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Limits on Majorana neutrinos from recent experimental data
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We investigate the sensitivity of some weak processes to the simplest extension of the standard model with
Majorana neutrinos mixing in the leptonic sector. Values for mixing angles and masses compatible with several
experimental accelerator data and the most recent neutrinoless double-b decay limit were found.
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I. INTRODUCTION

Interest in experimental neutrino physics has been revi
in recent years, with many new experiments presently tak
data or in preparation for the near future. This is justifi
because, although the standard model has been vigoro
tested experimentally and seems to be a remarkably suc
ful description of nature, its neutrino sector has been poo
scrutinized so far. We believe that this still mysterious a
of particle physics may give us some hint about physics
yond the standard model.

It is a common prejudice in the literature to assume
conservation of lepton number and to think about neutri
as Dirac particles much lighter than any of the charged l
tons we know. Nevertheless there are no theoretically c
pelling reasons why the lepton number should be a c
served quantity or why neutrinos should not have a m
comparable to charged fermions. It is clear that only
confrontation of theory with experimental data will event
ally clarify the problem of the neutrino mass and nature.

Many direct limits on the neutrino mass have been
tained by different experimental groups@1# but are not all
accepted without controversy@2,3#. Experiments also have
been carried out to try to measure neutrinoless double-b de-
cay which, in general, is a process that will not occur unl
one has a Majorana neutrino involved as an intermed
particle. Here also experiments have obtained only limits
the so called effective neutrino mass@4#. As a rule experi-
mental analyses are model dependent and cannot be qu
as a general result.

In the hope of contributing to the understanding of ne
trinos physics we have accomplished a comprehensive s
of the constraints imposed by recent experimental data
lepton decays, pion and kaon leptonic decays as well a
the Z0 invisible width measurement performed by expe
ments at the CERNe1e2 collider LEP to the simplest mode
containing Majorana neutrinos.

We will consider a very simple extension of the standa
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electroweak model which consists in adding to its parti
content a right-handed neutrino transforming as a singlet
der SU(2)L ^ U(1)Y . This will be referred to as the minima
model with right-handed neutrino~MMRN!. Next, by allow-
ing it to mix with all the left-handed neutrinos we obtain th
there are, at the tree level, two massless neutrinos (m1 , m2)
and two massive ones (mP , mF) @6#.

It is interesting to note that this simple extension of t
standard model imposes a mass hierarchy for neutrinos.
massless neutrinos (m1 , m2) can acquire very small mass b
radiative corrections@7,8#. This seems to be consistent wit
the recent evaluation of the number of light neutrino spec
from big bang nucleosynthesis@9#.

The outline of this work is as follows. In Sec. II the mod
considered is briefly reviewed. In Sec. III we consider t
effects of mixing for the decay width of the muon, for th
partial leptonic decay widths of the tau, pion and kaon a
for the Z0 invisible width. These are the quantities that a
calculated theoretically. In Sec. IV we compare our theor
ical results with recent experimental data and obtain fr
this comparison allowed regions for mixing angles a
masses. In Sec. V we investigate the possibility of furth
constraining our results with the present best limit from ne
trinoless double-b decay experiments. Finally, in the la
section we establish our conclusions.

II. A BRIEF DESCRIPTION OF THE MODEL

In the MMRN the most general form of the neutrino ma
term is

L n
M52 (

a5e,m,t
aanaL

N̄R2
1

2
MNR

c̄ NR1H.c., ~2.1!

where the left-handed neutrino fields are the usual fla
eigenstates and we have assumed that the charged le
have already been diagonalized. In this model, there are
physical neutrinosn1 ,n2 ,nP andnF , the first two are mass
less (m15m250) and the last two are massive Majora
neutrinos with masses

mP5
1

2
~AM214a22M ! and mF5

1

2
~AM214a21M !,

~2.2!
©1999 The American Physical Society14-1



er

he

ws

in

in

-

be
ion

f the

the

PERES, FREITAS, AND FUNCHAL PHYSICAL REVIEW D59 113014
wherea25ae
21am

2 1at
2 .

In terms of the physical fields the charged current int
actions are

LCC5
g

A2
~n 1̄ n 2̄ n P̄ n F̄ !LgmFRS e

m

t

0

D
L

Wm
11H.c.,

~2.3!

whereF5diag(1,1,i ,1) andR is the matrix

S Re1 Rm1 Rt1 R01

Re2 Rm2 Rt2 R02

ReP RmP RtP R0P

ReF RmF RtF R0F

D
5S cb 2sbsg 2sbcg 0

0 cg 2sg 0

casb cacbsg cacbcg 2sa

sasb sacbsg sacbcg ca

D . ~2.4!

In Eq. ~2.4! c and s denote the cosine and the sine of t
respective arguments. The anglesa,b and g lie in the first
quadrant and are related to the mass parameter as follo

sa5AmP /~mP1mF!, ~2.5!

sb5ae /a, cbsg5am /a, cbcg5at /a. ~2.6!

The choice of parametrization is such that fora5b5g
50, n1→ne8 , n2→nm8 andnP→nt8 .

The neutral current interactions for neutrinos written
the physical basis of MMRN read
11301
-

:

LNC5
g

4 cosuW
~n 1̄ n 2̄ n P̄ n F̄ !L

3gmS 1 0 0 0

0 1 0 0

0 0 ca
2 icasa

0 0 2 icasa sa
2

D
3S n1

n2

nP

nF

D
L

Zm1H.c. ~2.7!

Notice that there are four independent parameters
MMRN. We will choose them to be the anglesb andg and
the two Majorana massesmP andmF . These are the param
eters that we will constrain with experimental data.

III. FOUR GENERATION MIXING IN THE LEPTONIC
SECTOR

In this section we will present the expressions that will
used in our analysis for muon and tau leptonic decays, p
and kaon leptonic decays and theZ0 invisible width. The
coupling constantG and the decay constantsFp andFK used
in our theoretical expressions have not the same values o
standardGm , f p and f K given in Ref. @1#, this important
point will be discussed at the end of this section.

A. Lepton decays

We can now write the most general expression for
partial decay width of a leptonl 8 into a leptonl and two
neutrinosn̄ ln l 8 in the context of MMRN as
t

G~ l 8→ l n̄ ln l 8!5
G2ml 8

5

192p3
R l 8$~ uRl 81u21uRl 82u2!~ uRl1u21uRl2u2!G11

l 8 l1~ uRlPu2@ uRl 81u21uRl 82u2#1uRl 8Pu2@ uRl1u21uRl2u2# !G1P
l 8 l

1~ uRlF u2@ uRl 81u21uRl 82u2#1uRl 8Fu2@ uRl1u21uRl2u2# !G1F
l 8 l 1~ uRlF u2uRl 8Pu21uRl 8Fu2uRlPu2!Ḡ PF

l 8 l

1uRl 8Pu2uRlPu2ḠPP
l 8 l 1uRl 8Fu2uRlF u2ḠFF

l 8 l %, ~3.1!

with l 85m,t andl 5e,m for the tau decays andl 5e for the muon decay. Notice thatG2 in Eq. ~3.1! is the universal constan
defined asG2/A25g2/8mW

2 .
In Eq. ~3.1! we have used the integrals

G11
l 8 l52E

tm

tM
~ t22B!1/2@ t~3k22t !2B#dt, ~3.2!

G1J
l 8 l52E

tm

tM
~ t22B!1/2

~k2dJl8
2

2t !

~k2t !3
†~k2dJl8

2
2t !2t~k2t !1@~k2t !21dJl8

2
~k2t !22dJl8

4
#~2kt2t22B!‡u~ml 82ml2mJ!dt,

~3.3!

ḠJJ8
l 8 l

5GJJ8
l 8 l

1eJJ8G8JJ8
l 8 l , eJJ85H 1 ~J5J8!,

21 ~JÞJ8!,
~3.4!
4-2
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GJJ8
l 8 l

52E
tm

tM
~ t22B!1/2CJJ8@2~k2t !tCJJ8

2
1~2kt2t22B!BJJ8#u„~ml 82ml !2mJ2mJ8…dt, ~3.5!

G8JJ8
l 8 l

5212E
tm

tM
~ t22B!1/2CJJ8dJl8dJ8 l 8u„~ml 82ml !2mJ2mJ8…dt, ~3.6!

with

k511d l l 8
2 , B54~k21!, dJl85

mJ

ml 8

, d l l 85
ml

ml 8

, ~3.7!

tm52d l l 8 , tM5k2
~mi1mj !

2

ml 8
2 , ~3.8!

CJJ85
@~k2t !21~dJl8

2
2dJ8 l 8

2
!222~dJl8

2
1dJ8 l 8

2
!~k2t !#1/2

k2t
, ~3.9!

BJJ85
2

~k2t !2
@~k2t !222~dJl8

2
2dJ8 l 8

2
!21~dJl8

2
1dJ8 l 8

2
!~k2t !#, ~3.10!

where i , j 51,2,P,F; J,J85P,F; ml ( l 8) are the corresponding lepton masses;G11
l 8 l andG1J

l 8 l are respectively the phase spa

contributions to thel 8→ l n̄ ln l 8 decays for two massless and one massive neutrino~for either Dirac or Majorana type neutrinos!

@10#. If the final state neutrinos were two massive Dirac neutrinos the contribution would be simplyGJJ8
l 8 l , but since here they

are Majorana neutrinos there is an additional contributionG8JJ8
l 8 l . The quantityR l 8 describes the leading radiative correctio

to the lepton decay process that can be found in the Appendix.
Explicitly using the parametrization given in Eq.~2.4! and definingx5sb

2 , y5sg
2 andz5sa

2 we obtain

G~m→enmn̄e!5Gme5
G2mm

5

192p3
R m f me~x,y,dem ,dPm ,dFm!, ~3.11!

for the partial rate of the muon decay into electron, and

G~t→entn̄e!5Gte5
G2mt

5

192p3
R t f te~x,y,det ,dPt ,dFt!, ~3.12!

G~t→mntn̄m!5Gtm5
G2mt

5

192p3
R t f tm~x,y,dmt ,dPt ,dFt!, ~3.13!

for the partial widths of the tau decay into electron and muon, respectively.
The following definitions were used:

f me~x,y,dem ,dPm ,dFm!5@„xy1~12y!…~12x!G11
me1~12z!„x2y1x~12y!1~12x!2y…G1P

me1z„x2y1x~12y!

1~12x!2y…G1F
me12„~12z!xz~12x!y…ḠPF

me1~12z!2y~12x!xḠPP
me1z2y~12x!xḠFF

me#,

~3.14!

f te~x,y,det ,dPt ,dFt!5@„x~12y!1y…~12x!G11
te1~12z!„x2~12y!1xy1~12x!2~12y!…G1P

te 1z„x2~12y!1xy

1~12x!2~12y!…G1F
te 12„~12z!~12x!~12y!zx…ḠPF

te 1~12y!~12x!x~12z!2ḠPP
te

1~12y!~12x!xz2ḠFF
te #, ~3.15!

f tm~x,y,dmt ,dPt ,dFt!5†„x~12y!1y…„xy1~12y!…G11
tm1@y„x~12y!1y…1~12y!„xy1~12y!…#~12z!~12x!G1P

tm

1@y„x~12y!1y…1~12y!„xy1~12y!…#z~12x!G1F
tm12„z~12x!2y~12z!~12y!…ḠPF

tm

1~12y!y~12x!2~12z!2ḠPP
tm 1~12y!y~12x!2z2ḠFF

tm
‡. ~3.16!
113014-3
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B. Pion and kaon leptonic decays

We will also consider decays such ash→ l 1n l ; where
h5p,K and l 5e,m. The partial width for the leptonic de
cay of hadrons in MMRN is

G~h→ ln l !5Ghl

5
G2Fh

2VKM
2 mh

3

8p
Rhl f

hl~x,y,dhl ,dPl ,dFl !,

~3.17!

with mh being the mass of the hadronh and

f hl~x,y,dhl ,dPl ,dFl !5@~ uRl1u21uRl2u2!G1
hl1uRlPu2GP

hl

1uRlF u2GF
hl#, ~3.18!

whereG1
hl is the massless neutrino contribution given by

G1
hl5~dhl

2 2dhl
4 !l1/2~1,dhl

2 ,0!, ~3.19!

andGJ
hl are the massive neutrino contributions@11#

GJ
hl5@dhl

2 1dJl
2 2~dhl

2 2dJl
2 !2#l1/2~1,d lh

2 ,dJl
2 !

3u~mh2ml2mJ!, ~3.20!

J5P,F, dhl5ml /mh , VKM
2 is the appropriate Cabibbo

Kobayashi-Maskawa matrix element of the quark sector
l is the triangular function defined by

l~a,b,c!5a21b21c222~ab1ac1bc!.

The quantityRhl in Eq. ~3.17! represents the leading ra
diative corrections to the hadronh decay given in the Ap-
pendix.

In particular when the final state is a muon we have

f hm~x,y,dhm ,dPm ,dFm!5~ uRm1u21uRm2u2!G1
hm1uRmPu2GP

hm

1uRmFu2GF
hm

5~yx112y!G1
hm1y~12x!

3~12z!GP
hm1y~12x!zGF

hm ,

~3.21!

and when the final state is an electron

f he~x,y,dhe ,dPe ,dFe!5~ uRe1u21uRe2u2!G1
he1uRePu2GP

he

1uReFu2GF
he

5~12x!G1
he1~12z!xGP

he1zxGF
he.

~3.22!

C. Z0 invisible width

In this section we will extend and update our previo
analysis in Ref.@12#. In the MMRN scheme theZ0 partial
invisible width can be written as@6#

G inv~Z→n8s!5G0„21~12z2!xPP12~12z!zxPF

1z2xFF…, ~3.23!

whereG0 is given by
11301
d

G05
GMZ

3

6A2p
~ ḡV

21ḡA
2 !, ~3.24!

and the electroweak corrections to the width are incorpora
in the couplingsḡV and ḡA ,

x i j 5
Al~MZ

2 ,mi
2 ,mj

2!

MZ
2

Xi j u~MZ2mi2mj !, ~3.25!

here i , j 5P,F; l is the usual triangular function alread
defined andXi j include the mass dependence of the mat
elements. Explicitly,

XPP5124
mP

2

MZ
2

,

XFF5124
mF

2

MZ
2

,

XFP512
DmFP

2

2MZ
2

2
mP

2 13mFmP

MZ
2

2
~DmFP

2 !2

4MZ
4

,

~3.26!

where we have definedDmFP
2 5mF

22mP
2 . Thus, x i j are

bounded by unity whereby

G inv~Z→n8s!<3G0 . ~3.27!

D. Comment onG and F h

It is common to assume that standard processes will p
tically not be affected, at tree level, by the introduction
new physics, and that the most effective way of constrain
new physics is by looking at exotic processes. This is corr
in most situations envisaged in the literature. For instanc
Ref. @13# the emphasis is given to lepton flavor violatio
processes likem→eg. Nevertheless we would like to poin
out that constants used in the standard weak decays may
different values as a consequence of mixing.

The experimental value for the muon decay constant,Gm ,
is obtained by comparing the standard model formula for
muon decay width

GSM~m→en̄enm!5
Gm

2 mm
5

192p3
R mG11

me , ~3.28!

with the measured muon lifetime. As the error obtained
this way is very small,Gm is often used as an input in th
calculations of radiative corrections@14#.

Now if we have mixing the expression for the muon d
cay width is modified as in Eq.~3.11!. So that comparing this
equation with Eq.~3.28!, it is clear that the numerical valu
of Gm is not equal to the numerical value ofG, as a general
rule, independently of the accuracy ofGm determination.
They are related by

G25
G11

meGm
2

f me~x,y,dem ,dPm ,dFm!
. ~3.29!
4-4
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From Eqs.~3.14! and~3.29! we see thatG>Gm . A con-
sequence of this is that theZ0 invisible decay width

G inv~Z→n8s!<3G053
G

Gm
G0

SM, ~3.30!

could, in principle, even exceed 3G0
SM, where G0

SM is the
standard model width.

In a similar way the experimental value of the pseud
scalar meson decay constantf h is obtained by comparing th
standard model prediction for the hadron leptonic de
width

GSM~h→ ln l !5
Gm

2 f h
2VKM

2 mh
3

8p
R hlG1

hl , ~3.31!

with experimental data. The values off h quoted in PDG
depend on the type of radiative corrections use@15,16#. The
extracted valuesf p5130.760.4 MeV and f K5159.861.5
MeV @1#, were obtained using the expression ofRhl as in our
Appendix.

Here also the numerical values ofFp and FK are not
equal to the numerical values off p and f K given above,
since the constantFh that appears in Eq.~3.17! is related to
f h in Eq. ~3.31! by

G1
hmGm

2 f h
25G2Fh

2f hm~x,y,dhm ,dPl ,dFl !. ~3.32!

IV. EXPERIMENTAL CONSTRAINTS ON MIXING
ANGLES AND NEUTRINO MASSES

As we explained in the previous section the values ofG2

andFh are unknown in MMRN. So we will use theoretica
ratios to eliminate the dependence on these paramete
compare our expressions with experimental results. We
now write down the theoretical expressions that can be
rectly compared to the experimental data found in Table

Using Eqs.~3.11!–~3.13! we obtain

S mm

mt
D 5 Gte

Gme
5
R t f te~x,y,det ,dPt ,dFt!

R m f me~x,y,dem ,dPm ,dFm!
5S mm

mt
D 5Btetm

Bmett

[S Gt

Gm
D 2

, ~4.1!

with tt andtm being respectively the tau and the muon lif
times,Bl 8 l the branching ratio for the decayl 8→ l n̄ ln l 8 and

Gtm

Gte
5

f tm~x,y,dmt ,dPt ,dFt!

f te~x,y,det ,dPt ,dFt!
5

Btm

Bte
. ~4.2!

From Eqs.~3.17!, ~3.21! and~3.22! we obtain for the pion
decays

Gpe

Gpm
5
R pef pe~x,y,dpe ,dPe ,dFe!

Rpm f pm~x,y,dpm ,dPm ,dFm!
5

Bpe

Bpm
, ~4.3!

where Bp l is the branching ratio for the decayp→ ln l ( l
5m,e). For the kaon decays an alike expression can be
rived. Before we give this expression we would like to ma
some remarks.
11301
-
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Kaon leptonic decay measurements are not only less
cise than the pion leptonic decay ones but also suffer from
important background contamination. The average lepto
width given in PDG is dominated by the result of one e
periment, the CERN-Heidelberg experiment@17,18#. In order
to avoid the contamination ofKl2 (K1→ l 1n l) events by
beta decayKl3 (K1→ l 1n lp

0) events, experimentalists ar
forced to impose a cut in the measured momentum of
final charged lepton. For massless neutrinos inKl2 decays
one expects the momentumpl ( l 5e,m), to be monochro-
matic, i.e.,pe5247 MeV for the electron channel andpm
5236 MeV for the muon channel. Based on this,Ke2 events
are experimentally characterized as having 240 MeV<pe
<260 MeV andKm2 events as having 220 MeV<pm<252
MeV @17,18#.

If neutrinos produced in these decays are massive we
pected as many lines in the spectrum of charged lepton as
number of massive neutrinos. For a massive neutrino w
massmi

mK5Apl~mi !
21ml

21Apl~mi !
21mi

2,

which can be solved in terms of the final lepton momentu
pl(mi), giving @19#

pl~mi !5pl~0!A12
2~mK

2 1ml
2!mi

22mi
4

4mK
2 pl~0!2

, ~4.4!

TABLE I. Experimental values and ratios used to constrain
mixing parameters. (!) This value ofG inv was actually taken from
Ref. @20#.

Based on PDG 1998 Data
mt 1777.0520.26

10.29 MeV
mm 105.65838960.000034 MeV
me 0.5109990760.00000015 MeV
mp 139.5699560.00035 MeV
mK 493.67760.016 MeV
mW 80.4160.10 GeV
tt 290.061.2310215 s
tm (2.1970360.00004)31026 s
tp (2.603360.0005)31028 s
tK (1.238660.0024)31028 s
Btm 17.3760.09
Bte 17.8160.07
Bpe (1.23060.004)31024

Bpm (99.9877060.00004)31022

BKe (1.5560.07)31025

BKm (63.5160.18)31022

(Gt /Gm)2 1.002760.0089
Btm

Bte 0.975360.0089

Bpe

Bpm (1.230260.004)31024

BKe

BKm (2.440660.1171)31025

G inv(Z→n8s) 500.161.8 MeV(!)
4-5
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whereml is the mass of the charged lepton andmK is the
mass of the kaon andpl(0) is the momentum for a massle
neutrinopl(0)5(mK

2 2ml
2)/2mK .

The experimental lower cut in the momentum of the fin
lepton together with Eq.~4.4! imply a maximum value for
the observable neutrino mass@11#. Explicitly for pe.240
MeV we havemi,me

cut582 MeV and forpm.220 MeV,
mi,mm

cut5118 MeV. That means, neutrinos with a ma
greater than 118 MeV are not visible in either of these
cays.

These restrictions imply that Eqs.~3.21! and ~3.22! will
have to be changed for the kaon case:f Ke→ f̂ Ke where

f̂ Ke~x,y,dKe ,dPe ,dFe!5~12x!G1
Ke1~12z!xGP

Ke

3u~me
cut2mP!1zxGF

Ke

3u~me
cut2mF!, ~4.5!

and alsof Km→ f̂ Km where

f̂ Km~x,y,dKm ,dPm ,dFm!5~yx112y!G1
Km1~12z!

3~12x!yGP
Kmu~mm

cut2mP!

1y~12x!zGF
Kmu~mm

cut2mF!,

~4.6!

so that finally we have

GKe

GKm
5
R Kef̂ Ke~x,y,dKe ,dPe ,dFe!

RKm f̂ Km~x,y,dKm ,dPm ,dFm!
5

BKe

BKm
, ~4.7!
b
s
d

w

s

lu

11301
l

-

where BKl is the branching ratio for the decayK→ ln l ( l
5m,e).

For theZ0 invisible width we use

G inv~Z→n8s!5A G11
me

f me~x,y,dem ,dPm ,dFm!
G0

SM

3„21~12z2!xPP

12~12z!zxPF1z2xFF…. ~4.8!

Now to establish the allowed regions for the free para
eters of MMRN we have built thex2 function

x2~x,y,mP ,mF!5 (
i 51,5

~Fi2Fi
exp!2

s i
2

, ~4.9!

where eachFi is the theoretical value calculated using one
the expressions given in Eqs.~4.1!,~4.2!,~4.3!, ~4.7! and
~4.8!, and Fi

exp and s i are its corresponding experiment
value and error according to Table I.

We have minimized thisx2 function with respect to its
four parameters. The minimumx2 found for one DOF~five
experimental data points minus four free parameters! is
xmin

2 51.29 forx50.2231025, y50.47,mP50.28 MeV and
mF51.10 MeV, this is a bit smaller thanxSM

2 5 1.33, that we
get for x5y5z50. The error matrix corresponding to th
result of our minimization is
S VmPmP
VmPmF

VmPx VmPy

VmFmP
VmFmF

VmFx VmFy

VxmP
VxmF

Vxx Vxy

VymP
VymF

Vyx Vyy

D 5S 0.6931027 0.5131025 0.1531029 0

0.5131025 0.4331023 0.1231027 0

0.1531029 0.1231027 0.72310212 0

0 0 0 0.36310211
D . ~4.10!
s

um
-
r
es-
ends
We have computed the 90% C.L. contours determined
the conditionx25xmin

2 17.78. In order to display our result
we have fixed the values ofmF and presented the allowe
regions in amP3y plot for several values ofx. We have
chosen to display the allowed regions for four differentmF
values to give an idea of the general behavior. This is sho
in Fig. 1.

We note that ourx2 function is very sensitive to change
in x and mP but rather not so sensitive toy or mF . This
behavior reflects on the fact that the maximum possible va
of mP for each contour we have obtained, reached aty→0,
is very sensitive tox but not so sensitive tomF . For x
.1024 we see that the maximum allowedmP depends on
y

n

e

mF but is almost independent ofy. In fact, this is expected a
all our expressions become independent ofy as x→1. The
absolute maximum allowed value ofmP , for x,y→0, con-
sistent with the data is.40 MeV. This is still true even if
mF.1 TeV.

We observe that the contours in themP3y plane have
basically the same shape and allow for a lower maxim
value ofmP as a function ofy and asmF decreases. Never
theless there are two values formF that change the behavio
of the allowed contours. This is due to the fact that the pr
ence of massive neutrinos in the considered decays dep
on kinematical constraints. AtmF5mK2me higher values of
4-6
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FIG. 1. Below each of the displayed curves, for a fixed value ofx, we have the allowed region in the planemF3y, at 90% C.L. for~a!
mF51 TeV, ~b! mF51 GeV, ~c! mF50.1 GeV and~d! mF510 MeV.
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mP as a function ofy become possible, heremF starts to
participate in kaon decays. At this point the contour cu
changes a little bit its shape and becomes less restric
From then on, asmF decreases, the allowed curves sha
once more the same shape and start again to constrai
parameters. AtmF5mp2mm we have a new change of be
havior and higher values ofmP become allowed since now
mF can participate of all pion decays. Again after that f
smaller values ofmF the curves will confine even more th
parameters.

In Fig. 1~a! we see below each one of the curves t
allowed regions, at 90% C.L., ofmP as a function ofy for
mF51 TeV and four different values ofx. In Fig. 1~b! we
see the same contours formF51 GeV. We note that the
allowed regions are not much more limited than in the p
vious case even though we have decreasedmF by three or-
ders of magnitude. In Fig. 1~c! we see the allowed contour
for mF50.1 GeV. Here we have already passed bymF
5mK2me where the first change in behavior occurred.
nally in Fig. 1~d! we see the allowed contours formF510
MeV. Some comments are in order here. One can see tha
allowed regions in this case, althoughmF is much smaller
than in Fig. 1~c! are less restrictive. This is because we ha
crossed the valuemF5mp2mm as explained above. Not
11301
e
e.
e
the

r

-

-

the

e

also that for the lowest values ofx the curves are interrupte
by the condition thatmP<mF , this means that fory&0.15
the only prerequisite ismP<mF .

For 1022<x<1 the maximum allowedmP is really inde-
pendent ofy. This case can be subdivided into three regio
~i! for mF.495 MeV,mP

max is also independent ofmF as can
be seen in Table II;~ii ! for smaller values ofmF the product
mP

max3x is constant withmF as shown in Table III and~iii !
for mF,43 keV there is no restriction onx and y for mP
<mF .

Note that our analysis was done in the context of a s
cific model and that we did not impose thead hoc limit to
neutrino masses used in Ref.@5#.

Some general remarks about our results are in order h
The Z0 invisible width measurement at LEP along with th

TABLE II. Values of mP
max for mF>495 MeV and 1022<x

<1.

x mP
max ~MeV!

1 4.331022

1021 1.331021

1022 4.331021
4-7
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pion decay data were by far the most significant experim
tal constraints to the model parameters. The invisible wi
is today an extremely precise measurement and as
should expect imposes great restrictions on neutrinos c
plings. The pion decay measurements are also very pre
and being phase space limited two body decays they h
great power in constraining neutrino masses and coupling
long as they can participate in pion decays. On the ot
hand the kaon decay and the lepton decay data we h
analyzed have not been so effective in constraining
model. Kaon decays unfortunately suffer from experimen
contamination which makes their data less useful at
present moment than one should hope it to be. We wo
expect that experimental improvements here would af
our results. Them andt lepton decays are three body deca
containing two neutrinos in the final state. This explains
fact that although the experimental measurements are q
accurate the overall effect of these data is not so constric
to masses and couplings of individual neutrinos.

V. NEUTRINOLESS DOUBLE- b DECAY

Besides the experimental limits already imposed by
decays in the previous section, since our neutrinos have
jorana nature, we can hope to further restrict the mixing
rameters of the model by imposing the constraint com
from the nonobservation of neutrinoless double-b decays,
i.e., ~A,Z!→~A,Z12! 12e2 transitions. This type of proces
can be analyzed in terms of an effective neutrino mass^mn&
given in MMRN by @21#

^mn&5 (
i 5P,F

~FR!ei
2 miF~mi ,A!, ~5.1!

whereF(mi ,A) is the matrix element for the nuclear trans
tion which is a function of the neutrino massmi . This has
been computed in the literature for a number of differe
nuclei as the ratio@22#

F~mi ,A!5
MGT~mi !2MF~mi !

MGT~0!2MF~0!
. ~5.2!

The best experimental limit on neutrinoless double-b de-
cay comes from the observation of the nuclear transit
76Ge→76Se. The result of the calculation of the nuclear m
trix element F(mi ,A) for 76Ge→76Se transitions can be
found in Ref.@22# and we will now refer to this simply as
F(mi). This ratio is unity formi&40 MeV. For 40 MeV

TABLE III. Values of mP
max3x for mF<100 MeV and 1022

<x<1.

mF ~MeV! mP
max3x ~MeV!

100 7.531025

35 6.0531025

10 1.8831024

1 1.8731023

0.1 1.8731022
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,mi,1 GeV we have used the following parabolic fit th
agrees with Fig. 8 of Ref.@22# up to less than 10%

log F~mi !5237.96110.1 logmi20.6719~ log mi !
2,
~5.3!

and formi.1 GeV one can use

F~mi !53.2~108 eV/mi !
2, ~5.4!

with mi in eV in both of the above expressions.
We have used Eqs.~5.3! and~5.4! along with the current

best experimental limitu^mn&u,0.6 eV at 90% C.L.@4# to
draw our conclusions about the possible extra constra
that might be imposed to our previous results.

Due to the behavior of the nuclear matrix elementF(mi)
in 76Ge→76Se transitions and taken into account our pre
ous results which always excludemP.40 MeV, we con-
clude that we have in MMRN three different regions to i
spect:~a! mP ,mF<40 MeV; ~b! mP,40 MeV and 40 MeV
,mF,1 GeV; ~c! mP,40 MeV andmF>1 GeV.

In case~a! F(mP)5F(mF)51 and Eq.~5.1! gives

^mn&5~FR!eP
2 mP1~FR!eF

2 mF5sb
2~2ca

2mP1sa
2mF!50;

~5.5!

here, it is clear, the mixing parameters cannot be furt
constrained by the neutrinoless double-b decay limit. In
cases~b! and ~c! we haveF(mP)51 and

^mn&5sb
2sa

2mF„F~mF!21…5xzmF„F~mF!21…, ~5.6!

so in these cases extra limits on the mixing parameters
be expected.

Using Eq. ~5.3! in Eq. ~5.6! and imposing the curren
experimental limit of 0.6 eV one gets the maximum possi
value of the productxz allowed by the data. In region~c! we
use Eq.~5.4! in Eq. ~5.6! and again impose the experiment
limit. This procedure permits us to compute the maximu
allowed value formP , mP

max, as a function ofx for a given
mF . This can be seen in Fig. 2 for three different values
mF .

For example in region~c!, for mF51 TeV andx;1025,
mP&0.06 MeV. In region ~b! for mF50.1 GeV andx
;1025, mP&0.2 MeV. Both results are independent of th
values ofy. For higher values ofx the limits onmP are even
more strict. We see from this that in regions~b! and ~c! the
neutrinoless double-b decay limit can severely constrain th
parameters of the model.

VI. CONCLUSIONS

We have analyzed the constraints imposed by recent
perimental data fromm decay,t, p, andK leptonic decays,
the Z0 invisible width on the values of the four mixing pa
rameters,x, y, mP , andmF , of the MMRN model.

We have found regions allowed by the combined data
90% C.L. in the four parameter space. These allowed reg
are very sensitive to changes in the values ofx and not so
sensitive to changes iny. We were also able to find that th
maximum possible value for the lightest neutrino massmP ,
4-8
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FIG. 2. Maximum allowed value ofmP as a function ofx for three different values ofmF compatible with the neutrinoless double-b
decay limit.
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obtained in the limitx,y→0, is about 40 MeV, even ifmF
.1 TeV. Although this is not so restrictive as the maximu
value ofnt obtained experimentally by ALEPH@1# it is very
interesting to see that the electroweak data alone can
rectly lead to a value already so limited.

We also have investigated and found that formF.40
MeV the most recent neutrinoless double-b decay limit can
constrain considerably more the model free parameters
particularly the maximum allowed value ofmP . For instance
if mF51 TeV andx51, thenmP

max;0.6 eV.
After combining the results from the particle decay ana

sis with the constraints from neutrinoless double-b decay we
get, finally, ~a! for mP ,mF<40 MeV, the constraints on th
free parameters are simply given by accelerator decay d
such as in Fig. 1~d!, and~b! for mF.40 MeV, the limit from
neutrinoless double-b decay constrains the maximum valu
of mP to much smaller values than what are still possi
with the accelerator data, as shown in Fig. 2.

We have not used the available data on charm~or even
beauty! meson leptonic decay modes such asDs→mnm and
Ds→tnt . This data have very large uncertainties attache
them and would not affect our results at the present mom
We also have not used the data fromt→p(3p)nt due to the
fact that they are experimentally less precise and theo
cally more problematic thant leptonic decays. We do no
think these two modes would affect very much, if at all, o
conclusions.
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APPENDIX: RADIATIVE CORRECTION FORMULAS

The leading radiative corrections to the lepton decay p
cessl 8→ l n̄ ln l 8 , R l 8, are given by@23#
11301
di-

in

-

ta,

to
t.

ti-

r

,

-

R l 85F11
a~ml 8!

2p S 25

4
2p2D G S 11

3ml 8
2

5mW
2 D , ~A1!

whereml 8 is the initial lepton mass,mW is theW boson mass
anda(ml 8) is the running electromagnetic coupling consta

The leading radiative corrections to hadron leptonic d
caysRhl are given by@1,16#

Rhl5F11
2a

p
lnS MZ

mr
D GF11

a

p
F~d lh!G H 12

a

p F3

2
lnS mr

mh
D

1C11C2

ml
2

mr
2

lnS mr
2

ml
2D 1C3

ml
2

mr
2

1•••G J , ~A2!

where

F~x!53 lnx1
13219x2

8~12x2!
2

825x2

2~12x2!2
x2 ln x

22S 11x2

12x2
ln x11D ln~12x2!

12S 11x2

12x2D L~12x2!. ~A3!

Here,mr5796 MeV is ther meson mass,MZ theZ0 boson
mass,a is the fine structure constant andml is the final
lepton mass.Ci are structure constants whose numeri
value have large uncertainties and for this reason these te
will be neglected by us@1#. Also, in the above,L(z) is de-
fined by

L~z!5E
0

z ln~12t !

t
dt. ~A4!
4-9



ys
.

t t
om
ffi
a

or
ay

ich

ur

s.

,

PERES, FREITAS, AND FUNCHAL PHYSICAL REVIEW D59 113014
@1# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1
~1998!.

@2# O. L. G. Peres, V. Pleitez, and R. Zukanovich Funchal, Ph
Rev. D 50, 513 ~1994!; M. M. Guzzo, O. L. G. Peres, V
Pleitez, and R. Zukanovich Funchal,ibid. 53, 2851~1996!; A.
Bottino et al., ibid. 53, 6361~1996!.

@3# Since its 1996 edition the Particle Data Group decided no
use the experimental limits on the electron neutrino mass c
ing from the tritium beta decay experiments due to the di
culty in interpreting the significant negative square mass v
ues in many of these experiments. Their evaluation of themne

limit is dominated by the SN 1987A data. Nevertheless a m
stringent limit has been obtained by the Troitsk tritium dec
experiment in Phys. Lett. B350, 263 ~1995!.

@4# M. Güntheret al., Phys. Rev. D55, 54 ~1997!.
@5# L. N. Chang, D. Ng, and J. N. Ng, Phys. Rev. D50, 4589

~1994!.
@6# C. Jarlskog, Nucl. Phys.A518, 129 ~1990!; Phys. Lett. B241,

579 ~1990!.
@7# K. S. Babu and E. Ma, Phys. Lett. B228, 508 ~1989!.
@8# D. Choudhuryet al., Phys. Rev. D50, 3468~1994!.
@9# N. Hataet al., Phys. Rev. D55, 540 ~1997!.

@10# R. R. L. Sharma and N. K. Sharma, Phys. Rev. D29, 1533
~1984!.
11301
.

o
-

-
l-

e

@11# R. Shrock, Phys. Rev. D24, 1275 ~1981!; Phys. Lett.112B,
382 ~1982!.

@12# C. O. Escobar, O. L. G. Peres, V. Pleitez, and R. Zukanov
Funchal, Phys. Rev. D47, R1747~1993!.

@13# P. Kalyniak and J. N. Ng, Phys. Rev. D24, 1874~1981!.
@14# G. Degrassi, S. Fanchiotti, and A. Sirlin, Nucl. Phys.B351, 49

~1991!.
@15# M. Finkemeier, Phys. Lett. B387, 391 ~1996!.
@16# W. J. Marciano, and A. Sirlin, Phys. Rev. Lett.71, 3629

~1993!.
@17# K. S. Heardet al., Phys. Lett.55B, 327 ~1975!.
@18# J. Heintzeet al., Phys. Lett.60B, 302 ~1976!.
@19# R. G. Winter, Lett. Nuovo Cimento30, 101 ~1981!.
@20# The LEP Collaboration ALEPH, DELPHI, L3, OPAL, the LEP

Electroweak Working Group and the SLD Heavy Flavo
Group, D. Abbaneoet al., CERN-PPE/97-154.

@21# M. Doi, T. Kotani, and E. Takashugi, Prog. Theor. Phy
Suppl.83, 1 ~1985!.

@22# K. Muto, E. Bender, and H. V. Klapdor, Z. Phys. A334, 187
~1989!; A. Staudt, K. Muto, and H. V. Klapdor–Kleingrothaus
Europhys. Lett.13, 31 ~1990!.

@23# W. J. Marciano and A. Sirlin, Phys. Rev. Lett.56, 22 ~1986!.
4-10


