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Neutrino masses, mixing and new physics effects

J. A. Aguilar-Saavedra, G. C. Branco, and F. R. Joaquim
Departamento de Fı´sica, and GTFP, Instituto Superior Te´cnico, P-1049-001 Lisboa, Portugal

~Received 3 November 2003; published 12 April 2004!

We introduce a parametrization of the effects of radiative corrections from new physics on the charged
lepton and neutrino mass matrices, studying how several relevant quantities describing the pattern of neutrino
masses and mixing are affected by these corrections. We find that the ratiov[sinu/tanuatm is remarkably
stable, even when relatively large corrections are added to the original mass matrices. It is also found that if the
lightest neutrino has a mass around 0.3 eV, the pattern of masses and mixings is considerably more stable under
perturbations than for a lighter or heavier spectrum. We explore the consequences of perturbations on some
flavor relations given in the literature. In addition, for a quasidegenerate neutrino spectrum it is shown that~i!
starting from a bimaximal mixing scenario, the corrections to the mass matrices keep tanuatm very close to
unity while they can lower tanu( to its measured value, and~ii ! beginning from a scenario with a vanishing
Dirac phase, corrections can induce a Dirac phase large enough to yieldCP violation observable in neutrino
oscillations.

DOI: 10.1103/PhysRevD.69.073004 PACS number~s!: 14.60.Pq, 11.30.Er, 11.30.Hv, 12.60.2i
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I. INTRODUCTION

Our present knowledge of neutrino masses and mixin
mainly provided by various neutrino oscillation experimen
which give us information on the two independent ma
squared differences, as well as on the three angles chara
izing the leptonic mixing matrix. In the future, the study
CP violation in neutrino oscillations may allow us to dete
mine the Dirac-type phase entering in the leptonic mix
matrix, and neutrinoless doubleb decay experiments ma
provide the value of the effective Majorana mass. Despite
great achievements of oscillation experiments, there is
much to be learned about neutrinos. One of the most p
lematic issues in neutrino physics is the lack of informat
on the mass spectrum, since the mass squared differenc
not fix the absolute scale of neutrino masses. Indeed,
spectrum can exhibit a strong hierarchy, as in the case
quarks and charged leptons, or on the contrary, be quas
generate.

At present, there are different extensions of the stand
model ~SM! which propose mechanisms for the generat
of neutrino masses through the enlargement of the SM
ticle content. The addition of heavy right-handed neutr
singlets constitutes a simple and economical way to g
left-handed neutrinos small masses through the see
mechanism@1–4#. Another simple possibility relies on th
extension of the scalar sector with a heavy SU(2)L triplet,
with or without supersymmetry~SUSY! @5–8#. Within super-
symmetric models, neutrino masses can also arise f
R-parity violating interactions@9#, where the atmospheri
and solar neutrino mass scales are generated at the tree
and radiatively, respectively. Recently, a new supersymm
ric source of neutrino masses and mixings has been fo
considering nonrenormalizable lepton number violating
teractions in the Ka¨hler potential@10# rather than in the ef-
fective superpotential. All the above scenarios predict
existence of light Majorana massive neutrinos. Suppres
Dirac neutrino masses are unnatural in conventional theo
since they usually require extremely small Yukawa co
0556-2821/2004/69~7!/073004~13!/$22.50 69 0730
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plings. However, this problem can be surmounted by end
ing the particle content of the theory with extra fermion
scalar fields and/or introducing new symmetries@11–15#.
Naturally small Dirac neutrino masses also arise in ex
dimensional theories as a consequence of the small ove
between the wave functions of the usual left-handed neu
nos in the brane and the sterile right-handed ones in the
~or in other branes! @16–21#.

In addition to the mechanism for the generation of ne
trino masses, one of the most intriguing aspects of lepto
physics is the experimental evidence that two of the lep
mixing angles are large, in contrast to the small mixing o
served in the quark sector. The deep understanding of
neutrino mass suppression mechanism and the bilarge
tonic mixing constitutes one of the most challenging qu
tions in particle physics. A theory of leptonic flavor shou
provide a plausible explanation for the bilarge mixing,
well as for the neutrino mass spectrum. At the same time
should predict relations among these quantities. There h
been in the literature a large number of suggestions in
direction, consisting in the introduction of flavor symmetri
or the assumption of specific textures for the leptonic m
matrices@22,23#.

The tree-level predictions of any theory of leptonic flav
are subject to higher-order corrections, which are computa
if the particle content and parameters of the new phys
model are specified. Still, in the absence of a ‘‘stand
theory’’ of lepton flavor, it is pertinent to ask ourselves abo
the possible consequences of the~unknown! radiative correc-
tions on the tree-level predictions of the model. The aim
this paper is to investigate these effects, focusing on:~i! the
modification of the tree-level values for the ratio of ma
squared differences, mixing angles andCP violation param-
eters; and~ii ! the effect on various flavor relations. This tas
will be carried out in two steps. We will first propose a p
rametrization for the unknown radiative corrections to t
lepton mass matrices, based on rather general argumen
weak-basis independence. In this parametrization, the for
structure of the corrections is fixed, up to undetermined co
©2004 The American Physical Society04-1
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plex coefficients. Then, the possible effects of the radia
corrections is investigated taking these coefficients as
dom, and performing a statistical analysis of the average
havior of the parameters and flavor relations under consi
ation.

It is important to note here the difference between o
framework and other studies in the literature regarding r
dom neutrino matrices@24–27#. In these analyses, the ne
trino mass matrices are taken as random at the tree le
with a subsequent discussion of the predictions for the n
trino mass spectrum and mixing angles. In contrast with
approach, in this paper we take the tree-level charged le
and neutrino mass matrices as fixed by some theory of
tonic flavor, and consider random perturbations~from radia-
tive corrections! to them@28#. These corrections are not com
pletely arbitrary: the different terms of the perturbations m
have a determined formal structure~which is dictated by
weak basis independence! but have random coefficients.

This paper is organized as follows. In Sec. II we brie
review the current status of neutrino oscillation data. T
parametrization of the unknown corrections to the lep
mass matrices is derived in Sec. III. In Sec. IV we pres
our results, discussing~i! the effect of perturbations on
masses and mixing parameters;~ii ! the influence on some
flavor relations obtained for some specific patterns in
literature; ~iii ! the consequences of the corrections in so
special limits of interest. Our conclusions are summarized
Sec. V.

II. NEUTRINO OSCILLATIONS: PRESENT STATUS

All presently available neutrino oscillation data can
accommodated within the framework of three mixed mass
neutrinos@29#.1 The first KamLAND results@30# select the
large mixing angle Mikheev-Smirnov-Wolfenstein~MSW!
solution as the only surviving explanation for the solar ne
trino problem. In addition, dominant solar neutrino conv
sion based on nonoscillation solutions are now exclu
@31,32#. Recently, the Sudbury Neutrino Observatory~SNO!
has released the improved measurements of the salt enha
phase@33# which, together with all the solar and KamLAND
neutrino data, allow for a better determination of the osci
tion parameters. In particular, the high-Dm2 region (Dm(

2

.1024 eV2) is now only accepted at the 3s level and maxi-
mal solar mixing is ruled out by more than 5s, rejecting in
this way the possibility of bimaximal leptonic mixing@34–
40#. Concerning the atmospheric neutrino sector, the w
Cherenkov Super-Kamiokande~SK! @41# and long-baseline
KEK-to-Kamioka~K2K! @42# experiments indicate that neu
trino flavor conversion due to neutrino oscillations in t
nm→nt channel provide by far the most acceptable and na
ral explanation for the observednm disappearance.

Regarding the absolute values of neutrino masses,
situation is not so satisfactory. At present, the most string
direct bound on the neutrino mass is provided by the Ma

1We will not consider here the results from the liquid scintillat
neutrino detector~LSND!.
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@43# and Troitsk@44# experiments, which have set a max
mum value formne

of 2.2 eV. Neutrinoless double beta d
cay measurements may also be valuable to disentangle
pattern of neutrino masses, although in this case cer
subtleties have to be considered@45#.

Throughout this paper we adopt the neutrino mass ord
ing m1,m2,m3 in such a way that for the hierarchical~HI!,
inverted-hierarchical~IH!, and quasidegenerate~QD! neu-
trino mass spectra one has

HI→m1!m2 ,m3 , Dm(
2 5Dm21

2 ;

IH→m1!m2 ,m3 , Dm(
2 5Dm32

2 ;

QD→m1.m2.m3 , Dm(
2 5Dm21

2 , ~1!

whereDm(
2 andDmatm

2 5Dm31
2 @Dm(

2 are the solar and at
mospheric neutrino mass squared differences, respecti
At the 1s level, the allowed ranges forDm(

2 andDmatm
2 are

@40,46#

Dm(
2 5~6.528.5!31025 eV2,

Dmatm
2 5~2.660.4!31023 eV2, ~2!

with the best-fit values

Dm(
2 57.1331025 eV2,

Dmatm
2 52.631023 eV2. ~3!

For three light Majorana neutrinos, the leptonic mixing m
trix U can be written as

U5S Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut1 Ut2 Ut3

D 5Ud diag~e2 ia,e2 ib,1!, ~4!

where a and b are Majorana-type phases andUd can be
parametrized in the form

Ud5S c3c2 s3c2 s2e2 id

2s3c12c3s1s2eid c3c12s3s1s2eid s1c2

s3s12c3c1s2eid 2c3s12s3c1s2eid c1c2

D
~5!

with si[sinui , ci[cosui ( i 51,2,3) andd the Dirac-type
CP violating phase. For Dirac neutrinosU reduces toUd ,
due to the absence of Majorana phases. Depending on
type of neutrino mass spectrum, the solar, atmospheric,
CHOOZ @47# mixing angles (u( , uatm, andu, respectively!
can be extracted fromU in the following way: for the HI and
QD neutrino mass spectra,

tanu(5
uUe2u
uUe1u

5tanu3 , tanuatm5
uUm3u
uUt3u

5tanu1 ,

sinu5uUe3u5sinu2 , ~6!
4-2
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and for an IH spectrum,

tanu(5
uUe3u
uUe2u

, tanuatm5
uUm1u
uUt1u

, sinu5uUe1u. ~7!

In this case the expression ofu( , uatm, andu in terms of
u123 in the parametrization of Eq.~5! is not simple. From
the global analyses performed in Refs.@40# and @46#, the
solar and atmospheric mixing angles are constrained to la
the 1s intervals

tan2u(5~0.3320.47!, sin22uatm51.0020.05
10.00, ~8!

with the best-fit values

tan2u(50.39, sin22uatm51.00. ~9!

For sinu we quote the result from combined analysis of t
solar neutrino, CHOOZ, and KamLAND data performed
Ref. @48#,

sinu,0.18, ~10!

with a 95% confidence level~CL!.
The upcoming long-baseline neutrino oscillation expe

ments will face the challenge of detectingCP violating ef-
fects induced by the Dirac phased @49#. The difference of
the CP conjugated neutrino oscillation probabilitiesP(ne

→nm)2P( n̄e→ n̄m) is proportional to the quantity

J[Im@Ue1Um2Ue2* Um1* #

5
1

8
sin 2u1 sin 2u2 sin 2u3 sind. ~11!

Present estimates indicate that foruJ u*1022 it will be pos-
sible to observeCP violation effects in these experiments.

III. PARAMETRIZING THE NEW PHYSICS
CONTRIBUTIONS TO LEPTON MASSES

Before electroweak symmetry breaking~EWSB!, the
terms of the Lagrangian that originate the charged lepton
light Majorana neutrino masses can be written as

L52Yi j
e ,̄LifeR j1

Ai j

L
~ ,̄Li is2f* !~f†is2,L j

c !1H.c.,

~12!

where,Li5(nLi eLi)
T, f5(f1 f0)T is the SM Higgs dou-

blet, andYe is the usual 333 matrix of the charged lepton
Yukawa couplings. The second term is a neutrino mass
erator@50# generated by physics above the electroweak sc
A being a 333 symmetric matrix of dimensionless coupling
of order unity andL the scale at which this interaction
generated. These vertices can be depicted by the Feyn
diagrams in Fig. 1, where the flavor dependence of e
vertex is explicitly shown. The arrows in the scalar lin
indicate the flow of the positive charge for theT51/2 com-
ponent of the doublet.
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There are different mechanisms that may lead to the n
trino mass operator given in Eq.~12!. In particular, it may be
originated by a heavy scalar tripletD, which is conveniently
written in matrix form as

D5S D1 A2D11

A2D0 2D1 D . ~13!

This scalar triplet couples to the lepton and Higgs doub
as

LD5Yi j
D ,̄ iD

†is2, j
c1gDff†D is2f* 1H.c., ~14!

where YD is a matrix of Yukawa couplings andgDf has
dimension of mass. The exchange of the heavy triplet res
in an effective neutrino mass operator, given by

Ai j

L
5Yi j

D
gDf

mD
2

, ~15!

with mD the mass of the triplet.
Another possibility is the exchange of heavy right-hand

neutrinosnR ~the seesaw mechanism!. In this case, the rel-
evant terms are

LnR
52Yi j

n ,̄Li is2f* nR j2
1

2
MRi jnRi

c nR j1H.c., ~16!

whereYn is the Dirac neutrino Yukawa coupling matrix an
MR the heavy right-handed neutrino mass matrix. The in
gration of the heavy neutrino fields generates an effec
mass operator for the light neutrinos of the form

Ai j

L
52

1

2
~YnMR

21YnT! i j . ~17!

After EWSB, the terms in Eq.~12! yield the mass terms
for the charged leptons and left-handed neutrinos. Using
trix notation in flavor space, the mass terms can be written

FIG. 1. Feynman diagrams corresponding to the vertices in
~12!. In each vertex the flavor dependence is explicitly shown.
4-3
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Lm52ēLMeeR2
1

2
n̄LMLnL

c , ~18!

where Me5vYe and ML52Av2/L, with v5174 GeV the
vacuum expectation value~VEV! of the SM Higgs boson.

Our parametrization of the new physics effects is obtain
after general considerations on weak basis independence
convenience, let us define

M̂L[«A5
«L

2v2
ML[

ML

N , ~19!

with « a dimensionless parameter to be specified later. Un
the change of weak basis

,L5VL,L8 , eR5VR
eeR8 ~20!

we have

Ye→VL
†YeVR

e , M̂L→VL
†M̂LVL* . ~21!

Let us assume that some perturbations arising from radia
corrections are added to the ‘‘tree-level’’ matricesYe and
M̂L ,

Ye→Ye1dYe, M̂L→M̂L1dM̂L . ~22!

The matricesdYe,dM̂L are functions ofYe,M̂L , and other
SM and new physics parameters. Under the change of b
defined in Eqs.~20!, the perturbations must transform as

dYe→VL
†dYeVR

e , dM̂L→VL
†dM̂LVL* , ~23!

since the physical observables must be independent of
choice of weak basis.2 These transformation laws imply tha
the perturbations have the form@28#

dYe5leY
e1zeY

eYe†Ye1heM̂LM̂L
†Ye1•••,

dM̂L5lLM̂L1zLM̂LM̂L
†M̂L

1hL~YeYe†M̂L1M̂LYe* YeT!1•••, ~24!

where thel i , z i , andh i coefficients (i 5e,L) are functions
of Ye, M̂L , and of the coupling constants, which are inva
ant under the transformations of Eqs.~20! and in general
complex. The higher-order terms in this expansion are
pected to be smaller. The effect of thel i terms in Eqs.~24!
is to rescale the masses by common factors (11le) for

2These transformation properties fordYe anddM̂L do not assume
that the Lagrangian is invariant under the change of basis in
~20! alone. Within the SM, the Lagrangian is invariant under the
transformations, but this does not happen in some of its extens
for instance in the minimal supersymmetric standard mo
~MSSM!. Besides, at very high energies, some flavor symme
might single out a special weak basis. Below that scale, and
particular at low energies, this symmetry is broken.
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charged leptons and (11lL) for neutrinos, without affecting
either the mass hierarchy or the mixing. Thez i terms also
rescale the masses, but with a different factor for each
ton: mej

→mej
(11zemej

2 /v2) for charged leptons andmj

→mj (11zLmj
2/N 2) for neutrinos. Hence thez i terms

modify the mass hierarchies. Theh i terms are the lowest
order ones which modify the leptonic mixing.

For some SM extensions, in principle there may exis
matrix X ~not necessarily square! of couplings between the
leptons and other particles, transforming asYe or M̂L either
on the left or on the right side. For instance, ifX transforms
under the change of basis in Eqs.~20! as

X→VL
†XVR

X , ~25!

this matrix would contribute todYe and dM̂L with terms
XX†Ye and (XX†M̂L1M̂LX* XT), respectively. Such possi
bility will not be considered in the following, and in thi
respect our analysis is not the most general one.3 We thus
assumeYe andM̂L as the only sources of flavor violation i
the lepton sector. This case can naturally arise if some s
metry relates the couplings in Eq.~12! with the ones between
the leptons and the new particles.

It is worthwhile showing some examples of Feynman d
grams which contribute to the different terms in Eqs.~24!
within the SM, including also the effective neutrino ma
operator in Eq.~12! as part of the SM vertices. Thel i terms
result from diagrams with minimal flavor structure, as, f
example, diagrams~a! and~b! in Fig. 2, with the exchange o
a B boson with flavor-universal couplings. The remainin
terms in Eqs.~24! require the exchange of one or moref
doublets. In particular, theze and hL terms arise from dia-
grams like~c! and~d! in Fig. 2, respectively. At the one-loop
level the terms withhe and zL are absent, and to genera
them it is necessary to consider two-loop corrections,
instance, diagrams~e! and ~f!, respectively.

In new physics scenarios there are additional interacti
that may or may not be suppressed by a large scaleL8.
These interactions mediate Feynman diagrams giving fur
corrections to the,LfeR and ,L,L

cf* f* vertices. Several
examples of new physics contributions to these operators
be found in Ref.@51#. We remark that, if the particle conten
and parameters of the new physics model are specified
corrections to the charged lepton and neutrino mass matr
can be completely determined. However, in the absenc
any experimental indication favoring any of the theories b
yond the SM, thel i , z i , h i coefficients cannot be predicted
Then, it is sensible to perform a statistical analysis in or
to determine, under certain assumptions, how much the t
level predictions can change due to radiative correcti
from new physics, parametrized according to Eq.~24!, leav-
ing l i , z i , h i as unknown parameters. The size of the
coefficients is expected to be similar, because all the term
Eqs. ~24! can be generated at the one loop-level~althoughs.

e
s,
l
y
in

3Due to the ignorance regarding the structure of this matrixX, the

discussion of the effects of the termsXX†Ye, (XX†M̂L

1M̂LX* XT) is not feasible.
4-4
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the terms withhe and zL appear at next-to-leading orde
within the SM, they may arise at leading order in other mo
els, e.g., with a scalar triplet!. On the other hand, the highe
order terms omitted in Eqs.~24!, involving products of five
matrices or more, are expected to be suppressed by a f
;10 with respect to the leading ones.

One crucial issue for our analysis is the value of the
rameter« in Eq. ~19!, which accounts for the normalizatio
of M̂L . The size of this parameter reflects the suppressio
the new interactions, and determines the relative importa
of M̂L with respect toYe in the expressions used for th
perturbations. We consider two limiting scenarios:

~i! In the first scenario we take«51, in which caseM̂L
5A with matrix elements of order unity. This corresponds
a situation where there are new interactions which are
suppressed by a large scaleL8. In this scenario, the term
zLM̂LM̂L

†M̂L andheM̂LM̂L
†Ye in Eqs.~24! are not negligible,

and have an important influence on the neutrino mass h
archy and mixing, respectively.

~ii ! In the second scenario we assume«!1, so that these
two terms~which have two or more powers ofM̂L) can be

FIG. 2. Examples of SM diagrams giving corrections to t
,LfeR and ,L,L

cf* f* vertices. In each vertex the flavor depe
dence is explicitly shown.
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omitted in Eqs.~24!, resulting in

dYeuS25leY
e1zeY

eYe†Ye1•••,

dM̂LuS25lLM̂L1hL~YeYe†M̂L1M̂LYe* YeT!

1•••. ~26!

This scenario corresponds to a new physics model in wh
the new interactions are suppressed by a large scaleL8
;L, for instance, in models based in the seesaw mechan
In the limit «!1, the normalization ofM̂L is irrelevant.

From Eqs.~26! we see that in scenario 2 the expressio
for the perturbations are formally similar to the one-lo
renormalization-group~RG! equations within the SM. There
fore in this scenario the results obtained within our fram
work are expected to be similar to the results of RG evo
tion, bearing in mind that in the case of the RG equations
coefficientsl i , ze , andhL are fixed, while in our case the
are unknown in principle.

If the neutrinos are not Majorana but Dirac particles, t
Yukawa term of the Lagrangian originating their mass
reads

LD52Yi j
n ,̄Li is2f* nR j1H.c. ~27!

For this term and the charged lepton one, the change of b
analogous to Eqs.~20! reads

,L5VL,L8 , eR5VR
eeR8 , nR5VR

n nR8 . ~28!

Under this transformation, the Yukawa matrices transform

Ye→VL
†YeVR

e , Yn→VL
†YnVR

n . ~29!

This allows us to obtain the expressions for the perturbati
for Dirac neutrinos,

dYe5leY
e1zeY

eYe†Ye1heY
nŶn†Ye1•••,

dYn5lnYn1znYnYn†Yn1hnYeYe†Yn1•••.
~30!

In the following, we will generally refer to the case whe
neutrinos are Majorana particles, and quote the results
Dirac neutrinos when relevant.

IV. NUMERICAL RESULTS

Using the parametrization of new physics contributio
given in Eqs.~24!, ~26!, ~30!, we study the changes in th
pattern of neutrino masses and mixings due to these cor
tions. For this purpose, we take the unknown coefficientsl i ,
z i , h i as random complex parameters, generated wit
Gaussian distribution centered at zero and, for simplicity,
assume that the standard deviations coincide:

^ul i u2&1/25^uz i u2&1/25^uh i u2&1/2[k. ~31!

Contrarily to what could be expected, this is not a serio
bias in the analysis, because the moduli of the random
rameters are not constrained to be all equal, and only
4-5
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standard deviations of the distributions are assumed to be
same. The phases ofl i , z i , andh i are generated uniformly
between 0 and 2p. In our study the following procedure i
applied: we fix a value ofk and generate a large set
matrices using Eqs.~24!, ~26!, or ~30!, as appropriate, with
random coefficientsl i , z i , h i . These matrices are diagona
ized in order to obtain the masses and the neutrino mix
matrix. We then select some observable, and examine
distribution over the set of matrices. For each value ofk, the
1s limits on this observable are defined as the boundarie
the 68.3% confidence level central interval, evaluated fr
the sample of random matrices. These 1s limits reflect the
‘‘average’’ behavior of the observable under considerati
when arbitrary perturbations are added to the original ma
ces. It must be emphasized that the maximum and minim
values can be very different from the average values,
some situations are found where in average the observ
does not change appreciably under perturbations, but
fine-tuned values of the random parameters it does.

In the numerical analysis we take initial ‘‘tree-level’’ ma
trices Ye and M̂L (Yn for Dirac neutrinos! reproducing the
current experimental data summarized in Sec. II. T
charged lepton masses are taken at the scaleMZ @52#. We
assume sinu50.15 and fix the Dirac and Majorana phases
bed5p/2, a5p/3, andb5p/5. We analyze separately th
two possibilities of a HI or a QD spectrum. For the case of
inverted hierarchy the results turn out to be very similar
those found for a normal hierarchy, and we do not pres
them. We summarize our input values in Table I. In scena
1, we takeM̂L with the mass of the heaviest neutrino no
malized to unity. The normalization ofM̂L is irrelevant in
scenario 2, as shown in the previous section.

A. Stability of mass and mixing parameters

Let us discuss how the parametersr[Dm(
2 /Dmatm

2 ,
tanu( , tanuatm, and sinu change when corrections ar
added to the mass matrices. Our aim is to investigate whe

TABLE I. Input parameters used for the unperturbed mass
trices.

Parameter Value

me 0.487 MeV
mm 0.103 GeV
mt 1.747 GeV
m1 H1025 eV ~HI!

1 eV ~QD!

Dm(
2 7.1331025 eV

Dmatm
2 2.631023 eV

tanu( 0.62
tanuatm 1
sinu 0.15
d p/2
a p/3
b p/5
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these quantities are stable or not, and to what extent they
modified by the perturbations. We first present the results
scenario 1, and later discuss the differences with scenar
and the results for Dirac neutrinos.

Regarding the ratio of mass squared differencesr, we ob-
serve in Fig. 3 that the corrections to the matrices hav
large impact on this quantity, both in the cases of a HI or Q
spectrum. This plot~and the remaining ones in this sectio!
must be interpreted with caution: it does not provide a
limit on the size of the corrections, on the basis of the e
perimental measurement ofr, because the initial ‘‘tree-level’’
value we use forr needs not be equal to the observed val
Instead, the meaning of the plot is thatr is not stable under
perturbations, and from an initial value chosen to ber
50.027 one can obtain values between 0.021 and 0.034
a HI spectrum andk50.2.

The effect of the perturbations on tanu( is quite different
for a HI or QD spectrum. In the former case, tanu( is very
stable even for relatively large perturbations, as can be
ticed in Fig. 4. On the contrary, for quasidegenerate neu
nos, the value of tanu( can change significantly with new

-

FIG. 3. Effect of the perturbations on the ratior in scenario 1.
For illustration, the present 1s limits are displayed on the vertica
axis.

FIG. 4. Effect of the perturbations on tanu( in scenario 1. For
illustration, the present 1s limits are displayed on the vertical axis
4-6
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physics corrections. This fact suggests that, if neutrinos
quasidegenerate, the underlying tree-level pattern of lep
mass matrices could correspond to bimaximal mixing,
observed value tanu(.0.6 being the result of radiative co
rections. We will analyze in detail this possibility at the e
of this section.

The behavior of tanuatm is the opposite to the one ob
served for tanu( , as it can be perceived from Fig. 5: for
HI spectrum this parameter is modified by perturbations
the mass matrices, while for a QD spectrum it is fairly stab
This shows that, for the case of quasidegenerate neutr
the experimental observation of tanuatm.1 must correspond
to tanuatm.1 in the mass matrices, because this predictio
not altered by the corrections. On the other hand, for a
spectrum the observation of tanuatm.1 could be either a
coincidence, or result from a specific symmetry leading na
rally to this value and making higher-order corrections ve
small.

The analysis of sinu ~which equalsuUe3u for a normal
hierarchy! shows that it does not change under perturbati
for a QD spectrum, but it is considerably modified when t
neutrino masses are hierarchical~see Fig. 6!. However, one
striking feature of our analysis is that the ratio

FIG. 5. Effect of the perturbations on tanuatm in scenario 1. For
illustration, the present 1s limits are displayed on the vertical axis

FIG. 6. Effect of the perturbations on sinu in scenario 1.
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sinu

tanuatm
~32!

remains practically constant even when large perturbati
are added toYe andM̂L : for k51 sinu and tanuatm change
by more than640%, while their ratio changes less than 1%
as can be noticed in Fig. 7.

This feature may have important consequences for mo
building. When sinu is experimentally measured, the ratiov
will be an excellent tool to investigate the structure of t
lepton mass matrices, because it is very insensitive to ra
tive corrections~as long as these corrections do not have a
additional source of flavor violation, which is the framewo
we consider!. This ratio will then allow us to test experimen
tally, with a ‘‘clean’’ observable, the textures for lepton ma
matrices implied by flavor symmetries proposed in the lite
ture.

The remaining parameters to be investigated are theCP
violating phases, for which the results depend on the ini
values used~see Table I!. For a HI spectrum, the Dirac phas
d remains virtually constant at its initial value, while th
Majorana phasesa and b vary over a wide range, 0.6<a
<2, 0.4<b<2.2 for k51. For a QD spectrum, the Majo
rana phases remain within610% of their initial value for
k51, while the Dirac phase varies in the interval 1<d
<1.8.

In scenario 2, the behavior is very different for a HI spe
trum. In this case, we find thatr, tanu( , tanuatm, sinu, and
the threeCP violating phases remain constant when the p
turbations in Eqs.~26! are added to the matrices. In the S
these quantities exhibit a similar behavior under RG evo
tion @53#, as its expressions are formally identical to ours.
the other hand, in the case of a QD spectrum, the differen
between scenarios 1 and 2 are not significant, and the dis
sion above applies also to scenario 2. This contrast can
understood in view of the analysis of the dependence on
neutrino masses presented in Sec. IV B below.

For Dirac neutrinos, the results are found to be rat
similar to the ones obtained in scenario 2. For a HI spectr
the parameters under consideration do not change when

FIG. 7. Effect of the perturbations on the ratiov
5sinu/tanuatm in scenario 1.
4-7
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perturbations in Eqs.~30! are included. For a QD spectrum
however, they are modified, following practically the sam
behavior that can be observed in the plots for scenari
shown in this section.

Finally, we note that the results onr, tanu( , and tanuatm

are almost independent on the value of sinu used. Other
quantities obviously depend on the particular value of sinu,
as for exampleJ, which is proportional to sinu. The choice
of the CP violating phases is only relevant for the ‘‘tree
level’’ values of quantities that depend on them, likeJ and
mee. For a QD spectrum, the deviations ofr, tanu( ,
tanuatm, sinu, andv are very similar, and for a HI spectrum
the influence of phases on these quantities is completely
ligible. We have also checked that our results do not cha
when the next terms in the expansion of Eqs.~24! ~with
products of five matrices! are included, even in the unrealis
tic limit where these terms have similar coefficients. We ha
found that the quantities that are stable remain stable, and
quantities that change under perturbations exhibit an an
gous behavior with the inclusion of these terms.

FIG. 8. Effect of the perturbations onr for k50.2 as a function
of the mass of the lightest neutrino in scenario 1.

FIG. 9. Effect of the perturbations on tanu( for k50.2 as a
function of the mass of the lightest neutrino in scenario 1.
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B. Dependence on the neutrino masses

We have verified that the influence of the perturbations
some parameters depends strongly on the type of neu
spectrum, namely the deviations of tanu( are negligible for
a HI spectrum while they are large if the neutrinos a
quasidegenerate. It is then convenient to analyze the de
dence of the deviations on the mass of the lightest neutr
which we take between 1025 and 2.2 eV~the direct bound
from the Mainz and Troitsk experiments!. In Figs. 8–11 we
plot the effect of the corrections onr, tanu( , tanuatm, and
sinu, respectively, fork50.2.

It is apparent that these parameters are remarkably m
stable in the region aroundm150.3 eV than for the rest of
values ofm1. This can be understood as follows: the on
two terms that influence the mixing areheM̂LM̂L

†Ye and

hL(YeYe†M̂L1M̂LYe* YeT). Of these, the former is relevan
only for a HI spectrum, whereas for a QD spectrum it do
not have any influence. On the contrary, the latter term
important for a QD spectrum but its impact is negligible

FIG. 10. Effect of the perturbations on tanuatm for k50.2 as a
function of the mass of the lightest neutrino in scenario 1.

FIG. 11. Effect of the perturbations on sinu for k50.2 as a
function of the mass of the lightest neutrino in scenario 1.
4-8
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NEUTRINO MASSES, MIXING AND NEW PHYSICS EFFECTS PHYSICAL REVIEW D69, 073004 ~2004!
the neutrino masses are hierarchical. Hence the deviation
tanuatm and sinu appearing in the left part of Figs. 10 and 1
are due to thehe term, and the deviations inr, tanu( ,
tanuatm, and sinu that can be seen in the right side of Fig
8–11 are a consequence of thehL term. The deviations inr
in the left-hand side of Fig. 8 is an effect of thezL term,
which does not contribute to the mixing.

The regionm.0.3 eV is of special interest, since the
neutrino masses will be probed in forthcoming experime
like KATRIN, which is planned to start in 2007. If the mas
of the lightest neutrino happens to be in this range, this w
mean that the corrections to the tree-level mass matrices
have a much smaller impact on the hierarchy of m
squared differences and the mixing. The same is also true
the Dirac and Majorana phases. For completeness, in Fig
we show the 1s limits on v for the same range ofm1. We
observe that this ratio remains virtually constant in the wh
interval.

For scenario 2 and for Dirac neutrinos, the dependenc
the lightest neutrino mass is much simpler. For a HI sp
trum, all the quantities studied are stable, and in these c
the effects of perturbations are as in Figs. 8–12 but with
the deviations present in the left part of some of these pl

C. Stability of flavor relations

We are interested in finding flavor relations which a
stable under perturbations of the mass matrices. By ‘‘sta
ity’’ we mean that, if these relations hold for the tree-lev
matrices, they still hold to a good approximation when p
turbations are added. With some exceptions, most flavor
lations found in the literature correspond to Majorana neu
nos with a HI spectrum. In scenario 2, the parameterr,
tanu( , tanuatm, and sind, as well as theCP violating
phases, remain constant for a HI spectrum. Therefore
flavor relation among these parameters is stable. In scen
1, most of the flavor relations studied are affected by

FIG. 12. Effect of the perturbations onv for k50.2 as a func-
tion of the mass of the lightest neutrino in scenario 1.
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random perturbations. For illustration, we show the effect
perturbations on some relations. For texture A1 in Ref.@54#,
there are two predictions,

sinu5
1

2
tanuatmsin 2u(Ar ,

umeeu
matm

5sin2u(Ar , ~33!

wheremee is the effective mass for neutrinoless double b
decay processes, andmatm[ADmatm

2 . In order to test the sta
bility of these relations under the radiative corrections co
sidered here, we define the ratios

RI5
1

2

tanuatm

sinu
sin 2u(Ar ,

RII5
sin2u(Ar

umeeu/matm
, ~34!

which equal unity for the tree-level matrices. These ratios
plotted in Figs. 13 and 14, respectively, where we have u

FIG. 13. Effect of the perturbations on the ratioRI in scenario 1.

FIG. 14. Effect of the perturbations on the ratioRII in scenario
1.
4-9
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sinu50.074,d5a50, b50.85, so that the initial matrice
fulfill these relations. The rest of the parameters are ta
from Table I.

From Fig. 13 we see that the first relation is modifi
when corrections are added to the mass matrices. At any
the deviations on this relation are much smaller than
changes inr, tanuatm, and sinu ~see Figs. 3–6!. We also
notice from Fig. 14 that the accuracy of the second relatio
hardly affected by perturbations on the mass matrices. T
feature makes its experimental test cleaner, and less de
dent on unknown corrections to the tree-level textures.
texture B1 of Ref.@54# ~see also Ref.@55#! we have

sinu5
1

2
tanuatmtan 2u(Ar cos 2u( ~35!

which differs from the first of Eqs.~33! by factors depending
on u( . Sinceu( is stable for a HI spectrum, the effect o
corrections on this relation is similar, and the plot obtained
identical to Fig. 13. Another interesting relation is@56#

sinu5Ame

mm
. ~36!

The left-hand side of this equation varies with the pertur
tions, but the right-hand side does not. We define

RIII 5
1

sinu
Ame

mm
~37!

and set sinu50.0688~with the rest of the parameters as
Table I! in order to test the stability of this relation. Th
result can be seen in Fig. 15.

The conclusion one may draw from the study of the
examples is the following: if the new physics interactions
suppressed~this situation corresponds to scenario 2!, the fla-
vor relations are stable and, if they hold at tree level, th
also hold when the corrections in Eqs.~26! are included. On
the other hand, if the new interactions are not suppressed
the corrections have the full form of Eqs.~24!, with M̂L of

FIG. 15. Effect of the perturbations on the ratioRIII in
scenario 1.
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order unity~this possibility corresponds to scenario 1! some
of these flavor relations are modified by the perturbation

D. Special limits

We have previously remarked that, for quasidegene
neutrinos, the perturbations in the mass matrices mo
tanu( but do not affect tanuatm significantly. Then, one in-
teresting question naturally arises: Is it possible to have a
spectrum with bimaximal mixing at the tree level, so that t
smaller value of tanu(.0.6 is due to effects of new phys
ics? To test this hypothesis, we set tanu(5tanuatm51 in
our matrices, with the rest of the parameters as in Tabl
and analyze how tanu( and tanuatm change when perturba
tions are added. For scenario 1, the results are displaye
Fig. 16. For scenario 2, the results are shown in Fig. 17.

From these figures we conclude that in both scenarios
possible that, from an initial bimaximal pattern, large corre
tions to the mass matrices modify significantly tanu( ,
bringing it to its experimental value, while keeping tanuatm

FIG. 16. Effect of the perturbations on tanu( and tanuatm for
quasidegenerate neutrinos and initial bimaximal mixing
scenario 1.

FIG. 17. Effect of the perturbations on tanu( and tanuatm for
quasidegenerate neutrinos and initial bimaximal mixing
scenario 2.
4-10
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NEUTRINO MASSES, MIXING AND NEW PHYSICS EFFECTS PHYSICAL REVIEW D69, 073004 ~2004!
.1. This result is only slightly dependent on the value
sinu used, and is valid form1*0.6 eV. For Dirac neutrinos
the same effect is found, and the results are very simila
the ones in scenario 2.

Another interesting situation corresponds to sinu50 at
the tree level. In this case, for a QD spectrum a nonzero su
can be generated by the perturbations. If the neutrino ma
are hierarchical, the value of sinu induced by the correction
is negligible. The results for scenarios 1 and 2 are displa
in Figs. 18 and 19, respectively. For Dirac neutrinos,
value of sinu generated is one order of magnitude smalle

Finally, we consider the situation whend50 at the tree
level but the Majorana phases are not zero. In this limit,
CP violating parameterJ in Eq. ~11! vanishes. For a QD
spectrum, the corrections to the mass matrices induce a D
phase~provided at least one of the Majorana phases is n
zero! large enough to yieldJ;1022, which may be observ-
able by future long baseline neutrino oscillation experime
@49#. This is shown in Figs. 20 and 21, and holds form1
*0.7 eV. Setting one of the initial Majorana phases to z
does not eliminate this effect, and fora5p/3, b50 the
values ofJ obtained are up to 0.02, even larger than the o

FIG. 18. Effect of the perturbations on sinu for an initial van-
ishing value in scenario 1.

FIG. 19. Effect of the perturbations on sinu for an initial van-
ishing value in scenario 2.
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shown in Figs. 20 and 21. For a HI spectrum, the phasd
generated is negligible. In the case of Dirac neutrinos, o
the Dirac phase is physically meaningful, and the phase
the random parametersl i , z i , and h i are not enough to
produce a relevant value ofJ.

V. OUTLOOK

In this paper we have studied the possible effect of
known corrections from new physics on the neutrino m
hierarchy, mixing andCP violation at low energies. We hav
focused on the case when neutrinos are Majorana partic
but have discussed the results for Dirac neutrinos as well.
have proposed a general parametrization of the correction
the tree-level mass matrices, based on weak basis invaria
Using this parametrization, we have examined the con
quences of adding random perturbations to the mass m
ces, as a means to explore the possible effects that radi
corrections might yield.

We have analyzed the stability against corrections of
ratio of mass squared differences and the mixing angles,
a hierarchical or quasidegenerate neutrino spectrum.

FIG. 20. Effect of the perturbations onJ for an initial vanishing
Dirac phase in scenario 1.

FIG. 21. Effect of the perturbations onJ for an initial vanishing
Dirac phase in scenario 2.
4-11
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have found that these quantities are generally modified
the perturbations, but the ratiov5sinu/sinuatm is remark-
ably stable even under large corrections. This desirable p
erty makes this quantity specially suited for the experimen
test of specific textures of neutrino mass matrices, since
hardly modified by unknown corrections to the tree-lev
matrices. We have also examined the stability of some fla
relations predicted by models in the literature.

The dependence of the deviations on the neutrino sp
trum has also been investigated. We have found that the
gion of neutrino massesm.0.3 eV is specially stable. Fo
neutrino masses around this value, the possible deviation
r, tanu( , tanuatm, sinu, and theCP violating phases are
rather small. This mass region is of special interest, sinc
will be tested in upcoming experiments.

We have addressed the question whether the tree-l
mass matrices could correspond to bimaximal mixing,
observed value tanu(;0.6 being the result of radiative co
rections. We have demonstrated that, from an initial bima
mal pattern, in the case of a QD spectrum the correction
the mass matrices can bring down tanu( to its experimental
value while keeping tanuatm very close to unity. This resul
holds both for Majorana and Dirac neutrinos, and for a lig
est neutrino with a mass larger than.0.6 eV. Therefore the
possibility of bimaximal mixing cannot be excluded for
.
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QD spectrum. On the other hand, for a HI spectrum tanuatm
is modified but tanu( not, then bimaximal mixing is highly
unlikely in this case.

Another interesting limit examined is when sinu50 at the
tree level. In this case, large corrections to the mass matr
could yield sinu;1022 if the neutrinos are quasidegenera
On the contrary, we have shown that for a HI spectrum
Dirac neutrinos the value of sinu generated by perturbation
is negligible.

Finally, we have investigated the situation when the Dir
phase in the mixing matrix vanishes at the tree level. In t
case, the Majorana phases present can induce a nonvani
Dirac phase in the mixing matrix by means of the perturb
tions. This Dirac phase is large enough to yieldJ *1022,
leading to observableCP violation effects in long baseline
neutrino oscillation experiments.
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