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We discuss the measurement of new physics in long baseline neutrino oscillation experiments. Through the

neutrino oscillation, the probability to detect the new physics effects such as flavor violation is enhanced by the

interference with the weak interaction. We carefully explain the situations that the 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 νµ → νµ,

in these experiments. We also discuss the flavor violating effects of Minimal Supersymmetryc Standard Model

with right-handed neutrinos in future neutrino oscillation experiments. In this class of models, the effective flavor

violating interactions are induced which can interfere with the weak interaction, and show that some new physics

effects are large enough to be observed.

1. Introduction

There are many observations of solar neu-
trino[1], atmospheric neutrino[2], and reactor
neutrino[3] showing that neutrinos are massive
and hence there is a mixing in lepton sector.

Though neutirnos are massive their masses are
very tiny , much smaller than other femions. This
fact may suggest that the existence of new physics
at very high energy scale, that is, such tiny mass
is very well understood by seasaw mechanism[4].
Neutrino experiments also have revealed that lep-
ton mixings are very large, much larger that those
of quarks. This indicates that there must be new
physics where lepton flavor number is strongly vi-
olated.

Therefore we will expect that the nature exh-
bits those lepton flavor violation (LFV) and hence
we may see the remnant of new physics. In-
deed, e.g. in Minimal Supersymmetric Standard
Model (MSSM) with heavy right-handed neutri-
nos, charged lepton decay with large lepton flavor
violation is expected.[5,6] In this class of models
very large lepton flavor violating slepton masses
are induced through renormalization due to lep-
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ton flavor vviolating couplings.
With the Dirac Neutrino Yukawa couplings,

W = f ijν N̄iLjHu, (1)

slepton mass remormalization is given by the
equation,
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Here, m2’s are SUSY breaking masses:

m2
L̃

scalar lepton doublet

m2
ν̃ right-handed sneutrino

m̃2
Hu

doublet Higgs.

Aν denotes the A-term corresponding to eq. (1).
Note that if the Dirac Neutrino Yukawa cou-
plings, eq.(1) do not exist, then there is no LFV
effect.

Thus LFV effect can be seen in the second term
of R.H.S in eq.(2) where the LFV couplings ap-
pear. Approximately this is solved in the follow-
ing way, with the cutoff MG and a typical right-
handed neutrino scale MR:
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UDT
f ijν V

D∗ ≡ diag(fν1, fν2, fν3) ,

here a0 is a typical magnitude of the A term.
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Figure 1. Diagram for Lepton decay with LFV.
Approximately this effect is understood by the
LFV mass (∆mw

L)ji(j 6= i) term insertion.

We can see that there the off-diagonal element
of slepton mass term which is the seed of charged
lepton decay with LFV. Graphically this is shown
in fig. 1. From this diagram, we see that for
τ → µγ, (∆m2

L̃
)32 is relevant and for µ → eγ,

(∆m2
L̃
)21 is relevant.

The yukawa couplings yijν must be tuned with
right-handed neutrino mass matrix so that all the
observation can be explained by neutrino oscilla-
tions and using such parameters the branching
ratios of the charged leptons are calculated.

An example of the branching ratios with ap-
propriate parameters is shown in fig.2. The pre-
dicted branching ratio is within a reach of near
future experiments[8–10].
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Figure 2. Example of Br(µ→ eγ) versus Br(τ →
µγ) in a class of models, MSSM with right-handed
neutrinos. This is taken from ref.[7].

Then naturally the question whether such an
effect can be seen in neutrino oscillation exper-
iments arises. In near future oscillation experi-
ments parameters are expected to be determined
very precisely[11,12]. Then since we expect new
physics with lepton flavor violation, we would like
to ask a question whether we can observe the frag-
ment of such effect in oscillation experiments.

In Sec. 2, we study what we see in long base-
line (LBL) neutrino oscillation experiments and
parameterize the LFV interactions in such ex-
periments. Next in Sec. 3, we investigate the
sensitivity for new physics in future LBL experi-
ments [13–18]. Then in Sec. 4 we calculate how
large these new physics effect can be in models
of MSSM with right-handed neutrinos. Finally in
Sec. 5 we summarize the discussion here.

2. LFV interaction in neutrino oscillation

The basic idea is that the new physics effect
appears as an interference with usual oscillation
amplitude in oscillation experiments and be “en-
hanced”. To see this concretely let’s examine the
neutrino factory.[17]

First we note that we do not observe neutrino
itself but its product, a corresponding charged
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lepton. Neutrino appears only an intermediate
state. In a neutrino factory All we know is that
the muons, say, with negative charge decay at
an accumulate ring and wrong sign muons are
observed in a detector located at a length L away
just after the time L/c, where c is the light speed.
This is depicted schematically in Fig.3.

Since we know that there is the weak inter-
action process, we interpret such a wrong sign
event as the evidence of the neutrino oscillation,
ν̄e → ν̄µ, which is graphically represented in
Fig.4.

µ−

Q
QQs

Q
Q

Q
Q

G
y

J
J

J
J

B
B
B
BB

t t t t

�
�

�
��











f

Decay Pipe

G′

y

�
�

�
�

T

B
B
B
BB

t
t

t

@
@

@@

T ′

Detector

µ+

�
�+

�
�

�
�

Figure 3. What we really see in a neutrino fac-
tory.
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Figure 4. Standard interpretation of a wrong sign
event.
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Figure 5. Diagram which gives same signal as
that given by Fig.4.
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Figure 6. Transition rate for “ν̄e → ν̄µ”.

Now if there is a flavor-changing exotic inter-
action, e.g.,

λ(ēγµµ)(ν̄µγ
µνα), α 6= e, (4)

then we will have the same signal of a wrong sign
muon, whose diagram is shown in Fig.5, just like
that caused by the weak interaction and the neu-
trino oscillation. We cannot distinguish these two
kinds of contribution. The quantum mechanics
tells us that in this case, to get a transition rate,
we first sum up these amplitudes and then square
the summation. Therefore there is an interference
phenomenon between several amplitudes in this
process.

To estimate the transition probability for ν̄e →
ν̄µ, we have to calculate the diagram depicted in
fig. 6.

The usual oscillation term, fig.4 must give the
leading contribution and we expand the graph, 6,
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Figure 7. The transition probability of a wrong-sign muon appearance process up to sub-leading contri-
bution.

into the form of fig. 7. (Here the graph represent-
ing flavor changing propagation effect is omitted.)

Note that the transition probability depends on
not quadratically but linearly new physics cou-
plings. To estimate those effect we need to pa-
rameterize their effect in the framework of neu-
trino oscillation.

The amplitude for “neutrino oscillation” can be
divided into three pieces: (1) Amplitude relevant
with decay of a parent particle denoted as AC

α ,
here C describes the type of interactions. For
µ decay, as we will see in eq.(6) and (7), there
are two types of interactions, C = L,R while
for π decay we do not need this label. α dis-
tinguishes the particle species which easily prop-
agates in the matter and make an interaction at a
detector. (2) Amplitude representing a transition
of these propagating particles, which are usually

neutrinos, from one species α to another/same β,
denoted as Tαβ . (3) Amplitude responsible for
producing a charged lepton l from a propagated
particle β at a detector, stood for by DI

βl. Here
I denotes an interaction type. Using these nota-
tions we get the probability to observe a charged
lepton l± at a detector as

Pµ−→l+(l−) =

∣

∣

∣

∣

∣

∣

∑

αβCI

AC
αTαβD

I
βl±

∣

∣

∣

∣

∣

∣

2

=
∑

αβCI

∑

α′β′C′I′

AC
αTαβD

I
βl±A

C′∗
α′ T

∗
α′β′D

I′∗
β′l± . (5)

Therefore we can consider the effect of new
physics separately for decay, propagation and de-
tection processes.

First we consider the decay process of parent
particles. Since all final states must be the same,
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for a neutrino factory, the exotic decays of muons
which are µ− → e−ναν̄e and µ− → e−νµν̄β can
be amplified by the interference. Though in the
presence of Majorana mass terms neutrinos and
anti neutrinos can mix with each other, this ef-
fect is strongly suppressed by mν/Eν . Therefore
we do not have to consider decays into neutrino
with opposite chirality such as µ− → e−ν̄µν̄β The
former is relevant with µ− → l− and the latter is
relevant with µ− → l+. In other words, we can
approximate neutrinos to be massless except for
the propagation process. This fact and Lorentz
invariance allow only two kinds of new interac-
tions in this process. For a wrong-sign mode, the
allowed two interactions are the (V −A)(V −A)
type,

2
√
2λα(ν̄µγ

ρPLµ)(ēγρPLνα), α = µ, τ, (6)

which has the same chiral property as the weak
interaction but violates the flavor conservation,
and the (V −A)(V +A) type,

2
√
2λ′α(ν̄µγ

ρνα)(ēγρPRµ), α = e, µ, τ. (7)

The latter has different chiral property from the
former, so that it gives different energy depen-
dence to the transition rate. These exotic inter-
actions interfere with the leading amplitude and
contribute as next leading effects. Note that gen-
erally λ and λ′ are complex numbers.[13]

In the case of the (V −A)(V −A) type exotic in-
teraction, we can introduce the interference effect
by treating the initial state of oscillating neutrino
as the superposition of all flavor eigenstates. On
the µ− → µ+ process, we can take initial neutrino
ν̄ as

ν̄ = ν̄e + εµν̄µ + ετ ν̄τ , (8)

where εα = λα/GF . This simple treatment is al-
lowed only for the (V −A)(V −A) type interaction
because of the same interaction form as the weak
interaction except for difference of the coupling
constant and the flavor of antineutrino. In this
case we can generalize the initial neutrino for any
flavor, using Y. Grossman’s source state notation
[19], as, 2

νsβ = Us
βανα, α, β = e, µ, τ,

2Us is not necessarily unitary.

Us ≡





1 εseµ εseτ
εsµe 1 εsµτ
εsτe εsτµ 1



 . (9)

We can include the total exotic effect into the
oscillation probability as

Pνsα→νβ =
∣

∣〈νβ |e−iHLUs
αγ |νγ〉

∣

∣

2
. (10)

This treatment is also valid for the effect on the
νµ oscillation.

In the case of the (V −A)(V +A) type exotic in-
teraction, we cannot treat interference terms sim-
ply. The interference term between the weak in-
teraction and an exotic interaction eq.(7) denoted

as P
(1)
µ→l gives the rate for the observation of the

wrong sign charged lepton, which is interpreted
normally as the oscillation from ν̄e → ν̄l in µ−

decay, as follows:

P
(1)
µ−→l+

=
1 + Pµ

2

1

(2π)2

×
∑

spin

∫

d3pe
2Ee

d3pνµ
2Eνµ

δ4(pµ − pν̄ − pe − pνµ)

×2Re



AL∗
e

∑

βI

T ∗eβD
I∗
βl+

∑

αβ′I′

AR
αTαβ′D

I′

β′l+





=
1 + Pµ

2

8GF

π
memµEν(|pµ| − Eµ)

×
∑

αββ′II′

Re[λ′αT
∗
eβD

I∗
βl+Tαβ′D

I′

β′l+ ], (11)

where Pµ is the polarization of the initial µ−, Eν

is ν energy, and pµ(Eµ) is µ momentum (energy).
In the case for the observation of the same sign

charged lepton, which is interpreted as the oscil-
lation from νµ → νl in µ

− decay, as follows:

P
(1)
µ−→l−

=
1− Pµ

2

8GF

π
memµEν(|pµ| − Eµ)

×
∑

αββ′II′

Re[λ′αT
∗
µβD

I∗
βl−Tαβ′D

I′

β′l− ], (12)

For π decay the situation is much simpler. In
the presence of new physics there may be a flavor
violating decay of π such as π− → µ−να(α =
e, τ). This effect changes the initial ν state;

νµ −→ νsµ = εsµeνe + νµ + εsµτντ . (13)
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In this case we do not have to worry about the
type of new physics which gives a flavor changing
π decay at a low energy scale. Due to kinemat-
ics, the energy and the helicity of the decaying
particles, µ and ν are fixed.

Next we consider the propagation process. Ex-
otic interactions also modify the Hamiltonian for
neutrino propagation as [14],

Hβα =
1

2Eν







Uβi





0
δm2

21

δm2
31



U †iα

+





ā+ aee aeµ aeτ
aeµ

∗ aµµ aµτ
aeτ

∗ aµτ
∗ aττ





βα







, (14)

where ā is the ordinary matter effect given by
2
√
2GFneEν , aαβ is the extra matter effect due

to new physics interactions, that is defined by
aαβ = 2

√
2εmαβGFneEν . Note that to consider

the magnitude of the matter effect, the type of
the interaction is irrelevant since in matter parti-
cles are at rest and hence the dependence on the
chirality is averaged out.[20]

Finally we make a comment about new physics
which affect a detection process. To consider this
process we need the similar treatment to that
at the decay process, that is, we have to sep-
arate contribution of new interactions following
the difference of the chirality dependence. How-
ever to take into account new physics at a de-
tector, the parton distribution and a knowledge
about hadronization are necessary. Though we
may wonder whether we can parameterize the ef-
fect of new physics at the detector g/GT as εd

like εs. It is expected that εd has a complicated
energy dependence due to the parton distribu-
tion for example in a energy region of a neutrino
factory. Consider the case that there is an ele-
mentary process from lepton flavor violating new
physics including strange quark. To parameter-
ize its effect we need both its magnitude and the
distribution function of strange quark in nucleon
which will show the dependence on the neutrino
energy (more exactly, the transfered momentum
from neutrino to strange quark). They are be-
yond our ability and hence we do not consider
them further in this paper, though new physics

which can affect the decay process have contribu-
tion to the detection process too.

3. Model independent reach

3.1. Explanation of Numerical Analysis

For a neutrino factory, we use following pro-
cedures: First, we assume the magnitude of the
effects caused by new interactions. Next, we cal-
culate the event numbers including the effects of
new physics NNP and also calculate that based
on the standard model NSM . Then, we define
the following quantity, so called χ2 function 3,

χ2 ≡
bin
∑

i

∣

∣NNP
i −NSM

i

∣

∣

2

NSM
i

≡ NµMdetX
2
ν−fact, (15)

where i is the energy bin index, Nµ is the muon
number, and Mdet is the detector mass. To claim
that new physics effects can be observed at 90%
confidence level, it is required

χ2 > χ290%, (16)

and this condition is rewritten as

NµMdet >
χ290%
X2

ν−fact

. (17)

From the above method, we can obtain the nec-
essary muon number and the detector mass to
observe the new physics effects at 90% confidence
level.

On the other hand, there are some kinds of
option on beam configurations for an upgraded
conventional beam; wide band, narrow band, off
axis, and so on. We discuss the event number of
no-oscillated neutrino events at the detector Nν

unlike the case for a neutrino factory. The con-
crete procedure is almost the same as that for a
neutrino factory. We separate χ2 function defined

3Strictly speaking, this quantity is “power of test” to dis-
tinguish two theories, the theory including new physics
and the standard model. Furthermore, note that since
we are interested in “goodness of fit” for two theories, we
should compare this quantity with χ2 distribution func-
tion with one degree of freedom. More detail on statistics
is found in Ref.[21].
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in first line of eq.(15) into two parts;

χ2 ≡ NνX
2
conv, (18)

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

Nν >
χ290%
X2

conv

. (19)

In the numerical calculation for a conventional
beam, we consider the wide-band-beam like situ-
ation, whose flux distribution for energy is con-
stant.

3.2. (V −A)(V −A) type new interaction

Here, we deal with the case that there are only
(V −A)(V −A) type new interactions in the lepton
sector. In this case, we need to consider the ef-
fect represented in eqs.(9) and (14). Before mak-
ing the presentation of the numerical calculations,
we give the analytic expression for the sensitivi-
ties to understand the essential features. As we
showed in section III, the interference terms be-
tween (V − A)(V − A) type interactions and the
weak interaction have the same dependence on
the µ polarization leading term does. It can not
be expected that the sensitivity to such interfer-
ence term becomes better by the control of the
parent µ polarization. We consider here an unpo-
larized muon beam. The “oscillation probability”
is given by eq.(10) in this situation. More detailed
calculations are presented in the Appendix of [17].

3.2.1. νe → νµ channel in a neutrino fac-

tory

The analytic expression of probability for νe →
νµ given in the Appendix of [17] shows that the
effect due to εmµτ and εs,mαα are irrelevant since

these terms are proportional to sin2 2θ13 × ε in
the high energy region, so it is difficult to observe
their effects. The flavor changing processes be-
tween muon and electron, e.g., µ → eγ, µ ↔ e
conversion, are strictly constrained from experi-
ments, and as we argue in the next section the
box diagrams of the µ-to-e processes must relate
to εseµ and εsµe. Therefore, the magnitude of εseµ
has very severe bound and the terms depending
on it are also not effective. Assuming some mod-
els, e.g., MSSM with right-handed neutrinos, it

is expected that the magnitude of εsαβ and εmαβ
are the same order because they are produced by
similar diagrams. This is also discussed in the
next section. We assume naively that the terms
depending on εmeµ are constrained as εseµ. On the
other hand, the τ -to-e processes do not give the
tight bound to εs,meτ . Hence, we investigate the
effect induced by εs,meτ first.

Before surveying the required NµMdet for each
baseline L and muon energy Eµ, we see the be-
havior of contribution of εs,meτ to the “oscillation
probability” to consider the optimum setup for L
and Eµ. In the high energy region such as the
matter effect ā is much greater than δm2

31, the
first order contribution of εs,meτ to the transition
probability, ∆Pνe→νµ{εeτ}, is constructed by four
parts that have the different εs,meτ dependences:

∆Pνe→νµ{εeτ} = 2s23s2×23s2×13

×
[

c213 (sδRe[ε
s
eτ ]− cδIm[εseτ ])

(

ā

4Eν

L

)(

δm2
31

4Eν

L

)2

(20a)

+ c213 (cδRe[ε
s
eτ ] + sδIm[εseτ ])

{

1− 1

2

(

ā

4Eν

L

)2

−s213
(

ā

4Eν

L

)(

δm2
31

4Eν

L

)}(

δm2
31

4Eν

L

)2

(20b)

− c213 (sδRe[εmeτ ] + cδIm[εmeτ ])

(

ā

4Eν

L

)(

δm2
31

4Eν

L

)2

(20c)

− 1

3
s213 (cδRe[ε

m
eτ ]− sδIm[εmeτ ])

{(

ā

4Eν

L

)

+2

(

δm2
31

4Eν

L

)}(

ā

4Eν

L

)(

δm2
31

4Eν

L

)2
]

, (20d)

where s2×ij ≡ sin 2θij . Since we can suppose that
Eν is proportional to Eµ in a neutrino factory, Eµ

and L dependence of the sensitivity to each term
can be approximated as

χ2(20b) ∝
{

1− 1

2

(

ā

4Eµ

L

)2
}2

× Eµ,

χ2(20a, 20c) ∝
(

ā

4Eµ

L

)2

× Eµ,
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Figure 8. Contour plots of the required NµMdet to observe the new physics effects concerning εs,meτ at
90% C.L. in νe → νµ channel using a neutrino factory. From left to right: (εseτ , ε

m
eτ ) = (3.0 × 10−3, 0),

(3.0 × 10−3i, 0), (0, 3.0 × 10−3), (0, 3.0 × 10−3i). The uncertainties of theoretical parameters are not
considered in these plots. As we point out in the text, when the uncertainties are taken into account, the
sensitivities are completely lost. In Fig.8 to Fig.14, contours mean 0.01, 0.05, 0.1, 0.5, 1×1021 · 100kt.

χ2(20d) ∝
(

ā

4Eµ

L

)4

× Eµ. (21)

All of eq.(21) are proportional to Eµ, so the sen-
sitivities must get better as the energy becomes
higher.

Each of eq.(21) depends on L in different way.
χ2(20b) become tiny for longer baseline length
within the region that we are now interested in.
This fact means that a shorter baseline experi-
ment has an advantage over a longer one to ob-
serve (20b)’s effect. In contrast with this, it is
found that longer baseline will be better to search
for the effects of (20a), (20c) and (20d).

Each of eq.(21) depends on the combinations
of εs,meτ and the CP phase δ. What we observe
is the combination of them. The effects of ε’s
can be sources of the CP-violation effect.[13] In
the discussion about the observation of the CP
phase, this fact should be considered. The ana-
lytic expressions also show that the sensitivities
are proportional to |ε|2.

Now, we show the results of the numerical cal-
culations. The parameters that we use here are

sin θ12 =
1

2
, sin θ23 =

1√
2
, sin θ13 = 0.1,

δm2
21 = 5× 10−5, δm2

31 = 3× 10−3, (22)

δ =
π

2
,

and take |ε| = 3×10−3, which is a reference value
for the feasibility to observe the effect by using
the method of the oscillation enhancement. Ex-
cept for εs,meµ and εsµe, the constraints of the pro-
cesses of charged lepton have not forbidden this
magnitude of ε’s.

Fig.8 shows the required NµMdet in the case
where we do not take into account the uncer-
tainties of the mixing parameters. We can check
whether the approximated equations, eq.(21), are
correct from the behavior of the plots. As eq.(20)
implies, contribution from the new interaction de-
pends on the combinations of ε and δ. We take
δ = π/2, so we can extract each term of eq.(20) by
taking εs,meτ pure real and imaginary. Therefore,
the plots of Fig.8 from left to right correspond
to the required data size to observe each term in
eq.(20a) to eq.(20d) respectively. The behavior
of these plots is consistent with the expectations
from the analytic expressions in eq.(21). To con-
sider realistic situations, the new physics effects
in both source and matter must be taken into ac-
count simultaneously. The total effects are given
by the simple summation of each effect.

In realistic situations the uncertainties of the
theoretical parameters have to be taken into ac-
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Figure 9. Contour plots of the required NµMdet to observe the new physics effects concerning εs,meµ at
90% C.L. in νe → νµ channel when there is no uncertainty for theoretical parameters. From left to right:
(εseµ, ε

m
eµ) = (3.0× 10−3, 0), (3.0× 10−3i, 0), (0, 3.0× 10−3), (0, 3.0× 10−3i). Each plot corresponds to the

sensitivities to eq.(24a)∼eq.(24d) respectively.
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Figure 10. Same as Fig.9, but here each parameter has 10% uncertainty.

count.4 Once the uncertainties are introduced, it
can be expected that the sensitivities shown in
Figs.8 will be spoiled completely. The εs,meτ ef-
fect can be absorbed easily into the main (unper-
turbed) part of oscillation,

s223s
2
2×13

(

δm2
31

4Eν

L

)2

, (23)

by adjusting the theoretical parameters since the
effects have the same energy dependence as the
main part has. Indeed, taking into account these
uncertainties, the sensitivities to εs,meτ are com-
pletely washed out. Therefore, we have to look for

4We understand that systematic errors should be also
taken into account. However in this paper we refer to the
errors originated from statistics and we treat the errors in
the theoretical parameters.

the terms whose energy dependence differ from
that of the main oscillation term in the high en-
ergy region. In νe → νµ channel, the effects
caused by εs,meµ have such energy dependence. It
can be represented analytically in the high energy
region as

∆Pνse→νµ{εeµ} = 2s23s2×13

×
[

(

sδRe[ε
s
eµ]− cδIm[εseµ]

)

×
{

1− 2

3

(

ā

4Eν

L

)2

+
2

3

(

2c2×13−3c223c213
)

(

ā

4Eν

L

)(

δm2
31

4Eν

L

)

}

(

δm2
31

4Eν

L

)

(24a)
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Figure 11. Contour plots of the required NµMdet to observe the new physics effects concerning εs,mµτ

at 90% C.L. in νµ → νµ channel. All theoretical parameters are assumed to have 10% uncertainty.
From left to right, each plot corresponds to (εsµτ , ε

m
µτ ) = (3.0× 10−3, 0), (3.0× 10−3i, 0), (0, 3.0× 10−3),

(0, 3.0× 10−3i). “White Graphs” indicate that there is no sensitivity for the corresponding parameters.

Eµ[GeV] Eµ[GeV] Eµ[GeV] Eµ[GeV]

L
[k
m
]

10 20 30 40 50 60
250
500

1000

1500

2000

2500

3000

3500

4000

10 20 30 40 50 60
250
500

1000

1500

2000

2500

3000

3500

4000

10 20 30 40 50 60
250
500

1000

1500

2000

2500

3000

3500

4000

10 20 30 40 50 60
250
500

1000

1500

2000

2500

3000

3500

4000
1
0.5 0.1

0.0
5

0.0
1

Figure 12. Contour plots of the required NµMdet to observe the new physics effects concerning εs,meτ

at 90% C.L. in νe → ντ channel. All theoretical parameters are assumed to have 10% uncertainty.
From left to right, each plot corresponds to (εseτ , ε

m
eτ ) = (3.0 × 10−3, 0), (3.0 × 10−3i, 0), (0, 3.0 × 10−3),

(0, 3.0× 10−3i).

−
(

cδRe[ε
s
eµ] + sδIm[εseµ]

)

×
[{

1− 1

3

(

ā

4Eν

L

)2
}

(

ā

4Eν

L

)

−
{

1− 2s223c
2
13 −

(

1− c213
(

2− 4

3
c223

))

×
(

ā

4Eν

L

)2
}

(

δm2
31

4Eν

L

)

]

(

δm2
31

4Eν

L

)

(24b)

+ 2c223
(

sδRe[ε
m
eµ] + cδIm[εmeµ]

)

(

ā

4Eν

L

)(

δm2
31

4Eν

L

)2

(24c)

+ 2
(

cδRe[ε
m
eµ]− sδIm[εmeµ]

)

{

1− 1

3

(

ā

4Eν

L

)2

+

(

c223s
2
13 +

2

3
s223c2×13

)(

ā

4Eν

L

)(

δm2
31

4Eν

L

)

}

(

ā

4Eν

L

)(

δm2
31

4Eν

L

)

]

. (24d)

Contribution for the transition probability la-
beled (24a), (24b) and (24d) depends on 1/Eµ.
Consequently, the sensitivities to the terms must
be robust against the uncertainties of the theo-
retical parameters since in the high energy region
they can be distinguished from the main oscil-
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Figure 13. Same as Fig.11, but νµ → ντ channel.
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Figure 14. Contour plots of the required NµMdet to observe the new physics effects concerning εsµe and
εmeµ at 90% C.L. in νµ → νe channel. All theoretical parameters are assumed to have 10% uncertainty.
From left to right, each plot corresponds to (εsµe, ε

m
eµ) = (3.0 × 10−3, 0), (3.0 × 10−3i, 0), (0, 3.0 × 10−3),

(0, 3.0× 10−3i).

lation part by observing the energy dependence.
The claims mentioned above are confirmed nu-
merically by Fig.9 and 10. By comparison of these
graphs, we can see that the sensitivities to observe
the contribution of (24a), (24b) and (24d) do not
suffer from the uncertainties.5 Incidentally, we
note that though the uncertainties wreck the sen-
sitivity to (24c) since it is proportional to 1/E2

µ,
the εmeµ second order term brings constant contri-
bution for energy and this signal does not vanish.

5To clarify the statement here we adopt large values for
ε
s,m
eµ . The value of εeµ in Fig.9 and 10 are too large to
avoid the current experimental bound. As we said first,
ε
s,m
eµ are bound so strictly that these terms can not be
observed.

3.2.2. νµ → νµ channel in a neutrino factory

Only the effect that depend on εs,mµτ will be large
enough to be observed in νµ → νµ disappearance
channel. As we show in the next section, this
quantity is not strongly bound by the charged
lepton processes. The analytic expressions for
the terms concerning εs,mµτ (see the Appendix of
[17]) indicate two facts: (1) this channel sensitive
only to the real part of εmµτ , and (2) the effect that
comes from the real part of εsµτ will be small in the
assumed parameter region. In addition, it shows
that the terms depending on εs,mµτ are hard to be
absorbed by the uncertainty of the theoretical pa-
rameters. Note that these terms do not depend
on the CP phase δ, that is, it is expected that we
can get information on the phases of εs,mµτ . The
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sensitivity plots calculated numerically are shown
in Fig.11. They behave as expected by the ana-
lytic expressions. The uncertainties of the the-
oretical parameters do not affect the sensitivity
since the terms that depend on 1/Eµ do not van-
ish in the high energy region. The sensitivities
depend strongly on the phase of εs,mµτ but do not
depend on δ. We can directly know the phase of
the lepton-flavor violation process without care of
δ.

3.2.3. Channels with τ and e observation

in a neutrino factory

The technologies for tau observation in ντ de-
tection [22] and the charge identification of elec-
tron to distinguish νe with ν̄e [23] are under R
& D. If it is possible to observe these particles
clearly, what can we get ?

In νe → ντ channel, we can explore εs,meτ (see
Fig.12). The uncertainties of the theoretical pa-
rameters will not disturb the sensitivity. In νµ →
ντ channel, all we can observe is only the effect
of εs,mµτ (see Fig.13). In comparison with νµ → νµ
channel, we will not have so much benefit in terms
of sensitivities to the magnitude of ε.6 However
in this channel unlike νµ → νµ channel, the ob-
servable must depend on the combination of the
εs,mµτ ’s phase and the CP phase δ, that is, the ob-
servation in these two channels are qualitatively
different. In νµ → νe channel, we can search the
effect of not εseµ but εsµe at the muon decay process
and the effect of εmeµ at the propagation process
just like νe → νµ channel (see Fig.14). In νe → νe
disappearance channel, oscillation effects them-
selves are much smaller than the no-oscillation
signal. Though some effects of new physics give
the different energy dependence from the main
oscillation term, we will not be able to get any
information for oscillation-enhanced new physics.

3.3. Short Summary

Here we give a short summary for this section.
For (V −A)(V −A) interaction type in neutrino
factories,

¥ In να → νβ , the effects induced by εs,mαβ will be
well observed. The others are too small or easy

6Including systematic errors we will have much benefit.

to be absorbed into the error of the oscillation
parameters.

¥The expected sensitivity is ε & O(10−4).

εs,meµ (εsµe) εs,meτ εs,mµτ

νe → νµ 4 4 ×
νµ → νµ × × ©
νe → ντ × © 4
νµ → ντ × 4 ©
νµ → νe 4 × ×
νe → νe × × ×

Model-independently we can obtain the con-
straint on ε’s from SU(2) inverted process[19]. For
example, the constraint on µ− → e−ντ ν̄e can be
obtained from the process τ− → µ−e−e+. Thus
naively, we get constraints, say for εs’s, as follows:
εseτ . 3.1 × 10−3, εseµ . 5 × 10−5, εsµτ .

3.2 × 10−3. Factor 2-3[17] or maybe 10[15] could
be multiplied on these constraint since SU(2) is
broken.

4. MSSM with right-handed neutrinos

Similarly to the effect of µ→ eγ, we can draw
diagrams which indicate the LFV processes in-
cluding neutrinos. Examples of LFV interaction
in muon decay are given in the following dia-
grams.

-µ
−

s

χ̃0 χ̃−

s -ντ-l̃
−

¾l̃
−

s s ¾ν̄ePPPPPPPPPPPP
q e−
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-µ
−

s

χ̃− χ̃0

s -ντ-ν̃

¾ν̃s s ¾ν̄ePPPPPPPPPPPP
q e−

-µ
−

s -

l̃−
s -

ν̃

s -ντ

χ̃0

W−

s»»»
»»»

»»9
ν̄e

XXXXXXXXz e−

Similarly, examples of LFV interactions in mat-
ter effect are given in the following diagrams.

-νµ s -ν̃

-ũ, d̃, ẽ

s -ντ

s

χ̃0 χ̃0

s -
u, d, e

-
u, d, e

-νµ s -l̃
−

-ũ, ν̃

s -ντ

s

χ̃− χ̃−

s -
d, e

-
d, e

-νµ s -

l̃−
s -

l̃−
s -ντ

χ̃+

Z, γ

s -u, d, e-u, d, e

-νµ s -

ν̃

s -
ν̃

s -ντ

χ̃0

Z

s -u, d, e-u, d, e

Finally Examples of LFV interaction in a de-
tection process are depicted in the following dia-
grams.

-νµ s -l̃
−

-ũ

s -τ
−

s

χ̃− χ̃0

s -u-d

-νµ s -
ν̃

s -

l̃−
s -τ

−

χ̃0

W−

s -u-d
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Amplitude of these graphs is estimated by mass
insertion and dimensional analysis.

E ∼ 1

16π2
(∆m2

L̃
)αβ

m4
S

g4

' − (6 + a20)

(16π2)2
(f†νfν)αβ log

MG

MR

g4

m2
S

(25)

and hence

ε =
E
GF

∼ − (6 + a20)

(16π2)2
(f†νfν)αβ log

MG

MR

g4

m2
SGF

∼ − (6 + a20)

(16π2)2
(f†νfν)αβ log

MG

MR

g2. (26)

This implies that the amplitude can be O(10−4).
Moreover, since diagrams contribute coher-

ently, as a whole ε can be larger by one order of
magnitude. In fig.15 we plot the typical behavior
of εsµτ in MSSM with right handed neutrinos.

1e-05

0.0001

0.001

0.01

1e-16 1e-15 1e-14 1e-13 1e-12 1e-11

Br (µ→ eγ)

εsµτ

Figure 15. Example of Amplitude

5. Summary

Finally we summarize the content and give dis-
cussion. Motivated by MSSM with right-handed
neutrinos, which is the most promising candi-
date for the physics beyond the standard model,

we considered LFV in neutrino oscillation. This
effect indeed can be large enough. If we have
enough accuracy in mixing parameters, then we
will have sensitivity for these couplings up to
O(10−4). However if not, then we will still have
the same sensitivity for several couplings and not
for others. It depends on which oscillation mode
we will observe. This is due to a strong correla-
tion between some of LFV effect and mixing pa-
rameters. Because of the strong correlation, those
effect may be hidden by the uncertainty of mix-
ing parameters[17] or conversely we can not de-
termine the mixing parameters precisely enough
as we will expect[15].

The decay processes of muon and pion differ
from each other. Therefore we might expect the
case that new physics may affect only the decay of
muon. The matter effect would be negligible for
shorter baseline while for baseline longer than a
thousand km it would be detectable. Thus to dis-
tinguish new physics effect from oscillation effect
it is very useful to compare several modes.

There is another advantage the use of oscilla-
tion experiments for the determination of new
physics effect. Experiment sensitivity is always
limited by systematics, S. The transition proba-
bility is given by |A + ε|2, where A is oscillation
amplitude. For direct measurement of the new
physics, as |A| ¿ |ε|, the reach of new physics is
merely a square root of the systematics, S2. That
is,

|ε|2 > S −→ |ε| >
√
S (27)

In oscillation experiments the new physics effect
enters with oscillation amplitude and hence the
sensitivity on new physics may be raised. Indeed
in oscillation experiments, for the new physics ef-
fect to be detectable, Aε > S is required. Thus
we have the sensitivity reach,

ε >
S
A . (28)

The lower bound is alway smaller than the lower
bound of the direct detection (27) since for the
oscillation to be observed A2 > S is always ex-
pected:

√
S > SA . (29)
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Anyway we should keep in mind that there
might be the new physics effect as there must be
lepton flavor violating interactions.
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