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Moduli effects on neutrino oscillations
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We point out the possibility of detecting low-energy signals of moduli in superstring theory through neutrino
oscillations. The idea is based on the characteristics that the couplings of moduli are different from matter to
matter. We estimate the oscillation probability both in the base line and solar neutrino oscillations. In both
cases, when there is at least one modulus of which the mass is less than or equal to 10219 GeV, the interaction
of the modulus significantly changes the conversion probability from one neutrino flavor to another.@S0556-
2821~96!03511-4#

PACS number~s!: 96.60.Jw, 11.25.Mj, 13.15.1g, 14.60.Pq
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I. INTRODUCTION

Recently data from the CERNe1e2 collider LEP@1# sug-
gest evidence of grand unified theories~GUT’s! such as
SU~5!, SO~10!, flipped SU~5!, and so on. Furthermore, th
data fit better if supersymmetry is included. On the theore
cal side, to solve the gauge hierarchy problem the idea
supersymmetry~SUSY! is very persuasive. However,
SUSY GUT does not contain the interaction of gravity. A
present it is conceived that superstring theory alone may
clude all interactions consistently in the theory. Phenome
logically, the heterotic superstring theory@2# is the most at-
tractive. There are several ways of compactification, a
after that very many vacua are produced@3#. They are pa-
rametrized, in general, by moduli@4# which are singlet su-
perfields under the gauge group of the standard mo
SU~3!C3SU(2)L3U(1)Y . For example, some of them de
scribe the size and shape of compactified space. Altho
their vacuum expectation values~VEV’s! are supposed to be
of the order of Planck scale, masses of moduli are
known. Their interactions with matter are also model dep
dent. Even the number of moduli depends on the structur
the vacuum under consideration. The number of Ka¨hler
structure moduli,Ti , is given by the Hodge numberh(1,1)

and that of complex structure moduli,Um , is h
(2,1). They

are, in general, large numbers in~2,2! Calabi-Yau manifolds.
In ~0,2! orbifolds, however, the former is at most 9 and t
latter is at most 3@there are other types of moduli, too:~0,2!
untwisted moduli~Wilson lines! and twisted moduli#. In any
case, there exist moduli. BothTi andUm behave similarly as
particles. Since moduli have a very important role in sup
string theory, it is very helpful to detect the moduli.
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In this paper we would like to point out that moduli may
give low-energy signals which could be tested in neutrino
oscillation experiments without depending on a particula
compactification scheme. Moduli generically couple to ordi-
nary matter with nonrenormalizable interactions. Such cou
plings are expressed effectively in the superpotential as~in
the lowest dimension!

Pnonren5
ci jk
I

MS
w iw jwkMI ~ I51,2,3, . . .!, ~1!

where w i , j ,k are matter superfields,MI are moduli super-
fields, andMS is the string scale (;1018 GeV!. ci jk may
contain a product of VEV’s of many scalar fields@5#. Such
terms at low energies induce Yukawa-type couplings be
tween the ordinary matter and~real! scalar fields or pseudo-
scalar fields, i.e., moduli:
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MS

hi j
~ l ! l̄ R

i l L
j M I1 H.c., ~2!

where i and j are generation indices (i51,2,3), ^H1,2& are
the vacuum expectation values of the Higgs doublets, an
g matrices are dropped. While the dilatonS interacts with
ordinary matter universally1 like a graviton, moduli interact
~or noninteract! with various coupling constants. Moduli in-
teract with ordinary matter as a coherent attractive or repu
sive force. Since the interaction strength is comparable t
that of gravity force, this behaves as a kind of fifth force if
the mass of the exchanged particle is small enough@6,7#. The

u-

1This is the case at the string tree level. At the loop level, this
universality is lost. And so the dilaton may take part in the neutrino
oscillation, too.
1204 © 1996 The American Physical Society
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54 1205MODULI EFFECTS ON NEUTRINO OSCILLATIONS
potential of moduli is considered flat perturbatively to
orders. When spontaneous breaking of SUSY occurs, m
or all moduli may get mass by nonperturbative effec
Therefore their masses are expected to be of the order o
gravitino mass. Namely, it would be as heavy as other sc
sparticles. But a few may have very tiny mass or mass
after SUSY breaking. There are several arguments wh
support it.

~1! For realMI the moduli massm may be induced by
radiative corrections (m.10218 GeV! @6#, or there may be a
special cancellation in the mass equation. In Ref.@8#, it is
estimated thatm can be aboutm3/2

2 /ReMI , wherem3/2 is the
gravitino mass.

~2! For imaginaryMI , in Ref. @7# it was argued thatm
can be 2310224 GeV. However, in Ref.@8# it is said that
they are massless. In Ref.@9#, on the other hand, they ar
said to gain huge mass of the order of the SUSY-break
scale.

We do not go into details of the models here and wan
discuss the model-independent way as much as possible
regard a mass of a modulus~especially a tiny one! as a free
parameter and its interaction strength as parametersf i j , and
explore the possibility of finding the effects of moduli
terrestrial experiments, not in cosmology.

Section II has two subsections. In Sec. II A, taking t
influence of moduli interaction into consideration, we obta
the oscillation probability. In Sec. II B we examine how th
moduli interaction affects the planning experiments. In S
III, we estimate the moduli effect on the solar neutrino o
cillation. In Sec. IV, we argue the problematic points a
mention the prospect of future experiments.

II. MODULI EFFECTS

A. Oscillation probability

In this section we deal with the accelerator experime
and derive thenm-nt oscillation probability including the ef-
fect of moduli interaction. We assume that there is, for s
plicity, at least one modulus which interacts withnt and/or
nm and u or d quark ~or electron!. For example,h33

(n)Þ0,
h11
(u)Þ0, and others can be zero in Eq.~2!. Although the
interaction strength is gravitational, it may be detectable
the neutrino oscillations whenm is very tiny. We takem in
the range of 10222–10214 GeV.

We define the mass eigenstate as (n2
m,n3

m) and the flavor
eigenstate as (nm ,nt). The latter eigenstate is expressed
the former with a mixing angleu as

S nm

nt
D 5US n2

m

n3
mD , U5S cosu sinu

2sinu cosu D . ~3!

The neutrino interaction with matter through modu
which is derived from Eq.~2! can be replaced by the Yukaw
potential as moduli interact coherently and we put its c
pling constants asf i jGM . GM is the common coupling con
stant of the modulus so that the maximum value amo
u f i j u is unity. The Hamiltonian of the mass eigenstate
changed to
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H5S p1
m2
2

2p
2 f 228 f 2 f 238 f

2 f 328 f p1
m3
2

2p
2 f 338 f

D , ~4!

wherep is the momentum of a neutrino beam, andm2 and
m3 are the masses of mass eigenstates. In Eq.~4!, f i j8 f rep-
resent the potentials induced by moduli interaction and

S f 228 f 238

f 328 f 338
D 5U21S f 22 f 23

f 32 f 33
DU. ~5!

We can takef 235 f 32. Because of minus signs beforef i j8 f,
f.0 means that it is an attractive potential andf,0 means
repulsive. At least in orbifold models@10# either the diagonal
( f 33 or f 22) or nondiagonal (f 23) part may be considered to
vanish or to be very small. Let us consider the following
simple two cases:~A! D f51 (D f[ f 332 f 22), f 2350; ~B!
D f50, f 2351.

The flavor eigenstate obeys the Schro¨dinger-like matrix
equation

i
d

dx S nm

nt
D 5UHU21S nm

nt
D . ~6!

It does not make any difference to the probability of the
nm-nt transition if we subtract fromUHU

21 any multiple of
the unit matrix. We choose the Hamiltonian matrix traceless
for the sake of convenience: namely,

i
d

dx S nm

nt
D 5S 2a b

b aD S nm

nt
D , ~7!

where

a[
Dm2

4E
cos2u2

D f

2
f, ~8!

b[
Dm2

4E
sin2u2 f 23f, ~9!

and Dm2[m3
22m2

2 . The momentump is replaced by the
neutrino energyE hereafter. Solving this, we obtain the os-
cillation probability

P~nm→nt!5sin22uMsin
2H F S Dm2

4E D 21S D f 8f

2 D 2
2

Dm2

4E
D f 8f1~ f 238 f!2G1/2LJ . ~10!

It is rewritten as

P~nm→nt!5
b2

a21b2
sin2~Aa21b2L !, ~11!

whereuM5u1z (z is the mixing angle from eigenstate of
H to mass eigenstate!, tan2uM5b/a, and so
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sin22uM5
b2

a21b2
. ~12!

L is the distance between an accelerator and a detector.
first term inside the brackets in Eq.~10! is due to the oscil-
lation in the vacuum, and the last three terms are due
moduli interaction.

Next we evaluatef in base line neutrino experiments. In
a relativistic casef is represented as the product of the en
ergy of a neutrino beam and the potential per unit mass d
to moduli interaction with matter@11#. For an attractive force
we get

f5EV,

V5GM

M

r
exp~2mr !. ~13!

HereM is the mass of the matter which interacts with th
neutrino by interachanging moduli.f changes its sign for a
repulsive force. There may be a case thatD f521 and
f 2350. In this case the attractive force gives the same resu
as those of the repulsive one in case~A! when both coupling
constants are equal to each other. So we will not discuss
case ofD f521 andf 2350. To estimateV, we consider the
following two cases.

~1! The contribution toV from the whole Earth is added
up. We assume the densityr to be constant. Then

fglobal5
2pGMrE

m2 H 22
RE1m21

z0

3@e2m~RE2z0!2e2m~RE1z0!#J , ~14!

whereRE denotes the radius of the Earth.z0 is the average
distance between the neutrino trajectory and the center of
Earth ~see Fig. 1!. We can putz0.RE2L2/12RE . Since in
the planning base line experimentsL!2RE and the main
contribution toV comes from the parts near the neutrin
trajectory, we putr to be the density of the surface layer o
the Earth:r5rsur52.76 @g cm23#.

FIG. 1. Schematic view of base line neutrino oscillations. Th
neutrino beam is injected from the accelerator at the pointx1 and
detected at the pointx2 . The base line lengthL is the distance
betweenx1 andx2 .
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~2! m21 is the scale of the region where moduli interac
tion is effective. Consequently, the sphere within the radiu
m21 is sufficient for the estimation ofV. We obtain

f local5
4pGMrsurE

m2 S 12
2

eD . ~15!

The value off given by Eq.~14! is almost tantamount to
that of Eq.~15! because of the exponential damping appea
ing in Eq. ~13!. Hence we use Eq.~14! hereafter.

As is obviously seen from Eq.~14! or ~15!, the potential
f is proportional tom22E; that is to say, the smallerm is,
the larger the effect of moduli is. The effect of the moduli is
enhanced byE2 relative to the vacuum oscillation part
Dm2/4E. In case ~A! a very large f, i.e., uD ff/2u
@(Dm2/4E) cosu and so a2@b2, leads to a very small
P(nm→nt). On the other hand, in case~B! a largef means
that b2@a2 and the magnitude sin22uM5b2/(a21b2) ap-
proaches 1. Then the oscillation length defined b
l5p/Aa21b2 is much smaller than the oscillation length in
the vacuum,l v54pE/Dm2. Therefore, forL. l v the prob-
ability is averaged to be a half of the magnitude. Contrary
these, whenufu!(Dm2/4E)cosu ~or sin u), the effect can-
not be seen.

It is noted that a resonance similar to the solar neutrin
oscillation occurs under a certain condition in case~A!.
When

Dm2

4E
cos2u5

D f

2
f, ~16!

thena50, and the magnitude is unity. Usually,Dm2 is con-
sidered to be positive, and so the resonance occurs in
attractive~repulsive! force for positive~negative! D f . On the
contrary, if (Dm2/4E)sin2u.f23f in case~B! with the at-
tractive force, thenb.0 and P(nm→nt) is strongly sup-
pressed.

B. Oscillations on long and short base lines

In this section we discuss long and short base line ne
trino oscillations. In the planning experiments the muon neu
trino (nm) beam with energyE ~of the order of 1 GeV to a
few 10 GeV! propagates along the trajectory.

We now evaluate the oscillation probability. The force
induced by the interaction of moduli with very tiny mass
behaves like a fifth force, which many experiments hav
tested and given limitations to. Restrictions on the couplin
constantG5 as a function of the rangel have been given.
First fixing the value ofm wherem5l21, we takeGM in
Eq. ~13! at the maximum value of allowableG5 . Denoting
a5GM /GN , whereGN is the gravitational constant, we im-
pose restrictions for the attractive force from Ref.@12#; for
example, (2.0310222, 3.031026), (2.0310220, 1.63
1024), (2.0310218, 5.031024), in terms of (m @GeV#, a)
~see Table I!. Similarly, for the repulsive force the restric-
tions are found in Ref.@13# ~see Table III!.

We will comment on Eq.~10! here. The quantity in the
braces can be written as
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TABLE I. Numerical values of sin22uM andp l21 in units of~km!21 in the short base line experiment~CHORUS! for the attractive force.
For the oscillation in the vacuum, sin22uM54.031024, p l2154.2.

Case~A! Case~B!

l ~m! m ~GeV! a sin22uM p l21 sin22uM p l21

13105 2.0310221 3.031025 9.431028 2.83102 1.0 5.63102

53104 3.9310221 5.731025 4.231027 1.33102 1.0 2.73102

23104 9.9310221 1.631024 2.331026 5.63101 1.0 1.23102

13104 2.0310220 1.631024 6.031025 1.13101 9.831021 3.03101

53103 3.9310220 1.631024 3.631022 4.531021 7.631021 8.6
23103 9.9310220 1.631024 5.531024 3.6 6.631022 4.4
13103 2.0310219 1.631024 4.331024 4.1 2.731023 4.2
53102 3.9310219 1.931024 4.131024 4.2 1.731026 4.2
23102 9.9310219 2.631024 4.031024 4.2 2.431024 4.2
13102 2.0310218 5.031024 4.031024 4.2 3.231024 4.2
53101 3.9310218 1.831024 4.031024 4.2 3.931024 4.2
23101 9.9310218 1.631023 4.031024 4.2 3.931024 4.2
ted

to

n

S Dm2

4E
2

D f

2
f DL, ~17!

for f 2350 and cos2u51. In order to estimate the moduli
effect roughly, we compare the value due tof with the
vacuum part in the following way. As is obvious,

Dm2

4E
L51.27

~Dm2/eV2!

~E/GeV! S L

kmD . ~18!

For f, using Eq.~14!,

1

2
fL.

pGMrEL

m2 51.23S a

1024D S m

10220 GeVD
22S E

GeVD
3S L

kmD . ~19!
When all physical quantities are the same in the deno
units, both values of Eqs.~18! and~19! are almost the same
and close top/2. The above two equations are also useful
calculatea andb given by Eqs.~8! and ~9!.

Let us consider two versions ofDm2 andu. First, if nt is
regarded as a candidate of dark matter, thenDm2 is expected
to be about 100 eV2 @14# in which the mixing angle is sup-
posed to be very small (u.1.031022). Second, according
to Kamiokande atmospheric neutrino data,Dm2.1022

eV2 @15# and the maximal mixing (u.p/4) is suggested.
The short base line experiments, such as~i! CHORUS

(E510 GeV,L50.8 km@16#, expect the former version. We
takeu51.031022 andDm25100 eV2 for this experiment.
The long base line experiments, such as~ii ! KEK
→Kamioka (E51.4 GeV,L5250 km @17#, ~iii ! Fermilab
→SOUDAN2 (E510 GeV, L5800 km! @18#, expect the
latter version. So we fixu5p/4 andDm251022 eV22.

Our results are shown in Tables I–IV. The first colum
shows the values ofl, the second the values ofm, and the
TABLE II. Same quantities as in Table I in long base line experiments~KEK and Fermilab!, for the attractive case. The values ofl and
a are the same as those of the correspondingm in Table I. For the oscillation in the vacuum, sin22uM51.0, (p l21)KEK59.131023,
(p l21)Fermilab51.331023.

Case~A! Case~B!

KEK Fermilab KEK Fermilab
m ~GeV! sin22uM p l21 sin22uM p l21 sin22uM p l21 sin22uM p l21

2.0310221 4.731027 1.33101 1.6310210 1.03102 1.0 2.63101 1.0 2.03102

3.9310221 2.031026 6.3 6.0310210 5.13101 1.0 1.33101 1.0 1.03102

9.9310221 9.531026 2.9 2.131029 2.73101 1.0 5.9 1.0 5.43101

2.0310220 1.431024 7.631021 2.631028 7.9 1.0 1.5 1.0 1.63101

3.9310220 2.031023 2.031021 3.131027 2.3 1.0 4.031021 1.0 4.6
9.9310220 5.431022 3.931022 1.031025 4.031021 1.0 6.631022 1.0 8.031021

2.0310219 4.031021 1.431022 1.631024 1.031021 1.0 1.331022 1.0 2.031021

3.9310219 8.531021 9.831023 1.831023 3.031022 1.0 1.531023 1.0 5.931022

9.9310219 9.931021 9.131023 3.631022 6.731023 1.0 7.231023 1.0 1.231022

2.0310218 1.0 9.131023 1.431021 3.431023 1.0 8.231023 1.0 5.031023

3.9310218 1.0 9.131023 9.531021 1.331023 1.0 9.031023 1.0 7.031024

9.9310218 1.0 9.131023 9.131021 1.331023 1.0 8.931023 1.0 4.631024
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TABLE III. Same quantities as in Table I in the CHORUS experiment for the repulsive force. For the oscillation in the vac
sin22uM54.031024, p l2154.2.

Case~A! Case~B!

l ~m! m ~GeV! a sin22uM p l21 sin22uM p l21

13105 2.0310221 3.631024 6.3310210 3.43103 1.0 6.73103

53104 3.9310221 3.631024 9.931029 8.53102 1.0 1.73103

23104 9.9310221 5.931023 1.431029 2.23103 1.0 4.53103

13104 2.0310220 1.331023 4.831027 1.33102 1.0 2.53102

53103 3.9310220 1.931023 3.031026 4.93101 1.0 9.03101

23103 9.9310220 5.231023 1.231025 2.43101 9.931021 4.03101

13103 2.0310219 1.031022 3.831025 1.43101 9.531021 1.93101

53102 3.9310219 8.931023 1.831024 6.3 5.131021 6.0
23102 9.9310219 7.731023 3.531024 4.5 2.431022 4.3
13102 2.0310218 7.231023 3.931024 4.3 2.731023 4.2
53101 3.9310218 7.131023 4.031024 4.2 7.831024 4.2
23101 9.9310218 7.131023 4.031024 4.2 4.531024 4.2
q

a

:

a

ed

ly
e,
’’

re
e

third is assigned toa ’s in Tables I and III. When the values
of l are fixed, the probability can be calculated from E
~11!. Here we evaluate the following two quantities involve
in the formula of the probability:

sin22uM5
b2

a21b2
, ~20!

p

l
5Aa21b2. ~21!

sin22uM represents the magnitude of probability.l is the os-
cillation length. SoP(nm→nt)50 whenL5 l . We list these
values in each table. The results for the attractive force
listed in Tables I and II, and those for the repulsive force
Tables III and IV.

Table I represents the estimation for the CHORUS expe
ment. In case~A!, sin22uM is reduced to the comparatively
lower values in the whole range ofm becauseb is small and
.
d

re
in

ri-

constant. Whenm is small, the probability changes rapidly
on account of large values ofp l21. Whenm is larger than
about 4310219 GeV, no moduli effects can be seen
P(nm→nt) shows no difference from the oscillation in the
vacuum. A particular value ofm causes a phenomenon like
resonance which gives the largest value to sin22uM . We will
discuss this phenomenon in more detail later. In case~B!, for
a small value ofm, sin22uM is nearly unity, butl is very
small. Therefore, the probability is supposed to be averag
to one-half and this may be observable. Whenm is heavier,
sin22uM is smaller and the neutrino oscillates more slow
to make little difference than that in the vacuum. In this cas
however, an incident which we may call ‘‘antiresonance
occurs whenm takes the value such asb vanishes; namely,
the moduli effect cancels the oscillation in the vacuum.

Our calculations on KEK and Fermilab-experiments a
listed in Table II for the attractive case. Here we take th
angleu5p/4, and so the first cosine term in Eq.~8! is zero.
As seen in case~A! of KEK, only in a narrow range ofm,
TABLE IV. Same quantities as in Table I in the KEK and Fermilab experiments for the repulsive force. The values ofl anda are the
same as those of the correspondingm as in Table III. For the oscillation in the vacuum, sin22uM51.0, (p l21)KEK59.131023, and
(p l21)Fermilab51.331023.

Case~A! Case~B!

KEK Fermilab KEK Fermilab
m ~GeV! sin22uM p l21 sin22uM p l21 sin22uM p l21 sin22uM p l21

2.0310221 3.331029 1.63102 1.1310212 1.23103 1.0 3.23102 1.0 2.43103

3.9310221 5.131028 4.03101 1.5310211 3.33102 1.0 8.03101 1.0 6.53102

9.9310221 7.031029 1.13102 1.6310212 1.03103 1.0 2.23102 1.0 2.03103

2.0310220 2.231026 6.2 3.9310210 6.43101 1.0 1.23101 1.0 1.33102

3.9310220 1.431025 2.4 2.231029 2.73101 1.0 4.8 1.0 5.43101

9.9310220 5.431025 1.2 9.531029 1.33101 1.0 2.5 1.0 2.63101

2.0310219 1.731024 6.931021 4.031028 6.3 1.0 1.4 1.0 1.33101

3.9310219 2.631023 1.831021 8.131027 1.4 1.0 3.631021 1.0 2.8
9.9310219 1.031021 2.831022 4.231025 1.931021 1.0 6.331022 1.0 3.931021

2.0310218 6.731021 1.131022 7.831024 4.531022 1.0 2.231022 1.0 9.231022

3.9310218 9.731021 9.231023 1.331022 1.131022 1.0 1.231022 1.0 2.431022

9.9310218 1.0 9.031023 3.331021 2.231023 1.0 9.631023 1.0 4.931023
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10219 GeV &m&10218 GeV, the effect of moduli may be
detectable by taking smalll into account. Form smaller than
10219 GeV, sin22uM is less than 1022, which is so small that
the conversion ofnm to nt cannot be detected in long base
line experiments. Form larger than 10218 GeV, the effect is
too small to discriminate it from oscillations in the vacuum
In case~A! of Fermilab, the range ofm where the effect may
be observable shifts to a range around several times 10218

GeV. In case~B!, sin22uM is unity for anym because of the
maximal mixing angleu5p/4. The effect may only be seen
in a smalll .

Next we turn to the repulsive force. The numerical resul
of sin22uM andp l21 are listed in Tables III and IV. In case
~A! of Table III, the moduli effect makes the values ofa
large. Therefore, sin22uM is so small that the effect is hard to
observe. On the other hand, in case~B! of the CHORUS
experiment, Table III shows that largef ’s with small m ’s
(&10219 GeV! enhance sin22uM to be unity. On the long
base line experiments~see Table IV!, sin22uM51 irrespective
of the moduli effect. The effect may be seen only through th
oscillation length.

We illustrate the oscillation probability as a function o
the distanceL @km# in case~A! for the CHORUS experiment
with attractive force. In Fig. 2 we show the probability vs
L near the resonance and the mass of the modulus is se
m53.94310220 @GeV#. The dotted line denotes the prob
ability of the oscillation in the vacuum, and the solid line
corresponds to the oscillation including the moduli effec
The former magnitude, the value of which is sin22uM
5431024, is much smaller than the latter and change
much more frequently withL. The exact resonance occurs a
m53.74310220 @GeV# as shown in Fig. 3. The probability
including the moduli effect increases more slowly than i
Fig. 2 and reaches the maximum value aroundL518 @km#.
If such a bump is found experimentally, the mass of th
modulus will be determined.

It is noted that the values ofm in the discussion above
must be changed if we take smaller values ofa than the
present ones which are upper limits in the experimental r
strictions on the fifth force. However, as seen in Eq.~19!, a

FIG. 2. nm-nt oscillation probability as a function of the length.
The solid line is drawn by taking numerical values in case~A! of
Table I withm53.94310220 @GeV#. The dotted line represents the
probability in the vacuum.
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smaller m corresponding to a smallera, which makes
am22 invariant, gives a similar result on neglecting thea
dependence onm.

III. SOLAR NEUTRINO OSCILLATIONS

Now we will roughly examine to what degree the modu
interaction influences solar neutrino oscillations. We assum
that ne’s are generated in the region near the distanceRmin
from the center of the Sun. While they propagate along t
R axis to the surface, they partly change intonm . The final
eigenstate of mass including the Mikheyev-Smirnov
Wolfenstein~MSW! effect @19,20# and also the moduli inter-
action is defined as (ñ1 ,ñ2) by which the flavor eigenstate
(ne ,nm) is written as

S ne

nm
D 5S cosus sinus

2sinus cosus
D S ñ1

ñ2
D , ~22!

whereus is the sum of the mixing angles: One is from th
eigenstate (n1

s ,n2
s) of mass and the MSW effect to (ne ,nm)

and the other from (n1
s ,n2

s) to (ñ1 ,ñ2).
We use again a traceless Hamiltonian for (ne ,nm):

i
d

dRS ne

nm
D 5S 2as~R! bs~R!

bs~R! as~R!
D S ne

nm
D , ~23!

where

as~R!5
Dm82

4E
cos2u82

A2
2
GFNe~R!2

D f s
2

f~R!,

~24!

bs~R!5
Dm82

4E
sin2u82 f 12f~R!. ~25!

Here u8 is the mixing angle from the mass eigenstate wit
eigenvalues m1 and m2 to the flavor state,
Dm825m2

22m1
2 , andD f s5 f 222 f 11. In Eq. ~24!, the term

including Fermi’s coupling constantGF and the number den-
sity of electrons,Ne(R), represents MSW effect.Ne strongly
depends onR @21#:

FIG. 3. Same probability as in Fig. 2. The solid line means th
same as in Fig. 2, but withm53.74310220 @GeV# and shows a
resonance behavior. The dotted line is the same as in Fig. 2.
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Ne~R!5245NAexpS 210.54
R

R(
D cm23, ~26!

whereNA is Avogadro’s number andR( is the radius of the
Sun.

With respect tof(R) in Eqs. ~24! and ~25!, assuming
l5m21!R( , we can use Eq.~15!. By replacingrsur with
r( we get

f~R!5
4pGMr(~R!E

m2 S 12
2

eD . ~27!

Then the density of the Sun,r((R), is replaced using
Ne(R) as

r(~R!5
mNNe~R!

Ye
, ~28!

wheremN is the mass of a nucleon andYe is the electron
number per nucleon:Ye.1. Under the adiabatic approxima
tion, Eq.~23! leads to the probability at the distanceR, simi-
larly to Eq. ~11!:

P~ne→nm ,R!5
bs~R!2

as~R!21bs~R!2

3sin2H E
Rmin

R

@as~R!21bs~R!2#1/2dRJ . ~29!

The above equation reproduces the probability of MS
whenf(R)50. We do not discuss this probability in detai
but examine the effect of moduli qualitatively.

Let us consider case~A8!, D f s51, f 1250, and case~B8!,
D f s50, f 1251, separately. In case~A8!, both theGF term
andf term are proportional toNe(R). We have

S D f s
2 D f~R!

Ne~R!
51.0431025S a

1024D S m

10220 GeVD
22

3S E

MeVD 1

GeV2
. ~30!

Equation ~30! is equally matched with
(A2/2)GF58.2531026 @GeV22#. Equation~30! reads that
whenm;10220 GeV, a;1024, E;1 MeV, thef term is
comparable to theGF term in Eq. ~24! everywhere in the
Sun. In addition to that, forD f sf.0 the resonance
(as50) occurs at a smaller value ofNe(R) than that when
only the MSW mechanism works. Resonance never occ
whenD f sf,0 anduD f sfu.(GF term!.

In case (B8) both terms of the right-hand side in Eq.~25!
are reexpressed as

Dm82

4E
sin2u851.2731023S Dm82

1026 eV2D S E

MeVD 21

3sin2u8
1

km
, ~31!
rs

f 12f~R!5f~R!54.9031024S a

1024D S m

10220 GeVD
22

3S E

MeVD S r(~R!

g cm23D 1

km
. ~32!

Solar neutrino experiments suggest sin22u8.331022. Then
for r((R).0.5 @g cm23# and for other typical values ex-
pressed in Eqs.~31! and ~32!, both values are almost the
same. This means that in the case of the attractive forc
@ f 12f(R).0# the probability is very small because of
bs.0. For uf(R)u@Dm82/4E, the probability is suppressed
in case (A8), but on the other hand increases in case (B8).

Next we will examine the argument of sine in Eq.~29! at
the solar surface only in a simplified case. We compare th
argument due to moduli terms alone with that in the vacuum
The integration with respect toR is taken from
Rmin50.1R( to R( . The vacuum part in the argument can
be obtained easily from Eq.~31! as

0.9
Dm82

4E
R(57.943102S Dm82

1026 eV2D S E

MeVD 21

. ~33!

On the moduli part, using Eq.~26!, we get

1

2ERmin
R(

f~R!dR51.383103S a

1024D
3S m

10220 GeVD
22S E

MeVD . ~34!

Comparing both values in Eqs.~33! and ~34!, the moduli
effect matches the oscillation in the vacuum if moduli mas
is around 10220 GeV.

IV. CONCLUDING REMARKS

In this paper we have pointed out new signals which
would support the heterotic superstring theory in neutrino
oscillation experiments. The theory always accommodate
moduli. There are, however, too many candidates of th
vacuum to determine the masses and the interactions
moduli. Here we assume that at least one modulus has a ti
mass such asm;10222–10214 GeV. Its interaction is ex-
pected to depend on flavors and to affect base line and so
neutrino oscillations.

The oscillation probability ofnm-nt in planning base line
experiments and ofne-nm in the Sun are numerically esti-
mated. It is concluded that the effect of moduli is significan
when its mass is less than or equal to 10219 GeV under our
choice of the values of parameters. Note that when the mix
ing angleu of the mass eigenstate to the flavor one is very
small, the maximum value of the oscillation probability is
very small in the vacuum. In CHORUS experiments, the
value is 431024 ~see Table I!. However, taking the moduli
effect into account, a particular value ofm makes the maxi-
mum value of the probability unity as in the situation of the
solar neutrino oscillation when the MSW mechanism exists

One of parameters is the ratioa of the moduli coupling
constant to the gravitational constant. We took the values o
a as maximum values satisfying restrictions from experi-
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ments on the fifth force. Such values ofa are not ensured.
As seen in Eq.~19!, however, by decreasing the value ofm
for a smaller value ofa, we get a similar result. There are
also ambiguities about the signs of the difference of coupli
constants,D f (D f s).

Changing the neutrino energyE and/or the length of the
base line,L, the effect of moduli varies. So if neutrino os
cillation experiments are scrupulously performed with va
ous conditions as well as solar ones, one may get a clue
the moduli as to the form of interaction with matter and to i
mass. In the present paper, we have given the basic equat
ng

-
ri-
of

ts
ions

for the oscillation probability with which one can estimate
the moduli effect for a given condition. Note that though we
have mentioned only moduli, the present results can be e
tended to other objects. Namely, any particle is a candida
which has a tiny mass and its interaction depends on flavo
and if its strength is adequate. A SUSY Majoron@22# might
be one of them.
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