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Neutrino mixing effects on thet-neutrino mass limit
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We point out that the usual experimental upper bounds on the ‘‘t-neutrino mass’’ do not apply if neutrino
mixing is considered. The suppression of the population of thet decay spectrum near the end point, caused by
mixing, may be compensated by an enhancement because of a resonant mechanism of hadronization. It
necessary therefore to analyze the whole spectrum to infer some limit to the ‘‘t-neutrino mass.’’We argue that,
consequently, neutrino mixing evades the objection to interpret the KARMEN anomaly as a heavy sequentia
neutrino.

PACS number~s!: 14.60.Pq, 14.60.Lm
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In the near future, one of the most important issues to
set by experimentalists would be that of the neutrino mass
Up to now, only upper bounds have been established for
three type of neutrinos@1,2#. In particular, concerning the
‘‘ t-neutrino mass,’’ the upper experimental limits fo
‘‘mnt

’’ are 31 MeV @3,4# or 29 MeV @5#. Recent analyses
performed by OPAL@6# and ALEPH@7# Collaborations, us-
ing for the first time a two-dimensional technique, i.e., in
variant mass3 total energy of the charged hadrons in th
decayt→5pnt ~OPAL! andt→5p(p0)nt ~ALEPH!, give
‘‘ mnt

’’ ,74 MeV and,24 MeV, respectively@8#. All these
limits nevertheless come from the analysis of the end po
of the hadronic invariant mass distribution of thet decays
assuming no mixing effects among different neutrino sp
cies. Usually, it is assumed, and in fact it seems reasona
that after the measurements of theZ width at the CERN
e1e2 collider LEP, the existence of sequential neutrino
with masses between the above upper bound andMZ/2 has
become unlikely. Nevertheless, this may not be the case
mixing does exist.

We will argue in the following that the presence of mixin
among the three generations can radically change our kno
edge about the upper bounds for the ‘‘t-neutrino mass.’’ Fur-
thermore, a model-independent limit for this quantity is n
possible if only the end point of the spectrum is considere

After the works of Shrock@9#, it has been well known that
massive neutrinos will produce additional peaks determin
by mi ~mass of then i neutrino, i51,2,3) in the charged
lepton spectrum in the decaysp→e(m)ne(m) @10# or
K→e(m)ne(m) @11#. Assuming Dirac neutrinos, the weak
eigenstatesn l , l5e,m,t are related to the mass eigensta
n i by n l5( iVlin i , whereV is a 333 unitary matrix. The
first process is then a sensitive test of mixing for neutrinos
mass in the range 50 to 130 MeV. The nonobservation
peaks leads to the upper limit for the mixing matrix elemen
uVeiu2,1027 @10#. However, in analyzing the data it was
assumed that only one massive neutrino couples to electro
i.e.,
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Rei5
G~p→en i !

G~p→en1!
5uVeiu2r~de ,d i !, ~1!

with n1 being a massless neutrino andr(de ,d i) is a kine-
matic factor withd i5(mi /mp)

2 andde5me
2/mp

2 . However,
the pion decay constraint does not apply if the neutrinos have
masses about or higher than pion mass;140 MeV/c2.
Similar analyses have been done in kaon decays but they are
not statistically significant@12#. The difference between two
and three generation treatments~pointed out recently
@13,14#! implies that the constraints above cannot be used
straightforward for the three generation case. That is, it is
possible that there exist truly three neutrino mixing effects
which are not reduced to two neutrino mixing effective ones.
So, it is important to reanalyze the data on pion and kaon
decays from the point of view of three generations. We will
return to this point at the end of this Brief Report.

With respect to the ‘‘t-neutrino mass’’ measurement in
the decayt→5pnt , we would like to emphasize the follow-
ing. Assuming also a three generation mixing and thatnt in
that decay is a mixing of mass eigenstates beingn3 heavier
thann1,2, we get

dG

dq2
5

Gm
2VKM

2

8pmt
3Rm~sb

2sg
21cg

2!cb
2 @F01cg

2cb
2~F32F0!#h~q2!,

~2!

where

F05v~q2,mt
2,0!l

1
2~mt

2 ,q2,0!,

F35v~q2,mt
2 ,m3

2!l
1
2~mt

2 ,q2,m3
2!, ~3!

and
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v~q2,mt
2 ,m3

2!5~mt
22q2!~mt

212q2!

2m3
2~2mt

22q22m3
2!, ~4!

Rm contains the radiative corrections of the muon decay,l is
the usual triangular function,q2 is the transferred momen
tum,h(q2) contains the hadronic structure, andVKM

2 denotes
the quark mixing angles, in this caseVKM

2 5Vud
2 . We have

used the parametrization of the mixing matrix of Ref.@13#.
With the values of the mixing angles of Ref.@13#, it is

possible to see from Eqs.~2!–~4! that the resulting spectra
when we employ nonvanishing value form3 are systemati-
cally about 20 times smaller than the spectrum obtained
the massless case, for regions with values of the hadr
invariant mass after the kink,mh[Aq2.mt2m3 , i.e., near
the end point of the spectrum. This can be better appreci
in Fig. 2 of Ref.@13#.

Experimental results show events with hadronic-invaria
mass very close to the chargedt lepton massmt . Since
there exists the mentioned suppression of a factor 20
spectra withm3Þ0, this experimental fact might be inter
preted as an absence of kinks or, even if there is a kink,
localized so close tomt thatm3 is constrained as discusse
above@4–7#.

Nevertheless, such kind of analysis takes into acco
only the phase space contribution to thet→5pnt decay
spectrum. One has to consider also the effect of poss
resonant intermediate channels to this decay. This can r
cally change the population of this spectrum near the e
point. In fact, in Ref.@15# some channels ast→r0r0pnt
were considered. They found an enhancement of the pop
tion of the spectrum near the massless end point of a fa
of 30 when compared with the pure phase space contr
tion. The ALEPH Collaboration has recently performed
similar analysis and has also demonstrated that some r
nant channels will equally increase the population of t
spectrum in that region@16#.

The spectral functionh(q2) appearing in Eq.~2! does not
depend on mixing parameters as well as them3 mass. There-
fore, this same function will alter the spectra where mixing
implemented andm3 assumes nonvanishing values. In Fig.
we give an example of how this function, calculated assu
ing the resonant intermediate stater0r0p, significantly
changes the spectrum near the end point and can compe
the phase space suppression because of the mixing in
region. Based on Ref.@13#, we usem35165 MeV, and
11.54°,b,12.82° andg,4.05° to illustrate this phenom
enon. These values were obtained with the 1992 data. M
recently, an analysis with the 1994 data and taking into
count radiative corrections, indicatesm3&98 MeV @17#.
However, we do not know the mixing angle for the lat
value. Anyway, the effect we are pointing out in this Bri
Report does not really depend on the exact values used

From Fig. 1 we see that the simple investigation of t
end point part of the spectrum may not be sufficient to in
any information about the ‘‘t-neutrino mass.’’ Both possibili-
ties, the massless spectrum and that one obtained wh
heavy neutrino is taken into account, overlap in that regi
making it impossible to distinguish between them unless
-
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contributions to this decay from resonant channels is well
understood. This is not the case at present.

Furthermore, the hadronization process, which has to be
taken into account in the calculation of intermediate channel
contributions to thet-decay spectrum, is very model-
dependent. We can affirm that a conclusive and model inde-
pendent limit for the ‘‘t-neutrino mass’’ in the hadronic de-
cays is not possible if we have experimental information
only near the end point of the spectrum. Hence, current lim-
its for the ‘‘t-neutrino mass’’ do not apply if neutrino mixing
is considered.

Let us go back now to the pion decays. Recently
KARMEN Collaboration @18# has reported, based on the
charged and neutral current reaction12C(ne ,e)

12N and 12C
(n,n8)12C, that a new neutral particlex, produced in the
p1→m1x, must have a mass ofmx533.9 MeV. Identifica-
tion of this massive neutral particle with then3 has been
ruled out by the ALEPH upper mass limit bound@7,16#. The
possibility of thex particle being a mainly sterile neutrino
has been pointed out in Ref.@19#. However, once one has
convinced oneself that the current upper values for the
‘‘ t-neutrino mass’’ are not valid when we have mixing, the
possibility arises that KARMEN’sx could still be interpreted
as a heavy sequential neutrino.

The main point of this Brief Report is that, to investigate
if a largem3 mass hypothesis is realized or not in nature,
experimentalists must measure and fit the shape of the whole
spectrum oft→5pnt decay, including regions far from the
end point. Indications of a nonvanishingm3 would be given
by the characteristic kink vertically displaced from the phase
space contribution to the spectrum by the spectral function.

FIG. 1. Spectrum form3 5 165 MeV, when phase space and
neutrino mixing are considered~lower line!, form3 5 0, when only
phase space are considered~middle line!, and form3 5 165 MeV,
when neutrino mixing and resonant channelrrp are taken into
account~upper line!. Here,x5mh /mt, anddG/dx is presented in
arbitrary units.
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Although the form of this function is very model dependen
the projection of the kink on the hadronic mass axis is mo
independent and a good observation for experimentalists

Since the branching ration for this decay is of the order
1024, present data are not sufficient to build the full releva
spectrum looking for kinks. This analysis requires large s
t,
del
.
of
nt
ta-

tistics. t factories would be necessary to achieve this goal.
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