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Quark-lepton unification and lepton flavor nonconservation
from a TeV-scale seesaw neutrino mass texture
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In a recent paper we pointed out that the mixing of the light neutrinos with heavy gauge singlet states could
reconcile theZ-pole data frome*e™ colliders and they,, (7#) scattering data from the NuTeV experiment at
Fermilab. We further noted that the mixing angle required to fit the data is much larger than what would be
expected from the conventional seesaw mechanism. In this paper, we show how such mixings can be arranged
by a judicious choice of the neutrino mass texture. We also argue that by invoking the unification of the Dirac
mass matrix for the up-type quarks and the neutrinos, the mass of the heavy states can naturally be expected to
lie in the few TeV range. The model is strongly constrained by the lepton flavor changing ppocess
which requires lepton universality to be violated in the charged channel.
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I. INTRODUCTION Mignt~0.1 €V, Myeqyy~100 GeV, (4)

In a previous papefl] we argued that th&-pole data result in a mixing angle

from e"e” colliders [2] and thev, (v,) scattering data 6

from the NuTeV experiment at Fermil§B] could be brought 6~107°, ®)
into agreement if the Higgs boson is heavy, and ifZhgv, o ,

couplings are suppressed by a factor of(d,) while the  Which is too small by orders of magnitude.

W v, couplings are suppressed by a corresponding factor of This d|ff|cu_:ty is absent in quelﬁ which introduce more
(1—¢€,/2), wheref =e,u, 7. Assuming lepton flavor univer- than %ntla ste.r;]ehneutrlno per ?)ctlvef a@lﬂ' Howe_ver, even
sality of the suppression parametars=s,=s,=s, the N Models with the same number of sterile neutrinos as active

value ofe required to fit the data is neutrinos, Chang, Ng, and N@] have shown that the see-
saw constraint can be circumvented by allowing mixing
£=0.0030* 0.0010. (1)  among generations: there are sufficient degrees of freedom in
the neutrino mixing matrix that the masses of the light and
Such a suppression could result if the neutrinos mix withheavy neutrino states can be tuned independently of their
heavy gauge singlet states. However, the mixing angle reMNiXing angles.

quired in the case of mixing with a single heavy state, In the following, we will present explicit examples of
mass matricesgtexture$ that demonstrate this feature. We
6=0.055-0.010, 2 show that the light neutrinos can be made massless while

maintaining large mixing angles with the heavy states, the
is much larger than would be expected from a conventionamasses of which can also be adjusted at will. We also derive
seesaw moddl4]. Explicitly, the seesaw model relates the the relation between the suppression parametemixing
mass eigenvalues and the mixing angle by angles, and the mass parameters in the textures.

A natural question to ask is: what are the masses of the
heavy states in these models? Since the mixing angles are
dimensionless, they fix only certain ratios between the mass
parameters in the texture. The masses of the heavy states are
Reasonable values of the masses, therefore, in principle, unconstrained. Quark-lepton unifica-

tion, as appears, for example, in the Pati-Salam mpdel
can fix the order of the Dirac masses in the texture to be

m .
- light ~ 92. (3)
heavy

*Electronic address: loinaz@alumni.princeton.edu ~100 GeV. In combination with the experimental limits on
"Electronic address: nokamura@vt.edu the suppression parameter, Hg), this allows the heavy
*Electronic address: srayyan@vt.edu state masses to be of order a few TeV. Such states may be
8Electronic address: takeuchi@vt.edu directly observable at the CERN Large Hadron Collider
IElectronic address: rohana@physics.uc.edu (LHC), currently under construction at CERN.
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The effect of the heavy states on the flavor-changing prosaw model”: enhancing one of the mass eigenvalues sup-
cess u—ey [6,8-10 places a strong constraint on the presses the other. In particular, when<M the two mass
model. The upper bound on the branching fraction eigenvalues are

I'(u—ey) M 4m? m?
Blu—ey)=————, (6) Mygni=Mt= = 1+ —-1|~ —,
(p Y T(u—evr) light 2 M2 M
from the MEGA Collaboratioi11] requires that the product m M am2
gee, be strongly suppressed. Since eithgror &, must Mheaw™= — = 5| \ [1+ ——+1|=M. (13
remain sizable to account for the discrepancy between the t 2 M

Z-pole and NuTeV data, the violation of lepton flavor univer-
sality among the:;'s is required. The mass eigenstates and the original generation eigenstates

Finally, we compare our results to those of a recent analyare related through
n
U =
X N

sis of our proposal by Glashojit2].
First, let us trace the problem with the seesaw mechanisghere the light and heavy states are denoteddN, respec-
to its origin. We assume the same numbeGaf(2), active tively. The suppression factor (le) is just the squared

neutrinos ¢) and sterile neutrinosy(). We further adopt the  yagnitude of the coefficient of the light statén the active
“seesaw” ansatz in which the Majorana masses of the active e trino »

neutrinos are all set to zero. For a single generation, the
seesaw mass matrix can only be 2

m
1—s=cos’-0~1—02~1—w. (15)

v icn+sN

: (14)

II. ONE GENERATION CASE —isn+cN

0 m
m M

14

[v x] : (@)
X

Observe that
Note that there are only two free parametensandM. This

mass matrix can be diagonalized with the orthogonal trans- g2~ m_2~ Miight (16)
formation O: M2 Myeayy
oT 0 m o= -mt 0 ® which is the problem anticipated in the Introduction. This
m M|~ | 0 mit| stems from the fact that the original mass matrix had just two

free parameters, so the two mass eigenvalugg,
in which ~m?/M, Mheawy~ M, and the mixing angleg~m/M are
necessarily related.

: ©)

Ill. TWO GENERATION CASE

and With the introduction of additional generations, the mass
matrix has more free parameters and the mixing angle and
2m the mass eigenvalues are in general independent. Consider
s=sind, c=cosh, t=tand, tan20= ™ first the two generation case. The most general seesaw mass
(10) matrix is

Ooxo  Myxo

N
My Moxo

Alternately, to make both mass eigenvalues positive we can
diagonalize using the unitary matrix:

, 17

B ic s (11) where m,, is the Dirac mass matrix which couples the
“l—is ¢ active and sterile neutrinos, ail, ., is the symmetric Ma-
jorana mass matrix for the steriles. As a particular instance,
which yields take the following generation universal form:
uT 0 m U mt O 1 0 m —-m vy
m M| |0 mit] (12 0 m -m|| v,
[vivaxix2] m M ol] x (18
The product of the two mass eigenvalues is always equal to !
m? regardless the value dfl. Thus the nomenclature “see- -m -m 0 —-M]J[ x
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This mass matrix is manifestly rank two, so two of the massone that reduces to the unit matrix in the limifM —0 and

eigenvalues will be zero regardless the valuesnddnd M.  facilitates the extraction of the suppression factor.

This matrix can be diagonalized as The mass eigenstates and the generation eigenstates are
related through

0 0O m —m
0 0 m -m ”, n, c?n;—s?n,+scN;+scN,
Ol m m M olo Vo 5 na | _ —s?n;+c?n,+scN;+sch,
“m -m 0 —-M X1 N —scn—scm,+c?N;—s?N,
X2 N, —scm—scn,—s?N;+¢2N,
00 0 0 (23
00 0 0 The suppression factors for ttev,v, and Zv,v, vertices
=l o 0 misc 0 , (19 can be read off from this expression:
0 O 0 —m/sc 2m>
1-g=cod ~1-20*°~1— —. (24)
MZ
in which
5 5 Thus, in contrast with the one generation case, the mass of
¢ -s s¢c  sC the heavy states/M?+4m?, and the suppression factar,
—g? c¢2  sc sc ~2m?/M?, can be adjusted independently since the two free
O= 2| (200 parameters in this modei and M, are not constrained in
-sc —-s¢c & -s : :
any way by the light neutrino masses.
-sc —sc —¢? c? Of course, the light mass eigenstates are exactly massless
q in this model so it is unrealistic as it stands. However, this
an

can be remedied by adding a small perturbation to the mass
om matrix. For instance, consider the following perturbation:
s=sin#, c=cosh, t=tand, tan2=—-.

M 0 0 (1+86m (=1+6)m
(21 0 0 (1+8m (—1+8)m
The non-zero mass eigenvalues are (1+8)m (1+6m (1+6M 0 ,
m (=14+6m (—1+6m 0 (=1+56M
mheavy:i_:i \/M +4m . (22)

scC (25)

Note that the orthogonal matrix which diagonalizes our massvhere5<1. This increases the rank of the matrix by one and
matrix is not unique since we are free to rotate the zero masgnders one of the massless states massive. Partial diagonal-
eigenstates into each other. However, the above form is thieation can be obtained as

0 0 (1+8)m (=1+86m 0 0 0 O
oToT 0 0 (1+8)m (—=1+86m 00— 0 28
(1+6m  (1+6m (1+6M 0 0 M ’
(=1+6m (—=1+6)m 0 (=1+6)M 0
whereO is the matrix given in Eq(20), andQ’ is the matrix which mixes the first two columns maximally,
RERRER
V2 2
r_ _i i 00
O'= 2 2 . (27
0 0 1
0 0 1

The matrix M has the form
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—45u —4\25ur —4\25ur
M=M| —4y26ur J1+4r2+5(1+2p) 26 , (29)
—4\25ur 251 —V1+4r2+ 8(1+2p)
where
m r? 29
r=—, = .
M T A

Complete diagonalization of1 requires further mixings by angles of ordér In the limit <1, they can be neglected.
As another example, consider the perturbation

0 0 m -m

0 oM (1-86m (—=1-56m

m (1-6m M 0 ' (30
-m (—=1-6)m 0 -M

where we have allowed for a smalb€<1) but non-zero Majorana mass for one of the active neutrinos. This matrix can be
partially diagonalized as

0 0 m m
0 oM (1-m —(1+8m
oTo" 00"
m  (1-46)m M 0
-m —(1+6)m 0 -M
—45r4 0 26r3 2513
0 8(1+2r%—4r%) 25r3 26r3
M s 2613 V14— su o +0(or°), (31)
26r3 26r3 —Su — 1+ ar-5u

whereO is the matrix given in Eq(20), O” is the matrix which mixes the first two columns with angle

cosf’ sing’ 0

2m?

0"'= , tan 20’ =2c?s?(c?—s?) ~ Ve (32

0 0 1

0
—sing’ cos¢’ 0 O
0

0 0 0 1

and the parametersand u are as defined in Eq29). Again, complete diagonalization requires further mixings by angles of
order § which can be neglected.

As these examples illustrate, minute perturbations to the mass matrix;L8¢.can generate a variety of masses and
mixings for the light neutrinos. Note that the extra mixings®Yy or O” in these models have no effect on the suppression
parameter, Eq(24), which remains common for, andv,. This is to be expected as long as the perturbations are small and
the mass matrix retains an approximate generation universal form. However, that is not to say that the suppfkssion is
universal since the flavor eigenstates can be some mixtutg ahd v, due to the mixing among the charged leptons. In

general,
V1
=u,

cos¢p — sing
sing COoS¢

(c?cosgp+s?sing)n; —(c?sing+s?cosg)ny+ - - -
(c?sing—s? cosg)n; +(c?cosp—s?sing)n,+ - - - |

V1

(33

V2

073001-4



QUARK-LEPTON UNIFICATION AND LEPTON FLAVOR . .. PHYSICAL REVIEW D68, 073001 (2003

This mixing breaks the universality of the suppression fac-Note that the sune.+ ¢, is independent of the mixing angle
tors. For theZv v, andWev,, vertices, the suppression factor ¢. We will see later that this breaking of flavor universality

is is important in satisfying the constraint from—evy.
1—e,=(c?cos¢+s?sing)>+ (s? cos¢ +c? sinp)?
=c*+2s%c?sin2¢+s* IV. THREE GENERATION CASE
~1-26%(1— sin2¢) Extension of our model to the three generation case is
) straightforward. The most general seesaw mass matrix for
~1-e(1-sin2¢), (349 the three generation case is

while that for theZv, v, andWuwv, vertices is

1-¢,=(c?sing—s’cos¢)?+(c? cos¢—s’sin$)? O3x3  Maxg (36)

.
=c*-2s%c?sin 2¢p+s* M3y3 Maxs

~1-26°(1+ sin2¢) _ _ . .
wheremsy 3 is the Dirac mass matrix, and 5,5 is the sym-
~1—¢g(1+ sin2¢). (35 metric Majorana mass matrix. Consider the following ansatz:

0 0 0O am Bm ym|| v,
0 0 0O am Bm ym|| v,
0 0 0O am Bm ym|| vs

, 3
[v1vavax1x2X3] am am am oM 0O 0 || xa =

pm Bm Bm 0 BM O X2
Lym ym ym 0 0 yM]| x3]

wherea+ 8+ y=0. This matrix is manifestly at most rank three so that at least three of the mass eigenvalues are zero. This
matrix can be block diagonalized as

0 0 0O am Bm ym
0 0 0O am Bm ym

0 0 0O am Bm ym 0O O
o' O= , (38
am am am oM 0 0 0o M
Bm Bgm Bm 0 BM 0
ym ym ym O 0 M|
where
[ 2 2 2 2 2
_f2 _Ze _Z2 - - _
1 S 33 35 3sc 3sc 3sc
2 2 2 2 2
_f2 _fe2 _fe < - Z
35 1 33 35 3sc 350 350
2 2 2 2 2 2
_fe2 _f _f2 < - Z
S S 1 S 3sc 35c ScC
0= 2 2 2 , 2, 2, (39
—5SC —5zsc —5sc 1-3s 3 —3S
2 2 2 2 2 2
_“ _ = _ _f2 _fe2 _fe
scC sC sc S 1 35 35
2 2 2 2 2 2
_“ _ = _ = _f2 _f2 _f2
I ScC sC scC 3s 33 1 33 |
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a(M+2mt) —ymt —Bsmt
M= —ymt B(M+2mt) —amt , (40
—p/mt —amt y(M+2mt)
|
and Ve V1
3m v | =U| V2|, (47)
s=sin#, c=cosh, t=tand, tanZGZV. v, Vg

(41)
] _ o wherel/{ is the unitary mixing matrix. This mixing breaks the
Note the difference in the definition of taZrom the two  flayor universality of the suppression parameters. We find

and one generation cases, E@4)) and(21). Again, we have  that the suppression parameter for flafisre, u, 7 is given
the freedom to rotate the three zero mass eigenstates infgy

each other so the above form f@ris not unique. However,

as before, this is the choice which reduces to the unit matrix
in the limit mM/M—0 and facilitates the extraction of the
suppression parameter. Complete diagonalization requires an

er=e|Upy+Usp+Ussl?

additional multiplication by a matrix of the form = e[ 1+ 2R(U U+ Uspls 3
| 0 +Ursls1) 1. (48)
o’=[0 A}, (42)
Note that as in the two generation case, the sum of the sup-
so that pression parameters is independent of the mixing,
40 0] |0 0 0 O om?
(0] 0 M O'= 0 A Tmal"lo ol (43 8e+sM+sT=38=W. (49
where The mixing of the heavy states with the light states is
M 0 0 given by 01,4, so we need the explicit form ofl. Let us
! work out a few examples:
D= 0 M, O |, (44) (i) (@,B,7)=(0,1-1),
0 0 M,
0 mt —mt
The exact expression ford and the eigenvaluesv(i _
=1,2,3) will depend on the values ok(B,y). However, M=| mt (M+2my 0 ' (50
note that —mt 0 —(M+2mt)
011 Opl|l O 0. O 2_ 2 .
ono’z[Oll 012 0 A}={OH Ol:ﬂ, (45) Co=Sh V25,0, 1V2s40,
21 Oz 21 O A=| —\2s,  c4c5 —isy |, (51)
so we see thab,,, the upper left X 3 block of Y=00’, is —\2s, c4-S} ics

not affected by what the actual form gf is. Therefore, we

can read off the common suppression factor for thewhere
Zv vy, Zvyv,, andZvgv, vertices from our expression for

O and we find

i t —2\/5 v 52
C,= COS¢, Su,=Sing, tan2p= ,
1 —12'n20214¢9213m2 46 ! o ’ 2¢3+t2 >
—&= —§S| = —§ ~= _W- ( )
and
Again, this can be adjusted independently of the heavy mass
eigenvalues. Masses for the light eigenstates can be gener- 0 0 O
ated via minute perturbations to our mass matrix as in the
two generation case, but we omit the details. Mixing among ATMA=yM?+6m*| 0 1 Of, (53
the charged leptons will causg, v,, andv; to mix: 0 0 1
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1 1
(cos2¢—\/§sin 2¢) ( €0S 2+ —sin 2¢) i| cos2p+—=sin 2¢>)
V2 2
: E ; 1 S b
O12A= =sc| (cos2p— 2 sin2¢p) COS2p+ —sin2¢ | i| cos2p+ —=sin2¢ | | = ————| COS i
' 8 ‘/E \/E M?+6m? cos2d 1 i
1 1
(cos2p— \/E sin 2¢) Cos2p+ —=sin2¢ | i| cos2p+ —=sin2¢
V2 12
i ) (54)
|
This model includes a massless sterile neutrino while the [ (M +2mt) — w’mt —wmt
massive states are degenerate. 2 B
(i) (. B.7)= (1.1~ 2), o‘mt  o(M+2mt) mt
—omt —mt w’(M+2mt)
(M +2mt) 2mt —mt
M= 2mt (M+2mt) —mt , 10
—mt —mt —2(M+2mt) 0 w2 0
(55)
L0 0 w
[ 1 L. i—s- (M+2mt)  —mt —mt
\/5 \/5 ¢ \/5 ¢ X —mt (M +2mt) —mt
A= 1 1 [ : (56) —mt -mt (M+2mt)
-—= —=C, —=S
2 277 27 1 0 0
Y —S, ic, x| 0 w? 0f, (60)
M 0 0 0 0 w
ATMA= 0 M_ 0 |, (57 _ -
0o 0 M, e
V3 oVe 2
where 1 0
A=|0 ! ! ! (62
= = si tan 2p=4/2t/(9+ 7t N N
C,= COSp, S,=Sing, tan2p \/—/( ), 0 0 o2 J3 6 2
M.=(3yM?*+8m?+M)/2, (58 1 2
and \/§ Ve -
, [° (V2c,—s,) i(\V2s,+c,) M 0 0
Ole:§sc 0 (V2c,—s,) i(y2s,+c,) ATMA=| 0 YMZ2+9m? 0 . (62
0 (V2c,—s,) i(y2s,+c,) 0 0 JMZTon?
% 0 JVM/M_ iYyMIM, 0 -1 i
m - |
=0 yMm/M_ iVMIM. |. 3 mo’ -
VM2 —Mm2 OppA=\/5—7——=|0 -1 i (63)
' 0 VM/M_ VMM, 2yMZrom?|
(59

Note that the three mass eigenvalues are different in this cade this case, the heavy state of madsdecouples from the

and that the heavy state with mask decouples from the light states while the other two states have degenerate mass.

light states. As these examples illustrate, there is a wide range of pos-
(i) (a,8,7)=(1,w,0%), 03=1, sibilities for the masses and mixings of the heavy states.
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V. THE DIRAC MASSES 3.4
AND QUARK-LEPTON UNIFICATION 3.2 N\ -
. . T \ F(0)~10/3
We next consider the consequences of setting the Majo \
rana masses to zero in our model. Our mass matrix will be 28
_ ; 26
0 0 0O am Bm ym ey \
0 0 0 am Bm ym E’g_z \
0 0 0O am Bm ym 2
64
am am am O 0 0 64) 18
O 0 o0 16 - Foo)=4/3 \
m Bm Bm =
'8 B ﬂ 14 \\
ym ym ym O 0 0 12
- = . -5 5 6

which is manifestly rank 2. The non-zero eigenvalues are

-1 0
log(x)

FIG. 1. The behavior of the functiof(x).

=myfa >+ B2+ 1% (65)
Therefore, this mass matrix leads to one massive, and two ~ (u—ey) 19
massless Dirac fermions. B(u—ey)= T(p—evy) <1.2¢10

If we assume that the up-type quarks have the same Dirac
mass texture as the neutrinos, which would be the case in the
Pati-Salam[7] model, we obtain one massive quark which
can be identified with thé, and two massless quarks which The theoretical value of this branching fraction is given by
can be identified with the and thec. Recall that a similar
mechanism is at work in the “democratid”13,14 quark

(90% confidence levgl (70

mass texture, g | 3 2
B(M—’e"}’):@ 2 Ugith i Tij
m m m|[q, i=1
[a; G2 gz]| M M m{|qz, (66) 6 .
m m mllqgs Tij= kzl ViVikF(mg/mg,), (72)

which is manifestly rank 1, and has eigenvalues 0, 0, angyherey/ is the mass diagonalization matrix for the charged
3m, which are |dent|f|ed as tha, c qndt quark masses. |eptons, Eq.(47), and V=00’ is the corresponding matrix
Thus, our model provides an alternative to the “democratic’y; the neutrinos, Eq45). m, is the mass of thith neutrino

model to explain why thé quark mass is so large compared 455 eigenstate, and the functiex) is given by
to the other quarks.

For this idea to work, it must be the case that F(x)=2(x+2)1®)(x) —2(2x— 1)1 @(x) + 2xID(x) + 1,

(72)
m~100 GeV, (67)
in which
to predict the correct mass. Since~0.003[1] requires . N
z
(M (y)= I
m 1'M(x) fo dzz+(1—z)x' (73
v ~0.03, (68)
F(x) is plotted in Fig. 1. Using the unitarity of we can
we can predict expressT;; as a sum over the heavy states only,
M=3 Tev. (69 Ti= 2 VIV Fmiim§) —F(0)), (74

This places the heavy states within range of observation at
the LHC. where the masses of the light states are all set to zero. If we

assUMeMy,e,,y~O(TeV), it is evident from Fig. 1 that

VI. CONSTRAINT FROM u—ey

4
2 2 =~ = —
The flavor changing procegs— ey places a strong con- F(Mheauf M) =~ F () 3’ (75)
straint on our model. The current limit on the decay branch-

ing fraction is from the MEGA Collaboratiofil1] Then,
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40 / 1 1 1
35 / Tij=—27¢1 1 1}, (82)
o 3.0 / 1 1 1
& 25 with
= /
120 / 213, (a,B,7)=(0,1-1), o
S / =1L (afy)=(11-2),(Low?). &2
1o / Note that in the &,8,y)=(0,1,— 1) case, there are only two
05 / massive states that contribute 40 Thus,
0'0-6 5 4 -3 2 A 0 1 2 3 4 5 6 3 *
log(x) 2, Uethyi Ty =~ 2melUes + ez + U]
FIG. 2. Thex dependence dfF(x)—F(0)]2. X[Ug+ U, o+ U,3], (83
and
Ti~—2 > ViV (76)
k=heavy

3a
. - . . B(IU“HeY):8_77282|Z’le1'*'Z/lez"'Z/{e3|Zluﬂl_*'u,w’Hf{,u3|2
For the sake of simplicity, let us first consider the two 77

generation case we considered in Sec. lll. From(E@), we 3a
: — 2
find =g, 7 ety (84)
1 11 . . .
T;j=—4s%c? }% —2s } (77)  The only difference from the two generation case is the fac-
11 11 tor »2. From this expression it is evident that to suppress

B(u—evy) the mixing matrix must be chosen to suppress
eithere, or g ,,. That is, we must identify one of the flavor
3 eigen-states:/e orv,, as alinear combination of;, v,, and
B(p—ey)= ——|2& cos 2|2 V3 Wh.ICh almo_st cqmpletely decouples frqm the heavy states.
32 This result implies that in order to satisfy the experimen-
tal limit on u—evy, the mixing angles id/ must be generi-

Then, taking/ to be the mixing matrix in Eq.33), we obtain

= 3_a82 co€2¢ cally large. These mixing angles should not be confused with
8 the mixing angles in the MNS matrikl5] which are the
3a angles measured in neutrino oscillation experimdi&—
= g et u- (78) 18]. The MNS matrix in our notation is given by
T
Vuns= UV, , (85
Assuminge =0.003, we find MNS upperef
whereVgper eitiS the upper left X 3 block of V. (Note that
3—a32~2><10‘8 (79 V,\,[NS is not.unitary sincevup_per left IS but a portion of an
8 ' unitary matrix).) Therefore, in order to make a connection

to the experimental data one must take into account the mix-
which is more than three orders of magnitude above théngs among the light neutrinos iw also. In the current
MEGA limit, Eq. (70). Note that had we assumed the heavymodel, as long as the light neutrinos are exactly massless and
states to be as light as tlze then this prefactor would have degenerate, the MNS matrix is ill defined. The perturbations
been suppressed by an order of magnitude as can be gleanghich break the degeneracy and allow non-zero masses must
from Fig. 2. But even then, it would have been two orders ofbe chosen judiciously to obtain the corré¢twhich would
magnitude above the experimental limit. Thus, in order tolead to the correct MNS matrix.
suppress this process we need

VII. CONCLUSIONS AND DISCUSSION
C0S 2p~0 — ¢p=~45°, (80

In this paper we have shown explicit examples which

This mixing breaks the flavor universality of the suppressionrdemonstrate how large mixings between light active neutri-
parameters maximally. nos and heavy sterile states can be realized within the seesaw

For the three generation model, the overall normalizatiorframework, i.e. with the same number of active and sterile

of T;; depends on the number of heavy states that contributeeutrinos, by a judicious choice of the mass texture. This
to the sum. For the three cases considered earlier, we findrequired the presence of more than one generation so that
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there exist sufficient degrees of freedom in the mass textursizable to account for the discrepancy between Zkmole

to permit independent tuning of the mixing angles and masand NuTeV data, lepton flavor universality among the sup-
eigenvalued6]. Indeed, even though the mass textures wepression parametees, ({=e,u,7), must be violated. Lep-
considered, Eqg18) and(37), were constrained to a genera- ton universality is constrained experimentally at the 1%
tion universal form, there were still enough degrees of freelevel by W decayq20],

dom left to accomplish this objective.

Due to the independence of the mass eigenvalues and the 9u| _ 1.000+0.011
mixing angles in these models, the only experimental con- Oe ' '
straint on the masses of the heavy states is that they must be
heavier than th& [1]. However, if we invoke quark-lepton g,
universality and require the up-type quarks to share the same —|=1.026+0.014
Dirac mass texture as the neutrinos, then we find that 9

(2) it provides a non-democratic explanation as to why the
u andc quarks are almost massless compared td tueark, 97 _ 1.026+0.014,

(2) the Dirac mass scale must be about 100 GeV to pro- Je

duce the correct mass, and
(3) the heavy sterile states must have mass of a few Teand at the 0.2% level by decayd20],
to produce the correct suppression parameter

This last observation stands in stark contrast to grand uni- Gul
fied theory(GUT) scenarios in which the masses of the ster- g_e =1.0006-0.0021
ile states are at the GUT scale, far exceeding experimental
reach. If the heavy states are indeed in the few TeV range, g,
they could be observed at the LHC. Of course, this estima- g_ =0.9995+0.0023
M

tion is from one particular model, and we cannot discount the
possibility that the mass is actually much lower and could be
observed at the Tevatron Run Il at Fermilab.

Enforcing generation universality among the light neutri-
nos necessarily reduces the rank of our mass matrix leading
to zero mass eigenvalues for the light states. To obtain nonA’hether lepton universality and— ey constraints can be
zero masses, one must raise the rank by breaking generatisatisfied simultaneously within our model while maintaining
universality with small perturbations. The same is true of thethe fit to theZ-pole and NuTeV data will be addressed in a
quark sector also since neither th@or thec is massless. It subsequent pap¢21].
is interesting to ask whether the same universality breaking The model analyzed in this paper should be contrasted
perturbation could generate the correct mass ratios and mixvith the recent analysis of neutrino masses and mixings by
ings for both the neutrino and up—quark sectors. Glashow[12]. In his work, he assumes, as we do, that neu-

Our model comfortably accomodates the introduction oftrino masses arise from a seesaw mass texture involving
down quark-charged lepton mass unification in addition tahree active and three sterile neutrino states. He postulates a
the up quark-neutrino unification utilized above. The con-particular neutrino mass texture with the property that the
straints fromu— ey mandate large mixing angles among the mixings between light and heavy states are non-universal,
charged leptons in our model. In models with down quark-leading to non-universal suppressions. In particular, the sup-
charged lepton unificatiofe.g., the Pati-Salam modehis  pression of the neutrino weak gauge boson couplings occurs
implies large mixing angles in the down quark mass matrix.in a single light-mass eigenstate. The large mixing angles in
For the CKM matrix to have the small mixings that are ob-the MNS matrix[15—18 spread the suppression among the
served, the large down quark mixings must be cancelled byhree flavors and enhance tpe-ey rate, providing a limit
large up quark mixings. The presence of large mixings in then the size of the suppression parameter In fact,
neutrino Dirac mass matrix then follows from up quark- Glashow’s model is similar to ours, although he uses a dif-
neutrino unification and is consistent with the texture of Eq.ferent basis for the mass matrix. His analysis starts from a
(64). Models of quark-lepton unification which generate thebasis where the inter-generational mixing is minimal. In our
large mixing angles of the MNS matrix using large angles inanalysis, we have taken the opposite approach. We start from
the charged lepton mass matrix have been explored extem: basis in which the inter-generational mixing is maximal
sively [19]. Such models generically relate the MNS andand the suppression of light neutrino couplings to the weak
CKM matrices. In the present context, however, explicit pre-gauge bosons are universal. To suppressutheey rate, we
diction of the CKM and MNS matrices would require a de- must require large mixings among the charged lepton flavors
tailed delineation of the small perturbations of the mass maleading to the violation of flavor universality of the suppres-
trices, which is beyond the scope of this paper. sion parameters. In both approaches, the violation of flavor

Due to the typically large mixings between the light anduniversality is essential for obtaining agreement with current
heavy states in our model, the procgss-ey provides a experimental data. It is amusing to note that lepton flavor
strong constraint. We have found that the prodyet, must  universality violation isrequiredfor lepton flavor conserva-
be strongly suppressed. Since eitlgror £, must remain tion.

9
Oe

=1.0001+0.0023.
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Given the strong constraint on our model from the flavor‘heavy neutral leptons,” the terms commonly used in the
changing procesg—evy, one is lead to question what con- literature. Those names are balky, and the first one is mis-
straints will be provided by other flavor changing processeseading, since the particles are neither completely “sterile”
such as theu—e conversion in nuclei. This is a particularly nor are they “-ino” compared to the neutrons.

interesting process since the MEQKIuon to Electron COn-
version experiment at Brookhaver22] proposes to improve
upon the the current limits op—e conversion 23] by more
than three orders of magnitude. The MEMuU-E-Gamma

experiment at PSJ24] also proposes to improve upon the
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