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New model for the neutrino mass matrix
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I suggest a model based on a softly broken symmetryL,—L, and on Babu's mechanism for the
two-loop radiative generation of neutrino masses. The model predicts that one of the physical neujifnos (
massless and that its component along #helirection U¢3) is zero. Moreover, if the soft-breaking term is
assumed to be very small, then the vacuum oscillations,dfave almost maximal amplitude and solve the
solar-neutrino problem. New scalars are predicted in the 10 TeV energy range, and a breakesynrof
universality should not be far from existing experimental bounds.

PACS numbse(s): 14.60.Pq, 11.30.Ly, 12.15.Ff, 12.60.Fr

In a model without right-hande¢singley neutrinos, the |m2—m2|=Am2 <|m2—m?|~|mi—mZ|~Am2,. (5)
three weak-interaction-eigenstate neutrings v,, and v,
may acquirg Al|=1 Majorana masses given by the follow- Then the negative result of CHOOZ's search fgroscilla-

ing term in the Lagrangian: tions [1] is interpreted agUq3|=<0.217, which is valid for
AmZ,=2x103eV2
1 Ve It has been pointed oy2] that the assumption of an ap-
LET:}E)iSs:_(Vl v; VI)CflM v, proximate lepton-number symmetty=L.—L,—L, (where
v, L is the electron numbet, , is the muon number, arld, is
_ the tau numbgrmay constitute a good starting point for a
1 Ve model of the neutrino mass matrix. Indeed, if there are no
—5(ve v, v,)CM* v (1) |AL|=2 mass terms, then
V,.T
0O rb b
HereC is the Dirac-Pauli charge-conjugation matrix and M= 0 o ©6)
is a 3X3 symmetric mass matrix. One may diagonalizé ’
with the help of a unitary matrixJ in the following way: b

whereb andr may, without loss of generality, be taken to be
real and positive. The mass matrix in H§) yields my=0,

m;=m,=b1+r?, and

UT MU =diagm;,m,,my), 2

wherem,, m,, andmgs are real and non-negative. The physi-
cal neutrinosv,, v,, andvg are given by

1 i
— - 0
Ve vy V2 V2
v, | =Uf va|. ©) r ir 1
U= . 7
o "3 2(1+13) \2(1+13) 1412 @
Then, 1 i r
, P21+12) 2(1+r8)  J1+r?
ct =32 mi(v]C 1y~ 1,Cr") (4) . : -
mass o & T e This is good for the following reasonsi(1) The negative

result of CHOOZ's search for, oscillations gets explained

Experiment indicates that two linearly independentthroughUes=0; (2) since|Uey|=[Ue|, vacuum oscillations
squared-mass differences among the three physical neutrin8% ve With maximal amplitude would occur wem, #m,,

differ by a few orders of magnitude. Indeedim?,, is of ~ OPening way for the LOW or “just so” solutions of the
order 10 2 eV2, while Am2, may be either of order 16 e\V2 solar-neutrino problem to applyd) it is intuitive to expectr

in the case of the Mikheev-Smirnov-Wolfenst¢MSW) so- to be close to 1. Now, if =1, thenv,-», mixing is maxi-
lution for the solar-neutrino puzzle, 10eV? in the case of mal, and this explains the atmospheric-neutrino anomaly.

the LOW solution, or 10'°eV? in the case of the vacuum- ~ On the other hand, must be broken, becauss; =m,
oscillation(“just s0” ) solution. It is customary to identify, ~ does not allow for oscillations between, and v, and a
as the neutrino which has a mass much different from th&olution of the solar-neutrino puzzle. A good choice, in order
masses of the other two, viz., to avoid unpleasant majorons, would be to hdveo be
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softly broken; this would, moreover, permit a natural expla- - SOt A D -
nation forAm3<Am2,,. This option has been suggested in g ; v
various paperg3]; however, in those models there is no / \ X'k Y
predictive power for the form of the mixing matrl®, a fact ! : Y
which impairs their immediate interest and experimental test- ! i \
ability. VeL 229 UR €R €L vuL

In this paper | put forward a simple model with softly TL, TR

broken L which maintains some predictive power. The
model is based on Babu’s mechanism for two-loop radiative
generation of the neutrino masded. | recall that, in gen- . . .
eral, Babu's mechanism leads to one neutrino remaininiigory' _ands T These aslsumpnons are technically
massless; however, whereas that general mechanism can tural in the sense of 't Hooft]. . .
predict thev,, v, , andv, components of the massless neu- From now on | shall assume, without loss of generality,

trino, the speciffc model that | shall put forward retains thef#’ f7. 9. Ne, A, ande to be real and positive. Onlg,,

— . . ) remains, in general, complex.
exactL predictionUz=0. Moreover, in my model there is a Th i i d t breal and i
rationale for thev, oscillations of maximal amplitude and for € neutrino mass term,,, does not brea andis
the tiny mass differencAmé which allow a LOW or “just generated at the two-loop level by the Feynman diagram in

s0” explanation of the solar-neutrino deficit; that rationale isF'g' 1. A similar diagram generate,,. In both cases,

provided by the naturalness of the assumption that the temtt \ereisin the d|.agram an inner charged lepton which may be
. — , either u or 7. It is clear that the mass terms thus generated
which breakd. softly is very small.

S ) obey the relation
In my model | just introduce in the scalar sector, above

and beyond the wusual standard-model doublet

=(¢*¢%T, one singly charged singldt” with L=0, to- Me, T,

gether with two doubly charged singlegg* and h?>* and r= = (10
their Hermitian conjugates. The difference betweéh and
h2* lies in that the former field has=0 whereash?* has

L=—2. The Yukawa couplings of the leptons arénvariant
and are given by

FIG. 1. Two-loop Feynman diagram which generatefg,, .

Contrary to what happens in Zee’'s modél, this ratio of
mass terms is not proportional to a ratio of squared charged-
lepton massef7]. As seen before, in order to obtain maxi-
mal v,-v, mixing, one would like to hava~1. In the
present model, this means that the coupling constignesd
f . should be approximately equal. In Zee’'s model, on the
other hand, one winds up with the rather unrealistic con-
o ot straintf , /f,~(m,/m,)2.
T + T -1 Let us check whether the diagram in Fig. 1 is able to yield
v (VoL T")( O>TR+f [Fu(velC neutrino masses of the right ordger of mag%itude. As Weyshall
see later, we would like to obtain\e,|~|Me,|~VAMZ,
~10 2-10 teV. Now, from the diagram in Fig. 1 with an

+ egcfl[gﬂ(gqujL g,7r) +h?"heer] +H.c., inner 7 one obtains

8

+

me — — m —
1 e n ¢
ﬁsf):_T(UeL e.) )eR_T(VﬁL ML)( (PO)MR

(PO

—e[C My, )+ (v C i —elCT )]

=—-2\f f.gmm ——, 11
wheref,, f., g,, g,, andh, are complex coupling con- Mew wi 9rMeMry 67 2)2 Y
stants. Notice that, in Ed8), | have already taken, without
loss of generality, the Yukawa couplings @fto be flavor  \yhere
diagonal;v denotes the vacuum expectation valuepdf
The scalar potentia¥ has a trivial partV,,iy Which is a
quadratic polynomial inpT¢, 77, g°~g°", andh® h?". |_if dk 1 1
Besides,V includes two other terms, with complex coeffi- m* k?—m? k?—m2
cientsh ande:

Xf g 1 1 1
YoP=m? F—m? (k—q)?—m

(12

V=Vyiia+ (N g2 +eg? h?"+H.c). 9)

. . — INotice that the possib@breaking termf ~f~h2* has dimension
The term with coefficient breaksL softly. | make the fol-  phigher than the one af? h?*, and therefore the assumption of its

lowing assumptions: this is the onEbreaking term in the absence is natural.
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_ 1 % dy f—',r‘ lgz_‘~\ f_
2(m?=m?) Jo (y+ D(y+xe) AR A 1
+xg+1+ +Xg+X,+p’ /! y h2- k
y+Xg+1l-p Y+ XgtX,—p
VuL €L €er €R er Urp
+(1=x)InXg+ (X, = Xg—=y)Inx,|. (13 FIG. 2. Two-loop Feynman diagram which generatels, .
Here xe=m3/m?, x,=m2/mf, xq=mg/m?, and tude below the present experimental bound, wheg
~10TeV and|g,g.|~1. A more complicated process is
p=1(y+xg—1)2+4y, (14 €'e —7 7, which is mediated byg?* exchange in the
channel. The amplituda for this process is
P’ = (y+xg—X,)*+4yxX,. (15)

(2
ie? _

The integral in Eq(13) is convergent and may be computed A= - [v(€)y*u(e)J[u(7) y,v(7)]

numerically? For mg,m,<m andmg~m;, one findd to be

of orderm; 2. ie? _
In my estimate of\,, , | shall therefore set~m; >, The + 3(S_m§)-[v(e)y ysu(e) J[u(7)y,ysv(7)]
bounds frome- u-7 universality inu decay and inr decay
are f,/m=10*GeV * and f,/m;=10*GeV ! [4]; if o 2 vl
one allowsf ,f,/m? to be as high as 16 GeV 2, then one 8(t—md) [v(e)y*(1+ ys)u(e)]
obtains
X[u(7) v, (14 ys)v(7)]. (19

| Mg, |~10""\g, . (16) _ o
| have used the convenient approximations=m_=0 and

It is reasonable to assume that the Yukawa coupdipgs of  sir? ,,=1/4 in writing down the standard-model amplitude,
the same order of magnitude as the Yukawa coupliigs and a Fierz transformation in the nonstandard contribution. If
andf., and that the dimensionful scalar-potential couplingone definesj=2m/s, z=g?/(2€?), and |=3(s—m’)/s,
constant is of the same order of magnitude as bothand  then one finds
mg. This leads tay,/\~f,/m;~10"* GeV . Fortunately,
the product\g, stays free. In order to obtaifM,,|

r o . do 124+1 4 I+1
~10 2eV, it is then sufficient to assume v - -
dcosaoc—lz—(lJrcos2 0)+ ycoso+z—
A~mg~m;~10" GeV, 17 (1+cosh)®  (1+cosh)?

X —— +z - , (20
1+]j+cosf 1+j+cosh)?
f~f.~g~1. (18 j+cos (1+j+cosb)

Extra factors of order 1 may easily enhande,,| and bring ~ Where@ s the angle between the momentaeof and of 7~
it up to the desired value 0.06 eV. in the cer_1ter-_0f-momentum frame. From the dlfferen_tlal
The assumption, made in E(L8), that the Yukawa cou- Cross section in Eq20), one easily checks that the devia-
plings are of order 1 may seem unrealiStidowever, there tions of both the total cross section and the forward-
are no experimental indications against this possibility wherPackward asymmetry from their standard-model predictions
the masses of* and ofg?* are assumed to be as high as 10ar€ completely negligible whem,~10TeV, even ifg, is as
TeV* For instanceg?” mediates the unobserved decay ~ 1arge as 1. .
—u~e"e"; however, by comparing that decay with the stan-  EXCept forMe, and M, all other matrix elements of
dard 7~ —u v,v,, one easily reaches the conclusion thatM breakL and, therefore, they will all be proportional to the
BR (7~ —u~e"e”) should be at least one order of magni- L-breaking parametes, which is assumed to be small. The
matrix elementsM,,,, M,,,, and M, arise at two loops
from the diagram in Fig. 2. In order to obtain a nonzérty.

2lt is not possible to use the approximatioms=m.=0 because ©N€ Must go to three loops and use for instance the diagram
they lead to infrared divergences. This is not a problem, since thos# Fig. 3. In that diagram there are two inner charged leptons
divergences are logarithmic anki(,,, in Eq. (11) also includes a Which may be eithep. or 7; therefore, there is a contribution
factormgm, . to Mg, proportional tomi, and that matrix element should

SNotice, however, that, in the standard model, the top-quarknot be neglected in spite of it only arising at the three-loop
Yukawa coupling is also very close to 1. level.

4Concerns about the breakdown of perturbativity are only justified The diagram in Fig. 2 clearly leads to the following
for Yukawa couplings=4, i.e., of order 10 or more. relation:
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FIG. 3. One of the three-loop Feynman diagrams which gener
ate Mee.

. . _ 2. 2 2.,
MW.MMT.MTT—f#.(f#fT).fT—rz.r.l. (21
One thus obtains that, in the present model,
a rb b
M=|r1b r%c rc (22)
b rc ¢

wherea, b, andc are complex numbers with mass dimen-
sion, whiler=f ,/f_is a real dimensionless number which
should in principle be of order 1. The massesndc are
suppressed relative toby the soft-breaking parameter

The mass matrix in Eq(22) immediately leads to two
predictions of this model:
(v3), and its component along the, direction, i.e.,Uqs3,
vanishes. Indeed, the diagonalizing matdxeads

CoSyr —isinyg 0
i, rsing . ircosy 1
U= V1+r? Vi+r2 1412
., Siny ., | cosy r
V1+r? Vi+r2 o {1412

x diag(e'’1,e'%2,1); (23

cf. Eq. (7). In the matrix of Eq.(23), a=ardab* +bc*(1
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is a quantity of ordeg, just asa/b andc/b, and may there-
fore be assumed to be very small. Thuis close to 45°. The
amplitude of the oscillations af, relevant for the solution of
the solar-neutrino problem is|U U, |2=(1+¢2) "1, ie.,
almost maximal(it deviates from 1 only by a term of order
€?). Thus the present model favors the “just so” and the
LOW solutions of the solar-neutrino puzzle.

The soft-breaking parametershould be tiny. Indeed, one
finds

AmZ  |ab*+bc*(1+r?)] 26
~ ""6;
Amezltm |b|2\/1+r2

if we want the “just so” solution for the solar-neutrino
puzzle to apply, then we must accepio be of order 107;

if we need the LOW solution, thes~10"4. Such a tiny soft
breaking ofL may eventually be explained by some new
physics at a very high energy scale.

From the nonobservation of neutrinoless double beta de-
cay, one derives the boud1.d<0.2eV[9]. This is not a
problem to the present model. Indeed,nasis predicted to
vanish, m; and m, should both be very close thmaztm
~0.06 eV. Thus, in the approximation €ag=sir? y=1/2,
one has

|IMod=~(0.03 eVj|e?(17%2—1|<0.2 eV. (27

Moreover, the phase 2(—6,) is very close to zero—
indeed, it vanishes in the limit df conservation.

In conclusion, the model that | have presented in this
paper makes the exact predictiang=0 andU.3=0, while
it naturally accomodates maximal amplitudg oscillations
and a tinyAmé. Maximal v ,-v, mixing follows from the
reasonable assumption that two Yukawa couplings are al-
most equal. Neutrino masses are small because they are ra-
diatively generated at the two-loop level. Indeed, the fact that
two neutrino masses are darge as 0.06 eV practically
forces the new mass scale, at which the extra scalars lie, to
be in the 10 TeV range, while deviations frau-7 univer-
sality in u decay and inr decay should be close at hand. The

there is one massless neutrino

+r2)] is a physically meaningless phase. The Majoranz{nOdel requires some physical mechanism for generating a
phasesf; and 6, are necessary in order to obtain real andtiny soft breaking ofL.

positivem; andm,. The sole physically observable phase is
2(6,— 60,) [8]. The mixing angley is given by

tan 2= —1/e, (24
where
|c|?(1+1?)—al?
8:
2\1+r?lab* +bc* (1+r2)|

(25

Note addedA paper by Kitabayashi and Yas{®&0], sug-
gesting the same model that | have presented here, appeared
after | submitted this for publication.
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