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Oscillation enhanced search for new interactions with neutrinos
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We discuss the measurement of new physics in long baseline neutrino oscillation experiments. Through
neutrino oscillations, the probability to detect new physics effects such as flavor violation is enhanced by
interference with the weak interaction. We carefully explain the situations in which interference can take place.
Assuming a neutrino factory and an upgraded conventional beam, we estimate the feasibility to observe new
physics numerically and point out that we can search new interactions using some channels, for example,
nm→nm , in these experiments. We also discuss several models which induce effective interactions interfering
with the weak interaction, and show that some new physics effects are large enough to be observed in an
oscillation enhanced way.
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I. INTRODUCTION

Neutrino oscillation induced by light neutrino masses a
lepton mixings gives a plausible explanation for the resu
of the many neutrino experiments. In the three active n
trino framework, neutrino mixing is given by

na5 (
i 51,2,3

Ua in i ~a5e,m,t!, ~1!

wherea is the flavor index andi is the mass-eigenstate in
dex. The mixing matrixU is a 333 unitary matrix, called
the Maki-Nakagawa-Sakata~MNS! matrix @1#, defined as

U5S 1 0 0

0 c23 s23

0 2s23 c23

D S c13 0 s13e
id

0 1 0

2s13e
2 id 0 c13

D
3S c12 s12 0

2s12 c12 0

0 0 1
D , ~2!

wheresi j (ci j ) stands for sinuij (cosuij). The atmospheric
neutrino anomaly@2# strongly suggestsnm→nt oscillation
with large mixing, 4uUm3u2(12uUm3u2).0.9, and a larger
mass squared difference,dm31

2 .2.531023 eV2, which is
almost confirmed by the K2K experiment@3# and is expected
to be reconfirmed in the near future@4,5#. The solar neutrino
deficit @6# is also explained by the oscillation ofne into an-
other neutrino state. It gives several allowed regions
uUe1 /Ue2u and the smaller mass squared differencedm21

2

among which the region for large mixing angle~LMA !
Mikheyev-Smirnov-Wolfenstein~MSW! @7# ~LMSW! solu-
tion seems most preferable. To survey the LMSW region
0556-2821/2002/65~9!/093015~20!/$20.00 65 0930
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KamLAND experiment@8# will start soon. Also the Borexino
experiment@9# will strongly constrain the parameter regio
@10#.

However, we do not have sufficient information to dete
mine all the mixing angles and the sign of the mass squa
differences.uUe3u is constrained strongly by CHOOZ@11#
and Palo Verde@12# experiments;uUe3u,0.16, but it has not
been determined yet. We also have no information about
sign of dm31

2 @13,14#, and theCP phased. Therefore there
are many proposals for neutrino oscillation experiments
determine them. The future neutrino-oscillation experime
based on an accelerator, on both a conventional beam@15#
and a muon storage ring@16#, are expected to give high
precision tests of oscillation. Indeed according to these s
ies, we will determine the mixing angles and mass squa
differences very precisely. The parameters relevant with
mospheric neutrino anomaly will be determined with error
a few. In these experiments we can explore a very sm
value (;0.01) of Ue3 and we have a chance to observe t
CP violation in the lepton sector.

Until today, the main concern of future neutrino oscill
tion experiments is how precisely we can determine the
cillation parameters. Is this all we can do in such expe
ments? The answer is no@17,18#. In addition to the neutrino
oscillation parameters we can probe the new lepton-fla
violating physics. It affects for example muon decay, mat
effect, and so on. Furthermore, as we will see in this pap
the effect of these exotic couplings is enhanced in oscillat
phenomena. Even if the coupling is rather small, such n
physics modifies the oscillation pattern distinguishably a
hence it will be detectable.

In this paper we investigate the possibility of measuri
the effect of new physics in future neutrino oscillation e
periments. We first study how the new physics contribute
the neutrino oscillation phenomena in Sec. II. There we w
see the reason why its effect is enhanced in the oscilla
©2002 The American Physical Society15-1



t
am
e
n
e
e
V

illa
th

rin
s
al

th
si

s
th

tic

on
b
no
um
, w

ma-
een
nce
t is,
ter-

-

f

s

ty

quite

by

TOSHIHIKO OTA, JOE SATO, AND NAO-AKI YAMASHITA PHYSICAL REVIEW D 65 093015
physics. In Sec. III, we embody the formalism and adop
for a neutrino factory and an upgraded conventional be
We present numerical results on the feasibility to search n
interactions in Sec. IV. We argue that the energy depende
of an event rate at a relatively high energy region is a k
issue for observation. We will discuss the relation betwe
lepton flavor violating interaction and some models in Sec
Finally, a summary and discussion are given in Sec. VI.

II. BASIC IDEA

In this section we reexamine what is measured in osc
tion experiments and see how new physics contribute to
oscillation phenomena. Though we discuss only a neut
factory to make the argument concrete, the same discus
is followed in oscillation experiments with a convention
beam.

First we remind ourselves what is really measured in
neutrino factory. All we know is that the muons, say, wi
negative charge decay at an accumulate ring and wrong
muons are observed in a detector located at a lengthL away
just after the timeL/c, wherec is the light speed. This is
depicted schematically in Fig. 1.

Since we know that there is a weak interaction proce
we interpret such a wrong sign event as evidence of
neutrino oscillation,n̄e→ n̄m , which is graphically repre-
sented in Fig. 2. Now if there is a flavor-changing exo
interaction, e.g.,

l~ ēgmm!~ n̄mgmna!, aÞe, ~3!

then we will have the same signal of a wrong sign mu
whose diagram is shown in Fig. 3, just like that caused
the weak interaction and the neutrino oscillation. We can
distinguish these two kinds of contributions. The quant
mechanics tells us that in this case, to get a transition rate

FIG. 1. What we really see in a neutrino factory.

FIG. 2. Standard interpretation of a wrong sign event.
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first sum up these amplitudes and then square the sum
tion. Therefore there is an interference phenomenon betw
several amplitudes in this process. Through this interfere
we get an enhancement of the effect of new physics, tha
we can make an oscillation-enhanced search for new in
actions with neutrinos.

More formally we illustrate this situation as follows. De
note the transition amplitude between the initial stateA1T
and the final stateC1U through an intermediate stateB as
F(A,T;B;C,U), where a final stateU is one of the possible
states which are unobserved likeB. The transition probabil-
ity betweenA1T andC1U, which is the absolute square o
the sum of transition amplitudes with thesamefinal state, is

P~A1T→C1U!5U(B F~A,T;B;C,U!U2

.

The transition probability fromA to C is given by summing
up all unobserved initial statesT and final statesU as

P~A→C!5(T,U
P~A1T→C1U!. ~4!

Furthermore suppose that the amplitudeF(A,T0 ;B0 ;C,U0)
is dominant over the amplitudes with intermediate stateB
(ÞB0) and/or initial statesT (ÞT0) and/or final statesU
(ÞU0). Then the dominant contribution to the probabili
P(A→C) @19# is given byP(A1T0→C1U0) and deformed
as

P~A→C!.P~A1T0→C1U0! ~5!

5uF~A,T0 ;B0 ;C,U0!u2 ~6!

12ReFF~A,T0 ;B0 ;C,U0!*

3 (BÞB0

F~A,T0 ;B;C,U0!G ~7!

1U (BÞB0

F~A,T0 ;B;C,U0!U2

. ~8!

Here the second term in Eq.~7! is given by the interference
among the leading amplitudeF„A,T0 ;B0 ;C,U0) and the
subleading amplitudesF(A,T0 ;B(ÞB0);C,U0…. Note that
the interference arises among the processes which have

FIG. 3. Diagram that gives the same signal as that given
Fig. 2.
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the same initial and final states, even if some of them
unobserved. ‘‘Same state’’ means a state with not only th
same particle species but also all other same physical q
tities, such as the same energy and same helicity. This is
important in the calculation of the transition rate.

The leading amplitude is expected to arise from w
known physics. On the other hand, the amplitu
F„A,T0 ;B(ÞB0);C,U0… is relatively small and may contai
the contribution from new physics. However, even thou
uF„A,T0 ;B(ÞB0);C,U0…u2 is very small, it would be pos-
sible for the interference term to be large. Thus even if
effect of new physics is not detectable due to system
errors in a direct measurement, we may see the oscillat
enhanced effect of new physics.

In neutrino oscillation experiments, the stateA consists of
the state of the parent particle of neutrinos andT consists of
the state of the target particle that interacts with a neutrin
a detector. The final stateC corresponds to the state of th
particle which can induce an identifiable event in a detec
as a result of the interaction with the target particle (T ).
Other final statesU denote the states of all unobserved p
ticles, which appear at both the neutrino-creation process
the detection process. The intermediate stateB is interpreted
as a neutrino state. The leading amplitude is given by
weak interaction and the neutrino oscillation, so the fi
stateU0 is produced through the weak interaction, and
intermediate stateB0 is a neutrino state which ‘‘oscillates
from a certain weak interaction eigenstate to the same
another one. Even if there is no oscillation, different int
mediate statesB(ÞB0) induced by exotic interactions giv
nonvanishing amplitudes for the total ‘‘oscillation’’ proces
The new physics would violate the flavor conservati
and/or the standard chiral property. Amplitudes which ha
all the same initial statesT0 and final statesU0 interfere with
each other. This means that the leading amplitude from
weak interaction interferes with an exotic amplitude. In
neutrino-oscillation experiment such interference would g
subleading contribution to the total probability. A large d
ference from the standard oscillation will be realized.

To put the situation concretely, we consider a wrong-s
muon production process through the neutrino oscillat
n̄e→ n̄m . In this case the initial stateA is m2 and the ob-
served final stateC is m1. The above consideration tells u
that we have to calculate the transition rate depicted in F
4. Namely Eq.~4! corresponds to Fig. 4: The correspo
dences for the other symbols areT↔T andU↔D1T8, re-
spectively. In this process, the new physics effects contrib
to three parts: the neutrino-creation process as mentio
above in Eq.~3!, the detection process, e.g.,

FIG. 4. Transition rate for ‘‘n̄e→ n̄m . ’’
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g~ n̄egmm!~ d̄gmu!, ~9!

and the matter effect described as

H52A2GFneS eee
m eem

m eet
m

eem
m* emm

m emt
m

eet
m* emt

m* ett
m D , ~10!

wherene is the electron number density in matter@20#. For
antineutrinos such an exotic matter effect is given by2H* .
The interaction Hamiltonian of the exotic matter effect
induced in a similar way to the standard matter effect.

By expanding Fig. 4, the transition probability of this pr
cess is illustrated in Fig. 5. In Fig. 5 the first diagram on t
first line describes the contribution from the weak interact
and the oscillation process, where the unobserved stateU0
corresponds to$e2, nm ,T8%. It gives the leading amplitude
The other diagrams on the first line in Fig. 5 represent
effects of new physics, in which the states of neutrinos
fore and/or after the oscillation differ from the weak intera
tion case in flavor and/or chiral property. Since diagrams
the first line have completely the same final statesC andU0,
they interfere with each other. The diagrams on the sec
and the third line in Fig. 5 have different final states fro
those on the first line, so that there is no interference with
weak interaction and it is expected that their contribution
the transition rate is negligibly small.

Thus Eq.~5! is given by the diagram of the first line in
Fig. 5. Figure 6 shows Eq.~6! and Eq. ~7!. The leading
probability is proportional toGF

2GT
2 since it is known that

exotic effective interactions are so small according to
direct searches thatulu2!uGFu2 and ugu2!uGTu2. However,
the effect of new physics givesO(l) andO(g) contribution
to the signal of wrong sign muon due to the interference w
the amplitude of the weak interaction. This fact makes
search for new physics possible in an oscillation-enhan
way. It gives a relatively large effect. On the contrary, even
the stored muons are very highly intense, a direct detec
of an exotic decay process will be very difficult due to sy
tematics since the probabilities of such processes are pro
tional to the squares of the effective coupling constants
hence are expected to be too small to be detected.

III. FORMALISM AND PARAMETRIZATION OF AN
INTERFERENCE EFFECT WITH NEW PHYSICS

IN NEUTRINO OSCILLATION

In this section we consider the neutrino oscillation in t
presence of new physics more concretely to get the ana
expression for the transition rate. Hereafter we consider o
diagrams which interfere with that of the known physics, i.
the weak interaction.

First we note that the amplitude for ‘‘neutrino oscillation
can be divided into three pieces:~1! Amplitude relevant with
decay of a parent particle denoted asAa

C ; hereC describes
the type of interactions. Form decay, as we will see in Eqs
~12! and ~13!, there are two types of interactions,C5L,R,
5-3
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FIG. 5. The transition probability of a wrong-sign muon production process through the neutrino ‘‘oscillation.’’ We denoteT andT8 as
the initial and the final state of the target particle of the neutrino in a detector. Large dots describe effective interactions. Effective intns
characterized byGF andGT are induced by the weak interaction. We assume that the other effective couplings, likele

a , are caused by new
physics and their superscripts identify the types of effective interactions. The bold line in each diagram stands for the neutrino o
including all matter effects induced by the weak interaction and exotic interactions. Here, appropriate integrations of momenta and
tions of helicity states for unobserved particles are omitted.
tte

a
e
g

-
pa-
while for p decay we do not need this label.a distinguishes
Lthe particle species which easily propagate in the ma
and make an interaction at a detector.~2! Amplitude repre-
senting a transition of these propagating particles, which
usually neutrinos, from one speciesa to another or the sam
b, denoted asTab . ~3! Amplitude responsible for producin
a charged leptonl from a propagated particleb at a detector,
represented byDb l

I . Here I denotes an interaction type. Us
ing these notations we get the probability to observe
charged leptonl 6 at a detector as
09301
r
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a

Pm2→ l 1( l 2)5U (
abCI

Aa
CTabDb l 6

I U2

5 (
abCI

(
a8b8C8I 8

Aa
CTabDb l 6

I Aa8
C8* Ta8b8

* Db8 l 6
I 8* .

~11!

Therefore we can consider the effect of new physics se
rately for decay, propagation, and detection processes.
b-
FIG. 6. The transition prob-
ability of a wrong-sign muon ap-
pearance process up to the su
leading contribution.
5-4
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First we consider the decay process of parent partic
Since all final states must be the same, for a neutrino fact
the exotic decays of muons which arem2→e2nan̄e and
m2→e2nmn̄b can be amplified by the interference. Thou
in the presence of Majorana mass terms neutrinos and
tineutrinos can mix with each other, this effect is strong
suppressed bymn /En . Therefore we do not have to consid
decays into neutrino with opposite chirality such asm2

→e2n̄mn̄b . The former is relevant withm2→ l 2 and the
latter is relevant withm2→ l 1. In other words, we can ap
proximate neutrinos to be massless except for the prop
tion process. This fact and Lorentz invariance allow only t
kinds of new interactions in this process. For a wrong-s
mode, the allowed two interactions are the (V2A)(V2A)
type,

2A2la~n̄mgrPLm!~ ēgrPLna!, a5m,t, ~12!

which has the same chiral property as the weak interac
but violates the flavor conservation, and the (V2A)(V1A)
type,

2A2la8 ~ n̄mgrna!~ ēgrPRm!, a5e,m,t. ~13!

The latter has different chiral property from the former,
that it gives different energy dependence to the transi
rate. These exotic interactions interfere with the leading a
plitude and contribute as next leading effects. Note that g
erally l andl8 are complex numbers@17#.

In the case of the (V2A)(V2A) type exotic interaction,
we can introduce the interference effect by treating the ini
state of an oscillating neutrino as the superposition of
flavor eigenstates. On them2→m1 process, we can take th
initial neutrino n̄ as

n̄5 n̄e1emn̄m1etn̄t , ~14!

where ea5la /GF . This simple treatment is allowed onl
for the (V2A)(V2A) type interaction because of the sam
interaction form as the weak interaction except for the d
ference of the coupling constant and the flavor of a
tineutrino. In this case we can generalize the initial neutr
for any flavor, using Grossman’s source state notation@17#,
as @21#

nb
s 5Uba

s na , a,b5e,m,t,

Us[S 1 eem
s eet

s

eme
s 1 emt

s

ete
s etm

s 1
D . ~15!

We can include the total exotic effect in the oscillation pro
ability as

Pn
a
s →nb

5u^nbue2 iHLUag
s ung&u2. ~16!

This treatment is also valid for the effect on thenm oscilla-
tion.
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In the case of the (V2A)(V1A) type exotic interaction,
we cannot treat interference terms simply. The interfere
term between the weak interaction and an exotic interac
Eq. ~13! denoted asPm→ l

(1) gives the rate for the observatio
of the wrong sign charged lepton, which is interpreted n
mally as the oscillation fromn̄e→ n̄ l in m2 decay, as follows:

Pm2→ l 1
(1)

5
11Pm

2

1

~2p!2 (
spin

E d3pe

2Ee

d3pnm

2Enm

3d4~pm2pn̄2pe2pnm
!32ReFAe

L* (
bI

Teb* Db l 1
I*

3 (
ab8I 8

Aa
RTab8Db8 l 1

I 8 G
5

11Pm

2

8GF

p
memmEn~ upmu2Em!

3 (
abb8II 8

Re@la8Teb* Db l 1
I* Tab8Db8 l 1

I 8 #, ~17!

wherePm is the polarization of the initialm2, En is n en-
ergy, andpm(Em) is m momentum~energy!.

In the case for the observation of the same sign char
lepton, which is interpreted as the oscillation fromnm→n l in
m2 decay, the rate is as follows:

Pm2→ l 2
(1)

5
12Pm

2

8GF

p
memmEn~ upmu2Em!

3 (
abb8II 8

Re@la8Tmb* Db l 2
I* Tab8Db8 l 2

I 8 #. ~18!

For p decay the situation is much simpler. In the presen
of new physics there may be a flavor violating decay ofp
such asp2→m2na(a5e,t). This effect changes the initia
n state:

nm→nm
s 5eme

s ne1nm1emt
s nt . ~19!

In this case we do not have to worry about the type of n
physics which gives a flavor changingp decay at a low
energy scale. Because of kinematics, the energy and the
licity of the decaying particles,m andn, are fixed.

Next we consider the propagation process. Exotic inter
tions also modify the Hamiltonian for neutrino propagati
as @18#

Hba5
1

2En H Ub iS 0

dm21
2

dm31
2
D Uia

†

1S ā1aee aem aet

aem* amm amt

aet* amt* att

D
ba

J , ~20!
5-5
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whereā is the ordinary matter effect given by 2A2GFneEn ,
andaab is the extra matter effect due to new physics int
actions, that is defined byaab52A2eab

m GFneEn . Note that
to consider the magnitude of the matter effect, the type of
interaction is irrelevant since in matter particles are at r
and hence the dependence on the chirality is averaged
@22#.

Finally we make a comment about new physics wh
affect a detection process. To consider this process we ne
similar treatment to that at the decay process, that is, we h
to separate contributions of new interactions following t
difference of the chirality dependence. However to take i
account new physics at a detector, the parton distribution
a knowledge about hadronization are necessary, though
may wonder whether we can parametrize the effect of n
physics at the detectorg/GT as«d like «s. It is expected that
«d has a complicated energy dependence due to the pa
distribution for example in an energy region of a neutri
factory. Consider the case that there is an elementary pro
from lepton flavor violating new physics including stran
quark. To parametrize its effect we need both its magnit
and the distribution function of strange quark in nucle
which will show the dependence on the neutrino ene
~more exactly, the transferred momentum from neutrino
strange quark!. They are beyond our ability and hence we
not consider them further in this paper, though new phys
which can affect the decay process contribute to the de
tion process too.

IV. NUMERICAL ANALYSIS

Let us discuss the feasibility of observing the signal
duced by new physics. We will deal with both an upgrad
conventional beam and a neutrino factory but present a l
bit qualitatively different analysis in each experiment.

For a neutrino factory, we use the following procedur
First, we assume the magnitude of the effects caused by
interactions. Next, we calculate the event numbers includ
the effects of new physicsNNP and also calculate that base
on the standard modelNSM. Then, we define the following
quantity, the so calledx2 function @23,24#:

x2[(
i

bin uNi
NP2Ni

SMu2

Ni
SM

[NmMdetXn2fact
2 , ~21!

wherei is the energy bin index,Nm is the muon number, and
Mdet is the detector mass. To claim that new physics effe
can be observed at 90% confidence level, it is required t

x2.x90%
2 , ~22!

and this condition is rewritten as

NmMdet.
x90%

2

Xn2fact
2

. ~23!
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From the above method, we can obtain the necessary m
number and the detector mass to observe the new phy
effects at 90% confidence level.

On the other hand, there are some kinds of options
beam configurations for an upgraded conventional be
wide band, narrow band, off axis, and so on. We discuss
event number ofno-oscillated neutrino eventsat the detector
Nn unlike the case for a neutrino factory. The concrete p
cedure is almost the same as that for a neutrino factory.
separate thex2 function defined in the first line of Eq.~21!
into two parts,

x2[NnXconv
2 , ~24!

and get the necessary number of no-oscillated neut
events from

Nn.
x90%

2

Xconv
2

. ~25!

In the numerical calculation for a conventional beam,
consider the wide-band-beamlike situation, whose flux dis
bution for energy is constant.

A. „VÀA…„VÀA… type new interaction

Here, we deal with the case that there are onlyV
2A)(V2A) type new interactions in the lepton sector.
this case, we need to consider the effect represented in
~15! and~20!. Before making the presentation of the nume
cal calculations, we give the analytic expression for the s
sitivities to understand the essential features. As we sho
in Sec. III, the interference terms between (V2A)(V2A)
type interactions and the weak interaction have the same
pendence on them polarization that the leading term does.
cannot be expected that the sensitivity to such an interfere
term becomes better by the control of the parentm polariza-
tion. We consider here an unpolarized muon beam. The ‘
cillation probability’’ is given by Eq.~16! in this situation.
More detailed calculations are presented in the Appendix

1. ne\nµ channel in a neutrino factory

The analytic expression of probability forne→nm given
in Appendix A shows that the effect due toemt

m and eaa
s,m is

irrelevant since these terms are proportional to sin22u133e in
the high energy region, so it is difficult to observe their e
fects. The flavor changing processes between muon and
tron, e.g.,m→eg, m↔e conversion, are strictly constraine
from experiments, and as we argue in the next section
box diagrams of them-to-e processes must relate toeem

s and
eme

s . Therefore, the magnitude ofeem
s has very severe boun

and the terms depending on it are also not effective. Ass
ing some models, e.g., the minimal supersymmetric stand
model ~MSSM! with right-handed neutrinos, it is expecte
that the magnitude ofeab

s and eab
m are the same order be

cause they are produced by similar diagrams. This is a
discussed in the next section. We assume naively that
terms depending oneem

m are constrained aseem
s . On the other
5-6
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hand, thet-to-e processes do not give the tight bound
eet

s,m . Hence, we investigate the effect induced byeet
s,m first.

Before surveying the requiredNmMdet for each baselineL
and muon energyEm , we look at the behavior of the contr
bution ofeet

s,m to the ‘‘oscillation probability’’ to consider the
09301
optimum setup forL andEm . In a high energy region such a
the matter effectā is much greater thandm31

2 , the first order
contribution of eet

s,m to the transition probability,
DPne→nm

$eet%, is constructed by four parts that have th

different eet
s,m dependences:
DPne→nm
$eet%52s23s2323s2313Fc13

2 ~sdRe@eet
s #2cdIm@eet

s # !S ā

4En
L D S dm31

2

4En
L D 2

~26a!

1c13
2 ~cdRe@eet

s #1sdIm@eet
s # !H 12

1

2
S ā

4En
L D 2

2s13
2 S ā

4En
L D S dm31

2

4En
L D J S dm31

2

4En
L D 2

~26b!

2c13
2 ~sdRe@eet

m #1cdIm@eet
m # !S ā

4En
L D S dm31

2

4En
L D 2

~26c!

2
1

3
s13

2 ~cdRe@eet
m #2sdIm@eet

m # !H S ā

4En
L D 12S dm31

2

4En
L D J S ā

4En
L D S dm31

2

4En
L D 2G , ~26d!
at
ase-
ob-
t
of

f

res-

ns.
wheres23 i j [sin 2uij . Since we can suppose thatEn is pro-
portional toEm in a neutrino factory,Em andL dependence
of the sensitivity to each term can be approximated as

x2~26b!}H 12
1

2
S ā

4Em
L D 2J 2

3Em ,

x2@~26a!,~26c!#}S ā

4Em
L D 2

3Em ,

x2~26d!}S ā

4Em
L D 4

3Em . ~27!

All of Eq. ~27! are proportional toEm , so the sensitivities
must get better as the energy becomes higher.
Each of Eq.~27! depends onL in a different way.x2~26b!
become tiny for longer baseline length within the region th
we are now interested in. This fact means that a shorter b
line experiment has an advantage over a longer one to
serve Eq.~26b!’s effect. By contrast with this, it is found tha
a longer baseline will be better to search for the effects
Eqs.~26a!, ~26c! and ~26d!.

Each of Eq.~27! depends on the combinations ofeet
s,m and

the CP phased. What we observe is the combination o
them. The effects ofe ’s can be sources of theCP-violation
effect@17#. In the discussion about the observation of theCP
phase, this fact should be considered. The analytic exp
sions also show that the sensitivities are proportional toueu2.

Now, we show the results of the numerical calculatio
The parameters that we use here are
count, the
FIG. 7. Contour plots of the requiredNmMdet to observe the new physics effects concerningeet
s,m at 90% C.L. inne→nm channel using

a neutrino factory. From left to right: (eet
s ,eet

m )5(3.031023,0), (3.031023i ,0), (0,3.031023), and (0,3.031023i ). The uncertainties of
theoretical parameters are not considered in these plots. As we point out in the text, when the uncertainties are taken into ac
sensitivities are completely lost. In Fig. 7 to Fig. 14, contours mean 0.01, 0.05,0.1, 0.5, 131021

•100 kt.
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FIG. 8. Same as Fig. 7, but here new interactions in both source and matter are taken into account. From left to right and top t
(eet

s ,eet
m )5(3.031023,3.031023), (3.031023i ,3.031023i ), (3.031023,3.031023i ), (3.031023i ,3.031023); (3.031023,23.0

31023), (3.031023i ,23.031023i ), (3.031023,23.031023i ), and (3.031023i ,23.031023). These plots can be understood by ad
tion or subtraction of the plots in Fig. 7.
e
th

d

pa
io

q.
ds

t
m in
e
tic
e
ken
s in
both
otal
.
cal
sinu125
1

2
, sinu235

1

A2
, sinu1350.1,

dm21
2 5531025, dm31

2 5331023, d5
p

2
, ~28!

and takeueu5331023, which is a reference value for th
feasibility to observe the effect by using the method of
oscillation enhancement. Except foreem

s,m and eme
s , the con-

straints of the processes of charged lepton have not forbid
this magnitude ofe ’s.

Figure 7 shows the requiredNmMdet in the case where we
do not take into account the uncertainties of the mixing
rameters. We can check whether the approximated equat
09301
e

en

-
ns,

Eq. ~27!, are correct from the behavior of the plots. As E
~26! implies, contribution from the new interaction depen
on the combinations ofe andd. We taked5p/2, so we can
extract each term of Eq.~26! by takingeet

s,m purely real and
imaginary. Therefore, the plots of Fig. 7 from left to righ
correspond to the required data size to observe each ter
Eq. ~26a! to Eq. ~26d!, respectively. The behavior of thes
plots is consistent with the expectations from the analy
expressions in Eq.~27!. To consider realistic situations, th
new physics effects in both source and matter must be ta
into account simultaneously. We present Fig. 8 as the plot
the cases where the same magnitude of new effects in
source and matter are introduced. They show that the t
effects are given by the simple summation of each effect

In realistic situations the uncertainties of the theoreti
parameters have to be taken into account@25#. Once the un-
FIG. 9. Contour plots of the requiredNmMdet to observe the new physics effects concerningeem
s,m at 90% C.L. inne→nm channel when

there is no uncertainty for theoretical parameters. From left to right: (eem
s ,eem

m )5(3.031023,0), (3.031023i ,0), (0,3.031023), and
(0,3.031023i ). Each plot corresponds to the sensitivities to Eqs.~29a!–~29d!, respectively.
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FIG. 10. Same as Fig. 9, but here each parameter has 10% uncertainty.
n
ly.

m
ce
tie

-
nce
h

alyti-
certainties are introduced, it can be expected that the se
tivities shown in Figs. 7 and 8 will be spoiled complete
The eet

s,m effect can be absorbed easily into the main~unper-
turbed! part of oscillation by adjusting the theoretical para
eters since the effects have the same energy dependen
the main part. Indeed, taking into account these uncertain
09301
si-

-
as

s,

the sensitivities toeet
s,m are completely washed out. There

fore, we have to look for the terms whose energy depende
differs from that of the main oscillation term in the hig
energy region. Inne→nm channel, the effects caused byeem

s,m

have such energy dependence. It can be represented an
cally in the high energy region as
DPn
e
s→nm

$eem%52s23s2313F ~sdRe@eem
s #2cdIm@eem

s # !H 12
2

3
S ā

4En
L D 2

1
2

3
~2c2313

23c23
2 c13

2 !S ā

4En
L D S dm31

2

4En
L D J S dm31

2

4En
L D ~29a!

2~cdRe@eem
s #1sdIm@eem

s # !3F H 12
1

3
S ā

4En
L D 2J S ā

4En
L D

2H 122s23
2 c13

2 2S 12c13
2 S 22

4

3
c23

2 D D S ā

4En
L D 2J S dm31

2

4En
L D G S dm31

2

4En
L D ~29b!

12c23
2 ~sdRe@eem

m #1cdIm@eem
m # !S ā

4En
L D S dm31

2

4En
L D 2

~29c!

12~cdRe@eem
m #2sdIm@eem

m # !H 12
1

3
S ā

4En
L D 2

1S c23
2 s13

2 1
2

3
s23

2 c2313D S ā

4En
L D S dm31

2

4En
L D J S ā

4En
L D S dm31

2

4En
L D G . ~29d!

FIG. 11. Contour plots of the requiredNmMdet to observe the new physics effects concerningemt
s,m at 90% C.L. innm→nm channel. All

theoretical parameters are assumed to have 10% uncertainty. From left to right, each plot corresponds to (emt
s ,emt

m )5(3.031023,0), (3.0
31023i ,0), (0,3.031023), and (0,3.031023i ).
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FIG. 12. Contour plots of the requiredNmMdet to observe the new physics effects concerningeet
s,m at 90% C.L. inne→nt channel. All

theoretical parameters are assumed to have 10% uncertainty. From left to right, each plot corresponds to (eet
s ,eet

m )5(3.031023,0), (3.0
31023i ,0), (0,3.031023), and (0,3.031023i ).
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Contribution for the transition probability labeled Eqs.~29a!,
~29b! and ~29d! depends on 1/Em . Consequently, the sens
tivities to the terms must be robust against the uncertain
of the theoretical parameters since in the high energy reg
they can be distinguished from the main oscillation part
observing the energy dependence. The claims mentio
above are confirmed numerically by Figs. 9 and 10. By co
parison of these graphs, we can see that the sensitivitie
observe the contribution of Eqs.~29a!, ~29b! and ~29d! do
not suffer from the uncertainties@26#. Incidentally, we note
that though the uncertainties wreck the sensitivity to E
~29c! since it is proportional to 1/Em

2 , the eem
m second order

term brings constant contribution for energy andO(eem
m

3dm21
2 ) term contains 1/Em contribution, therefore the tota

sensitivity does not completely vanish. We also note t
these terms have a differenteem

m 2d correlation from that of
Eq. ~29c!.

2. nµ\nµ channel in a neutrino factory

Only the effect that depends onemt
s,m will be large enough

to be observed in thenm→nm disappearance channel. As w
show in the next section, this quantity is not strongly bou
by the charged lepton processes. The analytic expression
the terms concerningemt

s,m ~see Appendix A 2! indicate two
facts:~1! this channel is sensitive only to the real part ofemt

m ,
and~2! the effect that comes from the real part ofemt

s will be
small in the assumed parameter region. In addition, it sh
that the terms depending onemt

s,m are hard to be absorbed b
the uncertainty of the theoretical parameters. Note that th
09301
s
n

y
ed
-
to

.

t

d
for

s

se

terms do not depend on theCP phased, that is, it is ex-
pected that we can get information on the phases ofemt

s,m .
The sensitivity plots calculated numerically are shown
Fig. 11. They behave as expected by the analytic exp
sions. The uncertainties of the theoretical parameters do
affect the observability since the terms that depend on 1Em
do not vanish in the high energy region. The sensitivit
depend strongly on the phase ofemt

s,m but do not depend ond.
We can directly know the phase of the lepton-flavor violati
process withoutd.

3. Channels witht and e observation in a neutrino factory

The technologies for tau observation innt detection@5#
and the charge identification of an electron to distinguishne

with n̄e @27# are under research and development. If it
possible to observe these particles clearly, what can we

In ne→nt channel, we can exploreeet
s,m ~see Fig. 12!. The

uncertainties of the theoretical parameters will not distu
the observability. In thenm→nt channel, all we can observ
is only the effect ofemt

s,m ~see Fig. 13!. In comparison with
thenm→nm channel, we will not benefit so much in terms
sensitivities to the magnitude ofe @28#. However in this
channel unlike thenm→nm channel, the observable must d
pend on the combination of theemt

s,m’s phase and theCP
phased, that is, the observation in these two channels
qualitatively different. In thenm→ne channel, we can searc
the effect of noteem

s but eme
s at the muon decay process an

the effect ofeem
m at the propagation process just like thene

→nm channel~see Fig. 14!. In the ne→ne disappearance
channel, oscillation effects themselves are much smaller t
FIG. 13. Same as Fig. 11, butnm→nt channel.
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FIG. 14. Contour plots of the requiredNmMdet to observe the new physics effects concerningeme
s and eem

m at 90% C.L. innm→ne

channel. All theoretical parameters are assumed to have 10% uncertainty. From left to right, each plot corresponds to (eme
s ,eem

m )5(3.0
31023,0), (3.031023i ,0), (0,3.031023), and (0,3.031023i ).
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it is
the no-oscillation signal. Though some effects of new ph
ics give a different energy dependence from the main os
lation term, we will not be able to get any information fo
oscillation-enhanced new physics.

B. „VÀA…„V¿A… type interactions

The signals of (V2A)(V1A) type interactions are har
to observe because they are suppressed by the fa
me /mm . The interference term between the leading term a
(V2A)(V1A) type interactions has different polarizatio
dependence from that of the leading contribution unlike
(V2A)(V2A) type new interaction. If we can make goo
use of this fact, then we may be able to expect to gain so
what better sensitivity. As we saw in Eqs.~17! and~18!, the
utilization of the muon polarization works only innm→na .
Figure 15 describes the sensitivity toe8mt

s ([l8/GF) in the
nm→nt channel. We can gain a little, but have no advanta
over a direct search against our expectation.

C. nµ\ne,µ,t channel in an upgraded conventional beam

In an experiment using a conventional beam, there
some different points from the case of a neutrino facto
Since we consider two body decay ofp ’s, the created
charged lepton and the neutrino have a fixed helicity wh
ever the new physics is. This means that we do not hav
worry about the type of a new interaction. We can alwa
parametrize the effect of new physics concerningp decay by
09301
-
il-

tor
d

e

e-

e

re
.

t-
to
s

eme
s and emt

s . When we consider a new source interactio
new interactions between neutrino andnucleonmust be in-
troduced not only in matter but also in detector. However
consider such effects we have to treat complicated hadr
processes, so we do not consider the relation between t
two effects. The contribution to the source and the ma
effect is not always generated by the same new interacti
Hence, we can suppose a different magnitude interactio
each process.

As it became clear in analysis for a neutrino factory,
we can probe is the contribution ofeme

s , eem
m in the nm→ne

channel and that ofemt
s,m in the nm→nm,t channel. However,

new interactions in matter cannot be observed in the ene
and the baseline regions that we assume here and henc
do not study their effect. The numerical results for the n
essary number of no-oscillated neutrinosNn are shown in
Figs. 16, 17, and 18. The neutrino event number of the c
rent proposed experiments is estimated ofO(103;104), and
O(102) times larger exposure is expected in the next gene
tion.

Figures 16, 17, and 18 show that the sensitivity stron
depends on the complex phase ofe ’s. This fact means tha
the observations give us information on the phase in lept
flavor-violation interactions. Depending on models, some
teresting issues are revealed. In the next section, we dis
models which may give significante ’s. As we point out
above,e ’s for a neutrino factory and a conventional bea
have different dependence on a new interactions. Hence,
From

FIG. 15. Contour plots of the requiredNmMdet to observe the (V2A)(V1A) type new interaction,e8mt

s 53.031023i , at 90% C.L. in
nm→nt channel. Contours mean 1,5,10,50,10031021

•100 kt. Here, the uncertainties of the theoretical parameters are not considered.
left to right, each plot corresponds toPm50.99, 0, and20.99.
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important for a new physics search to compare the result
a neutrino factory and that of a conventional beam.

D. Short summary for numerical analysis

For a neutrino factory, we note the following.
In na→nb (a5e,m, b5e,m,t) appearance channel, th

observable effects of new (V2A)(V2A) interactions come
only from eab

s,m . The others are too small or too vulnerab
against the adjustment of the theoretical parameters. N
that thed ande ’s phase are correlated. Namely the measu
values are a certain combination ofd ande.

In the nm→nm disappearance channel, we can meas
emt

s,m depending on their phase. In other words, the sig
includes information of the phase. Furthermore, there is
correlation betweend and e, so the measurement tells u
directly the phase concerning the lepton-flavor violating p
cess. In thene→ne disappearance channel, we cannot
anything for new interactions in the oscillation enhanc
way.

Thex2 is proportional toueu2. The expected sensitivity is
to ueu*O(1024) by using this methodology.

FIG. 16. Contour plots of the required no-oscillated neutr
number,Nn , to observe the new physics effects concerningeme

s at
90% C.L. innm→ne channel using an upgraded conventional bea
All theoretical parameters are assumed to have 10% uncerta
From left to right, each plot corresponds toeme

s 53.031023 and
3.031023i . In this energy and baseline region, an experiment is
sensitive to new interactions in matter. In Figs. 16, 17, and
contours mean 2, 4, 6, 8, 103105 no-oscillated neutrinos.

FIG. 17. Contour plots of the required no-oscillated neutr
number,Nn , to observe the new physics effects concerningemt

s at
90% C.L. in nm→nm channel using an upgraded convention
beam. All theoretical parameters are assumed to have 10% u
tainty. From left to right, each plot corresponds toemt

s 53.0
31023 and 3.031023i .
09301
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When the situations that new interactions exist not only
the source but also in the matter effect are considered,
can easily understand the sensitivity by simply adding e
effect.

Oscillation-enhanced effects for the (V2A)(V1A) type
interactions are strongly suppressed byme /mm , so we
cannot get an advantage over a direct measurement~see
Table I!.

For an upgraded conventional beam:
We do not have to note the types of new interactions

the source. The analyses for the feasibility are similar to t
of (V2A)(V2A) type for a neutrino factory. In the assume
energy and baseline region, there is no sensitivity to the n
effect in matter.

The e ’s for a conventional beam have different depe
dence from those for a neutrino factory on new interactio
Therefore, the comparison between two methods makes c
the species of new physics.

V. INDICATIONS TO EXOTIC DECAYS FROM VARIOUS
MODELS

In this section we discuss models which give exotic int
actions interfering with the weak interaction in the neutri
oscillation and survey to which process those exotic inter
tions contribute. We should consider models which give

.
ty.

t
,

l
er-

FIG. 18. Same as Fig. 17, butnm→nt channel.

TABLE I. Summary on the feasibility of (V2A)(V2A) type
new interactions.

eem
s,m (eme

s ) eet
s,m emt

s,m

Bound from charged 531025

lepton processes

ne→nm n a n b 3

nm→nm 3 3 s c

ne→nt 3 s n b

nm→nt 3 n b s c

nm→ne n a 3 3

ne→ne 3 3 3

aAn appropriate mode but the bound is too strict.
bToo vulnerable against the adjustment of the theoretical par
eters.
cDepending on thee ’s phase, in other words, sensitive to the pha
5-12
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explanation for the smallness of the neutrino masses and
lepton mixings. In those models we can expect that fla
violating processes are induced, and since to explain the
trino masses and the lepton mixings we need to introd
sources of flavor violations.

There are well-known two types of models which expla
the smallness of the neutrino masses and the lepton mixi
One is a seesaw type@29# and the other is a radiative typ
@30#. These models induce other flavor violating effects g
erally. Such other flavor violating contributions could b
large enough to give observable effects for neutrino osc
tion experiments through the interfering effects. We n
consider these two types of models concentrating mainly
supersymmetric models and study how large the exotic
fective interactions are.

A. Supersymmetric models with right-handed neutrinos

Among the promising extensions of the standard mode
supersymmetric standard~or grand unified! model with right-
handed neutrinos is often considered. In this class of mod
if the gravity-induced supersymmetry breaking is employ
through the renormalization effect, the large flavor violati
slepton masses are induced@31#, even if at the cutoff scale
there is no flavor violating slepton mass.

Because of the lepton flavor violating masses, one-lo
box diagrams constructed by propagations of superpart
induce exotic effective (V2A)(V2A) interactions, which
contribute to the decay side, the matter effect and the de
tion side all together. One of the effective interactions co
tributing to the decay side in oscillation experiments ba
on a muon beam is drawn in Fig. 19~a!. This givesemt

s .
There is a constraint on the magnitude of Fig. 19~a! from the
lepton flavor violating decays oft such ast→mg and t
→mee. However, these constraints are not so strict andemt

s

can be ofO(1023). This type of the effective interaction als
induces the matter effect similarly replacingne with e andm
with nm respectively, and alsoemt

m can be ofO(1023). By
changing the external legs in Fig. 19~a!, we can draw similar
diagrams for four-lepton couplings which violate the lept
flavor, and using them we can estimate how large the va

FIG. 19. ~a! An example of one-loop diagrams contributing
them decay and the matter effect.~b! An example of tree diagram
contributing to thep decay, the matter effect, and the detecti
process, wheredml̃

2 denotes an off-diagonal element of the ma
matrix for sleptons which violate the lepton flavor.
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of es,m’s are in each model and experimentally. They c
contribute to them decay and the matter effects.

In addition, there are effective interactions generated
one-loop diagrams including squark propagators as F
19~b!. These kinds of diagrams can contribute to the det
tion processes and the matter effects. Furthermore they
contribute to thep decay.

These two kinds of diagrams affect the oscillation in
neutrino factory and a conventional beam differently. B
comparing the results of these two experiments, we m
have some information on the scalar masses. For examp
the squark masses are much heavier than the slepton ma
then only the figures of the type Fig. 19~a! contribute to the
oscillation phenomena, and hence there is a difference
tween ‘‘oscillation probabilities’’ in these two experiment
On the other hand, if the magnitudes of the scalar masses
comparable, these two experiments are affected from n
physics in the decay side, the matter effect and the detec
side similarly.

It is important that we can get information on the phas
of e ’s. Their phases arise from the phases of the fla
changing slepton masses, whose origins are the Yukawa
plings for nL and nR at the high energy scale. We may b
able to acquire information on the phases of Dirac-Yuka
couplings.

B. Models with radiatively induced neutrino masses

There are many kinds of models in which the neutri
masses and the lepton mixings are radiatively induc
Among them we consider supersymmetric models w
R-parity violating terms. A most general superpotent
which breaksR parity is

WRPV5labgLaLbEg
c1labg8 LaQbDg

c1labg9 Ua
c Db

c Dg
c

1ma8LaHUa , ~30!

where labg52lbag and labg9 52lagb9 . La , Ea
c , Qa ,

Ua , Da
c , andHUa are the superfields corresponding to t

lepton doublets, the right-handed charged leptons, the q
doublets, the right-handed up-type quarks, the down-t
quarks, and the up-type Higgs doublet, respectively. Th
trilinear terms are allowed if theR parity is broken generally.
However there is no reason why allR-parity violating terms
should be included at the same time. For example, we fo
interactions proportional tolabg9 by imposing the baryon-
number conservation to avoid rapid proton decay. To ind
small masses for neutrinos, the first term or the second t
in Eq. ~30! must be included. For example, the first term
Eq. ~30! has interactions described as

L5labg„n̄aL
c ebLẽgR* 1ēgRnaLẽbL1ēgRebLñaL2~a↔b!…

1H.c. ~31!

These interactions work in the same way as those of the
model @30#. Namely, sleptons interact with charged lepto
and neutrinos as the Zee boson, and the small neut
masses and the lepton mixings are induced radiatively. S
5-13
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interactions induce (V2A)(V2A) type and (V2A)(V
1A) type effective four-lepton interactions which violate th
lepton flavor~see Fig. 20!. These affect oscillation experi
ments through interference with the weak interaction. Si
there are only four-lepton type effective interactions,
would be able to see the difference between ‘‘oscillat
probabilities’’ in two different experiments. In the case of
neutrino factory, they affect both the decay side and the m
ter effect all together, while in the case of a conventio
beam they affect only the matter effect. From these kin
Fig. 20~a!, emt

s,m andeet
s are induced. In this case the magn

tudes ofe ’s could be larger than the case in the previo
subsection.

Interactions generated by the second term in Eq.~30! are
described as

L5labg8 Vbd
KM~ n̄aL

c ddLd̃gR* 1d̄gRnaLd̃dL1d̄gRddLñaL!

1labg8 ~ ūbL
c eaLd̃gR* 1d̄gReaLũbL1d̄gRubLẽaL!1H.c.,

~32!

whereVKM is the mixing matrix for the quark sector. In th
case squarks work similar to the Zee boson. These inte
tions induce effective four-Fermi interactions with the lept
flavor violation, as drawn in Fig. 20~b!. They affect the mat-
ter effect and the detection process in both experime
based on a muon beam and on a conventional beam. F
conventional beam, there is an additional interference in
decay side. Therefore if theR-parity violating term is limited
only to the second term in Eq.~30!, then we also expect to b
able to make sure of the existence of such terms by comp
son with the two different experiments.

C. General properties of the effective four-lepton interactions
and order estimation for their couplings

Without assuming physics that gives the effective fo
lepton interactions containing two left-handed neutrinos a
two charged leptons with the lepton flavor violation, we c
classify two types of such interactions from Lorentz inva
ance as the (V2A)(V2A) type and the (V2A)(V1A) type
generally@42#.

FIG. 20. ~a! Examples of tree diagrams contributing to them
decay and the matter effect.~b! An example of tree diagrams con
tributing to thep decay, the matter effect and the detection proce
The first diagram~a! induces both (V2A)(V2A) type and (V
2A)(V1A) type interactions for the muon decay and the ma
effect. The second diagram~b! induces (V2A)(V1A) type inter-
actions only, which contribute to the matter effect.
09301
e

n

t-
l

s,

s

c-

ts
r a
e

ri-

-
d

The flavor violating four-lepton couplings with the (V
2A)(V2A) type are classified into two categories: SU~2! L
singlet type,

habgd~ l̄ aC l̄ b!~ l gC†l d!52
1

2
habgd~ l̄ agml d!~ l̄ bgml g!

5habgd~ ēaLCn̄bL2 n̄aLCēbL!

3~egLC†ndL2ngLC†edL!, ~33!

and triplet type,

gabgd~ l̄ ataC l̄ b!~ l gC†tal d!

52
1

2
gabgd~ l̄ atagml d!~ l̄ btagml g! ~34!

5gabgd$~ ēaLCn̄bL1 n̄aLCēbL!~egLC†ndL

1ngLC†edL!12~ n̄aLCn̄bL!~ngLC†ndL!

12~ ēaLCēbL!~egLC†edL!%.

Here l a is a lepton doublet with flavora and ta is a Pauli
matrix. Because of the SU(2)L invariance coupling constant
must satisfyhabgd52hbagd52habdg and gabgd5gbagd
5grsdg . Above two interactions are described as the eff
tive interactions induced by exchange of not only vector p
ticles but also scalar particles. The former type is induc
for example, if there is a coupling of the form

l̄ C l̄fS1H.c., ~35!

where fS is an SU(2)L singlet. The latter is induced by
exchange of an SU(2)L triplet fT

a , if the coupling

l̄ taC l̄fT
a1H.c. ~36!

exists.
On the other hand, the flavor violating four-lepton co

plings with (V2A)(V1A) type have only one category
SU(2)L doublet type,

f abgd~ l̄ aebR!~ ēgRl d!52
1

2
f abgd~ l̄ agml d!~ ēggmPReb!

5 f abgd$~ ēaLebR!~ ēgRedL!

1~ n̄aLebR!~ ēgRndL!%. ~37!

This type is induced by the exchange of a scalar part
belonging to an SU(2)L doublet@32#. Suppose that there is
coupling of the form

l̄ efD1H.c., ~38!

wherefD is an SU(2)L doublet scalar; the interaction Eq
~37! is induced.

In general the constraint on the magnitude of the sing
type effective couplinghabgd is rather weak. A radiative

s.

r
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model often contains such a singlet scalar. Indeed mode
Sec. V B contain such SU(2)L singlet scalars@see Fig. 20~a!

with l̃ R#. As for them decays which contribute to the inte
ference phenomena, replacinga, b, g andd in habgd with
e, m, e and t we getemt

s,m and replacinga, b, g and d in
habgd with e, m, m andt we geteet

s . In this case there is no
constraint from t→ l l l decays. Also constraints fromt
→mg ~for the former! and t→eg ~for the latter! are not
severe@33#. There are constraints from the universality and
gives the stringent constraints on them. The magnitude
e ’s can beO(1022) @34# using the universality which is em
ployed in Ref.@35#. However, this constraint can be relaxe
significantly@35,36#. Thus we can expect rather largees,m in
this kind of model. That is, models in Sec. V B would giv
very largees,m’s.

For the triplet type and the doublet type there are stron
constraints. The models in Sec. V B realize the doublet t
@see Fig. 20~a! with l̃ L#. Supersymmetric models with right
handed neutrinos in Sec. V A give both the triplet type a
the singlet type interactions, but doublet type is essenti
irrelevant in this class of models since the electron Yuka
coupling is very small and flavor changing right-hand
slepton masses are negligibly small. However, since all ty
of the interactions are simultaneously induced, we can
treat the types of the interactions separately. In these c
the discussion by the authors in Ref.@17# can be applied
@37,38#, that is,

eet
s &3.131023, eem

s &531025, emt
s &3.231023.

~39!

VI. SUMMARY

In this paper we considered how we can observe the ef
of new physics in a neutrino oscillation experiment.

First we reminded ourselves what we really measure
neutrino oscillation experiment. All we really observe are
decay of parent particle (p or m) at an accelerator cite an
an appearance of a charged lepton at a detector. Neut
behave as merely intermediate states. Therefore if new p
ics gives the same amplitudes as those given by the w
interaction, we cannot distinguish those amplitudes a
hence the transition amplitudes given by new physics
interfere with those of the weak interaction. It means
effect of new physics can be amplified quantum mecha
cally. That is, we have the effect of notO(l2) but O(l),
wherel is an effective coupling of new physics, in an osc
lation experiment. We understood also that all the part
states which appear as external lines including unobse
particles must be the same for the interference to occur. T
statement means that not only the particle species but
their energy and helicity must be the same. We have to t
into account both the particle species and a type of an in
action.

Next we derived the transition rate for an appearance
charged lepton, which is usually interpreted by the neutr
oscillation. To calculate the transition rate in a neutrino fa
tory, we have to consider not only particle states in exter
lines but also a type of new physics. We separated the eff
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of new physics into three parts:~1! We considered new phys
ics affecting the decay process of a parent particle. If n
physics which affects them decay is a (V2A)(V2A) type,
Eq. ~12!, then it changes the initial state of neutrinos from
pure flavor eigenstate to a mixed state given by Eq.~15!. On
the contrary, for the case of a (V2A)(V1A) type new in-
teraction, Eq.~13!, we have a rather complicated equation f
the transition rate, though this effect is suppressed byme /mm

due to the difference of the chirality dependence on the
teraction from that on the weak interaction. On the oth
hand, in an oscillation experiment with a conventional bea
we do not have to worry about the interaction type for thep
decay, since the energy and the helicity of muons and n
trinos are fixed due to the kinematics of the two body dec
We can parametrize the effect of new physics using Eq.~15!.
~2! We studied the effects of new physics in matter. They
parametrized as Eq.~10! for both oscillation experiments
Their effects also appear linearly ineab

m and hence they can
give significant modification on an ‘‘oscillation event.’’~3!
We gave a comment on how new physics appears at
detector. The essence is quite similar with that of the de
process of a parent particle. However, it is very difficult
calculate the magnitude of the flavor changing process at
detector reliably from elementary processes since we ne
knowledge about nucleons.

Then we calculate how many no-oscillation neutrinos
necessary to observe the effect of new physics conside
only statistical fluctuation. For a neutrino factory we tran
lated this neutrino number into the parent muon number
we know all the mixing parameters exactly, then it will b
very easy to observe an effect of new physics, which
parametrized aseab

s,m in Eqs. ~10! and ~15!. The optimum
setup for the baseline length and the energy region in a n
trino factory is easily understood by the high energy exp
sion of the transition rate as given in Eq.~26! and x2, Eq.
~27!, for example. However, in general, we cannot exp
that we will know the mixing parameters exactly. If the ne
physics effect gives a similar energy dependence for the t
sition rate with that of the weak interaction as Eq.~26!, we
cannot expect that this effect is observable eventually. On
contrary, if the energy dependence is as different as Eq.~29!,
we can expect, even if we have the uncertainties of the m
ing parameters, the new physics effect to make a signific
modification to the transition rate. In this case the uncerta
ties of the mixing parameters do not make the observab
of the new physics effect worse. To survey the presence
eab

s,m , the use of the appearance channel ofna→nb gives the
best sensitivity. The sensitivities to the new physics eff
depend not only on their magnitudes but also their comp
phases. More precisely we can observe an effect of a ce
combination of theCP phased and these parameters a
given in, for example, Eq.~29!. The sensitivities are propor
tional to ueu2. Naively we can expect their significant contr
bution as long as these combinations are larger t
O(1024).

Finally, we gave a discussion about possible new phys
and their consequences to the parameterseab

s,m . Many models
predict large lepton flavor violations to explain neutrino M
5-15
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jorana masses. These violations also affect decays of
ticles. For example, in many models there will be a flav
changingm decay. Also these effects will appear in the m
ter effects and possibly at the detection processes. Thei
fects must be taken into account in the analysis of oscilla
experiments if we take those models seriously. Among th
effects them↔t changing effect is expected to be large
explain the large mixing in the atmospheric neutri
anomaly. To observe these effects the disappearance ch
of thenm→nt channel is very effective. Thisnm↔nt chang-
ing effect may play an important role innt appearance ex
periments like OPERA@5#.

Incidentally we briefly mention the result of the Liqui
Scintillation Neutrino Detector~LSND! experiment@39#. In
general, its result is interpreted by the neutrino oscillation
its result is partially confirmed by MiniBooNE@40#, namely,
09301
ar-
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ef-
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f

MiniBooNE see a flavor changing signal with a small ra
which is at the lower end of the LSND result, then we m
interpret the result by the flavor changing decay ofp and/or
m. If we take this interpretation, then the expected signal i
future neutrino-oscillation experiment is quite different fro
that by a four-generation model. We need to keep this po
bility in mind.
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APPENDIX A: ANALYTIC EXPRESSIONS FOR OSCILLATION PROBABILITIES

1. Pne
s\nµ

up to O„dm21
2 ,e…

Pn
e
s→nm

5s23
2 s2313̃

2 sin2
l12l2

4En
L1

1

2
cds2323s2312s2313̃ F S c13̃c13213̃

dm21
2

dm21
2 c12

2 2l2

1s13̃ s13213̃

dm21
2

l12dm21
2 c12

2 D sin2
dm21

2 c12
2 2l2

4En
L2S c13̃ c13213̃

dm21
2

dm21
2 c12

2 2l2

1s13̃ s13213̃

dm21
2

l12dm21
2 c12

2 D sin2
l12dm21

2 c12
2

4En
L1S c13̃ c13213̃

dm21
2

dm21
2 c12

2 2l2

2s13̃ s13213̃

dm21
2

l12dm21
2 c12

2 D sin2
l12l2

4En
LG1

1

4
sds2323s2312s2313̃ S c13̃ c13213̃

dm21
2

dm21
2 c12

2 2l2

1s13̃ s13213̃

dm21
2

l12dm21
2 c12

2 D S sin
l12dm21

2 c12
2

2En
L1sin

dm21
2 c12

2 2l2

2En
L2sin

l12l2

2En
L D ~A1!

12s23s2313̃ ~cdRe@eem
s #1sdIm@eem

s # !S c23
2 sin2

dm21
2 c12

2 2l2

4En
L2c23

2 sin2
l12dm21

2 c12
2

4En
L

1s23
2 c2313̃ sin2

l12l2

4En
L D 1s23s2313̃ ~sdRe@eem

s #2cdIm@eem
s # !S c23

2 sin
dm21

2 c12
2 2l2

2En
L

1c23
2 sin

l12dm21
2 c12

2

2En
L1s23

2 sin
l12l2

2En
L D ~A2!

2s23s2323s2313̃ ~cdRe@eet
s #1sdIm@eet

s # !S sin2
dm21

2 c12
2 2l2

4En
L2sin2

l12dm21
2 c12

2

4En
L

2c2313̃ sin2
l12l2

4En
L D 2

1

2
s23s2323s2313̃ ~sdRe@eet

s #2cdIm@eet
s # !S sin

dm21
2 c12

2 2l2

2En
L

1sin
l12dm21

2 c12
2

2En
L2sin

l12l2

2En
L D ~A3!
5-16



OSCILLATION ENHANCED SEARCH FOR NEW . . . PHYSICAL REVIEW D65 093015
12s23
3 s2313̃

3 S cdRe@aem#2sdIm@aem#

4En
L D sin

l12l2

2En
L1s2323c23s2313̃ F S c13̃

2 cdRe@aem#2sdIm@aem#

dm21
2 c12

2 2l2

2s13̃
2 cdRe@aem#2sdIm@aem#

l12dm21
2 c12

2 D sin2
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2 c12
2 2l2

4En
L2S c13̃
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2 2l2

2s13̃
2 cdRe@aem#2sdIm@aem#

l12dm21
2 c12

2 D sin2
l12dm21

2 c12
2

4En
L1S c13̃

2 cdRe@aem#2sdIm@aem#

dm21
2 c12

2 2l2

1s13̃
2 cdRe@aem#2sdIm@aem#

l12dm21
2 c12

2 D sin2
l12l2

4En
LG1
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2
s2323c23s2313̃ S c13̃
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dm21
2 c12

2 2l2

2s13̃
2 sdRe@aem#1cdIm@aem#

l12dm21
2 c12

2 D S sin
dm21

2 c12
2 2l2

2En
L1sin

l12dm21
2 c12

2

2En
L2sin

l12l2

2En
L D

14s23
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D sin2

l12l2

4En
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L D sin
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2 D sin2
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wherel6 , ũ13 are defined as follows:

l6[
1

2
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2 1dm21
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2 2dm21
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See Ref.@41# for details of the calculation.
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