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Quest for the dynamics ofnµ\nt conversion
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We perform a quantitative analysis of the capability of K2K, MINOS, OPERA, and a neutrino factory in a
muon collider to discriminate the standard mass induced vacuum oscillation from the pure decoherence solu-
tion to the atmospheric neutrino problem and thereby contribute to unravel the dynamics that governs the
observednm disappearance.
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I. INTRODUCTION

Two years ago, the Super-Kamiokande~SuperK! atmo-
spheric neutrino data astonished the world by giving the fi
compelling evidence in favor ofnm→nt oscillations @1#.
This incredible result has since been confirmed by other
mospheric neutrino experiments@2,3#, as well as by the pre
liminary K2K nm disappearance experiment result@4#, mak-
ing unquestionable the fact that neutrinos suffer fla
conversion.

Naively, one may think that proves neutrinos have no
zero mass and that the next challenge for experimentalis
simply to determine the neutrino mass squared differen
and the texture of the neutrino mixing matrix. Indeed, if t
dynamics of neutrino flavor change is mass induced in
standard way@5#, this is obviously the next logical step. Un
fortunately, this is not an established fact.

Although the atmospheric neutrino data collected up
now allow one to definitely exclude some energy dep
dences for thenm→nt conversion probability@6#, some in-
teresting possibilities, such as neutrino decay@7# and pure
quantum decoherence@8#, are capable of explaining the da
comparably well in light of the standard mass induced os
lation mechanism. This is in spite of the fact that the dyna
ics behind neutrino decay and pure decoherence gives ri
a nm survival probability monotonically decreasing with ne
trino energy while the mass induced mechanism leads
harmonic probability of oscillation. We therefore believe th
another important experimental task should be to unravel
nature of the flavor changing mechanism. We have to p
out that the neutrino decay scenario is also mass induced
throughout this paper when we allude to the mass indu
mechanism, we will be referring to the standard neutr
flavor oscillation scenario.

Many, if not all, of the proposed future neutrino lon
base-line experiments were designed to measurenm→nt os-
cillations in order to pin down the oscillation paramete
having in mind the standard mass induced oscillation mec
nism. It is important to verify their real capabilities to di
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criminate among different flavor changing dynamics.
The purpose of this paper is to investigate to what ext

K2K and the next generation neutrino oscillation expe
ments will be able to discriminate the mass inducednm
→nt oscillation solution@9# to the atmospheric neutrino
problem~ANP! from the recently proposed pure decoheren
one@8#. We do not investigate in this paper the decay mec
nism, since it implies the existence of sterile neutrinos, g
ing rise to a richer phenomenology; this study will be r
ported elsewhere@10#.

The outline of the paper is as follows. In Sec. II, w
briefly review the mass induced and the pure decohere
mechanisms of flavor conversion. In Sec. III, we define
statistical significance tests we will use in order to quant
the separation between the two ANP solutions. In Sec.
we discuss the power of discrimination of the mass indu
oscillation solution to the ANP from the dissipative one
K2K @11#, MINOS @12#, OPERA @13#, and a possible neu
trino factory in a muon collider@14#. Finally, in Sec. V, we
present our conclusions.

II. REVIEW OF THE FORMALISM

The time evolution of neutrinos created at a given flav
nm by weak interactions, as of any quantum state, can
described using the density matrix formalism by the Lio
ville equation @15#. If we add an extra termL@rm# to the
Liouville equation, quantum states can develop dissipat
and irreversibility@15,16#. The generalized Liouville equa
tion for rm(t) can then be written as@15#

drm~ t !

dt
52ı@H,rm~ t !#1L@rm~ t !#, ~1!

where the effective HamiltonianH is, in vacuum, given by

H5FD 0

0 2D
G , ~2!

whereD5(m2
22m1

2)/4En . We have already considered u
trarelativistic neutrinos of energyEn and the irrelevant glo-
bal phase has been subtracted out. We assume here os
tions only betweennm andnt in a two-generation scheme.

The most general parametrization forL@r# contains six
real parameters which are not independent if one assume
©2001 The American Physical Society13-1
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complete positivity condition@15#. In one of the simplest
situations, which in fact physically arises when the we
coupling limit condition is satisfied, only one of the param
eters,g, has to be considered. In this limit, Eq.~1! can be
solved to calculate@15#

P~nm→nt!5
1

2
sin2 2u@12e22gL cos~2DL !#, ~3!

the probability of finding the neutrino produced in the flav
statenm in the flavor statent after traveling a distanceL
under the influence of quantum dissipation driven by
parameterg.

When g50, we get the usual mass induced oscillati
~MIO! probability in two generations. The survival probab
ity, in this case, is the standard one:

P~nm→nt!5
1

2
sin2 2u@12cos~2DL !#. ~4!

On the other hand, if neutrinos are massless or degene
(Dm250) and weak interaction eigenstates are equa
mass eigenstates, even though standard oscillations ca
occur, flavor conversion can still take place through the p
decoherence mechanism~PDM! @17#. Explicitly, the neutrino
flavor change probability, in the simplest case where a sin
decoherence parameter is considered, becomes

P~nm→nt!5
1

2
@12e22gL#. ~5!

We will assume here for the PDM thatg
5g0(En /GeV)21, where g0 is a constant given in GeV
This ansatz may be motivated by the assumption that
exponent in Eq.~5! behaves like a scalar under Loren
transformations@8#.

Note that here we will be studying both MIOs and t
PDM in a two-generation framework since this is enough
explain well the atmospheric neutrino data. Notwithstandi
one may wonder about the contribution from electron neu
nos. If the PDM really takes place in nature, it should in fa
involve all three neutrino flavors. We can have some insi
into what can happen in this case. From the results of R
@17,18# on the limits on the PDM from SN 1987A data an
with the ansatz above, we expect the decoherence param
that accompanies thenm→ne conversion to be smaller tha
10239 GeV. This means that for the energies and distance
the long-base-line experiments we will study here, this eff
should be completely negligible. Nevertheless, a comp
study of the PDM with three neutrino generations should
fact be performed to confirm this assumption.

III. STATISTICAL SIGNIFICANCE TEST

In order to define the capability of an experiment to d
criminate mass inducednm→nt oscillation from pure deco-
herence, we define the number of standard deviations
separation between MIOs and the PDM asns5Ax2 where
11301
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x2~g0 ,sin2 2u,Dm2!52@NPDM~g0!2NMIO~sin2 2u,Dm2!#

12NMIO~sin2 2u,Dm2!

3 lnS NMIO~sin2 2u,Dm2!

NPDM~g0!
D ~6!

is the confidence level according to the procedure propo
by the Particle Data Group@19#. Here,NPDM(g0) is the total
number of events theoretically expected if the PDM is t
solution to the ANP andNMIO(sin2 2u,Dm2) is the total num-
ber of events that can be observed by the experiment
function of the two parameters involved in the MIO mech
nism.

For each experiment we have studied, we have compu
two different types of contour level curves.

First, we fix NPDM5NPDM(g0
best), at the number corre-

sponding tog05g0
best50.6310221 GeV, the best-fit point of

the PDM solution to the ANP@8#, and vary the MIO param-
eters in the interval 131023 eV2<Dm2<231022 eV2 and
0.8<sin2 2u<1, consistent with the atmospheric neutrin
data. In this way, we obtain curves of fixedns in the plane
sin2 2u3Dm2.

Second, we fix sin2 2u51 and vary the PDM parameterg0
in the interval 0.25310221 GeV<g0<1.1310221 GeV, as
well as the MIO parameterDm2 in the interval
131023 eV2<Dm2<231022 eV2. The upper limit of the
range in g0 is the one allowed by the CHORUS an
NOMAD data @8,17#; the lower limit was estimated by
using g0;2.543102193(Dm2/eV2) GeV, with Dm2

51.031023 eV2. Like this, we can get curves of fixedns in
the planeg03Dm2. This allows us to extend our conclusion
beyond the best-fit value of the PDM solution to the ANP

IV. PDM VERSUS MIO

We have investigated the capability of K2K@11,20,21#
and the next generation neutrino oscillation experiments
NOS @12#, OPERA@13,22#, and a neutrino factory in a muo
collider @14# to discriminate the PDM solution to the ANP
with g0;0.6310221 GeV,1 using the ansatz g
5g0(En /GeV)21, given in Ref.@8#, from the traditional one
due to nm→nt MIOs in vacuum with Dm2

;(1.1–7.8)31023 eV2 and sin2 2u*0.84@9#. We recall that
the best-fit point for the MIO solution to the ANP is a
(sin2 2u,Dm2)5(1.0,3.031023 eV2) @9#.

We would like to point out that the decoherence soluti
to the ANP is open to two different readings: either it can
viewed as an effect of pure decoherence or as a combina
of quantum decoherence plus vacuum oscillation driven
Dm2&1026 eV2 with sin2 2u;1. In the first case, there is
single free parameter (g0) and the flavor change probabilit
is given by Eq.~5!; in the second, there are two free param

1We remark that in our notation 2g0 corresponds tog0 of Ref. @8#.
3-2
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eters (g0 and sin2 2u) since the probability will be given by
Eq. ~3! with cos(2DL)→1.

We now present and discuss the results of our study.

A. K2K

In Ref. @8#, K2K was cited as a possible experiment to te
the novel decoherence solution to the ANP. This possibi
would be very appealing for K2K is an experiment which
currently taking data.

In order to verify this, we have calculated the expec
number of events in K2K for the goal of the experiment, i.
1020 protons on target~POT! @4#, for three hypotheses: n
flavor conversion, mass inducednm→nt oscillation with pa-
rameters consistent with SuperK atmospheric neutrino
sults @9#, and the pure decoherence solution to the ANP@8#.

K2K is a nm→nm disappearance experiment, where t
muon neutrinos that have an average energy of 1.4 GeV
produced by the KEK accelerator, first measured after tr
eling 300 m by the Near Detector, which is a 1 kton water
Cherenkov detector, and finally measured by the Far De
tor ~FD!, the SuperK 22.5 kton water Cherenkov detec
localized at 250 km from the target. This experiment, wh
has started taking data last year and has currently accu
lated 2.2931019 POT, seems to be confirming thenm→nm
disappearance as expected by the atmospheric neutrin
sults @9#.

The expected number of events in the FD can be co
puted as follows:

NFD5R NFD
theo, ~7!

whereR is the ratio between the number of observed over
number of expected events in the Near Detector we h
used the fact thatR;0.84 from Ref.@20#, and NFD

theo is the
theoretical expectation that can be calculated as

NFD
theo5h nFDE FFD~E!s~E!P~nm→nm!dE, ~8!

whereE is the neutrino energy,FFD(E) is the nm flux dis-
tribution at the Far Detector,s(E) is the total neutrino in-
teraction cross section taken from Ref.@23#, andnFD is the
number of active targets in the FD. Also, we have introduc
a normalization factorh which was fixed to 0.65 in order to
get the same expected number ofnm events as K2K for null
oscillation. The shape ofFFD(E) was taken from Ref.@11#,
but the total flux has been renormalized to account for
number quoted in Table 1 of Ref.@20#. The survival prob-
ability P(nm→nm)512P(nm→nt) in two generations,
with P(nm→nt) either equal to zero~for no nm→nt conver-
sion!, to the usual two-generation MIO probability@Eq. ~4!#
or the PDM flavor conversion probability@Eq. ~5!#.

We first perform the calculation of the total number
expected events,NFD, in the absence of any flavor chang
and for oscillation with sin2 2u51 and Dm2

5331023 eV2, 531023 eV2, and 731023 eV2 for
2.2931019 POT. These results, which agree quite well w
the K2K estimations presented in Ref.@4#, are summarized in
Table I. Thus we are confident that our numbers are rea
11301
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able and we can proceed to estimate the total numbe
events expected in the FD when K2K reaches 1020 POT for
vacuum oscillation and decoherence. These numbers are
reported in Table I. From this, we can see that the m
induced oscillation and the decoherence effect at their bes
values imply, for the goal of the K2K experiment, values f
the total number ofnm events which are statistically compa
ible; hence the two solutions will be indistinct at K2K.

One may wonder about the energy distribution of t
K2K events, which, in principle, could be used to discrim
nate the solutions. We show, in Fig. 1, the Monte Ca
simulated reconstructed neutrino spectrum for one-r
m-like events at SuperK taken from Ref.@21# for Dm2

50.0015 eV2, 0.0028 eV2, 0.005 eV2, and 0.01 eV2 and
sin2 2u51, as well as our estimation of the distortion e

TABLE I. Expected number ofnm events calculated for the
K2K Far Detector of 22.5 kton. In all cases sin2 2u51.

Hypothesis NFD Number of POT

No flavor change 40.3 2.2931019

Dm25331023 eV2 28.3
Dm25531023 eV2 18.9
Dm25731023 eV2 13.3

Dm25331023 eV2 123 1.031020

g050.6310221 GeV 122

FIG. 1. Spectral distortion expected for one ringm-like events at
K2K assumingnm→nt flavor conversion with sin2 2u51 and dif-
ferent values ofDm2 ~MIO! andg050.6310221 GeV ~PDM!. The
bars represent the statistical error at each bin. The calculation
done for a total of 1020 POT.
3-3
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pected for the best-fit point of the PDM solution to the AN
The latter was done simply by multiplying the bin conte
for no oscillation by the average PDM survival probability
the bin.

From Fig. 1, we see that if one takes into account only
statistic error, completely disregarding the systematic o
the curves are already virtually indistinguishable so that
unfortunately can hardly hope to discriminate between th
two solutions with the K2K data. It is important to rema
that the actual spectrum is currently under study, so what
present here can be viewed as a tendency which indic
that, even if one compares only the shape for the bes
values of the two solutions, this type of discrimination w
be very difficult in K2K.

In Figs. 2 and 3, we show the result of the statisti
significance tests for K2K, as proposed in Sec. III. The
curves were calculated with the total number of events,NFD,
and although this is not directly related to what is plotted
Fig. 1, it takes us basically to the same conclusion; i.e.,
data compatible with 2.231023 eV2<Dm2<4.031023

eV2 the maximal separation between the two solutions c
not exceed;2 s if g05g0

best. We see in Fig. 3 that for dat
consistent with 2.231023 eV2<Dm2<3.531023 eV2 the
separation is always less than 3s, ;g0. A separation of 5 or
mores can only be achieved if the data are compatible w
Dm2*731023 eV2. We also see that the point which co
responds to the best fit of the MIO and the PDM solutions
inside thens&1 region. Therefore, we conclude that it w

FIG. 2. Regions in the sin2 2u3Dm2 plane, forg05g0
best, where

the numbers ofNFD events expected for PDM and MIO are sep
rated byns51, 2, 3, and 5 for K2K after 1020 POT. The inner part
of the gray curve is the one allowed at 99% C.L. by the lat
SuperK atmospheric neutrino data@9#. The sensitivity of K2K is
marked by a horizontal line with an arrow.
11301
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be rather difficult to disentangle the two ANP solutions b
fore the arrival of the next generation neutrino experimen

B. MINOS

The MINOS experiment@12# is part of the Fermilab
NuMI Project. The neutrinos which constitute the MINO
beam will be the result of the decay of pions and kaons t
will be produced by the 120 GeV proton high intensity bea
extracted from the Fermilab Main Injector. There will be tw
MINOS detectors, one located at Fermilab~the near detector!
and another located in the Soudan mine in Minnesota, ab
732 km away~the far detector of 5.4 kton!.

According to Ref.@24#, MINOS will be able to measure
independently the rates and the energy spectra for muon
(0m) and single muon (1m) events, which are related to th
neutral current~nc! and charged current~cc! reactions. Three
different neutrino energy regions are possible: low (En

;3 GeV), medium (En;7 GeV), and high (En;15 GeV).
For MINOS to operate as ant appearance experiment eith
the high or medium energy beam is required, since one m
be above thet threshold of 3.1 GeV.

We have studied here two different observables that
be measured in MINOS: the 1m-event energy spectrum an
the 0m/1m-event ratio. The three different beam possibiliti
were investigated.

The expected number of 1m events in MINOS,dN1m ,
can be calculated using@25#

t

FIG. 3. Regions in theg03Dm2 plane, with sin2 2u51, where
the numbers ofNFD events expected for PDM and MIO are sep
rated byns51, 2, 3, and 5 for K2K after 1020 POT. The dotted
gray lines mark the region allowed at 99% C.L. by the latest S
perK atmospheric neutrino data@9# and the cross the best-fit value
of the PDM@8# and the MIO@9# solutions to the ANP. The start o
the sensitivity of K2K is marked by an arrow.
3-4
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dN1m

dEn
~En!5

dNcc

dEn
~En!$@12P~nm→nt!#

1P~nm→nt!h~En!Br~t→m!%, ~9!

whereh(En)5snt2cc(En)/snm2cc(En) is the ratio of the cc

cross section fornt over the cc cross section fornm , Br(t
→m) is the branching ratio of the tau leptonic decay to mu
~18%!, dNcc/dEn is the energy spectrum fornm cc events in
the MINOS far detector in the case of no flavor change@24#,
andP(nm→nt) is the probability ofnm→nt conversion.

FIG. 4. Spectral distortion expected at MINOS for the best
points of the vacuum oscillation and of the pure decoherence s
tions to the ANP for three possible beam configurations.
11301
n

There are two different ways a muon can be produc
either by the survivingnm which interact with the detecto
@first term of Eq.~9!# or by the contribution from taus gen
erated bynt interactions in the detector, afternm→nt con-
version, followed byt→nmntm decay@second term of Eq.
~9!#. In both cases, the events must trigger the detector
be identified as muons to count as 1m events. Here, we have
not considered the possible contamination from neutral c
rent events and the trigger and identification efficienc
were supposed to be 100%.

In Fig. 4, we present the 1m-event energy distribution
expected at MINOS for no flavor change and the bes
parameters of the MIO and of the PDM solutions to the AN
for 10 kton year (;2 years of running!. We can observe tha
if the final choice of beam is the low energy configuratio
MINOS will be in the same footing of K2K, meaning tha
discrimination between solutions will be extremely disf
vored due to low statistics. In the event of a choice fall
the medium or the high energy beam, discrimination w
become more likely due to higher statistics.

We show in Fig. 5 the result of the statistical significan
test in theDm23sin2 2u plane, for the three beam setups. W
see that forDm25331023 eV2, PDM and MIO are sepa-
rated by less than 2s ~low!, more than 3s ~medium!, and
more than 5s ~high!, ;sin2 2u in the range compatible with
SuperK atmospheric data, confirming our previous conc
sions on Fig. 4.

We can further point out that, considering the 99% C
sin2 2u3Dm2 region allowed by the SuperK data@9#, the two
solutions will be indistinguishable within 3s for
1.731023 eV2&Dm2&5.331023 eV2 in the low energy
configuration, for 3.031023 eV2&Dm2&4.331023 eV2 in
the medium energy configuration, and for 4.231023 eV2

&Dm2&6.231023 eV2 in the high energy configuration.
In Fig. 6, we show the statistical significance test in t

planeg03Dm2 for the three energy possibilities. The poi
which corresponds to the best fit of the MIO and the PD
solutions is inside thens&1 region for low, thens&2 re-

t
u-
r

-

FIG. 5. Same as Fig. 2 but fo
N1m events in MINOS after 10
kton year exposure. The sensitiv
ity of MINOS is marked by a
horizontal line with an arrow.
3-5
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FIG. 6. Same as Fig. 3 but fo
N1m events in MINOS after 10
kton year exposure. The sensitiv
ity of MINOS is marked by a ver-
tical solid line with an arrow.
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gion for medium, and only for the high energy case it fa
into thens*5 region. Here it is again demonstrated that t
medium and high energy setups are preferable to the low
if the issue is to discriminate the two mechanisms.

We have also computed the ratioR0m/1m that should be
expected in MINOS as a function of the free parameters
the flavor changing hypothesis. This ratio has the advan
that it does not require understanding of the relative fluxe
the near and far detectors; it is also quite sensitive to neut
flavor conversion since when they occur not only arem
events depleted but 0m events are enhanced. This ratio c
be written as@25#

R0m/1m5

E dN0m~En!

E dN1m~En!

. ~10!

The number of expected 0m events can be calculated a

dN0m

dEn
~En!5FdNnc

dEn
~En!1

dNcc

dEn
~En!P~nm→nt!h~En!

3@12Br~t→m!#G . ~11!

where we again supposed no contamination and the trig
and identification efficiencies to be 100%. We can in
dNnc/dEn , the expected energy spectrum fornm nc events
in the MINOS far detector in the case of no flavor chan
using the approximation

dNnc

dEn
~En!;

dNcc

dEn
~En!

snm-nc~En!

snm-cc~En!
. ~12!

The cross sectionssnm-cc, snt-cc were taken from Ref.@26#

andsnm-nc from Ref. @23#.
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In Table II, we show our estimation of this ratio for n
nm→nt conversion, mass induced oscillation for several v
ues ofDm2, and PDM withg05g0

best for the medium and
high energy beams. For the low energy beam this tes
ineffective since, in this case, MINOS will work essential
like a nm disappearance experiment. For the medium a
high energy beams, the ratios predicted for the best-fit va
of the parameters of the two solutions seem to be well se
rated. Nevertheless, one has to take these results careful
a real experimental situation, experimental efficiencies, ev
contamination, resolution, and systematic errors can subs
tially affect 0m-event observables.

TABLE II. Expected ratioR0m/1m in MINOS for 10 kton per
year exposure. The error is only statistical. In all cases sin2 2u51.

Medium energy beam

Hypothesis R0m/1m

No flavor change 0.3360.01
Dm251.531023 eV2 0.3560.01
Dm253.031023 eV2 0.4160.01
Dm254.531023 eV2 0.5260.01
Dm256.031023 eV2 0.7160.01

g050.6310221 GeV 0.4760.01

High energy beam

Hypothesis R0m/1m

No flavor change 0.31460.004
Dm251.531023 eV2 0.32060.004
Dm253.031023 eV2 0.34060.004
Dm254.531023 eV2 0.38060.005
Dm256.031023 eV2 0.43060.005

g050.6310221 GeV 0.41360.005
3-6
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C. CERN to Gran Sasso neutrino oscillation experiments

The new CERN neutrino beam to Gran Sasso is a fac
that will direct anm beam to the Gran Sasso Laboratory
Italy at 732 km from CERN. Such a beam together with t
massive detectors ICANOE or OPERA@22# in Gran Sasso
will constitute a powerful tool for long-base-line neutrin
oscillation searches. The number of protons on target is
pected to be 4.531019 per year, thenm beam will have an
average energy of 17 GeV, the fractionsne /nm , nm̄ /nm , and
nt /nm in the beam are expected to be as low as 0.8%,
and 1027, respectively@27#. The number ofnm charged cur-
rent events per protons on target and kton, without neut
oscillations, is calculated to be 4.7310217 for 1 GeV<En

<30 GeV@27#. These experiments are supposed to start
ing data around 2005 and may be used to try to distingu
the two ANP solutions.

We have investigated the capability of these detectors
particular OPERA, working in thenm→nt appearance mode
to elucidate which is the correct solution to the ANP. W
have obtained the expected number ofnt events,Nt , that
will be measured by OPERA, considering a purenm beam,
using the following expression:

Nt5AE fnm
~E!P~nm→nt! (

i 5 l ,h
Br~t→ i !

3snt2cc~E!e i~E!dE, ~13!

wherefnm
is the flux ofnm at the Gran Sasso detector a

snt-cc is the charged current cross section fornt , both taken
from Ref. @26#. The number of active targetsA can be cal-
culated asA5Cn3Md3NA31093Np3Ny whereMd is the
detector mass in kton,NA3109 is the number of nucleon
per kton~whereNA56.0231023 is Avogadro’s number!, Ny
is the number of years of data taking,Np is the number of
protons on target per year, andCn50.879 is a normalization
constant that we need to introduce in order to be able
reproduce the numbers presented in Table 27 of Ref.@13#.
We have assumed thatnt identification will be accomplished
through its one-prong decays into leptons~l! and hadrons
(h). We have used the overall value( i 5 l ,hBr(t→ i )e i(E)
58.7%, admitting a total mass of 2 kton for 5 yr of exp
sure, according to Ref.@13#. The probabilityP(nm→nt) is
supposed to be equal either to zero~for no flavor transfor-
mation!, to the MIO probability@Eq. ~4!#, or to the PDM
probability @Eq. ~5!#.

In Table III, we show the number ofnt events we have
calculated, according to Eq.~13!, for a 5 yrexposure, assum
ing sin2 2u51 and four different values ofDm2 and the best-
fit point of the decoherence solution to the ANP. We a
quote in this table the total number of background eve
which remains after all the kinematical cuts have been
plied, normalized to an exposure of 5 yr, taken from R
@13#. We observe that for the decoherence effect the rat
tau events is substantially higher than that of most of
Dm2 hypotheses and higher than the number of backgro
events.

We show in Fig. 7 the calculated energy spectrum
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both flavor changing scenarios at OPERA for 5 yr exposu
this was calculated using Eq.~13!. In spite of the fact that in
some cases we observe that the ratio between the numb
nt events coming from the PDM and MIOs is higher than
in practice, it seems to be very difficult to observe this d
ference due to low statistics.

In Fig. 8, we show the result of the first statistical signi
cance test. From this we see that discrimination between
PDM and MIOs can become difficult if Dm2

*4.431023 eV2 (ns&5).
It is worth mentioning that if we vary the decoheren

parameter in the range 0.25310221 GeV&g0
&1.1310221 GeV, the number of expectedNt events also
varies from 31 to 114. This suggests that there might

TABLE III. Expected number ofnt events calculated for
OPERA assuming a 5 yr exposure, using 8.7% for the totalt se-
lection efficiency. In all MIO cases sin2 2u51.

Hypothesis Nt

Dm251.531023 eV2 4
Dm253.031023 eV2 16
Dm254.531023 eV2 36
Dm256.031023 eV2 62

g050.6310221 GeV 69

Total background;0.6 events@13#

FIG. 7. Spectral distortion expected at OPERA for different v
ues ofDm2 ~dashed lines! as well as for the best-fit point of the
pure decoherence~solid line! solution to the ANP, for a 5 yr expo-
sure. We have taken into account an overall efficiency of 8.7%
accordance with Ref.@13#. In all cases sin2 2u51.
3-7
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some situations, even if the measured number of event
consistent withDm2&4.431023 eV2, where it might be dif-
ficult to disentangle the two ANP solutions in OPERA. Th
becomes clearer in Fig. 9, where we see that for data c
patible withDm2,4.131023 eV2 a separation of more than
3s can be achieved forg0*4310221 GeV, but data consis-

FIG. 8. Same as Fig. 2 but forNt events in OPERA after 5
years. The sensitivity of OPERA is marked by an horizontal li
with an arrow.

FIG. 9. Same as Fig. 3 but forNt events in OPERA after 5
years. The sensitivity of OPERA is marked by an arrow.
11301
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tent with values ofDm2;5.331023 eV2 can only be sepa-
rated from the PDM solution ifg0*7310221 GeV (ns

*5).

D. Neutrino factory in a muon collider

Many authors@14,28,29# have emphasized the advantag
of using the straight section of a high intensity muon stora
ring to make a neutrino factory. The muons~antimuons! ac-
celerated to an energyEm(Em̄) constitute a pure source o
both nm( n̄m) and n̄e(ne) through their decay m2

→e2n̄enm (m1→e1nen̄m) with well-known initial flux and
energy distribution.

In the many propositions for this type of long-base-li
neutrino factory one can find in the literature, the stor
muon ~antimuon! energyEm(Em̄) ranges from 10 GeV to
250 GeV and the neutrino beam is directed towards a
away detector at a distance corresponding to an oscilla
base lineL varying from 730 km to 10 000 km.

Here we have explored the neutrino factory as a dis
pearancenm→nm experiment. We will explicitly discuss the
case when negative muons are stored in the ring; a sim
calculation can be performed when positive muons are
ones which decay producing neutrinos. The relevant obs
able is the total number ofm that can be detected whenm is
the produced charged lepton in the beam, i.e., the numbe
‘‘same sign muons’’ that we will denote here byNm . We
defineNm , for unpolarized muons~see the Appendix!, as

Nm5nmMd

109NA

mm
2 p

Em
3

L2EEth /Em

1

h0~x!em~xEm!

3H snm-cc~xEm!

Em
@12P~nm→nt!#1

snt-cc
~xEm!

Em

3Br~t→m!P~nm→nt!J dx, ~14!

whereEm is the muon source energy,x5En /Em , Md is the
detector mass in ktons,nm number of usefulm decays,
109NA is the number of nucleons in 1 kton, andmm is the
mass of the muon. The functionh0 contains thenm energy
spectrum normalized to 1 explicitly given in the Appendi
The charged current interaction cross sections per nucl
snm-cc andsnt-cc, can be found in Ref.@26#. This number has

two contributions, one from thenm produced in the decay
that survive and arrive at the detector interacting with it p
ducing a finalm, another from thent that are produced by
the flavor conversion mechanism and interact in the dete
via charge current producingt, which subsequently decay
to m with a branching ratio Br(t→m). We have calculated
the above integral fromEth53 GeV to ensure good detec
tion efficiency@31#, so that we can consider them detection
efficiencyem to be 100%, independent of energy.

The muon beam is expected to have an average ang
divergence ofO(0.1 mm /Em). It was pointed out in Ref.@29#
that this effect is about 10%, so we have multiplied our c
culated number of events by 0.9 to account for this. T
3-8
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TABLE IV. Expected number ofm events,Nm , for a few configurations of a neutrino factory under t
three studied hypotheses. Scenario~1! corresponds to a total of 1.631020 m decays per year and a 10 kto
detector, scenario~2! to a total of 2.031020 m decays per year and a 40 kton detector. The number
scenario~1! are calculated for 1 year while in scenario~2! are for 5 years of data taking. The errors given a
only statistical. For MIO we used sin2 2u51.

Hypothesis Nm (1) Nm (2)

L ~km! 3096 6192 9289 3096 6192 9289
Em ~GeV! 10 20 30 10 20 30

No flavor change 1315636 2580650 3804661 328806181 645016253 951016308

Dm25331023 eV2 222615 503622 805628 5554675 125966112 201416141

g050.6310221 GeV 716627 1439637 2156646 179186134 359916189 539106232
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contribution of the background to the number of muons
served in the detector, which includes muons from cha
decays produced by charged current and neutral curren
teractions in the detector, has been neglected because
would be a small global contribution.

Since the final configuration of such a facility is still n
defined, we have tried to estimate the optimum configura
in order to maximize the difference between the mass
ducednm→nm survival probability and pure decoherenc
As observed in Ref.@8#, at the best-fit point of the MIO and
PDM solutions, the argument of the cosine, in the MIO ca
and the argument of the exponential, in the PDM case,
be viewed as approximately the same. Explicitly,

P~nm→nm!.
1

2
@11cos~X!# ~MIO!, ~15!

P~nm→nm!.
1

2
@11e2X# ~PDM!, ~16!

where

X5b
L

En
, ~17!

with b52.54Dm2;1.031019g0 , Dm2 given in eV2, g0 in
GeV, andb in GeV/km, so that we can maximize the diffe
ence between the probabilities simply by finding the valu
of X, which maximize the function

F~X!5ucos~X!2e2Xu. ~18!

This means that one has to numerically solve forX the tran-
scendental equation

e2X2sin~X!50, ~19!

with the condition cos(X).2e2X.
Once we find the spectrum of solutionsX we can apply

Eq. ~17! to find the optimal distanceLopt by choosing a value
for Em and fixingEn at the average value of the observab
neutrino energy, i.e. ^En&50.7 Em @30#, with b
56.131023 GeV/km, the best-fit value of Ref.@8#. We
have calculated the maximal difference between the two
11301
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vival probabilities forEm510 GeV, 20 GeV, 30 GeV, and
50 GeV as a function ofL, but only kept the cases where th
difference reaches about 50%. This was obtained forLopt
53096 km, 6192 km, and 9289 km andEm510 GeV, 20
GeV, and 30 GeV, respectively.

Note that using these criteria, we are looking for a ma
mum in the absolute difference between the survival pr
abilities @O(0.5)#, which is a very strong condition that w
impose in order to detect and distinguish the signal of thenm
disappearance. Since this depends on the number of m
decays, which is big, this ensures that the signal will be qu
sizable experimentally. We have seen before~see for in-
stance Fig. 7! that there are cases ofL/E where the absolute
difference in the survival probabilities is small while the r
tio P(nm→nt)(PDM)/P(nm→nt)(MIO) is big, but since
the statistics is poor, this ratio is an ambiguous observabl
establish the difference between the PDM and MIOs.

Using Eq.~14! we have estimated the neutrino event ra
for the three different hypotheses: no flavor conversi
MIO, and PDM.

We addressed a few optimal configurations so that
conclusions may be useful in planning real experimental
ups. For each optimal situation, we have performed our
culation for two possible scenarios:~1! a total of
1.631020 m decays per year with a detector of 10 kton;~2! a
total of 2.031020 m decays per year with a detector of 4
kton. Since the event rate is proportional toEm

3 /L2 @see Eq.
~14!#, the most conservative configuration is the one w
Lopt53096 km andEm510 GeV. Our results are summa
rized in Table IV. It is clear that one can distinguish amo
all the studied hypotheses, even in the most modest scen
~1!.

An even more conclusive result can be obtained by lo
ing at the energy distributiondNm /dEn @see Eq.~A10!# for
charged currentm events. We show, in Fig. 10, our predic
tions, for 5 years of data taking, assuming 2.031020 m de-
cays per year,Em510 GeV, L53096 km for null oscilla-
tion, the best-fit point of the PDM solution to the ANP, an
four different values ofDm2 which are consistent with the
MIO solution to the ANP. We see that in the majority o
cases a distinct signal will be observed, making it possible
establish which of the flavor changing hypotheses is the c
rect one.
3-9
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Although we have optimized the setup parameters in
der to maximize the separation between the two ANP so
tions at their best-fit point, we also have checked that eve
we allow g0 to vary around the best-fit value, i.e
0.25310221 GeV&g0&1.1310221 GeV, we will get an en-
ergy spectrum which will always increase monotonica
with neutrino energy. In this range these curves will all c
incide up to 4 GeV; after that, ifg0,0.6310221 GeV, the
growth will be slightly slower than what is shown in Fig. 1
for g050.6310221 GeV, and if g0.0.6310221 GeV, the
curves will be steeper, approaching the one for no fla
change.

In Fig. 11, we show the statistical significance test fo
years of data taking in the planeDm23sin2 2u assuming the
most conservative of optimal configurations. From this fi
ure, we see that for most of the MIO parameter space the
solutions can be well discriminated. This conclusion is f
ther confirmed by Fig. 12, where the statistical significan
test was performed lettingg0 vary. Here we note that fo
data compatible with 1.531023 eV2&Dm2&4.831023

eV2 a very clear separation is possible;g0. It seems that
unless the data prefer lower values ofDm2

&1.531023 eV2 or a few isolated islands in the plan
g03Dm2, in which case a clear separation between the
solutions might be compromised, decoherence and mas
duced oscillations will present a very distinct signature
their dynamics. Fortunately, forDm2&1.531023 eV2 and
for Dm2*5.031023 eV2 a clear-cut position between th
two solutions can be accomplished respectively by

FIG. 10. Spectral distortion expected at a neutrino factory
Em510 GeV, L53096 km, and several values ofDm2 as well as
for no flavor change~continuous line! and for the best-fit point of
the pure decoherence~dot-dashed line! solution to the ANP, after 5
years of data taking. In all MIO cases sin2 2u51.
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OPERA and the MINOS~medium! experiments, as we hav
discussed in Secs. IV C and IV B.

V. CONCLUSIONS

We have discussed the perspectives of future experim
for distinguishing the MIO solution to the ANP from th

r

FIG. 11. Same as Fig. 2 but forNm events after 5 years of a
neutrino factory in scenario~1! of Table IV. The sensitivity of this
setup is marked by a horizontal line with an arrow.

FIG. 12. Same as Fig. 3 but forNm events after 5 years of a
neutrino factory in scenario~1! of Table IV. The start of the sensi
tivity of this setup is marked by an arrow.
3-10
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PDM one. This is especially important since it will be ve
difficult for NOMAD and CHORUS to achieve a sensitivit
in the nm→nt mode to directly exclude or confirm the latte
solution @17#.

Our study discriminating these two ANP solutions perm
ted us to arrive at the following general conclusions: K2
and probably MINOS will not be able to shed much light
the dynamics which promotesnm→nt conversion; OPERA
and a neutrino factory in a muon collider are more suita
for this job.

From the statistical significance tests we have perform
considering positive discrimination only ifns*5, we can
say the following. K2K cannot discriminate PDM from MIO
if the data are compatible with 2.231023 eV2&Dm2

&4.531023 eV2, ;g0. In fact, this almost covers the entir
parameter space allowed by the SuperK atmospheric da
99% C.L., as can be seen in Fig. 2. MINOS, in the lo
energy beam configuration, cannot separate the two solut
if the data are compatible with 1.131023 eV2&Dm2

&5.231023 eV2, ;g0; in the medium energy beam con
figuration, if 3.031023 eV2&Dm2&4.031023 eV2, ;g0;
and in the high energy beam configuration,
4.831023 eV2&Dm2&5.131023 eV2, ;g0. Running
with the low energy setup, MINOS will be very simila
to K2K, and certainly will not be able to discriminat
solutions; see Figs. 5 and 6. For the high energy se
MINOS will be more selective and similar to OPERA. OP
ERA, after 5 years, will only not disentangle the PDM fro
MIOs if the data are compatible with 5.931023 eV2&Dm2

&6.731023 eV2, ;g0. This corresponds to the upper co
ner of the SuperK 99% C.L. region; see Fig. 8. A neutri
factory with Em510 GeV, L53096 km, and 1.631020 m2

decays per year, with a detector of 10 kton after 5 years
data taking, will still not be able to discriminate the tw
solutions if the data prefer a small island in the pla
sin2 2u3Dm2, at Dm2;1.531023 eV2 and sin2 2u;0.95;
see Fig. 11. On the other hand, if the data are compat
with 1.531023 eV2&Dm2&531023 eV2, the separation
between the PDM and MIOs will be extremely clear,;g0.
This type of facility, it seems, will be the only one able
measure spectral distortions and, thereby, directly test if n
trino flavor change is indeed an oscillation phenomenon.

In any case, combination of the results of all these p
posed experiments will most certainly unravel the dynam
of neutrino conversion in thenm→nt mode if only active
neutrinos exist in nature.

There is a proposed atmospheric neutrino experim
MONOLITH @32#, which, in principle, could distinguish the
PDM from MIOs through observation of the first oscillatio
minimum. Here we have only investigated the capabilities
accelerator neutrino experiments which we believe have
be performed in order to completely ratify the mechani
behind neutrino flavor change.
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APPENDIX

The distribution ofnm in the decaym2→e21 n̄e1nm in
the muon rest frame~c.m.! is given by@14#

d2Nnm

dx dVc.m.
5

1

4p
@h0~x!1Pmh1~x!cosuc.m.#, ~A1!

x52En
c.m./mm , whereEn

c.m. denotes the neutrino energy,uc.m.

is the angle between the neutrino momentum vector and
muon spin direction, andPm is the average muon polariza
tion along the beam directions. The functionsh0 andh1 are
given in Table V.

On applying a Lorentz transformation to boost the lab
ratory frame~lab!, it is found that the neutrino energy distr
bution at any polar angle is just scaled by a relativistic bo
factor depending on the angle

En
lab5

1

2
xEm

lab~11b cosuc.m.! ~A2!

and

sinu lab5
sinuc.m.

g~11b cosuc.m.!
, ~A3!

whereb andg are the usual relativistic factors and we ha
usedg5Em

lab/mm .
Because in the long-base-line experiments onlynm emit-

ted in the forward direction are relevant to the compu
flux, one can make the following approximation: cosuc.m.
.1, sinuc.m..uc.m.. Also at high energyb.1. Hence Eq.
~A2! leads tox5En

lab/Em
lab. Then, we can rewrite dVc.m. in

terms ofdV lab as

dVc.m.5g2~11b!2dV lab. ~A4!

Substituting Eq.~A4! into Eq.~A1!, we obtain, as a function
of the lab variables,

d2Nnm

dx dV lab
5

~Em
lab!2

mm
2 p

@h0~x!6Pmh1~x!cosuc.m.#, ~A5!

which for unpolarized muons simplifies to

d2Nnm

dx dV lab
5

~Em
lab!2

mm
2 p

h0~x!→
dNnm

dEn
lab

54p
Em

lab

mm
2 p

h0~x!.

~A6!

TABLE V. Flux functionsh0(x) andh1(x).

h0(x) h1(x)

2x2(322x) 2x2(122x)
3-11
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The number of expectedm events fromnm interactions with
the detector is given by

~A7!

The nm flux F can be written as

F5
Nnm

4pL2

1

t
→ dF

dEn
lab

5
1

4pL2

1

t

dNnm

dEn
lab

. ~A8!
B

X

ud

D

hy
i,

ys

ov

P
8

i-
-

rc
.
00

11301
Substituting Eq.~A6! into Eq. ~A8!, we get

dF

dEn
lab

5
Em

lab

mm
2 pL2

1

t
h0~x!. ~A9!

Finally, aftert years,

dNm

dEn
lab

5
nm Md 109 NA

mm
2 p L2

Em
labh0~x!3s3em . ~A10!
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