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Abstract

We investigate the sensitivity of some weak processes to the simplest ex-
tension of the Standard Model with Majorana neutrinos mixing in the leptonic
sector. Values for mixing angles and masses compatible with several experi-
mental accelerator data and the most recent neutrinoless double-3 decay limit
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I. INTRODUCTION

Experimental neutrino physics has regained great interest in the latest years, with many
new experiments presently taking data or in preparation for the near future. This is justified
because although the Standard Model has been vigorously tested experimentally and seems
to be a remarkably successful description of nature, its neutrino sector has yet been poorly
scrutinized. We believe that this still mysterious area of particle physics may give us some
hint on the physics beyond the Standard Model.

It is a common prejudice in the literature to assume the conservation of the leptonic
number and to think about neutrinos as Dirac particles much lighter than any of the charged
leptons we know. Nevertheless there are no theoretically compelling reasons why the leptonic
number should be a conserved quantity or why neutrinos should not have a mass comparable
to the charged fermions. It is clear that only the confrontation of theory with experimental
data will eventually clarify the problem of neutrino mass and nature.

Many direct limits on neutrino mass have been obtained 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-3 decay which, in general, is a process
that will not occur unless one has a Majorana neutrino involved as an intermediate particle.
Here also experiments have obtained only limits on the so called effective neutrino mass [4]. -
As a rule experimental analysis are model dependent and cannot be quoted as a general
result.

In the hope of contributing to the understanding of neutrinos physics we have accom-
plished a comprehensive study of the constraints imposed by recent experimental data on
lepton decays, pion and kaon leptonic decays as well as by the Z° invisible width mea-
surement performed by the LEP experiments to the simplest model containing Majorana
neutrinos. )

We will consider a very simple extension of the standard electroweak model which consists
in adding to its particle content a right-handed neutrino transforming as a singlet under
SU(2)r ® U(1)y. This will be referred as the Minimal Model with Right-handed Neutrino
(MMRN). Next, by allowing it to mix with all the left-handed neutrinos we obtain that there
are, at the tree level, two massless neutrinos (m;, mz) and two massive ones (mp, mp) [6].

It is interesting to note that this simple extension of the Standard Model imposes a mass
hierarchy for neutrinos. The massless neutrinos (m;, m,) can acquire very small mass by
radiative corrections [7,8]. This seems to be consistent with the recent evaluation of the the
number of light neutrino species from big bang nucleosynthesis [9].

The outline of this work is as follows. In Sec. II the model consider is briefly reviewed.
In Sec. IIT we consider the effects of mixing for the decay width of the muon, for the partial
leptonic decay widths of the tau, pion and kaon and for the Z9 invisible width. These are the
quantities that are calculated theoretically. In Sec. IV we compare our theoretical results
with recent experimental data and obtain from this comparison allowed regions for mixing
angles and masses. In Sec. V we investigate the possibility of further constraining our results
with the present best limit from neutrinoless double-3 decay experiments. Finally, in the
last section we establish our conclusions.
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II. A BRIEF DESCRIPTION OF THE MODEL
In the MMRN the most general form of the neutrino mass term is

| R—
.Cﬂ/! = - Z aaT/;LNR — §MN}C2NR + H.C._ (21)

a=€,ll,T

- where the left-handed neutrino fields are the usual flavor eigenstates and we have assumed

that the charged leptons have already been diagonalized. In this model, there are four
physical neutrinos vy, v, vp and vy, the first two are massless (my = my = 0) and the last
two are massive Majorana neutrinos with masses

1
= TR0 g =BT,

where a* = a2 + ai + aZ.
In terms of the physical fields the charged current interactions are

e
£CC = % (7 7 F 75 )17"0R ﬁ Wi+ He, (2.3)
0/,
where ¢ = diag(1,1,4,1) and R is the matrix
Rel R“I R—,—l Rm Cp =848y  —S8aly 0
Re2 RjuZ RTQ RU“Z e 0 Cy —3y 0 . (24)
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In Eq. (2.4) c and s denote the cosine and the sine of the respective arguments. The angles
@, 3 and 7y lie in the first quadrant and are related to the mass parameter as follows

$a = y/mp/(mp + mg), (2.5)

Sg = Ge/a, cgsy = au/a, csey = a.fa. (2.6)

The choice of parameterization is such that for o = g =y =0, 13 — v, vy — v, and
vp — I/:_.

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

1 0 0 0 Vl
NG _ —— e ] 01 0 0 V9
- 4 cos By (Vl 2 b Ur )qu 0 0 ¢ icasa || vp Zuy+He (27)
0 0 —icysn 82 ve ),

Notice that there are four independent parameters in MMRN. We will choose them to
be the angles § and v and the two Majorana masses mp and mz. These are the parameters
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 be used in our analysis for muon
and tau leptonic decays, pion and kaon leptonic decays and the Z° invisible width. The
coupling constant &G and the decay constants F, and Fx used in our theoretical expressions
have not the same values of the standard G,, f; and fx 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 the partial decay width of a lepton
into a lepton { and two neutrinos vy in the context of MMRN as

2
CILR {(Berl + Reof’) (1Rl + Rl T

+ (1B PR + |Real] + [Rep[| B * + [Rel]) T
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F(l’ — lljﬂllr) =

with " = p, 7 and [ = e, u for the tau decays and ! = e for the muon decay. Notice that G?
in Eq. (3.1) is the universal constant defined as G?/v/2 = g2/8m3,.
In Eq. (3.1) we have used the integrals

it =9 [ )3[L(3k — 2t) — Bdt, (3.2)
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with

k=148, B=4(k-1), Sp=—L & =_L (3.7)
my my
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where ¢,j = 1,2, P, F'; J,J' = P, F; myy) are the corresponding lepton masses; I} and ret
are respectively the phase space contributions to the I’ — I7uy 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 simply 1"%,, but since
here they are Majorana neutrinos there is an additional contribution I"%,. The quantity
RY describes the leading radiative corrections to the lepton decay process that can be found
in the Appendix.

Explicitly using the parameterization given in Eq. (2.4) and defining = = 53, y = 5,2), and

z = 52 we obtain

2,0,

G“m
e — ev,7,) =% = o5 R T, Y, Oeps s O, (3.11)

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

G*m?d
I'r = ev,p,) =T = Wﬂ'g "2, Y,y er, Opr, O ), (3.12)
o G*m? |
D(r — pvpp,) =T = E§_7T_ERTfTﬂ($, Y, 8 rs Oprs 6, (3.13)

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

TP, Y, Geps Oy Or) = [y + (1 — ) (1 — 2) T%§
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B. Pion and Kaon leptonic decays

We will also consider decays such as h — [+ v; where h=m, K and [ =e¢,p.
The partial width for the leptonic decay of hadrons in MMRN is

L(h— ) =TM
= -G—ZF—J!ZTKEMRMJCM(% Y Ont, Sp1, 61, (3.17)
with my being the mass of the hadron A and .
™2, , 800, 071, 651) = [(|1Bul® + | Beal”) T + | Rip [T + | Ry T] (3.18)
where I'# is the massless neutrino contribution given by
DY = (8h = G125 (1,63, 0), (3.19)
and T} are the massive neutrino contributions [11]
LY = (60 + 6% — (68 — 03)7] M (1,68, 82)8(mp — my — my), (3.20)

J =P F, oy = my/my, V2, is the appropriate Cabibbo-Kobayashi-Maskawa matrix ele-
ment of the quark sector and A is the triangular function defined by

Ma,b,¢) = a® + 8% + ¢® — 2(ab + ac + bc).

The quantity Ry, in Eq.(3.17) represents the leading radiative corrections to the hadron
h decay given in the Appendix.
In particular when the final state is a muon we have

(2, y, Bny, 6pp, Opy) = (|Rp1|2 + lRu2|2) T + |Rup>T™ + |R,p 2T
=(yz+1-y) TP+ y(1 — 2)(1 - )P + y(1 — 2)2TH,  (3.21)
and when the final state is an electron
F"(@, Y, Ones Fpes Bpe) = (|Rerl* + | Reaf*) T + | Rep [T + | Rom 2T
= (1 — )l + (1 — 2)2al 4 2zl (3.22)




C. Z° invisible width

In this section we will extend and update our previous analysis in Ref. [12]. In the
MMRN scheme the Z° partial invisible width can be written as [6]

I'(Z = 's) =T(2 + (1 ~ 2)xpp +2(1 - 2)zxpr + 24xFr), (3.23)
where I'y is given by

GM:
To= —=2(3% + %), 3.24
0= ¢ ﬁﬁ(ngrgA) (3.24)

and the electroweak corrections to the width are incorporated in the couplings gy and 74,

O, w2 )
Xij = M2 Xy0(Mz — m; — my), (3.25)

here 4, j = P, F’; X is the usual triangular function already defined and X;; include the mass
dependence of the matrix elements. Explicitly,

2
Xpp=1—47F

MZ
2
m
Xpp=1~4-F
FE M%,
Am’ mb + 3mpmp  (Ambp)?
Xpp=1-—"T=EL P ~ £r_ (3.26)
2M2 M2 4M%
where we have defined Am%, = m% — m%. Thus, Xi; are bounded by unity whereby
(7 = 1's) < 3T, (3.27)

D. Comment on G and F,

It is common to assume that standard processes will practically not be affected, at tree
level, by the introduction of new physics, and that the most effective way of constraining
new physics is by looking at exotic processes. This is correct in most situations envisaged
in the literature. For instance in Ref. [13] the emphasis is given to lepton flavor violation
processes like 4 — ey. Nevertheless we would like to point out that constants used in the
standard weak decays may take different values as a consequence of mixing.

The experimental value for the muon decay constant, G, is obtained by comparing the
Standard Model formula for the muon decay width '

Gym}

s R, (3.28)

]_'\SM = —
(1 — ed.v,) 907
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with the measured muon lifetime. As the error obtained in this way is very small, G, is
often used as an input in the calculations of radiative corrections {14].

Now if we have mixing the expression for the muon decay width is modified as in
Eq. (3.11). So that comparing this equation with Eq. (3.28), it is clear that the numer-
ical value of (G, is not equal to the numerical value of G, as a general rule, independently of
the accuracy of GG, determination. They are related by:

,_ Ik
flie(x’ Y, 6&,&: 5P,LL1 5Fp,)

From Egs. (3.14) and (3.29) we see that G > G,. A consequence of this is that the Z°
invisible decay width

(3.29)

T'™(Z = 's) < 3Ty = 3g—r§M, (3.30)
©

could, in principle, even exceed 3 I'5™, where T'$M is the Standard Model width.
In a similar way the experimental value of the pseudoscalar meson decay constant fj is
obtained by comparing the Standard Model prediction for the hadron leptonic decay width

GifEV;%Mm?:
8w

with experimental data. The values of f), quoted in PDG depend on the type of radiative
corrections used [15,16]. The extracted values fr = 130.7 £ 0.4 MeV and fx = 159.8 + 1.5
MeV [1], were obtained using the expression of Ry, as in our Appendix.

Here also the numerical values of F, and Fy are not equal to the numerical values of
Jr and fx given above, since the constant Fj, that appears in Eq. (3.17) is related to f, in
Eq. {3.31) by

PSM(h — lI/,g) = Rh;l—‘ifl, (331)

F?nGifff = GQFi’ffh'u($1 Y, Jh,tn 6Pl: 5Fl) (332)

IV. EXPERIMENTAL CONSTRAINTS ON MIXING ANGLES AND NEUTRINO
MASSES

As we explained in the previous section the values of G* and Fj, are unknown in MMRN.
So we will used theoretical ratios to eliminate the dependence on these parameters to com-
pare our expressions with experimental results. We will now write down the theoretical
expressions that can be directly compared to the experimental data found in Table 1.
Using Eqgs. (3.11) — (3.13) we obtain

Brer

(%)5 TTe _ R‘J‘f‘re(x,y’ 5e1-15Pn5F1-) _ (ﬂ)s BTET,u _ & 2 (4 1)
mr e R,uf,ue (331 Y, 584&: 6P,u, 6F,u) B mr G,u ’ .
with 7, and 7, being respectively the tau and the muon lifetimes, B"! the branching ratio
for the decay I’ — {pjy and




= _ fTM(xyy! 5]17‘! §PTJJFT) _ B¢

= = . 4.2
['7e fTe(x? Y, 5&1’) 6}3‘1'3 6F‘r) Bre ( )
From Egs. (3.17), {3.21) and (3.22) we obtain for the pion decays
rme _ R?refﬂe(ma Y, 51!'8: 5Pe: 5Fe) - BT (43)

[me B Rrpfwu(mvyséﬂuaaPuidFﬁ) a BW“’

where B™ is the branching ratio for the decay = — Iy ({ = p,e). For the kaon decays an
alike expression can be derived. Before we give this expression we would like to make some
remarks.

Kaon leptonic decay measurements are not only less precise than the pion leptonic decay
ones but also suffer from an important background contamination. The average leptonic
width given in PDG is dominated by the result of one experiment, the CERN-Heidelberg
experiment [17,18]. In order to avoid the contamination of Kj (K — [tu;) events by
beta decay Kz (K™ — [*u7®) events, experimentalists are forced to impose a cut in the
measured momentum of the final charged lepton. For massless neutrinos in K)o decays one
expects the momentum p; (I = e, u), to be monochromatic i.e., p. = 247 MeV for the
electron channel and p, = 236 MeV for the muon channel. Based on this, K., events are
experimentally characterizes as having 240 MeV < p, < 260 MeV and K., events as having
220 - MeV < p, <252 MeV [17,18].

If neutrinos produced in these decays are massive we expected as many lines in the
spectrum of charged lepton as the number of massive neutrinos. For a massive neutrino
with mass m;

Mg = \/pl(mi)g + mlz + \/pz(mi)z + m,?,

which can be solved in terms of the final lepton momentum, p,;(m;), giving [19]

2(m% +mYm? —m?

4pr;(0) (44)

2
i
2 ?

pi(m;) = pa(U)\j 1-

where 7y is the mass of the charged lepton and my is the mass of the kaon and p;(0) is the
m% — m?
2m K

The experimental lower cut in the momentum of the final lepton together with Eq.(4.4)
imply a maximum value for the observable neutrino mass [11]. Explicitly for p, > 240 MeV
we have m; < mZ™ = 82 MeV and for p, > 220 MeV, m; < m$* = 118 MeV. That means,
neutrinos with a mass greater than 118 MeV are not visible in elther of these decays.

These restrictions imply that Eqs. (3.21) and (3.22) will have to be changed for the kaon

case : f¥¢ 5 fKe where

momentum for a massless neutrino p,(0) =

fKe(xs Y, 6}’{67 61’85 §FE) = (1 - :C)Fffe + (1 - Z)er 9( ot — P) -+ Zxrgeg(mEUt - mF):
(4.5)

and also fE# — fKi where




F544 9, O e Or) = (yo +1 = DF* + (1 = 2)(1 = )T E#6(me — mp)

+y(1 — )2l FH0(me — mp), (4.6)

so that finally we have

e _ RKefKe(:Ua y:aKE:aPea JFe) _ BKE
IR RKufK“(xyy;de(stan) BXw

(4.7)

where B®! is the branching ratio for the decay K — Iy, (I = p, e).
For the Z° invisible width we use

G
f”‘e(ma Y, 58#: 5P,u: 5F,u)

'™(Z —'s) = \J sM(2 + (1~ 2%)xpp +2(1 — 2)zxprr + 22 XFF).

(4.8)

Now to establish the allowed regions for the free parameters of MMRN we have built the
x? function

(F: = FEoy

b 3
o; :

X2($:y;mP,mF) = Z (49)

i=1,5
where each F; is the theoretical value calculated using one of the expressions given in Eqs.
(4.1),(4.2),{4.3), (4.7) and (4.8), and F*® and o; are its corresponding experimental value
and error according to Table 1. .

We have minimized this x* function with respect to its four parameters. The minimum
x* found for one d.o.f. (five experimental data points minus four free parameters) is 2, =
1.29, this is a bit smaller than x2,, = 1.33, that we get for £ = y = z = 0. We have
computed the 90% C.L. contours determined by the condition x? = x2.. + 7.78. In order
to display our results we have fixed the values of my and presented the allowed regions in a
mp % y plot for several values of z. We have chosen to display the allowed regions for four
different my values to give an idea of the general behavior. This is shown in Figs. 1.

We note that our x? function is very sensitive to changes in x and mp but rather not so
sensitive to y or mp. This behavior reflects on the fact that the maximum possible value of
mp for each contour we have obtained, reached at y — 0, is very sensitive to z but not so
sensitive to mp. For z > 107" we see that the maximum allowed mp depends on mg but is
almost independent of 3. In fact, this is expected as all our expressions become independent
of y as z — 1. The absolute maximum allowed value of mp, for z,y — 0, consistent with
the data is ~ 40 MeV. This is still true even if mp > 1 TeV.

We observe that the contours in the mp x y plane have basically the same shape and allow
for a lower maximum value of mp as a function of y and as mp decreases. Nevertheless there
are two values for mp that change the behavior of the allowed contours. This is due to the
fact that the presence of massive neutrinos in the considered decays depends on kinematical
constraints. At mp = mg — m, higher values of mp as a function of y become possible,
here mp starts to participate in kaon decays. At this point the contour curve changes a
little bit its shape and becomes less restrictive. From then on, as mg decreases, the allowed
curves share once more the same shape and start again to constrain the parameters. At
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mp = My —m, we have a new change of behavior and higher values of mp become allowed
since now mp can participate of all pion decays. Again after that for smaller values of mp
the curves will confine even more the parameters.

In Fig. 1(a) we see bellow each one of the curves the allowed regions, at 90% C.L., of
mp as a function of y for mp = 1 TeV and four different values of z. In Fig. 1(b) we see the
same contours for mp = 1 GeV. We note that the allowed regions are not much more limited
than in the previous case even though we have decreased my by three orders of magnitude.
In Fig. 1(c) we see the allowed contours for mp = .1 GeV. Here we have already passed by
mp = Mg — M where the first change in behavior occurred. Finally in Fig. 1{d) we see
the allowed contours for mp = 10 MeV. Some comments are in order here. One can see
that the allowed regions in this case, although mp is much smaller than in Fig. 1(c) are less
restrictive. This is because we have crossed the value mr = m, — m,, as explained above.
Note also that for the lowest values of z the curves are interrupted by the condition that
mp < mp, this means that for y < 0.15 the only prerequisite is mp < mp.

For 1072 < z < 1 the maximum allowed mp is really independent of y. This case can
be subdivided into three regions: (i) for mp > 495 MeV, mB* is also independent of my as
can be seen in Table II; (ii} for smaller values of mp the product m5®* x z is constant with
mp as shown in Table IIT and (iii) for mp < 43 keV there is no restriction on z and y for
mp S meg. -

Note that our analysis was done in the context of a specific model and that we did not
impose the ad hoc limit to neutrino masses used in Ref. [5].

V. NEUTRINOLESS DOUBLE-S DECAY

Besides the experimental limits already imposed by the decays in the previous section,
since our neutrinos have Majorana nature, we can hope to further restrict the mixing pa-
rameters of the model by imposing the constraint coming from the non observation of neu-
trinoless double-§ decays, i.e. (A,Z)—(A,Z+2) + 2e~ transitions. This type of process can
be analyzed in terms of an effective neutrino mass (m,) given in MMRN by [21]

(my) = > (BR)Zm;F(my, A), (5.1)

i=P,F

where F'(m;, A) is the matrix element for the nuclear transition which is a function of the
neutrino mass m;. This has been computed in the literature for a number of different nuclei
as the ratio [22]

_ Mer(m;) - MF(mz)

B0 A) = "N 0) = M0 52

The best experimental limit on neutrinoless double-3 decay comes from the observation
of the nuclear transition *Ge —™Se. The result of the calculation of the nuclear matrix
element F'(m;, A) for ®Ge —™Se transitions can be found in Ref. [22] and we will now refer
to this simply as F'(m;}. This ratio is unity for m; S 40 MeV. For 40 MeV < m; < 1 GeV
we have used the following parabolic fit that agrees with Fig. 8 of Ref. [22] up to less than
10 %
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log F'(m;) = —37.96 + 10.1log m; — 0.6719(log m;)?, (5.3)
and for m; > 1 GeV one can use
F(m;) = 3.2 (10%V /m;)?, (5.4)

with m; in eV in both of the above expressions.

We have used Eqs. (5.3) and (5.4) along with the current best experimental limit |(m,,)| <
0.6 eV at 90% C. L. [4] to draw our conclusions about the possible extra constraints that
might be imposed to our previous results.

Due to the behavior of the nuclear matrix element F(m;) in ®Ge —Se transitions and
taken into account our previous results which always exclude mp > 40 MeV, we conclude
that we have in MMRN three different regions to inspect:

(a) mp,mp < 40 MeV;
(b) mp < 40 MeV and 40 MeV < mp < 1 GeV;
(c) mp < 40 MeV and mp > 1 GeV.

In case (a) F'(mp) = F(mg) =1 and Eq.(5.1) gives
(my) = (2R);pmp + (BR):pmp = 55 (—cimp + s2mp) = 0; (5.5)

here, it is clear, the mixing parameters cannot be further constrained by the neutrinoless
double-5 decay limit. In cases (b) and (¢} we have F{mp) =1 and

(my) = sgsimp (F(mp) — 1) = zzmp (F(mg) — 1), (5.6)

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

Using Eq. (5.3) in Eq. (5.6) and imposing the current experimental limit of 0.6 eV one
gets the maximum possible value of the product zz allowed by the data. In region (c) we
use Eq. (5.4) in Eq. (5.6) and again impose the experimental limit. This procedure permits
us to compute the maximum allowed value for mp, mp**, as a function of z for a given mp.
This can be seen in Fig. 2 for three different values of my.

For example in region (c}, for mp = 1 TeV and z ~ 10~°, mp S 0.06 MeV. In region
(b) for mp = .1 GeV and z ~ 1075, mp < 0.2 MeV. Both results are independent of the
values of y. For higher values of z the limits on mp are even more strict. We see from this
that in regions (b) and (c) the neutrinoless double-8 decay limit can severely constrain the
parameters of the model.

VI. CONCLUSIONS

We have analyzed the constraints imposed by recent experimental data from y decay, T,
7 and K leptonic decays, the Z° invisible width on the values of the four mixing parameters,
z, ¥, mp and mg, of the MMRN model.

We have found regions allowed by the combined data at 90% C. L in the four parameter
space. These allowed regions are very sensitive to changes in the values of z and not so
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sensitive to changes in y. We were also able to find that the maximum possible value for the
lightest neutrino mass mp, obtained in the limit z,y — 0, is about 40 MeV, even if mp > 1
TeV. Although this is not so restrictive as the maximum value of v, obtained experimentally
by ALEPH [1] it is very interesting to see that the electroweak data alone can indirectly
lead to a value already so limited.

We also have investigated and found that for mg > 40 MeV the most recent neutrinoless
double-3 decay limit can constrain considerably more the model free parameters, in partic- -
ularly the maximum allowed value of mp. For instance if mp = 1 TeV and z = 1, then
mp* ~ 0.6 eV,

After combining the results from the particle decay analysis with the constraints from
neutrinoless double-3 decay we get finally :

(a) for mp,mp < 40 MeV, the constraints on the free parameters are simply given by
accelerator decay data, such as in Fig. 1(d);

~{(b) for mg > 40 MeV, the limit from neutrinoless double-3 decay constrains the maximum
value of mp to much smaller values than what are still possible with the accelerator
data, as shown in Fig. 2.
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APPENDIX : RADIATIVE CORRECTION FORMULAE

The leading radiative corrections to the lepton decay process I — oy, RY, is give

by [24]
RY = [1 + % (% -~ wz)] (1 + ;;*;) : (7.1)

where my is the initial lepton mass, mw is the W boson mass and a(my) is the running
electromagnetic coupling constant.
The leading radiative corrections to hadron leptonic decays Ry is given by 11,16]

R = {1 + 2%, (-ﬂﬁ)] [1 + %F(th)]

il mp

2
x@_%ﬁm@@+q+@gm
m

T |2 my, o

m2 m?2
o i
R S |

P

~ where
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13 — 1922 8 — 5z?

F(z) =31 - 2
(z) 3n$+8(1~—:c2) 2(1—::;2)2$ Inz
1+ 2 5 1+ 2 2 ‘
—2(1_m21nx+1)1n(1—x)+2(1“$2)L(1—m). (7.3)

Here, m, = 796 MeV is the p meson mass, Mz the Z° boson mass, « is the fine structure
constant and my; is the final lepton mass. C; are structure constants whose numerical value

have large uncertainties and for this reason these terms will be neglected by us [1].Also, in
the above, L(z) is defined by

I(z) = f:lﬂ(lt—_@-dt. - | g
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TABLES

Based on PDG 1998 Data
s - 1777057050 MeV
My 105.658389 =+ 0.000034 MeV
Me 0.51099907 =+ 0.00000015 MeV
M 139.56995 + 0.00035 MeV
mK 493.677 & 0.016 MeV
mw 80.41 +0.10 GeV
Tr 290.0 +1.2 10715 g
Tu (2.19703 4 0.00004) 105 5
T (2.6033 + 0.0005) 1072 s
TK (1.2386 + 0.0024) 10~% s
BTH 17.37 +0.09
B¢ 17.81 £ 0.07
B7e (1.230 £ 0.004)10~4
BT (99.98770 + 0.00004)10~2
BKe (1.55 + 0.07)10~5
B (63.51 = 0.18)102
( %)2 1.0027 £ 0.0089
M .
BTE
Tre 0.9753 =+ 0.0089
BTe .
g?e (1.2302 % 0.004)10~*
EL (2.4406 & 0.1171)107°
'"™(Z - 's) 500.1 + 1.8 MeV ™

TABLE 1. Experimental values and ratios used to constrain the mixing parameters. *) This

value of I was actually taken from Ref. [20]

z_|

mp*¥ (MeV) |

1 4.3 1072
1071 1.3 107!
107 43101

TABLE II. Values of m%* for mp > 495 MeV and 1072 < z < 1.
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[mr (MeV)] mB™ x g (MeV)|

100 7.5 1073
35 6.05 1075
10 1.88 1074
1 1.87 1073
0.1 1.87 1072

TABLE IIL. Values of mB® x z for mp < 100 MeV and 1072 <z < 1.

17




FIGURES
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FIG. 1. Bellow each of the displayed curves, for a fixed value of x, we have the allowed region
in the plane mp x y, at 90% C. L. for (a) mp = 1 TeV, (b) mr = 1 GeV, (c) mp = .1 GeV and .
(d) mp = 10 MeV.
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FIG. 2. Maximum allowed valie of mp as a function of z for three different values of mp
compatible with the neutrinoless double-3 decay limit.

19




