for the odd opjiarhich
implies a possible distinct route for a yet-unknown unifica-
tion.

Recognizing the fact that there are deep differences be- .
tween the even and odd options—a point to be discussed Rep;
below—and in the absence of a deeper theory, one might
wonder what can be done to narrow down the choices, not . \
between odd or even, but within each option itself. Below we ‘ \
present an argument that could help in finding a way to fur- v. ; !
ther restrictN¢. This argument is only suggestive, being a ;
combination of “theoretical prejudice” and phenomenologi- "
cal constraint. V0

One might require that gauge couplings are free from
Landau singularities below the Planck scale in such a way
that unification of the SM gauge couplings, if it exists, oc-
curs in the perturbative reginj@0]. With this criterion, one
can see that the even option can only accomoddie
=2,4,6, while the odd option can only accomodate
=3,5. This is because fd{;=7, one or more gauge cou- . . . . .
plings will “blow up” before the Planck scale. There are no possibility for testing this model is to look for signals of

reasons, in the absence of a deeper theory, to rule out any 9PMe ©f the lightest particles—the vectorlike fermions—

the above choices. This will require other yet-unknown conWhich participate in the loop diagram of Fig. 1. As discussed

ditions. The only thing one can say, in the context of ourPelow, the light neutrino masses depe_nd only on the ratios of
model, is that electroweak precision experiments appear t§/€S€¢ masses and not on their magnitudes and these vector-
rule outN,=5 [9] and and that existential facts tell us that K€ fermions can be as light as a few hundred GeVs.
N; is at least three. This leaves us with the chdige=4 for
the even option andll;=3 for the odd option. IIl. NEUTRINO MASSES

If Ny=<4 comes from the above argument, what then is  Thjs section will be devoted to the discussion of how
the role of the Witten anomaly in all of this? It tells us about e trino masses can be generated in our model for option 1.
the particle content of the right-handed neutrinos. Rer \ye shall comment on option 2 at the end of the manuscript.
=4, the right-handed neutrinos are simpj=(1,1,0,4,2)  \e shall concentrate only on the lepton sector and, in par-
while for N¢=3, one haspg=(1,1,0,3,2) plus a family sin- tjcylar, on the neutrino one, leaving the full discussion of the

glet 7g=(1,1,0,1,2). What observed differences can there b@nharged lepton and quark sectors for a subsequent publica-
between these two options? The former predicts the exXisjon.

tence of a fourth generation whose consequences have beensince we will be dealing only witBirac neutrino masses,
recently discussed in Refgl0] and[11,12. The latter pre-  we shall require thaall fermions be endowed with a global
dicts the existence of a neutral family-singlgg [doublet  B-L symmetry. Since we are concerned only with leptons in
under SU(2)_] which could have cosmological conse- this section, a globadl symmetry is sufficient for the present
quences of a yet-unknown nature. In addition, as we poinpurpose. This global symmetry wouldpreventa Majorana

out below, it appears that the even option prefers three alnass term of the typepr®#i ,r, Wherei=1,2 and &
most degenerate light neutrinos while the odd option prefers=1, . .. ,4.0nly Dirac masses will be allowed.

a hierarchical structure for the light neutrinos. If a fourth  There might be other suggestive reasons as to why Dirac
generation is discovered, which alone does not necessarilyjasses for the neutrinos might be attractive. For example, a
imply the even option presented here, and if the light neu€ombined fit of massive neutrinos as components of hot dark
trino masses are convincingly “proven” to be nearly degen-matter (HDM) and atmospheric neutrino oscillations seems
erate (instead of a hierarchical structyrehe even option to prefer a scenario in which two or three light neutrinos are
might be viable. Furthermore, as we shall see below, anotharearly degenerate and have mass inGifeV) range. Recent

- cosp sinf

FIG. 1. Feynman graph showing the computatiosgf. where
m,=G,(v/2).
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data on neutrinoless double beta de¢ayabsence therepf The assumption of an unbrokérsymmetry forbids the pres-
[13] appear to rule out Majorana neutrinos heavier than 0.2nce of Majorana mass terms as mentioned above.

eV, at least in the simplest versions. Here it will be shown Notice that the values d¥i¢ ; , are arbitrary. What they
how, in our scenario, one can obtain three near-degenerateight be will be the subject of the discussion presented be-
neutrinos whose mass can be of the order of a few eV’s antbw. After integrating out theF, M,, and M, fields, the

is of the Dirac type. Consequently, in our model, there willrelevant part of the effective Lagrangian belt ; , reads

be no neutrinoless double beta decay, and hence no contraint

on the Dirac neutrino masses from such a search. . géﬁfgn:gETf(peaRju GETﬁ(QM’QB)e/;R
As we have discussed above, option 1 contains no family- _ _
singlet fermion field and freedom from the Witten anomaly + Gyl E(Qadmiﬁ) 77IBR+ H.c., 4

dictates that the number of families should be even. Further-

more, we have argued that this even number should be fouwhere

As a result, the gauge group for this option is

G:Gu G, G1Gy,Gs

Gn=— (5

SU(3),®SU(2) @ U(1)y@ SA4)®SU2),, (2 GE:W’ NT MM,

The reader is referred to Table | for a list of particles that

participate in this model This is a tree-level effective Lagrangian whose consequences

are now presented.

Let us discuss the implication of each term on the right-
hand side of Eq(4). As stated in the preceding paragraph,
the first term gives rise to equal masses for the charged lep-

Without the extra vector-like fermions;, M;, andM,,  tons. The second term would lift the degeneracy of the
the only gauge-invariant Yukawa coupling involving leptons charged lepton sector on€k acquires a vacuum expectation
would be £y=gel fde, r+H.c. Wherea=1, ... 4 is the value (VEV). The third term gives rise to a neutrino mass

family index), giving rise to equal masses for the chargedonceboth Q1 andp acquire a VEV. It is clear that, in our
leptons. Unbroken S(@2),r forbids a similar term for the MOodel, neutrino masses can appear only wheth SO(4)
neutrinos and they remain massless at this létice that, ~and SU(2), are spontaneously broken while the charged
since we are only interested in Dirac neutrino masses, ¥pton masses are nonzeffaut equal even if SO(4) is un-
gauge-invariant Majorana mass term of the typ€»; ,gis  broken. Only when SO(4) is broken will the charged lepton
forbidden byl symmetry) We knowthat the charged leptons mass degeneracy be lifted.
are not degenerate in mass. We atsowthat the width of Let us assumg())=(0,0,0V) and(p)=(0,0,0V’'®s,),
the Z boson[14] constrains the mass of the fourth neutrino towheresl=($). Notice that each componefiinder S@4)]
be larger than half th& mass. This is where the vectorlike of p transforms as a doublet under SU(;)If we denote the
fermmns listed in Table | come in. Because of thelr Vector-tyrth element ofps by (Ng,
like nature, they can havarbitrary gauge-invariant bare
masses. We shall assume that féermions W.h'Ch trans- (4) to write down a Dirac mass term for the fourth generation
form as a doublet under SU(2 are degenerate in mass. It is neutrino, namely
seen below that some of these masses can be as low as a few ’ ’
hundred GeV and are thus accessible to future experimental
searches. As for the S parameter constraint, it is well-known GNLNLNR_I' H.c. Gy=G,Gy
that, to leading order, vectorlike fermions which carry elec- \/5 2
troweak SU(2) quatum numberslo notcontribute toS if
one has adegenerateSU(2) doublet. The reason for this giving
being so is because the right-handed contribution cancels
exactly the left-handed contribution. Therefore, to leading - U
order, there is no constraint from tBgarameter on the mass Mn= GNE- 7
of the F fermions. This point and other issues concerning
guarks and leptons beyond the third generation are discuss
in Ref.[12].

The Yukawa part of the Lagrangian involving leptons can
be written as

A. Computation of the diagonal elements
of the 4X4 neutrino mass matrix

Ng), one can use the above
two VEV's along with( ¢)=(0,v/2) (v~246 GeV} in Eq.

!

Gsw, (6)

%\q tree leve] all other neutrinos are massless. Their masses
arise at the one-loop level as shown below. Thmc mass
of the fourth neutrino could be rathbeavy In fact, it is not
unreasonable to expe€, G, andG; to be of the order

‘ClTepton:gETE‘;bea R+ G Frt GM1EL¢M1R of unity. In consequence, as long as

+GMZEL:PMZRJFG2/\_41LQae§+G3M2LP%7l$R VV/MeM,~0(1), ®)

= = = one might expect the fourth neutrino to be even as heavy as
T MeF PR+ MaMy Migt MaMa MortH.C. 175 GeV. Certainly, the CERM*e ™ collider LEP bound of
3 M /2 can easily be satisfied.
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Why are the other three neutrinos massless at tree leve{gherei=1,2,3. A|SO,G3M2LP%WTR (m=1,2) can now be
First, it is so because, from E(B) and Eq.(4), one can see \yitten as
that, after integrating out the heavy vectorlike fermions,

there is natree-level, dimen_sign)&)perator which contains, Gs'WzLPLI??};R: G3M,, (sinaH,+ cosah,
as a factor, a term such a§'¢nk, wherem=1,23 is a _

- : N ri +ilmpa)ym; (13
family index, which would give rise to a mass term for the Pa)17ar,
three light neutrinos. An effectivédimension 6 operator — _ o -
which contains the aforementioned term would necessarily G3My p17ir= G3ML(sin B+ cosp Rep;

come from a loop integration such as the one shown in Fig.
1. Just like the various terms which appear in &, this
effective operator would also contain the scalar figkdand
p. It would appear as

+ilmp)y7g' (14)

The above equations, in addition @MZEL:bM or, form the
basis for constructing the one-loop diagrams as shown in
_E‘gnm(gapai)_ 9) Fig. 1. As one can immediately see, the 0~nly scalfrs that

_ ) ) participate in the loop integration até¢,, h,, ;, andp;.
As pointed out in the Appendix, a term such d3“,;)  The contributions to the light neutrino masses will contain a

appears as part of a quartic term in the potential which exz PPN 2 for 0. _ . f
plicitely breaks the extra global symmetry that the scalaraciOr cosBsinp=sin(2p)/2 for €); and —cospsing for

sector posesses. As a result, the extra NG bosons are, in fa €pi - ) ,
pseudo-NG bosons and acquire a mass which is proportional '€ masses of the physical Higgs scaldzsandh,, and
to the coupling\, as shown in Eq(A8) of the Appendix.  those of the pseudo-NG bosons Rgi=1,2,3), are given

In order to compute the one-loop contributions to neutrinody Egs.(A4),(A8) in the Appendix. Since the one-loop con-
masses, let us recall, in this section, the results obtained itiibutions to the fourth neutrino mass are expected to be
the Appendix concerning the relevant mass eigenstates in tfgnall compared with its tree-level value, we shall concen-

scalar sector. We have trate in this section on the light neutrino masses. There we
~ N shall be concerned only witlf); (NG bosons and Rep;
H,=cosaH,—sinah,, (108 (pseudo-NG bosons(i=1,2,3). In the 't Hooft-Feynman
5 5 gauge, the NG bosons will have a propagator with a mass
h,=sinaH,+cosah,, (10b  which is that of the family gauge bosons. We shall denote it
by Mg . We shall call the mass of the pseudo-NG bosons,
Q;=cospQ,—sinB Rep;, (100 Mp.
The result obtained from the diagrams as shown in Fig. 1
Rep;=sinBQ;+cosB Rep; (109  for the three light neutrinos is
wherei=1,2,3 and where the states with the tildes sign are ~ v
mass eigenstates. The Yukawa couplings which will be in- mv:GvE’ (15

volved in the computation of neutrino masses can now be
written in terms of the mass eigenstates. For examplgynere
G,1"Q ,Fg can be written as

- L N sin(2)
GllLQ4FR:G1IL(COSC(H4_S|nC¥h4)FR, (11) GV:GIGMZG3 32

S [H@)-1(Rep)], (16
a

Gyl QiFr=G,l] (cospQ;—sinBRep)Fr, (120 and where

1 Me{MZ[MZIn(MZ/M2Z)—MZIn(M2/M2)]+MAMZIn(M3/M2)}

1(Q)—1(Rep)= —(MeM,) ¢ .
(Q)=1(Rep)= —y- (ME=ME)(Mz—M2) (Me—My)
(17)
I
For notational convenience, we shall define m MeM, sin(23)
~ - = S-Al(G,P), (19
Al(G,P)=I1(Q)—1(Rep), (19 My VvV 327

It is convenient to express the mass of the light neutrinos by
the following ratio: wheremy is defined by Eq(7).
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x167° At this stage, the three light neutrinos are degenerate. A
0.1 discussion of the lifting of the degeneracy will follow a more
(1) Mg =10 general discussion of the implications of E9). It is clear
0.08 - M = 1 (2 M, = 10° that the “light family” symmetry would have to be broken

; (3) M; = 10* in order for the “light” fermions to mix. It is also clear that
0.06 |- Me =3 () U, = 17 the neutrino masse®ne heavy and three lightlerived so

X (5) My = 10, far represent only the diagonal elements of a4 neutrino
0.04 - S; : N 12, mass matrix. If the discussion presented in this section on

light neutrino masses is to be at all interesting, it is impera-
tive to assume that the bulk of at least one, if not all, of the
light neutrino masses comes from E5).

At this point, an important remark is in order here. As we
have stressed above, the near degeneracy of the light neutri-
nos in no way implies that a similar situation will occur in
the charged lepton sector. In fact, we will show in a separate
paper that this will not be the case.

Under what conditions wilG , be of the order of 10 or
less? First of all, as we have seen from Ef, in order to
have a “heavy” fourth neutrino, one should have
L G1Gy2G3(V V' /M M,)=~0(1). This puts a condition on

14 the angleg itself, namely, (talB=V'/V)

(8) Mg = 10°

—002 |
~0.04 |
—0.06 |-

—008 |

—o1 L

10g10 M,

FIG. 2. The ratioR=m, /my [Eq. (23)] as a function oM, (in tang~ 1 MeM,
units of Mg, and hence the notatidd c=1), for Mp=5 and for GiGmoGs V2
various values oM. For visibility purpose, a few curves have
been inflated by factors 107%5% As we have stated earlier, it is not unreasonable to assume

o hould ion 1 ot e i | that G;, Gy, and Gz to be of the order of unity. With
ne should mention for completeness the tiny one-loog,2 2,2 : ;
contribution to the fourth neutrino mass. If we denote by thigt\)/le%orge\s/ [whereg is the SO(4) gauge couplifigEa. (21)
contribution by dm,, it is straightforward to see that it is

given precisely by the same formula for the light neutrino Mg M,

mass, Eq.(15), with the following replacementsf— a, tanB~g>— ——. (22
Mc—My,, Mp—My, namely,

(21)

The above estimate for the constraint on the agle&ill be

~ U used in our computation of the light neutrino masses. With
oM, = G4E’ (208 thisin mind, we can now proceed to make an estimate of the
ratiom,/my, where now V'/Mg M,~0(1) and Eq.(19)
. becomes
G4=G,G,G S'n(za)AuG P) (20b)
S e M S0 (@)1 (Rep)] @3
My 3272 P

where the form of (H,) —1(h,) is identical to Eq(17) with

the replacements as mentioned above. This contribution wilhs we have seen above, the res(#8) depends only on

play an insignificant role in the mass matrix, but it has to beratios of masses of the particles in the loop integral and not

mentioned for completeness. on their absolute values. Because of that fact, the results will
The above results were obtained at one loop. One wonbe shown in units oM which can be as small or as large as

ders if higher loop contributions might be significant. It turns one wishes.

out that, because of the nature of the interactions, the next Before moving on to discuss the implications of E9)

correction occurs at the three loop level. It means that thend(23), one remark is in order here. From Ed7), one can

correction to the one-loop light neutrino mass is at the twosee that the light neutrino mass vanishes wiveg=Mp.

loop order. Considering that already the one-loop result iSince there is no reasdas far as the present construction of

0O(<10 19, a two-loop correction to that result would most the model is concerngdor this equality to be valid, we shall

likely be insignificant, even for the mass splitting to be dis-dismiss this possibility. We shall concentrate instead on the

cussed below. Above all, the experimental results are facriteria for having smalm, for arbitrary Mg andMp (and

from being precise enough to even contemplate such a tinMg andM, as wel).

correction. From here on, we shall assume that these three- The results are shown in Figs. 2-5. A few comments are

loop corrections are insignificant in the computation of thein order here. First of all, as we have mentioned above, our

mass splittings. results depend on ratios of the four masses which enter the
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X 10_5
0.1
[ (1) Mg = 10?
0.08 Me =1 (2) Mg = 10°
L (3) Mg = 10*
0.06 M, = 50 (4) Mg = 10°
(5) Mg = 10°
0.04 L (6) Mg = 107
L (7) Mg = 10°
0.02 L (8) Mg = 10°
x 0
—0.02 |-
-0.04 [
—0.06 |-
-0.08
-0.1 !

logio Mz

FIG. 3. The ratioR=m, /my [Eqg. (23)] as a function oM, (in
units of Mg, and hence the notatiad .= 1), for M=50 and for
various values oM. For visibility purpose, a few curves have

been inflated by factors 107358

loop integralMg, Mp, Mg, andM,. One can symbolically
denote one of the massesMs=1, and the other three will

PHYSICAL REVIEW D 62 053015

X 10_5
0.1
[ (1) Mg = 10°
0.08 Me =1 (2) Mg = 10°
[ (3) Mg = 10*
0.06 1|12 M. = 5000 (4) Mg = 10°
L (5) Mg = 10°
004 | (6) My = 107
L (7) Mg = 10°
0.02 L (8) Ms = 10°
® o
—002 [
—0.04 |
—0.06 |-
—0.08 [
o L1 . Ll

logie M,

FIG. 5. The ratioR=m, /my [Eqg. (23)] as a function oM, (in
units of Mg, and hence the notatioM = 1), for Mp=5000 and
for various values oM . For visibility purpose, a few curves have
been inflated by factors 107356

particular, we choos®=1 because there is a possibility
that the vectorlike fermion$- could be detected if their
masses are low enough.

be multiples of that chosen one. Which one should be chosen A glance at Figs. 2—5 reveal that it is relatively easy to
is a matter of convenience and phenomenological interest. Igbtain a very small ratid®R=m, /my. In particular, one can

x 10-5
0.1
L (1) My = 10°
008 | M, =1 (2) Mo = 10°
L (3) My = 10*
006 1 M, = 500 (4) Mg = 10°
[ (5) Mg = 10*
0.04 | (6) Mg = 107
L () Mg = 10°
002 F (8) Mg = 10°
« o[
-002
-0.04 [ 2
—0.06
-008
—01 T

logse M

FIG. 4. The ratioR=m,/my [Eg. (23)] as a function oM, (in
units of Mg, and hence the notatidl c=1), for M =500 and for
various values oM. For visibility purpose, a few curves have

been inflated by factors 107358

see that large values ®fl,, the mass of the singlet fermion
field M,, are sufficient to obtain small values fdR
=m,/my. For instance, one can see that, roughly speaking,
R=m,/my=10 * when M,=1C (in units of Mg). Al-
though conceptually quite different, the above fact is very
reminescent of the seesaw mechanism in that there is one
large scale: Majorana for seesaM, for this scenario, and
one “small” scale: Dirac massy for seesawM g for this
scenario. The important point that we wish to make is the
fact that the general result obtained here, namely the small-
ness of light neutrino masses, does not depend on one par-
ticular combination of masses which would imply fine tun-
ing, a point which was not made quite clear in R&f, but

only on “large” ratio of masses whatever they might be. In
this sense, the smallness of neutrino masses in our scenario is
no less natural than the ones obtained from the seesaw
mechanism.

In Figs. 2-5, we show the results for the calsb
>Mg. There is, of course, absolutely no reason for this
ordering. It is a matter of presentation. We obtain exactly the
same results with the roles 8, andMg reversed. As can
be inferred from the figures, for a given value Mify (Mg
=1), R=m,/my=10"11 if the ratio Mg/M, is below a
certain value. For example, fol =10, one hasMg/M,
=103, while for Mg=10", one has Mg/M,~10 2
—101. What this says is that the larger the masseisy.,
Mg), the less mass splitting is needed in order to have a
smallR.
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At this stage, we can only say that, can be very small. scenario—the presence of a fourth neutrino.
What we cannot say is exactly what its value should be. This In what follows, we will neglect any possib@P phase in
should come from some deeper theory. Instead, we shall ughe neutrino mass matrix since we will be concerned only
present constraints to restrict the range of valuesvfgrp ». with Am? and present data on neutrino oscillations are not
Having seen how one can obtairrysmallm,,, the next  sensitive to the presence of such a phase. In addition, we
question would be: How small can one allomy, to be if one  shall concentrate in the next two subsections onhAonf. A
takes into account the neutrino oscillation data? First of allfull comparison with the data will necessitate the inclusion of
atmospheric neutrino oscillation data gives a difference othe leptonic “Cabibbo-Kobayashi-MaskawdTKM) angles
mass squaredm?~10"2 eV2 while solar neutrino oscilla- coming fromV, =U/U,. In the two subsections presented
tion data gaveAm?~10° eV? (MSW) or 10 eV?  pelow, we shall see what, might look like. To complete
(vacuum). In anticipation of new data, the Liquid Scintilla- the discussion, we shall use a model fiyrin order to make
tion Neutrino DetectoLSND) results are not taken into some statements about the size of the mixing angles. The
account in our rough estimation of various mass scalessubject of the charged lepton mass matrix itself will be dealt
Without any need for a specific model, one can say that theith in a subsequent publication.
atmospheric data implies that at least one of the three neu-
trinos should have a mass af least3x 10~ 2 eV, while the _ , ) ) .
solar data implies that at least one of the remaining two B- Neutrino mass matrix I: What if there is no mixing
should have a mass at least3x 103 eV (MSW) or 1075 between the fourth and the lighter three neutrinos?
eV (vacuunm. As we have seen above, the fourth neutrino  The 4x 4 neutrino mass matrix obtained at this point is
can be quite heavy. For the sake of argument, let us assunpairely diagonal We would like to examine how mass mix-
here that its mass is approximately 100 GeV. Since our threing might arise. In particular, we would like to lift the de-
light neutrinos are practically degenerate—a lifting of whichgeneracy of the three light neutrinos. In this section we will
will be discussed below, the atmospheric data alone coneoncentrate on the scenario where there is mass mixing only
strainsR to be greater than approximately 76. This inturn  among the three light neutrinos. We will show that, in this
constrainsM,=<10"* (in units of Mg) for the caseM,  scenarioAm2,~Am3,. If this were experimentally the case,
>Mg, or Mg=10" for the reverse case. Notice that this it would be hard to detect the influence of the fourth neutrino
rough estimate is only for illustration purpose. since it does not mix with the other three. Since the atmost-
There is, however, one interesting piece of informationpheric and solar data appear to pointAm§3>Am§1, we
which could be quite interesting, phenomenologically speakwiill present in the next section what can be done in order to
ing: the presence of vectorlike fermions which carry weakpe in agreement with the data. It turns out that this can be
quatum numbers and which could be relatively “light.” accomplished if one introduces a mixing with the fourth neu-
These are the fermiorfs with massMe as indicated above. tring. This implies that, at least in our modelm2,>Am3,
Let us recall from the above discussions theg p, are all  implies the existence of a fourth neutrino, and hence a fourth
expressed in units oMy which itself could take on any generation.
value, even a few hundreds of GeV. The sole restriction will ' The degeneracy of the three light neutrinos at this level

be from experimental constraints, a subject to which we shalbgmes from the fact that there is a remaining global SO(3)
come back below. Furthermore, we can see from the result@,mmetry which manifests itself through the equality of the
that the mass of the pseudo Nambu-Goldstd%e) bosons  masses of the family gauge bosomsd) as well as those of
can also be “low” as well(Fig. 1) which could provide a  the pseudo-NG bosondd). It is then clear that one needs
further experimental clue. _ » to break that remaining global symmetry in order to remove
We now turn to an important issue: the lifting of the massine degeneracy of the light neutrino masses. We would want
degeneracy of the light neutrinos. The analysis presented bgs (o this in such a way as to preserve the quasidegeneracy

low will reveal quite interesting implications such as the cor-gf the light neutrinos. There are probably several ways to
relation between the actual values of the massesAamd, achieve this, and we will present one of them here.

which can have a profound cosmological consequence. For gince we have seen how the diagonal elements of the

neutrino masses which are large enough to provide part leytrino mass matrix for the three light neutrinos are ob-
HDM, the MSW solution of the solar neutrino problem is tained at the one loop level, it is natural to envision a sce-

preferred. If the vacuum solution turns out to be the correchgrio in which the mixings themselves are obtainedra
one, the neutrino masses will be much too light in our SCe1pop. A look at Figs. 1 reveals that the most “straightfor-

nario to play a role in HDM. " . L -3
We shall divide the discussion presented below into twoWard way to induce mixings at one loop is fd?; and/or

parts. First we analyze the case when there is no mixingR€pi 10 have mixed couplings, i.e., to boih; and v as
between the fourth neutrino and the lighter three. It will bewell asto bothag; and 7g;. This could come from mixings
seen that an interesting feature emermgsmAmgl_a among(); with different family indices and/or the mixings
guasisymmetric spIitting.A(m%1 is of the same orderThis  among Re; . Before getting into the details of what kinds of
phenomenon could be called a mass splitting quasidegeriteractions are needed to break the remaining global SO(3)
eracy. Of course, solar and atmospheric neutrino data suggestmmetry and hence inducing the mixings, it is instructional
otherwise. Next, we will show how this mass splitting to assume that such a mixing among the boson masses oc-
guasidegeneracy can be lifted, suggesting—at least in owurs and to write down the Yukawa couplingk3),(14) in
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terms of the new boson mass Sigenstates. - GlTE COSﬁQiFR=G1|—'L COS,BAgTz’,jiﬁj'FR (28)
Let us first look at the stateQ;. As we have discussed

earlier, these are the NG bosons which are absorbed by ttand

corresponding family gauge bosons. When these NG bosons

get mixed, there will be mass mixings among the corre- G3My sinB0; ' =G3M SinBQj'AJg,m%a"- (29)

sponding family gauge bosons. Let us denote the orthogonal

matrix which diagonalizes these family gauge bosons byn the loop integrations, one will encounter the following

A . We shall choose the following representation Aqy: propagators:
CyoC3  —S1SyC3+C1S3  C1Sp,C3+S1S;3 1 1
= , 30
Ag=| —C283 CiC3t81S;83  —C1S;83+8:.Cp |, k2-M3; k’—-M3 (309
) —S1C2 C1C2
24
2 t 1 o (30b)
wherec ands represent the cosine and sine. If we denote by  k2— Mél k2 — Mé = Mél)(kz_ Mé) '
ﬁi’ the longitudinal components of the gauge boson mass
eigenstates, its relationship wifh; in the unmixed case is 1 1 S,
given by = + . (300
K=MZ, K=MZ  (K=ME,)(K*=Mg)
Q, ﬁi With the above remarks in mind, let us proceed to calcu-
5 | —aT| O late the contributions of)’ to the neutrino mass matrix. We
Oy [ =Ag| Q2 ], (29 : ; .
_ ~ shall concentrate first on thex33 submatrix of the light
Q5 Q5 neutrino sector. As a prelude to the computation of the full
_— submatrix, let us show how two elements are calculated:
whereA,, is given by M and M 2. In these computations. we shall use, as an
example, the explicit form foA, shown in Eq(24). For the
C,Cs —C,S; -5, complete calculations of the matrix elements, we shall use
Al=| —sisicateis;  cicatsiss;  —sic the notationsA;; for AQ. o .
(@ In the calculation of the contribution &’ to M -,
C1S5C3+S1S3  —C15,S3+S5:C»  C4Cy

one combines Eq(25) with Eq. (26) to get the following
combination ofQ)’:
The masses of the corresponding gauge bosons are now de-

noted by (CoC30] — Cp85005—5,015)2, (3D

(26)

Méleé+ 51 MéZIMé+ S8 M<233:'V|<23, which gives the combination of propagators
(27)

where 8, , can be positive or negative. Notice th&t, and . . . .
the mixing angles shown above awated i.e., they are all  Upon using the propagators listed in E¢80) in the one-
derived from the same boson mass matrix. We will show aroop integral(Fig. 1), one obtains the following replacement

c5ei(D10) +c3s3(50,) +55(D505). (32

example of such fact below. [the reader is referred to E¢L6) for a comparisoh
We can now replace the unprimed states in 8@,(14)
by the primed states using E(®5). We can then compute sin2B) . sin2B) -
the one-loop contributions to the elements of the neutrino 5 1 (Q)— > [1(Q)+c5¢56:1 (Mg ,Mgy)
mass matrixM,,. Let us first look at the contributions to the 32m 32m
light neutrino masses and mixings_coming.from the . +¢2825,1 (Mg, Mgo)], (33)
states. The two terms which are crucial for this computation
are where (=1,2)

1 [ ME{MEMZIN(ME/ME)—ME In(ME/ME)]+MEME; In(ME/ME)}
Me—M, (ME=ME)(ME~M?)

5il(Mg,Mg;) —(Mg—=My) ;.

(34)
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One can see that, in the symmetry lim

—Myg), 61 (Mg,Mg;) vanishes identically.

One interesting remark worth menti

ing: In Eq. (33), the first termI({)) contains no mixing

PHYSICAL REVIEW D 62 053015

it whefe-0 (Mg; - sin(2
MAQ) = " /j)
327

- [C2C3(—8152C3+C1S3) 611 (Mg, Mg1)
oning is the follow-

—C5S3(C1C3+515,83) 5l (Mg ,Mg») ], (40)

angles. In fact, the coefficient in front df(Q) is c5c3

+c3s3+s5=1, which is the result oA\,
nal matrix.
We do not give the explicit form for(

taking into account the contribution of ige, one obtains the
combinationl (() — I (Rep) which is already given by Eq.

(17). When the boson mass difference

are small compared withM2, another useful form which

could be used is given byi€1,2)

5l (Mg ,Mgj)=—x1(Mg,X),

Me{—MZ[1+x+In(MZ/M2)]

being an orthogo-

where we have the appearance of the saméMg,Mg)).
Notice thatM *%(€}) denotes the contribution coming from
Q only. The full element will also include the contribution
coming from Ré.

Notice that the ternh({}) is not present in Eq40). Again
this is due to the orthogonality &, . The coefficient ap-
pearing in front of () is c,C3(—S;S,C3+CyS3)
—C5S3(C1C3+51S,S3) +515,C,=0. The orthogonality oA,
implies that the product of any two columns is equal to zero.
As a result we can see that, in the symmetry lirgit, 2
vanishes identically. This applies to all the other off-diagonal
elements.

In order to complete the computation of the matrix ele-
ments(including the 1-1 and 1-2 elemeht®ne has to say
something about the contributions coming from the
pseudo-NG bosons themselves. One might imagine that the
same mechanism which breaks the global SO(3) symmetry
also induces mixing among the degenerate pseudo-NG

Q) because, after

s, represented, by

(39

+MZ(1+x))}

(ME=MHHL+x[ME/(M
_(MFHMZ)}’

and where

so that

2

— N2 -
G3™

G

2
G

2

M G

M MZ,=MZ(1+x;); M

Here one could explicitely see
il (Mg ,Mg;) in the symmetry limit bec

appearance of; on the right-hand side of the equation.
The other diagonal elements of the neutrino mass matr

can be analogously calculated. One just needs to replace tl?

combination of angles in Eq32) with the appropriate ones.

(b) For the 1-2 element, the approp
propagators is given by

CoCa(—S1S2C3+C1S3)(21001) — C,S3(C1C3+ $;1S,S3)

X(05805) +818,05(0500).

It is now straigthforward to computé1 iz. It is given by

bosons. We willassumehat the same matrid, diagonal-

izes the pseudo-NG boson sector so that, instead of the com-
bination of (); and Reép; used in Eqs(12) for the NG and
pseudo-NG bosons, we shall usg{) andA,, Rep, where

Q and Rep are now column vectors. With these definitions,
one simply getd)"Rep=0"A;*A, Rep . This simple as-
sumption is used for two purposd4) To reduce the number

of arbitrary parameters an@) to see how far one can go
with it before one needs to modify it. With this assumption,
the mass splitting among the pseudo-NG bosons are given as
in Eq. (38), namely,

&—MH1

(36)

37)

2
p

2

MBs=M3; ME=MZ(1+x1); Mp,=Ma(1+Xy),

»=MZ(1+Xx,). 1)

(38)

the vanishing of

. with the samex; as for the gauge boson masses. Further-
ause of the explicit

more, the mixing angles are the same as above. The contri-
.butions of the “rotated” pseudo-NG bosons to the neutrino
hass matrix elements will therefore be accompanied by a
Sctor —sin(28)/32 72, just as in Eq(33).
fiate combination of As mentioned above, in the full computation of the matrix
elements, we shall use, for convenienge, to denote the

matrix elements ofA instead of the representation of Eqg.
(24). One should then recall that, becausg is an orthogo-
nal matrix, one ha§in2j =1 andZAAy;=0. The form of
the neutrino mass matrix elements will make use of these
properties, just as we have done above.

With the above remarks in mind, the fulb44 neutrino
mass matrix is how given by

(39
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My My mg 0 X
0 oo A
Mo My Mp3 F s =107
M Im= e 0 (42) - Me =1 Gy =107
13 23 33 004 B M. =5 (5) M: =10°
0 0 0o 1 H (8) M = 107
L (7) Mg = 10°
. . . - (8) M, =10°
where my is the mass of the fourth generation neutrino g, I
shown in Eq.(7). In Eq. (42), we have ignored the tiny ! 3 * s
one-loop contribution tany,=1, in particular when there is
no mixing between the fourth neutrino and the lighter three. < © 7
As we shall see later on, it can be ignored even if there is
mixing, the reason being the fact thay; , i,j=1,2,3, are so o
much smaller tharm,,=1. A change ofm,, to a value '
slightly less than or greater than one will not significantly i
affect the eigenvalues, as we shall see in the numerical ex-—oo4 |
amples below. i
With L
-0.06
Al(G,P,x)=1(Mg,x) — I (Mp,X), (43 I T N RSO R R
4 6 8 10 12 14
where | (Mp,X;) is given by Eq.(36) with the substitution 1090 Ma
Mg—Mp, one obtains fom; FIG. 6. The ratioR,=Al(G,P,x)/Al(G,P) for b=0.035.
sin(23) . - .
mq,= {AI (G,P)—A? 1X1A1(G,P,xy) apart from various mixing angles, the off-diagonal elements
32w depend on results of loop integrals) (G,P,x;) which, in
izsz (G,P.x,)} (449 turns, depend on the same parameters as the ones that enter

the loop integrals of the diagonal elements in the unbroken
caseAl(G,P). The ratioR=AI1(G,P,x;)/Al(G,P) is plot-
M= Sin(2) —{AI(G,P)- A2 x,A1(G,P,x;) ted in Figs. 6,7, for two values of the parameieras a
function of M, in the similar manner to Figs. 2—bThe two
values ofx were chosen for the purpose of illustration and to

2
—A2XAI(G,P.Xxo)}, (44D coincide with the two examples given belgut. can be seen
that the ratidR, is at most ofO(10™ 2), even forx as large as
sin(23) 0.5. Therefore, in our model, a small mass splitting in the
M33= {AI(G P)=A ax1A1(G,P.xy) scalar and gauge sectors results in a scenario with almost
degenerate light neutrinos. The difference of the mass
—A%zszl(G,P,xz)}, (440 squared,Am?, depends, however, on the size of the off-
diagonal elements. To see how it actually works, a simple
sin(28) model of mixings will be presented below along with some
M= — ——{A1A2X1A1(G,P,xy) numerical examples.
32 We starts out with a very simplistic model of mixing and
+ ApAX,Al (G,P,Xo)Y, (440 try to see how far one can go. Itis
sin(28)
my3=— 20 ——— {AuAXAL(G,P.xy) 1 b0
Mé'p Mép b 1 0], (45)
+ A1 AXAL(G,P,X5) ], (449 0 0 1
sin(2B)
Mos=—— ———5 {A2AXA1(G,P,xy) whereb is a small parameter less than unity. This simple
model has the merit of elucidating the points that we have
+ A Az XA (G,P,X,)}, (44f) ~ made above(An extension of this model, showing similar

results, will be discussed belowThe above mass mixing
whereA;; denote the matrix elements 8f,, as mentioned (45) could come, for example, from a term in the Lagrangian
above, and whera | (G,P) was already defined in E¢18).  of the form: As[(Q%p))(Q%p B+ (pp, "Y(pP pp)]. Assum-
A few remarks are in order here. First, one can see that, img (p’')=(v',0,0,0), {p")= (0,v ,0,0), with v""<V,V’,
the limit x;— 0, M, reduces to a diagonal matrix with three one can obtain the above mass mixing matrix.
equal diagonal elemenitsin(28)/32 72]A1(G,P). Secondly, It is easy to see that the eigenvalues of Ep) are
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Mél,Plz Méyp(1+ b), MéZ’PZZ Mép(l—b), The_ ma_trix which diagonalizes the above neutrino mass ma-
trix is simply
M&apa=MGp. (46)
1 1 0 0
A as discussed above is now given by 2 2
! ! 0 U 0 o 10 (50)
V2 2 ’ 11
-— — 0 O
A= 1 1 ol (47 V2 2
2 2 0 0 01
0 0 1 One obtains the following mass splittings:
Now we can make the following identifications;=b, X, in(2) 2
=—b. The various angles are given Ay, . The matrix ele- mé—mgz(m,\,s 2B ) {2bA1(G,P)AI(G,P,—b)
ments of the neutrino mass matrix are now fairly simple: 2
sin(28) 1 +[bAI(G,P,—b)]%}, (51a
mu:—[AI(G,P)——b[AI(G,P,b)
322 2 sin28) |
ms—ma=| my . ) {2bAI(G,P)AI(G,P,b)
—AI(G,P,—b)]], (483 sem
+[bAlI(G,P,b)]%}. (51b)
mzz:M[A,(G,p)_lbm,(@,p,b) In general Al (G,P,x;)<Al(G,P), and combined with the
3272 2 fact that b<1, one has [bAI(G,P,—b or b)]?

<2bAl(G,P)AI(G,P,—b or b). One can then neglect the
—AI(G,P,—b)]}, (48b) last terms in Eq.(5.1). _Nun_1erically, gne gasAIZ(G,Iz,b)
~Al(G,P,—b). This implies thatm;—m5~m;—mj, a
quasidegenerate mass splitting. This holds for any valiee of
sin(28) Solar and atmospheric data suggest otherwise. This necessi-
M33= 2 {AI(G,P)}, (480 tates the lifting of this quasidegeneracy of the mass splitting.
32 . . : -
To do this, we need to invoke some kind of mixing between
sin(2p) (1 the fourth neutrino and the lighter three. In an indirect way,
my,= — —2[Eb[A|(G,p’b)+A|(G,p'_b)] , the disparity betweem\ma; and Amj; indicates—in our
327 model—the influence of a fourth generation. Before discuss-
(480 ing this issue which will be presented in the next section, let
us illustrate numerically a few examples of the quasidegen-

my3=0, (489  erate case.
First, a few useful points are in order here. Sinog
My3=0. (48f)  =my[sin(28)/327%]A1(G,P), one can rewrite the above

) . equationg51) as(neglecting the last terms on the right-hand
The above matrix elements are surprisingly easy t%ide

handle. When they are substituted into E4R), one obtains
straightforwardly the following mass eigenvalues:

sin(2
mg—mgzmz(msz " g)m(G,P,—b)), (52a
sin(23) 2
m;=my >-{AI(G,P)~bAI(G,P,b)}, (493
32 in2
S
. m3—m2=m,| my2b B [i)AI(G,P,b) . (52b
sin(28) 327
m2:mN—2 Al(G,P), (49b)
32

For a fixed value ofn,, the size of the mass splitting,m?,
Sin(28) depe;nds on the size of the factany(2b) [sin(28)/
_ _ 3277]AI(G,P,—b orb). At first glance, it appears that one
Me=Mn—o5 2 {AH(G,P)+bAI(G,P,—D)}, can obtainAm? to be as small as one wants with the appro-
(490 priate choice ob. Although it is true that it can be so, we
will show that, Am? can also be very smalk(10 10 eV?),
my=my . (490 even wherb~1. This depends on how large the masses of
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0.06 | (1) Mg = 10°
L (2) Mg = 10°
M =1 (3) Mg = 10*
(4) M, = 10°
0.04 | Me =5 (5) Me = 10°
(6) My = 107
(7) Mg = 10°
(8) Mg = 10°
0.02
& 0
-0.02 x10 [ x10 [x10
-0.04 |
-0.06 |-
[ 1 1 A L 1 Ll
4 6 8 10 12 14

logie M,

FIG. 7. The ratioR,=Al(G,P,x,)/Al(G,P) for b=0.000095.

some of the particles participating in the loop diagrams are

As a result, by limitingAm?=10"1° eV?, one puts a con-
straint on those masses.

In Fig. 8, we present the “median” mass, as a function
of M, andMg for a givenMp (as presented in Figs. 2%5
The mass is given in units ofr{/100 Ge\j. Similarly, we
present in Figs. 9,18n5—m3 andm5—mj7 as a function of
the same masses, but also for a given valub. dthe results
are expressed in units ofig/100 GeVY. For a more stream-

v (1) Mg = 10°
. =
(2) Mg = 10°
3 —
Mo s (3) My = 10*
. =
! 5 (4) Mg = 10°
2 =
(5) Mg = 10°
(6) M = 107
1 —
(7) Mg = 10°
(8) Mg = 10°
£ o0
_1 -
o L
-3
-4 | | | |
4 6 8 14

10gio My

FIG. 8. The median mass, as defined by Eq49h). Notice the
correlation withm3—m? and m3—m3 shown in the next two fig-
ures.
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lined presentation of the results, we shall limit ourselves to
the casan,<1.67 eV, coming from the suggestion that the
sum of neutrino masses lies between 4 and 5 eV in order to
form a component of HDM. Similarly, we shall restrict
Am?<1 e\2. In our model, for a given value df, m, and
Am? are correlated as one can see from Figs. 8,9,10.

Three major remarks are in order he(&) One can see
from Figs. 9,10 the quasidegeneracy of the mass splitting in
this particular scenarigln the next section, we shall see how
one can lift that degeneragy2) One can also see from Figs.
8-10 that, were the vacuum solution to the solar neutrino
problem favored, i.e.Am?~10 1° e\, the median value
m, will always be less than 0.1 e\{The lifting of the mass
splitting degeneracy to satisfy the atmospheric neutrino data
will not change this conclusionThis simply means that, at
least in this model, the solar vacuum solution is incompatible
with the light neutrinos being significant components of
HDM. (3) Also from Figs. 8—10 it can be seen that the MSW
solution Am?~10~° eV? can correspond to values ofi,
larger than 1 eV.Again, the lifting of the mass splitting
degeneracy to satisfy the atmospheric neutrino data will not
change this conclusionSo, in our scenario, the MSW solu-
tion is compatible with the light neutrinos being significant
components of HDM while the vacuum solution is not. This
is a very specific prediction of this model.

" The above discussion leaves out the question of the size
of the mixing angles. As mentioned above, we have already
fixed the neutrino mixing matri¥J,, as given by Eq(50).

To complete the task, one has to model the charged lepton
mixing matrix U, . This is something that we shall do in the
last section. We wish however to reemphasize the main re-
sult of this section: the values dfm? are independenbf

U,. As one can see from Figs. 9,18m? depends only on
the various masses and on the paramigteegardless ob; .

As a consequence, the large angle or small angle solutions as
deduced from the data basically constrains, in our scenario,
the matrixU, (U, being already fixed

To finish the discussion of this section, we wish to present
another form for the boson mass matrix, namely,

1 b O
M(ZB,P:M(ZB,P b10b
0 b 1

(53

The mass eigenvalues are

M(231,Pl: M(23,P(1+ V2b), M(232'p2: Mé’p(l— J2b),

Més,Psz Mé,P' (54)
Aq is now given by
1 1 1
2 2 2
1 1 1
Aq= > E > (55
1 1
- —_ 0 =
V2 V2
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It is now straightforward to see that the neutrino mass matriXJ , which diagonalizes the above matrix is exactly the same

elements are

sin(28) b
mn=m33=m(—£[Al<G,P>—m
X[AI(G,P,b)—AI(G,P,—b)]], (56)
sin(2 B)
—AI(G,P,—b)]], (57)
2pB)
m12:m23:_SI3n;—7TB[ b[AI(G P b)
+A|(G,P,—b)]], (58
sin2B) | b
M= — ——— —— [2[[A'(G P,b)
—AI(G,P,—b)]]. (59

The eigenvalues are now simply given by

m; =My 3”; B){AI(G P)— \2bAI(G,P,b)},
(609
m, =My In(2'[23)AI(G,P), (60b)
M= My sin(2 B){AI(G P)+\2bAI(G,P,—b)},
(600
m4:mN. (60d)

as in Eq.(50). Furthermorem3—m3 andm;—mj are of the

same form as Eq451), with the following replacement in
Egs.(51): b—b’'=2b. The analysis which follows is ex-
actly the same as the one presented above.

One can envision various scenarios for the boson mass
matrices, but it is certainly beyond the scope of this paper.
To make things more complicated than the simple assump-
tion (45) does not appear to add much to the discussion.
Although it might be possible that a more involvéasatz
than Eq.(45) could lead to the lifting of the mass splitting
“quasidegeneracy,” we have not succeeded in finding it. For
this reason, we now turn our attention to the more appealing
scenario, at least within our model: the mixing between the
fourth neutrino and the rest.

C. Neutrino mass matrix Il: Mixing between the fourth
and the lighter three neutrinos

We have seen above that the simple ansatz for the boson
mass matrice$45) leads to a situation in which the mass
splittings are quasidegenerate. This, of course, is in contra-
diction with the data. In this model, in order to lift that quasi-
degeneracy, one needs a mixing between the fourth neutrino
and at least one of the lighter three. To get a feel for what
might be needed, we shall first present a few numerical ex-
amples. Based on these examples, we shall attempt to give a
theoretical basis for these numerical examples.

As an example, we shall choose a specific value for the
parameterb and for the masseM,, Mg, Mp, and Mg
which enter the loop integrals for the neutrino masses. This
will fix a definite value for the matrix elements of the neu-
trino mass matrix. As we have already discussed earlier, the
integrals depend only on the ratio of the above masses. We
will present two examples for the purpose of comparison.
We shall see the reasons why we wish to do so below.

(1) First example. We shall sgin units of Mg): Mg
=1, Mp=5, Mg=10°, M,=2.5x1C°. For b, we shall
chooseb=0.035. (A smaller value ofb will give a smaller
mass splitting. The reason for this choic@ther choices are
equally valid is the fact that it will give a typical mass of
approximately 1.5 eV and a desired mass splitting. Putting
these values into the expressions for the integrals as given by

These masses have exactly the same form as those of Hgg. (36), we obtain the following neutrino mass matrix,

(49), except for the factor of/2b instead ofb. The matrix

wherem, is assumed to be 100 GeV for convenience:

—1.57933221&10 ' 0.869764785% 10 1/ 0 0
0.869764785% 10" 1" —1.57933221&10 ! 0
=(100 Gey 0 0 — 157933218410 11 0 6
0 0 0 1
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x 107 103
0.1 0.1
L T (1) Mg = 10? L - 1 (1) Mg = 10°
008 L M’ - s (2) Mg = 10? 008 L M' s 4|2 |3 (2) Mg = 10°
C T (3) Mg = 10* r " (3) Mg = 10*
006 [ (4) M, = 10° 0.06 | (4) My = 10°
r (5) Mg = 10° L (5) Mg = 10°
0.04 |- (6) M, = 107 004 [ (6) Mg =107
r (7) Mg = 10° L () Mg =10°
002 | (8) Mg = 10° 002 [ 6 (8) M = 10°
JE 0 - = 3 Lo 8
—00z [ 6 o0z L
-0.04 |- -0.04 |-
-0.06 | 5 -006 [
—0.08 L 4 2 3 -0.08 :—
L 1
o Lot w1 Y S R N o1 LIl L . L
' 4 B 8 10 12 14 4 6 12 14
logie M, logis M,
. 22 ) _
FIG. 9. m3—mj as defined by Eq(528 for b=0.000095. FIG. 10. m;—mj as defined by Eq52b) for b=0.000095.

Notice that the above matrix has no mixing between th%n/43 cannot be t0o small nor too large, being of order

. . : "0 ’my . Notice thatmg, andm,; do not have to be equal.
fourth neutrino and the lighter three. The eigenvalues are ju e shall see how it might be possible to obtain such a num-

Imy|=1.579331346 eV, |m,|=1.579332184 eV ber. Let us first see how it works from a numerical view-
' ' ' ' point.
Ims|=1.579333086 eV, |m,|=100 GeV. (62) To guide our understanding of how things work, let us

notice that, by addingns, and m,; to M, above, one
As we have discussed in the previous section, this gives ghanges only one of the three light mass eigenvalues, leaving

quasidegenerate mass splitting, namely, the other two the same. Now the two unchanged eigenvalues
will be the ones that fix one of the two mass splittinigs?.
Am3,=1.60119536X 10 ° eV?, (63)  For convenience, we shall choose the? corresponding to
the unmodified mass eigenvalues as the one which corre-
Am3,=1.53575707% 10 ° eV?, (64)  sponds to the solar neutrino problem. As we have learned
from the above analysis in Sec. Il B, if one chooses the
WhereAmjzizmjz_miz- MSW solution, then one can find masses which are large

Let us now assume that the mixing with the fourth neu-enough for HDM, while, if the vacuum solution is chosen,
trino is nonzero. We start out with tieimplest assumption the masses will be too small to form any significant compo-
namely, one in which only the third neutrino mixes with the nent of HDM. For the numerical example given here, we
fourth one. This means than;, and m,; are both nonvan- shall choose the MSW solution as shown above.rgyand
ishing. If we wish to haven3—m3~10"2 eV? as suggested m,;, we shall first choose a symmetric caghere is no
by the atmospheric neutrino data, it turns out thmy and  particular reason for this being )sas an example. We have

—1.579332216 10" 0.869764785% 10”1/ 0 0
0.8697647852 10" 17 —1.57933221& 10 11 0 .
= 5
M,=(100 Gey 0 0 —1.57933218% 10 0.8x10° 7 (65)
0 0 0.8x10°7 1
The eigenvalues are
|m;|=1.579331346 eV, |m,|=1.579333086 eV, |m,|=1.579972184 eV, m,=100 GeV. (66)

We then get
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Am3,=2.02<107% eV?, (67)

Am3,=5.497x10°% eV2, (68)

The matrix which diagonalizes the mass matrix is

1 1 0 0
V2 2
1 1
U= = -— 0 0 . (69)
V2 V2
0 0 -1 0.8<10° 7
0 0 0.8x10’ 1

Two remarks are in order here. First, from the values of the light neutrino masses, one Bbtgims |~4.7 eV, which is
in the range of mass for HDM. Secondly, E§7) corresponds to the best fit for the atmospheric neutrino data, whilé6Bx.
corresponds to the best fit for ttiemall anglé¢ MSW solution to the solar neutrino data. One word of caution: this is not a
prediction because we chose the masdds, ( M,, etc) in such a way as to “reproduce” the experimental results. It
nevertheless showsdynamicalbasis for these numbers. Also, for nothing more than a numerical example, the vatogs, of
were chosen arbitrarily in order to have the desired mass splitting. How to justify these values is the subject to be discussed
below.

The next numerical example deals with the case wingg# m,5. In doing the analysis, we notice that it does not matter
whethermg, is greater thamm,sz or the other way around. One obtains the same result either way. We shall require that
Am3,(eV?)=10"3-10"2. It turns out thamg, andm,; can rangein units ofmy) only between approximately 0410~ and
0.8x10 8. To be explicit, one has

—1.57933221&10 ' 0.8697647852 10 %/ 0 0
0.8697647852 10 1 —1.57933221& 10 ! 0
M,=(100 Gey 0 0 _157933218%10° 1 04x10°6| /O
0 0 0.8x10°’ 1
gives Am3,(eV?)~10 2, while
—1.57933221& 10 ' 0.869764785% 10 1/ 0 0
0.869764785% 10 17 —1.57933221& 10 * 0
M, =(100 Gey 0 0 —1.57933218%10 ' 0.4x10°° 7D
0 0 0.8x10° 8 1

givesAm%z(eV2)~ 10~ 3. Notice thatA mgl stays the same. The above numerical results showrthatan differ fromm,s by
a large factor(50 in this caspwhile keepingA ms, within the desired range.

(2) Second example. In this example, we cho6seunits of Mg): Mg=1, Mp=5, Mg=10*, M,=1.2x10°. Forb, we
shall chooseb=0.000095. For simplicity, we shall assume, as we have already done above, the following vagg,for
namely,mg,=m,3=0.8xX 10" /(100 Ge\j. The mass matrix is now

1.38225846% 10" 11 0.98138295% 10"/ 0 0
0.98138295% 1017 1.38225846% 1011 0 0
M,=(100 Gey 0 0 1.38225846% 10" 0.8x107” (72)
0 0 0.8x10°7 1
The eigenvalues are
m,=1.382259448 eV, m,=1.382257486 eV, m;=1.381618467 eV, m,=100 GeV, (73

with the corresponding diagonalization matrix given by
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1 1 . . AM2(G,Hy)=ME-M} , (789
2 2 .
1 1 AM*(G,hy)=ME-M , (78b)
u= =— -—_ 0 0
V2 V2 , AM*(P,H)=Mz—M{ , (780
0 0 -1 0.8x10"
0 0 0.8x107 1 7 AM*(Phy)=ME-M§ . (780
The mass splittings are From Fig. 8, we obtain
|AmZ]=1.77x10"2 eV?, (75 m | 2 | [UMeMa] [ 5 o AL(G,HY)
MR ET- ) ARAY A2 AM2(G,Hy)
|Am3,|=5.42x10"% eV?, (76) ~ -
, » AI(G,hy) L2 AlI(P,Hy,)
The above two examples are chosen solely for illustration. CﬁCaAMZ(G,’ﬁA) B “AMZ(P,H,)
Other values ofAm? are possible with different choices of
various massesM g, M, etc) and/or the parametd. s 5 Al(G,hy)

Before turning to the discussion on the possible origins of ; (793
M3y, 43, l€t us briefly discuss the “tiny” one-loop contribu-

tion to m,,, namely,dm, as given by Eq(20). One might

S,C——————
PEAM2(G,hy)

wonder how it would affect the light mass eigenvalues. It Moaa/ M = N34 (UMFM2> s2¢2 AI(G,Hy)
turns out, however, that, as long @m,<1 (which is the 3TN 16572 Y] B2 AM2(G,H,)
case in this papgrit does not matter what value it takes. It is

easy to see how. A 22 matrix of the form @,c;c,b), , , A(Ghy)  , , AI(P,Hy)

where a,c<b, has as eigenvalued+c?/b+ (1/4)a?/b

S AMAG Ry | P AME(P, L)
+0(c*a*) and a—c?/b—(1/4)a?/b+0(c*a*). One can (G.hy (P.Ha

see that, for the smaller eigenvalue, a small changé in AI(G,F4)
affects very little its value. As an example, we put 0.99 in- césiﬁ , (79b)
stead of 1 in Eq(71). We obtainAm3,(eV?)~1.02x 103 AMA(G,hy)

instead of 1.0& 102 (for 1). If we put 1.1 instead of 1, we . -
obtain Am2,(eV2)~0.923x 10"3. Considering the kind of Wherec ands stand for cos and sin, antil (G,H,) and the
accuracy that one has at the present time, this is completefther similar quantities in Eq(79) are given by Eq(18),
irrelevant. with the substitution of the appropriate masses taken into
There are probably several scenarios for calculating?ccount. _ _
Maa 43 However, considering the fact that the present experi- AS one can see from the above equations, the expressions
mental status is not accurate enough for a detailed model, w@PPear rather complicated at first look. However, one can
will present below a more or less “generic” scenario which Make an estimate as to which term rim, and m,; is the
will show how one can obtaims, 43 of the right order of ~MOSt important. Each term in Eqs79) is of the form
magnitude. Y )\(v/V)(MF/Mz)(MglAMZ)AI (mixing angle$, where \
What might be the origin ofnz, 432 It might be obvious stands fol 34 43. First, we have seen from the above numeri-
up until now that the vacuum expectation valuefofindp  cal analysis that, if we wish to have a massa{fLl—2 eV,
shown in Sec. IlIA cannot generate such a mixing. Onethen M/M,~10° It is reasonable to assume that
needs at least one additional scalar with a nonvanishing

vacuum expectation value along the third direction. Let that X X
field be Q' and let us assume th&€’)=(0,0p,0). Let us N
also assume that there are couplings of the type ,,3—-0\\
)\34Qaﬂézpﬁpl8 ; )\43(lapaQ’ ugpﬁ ’ (77) é SJRe E’)’IS \\‘H4’F‘4
where, for convenience, we have omitted the SUgdhdex —Vi';%»ﬁ*»:—%‘—
in p. With the above couplings, one can construct diagrams Fro R ' '\(’,'ZR My
for msy, andmys as shown in Fig. 11. 1@
~ ~ ]

We shall denote the masses ldf, and h, by My, and '

Mh4, respectively. Let us define the following quantities: FIG. 11. Diagram fomsg 43.
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~ 2.2 —~ _ H
M(u/V) x (mixing anglesi 1. If one of the terms in Eq79)  factor sgcy, to be~0.134.(1) For My, =100 with all other
were to be the dominant one and thag, 45~ 1077, then one masses being the same as those of the second example, we
should have M1%/AM?)Al=1C. Let us first look at the —Obtain
(G;H,h) contribution. Assuming thaMy, , <Mg so that -
(MYAM?)~M%MZ, it turns out numerically that My Mg~ My age X 4.7% 1077, 81)
(MZ/MZ)Al is always less than- 10. ForMy, p >Mg, Al v
is larger in value than the previous case, but then with ) . ~
(MYAMA~MZM?Z ., one wil again have If we wish mz~m,z~my0.8x10™ ", tDen)\34(v/V)~O.17.
. So one could either haves,~0.2 andv~V, or some other

M2/M?2 . )Al less than 18 Taking into account the ac-
(M2/Miy, n,) g combination.(2) For My, =10, we have

tual calculation ofmg, 43 which includes mixing angles and

various factors, the®;H,h) would be too small to actually ~
itti ; ; ; v
affect the mass splittings. This leaves us with the contribu- Mgy~ My~ M\ 34— X 1.4X 1075, (82)

tion coming from @;H,h). Here, as we have done above,

we will setMp=5 in units of Mg . There are several possi- _

bilities that one can explore. We will present here one ofwhich would imply A34(v/V)~0.006—a reasonable con-
such possibilities. The main purpose will be to show thatstraint.

under reasonable assumptions, one can obtain the desiredlt turns out that the cases withl, =1000 (in units of

order of magnitude foms, 43. In addition, one would like to M) do not work because then the mass ratios are not large
see phenomenological implications coming from such &nough to compensate for the smallness of the integrals. It is
scenario—something extra other than just a mass matrix. interesting that one can have scenarios wHeyeis light

Let_ us assume that, b_y an appropriate choice of paraménough(i.e. not too much heavier tham)—a feature which
eters in the Higgs potential, one hif,, to be of OMec). 44 have interesting phenomenological implications.
and thatMy, <M. Furthermore, let us assume that one also

has B~ «. Although it is not really necessary, let us further
assume that\z,~N43. Now numerically, M%/AMz)AI To di h ) ilat | q
<107 when one of the masses M? is much larger than 0 discuss t e“ neut,r’lno oscl ation angfs,Tone needas to
the other one and not too much different fravh,. This is ~ 9ive the leptonic “CKM” matrix, namelyV, =UU, . Itis
just the case foM,; =O(Mg)>Mp. Under these assump- beyond the scope of thI.S paper to dlscugs the charged lepton
tions, we are left with the R®;h) contribution. In this case sector, and henad, . This will be the subject of the follow-
one r,1asn ~Mea. SO We e,t ' ' ing publication. However, we can give an exampldJgfby
84143 9 adopting, at least for this paper, a simple model of charged
lepton masses of Refl5], which is a phenomenological
model based on a generalization to the lepton sector of the
AM2(G Fi,)s2c? “democratic mass”Ansatzof the qua_lrk sector. The reason
A why we use, as an example, REf5] is because the matrix
(80) which diagonalizes the neutrino mass mattik,, is identi-
cal to the 3x3 submatrix of our Eq(50) (apart from a
difference in the overall sighnamely,

D. Oscillation angles

~ 2
v Mg

|Mgy = [myql~ mN)\34v M,

2
2 2
MP_Mh4

Typically, AM?(G,h,)=0(10""—10"*%. In most of our

examples, Mg/M,~10° So one would expect I 0
(Me/M)AM2(G,h,)~10"6-10"%° If we wish mg, 22

~m,3~my0.8x 10/, for example, the other factors have to u®= 1 1 ) (83
be sufficiently large. First, the ratj15/(M3—M7 )| can be . 2 2 0

rather large ifM hy is small compared withv,. Secondly, 0 0 1

even if the previous ratio can be large, it can still be offset by
sic. Let us recall from Eq.(21) that tans~g?(Mg/

My)(M3/M3)~g?10 °(M3/M&). Therefore the angle can Although Ref.[15] discussed arinsatzfor three genera-
be very small ifMg is too “close” in mass toM,. A nu-  tions, we will use it here because the mixing with the fourth
merical investigation reveals that, if one wants to have aeneration is not relevant for the oscillation angles we are
mass ofO(1 eV) and, at the same time, a large enoughinterested in.(It was relevant for the mass splittingSo,
angle,M¢ can be relatively “low” (~10% in units of Mg).  basically, we will be usingnly the phenomenological ansatz
(This would imply that the scale of family symmetry could for the charged leptormass matrix of Ref[15]. In fact, we

be a few thousands of TeV M is a few hundred GeYWe  will only use the matrix which diagonalizes that mass matrix.
now give a couple of numerical estimates. We shall take the The 3x 3 leptonic “CKM” matrix written down by Ref.
second example as a prototype. There one can calculate th&5] is
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V,=(AB)'U, experiments. What does the model presented in this paper
have to say about a sterile neutrino? Let us remember that
1 —(1N3)Vme/m,  (216)Vme/m, 7r=(v%,v2) is an electroweaksinglet Furthermore we
_| Vme/m, 143 —2/\/6 have seen that it is which mixes withl | to give masses to
0 21\/6 143 the neutrinos. Its SU(?V)Q partner, @), remains massless, at

least within the framework of the preceding sections. Could
(84)  these be the so-called sterile neutrinos? If so, how would
they get a mass? How would they mix with the light neutri-
whereAB, is the matrix which diagonalizes the charged lep-nos? These are the questions which are under investigation.

ton mass matrixy , is given above, anth, andm,, are the We have concentrated in this manuscript on the even op-
electron and muon masses, respectively. Now, the probabition. One might wonder about the odd option and its impli-
ity for ve—wv, is cation on neutrino masses. It is beyond the scope of this
A T A paper to investigate this issue, however, a preliminary inves-
P(ve—v,)~2(V1Var+ ViV~ ViVas) tigation of the odd option, with three families and one family

singletn’, appears to indicate that the preferred solution for

the neutrino masses is that in which there is a hierarahy

where the usual notation £(26,,) is simply the coefficient <M2<Ms. _

of sin2(1.27Am§2L/E). Similarly There are numerous phenomgnol_ogmal consequences to
be worked out in subsequent publications. One can, however,

P(v,— v,)~4V3\V3,sir?(1.27Am3,L/E), (86) make one rather solid prediction: neutrinos, being of the

Dirac nature, will not give rise to the phenomenon of neu-

with sir?(26,3) being the coefficient of sﬁq1,27Am§3L/E), trinoless double beta decay. Another interesting consequence

Putting in the values ofn, andm, to evaluate the matrix is the possible existence of “lightTi.e., 200 GeV or sp

elements olV,, one readily obtains vectorlike fermions:F, as well as TeV-scale pseudo-NG
' L, ' bosons which carry family and SU(;R)quantum numbers.
Sinf(20:,)~6.5<10°%;  sir’(20,9~0.89.  (87)  This will be dealt with in a separate paper.
. Several other phenomenological issues remain to be in-
These resuilts correspond to themall angleMSW solution, vestigated. For instance, what are the consequences of a bro-

and to thelarge angle atmospheric solution, respectively. . A
This is consistent with the best fit for the two neutrino oscil- kerl SU(2)r and what might the cosmological implications

lation problems. of vg's and 7, be? When SU(2) is broken byp{*, the

The above results should be viewed with caution. Thedauge bosons are expected to acquire a mass 6f)0¢nd
small angleMSW solution given above, as well as tege ~ €&n be quite heavy. Since onfight-handedneutral leptons
angle solution for the atmospheric oscillation, depends onParticipate in SU(2)g interactions, a place where the effects
the charged lepton sector—the neutrino sector diagonalizatifif those gauge bosons might show up is in the decays of
matrix being already fixed by E@50). One can easily imag- Neutrinos. Wl'ghout going into detail, it is easy to see that the
ine how these angles can drastically change if the chargedecay of the lightnear-degeneralteeutrinos into each other
lepton mass matrix has a different texture. This will be theiS completely negligible for lack of phase space and for the
subject of a subsequent paper where we will examine théct that neutrino masses aey compared withv'’ (even if
Charged |epton mass matrix in the context of the preserﬁhe Ia.tter iS in the TeV regiC)nThiS Iea.VeS us W|th the decay
model—the basic interaction Lagrangian being already give®f the (heavy fourth-generation neutral leptdd for which
by Eq. (3). we haveN—N+»,+7; (1) via the exchange of SU(2)

gauge bosons, anul—>li’+lj++vj (2) if my<my or N
IV. EPILOGUE =l +W (3) if my>my. In addition, one could havél
—>E+IJ-++ v; when my>mg, via the exchange ofW.

e e e e kot Capiheter o o larger o smalr tame e rfeva
[16] result for two reasons. First, it is because it might bedecays to compare with each other ieand (3). To make

. : ) X an estimate, let us assume the the family gauge coupling is
prudent to wait for future experiments, either to confirm or toabout the same size as the electroweak couplgrg @.7)
refute these results. Secondly, itis begause it is extrgmel¥he ratio of the decay widths fét) and(3) is approximaiteI.y
hard to incorporatell three experiments simultaneously in a

X Sin?(1.27Am2,L/E), (85)

“natural” model. In general, one needs to invoke some kind T'(1)/T(3)~7.5x 10" 4(My,/Mg)2(my/Mg)?
of sterile neutrino that mixes with the lightest neutrino to
explain the solar data. If this sterile neutrino were to arise X[1—(My/my)*]~%x 2,

from some kind of model, it is rather hard to invent, in a

“natural” way, a scenario to explain why this sterile neu- WhereMg represent the mass of the SU(2jauge bosons

trino is so light and close in mass to one of the three activeand x represents the mixing cofficient between the fourth

light neutrinos. neutrino and a light charged lepton. Now let us remember
Let us suppose that the LSND result are verified by futureghat the computation of the neutrino masses does not involve
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Mg and as a result there appears to be no constraint thermanifest itself as ultra high energy cosmic ra\4HECR)
However, Mg~gV’ and Mg~gV, and as a result tgf  (with energy exceeding #®eVv=10'* GeV) whose origins
EV'/V~Mé/MG~921o*9(M§/Mé)_ In the second ex- are still unknown? It does appear that the masgf is in
ample discussed in the previous exampé~V (with M the right energy ballpark. This would be the case of a non-
—10*M¢) which impliesMg~Mg. Now T'(1)/T'(3) can accelerated source of UHECR and is part of the “top-down”
also be appreciable iy is close tomy,. For example, if ~aPProach to UHECR17]. For example Mar WO“"i decay
Me~200 GeV andmy~82 GeV,T(1)/T'(3)~1 provided into th(_—} longitudinal _component oV _(¢*) andF . ¢~
x~107°. If this were the case, the signal would be quiteWOUld in turn decay mtq extremel_y hlgh—energy quarks and
interesting: a long-lived massive neutral lepton whose elecl_eptons. The quarks will hadronize into hadrons such as

troweak decay width is not what it should be. It is certainly pions which will eventually convert into photons, neutrinos,

beyond the scope of this paper to explore numerous pheno te.

enological consequences which might arise from our sce—- Last but not least, in the subsequent series of papers, we
9 q 9 shall deal with the charged lepton sector and with the quark

nanoo.h h logical | h h itud sector. In particular, we shall see how the generalization of
ther phenomenological issues such as the magnitude @, (3) 15 the quark sector might yield interesting results.
flavor-changing neutral currents, e.g.—ey, will be dis- Note added It has come recently to the attention of the

cussed in an upcoming paper dealing with the charged leptogythor that there exists a class of moddlg] based on the
sector. However, a preliminary statement can be made. Fgéft-right symmetry model which made use of vectorlike fer-
example, in the case @f— ey, there are two kinds of con- mjons to achieve loop-suppressed Dirac masses for neutri-
tributions: One coming from the propagation of neutrinosnos. The model presented in this manuscript is very different
with a nonzero mass inside the loop diagram for the processrom the aforementioned class of models.

and the other one coming from diagrams involving the new

vectpr]ike fermions. .It turns ogt.that both contribution_s are ACKNOWLEDGMENTS

negligible: (1) In the first case, it is because, <My, (2) in

the second case, it is because of the cancellations of the type | would like to thank Vernon Barger, Paul Fishbane, and
described in Sec. Il B. It is beyond the scope of this paper td?aul Frampton for reading the manuscript and for useful
discuss these points in more detail. They will be part of thecomments. This work is supported in parts by the U.S. De-
phenomenological consequences of the charged lepton sggartment of Energy under Grant No. DE-A505-89ER40518.
tor.

As for the cosmological consequenceswafs and 7R, if APPENDIX: HIGGS POTENTIAL
they are massless, one should recall our earlier discussion: . . . .
These particle®nly have family and SU(2); gauge inter- In this appendix, we shall discuss a simple form of the

actions(both for vg's and the latter only fomg). Therefore, Higgs potential for the group SO(®)SU(2)VR' For simplic-

they cannotinfluence big-bang nucleosynthesis. One can eslty; We shall assume that there is no cross coupling between
timate their decoupling temperatures by comparing the interl{2, p) and the SM Higgs fields. (One might wonder about
action rateT',~G2TS, where GZ~1/(64\/(')4), with the the fact that even if the cross coupling were vanishing, it

Hubble rateH~T2/m, . Decoupling occurs whef,<H might still be induced through. radiative corrections. This,
. . P L however, would be very small in our model.
which gives a temperature 6f(10°) GeV if V() ~10° GeV, The potential containing and p reads

for example. After this, their temperature would scaleTas
~1/R. ltis not clear what e!sg t_hey can d_o except to exist as V(Q,p) =\ (Q9Q,— V) 2+ \,(p! %p,— V' 2)2
almost noninteracting relativistic relics with an energy den-

sity negligible compared with normal matter. At this stage, it +23[(QYQ V) —(pT%p,—V'2)]?

is also not clear if they really do need to have a mass. The N tB w T B
cosmology of these objects is probably worth exploring fur- AL (p Ppp) = (%) (QPpg),
ther. (A1)

Another interesting cosmological subject to explore is the

“heaviest” particle in our scenario: The vectorlike neutral \\here (Q)=(0,0,0V) and (p)=(0,0,0V'®s,), with s,
fermion_Mz which is singlet under all th'e Iistgd gauge =($). Here, we will assume tha? is real andp is complex.
groups in Eq.(2). M couples to other fermions via 3. The \ye will be particularly interested in the mass eigenstates
decay modes obtained fro8) are M ,g— ¢~ F (1) and resulting from Eq(A1).

My —p,n® (2). Notice that, in the examples given above  \yjith Q,=H,+V and

for the calculations of the neutrino masses, the mass of this
fermion is typicallyM ,~10°M¢. So, ifM~200 GeV(or a

few hundred GeY, one would then expect the mass.bf,

to be around a few times 1GeV. If Mc~1 TeV, M,
would have a mass around*¥@eV. The questions that we
would like to investigate ar€l) how manyM, are leftinthe  Eq. (Al) gives rise to the following mass matrix fét, and
present universe? an@) could the decay of the relig1,’'s hy:

hat V' +i g,

!

Pa

Pa=
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(N FAg)V2 = \gVV/
, 2] (A2)
—A3VV (Ao +N3)V
The eigenvectors are
H,=cosa H,+sina h,, (A3a)
h,=—sinaH,+cosa h,. (A3b)
The associated eigenvalues are
M, =4\ \g)V'mi, (Ada)
M, =4(\2+\g)V'?mg, (Adb)
where
, 1l+azxy(1-a)*+4b?
ml‘2= 2 3 (Asa)
Ni+A3
a= VS tar? 3, (A5b)
b= 2| A5
- )\2+ )\3 anBv ( C)
V/
tanﬁ= v, (A5d)
1
cosa= (A5e)

Vi+[(1—md)/b)?

PHYSICAL REVIEW D 62 053015

The mass matrix fof); and Rep; with i=1,2,3, is

\ACEAVAYA
2)\4( RV VIRRY ) (AB)
The eigenvectors are

Q,=cosB Q;+sinBRep;, (A7a)
Rep;=—sinB O, +cosB Rep; (A7b)

The associated eigenvalues are
mp =0, (A8a)
Mge;= 2N 4(V2+V'?). (A8b)

Notice that(); are NG Goldstone bosons which are absorbed
by some of the SO(4) gauge bosons.

Since it is not of immediate relevance to the paper, we
will simply quote the masses of the other scalars obtained
from Eq. (Al). Scalars(pseudo NG bosonswvhich have a
mass 2\,V2 Imp;, Rep/ , Imp/ . Goldstone bosons which
are absorbed by some of the SO@dSU(Z)VR gauge bosons:
Rep,, Imp,. Notice that the pseudo-NG boson masses are
all proportional to\ 5. As a result, their masses tend to zero
as\,—0.
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