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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,
v,—v,, inthese 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

PACS nuni®erl3.15+g, 14.60.Pq, 14.60.St

KamLAND experimen{8] will start soon. Also the Borexino
experiment 9] will strongly constrain the parameter region

Neutrino oscillation induced by light neutrino masses and 10].
lepton mixings gives a plausible explanation for the results However, we do not have sufficient information to deter-
of the many neutrino experiments. In the three active neumine all the mixing angles and the sign of the mass squared

trino framework, neutrino mixing is given by

Vo= 2 Uaivi (Cl’:e,,LL,T), (l)
i=1,23

where « is the flavor index and is the mass-eigenstate in-
dex. The mixing matrixU is a 3X 3 unitary matrix, called
the Maki-Nakagawa-Sakat®NS) matrix [1], defined as

1 0 O C13 0 s€"°
U=| 0 ©¢Cyx3 Sy 0 1 0
0 —Sp3 Cpg/ \—51£7"7 0 cg3
Ciz S;2 O
x| —=S12 €12 O, (2
0 0 1

wheres;; (cj;) stands for sir§; (cos#;). The atmospheric
neutrino anomaly{2] strongly suggests’,— v, oscillation
with large mixing, 4U ,3/*(1—|U ,5/?)>0.9, and a larger
mass squared differencém3;=2.5x10 % eV?, which is
almost confirmed by the K2K experimei#] and is expected
to be reconfirmed in the near futur4,5]. The solar neutrino
deficit[6] is also explained by the oscillation of into an-

differences.|U | is constrained strongly by CHOO[L1]

and Palo Verd¢12] experiments{U ¢3| <0.16, but it has not
been determined yet. We also have no information about the
sign of 5m§1 [13,14], and theCP phases. Therefore there
are many proposals for neutrino oscillation experiments to
determine them. The future neutrino-oscillation experiments
based on an accelerator, on both a conventional Hein
and a muon storage ringl6], are expected to give high
precision tests of oscillation. Indeed according to these stud-
ies, we will determine the mixing angles and mass squared
differences very precisely. The parameters relevant with at-
mospheric neutrino anomaly will be determined with error of
a few. In these experiments we can explore a very small
value (~0.01) ofU.; and we have a chance to observe the
CP violation in the lepton sector.

Until today, the main concern of future neutrino oscilla-
tion experiments is how precisely we can determine the os-
cillation parameters. Is this all we can do in such experi-
ments? The answer is n@7,18. In addition to the neutrino
oscillation parameters we can probe the new lepton-flavor
violating physics. It affects for example muon decay, matter
effect, and so on. Furthermore, as we will see in this paper,
the effect of these exotic couplings is enhanced in oscillation
phenomena. Even if the coupling is rather small, such new
physics modifies the oscillation pattern distinguishably and
hence it will be detectable.

other neutrino state. It gives several allowed regions for In this paper we investigate the possibility of measuring

|Ue1/Ug,| and the smaller mass squared differentras,
among which the region for large mixing ang{&MA)
Mikheyev-Smirnov-WolfensteifMSW) [7] (LMSW) solu-

the effect of new physics in future neutrino oscillation ex-
periments. We first study how the new physics contribute to
the neutrino oscillation phenomena in Sec. Il. There we will

tion seems most preferable. To survey the LMSW region thesee the reason why its effect is enhanced in the oscillation
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FIG. 3. Diagram that gives the same signal as that given by
Fig. 2.

physics. In Sec. Ill, we embody the formalism and adopt it )
for a neutrino factory and an upgraded conventional bear!rSt SUm up these amplitudes and then square the summa-

We present numerical results on the feasibility to search nefon- Therefore there is an interference phenomenon between
interactions in Sec. IV. We argue that the energy dependen&evera' amplitudes in this process. Through this mterferen_ce
of an event rate at a relatively high energy region is a keyVe 9et an enhancement of the effect of new physics, that is,

issue for observation. We will discuss the relation betweerf® can make an oscillation-enhanced search for new inter-

lepton flavor violating interaction and some models in Sec V&ctions with neutrinos. o
Finally, a summary and discussion are given in Sec. VI. More formally we illustrate this situation as follows. De-
’ note the transition amplitude between the initial stdte 7

and the final stat€+U/ through an intermediate state as
O (A, T,B;C,U), where a final staté/ is one of the possible

In this section we reexamine what is measured in oscillastates which are unobserved lie The transition probabil-
tion experiments and see how new physics contribute to th#ty betweenA+ 7 andC+ U, which is the absolute square of
oscillation phenomena. Though we discuss only a neutrinthe sum of transition amplitudes with tisamefinal state, is
factory to make the argument concrete, the same discussion 5
l)se;c;]lqlowed in oscillation experiments with a conventional P(A+T—C+U)= 2 O(ATBCU)| .

. B

First we remind ourselves what is really measured in a
neutrino factory. All we know is that the muons, say, with The transition probability fromA to C is given by summing
negative charge decay at an accumulate ring and wrong sig#P all unobserved initial state5and final state#/ as
muons are observed in a detector located at a lenhgtivay
just after the timel/c, wherec is the light speed. This is P(A—C)=2, P(A+T—C+U). (4)
depicted schematically in Fig. 1. U

Since we know that there is a weak interaction process .
we interpret such a wrong sign event as evidence of thgurther_more suppose that the amplitui€A,7o; 5o;C,Uo)
neutrino oscillation,?e—J . which is graphically repre- is dominant over _the amplitudes with mtermedlate stéles
sented in Fig. 2. Now if f[Lhere is a flavor-changing exotic(#BO) and/or initial stgtesf (i%) a.ndlor final stateﬁlﬂ
interaction, e.g. (#Up). Then _the_domlnant contribution to the probability
’ ' P(A—C) [19] is given byP(A+ 7,—C+Uy) and deformed

as

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

Il. BASIC IDEA

Neyum) (v yHvy), a#Fe, ©)
. : . P(A—C)=P(A+To—C+Up) 5
then we will have the same signal of a wrong sign muon,
whose diagram is shown in Fig. 3, just like that caused by =|D(A,Ty; By;CUho)|? (6)
the weak interaction and the neutrino oscillation. We cannot
distinguish these two kinds of contributions. The quantum
mechanics tells us that in this case, to get a transition rate, we + ZRE{‘D(A,TO ' Bo;C.Up)*

/Li u+ . .
X 2 DA B;CUp) (7)
Ve oscillation U B#Bg
(4

Gr 2
e + X PATBCU)| . (®
B# B,
Vi T .T’ Here the second term in E¢) is given by the interference
Decay Pipe Detector among the leading amplitudé (A,7y;By;C,U,) and the
subleading amplitudesb (A, 7y; B(# By);C,Uy). Note that
FIG. 2. Standard interpretation of a wrong sign event. the interference arises among the processes which have quite
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) . 9(vey,m)(dy u), (9)

v |5 aPe ABTT' and the matter effect described as
i f
DiTT | iafB
m m
€ece Ee,u. €er

eore . ’
D T T mx o mom

H=2\2Ggn,| e Cun  Cur |, (10
. —_— — mx m% m
FIG. 4. Transition rate for yo—v,." €er  €ur  C€rr

the same initial and final states, even if some of them argyheren, is the electron number density in matf€0]. For
unobserved“Same state” means a state with not only the antineutrinos such an exotic matter effect is given-biy* .
same particle species but also all other same physical quarhe interaction Hamiltonian of the exotic matter effect is
tities, such as the same energy and same helicity. This is veifduced in a similar way to the standard matter effect.
important in the calculation of the transition rate. By expanding Fig. 4, the transition probability of this pro-

The leading amplitude is expected to arise from wellcess is illustrated in Fig. 5. In Fig. 5 the first diagram on the
known physics. On the other hand, the amplitudefirstline describes the contribution from the weak interaction
D (A, Ty; B(# By);C,Up) is relatively small and may contain and the oscillation process, where the unobserved sigte
the contribution from new physics. However, even thOUghcorresponds tge, v,,T'}. It gives the leading amplitude.
| (A, 7o; B(# Bo);C.Up)|? is very small, it would be pos- The other diagrams on the first line in Fig. 5 represent the
sible for the interference term to be large. Thus even if thesffects of new physics, in which the states of neutrinos be-
effect of new physics is not detectable due to systematig¢ore and/or after the oscillation differ from the weak interac-
errors in a direct measurement, we may see the oscillationion case in flavor and/or chiral property. Since diagrams in
enhanced effect of new physics. the first line have completely the same final statesdif,,

In neutrino oscillation experiments, the stateconsists of  they interfere with each other. The diagrams on the second
the state of the parent particle of neutrinos dncbnsists of  and the third line in Fig. 5 have different final states from
the state of the target particle that interacts with a neutrino iRhose on the first line, so that there is no interference with the
a detector. The final staté corresponds to the state of the weak interaction and it is expected that their contribution to
particle which can induce an identifiable event in a detectothe transition rate is negligibly small.
as a result of the interaction with the target particlg)( Thus Eq.(5) is given by the diagram of the first line in
Other final stateg/ denote the states of all unobserved par-Fig. 5. Figure 6 shows Eq6) and Eq.(7). The leading
ticles, which appear at both the neutrino-creation process angtobability is proportional thﬁG% since it is known that
the detection process. The intermediate state interpreted  exotic effective interactions are so small according to the
as a neutrino state. The leading amplitude is given by thejirect searches thdh |°<|Gg|? and|g|?<|G+|%. However,
weak interaction and the neutrino oscillation, so the finalhe effect of new physics give8(\) and©O(g) contribution
statelfy is produced through the weak interaction, and thexg the signal of wrong sign muon due to the interference with
intermediate statd, is a neutrino state which “oscillates” the amplitude of the weak interaction. This fact makes the
from a certain weak interaction eigenstate to the same Ogearch for new physics possible in an oscillation-enhanced
another one. Even if there is no oscillation, different inter-Way. It gives a relatively large effect. On the contrary, even if
mediate state$S(+ ;) induced by exotic interactions give the stored muons are very highly intense, a direct detection
nonvanishing amplitudes for the total “oscillation” process. of an exotic decay process will be very difficult due to sys-
The new physics would violate the flavor conservationtematics since the probabilities of such processes are propor-
and/or the standard chiral property. Amplitudes which havejonal to the squares of the effective coupling constants and

all the same initial State% and final stateélo interfere with hence are expected to be too small to be detected.
each other. This means that the leading amplitude from the

weak interaction interferes with an exotic amplitude. In a
neutrino-oscillation experiment such interference would give
subleading contribution to the total probability. A large dif-
ference from the standard oscillation will be realized.

To put the situation concretely, we consider a wrong-sign In this section we consider the neutrino oscillation in the
muon production process through the neutrino oscillatiopresence of new physics more concretely to get the analytic
ve— v, . In this case the initial statel is .~ and the ob- expression for the transition rate. Hereafter we consider only
served final stat€ is u*. The above consideration tells us diagrams which interfere with that of the known physics, i.e.,
that we have to calculate the transition rate depicted in Figthe weak interaction.

4. Namely Eq.(4) corresponds to Fig. 4: The correspon-  First we note that the amplitude for “neutrino oscillation”
dences for the other symbols afe-T andi/—~D+T’, re-  can be divided into three piecgd) Amplitude relevant with
spectively. In this process, the new physics effects contributdecay of a parent particle denoted &%; hereC describes
to three parts: the neutrino-creation process as mentiondtie type of interactions. Fqu decay, as we will see in Egs.
above in Eq(3), the detection process, e.g., (12) and (13), there are two types of interactionr8=L,R,

IIl. FORMALISM AND PARAMETRIZATION OF AN
INTERFERENCE EFFECT WITH NEW PHYSICS
IN NEUTRINO OSCILLATION
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FIG. 5. The transition probability of a wrong-sign muon production process through the neutrino “oscillation.” We demudd ' as
the initial and the final state of the target particle of the neutrino in a detector. Large dots describe effective interactions. Effectivengiteractio
characterized b5 andG+ are induced by the weak interaction. We assume that the other effective couplings liaee caused by new
physics and their superscripts identify the types of effective interactions. The bold line in each diagram stands for the neutrino oscillation
including all matter effects induced by the weak interaction and exotic interactions. Here, appropriate integrations of momenta and summa-
tions of helicity states for unobserved particles are omitted.

while for 7= decay we do not need this label.distinguishes P, |+(|)=‘ E ACTaBD'
Lthe particle species which easily propagate in the matter * apCl

and make an interaction at a deteci@. Amplitude repre-

senting a transition of these propagating particles, which are

usually neutrinos, from one speciaeso another or the same c I AC % 1%

i . . = AT, sD AT, Do+
B, denoted ad 5. (3) Amplitude responsible for producing a%:m a’ﬁ’EC'I' a aBZp= Nl o g
a charged leptohfrom a propagated particle at a detector, (11

represented bjb'ﬁ,. Herel denotes an interaction type. Us-
ing these notations we get the probability to observe alherefore we can consider the effect of new physics sepa-
charged lepton™ at a detector as rately for decay, propagation, and detection processes.

€ 2
_//peﬂﬁ“
é\\ /\

(;r ﬁe = 5, _GT wt )*( / =, 5, )]
+2Re [\ ;a =€, /\\\ /\
FIG. 6. The transition prob-
\/ ability of a wrong-sign muon ap-
pearance process up to the sub-
leading contribution.

Interference ~ O(\)

+ 2 Re [(H“G{:eﬂi/{w)(;ﬁdw G</\ue~>uj//vb\\+)]

Vy T T

\/

Interference ~ O(g)
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First we consider the decay process of parent particles. In the case of the\(—A)(V+A) type exotic interaction,
Since all final states must be the same, for a neutrino factoryye cannot treat interference terms simply. The interference
the exotic decays of muons which afg”—e v,v, and term between the weak interaction and an exotic interaction

- . D) gi i
p~—€ v,vs can be amplified by the interference. Though Eq. (13) denoted a¥,,’ | gives the rate for the observation

in the presence of Majorana mass terms neutrinos and a®f the wrong sign charged lepton, which is interpreted nor-
tineutrinos can mix with each other, this effect is stronglymally as the oscillation fronm.— | in u.~ decay, as follows:
suppressed byn, /E, . Therefore we do not have to consider 3

decays into neutrino with opposite chirality such as o _1tP, 1 stped Py,

—e v,vg. The former is relevant withu~—I1~ and the wo—lt 2 (2m)?%in ) 2Ee 2E,

latter is relevant withw ~—1*. In other words, we can ap-
proximate neutrinos to be massless except for the propaga-
tion process. This fact and Lorentz invariance allow only two
kinds of new interactions in this process. For a wrong-sign
mode, the allowed two interactions are thé—<{A)(V—A)

X 4P, =P, Pe= P, )X ZR{ AL* % TesD

R I’
X 2 AXT D

type, bt
AP - =
22N (v, Y PLp) (Y, PLY,),  a=p,T, (12 LR BGe
which has the same chiral property as the weak interaction 2 A
but violates the flavor conservation, and the{A)(V+A)
type, X 2 Rq)\:szBDL;JrTaﬁ’DIB/|+]! (17)
aBp'Il’

! P —
20N vy i) ey Prgs), a=epr. (13 where P, is the polarization of the initial.~, E, is » en-
The latter has different chiral property from the former, soergy, andp,(E,) is u momentum(energy.
that it gives different energy dependence to the transition In the case for the observation of the same sign charged
rate. These exotic interactions interfere with the leading amlepton, which is interpreted as the oscillation frem— v, in
plitude and contribute as next leading effects. Note that geng.~ decay, the rate is as follows:
erally A\ and\’ are complex numberd7].

In the case of the\(—A)(V—A) type exotic interaction, w _1-P,8Ge _
: : b LR Mem,,E, (Pl —E,)
we can introduce the interference effect by treating the initial m 2 T
state of an oscillating neutrino as the superposition of all
flavor eigenstates. On the” — u™ process, we can take the % 2 RN/ T* D* T ﬁ/DIBI'r]- (18)
initial neutrinov as app'Il’
o= vt 6M;M+ €., (14) For 7 decay the situation is much simpler. In the presence

of new physics there may be a flavor violating decaynof

where e,=\,/Gg. This simple treatment is allowed only Suchasm™—u"v,(a=e,7). This effect changes the initial
for the (V—A)(V—A) type interaction because of the same ¥ State:

interaction form as the weak interaction except for the dif- s s S

ference of the coupling constant and the flavor of an- Vp T V= €peVet vt €40 r (19)
tineutrino. In this case we can generalize the initial neutrin
for any flavor, using Grossman’s source state notaftiofi,
as[21]

9%n this case we do not have to worry about the type of new
physics which gives a flavor changing decay at a low
energy scale. Because of kinematics, the energy and the he-
licity of the decaying particlesy and v, are fixed.

Next we consider the propagation process. Exotic interac-
tions also modify the Hamiltonian for neutrino propagation

S S
Loew e as[18]
S S
S= €0 1 €. |- (15) o
S S
€e €, 1 1 , .
. . . . . HBC!_ZE UBI 6m21 Uia
We can include the total exotic effect in the oscillation prob- Sm2
ability as 31
Pus0,= [(vgle™ U3, v,)|% (16) ataee 8en 8er
. . . . + a’e(,u Quu 8us , (20)
This treatment is also valid for the effect on thg oscilla- * *
tion. Q; A An/ g
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wherea is the ordinary matter effect given by2Ggn.E, , From the above method, we can obtain the necessary muon

anda, is the extra matter effect due to new physics inter-number and the detector mass to observe the new physics

actions, that is defined by, ;=22eT;G¢nE, . Note that ~ ©ffects at 90% confidence level. _ _

to consider the magnitude of the matter effect, the type of the On the other hand, there are some kinds of options on

interaction is irrelevant since in matter particles are at resP€am configurations for an upgraded conventional beam:

and hence the dependence on the chirality is averaged offide band, narrow band, off axis, and so on. We discuss the

[22]. event number oho-oscillated ngutrmo eventd the detector
Finally we make a comment about new physics whichN» unllk_e the case for a neutrino factory. The_concrete pro-

affect a detection process. To consider this process we neec?§dUre is almost the same as that for a neutrino factory. We

similar treatment to that at the decay process, that is, we hagéParate thg” function defined in the first line of Eq21)

to separate contributions of new interactions following the!Nto two parts,

difference of the chirality dependence. However to take into ) )

account new physics at a detector, the parton distribution and X =N, Xoonw (24)

a knowledge about hadronization are necessary, though we ) )

may wonder whether we can parametrize the effect of nevitnd get the necessary number of no-oscillated neutrino

physics at the detectay/ G ase? like £5. It is expected that €vents from

¢9 has a complicated energy dependence due to the parton

distribution for example in an energy region of a neutrino )(So%
factory. Consider the case that there is an elementary process N,>"5— (29)
from lepton flavor violating new physics including strange conv

quark. To parametrize its effect we need both its magnitud?n the numerical calculation for a conventional beam, we

anq the _d|str|but|on function of strange quark in nucleonconsider the wide-band-beamlike situation, whose flux distri-
which will show the dependence on the neutrino energy, +ion for energy is constant

(more exactly, the transferred momentum from neutrino to
strange quark They are beyond our ability and hence we do

not consider them further in this paper, though new physics A. (V=A)(V—A) type new interaction

which can affect the decay process contribute to the detec- Here, we deal with the case that there are only (

tion process too. —A)(V—A) type new interactions in the lepton sector. In
this case, we need to consider the effect represented in Eqgs.
IV. NUMERICAL ANALYSIS (15) and(20). Before making the presentation of the numeri-
) L ) ) _cal calculations, we give the analytic expression for the sen-
Let us discuss the feasibility of observing the signal in-sjjvities to understand the essential features. As we showed
duced b_y new physics. We Wlll_deal with both an upgrad_edin Sec. I, the interference terms betweevi-A)(V—A)
conventional beam and a neutrino factory but present a littlgy e jnteractions and the weak interaction have the same de-
bit qualitatively different analysis in each experiment. pendence on thg polarization that the leading term does. It
_For a neutrino factory, we use the following procedures cannot be expected that the sensitivity to such an interference
First, we assume the magnitude of the effects caused by neym pecomes better by the control of the pareniolariza-
interactions. Next, we calculate the event numbers includingio, \We consider here an unpolarized muon beam. The “os-
NP . :
the effects of new physidd™ and also calculate that based gjjjation probability” is given by Eq.(16) in this situation.

on the standard mOd“}gSM- Then, we define the following  \jore detailed calculations are presented in the Appendix.
guantity, the so callegt function[23,24]:

. 1. ve—w, channel in a neutrino factory
bin |N-NP— N-SM|2
1 I

=2 TN

The analytic expression of probability for,— v, given
in Appendix A shows that the effect due &, and €}, is
irrelevant since these terms are proportional 62X € in
ENMMdetxﬁ_fan (21  the high energy region, so it is difficult to observe their ef-
fects. The flavor changing processes between muon and elec-
wherei is the energy bin index, is the muon number, and {ron, €.g.,u— &y, p« e conversion, are strictly constrained
M 4ot iS the detector mass. To claim that new physics effectd’0m experiments, and as we argue in the next section the

can be observed at 90% confidence level, it is required thaPox diagrams of the.-to-e processes must relate &, and
€, Therefore, the magnitude &, has very severe bound

X2>X30%, (22) and the terms depending on it are also not effective. Assum-
ing some models, e.g., the minimal supersymmetric standard
and this condition is rewritten as model (MSSM) with right-handed neutrinos, it is expected

that the magnitude oé;; and e;,, are the same order be-

Yo cause they are produced by similar diagrams. This is also
N#MdeP%- (23)  discussed in the next section. We assume naively that the
v—fact terms depending oeg), are constrained as,, . On the other
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hand, ther-to-e processes do not give the tight bound to optimum setup fot. andE,, . In a high energy region such as
€. Hence, we investigate the effect inducedddy” first.  the matter effeca is much greater thaAm3, , the first order
‘Before surveying the requiréd, M 4 for each baseline  contribution of ;" to the transition probability,
and muon energEM, we look at the behavior of the contri- AP,y {€er) s constructed by four parts that have the
bution of €2™ to the “oscillation probability” to consider the dlfferent €2 dependences:

2 \[om2 |2
AP, ., {fer} 232332x2352x13[013(55R3:6er] Calm[fef])( L)( aE 1|—) (269
e 2 . 2 2

1 a om om

+Cf3(C5Re[egT]+Sglm[eZT])[1— 5<4E L) —s§3(EL>( 4E31L)]( 4E31L> (26b)
E om3, |2

—ciy(s;Re egy]+csiml e ]) 4Eu 4E, = L (269

1 om2 a sm2, |2

_ T2 mq_ m 31 31
3313(05R€[5e7] Ssim €¢,]) ( 4EV L) } (4EV )( = L) }. (260
|

wheres,;;=sin 2¢; . Since we can suppose thaf is pro- Each of Eq(27) depends ot in a different way,x%(26b)

portional toE, in a neutrino factoryf, andL dependence become tiny for longer baseline length within the region that
of the sensitivity to each term can be approximated as we are now interested in. This fact means that a shorter base-
2\ 2 line experiment has an advantage over a longer one to ob-
serve Eq(26b)’s effect. By contrast with this, it is found that
XE - .
] a longer baseline will be better to search for the effects of
Egs.(26a), (260 and(26d).
Each of Eq(27) depends on the combinations&}f™ and
m the CP phased. What we observe is the combination of
them. The effects o&’s can be sources of thé P-violation
4 effect[17]. In the discussion about the observation of @ie
XE,. (27 phase, this fact should be considered. The analytic expres-
sions also show that the sensitivities are proportionaé|ta
All of Eq. (27) are proportional tcE,,, so the sensitivities Now, we show the results of the numerical calculations.
must get better as the energy becomes higher. The parameters that we use here are

2(26h)oci 1 ! EL
I el
Xx“(26b) 2\aE,

a 2
x2[<26a>,<26c>]oc(EL

XE

x2(26d)°<<4E L

Llkm)]
g

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60

E,[GeV] E.[GeV] E.[GeV] E.[GeV]

FIG. 7. Contour plots of the required,M 4 to observe the new physics effects concernép at 90% C.L. inv,— v, channel using
a neutrino factory. From left to rightef, ,em)=(3.0x107%,0), (3.0<1073%i,0), (0,3.0<10 3), and (0,3.x 10" %i). 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. 7 to Fig. 14, contours mean 0.01, 0.05,0.1, 084100 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 to bottom:
(€5,,e0)=(3.0x10 3,3.0x10° %), (3.0x107%,3.0x107%), (3.0x10 33.0x10 %), (3.0x10 %,3.0x10°%); (3.0x103—-3.0
X 1073, (3.0x10 3%,—3.0x 10 %), (3.0x10 3,—3.0x 10 %), and (3.0 10 3,—3.0x 10 %). These plots can be understood by addi-
tion or subtraction of the plots in Fig. 7.

1 1 Eq. (27), are correct from the behavior of the plots. As Eq.
sinfq,= > sinf,;=—, sinf;3=0.1, (26) implies, contribution from the new interaction depends
V2 on the combinations of and §. We taked= #/2, so we can

extract each term of Eq26) by taking 2" purely real and
. imaginary. Therefore, the plots of Fig. 7 from left to right
sm5=5x10"°%  om3=3x10"3, &= 5+ (28 correspond to the required data size to observe each term in
Eqg. (263 to Eq. (26d), respectively. The behavior of these
plots is consistent with the expectations from the analytic
and take| e[ =3x 103, which is a reference value for the expressions in Eq(27). To consider realistic situations, the
feasibility to observe the effect by using the method of thenew physics effects in both source and matter must be taken
oscillation enhancement. Except fei‘;” and €., the con- into account simultaneously. We present Fig. 8 as the plots in
straints of the processes of charged lepton have not forbiddethe cases where the same magnitude of new effects in both
this magnitude ok’s. source and matter are introduced. They show that the total
Figure 7 shows the requirdd, M, in the case where we effects are given by the simple summation of each effect.
do not take into account the uncertainties of the mixing pa- In realistic situations the uncertainties of the theoretical
rameters. We can check whether the approximated equationsarameters have to be taken into accd@®. Once the un-

50 60 10 20 30 40 50 60

10 20 30 40 50 60 10 20 30 40 50 60 10 20

EL[GeV] E,[GeV] Eo[GeV] E,[GeV]

FIG. 9. Contour plots of the required, My to observe the new physics effects concerr&@/@' at 90% C.L. inve— v, channel when
there is no uncertainty for theoretical parameters. From left to rig&@‘,‘l ,(eemu)=(3.0>< 102,0), (3.0<10 %,0), (0,3.0<10 %), and
(0,3.0x 10" %i). Each plot corresponds to the sensitivities to E§9a—(29d), respectively.
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FIG. 10. Same as Fig. 9, but here each parameter has 10% uncertainty.

certainties are introduced, it can be expected that the senghe sensitivities toel" are completely washed out. There-
tivities shown in Figs. 7 and 8 will be spoiled completely. fore, we have to look for the terms whose energy dependence

The eg" effect can be absorbed easily into the mainper-

differs from that of the main oscillation term in the high

turbed part of oscillation by adjusting the theoretical param-energy region. Inv,— v, channel, the effects caused b&:‘
eters since the effects have the same energy dependencehave such energy dependence. It can be represented analyti-
the main part. Indeed, taking into account these uncertaintiegally in the high energy region as

—_ 2
2 a 2
AP, {€eut= 232352x13{ (ssRe €g, ]~ C(glm[ezﬂ])[ 1- 5( IE 5(2C0a13
a sm2, om2,
-3¢ 3C13)(4E )<4E,,L)]<4E,,L (299
S S 1 g ? g
—(csRe €, ]+ssim g, 1) ¥ ~3 4EVL 7 |_
4 a om3, \ | [ om,
[1 25205~ (1_°§3(2 3°23) (4 L) ](4EV ”(4& (295
2
+2¢54(s;Re Geﬂ]ﬁLCa'm[feﬂ])( ) ) (299
C(?Rd:ee,u] Sﬁlm[ ee;/,])[ 1-3 ( )
2 a 5m31 om3,
+| c3stat §S§3C2x 13)| 2E, ) ] ( ) ( L/l (290)
4000 4000 4000 4000
3500 3500 3500 3500
3000 3000 3000 3000
—_, 2500 2500 2500 2500
i 2000 2000 2000 2000
~ 1500 1500 1500 1500
1000 1000 1000 1000
500 500 500 500
250 250 250 250
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
E,.[GeV] E,[GeV] E,[GeV] E.[GeV]

FIG. 11. Contour plots of the requiréd,M 4 to observe the new physics effects concermf]b‘ at90% C.L. inv,—v, channel All
theoretlcal parameters are assumed to have 10% uncertainty. From left to right, each plot correspefgd&jfg(z(S 0x10°3%,0), (3.0
x107%,0), (0,3.0x10 %), and (0,3.0< 10" %).
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FIG. 12. Contour plots of the requirdd,M 4 to observe the new physics effects concernégd at 90% C.L. inve— v, channel. Al
theoretical parameters are assumed to have 10% uncertainty. From left to right, each plot correspehidsmd= (3.0x 10 3,0), (3.0
% 107%,0), (0,3.0x10 %), and (0,3.0< 10 3%i).

Contribution for the transition probability labeled E489a, terms do not depend on tH@P phased, that is, it is ex-
(29b and (29d) depends on E,. Consequently, the sensi- pected that we can get information on the phasesfﬁf.
tivities to the terms must be robust against the uncertaintie¥he sensitivity plots calculated numerically are shown in
of the theoretical parameters since in the high energy regiokig. 11. They behave as expected by the analytic expres-
they can be distinguished from the main oscillation part bysions. The uncertainties of the theoretical parameters do not
observing the energy dependence. The claims mentioneaffect the observability since the terms that depend &, 1/
above are confirmed numerically by Figs. 9 and 10. By comdo not vanish in the high energy region. The sensitivities
parison of these graphs, we can see that the sensitivities £pend strongly on the phasedjf;" but do not depend oa.
observe the contribution of Eq&29a), (29b) and (29d do ~ We can directly know the phase of the lepton-flavor violation
not suffer from the uncertaintigg6]. Incidentally, we note Process without.
that though the uncertainties wreck the sensitivity to Eq.
(290 since it is proportional to Ei, the eg,, second order ) o .
term brings constant contribution for energy ad{ef, The technologies for tau observation in detection[5]
% 5m§1) term contains 1€, contribution, therefore the total ar.ld the charge identification of an electron to dlstlngmg.h .
sensitivity does not completely vanish. We also note thatVith ve [27] are under research and development. If it is
these terms have a differeag‘#— s correlation from that of possible to observe these particles clﬁarly, what can we get?
Eq. (290. In VeV, channel, we can explo€™ (see Flg. 12 Th_e
uncertainties of the theoretical parameters will not disturb
the observability. In the’,— v, channel, all we can observe
is only the effect ofe;!" (see Fig. 18 In comparison with
Only the effect that depends @} will be large enough  the »,— v, channel, we will not benefit so much in terms of
to be observed in the,— v, disappearance channel. As we sensitivities to the magnitude of [28]. However in this
show in the next section, this quantity is not strongly boundchannel unlike thes,— v, channel, the observable must de-
by the charged lepton processes. The analytic expressions fgénd on the combination of thef;?"’s phase and th&€P
the terms concerning;;" (see Appendix A 2indicate two  phases, that is, the observation in these two channels are
facts:(1) this channel is sensitive only to the real parkﬁi, qualitatively different. In thev,— v, channel, we can search
and(2) the effect that comes from the real partedf, willbe  the effect of noteg,, but €;,, at the muon decay process and
small in the assumed parameter region. In addition, it showghe effect ofeg,, at the propagation process just like thg
that the terms depending @7 are hard to be absorbed by — v, channel(see Fig. 14 In the v.— v, disappearance
the uncertainty of the theoretical parameters. Note that thesshannel, oscillation effects themselves are much smaller than

3. Channels with7 and e observation in a neutrino factory

2. vy—w, channel in a neutrino factory
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FIG. 13. Same as Fig. 11, but,— v, channel.
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FIG. 14. Contour plots of the required,M 4 to observe the new physics effects concern&rjg and eg‘u at 90% C.L. inv,— v,
channel. All theoretical parameters are assumed to have 10% uncertainty. From left to right, each plot corresmjgdsg)z()%(?:.o
x1073,0), (3.0<10°%,0), (0,3.0<10°%), and (0,3.0< 10" 3i).

the no-oscillation signal. Though some effects of new physfie and ef‘”. When we consider a new source interaction,
ics give a different energy dependence from the main oscilnew interactions between neutrino andcleonmust be in-
lation term, we will not be able to get any information for troduced not only in matter but also in detector. However to

oscillation-enhanced new physics. consider such effects we have to treat complicated hadronic
processes, so we do not consider the relation between these
B. (V=A)(V+A) type interactions two effects. The contribution to the source and the matter

effect is not always generated by the same new interactions.

The signals of V—A)(V+A) type interactions are hard Hence, we can suppose a different magnitude interaction in
to observe because they are suppressed by the factor ' PP 9

. . ach process.
me/m,, . The interference term between the leading term and X . . .
(V=A)(V+A) type interactions has different polarization weAcSaLt b?oct??iz tcri(:zaét;gt:iigstli)gsrzsefor anr]l eiuntrtlrr:g faiory, all
dependence from that of the leading contribution unlike the h Ip d that o™ in th fie Eaﬂ | HVM Ve
(V—A)(V—A) type new interaction. If we can make good ch@nnel and that oé ;" in the v, — v, , channel. However,

use of this fact, then we may be able to expect to gain somd1eW interactio_ns in matter cannot be observed in the energy
what better sensitivity. As we saw in Eqa7) and(18), the and the baseline regions that we assume here and hence we
utilization of the muon polarization works only in _:V do not study their effect. The numerical results for the nec-

13 a:*

Figure 15 describes the sensitivity &°_(=\'/Gg) in the ~ €SSaY number of no-oscillated neutrindls are shown in
wT

v,— v, channel. We can gain a little, but have no advantagé:'gs' 16, 17, and 18.' The n_eutrm_o event nlcjﬁmbe(r)‘lof the cur-
over a direct search against our expectation. rent proposed experiments Is gstlmatecd%i_l ~107), and
O(10%) times larger exposure is expected in the next genera-

tion.

Figures 16, 17, and 18 show that the sensitivity strongly

In an experiment using a conventional beam, there areepends on the complex phasee. This fact means that
some different points from the case of a neutrino factorythe observations give us information on the phase in lepton-
Since we consider two body decay of's, the created flavor-violation interactions. Depending on models, some in-
charged lepton and the neutrino have a fixed helicity whatteresting issues are revealed. In the next section, we discuss
ever the new physics is. This means that we do not have tmodels which may give significant’s. As we point out
worry about the type of a new interaction. We can alwaysabove,e’s for a neutrino factory and a conventional beam
parametrize the effect of new physics concernindecay by  have different dependence on a new interactions. Hence, it is

C. vy— v, , channel in an upgraded conventional beam

4000 4000 4000
3500 3500 3500
3000 3000 3000
2500 2500 2500
g e 2000 2000
% 1500 1500 1500
1000 1000 1000

500 500 500

E,[GeV]

FIG. 15. Contour plots of the requiréd, M 4, to observe the\(—A)(V+A) type new interactione’f”=3.0>< 1073, at 90% C.L. in
v,— v, channel. Contours mean 1,5,10,50,%0@%*- 100 kt. Here, the uncertainties of the theoretical parameters are not considered. From
left to right, each plot corresponds 1,=0.99, 0, and—0.99.
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FIG. 16. Contour plots of the required no-oscillated neutrino FIG. 18. Same as Fig. 17, but,— v, channel.
number,N,, to observe the new physics effects concernsif;g at
90% C.L. inv,— v, channel using an upgraded conventional beam.  When the situations that new interactions exist not only in
All theoretical parameters are assumed to have 10% uncertalntyhe source but also in the matter effect are considered, we
From |eft to right, each plot corresponds &),=3.0x10 ° and  can easily understand the sensitivity by simply adding each
3.0x 10 %i. In this energy and baseline region, an experiment is nokffect.
sensitive to new interactions in matter. In Figs. 1§ 17, and 18, (gcillation-enhanced effects for the € A)(V+A) type
contours mean 2, 4, 6, 8, 2010 no-oscillated neutrinos. interactions are strongly suppressed by/m,, so we

nnot get an advantage over a direct measurer(sad

able ).

For an upgraded conventional beam:

We do not have to note the types of new interactions in
the source. The analyses for the feasibility are similar to that

For a neutrino factory, we note the following. of (V—=A)(V—A) type for a neutrino factory. In the assumed

Inv,—vg (a=e,u, B=e,u,7) appearance channel, the energy and baseline region, there is no sensitivity to the new
observable effects of new/(- A)(V—A) interactions come effect in matter.
only from €}'. The others are too small or too vulnerable The €'s for a conventional beam have different depen-
against the adjustment of the theoretical parameters. Noence from those for a neutrino factory on new interactions.
that thes ande’s phase are correlated. Namely the measured herefore, the comparison between two methods makes clear
values are a certain combination &fand . the species of new physics.

In the v,— v, disappearance channel, we can measure
ei’ﬂ‘ depending on their phase. In other words, the signalV. INDICATIONS TO EXOTIC DECAYS FROM VARIOUS
includes information of the phase. Furthermore, there is no MODELS
correlation betweerd and e, so the measurement tells us
directly the phase concerning the lepton-flavor violating pro-
cess. In thev,— v, disappearance channel, we cannot ge
anything for new interactions in the oscillation enhancedtIO
way.

The x? is proportional td e|?. The expected sensitivity is
to |e|=O(10™ %) by using this methodology.

important for a new physics search to compare the results
a neutrino factory and that of a conventional beam.

D. Short summary for numerical analysis

In this section we discuss models which give exotic inter-
actions interfering with the weak interaction in the neutrino
scillation and survey to which process those exotic interac-
ns contribute. We should consider models which give an

TABLE |. Summary on the feasibility of\((—A)(V—A) type
new interactions.

1000
900 69;1, (e,u,e) Ez;“ Efl::'n
: Bound from charged 510°°
= lepton processes
€ 0 p p
ﬁ' 500 a b
%) VeV, A A X
400 V=, X X o¢
300
200 Ve— V, X O AP
1 2 3 4 5 4 b [
v,—V, X A O
E,[GeV] E,[GeV] ®
v, — Ve A? X X
FIG. 17. Contour plots of the required no-oscillated neutrino,_—, X % X

number,N, , to observe the new physics effects concerne'rﬁg at
90% C.L. in v,—v, channel using an upgraded conventional @An appropriate mode but the bound is too strict.

beam. All theoretical parameters are assumed to have 10% unceffoo vulnerable against the adjustment of the theoretical param-
tainty. From left to rlght each plot corresponds @ =3.0 eters.

%102 and 3.0<10°2 ‘Depending on the’s phase, in other words, sensitive to the phase.
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7 e U 74 of €™s are in each model and experimentally. They can
~0 i contribute to thew decay and the matter effects.

X e e--- In addition, there are effective interactions generated by

! ) : 5mlg one-loop diagrams inqluding squark propagators as Fig.

i ’ om; i P 0 19(b). These kinds of diagrams can contribute to the detec-

tion processes and the matter effects. Furthermore they can
S contribute to ther decay.

q These two kinds of diagrams affect the oscillation in a
neutrino factory and a conventional beam differently. By
comparing the results of these two experiments, we may
have some information on the scalar masses. For example, if
(@) (b) the squark masses are much heavier than the slepton masses,

FIG. 19. (a) An example of one-loop diagrams contributing to ther_‘ or_1|y the figures of the type Fig. &9 Co_nt”bu,te to the
the u decay and the matter effech) An example of tree diagrams oscillation phenomena, and hence there is a difference be-

contributing to thew decay, the matter effect, and the detection fWeen “oscillation probabilities” in these two experiments.
process, WherQSmTz denotes an off-diagonal element of the mass On the other hand, if the magnitudes of the scalar masses are

matrix for sleptons which violate the lepton flavor. compara_ble, these tW_O experiments are affected from n?W
physics in the decay side, the matter effect and the detection

explanation for the smallness of the neutrino masses and ttfide similarly. _ ,

lepton mixings. In those models we can expect that flavor It iS important that we can get information on the phases

violating processes are induced, and since to explain the ne@ €S- Their phases arise from the phases of the flavor

trino masses and the lepton mixings we need to introduc€n@nging slepton masses, whose origins are the Yukawa cou-

sources of flavor violations. plings for . and vg at the high energy scale. We may be
There are well-known two types of models which explainable to acquire information on the phases of Dirac-Yukawa

the smallness of the neutrino masses and the lepton mixing€oUPlings.

One is a seesaw tyd®9] and the other is a radiative type . . . _

[30]. These models induce other flavor violating effects gen- ~ B. Models with radiatively induced neutrino masses

erally. Such other flavor violating contributions could be  Tnere are many kinds of models in which the neutrino
large enough to give observable effects for neutrino oscillamasses and the lepton mixings are radiatively induced.
tion experiments through the interfering effects. We NOWAmong them we consider supersymmetric models with

consider these two types of models concentrating mainly O parity violating terms. A most general superpotential
supersymmetric models and study how large the exotic efyyhich breaksR parity is

fective interactions are.

v, Ve U U

_ c ' c " CHCRC
Wepv=NapyLal gESH N g, LoQuD S+ N0 5, USDEDE

A. Supersymmetric models with right-handed neutrinos C L (30
MaolaMuas
Among the promising extensions of the standard model, a
supersymmetric standafdr grand unifiemodel with right-  \yhere Napy=—Ngay and "B =)\ 5 La ES, Q,,
handed neutrinos is often considered. In this class of models; 7 ’ . o *

: U > L «» D¢, andHy, are the superfields corresponding to the
if the gravity-induced supersymmetry breaking is employedjonion qoublets, the right-handed charged leptons, the quark
through the renormalization effect, the large flavor violating

doublets, the right-handed up-type quarks, the down-type
slepton masses are inducggll], even if at the cutoff scale g Pype o yp

X Co quarks, and the up-type Higgs doublet, respectively. Three
there is no flavor violating slepton mass. trilinear terms are allowed if thR parity is broken generally.

Because of the lepton flavor violating masses, one-loopyq,yever there is no reason why &iparity violating terms
box diagrams constructed by propagations of superpartne,q 4 pe included at the same time. For example, we forbid

mdt:c_le; fX?t'CtheﬁSCt've \(EA)t(hV—A)ttlnte]rcfactlonsé n’}h'%ht interactions proportional ta;ﬁy by imposing the baryon-
contribute 1o the decay side, the matter etiect and the dele o conservation to avoid rapid proton decay. To induce
tion §|de all together. O'ne gf the 'effe.ct|ve Interactions CoN-g 1 masses for neutrinos, the first term or the second term
tributing to the decay side in oscillation experiments base h Eq. (30) must be includea For example, the first term in

. L A <
on a muon beam_ is drawn in Fl_g. (ED. Th_|s givese, .. Eq. (30) has interactions described as
There is a constraint on the magnitude of Fig@ 9rom the

lepton flavor violating decays of such ast—uy and 7 -~ — ~% | ~ = ~
— pee However, these constraints are not so strict ajd L=Napy(VarCoLErt €yrvaL o+ €,r8pL Vot ~ (€ =)

can be of0(1073). This type of the effective interaction also +H.c. (31
induces the matter effect similarly replacimg with e and u

with v, respectively, and aIseZ‘T can be ofO(10°3). By  These interactions work in the same way as those of the Zee
changing the external legs in Fig. (&) we can draw similar model[30]. Namely, sleptons interact with charged leptons
diagrams for four-lepton couplings which violate the leptonand neutrinos as the Zee boson, and the small neutrino
flavor, and using them we can estimate how large the valuesiasses and the lepton mixings are induced radiatively. Such
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I v, v d The flavor violating four-lepton couplings with the/(
* - —A)(V—A) type are classified into two categories: @Y
1 i d i singlet type,
RL| R |
i i — 1 _ _
7, e d 7 haﬁya(laCl,g)(lyC”a):—Ehaﬁya(lav”la)(lﬁmly)
(@) (b) =hNugys(€aCrp—vaCepl)
FIG. 20. () Examples of tree diagrams contributing to the X(eyLCTV(;L— vyLCTe,;,_), (33

decay and the matter effe¢b) An example of tree diagrams con- ]
tributing to thew decay, the matter effect and the detection processand triplet type,
The first diagram(a) induces both Y—A)(V—A) type and ¥ _ _
—A)(V+A) type interactions for the muon decay and the matter gagy(s“ aTaCIB)(I yCTTa| 5)
effect. The second diagrafh) induces ¥—A)(V+A) type inter-
actions only, which contribute to the matter effect. _ 1 T 294 N oy |

= Egaﬂyé( TV g7y, (34

interactions induce (—A)(V—A) type and ¥—A)(V

+A) type effective four-lepton interactions which violate the =Gapyot(€alCra+ o Ceg)(e, Clry
lepton flavor(see Fig. 20 These affect oscillation experi- + - — t
ments through interference with the weak interaction. Since tr,Cles )+ 2(va Crp) (v, Clva)

there are only four-lepton type effective interactions, we — = +

would be able to see the difference between “oscillation +2(e,.Cep)(e, Cles )}

probabilities” in two different experiments. In the case of a ygre| is a lepton doublet with flavor and 72 is a Pauli
a

neutrino factory, they affect both the decay side and the mafy,a¢rix. Because of the SU(2)Jnvariance coupling constants
ter effect all together, while in the case of a conventional, st satistyh o 5,5= —Ngars=—Nagsy AN Gugro=Upare
aBy ay apoy apy ay

beam they affect only the matter effect. From these kinds,_ J,04,- Above two interactions are described as the effec-

. om s . ) o=0,, ove t
Fig. an)',em and e, are induced. In this case the magni- (e interactions induced by exchange of not only vector par-
tudes ofe’s could be larger than the case in the previousicles but also scalar particles. The former type is induced,

subsection. _ for example, if there is a coupling of the form
Interactions generated by the second term in (B) are -
described as IClgs+H.c., (35
£=?\&ﬁyVEQA(ELd(sLa’;RJFEyRVaLaaL+Ede5L7/aL) where ¢s is an SU(2) singlet. The latter is induced by

o o - exchange of an SU(Q)triplet ¢3, if the coupling
+)\;ﬁy(u%LeaLd’;R+ d,r€4LUg td rUgE, ) HH.C,

a a

(32 | 72Cl¢T+H.c. (36)
exists.

whereVKM is the mixing matrix for the quark sector. In this ~ On the other hand, the flavor violating four-lepton cou-
case squarks work similar to the Zee boson. These interaglings with (V—A)(V+A) type have only one category:
tions induce effective four-Fermi interactions with the leptonSU(2), doublet type,
flavor violation, as drawn in Fig. 2B). They affect the mat-
ter effect and the detection process in both experiments — — 1 u
based on a muon beam and on a conventional beam. For a fagys(l «€sr) (€l == EfQWUW 15)(€,7,Prep)
conventional beam, there is an additional interference in the

decay side. Therefore if tHe-parity violating term is limited =f e, €4r)(e.r€s )
only to the second term in E30), then we also expect to be a’gf{( aLeR (&€
able to make sure of the existence of such terms by compari- +(vaLpr)(€yRVsL)}- (37

son with the two different experiments.
This type is induced by the exchange of a scalar particle
belonging to an SU(2)doublet[32]. Suppose that there is a

C. General properties of the effective four-lepton interactions )
coupling of the form

and order estimation for their couplings

Without assuming physics that gives the effective four- I_eng+ H.c., (39
lepton interactions containing two left-handed neutrinos and
two charged leptons with the lepton flavor violation, we canwhere ¢ is an SU(2) doublet scalar; the interaction Eq.
classify two types of such interactions from Lorentz invari- (37) is induced.
ance as the\(—A)(V—A) type and the{—A)(V+A) type In general the constraint on the magnitude of the singlet
generally[42]. type effective couplingh,g,s is rather weak. A radiative
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model often contains such a singlet scalar. Indeed models iof new physics into three part&t) We considered new phys-
Sec. V B contain such SU(2)singlet scalargsee Fig. 2(q) ics affecting the decay process of a parent particle. If new

with Tg]. As for the u decays which contribute to the inter- physics which affects tha decay is a ¥ —A)(V—A) type,
ference phenomena, replaciag B, y and é in h,g,s with Eg. (12), then it changes the initial state of neutrinos from a
e u, eand r we getEfLT and replacinge, B, y and§ in  pure flavor eigenstate to a mixed state given by #§). On
haps With € u, 1 and 7 we geteg, . In this case there is no the contrary, for the case of &/¢-A)(V+A) type new in-
constraint from r—Ill decays. Also constraints fromr  teraction, Eq(13), we have a rather complicated equation for
—uy (for the formej and —ey (for the lattey are not the transition rate, though this effect is suppressethpim,,
severd 33]. There are constraints from the universality and itdue to the difference of the chirality dependence on the in-
gives the stringent constraints on them. The magnitudes dkraction from that on the weak interaction. On the other
€'s can beO(10?) [34] using the universality which is em- hand, in an oscillation experiment with a conventional beam,
ployed in Ref.[35]. However, this constraint can be relaxed we do not have to worry about the interaction type for the
significantly[35,36]. Thus we can expect rather largg™ in  decay, since the energy and the helicity of muons and neu-
this kind of model. That is, models in Sec. V B would give trinos are fixed due to the kinematics of the two body decay.
very largee>™s. We can parametrize the effect of new physics using(Eg).

For the triplet type and the doublet type there are strongef?) we studied the effects of new physics in matter. They are
constraints. The mgdels in Sec. V B realize the doublet typ%arametrized as Eq10) for both oscillation experiments.
[see Fig. 208) with I, ]. Supersymmetric models with right-  Their effects also appear linearly &, and hence they can
handed neutrinos in Sec. V A give both the triplet type andgjve significant modification on an “oscillation event(3)
the singlet type interactions, but doublet type is essentiallyye gave a comment on how new physics appears at the
irrelevant in this class of models since the electron Yukawgygtector. The essence is quite similar with that of the decay
coupling is very small and flavor changing right-handedyocess of a parent particle. However, it is very difficult to
slepton masses are negligibly small. However, since all typegg|cylate the magnitude of the flavor changing process at the

of the interactions are simultaneously induced, we cannOfigiecior reliably from elementary processes since we need a
treat the types of the interactions separately. In these casgRowledge about nucleons.

the discussion by the authors in R¢L7] can be applied Then we calculate how many no-oscillation neutrinos are
(37,38, that is, necessary to observe the effect of new physics considering
e =3.1x10°3, €5,=5x1075, € =<3.2x10°3. only sta_tlstlcal fluctuatlon. Eor a neutrino factory we trans-
T ~ mr lated this neutrino number into the parent muon number. If
(39 L I
we know all the mixing parameters exactly, then it will be
very easy to observe an effect of new physics, which we
parametrized a<>}' in Egs. (10) and (15). The optimum

In this paper we considered how we can observe the effegetup for the baseline length and the energy region in a neu-
of new physics in a neutrino oscillation experiment. trino factory is easily understood by the high energy expan-

First we reminded ourselves what we really measure in &ion of the transition rate as given in E@6) and x*, Eq.
neutrino oscillation experiment. All we really observe are a(27), for example. However, in general, we cannot expect
decay of parent particler or ) at an accelerator cite and that we will know the mixing parameters exactly. If the new
an appearance of a charged lepton at a detector. Neutrin®§ysics effect gives a similar energy dependence for the tran-
behave as merely intermediate states. Therefore if new physition rate with that of the weak interaction as Eg6), we
ics gives the same amplitudes as those given by the wegk@nnot expect that this effect is observable eventually. On the
interaction, we cannot distinguish those amplitudes and@ontrary, if the energy dependence is as different agZ9),
hence the transition amplitudes given by new physics caM/€ can expect, even if we have the uncertainties of the mix-
interfere with those of the weak interaction. It means theing parameters, the new physics effect to make a significant
effect of new physics can be amplified quantum mechanimodification to the transition rate. In this case the uncertain-
cally. That is, we have the effect of né@(\2) but O(\), ties of the mixing parameters do not make the observability
where\ is an effective coupling of new physics, in an oscil- of the new physics effect worse. To survey the presence of
lation experiment. We understood also that all the particles, » the use of the appearance channelb of- v gives the
states which appear as external lines including unobserveeest sensitivity. The sensitivities to the new physics effect
particles must be the same for the interference to occur. Thidepend not only on their magnitudes but also their complex
statement means that not only the particle species but algghases. More precisely we can observe an effect of a certain
their energy and helicity must be the same. We have to takeombination of theCP phased and these parameters as
into account both the particle species and a type of an integiven in, for example, Eq29). The sensitivities are propor-
action. tional to|e|?. Naively we can expect their significant contri-

Next we derived the transition rate for an appearance of &ution as long as these combinations are larger than
charged lepton, which is usually interpreted by the neutrind?(10™%).
oscillation. To calculate the transition rate in a neutrino fac- Finally, we gave a discussion about possible new physics
tory, we have to consider not only particle states in externa&nd their consequences to the paramestggé. Many models
lines but also a type of new physics. We separated the effeciwedict large lepton flavor violations to explain neutrino Ma-

VI. SUMMARY
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jorana masses. These violations also affect decays of paMiniBooNE see a flavor changing signal with a small rate
ticles. For example, in many models there will be a flavorwhich is at the lower end of the LSND result, then we may
changingu decay. Also these effects will appear in the mat-interpret the result by the flavor changing decaymoénd/or

ter effects and possibly at the detection processes. Their eft. If we take this interpretation, then the expected signal in a
fects must be taken into account in the analysis of oscillatiorfuture neutrino-oscillation experiment is quite different from
experiments if we take those models seriously. Among thesthat by a four-generation model. We need to keep this possi-
effects theu < 7 changing effect is expected to be large to bility in mind.
explain the large mixing in the atmospheric neutrino

anomaly. To observe these effects the disappearance channel
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APPENDIX A: ANALYTIC EXPRESSIONS FOR OSCILLATION PROBABILITIES
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