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‘‘Neutrinoless double beta decay’’ at a neutrino factory
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We examine the prospects of detecting an analogous process of neutrinoless double beta decay at a neutrino
factory from a high energy muon storage ring. Limits from CERN LEP experiments, neutrinoless double beta
decay as well as from global fits have to be incorporated and they severely restrict the results. We investigate
what limits on light and heavy effective Majorana neutrino masses can be obtained and compare them with
existing ones. Contributions from right-handed neutrinos and purely right-handed interactions are also dis-
cussed. We also comment on conspiracy in the mixing matrix, which might reduce the results within orders of
magnitude. However, other ‘‘new physics’’ contributions to the same final state might produce large event
numbers.
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I. INTRODUCTION

The physics potential of a muon storage ring is rich a
exciting. The option of using the neutrinos from them decay
has especially gathered much attention@1#. Typically the
main focus lies in long baseline oscillation experiments@2#
with source-detector distances from 730 up to 10000 k
This development is driven by the urge to find out abo
oscillation phenomena in more detail and to gain additio
information, be it aboutCP violation, the sign ofDm2, the
size of uUe3u, or the existence of sterile neutrinos.

An additional option is the use of a detector directly at t
storage ring site. Neutrino interactions of up to 1013/yr pro-
vide the possibility of high precision experiments regard
Cabibbo-Kobayashi-Maskawa~CKM! matrix elements,
structure functions, electroweak parameters, charm phy
or other phenomena; see@3# for some possibilities. As in any
other new experiment, new physics may lurk in the resu
In the light of recent developments in oscillation expe
ments, effects of massive neutrinos are hot candidates.
dence for massive neutrinos and therefore physics bey
the standard model~SM! comes from the up-down asymme
try of atmospheric muon neutrinos, the deficit of solar ne
trinos, and the Liquid Scintillation Neutrino Detecto
~LSND! experiment. See@4# for more complete surveys. Fo
example, the seesaw mechanism@5# might connect the very
light known neutrinos to heavy neutrinos, which are usua
assumed to be of a Majorana nature. Majorana particles
show their presence not only by being directly produced,
also via indirect effects stemming from theirB-L violating
mass term. The best known example for such a proces
neutrinoless double beta decay (0nbb) @6#, which results in
limits on the effective electron neutrino Majorana ma
^mee&. The complete 333 matrix of ~light! effective Majo-
rana masses is defined as
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^mab&5u~U diag~m1 ,m2 ,m3!UT!abu

5U( miUa iUb iU
<( mi uUa iUb i u with a,b5e,m,t, ~1!

where the sum goes over the mass eigenstatesmi . Con-
versely, the ‘‘inverse effective mass’’ is defined as

K 1

mab
L 5US U diagS 1

m1
,

1

m2
,

1

m3
, . . . DUTD

ab
U ~2!

5U( 1

mi
Ua iUb iU

<(
1

mi
uUa iUb i u with a,b5e,m,t.

The sum overi is not the same in Eqs.~1! and~2!: For ^mab&
it goes over all ‘‘light’’ mass eigenstates and in^1/mab& over
all ‘‘heavy’’ states. The attribute ‘‘light’’ or ‘‘heavy’’ de-
pends on the energy scale of the process one conside
obtain information about the respective element. Note t
we indicated that the sum goes up to a number greater
3; it is, however, also possible that only one additional ve
heavy neutrino exists. Apart from theoretical prejudicesa
priori we do not know how many there are.

The latter matrix might seem somewhat artificial; its for
comes from the fact that heavy Majorana neutrinos fo
cross sections or branching ratios~typically processes in
analogy to 0nbb) into a mass22 behavior. The knowledge
of the elements of the matrices is rather poor, of course w
the exception of̂ mee& and ^1/mee&. At a neutrino factory,
the following processes~see Fig. 1! can be used to gain
information about the other elements:

~2 !

n lN→ l 7a6b6X,

where l 5e,m and a,b5e,m,t. ~3!
©2001 The American Physical Society31-1
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Here X denotes the hadronic final state. Because of v
general arguments@7,8#, the pure observation of this proce
guarantees aB-L violating Majorana mass and in connectio
with supersymmetry~SUSY! a B-L violating sneutrino mass
term. This connection is depicted in Fig. 2 for the non-SU
case. The precise determination of the mass of the inter
diate Majorana neutrino will be very difficult; however, eve
the demonstration of Majorana mass terms will be an ex
ing and important result, since different models predict d
ferent mass matrices. In some models^mee& is zero and there-
fore the only direct information about the mass matrix mig
come from neutrino oscillations. This complicates the sit
tion, since only mass squared differences are measured
the additional phases induced by the Majorana nature
unobservable. Other experiments or cosmological argum
give total mass scales but the precise matrix is highly n
trivial to find @9#. Thus, information about entries in^mab& is
very important. Similar arguments hold for the existence
heavy Majorana neutrinos. Note that the seesaw formula
dicts their massmN to lie in the range

mN.
mD

2

mn
.102– 1018 GeV, ~4!

wheremD is a charged lepton or quark mass~i.e., electron to
top quark! andmn the mass of a light neutrino (1025– 1 eV
as indicated by oscillation experiments!. It turns out that the
highest cross section of process~3! is obtained for the lower
region of this mass range.

In addition, if a B-L violating process is detected, it i
helpful to know if the ‘‘mildly extended’’ ~i.e., just addi-
tional Majorana neutrinos! SM can provide the signal or i
another theory, such as SUSY, has to be considered.

The paper is organized as follows: In Sec. II we discu
some properties of process~3! and its application to neutrino
factory kinematics. We review in Sec. III the status of dire
experimental limits on̂ mab&. For the first time we give—
using DESYep collider HERA data—bounds on elemen
of ^1/mab& other than̂ 1/mee& and examine what new limits
might be accomplished for different neutrino factories.

FIG. 1. Diagram fornmq→m2a1b1q8. Note that there is a
crossed term and fora5” b there are two possibilities for the lepton
to be emitted from. The leptonic part also can be replaced by
corresponding other neutrino species.
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turns out that for muon energies higher than 500 GeV ph
cally meaningful limits on̂ mab& can be obtained. Then w
summarize limits on heavy Majorana neutrinos and th
mixing with SM particles. Regarding the prospects of dete
ing events from process~3! we apply in Sec. IV all these
limits, which severely restricts the results. We then disc
what significance lies in the bounds in the sense that even
not too baroque models the results might be reduced wi
one order of magnitude for final states containing muons
taus. For electron channels, a reduction of several order
magnitude is easily possible. This latter fact results fro
0nbb bounds, which prohibit finding these signals anywa

II. THE PROCESS AND A NEUTRINO FACTORY

A. Kinematics

The Feynman diagram is shown in Fig. 1; the calculat
is straightforward and described in more detail in@10#. For
one eigenstatemi we find

uM̄u2~n lq→ l 2a1a1q8!

[uM22u2

5mi
2Ua i

4 GF
4MW

8 212
1

~q1
22MW

2 !2~q3
22MW

2 !2
~p1•p2!

3F 1

~q2
22mi

2!2
~k1•k2!~k3•k4!1

1

~ q̃2
22mi

2!2
~k1•k3!

3~k2•k4!2
1

~q2
22mi

2!~ q̃2
22mi

2!
~~k2•k3!~k1•k4!

2~k1•k2!~k3•k4!2~k1•k3!~k2•k4!!G . ~5!

FIG. 2. Connection between Majorana mass term ofna andnb

and the existence of processnmN→m2a1b1X.
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Here q̃2 denotes the momentum of the Majorana neutrino
the crossed diagram, which has a relative sign due to
interchange of two identical fermion lines. In addition o
has to include a factor12 to avoid double counting in the
phase space integration. Scattering with an antiquark
with an antineutrino is equivalent to the following simp
replacements:

uM̄u2~n l q̄→ l 2a1a1q̄8![uM21u25uM22u2~p2↔k4!,

uM̄u2~ n̄ lq→ l 1a2a2q8![uM12u25uM21u2, ~6!

uM̄u2~ n̄ l q̄→ l 1a2a2q̄8![uM11u25uM22u2.

Of course, the two leptons from the intermediate ‘‘WW
→ab ’’ diagram do not have to be of the same flavor: A
interesting statistical effect@8# occurs when one consider
the relative difference between, say, themm and theme final
state~mass effects play no role foreandm): First, there is no
phase space factor12 for the latter case. Then, there is th
possibility that an electron is produced at the~‘‘upper’’ ! n lW
vertex or at the~‘‘lower’’ ! qq8W vertex. Both diagrams are
topologically distinct and thus have to be treated separat
This means, four diagrams lead to theme final state, whereas
only two lead to themm final state. We see that there is
relative factor 4 between the two cases. Note though
now the interference terms areadded to the two squared
amplitudes since there is no relative sign between the t
This reduces the relative factor to about 3.

The details of our Monte Carlo program are given in@10#;
now an integration over the incoming neutrino energy sp
trum has to be included. A simple phase space calculation
them→enenm decay gives for the normalized distribution
the laboratory frame:

dN

dEn
~nm!5

2

Em
3

En
2S 322

En

Em
D ,

FIG. 3. Total cross section fornmN→m2a1b1X as a function
of the Majorana mass for am2 energy of 50 GeV. No limits on Ua i

are applied.
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dEn
~ne!5

12

Em
3

En
2S 12

En

Em
D . ~7!

The maximal neutrino energy isEm and the mean value is
^En&57/10 (3/5)Em for nm (ne).

In Figs. 3, 4, and 5 we show the total cross section for
reactionnmN→m2a1b1X with the mm, mt, and tt final
states for three different muon energies. For the above g
statistical arguments to be valid, the mass of the final s
leptons has to be negligible. This is the case for muon en
gies higher than about 3 TeV, as can be seen from the
ures, where themt final state is the leading signal forEm
54 TeV. We setUa i51 in order to show the mass depe
dence of the signal; the slope of the curves is easily und
stood from the two extreme limits of

s}
mi

2

~q22mi
2!2

→H mi
2 for mi

2!q2,

mi
22 for mi

2@q2,
~8!

FIG. 4. Total cross section fornmN→m2a1b1X as a function
of the Majorana mass for am2 energy of 500 GeV. No limits on
Ua i are applied.

FIG. 5. Total cross section fornmN→m2a1b1X as a function
of the Majorana mass for am2 energy of 4 TeV. No limits on Ua i

are applied.
1-3
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whereq is the momentum of the Majorana neutrino.
For am2m1 collider or a muon storage ring four differen

signals are possible~corresponding to incomingnm , n̄e , n̄m ,
or ne!; Fig. 6 shows that the muon neutrino from them2

decay gives the highest cross section. In this figure we p
ted the interesting area of the mass range given by the
saw formula~4! and applied also the limits on heavy ne
trino mixing as explained in Sec. III. Finally, we give in Fig
7 the cross section fornmN→m2m1m1X with two possible
other realizations, namely, via an intermediate right-han
Majorana neutrino and via right-handed interactions with
WR mass of 720 GeV, the current lower bound@11#. For the
latter case, the matrix elements are identical whereas for
former one has to make the replacement (p2↔k4 , p1↔k1)
in Eqs. ~5! and ~6!. It can be seen that a left-handed hea
neutrino gives the highest contribution. Of course it is p
sible that all these realizations contribute and thus interfe

We checked the dependence of the results on oscilla
parameters by integrating over two-flavor formulas. Even
Em550 GeV, a detector-source distance of 1 km and LSN
like values ofDm2 ~.0.1 eV2), and sin2 2u (.1023) the
relative suppression of the signal was not more thanO
(1026). Inserting typical parameters of atmospheric or so
experiments has even less effect.

B. Neutrino factories

Several proposals for a muon storage ring have b
discussed; the number of expected neutrino interact
differs. The formula used for the luminosity in units o
cm22 s21 is @12#

FIG. 6. Total cross section forn lN→ lmmX for nm ,ne ,n̄m, and

n̄e as a function of the Majorana mass for am energy of 50 GeV.
The limits onUa i are applied.
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L5NAf Nml , ~9!

whereNA is the Avogadro number,Nm the number of muons
injected in the ring per second,f the fraction of the ring
occupied by the production straight section, andl the mass
depth of the target in g cm22. Typical numbers aref
50.02, l 51000 g cm22, andNm51012–1014 s21. Let us be
optimistic and assumeNm51014 s21 with a ‘‘year’’ of 107 s
running time. With this parameter set one getsL.1039

cm22 s21. The neutrinos from them decay will all end inside
the detector since their opening angle is justu.1/gm
5mm /Em . Typical distances between detector and mu
ring are 102 to 103 m, discussed energies go up to 106 GeV.
A complete scope of all possible options is not our aim.
definite plans for machines are made our results can easil
rescaled with the help of relation~9!.

III. LIMITS ON NEUTRINO PARAMETERS

As expected, 0nbb provides us with the best limit of al
entries in^mab& and ^1/mab&. Recently, other elements o
the mass matrix were investigated and for the first time lim
on thet sector of^mab& were given@13#. The process dis-
cussed wase1p→ n̄ea

1b1X at HERA and gave bounds o
^met&, ^mmt&, and ^mtt&. In @14# improved limits on
^mmm&~via K1→p2m1m1) and^mem& (m2 –e1 conversion
on titanium! are given. Together with the 0nbb limit @15#
the current situation is as follows:

FIG. 7. Total cross section fornmN→m2a1b1X as a function
of the Majorana mass for am2 energy of 50 GeV and differen
possible realizations of the process.N is a left-handed,NR a right-
handed Majorana, andWR denotes the process with a right-hand
W boson and a left-handed Majorana. No limits on Ua i are applied.
^mab&&S 2310210 @15# 1.7~8.2!31022 @14# 4.23103 @13#

5.03102 @14# 4.43103 @13#

2.03104 @13#
D GeV. ~10!
1-4
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TABLE I. Obtainable limits for̂ mab&and^1/mab& ~in GeV and GeV21) for different muon energies in
GeV. It holds^mee&.^mmm&.1/3̂ mem& and^1/mee&.^1/mmm&.1/3̂ 1/mem&. For the number of events th
parameter set given in Sec. II B is used. For^1/mab& the limits onuUaiu2 from Eq. ~11! are used.

Em ^mmm& ^mmt& ^mtt& ^1/mmm& ^1/mmt& ^1/mtt&

50 25.2 57.6 1.23103 12.4 32.6 199.5
100 12.9 21.9 128.2 3.1 1.7 13.4
200 6.6 8.1 26.9 0.8 1.1 1.7
300 4.6 4.7 14.2 0.3 0.4 0.7
400 3.4 3.3 8.1 0.2 0.2 0.3
500 2.8 2.6 5.8 0.2 0.2 0.2
103 2.0 1.5 3.2 3.731022 3.731022 0.1
23103 0.7 0.5 3.1 7.431023 7.431023 7.431023

43103 0.4 0.3 0.2 2.631023 2.331023 2.831023

104 0.2 0.1 0.2 5.331024 4.931024 5.831024

105 2.931022 1.431022 1.431022 2.231025 1.631025 1.631025

106 4.631024 2.931024 3.231024 1.431026 7.031027 1.431026
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There is a spread over 14 orders of magnitude. For^mem&
two values are given, depending on the spin configuration
the final state protons. Note that for all entries except for
ee, element the limits lie in the unphysical region; e.g., f
^met&54.23103 GeV the cross section is proportional
m22 and not tom2 as assumed to get the limit. Improveme
on most values might be expected fromB decays@14,16,17#.

For ^1/mee& a limit from 0nbb exists @18#, for which a
heavy neutrino hasmi*1 GeV. Besides neutrinoless doub
beta decay there are other ways to get information ab
heavy neutrinos: The LEP machine can produce heavy n
tral leptons viae1e2→NN̄; the most stringent limits come
from the L3 collaboration@19#; they exclude masses belo
70 to 80 GeV, depending on the charged lepton they cou
to (e, m, or t). On the other hand, if heavy neutrinos m
with their light SM counterparts, they should alter the resu
for m decay,n scattering, and so on. Global fits then limit th
mixing parameters@20#, in total the limits read

( uUeiu2,6.631023, mi.81.8 GeV,

( uUm i u2,6.031023, mi.84.1 GeV, ~11!

( uUt i u2,1.831022, mi.73.5 GeV.

In Sec. IV B we will discuss how these bounds restrict t
possibilities of observing the 0nbb analogue at a neutrino
factory. Before that we apply the procedure from@13# again
to the HERA data and gain limits on the other elements
^1/mab&. Here, heavy neutrinos must havemi*100 GeV.
The matrix reads

K 1

mab
L &S 1.131028 5.431023 8.631023

8.431023 9.031023

0.1
D GeV21.

~12!
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Now there is only a spread of 8 orders of magnitude.
non-ee entries are unphysical, e.g., for themm element one
gets, with the bound from Eq.~11!,

mi*
uUm i u2

K 1

mmm
L .0.7 GeV. ~13!

All limits on the same quantities for aright-handedMajo-
rana neutrino with the usual couplings to the SM particles
in the same order of magnitude. Table I shows what lim
could be achieved for a luminosity per year given by t
parameter set after Eq.~9!. The improvement would be tre
mendous and already for muon energies higher than
GeV the bounds on̂mab& lie in the physical region: The
limit on ^mmm& is about 3 GeV, where the slope of the cro
section is still rising, i.e., proportional tomi

2 . For ^1/mab&
the situation is different: ForEm5500 GeV the limit on
^1/mtt& is about 0.2 GeV, which translates intomi*0.1
GeV, which is a light neutrino, i.e., in that region iss}mi

2 .
Here, energies around 10 TeV are required to get phys
meaningful values.

IV. DETECTION OF THE PROCESS

A. Experimental considerations

Because of the smallness of the cross section of the
cess discussed here, one might ask if SM processes
which fake the signal. A discussion of this kind has alrea
been done for trimuon production innN scattering at previ-
ous fixed target experiments, both experimentally@21# and
theoretically @22#. This trimuon production has a (211)
signature. Due to the principle creation of conventional n
trino beams by using pion and kaon decays, there is alwa
‘‘ n̄m pollution’’ in the beam which can give a (211) sig-
nal through muon pair production, be it radiatively or in th
hadronic final state via, e.g., vector meson production. Th
effects exist on the level of about 1024 of the total observed
charged current events. Kinematical cuts to suppress
1-5
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W. RODEJOHANN AND K. ZUBER PHYSICAL REVIEW D63 054031
background, e.g., using the invariant mass or angular is
tion, have been developed. For previous experiments, h
ever, it was found@10# that for trimuon production via Ma-
jorana neutrinos the signal-to-background ratio is far
small. However, for a muon storage ring we know exac
what neutrino flavor is coming in and thus in the case ofm2

decay there is no SM process to give a (211) event. The
only exception isnmN→m2e1m1X which might be faked

by a n̄e CC event withm1m2 production in the jet or via
bremsstrahlung. However, as we will show below, fin
states with electrons cannot be expected due to the se

limits from 0nbb. Because of thenmn̄e or n̄mne structure of
the beam, ratios between observed types of events~coming
from each neutrino species! could be used to establish a si
nal. Also polarization of the muon beam could be use
because it allows to change the neutrino spectra and th
fore the event ratios in a predictable way. Possible chan
involving t leptons in the final state might be investigated
topological and kinematical methods as used by CHOR
and NOMAD. Finally, it could even be possible to obta
information aboutCP violation by comparing event number
from different channels.

Up to now we ignored in this section effects of neutri
oscillations. An incomingn̄ecould oscillate into an̄mand cre-
ate via the aforementioned processes a (211) signal. The
relevant oscillation parameters are now given by atmosph
(Dm2.1023 eV2) and CHOOZ (sin2 2u&0.2) data. Inte-
grating the CC cross section of then̄eover a two-flavor for-
mula and also taking into account the factor 1024 yields
numbers smaller than the ratio of process~3! with the~CC 1
NC! cross section by at least one order of magnitude, e
for a L51 km andEm550 GeV option of the experiment.

For the other final states there is no SM backgrou
Typical events with additional leptons are production
gauge bosons, which, however, are always accompa
with neutrinos or extra jets, and thus in principle distinguis
able.

B. Is it observable?

Unfortunately, the bounds on neutrinos and their mixi
severely restrict the prospects of detecting a signal fromB-L
violating mass terms at the discussed experiments: For
ample, let us consider a 4 TeV muon source~be it a collider
or just a storage ring! and themm channel. For the momen
we stick to onemi . The maximum cross section is achiev
for a mass eigenstate of about 10 GeV,smm(mi.10 GeV)
.10220 b. A few years of running withL.1039 cm s21 per
year could establish an observation. However, for the m
mal allowed mass of 84.1 GeV, the cross section reduce
smm(mi584.1 GeV).2.0310221 b, which is then further
suppressed by theUm i limit to 7.3310226 b. Roughly the
same number holds for theee channel, and for theem chan-
nel about three times this number. However, now the va
from Eq. ~12! comes into play: Assuming one mass eige
state of 81.8 GeV one getsuUeiu2,931027, resulting in
see(mi581.8 GeV).10233 b. The cross section stays co
stant till mi563105 GeV and scales withmi

22 for larger
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masses. For theem and et channel the cross sections a
sem.2310231 b/mi@GeV# andset.8310231 b/mi@GeV#,
respectively. Thus, the electron final states of process~3!
provide no real chance for observation.

Now we investigate possible event numbers: to be in
pendent on the concrete values of the experimental par
eters we calculate the charged and neutral current cross
tion by integrating over the energy spectrum~7! with the
GRV 92 and 98@23# parton distributions includingc and b
quark contributions. With this we give the maximal rat
@i.e., applying all limits of Eq.~11! for the cross section# of
the process~3! as shown in Table II. We considered only th
muonic and tauonic final states and took for themt channel
the valuemi584.1 GeV. The last column gives the numb
of nm~CC1NC! events with the parameter set given after E
~9!. Only the highest discussed energy provides a chance
observation. However, the realization of this kind of mach
remains doubtful, but might be realized in a form of a ne
high-energy physics laboratory@24#.

Though the numbers are no reason to be overoptimis
the same final state we discussed might have contribut
from other channels as the ones plotted in Fig. 7. For 0nbb
many limits on beyond-SM parameters were derived;
@25# for a review. A simple estimation shows the power
such a neutrino factory: For a 4 TeV energy and a 100 keV
neutrino, the cross section is about 10229 b. Other contribu-
tions might not need a helicity flip and are thus larger
roughly a factor of (mn /Em)2.1013, whereEm is the energy
of the Majorana neutrino. With the mentioned 1039 cm22 s21

luminosity we would have 106 events per year, a ‘‘new phys
ics factory.’’

C. Mixing matrix for more than one Majorana neutrino

It might be interesting to see what happens if there
more than one heavy Majorana neutrino contributing to
signal. Note that every heavy mass eigenstate contrib

TABLE II. Maximal ratio of nmN→m2a1b1X and sum of CC
and NC fornmfor different final states and muon energies in Ge
Indirect bounds on mixing matrix elements are applied. The
column displays the expected number of~CC1NC! events from
nmwith the optimistic parameter set given in Sec. II B.

Em smm /s (CC1NC) smt /s (CC1NC) stt /s (CC1NC) NCC1NC

50 1310220 7310221 7310222 43109

100 1310219 1310219 7310220 83109

200 7310219 2310218 2310218 231010

300 3310218 7310218 1310217 231010

400 7310218 2310217 4310217 431010

500 1310217 4310217 7310217 431010

103 7310217 4310216 7310216 831010

23103 7310216 3310215 7310215 131011

43103 5310215 2310214 5310214 231011

104 4310214 2310213 5310213 531011

105 2310212 1310211 2310211 331012

106 4310211 8310210 4310210 831012
1-6
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with mi
22Ua i

4 to the cross section. For example, in a deg
erate scheme with three mass eigenvaluesmi( i 51,2,3), each
of 90 GeV mass, the mixing matrix elements could consp
to be Um1

2 51023, Um2
2 5Um3

2 52.531023, thus making the
cross section lower by a factor of approximately 1/3. T
reduction of the cross section gets worse the more additi
mass eigenstates one introduces. For only two heavy ne
nos andUm1

2 51023 we lose only a factor of 2/3.
For the electron sector the limit from 0nbb in Eq. ~12!

modifies this procedure a bit: e.g., for two Majorana neu
nos with Ue1

2 521024 and m1590 GeV we get Ue2
2

56.531023, but from that followsm2*5.8 TeV. The de-
crease is by a factor of 2600, which has to be compared w
the reduction one would have achieved without the c
straint from 0nbb, namely, a factor of 4/5. On the othe
hand, choosingUe1

2 526.5•1023 for m1590 GeV leads to
Ue2

2 51024 but then followsm2*1.4 GeV, which is ex-
cluded. There are of course a lot of other allowed possib
ties, which, however, all result in a reduction of the cro
section. The importance of using the heavy neutrino bo
from 0nbb was first stressed in@25,26#. A detailed analysis
of the topic of cancellation in the effective masses is~for the
case of̂ mee&) given in @9#.

Will the situation change with future improved mass a
mixing limits? First, the high number of neutrino interactio
might have impact on the global fits for the mixing matr
elements. However, the limits cannot be expected to be
proved by factors larger thanO(1). The LEPbound on the
neutrino mass from@19# corresponds to about 40% of th
used center of mass energy of 189 GeV; for simplicity
can assume that this will also hold for the upgrade energ
As other machines are concerned, at the CERN Large H
ron Collider ~LHC! @28,29# or HERA @30#, investigation of
masses of a few 100 GeV might be possible, but mostly o
the electron channels were considered. Applying the 0nbb
limit on heavy neutrinos~which has not been done in th
analyses! to those results reduces the mass limits in th
works. For the muon channels the results are significa
lower @29# or, as for HERA, not yet discussed. Regarding t
Next Linear Collider, the pair productione1e2→NN pro-
duces too small event numbers@31#. Recently it was shown
in @32# that for As*500 GeV the ‘‘indirect’’ processe1e2

→ne6W7 might probe Majorana masses up to the cente
mass energy. The same holds for theem option of future
colliders viae6m7→n l 6W7 @33# and also Majorana neu
trino pair production will be observable@34#. Processes suc
as e2g→nea

2b2W1 @27# with a, b5m, t, or e2e2

→m2m2 @35# might also evade the 0nbb constraint but
ia
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require center of mass energies in the same region as
ones discussed here.

V. CONCLUSIONS

To conclude, we did a full analysis of the analogue
neutrinoless double beta decay at a neutrino factory w
applying several experimental limits. The use of a detec
right at the muon storage ring provides a very large num
of neutrino interactions and for current and future mass l
its the signals are perhaps observable at very high m
energies. Furthermore, if observed at lower energies, i
important to know how heavy Majorana neutrinos with S
couplings contribute to the events. The cross sections
very small but at least unaffected by oscillation phenome
The limits on the effective Majorana mass matrix can
pushed down to physical values even from energies ofEm
5500 GeV on. For its ‘‘inverse,’’ however, energies high
by a factor of more than 20 are required. Signatures of
discussed events might be the only chance to find out ab
Majorana mass terms since most other relatedB-L violating
processes suffer from tiny ratios to the respective stand
model events. Information on future limits on Majoran
masses is mostly found in works concentrating on elect
final states and thus unimportant when one incorpora
0nbb bounds on heavy Majorana neutrinos. Anyway, o
results should not change dramatically even for new CE
e1e2 collider LEP limits on direct production or modifie
global fits. Finally, if there are several neutrinos contributin
the mixing matrix might reduce the results significantly; i.
if there is only one Majorana neutrino, the cross section
maximal. The reduction of the signal can be worst for t
electron channels, which provide, however, no chance
observation anyway, due to the results from neutrinol
double beta decay. Contributions to the same final state w
out intermediate Majorana neutrinos~e.g., SUSY particles!,
however, are a very realistic candidate for observation
the prospects for this will be addressed in future works. T
process considered in this paper is then the relevant b
ground signal.
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