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1. Introduction

It is expected that future long baseline neutrino experiments such as super-beams, beta-beams,
neutrino factories will have great sensitivity to the third mixing angleθ13, the CP phaseδ and the
mass hierarchy sign(∆m2

31) (For a review, see, e.g., Ref. [1]). As is the case with the B factories,
great precision in the experiments will allow us to probe new physics by looking for a deviation
from the standard model with neutrino mass.

A class of effective non-standard neutrino interactions with matter which will be discussed
here are

L NSI
eff =

{
−2
√

2ε ′ f P
αβ GF(ναγµPL`β )( f γµP f ′) (a)

−2
√

2ε f P
αβ GF(ναγµPLνβ )( f γµP f ′) (b)

. (1.1)

Here f and f ′ stand for fermions (the only relevant ones are electrons, u and d quarks),GF is
the Fermi coupling constant,P stands for a projection operator and is eitherPL ≡ (1− γ5)/2 or
PR≡ (1+ γ5)/2. The interaction (1.1) is the most general form of the interactions which conserve
electric charge, color, and lepton number [2]. The interactions Eq. (1.1) (a) and (b) correspond to
charged and neutral current interactions, respectively. The presence of the interaction of Eq. (1.1)
(a) would change the process of production and detection of neutrinos, while that of Eq. (1.1) (b)
would modify the matter effect during propagation of neutrinos.

The exotic interactions (1.1) are supposed to come from some new physics beyond the stan-
dard model, but we do not specify any particular dynamics which produces (1.1) here. If these
interactions come from dimension-six operators such as(H†L̄α)γµ iDµ(HLβ ), whereH andL de-
noteSU(2)L doublet of the higgs and lepton, respectively, then the coefficient of this term would be
strongly constrained by charged lepton processes. In order to avoid the strong constraints onεαβ ,
therefore, we have to assume that the operator in Eq. (1.1) originates from the dimension-eight one
such as

(
LαPRHc

)
γµ

(
(Hc)†PLLβ

)
f γµP f , which produces the operator in Eq. (1.1) (b) after the

SU(2)L breaking. In this case the constraint onε f P
αβ can be obtained only by the experiment with

neutrinos.

2. New Physics in oscillation experiments

In the presence of the interaction in Eq. (1.1) (a), not only the processπ+ → µ+ +νµ but also
π+ → µ+ + νe occurs with the weight1 : εs

eµ , wheres stands for source. These processes can be
expressed asπ+ → µ+ +νs

µ where the modified flavor eigenstatesνs
α at source are defined by




νs
e

νs
µ

νs
τ


 = Us




νe

νµ

ντ


 , Us≡




1 − εs
eµ − εs

eτ
εs

µe 1 − εs
µτ

εs
τe εs

τµ 1


 . (2.1)

Similarly, the same phenomena happens at detection. For instance, the processesνe+n→ e−+ p
andνe+n→ µ−+ p occur with the weight1 :εd

eµ , whered stands for detection. So these processes
can be expressed asνd

e + n→ e− + p, where the modified flavor eigenstatesνd
α at detection are

2
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defined by 


νd
e

νd
µ

νd
τ


 = Ud




νe

νµ

ντ


 , Ud ≡




1 − εd
eµ − εd

eτ
εd

µe 1 − εd
µτ

εd
τe εd

τµ 1


 . (2.2)

In the presence of the new interaction of Eq. (1.1) (b), by introducing the notationεm
αβ ≡

∑P

(
εeP

αβ +3εuP
αβ +3εdP

αβ

)
, and by making the approximation that the number density of electrons

(Ne), protons and neutrons are equal, the3×3 matrix of the matter potential becomes

A ≡ A




1+ εm
ee εm

eµ εm
eτ

εm
µe εm

µµ εm
µτ

εm
τe εm∗µ εm

ττ


 , (2.3)

whereA≡√2GFNe.
In total, in the presence of the new interactions of Eq. (1.1) (a) and (b), the oscillation proba-

bility at lengthL of the neutrino path can be written as

P(να → νβ ) =
∣∣∣∣
[
UdŨ exp(−iẼ L)Ũ†Us†

]
βα

∣∣∣∣
2

=
∣∣(UdUs†)βα

∣∣2−4Re∑
j<k

(
X̃βα

j X̃βα ∗
k

)
sin2

(
∆Ẽ jkL

2

)

+2Im ∑
j<k

(
X̃βα

j X̃βα ∗
k

)
sin

(
∆Ẽ jkL

)
, (2.4)

whereX̃βα
j ≡ (UdŨ)β j(UsŨ)∗α j , Ũ andẼ are defined by diagonalization of a3×3 matrix in matter:

Udiag(E j)U† +A ≡ Ũ Ẽ Ũ†, Ẽ ≡ diag(Ẽ j), E j andẼ j are the energy eigenvalues in vacuum and
matter, respectively, and∆Ẽ jk ≡ Ẽ j − Ẽk. As in the case of the standard neutrino scenario [3, 4],
the quantityX̃βα

j can be expressed in terms of the quantityXαβ
j ≡U∗

α jUβ j in vacuum,Us, Ud, A

andẼ j , i.e., X̃βα
j = ∑3

`=1

(
V−1

)
j`

[
Ud

{
Udiag(E j)U† +A

}`−1
Us†

]
βα

, whereV−1 is the inverse

of the Van der Monde matrixV, which is defined by(V) jk = Ẽ j−1
k .

3. New Physics at source and detector [5]

3.1 Current bounds onεs,d
αβ [5]

To see the effect of New Physics at source and detector, it is advantageous to take the limit
L→ 0 in Eq. (2.4), so that the effect of the oscillation becomes negligible. In this case we get

lim
L→0

P(να → νβ ) =
∣∣∣∣
(
UdUs†

)
βα

∣∣∣∣
2

'
∣∣∣εs

βα − εd
βα

∣∣∣
2
∼max

(
|εs

βα |2, |εd
βα |2

)
. (3.1)

where we have assumed that there is no accidental cancellation betweenεs
βα and εd

βα . Using

Eq. (3.1), we can put bounds on theεs,d
αβ parameters from the negative results at short baseline

experiments.
It has been shown by taking into account various experimental constraints that the absolute

value of the coefficientε f P
αβ of the interaction of type Eq. (1.1) (a) is small:

|εs,d
eµ |< 6×10−2 (MiniBooNE), |εs,d

µτ |< 1×10−2 (NOMAD), |εs,d
eτ |< 1×10−1 (NOMAD).

3
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3.2 Sensitivity toεs,d
αβ in future experiments

In general, sensitivity obtained by theorists becomes worse as times goes by, because more and
more sophisticated aspects (such as systematic errors, correlation of errors, parameter degeneracy,
etc.) are taken into account in the later analysis, and these factors usually give more pessimistic
results than those with statistical errors only.

Sensitivity toεs,d
αβ has been investigated by several authors. Ref. [6] gave the sensitivity|εs

eµ |<
a few×10−4 at a neutrino factory. Ref. [7] obtained the sensitivity at a neutrino factory:|εs

eµ | <
3×10−3, |εs

eτ | < 3×10−3 from νe→ νµ and|εs
µτ | < 3×10−3 from νµ → ντ . Ref. [8] obtained

the sensitivity|εs
eµ |< 3×10−2 by combining T2K and Double CHOOZ, and|εs

eµ |< 1.5×10−2 by
combining Noνa and a DCHOOZ-like 200kt reactor experiment.

4. New Physics in propagation (matter effect) [9, 10]

4.1 Constraints from various neutrino experiments

Constraints onεm
αβ from various neutrino experiments have been discussed in Refs. [2, 11, 12,

13]. The bounds onε`P
αβ , which are obtained by CHARM, LEP, LSND and NuTeV as of 2003, is

given in Tables 2 and 3 in Ref. [2], and the updated bounds [14] which have been improved since
2003 are given in Table1.

On the other hand, it was shown in Ref. [16] that the atmospheric neutrino and K2K data imply

|εm
eτ |2 ' εm

ττ (1+ εm
ee) , (4.1)

and |εm
eτ | . |1+ εm

ee|. The effect of new physics in propagation to solar neutrinos is also dis-
cussed [17], but no new constraint is obtained from the results in Ref. [17].

Since the coefficientsεm
αβ in Eq. (2.3) are give byεm

αβ ∼ εe
αβ + 3εu

αβ + 3εd
αβ , taking into

account the constraints by Refs. [2] (with the update in Table1) and [16], we have the following
constraints:1 


−4 < εm

ee< 2.6 |εm
eµ |< 1.4×10−4 |εm

eτ |< 1.2
−0.05< εm

µµ < 0.08 |εm
µτ |< 0.25
|εm

ττ |< 19


 . (4.2)

Notice that the only bounds onεm
αβ which are improved by the update in Table1 are those onεm

eµ
andεm

eτ (cf. Eq. (3) in Ref. [18]).

4.2 Phenomenology withεm
ee, εm

eτ , εm
ττ ∼O(1)

Because the present experimental constraints allow the possibilityεm
ee, εm

eτ , εm
ττ ∼ O(1), one

could discuss the phenomenological consequences of a scenario withεm
αβ ∼O(1)(α,β = e,τ). 2

1In deriving Eq. (4.2), we have to remember that the bound of one particular parameterε f P
αβ was obtained in

Refs. [2] by assuming that all the parameters other thanε f P
αβ are zero. In the case of the bound onεm

ee, for instance,

we haveεm
ee< maxP=L,R{minexpts(εeP,expts

ee )}+3×maxf=u,d;P=L,R{minexpts(ε f P,expts
ee )}= 0.5+3×0.7 = 2.6, where we

have minimized (i.e., chosen the best bound for)ε f P,expts
αβ with respect to various experimental data for fixed{ f ,P,α,β}

and have maximized (chosen the weakest bound) among differentP for f = eor { f ,P} for f = u,d.
2The scenario withεm

ee, εm
eτ , εm

ττ ∼ O(1) may have a theoretical problem becauseεm
αβ is supposed to be of order

(MW/ΛNP)k (k≥ 2), whereΛNP stands for the scale of the new physics and and it is expected to be larger thanMW.

4
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vertex limits in 2003 [2] current limits [14]

(ēγρPe)(ν̄τγρLνµ) |εeP
τµ |< 1.2 |εeP

τµ |< 0.15
(τ → µēe)∗ (τ → µēe)∗

(ūγρPu)(ν̄τγρLνµ) |εuP
τµ |< 2.8 |εuP

τµ |< 0.29
(τ → µρ)∗ (τ → µρ)∗

(d̄γρPd)(ν̄τγρLνµ) |εdP
τµ |< 2.8 |εdP

τµ |< 0.29
(τ → µρ)∗ (τ → µρ)∗

(ūγρPu)(ν̄µγρLνe) |εuP
µe|< 7.7×10−4 |εuP

µe|< 3.1×10−4

(µTi → eTi)∗ (µAu→ eAu)∗
(d̄γρPd)(ν̄µγρLνe) |εdP

µe|< 7.7×10−4 |εdP
µe|< 3.1×10−4

(µTi → eTi)∗ (µAu→ eAu)∗
(ēγρPe)(ν̄τγρLνe) |εeP

τe |< 2.9 |εeP
τe |< 0.32

(τ → eēe)∗ (τ → eēe)∗
(ūγρPu)(ν̄τγρLνe) |εuP

τe |< 1.6 |εuP
τe |< 0.28

(τ → eρ)∗ (τ → eρ)∗
(d̄γρPd)(ν̄τγρLνe) |εdP

τe |< 1.6 |εdP
τe |< 0.28

(τ → eρ)∗ (τ → eρ)∗

Table 1: The updated bounds in Table 3 in [2] (see Ref. [2] for details). Some of the bounds have
been updated even further using the data in Ref. [15] after the talk. (Courtesy of Sacha Davidson)

In this case it is known [18] that the appearance channelνµ → νe gets enhanced for relatively
long baseline lengths& 1000km, and ifεm

eτ is very large within the current bound then MINOS
may be able to show the existence of new physics fromνe appearance [19, 20, 21]. In such an
analysis, it is useful to have the analytic expression for the oscillation probabilityP(νµ → νe), and
it was obtained in Ref. [22] using the method by Kimura, Takamura and Yokomakura [3, 4].

It was pointed out in Ref. [23] that the disappearance channelνµ → νµ could also play a role to
determine the parameters from the relationssin22θatm/sin22θ23 = (1+c2

β )2/4c2
β , |∆m2

atm/∆m2
23|=

2c2
β /(1+ c2

β ), whereβ is defined throughtanβ = |εm
eτ |/(1+ εm

ee), andsin22θatm and |∆m2
atm| are

the values determined by the atmospheric neutrino experiments which observe potential matter ef-
fects due to the new physics. In the near future, T2K, which has the baseline length 295km and
therefore suffers little from the matter effects, is expected to measuresin22θ23 and |∆m2

31| pre-
cisely. If the central value of these two quantities by T2K turn out to be very close to those by
the atmospheric neutrino data, however, the errors in the atmospheric neutrino oscillation parame-
ters [24] sin22θatm (+0%−6%) and|∆m2

atm| (±20%) will remain dominant, so the bound on|εm
eτ |

is unfortunately not expected to improve very much.

4.3 Sensitivity toεm
αβ in future experiments

Since the matter effect appears in the oscillation probability at distanceL in the form ofAL≡√
2GFNeL∼ L/(2000km), in order to measureεm

αβ precisely, it is necessary for the baseline length
L to be larger thanO(1000km), and neutrino factories are ideal for that purpose.

5
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Ref. [25] gave the sensitivity at a neutrino factory|εm
ττ | < several×10−1 and|εm

µτ | < a few×
10−3 from νµ → ντ whereεm

ee= εm
eτ = 0 is assumed, and|εm

eτ |< several×10−3 from νe→ νµ where
εm

αµ = 0 is assumed. Ref. [26] pointed out that degeneracy betweenθ13 andεm
eτ can be resolved by

considering theνe→ νµ channel at a neutrino factory at baselines 3000km and 7000km. Using the
νe→ ντ channel, Ref. [27] found the sensitivity|εm

eτ | < 1×10−2. Ref. [2] discussed the potential
at near detectors of a neutrino factory using leptonicsin2 θW and sin2 θW in DIS, and gave the
sensitivity ( f = e,u,d): |ε f

αα | < 1× 10−3 (α = e,µ), |ε f
ατ | < 1× 10−3 (α = e,µ). Assuming

εm
αµ = 0 (α = e,µ,τ), Ref. [28] gave the bound at a neutrino factory|εm

eτ |< a few×10−3. Ref. [8]

gave the bound not only onεs,d
αβ , but also onεm

αβ by combination of the accelerator and reactor
experiments. They obtained|εm

eµ |< 0.5 from T2K and Double CHOOZ, and|εm
eµ |< 0.1 from Noνa

and a DCHOOZ-like 200kt reactor experiment. In the two flavor framework withνµ andντ (i.e.,
by assumingεm

eα = 0 (α = e,µ,τ)), Ref. [29] gave the bound|εm
µτ |< 0.03and|εm

ττ |< 0.3 at T2KK.
Ref. [30] examined if OPERA helps to resolveθ13− εm

eτ degeneracy, but unfortunately statistics at
OPERA turned out to be too small to be significant to constrainεm

eτ . Ref. [31] obtained sensitivity
to various parameters at a neutrino factory.|εm

ee|. 0.1, |εm
eτ |. several×10−3, |εm

µτ |. a few×10−2,
|εm

ττ |. a few×10−2. Ref. [32] discussed sensitivity to Re(εm
µτ ) and Im(εm

µτ ) at OPERA.

5. Violation of unitarity

It was pointed out in Ref. [33] that in generic see-saw models the kinetic term gets mod-
ified after integrating out the right handed neutrino and unitarity is expected to be violated.3

When the mixing matrixN is nonunitary, it is in general written asN = HU whereU is unitary
and H is hermitian. Deviation from unitarity is expressed asNN†− 1, and because deviation
from unitarity is expected to be small,NN† = H2 is close to identity. In the case of the so-
called minimal unitarity violation, in which only three light neutrinos are involved and sources
of unitarity violation are assumed to appear only in the neutrino sector,NN†− 1 have strong
constraints, which mostly comes from the constraints of rare decays of charged leptons, and its
matrix elements are smaller thanO(1%) [33]. In practice the modified oscillation probability
P̂(να → νβ )≡ P(να → νβ )(NN†)αα(NN†)ββ turns out to be useful, and it is given by [34]

P̂(να → νβ ) =
∣∣(N∗NT)αβ

∣∣2−4 ∑
j<k

Re
(
X̃ αβ

j X̃ αβ∗
k

)
sin2

(
∆Ẽ jkL

2

)

+2 ∑
j<k

Im
(
X̃ αβ

j X̃ αβ∗
k

)
sin

(
∆Ẽ jkL

)
, (5.1)

whereX̃ αβ
j ≡ (N∗W)α j(NW∗)β j ( j = 1,2,3), W is a unitary matrix which diagonalizes the her-

mitian energy matrix:E + NTA N∗ = WẼW−1, Ẽ =diag(Ẽ j ), Ẽ j is the energy eigenvalue, and
∆Ẽ jk ≡ Ẽ j − Ẽk. X̃αβ

j can be expressed in terms of the quantityXαβ
j ≡ U∗

α jUβ j in vacuum,H,

A andẼ j , i.e.,X̃βα
j = ∑3

`=1

(
V−1

)
j`

[
N∗{diag(E j)+NTA N∗}`−1

NT
]

βα
, whereV−1 is again the

inverse of the Van der Monde matrix(V) jk = Ẽ j−1
k .

3The nontrivial issue is the magnitude of violation. Some of see-saw models (e.g., inverse see-saw) do have two
scales, one to produce small neutrino mass and another which may not be extremely different fromMW. Then magnitude
of violation may not be extremely small.

6
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Sensitivity to violation of unitarity was examined in Ref. [33] by assuming a neutrino factory
with a 4kt OPERA-like near detector at 100m and they got the bound|(NN†)eτ | < 2.9× 10−3

from νe→ ντ (cf. the current bound 0.016) and|(NN†)µτ | < 2.6×10−3 from νµ → ντ (cf. the
current bound 0.013). As in the case of new physics at production and detection, experiments at
shorter baselines are expected to be advantageous to observe violation of unitarity, and Ref. [34]
studied sensitivity to(H−1)µτ at a neutrino factory with a 5kt OPERA-like far detector at 130km,
whereH is the hermitian matrix which appears in the decompositionN = HU , and the bound is
|(H−1)µτ |< several×10−4 for some region of arg[(H−1)µτ ].

6. Summary

Current bounds on the parametersεs,d
αβ , which describe new physics effects at production or

detection of neutrinos, are typically of order10−3. εm
αβ , which describe new physics effects during

propagation, have bounds typically of order10−2, but presently the three parametersεm
ee, εm

eτ , εm
ττ are

still allowed to be ofO(1). Neutrino factories may be able to improve bounds onεm
αβ dramatically.

Deviation from unitarity is expected in generic models (e.g., see-saw), but phenomenologically its
magnitude is less thanO(1%).

There are a lot of problems to be worked out on new physics which can be probed at future long
baseline experiments. Some of the problems are: resolution of correlations of errors, degeneracies,
etc. in the presence of all new physics parametersεs,m,d

αβ ; distinction between the new physics
effects (e.g., 4-fermi interactions vs. unitarity violation due to modification in the kinetic term), etc.
Further studies are necessary to exhaust all possible physics at future long baseline experiments.
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