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Neutrino masses, mixing and new physics effects
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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 thewratsin 6/tan 6, 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 shon that
starting from a bimaximal mixing scenario, the corrections to the mass matrices keep.taary close to
unity while they can lower tafi to its measured value, arfd) beginning from a scenario with a vanishing
Dirac phase, corrections can induce a Dirac phase large enough toCReliblation observable in neutrino

oscillations.
DOI: 10.1103/PhysRevD.69.073004 PACS nuni§erl4.60.Pq, 11.30.Er, 11.30.Hv, 12.60.
I. INTRODUCTION plings. However, this problem can be surmounted by endow-

ing the particle content of the theory with extra fermion or

Our present knowledge of neutrino masses and mixing iscalar fields and/or introducing new symmetrigd—-15.
mainly provided by various neutrino oscillation experiments,Naturally small Dirac neutrino masses also arise in extra-
which give us information on the two independent massdimensional theories as a consequence of the small overlap
squared differences, as well as on the three angles charactéetween the wave functions of the usual left-handed neutri-
izing the leptonic mixing matrix. In the future, the study of nos in the brane and the sterile right-handed ones in the bulk
CP violation in neutrino oscillations may allow us to deter- (or in other branes[16-21l.
mine the Dirac-type phase entering in the leptonic mixing In addition to the mechanism for the generation of neu-
matrix, and neutrinoless doubj@ decay experiments may trino masses, one of the most intriguing aspects of leptonic
provide the value of the effective Majorana mass. Despite th@hysics is the experimental evidence that two of the lepton
great achievements of oscillation experiments, there is stilimixing angles are large, in contrast to the small mixing ob-
much to be learned about neutrinos. One of the most prokserved in the quark sector. The deep understanding of the
lematic issues in neutrino physics is the lack of informationneutrino mass suppression mechanism and the bilarge lep-
on the mass spectrum, since the mass squared differences @mic mixing constitutes one of the most challenging ques-
not fix the absolute scale of neutrino masses. Indeed, thiéons in particle physics. A theory of leptonic flavor should
spectrum can exhibit a strong hierarchy, as in the case gfrovide a plausible explanation for the bilarge mixing, as
quarks and charged leptons, or on the contrary, be quasideell as for the neutrino mass spectrum. At the same time, it
generate. should predict relations among these quantities. There have

At present, there are different extensions of the standarfeen in the literature a large number of suggestions in this
model (SM) which propose mechanisms for the generationdirection, consisting in the introduction of flavor symmetries
of neutrino masses through the enlargement of the SM palr the assumption of specific textures for the leptonic mass
ticle content. The addition of heavy right-handed neutrinomatrices[22,23.
singlets constitutes a simple and economical way to give The tree-level predictions of any theory of leptonic flavor
left-handed neutrinos small masses through the seesasre subject to higher-order corrections, which are computable
mechanism 1-4]. Another simple possibility relies on the if the particle content and parameters of the new physics
extension of the scalar sector with a heavy SY(&)plet, model are specified. Still, in the absence of a “standard
with or without supersymmetr§SUSY) [5—8]. Within super-  theory” of lepton flavor, it is pertinent to ask ourselves about
symmetric models, neutrino masses can also arise frorthe possible consequences of thaknown radiative correc-
R-parity violating interactiond 9], where the atmospheric tions on the tree-level predictions of the model. The aim of
and solar neutrino mass scales are generated at the tree lett@s paper is to investigate these effects, focusing(drthe
and radiatively, respectively. Recently, a new supersymmetnodification of the tree-level values for the ratio of mass
ric source of neutrino masses and mixings has been founsiquared differences, mixing angles &R violation param-
considering nonrenormalizable lepton number violating in-eters; andii) the effect on various flavor relations. This task
teractions in the Kialer potential[10] rather than in the ef- will be carried out in two steps. We will first propose a pa-
fective superpotential. All the above scenarios predict the@ametrization for the unknown radiative corrections to the
existence of light Majorana massive neutrinos. Suppressdépton mass matrices, based on rather general arguments on
Dirac neutrino masses are unnatural in conventional theorieseak-basis independence. In this parametrization, the formal
since they usually require extremely small Yukawa cou-structure of the corrections is fixed, up to undetermined com-
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plex coefficients. Then, the possible effects of the radiativg43] and Troitsk[44] experiments, which have set a maxi-
corrections is investigated taking these coefficients as ramum value formye of 2.2 eV. Neutrinoless double beta de-
dom, and performing a statistical analysis of the average be:ay measurements may also be valuable to disentangle the
havior of the parameters and flavor relations under considepattern of neutrino masses, although in this case certain
aton. ) subtleties have to be considerieth].

It is important to note here the difference between our Throughout this paper we adopt the neutrino mass order-
framework and other studies in the literature regarding raning m, <m,<m; in such a way that for the hierarchidil),

dom neutrino matricef24—27. In these analyses, the neu- jnyerted-hierarchicallH), and quasidegenerat€D) neu-
trino mass matrices are taken as random at the tree levalino mass spectra one has

with a subsequent discussion of the predictions for the neu-

trino mass spectrum and mixing angles. In contrast with this HI—m;<m,,mg, Amé=Am§1;

approach, in this paper we take the tree-level charged lepton

and neutrino mass matrices as fixed by some theory of lep- IH—my<m,,mg, AmZ=Am3,;

tonic flavor, and consider random perturbati¢fiem radia-

tive correctiongto them[28]. These corrections are not com- QD—m=my=my, Ami=Am?, (1)

pletely arbitrary: the different terms of the perturbations must
have a determined formal structutehich is dictated by whereAmZ and Am2,,=Am3,>Am? are the solar and at-
weak basis independendeut have random coefficients. mospheric neutrino mass squared differences, respectively.

This paper is organized as follows. In Sec. Il we briefly a¢ the 15 level, the allowed ranges fckmé andAmitm are
review the current status of neutrino oscillation data. The{40 46

parametrization of the unknown corrections to the lepton

mass matrices is derived in Sec. Il In Sec. IV we present Am2=(6.5-8.5x10"° eV?
our results, discussingi) the effect of perturbations on
masses and mixing paramete(s) the influence on some Amgtm=(2.6i0.4)><10*3 eV, )

flavor relations obtained for some specific patterns in the
literature; (i) the consequences of the corrections in SOM&yith the best-fit values
special limits of interest. Our conclusions are summarized in

Sec. V. AM3=7.13x107° eV?,
2 _ —3 2
II. NEUTRINO OSCILLATIONS: PRESENT STATUS Amatm_ 2.6x10 ev=. )

All presently available neutrino oscillation data can beFor three light Majorana neutrinos, the leptonic mixing ma-
accommodated within the framework of three mixed massivdrix U can be written as
neutrinos[29].! The first KamLAND resultd30] select the
large mixing angle Mikheev-Smirnov-Wolfenste{iMSW) Uer Uer Ues
sc_)lut|on as the only surviving explanauon for thg solar neu- = Uya U, U,z |=Usdiage '#e 1), (4)
trino problem. In addition, dominant solar neutrino conver-
sion based on nonoscillation solutions are now excluded Un Un Usg
[31,32. Recently, the Sudbury Neutrino Observat¢BNO)
has released the improved measurements of the salt enhan

Wgerea and B are Majorana-type phases akl; can be
phasd 33] which, together with all the solar and KamLAND (Ba

ametrized in the form

neutrino data, allow for a better determination of the oscilla- -is

X : S o 2 C3C2 S3C2 S2€

tion parameters. In particular, the highm~ region Amg is is

>10"* eV?) is now only accepted at thes3level and maxi- ~ Us=| ~Ss€17C3515€ 7 C3C17 5351567 $1Cp
mal solar mixing is ruled out by more tharw5 rejecting in S3S;—C3C1S,€'%  —C38;—53C15,€°  ¢qC,
this way the possibility of bimaximal leptonic mixin@4— (5

40]. Concerning the atmospheric neutrino sector, the water

Cherenkov Super-Kamiokand&K) [41] and long-baseline With si=siné, cj=cosé (i=1,2,3) andé the Dirac-type

KEK-to-Kamioka (K2K) [42] experiments indicate that neu- CP violating phase. For Dirac neutrind$ reduces toJ,

trino flavor conversion due to neutrino oscillations in thedue to the absence of Majorana phases. Depending on the

v,— v, channel provide by far the most acceptable and natutyPe Of neutrino mass spectrum, the solar, atmospheric, and

ral explanation for the observed, disappearance. CHOOZ[47] mixing angles 0o , 0xm, andd, respectively
Regarding the absolute values of neutrino masses, théan be extracted frord in the following way: for the HI and

situation is not so satisfactory. At present, the most stringen@D neutrino mass spectra,

direct bound on the neutrino mass is provided by the Mainz

Ue Uus
tanfo= Ve =tanf;, tanfy,= Ul =tané,,
Ui U |
we will not consider here the results from the liquid scintillator
neutrino detectofLSND). SiN@=|Ugz|=sin6,, (6)
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and for an IH spectrum,

|Ue3|
|Ueal’

|U,u1|

tanfs= m,

tan 6 = sind=|Ug|. (7)

In this case the expression 6f, 04y, and 6 in terms of
0,_3 in the parametrization of E(5) is not simple. From
the global analyses performed in Refd0] and [46], the
solar and atmospheric mixing angles are constrained to lay i
the 1o intervals

0.00

tarf0,=(0.33-0.47, sirf20,,=1.00°052, (8
with the best-fit values
tarf6,=0.39,  Sif20,,=1.00. (9)

For sind we quote the result from combined analysis of the
solar neutrino, CHOOZ, and KamLAND data performed in
Ref. [48],

sin#<<0.18, (10

with a 95% confidence levelCL).

The upcoming long-baseline neutrino oscillation experi-
ments will face the challenge of detecti@pP violating ef-
fects induced by the Dirac phase[49]. The difference of
the CP conjugated neutrino oscillation probabilitid®( v,

—v,)—P(ve—v,) is proportional to the quantity

J= |m[Ue1UM2U;2U21]

8

= < sin 26, sin 26, sin 263 sin 6. (12)

Present estimates indicate that fgf| =102 it will be pos-
sible to observeCP violation effects in these experiments.

Ill. PARAMETRIZING THE NEW PHYSICS

CONTRIBUTIONS TO LEPTON MASSES
Before electroweak symmetry breakingEWSB), the

PHYSICAL REVIEW B9, 073004 (2004
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FIG. 1. Feynman diagrams corresponding to the vertices in Eq.
(12). In each vertex the flavor dependence is explicitly shown.

There are different mechanisms that may lead to the neu-
trino mass operator given in EQL2). In particular, it may be
originated by a heavy scalar triplat, which is conveniently
written in matrix form as

A* )

AZ(@AO

This scalar triplet couples to the lepton and Higgs doublets
as

\/§A++

e (13

Lo=YiGATio 5+ 0y 40 Aioyd* +He., (19
where Y2 is a matrix of Yukawa couplings and,, has
dimension of mass. The exchange of the heavy triplet results
in an effective neutrino mass operator, given by

Aij a9

A ijm_ia (15

with m, the mass of the triplet.

terms of the Lagrangian that originate the charged lepton and angther possibility is the exchange of heavy right-handed

light Majorana neutrino masses can be written as

i

L= _Yiej*?udﬂamle A

(Criioa*)(Blioatf)+H.c.,
(12

wheret ;= (v, e)", ¢=(¢" ¢° 7 is the SM Higgs dou-
blet, andY® is the usual X3 matrix of the charged lepton

neutrinosvg (the seesaw mechanignin this case, the rel-
evant terms are

1 _
MRijV(I:?iVRj+ H.c., (16)

L, == YijlLiio2¢" vrj— >

whereY?” is the Dirac neutrino Yukawa coupling matrix and
Mg the heavy right-handed neutrino mass matrix. The inte-

Yukawa couplings. The second term is a neutrino mass opgration of the heavy neutrino fields generates an effective
erator[50] generated by physics above the electroweak scalgmass operator for the light neutrinos of the form

A being a 3x 3 symmetric matrix of dimensionless couplings
of order unity andA the scale at which this interaction is

generated. These vertices can be depicted by the Feynman

diagrams in Fig. 1, where the flavor dependence of eac
vertex is explicity shown. The arrows in the scalar lines
indicate the flow of the positive charge for thie=1/2 com-
ponent of the doublet.

A _

N a7

1
— E(YVM RlYVT)ij .
h

After EWSB, the terms in Eq(12) yield the mass terms
for the charged leptons and left-handed neutrinos. Using ma-

trix notation in flavor space, the mass terms can be written as
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_ 1 charged leptons and (1A, ) for neutrinos, without affecting
Ln=—€e Meg— EVLMLVE, (18)  either the mass hierarchy or the mixing. Theterms also
rescale the masses, but with a different factor for each lep-

- : 1+¢.m2/v?) for charged leptons andh,
where M =vY® and M_=2Av%A, with =174 GeV the ©ON: Mg—Me (14 {eme /v g p j
vacuum expectation valu@/EV) of the SM Higgs boson. —m;(1+ . m; /N?) for neutrinos. Hence the/; terms

Our parametrization of the new physics effects is obtaineanodify the mass hierarchies. Thg terms are the lowest-

after general considerations on weak basis independence. Faider ones which modify the leptonic mixing.

convenience, let us define For some SM extensions, in principle there may exist a
matrix X (not necessarily squaref couplings between the
- eA ML leptons and other patrticles, transformingYesor l\7|,_ either
M =eA= ;MLE e (19 on the left or on the right side. For instanceXitransforms
v under the change of basis in EG20) as
with & a dimensionless parameter to be specified later. Under X—VIXVX, (25)

the change of weak basis
this matrix would contribute toSY® and M, with terms
XXTY® and XXM+ M X*XT), respectively. Such possi-
bility will not be considered in the following, and in this
respect our analysis is not the most general biée thus
Yeviveve, M —VIN VE. (21) assumey® andM as the only sources of flavor violation in
the lepton sector. This case can naturally arise if some sym-
Let us assume that some perturbations arising from radiativ@€try relates the couplings in E@.2) with the ones between
corrections are added to the “tree-level” matric¥§ and  the leptons and the new particles.
NI, It is worthwhile showing some examples of Feynman dia-
’ grams which contribute to the different terms in E¢&4)
YL Yot 5Ye, I\7IL—>I\7IL+5I\7IL. (22) within the SM, including also the effective neutrino mass
operator in Eq(12) as part of the SM vertices. The terms
The matricessY®, 5,\“/“_ are functions one,|\7IL, and other result from_diagrams with minir_nal fla\_/or structure, as, for
SM and new physics parameters. Under the change of basi&@mPple, diagram&) and(b) in Fig. 2, with the exchange of

defined in Eqs(20), the perturbations must transform as a B boson with flavor-universal couplings. The remaining
terms in Eqgs.(24) require the exchange of one or mage

5Ye_>VI5YeVe’ SN L_>VE6I\7| LV (23) doublets. In particulqr, thée and 7, terms arise from dia-

grams like(c) and(d) in Fig. 2, respectively. At the one-loop
since the physical observables must be independent of tHgvel the terms withy, and {, are absent, and to generate
choice of weak basiThese transformation laws imply that them it is necessary to consider two-loop corrections, for

€|_:V|_€|,_ , eR:Vge(Q (20)

we have

the perturbations have the forf28] instance, diagram) and (f), respectively.
In new physics scenarios there are additional interactions
OYC=NeYo+ LYY+ p M MY+ that may or may not be suppressed by a large sddle
These interactions mediate Feynman diagrams giving further
SN =N M+ K1, M W' ) corrections to thef | ¢eg and € €] ¢* ¢* vertices. Several
examples of new physics contributions to these operators can
+ o (YOYETN  + M Yo YeT)+ ... (24)  be found in Ref[51]. We remark that, if the particle content

and parameters of the new physics model are specified, the
where the\;, ¢;, and#, coefficients {(=e,L) are functions corrections to the charged lepton and neutrino mass matrices
of Y&, M, , and of the coupling constants, which are invari- €1 be cqmpletely d(iater.mined. However, in the abs_ence of
ant under the transformations of Eqg0) and in general &Y experimental indication fav_orlng any of the theor!es be-
complex. The higher-order terms in this expansion are exYond the SM, the\;, &;, #; coefficients cannot be predicted.

pected to be smaller. The effect of theterms in Eqs(24) Thgn, it ig sensit(njle to pefform a stapisticarll analysishinhorder
is to rescale the masses by common factors 1) for to determine, under certain assumptions, how much the tree-

level predictions can change due to radiative corrections
from new physics, parametrized according to Efl), leav-
. . N ing \i, ¢, m as unknown parameters. The size of these
2 e I I i
These transformation properties #9¥*® and 6M, do notassume . ticients is expected to be similar, because all the terms in

that the Lagrangian is invariant under the change of basis in Eq )
(20) alone. Within the SM, the Lagrangian is invariant under theS(qus' (24) can be generated at the one loop-letaithough

transformations, but this does not happen in some of its extensions
for instance in the minimal supersymmetric standard model 3 ) ] ) )
(MSSM). Besides, at very high energies, some flavor symmetry Due to the ignorance regarding the structure of this matrnihe
might single out a special weak basis. Below that scale, and ifliscussion of the effects of the termXX'Y®, (XX'M_
particular at low energies, this symmetry is broken. + |\7ILX* XT) is not feasible.

073004-4



NEUTRINO MASSES, MIXING AND NEW PHYSICS EFFECTS PHYSICAL REVIEW B9, 073004 (2004

¢ omitted in Egs.(24), resulting in
3 5 OY®leo= NYo+ ZoYeYeTYe+ .o
i e SN | sp= N N+ 7 (YSYSTNI + N1 Ye* YeT)
R B bri b B b This scenario corresponds to a new physics model in which
) (b) the new interactions are suppressed by a large sédle
~ A, forinstance, in models based in the seesaw mechanism.
‘{5 In the limit e<1, the normalization oM _ is irrelevant.

From Egs.(26) we see that in scenario 2 the expressions
for the perturbations are formally similar to the one-loop
4 renormalization-groupRG) equations within the SM. There-
fore in this scenario the results obtained within our frame-
work are expected to be similar to the results of RG evolu-
tion, bearing in mind that in the case of the RG equations the
coefficients\;, {., andn_ are fixed, while in our case they
L are unknown in principle.
If the neutrinos are not Majorana but Dirac particles, the
Yukawa term of the Lagrangian originating their masses

Ly

reads
¢
’ Lo=—Y}tio,¢* vgi+H.c. (27)
T N .9
Y ‘f ‘f < For this term and the charged lepton one, the change of basis
A5 & A analogous to Eqg20) reads
157 A, CRE
B €|_= V|_€|’_ y eR= Vge(:{ y VRVR (28)
€R;j ¢ Lri lrj Lr; . . ;
Under this transformation, the Yukawa matrices transform as
(e) U]

Ye-VIYeVe, Y VIYUvy. (29)

FIG. 2. Examples of SM diagrams giving corrections to the This allows us to obtain the expressions for the perturbations
€, ¢er and £ €] p* ¢* vertices. In each vertex the flavor depen- for Dirac neutrinos,

dence is explicitly shown.
SYC= oY+ o YOYeTYe+ Y Y Tye+ ..o
the terms with#, and ¢, appear at next-to-leading order
within the SM, they may arise at leading order in other mod- SY =N Y "+, Y'Y+ g Yeyely v+ ..
els, e.g., with a scalar tripletOn the other hand, the higher- (30)
order terms omitted in Eq$24), involving products of five
matrices or more, are expected to be suppressed by a facty the following, we will generally refer to the case where
~10 with respect to the leading ones. neutrinos are Majorana particles, and quote the results for
One crucial issue for our analysis is the value of the paDirac neutrinos when relevant.
rametere in Eq. (19), which accounts for the normalization
of M, . The size of this parameter reflects the suppression of IV. NUMERICAL RESULTS
the new interactions, and determines the relative importance Using the parametrization of new physics contributions
of M_ with respect toY® in the expressions used for the given in Eqs.(24), (26), (30), we study the changes in the
perturbations. We consider two limiting scenarios: pattern of neutrino masses and mixings due to these correc-
(i) In the first scenario we take=1, in which caseM tions. For this purpose, we take the unknown coefficiants
= A with matrix elements of order unity. This corresponds toi, 7 as random complex parameters, generated with a
a situation where there are new interactions which are ndbaussian distribution centered at zero and, for simplicity, we
suppressed by a large scalé. In this scenario, the terms assume that the standard deviations coincide:

gLM Ll\AA EM L and 778|\7| LM EYe in EqS(24) are not negligible, <|)\ |2>1/2:<|§|2>1/2: <| 7]»|2>1/25 K (31)
and have an important influence on the neutrino mass hier- ! : ! '
archy and mixing, respectively. Contrarily to what could be expected, this is not a serious

(ii) In the second scenario we assumel, so that these pias in the analysis, because the moduli of the random pa-
two terms(which have two or more powers &) can be rameters are not constrained to be all equal, and only the
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TABLE I. Input parameters used for the unperturbed mass ma- 0.08 T T r T - v T .
trices. 0.07+ Hierarchical —
| L Quasi-degenerate | -
Parameter Value 0.06 i
me 0.487 MeV 005 |
m, 0.103 GeV B _
m, 1.747 GeV ~0.04- ) 5
m —5 ] = )
1 107> eV (HI) 0.03}- _
1 eV (QD) i g
Amd 7.13x10°° eV 0.021 T
AmZ,, 2.6x10 % eV -l ]
tanég 0.62 L _
L | L 1 L | L | L
tan fam 1 % 0.2 0.4 0.6 0.8 1
siné@ 0.15 K
g /2 FIG. 3. Effect of the perturbations on the ration scenario 1.
@ /3 For illustration, the presentdl limits are displayed on the vertical
B /5 axis.

these quantities are stable or not, and to what extent they get

standard deviations of the distributions are assumed to be thfiodified by the perturbations. We first present the results for
same. The phases df, {;, and»; are generated uniformly scenario 1, and later discuss the differences with scenario 2
between 0 and 2. In our study the following procedure is and the results for Dirac neutrinos.
applied: we fix a value of« and generate a large set of  Regarding the ratio of mass squared differengage ob-
matrices using Eqg24), (26), or (30), as appropriate, with serve in Fig. 3 that the corrections to the matrices have a
random coefficients;, ¢;, »; . These matrices are diagonal- large impact on this quantity, both in the cases of a HI or QD
ized in order to obtain the masses and the neutrino mixingpectrum. This plofand the remaining ones in this section
matrix. We then select some observable, and examine itswust be interpreted with caution: it does not provide any
distribution over the set of matrices. For each valug ofhe limit on the size of the corrections, on the basis of the ex-
1o limits on this observable are defined as the boundaries gferimental measurement nfbecause the initial “tree-level”
the 68.3% confidence level central interval, evaluated fronvalue we use for needs not be equal to the observed value.
the sample of random matrices. These limits reflect the  Instead, the meaning of the plot is thrais not stable under
“average” behavior of the observable under considerationperturbations, and from an initial value chosen to tbe
when arbitrary perturbations are added to the original matri=0.027 one can obtain values between 0.021 and 0.034, for
ces. It must be emphasized that the maximum and minimura HI spectrum and=0.2.
values can be very different from the average values, and The effect of the perturbations on tég is quite different
some situations are found where in average the observablgr a HI or QD spectrum. In the former case, tanis very
does not change appreciably under perturbations, but fostable even for relatively large perturbations, as can be no-
fine-tuned values of the random parameters it does. ticed in Fig. 4. On the contrary, for quasidegenerate neutri-

In the numerical analysis we take initial “tree-level” ma- nos, the value of tafip can Change Significanﬂy with new
trices Y¢ and I\7I,_ (Y” for Dirac neutrinos reproducing the
current experimental data summarized in Sec. Il. The 25 ; T . . T T T
charged lepton masses are taken at the deblg52]. We
assume si=0.15 and fix the Dirac and Majorana phases to
be 6=m/2, a=m/3, andB=m/5. We analyze separately the
two possibilities of a HI or a QD spectrum. For the case of an r 1
inverted hierarchy the results turn out to be very similar to | sl _
those found for a normal hierarchy, and we do not presenis®
them. We summarize our input values in Table I. In scenario &

=== Hierarchical
Quasi-degenerate

1, we takeI\A/IL with the mass of the heaviest neutrino nor- 'O _
malized to unity. The normalization d¥l, is irrelevant in ']
scenario 2, as shown in the previous section. 05T -
ili IXi L 1 L 1 L 1 L | L
A. Stability of mass and mixing parameters % 05 o 06 0% 1

Let us discuss how the parameterssAmZ/AmZ,, .

tanf,, tanfy,, and sind change when corrections are  FIG. 4. Effect of the perturbations on tép in scenario 1. For
added to the mass matrices. Our aim is to investigate whethdilustration, the presentd limits are displayed on the vertical axis.
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1.8 . . . . , : 0.17 : . . : . :
1 6; === Hierarchical = === Hierarchical
’ Quasi-degenerate = Quasi-degenerate |
0.161~ —
80.15 A
0.14 -
0.13 i L | L | L | L | L
] 0.2 0.4 0.6 0.8 1
K
FIG. 5. Effect of the perturbations on tég,, in scenario 1. For FIG. 7. Effect of the perturbations on the rati®

illustration, the presenta limits are displayed on the vertical axis. =sin #/tanf,,in scenario 1.

physics corrections. This fact suggests that, if neutrinos are sing
quasidegenerate, the underlying tree-level pattern of lepton ©=12ne
mass matrices could correspond to bimaximal mixing, the amm
observed value tafi,=0.6 being the result of radiative cor-
rections. We will analyze in detail this possibility at the end
of this section.

The behavior of taly, is the opposite to the one ob-
served for tarf,, as it can be perceived from Fig. 5: for a
HI spectrum this parameter is modified by perturbations on .- . e . .
the rgass matricesp, while for a QD spectrur}wgiiat is fairly stable. uilding. When sir is experimentally measured, the rato

This shows that, for the case of quasidegenerate neutrino ill be an excellent tool to investigate the structure of the
the experimental observation of tég,~1 must correspond epton mass matrices, because it is very insensitive to radia-

to tanf,,~ 1 in the mass matrices, because this prediction iéive correctiongas long as these corrections do not have any

not altered by the corrections. On the other hand, for a Hsvidclztloonns?(ljsym':'ﬁz ?aftf?\v/ﬁﬁ rﬁ(:r?tlaﬁlr(])'vvw:écg Itseg:?eiraenr]i%mé%r-k
spectrum the observation of tag,~1 could be either a : P

coincidence, or result from a specific symmetry leading natu!rﬁ"i'}iwnhi% (I;ilegg oﬂbier:/ab:ﬁh;[hﬁ itextl:res for dl?ﬁtt?]n mafs_
rally to this value and making higher-order corrections very. atrices impiied by flavor symmetries propose € litera

ture.
small. - . .
The analysis of sif (which equals|U| for a normal The remaining parameters to be investigated areCRe

. . .__yiolating phases, for which the results depend on the initial
hierarchy shows that it does not change under perturbatlon\¥/alues usedsee Table)l For a HI spectrum, the Dirac phase

for a QD spectrum, but it is considerably modified when the5 remains virtually constant at its initial value, while the
neutrino masses are hierarchi¢ake Fig. 6. However, one ) y ; ’
Majorana phases and 8 vary over a wide range, 06«

iking f f lysis is that th i .
striking feature of our analysis is that the ratio =2, 0.4=3=2.2 for k1. For a QD spectrum. the Majo-
rana phases remain withitt 10% of their initial value for

(32

remains practically constant even when large perturbations
are added t&/® and M L: for k=1 sin@ and tanf,,, change
by more thant40%, while their ratio changes less than 1%,
as can be noticed in Fig. 7.

This feature may have important consequences for model

0.25 T T T T . - . . .
' ' k=1, while the Dirac phase varies in the intervak®
== Hierarchical <1.8.
Quan-degencat In scenario 2, the behavior is very different for a HI spec-
0.20

trum. In this case, we find thaf tanf , tanf,,, siné, and

the threeCP violating phases remain constant when the per-
turbations in Eqs(26) are added to the matrices. In the SM
these quantities exhibit a similar behavior under RG evolu-
tion [53], as its expressions are formally identical to ours. On
the other hand, in the case of a QD spectrum, the differences
between scenarios 1 and 2 are not significant, and the discus-
sion above applies also to scenario 2. This contrast can be
understood in view of the analysis of the dependence on the
neutrino masses presented in Sec. IV B below.

0.10

! 1 L | L 1 L 1 L
005 0.2 0.4 B 0.6 0.8 1 For Dirac neutrinos, the results are found to be rather
similar to the ones obtained in scenario 2. For a HI spectrum
FIG. 6. Effect of the perturbations on siin scenario 1. the parameters under consideration do not change when the
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PR R RS . .
0.01 15 )
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1 L |

1 1.5 2 0 0.5 1

m, V) m, (eV)
FIG. 8. Effect of the perturbations arfor k=0.2 as a function FIG. 10. Effect of the perturbations on tég,, for k=0.2 as a

of the mass of the lightest neutrino in scenario 1. function of the mass of the lightest neutrino in scenario 1.

perturbations in Eq30) are included. For a QD spectrum, )

however, they are modified, following practically the same B. Dependence on the neutrino masses

behavior that can be observed in the plots for scenario 1 We have verified that the influence of the perturbations on

shown in this section. some parameters depends strongly on the type of neutrino
Finally, we note that the results entané, , and tard,,,  SPectrum, namely the deviations of t@#n are negligible for

are almost independent on the value of &insed. Other & HI spectrum while they are large if the neutrinos are

quantities obviously depend on the particular value ofgsin guasidegenerate. It is then convenient to analyze the depen-

as for example7, which is proportional to sid. The choice derjce of the deviations on the mass of the Ilghtest neutrino,

of the CP violating phases is only relevant for the “tree- Which we take between 18 and 2.2 eV(the direct bound

level” values of quantities that depend on them, ligeand ~ from the Mainz and Troitsk experimentsn Figs. 8—-11 we

Mee. For a QD spectrum, the deviations of tandg, p_Iot the effec_t of the corrections antanfy, tané,,,, and

tanf,,, siné, ande are very similar, and for a Hi spectrum Sin 6, respectively, for=0.2.

the influence of phases on these quantities is completely neg- !t IS apparent that these parameters are remarkably more

ligible. We have also checked that our results do not changgt@Ple in the region arounai, =0.3 eV than for the rest of

when the next terms in the expansion of E¢@4) (with values ofm,;. This can be understood as fPIIkos: the only

products of five matricesare included, even in the unrealis- two terms that influence the mixing arti»\eM,_M’,[Ye and

tic limit where these terms have similar coefficients. We havey, (yeye'pM, + M Y®* YeT). Of these, the former is relevant

found that the quantities that are stable remain stable, and thghly for a HI spectrum, whereas for a QD spectrum it does

quantities that change under perturbations exhibit an analgyot have any influence. On the contrary, the latter term is

gous behavior with the inclusion of these terms. important for a QD spectrum but its impact is negligible if

3.0 0.17

251

201
S 151 <::3
ﬁ 1]

10|

0.5

| | PN I S TR S R N T ST B 1 PR TR S S N '
% 0.5 1 1.5 2 0135 0.5 1 1.5 2
m, (eV) m, (eV)

FIG. 9. Effect of the perturbations on tap for k=0.2 as a FIG. 11. Effect of the perturbations on ginfor k=0.2 as a

function of the mass of the lightest neutrino in scenario 1. function of the mass of the lightest neutrino in scenario 1.
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0.17 ———— —T T T L S e B T 2.0 T T T T T T
0.16 -
30.15
0.14
0.13 i @ | | PR AT T SO SN SR N1 0.4 L | L | L 1 L 1 L
70 0.5 1 1.5 2 0 0.2 0.4 0.6 0.8 1
m, (eV) K

1

FIG. 12. Effect of the perturbations an for x=0.2 as a func- FIG. 13. Effect of the perturbations on the ralpin scenario 1.

tion of the mass of the lightest neutrino in scenario 1. random perturbations. For illustration, we show the effect of

perturbations on some relations. For texture Al in [Red),
there are two predictions,
the neutrino masses are hierarchical. Hence the deviations in

tan 6,y and sind appearing in the left part of Figs. 10 and 11 Sin 0= = tan . sin 20, Jr,

are due to they, term, and the deviations in, tanég, 2

tané,m, and sind that can be seen in the right side of Figs.

8—11 are a consequence of the term. The deviations imn |Med o

. . . . =sirfOp T, (33
in the left-hand side of Fig. 8 is an effect of tlig term, Matm

which does not contribute to the mixing. ) ] )
The regionm=0.3 eV is of special interest, since these wherem,, is the effective mass for neutrinoless double beta

neutrino masses will be probed in forthcoming experiment$l€cay processes, ant,= yAmg, In order to test the sta-
like KATRIN, which is planned to start in 2007. If the mass Pility of these relations under the radiative corrections con-
of the lightest neutrino happens to be in this range, this willSidered here, we define the ratios

mean that the corrections to the tree-level mass matrices will

have a much smaller impact on the hierarchy of mass R= E tar_watmsin 206\/F,

squared differences and the mixing. The same is also true for 2 sind

the Dirac and Majorana phases. For completeness, in Fig. 12 20T

we show the & limits on w for the same range ah;. We W= S PoNT (34)
observe that this ratio remains virtually constant in the whole |Med/Matm’

interval.

For scenario 2 and for Dirac neutrinos, the dependence oWh'Ch e_qua! unity for the tree-level 'matrlces. These ratios are

. . . . plotted in Figs. 13 and 14, respectively, where we have used
the lightest neutrino mass is much simpler. For a HI spec*
trum, all the quantities studied are stable, and in these case< ,
the effects of perturbations are as in Figs. 8—12 but without

the deviations present in the left part of some of these plots 181~ T

1.6~ -

C. Stability of flavor relations L4l _

We are interested in finding flavor relations which are 1.2} -
stable under perturbations of the mass matrices. By “stabil- r .
ity” we mean that, if these relations hold for the tree-level 1-0_—_-
matrices, they still hold to a good approximation when per- gl _
turbations are added. With some exceptions, most flavor re 1
lations found in the literature correspond to Majorana neutri- 0.6 N
nos with a HI spectrum. In scenario 2, the parameters o | . i . i . i ]
tanfy, tanf,,, and sind, as well as theCP violating 0 0.2 0.4 0.6 0.8 1
phases, remain constant for a HI spectrum. Therefore any *

flavor relation among these parameters is stable. In scenario FIG. 14. Effect of the perturbations on the raRy in scenario
1, most of the flavor relations studied are affected by thet.
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2.0 : : : : | . 3.0 . | : : : I : . :
F 251 tan 6, 7
1.6
i 20 -
1.4 E
D L
[ =1
<
o 1.2 - 1.5+ —
L @ L
1.0 g
L < 1.0- =
0.8 i
0.5% |
0.6
0.4 I L 1 L 1 L | L | L 0 L 1 L 1 L | L | L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
K LS
FIG. 15. Effect of the perturbations on the ratl, in FIG. 16. Effect of the perturbations on tdg and tand, for
scenario 1. guasidegenerate neutrinos and initial bimaximal mixing in
scenario 1.

sin6=0.074, 6= a=0, B=0.85, so that the initial matrices
fulfill these relations. The rest of the parameters are takeworder unity(this possibility corresponds to scenaripsbme
from Table I. of these flavor relations are modified by the perturbations.
From Fig. 13 we see that the first relation is modified
when corrections are added to the mass matrices. At any rate,
the deviations on this relation are much smaller than the
changes imr, tanf,,,, and sind (see Figs. 3—-6 We also We have previously remarked that, for quasidegenerate
notice from Fig. 14 that the accuracy of the second relation igeutrinos, the perturbations in the mass matrices modify
hardly affected by perturbations on the mass matrices. Thitané. but do not affect tam,, significantly. Then, one in-
feature makes its experimental test cleaner, and less depeigresting question naturally arises: Is it possible to have a QD
dent on unknown corrections to the tree-level textures. Fospectrum with bimaximal mixing at the tree level, so that the

D. Special limits

texture B1 of Ref[54] (see also Refl55]) we have smaller value of ta,=0.6 is due to effects of new phys-
ics? To test this hypothesis, we set tarFtanf,,,=1 in
) 1 our matrices, with the rest of the parameters as in Table |,
Sin = 1anfamtan Bo \r cos Yo (39 and analyze how tafi, and tand,,, change when perturba-

tions are added. For scenario 1, the results are displayed in
which differs from the first of Eq933) by factors depending Fig. 16. For scenario 2, the results are shown in Fig. 17.
on 6y . Sinced, is stable for a HI spectrum, the effect of From these figures we conclude that in both scenarios it is
corrections on this relation is similar, and the plot obtained igPossible that, from an initial bimaximal pattern, large correc-
identical to Fig. 13. Another interesting relation[56] tions to the mass matrices modify significantly tan,
bringing it to its experimental value, while keeping @y,

. _ me
sing= \/m—. (36) 3.0 — 77—

o
The left-hand side of this equation varies with the perturba- 2.5 Ian:” .
tions, but the right-hand side does not. We define -
20 =
1 /me oF O_
Rii=Sing m, (37) g 50 _
L 3
and set siP=0.0688(with the rest of the parameters as in & 101 |
Table |) in order to test the stability of this relation. The '
result can be seen in Fig. 15. p:
The conclusion one may draw from the study of these 4= 7
examples is the following: if the new physics interactions are
. . . 1 1 L 1 L | L | L
suppresseghis situation corresponds to scenarijo e fla- 0 0.2 04 0.6 0.8 1
vor relations are stable and, if they hold at tree level, they K

also hold when _the correc;ions in_EqQG) are included. On FIG. 17. Effect of the perturbations on tan and tand,,, for
the other hand, if the new interactions are not suppressed anflasidegenerate neutrinos and initial bimaximal mixing i

the corrections have the full form of Eq@4), with M of  scenario 2.
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20 : . : : . . . 20 : . : : . : :
= Hierarchical 4 = Hierarchical 4
Quasi-degenerate Quasi-degenerate
15 - 15 -
§=
= T _ w [
ﬁ X
= 10 - <10 -
Se
> | @ L
g
5+ - 5+ -
0 L | L | L | L | L 0 L | L | L | L | L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
K K
FIG. 18. Effect of the perturbations on girfor an initial van- FIG. 20. Effect of the perturbations @ifor an initial vanishing
ishing value in scenario 1. Dirac phase in scenario 1.

=1. This result is only slightly dependent on the value ofshown in Figs. 20 and 21. For a HI spectrum, the phése

sin6 used, and is valid fom;=0.6 eV. For Dirac neutrinos generated is negligible. In the case of Dirac neutrinos, only

the same effect is found, and the results are very similar téhe Dirac phase is physically meaningful, and the phases of

the ones in scenario 2. the random parameters;, ¢;, and »; are not enough to
Another interesting situation corresponds to &#0 at  produce a relevant value ¢f.

the tree level. In this case, for a QD spectrum a nonzeré sin

can be generated by the perturbations. If the neutrino masses V. OUTLOOK

are hierarchical, the value of sfhinduced by the corrections

is negligible. The results for scenarios 1 and 2 are displayed In this paper we have studied the possible effect of un-

in Figs. 18 and 19, respectively. For Dirac neutrinos, theknown corrections from new physics on the neutrino mass

value of sind generated is one order of magnitude smaller. hierarchy, mixing andP violation at low energies. We have
Finally, we consider the situation wheh=0 at the tree focused on the case when neutrinos are Majorana particles,

level but the Majorana phases are not zero. In this limit, thdut have discussed the results for Dirac neutrinos as well. We

CP violating parametet7 in Eq. (11) vanishes. For a QD have proposed a general parametrization of the corrections to
spectrum, the corrections to the mass matrices induce a Dirdg€ tree-level mass matrices, based on weak basis invariance.
phase(provided at least one of the Majorana phases is nonUSing this parametrization, we have examined the conse-

Zerd |arge enough to y|e|d7~ 1072, which may be observ- qguences of addlng random perturbations to the mass matri-
able by future long baseline neutrino oscillation experiment$€s, as a means to explore the possible effects that radiative
[49]. This is shown in Figs. 20 and 21, and holds foy ~ corrections might yield.

=0.7 eV. Setting one of the initial Majorana phases to zero \We have analyzed the stability against corrections of the
does not eliminate this effect, and far= /3, =0 the ratio of mass squared differences and the mixing angles, for

values of7 obtained are up to 0.02, even larger than the one& hierarchical or quasidegenerate neutrino spectrum. We

20 . . : : : . . 20 . . : : : . .
= Hierarchical 4 = Hierarchical 4
Quasi-degenerate Quasi-degenerate
15+ = 15+ =
k=
=t % |
ﬁ X
< 10 - <10 -
e
> | @ L
g
5F — 5F —
0 L | L | L | n | L 0 L | L | L | L | L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
K K
FIG. 19. Effect of the perturbations on gdirfor an initial van- FIG. 21. Effect of the perturbations @fifor an initial vanishing
ishing value in scenario 2. Dirac phase in scenario 2.
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have found that these quantities are generally modified bp)D spectrum. On the other hand, for a HI spectruméap

the perturbations, but the rati©=sin d/sin 0, is remark-

is modified but tarf, not, then bimaximal mixing is highly

ably stable even under large corrections. This desirable propmlikely in this case.

erty makes this quantity specially suited for the experimental Another interesting limit examined is when gir0 at the
test of specific textures of neutrino mass matrices, since it igree level. In this case, large corrections to the mass matrices
hardly modified by unknown corrections to the tree-levelcould yield sing~10"2 if the neutrinos are quasidegenerate.
matrices. We have also examined the stability of some flavopn the contrary, we have shown that for a HI spectrum or

relations predicted by models in the literature.

Dirac neutrinos the value of sthgenerated by perturbations

The dependence of the deviations on the neutrino spegs negligible.

trum has also been investigated. We have found that the re- Finally, we have investigated the situation when the Dirac
gion of neutrino masses=0.3 eV is specially stable. For phase in the mixing matrix vanishes at the tree level. In this
neutrino masses around this value, the possible deviations fase, the Majorana phases present can induce a nonvanishing
r, tanfo, tanfyy, sing, and theCP violating phases are Dirac phase in the mixing matrix by means of the perturba-
rather small. This mass region is of special interest, since ifions. This Dirac phase is large enough to yigid=10"2,

will be tested in upcoming experiments.

leading to observabl€P violation effects in long baseline

We have addressed the question whether the tree-|EVﬂbutrino oscillation experiments_
mass matrices could correspond to bimaximal mixing, the

observed value tafi,; ~ 0.6 being the result of radiative cor-
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