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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 gddeleay limit were found.
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[. INTRODUCTION electroweak model which consists in adding to its particle
content a right-handed neutrino transforming as a singlet un-
Interest in experimental neutrino physics has been reviveder SU(2) ® U(1)y. This will be referred to as the minimal
in recent years, with many new experiments presently takingnodel with right-handed neutrindiMRN). Next, by allow-
data or in preparation for the near future. This is justifieding it to mix with all the left-handed neutrinos we obtain that
because, although the standard model has been vigoroudkere are, at the tree level, two massless neutrings ()
tested experimentally and seems to be a remarkably succes¥1d two massive onesr, mg) [6].
ful description of nature, its neutrino sector has been poorly It is interesting to note that this simple extension of the
scrutinized so far. We believe that this still mysterious aregtandard model imposes a mass hierarchy for neutrinos. The
of particle physics may give us some hint about physics bemassless neutrinosn, m;) can acquire very small mass by
yond the standard model. radiative correction§7,8]. This seems to be consistent with
It is a common prejudice in the literature to assume thehe recent evaluation of the number of light neutrino species
conservation of lepton number and to think about neutrinodrom big bang nucleosynthes(i8].
as Dirac particles much lighter than any of the charged lep- The outline of this work is as follows. In Sec. Il the model
tons we know. Nevertheless there are no theoretically comconsidered is briefly reviewed. In Sec. Ill we consider the
pelling reasons why the lepton number should be a coneffects of mixing for the decay width of the muon, for the
served quantity or why neutrinos should not have a maspgartial leptonic decay widths of the tau, pion and kaon and
comparable to charged fermions. It is clear that only thefor the Z° invisible width. These are the quantities that are
confrontation of theory with experimental data will eventu- calculated theoretically. In Sec. IV we compare our theoret-
ally clarify the problem of the neutrino mass and nature. ical results with recent experimental data and obtain from
Many direct limits on the neutrino mass have been obthis comparison allowed regions for mixing angles and
tained by different experimental groups] but are not all masses. In Sec. V we investigate the possibility of further
accepted without controverdy2,3]. Experiments also have constraining our results with the present best limit from neu-
been carried out to try to measure neutrinoless dopbie-  trinoless double3 decay experiments. Finally, in the last
cay which, in general, is a process that will not occur unles$ection we establish our conclusions.
one has a Majorana neutrino involved as an intermediate
particle. Here also experiments have obtained only limits on Il. A BRIEF DESCRIPTION OF THE MODEL
the so called effective neutrino majs$. As a rule experi-

mental analyses are model dependent and cannot be quot{adIn Fhe MMRN the most general form of the neutrino mass
as a general result. ermis

In the hope of contributing to the understanding of neu- 1
trinos physics we have accomplished a comprehensive study L:';"= — 2 aaVa Nr— EM NiNg+H.c,, (2.1

of the constraints imposed by recent experimental data on a=e T

Ieptorg Qegays, pion and kaon leptonic decays as well as.b\)ohere the left-handed neutrino fields are the usual flavor
the Z* invisible width measurement performed by experi-

. o ; . eigenstates and we have assumed that the charged leptons
ments at b CERN "e co!llder LEP 1o the simplest model have already been diagonalized. In this model, there are four
containing Majorana neutrinos.

We will consider a very simple extension of the standardphyS'Cal_neuTnole’VZ’VP andvg, the first two are mass-
less (m;=m,=0) and the last two are massive Majorana

neutrinos with masses
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wherea?=aj+a’+a2. N g -
In terms of the physical fields the charged current inter- L ~2 Cosaw(yl V2 Vp VE)L
actions are
e 10 0 0
0 1 0 0
coe=3 i Rl | WhtHe Xk 2
2 b1 V2 VpVE)LY r p TR 0 0 cs, iC S,
o/, 0 0 —ices, s
2.3 v,
where® =diag(1,1i,1) andR is the matrix Vo
X Z,+H.c. 2.
Raa Ryt Ra Rog vp| * @7
ReZ R,U.Z RTZ ROZ VE L
R R R R . . .
ep Tk TP TTOP Notice that there are four independent parameters in
Rer Rur Ry Ror MMRN. We will choose them to be the anglgsand y and
the two Majorana masses, andmg . These are the param-
Cs  —SgS, —Sgc, O eters that we will constrain with experimental data.
_ 0 C, —S, 0 Ill. FOUR GENERATION MIXING IN THE LEPTONIC
| €4Sz €aCsS, CuCC, —S.|° 24 SECTOR
a>p a~ B>y avBvy a
SuSp SaCpS, S.CsC, C, In this section we will present the expressions that will be

used in our analysis for muon and tau leptonic decays, pion
In Eq. (2.4 ¢ ands denote the cosine and the sine of theand kaon leptonic decays and t8 invisible width. The
respective arguments. The angkes3 and y lie in the first  coupling constan® and the decay constarfts, andF used
quadrant and are related to the mass parameter as followsin our theoretical expressions have not the same values of the
S,= \VMp/(Mp+mg), (2.5  standardG,, f, and fx given in Ref.[1], this important

_ _ _ point will be discussed at the end of this section.
sg=a./a, cgs,=a,la, czc,=a.la. (2.9

. o . A. Lepton d
The choice of parametrization is such that fer 8=y epton decays

=0, v1—v,, vp—v, andvp—v.. We can now write the most general expression for the

The neutral current interactions for neutrinos written inpPartial decay width of a leptoh’ into a leptonl and two
the physical basis of MMRN read neutrinosy v, in the context of MMRN as

2.5

ml’ ' ’ ’
SRRy 12+ R 2D (IR 2+ Rl AT + (Rip 2L Ry 1 2+ [Rir2] 214 [Ry 2L Rig | 2+ Rigl 2D T

T’ —=lyv)=
( ) Toom

+ (IR 2[R |2+ Ry 21+ IRy £l 2[[Ri1l 2+ Rz PDTE + (IR 2Ry p 2+ [Ry |2 Rip | DT b
+ R plARip|PTE b+ | Ry g2 R 2T ELL, (3.2
with |’ =, 7 andl =e, u for the tau decays arld=e for the muon decay. Notice th&? in Eq. (3.1) is the universal constant

defined asz?/\/2=g?/8m3,.
In Eq. (3.1) we have used the integrals

r'1’1'=2ftM(t2—B)1/2[t(3k—2t)—B]dt, 3.2
tm
, M k—o8%,—t
F'13'=2f: (tZ—B)m%[(k—6§|,—t)2t(k—t)+[(k—t)2+ 82, (k—t)— 283, 1(2kt—t2—B)]6(m;, —m —m;)dt,
3.3
g 1l S 1 =73,
Pyy=Tytenl ., €y= —1 (3#3) (3.9
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FJJ, 2f (t2=B)Y2C,, [2(k—t)tC3,, + (2kt—t2—B) By 16((m;, —m;) — m;— m;,)dt, (3.5
tm
I"{]‘]I, —lZJ (tz—B)1/2CJJ/5‘]|15‘]/|19((m|;—m|)—mJ—er)dt, (36)
with
m m
k=1+62,, B=4(k-1), &y=—, & =—, (3.7
my, my,
(m;+m;)?
th=26, ty=k————1, (3.8
m;,
[(k—t)2+ (85— 85,)2=2( 85, + 82, ) (k—1) ]2
W= Kt : (3.9
S 2o o(52— 8,24 (52 + &
BJJ’_(k——t)Z[(k_t) I J’I’) +( J|,+ UL )(k—=1)] (3.10
wherei,j=1,2P,F; J,J’=P,F; my, are the corresponding lepton massﬁg andF'l/J' are respectively the phase space

contributions to thé’ — 1,1, decays for two massless and one massive neutfim@ither Dirac or Majorana type neutrinos
[10]. If the final state neutrinos were two massive Dirac neutrinos the contribution would be sﬁ\’ﬁ'plybut since here they
are Majorana neutrinos there is an additional contribuﬁoﬁ, . The quantityR" describes the leading radiative corrections
to the lepton decay process that can be found in the Appendix.
Explicitly using the parametrization given in E@.4) and definingx=s5, y=s’ andz=s’, we obtain
25
m>,

[(pu—ev,ve) =TH=——LRIFH(X,Y, 8ey, Op, , O ), (3.19

19248

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

. 2m5
I(r—ev vy)=I"C=—"RF™X,Y,8,,p,,5¢,), 3.1
( e) 1927T3 ( Y, 0e P F ) ( 2)
o 2m5
F(T_V*LVTV,U.):FTM_— TfTM(X Y, 5/,LT15PT75FT) (3.13
19273

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

fF48(X,Y, Bep » Oppu s Ok ) =[ (XY + (1= Y))(1=X) T4+ (1= 2) Py +X(1—y) + (1= X) 2y {5+ 2(x?y +x(1-y)

+(1-x)2)r4e+2((1-z)xz(1 - x)y)F’FfeF+(1 2)%y(1— x)xF +zzy(1—x)xF’,é§

(3.19
f8(XY, 8er,8p7, 8 ) =[(X(1—y) + )1 =X)L T+ (1= 2) (*(1—y) +xy+ (1= x) 31—y [p+2(*(1—y) +xy

+(1-x)?(1—y)NrE+2((1—2)(1—x)(1— y)zx)FT +(1-y)(1—x)x(1— z)zr;eP

+(1-y)(1-x)X2T ], (3.159
F74(X,Y, 8,7, 0p7, 0) =[(X(L—y) +Y)(Xy+ (L =y F+[y(X(1—y) +y)+(1—-y) (xy+(1-y)](1-2)(1-x)I'TE

Iy (X(1—y) +y)+ (1Y) (xy+ (1—y)]2(1 - )T+ 2(2(1-x)2y(1—2)(1—y))[ &

+(1=y)yY(1—X)X(1-2)2T Zot (1—y)y(1—x)?2T 2], (3.16

113014-3



PERES, FREITAS, AND FUNCHAL

B. Pion and kaon leptonic decays

We will also consider decays such bBs»|+v,; where

h=m,K and |=e,u. The partial width for the leptonic de-

cay of hadrons in MMRN is
I'(h—ly)=T"

2E2 2 3
_ GFiVikmm,

8o R f™(X,Y, 8n1, 8p1+0r1),

(3.17

with m,, being the mass of the hadrdnand
(.Y, 81, 8p1, e =[(IR1a|*+ [Riz )T} +|Rip| T

(3.18

WhereFT' is the massless neutrino contribution given by

+|R|F|2FE|]!

I'= (85— hA"A(1,6%,0), (3.19
andI'!)! are the massive neutrino contributigiis]
5'=[ 6+ 05— (on— 832 INAL,55,, 65)

X 6(my—m;—my), (3.20

J=P,F, &,=m/m,, VﬁM is the appropriate Cabibbo-
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3
Z
To=——-(g%+03),

6\/577
and the electroweak corrections to the width are incorporated
in the couplingsgy andg,,

VA(MZ,m?,m?)

Xij = M%

(3.29

Xj0(Mz—m—m;), (3.29

herei,j=P,F; N\ is the usual triangular function already
defined andX;; include the mass dependence of the matrix
elements. Explicitly,

ma
pr:1_4_,
M2
2
XFF:]' 4_2,
Z
.1 AmZ, mi+3memp  (AmZp)?
P oMz M2 sl
Z Z Z

(3.2

Kobayashi-Maskawa matrix element of the quark sector anévhere we have definedméZ,=mZ—m2. Thus, Xij are

\ is the triangular function defined by
\(a,b,c)=a?+b%+c?—2(ab+ac+bc).

The quantityRy, in Eq. (3.17) represents the leading ra-
diative corrections to the hadrdndecay given in the Ap-

pendix.
In particular when the final state is a muon we have

E0 Y, By s B O5,) = (IRl + [ Ry2l T 1+ R ol T B
+|R#F|2FEM
= (yx+1=y)I'P#+y(1-x)
X(1-z) I+ y(1—x)zl™,
(3.21)
and when the final state is an electron
f1%(X,Y, She: Opes Ore) = (|Rea|* +[Rea| )T+ |Rep|TE
+|Ree| TR
=(1—x)T e+ (1—2)xI R+ zx"Re,
(3.22

C. Z% invisible width

In this section we will extend and update our previous

analysis in Ref[12]. In the MMRN scheme th&° partial
invisible width can be written aj6]

I'™(Z—v's)=To(2+(1-2°) xpp+2(1—2)Zxpr
(3.23

+2°XE),

wherel' is given by

bounded by unity whereby

I'(Z—v's)<3rl,. (3.27)

D. Comment onG and F,,

It is common to assume that standard processes will prac-
tically 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 likee— 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,
is obtained by comparing the standard model formula for the
muon decay width

2.5
FSWwe?ev,L):lg“Zw’;Rf*Fi‘f, (3.28

with the measured muon lifetime. As the error obtained in
this way is very smallG,, is often used as an input in the
calculations of radiative correctioh$4].

Now if we have mixing the expression for the muon de-
cay width is modified as in Ed3.11). So that comparing this
equation with Eq(3.28), it is clear that the numerical value
of G, is not equal to the numerical value Gf as a general
rule, independently of the accuracy &, determination.
They are related by

nen?2
I'7G,

2_ ]
fﬂe(xvy! 5e,u, !5Pp, 1 5Fp,)

(3.29
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From Egs.(3.14 and(3.29 we see thaG=G,,. A con- TABLE I. Experimental values and ratios used to constrain the
sequence of this is that tH# invisible decay width mixing parameters.X) This value of'"™ was actually taken from
Ref.[20].
. G _om
I'(Z—v's)<3ly=3—TI7", (3.30
G, Based on PDG 1998 Data
o M SM - m, 1777.05 332 MeV
could, in principle, even exceed'$", whereT'5™ is the m 105.658389: 0.000034 MeV

standard model width. H

In a similar way the experimental value of the pseudo- Me 0'5113%9592891&0608882215 '\\A/ev
scalar meson decay constdgtis obtained by comparing the Mz 453 ity 0'016 M Ve
standard model prediction for the hadron leptonic decay Mk e €
width myy 80.41+0.10 GeV

G222, 7, 290.0-1.2x10 s
PSM(h | )= 2 KM (3.3 T (2.19703-0.00004)< 1075 s
8w T (2.6033+0.0005)x 1078 s
, : : 1.2386+0.0024)< 10 8 s
with experimental data. The values &f quoted in PDG BTfﬂ ( 17 37+0())>;
depend on the type of radiative corrections [(5816. The g 17'81::0'07
extracted values$ ;=130.7-0.4 MeV andf,=159.8+1.5 gre 1 230£0 004‘ % 10-*
MeV [1], were obtained using the expressioriy as in our . (1. 004) ,
Appendix BT+ (99.98770@-0.00004)x 10
. Ke —5

Here also the numerical values &f, and Fy are not BKM (1'55i+0'07)x 1072
equal to the numerical values &f. and fy given above, B ) (63.51+0.18)x10
since the constarf,, that appears in E¢3.17) is related to (GTB/S“) 1.0027-0.0089
f in EQ. (3.31 by e 0.9753 0.0089

TiG2 2= G2t (X,y, 8, p1,0r). (3.3 Bre
e (1.2302£0.004)x 104
IV. EXPERIMENTAL CONSTRAINTS ON MIXING BKe
ANGLES AND NEUTRINO MASSES @ (2.4406£0.1171)x 107 °
As we explained in the previous section the value&6f I'™(z—v's) 500.1+1.8 MeW*)

andFy, are unknown in MMRN. So we will use theoretical
ratios to eliminate the dependence on these parameters to
compare our expressions with experimental results. We wilj:iS
now write down the theoretical expressions that can be di

rectly compared to the experimental data found in Table I. width given in PDG is dominated by the result of one ex-

Using Egs.(3.1)—(3.13 we obtain periment, the CERN-Heidelberg experiméh?,18. In order
(mﬁ>5l“fe R™(X,Y,8err0p7,O¢,) (mﬂ>5BTeTM to avoid the contamination oK, (K™ —1*v) events by
M| THe ™ REFA(XY, 80, Opp Or,) | M:) BEET beta decay s (K+—>I*v., °) events, experimentalists are
forced to impose a cut in the measured momentum of the
G,\? final charged lepton. For massless neutrinoXjp decays
(G ) ' (4.1) one expects the momentum (I=e,u), to be monochro-
K’ matic, i.e.,p,=247 MeV for the electron channel ang,
with 7. and 7, being respectively the tau and the muon life- =236 MeV for the muon channel. Based on tis, events
times,B'"! the branching ratio for the decay—Ivv,, and  aré experimentally characterized as having 240 MeY
7 T . <260 MeV andK ,, events as having 220 Me¥p , <252
™ 1™(XY,8ur.0pr.0F,) B™ (42 MeV[17.18.
'™ fX,Y,80,,0p,, 0, BT ' If neutrinos produced in these decays are massive we ex-
pected as many lines in the spectrum of charged lepton as the
From Eqgs.(3.17), (3.21) and(3.22 we obtain for the pion number of massive neutrinos. For a massive neutrino with
decays massm,

Kaon leptonic decay measurements are not only less pre-
e than the pion leptonic decay ones but also suffer from an
important background contamination. The average leptonic

T T

T

L7 _ Rl (XY, Ore OperOe) _B™ M= Py (M) %+ mf -+ py (my) >+,
T R f™(X,Y, 00y, 0p,,¢,) B™

which can be solved in terms of the final lepton momentum,

where B™ is the branching ratio for the decay—!v, (I pi(m;), giving [19]
= u,€). For the kaon decays an alike expression can be de-

rived. Before we give this expression we would like to make p(m;)=p,(0) \/1—
some remarks.

2(m2+m?)m?—m;
4mgp(0)?

, (4.9
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wherem, is the mass of the charged lepton amg is the  where BX! is the branching ratio for the decag— v, (I
mass of the kaon angl(0) is the momentum for a massless = u,e€).
neutrinop; (0)= (mZ—m?)/2my . For theZ® invisible width we use

The experimental lower cut in the momentum of the final
lepton together with Eq(4.4) imply a maximum value for

the observable neutrino mag$l]. Explicitly for p.>240 inv o \/ e SM
MeV we havem;<mi''=82 MeV and forp,>220 MeV, (2= v's)= FH(X,Y, Ban 1 Opr 2 Oes)
m;<mS'=118 MeV. That means, neutrinos with a mass ek T
greater than 118 MeV are not visible in either of these de- X (@2+(1-2°) xpp
cays. _ 2
These restrictions imply that Eqé3.21) and (3.22 will +2(1-2)zxpr+Z°XFF)- (4.9
have to be changed for the kaon cag&— fXe where
FKE(X Y. Sk o, 8ee) = (1—x)TKe+ (1— z)xTKe Now to establish the allowed regions for the free param-
(X.Y: Oke: Ope: dre) =( T+ (12T eters of MMRN we have built thg? function
X O(mSU—mp) + zx'K®
X H(mc‘“—m ), (45) (F__F_exp)2
¢ i Xz(xiyva!mF):_E '—2', (49)
i=15 (o
and alsof K#— fK# where
¥ _ K
F90Y, Sk Bpp s ) = (yx+1=y)T ¥+ (1-2) where eacliF; is the theoretical value calculated using one of

the expressions given in Eq$4.1),(4.2,(4.3, (4.7 and
(4.8, and F7*® and o; are its corresponding experimental
+y(1—x)zr{§ﬂ0(m;“‘— meg), value and error according to Table I.
We have minimized thi¢® function with respect to its
(4.6 four parameters. The minimury? found for one DORfive
experimental data points minus four free parametéss
so that finally we have x2in=1.29 forx=0.22x 10"°, y=0.47,mp=0.28 MeV and
me=1.10 MeV, this is a bit smaller thagé,,= 1.33, that we
(4.7) get forx=y=z=0. The error matrix corresponding to the

X (1=x)yTg*o(mS"—mp)

TK® Ryef Xy, ke, Ope, Ore)  BXC

ke _RKMfK“(x,yﬁKﬂ,épM,&FM) - BKe’ ' result of our minimization is
Vimme  Vmpme - Vimgx Vimgy 0.69x10 7 0.51x10°° 0.15x10°° 0
Vieme Vmeme Vmex Vingy 0.51x10°° 0.43x10° % 0.12x10°° 0
Vime  Vame Vi Vyy | 7| 015x107° 0.12x10°7 0.72x10°% 0 : (4.10
—11
Vymp VymF Vyx Vyy 0 0 0 0.36x10

We have computed the 90% C.L. contours determined byn. but is almost independent gf In fact, this is expected as

oy 2 .
the conditiony?= xg,+7.78. In order to display our results 4| oy expressions become independeny afs x— 1. The
we have fixed the values ohe and presented the allowed ,p<qiute maximum allowed value aip, for x,y—0, con-

regions in ampXxy plot for severa_l values ok. We have sistent with the data is=40 MeV. This is still true even if
chosen to display the allowed regions for four differemt ~1 TeV
F .

values to give an idea of the general behavior. This is showf!" i
in Fig. 1. We observe that the contours in thg;Xy plane have

We note that oup? function is very sensitive to changes Pasically the same shape and allow for a lower maximum
in x and mp but rather not so sensitive tpor mg. This  value ofmp as a function ofy and asmg decreases. Never-
behavior reflects on the fact that the maximum possible valuéheless there are two values fog: that change the behavior
of mp for each contour we have obtained, reachegl-at0,  of the allowed contours. This is due to the fact that the pres-
is very sensitive tox but not so sensitive tanz. For x =~ ence of massive neutrinos in the considered decays depends
>10"*% we see that the maximum allowetd, depends on on kinematical constraints. Atz = my —m, higher values of
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N C
© L b
$ (b)
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) c d
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=
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0 0.2 04 0.6 08 1 0 0.2 04 06 0.8

y y

FIG. 1. Below each of the displayed curves, for a fixed valug, fe have the allowed region in the plamg Xy, at 90% C.L. for(a)
me=1 TeV, (b) mg=1 GeV, (c) m=0.1 GeV andd) mz=10 MeV.

mp as a function ofy become possible, hemay starts to ~ also that for the lowest values rfthe curves are interrupted

participate in kaon decays. At this point the contour curvedy the condition thame<m, this means that foy=0.15
changes a little bit its shape and becomes less restrictivél€ Only prerequisite isp<mg . _ .

From then on, asng decreases, the allowed curves share FOr 10 ?<x<1 the maximum allowedhs is really inde-
once more the same shape and start again to constrain tRgndent ofy. This case can be subdivided into three regions:
parameters. Atmz=m,_—m, we have a new change of be- (i) for mz>495 MeV,mg*is also independent afi- as can
havior and higher values aofi, become allowed since now be seen in Table Iiii) for smaller values ofmg the product
mg can participate of all pion decays. Again after that formp>xXx is constant withmg as shown in Table Il andii)
smaller values ofng the curves will confine even more the for mg<<43 keV there is no restriction or andy for mp
parameters. <mg.

In Fig. 1(a) we see below each one of the curves the Note that our analysis was done in the context of a spe-
allowed regions, at 90% C.L., afi, as a function ofy for ~ cific model and that we did not impose tiael hoclimit to
me=1 TeV and four different values of. In Fig. 1(b) we  neutrino masses used in RE5).
see the same contours fan=1 GeV. We note that the Some general remarks about our results are in order here.
allowed regions are not much more limited than in the preThe Z° invisible width measurement at LEP along with the
vious case even though we have decreasedy three or-
ders of magnitude. In Fig.(&) we see the allowed contours
for m¢=0.1 GeV. Here we have already passed roy
=my—m, where the first change in behavior occurred. Fi-

TABLE Il. Values of mp® for mg=495 MeV and 102<x

=1.

max
nally in Fig. 1(d) we see the allowed contours far-=10 X mp™ (MeV)
MeV. Some comments are in order here. One can see that the 1 4.3x10°?
allowed regions in this case, although: is much smaller 1071t 1.3x10?!
than in Fig. 1c) are less restrictive. This is because we have 102 4.3x10°!

crossed the valuen.=m_,—m, as explained above. Note
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TABLE lll. Values of mi®xx for me<100 MeV and 102

s=x=<1.

<m;<1 GeV we have used the following parabolic fit that
agrees with Fig. 8 of Ref22] up to less than 10%

me (MeV) mi®*x x (MeV) log F(m;)=—37.96+10.1 logm;— 0.6719log m;)?,
— (5.3
100 7.5<10
35 6.0510°° and form;>1 GeV one can use
10 1.88x10°* F(m)=3.21C eV/m;)?, (5.9
1 1.87x10°3
0.1 1.8 102 with m; in eV in both of the above expressions.

We have used Eq$5.3) and(5.4) along with the current
_ o ~ best experimental limit(m,)|<0.6 eV at 90% C.L[4] to
pion decay data were by far the most significant experimendgraw our conclusions about the possible extra constraints
tal constraints to the model parameters. The invisible widthhat might be imposed to our previous results.
is today an extremely precise measurement and as one pye to the behavior of the nuclear matrix elemgfitn;)
should expect imposes great restrictions on neutrinos coyn 76Ge— 76Se transitions and taken into account our previ-
plings. The pion decay measurements are also very preciggs results which always exclude,>40 MeV, we con-
and being phase space limited two body decays they havgude that we have in MMRN three different regions to in-
great power in constraining neutrino masses and couplings agect:(a) mp ,me<40 MeV; (b) mp<40 MeV and 40 MeV
long as they can participate in pion decays. On the other: i, <1 GeV; (c) mp<40 MeV andme=1 GeV.
hand the kaon decay and the lepton decay data we have |, case(@ F(mp)=F(m:)=1 and Eq.(5.1) gives
analyzed have not been so effective in constraining the
model. Kaon decays unfortunately suffer from experimental (m,) = (®R)2mp + (P R)2eme = s3(— c2mp+s2mg) = 0;
contamination which makes their data less useful at the (5.5
present moment than one should hope it to be. We would
expect that experimental improvements here would affechere, it is clear, the mixing parameters cannot be further
our results. The: andr lepton decays are three body decaysconstrained by the neutrinoless doulledecay limit. In
containing two neutrinos in the final state. This explains thecasegb) and(c) we haveF(mp)=1 and
fact that although the experimental measurements are quite
accurate the overall effect of these data is not so constrictive
to masses and couplings of individual neutrinos.

(m,)=s5s2me(F(mg) — 1) =xzm(F(mg) — 1), (5.6)

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

Using Eq. (5.3 in Eq. (5.6) and imposing the current

Besides the experimental limits already imposed by theexperimental limit of 0.6 eV one gets the maximum possible
decays in the previous section, since our neutrinos have Ma<lue of the produckz allowed by the data. In regiofe) we
jorana nature, we can hope to further restrict the mixing pause Eq.(5.4) in Eqg. (5.6) and again impose the experimental
rameters of the model by imposing the constraint comindimit. This procedure permits us to compute the maximum
from the nonobservation of neutrinoless doupledecays, allowed value fomp, mg®, as a function of for a given
i.e.,(A,Z)—(A,Z+2) +2e" transitions. This type of process mg. This can be seen in Fig. 2 for three different values of
can be analyzed in terms of an effective neutrino r{asg meg
given in MMRN by[21]

V. NEUTRINOLESS DOUBLE- g DECAY

For example in regioric), for mg=1 TeV andx~ 10",
mp=<0.06 MeV. In region(b) for mg=0.1 GeV andx
~10 5, mp=0.2 MeV. Both results are independent of the
values ofy. For higher values of the limits onmp are even
more strict. We see from this that in regiot® and(c) the
whereF(m; ,A) is the matrix element for the nuclear transi- heutrinoless doubl@- decay limit can severely constrain the
tion which is a function of the neutrino mass . This has Parameters of the model.

been computed in the literature for a number of different

(my= > (PRZMF(m;,A),
i=P,F

(5.7

nuclei as the rati22]
Mgt(m;) —Me(m;)

A W0 Me(0)

(5.2)

The best experimental limit on neutrinoless douBlee-

VI. CONCLUSIONS

We have analyzed the constraints imposed by recent ex-
perimental data fromu decay,r, 7, andK leptonic decays,
the Z° invisible width on the values of the four mixing pa-
rametersy, y, mp, andmg, of the MMRN model.

cay comes from the observation of the nuclear transition We have found regions allowed by the combined data at
%Ge— "®Se. The result of the calculation of the nuclear ma-90% C.L. in the four parameter space. These allowed regions

trix 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 form;<40 MeV. For 40 MeV

are very sensitive to changes in the valuexa@nd not so
sensitive to changes yn We were also able to find that the
maximum possible value for the lightest neutrino mags
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FIG. 2. Maximum allowed value afnp as a function of for three different values ofn compatible with the neutrinoless doulte-
decay limit.

obtained in the limitx,y—0, is about 40 MeV, even ifng

>1 TeV. Although this is not so restrictive as the maximum RI’:[1+
value of v, obtained experimentally by ALEPH] it is very

interesting to see that the electroweak data alone can indi-

a(m|,)(25 2”(1 3m?,

o Z_ﬂ- +m), (Al)

rectly lead to a val_ue alrgady so limited. wheremy, is the initial lepton massn,, is theW boson mass
We also have |nvest|ga.ted and found that fﬂﬁ_>40 anda(m;/) is the running electromagnetic coupling constant.
MeV the most recent neutrinoless doulfledecay limit can The leading radiative corrections to hadron leptonic de-

constrain considerably more the model free parameters, idaysR,, are given by[1,16]
particularly the maximum allowed value ofy . For instance
if mg=1 TeV andx=1, thenmp3®~0.6 eV.

After combining the results from the particle decay analy- R, =
sis with the constraints from neutrinoless douBlelecay we
get, finally, (a) for mp ,me<40 MeV, the constraints on the
free parameters are simply given by accelerator decay data,
such as in Fig. @), and(b) for mg>40 MeV, the limit from
neutrinoless doubl@- decay constrains the maximum value
of mp to much smaller values than what are still possible,, qre
with the accelerator data, as shown in Fig. 2.

We have not used the available data on ch&meven
beauty meson leptonic decay modes suchas—uv, and
D.— 7v,. This data have very large uncertainties attached to
them and would not affect our results at the present moment.

2« MZ
1+ —In| —
a mp

al3 (mp)
m| 2 mh

] , (A2)

1+ aF i) 1
- (6in)
my [ m?
+C1+Cz—2|n —
mo -\ m;

2

|
+Cy—

m,

13-19%*> 8-5x°

- x?Inx
8(1-x%) 2(1-x?)?

F(x)=3Inx+

We also have not used the data frem (3 7) v, due to the 1+x? )
fact that they are experimentally less precise and theoreti- -2 1_X2|”X+1 In(1—x%)
cally more problematic tham leptonic decays. We do not
think these two modes would affect very much, if at all, our 2
conclusions. +2 ) L(1—x?). (A3)
1—x2
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APPENDIX: RADIATIVE CORRECTION FORMULAS
. .. . _ z |n 1_t
The Iea_dmg rad||'at|ve cgrrecnons to the lepton decay pro L(z)=J ( )dt. (A4)
cessl’—lyv,, R', are given by 23] 0 t
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