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In this work we extensively apply the EHNS postulation to neutrino oscillation problems. Namely, we try to
apply quantum mechanics violation~QMV! effects induced by the quantum gravity of black holes to under-
stand neutrino oscillation phenomena. In addition to the original EHNS postulation, especially, the Lorentz
transformation property of QMV is taken into account. The possibilities for observing such effects in neutrino
experiments~in progress and/or accessible in the near future! are discussed. Of them, an interesting feature is
outlined.@S0556-2821~99!05113-9#

PACS number~s!: 14.60.Pq, 03.65.Bz, 03.75.2b
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I. INTRODUCTION

It is known that neutrino oscillation is a very possib
solution for the long-standing puzzle of the ‘‘deficiency’’ o
the solar neutrino flux@1# and atmospheric neutrino proble
@2#. Neutrino experiments are difficult but progress has b
achieved steadily recently. For instance, the Sup
Kamiokande Collaboration is collecting solar and atm
spheric neutrino events with a very high rate since it be
operation, and some evidence for neutrino oscillations
been reported recently@3#. In addition, as planned, sever
long-base-line neutrino experiments for the oscillation
matter are in progress.

Hawking, based on the principle of quantum mechan
and gravity, proposed a very interesting conjecture that
quantum gravity effects of black holes may cause it to e
particles in a thermal spectrum@4#. According to this conjec-
ture, a black hole may create particles in pairs and one
them may fall back into the black hole while the other o
will escape ‘‘away’’ thermodynamically; thus part of the in
formation about the state of the system would be lost.
cause of these effects, a quantum mechanical system
pure quantum state may transform into a mixed one; i.e
may manifest quantum mechanics violation~QMV!.

To describe a mixed quantum system from a pure stat
a mixed one, instead of the wave function, a density ma
description has to be adopted@5#. In such an evolution,
where the QMV effects are involved,CP, and probably
CPT, can be violated due to nonlocal quantum gravity
fects. Thus Hawking’s suggestion has received careful c
sideration.

At first, more than ten years ago Ellis, Hagelin, Nanop
ulos, and Srednicki~EHNS! were motivated to track the
‘‘sources’’ for CP andCPT violation, and proposed to ob
serve the QMV induced by quantum gravity effects in t

K0-K̄0 system with additional reasonable assumptions@6#,
0556-2821/99/60~3!/033006~7!/$15.00 60 0330
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and then the authors of@7,8# reexamined and formulated th
effects with more care, and refreshed the bounds on the
rameters ofdH for QMV were obtained.

Based on the same conjecture, the authors of@9# discussed

the possibility of observing the effects in theB0-B̄0 system.
The authors of@10,11# tried to study such effects on neutrin
oscillation. In general relativity, the kinetic energies and t
masses at rest stand on the same footing in the stress-en
tensor, no matter whether the neutrino masses are zer
finite ~a tiny nonzero mass has not been ruled out yet!. Thus
the energy of neutrinos should play a role similar to mass

the K-K̄ system almost at rest in the stress-energy ten
when considering gravity effects. Therefore we adopt t
consideration in choosing the parametersa,b,g appearing in
the extra term of the modified Schro¨dinger equation in
EHNS notation.

EHNS @6# suggested thata,b,g are proportional to
O(E2/M pl) whereE is a typical energy scale of the syste
under discussion. Meanwhile, a serious problem about
Lorentz convariance of the formulation was raised, es
cially for the neutrino case where a very small mass is c
cerned and all subjects are extreme relativistic. This po
has been discussed in detail by Sredwicki@12#. With the
constraint of keeping the Lorentz convariance of the form
lation, we assume thata,b,g are proportional toE/M pl ; so
we can writea,b,g5E3(â,b̂,ĝ) whereâ,b̂,ĝ are univer-
sal and dimensionless, whileE is the typical energy scale o
the system under discussion. Thus a simple extension
keep the modified Schro¨dinger equation Lorentz convarian
~see below for more details!.

Now the neutrino experiments with matter as the mediu
the so-called ‘‘long base-line’’ experiments with very diffe
ent distances on Earth, are under construction and will
carried out in the near future. We think that there might ha
some advantage to observe the QMV effects; at least,
interesting to consider them and to see the effects
©1999 The American Physical Society06-1
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happen to the neutrino experiments quantitatively. Thus
this paper, considering the present and planned neutrino
periments we will extensively apply the EHNS formulatio
to the neutrino cases, and discuss the effects of QMV aff
ing various neutrino oscillation observations.

To follow the notation of EHNS, let us repeat briefly the
formulation for later convenience.

To describe such systems which may turn a pure state
a mixed one, commonly instead of the wave function, it
convenient to employ the density matrix. The density ma
of a pure state can always be written as

rpure5uc&^cu, ~1!

while a mixed state then should be in the form

rmix5(
a

Pauca&^cau with (
a

Pa51, ~2!

whereuc& andca& are the regular wave functions respecti
the superposition rule and normalization̂cuc&51,
^cauca&51 ~not to sum overa). Note that

Tr~rpure!5Tr~rmix!51, ~3!

but

Tr~rpure
2 !5Tr~rpure!51, Tr~rmix

2 !,1. ~4!

The Schro¨dinger equation for the density matrix is accor
ingly written as

i
]

]t
r5@H,r#, ~5!

where r can be eitherrpure or rmix . Indeed so far it is
exactly equivalent to the regular form of the Schro¨dinger
equation for the wave functions. It is easy to prove that w
Eq. ~5! one has

d

dt
Tr~r2!50;

namely, pure and mixed states never interchange. Howe
as EHNS suggested@6#, Hawking’s quantum gravity effects
may violate quantum mechanics, i.e., modify the Sch¨-
dinger equation significantly. For simplicity, here we deri
all formulas for a two-energy-level system as an illustratio
Generalizing the Schro¨dinger equation of a two-energy-leve
system, one can expand the 232 matrix form ofr andH in
terms of s0 and s i , wheres0 is a 232 unit matrix and
s i( i 51,2,3) are the well-known Pauli matrices, i.e.,

r5r0s01r is i , H5H0s01His i . ~6!

Thus, in addition to the trivialr0 component, Eq.~5! can be
recast into a tensor form as@7#

i
d

dt
r52e i jkHir jsk ~ i , j ,k51,2,3!. ~7!
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Because of the QMV effects being induced by the concer
quantum gravity, EHNS introduced a non-Hermitian piece
Eq. ~7!:

idHr52h0 jr js02hj 0r0s j2hi j s ir
j . ~8!

Since probability is conserved, and its entropy should
decrease, it is required that

h0 j5hj 050.

The modified Schro¨dinger equation can be in the form

d

dt
r52e i jkHir jsk2hi j r js i .

Sincehi j is proportional toa,b,g, the equation retains Lor
entz convariance as the original equation~7! as long as
a,b,g are of the formE3(â,b̂,ĝ).

EHNS @6# and the authors of Ref.@7# applied this modi-

fied Schro¨dinger equation to theK0-K̄0 system. By ‘‘putting
on’’ different conservation laws on the effects,hi j would be
constrained. If a physical quantity is conserved, its cor
sponding operatorO must commute with the Hamiltonian
and requiresd/dt(Tr Or)50. Hence

Tr~OdHr!50.

EHNS and the authors of@7# assumedO5s1 which cor-
responds to strangeness being conserved (DS50) in the
neutral kaon system:

^K0us1uK0&521 while ^K̄0us1uK̄0&511.

Thenhmn of Eq. ~8! can be written as a 434 matrix:

hmn52S 0 0 0 0

0 0 0 0

0 0 2a 2b

0 0 2b 2g

D , ~9!

in addition, EHNS also proposed an alternative paramete
by assuming that the conservation operator isO5s3, and it
is the case that energy and some of the other quantum n
bers such as leptonic number, etc., are requested to be
served. Thus the matrixhmn reads

hmn52S 0 0 0 0

0 2a 2b 0

0 2b 2g 0

0 0 0 0

D . ~10!

Note that here we have added an extra factor of 2 in fr
of the matrix in Eq.~10! which is a different parametrization
from the notation given in@6#, the reason being to make th
form similar to that in Eq.~9! where the authors of@6# had
put a factor of 2@see Eqs.~2.31! and ~3.15! in @6##.
6-2
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For the parametrization of Eq.~10!, to avoid systems hav
ing complex entropy, Trr2 can never exceed unity; so
requires

raHabrb<0,

and thus

a.0, g.0, ag.b2. ~11!

By fitting data ofe and the semileptonic decays of theK
system, EHNS obtained@6#

a1g<2310221 GeV ,

while Huet and Peskin@7# updated the values as

b5~3.262.9!310219 GeV,

g5~20.262.2!310221 GeV,

and recently Elliset al. renewed the estimate as@8#

a<4310217 GeV, ubu<3310219 GeV,

g<7310221 GeV. ~12!

Indeed, the only important issue quoted here is the orde
magnitudes of (a,b,g) and the concrete coefficients are n
of much significance.

Since the QMV effects considered here are caused
quantum gravity, EHNS suggested first thata, b, g be
proportional toE2/M pl, whereM pl is the Planck mass andE
is an energy or mass~in the rest frame! scale of the con-
cerned physical process in the concerned quantum sy
~neutral kaon or neutrino under discussion! @6#. As argued
above, to retain Lorentz convariance, we formulate the
rameters:

~a,b,g!5E3~ â,b̂,ĝ !.

According to general relativity, the energy-momentum ten
plays the same role in all gravity effects, so does the QM
no matter what the neutrio system or theK system; thus the
neutrino system and theK system may have the same ‘‘tex
ture’’ in hmn , the parameters of the systems have the sa
connection to the energy-momentum tensor. Correspo
ingly, in this expression, having put the parameters on
same footing, (â,b̂,ĝ) should be dimensionless and unive
sal; so if it is true, we can relate the neutrino paramet
(a,b,g)n to those for the kaon system (a,b,g)K :1

~a,b,g!5
En

MK
~a,b,g!K ,

and the values of (a,b,g)K are given as in Eq.~12!.

1So far the problem of the QMV is open totally; the relatio
between the systems of kaons and neutrinos in their parameter
take here, should be considered as a guess essentially. In fact
we should consider it as a reasonable working assumption.
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With the postulate, let us turn to the scenario for neutr
oscillations.

Quantum gravity effects play a certain role in all quantu
systems, but the crucial problem is if they are observable
not, and in which system first. The neutrino oscillatio
among different species neutrinos should be really affec
by the concerned QMV effects and neutrino experiments
planned to observe oscillations at very different distance
a ‘‘vacuum’’ and in matter as well; thus one may expect th
there are some advantages for observing the QMV effect

neutrino oscillation systems than in theK0-K̄0 system or
elsewhere. In the two-generation neutrino oscillation ca
the hmn has just the form as Eq.~6! in the basis of Pauli
matrices, whereas in the three-generation neutrino oscilla
case it becomes more complicated; namely, the Pauli m
ces will be replaced by the SU~3! Gell-Mann matrices@10#.
In this work, as stated above, for simplicity we will restra
ourselves only to formulate the two-generation neutrino ca
We will only consider the form ofdH given in Eqs.~9! and
~10!. It certainly is interesting to note here that besides
expected effects, the lepton number is allowed to
violated2 even if the neutrinos are massless. Furthermo
one will see that the effects themselves may induce a cer
pattern of oscillations; so they are observable in neutr
oscillation experiments accessible at present or the nea
ture.

The physical picture may be imagined as follows. As ne
trino n i interacts with a ‘‘micro black hole’’ and due to quan
tum effects, the black hole will create a neutrino-antineutr
pair of a certain species, the neutrino-antineutrino pair in
acts with the incoming neutrino in a certain~coherent or
incoherent! manner, and afterwards, a neutrino and an
tineutrino will fall into the black hole but the other will es
cape away. The escaping neutrino does not need to be
same species as the incoming one, and which one will
cape, besides by chance, depends on its coupling to the
cro black hole via gravity. For two different species (aÞb)
the neutrinos have different couplings to the black holesa
Þg in QMV terms.hi j of Eqs.~9! and~10! indeed reflect all
the facts.

Thus we can apply this scenario to neutrino oscillatio
A bald assumption was suggested before@11#, but there the
Lorentz convariance constraint was not kept, so that the
mulation and numerical results somehow may be of pr
lems. Now, taking into account the Lorentz convariance c
straints seriously and making an assumption of the form
the parametersa,b,g as discussed above, we are to stu
the possible phenomenological effects of QMV on neutr
flux detection.

Note that the parameters can be very different from th
listed above, but we just assume them as a reference for
discussions. If assuming the solar neutrino deficit is due
neutrino oscillation@13,14#, the parameter set, Eq.~12!, will
be restricted by data. Later on we will show that the so

we
ere2Here the lepton number is violated due to the interaction of
black holes.
6-3
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CHANG, DAI, LI, LIU, MA, AND TAO PHYSICAL REVIEW D 60 033006
neutrino and other neutrino experiments on Earth may
some substantial constraints on the parameters.

Now let us discuss the meaning of the solutions obtai
from Eqs.~9! and ~10!.

II. ASYMPTOTIC BEHAVIOR OF QMV EVOLUTION
OF THE NEUTRINO SYSTEM

It is easy to realize that the expressions~9! and ~10!
would lead to different behavior for the neutrino oscillation

~a! With the form of dH given in Eq. ~9!, one has the
solution that a probability for ane transition to anothernx in
vacuum (x can bem,t or a sterile neutrino flavor!:

Pne→nx
5

1

2
2

1

2
e2gL cos2 2uv

2
1

2
e2aL sin2 2uv cosS D

2En
L D , ~13!

whereD[umn1

2 2mn2

2 u, L is the distance from the produc

tion spot ofne to the detector, anduv is the mixing angle of
ne and nx in vacuum. To obtain the above formula,b
!a,g is assumed. In fact, this approximation is not nec
sary, but here it is only for demonstration convenience; o
erwise, the formula would become tedious. In the work
Ref. @11#, more precise numerical results were given.

It is noted that in the basis of mass, becauseune&
5(cosuvun1&1sinuvun2&) and unm&5(2sinuvun1&
1cosuvun2&), so we have

^neus1une&52 sinuv cosuv ,

^nmus1unm&522 sinuv cosuv .

As in the case of theK0-K̄0 system, the conservation ofs1
means that flavor conserves and there would be no trans
among different flavors. In fact, since the original Ham
tonian does mix the flavors for massive neutrinos, althou
the dHr term does not, the new termdH causes the transi
tion attributed to the original Hamiltonian to be strengthen
or weakened. One can see that in this case an expone
factor exists in front of the harmonic oscillation which is ou
familiar expression of neutrino oscillation in a vacuum. Th
this extra factor changes the oscillation behavior, but d
not cause it.

When the neutrinos are massless, it is another story. T
the mixing disappears, i.e.,uv50, and then^neus1une&
5^nmus1unm&50. It implies that the two states ar
degenerate3 in the regular QM framework. But as long a
there are extra terms such as the QMV, the degenerac
broken and an oscillation can occur due to the new effe
Hence, in this case,s1 conservation does not forbid such

3Even though they are degenerate for the QM scenario, they
different due to their different couplings to quantum gravity, so t
oscillations still may be realized in this case.
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transition between different flavors~because the expectatio
value ofs1 is zero for all flavors!.

Namely, if neutrinos are massless and considering Eq.~7!
only, we havemn50, andn1 ,n2 are exactlyne ,nm , but with
the extradHr in the evolution equation, where different cou
plings stand inhmn in Eq. ~9!, and different ‘‘flavor’’ neutri-
nos manifest: the oscillation is still expected. Thusn1 andn2
have different behaviors as they propagate in an environm
full with micro black holes and ‘‘oscillations’’ between them
appear.

~b! With expression~10!, we have the solution@15#

Pne→nx
5

1

2
sin2 2uvF12e2(a1g)L cosS D

2En
L D G . ~14!

Note that to obtain the above result, we have assumed
(a,b,g)n!D/2En .

In fact, the exact result depends on whether the factork2

is greater, equal, or smaller than zero with the definition

k2[4F ~a2g!214b22
D2

4En
2G . ~15!

If k2 is less than zero, the oscillating form of Eq.~14! re-
sults; whenk2 is greater or equal to zero, the expressi
turns into a purely damping solution. The precise version
Eq. ~14! is

Pne→nx
5

1

2
sin2 2uvH 12e2(a1g)LFa2g

k
~ekL/22e2kL/2!

1
1

2
~ekL/21e2kL/2!G J . ~16!

Indeed, whenk2,0, k is imaginary, and the solution con
tains an oscillatory factor; otherwise, it is attenuative.

We will discuss the phenomenological significance
Eqs.~13! and ~14! later on.

III. EQUATIONS „13… AND „14… LEAD TO COMPLETELY
DIFFERENT ASYMPTOTIC LIMITS

AS r˜` „OR L˜`…

The exponentially damping term in Eq.~13! would wash
out any information of neutrino mixing as long as the dete
tor is placed far enough from the source. In that ca
Pne→nm

(t→`)5 1
2 for two generations and, if generalizin

the result to then-generation structure@11#,

Pne↔nm
~ t→`!5

1

n
, Pne↔nt

~ t→`!5
1

n
,

Pnt↔nm
~ t→`!5

1

n
.

On the contrary, Eq.~14! would lead to a different conse
quence as

re
t

6-4
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POSSIBLE EFFECTS OF QUANTUM MECHANICS . . . PHYSICAL REVIEW D60 033006
Pne→nm
~ t→`!5

1

2
sin2 2uv ;

i.e., the mixing angle betweenne andnm is still there. For the
three-generation case we will have a similar result; only
simple ‘‘Cabibbo-like’’ angleuv should be replaced by th
‘‘Kobayashi-Maskawa-like’’ entries@10#.

All the above expressions can apply to thena↔nb case
with a,b being any pair ofe,m,t as long asaÞb.

IV. SOLAR NEUTRINO PROBLEM VS QMV EFFECTS

~a! For D.1025 eV2, i.e., Mikheyev-Smirnov-
Wolfenstein~MSW! solution for the solar neutrino puzzle
one expects the averaged effect of oscillation te
cos@(D/2En)L# vanishes. Therefore the transition probabil
can be rewritten as follows.

~i! In the case of Eq.~9!,

P~ne→ne!5
1

2
@11~122X!e2gL cos 2ũ0 cos 2u#,

~17!

where ũ0 is the neutrino mixing angle in the center of th
Sun. X is the jumping probability from one neutrino ma
eigenstate to another in the MSW resonant region. For
large angle solutionX.0 and for the nonadiabatic solution
can be close to 1. From Eq.~17! we may see thate2gL@1 is
not favored to fit the solar neutrino data in addition to v
lating the condition Eq.~11!. In this case we obtain a con
stant suppression 0.5, and it is disfavored@16#. As a result,
the boundgL<1 is enforced. IfgL!1, the violation effects
are negligible. So only forgL;O(1) should the MSW so-
lution for the solar neutrino problem be modified. HereL is
the distance between the Sun and Earth. Generally we
g<631029 km21.

~ii ! In the case of Eq.~10!, the new effects are averaged
be zero over the distanceL. The situation is exactly the sam
as the MSW solution without the QMV terms. In this ca
one cannot obtain any information about QMV from fittin
the solar neutrino data.

~b! With the vacuum oscillation solution to the solar ne
trino problem,D;10210 eV2 is requested and in the cas
the oscillation term is not averaged to be zero. The tra
tional probability is given in Eqs.~13!, ~14!, and~16!. Again
we obtain the boundaL,gL<1 in order to solve the sola
neutrino puzzle. And only foraL,gL;O(1) should the pa-
rameter region of the vacuum oscillation solution be mo
fied.

V. VERY INTERESTING FEATURE
INDICATED BY EQ. „13…

Even if neutrinos are massless, the micro-black-hole
fects can induce a neutrino transition from one flavor stat
another. For ann-flavor neutrino case, the oscillation prob
ability could be simplified as
03300
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Pne→nx
5

1

n
2

1

n
e2gL,

Pne→ne
5

1

n
1

n21

n
e2gL, ~18!

where SU(n) for n neutrino species should replace SU~2! for
two neutrino species.

Indeed it is interesting to examine if such an oscillati
probability alone is enough to solve the solar neutrino pr
lem without requiring nonzero neutrino mass.

First of all, it is realized thatg cannot be a constant
otherwise, thene suppression is energy independent whi
disagrees with the solar neutrino data@16#. By dimensional
analysis, one may assumeg5ĝ3En;En /M pl for massless
neutrinos. With this assumption we see that the larger n
trino energy corresponds to a larger suppression factoregL;
thus, in the solar neutrino experiment the8B neutrino is
suppressed most, which is 1/n. The 7Be neutrino is sup-
pressed less but very close to 1/n; the pp neutrino is sup-
pressed least which is between 1/n and 1. After careful study
we find that the solar neutrino data can be fitted best w
n53. Hence we will discuss the three-species neutrino c
in more detail@10#. We adopt the standard solar model@Bah-
call and Basu~BP98! @17## for our discussion. The predicte
neutrino flux for H2O experiments is, forne→nm ,nt oscil-
lation,

FH2O
th 5S 2.21

10.19

20.14D 3106 cm22 s21, ~19!

and forne→nm ,ns oscillation (ns is a sterile neutrino!,

FH2O
th 5S 2.01

10.19

20.14D 3106 cm22 s21. ~20!

The observed flux FH2O
expt is 2.4260.0620.07

10.103106

cm22 s21 from Super-Kamiokande@3# ~note that 2.80
60.1960.333106 cm22 s21 from Kamiokande!. The ratio
FH2O

th /FH2O
expt is estimated to be 0.9260.17 and 0.8460.17 for

ne→nm ,nt , and ne→nm ,ns oscillations, respectively
Theory agrees with the experiment within 1s.

The neutrino capture rate in the chlorine experiments
obtained as

SCl
th52.660.4 SNU. ~21!

To compare with the observedSCl
expt52.5560.25 SNU@18#,

the ratio is estimated:

SCl
th/SCl

expt51.060.1. ~22!

So the theoretical expectation is in very good agreement w
the experiment.

For the gallium experiments, if the parametergn falls in
the region (1.5–3.7)31028 km21, we will obtain the cap-
ture rate as

SGa
th 5~68–79! SNU. ~23!
6-5
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CHANG, DAI, LI, LIU, MA, AND TAO PHYSICAL REVIEW D 60 033006
This agrees with the experimental value (73.465.7) SNU
@18# at the 1s level. At the 2s level gn can be taken as a
value of (0.66–5.4)31028 km21.

VI. SCENARIO FOR THE ‘‘ATMOSPHERIC NEUTRINO’’
PROBLEM

With three-generation neutrinos andĝ given in Sec. V, by
fitting solar neutrino data at the level of 2s errors, we may
estimate some of the observables further for the atmosph
neutrino observations.

The up-down asymmetries ofm-like ande-like events for
cosQ.0.2 ~down! and cosQ,20.2 ~up!, whereQ is the
zenith angle, are denoted byYe ,Ym . In the present scenari
Ye is always close to 1, independent of the energy and
traveling distance of the neutrinos. It is in agreement with
data Ye(sub-GeV)51.1360.08 and Ye(multi-GeV)50.83
60.13 @3#. HoweverYm is estimated as 0.62–0.98 and 0
for multi-GeV and sub-GeV events, respectively; i.e., at
1s level, it agrees with the measuredYm(multi-GeV)
50.5460.07, but at the 4s level with the measured
Ym(sub-GeV)50.7860.06. It is a little more involved to cal
culate the ratio of the totalm-like ande-like events. Here we
only give a rough estimate on the double ratio by appro
mating that the downgoing neutrino flux is almost unsu
pressed, while the upgoing and the horizontal neutrino flu
suppressed by a factor of 1/3. They are estimated to be
and 0.5–0.6 for sub-GeV and multi-GeV events, resp
tively, with the scenario. This is also not bad but in agre
ment with the measured ones 0.6160.0360.05 and 0.66
60.0660.08 @3#. We conclude here that our scenario wi
zero neutrino mass can fit all the measurements of the s
and atmospheric neutrino experiments, exceptYm ~sub-
GeV!.

VII. CONSTRAINTS ON THE PARAMETER SET
BY PRESENT DATA

As estimated in the previous sections, QMV effects c
serve as an alternative mechanism for the solar and a
spheric neutrino flux shortage, if assuming

~a,b,g!n5~a,b,g!KS En

MK
D . ~24!

The factor (En /MK) appearing here is due to the conjectu
that there could be a simple relation between neutrino

K0-K̄0 systems for the QMV effects induced by quantu
gravity. Namely, as discussed above, to enforce the Lore
convariant form of the modified Schro¨dinger equation, we

will have (a,b,g)K}MK for theK0-K̄0 system and a simila
parametrization for neutrinos (a,b,g)n}En . Thus the factor
(En /MK) appears in Eq.~24!. In the solar neutrino case
En;0.3–10 MeV; the factor suppresses (a,b,g)n by a fac-
tor of the order of 1023–1022. This postulation should be
tested by experiments on Earth.

The data onnm→nt oscillations by the CHARM II Col-
laboration@19# claimed that no evidence of the neutrino flu
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change had been observed. In the experiment,En

;27 GeV andL;0.6 km. Considering the errors,uaLu
must be smaller than 1023. This constraint requires

~a,b,g!n<3.3310222 GeV,

~ â,b̂,ĝ !<6.231028 MeV km21;1.2310223.
~25!

Combining Eq.~25! with the enhancement factor (En /MK)
;54, it indicates that

~a,b,g!K<6.2310224 GeV.

This number is much below the upper bounds given by
authors of@7,8#. If this is the case, the violation effects o
quantum mechanics would hardly influence thee value in the
neutral kaon system. This constraint also excludes
ne ,nm ,nt oscillations discussed in Secs. V and VI. Hence
sterile neutrino must be introduced and thet neutrino must
be treated differently from the other species.

However, as pointed out above, the parameters for
neutrino and neutral kaon systems do not need to be as
sumed here; so this comparison is interesting for furt
study of the problem.

VIII. SCENARIO IN LONG-BASE-LINE EXPERIMENTS

In the planned long-base-line experiments, KEK-Sup
Kamiokande ~250 km!, CERN-GranSasso~730 km!, and
Fermilab-Sudan II~730 km!, the average energies of thenm
beams are approximately 1 GeV, 6 GeV, and 10 GeV@20#.
Accordingly, the suppression factore2gL for the experiments
should cause obvious changes of the neutrino flux on
way from source to detector. If we substitute the values
(a,b,g) given in Eq.~12! into the formulation for the three
experimental sets,e2aL turns out to be very small, so tha
the transition probabilityPne→nx

→ 1
3 (xÞe) for the three-

generation case. But if there exists a sterile neutrino,
probability would differ from 1/3.

By contrast, if we take the lower bound ofg given in Eq.
~26! as (â,b̂,ĝ);1.2310223, then the suppression factor
for the three experiments are

0.98, 0.76, 0.64, ~26!

respectively; the corresponding transition probabilit
Pne→nx

are

0.0067, 0.077, 0.12.

QMV effects should be either observable in these lon
base-line experiments or observation in the experiments
make more stringent constraints on the parameters of
effects.
6-6
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IX. SUMMARY

The problem discussed here is an interesting subjec
both aspects: first, the conclusion would indicate, even in
rectly, if there are the mysterious micro-black-hole effe
and, second, if this picture is valid. It is pointed out th
existence of the effects may be non-negligible in cert
physical processes, especially, the neutrino oscillati
would be affected and the resultant neutrino-flux attenua
may become observable at the planned long-base-line ex
ments.

Moreover, as we indicated above, if (a,b,g)n.D/4En in
Eq. ~15!, the harmonic oscillation form would turn into
purely exponential damping form.

TheAnsätze~9! and~10! lead to different asymptotic lim-
its as t→`, with aÞb for P(na→nb). If the distance be-
tween detector and source is large enough, this differenc
Eqs.~9! and ~10! is distinguishable.

Especially, expression~19! makes very clear observa
tional predictions with the parametrization given by EHN
and more stringent constraint~26!, the neutrino flux can vary
remarkably with respect to the distances of the long-ba
line experiments. The predicted behavior of the neutrino fl
is definitely distinguished from other mechanisms, and
effects would be observed at high-precision detectors wh
are under way as expected@21#.

If a sophisticated neutrino detector is located in Beijing
receive neutrino flux sent from KEK, CERN, and Fermila
D

cl.

ys

le
; P
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as suggested by He and his collaborators@22#, the distance is
sufficiently large; then according to the above analysis,
observational prospect of such phenomena is optimistic.

In summary, neutrino oscillation experiments may pu
stronger bound on the QMV effects than theK meson system
if the En dependence postulation which retains the Loren
convariant property of the evolution equation is valid. Ev
if neutrinos are massless, the QMV induced by micro bla
holes may ‘‘cause’’ neutrino oscillation. We find that th
oscillation has an interesting prediction for solar neutri
and atmospheric behavior. Moreover, long-base-line exp
ments on neutrino oscillation may provide us with valuab
information about the neutrinos and QMV effects. Anyho
the physical picture of micro black holes has phenome
logical significance, especially to the neutrino oscillati
problem. It is worth further and better studies.
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