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Neutrino oscillations and the effect of the finite lifetime of the neutrino source
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We consider a neutrino source at rest and discuss a condition for the existence of neutrino oscillations which
derives from the finite lifetimetS of the neutrino source particle. This condition is present if the neutrino
source is a free particle such that its wave function is nonstationary. For a Gaussian wave function and with
some simplifying assumptions, we study the modification of the usual oscillation probability stemming from
tS . In the present accelerator experiments the effect oftS can be neglected. We discuss some experimental
situations where the source lifetime becomes relevant in the oscillation formula.

PACS number~s!: 14.60.Pq, 03.65.2w
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I. INTRODUCTION

Neutrino physics is one of the most active fields in p
ticle physics nowadays. Apart from the impressive results
the underground experiments concerning atmospheric
solar neutrino measurements, also reactor and accele
physics have a large share in the evolution of this field a
the understanding of the neutrino mass spectrum and mi
matrix ~for recent reviews see, e.g., Refs.@1,2#!. Since the
phenomenon of neutrino oscillations is now close to being
established physical reality and constitutes the most tang
window for physics beyond the standard model, it is ve
important to know if there are any limitations to the validi
of the usual formula for neutrino survival and transitio
probabilities @3# with which the experimental results ar
evaluated. Such questions have been discussed extensiv
the literature in the context of the wave packet and fie
theoretical approaches~see, e.g., Ref.@4# for a list of refer-
ences!.

In this paper we use the field-theoretical approach in
spirit of Ref. @5#, which has proved to be a general and u
ambiguous method to analyze neutrino oscillations, and c
centrate on the effect of the finite lifetime of the neutri
source particle. We study the problem under the follow
three assumptions:~i! the neutrino source is at rest;~ii ! the
source particle is not in a bound state and, therefore, is
scribed by a nonstationary wave function;~iii ! the wave
function of the detector particle is stationary. The first a
sumption is of a technical nature and allows us to use
methods and results of Refs.@6,7# and can probably be over
come@8#; however, the second one is essential to the disc
sion in this paper. The third assumption simply means t
the particle with which the neutrino reacts in the detecto
in a bound state and the wave function of the detector p
ticle does not spread with time@7#. Note that we also neglec
for both the production and the detection process, any p
sible interaction with the background.

The finite lifetimetS51/G of the neutrino source particl
has an impact on the neutrino oscillation probability in t
following two ways:~a! a suppression of the probability am
plitude as a function ofG @7#, an effect independent ofL, the
distance between neutrino source and detection;~b! a damp-
0556-2821/99/61~3!/033001~6!/$15.00 61 0330
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ing of neutrino oscillations through the coherence lengthLG
coh

caused by the finite lifetime and given by the fact
exp(2L/LG

coh) @7# in the oscillation probability. The main
topic of this paper is the derivation of a correction to t
usual neutrino oscillation probability according to point~a!
and a numerical study of this correction. It has been sho
in Ref. @7# that the effect~a! of G is only present provided
assumption~ii ! is valid. This seems to be the case in t
important experiments of the Liquid Scintillation Neutrin
Detector ~LSND! @9# and KARMEN @10# Collaborations,
which studyn̄m→ n̄e oscillations withm1 decay at rest1 as
n̄m source.2 In the following we will use the source and de
tection reactions of LSND and KARMEN as a model for o
field-theoretical treatment of neutrino oscillations.

The paper is organized as follows. In Sec. II we derive
transition probability forn̄m→ n̄e oscillations and show how
the finite source lifetime changes the standard formula
neutrino oscillations and gives rise to a suppression factor
the interference terms in the oscillation formula. We will s
that the corresponding condition for the existence of neutr
oscillations, i.e., the condition that the suppression does
take place, depends only on parameters supplied, at lea
principle, by the experimental setup and the neutrino m
squared differenceDm2. This is natural within the field-
theoretical treatment which enables the study of the dep
dence on those quantities which are really observed or
nipulated in oscillation experiments. In Sec. III we apply t
results of Sec. II to the case of a Gaussianm1 wave function
and make a numerical study of the 2-flavor transition pro
ability to investigate quantitatively the influence of the co

1Note that though the neutrino source particle is not in a bou
state in these experiments it is not in a completely freely spread
state either because of the background matter. However, sinc
neglect the effect of the background matter we work with the s
plification of a free time evolution of the muon.

2In the LSND experiment alsonm→ne oscillations are investi-
gated where the muon neutrinos originate fromp1 decay in flight.
According to assumption~i! we do not discuss this case here.
©1999 The American Physical Society01-1
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rection factor. In Sec. IV we present a discussion of o
findings and draw the conclusions.

II. THE CROSS SECTION

As mentioned in the Introduction, for definiteness a
also for comparison with the notation in Ref.@7# we discuss
the process

m1→e11ne1 n̄m  
n osc.

n̄e1p→n1e1, ~2.1!

which is investigated in the LSND and KARMEN exper
ments. As shown in Ref.@7#, with the help of the Weisskopf
Wigner approximation one can write the amplitude of t
process~2.1! in the limit t→` as

A5~2 i !2K ne~pn8!,eS
1~peS8 !;eD

1~peD8 !,n~pn8!UT
3F E

0

`

dt1E d3x1E
0

`

dt2E d3x2 H S, int
1 ~x1!

3e2(1/2)Gt1H D, int
1 ~x2!GUm1;pL , ~2.2!

whereT is the time-ordering symbol andG is the total decay
width of the muon.H S, int

1 andH D, int
1 are the relevant Hamil-

tonian densities~in the interaction picture! for the production
and the detection of the neutrinos, describing muon de
and proton to neutron transition~2.1!, respectively. The in-
dicesSandD denote source and detection, respectively. T
muonm1 and the protonp are localized at the coordinatesxWS

andxWD , respectively. The proton state is stationary wher
the decaying muon at rest is described by a free wave pa
with an average momentum equal to zero according to
assumptions~i!–~iii !. Hence the spinors of the initial par
ticles are written as

Cp~x!5cp~xW2xWD!e2 iEpt

with cp~xW2xWD!5
1

~2p!3/2E d3p c̃p~pW !eipW •(xW2xWD)

and c̃p~pW !5c̃p8~pW !up~pW ! ~2.3!

for the proton and

cm~x!5E d3p

~2p!3/2
c̃m~pW !e2 i „pW •xW2Em(pW )t…eipW •xWS

with c̃m~pW !5c̃m8 ~pW !vm~pW ! ~2.4!

for the muon withEm(pW )5Amm
2 1pW 2. In the 4-spinorsup(pW )

and vm(pW ) we have left out the polarizations of the proto
and muon, respectively, because they are irrelevant in
further discussion.

The function cp(yW ) is peaked atyW50W and the wave
packetc̃m(pW ) in momentum space is peaked around the
03300
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erage momentum̂pW &50W . The final particles are describe
by plane waves. After carrying out all integrations, the lea
ing term of the amplitude in the asymptotic limitL→` can
be written as@7#

A `5(
j

Um jUe j* eiq jLA j
SA j

D , ~2.5!

whereA j
S andA j

D denote the amplitudes for production an
detection~2.1! of a neutrino with massmj , respectively. The
parts of these amplitudes which are important for the furt
discussion are given by

A j
S5

1

i ~ES j2ED!1
1

2
G

cD m~pW 11qj lW !••• ~2.6!

and

A j
D5•••c̃p~2qj lW1pW 2!. ~2.7!

For the full expressions see Ref.@7#. The kinematical quan-
tities occurring in Eqs.~2.6! and ~2.7! are defined by

qj5AED
2 2mj

2,

ED5En81EeD8 2Ep ,

ES j5Em~qj lW1pW 1!2En82EeS8 ~2.8!

and

pW 15pW n81pW eS8 , pW 25pW n81pW eD8 , L5uxWD2xWSu and

lW5~xWD2xWS!/L. ~2.9!

Note that the first two formulas in Eq.~2.8! follow from
assumption~iii ! in the introduction @6,7#. Equation ~2.6!
shows the dependence ofA ` on G @see point~a! in the
Introduction#. The structure~2.5! arises from the fact that in
the limit L→` the neutrinos with massmj , described by an
inner line of the Feynman diagram derived fromA ~2.2!, are
on mass shell. Consequently, the amplitude for neutrino p
duction and its subsequent detection factorizes for eachj into
a product of production amplitude and detection amplitu
@6#. Looking at Eqs.~2.5!, ~2.6! and ~2.7! it is evident that
oscillations involvingmj

22mk
2 can only take place if the con

ditions @5,6#

uqj2qku&sS and uqj2qku&sD ~2.10!

and @7#

uES j2ESku&
1

2
G ~2.11!

hold, wheresS andsD are the widths ofc̃m andc̃p , respec-
tively. We call conditions~2.10! amplitude coherence cond
tions ~ACC! and Eq.~2.11! the source wave packet–finit
1-2
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NEUTRINO OSCILLATIONS AND THE EFFECT OF THE . . . PHYSICAL REVIEW D 61 033001
lifetime condition ~SFC! @7#. If they are not satisfied then
some terms of the amplitude and consequently the co
sponding interference terms in the cross section~oscillation
probability! are suppressed.

The cross sections is obtained by taking the absolut
square of the amplitude~2.5!, integrating over the final stat
momentapW n8 , pW eS8 , pW n8 , pW eD8 and averaging over the spins o
the initial muon and proton. Hence

s5E dPuA `u2, ~2.12!

wheredP denotes the integration over the momenta of
particles at the external legs and is given by

dP5
d3pn8

2En8

d3peS8

2EeS8

d3pn8

2En8

d3peD8

2EeD8
~2.13!

and the integration is done over some volume of the ph
space.

In general, the integrations in Eq.~2.12! cannot be per-
formed without knowledge of the source and detector w
functions. However, as noticed in Ref.@7#, for

G!sS,D ~2.14!

the factors

$„i ~ES j2ED!1G/2…3„2 i ~ESk2ED!1G/2…%21

~2.15!

in the cross section are strongly peaked with respect toED
and we interpret the conditions~2.14! that the rest of the
cross section is flat with respect toED if varied over intervals
several orders of magnitude larger thanG. This is a reason-
able assumption because in the LSND and KARMEN
periments the stopped muons have momenta of the o
0.01 MeV @11,12#, and thussS will be in the same range
Assuming atomic dimensions of the spread of the dete
particle wave function, we findsD;1023 MeV. In any
case, even if our guesses forsS andsD are wrong by severa
orders of magnitude, these widths can never be so small
the decay constant of the muonG.3310216 MeV. There-
fore, we adopt the procedure that integrating over mome
of the final state of the detector leads to an integration in
variableED and in view of the expressions~2.15! it suffices
to pick out an integration interval of lengthDED which sat-
isfies G!DED!sS,D . Considering neutrino oscillation
with respect tomj

22mk
2[Dmjk

2 , then this integration inter-
val should containES j andESk. Since the condition~2.11! is
necessary for these oscillations to happen at all, we defi
mean value

ĒD[^ES j& ~2.16!

for the neutrino mass eigenfields participating in the osci
tions andDED only has to be a few orders of magnitud
larger thanG. In addition, the expressions~2.15! suggest to
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close the integration over the interval of lengthDED along
the real axis by a half circle in the complex plane and
apply Cauchy’s theorem@7#.

In this way we have shown that the cross section conta
the damping factor@7#

expS 2
Dmjk

2 G

4ĒD
2

L D ~2.17!

leading to a suppression of the corresponding interfere
term in the oscillation probability whenL becomes greate
than the coherence lengthLG

coh54ĒD
2 /Dmjk

2 G. As already
discussed in Ref.@7#, this coherence length is of the order
100 light years for typical input relevant for the LSND an
KARMEN experiments and the suppression due to suc
long coherence length is certainly negligible for all expe
ments with terrestrial neutrinos. In the following comput
tions we will neglect the coherence length arising from t
finite lifetime of the neutrino source.

Then, the only relevant integrand with respect toED is
given by the factors~2.15! and we get

E
2`

`

dED

1

i ~ES j2ED!1
1

2
G

1

2 i ~ESk2ED!1
1

2
G

5
2p

G

1

11 i
1

G
~ES j2ESk!

. ~2.18!

On the right-hand side of this equation we can use assu
tion ~i! ~the muon at rest! to compute to a very good approx
mation the energy difference

ES j2ESk.2
Dmjk

2

2mmĒD

lW•~pW 11ĒD lW !. ~2.19!

As the next step, we want to perform the integration ov
d3pn8 . Note that the momentumpW n8 of thene from the source
reaction@see Eq.~2.1!# cannot be measured. Again we ma
a simplifying approximation based on assumption~i!,
namely that the muon wave function can be represented

c̃m~pW 11qj lW !.c̃m8 ~pW 11ĒD lW !vm~0W !. ~2.20!

Then the integration overd3pn8 concerns only the functions

(ES j2ESk) in Eq. ~2.18! and c̃m8 . Therefore, we define the
quantities

gjk5E d3uuc̃m8 ~uW !u2
1

12 ir jk lW•uW /sS

, ~2.21!

where we have defineduW [pW 11En lW and

r jk[
Dmjk

2 sS

2mmEnG
. ~2.22!
1-3
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Note that in view of Eqs.~2.8! and ~2.16! we identify the
neutrino energy which can in principle be measured by
detector as

En[ĒD . ~2.23!

The quantities~2.21! have the properties thatgjk5gk j* and
gj j 51. Since we consider ultrarelativistic neutrinos, we c
take the limitmj→0 ; j in all terms of the cross sectio
~2.12! except the oscillation phases andgjk . Then the prob-
ability for n̄m→ n̄e oscillations is given by

Pn̄m→ n̄e
5(

j
uUe ju2uUm j u2

12 ReH (
j .k

Ue j* Um jUekUmk* gjkexpS 2 i
Dmjk

2 L

2En
D J .

~2.24!

In contrast to the formula derived within the standard tre
ment of neutrino oscillations, the quantitiesgjk appear as
correction factors in Eq.~2.24!. These nonstandard facto
gjk represent the quantitative effect of the SFC condit
~2.11! discussed in Ref.@7#. They arise from assumption~ii !
~see Introduction! that the muon is described by a free wa
function, which does not have a sharp energy, and wo
disappear for a muon in a stationary~bound! state~see Ref.
@6#!.

III. THE CASE OF A GAUSSIAN MUON WAVE PACKET

In order to get a feeling for the effect of theg-factors
~2.21! on the oscillation probabilities we confine ourselv
now to the case of a Gaussian muon wave function

c̃m8 ~pW !5~ApsS!23/2expS 2
pW 2

2sS
2D . ~3.1!

Then we get

gjk5
1

ApsS
E

2`

`

du e2u2/sS
2 1

12 ir jku/sS
, ~3.2!

whereu[ lW•uW . Since the exponential factor in Eq.~3.2! is an
even function with respect to the variableu the g-factors
become real and definingy5u/sS one obtainsgjk5g(r jk)
with

g~r![
1

Ap
E

2`

`

dy
e2y2

11r2y2
5

Ap

r
expS 1

r2D FcS 1

r D ,

~3.3!

whereFc is the complementary error function~see, e.g., Ref.
@15#!. Note thatg(r).12r2/2 for r!1 andg(r)→Ap/r
for r→`. Under the assumption of oscillations between t
neutrino flavors the transition probability becomes
03300
e
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Pn̄m→ n̄e
5

1

2
sin2 2uS 12g12cos

Dm2L

2En
D , ~3.4!

whereu is the 2-flavor mixing angle. In comparison with th
standard formula the factorg12 in Eq. ~3.4! lowers for a
given transition probability the upper bounds onDm2 and
sin22u. This can be seen explicitly by considering the lo
Dm2 region of the parameter space where the cosine in
pression~3.4! can be expanded inDm2. If now r&1 holds
for an averageDm2, in the lowDm2 region we getr!1 and
can use the corresponding expansion ofg(r) given above.
Then, in this region the isoprobability contour is determin
by the relation

~Dm2!2sin2 2u.
16En

2Pn̄m→ n̄e

L21S sStS

mm
D 2 . ~3.5!

It is clear from Eq.~3.5! that a large source lifetime and
large source momentum spread lower the upper bound
Dm2 and sin22u compared to the standard oscillation fo
mula. For the source lifetime effect to be significant in
given experiment, the numerical value ofsStS /mm must be
comparable to the source detector distanceL.

In the following we investigate quantitatively the effect
g12 on the transition probability~3.4!. In Fig. 1 we display
the functiong(r). One can see that atr50.5 the functiong
is around 0.9 which means thatg12 starts to deviate appre
ciably from 1 whenr becomes greater than about 0.5. In t
case of the LSND and KARMEN experiments, usingG.3
310216 MeV for the decay width of the muon and the typ
cal numberssS.0.01 MeV @11,12#, Dm2.1 eV2 and En

.30 MeV, we obtainr12.0.531022. From this estimate
we conclude that with the above input numbers the corr
tion to the transition probability is negligible for the LSND
and KARMEN experiments because 12g12;1025 @see re-
mark after definition ofg ~3.3!#. Note, however, thatr12
.0.531022 is only two orders of magnitude away from
having a 10% effect. This motivates us to have a look at
influence ofr12 (g12) on exclusion curves obtained, for in
stance, in the KARMEN experiment. Therefore, we useL

FIG. 1. Plot of the correction factorg @Eq. ~3.3!# as a function of
r.
1-4
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517.7 m, average in Eq.~3.4! over the energy spectrum o
n̄m and as a gedanken experiment we vary the momen
spreadsS . In Fig. 2 we show the corresponding exclusi
curves in theDm2–sin22u plane for the cases ofsS50, 1
and 10 MeV corresponding tog12.1, 0.9 and 0.3, respec
tively. We can see that forsS510 MeV the exclusion curve
has changed noticeably.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have studied the effects of the fin
lifetime of the neutrino source particle. In particular, we ha
elaborated the condition for the existence of neutrino os
lations arising in a situation where the neutrino source p
ticle is not described by a bound state and thus represe
by a nonstationary wave function. Furthermore, in our ana
sis we have made the assumption that the neutrino sour
at rest. In order to perform an analysis closely related
experiment we used the field-theoretical approach which
lows us to work directly with the states of the particles
sponsible for neutrino production and detection and wh
the oscillating neutrinos are represented by an inner line
the complete Feynman diagram containing the source
detection processes. Thus the neutrino oscillation amplit
is determined simply through the neutrino production a

FIG. 2. Contour plot for the transition probabilityP̄

5*f(En)Pn̄m→ n̄e
(En)dEn at P̄50.001 in theDm22sin22u plane

where Pn̄m→ n̄e
is defined in Eq.~3.4! and f denotes the energy

distribution of then̄m flux ~see, e.g., Ref.@16#!. We integrated over
the neutrino energyEn from 12 up to 53 MeV and usedL
517.7 m for the source-detector distanceL. The solid, dashed and
dotted line correspond tosS50 (g51), 1 and 10 MeV, respec
tively.
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m

l-
r-
ed
-
is

o
l-
-
e
in
nd
e

d

detection interaction Hamiltonians. For simplicity, in the fo
lowing we will concentrate on 2-flavor oscillations.

The finite lifetime of the neutrino source leads to a fin
coherence length@13#. In our case we have explicitly indi
cated the damping factor~2.17! from where the coherenc
lengthLG

coh associated withG can be read off. Using number
taken from the LSND and KARMEN experiments for th
quantities appearing inLG

coh we get a length of the order o
100 light years@7# which is absolutely negligible compare
the coherence length stemming from the fact that the n
trino energyED @see Eqs.~2.8! and~2.16!# determined by the
energies of the final states in the detection process is
accurately known. Therefore, the effect~b! of G ~see Intro-
duction! is irrelevant.

Let us now compare the amplitude coherence condit
~ACC! with the source wave packet—finite lifetime cond
tion ~SFC!. The ACC can be reformulated as@14,5,6#

sxS,xD&
1

4p
Losc, ~4.1!

wheresxS,xD are the widths of the source and detector wa
functions, respectively, in coordinate space andLosc

54pEn /Dm252.48m(En/1MeV)(1eV2/Dm2) is the oscil-
lation length. For the LSND and KARMEN experimen
with En;30 MeV and Dm2;1 eV2, as found by the
LSND Collaboration, one getsLosc;75 m. This is to be
compared with the widthssxS,xD which are certainly in the
range of atomic distances or smaller. Therefore the con
tions ~4.1! are very well satisfied. We want to stress on
more that the SFC and the correction factorg12 ~2.21! cor-
responding to effect~a! of G ~see Introduction! derive from
two ingredients: from the finite lifetime of the muon take
into account through the Weisskopf-Wigner approximati
and from assumption~ii ! in the Introduction that the wave
function of the muon is nonstationary. The first ingredie
leads to the factor 1/„i (ES j2ED)1 1

2 G… in the amplitude in-
stead of the familiar delta function. The second one lead
the momentum dependence ofES j as given in Eq.~2.8!. If
the neutrino source particle were in a bound state and, th
fore, described by a stationary wave function,ES would be
fixed and independent ofj and momenta, and there would b
no condition ~2.11!. Note that in our approximation the
Hamiltonian which determines the wave function of t
source particle does not include weak interactions. Howe
the decay of the source particle via the weak interaction
whether its wave function is stationary or nonstationary—
explicitly given by the factor exp(2Gt1/2) in the amplitude
~2.2! according to the Weisskopf–Wigner approximation. A
shown in Sec. III the correction factorg12 depends on the
quantity

r5
Dm2sS

2mmEnG
, ~4.2!

and is only sizeably different from one ifr*1. Thus a con-
venient formulation of SFC isr,1. Note that by defining a
spread in velocity of the source wave packet byDvS
5sS /mm the last formulation of SFC can be rewritten
analogy to Eq.~4.1! as @7#
1-5
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DvStS&
1

4p
Losc. ~4.3!

As we have seen in Sec. III withsS;0.01 MeV one gets
r;0.005 and SFC is well fulfilled for the LSND and KAR
MEN experiments, however, the margin for violation of SF
is only two orders of magnitude, in contrast to ACC whe
the margin is at least ten orders of magnitude.

Taking this observation as a starting point, we want to
if there is some chance to increaser to 1 or more in order to
have an observable suppression effect. Looking at Fig. 2
recognizes that in the case ofsS510 MeV the lower line of
the curve has undergone a considerable shift downw
compared to the caser50. Note that this shift happens i
the sensitive region of the LSND and KARMEN expe
ments. One might therefore ask the question if it is poss
to increasesS in order to achiever*1. If the source wave
function is such thatsSsxS;1, which is correct for Gauss
ian wave functions, one would have to localize the neutr
source particle very well in coordinate space, namely
sxS&10212 m for sS*0.1 MeV. Taking a look at Eq.~4.2!,
one observes thatr can also be increased by decreasing
neutrino energy. However, in this case one lowers the r
of true over background events. Finally, a small product
mass times decay width of the source particle also enha
r but, unfortunately, the muon has already the smallest s
product among the particles which can copiously
produced.3

Note that from Eq.~4.3! it is obvious that in the LSND

3The corresponding product for the neutron is smaller, howe
to observe this effect in neutrinos from neutron decay one wo
have to isolate the neutrons from the external interaction
something that seems to be hard to achieve in experiments.
,’’
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and KARMEN experiments we could only have an effect
suppressing neutrino oscillations through the spread of
m1 wave function if, during the lifetime of them1, the
spread evolves over several meters and, hence, goes fa
yond the target where the muons are produced and stop
We want to remind the reader that we have made the ide
zation of neglecting the presence of the matter backgroun
the neutrino production and detection processes. Co
quently, we have neglected the electromagnetic interact
of the m1 with the electrons and nuclei in the target. Th
puts our consideration to a certain extent on the level o
gedanken experiment. However, we want to stress that
effect of the matter background on the spread of them1

wave function is rather to interrupt this spread. Therefo
since we have shown that observable effects of the fi
muon lifetime are absent in the idealized situation, the sa
is certainly true for the real experiment.

The quantum-mechanical ACC and SFC in the for
~4.1! and~4.3!, respectively, have analogous ‘‘classical ma
roscopic’’ conditions stemming from the inescapable aver
ing over some regions of the target and the detector, res
tively, when an experiment is performed. Replacing in E
~4.1! the widthssxS,xD by the typical sizesRS,D , respec-
tively, of the regions in the target where the muon is stopp
and in the detector where the neutrino detection proces
localized we arrive at conditions which are obtained by
incoherent averaging of the oscillation probabilities over
variations ofL due toRS,D and the requirement that neutrin
oscillations should not be washed out by this averaging p
cess. SinceRS,D are macroscopic quantities, if these classi
conditions are satisfied, then clearly also ACC holds beca
sxS,xD!RS,D . The classical analogue to SFC~4.3! says that
during its lifetime the neutrino source particle should mov
distance much less than the oscillation length in order no
wash out neutrino oscillations. This classical condition is n
obviously linked to SFC.

r,
ld
,

.

@1# J.M. Conrad, ‘‘Recent Results on Neutrino Oscillations
hep-ex/9811009.

@2# S.M. Bilenky, C. Giunti, and W. Grimus, Prog. Nucl. Pa
Phys.43, 1 ~1999!.

@3# B. Pontecorvo, Zh. E´ksp. Teor. Fiz.53, 1717 ~1967! @Sov.
Phys. JETP26, 984 ~1968!#; V. Gribov and B. Pontecorvo
Phys. Lett.28B, 493~1969!; S.M. Bilenky and B. Pontecorvo
Phys. Rep., Phys. Lett.41C, 225 ~1978!; S.M. Bilenky and
S.T. Petcov, Rev. Mod. Phys.59, 671 ~1987!; B. Kayser, F.
Gibrat–Debu, and F. Perrier,The Physics of Massive Neutr
nos ~World Scientific, Singapore, 1989!; R.N. Mohapatra and
P.B. Pal, Massive Neutrinos in Physics and Astrophysi,
World Scientific Lecture Notes in Physics Vol. 41~World Sci-
entific, Singapore, 1991!; C.W. Kim and A. Pevsner,Neutrinos
in Physics and Astrophysics, Contemporary Concepts in Phys
ics Vol. 8 ~Harwood Academic Press, Chur, Switzerlan
1993!.

@4# M. Zrałek, inProceedings of the XXXVIIIth Cracow School
Theoretical Physics, Zakopane, Poland, 1998@Acta Phys. Pol.
B 29, 3925~1998!#, hep-ph/9810543.
@5# J. Rich, Phys. Rev. D48, 4318~1993!.
@6# W. Grimus and P. Stockinger, Phys. Rev. D54, 3414~1996!.
@7# W. Grimus, P. Stockinger, and S. Mohanty, Phys. Rev. D59,

013011~1999!.
@8# J.E. Campagne, Phys. Lett. B400, 135 ~1997!.
@9# LSND Collaboration, C. Athanassopouloset al., Phys. Rev.

Lett. 77, 3082~1996!.
@10# KARMEN Collaboration, G. Drexlinet al., Prog. Part. Nucl.

Phys.32, 375 ~1994!.
@11# LSND Collaboration, W.C. Louis~private communication!.
@12# KARMEN Collaboration, G. Drexlin~private communication!.
@13# K. Kiers, S. Nussinov, and N. Weiss, Phys. Rev. D53, 537

~1996!.
@14# B. Kayser, Phys. Rev. D24, 110 ~1981!.
@15# I.S. Gradshteyn and I.M. Ryzhik,Table of Integrals, Series

and Products~Academic Press, New York, 1994!.
@16# KARMEN Collaboration, K. Eitel and B. Zeitnitz, Nucl. Phys

B ~Proc. Suppl.! 77, 212 ~1999!.
1-6


