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Solutions of the atmospheric, solar, and LSND neutrino anomalies
from TeV scale quark-lepton unification
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There is a uniqu&U(4)® SU(2), ® SU(2)g gauge model which allows quarks and leptons to be unified at
the TeV scale. It is already known that the neutrino masses arise radiatively in the model and are naturally light.
We study the atmospheric, solar, and LSND neutrino anomalies within the framework of this model.
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[. INTRODUCTION Over the past few years, significant evidence for neutrino
masses has emerged from the neutrino physics anomalies:
The similarity of the quarks and leptons may be due tothe atmospheri¢6], solar[7] and Liquid Scintillation Neu-
some type of symmetry between them. Various theories haviino Detector(LSND) [8] neutrino experiments. It is there-
been proposed including the Pati-Salam thddiywhere the fore an interesting question as to whether the alternative
leptons take the fourth color within aBU(4)®SU(2),  4-2-2 model can accommodate these experiments. It has al-
®SU(2)r gauge modet.While definitely a good idea, there ready been showi®] that the masses for the neutrinos in this
are some slightly unpleasant aspects of the Pati-Salammodel typically span the necessary range to possibly account
model. In particular, one of the main drawbacks of the Patifor these experiments. In fact viewed simply as a gauge
Salam theory is that almost all of its unique predictions formodel for neutrino masses, the theory is quite interesting
new physics cannot be tested because the experimental cdmecause it provides a nice explanation for the small masses
straints on the symmetry breaking scale imply that it is out ofof the neutrinos without any need fartestablghypotheses
reach of current and proposed experiments. The problem about high energy scaléwhich arise in most popular theo-
twofold. First there are stringent constraints coming fromries of neutrino massgsWe will show that the theory in its
rare meson decays. These imply a lower limit on the symminimal form can accommodate the atmospheric and LSND
metry breaking scale of about 20 T¢¥] for the symmetry neutrino anomalies but not all thréimcluding solay simul-
breaking scale which means that the heavy gauge bosons aemeously. Thus, the theory is a candidate for the physics
too heavy to be found at even the CERN Large Hadron Col¥esponsible for the neutrino physics anomalies. However,
lider (LHC). The Pati-Salam model at the relatively low since it cannot explain all three of the neutrino anomalies, it
scale of 20 TeV also has great problems in explaining thé@bviously follows that if all three anomalies are confirmed in
light neutrino masses. The see-saw mechanism adopted farthcoming experiments, then this would require physics
such models cannot suppress the neutrino mass sufficient3eyond this model for an explanation. One elegant possibil-
unless the symmetry breaking scale is very high. The relly i the mirror _symmetnzed extension WhICh can prowde a
quired light neutrino masses suggest that the symmetr?'_mple explanation of the neutrino physics anomalies, as we
breaking scale is at least about 50 Pé¥] (1 Pev  Will show. _ ,
=1000 TeV). All is not lost however. There appears to be a _1he outline of this paper is as follows: In Sec. Il we
unique alternativeS U(4)® SU(2), ® SU(2)r gauge model briefly cpmment on 'Fhe experimental situation anq the vari-
(which we call the alternative 4-2-2 moglathich preserves ous osc_:lllatlon solutions to the solar, atmospheric neutrino
the elegance and simplicity of the original Pati-Salam theon2nomalies and the LSND measurements. In Sec. Ill we re-
while allowing for a low symmetry breaking scale of about 1 VIS€ the gssenpals of the alternat|ye 4-2-2 model. _In particu-
TeV [5]. This not only allows the unique predictions of the lar we will derive the mass matrices of t_he fermlons after
theory to be tested in collider experiments, but the theornpPOntaneous symmetry breakit®SB. We will also define a
also avoids the dreaded gauge hierarchy problem by not irRasis for the fermmns in which thel'r weak elgenstates_ are
troducing any hierarchy to begin with. The theory also had€lated to their respective mass eigenstates via Cabibbo-
characteristic predictions for ra@ K decays, baryon num- Kobayashi-MaskawafCKM)-type unitary matrices. In Sec.
ber violation as well as nonzero neutrino masses, all ofV we explain the mechanisms that give rise to the masses of
which are naturally within current bounds, despite the lowth® neutrinos. This includes the tree level mixing that gener-
symmetry breaking scale of a TeV. Thus in one act of presates right-handed neutrino Majorana ma&sesM g(vg)®
tidigitation all of the problems afflicting the original Pati-
Salam model are cured.
2Throughout this paper the tilde on the fermion fields is to signify
that they are flavor eigenstates as opposed to mass eigenstates
'0Other possibilities include models with a discrete quark-lepton(without a tilde in this model. See Sec. IIl for more detail. Note
symmetry which features a spontaneously brol&d(3) color  that the tilde has nothing to do with supersymmetry other than a
group for leptong2]. mere notation coincidence.
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and two radiative mechanisms, via gauge and scalar interac- 3xX 10710 eV2<Sm?<10"3 eV\2. 2
tions, that give rise to Dirac masses of the ordinary neutri-

nos. In Sec. V we consider the special case of decoupleghe ypper bound arises from the lackigfdisappearance in
generations and examine the possibility to obtain near maxine cHOOZ and Palo Verde experimertsd], while the
mal v —(vg)¢ oscillations within the mode{which turns  lower bound comes from a lack of any distortion in the mea-
out to be negative In Sec. VI, we mirror symmetrize the sured Super-Kamiokande recoil energy spectrizf,21],
alternative 4-2-2 model to obtain a TeV scale solutionwhich should make its appearance Bm?<3x 1010 e\?
scheme for all three of the neutrino anomalies. In Sec. Vlltraditional “just so” region. Note that the maximum oscil-
we will identify how the minimal alternative 4-2-2 model |ation solution was the only oscillation solution to predict the
could provide simultaneous solutions(teear maximal oscil- approximate energy independent spectrum obtained by
lationg atmospheric neutrino anomaly and the LSND mea-Super-Kamiokand¢small mixing angle(SMA) Mikheyev-
surements in the case where gauge interactions dominate ti®nirnov-Wolfenstein(MSW), large mixing angle(LMA)
radiative neutrino mass generation. We conclude in SeaViSW and “just so” all predicted some distortion that should
VIILI. have been seénThe Super-Kamiokande Collaboration has
also searched for a day-night effect. However no evidence
for any difference in the day and night time event rates were

Il. OSCILLATION SOLUTIONS TO THE ATMOSPHERIC . L.
found with a 3 upper limit of[20]

AND SOLAR NEUTRINO ANOMALIES AND LSND

MEASUREMENTS A,_4<0.055 3

The experimental situation regarding the oscillation solu-
tions of the atmospheric and solar neutrino problems hawhereA,_4=(N—D)/(N+D) (N = night time events and
made much progress over the last few years. In this paper wé = day time events This limit allows a slice of parameter
mainly focus on the simplest possible solutions which in-space to be excludefsing the numerical results of Ref.
volve maximal(or near maximal two-flavor oscillations. [17]):
2x10°7 eV?=|omZ, ., |=1075 eV?(sterile),

A. Atmospheric neutrino anomaly S

In the case of atmospheric neutrino anomaly there is com- 4x10°7 eVP=|om? ,|=2Xx107° eVZ(active.
pelling evidence that about half of the up-going flux dis- 4
appearg6]. The simplest oscillation solutions which can ex-
plain the data are maximab,—wv, or maximal v, Thus for both the active and sterile maximal oscillation so-
— Vgerile OSCillations [10]. Despite impressive efforts by lutions the allowedsm? range breaks up into a highm?
Super-Kamiokandd11] the experimental data cannot yet region and a lowsm? region:
distinguish between these two possibilitigk2]. Unfortu-
nately, this situation probably cannot be clarified until long- 2yx10"°<6m?/eV?=<10"* (highsm? region),
baseline experiments provide or fail to providesvents ap-
proximately in the year 2007. At present the parameter range  3x 10 %< sm?/eV2<4yx 10’ (low ém?region),
that is consistent with the atmospheric neutrino anomaly is (5)

roughly sirf26=0.85 and
wherey=0.5 for the sterile case ang=1 for the active

10 3= om5;,/eVi=10"2 (1)  case. These oscillation solutions will be tested in the near
future by SNO, Borexino and KamLAND experiments. In
fact the SNO experiment has recently announced their first
results[22] which is a measurement of the charged current
In the case of solar neutrino anomdly] there is very event rate. This result, when combined with the elastic scat-
strong evidence that about half of thg flux from the sun  tering rate obtained at Super-Kamiokande disfavorsithe
has gone missing when compared to theoretical models. The> vsierile OSCillation solution at about the 3 sigma le{22].
simplest explanation of this is in terms of maximaloscil- However both measurements are dominated by systematics
lations, with the main suspects being maximgh v, (v, is  Which suggests that this result is not yet convincing but is
some linear combination of,, or »,) [13-16 or maximal nevertheless an interesting hint. Things should become much
Ve— Vgterile OSCillations[15—17].2 This maximum oscillation ~ clearer when SNO measures the neutral current event rate
solution to the solar neutrino problem can explain the 50%which should allowve— v, to be distinguished fromy,
flux reduction for a large parameter range: — Vgterile @t more than 7 sigma. Meanwhile, Borexif23]
can test the lowsm? region by searching for a day-night
effect and also seasonal effe¢fi] while KamLAND [24]
SNote that maximal(or near maximal vo— vg.ere OScillations ~ Can test the higlbm?® region by searching for, disappear-
(and/or maximal,,— v it OSCillationg are consistent with stan- ance. Finally part of the higidm? region, 10 4< sm?/eV?
dard big-bang nucleosynthesiBBN) for a large range of param- =10 2 impacts on the atmospheric electron-like events and
eters[18]. is currently disfavored25].

B. Solar neutrino anomaly
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C. LSND data (xr(T=—1Jl3r=1/2))=wg,

There is strong and interesting evidence for— v, 0s- o - B
cillations coming from the LSND experimef&] which sug- (XL(T==1l3.=1/2))=w,
gests the parameter region ($(la=—lap=—1/2))=u,

< Sm? 2 <
0.2= omisno/eV'=3 ©) ($(lg.=—lsp=1/2)) =, (12

with a rather small mixing angle siB9~3x10°-10"%. e will assume that the VEVs satisfyr>Us »,w, so that

LSND signal is verified then one must invoke additional

(steril® neutrinds) to simultaneously explain all the solar, SU4)®SU2) eSU(2)g
atmospheric and LSND data due to the laige?syp~eV?
gap. Even if LSND is not verified, effectively sterile neutrino Hxr)
may still be responsible for the solar and/or atmospheric neu-
trino anomalies. The origin of the atmospheric and solar neu- SU(3)c®SU(2) ®U(1)y
trino anomalies is something that only careful experimental
studies can establish. L) (xw)
lIl. THE MODEL SUB)eU(L)e 12

whereY=T+ 2l 3 is the linear combination of and |3y

In this paper we shall study the physics of the neutrino WhICh anniilates yg) (i.6., Y(xa)=0) andQ=14 +Y/2 is

masses in the alternative 4-2-2 moff/9]. Before doing so h tor of th brok lect i
it is instructive to revise the essentials of this modeith € generator ol the unbroken electromagnetic gauge symme-

. . try. Observe that in the limit whergvg>w, ,u;,u,, the
some refinement The gauge symmetry of the alternative R™ "L,*1s 21
4-2-2 model is n gauge sy y model reduces to the standard model. The gy breaks

the gauge symmetry to the standard model subgroup.
To facilitate easy reference, we will uge=+3, B=
SU(4)®SU(2),@SU(2)g. 7 2
(HeSU2)eSU2)r @ 1 to index theSU(2), and SU(2)r component respec-
Hvely, whereasy={y’,4} is used to index th&U(4) com-
ponents, wherey’=(y,g,b) is the usual color index for
SU(S)C, and y=4 the forth color. With this index scheme
the fermion multiplets are written agvith the generation
~(4,2,1 ~(4,1,2, f.~(1,2,2. 8 .
Qu-(421, Qr=(412, fi~(122. @ 8 o

Under this gauge symmetry the fermions of each generatio
transform in the anomaly free representations:

The minimal choice of scalar multiplets which can both

break the gauge symmetry correctly and give all of the ay u E° By U »
charged fermions mass is Lo B/ Qr’= D 1]
L R
XL~(41211)1 XR~(41112)1 ¢)~(11212) (9)
(ER)® m
Observe that the required scalar multiplets have the same ffﬁ:( ~0.c ) (13
gauge representation as those of the fermions which gives (Ep)® It

some degree of elegance to the scalar seeitnough there
are three generations of fermions and only one generation g
scalar$. These scalars couple to the fermions as follows:

'I}he rationale to label some of the fermion fields in the mul-
tiplets with a tilde will be addressed shortly in the next para-
graph. In the above matrices the first row@f andf, (Qg)
— — is thel 5 (13r) = a(B) = 1/2 component while the second row
L=\ TIQL(fL) maxr]+ Ao T QrFL72x1] is thel s, (13g) = a(B8) = — 1/2 component. The two columns
— —¢ of Q. ,Qgr are they=1vy' and y=4 components o5U(4),
A TQLATQRI A4 TH QLS 7Qp]+H.C, and the columns of are thel ;g=8=*1/2 components.
(10 Each field in the multiplets Eq13) represents 1 column
vector of three generations.
where the generation index has been suppressedd¢énd As in the case of the standard model, the flavor states of
=1,¢* 75. Under theSU(3).@ U (1)1 subgroup ofSU(4), the fermion fields are, in general, not aligned with the corre-
the 4 representation has the branching rule341/3) sponding mass eigenstates. This shall necessitate the intro-
+1(—1). We will assume that thd=—-1]3r=1/2 (I3 duction of some theoretically arbitrary CKM-type unitary
=1/2) components ofr(x.) gain nonzero vacuum expec- matrices into the theory. Without loss of generality we can

tation values(VEVs) as well as thd ;3 = —13z=—1/2 and choose a basis such thét, (the left-handed down-type
I3 =—13r=1/2 components of thep. We denote these quarksin Q,, Iy (the right-handed charged leptons figlds
VEVS by wg | ,u; , respectively. In other words, in Qg and | (left-handed charged lepton fie)dm f, are
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(almosf) mass eigenstate fields that couple with their respecusual way(biunitary diagonalizationto obtain the diagonal
tive diagonal mass matrix. The rest of the fields(fields mass matrices, e.gM=UTMgV etc. so that the flavor

with a tillde) are flavor states. . ) statesys are related to their mass eigenstagesia unitary
It is instructive to list and label the scalar fields index matrices:

explicitly as follows:

v 12 4,1/2
XL ~ -
wer=| X , Er=V'Er, E,=U'E_,
XZ —1/2 Xﬁﬁl/Z
' 4,1/2 ~ ~
by Xt xR Ug=YLUg, U =Y][U,
XR = Xy’,*l/Z X:}\;_l/z ’
R
U202 112112 Dr=K'Dg, (19
pF= 1212 gm12-12) (14

andD_ =D, T, =I_,Tg=Ig with our choice of basis. Note

: that approximately the same unitary mattik(V) relates
read off from Eq.(193) because the scalars and fermions haveDoth = E; (Eg, E-) to their weak eigenstates
the same gauge representation. =0 = o~ = i

The mass matrice@fter spontaneous symmetry breaking EL-  E. (Er, Eg) because the mass matrices are ap-
of the fermions are derived from the Yukawa Lagrangian ofProximatelySU(2), [SU(2)g] invariant.
Eq. (10) as follows: The gauge fields in the 15 representationSdfi(4) has
o e g the branching rule 158(0)+3(—3)+3(3)+1(0) under
L(after SSB=L"+ L'+ L+ L7+ H.c., (19 sy(3),®@U(1)r. We identify the color octet®) as the glu-

where ons of the usuaSU(3). color group, 3¢ %),3(3) color
- triplet lepto-quark gauge bosowg’,W’'* that couple they
—iLE=E[ McEr —E°MEQ, =19’ components toy=4 component iny, g, Q.. Note
that there is also a neutral gauge boﬁjpcorresponding to
) - (E%)CMI'{,RH_LM”R, the singlet 10). The matrixYIEK,_ is the usual CKM matrix
(as in the standard modeWhereasYEK’TEKR is the ana-
—ifu= LMUUR+EEMU7/R1 logue of the CKM matrix for the right-handed charged
guarks inSU(2)g sector. The matriX' is the analogue of
i DM Do B (16) the CKM—ty_pe mat_rix in tthU(4) sector pertaining to
LHdER lepto-quark interactions mediated By ,W'* . It was shown
and in Refs.[5,9] that the main experimental constraints on this
4-2-2 model come from rar& and K decays such a&°
- - - —u e’ B~ 7 etc. depending on the form &f'. Re-
Mg=WgrA;, My =(Nguz—ANgup), Mg=(Nu2—X3U1),  markably, the symmetry breaking scale could be as low as a
(17) TeV without being in conflict with any experimental mea-

are 3x 3 generally nondiagonal mass matrices for the exoticsurements' Indeed we will assume that the symmetry break-

E leptons, up-type quarksl and down-type quark®, re- ing scale is in the interesting low range:

The electric charges of the componentsyefz, ¢ can be

spectively,
m. 0 O 0.51.00 TeV=My (My/)=10 TeV,
M|=WL)\2= 0 m’u 0 (18)
0O 0 m, 45 GeV=Mg=10 TeV, (20)

is the diagonal mass matrix for the charged leptons. The
mass matriceéz, M,, My can be diagonalized in the Which is well motivated because it avoids the gauge hierar-
chy problem and it also allows the model to be testable at
existing and future collidergsuch as LHC. (Note that the
“Strictly, |, ,| are approximately but not exactly mass eigenstatedOWer limit on the mass of th& lepton arises from CERN

€ il . -
because of the mass mixing betwdgrandE, [see the forthcom- e'e collider LEP measuremgnts of iz width.)
ing Eq. (16)]. This means that the true charged lepton mass eigen- Apart from laboratory experimental bounds, there are also

state fields have the form{™e=1,_+O(M4M, /M2)E, ,Itve=|,  astrophysical ones oM. In particular Refs[27-29 have
+O(My/Mg)Eg. argued that based on “energy-loss” argument, Supernova
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1987A excludes a range of values iy, and thew,-Wg IV. NEUTRINO MASS
mixing parametet, ¢ (for m, = 10 MeV): With the model as defined in Sec. lll, the ordinary neutri-
nos, are massless at tree level becauserihstates do not
[<10°5, couple to any VEV[see Eq.(15)].° However, the neutrino

masses are nonzero in the model because there are 1-loop
(and higher ordgrFeynman diagrams which contribute to
their masses. In other words the masses of the neutrinos arise
radiatively in the model. In particular, as we will see later, a
Dirac masamp and av, — (E,)® mass mixing ternm, g will

which seems to marginally rule out the range Mfy, as  pe generated as mass corrections at 1-loop level, meanwhile
assumed in Eq.20). However, while there will undoubtedly the 7 states gain Majorana masses at tree level by mixing
be effects for supernova coming from the additional gaugeyith E leptons. We will elaborate these mechanisms in more
bosons in our model, we should nonetheless keep in mingdetail in the following subsections. In this paper we will be

that the modeling of core collapse of supernova is generallyorking exclusively in the 't Hooft—Feynman gauge.
plagued by theoretical, observational as well numerical un-

certainties. For example, Berezinsk§0] has recently em-
phasized that the reasonably successful description of SN
1987A is somewhat surprising given that it was assumed that At tree level, mixing betweeﬁ/R with EE r generates

the presupernova protostar was a non-rotating red super gight-handed neutrino Majorana ma#dg. In the mass
ant, while it appears that it was actually a rotating blue supegjgenstate basigor the EE,R) defined in Eq.(19), the tree-

giant. Also, Turneff31] pointed out that there exists uncer- |eye| Lagrangian density of E415) becomes
tainty in the theoretical model for the hot core of a core

collapsed supernova, which itself depends critically upon the (;L)c
equation of state at supernuclear densifigkich is a state-

MWR
(0.3—0.5)5W522—40 in the limit{—0, (21

A. Tree level Majorana mass matrix M g

of-art problem in nuclear physigsThe criterion of neutrino Lir= E(~— ~—<c —o (EO)C) M VR
luminosity from SN 1987AQ,<10>® ergs !, a key ingre- =3 \n (R EL R (E0)°

dient in obtaining the SN 1987A bound of EQ1), accord- o

ing to Ref.[31] is also subject to question. Raffelt and Seckel (ER)

[27] pointed out that SN 1987A bound on the right-handed M 0 D

and other light exotic particle interactions could be uncertain —(D, a)( d : )( R4 E_ McEg
by up to as much as 2 orders of magnitude, which could 0 UMK’/ Ig

alleviate the apparent “conflict” of the range assumed by Eq. — —

(20) and the SN1987A bound of E€1). While keeping in +IMlgtU M UgtH.c,, (23)
mind the possible astrophysical implications of a low sym-

metry breaking scalé4,,.~1 TeV, we now continue with where

our exploration of the possible phenomenology of the alter-

native 4-2-2 model. 0 0 0 0
The SU(2),_ g charged gauge bosow,fR couple to the M 0 0 YrM uYJ[U MV
fermions via the interaction Lagrangian density “lo (YgM UYEU)T 0 —Me
0 (MW)T —Mg 0
. L. — = 0. _
i £93U9e= =2 [U WK D + 7 W, | +EXW, E
N (12x12 matriy. (24)
+(E_§)°W['(E%)°+H.c.]+%[U_RW;;KRDR My, M, are the X3 diagonal mass matrices for the

down-type quarks and up-type quarks, respectively, whereas

V2

+TRWR g+ (EQVIWEI + (ER)VIWE
To generate tree-level neutrino mass we need to either admit the
+H.cl. (22) gauge invariant bare mass temy,,.f, (f. )¢ into the Lagrangian
. . . density in Eq.(10) or add a new Higgs bosoh~(4,2,3) into the
The charged gauge interactions are of our interest becauiggrangian density via the coupling A TQxf, +H.c. By develop-
they will give rise to radiative Dirac mass terms to the NEUsing a VEV, A can generate a Dirac mass tefmyig. We argue

trinos in this model as we will now discuss. that since the scale af,,,. is completely independent of the weak
scale, the assumption thaty <M eax iS surely an interesting
possibility. In view of this plausible assumption we have set
*In our case here{:MZ/M\ZNRS4X 10 °-1x10"% whereu®  m,,,.=0. Meanwhile, adding an additional scalar multiplet such as
=(g_grU;iU,, see forthcoming Eq33). A spoils both the simplicity and elegance of the model.
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Mg is the 3X3 diagonal mass matrix foE leptons after
biunitary-diagonalizingVl g=wj A\

MEl 0 0
Mg=UMgVi=ul 0 Mg, 0 |V (25
0 0 Mg

3

The matricesU,V describe the relation between the weak

PHYSICAL REVIEW D65 015002

FIG. 1. Dirac mass generated by gauge interactions leading to
the mass termy, vg.

and mass eigenstates of théeptons and can be determined as obtained in Ref9].

from N\, [see Eq(19)].

One can block diagonalize thex® matrix in the lower
right sector ofM by a similarity transformatioi32] using
the approximately orthogonal matrix

Iz pp
U= 1 | (9%X9 matrix)
pp 6

where

0 —Mg?

pp:(YRMuYIU M,V)( vt o
E

(3X6 matrix). (26)

Block diagonalization castsl into the form
0 O 0 0
0 Mg O 0
M=l 0 0 : (27)
0

0 ~Me

where each “0” is a 3 3 matrix of zeros, and
Mg=(M,VMzUTY M Y])
+(MVMzIUTY M YD (33 matrix),

M
Mg O

ML= E) (6X6 matriy). (28)

In the limit Mg>M, ,M,,, the statesg are decoupled from
the E leptons. In the special case of decoupled generatloné

(e.g.,Y.=Yg=U=V=I), M reduces to
0O O 0 0
0O O Mg, m,
M=, me 0 —Mg | (29)
0 m —Mg 0

wherei, q,, andl index the generations. In this case, Eq.

(28) reproduces the result

2mqum,
Mg,

Mg= (30

B. Radiative correction to M due to gauge interactions

At the 1-loop level the gauge interactions from the
charged SU(2), gauge bosonélvL and SU(2)g gauge

bosonsWy give rise t0vL(vL)° Majorana massny,, »_ vg

Dirac massmp and VL(EL)C mass mixing ternm,g. The
Dirac massmy, arises from the gauge interactidns

9L~ Or=—;

Wl

which leads to the Feynman diagram in Fig. 1.

Note that since these interactions do not mediate cross
generational mixing among the neutrinos, the Dirac mass
matrix mp is strictly diagonal. As calculated in Rg¢B], for
each generation,

VW gl gt H.cC. (31)

. (32

where u?=g, ggru;U, is the W, —Wx mixing mass. Note,
that the lower limit ofu? is simply zero since:? vanishes in
either limits ofu;—0 oru,—0 and the theory remains phe-
nomenologically consistent in this limit. It was also shown in
the Ref.[9] that

,LLZ 1 MWL mb

M, 2\/§MW m,’

(33

which is not a strict upper limit, but rather an approximate
ondition to avoid fine-tunin§.In view of this rough upper
limit, it is convenient to writemp in terms of a parameter
0< <1 defined such that

Mp=mky=m, 7S (34)

where

"The (unphysical Goldstone boson contributions will be evalu-
ated together with théphysica) scalar contributions in Sec. IV C.

8As shown in Ref.[9], the limit of Eq. (33 comes from
uluzl(uf+ ug)smb/mt. To avoid the equalityn,=m, we will
need the scale af, ,u, to be separated by a hierarchy, else we will
need to fine-tune the Yukawa coupling constargg.
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v, E M, E . B
h |
WRKA\‘Q/\ \/[- W,

FIG. 2.7 (EY)® neutrino mixing term generated by gauge inter-
actions leading to the mass temm,c .

2 2
grAL MWR 1 MWL My
S:S(MWR): 8772 2 2 H
M, | 273 MG, ™
TeV 2
~10°7 . (35)
My,
R
If we take the reasonable range of 0.5 FeMy,,

=10 TeV, thenStypically spans a range of

10 ®<sS=<10°. (36)
Thus, the gauge loop contribution oy is proportional to
m, and is naturally light because of its radiative origin.

The mass mixing ternm g arises at 1-loop level via the
gauge interactions

ety e+ %8

2 2

leading to the Feynman diagram in Fig. 2.

Note that in contrast tmp, the involvement of the matrix
Vin the interactions Eq.37) may mediate cross generational
mixing. In the special case of decoupled generationg;
has been calculated earlier by REJ] as

(ER)V'Wign +He. (37

2
M= M grL [ M n Miv
vET E 2 2
877 M\Z/VR MWL
2 2
2 MWL 2 MWR
MEIn VzE— MEIn VET
- ~nMgS
ME-My,  ME-M§, ;
(38)

In addition tomp and m,g, this model also generates a

EL(TJL)C Majorana mass termmy, at 1-loop level by charged
gauge interactions. In the case of decoupled generations,

2 2
5 In > In >
Mo =mm. M OrOL [ M E Mg
m = g VIE "9 2 2 2 2 a2 2
¢ 87 IV'wR MWR_ME MWL_ME
|'T‘I||"I'],_-4d
TN, (39

is generically tiny compared tomp andm, g .
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Ve R M L v
4012 e N e Y
L A\ R
3 <>

FIG. 3. v v Dirac mass generated by scalar interactions. The
cross in the scalar propagator is the perturbative mass mixing term
that can be shown to vanish in either limit wf ,— 0.

C. Radiative correction to M due to scalar interactions

In the previous subsection we have shown that at 1-loop
level the gauge interactions give rise to Dirac mags,
mass mixing correctiom,g and alsomy, . Nevertheless, in
this model this is not the only way mass corrections could
arise. Other than the gauge mechanism discussed in the pre-
vious subsection, the Higgs sector also contains interactions
that could generate Dirac mass for the neutrinos as a radia-
tive mass correction. The relevant interactions involve the
negatively charged color singlet scalgfz"/*:

—iL (A== i Exﬁ'_ 12— | Ex‘,,fg_ 112
4-172 4112
_ AR - +~ o AL = e
=W E MgVi(y)"— vgM | V(ER)
R
4,—-1/2 4,—1/2
XR ey XU —  ~
— 2R EOMeVT(1) — Z—TgM, 7 + H.c.

Wr
(40

The first two terms of Eq(40) will give rise to a Dirac mass
correctionmp with E~ as propagatofsee Fig. 3, whereas

the last two terms will give rise to a mass mixing tenm)z

with charged leptons as propagator. Therefore in comparison
to mp the masan, g can be safely ignored. The mixing be-
tween x| — xr is effected solely by the mixing term of the
form

Va=Mx{ ¢Toxr+ M’ x{ ¢°oxr+H.c.
=Va(g)
2 4—1/2 4,-1/2
=M3 XL (XR )*+H.C.,

M3y =—(Muz+M’up) (42)

in the Higgs potential.

The charged gauge bosomﬁfR acquire mass by eating
two colorless, charged would-be Goldstone bos@es us
call them G and G;) which are linear combinations of
xtRY2, pY*Y2and ¢~ Y2712 Jeaving behind two physical

charged Higgswhich we will call Hy,). The fieldsy{ z"2

015002-7
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appearing in Fig. 3 are linear combination of these would-beReferring to Eqs(43), (44), we observe that
Goldstone bosons and physical Higgs bosons. We shall work

; ; ; + + o 4,-1/2
out the linear combinations d&; g andHj, in x|"g™“ so 1o Wg . U, -
that the Dirac mass arising from thegdnteractions can be XR = F——=0rt—=—=H1,
calculated. VWrT U3 VWR+ U3

The Goldstone bosons associated with each spontaneously

broken symmetry are given by w

_ u; _
XL 70" =32
Jwi+us Jwi+us

Thus it is clear that the/-loop correction vanishes in the
limit u;— 0. Self-consistency implies that

4,—-1/2__ (46)

G=0TTa\,, (42)

where® are the Higgs scalars of the theolly, the genera-

tors of the broken symmetries and, the vacua. Utilizing lim Vg 4= lim V34,=0, 47
Eq. (42), the would-be Goldstone boso@s andGg can be 10 tz 0
2 1

identified by takingT? as the charge@U(2), g generators,

7+ . The two states which are orthogonalGg andG will which we also prove in the Appendix. In short, theloop

be related to the physical Higgs bosbiy, with masses de- contribution to the neutrino Dirac mass vanishes in the limit

noted byM HyH,- We will first work in the limitu;—0 since u,—0 (or analogously,—0). Recall that the gauge contri-

we expectu;<u, (or up;<u;, which is analogous tal;  pution to Dirac mass also vanishes in this limit. The expected

<Ujp in the fOIIOWing analysi}? In this limit it is pOSSible to hierarchyu1< U, (or Up,<< ul) thus ensures a small gauged

show that(see Appendixthe weak eigenstates are related toscalar contribution to the neutrino Dirac mass.

G{ r.Hi via the unitary matrix as We now investigate the case of smal|#0 (with u;
<U,). In this case we can treat the term as a perturbation
that induces small mass mixing tefvfy 4 that will couple

Xy 2 Gr Xt Y2 to x}" 2, thus leading to neutrino Dirac masses.
yav2 h This argument also holds true if we interchangg— us,.
1L/2 e =Yl L ] (43 I_ndexing the would-be Goldstone bosons and physical Higgs
(M1 Hy fields as
¢* 1/2 " 1/2 H£

SI=(Gr.GL Hi Hz), a=1234, (49

where the matrbUg is (in the fimit u; —0) we can write the linear combination @&, z and Hy, in

xU'rY? compactly as

We us/wg

— 0
No Ny XE= 3 UnaSa, xtTV= 3 UaS,. (49
2 = b=24
w —us/w a=13
0 N—L o 2zt
U.= L N2 The explicit expression dfl 5/ ,U,p, can be read off directly
9 —Uu, U, from U, in Eq. (44). The mass correction in Fig. 3 is now a
N 0 N_1 0 summation of all the contributions from the approximate
g mass eigenstates diagrams. Now we could evaluate the Feyn-
0 Uz 0 Uz man diagram in Fig. 3 by treating the cross insertion as a
NL P} perturbation that gives rise to a vertex factm§< 5=
—(Mu;+M’'u,). In the special case of decoupled genera-
UpUpUsgU ~(Mu; +M'up spe .
112213714 tions, the mass correction is calculated to(h® first gen-
U1U2U 23U 54 eration
= , (44)
UziUsUzUsy " (50
mp=k, me,
U41U U g3U 4 D™ Rx'e
with normalization constants with
2_ 22012 22012 2
Ng—WR+U2, NL_WL+u2’ _ Ile A (51)
X 2 !
2 2 1677' WLWR
2_ 2 uz 2_,2 uz
Ni=u5 1+|—| |, N5=u3 1+|—]| |. (45)
WRr WL where

015002-8
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A= AgpUsaUgp,

a’,b
M3 M3
M2 In| —|  MZIn —j")
, a M M
A Mu;+M'u, Sy E (52
a’b -
Mg —MZ M2 —M2 Mg —MZ
|
This quantity A can be greatly simplified in the IimitvzR My mp m,e 0
>u3>w?,u?. In this limit Gz andH, will dominate the
|oo§: Lt R 2 e my 0 YeM YU MV
mle  (YRM,Y[U)T 0 ~Me
2
, [ ME, , [ M, 0 (M) ~ Mg 0
MH2|n |\/|_2 MEIn > (57)
Mu;+M’u, Wr E
~ MZ — M2 V2 M2 MZ —MZ |’ The neutrinogboth left-handed and right-handed onesl|
Wg E H Wg Wr E approximately decouple from the leptons since the latter

(53 are much heaviefrecall thatMg=45 GeV fromz° width).
The effective Lagrangian density for the mass matrix of the

where we have set the mass®§ to the mass oM w,, SINCe  nautrinos after decoupling from tH&leptons is

we are working in the ‘t Hooft—Feynman gauge. Putting

in reasonable limits for the parametersMg_=0.5 1= Dk
TeV, 50 Ge\KM=<10 TeV, 1 Ge\Kw, <200 GeV), we Letr=5 (v (vR)IM, T +H.c, (58
find
where the matrixM , is as given by
uu,Mg usu
LM‘I‘ES = wlwz . (54) my  mp o
W W LWR = ,
LYWR Wg v (mI/D)T MR ( )
Thus we can now constrain the relative contribution of theyith
gauge andy-loop diagrams. We find that
mp=mp+m,eMg VM, . (60)

4
Mg WR<kX

WR

(55) Mg is given earlier in Eq(28). In the seesaw limit where the
eigenvalues oMy are much larger than the eigenvalues of
m; , Eq. (58 becomes

McvRW'- kg~ wi

UsingMg/My, =102 and 10=wg/w, <10%, we have

1= ~ 11— ~
[ seesaw. EVLmL( L) S+ E(VR)CMRVR+ H.c., (61

10 '= &s 10, (56)
Kg where
Thus there is a range of parameters where gauge loop domi- my=my,— m,’DMle(m,’D)Jr
nates kg>k,) and range of parameters wheydoop domi-
nates ky<k,). There is also a troublesome intermediate re- My 0 0
gion with ky~k, which we will for the most part ignore. =my—V, | 0 my 0

V. v, -vg MIXING IN DECOUPLED GENERATIONS

Having derived the various contributions to the neutral wivt| 0 M 0
lepton mass matrisM, we now examine the scenario where R¥R 2
we assume that the mixing between generations is approxi- 0 0 Mgj
mately negligible. Referring to the tree level mass maltfix

~ m 0 0
of Eq. (24), vg gains a Majorana mass from its mixing with o 011 0 T
the E leptons whiler, is massless at tree level. Including the XUrVr M22 Vi, (62
1-loop mass corrections, the mass mawixis 0 0 mg
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with m;; andM; (i=1,2,3) as the eigenmasses of the masoffers a framework to understand the dark matter, neutrino

matricesmp and My respectively. In Eq(62) we have as-
sumed that the matriced ; and mf, are diagonalized with

M, O O
Mg=Ug| O My 0 |UE,
0 0 M,
my; O 0
my=V, | 0 my 0 |V (63)
0 0 msg3

anomalies and various other puzzléBor a review of the
evidence se¢35].) It is well known that in mirror matter
models maximal mixing occurs naturally because of the un-
broken parity symmetry. In the “mirror symmetric alterna-

tive 4-2-2 model,”», will oscillate maximally to its parity

partner ()¢ Mirror symmetrization can thus provide a
mechanism to obtain maximal mixing whereas the naturally
tiny masseghence mass squared differehoéthe neutrinos
are radiatively generated and naturally small in this TeV
scale model.

In the mirror symmetric alternative 4-2-2 model, the sym-
metry group is extended tBSU(4)®SU(2) @ SU(2)g

Genericallymy, is always tiny in comparison to the other ©SU(4) ®SU(2){ ®SU(2),. Each family has a mirror

contributions tom, in all generations and shall be dropped

hereafter.

partner, which we denote with a prime. Consideripgand

In the case of decoupled generations the mixing anglér. Yk, andv( will be included in the particle content en-

betweeny, with v can be determined from the matiix,, :

abling parity to be an unbroken symmetry. Under the parity
transformationy, < yovg, vr— yov, (as well asx— —x, of

2mp coursg. The seesaw Langrangian density of Efl) be-
tan 29,,: - M_R (64) comes
The eigenmasses M, are ()¢
E Mg+ MZ+4m/,2 —% 1+ (65) rseesaw_l =T TIN5 NC TN ;'%
2( R= rT4mpe)= 2 ~cos 29, L —E(VL (vR)¢ (vR)® v()M,, T +H.c.,,
and the mass squared difference is simply (v))°
,  ME o [2mmg |\ g (69
5m":cos ZHV: Mg cos2,’ (66) where
Under the assumption of decoupled generations, the only 0 m’ m, O
way to solve atmospheric neutrino anomaly is \Z'@L m’ 0 0 m
*}(;MR)C oscillations. However, since experimentally we M/ = Lt P ) (69)
know thatém?2, <102 eV?,  sirf26,,;=0.8, this implies (mp) 0 Mg O
0 (mp)T 0 Mg

quum|
\ OMG ¢y COS Waim

even with the lowest possible fermion masseg = my ,m,

Mg= =70 TeV (67)

! ! !
—m,. Thus it is not possible to solve atmospheric neutrino® Xt Xr @Nd ", XL xR,

m’ is a parity invariant mass mixing term that mixes the
ordinary neutrinos with the mirror neutrinos. In the minimal
mirror matter 4-2-2 model, i.e., with only the Higgs fields
there is no mirror-ordinary mixing

anomaly with decoupled generations while keeping the symYukawa coupling to generate’. This is quite unlike the

metry breaking scale in the interesting rangdew TeV. The
above result applies to both cases whefgis dominated by
the gauge loop or by thg loop.

VI. MIRROR SYMMETRIZATION OF THE ALTERNATIVE
4-2-2 MODEL

case of the EPM model where ordinary-mirror Yukawa cou-
pling (v])°¢ v exists becauseg and its parity partne,

are gauge singlets. One could consider the mirror-ordinary
mass mixing term as a dimension-five unrenormalizable bare
mass term\of s’ fL ¢/My, so that the mirror symmetric al-
ternative 4-2-2 model becomes effectively a remnant result-
ing from the breakdown of some unknown physics at a much

As concluded in the last section, decoupled generationgigher scaleM,, .

cannot accommodate the atmospheric neutrino anomaly “ajternatively, the required mirror-ordinary mass mixing
within our assumption of a low 4-2-2 symmetry breakingterm can be generated if an additional Higgs scalar

scale< few TeV. Nevertheless, we can still have near maxi-
mal active-sterile oscillations at the TeV scale if we mirror
symmetrize the alternative 4-2-2 model in the spirit of the
exact parity mode(EPM) [34]. These models allows parity

to be an unbroken symmetry of nature which it turns out

coupling

015002-10
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will generate a mirror-ordinary mass mixing term @sle- m.=-myMgr(mp)T+m’. (79
velops a VEV. Becausp can couple top¢’ in Higgs po-
tential it can easily gain a VEV in the right orientation. In the limit of small intergenerational mixing the mass

To see this more transparently, let us take a look at thequared difference is simply

art of Higgs potential containing only the scalar field
p ggs p g only @ am'me? 2m'm|MEi327)2

V(p)=MZp'p+m, ¢ ¢ p+m; (p9) '+ O(p% p*) ome=—- ™ (80
+H.c. (71) 2 . - 2 .
ém% can be identified a$img,,, (second generatigrnand
As ¢,¢' develop VEVs at omZ, ., (first generatiopwith maximal oscillation solutions,
thereby explaining the atmospheric and solar neutrino
(B)=(')= uz anomalies. If small intergenerational mixir{garametrized
$1=(¢)= u; 0/’ by 6 and ¢) between the first and second generations is

- o ) ) included, the LSND experimentm?g, can be identified
the trilinear term will induce a linear term ip. Because of  \ith

this, minimizingV(p) with respect top"

o oM spp=| 5m,2,e+ ,Vﬂ+| = |mie+ - miu+| (81
T =Map M)+ mld N )=0 (T2
will induce the VEVs (sin 20+ sin 2¢)2~3x10"2—10" 3, (82
M (D)D" )+ M (") P°) Thus the mirror symmetrized extension of the alternative

(p)= (73)  4-2-2 model can explain all the three neutrino anomalies
without any physics beyond the TeV scale. The alternative
4-2-2 model provides the neutrino masses while mirror sym-
metrizing it provides the maximal mixing between each or-

dinary and mirror neutrino flavor.

2
M5
to the components g§*# A" The VEV for the component
(m,+ ml’))u 1Up
— (7

o VII. MIXING BETWEEN GENERATIONS: NEUTRINO
MASS DOMINATED BY GAUGE INTERACTIONS

<p>(12,2’1’):<pc>(12,2'1’): _

will generate the desired ordinary-mirror mass mixing term
in L, In the previous two sections we have examined the case
L where the mixing between generations was small. Under this
Ep:;LmG,&jL H.c., (75)  assumption the minimal alternative 4-2-2 model could not
accommodate the large mixing required to explain the atmo-
where spheric or solar neutrino problems. However we have also
shown that the mirror symmetrized extension could explain
m’ = —\g(p) 122 1) —\(p) (122 1) all three neutrino anomalies. We now return to the minimal
alternative 4-2-2 model and examine the alternative case
where mixing between generations is large. From the discus-
sion in the previous sections, recall that there are two differ-
ent ways in which neutrino masses are generated in the
In any case the mirror-ordinary mass mixing temmn is still  model, namely via the gauge interactions and via(¢valay
a free parameter of the theory. In the seesaw fimit(vg')¢ X |nteract|0_ns. Iln eltEer %ase, wcla see that the Dirac masses
decouple fromy| ,(vg)€ in Eq. (68) and the Lagrangian den- are proportional to the charged lepton massggsee Egs.

) X : L (32), (50)]. The proportional constants, andkgy are poorly
sity of light neutrinos is given by constrained however. Our ignorance of their relative strength

~ does not permit us to tell which mechanism is the dominat-
(v0) ) +HC 77 ing one. Though it remains a possibility that both contribu-
A U tions may be equally contributive, we shall not treat this
general scenario to avoid complications. We will focus our

_uluz(mp+ m;)

2
p

(N5t Ag). (76)

1~—~
=50 (ROM”

where attention only to the limiting case where the gauge interac-

L ; tions are assumed to dominate over the scalar interactions,

_ ! - ! !’ .
M mpMg ~(mp) m 79 i.e., kg>kK, .
’ _m/ nm-1 '\t
m mMpMg“(Mp)
A. Two generations maximal mixing and “lop-sided” M 5

The mass matrixM"” in Eq. (78) describes maximalb, In this subsection, we shall analyze the limiting case
— (vg)° oscillations with eigenmasses where the radiative contribution to the neutrino mass from
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gauge interactions dominates the contribution due to the scafim Mg,
lar interactions, i.e.kg>k, . Our strategy is to look for a 6,,-0
mechanism in the 2-3 sector that provides a near maximal

V,ul_—;;ﬂ_ oscillation solution to atmospheric neutrino

anomaly. We then generalize it to the case of three genera-

tions. , _ , _ sing,m,m, m,m 2 cosf,m,m,
Recall that the effective mass matrix for the light neutri- M ~M M

nos is given bym, [see Eq(62)]. Knowledge ofm, allows Ez Es Es

us to work out the mixing angles aném?, and to make (85)

contact with the neutrino experiments. In general, to calcu-

late m_ we require knowledge of the Yukawa coupling ma- If we let M, be diagonalized by the unitary matrix

trices N1, ... ,\4. Our purpose here is to identify simple

2 cosfym,m, sinéym,m; _ mm
Me, Mg, Mg,

forms of Ay, ... A4 Which enable the model to accommo- _[cosfr  —sinbr

date the neutrino data. Let us first look at the special case of RZ_( sinfg  cosbg ) ’ (86)
just the 2-3 sector. As discussed in R3], we can obtain

maximalv,, —7,_oscillations ifm}, is approximately diag- We find that the mixing anglér behaves like

onal andM being “lop sided,” meaning that the off diago- m.m /M

nal elements are much larger than the diagonal elements of lim tan 265= — T 3 87)

the 2-3 mass matrix. 0.0 m.m, m.m;
The (tree leve) two generations mass matrMy in the ' Mg Mg
2

)cosey
2-3 sector, which we parametrize by

3

. . This mean that, assuming no accidental cancellation, we will
Mro=| - 23) (83  Obtain|tan 265|>1 in the limit
Faz Ta3
a
can be easily worked out from E¢28). Note that the form 0u,,—0, 9y—>§' (88)

of Mg, is intimately related to the Yukawa couplings as

well as the right-handed CKM-type matri% . On the other  with a pair of approximately degenerate eigenmasses
hand, quite independently, the radiative correction to the neu-
trino massm, can be read off directly from Eq60). Cross
generational mixing of the Dirac masses is possible due to
the dependence of the matrix However, in the limiting
case of diagonaV/, the matrixm,g, and thusmp, also be-  Sincem/, is kept diagonal due to the vanishifg, therefore
comes diagonal. In this case we can approximage by  maximal mixing in the left-handed neutrinég-3 sectoy is
mp .° The Dirac masses oh,~mp, namelym,,,ms3, are  realized. This can be seen from the effective mass matyix

=Fm (89

VR'

simply given by Eq(34), with m;=m,,m, respectively. of Eq. (62):
Let us parametrize the unitary matridess introduced in
Eqg. (19)] as

0 1) M3oM33 (90)

mL—>(
1 0 m,,

( cosf, —sin eu)

cosf, —sing,
sing, cosé, '

sing, cosé, The effective mass matrix E¢Q0) indicates that, in the pres-

ence of small intergenerational mixing, the left-handed active

cosf, —siné, neutrinosZ#L , v, are approximate maximal mixture of al-
YRr= sing.  cosé. | (84  most degenerate mass eigenstates. We denote these eigen-
y y masses as
The simplest way that we have found to obtain lop-sit¥g + 722
in our scheme(modulo certain “permutations” which we m,,My= . (91
I . X . me my
will discuss latey is to note that when ; is approximately ( — )
diagonal(i.e., 6, , smal),* then m,Mg, m,Mg,

In the case where the limits of E(B8) are only approxi-

%In the case where the radiative correction is dominated by thénate, the diagonal entries Mg, (and hencem,) shall in
gauge interactionm,¢ will contribute tomy, [see Eq(60)]. Inthe  €ffect be replaced by some tiny valuemstead. It is natural
special case of decoupled generation§=mp+m,em /Mg . Ref- {0 conceive that could split the eigenmass degeneracy to an
erence[9] established the estimation ofy~m,zm, /M. Assum-  order of 10°° eV2s| SMG|=|m5—m3| <1072 eV2. How-
ing no accidental cancellation, we could approximav{elvmo. ever, if this splitting is to be natural, the size @mizz m3

10ror simplicity we have set the CKM matri, =1. —m3 must be smaller tham3,m3 themselves, i.e.,

015002-12



SOLUTIONS OF THE ATMOSPHERIC, SOLAR, AND . ..

m3,m3>10"2 eV, (92

PHYSICAL REVIEW B5 015002

ing scale to occurk’ have to be in certain forms that will
suppress the rare decags— w €. In fact Ref.[9] pointed
out that there are only 4 possili@pproximateforms forK’

Estimatingm%v3 [using the range o8 from Eq. (36)],

that are consistent with the TeV SSB scale:

m,\? Ak
m§,3~|v|§3(?‘:) Stpi<107"7 ﬁj) eV (93 0 0o 1
Ki=| cose sina ,
Thus we see that although near maximg| — v, oscilla- —sina cosa O
tions are achieved via the ansatz of Ep) the Sm? is not in
natural compatibility Withémgtm in this particular situation. cosB  sing
This means that maximal oscillation solution to atmospheric ,

. ) L K= 0 0 1
neutrino anomaly is not accommodated in this case. How- 2 '
ever we will show later that a permutation on the up-type —sing cosp
guark masses im; could be performed to obtain compatibil- _
ity with the consistency requirement of E@2). It is more cosy 0 siny
convenient to discuss how the permutat(and its ratiqnal)a Ki=| —siny 0 cosy|,
of the up-type quark masses could obtain a compatible range
of 8m? between this scheme and the experimental values by 0 1 0
including the first generation neutrino into the picture. We 0 coss sins
shall do so in the following subsection.

Before we proceed to the three generations case, it is K,=| 0 —siné cosd|. (98)
worth to comment on the form taken M under the ansatz 1 0 0

of Eqg. (88). Sincem, is approximately diagonal under this

ansatz, near maximal, —v,_oscillations should originate Note that Eq(96) is a special case of these forms, namely,

from Mg, of the right-handed neutrino sector, which is in

turn related to the form of; and the mass matrix, . In the
limit of this ansatz,Y}; is off-diagonal in the 2-3 sectdas-

suming that the first generation is approximately decouple

from the 2-3 sector

1 0 O
Y~ 0 0 1 (94)
010
If we assume a left-right similarity so that
KRNKL"’l, (95)
then this means that’=Y}K}, also has the form
1 0 O
K~ 0 0 1|=Y" (96)
0 1 0

Recall that, as discussed in detail by R¢&9], the SU(4)
gauge interactions involving the colored gauge boﬁM:ls

Os——

V2

could mediate lepto-quark transitions. In Rdfs,9] it was

shown thatk’ must be non-diagonal to avoid contributions
from K°— u*e™ decays. In that case the primary constraint

on theSU(4) symmetry breaking scaM . is from rareB,

Ka(B=0)=K3(y=0). (99

Equation(%) suggests that nondiagort@l (required for low

symmetry breakingand nondiagonaYJFQ (required to obtain

maximal?zML—ﬁzTL oscillations may have a common origin.
For example, if we make the ansatz thaf,\, takes the
approximate form

X 0 0 X 0 0
Az~| O 0 X, N~[ 0 0 X, (100
0 X 0 0 X 0

with the other 2 Yukawa$\,,\,} approximately diagonal,
then this will simultaneously lead to E4) and(96), hence
the low symmetry breaking scale~( few TeV) and near

maximal v, —v,_oscillations.

B. Permutation of up-type quark masses and three
generation mixing

In this subsection we will include the first generation neu-
trino into the picture under the assumption that the intergen-
erational mixing between the first and the 2-3 sector is small.
In such a scenarim_ will take the approximate form

decays,B,—u~e*,r"e" and 7" u*, depending on the
forms ofK’, resulting in the low symmetry breaking scale of
~ TeV. Specifically, in order for the TeV symmetry break-
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which leads to a pair of almost degenerate eigenmass&henY/. is replaced byv;" via some transformatiof,
m,,ms in the 2-3 sector that is separated from eigenmass

YL YL =TYE, (104
2 meMg. 7°S?
m;=— My TeT&7 2 eV (1020  the lop-sided form oMg should be preserved,
M4 2m,
X 0 O
with a distinct gap. The near maximal oscillation solution for UTMUYEHU’TMUTYEW 0 0 x|. (109

atmospheric neutrino anomaly corresponds to a near degen-
erate pair of eigen masses,,ms. It is obvious that to in- 0 x O
clude the first generation neutrino to solve the solar neutrino_.
anomaly (which involves a much smallefm?<10 3 e\2  Since
required by all oscillation solutionghe first generation neu- 1 0
trino mass will have to be very nearly degenerate with the
other two neutrino masses, which is quite unnatural. Thus we YLI 00
conclude that the gauge loop mechanism seems to explain 0 1
the LSND data more readily than the solar neutrino anomaly.
The gapémi3~ 5mi2 can then be identified with the LSND [see Eq.(94)], this means that)’ T ought to conform to the
measuremertt 0.2 eV?<omig\p<=3 eV condition that

In the case of two generations discussed in the previous
subsection, the form of the matrik’'=K,(8=0)=K;(y
=0) in Eq.(96) leads to the scale 0ﬁ§'3 that are incompat- u't™M,T=
ible to Eq.(92). However, this result corresponds to only one
specific form ofK’ in Eq. (98). In general, the other forms of
K" in Eqg. (98) could also lead to maximal neutrino oscilla- The matrix T relates the “original” form of Y}, [as in Eq.
tions that are consistent with TeV scale SSB, assuming thab)] to v/! via Eq.(104). Once we knowT then we could
YJFQ= K’ holds. Essen_tlally there are only 4 special forms of\; ok outU’" from Eq. (106). With YE—>Y§T andUT(=1)
K’ that are of our interest. The case Kf =K;(8=0)  _,y'T the net effect is that the diagonal up-type quark mass
=K3(y=0) has been shown to be incompatible with Eq.matrix M, is replaced by
(92). We will investigate the other three formséf in turns,
namely @) K,(6=0)=Ky(B=m/2), (b) K)(a=0) My—U""M,T, (107)
=Ki(y=m/2),and €) Kj(a= 7/2)=K (5=m/2).

To find out how these three different formskf can also
lead to maximal mixing in the 2-3 sector, we will use the
constraint that the lop-sided form Mz, and thus maximal (a)

~ S . . form of
v, — v, oscillations, is preserved Whéf’L takes on differ-

o — O

0
0. (106
X

o o X
o X o

thus changing the up-type quark masses dependence of the
eigenmassesy; .
YL'=K,(6=0)=K,(B=m/2). Let us look at the

ent form other than that of Eq94) as we replaceYJ,; 01 0
— YL [YL" are the other forms dk’ as catalogued in Eq. , , ,
(98)3 [Yr 9 q YRTEK4(5:0):K2(B:7T/2): 0 0 1
Referring toM in Eq. (28), since we know that, with the 100
ansatz of Eq.(88) and the choice of basis, the matrices . o
M,,V,UT,M¢,Y, are diagonal, it then follows that the form 1he corresponding matrix is
of Mg goes like 0 0
X 0 0 T={0 1
Mgr~U'M,Yi~| O 0 X (103 100
0 X 0 The matrixU’T, by Eq.(106), is
0 0 1
YNote that the solar neutrino problem can be solved in the current it
o . . L u't={ 0 1 0
scenario if we mirror symmetrize the model as we did in Sec. VI so ’
that maximalv,— v/, oscillations result. In particular if we want to 100
explore the possibility that the atmospheric neutrino anomaly is
solved via near maximab,— v, oscillations then this is actually =M,
compatiblewith mirror symmetry, since we just need to be in the )
parameter region where the oscillation length for— v, oscilla- =diag{m,,m; ,mt}—>U'TM ul
tions is much greater than the diameter of the earth for atmospheric
neutrino energies. =diag{m;,m;,m,}. (108
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As a result, the up-type quark masses as appeaninand
m, in Egs. (91) and (102 will be permuted by Eq(108
which lead to the eigenmasses for the light neutrinos

me)
Ht .
(109

We see that the upper limit of the scale ruizZ’3 are of the
order

T

me

7]282M E, (
) ml:_ - A5

2

mz,m3% + 77252M EZ(

m2 /eV=2007%, (110
2,

which permits a large range of parameterzso thatm%y3
> 6m2,,, for self-consistency. The mass gap

2
r

me

(111

mi— <= fu

also permits a large range of parameter space o accom-
modatesm?s,p. This scheme is easily realized by imposing
the ansatz that the Yukawas are of the forms

X 0 O 0 0 X
A= 0 X 0], =0 X O
0 0 X X 0 0
0 X 0
N3,=| 0 0 X (112
X 0 0

(b)  YR'=K;(a=0)=Kj(y=m/2). Next, we look at
the form
0 01
Yr'=Ki(a=0)=Kjz(y=m/2)=| 1 0 0
01 0

In this caselJ’" and T assume the forms

01 0 01 0
uf={1 o o], T=[1 0 o (113
0 0 1 0 0 1

This results in permutation of up-type quark masses

{my,m¢,m¢—{m,,m,,m;}. The mass square difference
2 Mg |2
m E
= — 7 3 2
mt) =10 (Tev) ev
(114

is not compatible with the experimental values&mnh?yp.
In addition, the scale ah%3 is also too tiny to accommodate

2 .
Mg

mi <=y fui

m;,<4x10°° eV2

(115

In passing, we note that the Yukawas of the forms

PHYSICAL REVIEW B5 015002

X 0 0 0 X O
N,=| 0 x 0], a\=|Xx 0 0],
0 0 x 0 0 x
0 0 x
Nga=| X 0 0O (116
0 X 0

will lead to the above unsatisfactory scheme.

(c) YR'=K|(a=w/2)=K(5=m/2). Finally, we in-
vestigate the case
0 0
Yi'=Ki(a=m2)=K,(6=m/2)=| 0 1
1 0 O
In this caselJ’" and T assume the forms
0 0 1 0 1 0
u'f={1 0 0|, T={0 0 1 (117
0 1 0 1 0 O
The up-quark mass permutation is{m,,m.,m}

—{m,,m,,m.}. The upper bound of the scale mﬁs is

m3 4eV2=<0.77"%, (1189
which means that it is possible to accommodéte, . The
mass squared difference for LSND is

2
m
2 o2 o 2 ca a2 [ M
SMi gnp=|M5—mi|~=m5=S*y MEs( - )
C

Mg, 2
—| eV2 (119

—2
=10 (TeV
In this case we see that its parameter space can still accom-
modate the LSND and atmospheric neutrino anomdkés
though the regime of parameter space is more restricted com-
pared to the caseaf]. This scheme can be implemented if
the Yukawas take the forms

X 0 0 0 0 X
A= 0 X 0], =0 X 0],
0 0 X X 0 0
0 x 0
N3=| O 0 X (120
x 0 0

In short, we see that out of the 4 different formskof in
Eq. (98), the scheme&) and(c) stand out to be most prom-
ising to provide viable solutions to both LSND artdear
maximal oscillations atmospheric neutrino anomaly with
mass scales few TeV. Note the schemes we have discussed
in this section cannot accommodate solar neutrino anomaly
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(while keeping both LSND and atmospheric neutrino solu- The Goldstone bosons associated with each spontaneously
tions) because the right-handed neutrinos are decoupled froforoken symmetry are given by
the left-handed ones at TeV scale. T

In the parameter range where scalar interactions dominate G=®'T\,, (A2)
over the gauge interactions things are less constrained an .
there aregmo?e possibilities. It isgpossible to implement thé/v%eretb are the Higgs Sqalar of the theoty, the g+en.erators
lop-sidedM g scheme in the scalar sector case in much th@f the broken symmetries andl, the vacua.G_ is the
same way as in the previous section. Other possibilitied/ould-be Goldstone bosons that are eatenWly as their
wheremy, is off diagonal are also possible in the scalar casdongitudinal polarization. The associatécharged genera-
which can also lead to schemes compatible with data. Howtors of the brokerSU(2) are 7 . Generally,

ever these schemes seem less elegant because of the larger,. ;. oT +, ¢ T+ oT +, ¢
degree of arbitrariness in scalar interactions. GL=[xcri ) T xi 7L x) + Xr7L (XR) T XR 7L (XR)

. R 1
VIIl. CONCLUSION +oTr (p)+ (‘f’C)TTf(d’C)]N_L' (A3)

The similarity of the quarks and leptons suggests thator definiteness let we focus on the negatively charged
quarks and leptons might be connected by some spontangelds, and let us work in the limit;—0:

ously broken symmetry. However such a situation will lead

to a gauge hierarchy problem unless the symmetry breaking - 1 a1
scale is less than a few TeV. There are only two known ways G, Zﬁ[WLXt +upp M2 (Ad)
that quark-lepton unification can occur at the TeV scale. Uz Wi

First, quarks and leptons can be connected by a spontang: . + . .
ously broken discrete symmetr]. While this an interesting .E'ksevd'sze’('_;R are associated with the SSB of charged sector
possibility, it is difficult to naturally explain the lightness of N SY(2)r:

the neutrinos in these schemes. The second possibility is a = T + cT_+/ ¢ T + cT_+/.¢
P : = + + +
modification of the Pati-Salam modgl] called the alterna- R = DXL RO X RO T XRTR (XR) T XR TR (XR)

tive 4-2-2 model[5,9]. It turns out that the neutrinos in the 1

alternative 4-2-2 model are naturally light because they are + ¢TT§<¢>+(¢C)TT§<¢C>]N—, (AS)
massless at the tree level and their masses are radiatively R

generated. The model also predicts ndsB&Iphysics. from which we obtain

The possibility that the model can provide the interactions
to generate the right neutrino mass and mixing patterns 1
which might explain the atmospheric, solar and/or LSND Gr=— 5= Wrxg "~ uy(6*>¥3*].  (A6)
neutrino anomalies has been studied in detail in this paper. VUz+Wg

We have shown that the model cannot accommodate simu:(h tat h 1B - will be the phvsical Higas!*
taneously all three of the anomalies unless it is extended i © states ortnogonalig, Wil be the pnysical Higgsts ,
some way. However the minimal model can quite naturaIIyW_h'Ch_ in general is not lﬂnlquely fixed because there are 2
accommodate the atmospheric and LSND anomalies. WAIrections orthogonal t@ . _ o
have also pointed out that the solar neutrino problem could A Particularly important term in the Higgs potential is the

. . X ; i, b 12 4,112 s
be most naturally explained if the model was extended witd€rm responsible for mixing¢ = with g~ which ef-
a mirror sector. fects the generation of Dirac masses of neutrinos inyhe
loop,
ACKNOWLEDGMENTS V3=My| ¢roxr+ M’ x{ $°roxr+H.C. (A7)

T.L.Y. is supported by OPRS and MRS from The Univer- we will show that there exists an approximate global sym-
sity of Melbourne. metry U(1)y of this Higgs potential in the limiti;—0, u,
=0 (or u,—0,u,;#0) that will allow us to identify the
physical Higgs statesin that limit). The global symmetry
U(1)x can be defined by the generator

In this appendix we will obtain the precise form of the )
would-be Goldstone bosor@f’R and physical Higgs fields X=Y'+lgr—la, (A8)
Hy, in terms of the charged weak eigenstate fiefds;"?,
$Y212 andp=V2-12[j e, the matrixJ, in the Eq.(43)]. In
addition we will also obtain the interesting result that

APPENDIX

where

1 1
Y’(XR>:_§1 Y'(XL>=§r Y'(p)=1. (A9)

Uy —0 Up—0 Furthermore for the global symmetry to be useful we require
up#0 uy#0 it to be unbroken by the vacuum, that is,
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X(xL)=X{xr)=X(¢)=0 (A10)

which is indeed the case given our choicexofand the limit
U1—>0).

Referring toV; in Eq. (A7), notice that theM’ term is not
a symmetry undet (1)y. However, in the limitu;—0 then

M’ must also be zero for self-consistency. The reason is that

a nonzeroM’ in V3 will induce a linear term in thg21)
component of¢ (i.e., the place where; would sit when
XL r develop VEVs. Because the potential is lineauin(for
smallu;) a non-zero VEV foru; must arise which is obvi-
ously not self-consistent with our assumption thg&=0.

PHYSICAL REVIEW B5 015002

2

1 us
4,-1/2 1/2,1/
WX U 2)*},
R

e Upy 1+ (up/wg)?

_ 1

H e —
2 UV 1+ (Up/wy)?

2
u;
4,-1/2 —12-1/2
—XL —Uy¢ } .
Wi

(A1)

Writing Eq. (A4), (A6), (A11) in matrix form, we obtain Eq.

(43). Note that the matriXtJ is unitary,U;*=Uj because

This shows that)(1)y becomes an unbroken symmetry be- the rows(and columngare all orthogonal. The existence of

cause thdJ(1)x asymmetricM’ term vanishes in the limit

the approximate global symmetiy in the limit u;—0,u,

u;—0. (We can also draw a similar conclusion in the limit =0 (0r uz—0,u; #0) means that the mass mixing term

u,—0, u;#0.) Furthermore it allows us to uniquely
specify the physical Higgs fieldd;,H, since now we have
two requirements. First they must be orthogonaGtor and

V3<¢>OC usus,. (A].Z)

second they must be composed of components with the same

U(1)x charge.(Note thatH; hasX—charge -1,H, hasX

—charge+1.) These considerations lead to the identificationVs 4= — (Mu;+M'u,) x{

of the charged physical Higgs fields:

The effect of this is that we can treat the mass mixing terms
Y& V2% as a small pertur-
bation whenu; (u,) is switched on from zero.
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